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The textbook of Adolfo Ferrata on Blood Disorders
published in 1918, two years before the foundation of
Haematologica, devoted six chapters to the origin of

platelets.1 The titles of these chapters are: I. Are platelets pre-
cursors of red cells? II. Are platelets living and independent
cells? III. Are platelets elements of variable and multiple ori-
gin, from erythrocytes, leukocytes and possibly from the
vascular endothelium? IV. Are platelets derived  from leuko-
cytes? V. Are platelets derived from erythrocytes? VI. Are
platelets derived from megakaryocytes? So, at the time of
the birth of Haematologica, the origin of platelets was still
the subject of vigorous debate.2

The image on the cover of this issue has been taken from
an article published in Haematologica in 1921 by Aldo
Perroncito, who studied under Camillo Golgi when he
taught at the University of Pavia.3 The author was con-
vinced that platelets do not derive from red or white blood
cells, and, based on his observation that the number of
megakaryocytes does not increase in animals with throm-
bocytosis induced by bloodletting, he also thought that
platelets are not produced by these cells. Although he
believed that the origin of the platelets was still to be iden-
tified, he gave credit to the hypothesis that these elements
are real cells. Moreover, he hypothesized that platelets have
the unique ability to duplicate in the peripheral blood. He
observed that dog and cat blood with experimentally
induced thrombocytosis contained very “large, elongated,
biscuit-shaped, and sometimes eight-shaped, platelets”
(Figure 1). Moreover, he documented that the number of
platelets increased by incubating the blood at 38°C for one
or two hours, and concluded that the large and abnormally
shaped platelets he identified in peripheral blood are able to
divide. Recent studies with refined methodological
approaches confirmed his conclusion, a conclusion that he
had reached by simple morphological evaluation of blood.
Based on current knowledge, the “large, elongated, biscuit-
shaped and eight-shaped” elements shown in Figure 1 are
proplatelets which have been released, and which have the
ability to divide both in vivo and in vitro, each proplatelet giv-
ing the origin to two platelets. 
Although Perroncito did not recognize the megakaryocytic

origin of platelets, he identified an aspect of platelet biogene-
sis that has been rediscovered quite recently.4 Revisiting the
Haematologica issues of a century ago shows us that knowl-
edge in the field of hematology was often much more

advanced than is commonly thought, this serving to heighten
our esteem for the old masters of hematology.
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Figure 1. Hand-drawn table that appeared as an illustration in Perroncito's paper
“On the derivation of platelets”, published in Haematologica in 1921.3 Based on
morphological evaluation of cat and dog blood, the author suggested that the large,
elongated, biscuit-shaped platelets shown in the lower part of the figure are able to
divide both in vivo and in vitro. We know today that these elements are proplatelets
just released into the blood by megakaryocytes, and that each of them is destined
to divide and give the origin to two platelets.
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The arrival of a new patient with severe aplastic
anemia (SAA) with severe cytopenias and accom-
panying risks of bleeding and serious infections

strikes fear into the hearts of even experienced hematol-
ogists. In most cases, SAA is an acquired disorder driven
by a potent autoimmune attack on the most primitive
hematopoietic stem and progenitor cell (HSPC) compart-
ment.1 Treatment requires elimination of the damaging
immune response while supporting or replacing the dam-
aged HSPC, either via allogeneic stem cell transplantation
(SCT) or intensive immunosuppressive therapy (IST)
with horse antithymocyte globulin and cyclosporine.2,3

Children or younger adults with available donors should
undergo upfront allogeneic SCT, since IST does not
reverse cytopenias in all patients and requires on average
months to result in improvement of cell counts. In addi-
tion, IST is associated with both relapse and progression
to clonal hematopoietic disorders, including paroxysmal
nocturnal hemoglobinuria and myelodysplasia/acute
myeloid leukemia in an appreciable fraction of patients
followed long-term.4 In the current issue of Haematologica,
Tichelli and colleagues present a new analysis of the
SAA-granulocyte colony-stimulating factor (G-CSF) trial
from the European Group for Blood and Marrow
Transplantation (EBMT) Working Party on SAA.5 In their
report, they revisit the use of adjuvant growth factors in
SAA treatment and, in doing so, provide the longest fol-
low-up of SAA patients treated with IST to date.
The development and optimization of effective IST for

SAA in the late 1980s and early 1990s was punctuated by
the identification and clinical availability of hematopoiet-
ic cytokines such as G-CSF and erythropoietin. G-CSF
was shown to decrease the duration and severity of
chemotherapy-induced and inherited neutropenias, rap-
idly inspiring widespread use in SAA. However, the most
primitive HSPC lack the G-CSF receptor, thus at best G-
CSF might be expected to accelerate or increase output
from a limited number of remaining myeloid progenitor
or precursor cells, without improving the underlying pro-
found hematopoietic defects. In addition, early concerns
arose that clonal progression could be accelerated or
induced by addition of G-CSF to IST, based on retrospec-
tive analyses of both children and adults treated with
IST.6-8 A Japanese multicenter, randomized prospective
trial that enrolled 101 patients examined the effects of G-
CSF added to IST found no increase in progression to
myelodysplastic syndromes.6 At 6 months, the response
rate to IST was higher in the G-CSF arm (77% vs. 57%),
but by the 1 year primary endpoint, response rates were
identical and there was no difference in overall survival at
4 years. Interestingly, patients in the G-CSF arm showed
fewer relapses (15% vs. 42%). In a European trial of 102
SAA patients, higher rates of complete response and 6-

month failure-free survival, and faster cell count recovery,
were reported, but no significant differences in overall
response, 5-year survival or progression to clonal abnor-
malities could be detected.9 A number of smaller trials
were carried out worldwide with varying designs, assess-
ing the impact of G-CSF, granulocyte-macrophage
colony-stimulating factor or erythropoietin, generally
showing no consistent benefit or risk in SAA,10-12 also
when pooled via meta-analyses.13

The EBMT strove to resolve the confusion by conduct-
ing a large, multicenter, randomized trial using optimal
IST with and without G-CSF, enrolling 192 patients
between 2002 and 2008. The original report published in
2011 showed no impact of G-CSF on primary response or
event-free, relapse-free or overall survival rates at 6
years.14 There was a small but statistically significant
reduction in infections and hospitalizations in the G-CSF
group. In this initial report, rates of clonal progression
were low in both arms, with no apparent impact of G-
CSF.  
Tichelli and coworkers now provide very illuminating

long-term follow-up results from this same EBMT trial.5

Even the initial report of this trial, as well as registry stud-
ies have suggested that all relevant data on the risks and
benefits associated with various treatments for SAA are
not captured by a sole focus on initial hematologic
response and relatively short-term overall survival.
Across all ages, regardless of disease severity or treat-
ment, event-free survival continues to decline years after
treatment, with continuing increases in the rates of clonal
disease and frank second malignancies. Consequently,
long-term outcome data provide information on the nat-
ural history of treated SAA regardless of the use of
growth factors, potentially further informing decisions
regarding the initial choice between IST and allogeneic
SCT. The authors have been able to provide a median of
almost 12 years follow-up in a large well-characterized
cohort, an impressive feat in this rare disease. In terms of
the original primary endpoints, there was still no impact
of G-CSF on response, relapse (in contrast to some previ-
ous smaller studies) or overall survival. The primary
determinants of outcomes remained age and disease
severity at the time of diagnosis, but in patients surviving
to 1 year after IST, even these determinants became irrel-
evant. Regarding clonal disease, the rates at 15 years were
congruent with prior estimates, being 8% for cytogenetic
abnormalities or myelodysplastic syndrome/acute
myeloid leukemia and 10-13% for clinical paroxysmal
nocturnal hemoglobinuria. Importantly, G-CSF did not
increase the risk of clonal events, and total exposure to G-
CSF did not correlate with risk of progression. While
Tichelli et al. offer additional strong evidence that the
addition of G-CSF to IST does not alter overall outcomes
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or survival in SAA, they also provide reassurance that G-
CSF does not worsen the already significant risk of clonal
disease in the post-IST setting. Although their findings
definitely do not support the routine use of G-CSF added
to IST, they indicate that for high-risk patients with
delayed cell count recovery or severe infections, G-CSF
may be reasonably added to front-line IST without signif-
icant concern for long-term consequences.
However, the most clinically significant findings from

this trial have nothing to do with the original questions
regarding the risks and benefits of G-CSF in SAA!
Regardless of randomization, fully half of all surviving
SAA patients experienced significant long-term complica-
tions including not only clonal events and relapse, but an
array of treatment-related morbidities such as
osteonecrosis and kidney disease. Indeed, apart from
relapse, non-hematologic complications were more com-
mon than clinically relevant clonal progression: 13-16%
had chronic kidney disease, with unsurprisingly a higher
risk in those requiring prolonged cyclosporine therapy.
Furthermore, younger age was not protective against
long-term, treatment-related complications. These and
prior data indicate that such complications will continue
to compound throughout life, underscoring the impor-
tance of well-informed initial treatment decisions and fur-
ther supporting the recommendation for front-line allo-
geneic SCT in children and younger adults, perhaps
employing rapidly available haploidentical family donors
given the progressively improving outcomes in the era of
post-transplant treatment with cyclophosphamide.15

Finally, it is important to mention that in the current
era, IST has begun to be augmented not with G-CSF, but
instead with the thrombopoietin agonist eltrombopag.
Unlike G-CSF, thrombopoietin can act directly on primi-
tive HSPC, which express its receptor, MPL. Initial trials
in patients with refractory SAA demonstrated the short-
term safety and efficacy of this oral drug as a single
agent.16,17 In a large but single-arm trial at our institution,
the addition of eltombopag to IST resulted in improved
overall response and complete response in comparison to
those in a large historical cohort treated with IST alone.18

Despite these improved outcome measures, relapse
appeared to be just as frequent, and assessment of the
impact on clonal progression requires longer follow-up
and results from the European ongoing randomized con-
trolled trial of the addition of eltrombopag to IST are
awaited. The report from Tichelli and colleagues pub-
lished in this issue of Haematologica educates us regarding
the necessity of very long-term and careful analyses of
large numbers of patients to inform decisions regarding
the best treatment approach for patients with SAA.
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The problem of eradicating leukemic stem cells
(LSC) in chronic myeloid leukemia (CML), as in
the case of acute myelogenous leukemia (AML),

has long been a therapeutic goal, particularly in relation
to agents such as tyrosine kinase inhibitors (TKI), such as
imatinib mesylate (IM), that target the oncogenic
BCR/ABL kinase. The central conundrum is that CML
stem cells appear to be intrinsically resistant to TKI
through a variety of mechanisms, including (but not
restricted to) increased drug efflux pumps1 or persistence
in a drug-resistant quiescent state. The failure of IM or
newer-generation TKI to eradicate CML stem cells pre-
sumably underlies the development of drug resistance
and/or progression to a more aggressive clinical course
e.g. accelerated or blast-phase disease. This inevitable
outcome (in transplant-ineligible patients) has prompted
the search for new therapeutic strategies capable of elim-
inating the subset of TKI-resistant stem cells.
In the article by Carter et al., which appears in this edi-

tion of Haematologica,2 the authors expand upon their
previous work investigating novel strategies specifically
capable of targeting CML LSC. This group had previously
shown that the BH3 mimetic Venetoclax (ABT-199), an
agent now approved (in combination with hypomethy-
lating agents) in older AML patients, targets LSC, and,
when administered in conjunction with IM, effectively
eradicated CML stem cells.3 This group had also shown
that disrupting the function of MDM2 (e.g. with nutlin),
a protein that binds to and inactivates TP53,4 also
enhanced the activity of IM in a CML blast crisis model.
The mechanism(s) by which activating TP53 might sensi-
tize CML stem cells to IM remains to be fully elucidated,
but very likely reflects induction of downstream TP53
pro-apoptotic effectors such as NOXA, PUMA, BAX, and
BID. For example, NOXA is known to trigger degradation
of anti-apoptotic proteins such as MCL-1,5 which have
been shown to serve as a survival factor for leukemia
stem cells.6

In the present study, the authors examined the effects
of a newer MDM2 antagonist (DS-5272) on the sensitivi-
ty of CML stem cells to IM using an inducible stem cell
promoter-driven CML murine model (Scl-tTa-BCR/ABL1).
Employing CyTOF-based single-cell proteomics, they
found that combined BCR/ABL1 and MDM2 inhibition
resulted in the selective upregulation of NOXA and BAX
in the CML-LSC population. Importantly, the combina-
tion strategy was effective in prolonging survival in this
mouse model and in decreasing CML LSC frequency in
secondary transplantations. The authors conclude that
CML LSC may depend upon TP53 hyperactivation for
survival, and that disruption of this process e.g. by
MDM2 antagonism may restore TKI sensitivity in these
cells. A schematic summary of these concepts is shown in
Figure 1. According to this model, CML LSC exhibit rela-

tive resistance to TKI, but high activity of TP53, the lethal
effects of which are kept in check by MDM2. Disabling
of the latter process, e.g. by MDM2 antagonists, results in
increased expression of pro-apoptotic TP53-dependent
proteins, e.g. NOXA and BAX, which lower the threshold
for TKI-mediated cell death (Figure 1A). Activation of
TP53 may also lead to downregulation of anti-apoptotic
proteins such as MCL-1 indirectly through induction of
NOXA. Alternatively, pro-apoptotic proteins such as
BCL-2 may be disabled by small molecule BH3-mimetics
such as ABT-199, analogously promoting TKI-induced
cell death (Figure 1B). The net effect of these events is the
selective eradication of CML LSC, an outcome unlikely to
be accomplished with TKI alone.      
If validated, these findings could have significant impli-

cations for the treatment of chronic phase CML by raising
the possibility that concomitant administration of
MDM2 antagonists with a TKI such as IM might, by tar-
geting quiescent CML stem cells, delay or prevent the
emergence of AP or BC. The success of this strategy will
be contingent upon the presence of functioning TP53, as
the results of earlier studies, as well as this present one,
argue strongly that activation of this oncogene is essential
for the beneficial actions of MDM2 antagonists. One
implication of these findings is that early incorporation of
MDM2 inhibitors into TKI-based therapies for CML may
be necessary for optimal benefit. For example, in the case
of AML, loss of functional TP53 occurs late in the disease
and is associated with a particularly poor prognosis.7

Thus, early eradication of CML stem cells through such a
TP53-based strategy may forestall or circumvent the
emergence of aggressive clones that have lost functional
TP53. Furthermore, while Carter et al. have previously
described the capacity of the TKI/MDM2 antagonist
strategy to target BC cells,8 the later this approach is
applied, the greater the chance of the development of
TP53-deficient cells that are resistant to its lethal activity.  
One question that arises concerns the mechanism(s) by

which addition of an MDM2 antagonist might enhance
the activity of TKI against CML stem cells. As noted pre-
viously, CML LSC tend to be resistant to TKI because of
several factors, including their quiescent state, as well as
increased drug efflux in this cell population.9 To date,
there is no evidence that MDM2 inhibitors can directly
circumvent these mechanisms and as a consequence,
restore TKI sensitivity. Instead, the former agents may
primarily operate to modulate the apoptotic threshold
e.g. by inducing NOXA, BAX, and potentially other
TP53-dependent pro-apoptotic effectors.10 The ability of
the combined TKI/MDM2 antagonist regimen to display
superior LSC killing argues that this strategy acts, at least
in part, to potentiate the ability of TKI to induce cell
death rather than to overcome intrinsic TKI resistance in
primitive leukemia progenitors.    



While the results of the Carter et al. study support the
notion that an agent such as OS-5272 may potentiate the
activity of a TKI like IM, they also lay a foundation for the
development of a wealth of additional strategies capable of
targeting CML LSC. For example, apart from the possibili-
ty of employing other MDM2 inhibitors, it would be of
interest to assess interactions involving other agents that
have been used to target BCR/ABL-expressing cells. These
would include newer generation TKI such as the multi-
kinase inhibitor ponatinib, which is active against BCR-
ABL+ cells resistant to IM through the T315 mutation.11 An
alternative candidate for combination with MDM2
inhibitors would be omacetaxine, a protein synthesis
inhibitor which down-regulates BCR/ABL among other
proteins, and which has shown significant activity against
IM-resistant CML.12 Based upon the present results, there
would seem to be a reasonable chance that MDM2 antag-
onist regimens incorporating these agents would also tar-
get LSC. In addition, as noted by the authors, the BCL-2
antagonist ABT-199 is known to target LSC,13 and has also
been shown to increase TKI activity against primitive
LSC.3 If tolerable, adding ABT-199 to the MDM2 antago-
nist/IM regimen may prove to be particularly effective in
eliminating the LSC population. Aside from this approach,
recent attention has focused on the development of MCL-
1 antagonists as anti-leukemic agents,14 in part due to evi-
dence that MCL-1 is required by CML LSC for survival.15

In view of these considerations, the notion of using a clin-
ically relevant MCL-1 antagonist to further enhance the
activity of an MDM2 antagonist/TKI regimen against CML
LSC appears worthy of investigation.
In summary, the present report argues that, in CML,
LSC exhibit a potentially selective activation of TP53
which can be exploited through the use of MDM2 antag-
onists, and that this phenomenon can act in concert with
TKI inhibitors to trigger cell death in this difficult to erad-
icate leukemic cell subpopulation. Whereas in the past,
attention focused on the identification of novel TKI able
to overcome mutational forms of resistance, more current
approaches are based on the development of strategies
designed to disrupt orthogonal, non-oncogenic
pathways,16 including those related to TP53. However,
whether such dual-targeting strategies will prove capable
of eliminating primitive stem cells has not yet been defin-
itively established. The results presented here strongly
support the concept of simultaneous targeting of onco-
genic drivers (e.g. BCR/ABL) and orthogonal pathways
(e.g. TP53) to eradicate these cells, at least in the case of
CML. Given the large array of targeted agents that are
now clinically available, including MDM2 inhibitors and
modulators of the apoptotic response, LSC-directed ther-
apy in CML and related disorders is currently underway.
Determining whether such novel strategies will live up to
their pre-clinical promise is only a matter of time.      
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Figure 1.  Chronic myeloid leukemia (CML) stem cells are resistant to tyrosine kinase inhibitors (TKI) due to multiple factors, including increased drug efflux.
Combined treatment with a TKI and an inhibitor of MDM2 (e.g. OS-5272) leads to hyper-activation of TP53 (A). The latter event results in upregulation of multiple
pro-apoptotic effectors including NOXA and PUMA, which trigger LSC apoptosis. This phenomenon may be enhanced by NOXA-mediated degradation of the anti-apop-
totic protein MCL-1. Alternatively, disabling of the anti-apoptotic protein BCL-2 (B) e.g. by ABT-199 (Venetoclax)  may analogously lower the threshold for TKI-induced
cell death in the CML LSC subpopulation. Eradication of such stem cells by simultaneous targeting of oncogenic (BCR/ABL) and orthogonal (TP53) pathways may
delay or prevent re-emergence of disease.
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Meningioma 1 (MN1) was cloned from a bal-
anced chromosomal translocation in a menin-
gioma as open reading frame encoding for a

protein of 1,319 amino acids containing several proline
and histidine-rich domains, acting as a transcriptional
activator necessary for normal development of the bones
of the skull.1,2 Several studies found mutations or aber-
rant expression of MN1 in various hematologic malig-
nancies. Characterization of a t(12;22)(p13;q11) chromo-
somal translocation associated with myeloproliferative
disorders revealed a fusion between MN1 and the ETS-
family transcription factor ETV6 (a.k.a. TEL).3 A fusion of
MN1 to Friend leukemia virus integration 1 (FLI1) has
been shown to be a rare transforming oncogene in acute
megakaryoblastic leukemia (AMKL).4 Aberrant high
expression of MN1 was reported in acute myeloid
leukemia (AML) with inv(16) leading to the core-binding
factor fusion CBFB-MYH11.5 Clinical studies proposed
that high MN1 transcript levels could be used as prog-
nostic marker in cytogenetically-normal (CN) AML.6

Functional studies in mice demonstrated the oncogenic
potential of aberrant MN1 expression. Retroviral MN1
overexpression in murine bone marrow (BM)
hematopoietic stem and progenitor cells (HSPC) fol-
lowed by transplantation rapidly induced a lethal AML

in mice.7 Aberrant MN1 expression due to retroviral
insertion was shown to act as collaborative oncogenic
event in acute leukemia induction by the MLL-ENL or
the MLL-AF9 fusion gene, respectively.8,9 More recent
work suggested that gene expression programs associat-
ed with MN1-mediated transformation of hematopoietic
cells are controlled by the H3K4 and H3K79 histone
methyltransferases MLL1 and DOT1L, respectively.10

Collectively, these studies indicated that aberrant MN1
expression contributes to malignant transformation of
hematopoietic cells towards AML; however, its role in
the  maintenance of the transformed state remained
poorly understood. 
In a study published in this issue of Haematologica,

Sharma et al. functionally addressed the role of MN1 in
the  maintenance of AML induced by MLL fusion onco-
genes.11 They used Crisper/CAS9 to ablate MN1 in several
murine AML lines, including cells transformed by retrovi-
ral overexpression of the MLL-AF9 fusion (rMLL-AF9),
and in human THP1 and MV4;11 AML cell lines carrying
the MLL-AF9 and MLL-AF4 fusions, respectively. They
found that inactivation of MN1 impaired the clonogenic
activity and proliferation associated with impaired cell
cycle progression, and increased differentiation and apop-
tosis of murine rMLL-AF9 AML cells. Loss of MN1 also



reduced in vivo leukemia induction after transplanting the
cells into syngenic mice. MLL-AF9+ AML cells lacking
MN1 were significantly impaired in engrafting upon intra-
venous injection resulting in AML after long latency or no
disease at all (Figure 1A). Notably, MN1 inactivation did
not impair homing of transplanted cells to the BM. Most
importantly, overexpression of exogenous MN1 'rescued'
the anti-leukemic effects of ablation of endogenous MN1
in mouse rMLL-AF9 AML cells resulting in increased pro-
liferation and clonogenic activity in vitro and increased
engraftment and disease induction in vivo. Similar to
murine cells, MN1 inactivation also delayed leukemia
induction by transplantation of human THP1 or MV4;11
cells into immune deficient NSG mice. As in mouse rMLL-
AF9 AML cells, reduced MN1 expression (by siRNA) also
impaired clonogenic activity of primary MLL-AF9 human
AML cells, whereas colony formation by normal CD34+

hematopoietic stem and progenitor cells (HSPC) was not
affected (Figure 1B).
To understand the molecular mechanisms, Sharma et al.

compared gene expression signatures of MLL-AF9+

leukemic cells before and after MN1 inactivation, and
evaluated public chromatin immunoprecipitation
sequencing (ChIP-seq) datasets. Enrichment of MN1
together with MLL-AF9, MEIS1 and the DOT1L-mediated
H3K79me marks on the distal Hoxa gene cluster (Hoxa7-
Hoxa10) suggested that MN1 regulates Hoxa gene expres-
sion. However, MN1 seemed not to co-localize with MLL-
AF9, suggesting that MN1 primarily acts as a co-factor of
Hoxa9 and Meis1. These observations were supported by
reduced expression of the Hoxa9 target Bcl2 (and other
Hoxa9/Hoxa10 targets) upon MN1 inactivation in MLL-
AF9+ AML cells. Finally, Sharma et al. explored the effects
of reduced MN1 levels in primary cells from five AML
patients and in CD34+ HSCP from healthy donors. They
observed that application of MN1-targeting siRNA, either
packed in lipid nanoparticles or transfected, significantly
reduced the number and size of colonies formed by pri-
mary MLL-AF9+ AML cells but had no effect on colony

formation by normal HSPC in methylcellulose. Sharma et
al. concluded that MN1 is essential to maintain a trans-
formed state of AML cells expressing MLL-AF9.11

The experiments by Sharma et al. have been performed
with well-characterized mouse and human MLL-AF9+

AML cells expressing high levels of MN1 and HOXA9.
However, one has to keep in mind that not all AML cells
carrying MLL-AF9 or other MLL rearrangements express
aberrantly high levels of MN1.10 Although the effects of
increased MN1 expression have been intensively studied,
regulation of MN1 expression in hematopoietic cells still
remains poorly understood. Previous reports found high-
est MN1 levels in hematopoietic stem cells (HSC) and
early progenitor cells and very similar to HOXA genes,
MN1 expression seems down-regulated during myelo-
monocytic differentiation.5,12 However, not all AML
patients expressing high levels of MN1 also express high
levels of the HOXA gene cluster. Inv(16)+ AML cells often
associated with aberrantly high MN1 levels mostly
express very low HOXA levels.13 Although Sharma et al.
tested the efficacy of anti-MN1-siRNA in the inv(16)+ ME1
cell line, they did not show whether MN1 knockdown
impaired colony formation or proliferation of these cells
as efficiently as in primary MLL-AF9+ murine AML cells. 
Does MN1 expression reflect the cellular origin of trans-

formation? Highest MN1 transcript levels were found in
patients with immature CD34+ AML.14 In addition, trans-
formation by experimental MN1 overexpression was
found to depend on activation of MEIS1/AbdB-like HOX
proteins present in common myeloid progenitors (CMP)
but not in more differentiated granulocyte-macrophage
progenitors (GMP).15 Will the MN1 expression status
change upon disease relapse? Experimental data indicated
that overexpression of MN1 leads to resistance of AML
cells to cytarabine and doxorubicin, suggesting selection
for cells expressing highest levels during therapy.16

However, based on a small number of patients, there
seemed to be only a slight trend towards higher MN1
mRNA expression upon disease relapse.17 Nevertheless,
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Figure 1. Schematic illustration of the findings by Sharma et al. in mouse (A) and human (B) acute myeloid leukemia (AML) cells expressing high levels of
Meningioma 1 (MN1)  and in CD34+ hematopoietic stem and progenitor cell (HSPC)  controls (Ctrl). 

A B



highest MN1 transcript levels were associated with a
higher incidence and shorter time to relapse.14

How can we then therapeutically target MN1 expres-
sion? Although useful to provide proof of concept in
experimental studies, clinical siRNA-based knockdown
approaches, such as those used by Sharma et al., have so
far been hampered by limited delivery into the target cells.
However, small molecules have been generated that can
interfere with certain transcription factor/co-factor pro-
tein-protein interactions or with transcription factor-DNA
binding. In addition, transcription activity was successful-
ly targeted by altering levels of ubiquitylation and subse-
quent proteasome degradation or by interference with
regulators of transcription factor expression.18 To target
MN1 as a transcription factor, we would need to know its
potential interaction partners on chromatin and/or the
critical domains of MN1 that are necessary to maintain
the transformed state of AML cells. Targeted genome edit-
ing screens could offer a platform to dissect structural
needs of MN1 activity in AML cells.19 Previous work that
explored the transforming potential of a large number of
MN1 deletion mutants suggested that 221 N-terminal
amino acids are critical for induction of AML in vivo asso-
ciated with expression of HOXA9, HOXA10 and MEIS2.20

Similarly, others reported that MN1 lacking amino acids
12-228 was unable to induce leukemia in the BM reconsti-
tution assay, suggesting that overexpression of N-terminal
MN1 peptides and small molecules “mimicks” might be
able to compete with potentially, yet to be defined, critical
protein and/or chromatin interactions.21 Interestingly, the
N-terminal region of MN1 was also shown to interact
with the EP300 transcriptional co-activator, raising the
question as to whether AML cells expressing high MN1
levels would be particularly sensitive to recently devel-
oped small molecule EP300 inhibitors.22,23

Collectively, by demonstrating a critical role for MN1 in
AML maintenance, the work by Sharma et al. suggests
that targeting the aberrantly high levels of MN1 expres-
sion would have strong anti-leukemic activity. However,
the AML patients that would profit from such interven-
tion, and the most efficient clinically applicable strategy,
remain to be elucidated. 
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Recent decades have seen major advances in under-
standing the genetic basis of hematologic and non-
hematologic malignancies. The discovery of the

Philadelphia chromosome (Ph) in chronic myeloid
leukemia was a key step forward.1,2 Since then, many
recurrent chromosomal abnormalities, such as t(8,21) and
t(15;17), have been found in acute leukemias, paving the
way for identification of altered genes.3 These ongoing
discoveries have provided and continue to provide major
insights into the mechanisms by which key transcription
factors and epigenetic modulators regulate normal
hematopoiesis and, if dysregulated, promote leukemic
transformation. To date, more than 200 balanced chro-
mosomal rearrangements (translocations, insertions and
inversions) defining biologically distinct subsets of acute
leukemia have been identified. Chromosome analysis,
together with molecular determinations, are now impor-
tant components of routine clinical practice and essential
for appropriate diagnosis. Cytogenetic findings have in
addition been repeatedly shown to be among the most
important and independent prognostic factors in both
acute myeloid leukemia and acute lymphoblastic
leukemia (ALL).4,5 For all these reasons, specific chromo-
some alterations and their molecular counterparts have
been included in the World Health Organization classifi-
cation of hematologic malignancies and together with
morphology, immunophenotype and clinical features are
used to define distinct disease entities.6

The first comprehensive cytogenetic analysis showing
biological and prognostic significance in adult ALL was
performed at the Third International Workshop on
Chromosomes in Leukemia in 1981.7 The frequency of
abnormal karyotypes was shown to be slightly higher in
adult than in pediatric ALL (60-69% vs. 58-64%, respec-
tively) with t(9;22)(q34;q11) being the most frequent
translocation.8 Less than 6% of children, but up to 40% of
adults ≥40 years of age, with ALL harbor a Ph transloca-
tion (Ph+) with or without additional alterations, which is
a poor prognostic feature regardless of age. In contrast,
less than 12% of adults, but 25% of children have high
hyperdiploidy, a good prognostic feature.4

One of the hurdles to developing a more sophisticated
cytogenetic profile is the overall incidence and, in particu-
lar, the different subsets of Ph- adult ALL, each of which
accounts for less than 10% of the total. Only sparse infor-
mation is available on Ph- ALL patients. The most frequent
Ph- chromosomal aberrations include
t(4;11)(q21;q23)/KMT2A-AFFI (3-7%) involving the MLL
gene, translocations t(8;14)(q24;q11) (2%) involving myc,
t(1;19)(q23;p13)/TCF3-PBX1 (2-3%), t(10;14)(q24;q11)
(2%), t(11;19)(q23;13.3) and structural abnormalities such
as 9p, 6q, and 12p, 18, 19. Further cytogenetic changes

include the multiaberrant karyotype, monosomy 7, mono-
somy 9, +8, del11 and low hypodiploidy, near triploidy
and high hyperdiploidy. ALL study groups, including the
Medical Research Council (MRC), Eastern Cooperative
Oncology Group (ECOG), Southwest Oncology Group
(SWOG), Northern Italy Leukemia Group (NILG), North
UK and Gruppo Italiano Malattie Ematologiche dell’Adulto
(GIMEMA) categorize the cytogenetic alterations at diag-
nosis into risk groups. Unfortunately, the representation of
patients treated with hematopoietic stem cell transplanta-
tion (SCT) is limited in these analyses. The largest study
with patients undergoing allogeneic SCT was the MRC-
ECOG study with 310 patients.9 Here, four risk categories
were identified using the modified MRC-ECOG score
(very high, high, intermediate and standard).10

In a study reported by Aleksandr Lazaryan et al. in this
issue of Haematologica, the Acute Leukemia Working
Committee of the Center for International Blood and
Marrow Transplant Research (CIBMTR) investigated the
usefulness of the MRC-ECOG score in a large cohort of
patients after SCT (n=1731) all of whom were adults with
Ph- ALL.11 While the standard- risk group had favorable
outcomes compared to the intermediate-risk group, the
adverse risk group was not clearly inferior using the mod-
ified MRC-ECOG score. The analysis of relapse and post-
transplant treatment failure revealed that t(8;14), mono-
somy 7 and complex karyotype were the major important
determinants. As a consequence, the authors propose, in
addition to the modified MRC-ECOG score at diagnosis,
the CIBMTR risk score for transplant, which does not
include the t(4;11), t(1;19), t(17;19), t(5;14) and +8, but
does include t(8;14), t(11;19), monosomy 7, del(7q),
del(11q) and complex karyotype (Figure 1).
Previous studies on ALL patients after SCT have con-

cluded that cytogenetics do not predict overall survival.
The difference in respect to the current study might be
explained by the high number of patients transplanted in
advanced phase disease in addition to the high number of
patients with Ph+ ALL included in one study.12 Another
study found no difference in overall survival between
patients with high risk [defined as t(4;11)(q21;q23),
t(8;14)(q24;32), low hypodiploidy, complex karyotype]
and standard-risk cytogenetics, most probably as a conse-
quence of the low number of patients in the high-risk
group.13 A different study identified t(4;11)/KMT2A-AFF1
and t(v;14q32)/IGH in Ph- patients, but censored patients
at the time of SCT.14

A source of uncertainty in the current analysis is the lack
of information on cytogenetic results at transplant.15

Furthermore, molecular information at diagnosis and min-
imal residual disease might have influenced the results of
this retrospective analysis. Despite these flaws, the results
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are derived from the largest cohort of Ph- patients treated
with SCT to date and show clear distinctions in leukemia-
free survival (LFS) using just three risk groups.
Several aspects of the article by Lazaryan et al.11 are of

interest. Post-transplant risk scores differ from those for
patients treated with conventional therapy. This may be a
consequence of graft-versus-tumor susceptibility. It is
interesting to see that translocations, except for t(8;14) and
t(1;19), are noticeably absent from the CIBMTR risk score
compared to the modified MRC-ECOG risk score (Figure
1). While t(1;19)(q23;p13), t(4;11)(q21;q23),
t(5;14)(q35;q32)  and t(17;19)(q22;p13) were identified as
risk factors at diagnosis/before SCT, they were not consid-
ered to be adverse post-SCT. It is feasible that the abnor-
mal proteins produced by translocations may directly or
indirectly affect malignant cell immunogenicity and
enhance the graft-versus-tumor effect. 
The translocations t(8;14) and t(11;19) still remain in the

high-risk category. A possible reason might be the associ-
ation of t(8;14) with the involvement of the myc gene on
chromosome 8 and of t(11;19) with the MLL gene, under-
lying the prevalence of tumor-specific rather than
immunogenic factors. 
Multiple mechanisms have been proposed to be respon-

sible for the high relapse rate in diseases with monosomy
7 and complex karyotype, including loss of tumor sup-
pressor genes, haplo-insufficiency or loss of IKZF1. These
alterations may be less susceptible to graft-versus-tumor
reactions. The results are similar to those previously seen

in acute myeloid leukemia, in which t(11;19),16-18 mono-
somy 7, deletion 7q19,20 and complex karyotype are also
risk factors and play an important role in outcome. Similar
mechanisms might therefore influence relapse rates after
SCT in both acute myeloid leukemia and ALL.
A further consequence of the results of the analysis by

Lazaryan et al. is the evident need to reduce the relapse
rate in high-risk (but also in normal-risk) patients. This
may be possible by evaluating minimal residual disease
before and after SCT. The important role of minimal resid-
ual disease in predicting outcome at an individual level has
recently been published.21 Optimizing SCT outcome by
tailoring immunosuppression in the early phase, in
response to post-transplant monitoring of disease-specific
minimal residual disease or chimerism would be an appro-
priate approach. The relapse risk in Ph- ALL may be
reduced by new drugs, such as blinatumomab, inotuzum-
ab ozogamycin or tisagenlecleucel. In this context, the
results presented by Lazaryan et al. should provide a stim-
ulus for prospective clinical studies.  
Furthermore, those translocations associated with

implied susceptibility to graft-versus-tumor reactions may
provide a lead for the identification of immunogenic
tumor-specific antigens, while all translocations are poten-
tial targets for small molecules able to neutralize disease-
specific products, such as driver kinases or activation path-
ways. In patients with deletions or monosomy such
efforts might be difficult.
Finally, scores might be influenced by the different treat-
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Figure 1. Comparison of two cytogenetic risk classifications for Philadelphia chromosome-negative acute lymphoblastic leukemia. The  modified Medical Research
Council – Eastern Cooperative Oncology Group (MRC-ECOG) score at diagnosis versus the Center for International Blood and Marrow Transplant Research (CIBMTR)
risk score for post-transplant Philadelphia chromosome-negative acute lymphoblastic leukemia. Differences between the risk scores are shown in red.



ment possibilities available today. Often large datasets are
collected over a long time with considerable changes in
first-line therapy, such as introduction of pediatric-based
regimens, while the number of patients in different cate-
gories remains small. Considering the relative homogene-
ity of transplant procedures in comparison to the different
non-transplant protocols, the post-transplant CIBMTR
score represents an important prognostic tool.
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Chronic lymphocytic leukemia (CLL) is a common
leukemic B-cell lymphoma driven by distinct
molecular features such as autonomous B-cell

receptor signaling and genetic alterations including muta-
tions targeting the DNA damage machinery, RNA pro-
cessing and splicing, oncogenic signaling pathways (such
as Notch) as well as epigenetic and chromatin modifica-
tion.1-3 In a simplified model, the “sum” of autonomous B-
cell receptor signaling and driver mutations govern CLL
progression. In addition, mutations in individual genes,
such as TP534,5 are tightly linked to refractoriness to
chemotherapy.6 This model summarizes current knowl-
edge, but we cannot exclude the possibility that addition-
al (maybe unknown) mechanisms contribute significantly
to proliferative drive and may thus predispose (or select
for?) driver mutations. The current emergence of addi-
tional data and more appropriate statistical tools to query
complex molecular data can be expected to provide novel
insights into the pathogenesis of CLL.7

The study by Jennifer Edelmann and colleagues pub-
lished in this issue of Haematologica is an informative addi-
tion to the catalogs of gene mutations in CLL. In this
study, Edelmann and colleagues use cohorts of patients
treated with chemotherapy/alemtuzumab in multiple tri-
als and high-resolution single nucleotide polymorphism-
array profiling and sequencing to characterize copy num-
ber variants and a limited mutational landscape of high-
risk CLL cases.8 The analysis summarizes data from 146
patients from CLL trials (CLL8, CLL11, CLL20), in which
high risk was defined as either a TP53 deletion/mutation
genotype, “complex” karyotype/ increased genomic com-
plexity or purine-analog refractory cases (progression-free
survival <6 months). The authors thus provide a compre-
hensive description of genomic alterations in high-risk
CLL patients that are selected for in the context of
chemo(immuno)therapy, by building groups and individu-
ally testing for unbalanced incidences of mutations. The
results lead to a description of well-known tumor drivers,
which appear to contribute to high-risk CLL in addition to
TP53; MYC, [gain (8)(q24)], CDKN2A/B [del(9)(p21)] and
Notch pathway mutations. 
The authors describe mutations in Notch-associated

genes and known negative regulators (i.e. SPEN, RBPJ).
They found that the above genes were mutated/deleted in
3.7-8.2% of high-risk CLL patients and showed that
mutated cases had higher levels of expression of Notch
target genes (e.g. HES1, DTX1 and MYC). Furthermore,
they revealed that SNW1 is a potential negative regulator
of the Notch signaling pathway. SNW1 has also been
shown to act as a co-activator of Notch-driven transcrip-
tion.9

Notch signaling is an evolutionarily conserved signaling
pathway that allows cell-cell interactions regulating a wide
range of biological functions.10 There are four mammalian

members of NOTCH transmembrane proteins or receptors
(NOTCH1 - 4) which have only partially overlapping func-
tions despite similar structures. These receptors function as
ligand-activated transcription factors, interacting with
transmembrane ligands (Delta-like1, 3 and 4, and Jagged1
and 2) (Figure 1A, B).
While Notch signaling plays an important physiological

role in hematopoiesis and hematopoietic stem cell biolo-
gy,11,12 aberrant Notch signaling has been found to be an
oncogenic driver in precursor lymphoid and myeloid neo-
plasms as well as mature B-cell neoplasms with different
mechanisms of oncogenic pathway activation including
mutations in Notch receptors, mutations in negative regu-
lators (e.g. FBXW7) or overexpression of ligands and
receptors.13-15 NOTCH1 is one of the most frequently
mutated genes in CLL,16 affecting approximately 12% of
cases.17,18 The majority of mutations occur in coding
regions leading to stabilization of the Notch intracellular
domain (NICD) via loss of the PEST [proline (P), glutamic
acid (E), serine (S), and threonine (T)] domain. NOTCH1
gain-of-function mutations in CLL were first described by
Ianni et al.19,20 and were later found in large-scale sequenc-
ing studies.21,22 Additionally, mutations in the non-coding
3’ untranslated region have been described.17,23 These
mutational events ultimately lead to the accumulation of
NCID and increase Notch signaling activity. Notch activa-
tion through mechanisms other than activating mutations
also frequently occur in CLL.18 with roughly 50% of CLL
cases exhibiting high levels of NICD without detectable
NOTCH1 mutations.18,20 Although potential mechanisms
of NOTCH1 mutation-independent pathway activation
have been proposed (e.g. MED12mutations24), the biology
remains incompletely understood. Mutations in the nega-
tive regulator FBXW7 have been described in CLL.25

NOTCH1 has been found to be an adverse prognostic
marker in CLL26-29 and has been associated with the co-
occurrence of other adverse prognostic factors in CLL,
such as IGHV mutational status30 and trisomy 12.31 While
NOTCH1 mutations are more frequently found in CLL
with unmutated IGHV, the accumulation of NICD with-
out NOTCH1 mutations seems similarly distributed in
CLL with unmutated and mutated IGHV genes.18

Integration of information about the presence or absence
of NOTCH1 mutations into prognostic scoring systems
improved survival predictions.32 NOTCH1mutations have
not only been linked to progressive disease, but also to the
earliest stages of development of CLL.33

Current approaches targeting Notch signaling include γ-
secretase inhibitors, which block the proteolytic cleavage
of NICD. More than 100 γ-secretase inhibitors have been
developed,34 with some demonstrating effects in CLL as
single agents or in combination with other drugs.35,36

Monoclonal antibodies targeting Notch receptors (e.g.
OMP-52M51) have been tested in pre-clinical37 and clinical
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studies (NCT01778439, NCT 01703572). Indirect target-
ing approaches are also under investigation (e.g. bepridil).38

Dysregulation of MYC in B-cell tumors has been well
established and comprehensively reviewed.39,40 Edelmann
et al. have demonstrated that gain of the MYC locus [gain
(8)(q24)] frequently occurs in high-risk CLL. MYC has also
been shown to be a direct target of NOTCH141 (Figure 1C).
Disruption of the DNA damage repair complex and

associated cell cycle control or arrest is a hallmark of high-
risk CLL. The protein products of both CDKN2A and
CDKN2B (i.e. p16INK4a, p14ARF and p15INK4b, respec-
tively) are central to DNA damage-related cell cycle con-
trol by interacting with both p53 and RB1 as well as direct
inhibitors of cyclin-dependent kinases (CDK). Both
p16INK4a and p15INK4b inhibit CDK4 and CDK6 and
lead to the activation of RB1.42 The alternate reading frame
product p14ARF inhibits MDM2, thereby stabilizing
p53.43 (Figure 1D). These mechanisms have important
tumor suppressor function guarding against DNA damage
with potentially tumorigenic mutations and loss of these

tumor suppressors may exert deleterious effects similar to
loss of TP53. Cases of transformed CLL into aggressive
lymphoma (Richter transformation) often exhibit
CDKN2A/B disruption.44

With the advent of chemotherapy-free treatments, it
remains to be seen if the results presented will be applica-
ble to current standards of care. For a more comprehensive
understanding of CLL, clonal evolution and predictive
markers, future studies will leverage comprehensive pro-
tein, methylation and RNA expression in addition to
DNA-level investigations in a genome-wide manner. As
these data emerge and are analyzed with more complex
statistical models7 the mechanisms underlying aggressive
disease will become clearer. We hope this will have direct
implications for the clinical management of CLL patients.
One simple step in this direction is an open approach to
data sharing and access, a prerequisite to advance knowl-
edge on rare variants. We are certain that the study groups
involved in the analysis by Edelmann et al. will also take a
lead in this area.
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Figure 1. Molecular drivers of high-risk chronic
lymphocytic leukemia. (A, B) Notch signaling. In its
inactive state the Notch transcriptional complex is
bound by co-repressors such as SPEN, histone
deacetylases (HDAC) and, potentially, SNW1 (A).
Binding of Notch ligands (Jagged-1,2, DLL1, 3, 4)
to Notch receptors leads to proteolytic cleavage of
the intracellular domain (NICD) via γ-secretase and
translocation of NICD to the nucleus to form a tran-
scriptionally active complex with MAML1
(Mastermind-like protein 1), RBPJ (Recombination
signal binding protein for immunoglobulin kappa J
region) and transcriptional co-activators such as
the histone acetyl transferases CBP/EP300, lead-
ing to Notch target gene expression (including
MYC, HES, HEY) (B). Termination of Notch signaling
is achieved mainly via ubiquitination of the PEST
degradation domain of NICD by FBXW7 (F-box/WD
repeat-containing protein 7). (C) Alterations in MYC
activity. MYC is a direct target of Notch signaling
driving cell proliferation. Gain of the MYC locus
(8)(q24) enhances activity. (D) DNA damage check-
point. TP53 is frequently altered and a hallmark of
high-risk chronic lymphocytic leukemia (CLL). Loss
of function in CDKN2A/B impairs TP53 tumor sup-
pressor function and cell cycle control. (Gene sym-
bols and gene names in red represent
altered/mutated genes in high-risk CLL).
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Introduction

Life expectancy and incidence of cancer have substantially increased, the latter
being closely interlinked to our longevity. Today, 617 million people are ≥65 years;
by 2050, this number will have reached 1.6 billion, nearly 20% of the world’s pop-
ulation, and the number of "very old" (>80 years) will have more than tripled.1

This aging of the population involves enormous changes to patient care. For the
moment, the most profound changes are to be seen in Japan, Europe and North
America. Major risk factors associated with aging include cancer (also multiple
cancers in a single patient),2 and cardiovascular and neurodegenerative diseases, all
requiring long-term care. Therefore, especially high-income countries are obliged
to meet the challenges.1

Multiple myeloma (MM), as one example of cancer, and the 2nd most frequent
hematologic malignancy,  affects adults of all ages, but is primarily a disease of the
elderly. The highest burden of MM-related deaths occurs among persons between
65 and 84 years of age.3-7 Similarly to the situation in several other types of cancers,
management of older MM patients is more demanding due to their often impaired
organ function, underlying comorbidities, and co-existing frailty, which may
increase therapy-related toxicity, and lead to dose reduction and shorter treatment
endurance.3,4,6-9 The high prevalence of geriatric impairments is increasingly being
recognized, but is not always easily detectable without an objective assessment.3,6,7

Our goal today involves reducing the risk of under-treating fit patients and over-
treating those who are frail.5,10-12 Although eligibility criteria for studies of anti-can-
cer/-MM agents have traditionally relied on age cut-offs and performance status,
geriatric and MM-specific frailty assessments are just beginning to be incorporated
into more accurate stratification plans of treatment algorithms.6,7,11,12 Similarly to
MM patients, geriatric assessments (GA) have been defined for patients with
chronic lymphocytic leukemia (CLL)8,13,14 and myelodysplastic syndrome (MDS),15,16

where determination of frailty versus fitness has moved into clinical practice.
However, solutions as to how they might be more uniformly used and valued in
their daily pratice have not been fully determined.
Recommendations of the geriatric oncology working groups (i.e. German

Society of Geriatrics/German Society of Hematoloogy&Oncology) have suggested
GA-tools to check comorbidity in patients aged ≥70 years via the Charlson
Comorbidity Index (CCI), cognition via the Mini Mental test (MMST),
activity/instrumental activity of daily living (ADL/IADL), mobility via the Timed
Up and Go test, depression via the geriatric depression scale (GDS), and nutrition
via body mass index (BMI) and Mini Nutritional Status.6,7,11,12,17 While these GA-
tools have been established and validated, their execution is time-consuming, an
additional workforce is needed, and the involvement of a geriatric team is advis-
able.6,7,9,11,12,17 Whether shorter frailty scores in cancer patients may substitute and/or
add to GA-tools is being pursued in single- and multi-center trials (Table 1).

The results were presented in part at the
'American Society of Hematology' (ASH) meet-
ings and the 'German, Austrian and Swiss
annual Hematology & Oncology meetings'
(DGHO)



The aim of this commentary is to define strategies in
MM patients, and explore how frailty assessment may be
employed in clinical practice and clinical trials.

Instruments to assess vulnerability due to
increased treatment options

The epidemiologic and biologic considerations of elderly
MM patients, with widely expanding treatment options,
have motivated global efforts to validate simple instru-
ments to assess vulnerability of patients, test them in their
clinical significance to predict treatment outcome [overall
survival (OS) and progression-free survival (PFS)], occur-
rence of severe adverse events, and to tailor treatment with
more or less intensified regimens.11,12,18
Under-treatment of fit elderly patients has been

demonstrated to occur more frequently than over-treat-
ment.12 Under-treatment may prevent improvement of
organ function, while over-treatment of frail patients can
induce unnecessary morbidity and mortality. Both
instances reduce patients' health-related quality of life
(HRQOL). In a study that assessed HRQOL across
>16,000 cancer survivors, those with MM were among
those with the lowest HRQOL scores, highlighting the

urgent need for this to be improved and for frequent
reassessment of HRQOL in cancer patients.19 The art of
managing elderly MM patients involves balancing com-
peting disease-related and patient-specific factors and to
make adequate treatment decisions. 
Numerous induction (and relapse) MM-treatment

options are available today. These include bortezomib-
cyclophosphamide-dexamethasone (VCD), bortezomib-
lenalidomide-dexamethasone (VRD or VTD), borte-
zomib-melphalan-prednisone (VMP) or antibody-combi-
nations, autologous stem cell transplantation (ASCT) and
2-drug combinations, such as lenalidomide-dexametha-
sone (Rd), bortezomib-dexamethasone (Vd), and oth-
ers.3,20-22 These largely expanded therapeutic strategies,
including immunotherapies,23 have significantly evolved
in recent years, but the beneficial effect is not seen across
the age spectrum, with intermediate-fit or frail patients
not obtaining the maximal benefit from such new treat-
ment. Part of this failure to achieve benefit relates to the
host biology of older patients. Therefore, there is an
unmet need to give the right therapy to the patient most
suited to benefit from it; the starting point for this
approach is an appropriate classification of who is fit and
who is frail.
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Table 1. Selected clinical trials in multiple myeloma patients with frailty assessments included therein.
#       Institution                      Trial title                           Phase           Trial#          Retro- vs.           N. of          Results / Study specifics
         performing                                                                                                      prospective        patients
         the analysis

1         University of                        Allogeneic (allo)-SCT             IV          NCT00655343    Retrospective            109             R-MCI did improve from 4 before to 3 after allo-
           Freiburg                                                                                                                                                                                        SCT. Renal function and age declined over time,
           (UKF)                                                                                                                                                                                            but did not neccessarily decrease QoL measures
                                                                                                                                                                                                                   after allo-SCT in long-term survivors.
2         UKF                                       VBDD                                       I / II        NCT01394354     Prospective               33              QoL improved in responsive pts: both frailty 
                                                                                                                                                                                                                   scores and functional tests were used and showed
                                                                                                                                                                                                                   R-MCI improvement as well as of other frailty 
                                                                                                                                                                                                                   scores and functional tests.
3         Ohio State                           Frailty + functional                  IV          NCT02033928     Prospective              111             Change in Comprehensive Frailty Assessment:
                                                          assessment in MM       Observational                                                                                    before and after transplant (Tx) and non-Tx pts.
                                                                                                                                                                                                                   Study ongoing.
4         City of Hope +                    Touchscreen-based                 IV          NCT03068637     Prospective             165             Limited pt time required for survey completion 
           University of                        geriatric and functional                                                                                                             and provider time for results review show mGA
           Rochester                            assessment                                                                                                                                  can be incorporated into clinical workflow.
                                                                                                                                                                                                                   Real-time mGA results indicating fit/frailty status
                                                                                                                                                                                                                   influenced treatment decisions.
5         Torino,                                  Rd vs. Rd-R in unfit MM         II         NCT02215980     Prospective             210            Rd-R improved event-free survial (EFS) end points
           GIMEMA                               pts                                                                                                                                                   in unfit MM pts. First results shown at ASH 2018.
6         Indiana                                  Maia randomization:                II,         NCT04223661     Prospective               44              Dara-Rd vs. reduced dose with frailty index ≥2.
           University                             standard Dara-Rd vs.       open label                                                                                        Study ongoing.
                                                          reduction in frail pts
7         HOVON 143                         Efficacy and tolerability          II              NTR6297          Prospective            n=65           Dose-adjustment feasible and advisable, but early
                                                          of Ixa-Dara-dex in unfit                                                                                        unfit,           mortality still occurring.
                                                          and frail NDMM pts                                                                                           n=67 frail       Study ongoing, early ASH results shown 2019:
                                                                                                                                                                                                pts             #695.
8         University of                        FiTNEss (Frailty-adjusted     III         NCT03720041     Prospective             740             IRd according to frailty score - randomization
           Leeds, UK                            therapy in Tx Non-                                                                                                                      into 4 groups.
           study group                         Eligible pts with NDMM)                                                                                                          Study ongoing.
pts: patients, #: number, UKF: University of Freiburg Medical Center, allo-SCT: allogeneic stem cell transplantation, R-MCI: Revised Myeloma Comorbidity Index; Tx: transplantation; VBDD:
vorinostat-bortezomib-doxorubicin-dexamethason treatment in relapsed/refractory multiple myeloma (RRMM), QoL: Quality of life; ND MM pts: newly diagnosed MM patients; GIMEMA:
Italian study group. Rd vs. RD-R: Lenalidomide-dexamethason vs. continuation of reduced lenalidomide doses without dexamethason in Rd-R, IRd: ixazomib-lenalidomide-dexametha-
sone; Ixa-Dara-Dex: ixazomib-daratumumab-dexamethasone; Dara-RD: daratumumab-lenalidomide-dexamethasone. For other studies in MM see also Mina et al.51



Risk parameters in multiple myeloma

That age alone is a much less well-suited discriminator
for treatment designation has been shown via various risk
parameters and comorbidity scores, that are usually
described as patient-related factors.11,12,24-26 These involve
simple measures of daily activity, such as constitution via
Eastern Cooperative Oncology Group (ECOG) or
Karnofsky performance status (KPS), organ function, and
comorbidities. However, because the KPS/ECOG do not
reflect the entire functional status of cancer patients,
advances in defining patient fitness more precisely are
warranted. In an analysis of 466 consecutive MM
patients, the median KPS was determined to be 90%,
although a precise reassessment showed this was actually
60%, i.e. 30% lower than that estimated by physicians.
This clearly demonstrates that both KPS/ECOG are often
over-estimated, and a more precise frailty assessment is
valuable.25 In a subsequent analysis, 13 comorbid condi-
tions were assessed in 801 patients. These were graded
and rated according to the Common Terminology
Criteria for Adverse Events (CTCAE 4.03), which includ-
ed: renal-, lung- and KPS-impairment, cardiac, liver or
gastrointestinal disease, disability, frailty, infection,
thromboembolic events, peripheral neuropathy, pain, and
secondary malignancies. In addition, age, cytogenetics via
fluorescence in situ hybridization, renal function and lung
disease were determined. The multivariate Cox propor-
tional hazard model based on backward selection
revealed five highly significant risks as relevant for OS:
renal and lung function, KPS, age, and frailty (Fried defi-
nition). Score weights for comorbidities were determined
on the basis of regression coefficients of the prognostic
factors.12 Although impairment of organ function such as
lung disease had been defined as having nothing to do
with MM, in line with other large MM study groups
(such as both the German GMMG and DSMM study
groups), patients with moderate and severe lung impair-
ment and continued smoking habit were at substantial
risk for treatment complications.11,12 We would, therefore,
refrain from ASCT/allogeneic-SCT, triplet and quadruplet
therapies in heavy smokers and/or those with impaired
lung function.11,12,24-26 Moreover, disease-related factors add
additional complexity in MM, such as cytogenetics,
International Staging System (ISS)/revised (R)-ISS stage,
bone marrow infiltration, and number of CRAB (C,
hypercalcemia; R, renal impairment; A, anemia; B, bone
lesions) symptoms. In addition, treatment-related factors,
such as how quickly and for how long the disease
responds to therapy, are critical.27-29

Frailty, organ impairment and myeloma scores

In prior organ function analyses,11,12,24-26,30 the extent of
frailty in MM patients was substantial: 60% for entire
(mild to severe) and 40% for severe frailty.11,12 This led to
the development of the revised myeloma comorbidity
score  (R-MCI). This R-MCI uses weights generated via
multivariate risk factor assessment with the essential risks
being included therein, such as: renal and lung function,
KPS, frailty and age, with the option to add cytogenet-
ics.11,12 Apart from organ impairment, cytogenetic aberra-
tions corroborate with impaired OS in MM patients. The
analysis confirmed that cytogenetics provide independent

additional information,31-35 and that patients with unfavor-
able cytogenetics had higher disease stages, adverse labo-
ratory values, and reduced organ and physical function.
Although cytogenetics proved to be a relevant risk factor,
the analysis confirmed that others, such as physical and
organ conditions, are equally important.6,7,11,12,18 Moreover,
development of the R-MCI showed that the multivariate
risks (renal, lung function, KPS, age, frailty) defined
patients as fit, intermediate-fit, and frail, which could be
improved with inclusion of cytogenetics, (but which could
still be used even if this information was unavailable).
Weighting of the R-MCI verified that this 9-point score
defines three patient groups with clearly different
survival,12 which remained true regardless of treatment or
age subgroups.

Comparison of the R-MCI with others and 
current questions
Comparison of the R-MCI with numerous others [CCI,

Kaplan Feinstein (KF), Hematopoietic Cell Transplantation
Comorbidity Index (HCT-CI/Sorer),12 the Satariano
Index24-26 or the International Myeloma Working Group
(IMWG frailty score11) showed that they all divide patients
into risk groups with substantially different OS. However,
Brier scores determined the smallest prediction errors with
the R-MCI. One reason for the comparability of the R-
MCI with others was that most include risks that have
some relevance in MM, namely renal and lung function,
and physical condition. Compared to the initial non-
weighted MCI,24-26 the R-MCI led to an improvement in
group distinction, which highlights the relevance to fur-
ther improve a risk score, as performed in subsequent
analyses.11,12,24-26,30 Various risk scores that are used in differ-
ent institutions and within clinical trials in MM patients
are summarized in Table 1.18,36-38
The question is, therefore, whether one comorbidity

score in MM should be put forward or whether more
should be developed. Moreover, would harmonization
and inclusion of biomarkers improve them?39 Another
question is if MM experts will use these scores and
whether treatment decisions are being improved.40,41
Whether risks determined by a score result in changes in
treatment decision has not been fully addressed. Given
that MM primarily affects the elderly, whose vulnerabili-
ties may change over time, it is also reasonable to incor-
porate serial GA throughout treatment in order to poten-
tially modify therapy over time and incorporate this into
tumorboards and treatment guidelines. For older, fit
patients, intensive treatment with ASCT may be appro-
priate, while in the very frail, with GA and high R-MCI-
scores, end-of-life care discussions can be facilitated.10,42

Concrete clinical designations of the use 
of the R-MCI

1. We have included the R-MCI in the weekly MM
tumorboard, where this is being scored before the patient
is discussed at an interdisciplinary level. Web applications
make it easy to obtain a score end result, as has been
achieved for the R-MCI and IMWG-frailty scores.11,12,18,40
For the R-MCI, each patient’s individual risk parameters
will generate an R-MCI score. 

Comprehensive appraisal in cancer patients
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Training and validation analyses of the R-MCI showed
well-discriminated risk profiles in terms of both PFS and
OS for fit, intermediate fit, and frail patients.12 This was
true both for more intensively  and less intensively treat-
ed MM patients.12 Moreover, if MM patients were risk-
assessed via the R-MCI rather than the IMWG-frailty
score, Kaplan-Meier analysis produced more clearly sepa-
rated PFS and OS curves with the  the R-MCI than with
the IMWG-frailty score.11
Importantly, if patients are intermediate-fit or frail by

R-MCI, precautions for dose reduction of systemic treat-
ment can be made: i.e. if advanced frailty in MM patients
is observed, dose reductions can be discussed, including
whether the disease aggressiveness needs effective anti-
MM treatment to be performed in spite of the patient's
frailty. Today, it seems important, given the widely differ-
ent anti-MM treatment options, that the frailty scoring
specifically warns MM experts that complications with
intensive treatment may occur. As many precautions as
possible can then be taken while treatment is being given,
such as inpatient rather than outpatient treatment, obser-
vation on the ward until complications no longer occur,
prophylactic medications, etc. In line with this, in their
joint EMN-paper,7 the European Myeloma Network
(EMN) consensus has stated that in fit MM patients, effi-
cient antimyeloma therapy with the aim of deep remis-
sion is key, whereas in unfit or frail patients, the priority
is to maintain a good balance between therapy efficacy
and safety.
2. Useful dose adaptations have been recommended for

individual antimyeloma agents and are published as such
in guidelines and chemotherapy manuals.6,7,43
3. The R-MCI has also been included in study protocols

before therapy initiation and at the end of treatment. This
can assess whether a patient's constitution did improve
over time, and whether this was associated with myelo-

ma response and better functional comorbidity tests
(Table 1).21,44
4. The R-MCI has, indeed, allowed a patient's

improved constitution to be demonstrated; this has also
been assessed in rarer treatment scenarios, such as in
younger, high-risk patients undergoing immunotherapy
approaches, i.e. allo-SCT. Here, although patients grew
older and renal function declined over time, the median
R-MCI improved from 4 before allo-SCT to 3 after allo-
SCT (Table 1).23,45
5. In frail patients, being able to see if there is any dete-

rioration in the R-MCI makes it easier to adapt or inter-
rupt treatment. This underscores its clinical helpfulness.
For example, since the QoL in a light chain (AL)-amyloi-
dosis patient did not improve, even though hematologic
response was achieved, the use of the R-MCI facilitated
supportive treatment rather than continuation of exten-
sive and expensive care.10,46
6. Inclusion of the R-MCI in future study protocols at

our center, and in discussion with both German MM
study groups (DSMM and GMMG) is under way.

Conclusions

Although the IMWG-frailty score is a “reference”
comorbidity index,18 others are more straightforward to
use. The inclusion of “Lung function” in the R-MCI had
been repeatedly requested by reviewers as a more objec-
tive measure than via the GOLD criteria, smoking status
or dyspnea upon exertion, and is included in the diagnos-
tic workup at our center (i.e. before intensive treatment,
such as SCT).11,12,21,44-47 If unavailable, smoking status, its
mandatory cessation before SCT/intensive treatment, no
advanced GOLD criteria, and no dyspnea upon exertion
have been used as substitutes in prior analyses.24-26
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Figure 1. Environmental and genetic factors that influence key cellular processes and pathways defined as hallmarks of aging. Many pathways contribute to the
creation of a chronic inflammatory stage and to aging. These in turn increase the risk of chronic disease of aging together with disease-specific risk factors, i.e. in
multiple myeloma (MM): polyneuropathy, osteoporosis/osteopenia, bone fractures, anemia. All eventually induce frailty, disability, mortality and geriatric syndromes,
and potentially decrease patients' quality of life (adapted and with permission of J. Campisi et al.)50



We have demonstrated the validity of the R-MCI as a
valid prognostic instrument in large MM cohorts treated
according to current standards. Based on existing recom-
mendations, the R-MCI can be applied in routine clinical
care, multicenter analyses and future clinical trials. It may
be used in research to compare risk profiles of MM
cohorts, to adjust for imbalanced risks, and to provide a
basis to establish new clinical or biologic prognostic fac-
tors. Moreover, the R-MCI might be considered to be an
integral part in the development of individualized risk-
adapted treatment strategies to further improve outcome
in MM. This includes correct use of resources, higher
inclusion rates of older patients into clinical studies, and
avoidance of under-supply for older but fit patients. 
In the future, the R-MCI could also help to support

treatment decisions, tolerability, and to avoid toxicity.
Since any prospective comorbidity, frailty and disability
evaluation can be time-consuming, we have implemented
the R-MCI within a web-based technology application
which allows a quick turnaround of results.48 Routine
measurement of frailty in MM patients is, therefore feasi-
ble, and several analyses via R-MCI11,12 (or IMWG frailty
scores18 with various adaptations6,47) are available.
All current developments in the field are enthusiastical-

ly welcomed, because more effective and individualized
treatment offers an opportunity to further improve clini-
cal outcomes, especially among older patients with
hematologic malignancies.21,27,28,49 We have proven tools
for a functional, more objective assessment to help guide
every-day treatment, and these should be incorporated
into tumor boards and may allow better trial comparabil-
ity, as well as helping to guide trial design. It will be inter-
esting to see whether, in the near future, these risk tools
are readily implemented into clinical care and can
improve patient management. We are entering an excit-
ing era for research on aging, which holds unprecedented

promise for increased patient lifespan, delaying patholo-
gies of aging, allowing patients to grow old, and living a
life full of purpose and well-being (Figure 1).1,50 Future
clinical trials that target the aging process and that study
biomarkers and intervention programs face considerable
challenges, but the potential rewards will far outweigh
their risks.1,50
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The bone marrow niche is a complex and dynamic structure com-
posed of a multitude of cell types which functionally create an
interactive network facilitating hematopoietic stem cell develop-

ment and maintenance. Its specific role in the pathogenesis, response to
therapy, and transformation of myeloproliferative neoplasms has only
recently been explored. Niche functionality is likely affected not only by
the genomic background of the myeloproliferative neoplasm-associated
mutated hematopoietic stem cells, but also by disease-associated ‘chronic
inflammation’, and subsequent adaptive and innate immune responses.
‘Cross-talk’ between mutated hematopoietic stem cells and multiple
niche components may contribute to propagating disease progression and
mediating drug resistance. In this timely article, we will review current
knowledge surrounding the deregulated bone marrow niche in myelopro-
liferative neoplasms and suggest how this may be targeted, either directly
or indirectly, potentially influencing therapeutic choices both now and in
the future.

Bone marrow niche dysregulation 
in myeloproliferative neoplasms 
Natalia Curto-Garcia, Claire Harrison and Donal  P McLornan
Department of Hematology, Guy’s and St Thomas’ NHS Foundation Trust, London, UK

ABSTRACT

Introduction

‘Philadelphia chromosome negative’ myeloproliferative neoplasms (MPN) are a
group of relatively rare hematologic diseases characterized by a clonal proliferation
of blood cells, most commonly secondary to acquired hematopoietic stem cell
(HSC) mutations that directly or indirectly induce upregulation of the JAK-STAT
pathway. The 2016 World Health Organization consensus recognizes the following
categories under the MPN classification: chronic myeloid leukemia BCR-ABL+,
chronic neutrophilic leukemia, essential thrombocythemia (ET), polycythemia vera
(PV), primary myelofibrosis (PMF) (which includes both the prefibrotic/early stage
and overt fibrotic stage), chronic eosinophilic leukemia not otherwise specified,
and MPN-unclassifiable.1 Recent analyses estimate the incidence rates of the classi-
cal ‘Philadelphia negative’-MPN PV, ET and PMF as 0.7-2.6 cases, 0.34-1.7 cases and
0.1-1.0 cases per 100,000 patients-per-year, respectively.2 Median age at diagnosis
is variable, estimated at between 69-76 years for PMF, 65-74 years for PV, and 64-
73 years for ET, although MPN has been described in many younger patients and
can manifest at any age.3 Regarding clinical features, these disorders produce a
markedly heterogeneous clinical phenotype. For example, in PMF, patients may
range from those lacking any discernible symptomatology to those describing
debilitating constitutional symptoms, abdominal discomfort due to splenomegaly,
bone pain, and symptomatic anemia, amongst others. The most common compli-
cations linked to MPN are thrombotic and hemorrhagic events and an inherent risk
of leukemic transformation that is dependent upon the underlying MPN pheno-
type; this risk is higher for PMF (estimated at a range of 10-20% in the first 10 years
from diagnosis) and much lower for both PV (2.3%) and ET (1%).4 These figures
reflect historical data, and it is likely that with the move away from consecutive
cytotoxic therapeutic approaches, blastic transformation rates may well be lower.
Following the pivotal reports in 2005 by four different research groups concern-

ing the prevalence of the acquired somatic mutation JAK2 V617F in MPN, knowl-
edge of the mutational landscape continues to expand.5-8 The JAK2 V617F mutation
is present in approximately 98% of PV patients, and has an estimated incidence in
ET and MF of 50% and 60%, respectively. Mutations in the thrombopoietin recep-
tor (MPL) are described in approximately 3% of ET and 5-8% of MF cases, whereas
mutations in calreticulin (CALR) are evident in 25% of ET and 30% of MF



patients.9-11 Up to 20% with ET and up to 15% of patients
with PMF lack detectable mutations in these three genes,
as assessed by conventional assays; such patients are
termed ‘triple negative’.12-14 Lastly, comprehensive genom-
ic analyses have revealed the presence of additional muta-
tions that can appear before, simultaneously, or following
the so-called ‘driver mutations’ (JAK2, CALR and MPL) in
PMF and can affect a wide-array of key genes, such as
those involved in epigenetic regulation (TET2, ASXL1,
EZH2), splicing (SRSF2, U2AF1), and cellular signaling
(SH2B3, PIAS3), some of which also affect prognosis.15
Multiple factors contribute to the dynamic complexity

of the bone marrow niche in MPN, such as the inherent
increase in pro-inflammatory cytokines, skewed adaptive
and innate immune responses, and ‘cross-talk’ between
the normal and mutated-HSC, endosteal and vascular
niches and extracellular matrix. In this review, we will
summarize current knowledge concerning bone marrow
niche composition in health and how it differs in MPN.
Likewise, as we gain further understanding of these
dynamics, we will explore what potential there is for ther-
apeutic intervention specifically targeting the niche to pro-
vide clinical benefit.

Overview of the bone marrow niche in health
It is evident that much remains to be elucidated concern-

ing the dynamic BM microenvironment, both in normal
physiological and disease states. Traditionally, the niche is
conceived as being divided into individual compartments

with bi-directional ‘cross-talk’ between the well-defined
spatially organized HSC, multiple surrounding permissive
cells, and the extracellular matrix (Figure 1). This concept
was first delineated by Lord et al. and Schofield more than
40 years ago.16,17 The accumulated evidence demonstrates
that multiple additional factors can influence, either directly
or indirectly, this niche, such as microenvironmental oxy-
gen tension variations, sympathetic nervous system activi-
ty, and endocrine signaling such as the estrogen pathway.18,19
Simplistically, the endosteal niche, which is highly vas-

cularized, is considered to be where the ‘potent and prim-
itive’ HSC reside, rich in long-term (LT)-HSC. The pivotal
paper by Nilsson et al. demonstrated that, following HSC
‘transplantation’ in mice, HSC ‘homed’ to the endosteum,
with subsequent maintenance and promotion of HSC
development.20 Later studies by Celso et al. and Xie et al.
showed similar results.21,22 This niche is formed predomi-
nantly by osteoblasts (which mainly line the endosteal
bone surface), osteoclasts, and a specific osteoblastic sub-
population known as spindle-shaped N-cadherin+
osteoblasts (SNO cells). Within the niche, both BM mes-
enchymal stem cells (BMSC) and the N-cadherin+ cell pop-
ulation play an indispensable role in HSC maintenance.
Each of these cell populations and their interactions with
each other (and with the HSC population) ultimately
determines maintenance and proliferation of the
hematopoietic stem/progenitor cell pool and downstream
lineage differentiation.
Osteoblasts are derived from multipotent BMSC where-
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Figure 1. Hematopoietic stem cell (HSC) cycling is regulated by osteoclast (OC), osteoblast (OB) by NOTCH expression and spindle-shaped N-cadherin+ osteoblast
(SNO) cells.  Different bone marrow mesenchymal cells (BMSC) participate in HSC regulation, such as CXCL12-abundant reticular (CAR) cells that stimulate HSC
cycling by producing CXCL12. On the other hand, megakaryocytes (MGK) are activated by vascular endothelial growth factor (VEGF) and participate in the activation
of HSC cycling. HSC maintenance is regulated by a reciprocal communication between OB and HSC. CAR cells also participate in this regulation. Finally, HSC quies-
cent is regulated by both the bone marrow niche (BMN) and the extracellular matrix (ECM), thus, OB and MGK interact in this control. The growth factor TGFb1 and,
indirectly, the platelet-derived growth factor (PDGF) (by activating MGK) would participate in the HSC quiescent. Nestin+ BMSC regulate the CXCL12 production and
the sympathetic nerves contribute to BMN functionality. EC: endothelial cell.



as osteoclasts originate from CD34+ hematopoietic cells.23
Early work showed that the two populations were func-
tionally interdependent, e.g. osteoblasts constitutively
expressed G-CSF and CD34+ hematopoietic cells
enhanced IL-6 production by osteoblasts hence stimulat-
ing further investigations into these interactions.24,25 It is
accepted that, in general, osteoblast functionality plays an
important role in HSC maintenance, in particular with
regard to HSC trafficking. Regulatory roles depend upon
osteoblastic differentiation stage, whereby the immature
osteoblast progenitor population influences HSC mainte-
nance/proliferation and the mature osteoblasts modulate
their differentiation.26 In murine models, Calvi et al.
demonstrated that osteoblastic cells influenced HSC func-
tional capacity through NOTCH activation, and it was
suggested that HSC are located in close physical proximity
to SNO cells, although the role of N-cadherin in these
‘cell-cell’ interactions remains under debate.27,28 Multiple
soluble factors derived from the osteoblast population
play a role in HSC pool fate, including CXCL12, angiopoi-
etin-1 and osteopontin, in addition to multiple other
cytokines/chemokines.29 CXCL12 is a CXC chemokine
produced by stromal cells, the major source is from BMSC
but also by osteoblasts influenced by circadian oscillations
and there is evidence that CXCL12/CXCR4 signaling
plays a pivotal role in modulation of HSC trafficking.30 In
addition, the acidic matrix glycoprotein osteopontin is
produced by pre-osteoblasts and osteoblasts and negative-
ly regulates both HSC pool ‘size’ and egress.27,31 Of note,
osteoblasts play an additional role in T lymphopoiesis,
whereby DLL4 on the cell surface is pivotal for the pro-
duction of ‘thymic seeding’ T progenitors.32
As introduced above, osteoclasts derived from mono-

cyte-macrophage lineage cells in the presence of receptor
activator of nuclear factor-κB-ligand and macrophage
colony-stimulating factor play multiple regulatory roles
within the niche in addition to their bone resorption char-
acteristics.33 Kollet et al. demonstrated that, through
endosteal component degradation, osteoclasts can pro-
mote HSC mobilization.34 However, the literature also
includes contrasting evidence concerning their exact role
within the HSC niche, which is most likely context
dependent. For example, using the osteopetrotic
‘OC/OC’-murine model, absence of functional osteoclasts
induced a defective HSC niche with increased mesenchy-
mal precursors, impaired osteoblast development, and
resultant aberrant HSC homing.35 However, Miyamoto et
al. evaluated hematopoietic activity in three murine mod-
els without osteoclasts and showed that HSC mobiliza-
tion was, in fact, similar, or indeed higher, than that of
wild-type animals, suggesting that osteoclasts are not
essential for HSC mobilization.36 Lastly, there is a great
deal of cross-talk and interdependency between the
osteoblast and osteoclast populations. It has also been
shown that osteoclasts can act as antigen presenting cells
and activate both CD4+ and CD8+ T cells.37
The vascular niche is the other pivotal component of the

bone marrow niche and broadly encompasses thin-walled
sinusoidal blood vessels, arterioles, transition zone ves-
sels, endothelial cells (that also produce CXCL12), stromal
elements, fibronectin, and collagen. Functionally, interac-
tions between these perivascular elements determine both
HSC dormancy/expansion and migration properties. By
way of example, Akt activation in endothelial cells follow-
ing mTOR recruitment induces upregulation of specific

angiocrine factors which promotes expansion of cells with
LT-HSC repopulation capacity.38 Cell-cell contact also
appears key. For example, E-selectin expression by
endothelial cells in the vascular niche can regulate HSC
dormancy and HSC proliferation.39 Moreover, the vascular
niche provides an environment rich in multiple pro-
inflammatory chemokines/cytokines, which contribute to
niche maintenance. The so-called ‘hypoxic-gradient’ plays
a major role in spatial HSC location within the vascular
niche. In this way, quiescent HSC preferentially locate to
small arterioles, unsheathed by rare NG2-pericytes, pre-
dominantly found in the endosteal bone region. HSC tend
to exhibit a strong hypoxic profile, promoting quiescence,
irrespective of localization.40,41 Likewise, in those situa-
tions whereby the sinusoids are under stress induced by,
for example, myeloablative chemotherapy or irradiation,
the endosteal niche becomes an important host of HSC
and promotes quiescence.42
Bone marrow mesenchymal stem cells encompass a

diverse group of cells with multipotent differentiation and
self-renewal properties indispensable for HSC mainte-
nance. BMSC can interact in a pleotropic fashion with
HSC including direct cell-cell interaction and by the
altered production of cytokines and cell markers.43
CXCL12-abundant reticular cells are a subpopulation of
BMSC that produce CXCL12 and regulate the mainte-
nance and quiescence of the HSC pool. Multiple other cell
types, outside the remit of this review, contribute to the
regulation of the niche including macrophages which
modulate the CXCL12 pathway promoting HSC reten-
tion, and monocytic-lineage cells which regulate
osteoblasts, facilitate HSC mobilization and also encour-
age a pro-inflammatory cytokine environment.31
Concerning the role of the sympathetic nervous system,
Mendez-Ferrer et al. demonstrated that circulating HSC
and their progenitors exhibit marked circadian fluctua-
tions regulated by noradrenaline secretion by the sympa-
thetic nervous system.30,44 Adrenergic signals via the beta-
(3)-adrenergic receptor mediate downregulation of
CXCL12 and there is a close association between so-called
Nestin+ BMSC and adrenergic nerve fibers of the SNS with
resultant regulation of HSC functionality and egress. This
neuro-hematopoietic axis is exploitable as a therapeutic
target, as will be discussed later.
With regard to the extracellular matrix (ECM), this is a

non-cellular space that supports the integrity, proliferation
and ‘elasticity’ of the entire bone marrow niche. It acts as
a pivotal HSC ‘regulator’ and ECM-related components
critically determine the functionality of HSC lodged with-
in its confines.45 The ‘core matrisome’ is a complex struc-
ture that consists of up to 300 protein components,
enzymes, and growth factors (e.g. TGFβ1, PDGF and
VEGF), and overall functionally drives maintenance of the
HSC pool.

Bone marrow niche / extracellular matrix 
disruption in myeloproliferative neoplams 

Myeloproliferative neoplasm-associated bone marrow
niche homeostasis is disrupted on many levels which col-
lectively can promote the proliferation, survival and
migration of mutated MPN HSC. As described by Mead
and Mullaly, both ‘host’ and extrinsic factors can influence
MPN HSC behavior, and as the malignant clone expands,
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this favors MPN HSC growth over normal HSC expan-
sion.46 Mullally et al. have described that JAK2V617F-LT-
HSC are capable of initiating and promoting the disease,
giving a clonal advantage to dominate the niche against
WT cells. In addition, mutated LT-HSC could induce
fibrotic changes in the bone marrow niche in WT trans-
planted mouse models.47 Furthermore, Lundberg et al.
proved elevated JAK2 expression levels impact negatively
on the repopulation capacity of LT-HSC and will promote
the disease expansion.48 Finally, acquisition of other muta-
tions, such as TET2 deletions in JAK2 V617F-LT-HSC,
gives a clonal advantage favoring the disease progression.49
Regarding the osteoblast-osteoclast axis, it is clear that

aberrant functionality of the endosteal osteoblastic niche
plays an important role in MPN maintenance and progres-
sion. For example, it has been shown in murine models
that osteoblast expansion is functionally altered in MPN
and promotes the development of fibrosis.50 Over time,
disease-driven remodeling of the endosteal niche occurs,
leading to a self-reinforcing ‘leukemia-niche’ with
impaired normal hematopoiesis. Several mechanisms, as
suggested by the authors, are implicated in dysregulated
osteoblastic expansion, such as overstimulation of MSC
driving production of functionally impaired osteoblasts,
resultant direct ‘cell-cell contact’ with mutated MPN HSC,
and up-regulated production of TPO, CCL3, TNF-β and
Notch, thus inducing a chronic state of ‘inflammation’.51,52
Expression of CXCL12, essential for controlled HSC mobi-
lization, as discussed above, is reduced due to this abnor-
mal osteoblast functionality. Moreover, Spanoudakis et al.
recently showed that monocytes derived from JAK2
V617F (heterozygote)-MPN cells had enhanced osteoclast-
formation ability compared to wild-type monocytes. An
enriched osteoclast environment additionally favors
MPN-associated mutated cell population proliferation and
survival.53 Collectively, these findings highlight the impor-
tance of the osteoblast-osteoclast axis and its disruption in
MPN and how this may be therapeutically exploited. 
Clonal-MPN cells additionally have the capacity to dis-

rupt the finely balanced vascular niche. By way of exam-
ple, JAK2-mutated endothelial cells promote the abnormal
proliferation and survival of mutated-HSC whilst inhibit-
ing normal HSC functionality. This occurs secondary to
alterations within the CXCL12 and stem cell factor path-
ways. Vascular endothelial growth factor (VEGF), pro-
duced by both the endothelial cells and the ‘mutated’-
HSC, supports neo-angiogenesis and increases both sur-
vival and proliferation of these HSC. Therefore, a self-
reinforcing vascular niche also develops as a favorable
environment for MPN mutated-HSC.54 Hypoxia-induced
signaling also appears to influence HSC behavior by
encouraging quiescence and influences long-term repopu-
lating activity.55 Utilizing transgenic MPN-murine-models,
it has been shown that downregulation of HIF-1α induces
an enhanced MPN phenotype reflected by increased
leukocytosis and significant splenomegaly.56
Importantly, BMSC appear pivotal to the development

and maintenance of the MPN phenotype. BMSC promote
the abnormal expansion of osteoblasts as inflammatory
‘myelofibrotic’ cells; a conversion mediated by dysregula-
tion of inflammatory signaling pathways with excess pro-
duction of TGF-β1, Notch, IL-6, IL-1β and TNF-β and sec-
ondary to direct contact between the clonal MPN-HSC
and BMSC.57 Schneider et al. has demonstrated that Gli1+-
BMSC participate in the activation of myelofibroblasts.58

Ultimately, the overproduction of inflammatory ‘myelofi-
brotic cells’ contributes to progressive BM fibrosis
observed in the advanced stages of these diseases.31 At the
same time, excessive osteoblast production perpetuates
clonal-MPN cell proliferation.50 Ramos et al. recently
demonstrated that BMSC derived from MPN patients
(mainly PV and ET) present an altered gene and
immunophenotypic expression profile compared to those
derived from healthy donors. In PV, BMSC show an over-
expression of genes involved in cell differentiation and
migration such as MYADM, Angiopoietin-1 expression and
decreases in CXCL12; that are associated with ‘cross-talk’
between the mutated-HSC and BMSC.59 Angiopoietin-1
participates in both angiogenesis and the quiescence of
the HSC. Osteoblast production of angiopoietin-1 facili-
tates interaction with Tie-2, resulting in increased adhe-
sion of HSC to osteoblasts within the niche.60
More recently, other studies have explored the neuro-

hematopoietic axis, demonstrating that the sympathetic
nervous system influences bone marrow niche regulation.
Arranz et al. elegantly showed that a local neuropathy
occurs in MPN-BM, with a reduction in both Nestin+
BMSC and CXCL12 expression and promotion of JAK2+
HSC expansion. The relationship, if any, between this
local neuropathy and the patient’s symptomatology and
phenotype is still not clear, although it has been described
as a possible therapeutic target, as discussed below.31,61
Lastly, an increased understanding of the role of estrogen
signaling is emerging. In normal HSC, it has been shown
that estrogen receptor stimulation in vivo led to an
increased proliferation of quiescent LT-HSC and tamox-
ifen induced apoptosis of short-term HSC and multipotent
progenitors. In chronic MPN, JAK2-mutated murine mod-
els, tamoxifen led to preferential restoration of apoptosis
in mutated-HSC.62
Regarding the ECM, clonal-HSC demonstrate dysregu-

lated ‘cross-talk’ with augmented levels of cytokines and
growth factors within the ECM, enhancing both disease
establishment and progression. In MF, there is an intensi-
fied deposition of ECM components. Thus, highly fibro-
genic TGFβ1 activates fibrosis deposition by two main
routes: (i) skewing BMSC activation towards fibroblastic
and osteoblastic genesis; and (ii) an augmented production
of collagen. Moreover, TGFβ1 levels are intimately linked
to megakaryocytic activity.63 Additional growth factors
such as PDGF (platelet derived growth factor) and VEGF
play a pivotal role in this unbalanced ECM-MPN marrow
niche communication. PDGF promotes fibrogenesis by
activating both megakaryocytes and fibroblasts whereas
VEGF contributes towards megakaryocytic maturation
and migration. 
Other relevant modifiers of the MPN-associated ECM

are matrix metalloproteinases (MMP) and Lysyl Oxidase
(LOX).64 In MPN, Wang et al. demonstrated downregula-
tion of MMP, supporting the accumulation of ECM sub-
stances. Focusing on MF, this study demonstrated
decreased MMP3 levels which inversely correlated with
increased fibrosis and enhanced expression of tissue
inhibitors of the metalloproteinases.65 Both MMP2 and
MMP9 are highly expressed in MPN patients and are
reduced after treatment with JAK inhibitors.66 LOX is a
potent regulator of fibrogenesis and is involved in collagen
cross-linking. Previous studies have demonstrated a link
between deregulated megakaryocytic production of
PDGF, TGF-β1 and IL-1β and augmented LOX activity,
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with resultant collagen accumulation in MF.64 Tadmor et al.
demonstrated that, in MF, all LOX members genes are
activated compared to the pattern seen in either ET or PV;
postulating that this occurred during fibrogenesis. Of
interest, LOXL1 was only expressed in MF, suggesting a
relationship with advanced fibrosis.67
In summary, it is evident that the bone marrow niche is

profoundly dysregulated on multiple, yet interacting lev-
els, in MPN (Table 1). Mutated-MPN-HSC activate a cas-
cade of dysregulated signaling and abnormalities in multi-
ple key players across the niches, compromising function-
ality of both the osteoblastic and vascular niches and
ECM. Consequently, these irregularities promote the
abnormal proliferation inherent to these disease states.
Although our knowledge of the MPN-associated dysregu-
lated niche has increased in recent years, further studies
are required to help understand how this niche can be suc-
cessfully targeted in therapy.

Direct or indirect targeting of the bone marrow
niche in myeloproliferative neoplasms: is there
a role?
To date, the only curative treatment for MF remains

allogeneic stem cell transplantation, although this is not a
feasible option for many due to age, risk profile, co-mor-
bidities, or lack of a suitable donor.68 Many clinicians have
familiarity with the JAK1/JAK2 inhibitor (JAKi) ruxolitinib
(Novartis, Switzerland), currently the only licensed agent

in MF; which has demonstrated improvement in disease-
related symptomatology, induced reductions in spleen
size, and prolonged the overall survival (OS) in many MF
patients.69,70 Of note, ruxolitinib has also been used in both
PV and ET, particularly in the setting of hydroxycar-
bamide resistance or intolerance.71-74 Many other agents
have entered the clinical trial arena to address the multiple
unmet needs, particularly when individuals are failing or
become intolerant of standard therapies, including novel
JAKi, BET-inhibitors, BCL-2 inhibitors, HDAC inhibitors,
telomerase inhibitors, and MDM2 inhibitors.75-81
Regarding novel JAKi, pacritinib (which is also a FLT3
inhibitor) has been investigated in MF patients with
thrombocytopenia showing improvements in splenic
responses within both the PERSIST-I and -II studies.82,83
The drug was on clinical hold from 2016 due to concerns
regarding cardiac toxicity, but following the Food and
Drug Administration (FDA) review and removal of the
clinical hold, the PAC203 study has now fully recruited
and further studies are planned. Momelotinib, a JAK1/2
inhibitor, demonstrated anemia and transfusion responses
in both the SIMPLIFY-1 and 2 clinical trials but it failed to
meet the pre-defined clinical end points, although some
patients demonstrated symptom, spleen and anemia
responses.84,85 This agent will be compared on a random-
ized basis to danazol in the upcoming MOMEMTUM
study. Fedratinib (Inrebic®, Celgene, USA) is a more selec-
tive JAKi than ruxolitinib; both JAKARTA-1 and 2 trials
showed this agent to have significant efficacy in MF
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Table 1. Bone marrow niche in health and myeloproliferative neoplasm.
                                                       Bone marrow niche in health                                                     Bone marrow niche in MPN

Endosteal niche:                                   • Maintenance, proliferation and differentiation of HSC.               Self-reinforcing of clonal cells.
Osteoblasts, Osteoclasts                   • Osteoblasts:                                                                                          - Osteoblasts:
and spindle-shaped                             - Interact with CD34+HSC by expressing GSCF and IL6.                - Abnormal OB expansion due to overstimulation by BMSC.
N-cadherin+ osteoblast                      - Regulate HSC trafficking by expression CXCL12,                         - Overproduction of inflammatory cytokines.
cells                                                          angiopoietin-1 and osteopontin.                                                       - Promotion of fibrogenesis.
                                                                   •Osteoclasts:                                                                     - Reduction in CXCL12 expression.
                                                                   - Regulatory role.                                                                                     - Osteoclasts:
                                                                   - Bone resorption.                                                                                   - Abnormal stimulation by JAK2 positive monocytes.
                                                                   - Promote HSC mobilization.                                                                - Favoring survival of clonal HSC.
                                                                   • SNO cells:                                                                        - SNO:
                                                                   - Cell-cell contact with HSC.                                                                 - No clear role described yet.
Vascular niche: sinusoidal blood      • Regulate HSC migration .                                                                      • Alteration CXCL12 pathway: upregulated in JAk2+ endothelial
vessels, endothelial cells,                  • Expression of e-selectin by endothelial cells.                                 cells, downregulated BMSC- promotes expansion mutated
stromal elements, fibronectin          • Production of inflammatory chemokines and cytokines.              HSC. 
and collagen                                          • Regulation of hypoxia status .                                                              • Clonal endothelial cells support neo-angiogenesis by 
                                                                   • BMSC-CAR cells express CXCL12- maintenance and         VEGF production. 
                                                                   quiescence HSC.                                                                                      • Increase survival mutated HSC.
                                                                   • Macrophage-modulate CXCL12 pathway.                                     • Alteration of HIF-1α and hypoxia status. 
                                                                   • Monocytes- regulate osteoblasts, promote                                  • BMSC promote expansion of osteoblasts by cell contact and 
                                                                   pro-inflammatory cytokine environment.                                          excessive TGFβ1, Notch and cytokines.
                                                                                                                                                                                            • Overproduction of inflammatory markers produce 
                                                                                                                                                                                            fibrosis. 
Sympathetic nervous system             • Noradrenaline secretion regulate HSC circulation                       • Local neuropathy by reduced expression of Nestin+ and
                                                                   and functionality .                                                                                    CXCL12 promoting HSC expansion.
Extracellular matrix                             • Integrity, proliferation and elasticity of BMN.                                  • Increase cytokines and growth factor levels (TGFβ-1, 
                                                                   • Presence of growth factors (TGFβ-1, PEGF, VEGF)                     PEGF, VEGF) promotes fibrogenesis. 
                                                                   to maintain HSC.                                                                                     • VEGF contributes to MK maturation and migration.
                                                                                                                                                                                            • Decrease of MMP and increase of LOX favoring  fibrosis.
SNO: spindle-shaped N-cadherin+ osteoblasts; HSC: hematopoietic stem cells; BMSC: bone marrow mesenchymal cells; VEGF: vascular endothelial growth factor; PDG: platelet-derived
growth factor; TGFβ1: transforming growth factor beta; HIF-1α: Hypoxia inducible factor 1-alpha; MK: megakaryocytes; MMP: matrix metalloproteinases; LOX: Lysyl Oxidase.
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Table 2. Therapies targeting directly or indirectly the bone marrow niche.
Drug                                   Target                                          Disease/update results                                                          Reference       

PACRITINIB                               JAK2/FLT3 inhibitor                           MF with thrombocytopenia                                                                  82                          Clinical trials ongoing
                                                                                                                    Spleen responses 18% volume reduction ≥ 35% –                       83

                                                                                                                    PERSIST I & II trials                                                                              
MOMELOTINIB                        JAK1/2 inhibitor                                  MF                                                                                                                                         Planned MOMENTUM 
                                                                                                                                                                                                                                                                    Study
                                                                                                                    Anemia and transfusion responses in addition to                                                    
                                                                                                                    spleen and symptoms:
                                                                                                                    -  SIMPLIFY 1 (momelotinib vs ruxolitinib):                                   84

                                                                                                                    66.5.% transfusion independent at week 24. 
                                                                                                                    26.5% reduction of spleen volume ≥ 35%
                                                                                                                    - SIMPLIFY 2 (momelotinib vs BAT): 7% spleen                            85

                                                                                                                    volume ≥ 35%                                                                                      
FEDRATINIB                              Selective JAK 2 inhibitor                  MF (ruxolitinib resistant or intolerant)                                                                      Clinical trials ongoing/ 
                                                                                                                                                                                                                                                                    planned
                                                                                                                    Spleen response and symptoms improvement.                            
                                                                                                                    - JAKARTA-1: reduction spleen volume ≥ 35%, 36% (400mg)     86 

                                                                                                                    and 40% (500-mg compared with placebo. 
                                                                                                                    - JAKARTA-2: Second line study 55% of patients achieved           87 

                                                                                                                    spleen volume ≥ 35%. 

                                                                                                                    Recent hold due to Wernicke’s encephalopathy removed. 

                                                                                                                    Approved by FDA in 2019.Fibrosis grade-reduction in 44%         99

                                                                                                                    (8/18) patients after cycle 6.                                                              
NAVITOCLAX                             BCL-2 inhibitor                                   MF failed ruxolitinib.                                                                            No data             Clinical trial ongoing
                                                                                                                    Clinical trial ongoing in combination with ruxolitinib                   published 
                                                                                                                                                                                                                                        available yet     
PANOBINOSTAT                      Histone deacetylase                          MF -combination with ruxolitinib                                                       119                         Clinical trial ongoing –
                                                     inhibitor                                                                                                                                                                                               expansion phase.
                                                                                                                    36% achieved overall response by IWG-MRT
                                                                                                                    Median spleen reduction was 34%
                                                                                                                    6.8% decrease in JAK2 allele burden                                                
IMETELSTAT                             Telomerase inhibitor                        MF and ET.                                                                                                                          Recruitment suspended
                                                                                                                    - MF clinical trial: Pilot- 33 MF patients- complete and               92

                                                                                                                    partial response 7( 21%) median response 18m. 
                                                                                                                    Bone marrow fibrosis reversal in 4 with CR. 
                                                                                                                    Molecular response 3 / 4 patients.  
                                                                                                                    - Phase-II study: OS 19.9 months in low dose and                        93

                                                                                                                    29.9 months in higher dose. 93% patients discontinued 
                                                                                                                    study (25% due to adverse events). 

                                                                                                                    Update data compared with real world showed OS                     94

                                                                                                                    was 30.69 months. Significant myelosuppression and 
                                                                                                                    hepatic toxicity in some.

                                                                                                                    ET clinical trial: 16/18 (89%) achieve complete                             91

                                                                                                                    hematological response. And 7/8 molecular response 
                                                                                                                    with allele burden reduction between 15-66%. 
                                                                                                                    Bone marrow fibrosis reduction of at least 1 grade 
                                                                                                                    was described in 4/6 (67%)                                                                 
IDASANUTLIN                          MDM2 inhibitor                                  PV, ET and MF                                                                                         95                          Clinical trial ongoing
                                                                                                                    Alters the MDM2/p53 interaction. 
                                                                                                                    PV/ET clinical trial: 58% response on monotherapy 
                                                                                                                    and 50% for combined therapy after 6 cycles. 

                                                                                                                    Combined with BET inhibitor in MF: Reduction                            96

                                                                                                                    of hematopoietic colony formation CD34+ in MF. 
                                                                                                                    Reduction in pro-inflammatory cytokines (decreased
                                                                                                                    the levels of IL-8 in MF MNC by 50% (P=0.0003))
BET inhibitor                                                                                            Combined with ruxolitinib in MF                                                       120                         Clinical trial ongoing
                                                                                                                    MF- inhibition of the NF-KB pathway, reduction 
                                                                                                                    of inflammatory cytokines. Reduction of bone marrow fibrosis.                          

continued on the next page
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patients, either JAKi naïve or those with resistance or
intolerance to ruxolitinib in terms of spleen response and
improvement of symptoms.86,87 The FDA placed the drug
on hold due to several cases of Wernicke’s encephalopa-
thy, but after further investigations, this clinical hold has
now been removed and the agent has recently been
approved by the FDA in both the first-line and successive
treatment settings in MF.88

Multiple alternative pathways are being investigated as
potential therapeutic targets for MPN patients; ongoing
trials are investigating the use of BET inhibitors, PI3K
inhibitors, HDAC inhibitors, BCL-2 inhibitors and MDM2
inhibitors, to name only a few (Table 2). BCL-2 protein
inhibitors (BH3-mimetics) have already been investigated
in lymphoid and other myeloid disorders.89 Curiously,
these agents trigger remarkable megakaryocytic and

RUXOLITINIB                           JAK inhibitor                                        MF                                                                                                             69,97                       Single agent studies 
                                                                                                                                                                                                                                                                    closed
                                                                                                                    Association between reduction in fibrosis grade                         
                                                                                                                    and cytokines reduction (AUC=0.85939, P=0.0134)                      
TAMOXIFEN                              Estrogen receptor antagonist        MPN                                                                                                           No data             Clinical trial ongoing
                                                                                                                    Reduction of JAK2 and CALR allele burden  ≥50% at                    published 
                                                                                                                    24 weeks mutation                                                                                as yet.
PRM-151                                     Recombinant human                        MF                                                                                                              100                         Study closed 
                                                     pentraxin-2 analogue                        Fibrosis grade reduced in 25 patients by ≥ 1 initial study.          101

                                                                                                                    In extension phase, improvements in 71% and 44% of 
                                                                                                                    individuals with grade 2&3 fibrosis at baseline.                             102

                                                                                                                    Updated results showed 28% decrease in fibrosis.                      
IPI926                                         Hedgehog inhibitor                           MF                                                                                                              103,104                     Study discontinued
                                                                                                                    No improvements in fibrosis
SONIDEGIB (LDE225,            SMO receptor   antagonist             MF in combination with ruxolitinib                                                   105                         -
NOVARTIS,                                                                                               Spleen and symptoms responses- 65% of pts achieved
SWITZERLAND)                                                                                       a ≥ 50% reduction spleen and 9 pts had resolution 
                                                                                                                    of splenomegaly.
                                                                                                                    Reduction of bone marrow fibrosis 
PIRFENIDONE                         Antifibrotic agent                               MF                                                                                                              106                         -
                                                                                                                    In vitro- reduced both fibroblast activity and ECM                      
                                                                                                                    components
                                                                                                                    In vivo- minimal clinical benefits.                                                     
FRESOLIMUMAB                     Monoclonal antibody                        MF                                                                                                              107                         Clinical trial ongoing
                                                     against TGF-β                                     No relevant changes in fibrosis                                                          
                                                     
GALUNISERTIB                       TGF-β receptor I kinase                  MF                                                                                                             108                         -
(LY2157299)                                                                                             Reductions in fibrosis in murine models (P=0.02)                      
SIMTUZUMAB                           Monoclonal antibodies                    MF- monotherapy and combination with Ruxolitinib                    109                         -
                                                     against the Lysyl oxidase like-2      
                                                                                                                    Reduced fibrosis score at 24 weeks in 36.7%. 
                                                                                                                    Overall limited efficacy                                                                        
AZACITIDINE                            Hypomethylating agents                   MF- high risk and accelerated/blastic phase.                                 110                         Clinical trial ongoing
DECITABINE                                                                                             Combined with ruxolitinib- 57% fibrosis reduction                      121

                                                                                                                    and spleen responses observed.
                                                                                                                    MF-Blastic phase
                                                                                                                    Increased OS.                                                                                        
MIRABEGRON                          Oral β-3 adrenergic agonist            MPN- JAK2 V617F positive                                                                    112

                                                                                                                    Increase in Nestin+ BMSC (week 24 was 3.52/mm2

                                                                                                                    [95%CI: 1.65-5.39])
                                                                                                                    Mild reduction in fibrosis 1.0 (interquartile range 0–3) 
                                                                                                                    to 0.5 (interquartile range 0–2) (P=0.01))
                                                                                                                    Modulation of megakaryocyte clustering 
BEVACIZUMAB                         Anti-VEGF agent                                 MPN                                                                                                          113                         Study closed
                                                                                                                    No significant benefit                                                                           
VATALANIB                                Anti-VEGF receptors                        MF                                                                                                             114                         -
                                                                                                                    3% CR and 17% clinical improvement
                                                                                                                    3/7 patients have bone marrow fibrosis reduction 
BORTEZOMIB                          Proteasome inhibitor                        MF                                                                                                              118                         -
                                                     indirectly inhibits HIF1- α               9/15 patients reduced in the bone marrow vessel density.
MF: myelofibrosis; CR: complete response; OS: overall survival; PV: polycythemia vera; ET: essential thrombocythaemia; MPN: myeloproliferative neoplasm; CI: confidence interval; MNC:
mononuclear cells; BMSC: bone marrow mesenchymal stem cells; VEGF:  vascular endothelial growth factor; HIF1-α: hypoxia-inducible factor.
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mature platelet apoptosis.90 A phase II clinical trial of the
BCL-2 inhibitor navitoclax in combination with ruxoli-
tinib in MF patients is ongoing and results are awaited
with interest. Other emerging agents indirectly targeting
the marrow niche are the telomerase inhibitor, imetelstat
(GRN163L, Geron, USA), which has been investigated in
both ET and MF patients and initial clinical results are
encouraging.91,92 Unfortunately, subsequent studies in MF
revealed limited overall spleen responses, significant
myelosuppression, and in some patients, hepatic toxicity;
therefore, recruitment for the study was suspended
(Geron Corporation, June 7 2017, press release). However,
the data presented in ASH-2018 showed complete and
partial responses in 21% cases, with bone marrow fibrosis
reversal in four cases with complete response (CR); OS
after 27.4 months of treatment was 19.9 months in the
low-dose therapy arm and 29.9 months in the higher-dose
therapy arm.93 Unfortunately, 93% of patients discontin-
ued the study, and of these, 25% were due to adverse
events. Recent data presented at the EHA congress 2019
demonstrated that when survival data from the 9.4 mg/kg
imetelstat-cohort, from the phase-II trial in ruxolitinib
relapsed/refractory higher-risk MF, was compared to 'real
world' data for this group of patients treated with best
alternative therapy (BAT), there was a potential OS advan-
tage (30.69 months in the imetelstat group, HR 0.35
months, P<0019); although this was an unweighted analy-
sis and had inherent comparative limitations.94 Geron
plans to conduct an up-dated phase II trial meeting with
the FDA to determine if there is a regulatory path forward
for imetelstat in MF in 2020.
MDM2 inhibitors alter the MDM2/p53 interaction, in

order to restore p53 functionality/activity. Preliminary
data from early phase studies in PV and ET demonstrated
favorable clinical responses. Mascarenhas et al. recently
presented the results of a phase I study in which 13 JAK2-
mutated PV/ET patients were treated with idasanutlin and
combined with pegylated interferon if a partial response
was not achieved following cycle 6. Responses were
robust: 58% for the monotherapy cohort and 50% for the
combination therapy cohort after 6 cycles, with a median
treatment duration of 16.8 months.95 Two multinational
clinical trials are currently open investigating the efficacy
and safety of the MDM2 inhibitor KRT-232 for ruxoli-
tinib-failure/intolerant MF patients and poorly controlled
PV patients. Recently, Lu et al. presented early data from a
combinatorial study of an MDM2 antagonist and BET
inhibitor in MF patients.96 This combination reduced
hematopoietic colony formation by MF-CD34+ cells and
targets the microenvironment by reducing the pro-inflam-
matory cytokine milieu. Results of this particular combi-
natorial approach are eagerly awaited, as is the combina-
tion of a BET inhibitor with JAKi. Lastly, as introduced
above, another potential niche pathway target is the estro-
gen-signaling axis. Inhibition of estrogen-signaling has
recently been explored in the TAMARIN trial, investigat-
ing clinical benefits and molecular responses induced by
the concomitant administration of tamoxifen to patients
with MPN established on treatment (excluding interfer-
on).
Historically, the exact relationship between BM fibrosis

and clinical outcome/prognosis in MF has been somewhat
unclear. An important question is: does improvement in
BM fibrosis correlate with improved overall symptom/
spleen burden and OS? This has not been comprehensive-

ly studied in the clinical trial setting, particularly in the
longer term. Kvasnicka et al. recently examined the effects
of long-term ruxolitinib therapy on BM cytomorphology
and fibrosis in 68 patients compared to 192 matching
patients with BAT.97 Compared to baseline reticulin fibro-
sis grade, ruxolitinib, in contrast to BAT, was associated
with augmented odds of fibrosis grade stabilization or
improvement and decreased odds of a worsening of retic-
ulin fibrosis. Furthermore, this was often associated with
higher degrees of reduction in spleen size. Similar effects
have also been noted in a much smaller cohort of patients
treated with fedratinib.98,99 Collectively, these data suggest
a possible disease-modifying effect, at least in a subset of
those patients undergoing JAKi therapy, which evidently
requires a longer duration of drug exposure. Novel thera-
pies such as PRM151, a recombinant human pentraxin-2
analog, have also demonstrated promising findings fol-
lowing reductions in BM fibrosis in some patients with
MF. In the first stage of the clinical trial, 27 patients with
either primary or secondary MF and ≥ grade 2 reticulin
fibrosis  were due to receive PRM-151 ± ruxolitinib for 24
weeks; 20 completed therapy.100 In general, the agent was
well tolerated, both alone and with JAKi, with no evi-
dence of myelosuppression. Improvements in symptoms
and modest reductions in splenomegaly in some were
observed and 11 out of 25 patients evaluated had a reduc-
tion in BM fibrosis by ≥ 1 grade. A total of 18 patients
were in the open label extension, all of whom received a
monthly infusion of PRM-151 at 10 mg/kg, treated for up
to 35 cycles (140 weeks).101 A total of 50% were also
receiving ruxolitinib. A similar percentage of patients
experiencing reductions in spleen size and improvements
in total symptom score (TSS) were seen in both the com-
bination and monotherapy arms. Improvements in retic-
ulin grade was observed in 71% and 44% of those with
Grade 2 and 3 marrow fibrosis at baseline, respectively.
Recent results presented at the EHA 2019 by Verstovsek et
al. showed that BM fibrosis decreased at any time point in
28% of patients, and 16-29% patients had a ≥50% reduc-
tion in transfusion requirement or hemoglobin improved
>10 g/L for 12 consecutive weeks.102
Other therapeutic agents have been developed during

recent years to specifically target the  BM fibrosis and/or
relevant pathways in MPN, but with limited success.
Inhibitors of hedgehog signaling, important in both prim-
itive and definitive hematopoiesis, cellular proliferation
and survival, have been studied both as monotherapies
and in combination with ruxolitinib in MF.103 IPI926, an
oral hedgehog-inhibitor, was studied as a monotherapy in
MF; however, no significant improvements in fibrosis
were reported and the study was discontinued.104 The
SMO-inhibitor sonidegib (LDE225, Novartis, Switzerland)
has been investigated in combination with ruxolitinib in a
phase-Ib/II study and demonstrated spleen and symptom
responses in a minority of patients, and, in some patients,
reductions or stability in BM fibrosis.105 Schneider et al.
have showed that Gli1+ mesenchymal cells are involved in
the fibrosis pathogenesis of MF. The investigators have
used GANT61, an inhibitor of Gli1 transcription factor
that regulates the hedgehog signaling pathway, in MF
murine models and demonstrated reductions in both the
fibrosis and the malignant clone. These results suggest a
possible new target in reducing marrow fibrosis in MF.58
Pirfenidone, an established antifibrotic agent, showed

promising results in vitro by reducing both fibroblast activ-
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ity and ECM components; however, a phase-II study in
MF failed to show significant clinical benefits.106 A study
with a monoclonal antibody against TGF-β (fresolimum-
ab) is currently ongoing in MF, although preliminary
results have not described any relevant changes in
fibrosis.107 Finally, an inhibitor of the TGF-β receptor-I-
kinase, galunisertib (LY2157299) has been shown to
induce reductions in fibrosis in MPN murine models.108
Monoclonal antibodies against LOL-2 (simtuzumab) have
been tested either as monotherapy or in combination with
ruxolitinib in a phase-II study with overall limited efficacy
in MF,109 despite the promising in vitro results.
Hypomethylating agents such as azacitidine (5-Aza) and
decitabine have been investigated in high-risk MF patients
and accelerated/blastic phases of the disease. A combined
clinical trial with ruxolitinib and 5-Aza is currently ongo-
ing and recent published results have demonstrated mar-
row fibrosis reductions in 57% of the total cohort (31
cases) at 24 months in addition to acceptable spleen
responses.110 Further research is required to determinate
the impact of these hypomethylating agents, with partic-
ular attention to the MPN marrow niche.
Therapeutic modulation of the neuro-HSC niche in

MPN, introduced above, has recently been explored.
Drexler et al. report on a phase II trial of an oral β-3 adren-
ergic agonist (mirabegron) in 39 patients, many of whom
had a long duration of disease, with a JAK2 V617F-mutat-
ed MPN who underwent treatment for up to six months.
BM core analysis in 20 of the enrolled patients showed
increases in Nestin+ BMSC in a proportion of patients (but
not in those also receiving hydroxycarbamide); several
showed mild reductions in fibrosis and modulation of the
characteristic megakaryocyte clustering.111,112 Although the
study end points of a >50% reduction in JAK2 allelic bur-
den or sustained reductions in splenomegaly were not
reached, these intriguing data highlight the potential ther-
apeutic avenues of targeting this neuro-HSC axis in MPN.
With regard to aberrant upregulation of cytokines in

MPN, ruxolitinib and other JAKi have been shown to
decrease levels of many pro-inflammatory cytokines,
including both VEGF and PDGF, as discussed above.69 The
Myeloproliferative Disorders Research Consortium con-
ducted a phase II trial of the anti-VEGF agent (bevacizum-
ab) in 13 patients, 11 of whom were evaluable, to assess if
a potential disease modification could be achieved. The

dosing strategy was 15 mg/kg intravenously every 21
days; none of the patients demonstrated significant bene-
fits. This lack of response coupled with toxicity led to the
premature closure of the study; the authors commented
that different dosing strategies may be required.113 Other
drugs have been developed to target VEGF-receptors, like
the tyrosine kinase inhibitor vatalanib, but with modest
results.114 Lastly, control or regulation of the marrow
hypoxia status could be a potential goal in the manage-
ment of MPN in view of the key role of oxygen regulation
pathways in the pathogenesis and maintenance of these
disorders. HIF-1α is essential for HSC maintenance, as dis-
cussed. However, in the MPN environment, it participates
in both angiogenesis and promotion of suppressor genes,
aiding clonal cell adaptation to a hypoxic environ-
ment.115,116 Therefore, targeting HIF1-α has been explored
in recent years in both solid and non-solid cancers.117
Bortezomib, a proteasome inhibitor extensively used in
plasma cell dyscrasias, indirectly inhibits HIF-1α in MF
patients as demonstrated by Barosi et al.118 Although, to
date, few published studies have focused on targeting
hypoxia and HIF-pathways in MPN, it remains an attrac-
tive area of research.

Conclusions

As our knowledge expands, the complex and dynamic
structure of the bone marrow niche in both health and dis-
ease is being constantly refined. It is apparent that, in MPN,
the mutated-HSC disrupts the harmony of the bone mar-
row niche, promoting a self-reinforcing environment that
facilities their proliferation at the expense of normal
hematopoiesis. Furthermore, the MPN-niche can confer
therapeutic resistance and potentiate disease progression
towards blastic phase disease. Besides the potentially cura-
tive procedure of allogeneic stem cell transplantation,
attempts to target various components of the MPN-niche
have led to variable results and often a lack of sustained
clinical benefit. Given the complexity, it is, therefore,
increasingly apparent that combinatorial or sequenced ther-
apeutic strategies will be required. As our appraisal of niche
dysregulation grows, and we learn more from the current
therapeutic trials discussed above, more rational niche-tar-
geted treatment strategies will ultimately be developed.

BM niche dysregulation in MPN
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Tranexamic acid (TXA) is an anti-fibrinolytic agent that acts by
inhibiting plasminogen activation and fibrinolysis. Although its
first clinical use dates back more than 50 years, this hemostatic

agent is still the object of intense clinical and developmental research. In
particular, renewed interest in TXA has arisen following evidence that it
has a beneficial effect in reducing blood loss in a variety of medical and
surgical conditions at increased risk of bleeding. Given this characteristic,
TXA is currently considered a mainstay of Patient Blood Management
programs aimed at reducing patients’ exposure to allogeneic blood trans-
fusion. Importantly, recent large randomized controlled trials have consis-
tently documented that the use of TXA confers a survival advantage in a
number of globally critical clinical conditions associated with acute bleed-
ing, including traumatic injury and post-partum hemorrhage, without
increasing the thromboembolic risk. 

The never ending success story of tranexamic
acid in acquired bleeding
Massimo Franchini1 and Pier Mannuccio Mannucci2

1Department of Transfusion Medicine and Hematology, Carlo Poma Hospital, Mantova and
2Fondazione  IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Angelo Bianchi Bonomi
Hemophilia and Thrombosis Center, Milan, Italy

ABSTRACT

Introduction

Tranexamic acid (TXA) is a synthetic anti-fibrinolytic amino acid derivative of
lysine that acts by competitively blocking the lysine binding sites on plasminogen,
thereby inhibiting its interaction with formed plasmin and fibrin.1,2 Inhibition of
plasminogen activation results in the stabilization of the preformed fibrin mesh-
work produced by the coagulation cascade. Thanks to its ability to inhibit fibri-
nolysis and clot degradation TXA, which is approved for intravenous, oral and
topical applications, has been successfully employed to prevent or decrease blood
loss in a variety of clinical conditions characterized by excessive bleeding.3,4 There
is indeed consistent evidence that the early administration of TXA confers a sur-
vival benefit in the setting of severe trauma5,6 and post-partum hemorrhage with-
out an increase in thromboembolic events.7 In addition, this agent has been suc-
cessfully used to decrease blood loss in numerous surgical specialties, especially in
the frame of cardiac and major orthopedic surgery.8-11 For this reason, TXA is cur-
rently considered a fundamental pillar of the Patient Blood Management (PBM)
programs of transfusion medicine, aimed at minimizing blood loss and thus expo-
sure of patients undergoing elective surgery to allogeneic blood.12-14 In this narra-
tive review we summarize the most recent clinical evidence on the use of TXA for
prevention or treatment of bleeding.

Search methods

We analyzed the medical literature for published articles on the use of TXA for
bleeding. The MEDLINE electronic database was searched for publications during
the last 20 years using English language as a restriction. The Medical Subject
Heading and key words used were: “tranexamic acid”, “bleeding”, “hemorrhage”,
“treatment”, “prevention”, “patient blood management”, “anti-fibrinolytic”,
“surgery”, “cardiac surgery”, “orthopedic surgery”, “post-partum hemorrhage”,
“obstetric”, “trauma”, “injury” and “traumatic brain injury”. We also screened the
reference lists of the most relevant review articles for additional studies not cap-
tured in our initial literature search. Finally, abstracts from relevant conferences or
scientific meetings were hand-searched for additional studies.



Tranexamic acid for the prevention of bleeding

There is a growing body of evidence documenting the
efficacy of TXA in preventing bleeding in a variety of
major surgical procedures, especially cardiac surgery, in
the frame of PBM programs.8,13 In a systematic review and
meta-analysis, TXA was shown to reduce blood losses in
surgical patients by nearly one-third compared to place-
bo.15 These results were consistent with those of a
Cochrane systematic review, including 129 trials with
10,488 participants, which showed that TXA reduced the
probability of receiving a blood transfusion by one third
[relative risk (RR) 0.62, 95% confidence interval (95% CI):
0.58-0.65; P<0.001).9 More recently, TXA has been widely
used to minimize bleeding and exposure to allogeneic
blood transfusion in major orthopedic surgery. Several
large randomized controlled trials (RCT) and meta-analy-
ses have consistently confirmed that the intravenous
administration of this medication effectively and safely
reduces perioperative blood loss and transfusion require-
ments at the time of major orthopedic operations such as
total hip and knee arthroplasty.10 Some concerns still
remained among users over the hypothetical increased
risk of thromboembolic complications following the sys-
temic infusion of this anti-fibrinolytic agent, because
orthopedic surgery is associated not only with a high risk
of bleeding but also of thrombosis. Thus, to refute this
unjustified, non-evidence-based perception which repre-
sents the main obstacle to a broader use of TXA in this
clinical context, we recently conducted a systematic
review and meta-analysis of the literature aimed at
assessing the safety of intravenous TXA in patients
undergoing major orthopedic surgery.16 After a meta-ana-
lytic pooling of 73 RCT involving 4,174 patients and
2,779 controls, there was a similar incidence of venous
thromboembolism in patients and controls (2.1% vs.
2.0%), which established the safety of this pharmacolog-
ical treatment in a PBM setting.16 In addition, a recent sys-
tematic review and meta-analysis of five RCT involving
457 patients undergoing total hip arthroplasty concluded
that the combined use of intravenous and topical TXA is
more effective than intravenous TXA alone in terms of
reduction of blood loss, hemoglobin decline and need for
transfusion without increasing the rate of thromboembol-
ic complications.17 The recently published
Recommendations for the implementation of PBM pro-
grams in orthopedic surgery, edited by the Italian
National Blood Center in collaboration with several sci-
entific societies, supported the preoperative and/or post-
operative use of TXA in total hip and knee replacement
surgery (grade 2A recommendation).18
Given the efficacy of TXA in various conditions at

potential risk of severe bleeding, several groups also eval-
uated its use in preventing obstetric hemorrhage.19,20 Post-
partum hemorrhage (PPH) is a leading cause of premature
maternal mortality globally, accounting for at least
100,000 deaths each year worldwide.21 A Cochrane sys-
tematic review that evaluated TXA in the prevention of
PPH was recently published. In the frame of an analysis
of 12 RCT involving 3,285 women, TXA decreased post-
partum blood loss, prevented PPH and lowered blood
transfusion requirements.22 We have recently conducted a
systematic review and meta-analysis on the use of TXA
for PPH prevention in women undergoing Cesarean deliv-
ery.23 After an in-depth analysis of 18 RCT involving

4,557 women, it was found that prophylactic use of TXA
significantly reduced the incidence of PPH, total blood
loss and transfusion requirements without increasing the
risk of thromboembolic complications, thus supporting
its beneficial effect in this critical clinical setting.
Accordingly, the most recent multidisciplinary consensus
statement on prevention and treatment of PPH from the
Network for the Advancement of Patient Blood
Management, Haemostasis and Thrombosis (NATA) rec-
ommends intravenous of TXA for women at increased
risk of PPH (grade 1C recommendation).19
On the whole, these multiple and consistent findings

show that TXA is effective at preventing bleeding compli-
cations in a variety of medical and surgical conditions
without increasing the risk of thrombosis.

Tranexamic acid in acute bleeding conditions

In addition to the preventive use of TXA, a number of
studies have investigated the role of this anti-fibrinolytic
agent in patients presenting with acute, critical bleed-
ing.5,6,24-26 In trauma patients, the largest body of evidence
stems from the Clinical Randomisation of an
Antifibrinolytic in Significant Haemorrhage (CRASH) tri-
als. In the CRASH-2 trial, 20,211 severely injured adults
with confirmed or suspected hemorrhage were randomly
assigned within 8 h from the occurrence of trauma to
receive TXA (loading bolus dose of 1 g and then an infu-
sion of 1 g over 8 h) or placebo.27 Despite no difference in
bleeding rate and transfusion use, all-cause mortality was
lower in the treatment group than in the placebo group
(14.5% vs. 16%, respectively; RR 0.91; 95% CI: 0.85–
0.97, P=0.0035). Similarly, the rate of deaths attributed to
bleeding was reduced from 5.7% to 4.9% (P=0.0077)
(Table 1). Yet, from a sub-analysis of CRASH-2, the tim-
ing of TXA administration was crucial for patients’ out-
comes.28 Early infusion of TXA within 1 h after trauma
was associated with the largest survival benefit (absolute
reduction = 2.4%, number needed to treat = 41). TXA
infused between 1 and 3 h also reduced the risk of death
due to bleeding (absolute reduction = 1.3%, number
needed to treat = 77), but a later administration (>3 h after
trauma) was associated with an increased risk of death
from bleeding compared with the risk among patients
receiving placebo (RR 1.44, 95% CI: 1.12–1.84;
P=0.004).28 There was no evidence that TXA increased
the risk of vascular occlusive events and, in a pre-speci-
fied analysis of the data collected when TXA was given
within 3 h of injury, there was even a reduction in the
odds of fatal and non-fatal vascular occlusive events (odds
ratio = 0.69, 95% CI: 0.53-0.89; P=0.005).29 Following the
publication of this study, the World Health Organization
(WHO) included TXA in their list of essential medicines
(available at: http://www.who.int/selection_medicines/commit-
tees/expert/18/applications/tranexamic/en). Since this semi-
nal study, a number of randomized clinical trials, system-
atic reviews and meta-analyses on the efficacy of anti-fib-
rinolytic agents have been published. The Cochrane sys-
tematic review regarding anti-fibrinolytic drugs for acute
traumatic injury found that, after the analysis of four tri-
als involving 20,548 patients, TXA reduced the risk of
death by 10% (RR 0.90, 95% CI: 0.85-0.96; P=0.002)
without increasing the risk of adverse events.30 
TXA has also been extensively studied in the setting of
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Table 1. Main results of randomized clinical trials assessing the use of tranexamic acid for acute bleeding.
Trial                     Study design                                    Patients enrolled                                    Main results

CRASH-227-29            Trauma patients with or at risk           20,211 patients (10,096 in TXA group          Reduction of any cause of death in TXA group versus placebo group (RR=0.91,
                                 of hemorrhage randomized to            and 10,115 in placebo group)                       95% CI: 0.85-0.97, P=0.0035); reduction of bleeding-related deaths in TXA
                                 receive TXA or placebo                                                                                                    group versus placebo group (RR=0.85, 95% CI: 0.76-0.96, P=0.0077); largest 
                                                                                                                                                                                  reduction when TXA was administered within 1 h after trauma 
                                                                                                                                                                                  (RR=0.68, 95% CI: 0.57-0.82, P<0.0001)
CRASH-333               Patients with traumatic brain              12,737 patients (6406 in TXA group             Reduction of the risk of head injury-related death in patients with
                                 injury (< 3 h) randomized                    and 6331 in placebo group)                          mild-to-moderate head injury receiving TXA (RR 0.78, 95% CI 0.64-0.95); 
                                 to receive TXA or placebo                                                                                                early TXA treatment was more effective than later TXA treatment in 
                                                                                                                                                                                  patients with mild and moderate head injury (P=0.005)
WOMAN38                Women with post-partum                     20,060 women (10,051 in TXA group            Reduction of deaths due to bleeding in women given TXA (RR=0.81, 
                                 hemorrhage randomized                      and 10,009 in placebo group)                       95% CI: 0.65-1.00; P=0.045), especially in women given treatment within
                                 to receive TXA or placebo                                                                                                3 h of giving birth (RR=0.69, 95% CI: 0.52-0.91; P=0.008)

TXA, tranexamic acid; RR, relative risk; CI, confidence interval.

traumatic brain injury, a leading cause of trauma deaths
often associated with alterations of hemostasis with the
features of hyperfibrinolysis.24,31 Meta-analysis of two
randomized trials examining the effect of TXA on out-
comes following traumatic brain injury showed a signifi-
cant reduction in the progression of intracranial hemor-
rhage.32 The results of the CRASH-3 trial were  published
recently.33 This trial included 12,737 patients who had iso-
lated acute traumatic brain injury (which occurred  within
3 h of random assignment to receive TXA (loading dose 1
g over 10 minutes ,then infusion of 1 g over 8 h) or place-
bo. TXA failed to reduce the primary endpoint, i.e. the
risk of head injury-related death. However, after the
exclusion of patients too severe to be saved, namely those
with a Glasgow Coma Scale score of 3 or unreactive bilat-
eral pupils at baseline, TXA reduced the risk of head
injury-related deaths compared to placebo (12.5% vs.
14.0%; RR 0.89, 95% CI: 0.80–1.00). In particular, TXA
decreased the risk of injury-related deaths in patients
with mild-to-moderate head injury (RR 0.78, 95% CI:
0.64–0.95) but not in those with severe head injury (Table
1). As in CRASH-2, early treatment was more effective
than more delayed treatment in patients with mild and
moderate head injury (P=0.005), with a 10% decrease in
treatment effectiveness for every 20 min delay. The risk
of vascular occlusive events was similar in the TXA and
placebo groups.33 Notably, the CRASH-3 trial was the first
RCT to show that a drug has neuroprotective properties
for patients with traumatic brain injury and even reduced
mortality. Finally, a very recently published meta-analysis
of six RCT on the effect of TXA, compared with placebo,
on traumatic brain injury showed that this medication
was associated with a reduced mortality (RR 0.91, 95%
CI: 0.85-0.97; P=0.0004).34
Very recent evidence also indicates that TXA usage

results in a significant reduction of obstetric bleeding.35-37
In the landmark randomized, double blind World
Maternal Antifibrinolytic (WOMAN) trial, more than
20,000 women with PPH following vaginal or Cesarean
delivery were assigned to receive either TXA (1 g TXA
intravenously as soon as possible, followed by a further 1
g if bleeding continued after 30 min or restarted within 24
h of the initial dose) or placebo.38 The trial showed a
decreased overall mortality due to bleeding in the TXA
group (RR 0.81, 95% CI: 0.65-1.00; P=0.045) (Table 1),
and no differences in venous or arterial thromboembolic

events were observed between women in the two arms.
Similarly to the CRASH trials, in the WOMAN trial
patients receiving TXA within 3 h from delivery had the
most marked mortality reduction (89 deaths in the TXA
group vs. 127 deaths in the placebo group, RR 0.69, 95%
CI: 0.52-0.91; P=0.008).38 Thanks to the results of this
global trial, a 2017 World Health Organization recom-
mendation for the treatment of PPH states that TXA
should be recognized as a life-saving intervention and
thus made readily available for the management of PPH
in settings in which emergency obstetric care is provided,
regardless of the level of healthcare system resources.39 In
addition, the recent NATA consensus statement recom-
mends the administration of TXA (1 g by intravenous
route) as soon as possible within the first 3 h after PPH
onset, with this dose repeated after 30 min if bleeding
continues (grade 1B recommendation).19
All in all, these large trials document with unequivocal

evidence the beneficial effect of early administration of
TXA in an array of patients with acute critical bleeding,
without increasing the risk of adverse events.40,41

Conclusions

Although TXA has been known for more than 50 years,
its successful use never ceases to amaze us. The incredi-
ble current interest in this old drug is demonstrated by the
increasing number of PubMed citations (589 in 2019) and
by the high number of trials listed at clinicaltrials.gov (432
at the time of writing). The current evidence in the litera-
ture documents the efficacy and safety of TXA in pre-
venting bleeding in a variety of at-risk conditions and
thanks to this effect TXA is nowadays an essential drug
in the therapeutic armamentarium of PBM-based proto-
cols developed  by the majority of hospitals worldwide
with the aim of minimizing patients’ exposure to allo-
geneic blood.42
The most recently published data show unequivocally

that TXA also plays a prominent role in the management
of critical bleeding. Indeed, considering the results of the
CRASH-2, CRASH-3 and WOMAN trials (remarkably,
CRASH-2 and CRASH-3 trials were truly independent
research, not funded by pharmaceutical companies),
more than 50,000 bleeding patients have been investigat-
ed so far for the hemostatic effect of TXA. Although
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with different designs, the results of these trials are very
similar and clear: TXA is effective in reducing the risk of
death due to bleeding regardless of the cause.
Furthermore, all these three trials identified early admin-
istration of the drug as a crucial issue for improving
patients’ outcome.
Additional striking evidence of the beneficial effect of

TXA in acute trauma patients comes from the increasing
use of this agent in the military setting.6 Indeed, the pos-
itive results of the CRASH-2 trial, conducted in civilian
trauma populations, triggered a series of studies evaluat-
ing TXA in combat trauma patients.5 The largest trial was
the retrospective observational Military Application of
Tranexamic Acid in Trauma Emergency Resuscitation
study (MATTERs),43 which evaluated TXA in subjects
with combat-related injury and found that the addition of

this anti-fibrinolytic agent to blood component-based
resuscitation resulted in a survival improvement, particu-
larly in patients requiring massive transfusion. Thus, on
the basis of the findings from the previously mentioned
trials, early administration (within 3 h of injury) of TXA
is now globally incorporated as an essential therapeutic
strategy in the majority of resuscitation protocols, not
only in civilian but also in military trauma centers. 
Finally, we would like to outline the safety aspects that

emerge from an overall analysis of the various RCT. The
risk of thromboembolic events – including pulmonary
embolism, deep-vein thrombosis,  myocardial infarction
and stroke – did not differ between the TXA and placebo
groups. These data provide definitive strong evidence
demonstrating the safety of TXA and render any residual
concern unjustified. 
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Human  bone marrow stromal cells (BMSC) are key elements of the
hematopoietic environment and they play a central role in bone
and bone marrow physiology. However, how key stromal cell

functions are regulated is largely unknown. We analyzed the role of the
immediate early response transcription factor EGR1 as key stromal cell
regulator and found that EGR1 was highly expressed in prospectively-
isolated primary BMSC, down-regulated upon culture, and low in non-
colony-forming CD45neg stromal cells. Furthermore, EGR1 expression
was lower in proliferative regenerating adult and fetal primary cells com-
pared to adult steady-state BMSC. Overexpression of EGR1 in stromal
cells induced potent hematopoietic stroma support as indicated by an
increased production of transplantable CD34+CD90+ hematopoietic stem
cells in expansion co-cultures. The improvement in bone marrow stroma
support function was mediated by increased expression of hematopoiet-
ic supporting genes, such as VCAM1 and CCL28. Furthermore, EGR1
overexpression markedly decreased stromal cell proliferation whereas
EGR1 knockdown caused the opposite effects. These findings thus show
that EGR1 is a key stromal transcription factor with a dual role in regu-
lating proliferation and hematopoietic stroma support function that is
controlling a genetic program to co-ordinate the specific functions of
BMSC in their different biological contexts.

Introduction

Hematopoietic stem cell (HSC) niches are specialized local tissue microenviron-
ments that maintain and regulate HSC. Aside from being skeletal stem cells with
multilineage differentiation capacity, bone marrow mesenchymal stromal cells
(BMSC) are essential constituents of the HSC niche. Despite this key role in
hematopoiesis, and despite recent progress in the identification of primary
BMSC,1,2 little is known about how proliferation, differentiation and hematopoi-
etic support functions of these important niche cells are regulated. 
We therefore approached the identification of potential BMSC regulators by

investigating specific gene expression of highly-purified primary BMSC that were
prospectively isolated from human bone marrow samples using recently-identi-
fied surface marker combinations.1 Previously reported array-based comparative
gene expression analysis showed high expression of early growth response 1 (EGR1)
in primary BMSC compared to non-colony-forming cells (for details see Online
Supplementary Table S1 in Li et al.1). Interestingly, EGR1 is an important regulator
of different cellular processes3-5 and has been identified as a cell-intrinsic regulator
of HSC proliferation and mobilization.6 Furthermore, data from knockout mice
indicated a role of EGR1 on bone formation in vivo.7 These findings suggested that
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EGR1 might also have a role in human primary non-
hematopoietic bone marrow stromal cells.
We therefore investigated the role of EGR1 in human

BMSC and found that EGR1 was highly expressed in
steady-state primary BMSC compared to regenerating
adult and fetal BMSC. Overexpression of EGR1 increased
BMSC hematopoietic stroma support function and inhib-
ited cell proliferation, whereas decreased EGR1 expres-
sion caused the opposite effects. Our data thus indicate a
key dual role of EGR1 in BMSC regulation, which has
important implications for stroma repair and replacement
approaches, and possibly also for the understanding of
important developmental aspects of hematopoietic stro-
ma formation. 

Methods

Human bone marrow and cord blood cells
Human bone marrow (BM) cells were collected at the

Hematology Department, University of Lund, Sweden, from
consenting healthy donors by aspiration from the iliac crest.
Cord blood (CB) samples were obtained from consenting donors
at the maternity wards at Lund, Helsingborg and Malmö
Hospitals, Sweden. BM aspirates from patients with acute
myeloid leukemia (AML), BM controls, and fetal long bones
were obtained with informed consent at the Erasmus Medical
Center, the Netherlands, as described previously.8 The process-
ing of BM mononuclear cells (BM-MNC), isolation and charac-
terization of primary bone marrow stroma cells (BMSC), and
generation of cultured stroma cells including EGR1 over-express-
ing and knockout cells from sorted CD45–CD271+CD140a–

BMSC, is provided in the Online Supplementary Appendix: experi-
mental procedures. The use of human samples was approved by
the corresponding Institutional Review Board of the University
of Lund and the Erasmus Medical Center, respectively, in accor-
dance with the Declaration of Helsinki. 

Co-culture of cord blood CD34+ cells with stromal cells 
FACS-sorted GFP+ stromal cells (EGR1 knockdown, EGR1

over-expressing cells, and corresponding controls) were plated as
adherent feeder cells into 96-well plates at 10,000 cells per well
and cultured in MSC medium for three days. Medium was then
removed and 5,000 CB CD34+ cells were added in serum-free
expansion medium (SFEM, STEMCELL Technologies) supple-
mented with or without stem cell factor, thrombopoietin, and
FLT-3 ligand (all at 25 ng/mL, STF25) (Online Supplementary
Appendix). Expanded CB cells were harvested, counted and ana-
lyzed after four days of co-culture. 
Conditioned MSC medium was prepared by replacing the

MSC expansion medium with serum-free expansion medium
(SFEM) and collecting the conditioned media after four days.
Transwell cultures were performed using the HTS Transwell-

96 System (Corning, New York, NY, USA); 10,000 BMSC in
standard MSC culture medium were plated in the transwell
reservoir. After three days of culture, the MSC culture medium
was removed and replaced with SFEM (STF25), and 5,000 CB
CD34+ cells in SFEM (STF25) were loaded into the insert (mem-
brane pore size: 0.4 mm). After four days of co-culture, cells were
harvested, counted and analyzed. 
To evaluate the role of VCAM1 and CCL28 on CD34 expansion,

stromal cells were pretreated with 100 ng/mL VCAM1 or CCL28
blocking antibody and control IgG, respectively, at 37°C for two
hours followed by co-culture with CD34+ cells in either standard
SFEM (STF25) or cytokine-free conditions at 37°C for four days.

Other methods
The details of the other methods used in this study, i.e. gener-

ation of cultured MSC, EGR1 knockdown and EGR1 over-
expressing stroma cells, FACS sorting and analysis, CFU-F
assays, in vitro differentiation assays, real-time polymerase chain
reaction (PCR), in vivo HSC repopulation assay, CCL28 ELISA,
Illumina array, RNA-seq and proteome analysis, as well as infor-
mation on the deposition of gene expression and proteomics
data, are all provided  in the Online Supplementary Appendix:
experimental procedures. 

Results

EGR1 is highly expressed in primary bone marrow 
stromal cells 
Our previous gene expression profiling data demon-

strated that expression levels of EGR1 in primary CFU-F
(colony-forming unit, fibroblast)-enriched lin–CD45–
CD271+ BMSC were substantially higher compared to
non-colony-forming cells (lin–CD45–CD271–).1 We there-
fore proceeded to investigate EGR1 expression and func-
tion in highly purified lin–CD45–CD271–CD140a
(PDGFRα)– BMSC, which we have recently demonstrated
as a (close to) pure population of putative BM stromal
stem cells with high CFU-F frequency, typical in vitro and
in vivo differentiation capacities, and potent hematopoiet-
ic stroma function.1 Expression of EGR1 was 128.9±28.4-
fold higher in lin–CD45–CD271+CD140a– BMSC com-
pared to non-colony-forming cells
(lin–CD45–CD271–CD140a–), and 2.8±0.6-fold higher
compared to lin–CD45– CD271+CD140a+ stromal cells,
which have only limited CFU-F activity (Figure 1A).1 In
addition, EGR1 expression was significantly higher in
steady-state adult BMSC (CD31–CD271+) in comparison
to fetal BMSC, BMSC in regenerating marrow, and BM
endothelial cells (CD31+CD9+) (Figure 1B). None of the
other EGR transcription factor family members were
expressed at comparable levels in BMSC or endothelial
cells (Online Supplementary Figure S1A and B).

Upregulation of EGR1 increases BMSC cell 
hematopoietic stroma-support 
Motivated by the selective high expression of EGR1 in

hematopoiesis-supporting BMSC, we went on to investi-
gate the functions of EGR1 employing gain-of-function
and loss-of-function approaches.
Effective reduction of EGR1 expression in BMSC was

induced by two (shEGR1-1 and shEGR1-4) of four tested
EGR1-specific shRNA (Online Supplementary Figure S2A).
EGR1 overexpression in BMSC by more than two-fold
was realized using the lentiviral vector encoding full
length human EGR1 (Online Supplementary Figure S2B).
BMSC cell  hematopoietic stroma supporting function

was evaluated by co-culturing CB CD34+ cells with EGR1
knockdown stromal cells, EGR1 over-expressing stromal
cells and corresponding controls, respectively, as adherent
feeder cells. Total numbers of hematopoietic cells
increased when CD34+ cells were expanded on stroma
feeder layers compared to cultures without stroma sup-
port, but no differences were observed between the dif-
ferent stromal cell groups (Figure 2A and B). However,
EGR1 knockdown feeder cells failed to effectively sup-
port the CD34+ phenotype while the EGR1 over-express-
ing stromal cells efficiently maintained this population
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(Figure 2C). Furthermore, although not significant, both
percentages and absolute numbers of transplantable
CD34+CD90+ cells were reduced when CD34+ cells were
co-cultured on EGR1 knockdown stromal cells (1.76±0.76
fold for shEGR1 vs. 2.64±1.47 fold for scramble control
compared with no stroma control), whereas the produc-
tion of CD34+CD90+ cells was significantly increased
with EGR1 over-expressing stroma feeder cells
(6.97±4.53-fold) compared to controls (3.11±2.65-fold)
(Figure 2D). Accordingly, transplantation into NSG mice
demonstrated that CB CD34+ cells expanded on EGR1
over-expressing stroma exhibited higher long-term in
vivo reconstitution levels with stable lymphoid and
myeloid lineage engraftment compared with controls and
EGR1 knockdown feeder cells (Figure 2E-G). These data
therefore clearly indicated that EGR1 expression regulates
the hematopoietic stroma support function of BM stro-
mal cells.

EGR1-induced enhanced hematopoietic support is
mediated through soluble factors and cell-cell 
interaction
Cord blood CD34+ expansion experiments using 

transwell cultures showed that numbers and percentages
of ex vivo expanded CD34+ cells and CD34+CD90+ as well
as total nucleated cells were reduced in all transwell co-
cultures compared to stroma-contact conditions (Figure
3A-C and Online Supplementary Figure S3). Reductions
were even more drastic in cultures stimulated with condi-
tioned media from EGR1 knockdown and over-express-
ing cell cultures, respectively, instead of feeder cells.
Numbers of total CD34+ and CD34+CD90+ cells generat-
ed were highest in the EGR1 overexpression groups, both
in standard and transwell co-cultures, but also in non-
stroma cultures stimulated by conditioned medium col-
lected from EGR1 over-expressing stromal cells. These
data thus indicated that EGR1 effects were both cell-cell
contact and soluble factor-mediated, and confirmed the
role of EGR1 in hematopoietic support regulation.

Stromal EGR1 induces expression of hematopoietic
supporting genes that contribute to preserve primitive
phenotype of CD34+ cells
To further explore the mechanism of EGR1-mediated

hematopoiesis support, an array-based gene expression
analysis was performed comparing EGR1 cells and control
cells. In total, 189 genes were significantly up-regulated in
EGR1 over-expressing cells, including genes involved in
signal transduction, as well as adhesion molecule and
cytokine genes (Online Supplementary Table S1 and Online
Supplementary Figure S4A). Six of the up-regulated genes
(CCL28, VCAM1, TIMP3, TNC, ENPP2 and MFAP4)
(Figure 4A) have been reported to be genes supporting
hematopoiesis,9-14 and we chose to further investigate
CCL28 and VCAM1 as representatives for soluble factors
and surface expressed, cell-cell contact mediating mole-
cules, respectively.
First, CCL28 levels secreted by stromal cells in culture

were assessed.  CCL28 levels were higher in cultures with
EGR1 over-expressing cells compared to controls (Figure
4B). Exogenous CCL28 enhanced the expansion of func-
tional progenitor cells in co-cultures with EGR1 knock-
down stroma feeder cells (Figure 4D-F and Online
Supplementary Figure S4B-D). Furthermore, ex vivo expan-
sion of CD34+ and CD34+ CD90+ cells in co-culture with
EGR1 over-expressing stroma was dramatically inhibited
by CCL28 blocking antibody in both standard medium
and cytokine-free conditions (Figure 4G-I and Online
Supplementary Figure S4E-G). 
VCAM1 was slightly up-regulated in EGR1 over-

expressing cells (Figure 4C). Functionally, the production
of CD34+ and CD34+CD90+ cells in EGR1 over-expressing
BMSC co-cultures was dramatically reduced when
VCAM1 was blocked by a neutralizing antibody.
Expansion rates were further reduced when CCL28 and
VCAM1 blocking antibodies were used concurrently
(Figure 4G-I and Online Supplementary Figure S4E-G).
Taken together, these data indicated that EGR1 overex-

pression enhanced BMSC stroma supporting capacity and,
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Figure 1. EGR1 is highly expressed by primary bone marrow mesenchymal stromal cells (BMSC). (A) Quantitative real-time polymerase chain reaction (rtPCR) of
EGR1 expression in sorted lin–CD45–CD271+CD140a– BMSC compared to CD271+CD140a+ and lin–CD45–CD271–CD140a– cells. Results are shown as fold mRNA
change after standardizing with GAPDH levels. (B) Transcript analysis by massive parallel RNA sequencing of EGR1-4 expression in BMSC (CD31–CD271+) isolated
from human fetal, regenerative and steady-state BMSC compared to CD31+CD9+ endothelial cells (EC). FPKM: fragments per kilobase million. Data are shown as
mean±standard deviation, n=3-10. *P<0.05.
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consequently, improved ex vivo expansion of hematopoiet-
ic cells by up-regulating a panel of hematopoiesis-support-
ing genes, including cytokines and cell surface expressed
molecules such as CCL28 and VCAM1.

EGR1 knockdown induces bone marrow stromal cell
proliferation mediated by elevated reactive oxygen
species 
EGR1 functions either as a cell cycle promoter or a cell

proliferation inhibitor depending on the cell type and the
environment. We therefore investigated how EGR1
expression impacted BMSC proliferation. Our data
showed that EGR1 knockdown BMSC exhibited higher
percentages of dividing cells, shorter population doubling
times, and enhanced colony-forming capacities (Figure
5A-C and Online Supplementary Figure S5A). On the other
hand, CFU-F activity was virtually absent in EGR1 over-
expressing cells and population doubling times were sub-

EGR1 regulation of human BMSC
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Figure 2. Increased EGR1 expression in mesenchymal stromal cells (MSC) promotes the ex vivo expansion of transplantable cord blood CD34+ cells. Five thousand
cord blood CD34+ cells were co-cultured for four days on a feeder layer of 10,000 BMSC transfected with scramble control, shEGR1, green fluorescent protein control
(GFP ctr) and EGR1 overexpression plasmids, respectively, in SFEM supplemented with 25 ng/mL of SCF, TPO and Flt3L (STF25). (A) Representative FACS profiles of
co-culture generated cells are shown. The type of feeder cells is indicated on top of the respective FACS plot. (B-D) Fold change of total number of hematopoietic
cells (B), CD34+ cells (C),  and CD34+CD90+ cells (D) produced after four days in culture. Results are shown as fold change relative to  the cell number of standard
CD34+ culture (STF25) without stroma support. N=9-12. *P<0.05. (E-G) Analysis of human hematopoietic cell engraftment following intravenous transplantation of
the culture equivalent (4 days culture in SFEM, STF25) of 50,000 input CD34+ cells into NSG mice. Human engraftment was assessed 8, 12 and 16 weeks after
transplantation by flow cytometry using human-specific antibodies against CD45, CD15/CD33/CD66b and CD19. *P<0.05 between EGR1 OE and each of the other
groups. (E) Percentage of human CD45+ cells in the peripheral blood of NSG mice at different time points after intravenous transplantation. Data represent the
mean±standard deviation (SD) of a total of 4-5 mice per time point except no stroma control, which shows the data for two mice. (F) Lineage distribution of human
cells (mean±SD, n= 2-5) and (G) representative FACS plots 16 weeks after transplantation.
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stantially increased accordingly (Figure 5B and C).
Proteomic analysis was performed to investigate the

mechanisms behind the EGR1 knockdown-induced
increased proliferation. Of a total of 4,520 identified pro-
teins, 190 were differentially expressed between EGR1
knockdown stromal cells and scramble and non-transfect-
ed controls (Online Supplementary Tables S4 and S5 and
Online Supplementary Figure S4E-G). A group of ten pro-
teins (HSD17B11, UQCRC1, CYP1B1, NDUFA8,
TXNDC17, CYCS, FADS3, PDIA5, PCYOX1, QSOX1)
related to oxidative-reduction processes was expressed
lower in EGR1 knockdown cells (Figure 6A and B) as were
GLS1, GPX1 and GSTP1, which are also associated with
intracellular reactive oxygen species (ROS) accumula-
tion.15-17 Accordingly, ROS levels in EGR1 knockdown cells
were increased compared to controls (Figure 6C and D).
Inhibiting ROS using an antioxidant cocktail (L-ascorbic

acid and citric acid), N-acetylcysteine (NAC), or apocynin
considerably reduced ROS production in EGR1 knock-

down cells (Figure  6E). ROS reduction caused a decrease
in the fraction of dividing EGR1 knockdown cells (Figure
6F) and in the numbers of CFU-F with complete abroga-
tion of colony formation when using the antioxidant cock-
tail (Figure 6G). In contrast, neither myeloperoxidase
(MPO) inhibitor 4-ABAH nor the small molecule inhibitor
LY2228820 (Figure 6E-G) affected ROS levels, percentages
of proliferating cells or CFU-F numbers.
Consistent with the increased proliferation in EGR1-

knockdown BMSC, gene expression profiling identified a
group of down-regulated genes involved in cell death and
apoptosis (BFAR, EIF4G2, TSPO, RABEP1, MCL1,
TNFRSF12A, TBRG4, MYC, DDIT4) in EGR1 knockdown
cells (Online Supplementary Table S2 and Online
Supplementary Figure S5B and C). Furthermore, positive
regulators of cell proliferation and negative regulators of
apoptosis were down-regulated in EGR1 over-expressing
cells (Online Supplementary Table S3 and Online
Supplementary Figure S5D), which is consistent with the
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Figure 3. EGR1-induced ex vivo expansion of CB
CD34+ cells is mediated by both soluble and mem-
brane-bound factors. Five thousand cord blood (CB)
CD34+ cells were co-cultured for four days with
10,000 feeder bone marrow mesenchymal stromal
cells (BMSC)  transfected with scramble control,
shEGR1, green fluorescent protein control (GFP ctr)
and EGR1 overexpression plasmids, respectively, in
serum-free expansion medium supplemented with
25 ng/mL of SCF, TPO and Flt3L. Co-cultures were
performed in either standard culture plates (stan-
dard) or transwell culture plates with the stromal
cells in the bottom well and CD34+ cells in the insert
(transwell). For conditioned medium cultures,
10,000 BM-derived stromal cells transfected with
scramble control, shEGR1, GFP control and EGR1
overexpression plasmids, respectively, were cultured
with 200 mL serum-free expansion medium  supple-
mented with 25 ng/mL of SCF, TPO and Flt3L for four
days. Conditioned media were collected and used to
stimulate cultures with CB CD34+ cells (without feed-
er cells). Fold change of total cell number (A), cell
number of CD34+ cells (B) and CD34+CD90+ cells (C)
produced after four days in culture are shown as
mean±standard deviation. Three independent exper-
iments were performed with cells from different
donors. Representative results are shown for one of
the experiments. *P<0.05.
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reduced proliferation of EGR1 over-expressing cells.
These data therefore indicate that increased prolifera-

tion of EGR1 knockdown cells is, at least partly, mediated
by increased ROS levels and downregulation of cell death
genes, whereas downregulation of cell proliferation and
apoptosis inhibiting genes was observed upon EGR1 over-
expression. Thus, whereas increased EGR1 expression
improved the stroma supporting function of BMSC, cell
proliferation was substantially inhibited, indicating a dual
role of EGR1 in the regulation of BMSC growth and func-
tion. On the other hand, other BMSC functions, such as
multi-differentiation capacity (adipogenic, osteogenic and

chondrogenic) and surface marker expression profile of
BMSC were not affected by changes in EGR1 expression
(Online Supplementary Figure S6A and B). 

Discussion

Bone marrow is the major site of residence of both HSC
and BMSC. The most crucial functions of BMSC are to
maintain the turnover of the BM stroma and skeletal tis-
sues and to provide critical hematopoietic support.
However, the mechanisms that regulate these different
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Figure 4. Hematopoiesis-supporting genes are up-regulated in EGR1 over-expressing mesenchymal stromal cells (MSC). (A) Heatmap of significantly up-regulated
hematopoietic supporting genes in EGR1 overexpression cells versus controls (n=4). (B) Secreted CCL28 concentrations in cell culture supernatants of EGR1 over-
expressing bone marrow stromal cells (BMSC) (EGR1 OE) and green fluorescent protein control (GFP ctr)  (n=2-6). (C) Fold change of surface expression of VCAM1
(CD106) in EGR1 over-expressing cells compared with GFP control cells. VCAM1 expression is shown as fold change of the geometric mean fluorescence intensity
(MFI) after standardizing with GFP control cells (n=3-4). (D-F) 5,000 cord blood CD34+ cells were co-cultured for four days with 10,000 BM-derived feeder stromal
cells transfected with scramble control and shEGR1 plasmids, respectively, in cytokine-free or standard STF25 culture conditions supplemented with or without 100
ng/mL CCL28. Standard culture (STF25): SFEM supplemented with 25 ng/mL of SCF, TPO and Flt3L (n=3). (D) Representative FACS profiles of co-culture generated
cells in standard culture. The type of feeder cells is indicated on top of the FACS plots. Fold change of total numbers of CD34+ cells and CD34+CD90+ cells produced
in standard STF25 cultures (E and F). (G-I) 5,000 cord blood CD34+ cells were co-cultured for four days with 10,000 EGR1 overexpression cells as feeder cells in
standard culture media supplemented with neutralizing antibody against CCL28, VCAM1 and IgG control (all at 100 ng/mL) for four days. (G) Representative FACS
profiles of co-culture generated cells. Total number of CD34+ cells (H) and CD34+CD90+ cells (I) produced in the co-cultures without/with neutralizing antibodies as
indicated by the x-axis labels (n=3). *P<0.05
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functions are not well known. Murine studies using
inducible gene deletion strategies in BMSC indicated a
tight control of key BMSC functions to maintain home-
ostasis of the hematopoietic and the skeletal system.18, 19
Here we report for the first time that EGR1 is a key regu-
lator in human BMSC.
EGR1 is a member of the immediate early response

transcription factor family with a role in regulating devel-
opment, growth control and stress response in many tis-
sues. Based on our EGR1 expression data in primary
BMSC,1 and information on the role of EGR1 in stromal
cell growth factor production regulation and hematopoiet-
ic stem cell regulation,6,20 we hypothesized that EGR1
could also be an important regulator of BM stromal stem
cells.
In accordance with our previous data1 we found that

EGR1 expression was substantially higher in highly CFU-
F-enriched primary lin–CD45–CD271+CD140a– BMSC
(Figure 1A). In addition, EGR1 was significantly higher
expressed in steady-state adult BMSC in comparison to
fetal BMSC and BMSC in regenerating marrow (Figure
1B), which have higher proliferation rates as indicated by
high cell cycle activator expression levels in fetal BMSC
(data not shown) and previously reported proliferation
data.21,22 Moreover, EGR1 was the only member of the
EGR family (EGR1-4) that was highly expressed in BMSC
(Online Supplementary Figure S1A and B), in contrast to
other cell types that also co-express other EGR family
members.23,24 
These data implied that EGR1 expression levels might

be connected to the regulation of key BMSC functions, i.e.
hematopoietic support in steady-state and stroma prolifer-
ation in situations with regenerative demands. In fact,
EGR1 overexpression increased BMSC hematopoietic
stroma-supporting function and facilitated the effective
generation of transplantable hematopoietic stem cells,
while EGR1 knockdown abrogated the stroma contribu-
tion in HSC expansion co-cultures (Figure  2).
Furthermore, a clear reduction in ex vivo expanded HSC
was recorded in transwell cultures and when using condi-
tioned medium (Figure 3). Our data thus indicated that
EGR1 regulated BMSC stroma support functions mediat-
ed by both cell-cell contact and soluble factors, both of
which are required to realize effective ex vivo HSC expan-

sion.25-28 Accordingly, gene array expression profiling iden-
tified hematopoiesis-supporting genes as EGR1 down-
stream targets, which corresponded to both secreted and
surface-expressed molecules (Figure 4A). Of these, we
investigated the functional role of CCL28 and VCAM1 as
examples for a potent niche-secreted soluble growth fac-
tor11 and an adhesion molecule, respectively. Here, CCL28
supplementation and blocking experiments (Figure 4D-I)
clearly indicated a contributing role of CCL28 in EGR1-
mediated ex vivo expansion of CB CD34+ cells on EGR1
over-expressing stromal cells. Similarly, the role of
VCAM1 was demonstrated by blocking VCAM1 with
neutralizing antibodies (Figure 4G-I).
Successful ex vivo expansion of HSC represents a prom-

ising approach to provide sufficient numbers of trans-
plantable stem cells and to facilitate the development of
cell  and gene  therapies. A number of approaches to
expand HSC have been pursued, including enhancing pos-
itive signals and inhibiting negative signals for HSC self-
renewal.29,30 Our results indicate that modification of feed-
er cell regulation by EGR overexpression represents a
novel approach to generate an optimized microenviron-
ment that supports HSC self-renewal and growth with the
potential to improve current HSC expansion culture con-
ditions. Furthermore, one can envision strategies to
increase EGR1 expression in vivo to improve hematopoiet-
ic stromal support function, for example, in transplanta-
tion patients with poor graft function, and possibly even
in patients with insufficient hematopoiesis, such as low-
risk myelodysplastic syndrome.
The effect of EGR1 on cell proliferation depends on the

biological context.31,32 Our data clearly demonstrated that
high expression of EGR1 inhibited proliferation and
colony-formation of human BMSC, whereas reduced
EGR1 levels caused the opposite effects (Figure 5). Thus,
EGR1 expression modulation might not only be used to
modify BMSC stroma support function, but could also be
utilized to increase BMSC proliferation in vitro to optimize
BMSC expansion strategies, and possibly also in vivo to
induce stroma and bone tissue growth.  
Proteomic analysis of EGR1 knockdown cells identified

a group of down-regulated proteins related to oxidative-
reduction processes. Accordingly, increased ROS levels
were observed in EGR1 knockdown cells (Figure 6C),
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Figure 5. Proliferation of EGR1 knockdown bone marrow mesenchymal stromal cells (BMSC) is increased. (A) Percentage of dividing cells in EGR1 knockdown
BMSC in comparison with scramble control. Data are shown as mean±standard deviation (SD) (n=5) for passage 2-5 cells. (B) Population doubling times of passage
2-5 BMSC transfected with scramble control, shEGR1, green fluorescent protein control (GFP ctr)  and EGR1 overexpression plasmids, respectively. Data are shown
as mean±SD (n=3). (C) Frequencies of colony-forming units-fibroblasts (CFU-F) in BM-derived MSC (passage 2-5) transfected with scramble control, shEGR1, GFP ctr
and EGR1 overexpression plasmids, respectively. Data are presented as mean±SD (n=3). *P<0.05.

A                                                     B                                                      C



which have been reported to promote cell proliferation,
differentiation and survival.33-35 Furthermore, experiments
using different ROS inhibitors showed that ROS produc-
tion in BMSC was mostly affected by oxidative pathway
changes, and to a lesser extent by p38 pathway alterations
or 4-ABAH induced inhibition of myeloperoxidase
(MPO).

In addition to the role of EGR1 in regulating key BMSC
functions in vitro as demonstrated here, we observed that
EGR1 expression levels were significantly different in dif-
ferent (patho)physiological situations. These expression
data were generated with prospectively isolated BMSC
and can therefore be considered to accurately reflect the
in vivo situation. We found that EGR1 was significantly

EGR1 regulation of human BMSC
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Figure 6. Increased proliferation in EGR1 knockdown bone marrow mesenchymal stromal cells (BMSC) is mediated by reactive oxygen species (ROS). (A) Biological
process annotations for down-regulated proteins in EGR1 knockdown cells were identified using the DAVID Bioinformatics Resources 6.8. (B) Heatmap of down-reg-
ulated proteins related to oxidative-reduction processes in EGR1 knockdown cells versus controls. NT: non-transfected cells; scr ctr: scramble control. (C)
Representative FACS histogram of ROS levels in EGR1 knockdown cells compared with scramble control. (D) Fold change of ROS in EGR1 knockdown cells in com-
parison with scramble control. Data are shown as mean fluorescence intensity (MFI) fold change±standard deviation (SD) (n=3). ROS MFI levels relative to dimethyl
sulfoxide (DMSO) controls (E), percentage of dividing cells expressed as fold change compared to DMSO controls (F), and colony-forming units-fibroblast (CFU-F) fre-
quencies (G) in EGR1 knockdown cells after ROS inhibitor treatment. Data are shown as mean±SD (n=3). NAC: N-acetylcysteine. *P<0.05.

A                                                                                                          B

F                                                                     G

C                                                   D                                                   E



higher expressed in adult steady-state BMSC compared
with fetal BMSC and BMSC in regenerating marrow
(Figure 1B), both of the latter showing higher prolifera-
tion compared to steady-state BMSC. Thus, these data
point to a possible key role in vivo of EGR1, regulating the
response to the different requirements in development
and under pathological conditions. In the fetal period,
there is demand for a high proliferation of BMSC with
potent osteogenic and stroma differentiation potential.
Likewise, primarily cellular regeneration is required after
stromal damage, for example, following myelotoxic
chemo- or radiotherapy. In addition, murine data demon-
strated that BMSC expanded considerably following irra-
diation and BM transplantation.22 In contrast, hematopoi-
etic support is most important in steady-state adult BM,
whereas there is only a limited need for BMSC prolifera-
tion. However, whether or not a demand-controlled
EGR1 regulation of proliferation and stroma function is
operative in vivo has not yet been investigated, but is cer-
tainly an interesting and highly relevant topic for future
research.
Taken together, we demonstrate that EGR1 is a key

dual regulator of human BMSC which controls a genetic
program co-ordinating specific functions of BMSC in
their different biological contexts. High EGR1 expression
induced potent hematopoietic stroma support by expres-
sion of high levels of hematopoiesis-supporting genes and
suppressed BMSC proliferation, whereas EGR1 downreg-
ulation promoted BMSC proliferation at the expense of

hematopoietic support function. These data thus consid-
erably expand our current understanding of the regulation
of BMSC under distinct physiological and developmental
conditions. Furthermore, they have clear implications for
the development of stroma replacement and repair strate-
gies, for example, for optimizing BMSC expansion proto-
cols in vitro and to improve stroma function in transplan-
tation patients with poor graft function, as well as stro-
ma-mediated HSC expansion approaches.
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Highly conserved among species and expressed in various types of
cells, numerous roles have been attributed to the cellular prion pro-
tein (PrPC). In hematopoiesis, PrPC regulates hematopoietic stem cell

self-renewal but the mechanisms involved in this regulation are unknown.
Here we show that PrPC regulates hematopoietic stem cell number during
aging and their determination towards myeloid progenitors. Furthermore,
PrPC protects myeloid progenitors against the cytotoxic effects of total body
irradiation. This radioprotective effect was associated with increased cellular
prion mRNA level and with stimulation of the DNA repair activity of the
Apurinic/pyrimidinic endonuclease 1, a key enzyme of the base excision
repair pathway. Altogether, these results show a previously unappreciated
role of PrPC in adult hematopoiesis, and indicate that PrPC-mediated stim-
ulation of BER activity might protect hematopoietic progenitors from the
cytotoxic effects of total body irradiation.  

Prion protein deficiency impairs 
hematopoietic stem cell determination and
sensitizes myeloid progenitors to irradiation 
Capucine Siberchicot,1,2,3,4 Nathalie Gault,1,3,4,5,6 Nathalie Déchamps,1,3,4,6

Vilma Barroca,1,3,4,5,6 Adriano Aguzzi,7 Paul-Henri Roméo,1,3,4,5,6

J. Pablo Radicella,1,2,3,4 Anne Bravard,1,2,3,4,5,6 Jacqueline Bernardino-Sgherri1,2,3,4,5,6

1French Alternative Energies and Atomic Energy Commission (CEA)/Direction of
Fundamental Research (DRF)/Institute of Biology François Jacob (IBFJ)/Institute of
Cellular and Molecular Radiobiology (iRCM), 92265 Fontenay-aux-Roses Cedex, France;
2Laboratory of Research in Genetic Instability (LRIG), 92265 Fontenay-aux-Roses Cedex,
France; 3Université Paris-Diderot, Sorbonne Paris Cité, Paris, France; 4Université Paris-
Sud, Paris, France; 5Laboratory of Repair and Transcription in Hematopoietic Stem Cells
(LRTS), 92265 Fontenay-aux-Roses Cedex, France; 6Inserm U967, 92265 Fontenay-aux-
Roses Cedex, France and 7Institute of Neuropathology, University of Zurich, Zurich,
Switzerland

ABSTRACT

Introduction

Radiotherapy is commonly used alone or in combination with genotoxic drugs for
treatment of numerous solid tumors. Despite progress in its targeting, radiotherapy
can be deleterious to two tissues, the gastrointestinal tract and the bone marrow
(BM), and can lead to secondary effects commonly defined as Acute Radiation
Syndrome.1 Irradiation of the BM damages hematopoietic stem and progenitor cells
(HSPC) and perturbs the hematopoietic microenvironment,2,3 resulting in radiation-
induced acute myelosuppression4,5 and increased susceptibility to infections.6,7

Numerous types of DNA lesions are induced by cell exposure to  ionizing radia-
tion. They include base modifications, apurinic/apyrimidic sites (AP sites), and sin-
gle- (SSB) and double (DSB)-strand breaks. DSB are the main lesions affecting cell
survival. They can arise not only directly by deposition of energy on the DNA, but
also as a consequence of the formation of AP sites or SSB.8,9 Indeed, base excision
repair (BER) activities, and in particular the processing of abasic sites, have been
shown to contribute to radiation-induced DNA damage.10,11 

Apurinic/apyrimidic endonuclease-1 (Ape1) is the unique enzyme that converts
AP sites into SSB intermediates during BER. Ape1 3’-phosphodieterase and -phos-
phate activities (for a review, see Laev  et al.12) also contribute to the processing of
radiation-induced DNA strand break extremities13 during the single strand break
repair pathway (SSBR). Accordingly, protection of neuronal cells from radiation-
induced damage requires Ape1.14,15

The cellular prion protein (PrPC) is a highly conserved glycoprotein that, when
structurally modified, plays a critical role in the pathogenesis of neurodegenerative



disorders called prion diseases.16 The normal prion protein
was shown to protect cells from oxidative stress.17-20 It also
gives protection from DNA damage by promoting Ape1
DNA repair activity and cell survival through an interac-
tion with Ape1.21 During hematopoiesis, PrPC is highly
expressed in HSC and hematopoietic progenitors22-24 and
PrPC deficiency is associated with decreased HSC self-
renewal.25 As oxidative stress and DNA damage help
determine HSC cell fate,26 PrPC might participate in the
maintenance of the hematopoietic system and its
response to cytotoxic stresses. To address these points, we
used Prnp knockout mice to study the consequences of
PrPC deficiency on hematopoiesis of young and old adult
mice, and on the response of hematopoietic stem cells
(HSC) and hematopoietic progenitors to gamma-irradia-
tion.

Methods

Mice 
Mice experiments were carried out in compliance with the

European Community Council Directive (EC/2010/63) and were
approved by our institutional ethics committee (CetEA-CEA-
DRF–n. 17-096). The B6.129S7-Prnptm1Cwe/Orl mice were from
the European Mutant Mouse Archive and bred in our animal facil-
ity. We also used Prnp ZH3/ZH3 mice provided by A. Aguzzi
(Zurich, Switzerland) and C57BL/6 mice were purchased from
Charles River.

Cell sorting and flow cytometry analysis of bone
marrow cells 
Murine BM cells were flushed out of femurs, tibiae, hip bone

and humeruses using a syringe filled with DPBS and filtered
through a 70 µm-cell strainer. After red blood cell lysis using
NH4Cl solution (STEMCELL Technologies), mononuclear cells
were phenotyped using different antibody cocktails from
Biolegend, e-Bioscience or Beckton Dickinson. Flow cytometry
analysis was performed with a BD FACS LSRIITM flow cytometer
(BD Biosciences) and cell sorting with a FACS Influx cell sorter
(Becton Dickinson). Data were analyzed with FlowJo software.
Antibodies and gating strategies for hematopoietic subset analysis
and sorting are described in the Online Supplementary Methods. For
RT-PCR and Ape1 endonuclease activity experiments, aliquots of
50,000 myeloid progenitor cells were sorted in PBS whereas
aliquots of 10,000 HSC and multi-potent progenitors (MPP) were
sorted in PBS/1%BSA.

Ape1 endonuclease activity
Cell extracts were obtained by sonication of pelleted BM sorted

cells in 20mM Tris-HCl, pH 7.5, 250mM NaCl, 1mM EDTA,
20mM sucrose, and protease inhibitor cocktail 0.1% (Sigma-
Aldrich P2714). For progenitor analysis, 50,000 cells were suspend-
ed in 125 mL extraction buffer. For HSC or MEP analysis, 10,000
sorted cells were suspended in 30µL extraction buffer. After soni-
cation, the homogenate was centrifuged at 20,000 x g for 30 min-
utes (min) at 4°C and aliquots of the supernatant were stored 
at -80°C. Ape1 endonuclease activity was measured using a 5’-end
labeled 34-mer oligonucleotide containing a single tetrahydrofu-
ranyl artificial AP site at position 16 hybridized to its complemen-
tary oligonucleotide containing a cytosine opposite the lesion
(Eurogentec). To measure Ape1 activity in BM progenitors, 1-4 mL
of cell extract were incubated for 30 min at 30°C in 10 mL of reac-
tion buffer containing 25mM Tris-HCl pH 7.5, 5mM MgCl2, 5%
glycerol, 52mM NaCl, BSA 1 mg/mL and 150 fmoles of the

hybridized oligonucleotide. To determine Ape1 activity in BM
HSC and MPP, 1-4 mL of cell extract were incubated for 10 min at
30°C in 10 mL reaction buffer containing 25mM Tris-HCl pH 7.5,
5mM MgCl2, 5% glycerol, 52mM NaCl, and 150 fmoles of the
hybridized oligonucleotide.  The reaction was stopped by adding
4µL of denaturating buffer (80% formamide, 0.1% bromophenol
blue, 10mM EDTA) followed by heating for 5 min at 95°C. The
products of the reaction were resolved by denaturating 7M urea-
20% polyacrylamide gel electrophoresis. Gels were scanned using
a Typhoon 5 (GE Healthcare Life Sciences) and band intensifies
were quantified with ImageQuant TL 8.1 (GE Healthcare Life
Sciences).

Statistical analyses
Quantitative data are presented as the mean±standard error of

mean (SEM). Statistical significance was assayed using the non-
parametric Mann Whitney U-test (GraphPad Prism software). 
Additional information concerning the materials and methods

used are to be found in the Online Supplementary Methods.

Results

Cellular prion protein is differentially expressed in
hematopoietic stem cells and myeloid progenitors 
and is involved in hematopoietic stem cell expansion 
during aging 
To address the potential functions of PrPC in

hematopoietic stem and progenitor cells (HSPC), we first
characterized the expression pattern of Prnp in different
purified hematopoietic subpopulations, i.e. common
myeloid progenitors (CMP), granulocyte-monocyte pro-
genitors (GMP), megakaryocyte-erythrocyte progenitors
(MEP), MPP, and hematopoietic stem cells (HSC). The
highest level of PrnpmRNA was found in MEP while they
were 2.7-fold and 4.3-fold lower in CMP and GMP,
respectively (Figure 1A). These differences in mRNA
expression were also found at the protein level (Figure 1B
and Online Supplementary Figure S1A). The Prnp mRNA
level in purified HSC was 2.5-fold higher than in MPP
(Figure 1C). 
To determine if PrPC has a role in hematopoiesis, we

first compared BM from 3-month old Prnp+/+ (WT) and
Prnp-/- (KO) mice. WT and KO mice showed similar
peripheral blood counts (data not shown) and BM cellularity
(Online Supplementary Figure S1B). However, the frequency
of CMP, GMP and MEP was significantly reduced in KO
mice compared to WT mice (Figure 1D), whereas CLP,
MPP, ST-HSC and LT-HSC frequencies were similar
(Figure 1E). The differences between KO and WT myeloid
progenitor frequencies were not associated with increased
apoptosis (Online Supplementary Figure S1C) or cell cycle
alteration (Online Supplementary Figure S1D) but with a
higher percentage of quiescent MPP and ST-HSC (Figure
1F). These results suggest a defect of determination of
HSPC (MPP and ST-HSC) towards the myeloid lineage in
Prnp-/- mice. Finally, clonogenic assay using purified CMP
and GMP showed a significantly decreased plating effi-
ciency of Prnp-/- CMP and GMP (Figure 1G). Taken togeth-
er, these results show intrinsic myeloid differentiation
deficiencies in Prnp-/- HSC and progenitors and suggest
that the reduction of cycling MPP and ST-HSC contributes
to the lower myeloid progenitor content in the BM from
KO compared to WT mice.
Aging of HSC is associated with an increased  percent-

PrPC-dependent hematopoietic homeostasis radioprotection of hematopoietic progenitors 
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age of HSC in BM, decreased HSC self-renewal, and accu-
mulation of DNA damage.27 As PrPC has been implicated
in HSC self-renewal25 and in DNA repair,21 we investigated
the effect of PrPC loss in HSC numbers and DNA repair
capacity during aging in Prnp+/+ and Prnp-/- mice. Prnp
mRNA level in HSC was 2.7-fold higher in 11-month old

compared to 3-month old mice (Figure 1H) but did not
change in MPP (Figure 1H). BM from 11-month old WT
and KO mice displayed similar cellularity (Online
Supplementary Figure S1E). As in 3-month old mice, a lower
frequency of myeloid progenitors but not MPP (Figure 1I)
was found in 11-month old  KO mice (Online
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Figure 1. PrPC contributes to mouse
hematopoietic homeostasis.  (A) quanta-
tive real-time polymerase chain reaction
(qRT-PCR) analysis of Prnp expression,
normalized to Rplp0 in the indicated
bone marrow (BM) subpopulations: CMP:
common myeloid progenitor; GMP: gran-
ulocyte-macrophage progenitor; MEP:
megakaryocyte-erythrocyte progenitor
purified by flow cytometry from BM of 3-
month old mice (n=7-9). Data are pre-
sented as mean±standard error of mean
(SEM). Means with different letters are
significantly different (P<0.05).  (B) Flow
cytometry analysis of the PrPC protein
expression in the indicated BM supopu-
lations. Graph depicts ratio of median
fluorescence intensity (MFI) in wild-type
(WT) and knock-out (KO) control cells
(n=5-6). Data are presented as
mean±SEM. Means with different letters
are significantly different (P<0.05) (CMP
vs. MEP, P=0.06). (C) qRT-PCR analysis
of Prnp expression, normalized to Actb in
hematopoietic stem cell (HSC) (LSK
CD135–) and in multipotent progenitor
(MPP) (LSK CD135+) purified by flow
cytometry from BM of 3-month old mice
(n=9); Data are presented as
mean±SEM. ***P<0.001.  (D)
Frequencies of myeloid progenitors in
WT (black bars) and KO (white bars) BM
from 3-month old mice (n=6-10). Data
are presented as mean±SEM. *P<0.05;
**P<0.01.  (E) Frequencies of lymphoid
progenitors (CLP), MPP, ST- and LT-HSC
in the BM from WT (black bars) and KO
(white bars) mice (n=6). Data are pre-
sented as mean±SEM.  (F) Distribution
of WT (black bars) and KO (white bars)
HSC and MPP in each phase of the cell
cycle. Data are presented as
mean±SEM. *P<0.05; **P<0.01.   ns:
not significant. (G) In vitro plating effi-
ciency of CMP and GMP purified by flow
cytometry from BM of WT (black bars)
and KO (white bars) mice (n=6-9). Data
are presented as mean±SEM.
**P<0.01. (H) qRT-PCR analysis of Prnp
expression, normalized to Actb in WT and
KO HSC and MPP purified by flow cytom-
etry from BM of 3-month and 11-month
old mice (n=6-9). Data are presented as
the mean±SEM. ***P<0.001 or
###P<0.001.   (I) Frequencies of MPP, ST-
and LT-HSC in BM from 3-month and 11-
month old WT (black bars) and KO (white
bars) mice. Data are presented as the
mean±SEM fold change of the frequen-
cies in 11-month relative to 3-month  old
mice (n=6-10). **P<0.01 or ##P<0.01.
(J) Ape1 endonuclease activity in 3-
month (opened) and 11-month (hatched)
old WT (dark) and KO (light) HSC. Data
are presented as the mean±SEM. (n=4-
5). *P<0.05 or #P<0.05.  (K) qRT-PCR
analysis of Ape1 expression, normalized
to Actb in WT (dark) and KO (light) HSC
purified by flow cytometry from BM of 3-
month  (opened bars) and 11-month
(hatched bars) old mice. Data are pre-
sented as mean±SEM. (n=7-9). *P<0.05
or #P<0.05.
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(C) Ape1 endonuclease activity in myeloid progenitor subpopulations from WT (black bars) and KO (white bars) mice (n=5-8).  Data are presented as mean±SEM.
Means with different letters are significantly different (P<0.05). (D) Ape1 endonuclease activity in myeloid progenitors from WT (black bars) and KO (white bars) mice
(n=5-8) 1 h after irradiation (7 Gy). Data are presented as  mean±SEM fold change of Ape1 endonuclease in irradiated relative to non-irradiated control cells.
*P<0.05; **P<0.01. (E) Ape1 endonuclease activity in HSC and MPP from WT (black bars) and KO (white bars) mice (n=5-8). Data are presented as mean±SEM. (F)
Ape1 endonuclease activity in HSC and MPP from WT (black bars) and KO (white bars) mice (n=4-5) 1 h after irradiation (7 Gy). Data are presented as mean±SEM
fold change of Ape1 endonuclease in irradiated relative to non-irradiated control cells. *P<0.05 or #P<0.05. (G) Percentage of apoptotic myeloid progenitors
(AnnexineV-positive cells) in BM from WT (black bars) and KO (white bars) mice (n=6-8) 1 h after irradiation (7 Gy). Data are presented as mean±SEM fold change
of percentage of apoptotic cells in irradiated relative to non-irradiated control myeloid progenitors. **P<0.01; ***P<0.001; #P<0.05.  (H) Percentage of apoptotic
myeloid progenitors (AnnexineV-positive cells) in BM from WT (dark gray bars, WTIR) and KO (light gray bars, KOIR) mice (n=6-8) 1 h after irradiation (7 Gy). Data are
presented as mean±SEM.  Non-irradiated control WT (black bars) and KO (white bars) myeloid progenitors are shown.  **P<0.01; #P<0.05.  (I) Percentage of myeloid
progenitors in BM from WT (black bars) and KO (white bars) mice (n=6-7) 18 h after irradiation (7 Gy). Data are presented as mean±SEM of the percentage of cells
remaining in BM 18 h after irradiation compared to non-irradiated control. **P<0.01. 

Figure 2. PrPC favors survival of mice exposed to moderate doses of γ-rays and protects com-
mon myeloid progenitors (CMP) from radiation-induced death. (A) Kaplan-Meier survival plots
of wild-type (WT) (solid lines) and knock-out (KO) (dashed lines) mouse overall survival after
total body irradiation (TBI) at indicated doses: n=5, 10 Gy; n=13, 6.5 Gy; n=28, 7 Gy; for each
genotype. Arrow points to the 100% survival of both KO and WT irradiated mice (7 Gy) after
transplantation of WT bone marrow (BM) cells (n=5). (B) Quantitative real-time polymerase
chain reaction (qRT-PCR)  analysis of Prnp expression in hematopoietic stem cell (HSC), multi-
potent progenitor (MPP), and myeloid progenitors 1 hour (h) after irradiation (7 Gy) (n=6). Prnp
RNA levels were normalized to Actb (HSC and MPP) or Rplp0 (myeloid progenitors). Data are pre-
sented as mean±standard error of mean (SEM) fold change of normalized Prnp RNA levels in
irradiated relative (IR) to control cells (Ctrl). *P<0.05; **P<0.01.  
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Supplementary Figure S1F). In contrast, compared to their 3-
month old  counterparts, ST- and LT-HSC frequencies
respectively increased 2- and 8.3-fold in 11-month old
WT mice but did not change (ST-HSC) or was only 3-fold
increased (LT-HSC) in 11-month old  KO mice (Figure 1I).
DNA repair was slightly dependent on PrPC in aged HSC.
A 1.4-fold increased activity of Ape1 in WT HSC was
found between three months and 11 months without any
change in Ape1 mRNA level. In KO HSC, Ape1 activity
also increased between three months and 11 months, but
to a lesser extent (1.2-fold) than in WT HSC. Interestingly,
this increased activity was associated with an increased
Ape1 mRNA level (Figure 1J and K). 
Altogether, these results show that PrPC deficiency is

associated with decreased HSC determination towards
the myeloid lineage, and decreased number of HSC and
decreased Ape1 activity in old mice. 

Prnp expression is up-regulated in myeloid progenitors
and hematopoietic stem cell subpopulations after 
in vivo radiation exposure
Hematopoietic stem cell aging is associated with

increased oxidative stress28 and PrPC has been shown to
protect cells from oxidative stress.17-20 To characterize the
role of PrPC during the oxidative stress of hematopoiesis,
we performed total body irradiation (TBI) on WT and KO
mice. Survival curves of WT and KO mice exposed to
increasing gamma-radiation doses showed that a higher
percentage of irradiated KO mice died earlier than irradi-
ated WT mice even if statistical significance between both
genotypes was not reached (P=0.0792 at 7 Gy) (Figure 2A).
When KO mice were grafted with BM from non-irradiat-
ed WT mice 24 hours (h) after a 7 Gy irradiation, they did
not die, indicating that the higher sensitivity of KO mice
to TBI was not due to the BM microenvironment of KO
mice and that they died from hematopoietic syndrome.
One hour after a 7 Gy TBI, a 1.5-fold increase in Prnp

mRNA level was found in HSC, CMP and GMP but not in
MPP and MEP (Figure 2B). These data are consistent with
the observed Prnp upregulation in neuronal tissues after
exposure to genotoxic stress,21 and suggest a potential role
of PrPC in response to radiation in GMP, CMP, and HSC.

Cellular prion protein-dependent increase in the DNA
repair activity of Ape1 is associated with 
radioprotection of CMP and GMP
Cellular prion protein prevents cell death in response to

alkylating agent or H2O2 exposure by directly stimulating
the DNA repair activity of Ape1.21 Without irradiation,
Ape1 activity was similar in WT and KO progenitors
(Figure 2C). One hour after a 7 Gy TBI, Ape1 activity
increased in all WT irradiated myeloid progenitors ana-
lyzed (from 1.5- to 1.7-fold) but not in their KO counter
parts (Figure 2D). In HSC and MPP, Ape1 activity was
similar in WT and KO mice (Figure 2E) but increased only
in WT HSC after a 7 Gy TBI (Figure 2F). Whatever the
subpopulation analyzed, the radiation-induced Ape1
activity was not associated with an increase in Ape1
mRNA level (Online Supplementary Figure S2A and B).
These data show that, after irradiation, Ape1 activity in
all myeloid progenitor subpopulations and in HSC is
stimulated in a PrPC-dependent manner.
As the radiation-induced death of myeloid progenitors

is dependent on apoptosis,5 we quantified apoptosis in
WT and KO myeloid progenitors 1 and 12 h  after TBI at

7 Gy. One hour after irradiation, apoptotic (Annexin V-
positive cells) and dead cell (Annexin V-negative and
Hoechst-positive cells) fractions increased only in CMP
and were higher in KO compared to WT CMP (Figure 2G
and Online Supplementary Figure S2C). Twelve hours after
irradiation, both apoptotic (Figure 2H) and dead (Online
Supplementary Figure S2D) cell fractions increased in all
myeloid progenitor subpopulations in both WT and KO
mice.  However, higher rates of apoptosis and cellular
death were observed in irradiated KO compared to WT
GMP. In accordance with this, significantly lower frequen-
cies of CMP and GMP were found in KO versus WT irra-
diated mice 18 h after irradiation (Figure 2I). Myeloid pro-
genitors from Prnp ZH3/ZH3 mice exhibited the same
radiation sensitivity than those from Prnp-/- mice, shown
by a similar reduced number compared to mice in non-
irradiated conditions (Online Supplementary Figure S2E).
Altogether, these results suggest that PrPC-dependent
stimulation of the DNA repair activity of Ape1 is required
for the radioprotection of myeloid progenitors. 

Discussion

Despite numerous studies, the physiological role of
PrPC remains elusive. Recently, we showed that PrPC can
stimulate an important DNA repair pathway, the BER, in
neuronal tissues through interaction with and stimulation
of its key enzyme, APE1.21 Here we show that the same
mechanism can be proposed for the radioprotection of
myeloid progenitors, HSC determination, and the expan-
sion of the HSC compartment during aging. 
Previous studies22-24,29 indicated a decreased Prnp expres-

sion during differentiation of hematopoietic cells. Here,
we performed an extended study of Prnp expression in dif-
ferent hematopoietic subpopulations and showed a 
3-fold higher Prnp expression level in MEP compared to
their progenitors CMP, suggesting that the correlation
between Prnp downregulation and cellular differentia-
tion24 may not be a general feature in hematopoiesis.
Furthermore, and contrary to a previous study,25 we found
that KO mice have less myeloid progenitors. This discrep-
ancy could be explained by the fact that, in the previous
study, younger mice were analyzed (7-10-week old mice
compared to the 3-month and 11-month old mice used in
the present study) and by the number of backcrosses (4 vs.
>10) that might influence the phenotype of Prnp knockout
mice.30 Finally, we found a higher frequency of KO 
ST-HSC and KO MPP in the G0 phase. These populations
being the direct precursors of myeloid progenitors, the
increased quiescence of these cells might account for the
decreased myeloid progenitor subpopulations.31 Strikingly,
both KO CMP and GMP exhibited a lower plating effi-
ciency despite no significant change in their cell cycle 
in vivo. Whether the microenvironment of these cells could
compensate in vivo for an intrinsic growth deficiency
observed in vitro remains to be clarified.
Prnp expression in the HSC compartment increased 8-

fold with age. This higher expression was associated with
the known elevated frequency of both ST- and LT-HSC.27,32
PrPC deficiency was associated with no increase in ST-
HSC and with a diminished increase in LT-HSC with age,
suggesting that PrPC plays a role in the age-dependent
increase in HSC. Although an aging-associated increase in
HSC numbers has been known for a long time and is
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known to be cell-intrinsic,33,34 the underlying mechanisms
are not fully understood. The results presented here indi-
cate a significant involvement of PrPC in the age-depen-
dent increase in HSC frequency. This increase may be
accounted for by a PrPC-dependent upregulation of Ape1
repair activity. Independently of its DNA repair activity,35,36
Ape1 has a redox activity shown to be necessary for nor-
mal embryonic hematopoiesis,37 stem cell pool mainte-
nance,38,39 and hematopoietic progenitor colony
formation.40 Thus, the PrPC-dependent stimulation of the
Ape1 DNA repair activity might contribute to hematopoi-
etic homeostasis. 
We found a modest but recurrent radiation sensitiza-

tion of Prnp KO mice that contrasts with a previous study
showing that the absence of PrPC protected rather than
sensitized mice to an 8 Gy TBI.41 However, this work was
performed on a mixed 129/C57BL6 background, whereas
we used a pure C57BL6 background. Furthermore, that
study used a dose of X rays that was lethal for WT ani-
mals, while we used different doses of non-lethal γ-rays.
BM myeloid cells are particularly sensitive to chemical
and radiation cytotoxicity.4,42,43 Accordingly, we found a
dramatic decrease in BM myeloid progenitors within the
first 24 h after radiation exposure that was exacerbated in
Prnp KO irradiated mice. The reduced frequency of KO
irradiated myeloid progenitors was associated with high-
er CMP and GMP apoptosis, within the first 12 h after
irradiation, as well as with an absence of stimulation of
Ape1 activity in these subpopulations 1 h after irradia-
tion. In contrast, in WT irradiated myeloid progenitors
and HSC, upregulation of Prnp gene expression was asso-

ciated with an increase in Ape1 activity in these subpop-
ulations. PrPC has been shown to protect HSC from
myelotoxic injury by 5-FU, commonly used in
chemotherapy,25 and we now extend its myeloprotective
role to radiotherapy.
Finally, a similar basal reduced number of myeloid pro-

genitors and a similar radiation sensitivity of myeloid
progenitors were found in the co-isogenic PrnpZH3/ZH3
mouse line44 and the Prnp-/- mouse line. These results rule
out the involvement of any Prnp flanking gene polymor-
phism previously described by Nuvolone et al.45 
Altogether, these results suggest that PrPC is involved

in the homeostasis of steady-state hematopoiesis and
that PrPC-dependent activation of base excision repair
contributes to the radioprotection of the myeloid progen-
itors of the mouse bone marrow. 

Acknowledgments
The authors thank Véronique Neuville and staff of the IRCM

animal facility for animal care and breeding, and Petra Schwarz
for managing Prnp ZH3/ZH3 mice supply. Flow cytometry and
cell sorting were performed at the IRCM Flow Cytometry Shared
Resource, established by equipment grants from DIM-Stem-Pôle,
INSERM, Foundation ARC, and CEA.

Funding
This work was supported by the French National Electricity

Company (EDF), the Transverse Division N°4 (Segment n°4
Radiobiologie – headed by Christophe Carles) and the
Radiobiology Program of the French Alternative Energies and
Atomic Energy Commission (CEA). 

PrPC-dependent hematopoietic homeostasis radioprotection of hematopoietic progenitors 

haematologica | 2020; 105(5) 1221

References
1. Dörr H, Meineke V. Acute radiation syn-
drome caused by accidental radiation expo-
sure - therapeutic principles. BMC Med.
2011;9(1):126.

2. Simonnet AJ, Nehmë J, Vaigot P, Barroca V,
Leboulch P, Tronik-Le Roux D. Phenotypic
and functional changes induced in
hematopoietic stem/progenitor cells after
gamma-ray radiation exposure. Stem Cells.
2009;27(6):1400-1409.

3. Shao L, Luo Y, Zhou D. Hematopoietic
Stem Cell Injury Induced by Ionizing
Radiation. Antioxid Redox Signal.
2014;20(9):1447-1462.

4. Down JD, Boudewijn A, van Os R, Thames
HD, Ploemacher RE. Variations in radiation
sensitivity and repair among different
hematopoietic stem cell subsets following
fractionated irradiation. Blood. 1995;
86(1):122-127.

5. Mohrin M, Bourke E, Alexander D, et al.
Hematopoietic stem cell quiescence pro-
motes error-prone DNA repair and mutage-
nesis. Cell Stem Cell. 2010;7(2):174-185.

6. Kim JH, Thimmulappa RK, Kumar V, et al.
NRF2-mediated Notch pathway activation
enhances hematopoietic reconstitution fol-
lowing myelosuppressive radiation. J Clin
Invest. 2014;124(2):730-741.

7. Zachman DK, Leon RP, Das P, et al.
Endothelial cells mitigate DNA damage and
promote the regeneration of hematopoietic
stem cells after radiation injury. Stem Cell
Res. 2013;11(3):1013-1021.

8. Ensminger M, Iloff L, Ebel C, Nikolova T,
Kaina B, Löbrich M. DNA breaks and chro-
mosomal aberrations arise when replica-
tion meets base excision repair. J Cell Biol.
2014;206(1):29-43.

9. Bauer NC, Corbett AH, Doetsch PW. The
current state of eukaryotic DNA base dam-
age and repair. Nucleic Acids Res. 2015;
43(21):10083-10101.

10. Fung H, Demple B. Distinct roles of Ape1
protein in the repair of DNA damage
induced by ionizing radiation or
bleomycin. J Biol Chem. 2011;286(7):4968-
4977.

11. Wang H, Wang X, Chen G, et al. Distinct
roles of Ape1 protein, an enzyme involved
in DNA repair, in high or low linear energy
transfer ionizing radiation-induced cell
killing. J Biol Chem. 2014;289(44):30635-
30644.

12. Laev SS, Salakhutdinov NF, Lavrik OI.
Inhibitors of nuclease and redox activity of
apurinic/apyrimidinic endonuclease 1/redox
effector factor 1 (APE1/Ref-1). Bioorganic
Med Chem. 2017;25(9):2531-2544.

13. Parsons JL, Dianova II, Dianov GL. APE1 is
the major 3 -phosphoglycolate activity in
human cell extracts. Nucleic Acids Res.
2004;32(12):3531-3536.

14. Vasko MR, Guo C, Thompson EL, Kelley
MR. The repair function of the multifunc-
tional DNA repair/redox protein APE1 is
neuroprotective after ionizing radiation.
DNA Repair (Amst). 2011;10(9):942-952.

15. Ströbel T, Madlener S, Tuna S, et al. Ape1
guides DNA repair pathway choice that is

associated with drug tolerance in glioblas-
toma. Sci Rep. 2017;7(1):1-13.

16. Prusiner SB. Novel proteinaceous infectious
particles cause scrapie. Science. 1982;
216(4542):136-144.

17. Milhavet O, Lehmann S. Oxidative stress
and the prion protein in transmissible
spongiform encephalopathies. Brain Res
Brain Res Rev. 2002;38(3):328-339.

18. Rachidi W, Vilette D, Guiraud P, et al.
Expression of prion protein increases cellu-
lar copper binding and antioxidant enzyme
activities but not copper delivery. J Biol
Chem. 2003;278(11):9064-9072.

19. McLennan NF, Brennan PM, McNeill A, et
al. Prion protein accumulation and neuro-
protection in hypoxic brain damage. Am J
Pathol. 2004;165(1):227-235.

20. Krebs B, Wiebelitz A, Balitzki-Korte B, et al.
Cellular prion protein modulates the intra-
cellular calcium response to hydrogen per-
oxide. J Neurochem. 2007;100(2):358-367.

21. Bravard A, Auvré F, Fantini D, et al. The
prion protein is critical for DNA repair and
cell survival after genotoxic stress. Nucleic
Acids Res. 2015;43(2):904-916.

22. Kent DG, Copley MR, Benz C, et al.
Prospective isolation and molecular charac-
terization of hematopoietic stem cells with
durable self-renewal potential. Blood.
2009;113(25):6342-6350.

23. Liu T, Li R, Wong B-S, et al. Normal
Cellular Prior Protein Is Preferentially
Expressed on Subpopulations of Murine
Hemopoietic Cells. J Immunol. 2001;166
(6):3733-3742.



24. Panigaj M, Glier H, Wildova M, Holada K.
Expression of prion protein in mouse ery-
throid progenitors and differentiating
murine erythroleukemia cells. PLoS One.
2011;6(9):e24599.

25. Zhang CC, Steele AD, Lindquist S, Lodish
HF. Prion protein is expressed on long-term
repopulating hematopoietic stem cells and
is important for their self-renewal. Proc
Natl Acad Sci U S A. 2006;103(7):2184-
2189.

26. Weiss CN, Ito K. DNA damage: A sensible
mediator of the differentiation decision in
hematopoietic stem cells and in leukemia.
Int J Mol Sci. 2015;16(3):6183-6201.

27. Rossi DJ, Seita J, Czechowicz A,
Bhattacharya D, Bryder D, Weissman IL.
Hematopoietic stem cell quiescence attenu-
ates DNA damage response and permits
DNA damage accumulation during aging.
Cell Cycle. 2007;6(19):2371-2376.

28. Chen F, Liu Y, Wong NK, Xiao J, So KF.
Oxidative Stress in Stem Cell Aging. Cell
Transplant. 2017;26(9):1483-1495.

29. Dodelet VC, Cashman NR. Prion protein
expression in human leukocyte differentia-
tion. Blood. 1998;95(5):1556-1561.

30. Schmitz M, Greis C, Ottis P, et al. Loss of
Prion Protein Leads to Age-Dependent
Behavioral Abnormalities and Changes in
Cytoskeletal Protein Expression. Mol
Neurobiol. 2014;50(3):923-936.

31. Susek KH, Korpos E, Huppert J, et al. Bone
marrow laminins influence hematopoietic

stem and progenitor cell cycling and hom-
ing to the bone marrow. Matrix Biol.
2018;6747-62.

32. Kowalczyk MS, Tirosh I, Heckl D, et al.
Single-cell RNA-seq reveals changes in cell
cycle and differentiation programs upon
aging of hematopoietic stem cells. Genome
Res. 2015;25(12):1860-1872.

33. Rossi DJ, Bryder D, Zahn JM, et al. Cell
intrinsic alterations underlie hematopoietic
stem cell aging. Proc Natl Acad Sci U S A.
2005;102(26):9194-9199.

34. Geiger H, De Haan G, Carolina Florian M.
The ageing haematopoietic stem cell com-
partment. Nat Rev Immunol. 2013;13(5):
376-389.

35. Tell G, Quadrifoglio F, Tiribelli C, Kelley
MR. The Many Functions of APE1/Ref-1:
Not Only a DNA Repair Enzyme. Antioxid
Redox Signal. 2008;11(3):601-620.

36. Xie J, Zhang L, Li M, et al. Functional analy-
sis of the involvement of apurinic/apyrimi-
dinic endonuclease 1 in the resistance to
melphalan in multiple myeloma. BMC
Cancer. 2014;14:11.

37. Zou GM, Luo MH, Reed A, Kelley MR,
Yoder MC. Ape1 regulates hematopoietic
differentiation of embryonic stem cells
through its redox functional domain.
Blood. 2007;109(5):1917-1922.

38. Wang K, Zhang T, Dong Q, Nice EC,
Huang C, Wei Y. Redox homeostasis: The
linchpin in stem cell self-renewal and dif-
ferentiation. Cell Death Dis. 2013;4:e537.

39. Domenis R, Bergamin N, Gianfranceschi G,
et al. The redox function of APE1 is
involved in the differentiation process of
stem cells toward a neuronal cell fate. PLoS
One. 2014;9(2):e89232.

40. Rohrabaugh SL, Hangoc G, Kelley MR,
Broxmeyer HE. Mad2 haploinsufficiency
protects hematopoietic progenitor cells
subjected to cell-cycle stress in vivo and to
inhibition of redox function of Ape1/Ref-1
in vitro. Exp Hematol. 2011;39(4):415-423.

41. Strup-Perrot C, Vozenin MC, Monceau V,
et al. PrP c deficiency and dasatinib protect
mouse intestines against radiation injury by
inhibiting of c-Src. Radiother Oncol.
2016;120(1):175-183.

42. Pilzecker B, Buoninfante OA, van den Berk
P, et al. DNA damage tolerance in
hematopoietic stem and progenitor cells in
mice. Proc Natl Acad Sci U S A.
2017;114(33):E6875-E6883.

43. Roth RB, Samson LD. 3-Methyladenine
DNA glycosylase-deficient Aag null mice
display unexpected bone marrow alkyla-
tion resistance. Cancer Res. 2002;62(3):656-
660.

44. Nuvolone M, Hermann M, Sorce S, et al.
Strictly co-isogenic C57BL/6J- Prnp −/−
mice: A rigorous resource for prion science.
J Exp Med. 2016;213(3):313-327.

45. Nuvolone M, Kana V, Hutter G, et al. SIRP
polymorphisms, but not the prion protein,
control phagocytosis of apoptotic cells. J
Exp Med. 2013;210(12):2539-2552.

C. Siberchicot et al.

1222 haematologica | 2020; 105(5)



haematologica | 2020; 105(5) 1223

Received: March 20, 2019.

Accepted: September 30, 2019.

Pre-published: October 3, 2019.

©2020 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode. 
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

Correspondence: 
ANDRÉ TICHELLI 
tichelli@datacomm.ch

Haematologica 2020
Volume 105(5):1223-1231

ARTICLEBone Marrow Failure

doi:10.3324/haematol.2019.222562

Check the online version for the most updated
information on this article, online supplements,
and information on authorship & disclosures:
www.haematologica.org/content/105/5/1223

Ferrata Storti FoundationLong-term outcome of a randomized controlled
study in patients with newly diagnosed severe
aplastic anemia treated with antithymocyte
globulin and cyclosporine, with or without granu-
locyte colony-stimulating factor: a Severe
Aplastic Anemia Working Party Trial from the
European Group of Blood and Marrow
Transplantation
André Tichelli,1 Régis Peffault de Latour,2 Jakob Passweg,1 Cora Knol-Bout,3
Gérard Socié,4 Judith Marsh,5 Hubert Schrezenmeier,6 Britta Höchsmann,6 Andrea
Bacigalupo,7 Sujith Samarasinghe,8 Alicia Rovó,9 Austin Kulasekararaj,10 Alexander
Röth,11 Dirk-Jan Eikema,3 Paul Bosman,3 Peter Bader,12 Antonio Risitano13 and
Carlo Dufour14 on behalf of the SAA Working Party of the EBMT
1Division of Hematology, University Hospital Basel, Basel, Switzerland; 2Université de Paris,
and Hematology-Transplantation, Saint Louis Hospital (AP-HP), Paris, France; 3EBMT Registry
Office, Leiden, the Netherlands; 4Université de Paris, INSERM U976 and Hematology-
Transplantation, Saint Louis Hospital (AP-HP), Paris, France; 5Department of Haematological
Medicine, King's College Hospital/King's College London, London, UK; 6Institute of Tranfusion
Medicine, University of Ulm and Institute of Clinical Transfusion Medicine and
Immunogenetics Ulm, German Red Cross Blood Transfusion Service  Baden-Württemberg-
Hessen and University Hospital Ulm, Ulm, Germany;  7Instituto di Ematologia, Fondazione
Policlinico Universitario Gemelli IRCSS, Università Cattolica del Sacro Cuore, Roma, Italy;
8Sujith Samarasinghe, Great Ormond Street Hospital, London, UK;  9Department of
Hematology and Central Hematology Laboratory, Bern University Hospital, University of Bern,
Bern, Switzerland; 10Department of Haematological Medicine, King’s College Hospital,
NIHR/Wellcome King’s Clinical Research Facility, London, UK; 11Department of Hematology,
West German Cancer Center, University Hospital Essen, University of Duisburg-Essen,  Essen,
Germany; 12University Children’s Hospital Frankfurt, Frankfurt, Germany; 13Hematology
Department of Clinical Medicine and Surgery, Federico II University of Naples, Naples, Italy
and 14Hemato-Onco-SCT Pole, Hematology Unit. G. Gaslini Children’s Research Hospital,
Genova, Italy.

This follow-up study of a randomized, prospective trial included 192
patients with newly diagnosed severe aplastic anemia receiving
antithymoglobulin and cyclosporine, with or without granulocyte

colony-stimulating factor (G-CSF). We aimed to evaluate the long-term effect
of G-CSF on overall survival, event-free survival, probability of secondary
myelodysplastic syndrome (MDS) or acute myeloid leukemia (AML), clinical
paroxysmal nocturnal hemoglobinuria, relapse, avascular osteonecrosis and
chronic kidney disease. The median follow-up was 11.7 years (95% CI, 10.9-
12.5). The overall survival rate at 15 years was 57±12% in the group given G-
CSF and 63±12% in the group not given G-CSF (P=0.92); the corresponding
event-free survival rates were 24±10% and 23±10%, respectively (P=0.36). In
total, 9 patients developed MDS or AML, 10 only a clonal cytogenetic abnor-
mality, 7 a solid cancer, 18 clinical paroxysmal nocturnal hemoglobinuria, 8
osteonecrosis, and 12 chronic kidney disease, without any difference
between patients treated with or without G-CSF. The cumulative incidence
of MDS, AML or isolated cytogenetic abnormality at 15 years was 8.5±3%
for the G-CSF group and 8.2±3% for the non-G-CSF group (P=0.90). The
cumulative incidence of any late event including myelodysplastic syndrome
or acute myeloid leukemia, isolated cytogenetic abnormalities, solid cancer,
clinical paroxysmal nocturnal hemoglobinuria, aseptic osteonecrosis, chronic
kidney disease and relapse was 50±12% for the G-CSF group and 49±12%
for the non-G-CSF group (P=0.65). Our results demonstrate that it is unlikely
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Introduction

Acquired aplastic anemia is a rare disease defined by
peripheral pancytopenia associated with hypocellularity
of the bone marrow. The aim of treatment of aplastic
anemia is to improve peripheral blood counts and obtain
transfusion independency. First-line treatment for
younger patients (≤40 year old) with a matched sibling
donor is allogeneic stem cell transplantation (SCT). The
standard of care for adult patients not eligible for SCT is
immunosuppressive therapy (IST), including a combina-
tion of horse antithymocyte globulin (ATG) and
cyclosporine (CSA).1 In contrast to patients undergoing
SCT, those treated with IST are not cured from their dis-
ease and are at risk of late complications such as relapse
and development of late clonal diseases, including parox-
ysmal nocturnal hemoglobinuria (PNH), myelodysplastic
syndrome (MDS) or acute myeloid leukemia (AML).2
Furthermore, the delayed recovery of peripheral blood
counts exposes patients to infectious and hemorrhagic
complications.3
Immunosuppression remains a suboptimal treatment,

since about 30% of the patients fail to respond and even
in responding patients, blood counts often remain sub-
normal, possibly requiring maintenance IST with CSA.
Efforts have been made for 40 years to improve the stan-
dard horse ATG plus CSA treatment.1 Other immunosup-
pressive combinations as well as the use of high-dose
cyclophosphamide have been evaluated, without show-
ing the expected breakthrough.4-7 Great hopes have been
placed in the development of hematopoietic growth fac-
tors. The role of granulocyte colony-stimulating factor
(G-CSF) added to standard IST with ATG and CSA, test-
ed in six small prospective randomized trials, was incon-
clusive.8-13 Therefore, in 2001 a prospective randomized
study was initiated to evaluate the short- and long-term
effects of G-CSF added to standard IST. Patients with
newly diagnosed severe aplastic anemia (SAA) were ran-
domized to treatment with ATG and CSA, with or with-
out G-CSF (NCT01163942). The study demonstrated
that G-CSF added to ATG and CSA decreases the rate of
early infectious episodes and days of hospitalization in
patients with very SAA patients, but has no significant
impact on overall survival (OS), event-free survival (EFS),
relapse, or death rates.14 The role of G-CSF in triggering
late clonal evolution to a hematologic malignancy has
been debated for years.15-18 and we lacked follow-up in
our previous study for a meaningful assessment of this
risk.14
Early death occurs secondary to infection, bleeding, or

complications of severe anemia. Limited data are avail-
able on late malignant and non-malignant complications
after IST. Today, 16 years after initiation, this random-
ized controlled study is a unique opportunity to assess
the long-term outcome of SAA patients treated with IST.
We thus aimed to evaluate the durability of response to
treatment, survival outcomes, and the risk of long-term
complications of patients treated with ATG and CSA,
with or without G-CSF.

Methods

Design
The design and methodology of the randomized study have

been described previously.14 It was an open-label, multicenter
randomized study conducted by the Severe Aplastic Anemia
Working Party of the European Group for Blood and Marrow
Transplantation (EBMT). Disease severity was assessed with the
use of standard criteria and categorized into SAA and very SAA.
Patients of any age were included, but patients with congenital
SAA, such as Fanconi anemia, as well as patients with hypoplas-
tic MDS were excluded. A total of 192 patients with newly diag-
nosed SAA, not eligible for SCT, were randomly assigned in a
multicenter trial to receive horse ATG and CSA with (49.5%) or
without G-CSF (50.5%). Patients randomized to receive G-CSF
were given a dose of 150 mg/m2/day from day 8 through day 240
except for subjects who achieved complete remission before.
Methylprednisolone (or prednisone) 1 mg/kg/day was adminis-
tered on days 1-14. After 14 days, corticosteroids were tapered
off over the subsequent 14 days. In the case of serum sickness, a
longer tapering schedule, as clinically indicated, was allowed.
Complete response was defined as transfusion independency
with a hemoglobin level ≥110 g/L, a neutrophil count ≥1.5 x109/L
and a platelet count ≥150 x109/L. Partial response was defined as
no longer meeting the criterial of SAA and no transfusion
dependence for platelets and/or red blood cells. Continuous
transfusion dependency was classified as no response. Relapse
was defined as a decrease in blood counts to values either requir-
ing transfusions or needing re-treatment of the aplastic anemia
with immunosuppression or SCT. For late complications, the par-
ticipating centers were asked to report the date of first appear-
ance of a clonal evolution to a hematologic malignancy (MDS or
AML, whichever appeared first; or an isolated cytogenetic abnor-
mality), solid cancer, clinical PNH, osteonecrosis and chronic kid-
ney disease. The diagnosis of clinical PNH was retained in
patients with a measurable PNH clone who developed either
thromboembolic complications or active intravascular hemolysis.
Chronic kidney disease was defined as persistence of abnormal
creatinine or glomerulation filtration rates more than 1 year after
randomization. The present analysis included all 192 randomized
patients (Table 1). The study was approved by the ethics commit-
tee of each center including patients in the study. All patients
gave informed written consent to inclusion in the study.

Outcome measures
Given that at the time of first publication 44 of the original 192

patients had died, the follow-up was done for the remaining 148
patients. Endpoints of the present study were OS, EFS, causes of
death, and probability of clonal evolution to a hematologic
malignancy (including secondary MDS/AML and an isolated
cytogenetic abnormality), solid cancer, clinical PNH, relapse,
avascular osteonecrosis and chronic kidney disease by 15 years,
comparing for each endpoint patients treated with or without G-
CSF. Causes of deaths were classified as related to aplastic ane-
mia (infection, bleeding, undefined), to secondary neoplasm
(MDS, AML, solid cancer), transplantation related in patients
who received SCT for treatment failure, unrelated to aplastic
anemia, or of unknown cause. We analyzed the risk of
osteonecrosis because of the use of steroids,19-21 and of chronic

that G-CSF has an impact on the outcome of severe aplastic anemia; nevertheless, very late events are common
and eventually affect the prognosis of these patients, irrespectively of their age at the time of immunosuppres-
sive therapy (NCT01163942).



kidney disease because of the treatment with ATG and CSA.22,23

Furthermore, for patients with aseptic osteonecrosis we com-
pared those who needed more than one course of ATG and were
therefore more exposed to steroids, to those treated with a single
course of ATG; for patients with chronic kidney disease we com-
pared patients who were either dependent on CSA or needed a
subsequent course of CSA to those who received a single course
of ATG without being dependent on CSA. Time to an event
started from the day of randomization, except for survival of
patients treated with SCT. For OS, patients were censored either
at the time of last follow-up or at the time of transplantation,
used as salvage therapy. For EFS analysis, events were defined as
relapse, non-response at day 120, subsequent SCT, the occur-
rence of MDS/AML, solid cancer, clinical PNH or death. 

Statistical analysis
Group differences were analyzed with the use of the Mann-

Whitney U test for continuous variables and the χ2 test for cate-
gorical variables. Survival probabilities were calculated with the

use of the Kaplan-Meier estimator. Time at risk started from the
date of randomization and ended on the date of death for OS,
and on the date of an event for EFS, or the date of last known
assessment, whichever came first. For the cumulative incidence
of a late complication, death from other cause was considered as
a competing risk. The log-rank test with a two-sided significance
level was used for comparison in the Kaplan-Meier estimates.
The time to an event was computed from the date of random-
ization to the date of death or the date of last contact. Univariate
competing risk analyses were performed using the Gray test.
Multivariate analysis was performed to calculate hazard ratios
and their 95% confidence intervals, adjusted for all covariates,
using a Cox proportional hazards regression model. Factors con-
sidered were age at randomization, severity of aplastic anemia
and the use of G-CSF. All P-values are two-sided with a type I
error rate fixed at 0.05. Statistical analyses were performed with
SPSS Statistic 25 software (IBM Corp., Chicago, IL, USA); cumu-
lative incidence curves were constructed with NCSS 2004
(Statistics and Systems, Kaysville, UT, USA).

Long-term outcome of ATG & CSA ± G-CSF in SAA
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Table 1. Characteristics of the study patients, overall and according to randomization to treatment with or without granulocyte colony-stimulating factor.
Variable                                                                                             All                            No G-CSF                               With G-CSF                          P
                                                                                                        192                                95                                           97                                  

Median age (range), years                                                                          46 (2-81)                             41 (9-80)                                         50 (2-78)                               0.322
Age group
-  <20 years                                                                                                     31 (16%)                             15 (16%)                                         16 (16%)
-  20-39 years                                                                                                   51 (26%)                             27 (28%)                                         24 (25%)                               0.362
-  40-59 years                                                                                                   51 (26%)                             29 (31%)                                         22 (23%)
-  ≥60 years                                                                                                     59 (31%)                             24 (25%)                                         35 (36%)                                   
Gender 
-  Male                                                                                                              94 (49%)                             46 (48%)                                         48 (49%)                               0.883
-  Female                                                                                                         98 (51%)                             49 (52%)                                         49 (51%)
Severity
-  Very SAA                                                                                                       70 (37%)                             39 (41%)                                         31 (32%)                               0.191
-  SAA                                                                                                               122 (63%)                            56 (59%)                                         66 (68%)                                   
Median number of days with G-CSF                                                              na                                         na                                             160 (1-544)                                 -
Patients with ≥240 days of G-CSF                                                                  na                                          na                                             21/97 (22%)                                 
Type of response at last follow-up
-  Complete remission                                                                                        71                                          35                                                      36
o After IST                                                                                                        54                                          26                                                      28
o After BMT                                                                                                     17                                           9                                                        8

-  Partial response                                                                                               29                                          13                                                      16                                     0.815
-  No response                                                                                                       5                                            3                                                        2
-  Secondary MDS/AML                                                                                        8                                            4                                                        4
-  Solid cancer                                                                                                        1                                            0                                                        1
-  Missing data                                                                                                      13                                           9                                                        4                                           
Number of deaths                                                                                         65 (34%)                             31 (33%)                                         34 (35%)                               0.723
Post-randomization complications
-  Relapse                                                                                                         48 (26%)                             21 (24%)                                         27 (28%)
-  Clonal myeloid malignancy
o MDS/AML                                                                                                  9 (5%)                                 5 (5%)                                             4 (4%)
o Cytogenetic abnormality only                                                             10 (5%)                                4 (4%)                                             6 (6%)                                 0.824

-  Solid cancer                                                                                                  7 (4%)                                 3 (3%)                                             4 (4%)                                      
-  PNH                                                                                                            18/113 (16%)                        9/52 (17%)                                      9/61 (15%)                                  
-  Aseptic osteonecrosis                                                                            8 /113 (7%)                          3 /54 (6%)                                       5/59 (8%)                                   
-  Chronic kidney disease                                                                         12/101 (12%)                        5 /53 (9%)                                      7 /48 (15%)                                 
Subsequent allogeneic SCT                                                                        28 (15%)                             16 (17%)                                         12 (12%)                               0.380
Median (95% CI) follow-up time in years since randomization*           11.7                                      11.2                                                   11.9
                                                                                                                        (10.9-12.5).                           (9.6-12.7)                                       (11.0-12.9)                             0.892
G-CSF: granulocyte colony-stimulating factor; SAA: severe aplastic anemia; na: not applicable; IST: immunosuppressive therapy; BMT: bone marrow transplantation; MDS:
myelodysplastic syndrome; AML: acute myeloid leukemia; PNH: paroxysmal nocturnal hemoglobinuria; SCT: stem cell transplantation. P values: Mann-Whitney U test for con-
tinuous variables and the χ2 test for categorical variables. *Using the reverse Kaplan-Meier method.



Results 

Overall survival and event-free survival
OS and EFS rates at 15 years for all patients were

60±9% and 24±7%, respectively. The OS rate was
57±12% for the G-CSF group and 63±12% for the non-G-
CSF group (P=0.92) (Figure 1A). The EFS rate was
24±10% for the G-CSF group and 23±10% for the non-G-
CSF group (P=0.36) (Figure 1B). At last follow-up, among
127 alive patients, 71 were in complete remission (54
after IST, 17 after subsequent transplantation), 29 in par-
tial response and five had not responded. Data on remis-
sion status of SAA were missing for 13 patients, and not
applicable in nine cases (8 with secondary MDS/AML and
1 with solid cancer). There was no difference with respect
to remission state at last follow-up between the patients
in the G-CSF and non-G-CSF groups (P=0.81). In the 65
patients who died, cause of death was infection (n=26),

bleeding (n=3), SAA not further specified (n=3),
MDS/AML (n=4), solid cancer (n=4), transplant-related
mortality (n=8), cardiovascular/aging (n=9), or unspeci-
fied (n=8). There was no difference in the causes of death
between patients treated with or without G-CSF.
The most important risk factors for OS of patients

treated with horse ATG and CSA with or without G-CSF
were age and severity of the disease at randomization:
the OS rate at 15 years was 89±12% for patients aged <20
years, 81±13% for patients 20-39 years old, 55±15% for
patients 40-59 years old, and 32±16% for patients ≥60
years old (P<0.001) (Figure 2A). The OS rate for patients
with SAA was 64±11% and that for patients with very
SAA was 52±13% (P=0.021). However, for patients sur-
viving 1 year or longer after first IST, there was no longer
any difference in survival according to disease severity:
the OS rate is 71±11% for patients with SAA and
74±16% for patients with very SAA (P=0.636) (Online
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Figure 1. Outcomes of patients with severe aplastic anemia treated with horse antithymocyte globulin and cyclosporine with or without granulocyte colony-stimu-
lating factor. (A, B) Overall survival (A) and event-free survival (B) of patients with severe aplastic anemia treated with horse antithymocyte globulin and cyclosporine
with or without granulocyte colony-stimulating factor. Events included relapse, non-response at day 120, subsequent stem cell transplantation, myelodysplastic syn-
drome/acute myeloid leukemia, solid cancer, paroxysmal nocturnal hemoglobinuria or death. G-CSF: granulocyte colony-stimulating factor.
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Supplementary Figure S1A, B).  In multivariate analysis
including age, severity and randomization for G-CSF as
variables, treatment with G-CSF was not associated with
better survival [G-CSF; relative risk (RR) 0.91, 95% confi-
dence interval (95% CI): 0.55-1.49; P=0.70]; the relative
risk was increased for very SAA (RR 1.95, 95% CI 1.19-
3.21, P=0.008) and older age (reference age <20 years; 20-
39 years, RR 1.77, 95% CI: 0.48-6.67, P=0.40; age 40-59
years, RR 4.96, 95% CI: 1.48-16.65, P=0.009; age ≥60
years, RR 9.08, 95% CI 2.78-29.73, P<0001). EFS at 15
years according to age group was as follows: 27%±17%
for patients aged <20 years, 28±16% for patients 20-39
years old, 30±14% for patients 40-59 years old, and
12±12% for patients 60 years or older (P=0.023) (Figure
2B). In multivariate analysis, age group was no longer sig-

nificantly different for EFS (Table 2), although a notable,
non-significant trend remained for patients 60 years or
older.

Relapse, non-response to immunosuppression and
need for subsequent stem cell transplantation 
We evaluated relapse, non-response to immunosup-

pression and the need for either subsequent SCT or sub-
sequent courses of IST. There was no difference between
patients treated with or without G-CSF with respect to
relapse and the need for second-line treatment: the cumu-
lative incidence of relapse for patients responding at day
120 was 30±10% for the G-CSF group, and 25±10% for
the non-G-CSF group (P=0.54) (Figure 3A). Forty patients
needed a second-line therapy for relapse (n=17), refracto-
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Figure 2. Overall survival and event-free survival according to age groups. (A, B) Overall survival (A) and event-free survival (B) of patients with severe aplastic anemia
treated with horse antithymocyte globulin and cyclosporine with or without granulocyte colony-stimulating factor according to age groups at time of randomization:
patients <20 years, patients 20-39 years, patients 40-59 years, patients 60 years or older. Events included relapse, non-response at day 120, subsequent stem cell
transplantation, myelodysplastic syndrome/acute myeloid leukemia, solid cancer, paroxysmal nocturnal hemoglobinuria or death. G-CSF: granulocyte colony-stimu-
lating factor.
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ry disease (n=8), or incomplete response (cyclosporine
dependency, n=7; decreasing values but still in partial
remission, n=8), 24 in the G-CSF group, and 16 in the
non-G-CSF group (P=0.35). Sixteen patients needed a
third-line therapy for relapse (n=5), refractory disease
(n=7), or incomplete response (decreasing values but still
in partial remission, n=4), 12 in the G-CSF group, and
four in the non-G-CSF group (P=0.60). Twenty-eight
patients needed allogeneic SCT as second-line or subse-
quent treatment, 12 in the G-CSF group, and 16 in the
non-G-CSF group, because of non-response/relapse
(n=23), or MDS/AML (n=5). The cumulative probability
of being treated with SCT at 15 years was 14±8% for
patients who had been given G-CSF, and 22%±10% for
those who had not (P=0.38) (Figure 3B). The 10-year sur-
vival after transplantation was 63±18%.

Long-term follow-up
Next, we evaluated the probability of malignant and

non-malignant late complications. During the follow-up,
52 of the 192 patients developed a late complication.
Some of them developed more than one late event: 44
patients developed one, five developed two, and three
developed three or more late complications. Nine patients
developed clinical or morphological signs of MDS/AML,
ten developed isolated cytogenetic abnormalities (2 cases
with del(7q), 1 in the G-CSF group and 1 in the non-G-
CSF group, and 1 case with each of the following abnor-
malities: del(13q), del(9), loss of chromosome X in a
female patient, loss of chromosome Y in a male patient,
anomaly of chromosome 11 and translocation t(6;10); 2

cases with undefined abnormality), seven developed a
solid cancer (colon, pancreas, glioblastoma, gastric, ade-
nocarcinoma and squamous cell carcinoma of unknown
origin, unspecified, 1 of each), and 19 developed clinical
PNH. At 15 years, the cumulative incidence of MDS/AML
or isolated cytogenetic abnormalities was 8.5±3% in the
G-CSF group, and 8.2±3% in the non-G-CSF group
(P=0.90) (Figure 3C); the cumulative incidence of clinical
PNH was 10.1±5% in the G-CSF group, and 13.3±7% in
the non-G-CSF group (P=0.499). With regards to non-
clonal late complications, there were eight cases of avas-
cular osteonecrosis, and 12 of chronic kidney disease. The
cumulative incidence of chronic kidney failure at 15 years
was 13%±11% in the G-CSF group, and 16±11% in the
non-G-CSF group (P=0.51). Likewise, there was not a dif-
ference for aseptic osteonecrosis, although there were not
enough events to provide an estimate. Patients needing
longer CSA treatment had a higher risk of chronic kidney
disease (6/22; 27%) compared to patients who received a
single course of CSA (6/79; 7.6%; P=0.021). In contrast,
patients needing more steroids (1/13; 7.7%) did not have
a higher risk of osteonecrosis than patients needing
steroids only for one ATG course (7/100;6.2%; P=0.453).
The cumulative incidence of all late events at 15 years
(i.e., including MDS/AML, isolated cytogenetic abnor-
malities, solid cancer, clinical PNH, osteonecrosis, kidney
disease, relapse) was 50±12% in the G-CSF group, and
49±12% in the non-G-CSF group (P=0.65) (Figure 3D).
We also evaluated a possible effect of duration of treat-

ment with G-CSF on long-term events. Patients random-
ized to receive G-CSF, were given the growth factor for a
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Table 2. Multivariate analysis for overall survival and event free-survival. 
                                                                                            Hazard ratio 95% Confidence interval                                        P
                                                                                                                                            Lower                              Higher                                      

Overall survival

G-CSF randomization
-  No G-CSF (ref)                                                                                           1                                                   -                                                -
-  With G-CSF                                                                                                0.91                                             0.55                                          1.49                                             0.703
Age group at randomization
-  <20 years (ref)                                                                                           1                                                   -                                                -                                                   -
-  20-39 years                                                                                                 1.77                                             0.47                                          6.67                                             0.400
-  40-59 years                                                                                                 4.96                                             1.49                                         16.65                                           0.009
-  ≥60 years                                                                                                    9.08                                             9.09                                         29.73                                          <0.001
Severity of aplastic anemia
-  SAA (ref)                                                                                                       1                                                   -                                                -                                               0.008
-  Very SAA                                                                                                      1.95                                             1.19                                          3.21

Event free survival

G-CSF randomization
-  No G-CSF (ref)                                                                                           1                                                   -                                                -                                               0.250
-  With G-CSF                                                                                                0.81                                             0.56                                          1.16
Age groups at randomization
-  < 20 years (ref)                                                                                          1                                                   -                                                -                                                   -
-  20-39 years                                                                                                 0.83                                             0.46                                          1.49                                             0.525
-  40-59 years                                                                                                 0.93                                             0.53                                          1.64                                             0.805
-  ≥60 years                                                                                                    1.61                                             0.96                                          2.73                                             0.080
Severity of aplastic anemia
-  SAA (ref)                                                                                                       1                                                   -                                                -                                               0.215
-  Very SAA                                                                                                      1.27                                             0.87                                          1.83

G-CSF: granulocyte colony-stimulating factor; SAA: severe aplastic  anemia.



median of 160 days (range, 1-544 days). Of these patients,
21 received G-CSF   for ≥240 days. Patients who received
G-CSF for ≥240 days were not more likely to develop
MDS/AML, isolated cytogenetic abnormalities, second
solid cancers, clinical PNH, aseptic osteonecrosis or
chronic kidney disease. 

Discussion

G-CSF had been shown to reduce infections and days
of hospitalization in the first 3 months of its administra-
tion in patients with SAA.14 The expectation from adding

G-CSF to standard IST was to improve the long-term out-
come and sustainability of remission, as has been envis-
aged recently with the use of eltrombopag.24 We show
here that the addition of G-CSF to horse ATG and CSA
has no impact on the long-term outcome of patients with
acquired SAA: OS, EFS, non-response, relapse and need
for a subsequent SCT were similar in the groups that did
or did not receive G-CSF. G-CSF treatment during IST is
an option of effective supportive care, possibly to combat
or prevent infectious complications, even if it does not
have any beneficial effect as an adjunct to standard IST in
the long-term.25 Clonal malignant evolution was always a
concern with the use of G-CSF in SAA patients receiving

Long-term outcome of ATG & CSA ± G-CSF in SAA

haematologica | 2020; 105(5) 1229

Figure 3. Cumulative incidence of late complications of patients with severe aplastic anemia treated with horse antithymocyte globulin and cyclosporine with or
without granulocyte colony-stimulating factor. (A) Cumulative incidence of relapse of patients with severe aplastic anemia (SAA) treated with horse antithymocyte
globulin (ATG) and cyclosporine (CSA) with or without granulocyte colony-stimulating factor (G-CSF). (B) Cumulative probability of being transplanted (death without
transplant is the competing event) of patients with SAA treated in first-line with horse ATG and CSA with or without G-CSF. (C) Cumulative incidence of clonal evolution
to a hematologic malignancy (myelodysplastic syndrome/acute myeloid leukemia or isolated cytogenetic abnormality) of patients with SAA treated with horse ATG
and CSA with or without G-CSF. (D) Cumulative incidence of any late event (relapse, myelodysplastic syndrome/acute myeloid leukemia, isolated cytogenetic abnor-
mality, solid cancer, clinical paroxysmal nocturnal hemoglobinuria, aseptic osteonecrosis, chronic kidney disease) of patients with SAA treated with horse ATG and
CSA with or without G-CSF.
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IST. We could not demonstrate a higher risk for the devel-
opment of MDS/AML or cytogenetic abnormalities in
patients randomized to receive G-CSF. Patients were ana-
lyzed for the risk of clonal evolution to a hematologic
malignancy according to their initial randomization
group (i.e. with or without G-CFS). However, data on
patients in the non-G-CSF group who eventually received
G-CSF (dose and duration) later in the course of their dis-
ease are not available. Thus, it is fair to state that G-CSF
given as part of the initial treatment within this random-
ized clinical trial does not seem to increase the risk of
clonal evolution to MDS/AML. Patients with SAA had a
baseline risk of developing clonal evolution to a hemato-
logic malignancy; this risk was not increased for patients
treated with G-CSF, when compared to those in the non-
G-CSF arm. 
The strength of our trial is the prospective, random-

ized design with a follow-up time (median 11.7 years)
that is longer than the interval, 10 years after IST,15 with-
in which secondary MDS/AML usually occur. Previous
studies were less powerful to investigate this issue for
various reasons. They were either retrospective,15,18,26 not
randomized, randomized without a non-G-CSF arm16,17

or had a lower number of patients and shorter follow-
up.10,12 However, it is not obvious why few among these
studies showed a relationship between the use of G-CSF
and a clonal evolution to MDS/AML. Factors explaining
the difference from our results could be patient selection
(more patients with pre-existing clonal karyotype at
diagnosis of SAA).18 ethnic reasons, differences in dose
and duration of G-CSF,16 or the retrospective nature of
the analysis.15 The present study goes a step further in
the long-term observation than most of the previous
studies on SAA patients treated with ATG and CSA. We,
too, could not demonstrate a higher risk of clinical PNH
(the archetype of a benign clonal evolution), second solid
cancer or non-malignant late events such as chronic kid-
ney disease and aseptic osteonecrosis in the G-CSF
group. Second solid cancers in SAA patients treated with
immunosuppression have been shown to be more fre-
quent than expected in a general population27 and to
affect OS strongly.15 However, we found that G-CSF has
no impact on the development of second solid cancers.
This study highlights two significant messages. First,

G-CSF is unlikely to be linked with an increased risk of
clonal transformation into a hematologic malignancy;
however, available clinical data do not support the rou-
tine unse of G-CSF along with IST. G-CSF can be consid-
ered as an effective supportive care to combat or prevent
infectious complications.25 Second, irrespectively of G-
CSF, SAA patients receiving IST are particularly vulnera-
ble to a number of late malignant and non-malignant
complications, either because of an intrinsic pre-cancer-
ous nature of the disease or alternatively because of long-
term stressed hematopoiesis and prolonged immunosup-
pression. Severity of the disease and age of the patient at
first IST are the most important risk factors for survival.
Interestingly, severity seems to have an impact only dur-
ing the early phase after treatment, due to the higher risk
of death from infections. In patients surviving 1 year or
longer severity no longer has any impact on survival. It is
somewhat disappointing that in this carefully followed
cohort, irrespective of the age, less than 25% of patients

are alive and event-free 15 years after initial treatment,
and about 20% of them required an allogeneic SCT.
Among the late events, relapses remain the most com-
mon, since, quite surprisingly, they continue to occur for
at least 10 years after the initial treatment. Despite an
excellent OS, young adults, have a similar risk of malig-
nant and non-malignant complications after IST as older
patients. The only difference is that the mortality rate in
younger patients (aged <40 years) is lower, likely due to
other salvage treatment options (mostly SCT) which are
associated with different mortality based on age.28
Our study has a number of limitations. Firstly, despite

it being the largest randomized study on the use of G-CSF
in patients treated with horse ATG and CSA, because of
the slow accrual for this rare disease and the withdrawal
of horse ATG in Europe, the EBMT was forced to close
the study early.14 However, it is unlikely that a larger
number of patients would have changed the findings.
Secondly, we do not have the cumulative dose of G-CSF,
particularly for non-responding and relapsed patients
who have been retreated with immunosuppression. The
study design is based on the principle of an intention-to-
treat analysis in order to provide unbiased assessments of
treatment efficacy.29 Thirdly, not all late events have the
same impact on the outcome of the patients. The occur-
rence of secondary malignancy, MDS, AML or solid can-
cer, strongly affect-OS.2 Relapse of aplastic anemia does
not have the same poor prognosis as relapse of a malig-
nant disease. Although relapse is common, the majority
of relapsed patients respond to the reintroduction of IST
and relapse does not influence survival.30 Finally, another
limitation of our work is the non-exhaustiveness of the
cytogenetic analysis in the context of clonal evolution,
mainly related to failure to obtain results and also because
the long-term evaluation had not been part of the original
protocol.
Taken together, our data suggest that G-CSF added to

standard IST has no impact on long-term outcome of
patients with acquired aplastic anemia and is not directly
related with late effects. However, regardless of the use of
G-CSF, SAA patients treated with immunosuppression are
particularly vulnerable to a number of late malignant and
non-malignant complications. In particular, SAA patients
treated with IST continue to relapse even at 10 years after
initial treatment; therefore, alternative non-transplant
treatment strategies are more than welcome.  The addi-
tion of eltrombopag on top of standard IST resulted in an
increased response rate in a phase II study31,32 and is
presently being evaluated in a randomized trial (EudraCT
number 2014-000363-40). Furthermore, given the dramat-
ic improvement of outcome after SCT, the possibility of
early front-line SCT with an alternative donor might be
considered for selected young patients who lack a
matched sibling donor.33 Clinical trials in this setting
remain the only opportunity to investigate the best strate-
gies to improve the rate of cure in SAA, possibly minimiz-
ing the risk of early and late events that affect survival.
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In iron-depleted women without anemia, oral iron supplements induce anincrease in serum hepcidin (SHep) that persists for 24 hours, decreasing
iron absorption from supplements given later on the same or next day.

Consequently, iron absorption from supplements is highest if iron is given
on alternate days. Whether this dosing schedule is also beneficial in women
with iron-deficiency anemia (IDA) given high-dose iron supplements is
uncertain. The primary objective of this study was to assess whether, in
women with IDA, alternate-day administration of 100 and 200 mg iron
increases iron absorption compared to consecutive-day iron administration.
Secondary objectives were to correlate iron absorption with SHep and iron
status parameters. We performed a cross-over iron absorption study in
women with IDA  (n=19; median hemoglobin 11.5 mg/dL; mean serum fer-
ritin 10 mg/L) who received either 100 or 200 mg iron as ferrous sulfate given
at 8 AM on days 2, 3 and 5 labeled with stable iron isotopes 57Fe, 58Fe and
54Fe; after a 16-day incorporation period, the other labeled dose was given
at 8 AM on days 23, 24 and 26 (days 2, 3 and 5 of the second period). Iron
absorption on days 2 and 3 (consecutive) and day 5 (alternate) was assessed
by measuring erythrocyte isotope incorporation. For both doses, SHep was
higher on day 3 than on day 2 (P<0.001) or day 5 (P<0.01) with no significant
difference between days 2 and 5. Similarly, for both doses, fractional iron
absorption (FIA) on days 2 and 5 was 40-50% higher than on day 3
(P<0.001), while absorption on day 2 did not differ significantly from day 5.
There was no significant difference in the incidence of gastrointestinal side
effects comparing the two iron doses (P=0.105). Alternate day dosing of oral
iron supplements in anemic women may be preferable because it sharply
increases FIA. If needed, to provide the same total amount of iron with alter-
nate day dosing, twice the daily target dose should be given on alternate
days, as total iron absorption from a single dose of 200 mg given on alternate
days was approximately twice that from 100 mg given on consecutive days
(P<0.001). In IDA, even if hepatic hepcidin expression is strongly suppressed
by iron deficiency and erythropoietic drive, the intake of oral iron supple-
ments leads to an acute hepcidin increase for 24 hours. The study was fund-
ed by ETH Zürich, Switzerland. This study has been registered at www.clin-
icaltrials.gov as #NCT03623997.  

Iron absorption from supplements is greater
with alternate day than with consecutive day
dosing in iron-deficient anemic women
Nicole U. Stoffel,1 Christophe Zeder,1 Gary M. Brittenham,2 Diego Moretti1* and
Michael B. Zimmermann1* 

1ETH Zurich, Department of Health Science and Technology, Institute of Food, 
Nutrition and Health, Laboratory of Human Nutrition,  Zürich, Switzerland and
2Columbia University, Department of Pediatrics, College of Physicians and Surgeons,
New York, NY, USA

*These authors are co-senior authors

ABSTRACT

Introduction

Anemia affects ~33% of the world population and accounts for 8.8% of global
disability.1 Iron deficiency (ID) is considered the most prevalent cause of anemia
globally.1 In the United States, nearly 10% of 12 to 49-year-old females have ID.1,2



Oral iron supplementation with ferrous sulfate (FeSO4) is
recommended to treat ID and iron deficiency anemia
(IDA).3 Because iron absorption from oral supplements
tends to be low, current recommendations call for daily
provision of high doses of FeSO4, in the range of 60-200
mg, preferably split into 2 or 3 daily doses.4-7 With larger
iron doses,8 the proportion of the dose absorbed, termed
the fractional iron absorption (FIA), decreases, and large
amounts of unabsorbed iron can cause gut inflamma-
tion9,10 and increase free radical production and peroxida-
tion in the gut mucosa.11,12 This may result in gastrointesti-
nal side effects, which are common9 and typically dose
dependent.13 Furthermore, an increase in colonic iron can
reduce abundances of beneficial commensal gut bacteria
and increase abundances of potential enteropathogens.14,15
Hepcidin, the central systemic controller of iron home-

ostasis in mammals is a 25-amino acid peptide mainly pro-
duced by the liver, and is regulated by iron, hypoxia,
inflammation and erythropoiesis.16 Hepcidin binds to fer-
roportin, mainly expressed on enterocytes, hepatocytes
and macrophages, leading to internalization and degrada-
tion of ferroportin. Thus, high serum hepcidin (SHep)
reduces dietary iron absorption and recycling of iron from
senescent erythrocytes. Large oral doses of iron acutely
increase SHep in a dose-dependent fashion, with the
increase in SHep persisting for ~24 hours (h).8,17 The
increase after iron administration is distinct18 from the nat-
ural circadian increase in SHep over the day.19 We previ-
ously showed that twice daily administration of 60 mg
oral iron sharply augments the circadian SHep increase
and results in higher SHep on the next day compared to
once daily dosing with 120 mg iron.17
In iron-depleted young women given doses ≥60 mg of

oral iron in the morning, SHep increases and is followed
by a decrease in iron absorption on the following day.8
Consequently, alternate day dosing results in a higher FIA
compared to daily dosing.8 In a study comparing iron
absorption from 60 mg doses during 28 days of alternate
day versus 14 days of consecutive day supplementation,
FIA was significantly higher (+33%) with alternate day
dosing.17 In addition, due to the acute SHep increase after
an oral iron dose, splitting a dose into two daily divided
doses did not increase iron absorption.17 However, these
studies were conducted in iron-depleted women without
anemia. Whether oral iron supplements, given at higher
doses in women with IDA also induce an acute SHep
increase and inhibit absorption of daily doses of iron is
uncertain.20
Besides the iron-induced increase in SHep, a putative

‘mucosal block’ may decrease iron absorption from daily
iron doses. According to the ‘mucosal block’ theory, ente-
rocytes exposed to a large dose of iron will not absorb
subsequent iron doses until they are replaced by new
enterocytes after five to six days; therefore, provision of
iron doses at weekly intervals might increase absorption.21
If the increase in SHep subsides after 48 h, any residual
inhibition on absorption would be consistent with this
view of the ‘mucosal block’. The World Health
Organisation recommends weekly intermittent iron doses
in women who experience significant side effects taking
oral iron doses.22 Therefore, the aim of our study was to
measure the magnitude and duration of the acute SHep
increase after high-dose oral iron supplementation and the
effect on iron absorption in women with IDA. Our
hypotheses regarding  women with IDA were: a) single

oral iron doses of 100 and 200 mg acutely increase SHep
and this increase persists for 24 h, but not 48 h; b) FIA
from both doses would be lower on the following day, but
not differ from baseline 48 h post administration (alternate
day dosing), suggesting there is no ‘mucosal block’; and c)
FIA would be lower from the 200 mg dose than the 100
mg dose.

Methods 

Subjects
We recruited healthy women participating in the blood

donation drive at the University of Zürich, and we con-
ducted this study at the Human Nutrition Laboratory of
the ETH Zürich, Switzerland. Detailed inclusion criteria
are described in the Online Supplementary Materials and
Methods. In this cross-over study, we compared iron
absorption from consecutive and alternate day dosing in
women with IDA, using 100 and 200 mg doses of iron as
ferrous sulfate (FeSO4). This study was approved by the
Cantonal Ethics Committee in Zürich, Switzerland.  All
participants gave informed written consent. 
Participants went through two study cycles of 6 days

each, with 16 days in between (Figure 1). To all subjects,
we administered oral doses of FeSO4 in the morning on
two consecutive days (days 2 and 3) and a third dose 48 h
later (day 5), each dose was labeled with 57Fe, 58Fe or 54Fe.
Subjects were randomly assigned to first receive either
three doses of 100 mg or three doses of 200 mg. They
were given the iron dose under standardized conditions.
Detailed supplement administration is described in the
Online Supplementary Material and Methods. On day 1,
before iron supplementation, baseline venipuncture blood
samples were taken at 8:00 AM and at 4:00 PM. Iron was
administered at 8:00 AM on days 2, 3 and 5. Blood sam-
ples were taken at 8:00 AM (before dosing) and at 4:00 PM
on days 2, 3 and 5. Additional blood samples were taken
on day 4 and day 6 at 8:00 AM. Using a questionnaire,
subjects were asked whether they had gastrointestinal
side effects during the visits. We assessed iron absorption
by measuring isotopic enrichment in red blood cells 16
days after administration of the third dose in both supple-
mentation periods.23-25 Hemoglobin (Hb), SHep, iron- and
inflammatory biomarkers were measured as described in
the Online Supplementary Materials andMethods. 
Based on previous studies in our laboratory at the ETH

Zürich using iron supplements in women we expected a
standard deviation (SD) of the difference between pairs of
0.18 in log FIA. The study was powered to detect a rele-
vant difference of 30% in FIA on a linear scale (such as
15% and 20%), which on a log scale, corresponds to 0.125
units of log FIA. This yielded a minimal sample size of 18
subjects, assuming a power of 0.8 and an alpha of 0.05.
We recruited an additional subject to account for possible
attrition, and enrolled 19 women in the study.

Statistical analysis
We performed the statistical analyses using SPSS (IBM

SPSS statistics, Version22), as described in detail in the
Online Supplementary Materials and Methods. We used lin-
ear mixed effect model analysis with Bonferroni corrected
multiple comparisons to assess the effect of consecutive
versus alternate day dosing with 100 and 200 mg on dif-
ferent variables. Dose and time (reflecting the supplement

Iron absorption from oral supplements in anemia
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administration day) were defined as fixed effects, partici-
pants as random effects (intercept) using a variance com-
ponent structure matrix. Spearman correlation was
applied. Incidences of side effects were compared using χ2
test. P-values<0.05 were considered statistically signifi-
cant. 

Results

We began recruiting on October 10, 2017, and during
October and November 2017, we enrolled 19 women in the
study.  Three women were included in the study based on
their Hb concentration before blood donation; 16 women
were included in the study based on their Hb concentration
after blood donation. We completed the study on January 8,
2018. Three women left the study after completing the first

supplementation period: two after the 100 mg dosing (one
because of gastrointestinal side effects, one because of trav-
els away from the study site) and one after the 200 mg dos-
ing (because of travels away from the study site). The data
from these three women from the first supplementation
period were included in the final analysis.

Baseline characteristics
Table 1 shows the subject characteristics at baseline

(day 1) and at day 22, by randomization group. At base-
line, four subjects were borderline anemic with a baseline
Hb between 12.0-12.5 g/dL (two in each group) and three
subjects, who received 100 mg iron first, had a mild upper
respiratory tract infection and had an elevated baseline c-
reactive protein (CRP); all of these subjects were included
in the analysis. There were no significant within-group or

N.U. Stoffel et al.
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Figure 1. Study design. SHep: serum hepcidin; RBC: red blood cells. 



between-group differences in age, body mass index (BMI)
or iron and inflammatory parameters at days 1 and 22
(Table 1). 

Hepcidin profiles and iron absorption during daily and
intermittent oral iron dosing
As shown in Figure 2, median (IQR) SHep (nM) at 8

AM before administration of the 100 mg dose on days 2,
3 and 5 was 0.24 (0.19-0.38), 0.60 (0.44 - 1.09) and 0.46
(0.20-0.62), and at 8 AM before administration of the 200
mg dose on days 2, 3 and 5 was 0.26 (0.13-0.37), 0.74
(0.38-1.62) and 0.42 (0.29-0.74). SHep was significantly
affected by time (P<0.001) but not by dose (P=0.733), and
there was no significant time-dose interaction (P=0.815).
For both doses, SHep was significantly higher on day 3
compared to day 2 (P<0.001) or day 5 (P<0.01). There
was no significant difference in SHep between days 2 and
5 (P=0.115). Individual SHep data for each participant on
days 2, 3 and 5 for both doses are shown in the Online
Supplementary Figure S1. 
Summing the 3 doses from each supplementation peri-

od, there was a significant dose effect (100 vs. 200 mg
iron) on both FIA and total iron absorption (TIA) (P<0.001
for both), but no significant time-dose interaction on FIA
or TIA (P=0.737; P=0.763). For both doses, there was a
significant time effect on FIA (Figure 3A-B) and TIA
(P<0.001 for both). Geometric mean (-SD, +SD) FIA (%)
from the 100 mg dose on days 2, 3 and 5 was 23.5 (17.2,
32.2), 17.0 (12.3, 23.6) and 25.0 (16.8, 37.2), respectively,

and from the 200 mg dose on days 2, 3 and 5 was 17.3
(12.1, 24.8), 11.9 (8.5, 16.6) and 16.8 (10.8, 25.9), respec-
tively. FIA and TIA on day 2 and day 5 was significantly
higher than on day 3 (P<0.001), but did not differ signifi-
cantly comparing days 2 and 5, independent of the dose
(Figure 3). Individual FIA data for each participant on days
2, 3 and 5 for both doses are shown in the Online
Supplementary Figure S2. FIA from daily dosing (day 3)
with 100 mg was not significantly different from alter-
nate dosing (day 5) with 200 mg (P=0.792), but TIA was
greater from the 200 mg dose on the alternate day
(P<0.001). There was no significant correlation between
baseline Hb and the difference in FIA between alternate
(day 5) and consecutive (day 3) dosing (rS = -0.292;
P=0.240).

The effects of high oral iron doses on iron- and 
inflammatory status 
Iron and inflammatory status indicators are shown in

Table 2. There was a significant dose (100 vs. 200 mg iron)
and time effect on serum ferritin (SF) (P<0.01, P<0.001).
For both doses, SF on days 3 and 5 was significantly high-
er than on day 2 (P<0.001) and SF was also significantly
higher on day 3 than on day 5 (P<0.05). There were sig-
nificant time effects on serum iron (SFe), total iron bind-
ing capacity (TIBC) and transferrin saturation (TSAT)
(P<0.05 for all). SFe and TSAT on days 3 and 5 were sig-
nificantly higher than on day 2 (P<0.05 for all), but did
not differ signifi cantly comparing days 3 and 5, inde-
pendent of the dose. TIBC on days 3 and 5 was signifi-
cantly lower than on day 2 (P<0.05, P<0.01), but did not
differ significantly comparing days 3 and 5, for both
doses. The iron doses had no significant effect on ery-
thropoietin (EPO), and there was no significant difference
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Table 1. Characteristics of the women (n=19) at day 1 (baseline,
before beginning the first set of iron doses) and at day 22 (before
beginning the second set of iron doses), by group.  
                                                             Group first            Group first 
                                                              receiving               receiving
                                                               100 mg                 200 mg
                                                             iron doses             iron doses 

                                                                                                 Day 1
Age, y1                                                                21 (19-24)                 22 (20-26)
Body mass index, kg/m2                                  22.7±2.3                     21.6±2.2
Hemoglobin, g/dL                                            11.3±1.1                     11.6±0.6
Serum ferritin, mg/L                                         9.6±4.3                      12.0±4.7
Serum sTfR, mg/L                                         5.2 (4.5-6.7)              5.2 (4.5-6.3)
Serum hepcidin, nM                                 0.32 (0.16-0.44)        0.19 (0.14-0.44)
Serum C-reactive protein, mg/L            0.50 (0.34-8.35)         0.37 (0.13-4.0)
Serum alpha glycoprotein, g/L               0.47 (0.38-0.59)        0.49 (0.32-0.62)
                                                                                              Day 22
Hemoglobin, g/dL                                            12.1±0.7                     12.0±1.2
Serum ferritin, mg/L                                         9.4±3.4                       8.1±3.9
Serum sTfR, mg/L                                         5.9 (5.4-8.8)              6.7 (4.5-8.4)
Serum hepcidin, nM                                 0.10 (0.06-0.27)        0.16 (0.02-0.22)
Serum C-reactive protein, mg/L            0.25 (0.16-2.14)        1.23 (0.30-2.75)
Serum alpha glycoprotein, g/L               0.54 (0.36-1.21)        0.47 (0.40-0.79)
1All such data as medians (IQR). 2All such data as means ± standard deviation (SD).
sTFR=soluble transferrin receptor. There were no significant differences between
groups at day 1 and day 22, as well as no significant differences within groups com-
paring days 1 and 22. For between group comparisons, independent sample t-test was
used for normally distributed data and Mann-Whitney U test was used for not normal-
ly distributed data. For within group comparisons, dependent sample t-test was used
for normally distributed data and Wilcoxon matched-pair signed-rank test was used
for not normally distributed data. 

Figure 2. Serum hepcidin in iron-deficient anemic women. In women with iron
deficiency anemia (IDA) who received 100 mg and 200 mg oral iron supple-
ments on consecutive (day 3) and alternate days (day 5), serum hepcidin
increases at 24 hours (h) and returns to baseline by 48 h . 



in EPO between the two doses on any of the study days
(Table 2). 
The increases in SHep and TSAT in the afternoon after

oral iron administration (Figure 4A-B) reflected the dose.
Linear mixed model analysis showed significant time and
daytime effects (P<0.001 for both), but no dose effect
(P=0.168) on SHep. There was a significant time by day-
time interaction (P<0.001), but there were no dose by
time, dose by daytime or dose by time by daytime inter-
actions (P=0.981, P=0.390, P=0.940). Linear mixed model
analysis showed significant dose, time and daytime
effects (P<0.001 for all), on TSAT. There were significant
dose by daytime and time by daytime interactions
(P<0.01, P<0.001), but there were no dose by time or dose
by time by daytime interactions (P=0.265, P=0.185).

Gastrointestinal side effects
All reported adverse events were grade I-II. The most

common adverse event was nausea/epigastric pain for
both doses: five cases in five women during 100 mg dos-
ing and 12 cases in eight women during 200 mg dosing.
There were three cases of vomiting ~5h after the iron
intake: one after the first 100 mg dose and two after the
first 200 mg iron dose. The total incidence of the gastroin-
testinal side effects that were assessed (epigastric
pain/nausea/diarrhea/vomiting) was 40% lower with 100
mg dosing than with 200 mg dosing, however this differ-
ence was not statistically significant (P=0.105).

Discussion

Our main findings in women with IDA are: a) single
oral iron doses of 100 and 200 mg acutely increased SHep
and these increases persisted for 24 h; b) FIA from both
iron doses was lower with consecutive versus alternate
day dosing; and c) TIA was higher from the 200 mg dose

than the 100 mg dose while FIA was lower; d) with both
doses, we did not detect a decrease in iron absorption
after 48 h from the last dose, evidence against the postu-
late of a mucosal block lasting up to five or six days.
In this study, for both iron doses, SHep was significant-

ly higher with consecutive day doses (on day 3 compared
to day 2, P<0.01) and significantly lower with alternate
day doses (on day 5 compared to day 3, P<0.05), with no
significant difference in SHep between days 2 and 5.
These data support our previous oral iron supplementa-
tion studies in iron-deficient, mostly non-anemic, sub-
jects.8,17 In those studies, we assessed the magnitude and
duration of the SHep increase after an oral iron dose and
found that oral iron doses ≥60 mg significantly increased
SHep at 24 h, which returned to baseline by 48 h.8 In a
second study, we provided 14 oral iron doses of 60 mg to
iron-depleted women either on 14 consecutive days or on
alternate days over 28 days and showed that during the
first 14 days of supplementation in both groups, SHep
was higher in the consecutive day group than in the alter-
nate day group, likely driven by the higher iron supple-
ment frequency in the consecutive day group.17
Therefore, taken together, the available data suggest that
in iron-deficient women with or without anemia, high
oral iron doses acutely increase SHep and that this
increase persists for 24 h but returns to baseline by 48 h. 
In this study, alternate day dosing resulted in a signifi-

cantly higher FIA (by 40-50%) compared to daily dosing
for both 100 and 200 mg doses (P<0.001). FIA was signif-
icantly lower on day 3 compared to day 2 (P<0.001) and
significantly greater on day 5 compared to day 3
(P<0.001) with no significant difference in FIA between
days 2 and 5. Again, these results are consistent with
those previously shown in iron-depleted, non-anemic
women, where FIA was lower from an oral iron dose ≥60
mg given the next day (at 24 h after a first dose) (8). Over
14 oral iron doses given either on 14 (consecutive) or 28
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Table 2. Iron and inflammatory indices in iron-deficient anemic women (n=19) receiving 100 or 200 mg of oral iron as FeSO4 on days 2, 3 and 5.
                                                           100 mg iron supplement                                           200 mg iron supplement                                  P
                                            Day 2                    Day 3                    Day 5                  Day 2                  Day 3                    Day 5             Dose     Time (day)

Serum ferritin, mg/L1                  9.62                          18.19                          14.35                       10.02                       21.99                         18.46                <0.01         <0.001
                                                (5.75, 16.09)           (10.93, 30.26)            (7.73, 26.67)          (6.59, 15.26)         (13.79, 35.05)          (10.37, 32.84)             
Serum sTfR, mg/L2                      6.10                           5.67                            5.82                         6.35                         5.16                            5.58                 0.413          <0.001
                                                  (5.24-7.16)               (4.88-6.29)                (4.69-6.91)            (4.92-7.49)             (4.71-6.66)               (4.51-6.25)                
Serum iron, mM                          6.87                          11.26                           9.74                         7.69                        12.09                         12.44                0.061          <0.001
                                                (3.90, 12.10)            (6.56, 19.33)             (5.97, 15.88)          (4.45, 13.29)          (5.65, 25.85)            (8.08, 19.14)
TIBC, mM                                     86.68                         81.49                          82.00                       91.71                       84.38                         83.12                0.268           <0.01
                                              (74.64, 100.66)         (73.91, 89.84)           (72.45, 92.81)      (80.96, 103.90)       (73.66, 96.66)          (72.93, 94.74)             
TSAT, %                                          7.92                          13.82                          11.87                        8.61                        15.68                         15.06                0.106          <0.001
                                                (4.49, 13.99)            (8.18, 23.37)             (7.00, 20.13)          (4.87, 15.21)          (7.96, 30.90)            (9.41, 24.10)              
Serum EPO, mIU/mL                 15.35                         15.09                          17.02                       15.12                       18.21                         16.43                0.727           0.590
                                                (8.60, 27.38)            (8.09, 28.13)             (9.95, 29.12)          (7.87, 29.04)          (9.67, 34.29)            (8.74, 30.86)              
CRP, mg/L                                      0.53                           0.52                            0.38                         0.89                         0.78                            0.46                 0.556           0.072
                                                  (0.24-2.83)               (0.21-3.21)                (0.25-1.20)            (0.43-2.12)            (0.31, 2.84)              (0.23, 1.97)               
AGP, g/L                                          0.54                           0.56                            0.46                         0.57                         0.46                            0.31                 0.101           <0.01
                                                 (0.32, 0.91)              (0.35, 0.91)               (0.29, 0.72)            (0.36, 0.90)            (0.23, 0.93)              (0.16, 0.62)               
1All such data as geometric means (-SD, +SD). 2All such data as medians (IQR). Analyzed by Linear Mixed Model Analysis with Bonferroni corrected multiple comparisons.  There
were no significant dose by time interactions.  sTFR: soluble transferrin receptor; TIBC: total iron binding capacity; TSAT: transferrin saturation; EPO: erythropoietin; CRP: C-reac-
tive protein; AGP: alpha-1-acid glycoprotein.  



(alternate) days, alternate day dosing resulted in a 34%
higher FIA compared to consecutive day dosing.17 In the
current study, there was no residual absorption inhibition
at 48 h post-administration; this is evidence against the
postulate of a mucosal block lasting up to 5 or 6 days.26
This finding suggests that increasing the dosing interval
beyond 48 h would not result in a further increase in iron
absorption. Taken together, the available data suggest
that in iron-deficient women with or without anemia,
alternate day dosing with oral iron doses in the range of
60 to 200 mg results in a sharply higher FIA compared to
daily dosing. 
In this study, FIA from 200 mg was significantly lower

compared to FIA from 100 mg iron (P<0.001). Thus, even
in iron-deficient anemic women, who are maximizing
enterocyte iron uptake from the gut lumen by upregula-
tion of divalent metal transporter 1 (DMT1) expression,27
and who are maximizing enterocyte iron transfer to the

circulation via low baseline SHep and high ferroportin
expression, low oral iron doses are more efficiently
absorbed than higher doses. Previous studies have gener-
ally demonstrated that FIA of oral iron decreases with
increasing dose, but many of these studies were done in
non-anemic subjects.8 In this study, there was no signifi-
cant difference in FIA comparing daily dosing (day 3)
with 100 mg versus alternate day dosing with 200 mg (day
5). Consequently, TIA from a single dose of 200 mg given
on alternate days was approximately twice that from 100
mg given on consecutive days (P<0.001). This suggests
that TIA would be similar from alternate day dosing of
200 mg compared to daily dosing of 100 mg.
In women with IDA, the SHep increase of ~0.4 nM

after doses of 100 and 200 mg was much smaller than the
SHep increase of ~2 nM (about 1.85 nM after correction
for method comparison)28 after doses of 120 mg in non-
anemic iron depleted women.8 A potential explanation
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Figure 3. Iron absorption in iron-deficient anemic women. (A) Fractional iron absorption from 100 and 200 mg oral iron doses was higher during alternate day dosing
(day 5) compared to consecutive day dosing (day 3); (B) Total iron absorption from 100 and 200 mg oral iron doses was higher during alternate day dosing (day 5)
compared to consecutive day dosing (day 3).

Figure 4. Serum hepcidin and transferrin saturation profiles in iron-deficient anemic women. (A) Serum hepcidin (Shep) profile during alternate day dosing (day 5)
and consecutive day dosing (day 3) with 100 and 200 mg oral iron; (B) Transferrin saturation profile (TSAT) during alternate day dosing (day 5) and consecutive day
dosing (day 3) with 100 and 200 mg oral iron.  
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for the lower increase in SHep in response to oral iron in
anemic women compared to iron deficient non-anemic
women is that hepatic hepcidin expression is more
strongly suppressed by ID and erythropoetic drive; the
latter mechanism may be  particularly important in our
subjects who had recently donated blood.16
The strengths of this study are that we used a cross-

over design providing two high oral iron doses (100 and
200 mg) to women with IDA together with a standard-
ized diet, and precisely quantified iron absorption using
multiple iron stable isotopic labels on multiple days, with
each subject acting as her own control. SHep and iron sta-
tus parameter profiles were accurately and repeatedly
quantified using an immunoassay with high sensitivity
over two to six days; tolerability and gastrointestinal side
effects were assessed by a standardized interview.
Furthermore, study participants were otherwise healthy
and free of comorbidities. Limitations of the study are
that our subjects were only mildly, or for some, border-
line, anemic, with Hb values ranging from 8.6 to 12.5
g/dL. Confirmation of these findings in women with
more severe anemia (with Hb <8 g/dL) would require fur-
ther study. At inclusion, most of the participants had just
donated blood, which contributed to their anemia. The
recent loss of 500 mL blood during donation could have
influenced the response to the supplemental iron doses:
for example, acute blood loss can stimulate renal EPO
production which can suppress hepatic hepcidin synthe-
sis.29,30 However, despite prevailing high EPO concentra-
tions (Table 2), we saw clear increases in SHep in
response to the iron doses. Whether the response of SHep
would differ in subjects with chronic anemia cannot be

concluded from our data. However, chronic anemia
would also increase the chance for gastrointestinal or
other inflammatory conditions affecting iron absorption,
and we can exclude that these had an effect in the current
study. Finally, based on our study design, it is unclear if
the effect of iron supplement dosing on consecutive days
(day 2, 3) prior to the alternate day dosing (day 3, 5)
effected our comparisons. To address this, an alternate
design could have been to test consecutive day dosing
and then have a washout period and then test the alter-
nate day dosing. However, a disadvantage of this
approach would be an increase in the number of test
meals and subject burden, as well as potential changes in
subjects’ inflammatory and/or iron status during the
washout period that would increase variability. 
In conclusion, as in our previous studies using a daily

dose of 60 mg in iron-depleted non-anemic women, our
data show that with higher doses of 100 to 200 mg iron
in women with IDA, alternate day dosing results in high-
er FIA and a trend for lower incidence of gastrointestinal
side effects compared to consecutive day dosing. These
potential benefits need to be confirmed in long-term
intervention studies in anemic women with clinical end-
points, such as change in Hb, iron status and side effects,
as primary outcomes. If confirmed, this dosing regimen
may allow the use of lower iron doses, which may reduce
side effects and improve compliance.  
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Although studies of mixed chimerism following hematopoietic stem
cell transplantation in patients with sickle cell disease (SCD) may pro-
vide insights into the engraftment needed to correct the disease and

into immunological reconstitution, an extensive multilineage analysis is lack-
ing. We analyzed chimerism simultaneously in peripheral erythroid and
granulomonocytic precursors/progenitors, highly purified B and T lympho-
cytes, monocytes, granulocytes and red blood cells (RBC).  Thirty-four
patients with mixed chimerism and ≥12 months of follow-up were included.
A selective advantage of donor RBC and their progenitors/precursors led to
full chimerism in mature RBC (despite partial engraftment of other lineages),
and resulted in the clinical control of the disease. Six patients with donor
chimerism <50% had hemolysis (reticulocytosis) and higher HbS than their
donor. Four of them had donor chimerism <30%, including a patient with
AA donor (hemoglobin >10 g/dL) and three with AS donors (hemoglobin
<10 g/dL). However, only one vaso-occlusive crisis occurred with 68.7%
HbS. Except in the patients with the lowest chimerism, the donor engraft-
ment was lower for T cells than for the other lineages. In a context of mixed
chimerism after hematopoietic stem cell transplantation for SCD, myeloid
(rather than T cell) engraftment was the key efficacy criterion. Results show
that myeloid chimerism as low as 30% was sufficient to prevent a vaso-
occlusive crisis in transplants from an AA donor but not constantly from an
AS donor. However, the correction of hemolysis requires higher donor
chimerism levels (i.e. ≥50%) in both AA and AS recipients. In the future, this
group of patients may need a different therapeutic approach. 
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ABSTRACT



Introduction 

Sickle cell disease (SCD) is a severe, monogenic disease
associated with high mortality and morbidity rates.1
Together with β-thalassemia, SCD constitutes the
world’s most prevalent inherited disorder.2,3 Allogeneic
human leukocyte antigen (HLA)-matched hematopoietic
stem cell transplantation (HSCT) is the only curative
treatment. Non-transplanted patients with SCD have a
significantly shortened life expectancy, and experience
disease-related complications throughout their lives.4–6
With the aim of improving care for patients with SCD,
non-myeloablative, reduced-intensity conditioning regi-
mens and haploidentical transplants are now being inves-
tigated.7–13 Furthermore, recent advances in gene therapy
offer new perspectives for the treatment of this serious
disease.14,15 However, the curative level of engraftment by
genetically modified cells has yet to be determined.
Following HSCT, SCD patients may develop mixed

chimerism (MC), i.e. the co-existence of host- and donor-
derived cells, which can nevertheless result in the clinical
control of the disease.16–21 MC is favored by the increasing
use of non-myeloablative reduced-intensity conditioning
regimens9–11 and high doses of antithymocyte globulin.22
The minimum level of donor chimerism required to
reverse the clinical symptoms of SCD is still subject to
debate.21,23 Some literature data show that a donor white
blood cell (WBC) percentage as low as 11% is enough to
provide clinically adequate disease control20 probably
because the healthy cells have a survival advantage over
SCD erythroid cells.24 This advantage is also observed in
beta-thalassemia.25,26 However, donor chimerism at differ-
ent stages of hematopoietic differentiation/development
has yet to be analyzed in detail in a large cohort of SCD
patients. Furthermore, donor chimerism (typically quanti-
fied as the proportion of donor-derived total circulating
WBC) might be a poor indicator of the clinical outcome in
patients with MC.
We therefore decided to perform an extensive analysis

of donor chimerism in different cell lineage populations
among a cohort of SCD patients having a mixed
chimerism defined in the present study as host cells
>0.05% after a full myeloablative conditioning regimen
and then genoidentical HSCT. Our objective was to study
the hematopoietic reconstitution after HSCT in SCD
patients and determine the engraftment threshold for sta-
ble disease control. To this end, we performed a multilin-
eage analysis of donor chimerism concomitantly in highly
purified peripheral blood myeloid and lymphoid lineages,
in erythroid and granulomonocytic progenitors/precur-
sors, and mature RBC in a large cohort of SCD patients
with MC at last follow up.
Our present results may have implications not only for

allogeneic HSCT but also for gene therapy trials based on
the autologous transplantation of genetically modified
CD34+ cells. 

Methods 

Between May 1990 and December 2013, 119 patients with
SCD (registered at the Paris region’s Pediatric Reference Center
for SCD (Créteil, France)) underwent HLA-matched allogeneic
HSCT at various transplantation centers. These patients are part
of the French cohort previously published.4,22 Patients with symp-

tomatic SCD (genotype: S/S or S/ 0) and an HLA-identical sibling
donor (hemoglobin [Hb] genotype: AA, AS, A/ 0 or A/D-Punjab)
underwent HSCT. The myeloablative conditioning regimen con-
sisted of busulfan, cyclophosphamide (total dose: 200 mg/kg), and
rabbit anti-thymocyte globulin (total dose: 20 mg/kg). The total
dose of intravenous busulfan was adjusted to the recipient’s body
weight: 12.8 mg/kg for >34 kg, 15.2 mg/kg for 23-34 kg, 17.6
mg/kg for 16-23 kg, and 19.2 mg/kg for 9-16 kg.
The main inclusion criteria for the present study were the

development of MC for total WBC, at least 12 months of follow-
up, and regular monitoring at the Reference Center. Post-HSCT
blood samples were collected as part of routine care at last follow
up. The patients’ medical records were analyzed retrospectively.

Sorting of hematopoietic subpopulations
Cells were stained with specific, directly labeled monoclonal

antibodies, according to the manufacturer’s instructions.
Chimerism was analyzed only when the population purity was
≥90%.

Clonogenic assay and DNA extraction
Erythroid burst-forming-units (BFU-E) and granulocyte-

macrophage colony-forming-units (CFU-GM) progenitors/pre-
cursors were grown in semisolid methylcellulose medium with
or without supplemented erythropoietin.

Hemoglobin fraction analysis
Values for Hb fractions HbS, HbF, and HbA were determined

by cation-exchange high-performance liquid chromatography
(HPLC).

Chimerism analysis in mature lymphoid and myeloid
populations and in progenitors/precursors
Chimerism was determined in sorted, mature myeloid and

lymphoid populations and concomitantly in BFU-E and CFU-
GM. Analysis was performed in the Molecular Hematology
Laboratory at Henri Mondor Hospital (Creteil, France).
Chimerism was first analyzed using quantitative real-time PCR
assays for indel genomic polymorphisms (KimerDx kit, GenDX,
Netherlands), using a method adapted from a previous publica-
tion27 and by PCR-STR when the level was above 10%. Mixed
chimerism was defined as a recipient cell percentage above
0.05%.  Patients were divided into three groups according to the
level of donor chimerism. The 70% and 95% cutoffs were cho-
sen on the basis of published data22 and according to the limit
usually employed in clinics, respectively. The donor chimerism
in peripheral mature RBC was obtained by calculating the post-
HSCT proportion of donor HbA. 

Statistical analyses
Statistical analysis was performed with ad hoc routines imple-

mented in R software (http://www.R-project.org). The data are pre-
sented as proportions for categorical data and as median,
interquartile range and range for quantitative data. Quantitative
variables were compared with the non-parametric Wilcoxon
tests and proportions with the Fisher’s exact tests or the chi-
squared tests, as appropriate. Correlations between continuous
variables were calculated using the non-parametric Spearman’s
rank correlation test. Wilcoxon signed-rank test for paired data
was used to compare donor chimerism levels in RBC relative to
BFU-E, CFU-GM and CD15+ cells. A P-value of 0.05 was consid-
ered statistically significant for all analyses. Two-sided tests
were used in all analyses. Please see the Online Supplementary
Materials and Methods for a more detailed description of the
methods used.
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Results

The study population and clinical outcomes
A total of 34 patients with MC and more than 12

months of follow-up at the Pediatric Reference Center
were included in the study and then divided into three
groups, according to the level of total WBC donor
chimerism at last follow-up: <70% (group 1, n=10), 70-
95% (group 2, n=14), and 95-99.95% (group 3, n=10). Six
of the patients in group 1 had a donor chimerism level
below 50% (Table 1 and Online Supplementary Table S1).
In the study population as a whole, the median (range)

age at transplant was 7.2 years (3.4-14.2); the median age
did not differ significantly when comparing the three
groups (8.1, 7 and 7.1 years in groups 1, 2 and 3, respec-
tively; P=0.8). The median duration of post-HSCT follow-
up was 54.5 months (12-155); no significant differences
were observed when comparing the three groups (58.5, 56
and 42 months in groups 1, 2 and 3, respectively; P=0.67).
The donor genotypes were as follows: n=13 for AA, n=19
for AS, n=1 for A/β0, and n=1 for A/D-Punjab donor. The
proportion of AS donors was similar in the three groups
(50% in groups 1 and 2, and 70% in group 3). Examples of
MC following HSCT with an AA or AS donor are shown
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Table 1. Characteristics of the study population, and donor chimerism in cell subsets and progenitors/precursors.
Variable                                              Level                      Total (n=34)        Group 1 (n=10)        Group 2 (n=14)          Group 3 (n=10)               P

Age at HSCT (years)                  median [iqr] (range)            7.2 [5.8, 9.1]            8.1 [6.0, 10.5]                7.0 [6.0, 8.6]                    7.1 [5.0, 9.1]                    0.80
                                                                                                              (3.4, 14.2)                 (3.4, 12.5)                     (4.1, 12.5)                       (4.1, 14.2)
Follow-up after HSCT               median [iqr] (range)         54.5 [37.2, 81.8]     58.5 [37.0, 122.5]         56.0 [46.8, 76.2]             42.0 [36.2, 92.5]                 0.67
(months)                                                                                          (12.0, 155.0)             (21.0, 155.0)                  (12.0, 91.0)                    (12.0, 127.0)                        
Donor Hb genotype                   AA, A/β0 or A/D-Punjab             15 (44.1%)                 5 (50.0%)                      7 (50.0%)                        3 (30.0%)                          
                                                                         AS                               19 (55.9%)                 5 (50.0%)                      7 (50.0%)                        7 (70.0%)                       0.69
Donor HbS (%)                           median [iqr] (range)          32.0 [0.0, 37.5]         16.6 [0.0, 38.5]             15.8 [0.0, 35.7]               33.6 [7.9, 37.7]                  0.62
                                                                                                              (0.0, 44.6)                 (0.0, 44.6)                     (0.0, 39.8)                        (0.0, 38.7)                          
Donor HbA (%)                           median [iqr] (range)         53.0 [51.7, 54.7]       54.0 [52.8, 55.4]          52.7 [49.2, 53.8]             53.3 [52.2, 55.2]                 0.46
                                                                                                            (46.9, 57.4)               (51.7, 57.4)                   (47.9, 54.8)                      (46.9, 57.3)                         
Hb level at last follow-up         median [iqr] (range)         12.9 [11.5, 13.4]        10.8 [9.9, 13.1]           13.1 [12.8, 13.3]             12.9 [11.9, 13.5]                 0.19
(g/dL)                                                                                                  (8.4, 14.4)                 (8.4, 14.2)                     (9.6, 14.4)                      (10.9, 13.7)                        
Reticulocytes at last                  median [iqr] (range)         36.0 [30.0, 57.3]     135.0 [38.6, 209.5]         36.4 [27.8, 55.8]             30.0 [24.8, 34.5]               0.0037
follow-up (G/L)                                                                              (16.5, 407.0)            (31.2, 407.0)                 (16.5, 161.0)                    (20.6, 55.0)                        
HbA (%)                                        median [iqr] (range)         53.8 [49.2, 82.3]       66.2 [45.1, 79.8]           53.8 [49.0, 85.9]             53.0 [50.1, 73.1]                 0.71
                                                                                                            (24.0, 87.5)               (24.0, 84.5)                   (44.0, 87.5)                     (48.8, 84.0)
HbS (%)                                        median [iqr] (range)          33.0 [0.0, 38.1]         20.6 [4.6, 45.1]            16.4 [0.0, 37.2]               33.7 [8.1, 39.1]                  0.46
                                                                                                              (0.0, 68.1)                 (0.0, 68.1)                     (0.0, 41.2)                        (0.0, 40.3)
HbF (%)                                        median [iqr] (range)            1.0 [0.0, 1.9]             1.2 [0.2, 1.8]                 1.0 [1.0, 2.6]                   1.1 [0.0, 1.7]                    0.87
                                                                                                               (0.0, 6.5)                    (0.0, 4.4)                       (0.0, 6.5)                          (0.0, 5.5)
Chimerism analysis                                                                                                                                                                                                                                            
Whole blood (%)                       median [iqr] (range)         89.3 [60.0, 95.7]       37.0 [19.5, 56.0]           89.3 [85.3, 91.9]             97.2 [96.3, 98.8]             < 0,0001
                                                                                                            (16.0, 99.8)               (16.0, 66.0)                  (72.0, 93.4)                     (95.7, 99.8)                        
CD3+ (%)                                      median [iqr] (range)         73.5 [58.8, 91.8]       41.8 [31.8, 45.5]           73.5 [70.5, 77.2]             93.8 [92.6, 97.4]            < 0,0001
                                                                                                            (12.0, 99.9)               (12.0, 70.0)                   (63.0, 88.5)                      (89.0, 99.9)                         
CD19+ (%)                                    median [iqr] (range)         94.0 [56.0, 97.8]       36.5 [15.5, 49.8]           95.2 [88.2, 97.8]             98.6 [96.9, 99.4]             < 0,0001
                                                                                                            (11.0, 99.9)               (11.0, 90.0)                   (73.0, 98.7)                     (93.5, 99.9)                        
CD14+ (%)                                    median [iqr] (range)         96.5 [52.5, 99.6]       33.5 [18.5, 56.8]          96.4 [94.6, 98.5]             99.7 [99.5, 99.9]              0.00013
                                                                                                            (9.4, 100.0)                (9.4, 98.5)                    (72.0, 99.9)                    (98.2, 100.0)                       
CD15+ (%)                                    median [iqr] (range)         95.0 [64.0, 99.5]       24.5 [14.5, 51.2]          96.2 [92.5, 97.8]            99.8 [99.7, 100.0]             0.00022
                                                                                                            (5.4, 100.0)                (5.4, 95.0)                    (63.0, 99.9)                    (95.1, 100.0)                       
BFU-E (%)                                   median [iqr] (range)         97.7 [65.5, 99.9]       39.0 [31.0, 61.0]          98.1 [94.5, 99.1]             99.9 [99.9, 99.9]             < 0,0001
                                                                                                            (0.0, 100.0)                (0.0, 76.0)                    (52.0, 99.9)                    (97.2, 100.0)
CFU-GM (%)                                median [iqr] (range)         98.0 [64.0, 99.4]       38.5 [14.5, 46.5]          98.2 [89.8, 99.2]             99.4 [99.1, 99.8]            < 0,0001
                                                                                                              (8.0, 99.9)                 (8.0, 60.0)                    (76.0, 99.9)                     (80.0, 99.9)
RBC (%)                                        median [iqr] (range)         87.5 [82.7, 97.2]       81.6 [79.7, 84.5]           89.7 [86.1, 97.0]             94.1 [84.9, 99.2]                0.039
                                                                                                           (46.4, 104.1)              (46.4, 98.7)                  (47.9, 101.5)                    (79.0, 104.1)
HSCT : hematopoietic stem cell transplantation ; Hb: hemoglobin; BFU-E: erythroid burst forming units; CFU-GM: granulocyte-macrophage colony-forming-units; RBC: red blood
cells.



in the Online Supplementary Figure S1.
Hemoglobin levels (overall median [range] concentra-

tion: 12.9 g/dL [8.4-14.4]) were generally stable and clini-
cally satisfactory. Median Hb level was lower in group 1
(10.8 g/dL) than in group 2 (13.1 g/dL) or group 3 (12.9
g/dL), although the difference was not statistically signifi-
cant (P=0.18). There was no difference in the mean Hb
level between the set of patients with an AS donor (medi-
an [range] 12.8 g/dL [8.4-14.3]) and the set with a non-AS
donor (median [range] 13.1 g/dL [9.6-14.4]) (P=0.61). A
reticulocyte count at last follow-up greater than 100x109/L
was observed in patients with WBC donor chimerism
<50%. However, this was associated with Hb levels <10
g/dL solely in patients with AS donor (see below).
The HbS fractions in patients after HSCT were similar

to those of the donors, with the exception of the six
patients with donor chimerism <50% (see below). With the
exception of patient #2 (who experienced a single vaso-
occlusive crisis (VOC) with confirmed liver involvement;
see below), no VOC were observed after transplantation.

Donor chimerism in mature myeloid and lymphoid
cells, and in granulomonocytic progenitors
The chimerism profiles of mature lymphoid/myeloid

lineages and of progenitors/precursors often differed from
those recorded for total WBC (Table 1 and Online
Supplementary Table S1). The levels of donor chimerism
were correlated for CD15+ versus CD14+ cells (rho=0.93,
P=0.002), CD15+ versus CD19+ cells (rho=0.66, P=0.076),
and CD14+ versus CD19+ cells (rho=0.69, P=0.028) but not
for CD15+ versus CD3+ cells (rho=-0.14, P=0.752), CD14+
versus CD3+ cells (rho=-0.18, P=0.632) or CD19+ versus
CD3+ cells (rho=0.44, P=0.199) (Figure 1). The donor
chimerism in CFU-GM correlated with that in CD15+ cells
(rho=0.8, P<0.001) (Online Supplementary Figure S2). We
limited our correlation analyses to group 1, in order to
avoid bias due to the higher overall levels of donor

chimerism in groups 2 and 3. Our analysis of chimerism in
mature blood lineages showed that T-cell chimerism was
independent of the other lineages.

The selective advantage of donor erythroid cells
In order to investigate the donor chimerism in peripher-

al RBC in patients with MC, we compared HbS fractions
in patients after HSCT and in their donors. Overall, there
was an excellent correlation between the HbS fraction in
patients after HSCT and the fraction in the donors
(rho=0.94, P<0.001) (Figure 2). The intra-class correlation
coefficient (95% confidence interval [CI]) between these
two variables was estimated to be 0.95 (0.81 – 0.99). In all
the patients other than the six with MC <50% (see below),
HbS levels were similar to those observed in the donors. 
In order to investigate this putative selective advantage

over the course of erythroid development, we compared
donor chimerism among mature RBC, BFU-E, CFU-GM
and CD15+ cells (Figure 3). The CD15+ cell population was
chosen as a benchmark for bone marrow engraftment
because it lacks a selective advantage, is short-lived, and is
thus unlikely to accumulate over time. As expected, there
were no differences in myeloid lineage donor chimerism
between CD15+ cells and CFU-GM (P=0.313). Inversely
we observed a progressive enrichment in cells of donor
origin during the development of the erythroid lineage in
the periphery, with higher levels of donor chimerism in
peripheral RBC versus CFU-GM and in BFU-E versus CFU-
GM (P=0.016 and P=0.03, respectively). A median (IQR)
2.0-fold (1.4-2.5) increase between donor chimerism in
peripheral RBC versus BFU-E was observed, whereas, a
1.5-fold (1.2-2.2) increase was observed between BFU-E
and CFU-GM. 
Taken as a whole, these results evidenced a lineage-spe-

cific, selective advantage in donor erythroid cells. Full
donor chimerism was achieved in peripheral RBC, inde-
pendently of the level in other lineages. Interestingly, this
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Figure 1. Correlation of donor chimerism levels (%) in CD15+ versus CD14+ versus CD19+ versus CD3+ cells
in sickle cell disease (SCD) patients with total white blood cell (WBC) chimerism <70% (patients from group
1). Rho: Spearman's rank correlation coefficient.



selective advantage was observed not only in the periph-
eral compartment but also in erythroid progenitors/pre-
cursors.

Patients with WBC donor chimerism ≤50%
Six patients in group 1 (three with AA donors and three

with AS donors) presented with a total WBC donor
chimerism level ≤50% (median [range]: 20% [16-44%])
(Table 1, Online Supplementary Table S1). A unique
chimerism profile was observed, with higher levels of
donor chimerism in the CD3+ cells than in the other line-
ages unlike most of the included patients (Online
Supplementary Figure S3-4). 
This subgroup of patients was characterized by younger

age at transplant (median [range]: 7.15 years [3.4-10.8]), a
longer post-HSCT follow-up period (median [range]: 68.5
months [33-153]), and lower Hb levels (median [range]:
10.1 g/dL [8.4-11.8]), when compared with the other
patients in group 1. As mentioned above, HbS levels in
these patients were higher than the corresponding donors
(Figure 2, Online Supplementary Table S1). For these six
patients, the reticulocyte count at last follow-up was
greater than 100x109/L; however, this was associated with
a Hb level <10 g/dL only in three with very low myeloid
chimerism (≤21%) and transplanted with AS donors
(patients #2, #8 and #9, Online Supplementary Table S1). In
these three cases, reticulocyte count was higher than
150x109/L and associated with an HbS >47.5%. The three
patients transplanted with an AS donor (patients #2, #8
and #9) presented a particularly low level of donor
myeloid chimerism (5.4%, 10% and 16%, respectively–
the lowest levels in the whole cohort) and highest HbS
levels (68.1%, 60.6% and 47.5%, respectively) (Online

Supplementary Table S1). The three patients received donor
lymphocyte infusions (DLI); this treatment did not modify
the donor chimerism and was not associated with 
graft-versus-host disease (GvHD) occurrence. Two of the
patients (#2 and #9) required sporadic RBC transfusions
between 24 and 43 months after HSCT. Neither of them
has required RBC transfusions since then. The three
patients developed hemolytic anemia (patients #2, #8 and
#9), but only one had a suspected VOC with liver involve-
ment (patient #2; hepatic sequestration was confirmed by
a histological assessment). Before HSCT, patient #8 had
presented with severe, SCD-related cerebral vasculopathy
(bilateral stenosis of the cervical carotid arteries, and
aneurism of the internal carotid arteries); this condition
was stable after HSCT. Patients #8 and #9 are dizygotic
twins who received grafts from different sibling AS
donors (HbS fractions in the donors: 44.6% and 43.6%,
respectively) at 5 years of age in 2003 and at 4 years of age
in 2002, respectively. The level of donor chimerism fell
rapidly in both twins, and then stabilized at a value below
20% in the second year post-HSCT. The HbS fraction pro-
gressively rose to a value of 60.6% and 47.5% in patients
#8 and #9, respectively.
Interestingly, one patient (#6, with an AA donor) dis-

played a WBC donor chimerism level as low as 19% and
myeloid chimerism of 31% but had a total Hb level of 11.8
g/dL and an HbS percentage of 5.6%.
Our results showed that HbS levels were closely corre-

lated with chimerism in the myeloid compartment. The
analyses of a subgroup of patients with low donor
chimerism suggested that a myeloid chimerism of 30% is
sufficient for preventing VOC in transplants from AA
donors but not constantly from AS donors; in contrast, the
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Figure 2. Correlation between HbS in
patients after hematopoietic stem
cell transplantation (HSCT) and in
donors, regardless of the donor’s
genotype, divided into group 1
(mixed chimerism [MC] <70%, red
dots), group 2 (MC 70-95%, green
dots) and group 3 (MC 95-99.5%,
blue dots). The line corresponds to
y=x.  Rho: Spearman's rank correla-
tion coefficient.P-value <0.001rho=0.94



full correction of hemolytic anemia requires a higher level
of myeloid donor chimerism (i.e. >50%) - particularly in
patients with an AS donor.

Discussion

After HSCT, the majority of our patients with SCD will
develop mixed chimerism (as defined in the Methods sec-
tion). This condition is associated with a sufficient level of
disease control, and represents an ideal setting for investi-
gating (i) the reconstitution of the hematopoietic lineages
following HSCT, and (ii) the minimum level of correction
required to prevent the recurrence of clinical signs of SCD.
Chimerism analysis of total WBC is frequently used to

evaluate donor cell engraftment following HSCT.
However, in the context of MC, this tool does not provide
an exhaustive analysis of donor engraftment. The present
study is the first to have featured detailed, simultaneous
analyses of chimerism in several different mature myeloid
and lymphoid subpopulations, erythroid and myeloid pro-
genitors/precursors, and peripheral RBC in a large cohort
of patients having undergone myeloablative conditioning.
When simultaneously analyzing the donor/recipient ori-

gin of different hematologic lineages, we observed a linear
correlation between CD15+/CD14+, CD15+/CD19+ and
CD14+/CD19+ cells; this was also observed in our gene
therapy trials (unpublished data). Chimerism of CD3+ cells
was not correlated with other cell populations. With the

exception of the subgroup of patients with the lowest lev-
els of recipient chimerism (including the three sympto-
matic patients), patients had a lower percentage of donor
cells in the CD3+ population than in the other lineages.
Hence, T-cell reconstitution appears to be independent of
the other lineages. An alternative explanation to this
observation is that a minimum level of T-cell chimerism
may be necessary for any myeloid chimerism, and/or that
particular T-cell subsets may be critical for myeloid
engraftment. Data available at the moment cannot formal-
ly confirm this hypothesis, however to our knowledge no
myeloid chimerism was observed with no T-cell engraft-
ment. It is possible that especially for low levels of donor
chimerism a T-cell population could be necessary to allow
the engraftment of myeloid cells in the bone marrow.
This finding shows that whole blood chimerism analy-

sis is not appropriate for evaluating engraftment - especial-
ly in patients with MC, and provides an insight into the
hematopoietic reconstitution after HSCT in these
patients.
One of the present study’s main objectives was to eval-

uate the minimum level of donor engraftment needed to
prevent the recurrence of clinical signs of SCD. Most
SCD-related morbidity is caused by altered RBC; hence,
we focused on changes in donor chimerism during ery-
throid development. Nearly all the patients displayed full
donor chimerism in peripheral RBC, despite variable
degrees of MC in other cell populations; this suggests that
donor RBC have a lineage-specific selective advantage in
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Figure 3. Donor chimerism (%) in peripheral red blood cells (RBC), erythroid burst forming units (BFU-E), CD15+ cells and granulocyte-macrophage colony-forming-
units (CFU-GM) progenitors/precursors in patients with donor chimerism <70% (group 1), independently of the donor’s genotype. Each patient is represented by a
different symbol. 

P = 0.016
P = 0.03

P = 0.313



the recipient. In order to investigate this putative selective
advantage over the course of erythroid development, we
compared donor chimerism among compartments at dif-
ferent stages of development. Our results show that not
only the peripheral donor RBC have a selective advantage
related to the shortened lifetime of SCD RBC but also the
earlier erythroid progenitor/precursors. Despite the results
of studies suggesting that the selective advantage is
restricted to RBC in the periphery,23,28 our hypothesis has
already been proposed in small series of patients.17,20
Indeed, the selective advantage of donor erythroid pro-
genitor/precursors could be due to the ineffective erythro-
poiesis in SCD, as shown by the loss of SCD erythroblasts
reported in patients with MC.24 Interestingly, in a SCD
patient with MC, the expression of the apoptotic regulator
Fas was significantly higher in recipient than in donor ery-
throblasts and RBC,29 suggesting that SCD “ineffective”
erythroid cells undergo apoptosis, while donor cells have
a survival advantage.
We further focused on a group of patients with low lev-

els of donor chimerism (<70% for total WBC), and in par-
ticular on a subgroup of six patients who presented a
donor chimerism level ≤50%. Indeed, as reported in the
overall French cohort,22 donor chimerism values as low as
16%, 18% and 21% for total WBC were recorded; these
patients were the only ones to display high (>45%) HbS
levels, hemolytic anemia and (in one case) a hepatic VOC.
All three patients had an AS donor. These patients also
presented the lowest level of donor chimerism in CD15+
cells (5.4%, 10% and 16%), which was more closely cor-
related than WBC chimerism with the HbS level.
In contrast, patients with total WBC chimerism ≤50%

and AA donors had low HbS levels and no anemia,
although high reticulocyte counts were recorded. In the
study population as a whole, there were no significant
differences between patients with an AA donor and those
with an AS donor. However, when the level of donor
chimerism was low, having an AA donor was an advan-
tage.
Three patients with the lowest levels of donor myeloid

chimerism received donor lymphocyte infusions during
follow up in order to stabilize donor cells engraftment. Of
note no modification in donor chimerism was observed
after infusion. The use of donor lymphocyte infusion in
this context is debated as the risks might exceed the ben-
efits.
Although our results came from a small number of

patients, they show that individuals with a myeloid donor
chimerism level above 30% have stable, sufficient levels
of total Hb and no longer display the clinical signs of SCD
- regardless of the donor’s Hb genotype. In contrast, the
full correction of hemolytic anemia requires higher
myeloid donor chimerism levels (i.e. >50%) - particularly
for patients with an AS donor. A myeloid donor
chimerism level as low as 30% was sufficient to prevent
VOC in patients with AA donors but not constantly in
those with AS donors. For patients with very low degree
of myeloid donor engraftment, an AS graft is associated
with a higher risk of SCD symptoms.
By defining the level of correction needed to obtain

clinical remission in SCD, the present study provides
important information for patients undergoing autolo-
gous transplantation of genetically modified hematopoi-
etic stem cells (HSC). It is important to note that today’s
lentiviral-based gene addition strategies and genome-edit-
ing approaches aimed at reactivating the expression of
the anti-sickling fetal γ-globin at best generate a heterozy-
gous phenotype in vitro; therapeutic hemoglobin accounts
for at most 60% of the total Hb types, e.g. in RBC derived
from HSC harboring multiple copies of the vector.30
Under these optimal conditions (i.e. generation of AS-like
HSC), our analyses of SCD patients with MC suggested
that an HSC genetic modification rate below 30% would
not be sufficient to ameliorate the SCD clinical pheno-
type, whereas a myeloid donor chimerism level ≥30%
would probably lead to clinical improvements.
Furthermore, our present results suggest that in order to
fully control hemolysis, this threshold should be raised to
>50%.  Under suboptimal conditions (i.e. therapeutic Hb
<60%), we predict that a donor chimerism level largely
exceeding 30% would be required to correct the SCD
clinical phenotype. 
Consistently, the initial clinical data from gene therapy

trials highlighted the absence of clinical benefit in
patients with SCD harboring 10-30% of transduced HSC
and low therapeutic Hb levels (i.e. 0.1-1.2 g/dL, which
probably accounts for <10% of the total Hb types [31]. In
contrast, clinical remission was observed in a SS patient
with a mean vector copy number per cell of ~2, >60% of
genetically modified HSC, and therapeutic Hb levels
accounting for ~50% of the total Hb.14
In conclusion, these findings show that the degree of

myeloid donor engraftment (rather than T cells) is a better
predictor of the disease control in these patients - as
shown by the inverse correlation between HbS levels and
the chimerism in the myeloid lineage. According to these
observations the whole blood chimerism could be appro-
priate for evaluating engraftment when donor chimerism
is higher than 50%, but it looks unsatisfactory for patients
developing lower donor chimerism; in this case a lineage-
specific chimerism analysis should be preferred.
Our results provide a new insight into the selective

advantage of donor erythroid cells in SCD patients. In par-
ticular, we show that not only donor peripheral RBC but
also progenitors/precursors have a selective advantage
over the recipient cells. Lastly, our study provides impor-
tant clues for future gene therapy trials, and suggests that
higher levels of gene correction will be needed to obtain
full disease control.
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Interactions between platelets, leukocytes and the vessel wall providealternative pathological routes of thrombo-inflammatory leukocyte
recruitment. We found that when platelets were activated by a range of

agonists in whole blood, they shed platelet-derived extracellular vesicles
which rapidly and preferentially bound to blood monocytes compared to
other leukocytes. Platelet-derived extracellular vesicle binding to monocytes
was initiated by P-selectin-dependent adhesion and was stabilised by bind-
ing of phosphatidylserine. These interactions resulted in the progressive
transfer of the platelet adhesion receptor GPIbα to monocytes. GPIbα+-
monocytes tethered and rolled on immobilised von Willebrand Factor or
were recruited and activated on endothelial cells treated with TGF-β1 to
induce the expression of von Willebrand Factor. In both models monocyte
adhesion was ablated by a function-blocking antibody against GPIbα.
Monocytes could also bind platelet-derived extracellular vesicle in mouse
blood in vitro and in vivo. Intratracheal instillations of diesel nanoparticles, to
model chronic pulmonary inflammation, induced accumulation of GPIbα on
circulating monocytes. In intravital experiments, GPIbα+-monocytes
adhered to the microcirculation of the TGF-β1-stimulated cremaster muscle,
while in the ApoE-/- model of atherosclerosis, GPIbα+-monocytes adhered to
the carotid arteries. In trauma patients, monocytes bore platelet markers
within 1 hour of injury, the levels of which correlated with severity of trau-
ma and resulted in monocyte clearance from the circulation. Thus, we have
defined a novel thrombo-inflammatory pathway in which platelet-derived
extracellular vesicles transfer a platelet adhesion receptor to monocytes,
allowing their recruitment in large and small blood vessels, and which is like-
ly to be pathogenic. 

Appropriation of GPIbα from platelet-derived
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ABSTRACT

Introduction

The recruitment of leukocytes during inflammation occurs in the haemodynami-
cally permissive environment of the post capillary venules. In this environment, vas-
cular endothelial cells responding to pro-inflammatory mediators such as cytokines
express adhesion receptors and activating stimuli such as chemokines, which ensure
efficient and localised trafficking of leukocytes into the affected tissues.1-4 It has
become clear more recently that in pathological situations, platelets can also play a



role in leukocyte recruitment in other vascular beds.5 Thus,
the integrated function of the thrombotic and inflammato-
ry systems results in recruitment of leukocytes to arteri-
oles in models of ischaemic injury of the liver and other
tissues.6-10 Moreover, there is substantial evidence support-
ing a role for platelets in the preferential recruitment of
monocytes to the artery wall during atherogenesis. For
example, inhibition of platelet adhesion to the artery wall,
or induction of thrombocytopenia, significantly reduces
monocyte trafficking and the burden of atherosclerotic
disease in genetically susceptible strains of mice.11-14 In
addition, instillation of activated platelets exacerbates the
formation of atherosclerotic plaques in such models.11-14
There is also direct evidence that platelet P-selectin plays
a role in plaque formation in the ApoE-/- mouse.11-14 Other
studies demonstrate that platelet derived chemokines
such as CCL5 (RANTES) and CX3CL1 (fractalkine), once
deposited on vascular endothelial cells, can selectively
recruit monocytes in these models.11-15
The examples described above require platelet activa-

tion at the vessel wall to facilitate leukocyte recruitment
and trafficking. However, interactions between platelets
and leukocytes also occur in circulating blood under
pathological conditions. Indeed, formation of platelet-
leukocyte aggregates has been described in diseases as
diverse as bacterial infection, rheumatoid arthritis, dia-
betes and inflammatory bowel disease.16-22 In cardiovascu-
lar disease (CVD) the number of platelet-leukocyte aggre-
gates increases significantly, and one can measure an
increased incidence of such heterotypic aggregates in
individuals with independent risk factors for CVD, such
as hypertension.23-25 Indeed, it has been proposed that an
increase in the incidence of platelet-leukocyte aggregates
may in itself, be an independent risk factor for CVD.26 The
formation of platelet leukocyte aggregates may also play
an important role in acute and severe inflammatory
responses. Thus, in patients with acute trauma or trauma
associated sepsis, an enhanced capacity for platelet acti-
vation and platelet interaction with monocytes and neu-
trophils has been reported in response to exogenous acti-
vation of their blood with the ionophore, ionomycin.27,28
Extracellular vesicles which can be detected in the

blood, urine and other bodily fluids are heterogeneous
particles 40-1,500 nm in diameter that are derived from
the plasma membrane (microvesicles) or by exocytosis of
multi-vesicular bodies (exosomes).29 They are released
from cells of the vasculature, including platelets, endothe-
lial cells (EC) and leukocytes, and specific populations can
be identified using appropriate methodology (e.g. flow
cytometry), as they express surface markers derived from
their cell of origin. There is now mounting evidence that
platelet-derived extracellular vesicles (PEV) (otherwise
and often referred to as microparticles or microvesicles)
are heterogeneous in nature. For example, in vitro, PEV
have been generated in response to shear stress, throm-
bin, calcium ionophore, adenosine diphosphate (ADP),
collagen and collagen related peptide.30-33 Interestingly,
these studies show that PEV derive by using different
platelet agonists and differ in abundance, as well as the
cargo that they convey. Indeed, there is now good evi-
dence that platelets can shed large vesicles which contain
organelles such as mitochondria.34 Until recent technolog-
ical advancements it had been impossible to analyse the
concentration and composition of vesicles using a single
platform. Flow cytometry does not detect vesicles <200-

300 nm and does not accurately measure larger vesicles
due to the disparity in the refractive index of biological
vesicles and the latex beads used as size standards on this
platform.35 However, electron microscopy studies show
that the majority of PEV are small. Thus, although
Ponomereva et al. described calcium ionophore derived
PEV as large as 1,500 nm, particles were predominantly in
the range of 50-130 nm.36 Similarly, Aatonen et al.
described the main population of PEV as being 100-250
nm, with in excess of 90% of all vesicles being smaller
than 500 nm irrespective of the platelet agonist used for
PEV biogenesis.35 Mitochondria containing vesicles,
referred to above, were in the range of 500-1,500 nm.
Importantly, the study of the functions of distinct subsets
of PEV is not a well-developed field, however, bearing in
mind the diversity of the PEV generated upon platelet
activation, vesicles with discrete functional roles cannot
be ruled out. The diversity of platelet microparticles has
recently been reviewed.37
There is mounting evidence that PEV play a pathophys-

iological role in inflammation.38 An increased concentra-
tion of circulating PEV is associated with a number of dis-
eases. In diabetic retinopathy, the number of PEV was
associated with the severity of disease,39 while the levels
of PEV circulating in patients with type-1 diabetes corre-
lated with the degree of pro-atherogenic dyslipidaemia.40
There was a correlation with vascular dysfunction
(assessed by measuring arterial elasticity and flow-depen-
dent vasodilatation of the brachial artery) in patients with
type-2 diabetes.41 Interestingly, the number of PEV was
higher in patients with acute coronary syndromes than
those with stable angina,42 implying an association with
the onset of athero-thrombotic disease. The roles of PEV
in inflammation and pathogenesis of inflammatory dis-
ease are not well understood. However, they possess
adhesion receptors such as glycoprotein (GP)Ibα, αIIbβ3-
integrin and P-selectin, meaning that they could interact
with the vessel wall and circulating leukocytes to promote
recruitment of the later. Importantly, as these receptors
ordinarily regulate the process of haemostasis, PEV might
provide an avenue of leukocyte recruitment to the disease
environment which falls outside of regulatory pathways
which ordinarily limit the duration and magnitude of the
inflammatory response.
Here, using assays of heterotypic aggregate formation

we have characterised the adhesive interactions between
leukocytes and PEV in whole blood and identified a novel
route by which the platelet adhesion receptor, GPIbα, pro-
motes monocyte recruitment in both in vitro and in vivo
models of vascular inflammation. 

Methods

Full Methods can be found in the Online Supplementary Materials
and Methods.

Blood donors
Blood was obtained from healthy donors with informed con-

sent and with local ethical approval (ERN_07-058). Blood from the
Golden Hour cohort (drawn within 1 hour of suffering traumatic
injury) was obtained under the National Research Ethics
Committee (reference 13/WA/0399). Specimen collection and
informed consent procedures were approved and permission
granted by the Biomedical Science Ethic Committee.

Platelet vesicles and monocyte interaction 
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Animal experiments
All experiments were performed in accordance with the Home

Office Guidelines. In each experiment C57BL/6 IL4R/GPIbα−Tg
or ApoE-/- or wild-type (WT) animals with the same background
were allocated at random to experimental groups. Mice from the
same litter were randomly distributed amongst experimental
groups. 

Results

Platelet activation in whole blood leads to formation of
PEV and their adhesion to monocytes 
We investigated the effect of platelet activation on

platelet-leukocyte interactions in whole blood. When
thrombin receptor activating peptide (TRAP), an agonist
of the platelet protease activated receptor-1 (PAR-1), was
added to sheared whole blood, a time dependent increase
in the percentage of monocytes bearing the platelet recep-
tor GPIbα (CD42b) as well as CD41 (GPIIb) and in the
intensity of GPIbα and CD41 staining, was observed
(Figure 1A-C; Online Supplementary Figure S1A-C and S2).
In unstimulated blood, few monocytes (~5%) possessed
measurable levels of GPIbα, showing that shear did not
activate platelets. During analysis monocytes were subdi-
vided into two subsets using standard markers as previ-
ously described.43 Classical monocytes (CD14+CD16–) rep-
resent 90% of cells in the circulation and non-
classical/intermediate monocytes (CD14+/dimCD16+) 10%
(Online Supplementary Figure S1A). In our studies, we have
compared classical to non-classical/intermediate mono-
cytes grouped together. This is because the low numbers
of isolated intermediate and non-classical monocytes do
not allow appropriate functional testing of these subsets
individually in our assays. The interaction between
platelets and monocytes was similar when classical and
non-classical/intermediate monocytes were assayed,
showing similar patterns of GPIbα and CD41 accumula-
tion over time (Figure 1B-C; Online Supplementary Figure
S1A-C and S2). Interestingly, only a modest accumulation
of GPIbα was evident on neutrophils stimulated with
TRAP and even less when whole blood was stimulated
with CRP-XL (Figure 1D and Online Supplementary Figure
S1D-E). We observed no accumulation of GPIbα on lym-
phocytes (Figure 1D and Online Supplementary Figure S1D). 
The median fluorescent intensity (MFI) of GPIbα on

monocytes after 30 minutes (min) of TRAP stimulation
was well below the intensity on individual platelets
(Figure 2A). Moreover, the time course of the acquisition
of GPIbα by monocytes demonstrated a progressive accu-
mulation that ruled out the binding of whole platelets
(Figure 2B). This pattern of accumulation is consistent
with the adhesion of PEV, which was confirmed using
confocal microscopy (Figure 2C and Online Supplementary
Figure S3). For comparison, we show a monocyte bearing
whole platelets generated under different experimental
conditions i.e. in the absence of shear (Figure 2D). 
Here, we have reported the formation of PEV in

response to thromboxane A2, ADP and cross linked colla-
gen related peptide (CRP-XL). Activation of platelets in
whole blood using CRP-XL, ADP, the thromboxane
mimetic U46619, or the C-type lectin-like receptor
(CLEC-2) agonist, rhodocytin, resulted in the same pattern
of accumulation of GPIbα on monocytes, showing that
different routes of platelet activation resulted in PEV pro-

duction and adhesion to monocytes (Online Supplementary
Figure S4A-D).

PEV binding to monocytes is rapid 
Accumulation of PEV on monocytes after stimulation

of whole blood was progressive over a prolonged period
of time (i.e. 30 min) (Figure 1B-C and Online Supplementary
Figure S4). An important question is whether this pattern
of accumulation is dependent upon the dynamics of PEV-
monocyte interaction and adhesion, or whether the gen-
esis of PEV from activated platelets is the rate-limiting
step. Here we used the addition of isolated and pre-
labelled PEV (1x109/mL) generated by stimulating
platelets (3x108) with CRP-XL (1 µg/mL), to unstimulated
whole blood to investigate this. After CRP-XL activation
of isolated platelets, GPIbα stained PEV were readily dis-
cernible by flow cytometry in platelet supernatants
(Figure 3A and Online Supplementary Figure S5A-E). A sim-
ilar pattern was observed for CD41 on PEV (Online
Supplementary Figure S5C and S6). Interestingly, ~25% of
the large vesicles detected by flow cytometry contained
mitochondrial fragments, as previously described34
(Online Supplementary Figure S7A). Analysis using
nanoparticle tracking showed that 3x108 platelets could
yield 1.2±0.3x109 PEV compared to an average
1.3x108±2.8x107 vesicles in untreated conditions (Figure
3B and Online Supplementary Figure S5D-E) with a mean
diameter of 274±188 nm. To date it has not been possible
to simultaneously count vesicles, size them and analyse
protein cargo using a single platform. The Exo View-R100
is a new platform which allows such analysis providing
previously unattainable information in a single protocol.44
Using this assay we observed that PEV from CRP-XL
stimulated platelets captured by a CD9 antibody had a
mean size of 54 nm while those captured by a CD41a
antibody had a mean size of 82.3 nm (Online
Supplementary Figure S7B). Upon analysis using the Exo
View system, we observed the majority of PEV were cap-
tured by CD41a and CD9 (which are abundant on
platelets), but not CD63 or CD81 (which are expressed
on exosomes) (Online Supplementary Figure S7C). This was
also confirmed by secondary labelling of captured PEV
using fluorescent antibodies against CD9, CD63 and
CD81 (Online Supplementary Figure S7D). Labelled PEV
were added to whole blood at a concentration of
1x109/mL and their interactions with leukocytes assayed
by flow cytometry. Many monocytes acquired GPIbα
within 5 min, but neutrophils or lymphocytes did not
(Figure 3C-D). The proportion of monocytes acquiring
GPIbα slowly increased thereafter, while intensity of
GPIbα staining increased steadily (Figure 3C-D).
Interestingly, we found that most of the GPIbα signal
detected by flow cytometry was intracellular (~80%) on
both monocyte subsets (Online Supplementary Figure S8A-
B) and in agreement with the confocal imaging data
described in Figure 2C. We also analysed the adhesion of
PEV labelled with the lipophilic dye PKH67 to exclude
antibody-mediated interaction of PEV with monocytes.
PKH67 labelled all of the PEV in the activated-platelet
supernatant (Figure 3E). The dynamics of PEV binding to
monocytes, neutrophils or lymphocytes (Figure 3F) was
similar to that for the antibody-labelled PEV (Figure 3C). 
The mechanistic basis for the preferential accumulation

of GPIbα on monocytes was investigated using adhesion-
blocking reagents. Inclusion of a function-neutralising
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anti-P-selectin antibody inhibited GPIbα accumulation on
both monocytes and neutrophils, strongly implicating
this platelet receptor in heterotypic adhesion with the
two cells (Figure 4A and Online Supplementary Figure S9A-
B). We measured the density of the P-selectin counter
receptor P-selectin Glycoprotein Ligand 1 (PSGL-1) on
blood leukocytes because the efficiency of GPIbα accu-
mulation might reflect the surface density of this mole-
cule. Figure 4B shows that there is substantially more
PSGL-1 on monocytes than neutrophils, which could
account for the differential levels of GPIbα accumulating
on these cells. However, T cells, which did not accumu-
late GPIbα, also possessed abundant PSGL-1. Thus addi-
tional and cell specific adhesive interactions may be

required to stabilise P-selectin mediated adhesion under
shear. Using a panel of function-neutralising antibodies
against known platelet and leukocyte adhesion mole-
cules, we could find no contribution to heterotypic aggre-
gate formation from CD31, ICAM-2 or β2-integrins
(Figure 4C-E). However, an anti-phosphatidylserine (PS)
antibody significantly reduced GPIbα accumulation on
both neutrophils and monocytes (Figure 4C-E). The func-
tion of PS as a stabilising interactant is concordant with
its documented patterns of interaction with monocytes
and neutrophils, while its potential lack of interaction
with T cells would account for the lack of GPIbα accumu-
lation on these cells. 
An important question was whether monocyte activa-

Platelet vesicles and monocyte interaction 
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Figure 1. Accumulation of GPIbα on leukocytes in stim-
ulated whole blood. (A) Representative plots of GPIbα
labelling on monocytes in whole blood unstimulated or
stimulated with TRAP (100 mM) for 60 minutes (min)
under shear measured by flow cytometry. (B-D)
Percentage of GPIbα+ classical monocytes (B), non-classi-
cal/intermediate monocytes (C), and monocytes (all),
lymphocytes and neutrophils (D) in whole blood stimulat-
ed with 100 mM TRAP at 37°C under shear for 0 to 60
min, n=3. Data are mean ± standard error of the mean
(SEM). **P≤0.01, ***P≤0.001 compared to the 0 min
control (B, C, D) by analysis of variance (ANOVA) and
Dunnett post-test.
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tion contributed to GPIbα accumulation. For these stud-
ies, we used CRP-XL to stimulate whole blood, as this
agonist does not directly activate monocytes and would
thus allow analysis of whether secondary activation of
monocytes downstream of platelet activation was prereq-
uisite for PEV adhesion. We assessed the expression of
the activation marker αMβ2-integrin (CD11b/CD18) on
monocytes 30 min after the addition of CRP-XL to whole
blood. There was some increase in both integrin subunits
CD11b and CD18 (Online Supplementary Figure S9C-D),
however, this was inconsistent and monocyte subset spe-
cific. When a function neutralising antibody against
CD18 was included in the assay it had no effect on GPIbα
accumulation (Figure 4C-E), indicating that monocyte
activation was not required for PEV adhesion.           

Adopted GPIbα is a functional adhesion molecule 
supporting monocyte rolling on von Willebrand Factor
As GPIbα is known to mediate binding of platelets

from flowing blood to von Willebrand Factor (VWF), we
tested whether VWF could also recruit PEV-treated mono-
cytes (Figure 5A-E). Monocytes lacking GPIbα showed
low levels of adhesion when perfused across immobilised
human VWF (Figure 5B, E). However, acquisition of PEV-
derived-GPIbα supported capture and rolling (66.8±4.1%
of adherent cells rolling) of monocytes on VWF (Figure
5C, E). Importantly, the adhesion of PEV-treated mono-

cytes was inhibited by a function-neutralising antibody
against GPIbα (Figure 5D, E). 

Monocytes bearing GPIbα bind to EC in a model of
vascular inflammation
Transforming growth factor beta-1 (TGF-β1) promotes

the expression of a matrix of VWF on the surface of EC
which recruits platelets from flowing blood, which in
turn function as adhesive bridges for the preferential
recruitment of monocytes to EC in vitro and in vivo.15 Here
we used this model to determine whether PEV-derived
GPIbα could support monocyte adhesion directly to
stimulated endothelium. A low level of monocyte adhe-
sion to TGF-β1-stimulated EC was observed without
PEV (Figure 6A, D). However, PEV-treated monocytes
adhered in significantly higher numbers, an adhesive
interaction blocked by a GPIbα blocking antibody
(Figure 6B-D). As previously observed, recruited mono-
cytes did not roll on the EC. Thus 6.1±0.9% of adherent
cells were observed rolling, with the remaining 93.9%
becoming activated and stably adherent. Interestingly,
the acquisition of PEV increased the efficiency with
which monocytes transmigrated across the EC monolay-
er (Figure 6E). We could attribute this increase in PEV-
treated monocytes recruitment to PEV rather than solu-
ble factors such as chemokines, as supernatants generat-
ed from PEV filtered using a 10 KDa size filter (to remove

M. Chimen et al.

1252 haematologica | 2020; 105(5)

Figure 2. GPIbα on monocytes in stimulated whole blood derives from platelet-
derived extracellular vesicles. (A, B) Representative plots of GPIbα labelling on
monocytes (all) in unstimulated or TRAP (100 mM)-stimulated whole blood under
shear for 30 minutes (min) (A) and over time (B) measured by flow cytometry. (C)
Representative pictures of monocytes labelled with anti-CD14, anti-GPIbα for
platelet-derived extracellular vesicles (PEV) and DAPI imaged by confocal microscopy.
Monocytes were isolated and incubated with CRP-XL-generated PEV for 30 min at
37°C under shear prior fixing and labelling. (D) Monocytes bound to platelets, both
labelled with FITC-phalloidin and DAPI imaged by confocal microscopy. 
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vesicles) did not induce monocyte adhesion and transmi-
gration (Figure 6D, E).

PEV-treated murine monocytes bearing GPIbα can be
generated and recruited in mice
Prior to moving to in vivo assays of monocyte recruit-

ment, we determined whether murine PEV derived-GPIbα
could accumulate on murine monocytes. Using the ex vivo
whole blood assay under shear, we observed a high pro-
portion of murine monocytes rapidly accumulated GPIbα
and CD41 after addition of ADP to the blood (Figure 7A
and Online Supplementary Figure S10A-C). To examine

monocytes/PEV aggregate formation in vivo we induced
pulmonary inflammation by instillation of air pollution
particles into the lungs. A significant increase in the num-
ber of monocytes bearing GPIbα and CD41 (αIIb-integrin)
was observed in animals exposed to air pollution particles,
but not vehicle control (PBS) (Figure 7B-C). Importantly,
and in concordance with human studies, GPIbα and CD41
intensities of expression was below the level on individual
platelets (Online Supplementary Figure S10D), demonstrat-
ing that monocytes bind PEV in this model. 
Using an intravital preparation of the TGF-β1-stimulat-

ed, mouse cremaster muscle to observe monocyte interac-
tions with the microvasculature in real time, we tracked
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Figure 3. Rapid and specific binding of platelet-derived extracellular vesicles to monocytes. (A) Platelet-derived extracellular vesicles (PEV) gate was determined
using microbeads to select events under 900 nm in size (left dot plots). Representative plot of GPIbα intensity on PEV generated by stimulation of platelets with 1
μg/mL CRP-XL for 30 minutes (min) analysed by flow cytometry (right histogram). (B) Concentration of PEV generated by stimulation of platelets with 1 mg/mL CRP-
XL for 30 min, n=4. (C, D) Percentage (C) and median fluorescent intensity (MFI) (D) of GPIbα+ leukocytes in unstimulated whole blood supplemented with CRP_XL
(1 mg/mL)-generated-PEV at 37°C under shear determined by flow cytometry, n=4. (E) Representative plot of PEV generated by stimulation of platelets with 1 mg/mL
CRP-XL for 30 min labelled with PKH67. (F) Percentage of PKH67+ leukocytes in unstimulated whole blood supplemented with CRP_XL (1 mg/mL) generated PEV at
37°C under shear determined by flow cytometry, n=4. Data are mean ± standard error of the mean (SEM). **P≤0.01 by (B) unpaired t-test. * or #P≤0.01 (C, D, F) by
repeated measures two-way ANOVA followed by Bonferroni post-test for neutrophils and lymphocytes compared to * classical monocytes and # to non-
classical/Intermediate monocytes.       
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human mouse PEV-treated monocytes (Online
Supplementary Figure S10E-F). We used the
hIL4R/GPIbα−Tg mouse which expressed human IL-4
receptor under the GPIbα promoter. This allows the ani-
mals to be rendered thrombocytopenic by injection of an
antibody against hIL4R. Adoptively transferred WT
platelets or PEV are however retained within the circula-
tion. Using mice depleted of endogenous platelets using
an anti-hIL4R antibody, we observed higher numbers of
adoptively transferred WT PEV-treated monocytes rolling
on the microvasculature compared to untreated mono-
cytes; the number was significantly reduced by a GPIbα
blocking antibody (Figure 7D-G). Detailed analysis
revealed two populations of rolling cells: those exhibiting
stable rolling (interactions >300 ms) with a velocity of
241±82 mm/s (Figure 7D, F); those exhibiting transient
rolling (interactions <300 ms) with a velocity of 478±65
mm/s (Figure 7D, G). We also infused human monocytes

into ApoE-/- mice that had been on a western diet for six
weeks and observed the carotid artery by intravital
microscopy. Murine PEV-treated monocytes adhered to
the artery wall with significantly greater efficiency than
untreated monocytes (Figure 7H). In this environment a
mixture of adhesive behaviors was observed with station-
ary adhesion, stable rolling and transient rolling adhesion
evident (Figure 7H). 

Monocytes with platelet markers appear within 1 hour
of severe trauma and are rapidly cleared from the 
circulation
We investigated whether rapid production and binding

of extracellular vesicles to monocytes could be detected
following an acute event such as traumatic injury. In the
Golden Hour study blood samples in the pre-hospital set-
ting (mean time to blood sampling =43 min) were
acquired from traumatically-injured patients (injury sever-
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Figure 4. Blocking of GPIbα+ platelet-derived extracellular vesicles to leukocytes. (A) Binding of platelet-derived extracellular vesicles (PEV) on classical monocytes,
non-classical/intermediate monocytes and neutrophils with blockade of P-selectin in TRAP (100 mM)-stimulated whole blood for 30 minutes (min) under shear, n=3.
(B) Surface expression (MFI: median fluorescence intensity) of PSGL1 (P-selectin ligand) on monocyte subsets, neutrophils and lymphocytes determined by flow
cytometry, n=3. (C-E) Binding of PEV on classical monocytes (C), non-classical/intermediate monocytes (D) and neutrophils (E) with blockade of CD31, ICAM-2, CD18
(β2) and Phosphatidylserine (PS) in TRAP (100 mM)-stimulated whole blood for 30 min under shear, n=3-5. Data are mean ± standard error of the mean (SEM).
*P≤0.05, **P≤0.01 compared the normalised IgG control (A) by analysis of variance (ANOVA) and Dunnett post-test or Bonferroni post-test (B) and one sample t-test
to 100% of TRAP control (C-E).
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ity score [ISS] >8). Analysis by flow cytometry showed
acquisition of CD41 by circulating leukocytes with prefer-
ential binding to monocytes (Figure 8A-B and Online
Supplementary Figure S11A-B). The CD41 measured on
monocytes was likely derived from PEV, as the intensity
of fluorescent staining at 4 hours post trauma (2,226±474)
was substantially below that of a single platelet
(13,702±964) (Online Supplementary Figure S11B). Both the
number of CD41+ monocytes and the intensity of staining
for CD41 on them (MFI), correlated significantly with the
severity of trauma (Figure 8C-D). Lastly, there was a
marked loss of CD41+ monocytes from the blood within 4
to 12 hours, which was sustained for up to 72 hours
(Figure 8E) and a decrease in circulating platelet counts
which reflects platelet activation and PEV generation
(Online Supplementary Figure S11C). 

Discussion

We have defined a new thrombo-inflammatory route
of monocyte recruitment via an adhesion molecule trans-
ferred from platelets. Recruitment is reliant upon platelet-
derived GPIbα, which allows monocyte capture by VWF
exposed on the vessel wall.  Previous studies have indicat-
ed that platelet-derived chemokines can then induce arrest
and migration.45 Online Supplementary Figure S12 sum-
marises the steps we propose in this thrombo-inflamma-
tory cascade.  Importantly, the cascade may diverge from
the normal pathways of leukocyte trafficking in a manner
that could contribute to disease, as plasma borne PEV
preferentially deliver functional GPIbα to the monocyte
surface. Transfer of GPIbα can support adhesion of mono-
cytes in vitro and in vivo, in human and murine models of
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Figure 5. GPIbα derived from platelet-derived
extracellular vesicles supports monocytes rolling
on von Wlllebrand Factor. (A) Representative plots
of CRP_XL (1 mg/mL) generated-GPIbα+ platelet-
derived extracellular vesicles (PEV) bound to
monocytes measured by flow cytometry. (B-D)
Representative pictures of monocytes (B), mono-
cytes bearing CRP_XL (1 mg/mL) generated-PEV
(C) and monocytes bearing PEV with GPIbα block-
ade (clone 6B4, 20 mg/mL) (D) recruited on von
Willebrand Factor (VWF) under flow conditions. (E)
Total adhesion of monocytes with or without PEV
and GPIbα blockade on VWF in flow conditions,
n>10. Data are mean ± standard error of the
mean (SEM). **P≤ 0.01 by ANOVA and Bonferroni
post-test.
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vascular inflammation. This process means that circulat-
ing monocytes may be recruited to the vessel wall through
a pathway outside of the tightly regulated physiological
inflammatory system. We believe that such monocyte
recruitment may be particularly relevant in the dysregulat-
ed inflammatory responses seen in chronic inflammatory
disease, which leads to tissue damage and loss of function
(such as atherosclerosis and rheumatoid arthritis). In addi-
tion, it may be important in inflammation associated with
severe trauma, where the drivers of inflammation are sub-
stantial and acute tissue damage, and extensive activation
of the coagulation and haemostatic pathway. However,
we believe that during acute responses initiated by inflam-
matory cytokines in a coordinated and controlled manner,
and where timely and comprehensive resolution is the
norm, platelet-mediated pathways of leukocyte trafficking
are likely to be of lesser importance. 
Other studies show that whole platelets can bind leuko-

cytes, a process dependent upon platelet and/or leukocyte
activation and linked to pathological conditions.46
Moreover, if PEV are mixed with isolated monocytes they
are able to activate the leukocytes so that they show
enhanced levels of recruitment to EC in vitro, although

direct binding between PEV and leukocytes was not
demonstrated in that study.47 Here, we show that mono-
cytes preferentially accumulate PEV rather than whole
platelets through an adhesive pathway reliant upon 
P-selectin. In the context of leukocyte recruitment to vas-
cular EC, P-selectin supports a distinct form of rolling
adhesion which is based on the transient nature of the
bonds formed with PSGL-1 under conditions of shear.48
Here we propose that the P-selectin-PSGL-1 mediated
interactions between PEV and leukocytes are also tran-
sient under the shear conditions of our assay and in flow-
ing blood in vivo. However, on monocytes and neutrophils,
PS in the PEV membrane acts to stabilise heterotypic
adhesion upon interaction with membrane receptors on
the leukocytes. In the case of T lymphocytes, which also
possess abundant PSGL-1, the transient interactions
formed with P-selectin under shear are not stabilised by
PS, which has not been reported to bind T cells to our
knowledge.   
In fact, much of the data on heterotypic aggregate for-

mation in human blood does not discriminate between
platelets and PEV binding to leukocytes, and it is unclear
which is being assessed. Studies that do report platelet
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Figure 6. GPIbα derived from platelet-derived extracellular vesicles supports monocytes recruitment on TGF-β1 stimulated endothelial cells. (A-C) Representative
pictures of monocytes (A), monocytes bearing CRP_XL (1 mg/mlL) generated-PEV (B) and monocytes bearing PEV with GPIbα blockade (clone 6B4, 20 mg/mL) (C),
adhered on TGF-β1 (10 ng/mL) stimulated EC in flow conditions. (D, E) Total adhesion (D) and transmigration (E) of monocytes with or without PEV, GPIbα blockade
and filtered PEV through a 10 KDa filters to remove PEV and leave potential soluble factors on TGF-β1 stimulated EC in flow conditions, n=3-5. Data are mean ±
standard error of the mean (SEM). *P≤0.05, **P≤ 0.01 by ANOVA and Bonferroni post-test.
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Figure 7. GPIbα from platelet-derived extracellular vesicles mediates recruitment of monocytes in vivo. (A) Percentage of GPIbα+ monocytes in whole murine blood
stimulated with 30 mM ADP at 37°C under shear determined by flow cytometry, n=4. (B) Percentage of GPIbα+ and (C) CD41+ monocytes in murine blood 48 hours
after intratracheal instillation of air pollution particles (400 mg) measured by flow cytometry, n=5-6. (D) Representative images of the recruitment of human mono-
cytes bearing GPIbα from mouse platelet-derived extracellular vesicles (PEV) to the TGF-β1 (80 mg/kg)-stimulated vasculature in the cremaster muscle using intravital
microscopy. Red arrows point to unstable rolling monocytes, white arrows to stable rolling monocytes. Total rolling (E) stable rolling (F) and unstable rolling (G) of
human monocytes bearing GPIbα from mouse PEV with or without with GPIbα blockade (clone Xia.B2, 50 mg/mL) adoptively transferred in the platelet depleted
IL4R/GPIbα−Τg mice measured by intravital microscopy of the TGFβ1-stimulated cremaster muscle, n=3. (H) Total adhesion and behaviors of human monocytes
bearing mouse PEV adoptively transferred in western diet fed ApoE-/- mice measured by intravital microscopy of the right carotid artery, n=3. Data are mean ± stan-
dard error of the mean (SEM). *P≤0.05, **P≤0.01 compared to the 0 minute (min) control (A) or control (B, C) by analysis of variance (ANOVA) and Dunnett post-
test and by unpaired t-test, by two-way ANOVA (H).
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binding are routinely performed ex vivo under the non-
physiological condition of stasis in vitro, where the number
of platelet-leukocyte aggregates formed is a direct func-
tion of the time of incubation.49 Thus, patient blood may
have a greater propensity to form aggregates with
platelets under static conditions ex vivo, but this probably
does not reflect the situation in vivo. Such aggregation may
be a surrogate endpoint for the degree of platelet and/or
leukocyte activation present in patient blood. In support
of this, the patterns of PEV associated with circulating
monocytes that we report here are in strong accord with a
recent report from Fendl et al. who analysed the effects of
pre-analytical blood handling (which included the imposi-
tion of shear) on the association of extracellular vesicles
with leukocytes.50 
Interestingly, upon addition of purified PEV to whole

blood, we observed rapid accumulation of GPIbα on
monocytes, implying assimilation of PEV was extremely
efficient. However, when a platelet activating agonist was
added to whole blood the process was continuous and
prolonged, leading to an incremental increase in GPIbα
expression. The latter profile of accumulation of GPIbα
likely reflects the dynamics of PEV formation and release

by platelets in whole blood, implying that the rate-limit-
ing step in this thrombo-inflammatory pathway is not
PEV-monocyte interaction, but rather the process of PEV
release after platelet activation. In addition, accumulation
of PEV was more prevalent in monocytes compared to
neutrophils and lymphocytes. In a previous study, we
observed different patterns of recruitment, migration and
reverse migration in vitro between classical and non-classi-
cal/intermediate monocytes.43 We characterised a novel
process of crosstalk mediated by cytokines between the
two subsets that allowed a balanced regulation of
endothelial cell activation. Other studies have shown that
changes in proportional representation of monocyte sub-
sets in the circulation are associated with vascular dis-
eases.51,52 However, in this study we observed no preferen-
tial binding of PEV between classical and non-
classical/intermediate monocytes, which was consistent
with similar levels of PSGL1 expression exhibited by all
subsets.
GPIbα is an adhesion receptor mediating a specialised

form of platelet recruitment during haemostasis. Bonds
forming between GPIbα and VWF exhibit high on rates,
meaning that adhesion can occur between rapidly flowing
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Figure 8. Monocytes accumulate platelet-derived extracellular vesicles (PEV)
derived marker CD41 in trauma patients. (A, B) Percentage (A) and median flu-
orescent intensity (MFI) (B) of CD41+ monocytes, neutrophils and lymphocytes
(PBL) in  whole blood in  patients at time point (T) <60 minutes (min) after trau-
ma, n=31-35. ND: non detectable for lymphocytes. (C, D) Percentage (C) and
MFI (D) of CD41+ monocytes in whole blood in patients at T<60 min after trauma
plotted against Injury Severity Score (ISS), n=28. (E) Percentage of CD41+ mono-
cytes in whole blood in trauma patients at T<60 minutes, 4-12 hours and 48-72
hours, n=33. Data are mean ± standard error of the mean (SEM) (A, B and E).
*P≤ 0.05, ***P≤ 0.001 by ANOVA and Bonferroni post-test (A, E), Mann Whitney
t-test (B) and linear regression (C, D).
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platelets and the substrate.15,53 However, these bonds also
exhibit high off rates. Thus, under conditions of shear
stress (i.e. blood flow) the rapid formation and dissolution
of bonds supports rolling adhesion.15,53 We observed that
monocytes bearing GPIbα also rolled on purified VWF.
However, on EC bearing VWF, monocytes were rapidly
activated, which is consistent with our previous observa-
tions on the activity of EC derived stimuli such as C-C
chemokine ligand 2 (CCL2).15
Trogocytosis is the phenomenon by which lymphocytes

extract surface molecules from antigen presenting cells
through transfer of plasma membrane at the immunologi-
cal synapse.54 This process has been observed for T, B and
NK cells and neutrophils54,55 and is a fast and efficient
means of transferring molecules involved in the regulation
of immune functions.54 We cannot completely exclude that
monocytes in whole blood do not bind whole platelets and
acquire GPIbα and CD41 via a trogocytosis like process,
although a synapse like structure has not been reported in
this context to our knowledge. However, both trogocytosis
and PEV accumulation by monocytes require activation
dependent cytoskeletal rearrangement to achieve the trans-
fer of membrane cargo that alters the function of the recip-
ient cells. Thus, the processes may not be unrelated in their
mechanisms of initiation and progression. However, trogo-
cytosis does appear to be specific to the immunological
synapse or related structures.54,56 Here however, we have
shown that purified labelled PEV bind to isolated mono-
cytes or monocytes in whole blood with the same dynam-
ics as agonist stimulated systems. This clearly demon-
strates that a trogocytosis like process is not required for
accumulation of PEV once they have been generated by
platelet activation (Figure 3). Our colleagues have also
shown that PEV levels increase dramatically after trauma
and thus are likely to be the source of GPIbα found on
leukocytes in trauma patients.57 
Using intravital microscopy we observed GPIbα-depen-

dent recruitment of PEV-treated monocytes to the vascu-
lature. Interestingly, the short-lived adhesive interactions,
here termed ‘transient rolling’ which did not result in pro-
longed monocyte localisation and activation at the vessel
wall, have previously been shown to have physiological
roles. Thus, under steady-state conditions (non-inflamed),
circulating platelets expressing GPIbα are able to interact
transiently with sinusoidal Kupffer cells in the liver via sur-
face-expressed VWF, interactions which are important for
host defence, as they facilitate uptake and disposal of bac-
teria by liver resident macrophages (Kupffer cells).58 In the
context of CVD, we showed that induction of pulmonary
inflammation with pollution nanoparticles, a known risk
factor for thrombo-inflammatory disease associated with
atherosclerosis,59 induced the formation of circulating
monocyte-PEV aggregates. Moreover, such aggregates
showed a significantly enhanced capacity to bind to the
artery wall in the ApoE-/- mouse after induction of disease
by feeding a high fat western diet. Thus, we propose that
the transfer of platelet cargo to monocytes by PEV can
contribute to the progression of plaque formation by pro-
moting the recruitment of inflammatory monocytes. It
would be interesting to investigate the functional and phe-

notypical changes induced by binding and internalisation
of PEV by monocytes. In this study we did not observe
major changes in integrin expression as a marker of activa-
tion. However, we do not exclude changes in monocyte
activation and/or function relevant to vascular disease
over longer periods of interaction. 
The paradigm discussed above may provide a novel

thrombo-inflammatory mechanism for the continuous
low levels of monocyte delivery in chronic inflammatory
conditions such as atherosclerosis.  However, our Golden
Hour data suggest that acquisition of this pathway of
monocyte recruitment could also lead to the clearance of
monocytes from the blood during acute and severe trau-
ma. Indeed, in this injured patient cohort, PEV counts
increase in the circulation57 and monocytes rapidly
acquired CD41-derived from PEV (1 hour after trauma)
which we believe led to their clearance from the circula-
tion, as frequency of CD41+ monocyte numbers are lower
4 hours after trauma. This may be due to clearance by the
reticulo-EC system, or alternatively by the expedited
recruitment to damaged and inflamed tissues, or indeed a
combination of both. Whatever the pathway of their
removal from the circulation, we speculate that the rapid
clearance of immune cells from the circulation may exac-
erbate cell turnover and result in immune suppression and
the increased risk of septic complications. In addition,
monocytes bearing pro-coagulant PEV could also con-
tribute to the initiation and propagation of disseminated
intravascular coagulation (DIC) which is a potential and
serious complication of traumatic injury.27
In conclusion, we believe that this new paradigm for

leukocyte recruitment is an important step in understand-
ing the contribution of platelets to thrombo-inflammatory
pathology. By acquiring GPIbα in the circulation, mono-
cytes may be provided with a means of interacting with
the vessel wall, which is ordinarily restricted to platelets
during haemostasis. In chronic diseases such as athero-
sclerosis, this process may occur with a low frequency
over protracted periods of time. Nevertheless, the dynam-
ic nature of PEV-monocyte interaction demonstrated in
this study implies that such routes of thrombo-inflamma-
tion may be major contributors to pathology. 
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Mutation and translocation of fibroblast growth factor receptors
often lead to aberrant signaling and cancer. This work focuses on
the t(8;22)(p11;q11) chromosomal translocation which creates the

breakpoint cluster region (BCR) fibroblast growth factor receptor1 (FGFR1)
(BCR-FGFR1) fusion protein. This fusion occurs in stem cell leukemia/lym-
phoma, which can progress to atypical chronic myeloid leukemia, acute
myeloid leukemia, or B-cell lymphoma. This work focuses on the biochem-
ical characterization of BCR-FGFR1 and identification of novel therapeutic
targets. The tyrosine kinase activity of FGFR1 is required for biological activ-
ity as shown using transformation assays, interleukin-3 independent cell
proliferation, and liquid chromatography/mass spectroscopy analyses.
Furthermore, BCR contributes a coiled-coil oligomerization domain, also
essential for oncogenic transformation by BCR-FGFR1. The importance of
salt bridge formation within the coiled-coil domain is demonstrated, as dis-
ruption of three salt bridges abrogates cellular transforming ability. Lastly,
BCR-FGFR1 acts as a client of the chaperonin heat shock protein 90 (Hsp90),
suggesting that BCR-FGFR1 relies on Hsp90 complex to evade proteasomal
degradation. Transformed cells expressing BCR-FGFR1 are sensitive to the
Hsp90 inhibitor Ganetespib, and also respond to combined treatment with
Ganetespib plus the FGFR inhibitor BGJ398. Collectively, these data suggest
novel therapeutic approaches for future stem cell leukemia/lymphoma treat-
ment: inhibition of BCR oligomerization by disruption of required salt
bridges; and inhibition of the chaperonin Hsp90 complex.

Oncogenic fusion protein BCR-FGFR1 requires
the breakpoint cluster region-mediated
oligomerization and chaperonin Hsp90 for
activation
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ABSTRACT

Introduction

Fibroblast growth factor receptors (FGFR) are part of the receptor tyrosine kinase
(RTK) family and are responsible for cell growth and proliferation. The FGFR fam-
ily is composed of four homologous receptors; all contain three extracellular
immunoglobulin-like domains, a transmembrane domain, and a split kinase
domain. When these receptors are bound to fibroblast growth factor (FGF) and
heparin sulfate proteoglycans, they are able to dimerize, which leads to auto-phos-
phorylation of the kinase domain and activation of downstream cell signaling path-
ways including signal transducer and activator of transcription (STAT), mitogen
activated protein kinase (MAPK), protein kinase B (AKT), and phospholipase C
gamma (PLCγ). FGFR signaling results in cellular migration, cell proliferation, angio-
genesis, and wound healing.1

FGFRs are often aberrantly activated in cancer by overexpression, mutation, or
translocation. Specifically, FGFR1 is involved in stem cell leukemia/lymphoma
(SCLL), also known as 8p11 myeloproliferative syndrome (EMS).2 SCLL is charac-
terized by a chromosomal translocation that produces a dimerizing protein partner
fused to the kinase domain of FGFR1.3 Although SCLL is rare, it can aggressively
progress to atypical chronic myeloid leukemia (CML), acute myeloid leukemia
(AML), or B-cell lymphoma. Despite extensive chemotherapy, the only known cur-



ative option for SCLL patients is hematopoietic stem cell
transplantation. Although both Ponatinib and Pemigatinib
(INCB054828) have been used to treat patients with
mixed results, few other alternative treatment plans exist
for patients who are either awaiting or are unable to
receive transplantation.4,5 This work focuses on the
t(8;22)(p11;q11) chromosomal translocation resulting in
the BCR-FGFR1 fusion protein with exon 4 of the break-
point cluster region (BCR) fused to exon 9 of FGFR1.
Although BCR was first identified fused to Abelson
murine leukemia viral oncogene homolog-1 (ABL), also
known as the Philadelphia chromosome, BCR has since
then been identified fused to ret proto-oncognene (RET),
Janus kinase 2 (JAK2), and platelet derived growth factor
receptor alpha (PDGFRA).6-9 Although a common fusion
partner, the endogenous function of the BCR gene remains
obscure. The fusion protein BCR-FGFR1 retains the
coiled-coil dimerization/oligomerization domain, putative
serine/threonine kinase domain, and partial RhoGEF
domain from BCR.10
The BCR-FGFR1 fusion is not well characterized, and

this work seeks to elucidate the underlying mechanisms
behind BCR-FGFR1 mediated SCLL. Although tyrosine
kinase inhibitor therapies (TKI) are traditionally used to
treat certain hematological cancers, the use of TKI often
results in drug resistance in patients. Thus, it is crucial to
determine additional therapeutic strategies in treating
hematopoietic cancers. Here we suggest disruption of the
BCR coiled-coil dimerization domain and Hsp90 inhibi-
tion as novel therapeutic targets for BCR-FGFR1 driven
SCLL. Data presented here may also allow for additional
approaches in treating BCR-ABL mediated CML, due to
the similarity between BCR-ABL and BCR-FGFR1 fusion
proteins. 

Methods

DNA Constructs
The BCR gene (pSG65-Bcr) was purchased from Addgene

(Watertown, MA, USA) and was subcloned into pcDNA3. FGFR1
and FGFR1-K656Ewere previously described.11 To construct BCR-
FGFR1, a BamHI site was introduced by PCR-based site-directed
mutagenesis after amino acid L584 in BCR and before amino acid
V429 in FGFR1. This unique internal BamHI site was used togeth-
er with an upstream site of EcoRI to subclone the 5’ region of BCR
into the FGFR1 pCDNA3 plasmid, creating a fusion breakpoint of
BCR exon 4 fused to FGFR1 exon 9. The BamHI site adds 6 bases
which code for a GS linker between the 5’ BCR and the 3’ FGFR1.
FGFR1-K514A12 and all other mutations described were intro-
duced by PCR-based site-directed mutagenesis. FGFR1 or BCR-
FGFR1 clones were subcloned into the pLXSN expression plasmid
for use in NIH3T3 or 32D cells. Details of plasmid DNA used are
in the Online Supplementary Material and Methods.

Cell transfection, immunoprecipitation, immunoblot
analysis
HEK293T cells were transfected with 3 mg of the pcDNA3 plas-

mid constructs using calcium phosphate transfection as
described.13 Immunoblotting was performed as described.14

NIH3T3 focus assays were performed as described.15 Number of
foci were, normalized by transfection efficiency, and quantitated
relative to a positive control +/-standard error of the mean (SEM). 
The Hsp90 inhibitor, Ganetespib was added to HEK293T trans-

fected cells at a concentration of 200 nM for 4 hours (h) during cell

starvation at 10% CO2, 37°C. Transfected NIH3T3 cells were
maintained with 0, 10, 20, 23, 25, or 30 nM Ganetespib for 14
days, and fixed and scored as described. For combination drug
treatment, 15 nM Ganetespib was used with the FGFR inhibitor
BGJ398 at 0, 2.5, or 10 nM. All cell assays were performed a min-
imum of three times. More detailed information is provided in the
Online Supplementary Materials and Methods.

Interleukin-3 (IL-3) independent growth in 32D cells 
A total of 1x106 32D cells were electroporated (1,500V, 10 ms, 3

pulses) by Neon Transfection system using 30 mg of FGFR1 or
BCR-FGFR1 derivatives in pLXSN in triplicate. 48 h after transfec-
tion, cells were selected with 1.5 mg/mL Geneticin (G418) for 10
days to generate stable cell lines before starting IL-3 independent
growth assays. Triplicate flasks were seeded with the cell lines at
4x104 cell/mL in the presence or absence of mouse IL-3. In addi-
tion, 1 nmol/L of FGF and 30 ug/mL of heparin was added to a set
of flasks in the absence of IL-3. On days 1, 3, 5, 7, and 9 samples
were counted and measured for MTT metabolic activity as
described.16 For Ganetespib treatment, cells were seeded with 0,
2.5, or 5.0 nM Ganetespib –/+ IL-3. MTT metabolic activity was
measured on days 3, 5, and 7. A concentration of 10 nM or higher
of Ganetespib was found to be toxic to 32D cells in the presence
of IL-3.

Mass spectrometry sample preparation
Liquid chromatography/mass spectroscopy (LC-MS/MS) for

phosphopeptide analysis was as described previously.16 Complete
information is available in the Online Supplementary Material and
Methods.  

Results 

Signaling cascade activation by BCR-FGFR1
The role of BCR in this fusion protein has remained

unclear, as BCR-FGFR1 retains the coiled-coil oligomeriza-
tion domain, putative serine/threonine kinase domain,
and partial RhoGEF domain from BCR. In order to eluci-
date if BCR-FGFR1 relies on the tyrosine kinase activity of
FGFR1, a K514A kinase dead mutation,12 or a K656E
kinase activating mutation,11,15 were introduced in the
FGFR1 tyrosine kinase domain in both FGFR1 and BCR-
FGFR1 backgrounds (Figure 1A). These studies were per-
formed in HEK293T cells, as they have previously been
used in FGFR signal transduction and protein phosphory-
lation studies.16 HEK293T cells expressing either full-
length FGFR1 or BCR-FGFR1 variants were analyzed for
MAPK, STAT3 and STAT5 activation, and FGFR1 receptor
phosphorylation. Expression of FGFR1 shows slight acti-
vation of the MAPK pathway, while expression of the
activated FGFR1-K656E shows elevated phosphorylation
levels of MAPK (Figure 1B, panel 7). Expression of BCR-
FGFR1 or BCR-FGFR1-K656E also resulted in MAPK phos-
phorylation. Additionally, STAT3 and STAT5 phosphory-
lation were strongly elevated by BCR-FGFR1 and BCR-
FGFR1-K656E, in comparison to FGFR1 or FGFR1-K656E,
indicating that BCR-FGFR1 induces both MAPK and STAT
pathway activation (Figure 1B, panel 3 and 5). 
To examine the phosphorylation of each fusion con-

struct compared with FGFR1, FGFR1-K656E and FGFR1-
K514A were expressed in HEK293T cells, collected and
immunoprecipitated with a C-terminal FGFR1 antibody,
and probed for tyrosine phosphorylation. An increase in
tyrosine phosphorylation was observed in both BCR-
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FGFR1, and BCR-FGFR1-K656E expressing cells, when
compared to FGFR1, indicating that the contribution of
BCR as a partner gene to this fusion increases the consti-
tutive phosphorylation of FGFR1 (Figure 1B, top panel).
Interestingly, although the putative serine/threonine
kinase domain in BCR is present in the BCR-FGFR1 fusion
protein, HEK293T cells expressing BCR-FGFR1-K514A,
which contains BCR fused to a kinase-dead FGFR1, does
not activate MAPK or STAT pathways (Figure 1B). In addi-
tion, no tyrosine phosphorylation of FGFR1 was detected
for cells expressing BCR-FGFR1-K514A, suggesting that
BCR-FGFR1 relies on the constitutive kinase activity of
FGFR1 for activation of downstream cell signaling. 

Cell transforming ability of BCR-FGFR1 by focus assay
In order to investigate the transforming ability of BCR-

FGFR1 and subsequent mutants, these constructs were
assayed in a NIH3T3 cell transforming assay. NIH3T3 cell
transformation assays were one of the original assays used
to discover and characterize novel oncogenes such as acti-
vated RAS, MUC4, AKT and various other oncogenes.16,17
NIH3T3 cells expressing BCR-FGFR1, BCR-FGFR1-K656E,
and FGFR1-K656E exhibited high levels of focus forma-
tion (Figure 2B, D and G). FGFR3-TACC3, a known fusion
oncogene,15,16 was used as a positive control. Interestingly,
BCR-FGFR1 and BCR-FGFR1-K656E exhibited nearly

three-fold higher focus formation in comparison to
FGFR3-TACC3. NIH3T3 cells expressing either FGFR1,
FGFR1-K514A, or BCR-FGFR1-K514A did not form any
visible foci (Figure 2C, E-F), indicating that the kinase
activity of FGFR1 is critical to the transforming ability of
this fusion. 

BCR-FGFR1 promotes IL-3 independent cell growth  
The BCR-FGFR1 fusion protein has been solely discov-

ered in hematopoietic cancers to date. Previous studies
have utilized either Ba/F3 or 32D hematopoietic cell lines
to demonstrate oncogenic and proliferative potential in
these IL-3 dependent cell lines.16,18 32D cells were used to
investigate the proliferative potential of cells expressing
FGFR and BCR-FGFR1 derivatives in the presence and
absence of IL-3, and in the absence or presence of aFGF
(Figure 3).
FGFR1, FGFR1-K656E, BCR-FGFR1, and BCR-FGFR1-

K656E were electroporated into 32D cells. Only 32D cells
which expressed either BCR-FGFR1 or BCR-FGFR1-
K656E were able to proliferate in the absence of IL-3, as
seen through MTT metabolic assays and cell counts
(Figure 3A and D). The addition of aFGF in the absence of
IL-3 resulted in a slight increase in cell growth for FGFR1
and FGFR1-K656E, but no change for BCR-FGFR or BCR-
FGFR1-K656E (Figure 3B and E), as expected since the

M.N. Peiris et al.

1264 haematologica | 2020; 105(5)

Figure 1. Cell signaling activated by BCR-FGFR1. (A) Schematic of FGFR1 and BCR-FGFR1 with K514A kinase dead, and K656E kinase activating mutations shown.
FGFR1 contains an extracellular ligand binding domain with immunoglobulin-like domains (Ig), a transmembrane domain (TM), a split tyrosine kinase domain, and
kinase insert domain (KI). BCR-FGFR1 contains breakpoint cluster region (BCR) exon 4 at the N-terminus fused to the kinase domain of fibroblast growth factor recep-
tor 1 (FGFR1) at exon 9. BCR contributes a coiled-coil (CC) and a putative serine/threonine (S/T) kinase domain to the BCR-FGFR1 fusion. (B) Lysates of HEK293T
cells expressing either FGFR1 or BCR-FGFR1 derivatives were immunoprecipitated with anti-FGFR1 antibody and immunobotted with phosphotyrosine antibody
(panel 1). These lysates were immunoblotted with anti-FGFR1 antibody to detect expression of transfected clones (panel 2). Lysates were examined for activation of
the STAT3, STAT5 and MAPK pathways using phospho-specific antibodies; phospho-STAT3 (Y705) (panel 3), phospho-STAT5 (Y694) (panel 5) and phospho-MAPK
(T202/Y204) (panel 7). Membranes were stripped and reprobed for total STAT3, STAT5 and MAPK shown in panels 4, 6 and 8, respectively.
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extracellular ligand binding domain of FGFR1 is removed
in the fusion proteins. All transfected constructs displayed
cell viability in the presence of IL-3 (Figure 3C and F).
Thus, these data demonstrate that the BCR-FGFR1 fusion
protein requires the N-terminal contribution of BCR for
IL-3-independent proliferation as assayed in 32D cells. 

LC-MS/MS analysis identifies novel phosphorylation
sites
The strong tyrosine phosphorylation signal seen in

BCR-FGFR1 and BCR-FGFR1-K656E lysates though
immunoblotting (Figure 1) led to the inquiry of whether
there were any novel phosphorylation sites within these
fusion proteins. To investigate this question, HEK293T
cell lysate expressing either FGFR1 or BCR-FGFR1 deriva-
tives were immunoprecipitated and analyzed by LC-
MS/MS as described.16
Both BCR-FGFR1 and BCR-FGFR1-K656E exhibit high

phosphorylation levels on key tyrosine residues in the
FGFR1 kinase domain, whereas BCR-FGFR1-K514A
exhibited only slight phosphorylation (Figure 4). The lack
of phosphorylation on the activation loop tyrosine
residues in BCR-FGFR1-K514A indicates that FGFR1
kinase activity is critical for activation of the BCR-FGFR1
fusion.

Additional serine, threonine, and tyrosine phosphoryla-
tion sites were also detected in BCR-FGFR1 or BCR-
FGFR1-K656E (Figure 4B-C) which have not been previ-
ously reported. To determine the role of these novel phos-
phoacceptor sites within the BCR domain of BCR-FGFR1
fusion proteins, phosphorylated serine or threonine
residues were mutated to alanine, and phosphorylated
tyrosine residues in BCR were mutated to phenylalanine.
Each construct was assayed for focus formation. In addi-
tion to these mutations, a BCR(Y177F)-FGFR1 mutant was
also assayed as it mutates the Grb2 binding site, previous-
ly shown to reduce activation of the BCR-FGFR1 fusion
protein.19,20
The Y177F Grb2 mutation in BCR-FGFR1 shows a 50%

decrease in transforming ability when compared to
NIH3T3 cells expressing BCR-FGFR1. However, all addi-
tional mutations in BCR phosphoacceptor sites displayed
little to no difference in transforming ability (Table 1). The
mutant BCR(T359A/S367A/S369A/S377A)-FGFR1, which
mutates phosphorylated residues within the ABL SH2
binding domain present in BCR, was also transforming.
Taken together, LC-MS/MS data and cell transformation
assays suggest that tyrosine phosphorylation on activation
loop residues within the FGFR1 kinase domain is critical
for BCR-FGFR1 activation. BCR-FGFR1 relies on an active
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Figure 2. Cell transformation of NIH3T3 cells by
BCR-FGFR1. Representative plates from a focus
assay are shown, with transfected constructs
indicated. The graph shows the number of foci
scored, normalized for transfection efficiency
and calculated as a percentage of transforma-
tion relative to FGFR3-TACC3 –/+ standard error
of the mean (SEM). Assays were performed a
minimum of three times per each DNA con-
struct. 



FGFR1 kinase domain for transformation, while phospho-
rylation on residues within the BCR domain does not
appear to be critical.

Salt bridge disruption in BCR dimerization domain
abrogates cell transforming ability
The coiled-coil oligomerization domain of BCR is an

attractive therapeutic target, as it is essential for cell trans-
formation as demonstrated with assays done in BCR-
ABL.21 Previous work has shown the necessity of salt
bridge formation for the activation of oncogenic fusion
protein ETV6-NTRK3, which is found in AML.22 Here we
investigated the importance of salt bridge formation in the
BCR coiled-coil domain as a potential requirement for the
oligomerization and oncogenic activation of BCR-FGFR1.
The coiled-coil oligomerization region of BCR spans

amino acid residues 3-75 and has been proposed to con-
tain two interhelical salt bridges stabilizing the two coils
in an antiparallel coiled-coil23 (Figure 5). The first salt
bridge (Salt Bridge #1) was proposed to form between

residues Glu34 and Arg55, whereas the second salt bridge
(Salt Bridge #2), between Glu46 and Arg53 is visible in the
crystal structure of the BCR oligomerization domain
(Figure 5B).23-25 Each salt bridge residue was individually
mutated to a residue of the opposite charge to abolish the
electrostatic interaction. When residues Glu34 or Arg55 in
BCR Salt Bridge #1 were mutated to the opposing charge,
E34R or R55E respectively, little to no effect was observed
in cell transformation (Figure 5C, mutants 2 and 8).
Likewise, when residues Glu46 or Arg53 in BCR Salt
Bridge #2 were mutated to the opposing charge, E46R or
R53E respectively, no effect in cell transformation was
observed (Figure 5C, mutants 3-4).
We also became aware of the possible importance of a

putative intrahelical salt bridge (Salt Bridge #3) involving
E52 and R5523 (Figure 5A-B). Since R55 is also involved in
Salt Bridge #1, this means that mutation of R55E to probe
the importance of Salt Bridge #1 inadvertently disrupts the
intrahelical Salt Bridge #3. This extra layer of complexity
was analyzed as shown in Table 2. The upper portion of
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Figure 3. BCR-FGFR1 supports interleukin-3-independent proliferation. 32D control cells and cell lines selectively expressing FGFR1, FGFR1-K656E (FGFR1*), BCR-
FGFR1 and BCR-FGFR1-K656E (BCR-FGFR1*) were cultured in the absence of interleukin-3 (IL-3) (A and D), in the presence of aFGF/Heparin (B and E) and in the
presence of IL-3 (C and F). Total number of cells were counted on days 1, 3, 5, 7 and 9 to examine IL-3 independent growth (A, B, and C). Cell viability was determined
by MTT metabolic assay (D, E, and F). All control cells and cell lines were assayed in triplicate. Standard deviation is shown.
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the table lists all possible mutations in Salt Bridges #1 and
#2 (mutants 2-5) which do not disrupt Salt Bridge #3. The
lower portion of the table lists all possible mutations in
Salt Bridges #1 and #2 which also perturb Salt Bridge #3
(mutants 7-12).
When only Salt Bridge #3 was disrupted in the E52R

mutation (Figure 5C, mutant 6), little effect was observed.
When various combinations of mutations were examined,
affecting Salt Bridge #3 together with either Salt Bridge #1
or Salt Bridge #2, the effects on biological activity were
variable (Figure 5C, mutants 7-10). However, cell-trans-
forming ability by BCR-FGFR1 was significantly reduced
or completely abrogated when all three salt bridges were
disrupted simultaneously: the mutant E34R/E46R/E52R
exhibited <1% transformation activity, and the mutant
R53E/R55E exhibited only 14% (Figure 5C, mutants 

11-12). These data suggest that these three salt bridges in
the BCR coiled-coil domain together provide a critical and
partially redundant role in the oligomerization and activa-
tion of BCR-FGFR1. Figure 5D presents focus assay plates
for BCR-FGFR1 (Figure 5D, mutant 1), and for selected
mutants that disrupt either 2 or 3 salt bridge simultaneous-
ly (Figure 5D, mutants 5, 7, 9-12).

BCR-FGFR1 is an HSP90 addicted oncoprotein
Hsp90 is a highly conserved, ubiquitously expressed

molecular chaperone that controls the stability of certain
proteins.26 Prior work has shown that Hsp90 is overex-
pressed in certain cancers, and the Hsp90 complex pro-
vides stability for various oncogenic proteins, which are
necessary for cancer cell survival.27 Many of these onco-
genes, such as mutated P53 or BCR-ABL take advantage of
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Figure 4. Phosphorylated residues
in BCR-FGFR1 derivatives identi-
fied by mass spectrometry analy-
sis. FGFR1 and BCR-FGFR1 deriva-
tives were transfected into
HEK293T cells and examined for
phosphorylation by mass spec-
trometry as described in the
Methods. The phosphorylation
sites are indicated that were
greater than 1% of the total phos-
phorylation detected in the sam-
ple. P-Tyr is shown in red; P-Thr is
shown in green; P-Ser is shown in
blue. Duplicate, independent sam-
ples were averaged; (A) BCR-
FGFR1-K514A, (B) BCR-FGFR1, (C)
BCR-FGFR1-K656E. There was no
significant difference in the phos-
phorylation sites detected in the
FGFR1 kinase domains in BCR-
FGFR1 fusions compared to the
FGFR1 derivatives (data not
shown). (D) A schematic presenta-
tion of the BCR-FGFR1 fusion pro-
tein with key amino acid positions
and domains labeled. The
oligomerization domain (OLIGO),
the Grb2 and the Abl SH2 binding
domains are shown. Also shown is
the partial DBL-homologous (DBL)
domain, which is a structural
RhoGEF domain of guanine
nucleotide exchange factors for
Rho/Rac/Cdc42-like GTPases. 
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the Hsp90 chaperone system to avoid ubiquitination and
proteasomal degradation.28 Here, we aim to uncover if
BCR-FGFR1 is a client of Hsp90 and possibly relies on the
Hsp90 complex for stability and cellular survival.
HEK293T cell lysate expressing either FGFR1 or BCR-

FGFR1 derivatives were immunoprecipitated with FGFR1
antisera and immunoblotted for Hsp90. An interaction
was observed between Hsp90 and BCR-FGFR1 deriva-
tives (Figure 6A). To further analyze if BCR-FGFR1 is
dependent on Hsp90 for cellular stability and activity,
assays with potent Hsp90 inhibitor, Ganetespib, were
performed. HEK293T cells expressing either FGFR1 or
BCR-FGFR1 derivatives were treated with 200 nM
Ganetespib for 4 h, then analyzed for overall FGFR1
expression and activation of downstream cell signaling
pathways (Figure 6B). A significant reduction in BCR-
FGFR1 expression is observed following Ganetespib
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Table 1. Biological activity of mutations in phosphoacceptor sites.
Construct                                             Foci relative to             SEM (%)
                                                            BCR-FGFR1 (%)

Mock                                                                             0                                    0
BCR-FGFR1                                                               100                                 11
BCR(Y177F)-FGFR1                                                 55                                  16
BCR(Y436F)-FGFR1                                                120                                  2
BCR(Y455F)-FGFR1                                                108                                  9
BCR(S122A)-FGFR1                                                 97                                   1
BCR(Y246F)-FGFR1                                                105                                  7
BCR(S459A)-FGFR1                                                129                                  1
BCR(Y554F)-FGFR1                                                126                                 11
BCR(T359A/S367A/S369A/S377A)-FGFR1            129                                  3
BCR: breakpoint cluster region; FGFR1: fibroblast growth factor receptor 1; SEM: stan-
dard error of the mean.

Figure 5. Three salt bridges are required for BCR-
FGFR1 activity. Focus assay results with salt
bridge mutations made in BCR coiled-coil domain.
(A) The anti-parallel heptad repeats of the coiled-
coil domain of BCR showing the residues in the
“e” and “g” positions.23 The two interhelical salt
bridges are indicated between residues E34 and
R55 (#1) in the “g” positions, and between E46
and R53 (#2) in the “e” positions. Below, residues
30 through 65 of the anti-parallel region are
shown with the salt bridges indicated. Also shown
in the linear sequence is the location of the 
intrahelical salt bridge involving E52-R55 in the
“d” and “g” positions. (B) The crystal structure of
the breakpoint cluster region (BCR) coiled-coil
oligomerization domain is shown (PDB code
1K1F), as viewed using Chimera software.24,25

Positive residues R53 and R55 are in blue while
negative residues E34, E46, and E52 are in red.
(C) Results from NIH3T3 transformation assay
expressing BCR-FGFR1 fusions with salt bridge
mutations. Foci were scored, normalized for trans-
fection efficiency and quantitated relative to BCR-
FGFR1 –/+ standard error of the mean (SEM).
Each DNA construct was assayed at least three
times. (D) Representative plates from a focus
assay are shown. In the interest of space, plates
are shown only for selected mutants that disrupt
either two or three salt bridges simultaneously, as
indicated.
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treatment (Figure 6B, top panel). Furthermore, treatment
with this Hsp90 inhibitor shows a decrease in phospho-
rylated STAT3, and complete ablation of phosphorylated
Tyr on BCR-FGFR1, when compared to control cells
treated (Figure 6B, panel 4 and 6). Interestingly, MAPK

retains phosphorylation, despite the loss of phosphorylat-
ed BCR-FGFR1 (Figure 6B, panel 2). Although unexpect-
ed, this result could be due to the Grb2 binding site pres-
ent in BCR, which activates downstream Ras and MAPK
pathways independently of FGFR1 activation.19 The dra-
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Table 2. Mutations affecting interhelical Salt Bridges #1 and/or #2, and intrahelical Salt Bridge #3. Mutated residues shown in bold font; missing
salt bridge indicated by ⨂ . Wt: wild-type.
Mutant Name                         Mutated Salt                     Salt Bridge #1               Salt Bridge #2                        Salt Bridge #3                  Activity
                                                    Bridges                              Residues                        Residues                                 Residues                             

(1) BCR-FGFR1 WT                            None                                      E34 • R55                            E46 • R53                                       E52 • R55                             Active
(2) E34R                                                   #1                                      E34R⨂ R55                        E46 • R53                                       E52 • R55                             Active
(3) E46R                                                   #2                                         E34 • R55                        E46R ⨂ R53                                   E52 • R55                             Active
(4) R53E                                                   #2                                         E34 • R55                        E46 ⨂ R53E                                    E52 • R55                             Active
(5) E34R/E46R                                     #1 + 2                                  E34R⨂ R55                     E46R ⨂ R53                                   E52 • R55                             Active
(6) E52R                                                   #3                                         E34 • R55                            E46 • R53                                   E52R ⨂ R55                          Active
(7) E34R/E52R                                     #3 + 1                                  E34R ⨂ R55                        E46 • R53                                   E52R ⨂ R55                       Reduced
(8) R55E                                               #3 + 1                                   E34 ⨂ R55E                         E46 • R53                                   E52 ⨂ R55E                          Active
(9) E46R/E52R                                     #3 + 2                                     E34 • R55                        E46R ⨂ R53                                E52R ⨂ R55                          Active
(10) R53E/E52R                                   #3 + 2                                     E34 • R55                        E46 ⨂ R53E                                E52R ⨂ R55                          Active
(11) E34R/E46R/E52R                     #3 + 1 +2                               E34R ⨂ R55                      E46 ⨂ R53                                 E52R ⨂ R55                        Inactive
(12) R55E/R53E                               #3 + 1 +2                               E34 ⨂ R55E                     E46 ⨂ R53E                                E52 ⨂ R55E                       Reduced

Figure 6. BCR-FGFR1 activity relies upon Hsp90. (A) Lysates from HEK293T cells expressing FGFR1 and BCR-FGFR1 derivatives were immunoprecipitated with
FGFR1 and immunoblotted with anti-Hsp90 antibody (top panel). The membrane was reprobed for total FGFR1 (panel 2). The bottom panel shows the Hsp90 expres-
sion in lysate samples. (B) HEK293T cells expressing FGFR1 and BCR-FGFR1 derivatives were treated with –/+ 200 nM Ganetespib for 4 hours (h) prior to lysing.
Lysates were examined for expression of the clones with anti-FGFR1 (panel 1), examined for activation of MAPK and STAT3 pathways using phospho-specific antibod-
ies; phospho-MAPK (T202/Y204) (panel 2) and phospho-STAT3 (Y705) (panel 4). Membranes were stripped and reprobed for total MAPK and STAT3 shown in panel
3 and 5, respectively. Tyrosine phosphorylation of FGFR1 and BCR-FGFR1 derivatives was examined by immunoprecipitating FGFR1 followed by immunoblotting with
anti-phosphotyrosine antibody (panel 6). The Hsp90 interaction was examined by immunoblotting with anti-Hsp90 antibody on FGFR1 immunoprecipitations (panel
7). The bottom control panel shows expression of GAPDH.
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matic decrease in BCR-FGFR1 expression with the addi-
tion of Ganetespib suggests that BCR-FGFR1 may be a
client protein of Hsp90 and potentially uses the Hsp90
complex for protein stability within the cell. 
To investigate if BCR-FGFR1 relies on Hsp90 for cell

transformation, NIH3T3 cells expressing FGFR1 or BCR-

FGFR1 derivatives were treated with increasing concentra-
tions of Ganetespib. Ganetespib concentrations were
titrated to allow for a dose that effectively treated BCR-
FGFR1 expressing cells without harming non-expressing
NIH3T3 cells. A reduction of cell transformation and focus
formation is observed with increasing concentrations of
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Figure 7. Effects of Ganetespib on BCR-FGFR1 activity
in cellular assays. (A) NIH3T3 transformation assay.
Cells expressing FGFR1-K656E, BCR-FGFR1 and BCR-
FGFR1-K656E were treated with increasing concentra-
tions of the Hsp90 inhibitor, Ganetespib (10, 20, 23, 26
and 30 nM). After 14 days (d), foci were scored and
each sample was normalized by transfection efficiency
set to 100% as the starting value under conditions of no
Gantespib. Mock transfected cells and cells expressing
FGFR1 were also included in this assay; no foci were
observed. (B) Effects of Ganetespib (15 nM) together
with increasing concentrations of FGFR-specific TKI
BGJ398 in NIH3T3 transformation assays. Quantitation
as in (A) above. Mock transfected cells and cells
expressing FGFR1 were also included in this assay;
again, no foci were observed (C and D). Ganetespib
inhibits 32D cell proliferation stimulated by BCR-FGFR1.
32D control cells and cells selectively expressing BCR-
FGFR1 were cultured in panel C in the absence of IL-3
and, in panel D, in the presence of IL-3, together with
Ganetespib at 0, 2.5, and 5.0 nM. Cells expressing
FGFR1 were also included in this assay and showed no
cell proliferation in the absence of IL-3, as shown earlier
(Figure 3A and D). Cell viability was determined by MTT
metabolic assay. All control cells and cell lines were
assayed in triplicate. Standard error is shown.
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Ganetespib (Figure 7A).  The BCR-FGFR1 derivatives were
more sensitive to the Ganetespib than FGFR1-K656E, pos-
sibly due to the lack of HSP90 association with FGFR1-
K656E (Figure 6).
Furthermore, in order to determine if the effects of

Ganetespib were synergistic with FGFR inhibition, a com-
binatorial experiment was performed on NIH3T3 cells
expressing either BCR-FGFR1 or FGFR1 derivatives,
which were simultaneously treated with Ganetespib and
a TKI. These cells were treated with a constant 15 nM
Ganetespib and were dosed with increasing concentra-
tions of BGJ398, a potent FGFR inhibitor (Figure 7B). A
potentially synergistic effect is observed between
Ganetespib and BGJ398, as foci production among cells
expressing either BCR-FGFR1 or FGFR1 derivatives dra-
matically decreases. These data suggest that the use of
Hsp90 inhibition combined with TKI treatment may be
beneficial for BCR-FGFR1 expressing cells. 
The effect of Ganetespib was also examined using 32D

IL-3-dependent cells. The IL-3-independent proliferation
of the BCR-FGFR1 expressing 32D cells was reduced by
treatment with Ganetespib as measured by MTT assay
(Figure 7C). The Ganetespib did not affect the normal
dependence of the cells on IL-3, as shown in Figure 7D.
Therefore, these data suggest that BCR-FGFR1 is depend-
ent on the molecular chaperone Hsp90 for cellular trans-
formation.

Discussion 

Considerable advances have been made in our under-
standing of the molecular basis of hematological cancers.
Since the identification of BCR-ABL almost 60 years ago,29
over 500 oncogenic translocations have been identified in
hematopoietic cancers alone, which emphasizes the
importance of identifying and characterizing these onco-
genic drivers.30 With the emergence of personalized medi-
cine, the characterization of activators of SCLL, such as
BCR-FGFR1, is critical in determining additional therapeu-
tic targets. Although the use of TKI to treat SCLL is
becoming more commonplace, TKI treatment often
results in drug resistance in patients, highlighting the need
for additional therapies for SCLL.31

Biological and biochemical characterization of 
BCR-FGFR1 
Through the data presented, we were able to extensive-

ly characterize the fusion protein BCR-FGFR1. We
demonstrate that the N-terminal fusion of BCR results in
constitutive activation of FGFR1. Through our cell signal-
ing studies, we demonstrate that BCR-FGFR1 activates
ERK/MAPK and JAK/STAT pathways, and possesses
transforming activity in NIH3T3 cells (Figure 1-2).
However, BCR-FGFR1-K514A was unable to activate
either pathway, or transform NIH3T3 cells, indicating that
BCR-FGFR1 relies on the kinase activity of FGFR1 for acti-
vation. Furthermore, 32D cells expressing BCR-FGFR1 or
BCR-FGFR1-K656E were able to proliferate in the absence
of IL-3, indicating the oncogenic potential of this fusion
protein (Figure 3).
LC-MS/MS data additionally demonstrate that BCR-

FGFR1 relies on the kinase activity of FGFR1 for onco-
genic activity. Phosphorylation on key tyrosine residues in
the FGFR1 kinase domain, including Y653 and Y654 in the

activation loop, is observed in BCR-FGFR1 and BCR-
FGFR1-K656E, which is absent in kinase-dead BCR-
FGFR1-K514A (Figure 4). Although novel phosphorylation
sites were detected on BCR, these phosphoacceptor sites
do not appear to be critical for the cell transformation or
oncogenic ability of BCR-FGFR1 (Table 1). 

Novel therapeutic targets for SCLL induced by 
BCR-FGFR1 
Currently, hematopoietic stem cell transplantation is the

primary curative option for patients who have SCLL.
Here, we have described two novel potential therapeutic
approaches: disruption of ionic bonding that stabilizes
BCR oligomerization, and inhibition of the chaperonin
Hsp90 complex. 
The coiled-coil oligomerization domain of BCR has pre-

viously been demonstrated to be essential for the trans-
forming ability of BCR-ABL.21 However, the requirement
of electrostatic interactions within the coiled-coil domain
for oligomerization has not been investigated. Here, we
have described a novel inhibition of BCR-FGFR1 mediated
cell transformation through abolishing three salt bridge
interactions in the coiled-coil domain of BCR. This abla-
tion of cell transformation is seen through focus forming
assays, as the disruption of these salt bridges in the 
BCR-FGFR1 mutant E34R/E46R/E52R (mutant 11) almost
completely abolishes focus formation (Figure 5).
Furthermore, the intrahelical Salt Bridge #3, formed by
residue Glu52 with Arg55 in BCR, plays a crucial role in
providing stability for the coiled-coil domain in BCR. The
apparent ability of Arg55 to form complex salt bridges
with Glu34 and Glu52 highlights the potential importance
of cooperativity exhibited by complex salt bridges and
their contribution to protein stability.32 Taken together,
these data suggest that these three salt bridges provide a
critical role in the activation of BCR-FGFR1. The potential
loss of oligomerization and near absence in focus forma-
tion suggests that the coiled-coil domain of BCR is an
attractive therapeutic target for SCLL. 
Additionally, we have shown that BCR-FGFR1 is a

client of the Hsp90 chaperone complex, and potentially
uses this complex to avoid proteasomal degradation in the
cell. Previous work has shown that the FGFR1OP2-FGFR1
fusion is also a client of the Hsp90 complex, and that tar-
geting the Hsp90 complex resulted in reduced activity of
this fusion protein.33 The interaction and dependence of
BCR-FGFR1 on the Hsp90 complex is established through
cell transformation assays, and analysis of downstream
cell signaling (Figure 6-7). A decrease in overall expression
of BCR-FGFR1 is detected with the addition of
Ganetespib, a potent Hsp90 inhibitor. Furthermore, BCR-
FGFR1 expressing cells treated with Ganetespib displayed
a reduction in STAT and MAPK activation, and no FGFR1
phosphorylation. Additionally, the transformation ability
of cells expressing BCR-FGFR1 decreases when treated
with increasing concentrations of Ganetespib (Figure 7A),
indicating that this fusion protein relies on the Hsp90
complex for cellular stability, and is sensitive to Hsp90
inhibition. We also examined the combined effects of
Ganetespib with the FGFR inhibitor BGJ398 in NIH3T3
cell transformation assays (Figure 7B), and in 32D cell pro-
liferation assays in the absence and presence of IL-3
(Figure 7C-D). Taken together, these data show that BCR-
FGFR1 may rely on the Hsp90 molecular chaperone com-
plex to avoid proteasomal degradation.34
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Through this work, we have described potential
approaches to inhibit BCR-FGFR1 induced SCLL.
Although TKI therapies have been used to traditionally
treat certain hematopoietic cancers, their use has often
resulted in drug resistance. Recently it has been discovered
that FGFR1 fusion kinases are associated with the upregu-
lation of MYC, which drives SCLL.35 Targeting the MYC
complex in addition to chemotherapy, and the approaches
described here may also be therapeutically beneficial for
patients with SCLL. 

Relevance for BCR-ABL driven cancers 
Since the initial characterization of BCR-ABL, the emer-

gence of cancer genome sequencing has played a vital role
in the detection of other translocation-induced malig-
nances. BCR-ABL is detected in 95% of CML cases, and
variants of this gene exist with alternative breakpoints.
The most commonly found transcript is the BCR-ABL
p210 variant which contains a breakpoint of BCR exon 13
fused to exon 1 of ABL.10 In comparison to BCR-FGFR1,
BCR-ABL retains more of the BCR gene in this fusion.
However, both fusions retain the oligomerization domain,
putative serine threonine/kinase domain and GEF domain.
Due to the similarity between these fusions, we propose
that the work described here will be relevant to BCR-ABL
fusions as well. In particular, the inhibition of the BCR
coiled-coil domain through salt bridge disruption may be
an additional therapeutic target for BCR-ABL.
Furthermore, retention of the GEF domain in BCR-FGFR1
has been shown to result in reduced leukemogenesis.36
Although TKI are usually the first line of treatment for

CML, many patients will require concurrent forms of ther-

apy to ensure complete remission.37 Hsp90 inhibition has
become an attractive therapeutic target in treating 
BCR-ABL induced CML. More recently, aminoxyrone was
shown to be effective in inhibiting imatinib resistant
CML.37 While Ganetespib binds to the N-terminal ATP
binding site in Hsp90, Aminoxyrone binds to the C-termi-
nal tail of Hsp90, preventing its dimerization. The combi-
nation of Hsp90 inhibition with traditional chemotherapy
and TKI treatment may be beneficial in patients with
CML or SCLL. These recent findings again highlight the
importance of the characterization of oncogenic transloca-
tions as well as the development of additional therapeutic
targets to treat therapy-refractory leukemia. 
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Although highly effective, BCR-ABL1 tyrosine kinase inhibitors do not
target chronic myeloid leukemia (CML) stem cells. Most patients
relapse upon tyrosine kinase inhibitor therapy cessation. We reported

previously that combined BCR-ABL1 and BCL-2 inhibition synergistically
targets CML stem/progenitor cells. p53 induces apoptosis mainly by modu-
lating BCL-2 family proteins. Although infrequently mutated in CML, p53 is
antagonized by MDM2, which is regulated by BCR-ABL1 signaling. We
hypothesized that MDM2 inhibition could sensitize CML cells to tyrosine
kinase inhibitors. Using an inducible transgenic Scl-tTa-BCR-ABL1 murine
CML model, we found, by RT-PCR and CyTOF proteomics increased p53
signaling in CML bone marrow (BM) cells compared with controls in CD45+
and linage-SCA-1+C-KIT+ populations. CML BM cells were more sensitive to
exogenous BH3 peptides than controls. Combined inhibition of BCR-ABL1
with imatinib and MDM2 with DS-5272 increased NOXA level, markedly
reduced leukemic linage-SCA-1+C-KIT+ cells and hematopoiesis, decreased
leukemia burden, significantly prolonged the survival of mice engrafted with
BM cells from Scl-tTa-BCR-ABL1 mice, and significantly decreased CML
stem cell frequency in secondary transplantations. Our results suggest that
CML stem/progenitor cells have increased p53 signaling and a propensity for
apoptosis. Combined MDM2 and BCR-ABL1 inhibition targets CML
stem/progenitor cells and has the potential to improve cure rates for CML.
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ABSTRACT

Introduction

Chronic myeloid leukemia (CML) originates from the t(9;22) chromosomal translo-
cation that results in the BCR-ABL1 fusion gene and constitutive activation of the
BCR-ABL1 tyrosine kinase in hematopoietic stem cells.1-3 CML stem cells are quies-
cent,4 yet can self-renew, proliferate, differentiate, and promote expansion of the
myeloid lineage. The development of imatinib and other tyrosine kinase inhibitors
(TKI) has made CML, once a deadly disease, highly manageable with a 10-year overall
survival rate of over 90%. 
Although extremely effective in eliminating proliferating CML cells, TKI are inac-

tive against quiescent CML stem cells, despite inhibition of BCR-ABL1 activity,5-7 and
several clinical trials have demonstrated that approximately 50% of patients eventu-
ally relapse after ceasing TKI therapy.8-11 Long-term treatment with TKI is expensive,
and may lead to the development of inhibitor resistance, or intolerance to therapy.
Furthermore, the persistence of CML stem cells contributes to the generation of new
clones with additional acquired mutations, which can lead to progression to acute dis-
ease over time. Thus, eradicating CML stem cells is the ultimate goal in curing CML. 
Numerous combinatorial strategies have been proposed pre-clinically and shown to

be effective in eradicating CML stem cells.12-16 Among them, concomitant targeting of



anti-apoptotic BCL-2 proteins enhances TKI activity in
CML,17-19 and we demonstrated that BCL-2 is a key survival
factor of CML stem cells, and targeting BCL-2 with ABT-
199, combined with a TKI, enhanced eradication of CML
stem cells.20
Among its numerous tumor suppressor functions, p53

activates the expression of the pro-apoptotic BCL-2 pro-
teins BAX, PUMA, NOXA, and BID triggering apoptosis.21-
23 Altered p53 and MYC transcriptional network in CML
stem cells was recently reported, and targeting both p53
and MYC selectively eliminated CML stem cells.24
Activation of p53 by inhibition of SIRT1 or MDM2, in com-
bination with TKI has been explored in CML.25,26 We report-
ed that TKI in combination with the MDM2 inhibitor nut-
lin3a enhanced apoptosis induction in proliferating and qui-
escent blast crisis CML progenitor cells in vitro.27
The expression of p53 can be induced when cells are

stressed, including those associated with oncogenic stimu-
lation. Like other oncogenes, the hyper-proliferative signal
from BCR-ABL1 can activate p53 and induce cell cycle block
and senescence to counterbalance oncogenic stimulation
signals. This may also contribute to CML stem cell mainte-
nance. However, the role of p53 signaling proteins in BCR-
ABL1 oncogene-driven CML/CML stem cells and the
response of CML stem cells to the combined MDM2 and
BCR-ABL1 inhibition have not been fully investigated.
Using an inducible, stem cell promoter (Scl)-driven trans-

genic CML murine model (Scl-tTa-BCR-ABL1 mice),15,20,28,29
we here determine the expression of p53 and its signaling
proteins in bone marrow (BM) cells and lineage-SCA-1+C-
KIT+ (LSK) cells from CML and control mice, and in BM
cells in CML mice treated with the MDM2 inhibitor DS-
5272, the TKI imatinib, or both, using novel CyTOF mass
cytometry, which measures single-cell protein expression in
phenotypically-defined cell populations. We also investigat-
ed the anti-leukemia activity of combined MDM2 and
BCR-ABL1 inhibition in this model. 

Methods

Mouse model and cells
Mouse experiments were performed in accordance with MD

Anderson Cancer Center Animal Care and Use Committee
approved protocols. Scl-tTa-BCR-ABL1 FVB/N mice28,29 were pro-
vided by Dr. R. Bhatia (University of Alabama at Birmingham, AL,
USA). BM cells were collected from mice 3-4 weeks after tetracy-
cline cessation (Tet-off) or from controls (Tet-on).

Human cells
Cells from newly diagnosed chronic phase CML (CML-CP)

patients (Online Supplementary Table S1) and normal controls were
obtained as described in the Online Supplementary Methods. 

Real-time polymerase chain reaction 
Real-time polymerase chain reaction (RT-PCR) was carried out

as previously described20 using freshly isolated mouse or human
BM cells. Primers are shown in Online Supplementary Table S2. The
abundance of each transcript relative to that of Abl1 or ABL1 was
calculated using the 2−DCt method, expressed as copies of each
mRNA/1000 copies of Abl1 or ABL1. 

Western blot 
Western blot was performed as described previously.20

Antibodies against human p53 and BAX were purchased from
Santa Cruz (Dallas, TX, USA).

Mass cytometry 
Mouse BM cells were stained with metal-tagged antibodies for

cell surface markers and intracellular proteins (Online Supplementary
Table S3) and subjected to mass cytometry (CyTOF)  analysis as
previously described16,20,30 and as briefly described in the Online
Supplementary Methods.

Mitochondrial priming 
BH3 priming assay as previously described31 is described briefly

in the Online Supplementary Methods.

In vivo experiments
GFP+ CML cells from donor mice as previously described15,20

were injected (0.6x106 cells/mouse) into FVB/N recipient mice (The
Jackson Laboratory) irradiated at 900 cGy. After CML developed,
assessed by flow cytometry measurement of GR-1 (LY6G)+ cells,
mice were treated daily (oral gavage) with imatinib (100 mg/kg;
vehicle: acidified water, pH 5.0) for four weeks, DS-5272 (50
mg/kg; vehicle: 0.5% w/v methylcellulose 400) for two weeks (ini-
tiated two weeks after imatinib group), imatinib for two weeks
and then plus DS-5272 for two additional weeks, or vehicle control
(1:1 volume of each vehicle). Two sets of experiments were per-
formed. 
Experiment I: at the end of treatments, BM and spleen cells (n=3-

5/group) were collected and stained with a lineage cocktail and
antibodies against SCA-1 (eBioscience, ThermoFisher Scientific), C-
KIT (CD117), CD34, FcγRII/III, GR-1 (LY6G), and MAC-1 (CD11b)
(all from BioLegend, San Diego, CA, USA) to measure leukemia
LSK, myeloid progenitors, and myeloid cells as previously
described.20 Peripheral blood (PB) leukemia burden was measured
by total and GFP+ white blood cell (WBC) count  (CD45+) and total
and GFP+ neutrophils (Ly6G+) using flow cytometry. Mouse sur-
vival was recorded. 
Experiment II: BM cells were collected at the end of treatments

for secondary transplantation as described previously.20 At 16
weeks, PB engraftment was determined, and the frequency of
leukemia long-term hematopoietic stem cells (LT-HSC) was calcu-
lated. Green fluorescent protein (GFP) positivity and BCR-ABL1
RNA levels in BM cells from mice that received 0.25x106

cells/mouse were determined.

Statistical analysis
Results are expressed as mean±standard error of the mean.

P<0.05 was considered statistically significant (two-sided Student t-
test). Correlation coefficient was determined by Pearson correlation
analysis. Mouse survival was estimated by the Kaplan-Meier
method and data were analyzed using the log-rank test. LT-HSC
frequency was calculated using the Extreme Limiting Dilution
Analysis software program (http://bioinf.wehi.edu. au/software/elda/).32 

Results

BCR-ABL1 oncogene increases the expression of p53 and
p53 targets 
To determine p53 expression and p53 signaling in

hematopoietic cells of CML mice and compare with those
of controls, we collected BM cells from Tet-off CML and
Tet-on control Scl-tTa-BCR-ABL1 FVB/N mice, and deter-
mined the RNA levels of p53 and its target genes by RT-
PCR. We found that BCR-ABL1 induction significantly
increased Trp53 (p53) RNA and that of its target genes
including Bax, Pmaip1 (Noxa), Mdm2, and Cdkn1a (p21)
(Figure 1A) (P<0.001 for all genes analyzed), supporting
oncogenic induction of p53. 
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Figure 1. Expression of p53 and target genes in Tet-off chronic myeloid leukemia (CML) and Tet-on control mice. (A) RNA levels of Trp53 (also shown in the insert)
and its target genes in Tet-off CML and Tet-on control mouse bone marrow (BM) cells, determined by Taq-Man real-time polymerase chain reaction (RT-PCR).  (B) Heat
map and cell subset clusters by RPhenoGraph based on mouse cell surface markers (upper) and protein expression of p53 and p53 targets in BM cells of Tet-off
and Tet-on mice, shown by RPhenoGraph (constructed from all the samples in each group) (lower panel) determined by CyTOF mass cytometry analysis. (C) Heat map
showing protein expression of p53 and target genes in individual Tet-off CML and Tet-on control mouse BM CD45+ (bulk) and lineage-SCA-1+C-KIT+ (LSK)  cells as
determined by CyTOF mass cytometry, quantified by FlowJo software, and expressed in ArcSinh. BM cells were collected from mice 3-4 weeks after tetracycline ces-
sation (Tet-off) (n=6) or from age-matched controls (Tet-on) (n=5).
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We next stained BM cells from Tet-off and Tet-on Scl-
tTa-BCR-ABL1 FVB/N mice with a panel of metal-tagged
antibodies for cell surface and intracellular proteins (Online
Supplementary Table S3) and performed CyTOF mass
cytometry analysis. Following Cytofkit unsupervised sub-
set detection based on RPhenoGraph clustering algo-
rithms, expression of various proteins was determined in
bulk CD45+ and LSK (cluster 9, pink circle) cells (see Figure
1B). We found increased levels of p53 and its targets,
including NOXA, MDM2, and p21 in CD45+ and LSK cells
from Tet-off BM cells compared with their Tet-on counter-
parts, as displayed by RPhenoGraph (Figure 1B) as well as
in a heat map showing the expression of each protein in
each individual mouse (Figure 1C). We previously report-
ed that BAX, another target of p53, was also higher in BM
CD45+ and LSK cells from Tet-off CML mice compared to
that in control mice.20 

To demonstrate that increased expression of p53 and its
target proteins also occurs in newly-diagnosed CML-CP
patients, we first performed RT-PCR using RNA isolated
from fresh BM samples of patients (n=5) (Online
Supplementary Table S1)  and normal controls (n=6).
Although there were high individual variations, overall
BM cells from CML patients expressed higher levels of
RNA representing p53 signaling proteins compared with
those from normal controls, with statistically significantly
higher BAX (P=0.009) and markedly higher PMAIP1
(NOXA) (P=0.06) (Figure 2A). 
We next isolated CD34+ cells from fresh BM or PB sam-

ples of newly-diagnosed CML patients (n=7) (Online
Supplementary Table S1) and fresh BM samples from nor-
mal controls (n=5) and obtained sufficient material for
determining p53 and BAX protein levels by western blot
analysis. We found that CD34+ cells from CML-CP patient
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Figure 2. Expression of p53 and target genes in samples from patients with chronic phase chronic myeloid leukemia (CML)-CP and normal bone marrow (BM) con-
trols (NBM). RNA and protein lysates were prepared from freshly collected samples and CML samples were obtained from untreated newly diagnosed CML-CP
patients. (A) RNA levels of TP53 and its target genes in CML patient samples (n=5) and NBM controls (n=6), determined by Taq-Man real-time polymerase chain reac-
tion. (B)  p53 and BAX protein levels in CD34+ cells of NBM (n=5) or of untreated newly diagnosed CML-CP patients (n=7) were determined by western blot analysis
and the correlation of the two proteins in patient samples was shown. MWM: molecular weight markers. Error bars indicate standard error of the mean. 
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samples expressed statistically significantly higher p53
(P=0.019) and, although non-significant, higher BAX pro-
tein levels, and that p53 and BAX levels in the CML-CP
samples were highly correlated (R2=0.58, P=0.002) (Figure
2B). Note among the seven CML-CP samples tested, sam-
ple #6,  that had the lowest levels of p53 and BAX, was a
PB sample. All of the other samples were derived from
BM. All the normal controls were derived from BM.    

Bone marrow lineage-SCA-1+C-KIT+ cells from chronic
myeloid leukemia mice are sensitive to BH3 
peptide-induced apoptosis
Induction of apoptosis is one of the major functions of

p53, which occurs primarily through transcriptional acti-
vation of pro-apoptotic BCL-2 family proteins such as
BAX and NOXA. Our previous study of the overexpres-
sion of BCL-2 proteins20 and the present assessment of
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Figure 3. Priming analysis of bone marrow (BM) cells from Tet-off chronic myeloid leukemia (CML) and Tet-on control mice to BH3 peptides. BM cells were treated
with various BH3 peptides (PUMA, 10 mM; all others, 100 mM) for 2 hours and 15 minutes. CD45+ or lineage-SCA-1+C-KIT+ (LSK)  cells were analyzed using flow cytom-
etry after the cells were stained with JC-1 and priming was calculated for each peptide. Error bars indicate standard error of the mean. BM cells were collected from
mice 3-4 weeks after tetracycline cessation (Tet-off) (n=6) or from age-matched controls (Tet-on) (n=5). (A) Results of CD45+ cells (n=6 for Tet-off and n=5 for Tet-
on). (B) Results of LSK cells (n=5 for Tet-off and n=2 for Tet-on).
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increased p53 signaling in the BM of CML mice suggested
that CML cells are protected from cell death, but possibly
could still have a propensity for p53-mediated apoptosis.
Consequently, they could be more sensitive to BH3 pep-
tides than normal controls. To test this, we treated BM
cells from Tet-off CML (n=6) and Tet-on control (n=5)
mice with various BH3 peptides in order to assess the pool

of sequestered pro-apoptotic, BH3-only proteins (priming)
in CD45+ and CD45+LSK cells. Owing to the limited num-
ber of cells available in the LSK population, priming results
were calculated for only those samples in which sufficient
LSK cells (>10 cells) were measured (n=5 for Tet-off and
n=2 for Tet-on).
Although the variations were large, (likely due, in part,

MDM2 and BCR-ABL1 inhibition targets CML stem cell 

haematologica | 2020; 105(5) 1279

Figure 4. Effects of combined activation of p53 by MDM2 inhibition and inhibition of BCR-ABL1 by imatinib in vivo. (A) Experimental scheme. (B) The combination
of the MDM2 inhibitor DS-5272 (DS) and imatinib (IM) significantly decreases chronic myeloid leukemia (CML) lineage-SCA-1+C-KIT+ (LSK)  frequency, increases p53
signaling in CML LSK cells, and reduces leukemia cells in various cell subsets in mouse bone marrow (BM).  (C) The combination of DS and IM significantly decreases
CML LSK frequency and reduces leukemia cells in various cell subsets in the mouse spleen. The analysis was carried out in cells collected at the end of the treat-
ments. Con: control. (B and C) N=3, 4, and 4 for IM, DS, and IM+DS treatment groups; respectively. In the control group, n=5 for measuring CML cell numbers in var-
ious populations, and n=4 for determining protein levels by CyTOF mass cytometry.
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to limited cell numbers in some samples), CML mouse BM
CD45+ cells tended to be more sensitive to the BH3 pep-
tides tested, but were statistically significantly more sensi-
tive than cells from control mice to the NOXA peptide
(P=0.044) (Figure 3A). CML mouse BM LSK cells overall
were statistically significantly more sensitive to BH3 pep-
tides, especially to BIM (P=0.034) and NOXA (P=0.00052),
than were controls (Figure 3B). These results indicated
that CML cells, and stem/progenitor cells, were more sen-
sitive to BH3 peptide-induced apoptosis than controls. 

Combined activation of p53 and inhibition of 
BCR-ABL1 demonstrates strong anti-leukemia activity
and inhibits leukemic lineage-SCA-1+C-KIT+cells in
chronic myeloid leukemia mice 
Bone marrow cells from Tet-off Scl-tTa-BCR-ABL1/GFP

mice were injected into irradiated recipient FVB/N mice.
After confirming the development of neutrophilic leuko-
cytosis in PB (4 weeks after cell injection), mice were
untreated, or treated with imatinib, DS-5272, or the com-
bination, following the scheme shown in Figure 4A. At the
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Figure 5. Anti-leukemia activity of combined activation of p53 by MDM2 inhibition and inhibition of BCR-ABL1 by imatinib in a mouse model of chronic myeloid
leukemia (CML). (A) Leukemia burden in each treatment group at the end of treatments and 7 and 11 weeks (wk) after treatments was assessed using flow cytom-
etry measuring total GFP+ white blood cell (WBC) count  and neutrophils in mouse peripheral blood (PB). Con: control; IM: imatinib; DS: DS-5272. (B) Kaplan-Meier
curves for overall survival. Each dot/mark represents the result from an individual mouse; d: days.
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end of the 4-week treatments, BM and spleen cells were
collected (n=3-5 from each group) and leukemia
hematopoiesis was analyzed. Flow cytometry analysis
showed that the number of GFP+LSK cells was significant-
ly reduced in the BM in all treatment groups compared to
controls (Figure 4B). The combination was the most effec-
tive (P=0.002 vs. control; GFP+LSK cell numbers in combi-
nation was 14.9% of that in control group) and was statis-
tically significantly better than imatinib alone (P=0.037)
(Figure 4B). The combination also statistically significantly
decreased the number of GFP–LSK cells (P=0.026 vs. con-
trol), but to a much lesser degree, and GFP–LSK cells in the
combination treated group was 38.5% of that in the con-

trol, suggesting that a therapeutic window exists for the
respective treatments (Online Supplementary Figure S1A). 
We determined the levels of p53 and its target proteins

in the LSK cell population by CyTOF mass cytometry and
observed some increases in these proteins, particularly sig-
nificant increases of NOXA in the combination group and
BAX in the DS-5272-treated group (Figure 4B). BAX level
was also increased in the combination group, but did not
reach statistical significance (Figure 4B). Imatinib and the
combination also statistically significantly decreased the
number of GFP+ WBC, common myeloid progenitor
(CMP) cells, and mature myeloid cells, and granulocyte-
monocyte progenitor (GMP) cells were not significantly
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Figure 6. Effects of combined inhibition of MDM2 and BCR-ABL1 on chronic myeloid leukemia (CML) stem cells in vivo after secondary transplantation. (A) Green
fluorescent protein (GFP) positivity (top panels) and numbers of engrafted versus total transplanted mice and leukemia long-term hematopoietic stem cell (LT-HSC)
frequency (lower panel) are shown at 16 weeks after secondary transplantation in peripheral blood (PB) of mice injected with various cell dilutions for each treatment
group. (B) GFP positivity at 16 weeks after secondary transplantation in bone marrow (BM) of mice injected with 0.25x106 cells/mouse in each treatment group, as
well as BM BCR-ABL1 RNA levels in these mice. Each dot/mark represents the result from an individual mouse. M: one million cells.
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affected by the treatments (Figure 4B) at this time point. 
Although we did not observe decreased spleen leukemic

hematopoiesis by imatinib (but rather some increase) or
DS-5272, the combination statistically significantly
reduced leukemia GFP+LSK (Figure 4C), while neither sin-
gle agent alone, nor their combination, statistically signif-
icantly altered the number of GFP–LSK in mouse spleen
(Online Supplementary Figure S1B). In addition, the combi-
nation also statistically significantly decreased GFP+CMP
cells in spleen and tended to reduce leukemia WBC and
mature myeloid cells (Figure 4C). Again, the treatments
did not affect GMP cells in the spleen. 
Mice that received DS-5272 were treated for only two

weeks during the second half of the treatment (Figure 4A).
Although DS-5272 by itself did not statistically significant-
ly decrease CML cells in several cell populations, it greatly
enhanced the activity of imatinib, especially in suppress-
ing GFP+LSK cells, both in BM and spleen. 
To further assess the anti-leukemia activity of each

agent and the combination, we determined circulating
leukemia at the end of and at 7 and 11 weeks after treat-
ments by flow cytometry measurement of GFP+ total
WBC and GFP+ neutrophils. As shown in Figure 5A, at the
end of the treatments, all treated groups had statistically
significantly fewer GFP+WBC and neutrophils compared
with the control group (P<0.001), and the combination
was statistically significantly more effective than imatinib
(P<0.01 for both WBC and neutrophils) or DS-5272 alone
(P<0.01 for WBC and P=0.0264 for neutrophils; left panel).
At 7 weeks after treatments, only the combination group
demonstrated statistically significant decreases in
GFP+WBC (P=0.0134) and GFP+ neutrophils (P=0.0139)
compared with the control group (middle panel). At 11
weeks after treatments, although all treatment groups still
showed lower leukemia burden compared with controls,
no statistical significance was reached (right panel).
However, only 50% (7 of 14) of mice in the control group,
compared to 60% (6 of 10) in the imatinib-treated group,
67% (10 of 15) in the DS-5272-treated group, and 71% (10
of 14) in the combination treatment group, remained alive
at the end of treatment.   
Treatments greatly improved overall survival in CML-

bearing mice (P=0.0066) (Figure 5B). Although not statisti-
cally significant, the median overall survival for the DS-
5272 or imatinib group was 211 and 249 days, respectively;
both were markedly longer than that of the untreated con-
trol group (141 days). The mice treated with the combina-
tion had a median overall survival of 326 days, which was
statistically significantly longer than that of the control
(P=0.001), the imatinib-treated (P=0.039), and the DS-5272-
treated (P=0.047) groups. The mice seemed to tolerate the
treatments well. No obvious weight loss was observed in
the treated mice (Online Supplementary Figure S2). 
These data indicated that, like imatinib, inhibition of

MDM2 by DS-5272 also had anti-leukemia activity in
CML, and the combination had significantly more than
each agent alone. The mice treated with the combination
had deeper and longer lasting responses, suggesting that
combined inhibition of MDM2 and BCR-ABL1 may target
CML stem cells. 

Combined inhibition of MDM2 and BCR-ABL1 targets
chronic myeloid leukemia stem cells in BCR-ABL1
transgenic mice 
To determine whether combined inhibition of MDM2

and BCR-ABL1 targeted CML stem cells, we carried out
another set of experiments (see Figure 4A). At the end of
treatments, BM cells were obtained from each group for
the secondary transplantation. Unfortunately, we did not
obtain sufficient cells from the DS-5272 treatment group
and the secondary transplantation was conducted using
only cells from the untreated control and imatinib or ima-
tinib/DS-5272 treated mice. The number of mice with evi-
dence of engraftment in PB at 16 weeks was determined
by flow cytometry. Engraftment was defined as GFP levels
>1% (above the background levels in the PB of FVB/N
mice without cell injection). 
Figure 6A shows the percentage of GFP+ cells in PB sam-

ples of mice injected with various amounts of cells from
mice treated with different agents. Based on the engrafted
and total mice transplanted in each group, we calculated
the leukemia LT-HSC frequency. The CML LT-HSC fre-
quency was statistically significantly different among the
groups (P=0.0039) (Figure 6A), and statistically significant-
ly decreased by the combination treatment compared
with imatinib alone (P=0.0131) or the untreated control
(P=0.0012). No statistically significant difference was
observed between imatinib-treated and untreated groups
(P=0.38), as expected. For every LT-HSC detected in the
combination-treated group, three times as many cells
were detected in the imatinib group, and four times as
many cells were detected in the control group.
We also collected BM cells from mice that received

0.25x106 cells/mouse and determined GFP positivity by
flow cytometry and BCR-ABL1 RNA levels by RT-PCR.
As shown in Figure 6B, engraftment rates in BM were sim-
ilar to those in PB samples (Figure 6A). The number of
mice showing markedly lower BM BCR-ABL1 RNA levels
(3 logs lower than that in controls) was consistent with the
number of mice with GFP <1% in both BM and PB sam-
ples (Figure 6B). 

Discussion

Effectively treating patients with blast crisis CML, and
eradicating CML stem cells to achieve cures and prevent
disease progression to blast crisis, are two major chal-
lenges facing CML therapy. We previously reported that
combination of TKI with a MDM2 inhibitor enhanced
apoptosis induction in not only proliferating but also qui-
escent blast crisis CML progenitor cells in vitro.27 In the cur-
rent study, we investigated if this combination strategy
has the potential to target CML stem cells and improve
cure rates in CML-CP.
Using an inducible transgenic Scl-tTa-BCR-ABL1 mouse

model, we demonstrated that CML and CML stem/prog-
enitor cells have increased p53 signaling and are more sen-
sitive to BH3 peptide-induced apoptosis. This increase
was further validated in samples obtained from patients
with newly-diagnosed CML compared with normal BM
controls, indicating oncogenic induction of p53. This
observation supports the idea that CML cells have a
propensity to death induction, and activation of p53 by
MDM2 inhibition sensitizes CML to TKI. Indeed, we
demonstrated that combined inhibition of MDM2 and
BCR-ABL1 activated p53 signaling, targeted CML
stem/progenitor cells, prolonged mouse survival, and
decreased CML LT-HSC.
In contrast to the report by Abraham et al.,24 we found
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increased levels of p53 and several of its targets in CML
BM cells compared to those from normal controls, in both
mouse models and human samples. These findings are
consistent with a previous report that the BCR-ABL1
fusion protein in CML cells promotes p53 accumulation,
but antagonizes its activity by modulating the p53-MDM2
regulatory loop.33 A recent study also showed that CD34+
progenitor cells from CML-CP patients expressed statisti-
cally significantly higher phosphorylated p53 (Ser15) com-
pared to CD34+ cells from health donors.34 
We found that pro-apoptotic BAX and NOXA were

increased in CML cells compared with normal controls.
BCR-ABL1 is known to up-regulate anti-apoptotic pro-
teins such as MCL-1 and BCL-XL to support CML cell
survival. We previously reported higher anti-apoptotic
BCL-2 levels in CML cells and LSK cells in the same
mouse model.20 These anti-apoptotic BCL-2 proteins like-
ly antagonize the pro-apoptotic BCL-2 proteins tilting
the balance towards cell survival, which makes CML
cells more dependent on anti-apoptotic BCL-2 proteins.
This notion is consistent with our results showing that
BM CD45+ cells and LSK cells from the CML mice were
more sensitive to BH3 peptide-induced apoptosis than
those cells from the control mice. Furthermore, it was
previously reported that, although imatinib does not
directly affect p53 levels, it abrogated nutlin-3-induced
p21,35 which is known to block the cell cycle and sup-
press apoptosis.36
We were able to detect increased p53, NOXA, and BAX

in CML LSK cells from mouse BM treated with DS-5272,
or the combination, 24 hours after treatments. The short
in vivo half-life of DS-5272 may contribute to the dimin-
ished induction of p53 and its target proteins. It is impor-
tant to point out that although TKI are inactive against
CML stem cells, they do inhibit BCR-ABL1 activity in
these cells.6 The balance of pro- and anti-apoptotic pro-
teins decides cell death or survival. Activation of p53-
induced apoptotic signaling by MDM2 inhibition together
with inhibition of BCR-ABL1-regulated survival pathway
by TKI likely push CML cells/stem cells towards death.
This is supported by our previous study in blast crisis
CML demonstrating that nutlin3a induced p53 and pro-
apoptotic proteins PUMA and BAX, while nilotinib sup-
pressed BCR-ABL1 signaling and decreased anti-apoptotic
proteins BCL-XL and MCL-1, and that their combination
synergistically induced cell death even in blast crisis CML
cells resistance to TKI.27 Wendel et al. reported that loss of
p53 hampers the anti-leukemia response to BCR-ABL
inhibition in a BCR-ABL1 transgenic mouse model,37 sug-
gesting that activation of p53 signaling may enhance TKI
activities in CML.         
You et al. recently demonstrated that JNJ-26854165,

another MDM2 inhibitor, is active in CML cells through
promoting BCR-ABL proteosomal degradation, independ-
ent of p53.38 This is not surprising since several reports
have shown p53-independent anticancer activity of JNJ-
26854165.39-41 DS-5272, derived from a candidate MDM2
inhibitor by chemical modifications to improve its poten-
cy and physicochemical property, is a highly selective and
potent MDM2 inhibitor.42 Although we cannot state that
DS-5272 works entirely in a p53-dependent manner, espe-

cially since MDM2 has functions other than antagonizing
p53, its use alone or in combination with a TKI increased
p53, NOXA, and BAX, suggesting that it functions, at least
in part, through increasing the p53 signaling.   
Tyrosine kinase inhibitors have been proven to be high-

ly effective in controlling CML, but in most cases they do
not cure the disease. Although imatinib significantly
deceased CML LSK cells in BM at the end of the treatment
in the transgenic mouse model, the combination was
more effective. Imatinib had no effect on spleen leukemia
LSK. The different effects of imatinib on BM and spleen
CML LSK is not clear and it may involve microenviron-
mental factors. However, the combination also signifi-
cantly decreased spleen CML LSK cells. Importantly, ima-
tinib by itself did not significantly reduce leukemia LT-
HSC frequency in second transplantation, but rather did
so only when combined with DS-5272. Similarly, nilotinib
itself also did not decrease leukemia LT-HSC frequency in
a second transplantation, as shown in our previous study.20
The mechanism of BCR-ABL1-driven p53 activation is

not fully understood. However, BCR-ABL1-mediated
hyper-proliferative signals likely contribute to the activa-
tion. The combination of MDM2 inhibition and TKI pro-
foundly prolonged overall survival in our mouse model. In
addition to modulating apoptosis regulators, other path-
ways may also be involved. For example, it was reported
that TKI nilotinib inhibits MDM2 and induces a p53-inde-
pendent apoptosis by down-regulating XIAP.43 Kojima et
al.44 showed that inhibition of MDM2 with nutlin
decreased CXCL12 in stromal cells, a critical component
of the BM microenvironment that supports leukemia-BM
microenvironment interactions and confers drug resist-
ance. Furthermore, whether mouse immunity is regulated
by the combination treatment is unknown, which war-
rants future investigation. 
Data from this study, together with our previous report

in blast crisis CML,27 demonstrate that combined inhibi-
tion of MDM2 and BCR-ABL1 tyrosine kinase can target
CML cells and CML stem/progenitor cells, and it has the
potential to overcome TKI resistance and significantly
improve outcomes in CML. Furthermore, we have
demonstrated that BCL-2 is a key survival factor of CML
stem cells, and targeting BCL-2, combined with a TKI, had
the potential to eradicate CML stem cells.20 Adding a
MDM2 inhibitor, which activates p53 and induces pro-
apoptotic BCL-2 proteins to the combination, will likely
further improve the therapeutic potential for patients with
CML, which certainly warrants future clinical investiga-
tions.  
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Autophagy is a genetically regulated process of adaptation to metabol-
ic stress and was recently shown to be involved in the treatment
response of chronic myeloid leukemia (CML). However, in vivo data

are limited and the molecular mechanism of autophagy regulators in the
process of leukemogenesis is not completely understood. Here we show
that Beclin-1 knockdown, but not Atg5 deletion in a murine CML model
leads to a reduced leukemic burden and results in a significantly prolonged
median survival of targeted mice. Further analyses of murine cell lines and
primary patient material indicate that active BCR-ABL directly interacts
with BECLIN-1 and phosphorylates its tyrosine residues 233 and 352,
resulting in autophagy suppression. By using phosphorylation-deficient and
phosphorylation-mimic mutants, we identify BCR-ABL induced BECLIN-1
phosphorylation as a crucial mechanism for BECLIN-1 complex formation:
interaction analyses exhibit diminished binding of the positive autophagy
regulators UVRAG, VPS15, ATG14 and VPS34 and enhanced binding of the
negative regulator Rubicon to BCR-ABL-phosphorylated BECLIN-1.  Taken
together, our findings show interaction of BCR-ABL and BECLIN-1 thereby
highlighting the importance of BECLIN-1-mediated autophagy in BCR-
ABL+ cells.   
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ABSTRACT

Introduction

The BCR-ABL fusion kinase has been identified in more than 95% of chronic
myeloid leukemia (CML) and 20% of acute lymphoblastic leukemia (ALL) cases.1,2

Oncogenic BCR-ABL activates several aberrant kinase-dependent pathways includ-
ing anti-apoptosis, proliferation and differentiation,3,4 leading to the development of
several successful tyrosine kinase inhibitors (TKI) in BCR-ABL+ leukemia treatment.5,6

However, there are still unsolved issues in TKI-based therapies for patients with
CML: Suppression of the disease relies in most patients on continuous and lifelong
TKI therapy7,8 and disease relapse occurs due to emerged TKI resistance.9-11 Thus,
identification of additional important mediators could significantly improve CML
therapy. 
Autophagy is an evolutionarily conserved mechanism for the degradation of cyto-

plasmic components including organelles and proteins and plays an important role in
cellular homeostasis. Because of its potential role in metabolism and cell survival,
altered autophagy processes are critical for cancer cell fate. Several reports indicate



that autophagy may be a promising target pathway in BCR-
ABL+ leukemia treatment.12-18 However, the distinct role of
autophagy in the process of leukemogenesis is not com-
pletely understood and crucial autophagy mediators have
not been evaluated in in vivo leukemogenesis mouse mod-
els.
BECLIN-1, a master regulator of autophagy, is essential

for the formation of the autophagosome and autolysosome
as a part of the Rubicon, VPS15, VPS34, ATG14, UVRAG
and BECLIN-1 complex.19-23 An in vitro study has discovered
that a treatment strategy combining TKI and inhibitors of
BECLIN-1-mediated autophagy may be beneficial for BCR-
ABL+ CML therapy,16 but in vivo data are missing and the
molecular mechanisms underlying this effect remain
unclear.

Methods

GST-pulldown assay, immunoprecipitation and Western
blotting
All Beclin-1 fragments were cloned into PGEX-4T2 vector,

which were confirmed by Sanger sequencing. Those con-
structs were transformed into Bl21 competent cells, and a
single clone was picked for culture in LB medium at 37°C
with vigorous shaking. IPTG was added when the OD600
of the bacterial suspension reached 0.6. After an additional
2 hours (h) of incubation, bacterial cells were harvested,
lysed using lysozyme and sonification and incubated for 3
h with glutathione-agarose beads in NETN buffer (0.5%
NP40, 20 mM Tris/HCl, 100 mM NaCl, 1 mM EDTA, 1
mM PMSF, 1 mM Benzamidin, protease inhibitor cocktail
[Roche]) at 4°C. The beads were then incubated with K562
cell lysates over night at 4°C. Immunoprecipitation and
Western blotting were performed as described previously.24-
26 Briefly, immunoprecipitation was performed by adding IP
lysis buffer (40 mM HEPES, 120 mM NaCl, 1 mM EDTA,
10 mM pyrophosphate, 50 mM NaF, 0.3% CHAPS, 1 mM
sodium orthovanadate, 1 mM glycerolphosphate, protease
inhibitor cocktail) to the cells for 1 h on ice. Pre-clearing of
the lysates was performed using protein A or G agarose
beads, followed by incubation with anti flag beads (Sigma)
or antibody plus protein A or G beads (GE healthcare)
overnight at 4°C. Protein extraction for Western blotting
was performed using protein lysis buffer (10 mM Tris/HCl,
130 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 20 mM
Na2HPO4/NaH2PO4, 10 mM sodium pyrophosphate, 1 mM
sodium orthovanadate, 20 mM NaF, 1 mM glycerole 2-
phosphate, protease inhibitor cocktail).

In vitro kinase assay
In vitro kinase assay was performed as described previous-

ly.27  Briefly, recombinant active ABL (ProQinase GmbH)
was incubated with 10 mCi [γ-33P]ATP (PerkinElmer) and 1
mg recombinant GST-BECLIN-1 fragment in 50 mL kinase
buffer (70 mM HEPES, 25 mM 
β-glycerophosphate, 3 mM MgCl2, 3 mM MnCl2, 1.2 mM
DTT, 50 mg/mL PEG20.000, and 1% DMSO). Reactions
were incubated at 30°C for 40 min. Proteins were separated
by 10% SDS-PAGE, and phosphorylation was visualized
by autoradiography.

Flow cytometry 
Flow cytometric staining was performed as previously

described.28-30 

Mice
Mice were caged in special caging system with auto-

claved food and acidified water at the University of
Freiburg in accordance with national and institutional
guidelines for animal care. All animal studies have been
approved by the Ethics committees of the University
Medical Center Freiburg and the district government in
Freiburg (approval no. 35-9185.81/G-13/05).

Statistics
Statistical comparisons were performed using GraphPad

Prism 6 software. Detailed statistical tests and significance
cutoffs are indicated in each figure legend. All data repre-
sent the mean ± standard error of the mean (SEM).

Study approval
The studies using human samples were conducted

according to the Declaration of Helsinki principles. All
biological samples were obtained following written
informed consent from the patient and upon approval by
the Ethics Committee of the University Medical Center
Freiburg.
Additional methodology is provided in the Online

Supplementary Materials and  Methods.

Results 

Knockdown of Beclin-1 delays BCR-ABL-mediated
leukemogenesis in vivo
To further investigate the impact of autophagy in CML

we examined the role of BECLIN-1, a master autophagy
mediator, in BCR-ABL induced transformation and colony
forming assays. Beclin-1 was downregulated using a tar-
geted genetic approach with an individualized micro
RNA-based knockdown of Beclin-1 in BCR-ABL-overex-
pressing Ba/F3 cells and bone marrow derived cells
(BMDC). Specific knockdown of Beclin-1 with two indi-
vidually designed siRNA resulted in significantly lower
proliferation of BCR-ABL transduced Ba/F3 cells com-
pared to cells infected with a control miR sequence (Figure
1A-B). As the secondly designed Beclin-1 miR resulted in
the most efficient Beclin-1 knockdown, we performed all
further experiments solely with Beclin-1 miR2. We could
detect higher apoptosis levels, but no decrease in cell cycle
rate in Beclin-1 miR cells (Figure 1C, Online Supplementary
Figure S1A ).
Furthermore, we could show significantly lower colony

formation in BCR-ABL-expressing primary BMDC with
Beclin-1 downregulating miR in comparison to control
BMDC (Figure 1D-E). 
Next, we examined the effects of Beclin-1 knockdown in

a CML mouse model in vivo. BMDC from 5-FU pretreated
animals were infected with a vector expressing BCR-ABL
and the specific Beclin-1 (pMmiRBec–BCR-ABL) or control
miR sequence (pMmiRCtrl–BCR-ABL) on one construct
and under the LTR promoter. Survival of mice transplant-
ed with BCR-ABL-expressing Beclin-1 knockdown BMDC
was sustained and significantly prolonged compared to
the control group (median survival 28 vs. 50 days,
P<0.0001) (Figure 1F). Furthermore, the white blood cell
count (WBC) and the leukemic burden of mice transplant-
ed with Beclin-1 knockdown BCR-ABL BMDC was signif-
icantly lower (87.3 vs. 14.8 x 103/mL on day 17, P<0.0001)
compared to the control group (Figure 1G).
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Immunoblotting of splenocyte extracts of transplanted
mice confirmed efficient downregulation of Beclin-1 one
month after transplantation (Figure 1H). Upon disease
induction, fluorescence-activated cell sorting (FACS)
analyses of transplanted animals showed no differences in
the immune phenotype of the BCR-ABL induced disease

by Beclin-1 downregulation (Online Supplementary Figure
S1B-D). To test whether the impact of Beclin-1 knock-
down on CML cells is due to a general effect of autophagy
inhibition or more due to a specific role of BECLIN-1 in
BCR-ABL induced diseases, we also deleted another main
autophagy regulator, ATG5 in a CML mouse model: Atg5

BCR-ABL suppresses autophagy via BECLIN-1

haematologica | 2020; 105(5) 1287

Figure 1. BECLIN-1 downregulation delays BCR-ABL-mediated proliferation in vitro and in vivo. (A) Immunoblot analyses were used to confirm downregulation of
BECLIN-1 using two different Beclin-1 directed miR in Ba/F3 cells and BMDC. (B) Cell proliferation measurement was performed by MTT assay in Ba/F3 cells infected
with indicated construct towards IL-3 withdrawal, indicating that BCR-ABL-mediated cell proliferation is impaired by Beclin-1 knockdown. ***P<0.001, *P<0.05,
Student's t-test. (C) Statistical analysis of flow cytometric staining showing Annexin-V–/ propidium iodide (PI)- ("alive"), Annexin-V+ / PI–("apoptotic") and Annexin-V+ /
PI+ ("dead") Ba/F3 cells with indicated construct. **P<0.01, *P<0.05, Student's t test. (D) Methylcellulose (MC) colony formation assay of primary 5-FU enriched
bone marrow cells showed impaired colony formation upon BCR-ABL expression in Beclin-1 knockdown cells compared to control miR expressing cells. 1,000 EGFP+

BMDC infected with the indicated construct were plated into methylcellulose in the absence of growth factors and colonies were quantified 10 days later. One rep-
resentative well is shown. Three independent experiments were performed in doublets. Grid size is 5 x 5 mm. (E) Quantitation of the MC shown in (D) (72 vs. 55.7
colony-forming unit [CFU], *P<0.05, and 72 vs. 41.7 CFU, **P<0.01, respectively, student’s t-test). (F) Kaplan-Meier curve demonstrates a significantly prolonged
survival of mice transplanted with Beclin-1 knockdown BCR-ABL+ BMDC compared to control mice (Median survival 28 vs. 50 days, ***P<0.001 in two independent
transplantations, Log-rank test (n=11, control miR; n=13, Beclin-1 miR)). (G) WBC from peripheral blood (PB) showed a significant reduction of leukemic progression
in mice transplanted with Beclin-1 knockdown cells (11.6 vs. 4 million/mL, day 14, *P<0.05; 87.3 vs. 14.8 million/mL, day 17, ***P<0.001; 151.1 vs. 81.9 mil-
lion/mL, day 21, *P<0.05). (H) Efficient and durable knockdown of Beclin-1 was proven by immunoblot analyses of spleen cells of transplanted mice (day 27). 
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conditional knockout BMDC31 were infected with a BCR-
ABL-Cre fusion vector and transplanted into wild-type
(wt) recipient mice. Interestingly, deletion of Atg5was not
able to induce a delay in leukemia induction or progres-
sion of BCR-ABL transplanted mice (Online Supplementary
Figure S1E). Furthermore, Atg5 deletion had no influence
on the WBC of the transplanted animals (Online
Supplementary Figure S1F), despite efficient deletion of the
floxed Atg5 alleles upon Cre expression in BCR-ABL posi-
tive BMDC (Online Supplementary Figure S1G).
In order to exclude toxic effects of Beclin-1 knockdown

on normal hematopoiesis, we transplanted solely Beclin-1
miR infected BMDC into mice, which exhibited no differ-
ences in survival, WBC or lineage phenotype compared to
the control group (Online Supplementary Figure S2A-G). 
Our results from the in vivo CML mouse model show a

significant and specific impact of Beclin-1 knockdown on
CML disease induction.

Active BCR-ABL suppresses autophagy through the
BECLIN-1 complex
It has been shown previously that BCR-ABL kinase

inhibitors induce autophagy. Accordingly, inhibition of
BCR-ABL kinase activity by nilotinib led to an induction
of autophagy measured by increased LC3-II expression
and punctual LC3 accumulation (Online Supplementary
Figure S3A-C). To differentiate, whether the autophagy
induction by nilotinib is caused by specific BCR-ABL inhi-
bition or due to an unspecific nilotinib effect, we treated
nilotinib-resistant Ba/F3-BCR-ABL-T315I cells with nilo-
tinib and could show that this treatment failed to induce
autophagy, suggesting that active BCR-ABL indeed sup-
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Figure 2. BCR-ABL interacts with and phosphorylates BECLIN-1. (A) Co-immunoprecipitation analyses in BCR-ABL-tranfected HEK293T cells demonstrate, that BCR-
ABL strongly phosphorylates and binds BECLIN-1. A phosphotyrosine antibody was used for phospho-BECLIN-1 and phospho-BCR-ABL detection. (B)
Immunoprecipitation of BCR-ABL with BECLIN-1 and (C) BECLIN-1 with ABL in K562 cells confirms the interaction reciprocally and at endogenous level. (D) GST-pull-
down of BCR-ABL with recombinant GST-Beclin-1 in K562 cells corroborated the interaction between BCR-ABL and BECLIN-1. (E) BECLIN-1 immunoprecipitation in
Beclin-1 transfected HEK293T cells demonstrates that BECLIN-1 is interacting with BCR but not with ABL. (F) BECLIN-1 is exclusively phosphorylated by BCR-ABL
among several oncogenic tyrosine kinases in HEK293T cells. For TKI treatment, specific inhibitors (nilotinib for BCR-ABL, sorafenib for FLT3-ITD and PDGFRA-D842V,
and TAE684 for NPM-ALK) were added into medium four hours before cell harvest. 
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presses autophagy. Moreover, addition of interleukin-3
(IL-3), which rescues cells from nilotinib-induced cell
death but does not rescue BCR-ABL inhibition, could not
block autophagy (Online Supplementary Figure S3D-F).  
Based on our mouse model data, we hypothesized that

BECLIN-1 may be an essential player in autophagy sup-
pression by BCR-ABL. BECLIN-1 has a crucial role in
autophagosome formation as being part of the UVRAG-
VPS15-ATG14-VPS34-RUBICON-BECLIN-1 complex.
Interestingly, we could show that the formation of the
UVRAG-VPS15-ATG14-VPS34-RUBICON-BECLIN-1
complex was altered in a BCR-ABL positive human cell
line (K562) after nilotinib treatment (Online Supplementary
Figure S3G): recruitment of positive regulators of
autophagosome formation (VPS15, VPS34, UVRAG and
ATG14) to BECLIN-1 was increased upon BCR-ABL inhi-
bition, whereas the recruitment of the negative regulator
RUBICON to BECLIN-1 was impaired after nilotinib
treatment. These results indicate that BCR-ABL kinase
activity modulates the BECLIN-1 complex composition
and thereby leads to autophagy suppression.

BCR-ABL interacts with BECLIN-1 
Next, we aimed to investigate how BCR-ABL kinase

activity modulates BECLIN-1 complex composition. We
found that BCR-ABL strongly binds to BECLIN-1, inde-
pendent of ABL kinase activity. 
Furthermore, BECLIN-1 was tyrosine phosphorylated in

a complex with kinase active BCR-ABL indicating that
BCR-ABL may directly phosphorylate BECLIN-1 (Figure
2A). Immunoprecipitation of endogenous BCR-ABL in
K562 cells confirmed the BCR-ABL/BECLIN-1 interaction
(Figure 2B-C) and GST-pulldown-assays using purified
BECLIN-1 suggest that BCR-ABL and BECLIN-1 may bind
directly to each other (Figure 2D). 
We could also detect BCR-ABL/BECLIN-1 co-localiza-

tion using immunofluorescence staining (Online
Supplementary Figure S4A). To investigate which region of
BCR-ABL binds to BECLIN-1, we performed binding
assays by overexpressing either BCR or ABL together with
Beclin-1 in 293T cells. Immunoprecipitations revealed that
BCR interacts with BECLIN-1 but not ABL (Figure 2E). 

BCR-ABL directly phosphorylates BECLIN-1 at specific
tyrosine residues Y233 and Y352 
We next investigated, whether BECLIN-1 is exclusively

phosphorylated by BCR-ABL. Interestingly, all other test-
ed oncogenic kinases (FLT3-ITD, NPM-ALK and
PDGFRA-D842V) failed to induce BECLIN-1 phosphory-
lation, implying that BECLIN-1 is a specific substrate of
BCR-ABL and not a general target of oncogenic tyrosine
kinase signaling (Figure 2F). Moreover, we were able to
confirm BECLIN-1 tyrosine phosphorylation in all tested
samples of primary CML patient material, whereas
BECLIN-1 phosphorylation was absent in healthy control
samples (Online Supplementary Figure S4B).
To test whether BECLIN-1 is a direct target of BCR-ABL

we performed an in vitro kinase assay, and identified spe-
cific phosphorylation in two distinct regions of BECLIN-1:
One spanning amino acid (aa) region 141 - 277 and anoth-
er aa region 338 - 450 (Figure 3A). Furthermore, we gener-
ated a series of tyrosine residue mutants to determine spe-
cific BECLIN-1 tyrosine residues phosphorylated by BCR-
ABL. Strong phosphorylation by BCR-ABL could be
detected on BECLIN-1 tyrosine residues Y233 and Y352,

whereas Y162 and Y338 show minor phosphorylation
(Figure 3B). Western blot analyses of single and double
phosphorylation-deficient mutants of those distinct
BECLIN-1 tyrosine residues validated our results (Figure
3C) and demonstrated that BCR-ABL phosphorylates
BECLIN-1 specifically at tyrosine residues Y233 and Y352.
Interestingly, tyrosine Y352 (AA352-355 YCSG) is part of
a STAT5 Src Homology 2 (SH2) domain binding motif
(Y[VLTFIC]xx).37

Phospho-mimic mutant Beclin-1 Y233E/Y352E 
suppresses autophagy through BECLIN-1 complex
alterations whereas the phospho-deficient Beclin-1
Y233F/Y352F mutant induces autophagy 
To evaluate whether phosphorylation of BECLIN-1 reg-

ulates autophagy, we generated a BECLIN-1 phosphoryla-
tion-mimic (Y233E/Y352E) and a phosphorylation-defi-
cient mutant (Y233F/Y352F). In an LC3 puncta assay in
K562 cells, we found that the phosphorylation-mimic
BECLIN-1 mutant suppresses autophagy, whereas the
phosphorylation-deficient BECLIN-1 mutant induces
increased autophagy (Figure 4A-B). By immunoblotting,
we could confirm that the phosphorylation-mimic mutant
Y233E/Y352E decreases autophagy, whereas expression
of the phosphorylation-deficient mutant Y233F/Y352F
induces autophagy (Figure 4C). Our findings therefore
suggest that phosphorylation of BECLIN-1 by BCR-ABL
suppresses autophagy induction.
Next we sought to know, whether the impaired

autophagy induction of the phospho-mimic mutant
Y233E/Y352E may be due to an altered recruitment of
complex components to BECLIN-1. It has been shown
recently, that lack of BECLIN-1 leads to downregulation of
the BECLIN-1 complex binding partners.38 Indeed, Beclin-1
deficient, BCR-ABL expressing MEF showed downregula-
tion of BECLIN-1 binding partners, which could be res-
cued by re-expression of either wt Beclin-1 or both phos-
pho-mutants ((BEC FF and EE). Furthermore, expression of
the Beclin-1 Y233E/Y352E mutant leads to decreased
UVRAG and ATG14 levels, whereas Rubicon levels were
increased compared to phosphorylation-deficient
BECLIN-1 cells (Figure 4D). 
From our results we hypothesized that the phosphory-

lation status of BECLIN-1 is important for the stabilization
and recruitment of the different binding partners to the
BECLIN-1 complex. Interestingly, co-immunoprecipita-
tion of BECLIN-1 complex components revealed that
autophagy activating proteins like VPS15, VPS34 and
ATG14 were recruited less to the phospho-mimic
BECLIN-1 (BEC EE) complex compared to the phospho-
deficient BECLIN-1 (BEC FF) complex (Figure 4E, Online
Supplementary Figure S4C). These results indicate that the
altered autophagy by the two mutants is due to altered
binding capacities of positive regulators to the BECLIN-1
core complex and thereby alters BECLIN-1 complex activ-
ity. 
Next we asked, whether expression of the phospho-

mimic Beclin-1 mutant could overcome the TKI-induced
BCR-ABL inhibition-mediated autophagy induction and
indeed, expression of Beclin-1 EE Y233E/Y352E impaired
nilotinib-induced autophagy measured by LC3-II expres-
sion (Figure 4F) and LC3 puncta accumulation (Figure 4G-
H). BCR-ABL inhibition by nilotinib was not able to
enhance the autophagy-stimulatory effect of the phospho-
rylation-deficient BECLIN-1 Y233F/Y352F mutant com-
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pared to wt BECLIN-1, pointing to a BECLIN-1-specific
autophagy regulation by BCR-ABL (Figure 4F-H).
In further BECLIN-1 complex analyses, we could

demonstrate that the resistance of the phospho-mimic
Beclin-1 mutant to nilotinib-induced autophagy is caused
by an altered composition of the BECLIN-1 core complex
with an impaired recruitment of the activation compo-
nents ATG14, UVRAG, VPS15 and a gain of the negative
regulator RUBICON to the BECLIN-1 core complex
(Online Supplementary Figure S5A). BECLIN-1 phosphoryla-
tion with subsequent resistance to TKI-induced
autophagy may thereby provide a novel explanation of
how leukemic cells can escape autophagy-induced cell
death and develop TKI resistance. 
Recently, it has been shown that BECLIN-1 S90 phos-

phorylation is involved in starvation-mediated
autophagy.39 To test whether BECLIN-1 phosphorylation
at Y233/Y352 can influence starvation-mediated or
rapamycin-mediated autophagy, we starved K562 cells or
treated them with rapamycin and found that cellular
autophagy is induced in Beclin-1 wt cells (Online
Supplementary Figure S5B-D) and no differences could be
demonstrated in K562 cells expressing either BECLIN-1
Y233E/Y352E or BECLIN-1 Y233F/Y352F (Online
Supplementary Figure S5E-H). These results indicate that
tyrosine phosphorylation of BECLIN-1 at Y233 and Y352
is not involved in starvation- or rapamycin-mediated
autophagy but rather seems to be specific for tyrosine
kinase-mediated autophagy processes. 

Discussion

Recently, several studies have suggested that autophagy,
a mechanism maintaining cellular homeostasis, plays an
essential role in CML. However, the precise machinery of
autophagy in CML development is not completely under-
stood and crucial autophagocytotic mediators have not
been investigated in vivo for their role in leukemogenesis in
relevant CML mouse models.
Here, we define a molecular mechanism of autophagy

suppression by BCR-ABL-specific BECLIN-1 phosphoryla-
tion. Silencing of Beclin-1 by siRNA technology led to a
significantly prolonged survival of BCR-ABL transplanted
mice, whereas no profound differences could be found for
Atg5 deletion. Binding of BECLIN-1 to BCR-ABL led to
phosphorylation at tyrosine residues Y233 and Y352,
alteration of the BECLIN-1 interactome, and suppression
of autophagy function. 
Several active oncogenic kinases were demonstrated to

serve as negative regulators of autophagy processes,
whereas inhibition of oncogenic tyrosine kinases can
reverse this effect. Until now, some links of BCR-ABL to
autophagy processes have been described: BCR-ABL acti-
vates the PI3K/AKT signaling pathway, which is consid-
ered as a pathway inhibiting autophagy. Furthermore, TKI
treatment itself triggers autophagy in BCR-ABL+ cells and
TKI-induced cell death can potentially be increased by tar-
geting autophagy proteins in addition. Recently, it was
demonstrated that Ponatinib-resistant CML cells can
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Figure 3. BCR-ABL phosphorylates BECLIN-1 at tyrosine residues Y233 and
Y352. (A) In vitro kinase assay with active ABL and indicated recombinant 
GST-Beclin-1-fragments reveals specific BECLIN-1 phosphorylation at amino
acids (aa) 141-277 and aa 338-450 by ABL. (B) Site directed mutagenesis iden-
tifies Beclin-1 Y233 and Y253 as crucial for BCR-ABL phosphorylation.
HEK293T cells were co-transfected with FLAG-tagged-Beclin-1 mutants and
BCR-ABL, thereafter FLAG-immunoprecipitated and phosphotyrosine-
immunoblotted. (C) Expression of a phosphorylation-deficient BECLIN-1
Y233F/Y352F mutant in HEK293T cells confirms tyrosine residues Y233/Y352
as essential sites for BCR-ABL phosphorylation.
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Figure 4. BCR-ABL mediated BECLIN-1 phosphorylation leads to suppression of autophagy and altered BECLIN-1 complex formation. (A) Confocal microscopy of
K562 cells reveals significant induction of autophagy in BECLIN-1 Y233F/Y352F-expressing cells indicated by increased number of LC3 puncta. (B) Statistical analy-
sis of LC3 puncta count in Beclin-1-mutant-transduced K562 cells (3.3, 4.1, 1.9, and 18 units respectively; ****P<0.0001 Student's t-test; Scale bar 10 mm). (C)
Upregulation of LC3-II in K562 cells transduced with the phosphorylation-deficient Beclin-1 Y233F/Y352F mutant. (D) Immunoblot analyses were used for the detec-
tion of ATG14, UVRAG, VPS34 and RUBICON expression levels in Beclin-1 knockout MEF transduced with BCR-ABL and the indicated Beclin-1 construct. (E)
Immunoprecipitation of FLAG-tagged phosphorylation-deficient BECLIN-1 Y233F/Y352F mutant (BecFF) in K562 cells indicates altered autophagy complex formation
compared to the phosphorylation-mimic BECLIN-1 mutant (BecEE). (F) Beclin-1 tyrosine phosphorylation-mimic mutation blocks nilotinib-induced autophagy seen by
reduced LC3-II levels compared to empty vector, Beclin-1 wt, and Beclin-1 FF. LC3 levels were evaluated by immunoblotting in the indicated Beclin-1 mutant-trans-
duced K562 cells. (G) LC3 puncta formation was measured using confocal microscopy in K562 cells transduced with mCherry-EGFP-LC3 and the indicated Beclin-1
construct upon nilotinib treatment. Cells were stained with anti-LC3 antibody and nuclei were counterstained with DAPI. Scale bar, 10 mm. (H) Quantitation of LC3
puncta (16.5, 17.5, 3.4, and 16.9 dots/cell, respectively; P<0.0001 for comparison of Beclin-1 EE to empty vector [EV], Beclin-1 wt and Beclin-1 FF). K562 cells trans-
duced with mCherry-EGFP-LC3 and the indicated Beclin-1 constructs were used for LC3 puncta measurement via Olympus ScanR screening station. Bars represent
the mean±SD. ****P<0.0001 by Student's t-test. EV: empty vector; wt: wild-type FLAG-Beclin-1; EE: FLAG-Beclin-1 Y233E/Y352E; FF: FLAG-Beclin-1 Y233F/Y352F. 
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acquire BCL-ABL-independent resistance through
autophagy inhibition by activation of mTOR.46 Therefore,
we hypothesize that BECLIN-1 may play similar roles in
the resistance-acquired signaling cascade. BECLIN-1 is a
central autophagy mediating protein in mammalian cells,
and EGFR and AKT kinase have been shown to phospho-
rylate BECLIN-1 leading to inactivation of the protein and
suppression of autophagy. Interestingly, active EGFR has
been shown to phosphorylate the same tyrosine residues
Y233/Y352 as BCR-ABL, further highlighting the impor-
tance of these tyrosine residues for autophagy suppres-
sion.42 In line with these previous findings, we have
demonstrated in the present study that BCR-ABL phos-
phorylates BECLIN-1 and thereby suppresses autophagy.
Interestingly, this effect is mediated by the alteration of
BECLIN-1 affinity to BECLIN-1 binding partners (ATG14,
VPS34 and VPS15), known as the BECLIN-1 core complex.
Our results therefore provide a novel explanation for the
suppression of autophagy in CML and expand our knowl-
edge regarding BECLIN-1-associated pathogenic mecha-
nisms in BCR-ABL+ leukemia.
A role for BECLIN-1 has been proposed in various

malignancies, such as breast or lung carcinomas. However,
the precise role of BECLIN-1 in tumorigenesis remains
unclear: On one hand, Beclin-1 is considered as a tumor
suppressor and its overexpression is favorable for treat-
ment of various solid tumors.51-54 Furthermore, low expres-
sion of Beclin-1 is a marker of poor prognosis and
enhanced aggressiveness in breast cancer55 and loss of one
Beclin-1 allele leads to enhanced tumor development in
mice. On the other hand, our present study demonstrates
that knockdown of Beclin-1 prolongs the survival of BCR-
ABL+ leukemic mice, which is consistent with a previous
in vitro study in CML cell lines.16 Gene array analysis of
CML patient samples revealed upregulated Beclin-1 levels
in CML patients compared to healthy controls (fold
change: 1.22; q-value: <0.1%).56 Importantly, we could
show that CML patients exhibit a significant increase of
phosphorylated BECLIN-1 levels. Targeting BECLIN-1 in
specific approaches might thereby represent an elegant
and alternative treatment option for TKI-resistant or intol-
erant CML patients by rendering CML cells sensitive to
targeted therapies.
Recently, a study uncovered a kinase-independent role

of EGFR in autophagy, showing that inactive oncogenic
EGFR reversely triggers autophagy.57 These findings sup-
port the hypothesis that cells can develop TKI-resistance
through autophagy induction, which might be caused or
even triggered through the inactive oncogenic kinase
itself. This sheds some light on the role of autophagy on
cellular survival rather than cell death and gives a ration-
ale to explore the combinatory effect of kinase inhibitors

with autophagy inhibitors. A number of drugs
(Chloroquine, Bafilomycin A1, MAPK inhibitors and
PI3K inhibitors) were described to have inhibitory effects
on autophagy, however, most of them are poorly selec-
tive, limiting their therapeutic application. Therefore, the
development of highly specific and selective autophagy
inhibitors remains a mandatory necessity for the success-
ful evaluation of the therapeutic combination therapy
with TKI in CML. Moreover, accurate target identifica-
tion among major autophagy players is fundamental for
successful therapeutic application: BECLIN-1 seems an
attractive target, as its role in kinase-driven cancer is not
only shown for solid cancers but also for hematopoietic
malignancies in our study. For ATG5, we were not able
to prove essential function in CML development in mice,
whereas Liu et al. were able to demonstrate a crucial role
of the protein in MLL-AF9 mediated AML induction in
mice.61 ATG3 expression was shown to be indispensable
for effective CML progression.14 These results indicate
that autophagy induction is highly specific and stringent-
ly regulated, not only depending on the particular malig-
nancy, but also on the involvement of the master regula-
tors.
Taken together, in this study we uncover a crucial role

of BECLIN-1 in BCR-ABL mediated transformation in vivo
and were able to identify a molecular mechanism by
which BCR-ABL kinase activity regulates autophagy. We
show that BCR-ABL binds and phosphorylates BECLIN-1
on tyrosine residues 233 and 352, thereby leading to alter-
ations of the UVRAG-VPS15-ATG14-VPS34-RUBICON-
BECLIN-1 complex. Moreover, the BCR-ABL/ BECLIN-1
interaction suppresses autophagy and thereby bypasses
the negative effect of autophagy on cancer cell survival
and proliferation. Importantly, these data may be of clini-
cal relevance, as CML patients exhibit upregulated
BECLIN-1 phosphorylation levels. Our findings provide a
novel link between BCR-ABL and BECLIN-1 and shed
some light on how specific oncogenes influence
autophagy.  
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Mixed lineage leukemia (MLL/KMT2A) rearrangements (MLL-r) are
one of the most frequent chromosomal aberrations in acute
myeloid leukemia. We evaluated the function of Meningioma 1

(MN1), a co-factor of HOXA9 and MEIS1, in human and murine MLL-
rearranged leukemia by CRISPR-Cas9 mediated deletion of MN1. MN1
was required for in vivo leukemogenicity of MLL positive murine and
human leukemia cells. Loss of MN1 inhibited cell cycle and proliferation,
promoted apoptosis and induced differentiation of MLL-rearranged cells.
Expression analysis and chromatin immunoprecipitation with sequencing
from previously reported data sets demonstrated that MN1 primarily
maintains active transcription of HOXA9 and HOXA10, which are critical
downstream genes of MLL, and their target genes like BCL2, MCL1 and
Survivin. Treatment of MLL-rearranged primary leukemia cells with anti-
MN1 siRNA significantly reduced their clonogenic potential in contrast to
normal CD34+ hematopoietic progenitor cells, suggesting a therapeutic
window for MN1 targeting. In summary, our findings demonstrate that
MN1 plays an essential role in MLL fusion leukemias and serve as a thera-
peutic target in MLL-rearranged acute myeloid leukemia.

Meningioma 1 is indispensable for mixed 
lineage leukemia-rearranged acute myeloid
leukemia
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ABSTRACT

Introduction

Acute myeloid leukemia (AML) is associated with a plethora of genetic alterations
such as chromosomal rearrangements and mutations,1 with some of them being
generic for different types of leukemias and cancers.1 MLL1 (Mixed lineage leukemia
1/KMT2A) rearrangements are one such example that are found in myeloid as well
as lymphoid leukemias.2 Approximately 135 different MLL rearrangements have
been identified so far, but only nine specific gene fusions (including AF4, AF9, ENL,
and AF6) account for more than 90% of all oncogenic recombinations.3,4 A unifying
hallmark of all MLL-rearranged (MLL-r) leukemias is the deregulation of clustered
HOXA/MEIS1 genes.2 Transcriptional activation of MLL target genes
(HOXA9/MEIS1) is associated with an increase in histone H3 lysine79 dimethylation
(H3K79me2) across the respective gene locus, which is specifically mediated by his-
tone methyltransferase DOT1.2,5 Recently, several studies in patients and murine
models have highlighted the importance of co-operating genetic alterations in MLL-
r leukemia progression. In 40-50% of MLL-r AML cases, RAS and FLT3 mutations
have been shown to accelerate leukemogenesis, and Mn1, Bcl11a and Fosb have been
identified as co-operating oncogenes in a murine leukemia virus insertional mutage-
nesis model.4,6

MN1 (Meningioma-1) is frequently over-expressed in AML patients and is associat-
ed with a poor prognosis.7-13 However, in patients with inv(16), highest MN1 expres-
sion has been reported with favorable prognosis to current therapeutics.11 MN1 func-
tions as a transcriptional regulator that co-operates with the nuclear receptors for
retinoic acid (RAR) and vitamin D, by acting as co-activator or co-repressor, depend-
ing on the  interacting partners.14-16 In addition, MN1 is frequently over-expressed and
occasionally fused to TEL as part of the rare MN1-TEL translocation.17 Mn1 is known



to be  co-operating partner of several oncogenic fusion
genes (NUP98–HOXD13,18 CALM–AF10,19 MLL–AF96 and
MLL–ENL)20 and mutated RUNX1,21 and as a common tar-
get of insertional mutagenesis in a hematopoietic stem cell
(HSC) gene therapy trial,22 thereby promoting leukemogen-
esis.
Interestingly, MN1-induced AML is also dependent on

Hoxa cluster genes and Meis1.23 Multipotent progenitor
cells (MPP) and common myeloid progenitors (CMP) have
been identified as the cell of origin in MN1-induced AML,
while granulocyte-macrophage progenitors (GMP) cannot
be transformed.23 We found that the differential expression
of Hoxa9, Hoxa10 and Meis1 in MPP/CMP compared to
GMP cells was responsible for the ability of MN1 to trans-
form the more immature, but not the more mature, progen-
itor cells.23 One important difference between MN1 and
MLL-r leukemia is that MN1 cannot activate Hox gene
expression by itself, while MLL-AF9 can.23,24 Therefore,
MN1 is unable to transform GMP cells, while MLL-AF9 can
transform myeloid progenitor cells down to the differentia-
tion state of a GMP. Both MLL-AF9- and MN1-induced
leukemias depend on the H3K79 methyltransferase
DOT1L.14,25, 26 In addition, deletion of Mll and Dot1l in
MN1-expressing cells abrogated the cell of origin-derived
gene expression program, including the expression of Hoxa
cluster genes, and impaired the leukemogenic activity of
MN1 in vivo.14 However, it is not known whether MLL-AF9
transformed cells also depend on MN1. 
High MN1 expression confers resistance to all-trans

retinoic acid (ATRA)-induced differentiation and
chemotherapy-induced cytotoxicity.7,27 Recent studies have
shown that pyrimethamine [a dihydrofolate reductase
(DHFR) inhibitor] and DOT1L inhibitors possess anti-
leukemic effects in MN1hi AML cells.14,27 However, the
mechanism of MN1-induced AML and drug resistance is
still not completely understood due to its little
structural/functional similarity to any other protein.14 Mn1
null mice have severe defects in bones of the cranial skele-
ton, yet the effects of its deletion in
hematopoiesis/leukemia are not known.28 Here, we show
that CRISPR–Cas9-mediated deletion of MN1 in MLL-r
leukemias, and consequently treatment of MLL-r leukemias
with an anti-MN1 siRNA, led to strong anti-leukemic
effects, including increased terminal myeloid differentiation
and suppression of leukemic growth in vitro and in vivo.

Methods

Viral vectors, vector production, and CRISPR
Briefly, helper-free recombinant retrovirus harvested from super-

natants of the transfected ecotropic Phoenix packaging cell line
was used to transduce 5-fluoro-uracil treated mouse bone marrow
cells to generate an immortalized MLL-AF9 cell line, as described
before.15,29 CRISPR lentiviral vector L40C-CRISPR.EFS.dTomato
(Addgene # 89392) was kindly provided by Dr. Dirk Heckl,
Hannover Medical School, Hannover, Germany.30 CRISPR-Cas9
target sites in the Mn1/MN1 gene were selected using the CCTop
selection tool.31 Single guide RNA (sgRNA) were cloned in the
CRISPR-Cas9 vector.  The list of sgRNA is summarized in Online
Supplementary Table S1. 

Cell lines and primary cells
Bone marrow from healthy donors was obtained from the

transplantation unit of Hannover Medical School. Mononuclear

cells from peripheral blood or bone marrow were isolated by den-
sity gradient centrifugation. CD34+ cells were isolated using the
CD34 microbead kit (Miltenyi Biotech, Bergisch Gladbach,
Germany), as per manufacturer’s protocol. AML patient samples
were taken from the AML-myelodysplastic syndromes (AML-
MDS) repository of Hannover Medical School. Written informed
consent was obtained for the use of patient samples in accordance
with the Declaration of Helsinki, and the study was approved by
the institutional review board of Hannover Medical School (ethi-
cal vote 1187-2011).

Mouse transplantation and homing assay
NOD-SCID and NOD/SCID/IL2rgnull (NSG) mice were bred

and maintained in pathogen-free conditions in the animal labora-
tory of Hannover Medical School, Hannover, Germany. All animal
experiments were approved by the Lower Saxony state office for
consumer protection, Oldenburg, Germany. 

siRNA and lipid nanoparticles 
All siRNAs (MN1 and control/AHA1) were purchased from

Axolabs GmbH (Kulmbach, Germany). siRNAs were packaged in
lipid nanoparticles (LNP), as described previously.32

Gene expression and chromatin immunoprecipitation
sequencing analysis 
We performed gene expression profiling of in vitro cultured

MLL-AF9/Mn1wt versus MLL-AF9/Mn1null cells in triplicate.
RNA was extracted using the standard trizol method and was fur-
ther used for gene expression profiling. Gene expression profiling
using extracted RNA from MLL-AF9/MNn1wt and MLL-
AF9/MNn1null cells was performed on Affymetrix GeneChip
Mouse 430 2.0 arrays (43,000 probes). The whole dataset can be
found at GEO (GSE130631) for public access. 
Chromatin immunoprecipitation sequencing (Chip-Seq) DNA

binding data were taken for H3K79me2 from GSE55038,33 MLL-
AF9 from GSE29130,25 Hoxa9 from GSE33518,34 and MN1 and
MEIS1 from our previous publication.23

Statistical analysis
Pairwise comparisons were performed by Student t-test for con-

tinuous variables. Two-sided significance was set at P<0.05.
Comparison of survival curves were performed using the log rank
test. Statistical analyses were performed with Microsoft Excel
(Microsoft, Munich, Germany) and GraphPad Prism 5 (GraphPad
Software, La Jolla, CA, USA).
More detailed information on the materials and methods used

can be found in the Online Supplementary Appendix.

Results 

MLL-AF9 cell proliferation depends on  Meningioma 1
To study the effects of MN1 gene inactivation in

leukemia cells, we generated CRISPR-Cas9 engineered
MN1null murine and human leukemia cells and character-
ized these cells in vitro and in vivo (Figure 1A). MN1 was
deleted in murine cells transformed by MLL-AF9,
HOXA9, HOXA9MEIS1, E2A-HLF and 10 human
leukemia cell lines: THP-1, MV-4-11, NB4, OCI-AML2,
OCI-AML3, U937, K562, Kasumi-1, HL-60 and HEL.
Ninety-six to 288 transduced cells per cell line were single
cell sorted and the outgrowing clones were evaluated for
MN1 deletion by qualitative RT-PCR (qRT-PCR), western
blot and sequencing (Online Supplementary Tables S2 and
S3 and Online Supplementary  Figure S1A-F). While up to
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30% of the single sorted cells grew out as clones, only 0-
8.9% of the single sorted clones were MN1-deleted, and
only one MN1-deleted clone was obtained from four dif-
ferent murine cell lines with HOX-dependent oncogene
expression (Online Supplementary Table S2), suggesting that
MN1 loss impairs clonogenicity of MLL-r and HOXA9-
transformed cells. Subsequently, in parallel to MLL-AF9
mouse cells, we also studied THP-1 and MV-4-11 (positive
for MLL-AF9 and MLL-AF4, respectively) and the non-
MLL-r human cell line U937. Loss of MN1 more potently
reduced proliferation in MLL-r cells as compared to non-
MLL-r leukemia cells (Figure 1B-D and Online
Supplementary  Figure S2A). The inhibitory effect of MN1
loss in U937 cells may be due to high HOXA9 and MEIS1
expression (Online Supplementary Figure S2B and C). The

cell lines K562, Kasumi-1 and HL-60 had the lowest
HOXA9 and MEIS1 expression levels, but had the highest
rate of MN1-deleted clones (Online Supplementary Table
S2), indicating a dependence on MN1 in MLL-r and
HOXA9/MEIS1 expressing cells.
MN1 deletion drastically impaired the colony-forming

potential up to 22-fold and reduced the size of the colonies
in MLL-AF9 transformed murine cells (Figure 1E and 1F).
Due to potential unpredictable off-target effects, we tested
one additional sgRNA (sgRNA-4; positioned at a different
location), which had a similar effect as the initial sgRNA
(Online Supplementary  Figure S3A and B). Thus, in vitro pro-
liferation and colony-forming potential of MLL-rearranged
cells require MN1 expression both in murine and human
leukemia cells. 
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Figure 1. MLL-AF9 cell proliferation depends on Meningioma 1 (MN1). (A) Schematic outline of the strategy for deletion of MN1/Mn1 in murine and human cell
lines. (B) Cumulative cell counts of MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells [mean±standard error of mean (SEM), n=3]. (C) Cumulative cell counts of THP-1
MN1wt and MN1null cells (mean±SEM, n=3). (D) Cumulative cell counts of MV-4-11 MN1wt and MN1null cells (mean±SEM, n=3). (E) Colony-forming cell (CFC)
counts of MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells (mean±SEM, n=3). (F) Morphology of representative CFC colonies of MLL-AF9/Mn1wt and MLL-AF9/Mn1null
cells. Black scale bar represents 0.25 mm. *P<0.05; **P<0.01; ns: not significant.
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Meningioma 1 regulates cell cycle, apoptosis and 
differentiation in MLL-AF9 cells
Next, we explored the impact of MN1 deletion on cell

cycle, apoptosis and differentiation in MLL positive
leukemic cell lines. Loss of MN1 inhibited cell cycle pro-
gression resulting in more cells in G0/G1 phase and fewer
cells in S phase of the cell cycle compared to MN1wt cells
(Figure 2A and Online Supplementary  Figure S4A). In addi-

tion, cell cycle progression was negatively associated with
MN1 null cells by gene set enrichment analysis (GSEA) of
gene expression profiling data (Online Supplementary Tables
S4 and S5 and Online Supplementary  Figures S4B and S5A-
D). The proportion of Annexin V positive cells was signif-
icantly increased and the gene sets for apoptosis and the
p53 pathway were highly enriched in MLL-AF9/Mn1null
cells (Figure 2B, Online Supplementary Table S4 and Online
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Figure 2. Meningioma 1 (MN1) regulates cell cycle, apoptosis and differentiation in MLL-AF9 cells. (A) Cell cycle analysis of MLL-AF9/Mn1wt and MLL-AF9/Mn1null
cells [mean±standard error of mean (SEM), n=3]. (B) Proportion of apoptotic cells in MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells (mean±SEM, n=3). (C) Relative
gene expression of differentially expressed genes normalized to Abl1 in MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells (mean±SEM, n=3). (D) Immunophenotype of 
in vitro cultured MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells (mean±SEM, n=3). (E) Morphology of in vitro cultured MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells
(original magnification 1,000-fold).  *P<0.05; **P<0.01; ns: not significant.
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Supplementary Figure S4E and F). In support of the GSEA
analysis, a strong downregulation of the anti-apoptotic
Bcl2 gene family, Mcl1 and Survivin was shown by qRT-
PCR (Figure 2C). MLL-AF9/Mn1null cells showed low lev-
els of the hematopoietic stem/progenitor cell marker c-
Kit/CD117 but high expression of the mature myeloid cell
marker Mac1/CD11b and Gr-1/Ly-6G in Mn1 null cells
compared to MLL-AF9/Mn1wt cells (Figure 2D and Online
Supplementary Figure S6A).  This observation was also sup-
ported by morphological analysis, as Mn1 null cells had a
lower nuclear-cytoplasmic ratio and were more granulated
(Figure 2E), and gene sets were enriched for myeloid and
lymphoid cell differentiation (Online Supplementary Tables
S4 and S5, and Online Supplementary Figures S4B and S6B
and C). MLL-AF9 oncogene expression was found to be
unaltered or increased upon loss of Mn1 in MLL-
AF9/Mn1null cells when compared with MLL-
AF9/Mn1wt cells, excluding the possibility that downreg-
ulation of the oncogene is responsible for the anti-
leukemic effects of MN1 loss (Online Supplementary Figure
S7A-C). Hence, MN1 deletion suppresses cell cycle, pro-
motes apoptosis, and induces differentiation in MLL posi-
tive leukemia cells.

MLL-AF9-induced leukemogenesis requires
Meningioma 1
To further investigate the role of Mn1 deletion in MLL-

AF9 leukemogenesis in vivo, we transplanted MLL-
AF9/Mn1wt and MLL-AF9/Mn1null cells in syngeneic
mice and monitored onset of leukemia and survival.
Mice transplanted with MLL-AF9/Mn1null cells had
<1% engraftment in all ten mice, whereas mice trans-
planted with MLL-AF9/Mn1wt cells showed >90%
engraftment at week 4 (Figure 3A). At eight weeks,
engraftment in MLL-AF9/Mn1null was below 2%
(except for one mouse with 88% MLL-AF9 expressing
cells, which consequently died), while 8 of 10 MLL-
AF9/Mn1wt mice died from leukemia and the two sur-
viving mice showed >90% engraftment (Figure 3A).
Correspondingly, white blood cell (WBC) counts were
significantly lower in MLL-AF9/Mn1null than in MLL-
AF9/Mn1wt mice (Figure 3B). Loss of Mn1 significantly
prolonged survival as compared to Mn1wt mice (Figure
3C). At death, mice transplanted with MLL-AF9/Mn1
null cells had significantly lower spleen weight (Figure
3D).  Since loss of Mn1 in MLL-AF9 cells did not show a
potent engraftment ability, and to exclude the possibility
of homing defects, we transplanted equal numbers of
MLL-AF9 (Mn1wt/null) cells intravenously in sub-lethal-
ly irradiated mice. Mice were sacrificed after 8 and 24
hours and MLL-AF9/Mn1null cells showed better hom-
ing in bone marrow than mice transplanted with MLL-
AF9/Mn1wt cells, suggesting that differences in homing
could not account for the differences in survival (Figure
3E).  In addition, to rule out the presence of any immuno-
logical effects against MLL-AF9/Mn1null cells, we trans-
planted MLL-AF9 (Mn1wt or null) cells in NSG mice
(lacking cellular and humoral immunity) and monitored
leukemia onset and survival. Similar to syngeneic mouse
transplantation studies, MLL-AF9/Mn1null mice did not
develop leukemia, while their MLLAF9/Mn1wt counter-
part quickly died from leukemia (Online Supplementary
Figures S8A and B and S9A-H for blood counts). Thus,
MLL-AF9 positive murine leukemia requires MN1
expression to induce leukemia in vivo.

MLL-AF9 and MLL-AF4 rearranged human leukemias
also depend on  Meningioma 1
Besides syngeneic MLL-AF9 transplantation studies, we

also assessed the role of MN1 deletion in MLL-AF4 (MV-
4-11) and MLL-AF9 (THP-1) leukemias in vivo. Equal num-
bers of THP-1 and MV-4-11 (MN1wt or MN1null) cells
were transplanted intravenously in NSG mice, and the
onset of leukemia and survival were assessed. MN1null
cells showed lower engraftment of transplanted cells in
peripheral blood at four weeks and improved blood
counts compared to their wild-type counterparts (Figure
4A and B and Online Supplementary Figures S10 and S11).
MN1 deletion significantly prolonged survival of mice
transplanted with THP-1/MN1null and MV-4-11/MN1null
clones (Figure 4C and D). At death, engraftment in bone
marrow and spleen weight were also found lower in mice
transplanted with MN1 deletion clones of THP-1 and MV-
4-11 (Figure 4E and F and Online Supplementary Figure S12A
and B). In addition, we also evaluated the tumor-forming
ability of THP-1/MN1null and MV-4-11/MN1null clones
by subcutaneous transplantation in NOD-SCID mice.
Tumor volumes were monitored every five days starting
15 days after transplantation. Deletion of MN1 led to sig-
nificantly reduced tumor volumes for 2 of 3 MN1null
clones as compared to wild-type MN1 human leukemic
cell lines (Online Supplementary Figure S13A and B). Our 
in vivo transplantation studies suggest that loss of MN1
critically affects leukemia proliferation in human MLL-
rearranged AML.

Meningioma 1 overexpression restores leukemogenicity
in MLL-AF9/Mn1null cells
In an attempt to rescue the deleterious effects caused by

Mn1 deletion, we over-expressed control (MIY) vector or
MN1 in MLL-AF9/Mn1 null cells and characterized its
properties in vitro and in vivo. MLL-AF9/Mn1null cells
transduced with MN1 overcame the reduced proliferative
capacity of MLL-AF9/Mn1null cells similarly to MLL-
AF9/Mn1wt cells (Figure 5A). Similarly, MLL-
AF9/Mn1null cells with MN1 expression restored the
reduced colony-forming potential of MLL-AF9/Mn1null
cells akin to MLL-AF9/Mn1wt cells (Figure 5B and C). We
also studied the leukemogenic potential of MLL-
AF9/Mn1null cells rescued by MN1 expression in compar-
ison with MLL-AF9 (Mn1wt or null) cells transduced with
vector control. As previously mentioned in our manu-
script, MLL-AF9/Mn1null cells do not possess the ability
to engraft in mice. However, MLL-AF9/Mn1null cells with
ectopic MN1 expression engrafted in mice and induced a
leukemic phenotype with short survival similar to MLL-
AF9/Mn1wt mice (Figure 5D and E and Online
Supplementary Figure S14). Hence, deleterious effects
caused by loss of MN1 expression can be rescued by
restoring the expression of MN1.  

Meningioma 1 maintains expression of the distal HOXA
cluster and MEIS1 
MLL-AF9-mediated leukemogenesis is primarily medi-

ated by upregulation of the Hox/Meis1 gene cluster and
their target genes.33,35 DOT1L methylates histone H3 on
lysine 79 (H3K79me2), which has been associated with
MLL-AF9 binding and expression of Hoxa cluster genes
and Meis1 in normal hematopoietic progenitors and MLL-
r leukemias.25 Gene expression analysis by qRT-PCR in
MLL-AF9/Mn1null and Mn1wt cells showed that Hoxa3
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through Hoxa7 were not significantly dysregulated, while
Hoxa9, Hoxa10 and Meis1 were strongly down-regulated
in MLL-AF9/Mn1null cells (Figure 6A).  We also performed
global gene expression analysis in MLL-AF9/Mn1wt ver-
sus MLL-AF9/Mn1null cells with significant differentially
expressed genes (Online Supplementary Table S6 and Online
Supplementary Figure S15A).
To evaluate a direct transcriptional effect of MLL-AF9

and MN1 on the distal Hoxa cluster genes, we analyzed
the binding of MN1, MLL-AF9, Hoxa9, MEIS1 and
dimethyl marks of H3K79 (representing DOT1L binding)
at the Hoxa cluster locus from available chromatin
immunoprecipitation-sequencing (ChIP-Seq) data sets.

MN1 chromatin marks were enriched at distal Hoxa clus-
ter genes (Hoxa7 to Hoxa10) similar to MLL-AF9, MEIS1
and H3K79me2 marks (Figure 6B), suggesting that MN1 is
a direct regulator of Hoxa cluster gene expression.
However, genome-wide co-localization of MLL-AF9 and
MN1 chromatin did not show any overlap of a significant
number of chromatin marks, in contrast to the high over-
lap of MN1 with Hoxa9 and MEIS1 (Figure 6C-E), suggest-
ing that MN1 is essential for MLL-AF9 primarily due to its
role as a co-factor of Hoxa9 and Meis1. 
To substantiate this observation, we evaluated the

expression of Bcl2 in MLL-AF9/Mn1 wild-type and null
cells, as Bcl2 is a known target of Hoxa9 but not of MLL-
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Figure 3. MLL-AF9-induced leukemogenesis requires Meningioma 1
(MN1). (A) Engraftment of MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells in
peripheral blood (PB) at the indicated time points [mean±standard error of
mean (SEM) of the indicated number of mice]. (B) White blood cell count
(WBC) in peripheral blood of mice at four weeks. Mice received transplants
of MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells (mean±SEM, n=10). (C)
Survival of mice receiving transplants of MLL-AF9/Mn1wt and MLL-
AF9/Mn1null cells (log rank test). (D) Spleen weight of the indicated mice
at the time of death (mean±SEM, n=10). (E) Homing assay. Percentage of
MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells in bone marrow at 8 and 24
hours after transplantation (mean±SEM of the number of mice, n=5 for
each cell type and each time point). *P<0.05; **P<0.01; ns: not signifi-
cant.
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AF9 (Figure 6F).36 In agreement with this, Bcl2 and related
genes were strongly down-regulated upon deletion of
Mn1 in MLL-AF9 cells (Figure 2C), confirming the critical
role of MN1 in Hoxa9/Meis1 regulated gene expression.
We also identified putative Hoxa9/Hoxa10 targets differen-
tially expressed and regulated in our gene expression data

and GSEA analysis in MLL-AF9 (Mn1wt vs.Mn1null) cells
(Online Supplementary Table S7 and Online Supplementary
Figure S15B and C). Significantly, more Hoxa9/Hoxa10 tar-
get genes were down-regulated in MLL-AF9/Mn1null 
(P=0.027,  from hypergeometric distribution). Thus, our
data suggest that MN1 is required in MLL-r leukemia to
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Figure 4. MLL-AF9 and MLL-AF4 rearranged human leukemias also depend on Meningioma 1 (MN1). (A) Engraftment of THP-1/MN1wt and THP-1/MN1null cells
in peripheral blood (PB) at four weeks [mean±standard error of mean (SEM), n=5 for THP-1/MN1wt, THP-1/MN1null clone2 and 9]. (B) Engraftment of MV-4-
11/MN1wt and MV-4-11/MN1null cells in peripheral blood (PB) at 4 and 8 weeks (mean±SEM; n=5 for MV-4-11/MN1wt, n=4 for MV-4-11/MN1null clone1 and 10).
(C) Survival of mice receiving transplants of THP-1/MN1wt and THP-1/MN1null cells (log rank test); (n=5 for THP-1/MN1wt, THP-1/MN1null clone2 and 9). (D)
Survival of mice receiving transplants of MV-4-11/MN1wt and MV-4-11/MN1null cells (log rank test); (n=5 for MV-4-11/MN1wt, n=4 for MV-4-11/MN1null clone1
and 10). (E) Percentage of THP-1 (MN1wt or MN1null clone) cells in bone marrow at death (mean±SEM; n=5 for THP-1/MN1wt and THP-1/MN1null clone9, n=4 for
THP-1/MN1null clone2). (F) Percentage of MV-4-11 (MN1wt or MN1null clone) cells in bone marrow at death (mean±SEM; n=5 for MV-4-11/MN1wt, n=4 for MV-4-
11/MN1null clone1 and n=3 for MV-4-11/MN1null clone10). AML: acute myeloid leukemia; **P<0.01; ns: not significant.
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maintain expression of the distal Hoxa cluster and Meis1
and as a co-factor of the Hoxa9/Meis1 transcriptional com-
plex and their target genes, which also includes MLL.

Meningioma 1 as therapeutic target in MLL-AF9 acute
myeloid leukemia 
To evaluate MN1 as a therapeutic target in MLL positive

AML, we tested the effect of MN1 siRNA in primary

human AML cells. As a proof of principle, we first tested
MN1 knockdown using LNP packaged with anti-MN1
siRNA in the ME-1 cell line, which expresses MN1 at high
levels. MN1 expression was reduced up to 4-fold in anti-
MN1 siRNA treated cells as compared to control siRNA
treated cells (Online Supplementary Figure S16A).
Furthermore, we evaluated the effect of MN1 knockdown
in CD34+ hematopoietic progenitor cells from four

MLL-rearranged AML requires MN1

haematologica | 2020; 105(5) 1301

Figure 5. Meningioma 1 (MN1) overexpression restores leukemogenicity in MLL-AF9/Mn1null cells. (A) Cumulative cell counts of MLL-AF9/Mn1wt and MLL-
AF9/Mn1null cells transduced with control or MN1MIY plasmid [mean±standard error of mean (SEM), n=3]. (B) Colony-forming cell (CFC) counts of MLL-AF9/Mn1wt
and MLL-AF9/Mn1null cells transduced with control or MN1MIY plasmid (mean±SEM, n=3). (C) Morphology of representative CFC colonies of MLL-AF9/Mn1wt and
MLL-AF9/Mn1null cells transduced with control or MN1MIY plasmid. Black scale bar represents 0.25 mm. (D) Engraftment of MLL-AF9/Mn1wt and MLL-AF9/Mn1null
cells transduced with control or MN1MIY plasmid in peripheral blood (PB) at 4 and 8 weeks after transplantation (mean±SEM of the indicated number of mice). (E)
Survival of mice receiving transplants of MLL-AF9/Mn1wt and MLL-AF9/Mn1null cells transduced with control or MN1MIY plasmid (log-rank test). **P<0.01; ns: not
significant.
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healthy stem cell donors and five MLL-AF9 positive AML
patients in colony forming cell (CFC) assays. Colony num-
bers and size were significantly reduced in MLL-AF9 pos-
itive AML cells treated with anti-MN1 siRNA compared
to CD34+ cells from healthy donors when normalized to
control siRNA treated cells (Figure 7A and B). Cell num-
bers from CFC assays were also found significantly
reduced in MLL-AF9 positive AML cells treated with anti-
MN1 siRNA (Figure 7C). In order to exclude toxic effects

of the LNP/siRNA formulation, we tested an additional
anti-MN1 siRNA (MN1 siRNA-3) and found similar spe-
cific inhibitory effects with anti-MN1 siRNA-3 against
MLL-AF9 positive primary human AML cells (Online
Supplementary Figure S16B and C). Thus, MN1 expression
is critical for proliferation of MLL-transformed leukemic
cells while it has no effect on CD34+ cells from healthy
donors, suggesting MN1 as a therapeutic target in MLL-
transformed AML. 
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Figure 6. Mn1 maintains distal Hoxa cluster and Meis1 expression. (A) Relative gene expression of differentially expressed genes normalized to Abl1 in MLL-
AF9/Mn1wt andMLL-AF9/Mn1null murine cells [mean±standard error of mean (SEM), n=3]. (B) Chromatin immunoprecipitation-sequencing (ChIP-Seq) for MLL-AF9,
MN1, Hoxa9, MEIS1 and H3K79me2 in different leukemic cell lines (details in Methods). Screen shot of the Hoxa cluster with binding peaks of the above mentioned
proteins. (C) Histogram showing the distance between peak maxima of MLL-AF9 peaks to their closest MN1 peak, indicating that MN1-binding sites are less frequent-
ly enriched at MLL-AF9-binding sites. (D) Histogram showing the distance between peak maxima of Hoxa9 peaks to their closest MN1 peak, indicating that MN1-
binding sites are highly enriched at Hoxa9-binding sites.  (E) Histogram showing the distance between peak maxima of MEIS1 peaks to their closest MN1 peak, indi-
cating that MN1-binding sites are highly enriched at MEIS1-binding sites. (F) ChIP-Seq for MLL-AF9, MN1, Hoxa9, MEIS1 and H3K79me2 in different leukemic cell
lines (details in Methods). A screen shot of the Bcl2 gene with binding peaks of the aforementioned proteins. *P<0.05; **P<0.01; ns: not significant.
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Discussion 

Acute myeloid leukemia pathogenesis requires a multi-
tude of genetic and epigenetic alterations for its initiation
and progression.1 One such genetic alteration is high

expression of MN1, which is widely reported as an inde-
pendent poor prognostic marker in AML patients, and its
induced overexpression in mouse cells induces aggressive
AML.7-9,12,13,23 In the knockout studies of MN1, mice died
young from cleft palate and severe defects in development
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Figure 7. Meningioma 1 (MN1) as therapeutic target in MLL-AF9 acute myeloid leukemia (AML). (A) Colony-forming cell (CFC) counts of CD34+ healthy controls (Ctrl)
and MLL-AF9 positive AML patient cells treated with anti-MN1 siRNA/LNP formulation normalized to control siRNA/lipid nanoparticle (LNP) formulation [mean±stan-
dard error of mean (SEM), cells from n=4 CD34+ healthy donors with 3 repeats, and cells from n=4 MLL-AF9 positive AML patients with 4 repeats and 2 repeats from
1 patient]. (B) Morphology of representative CFC colonies of CD34+ healthy controls and MLL-AF9 positive AML patient cells treated with control or anti-MN1
siRNA/LNP formulation. Black scale bar represents 0.25 mm. (C) Number of viable cells from colonies of CD34+ healthy controls and MLL-AF9 positive AML patient
cells treated with anti-MN1 siRNA/LNP formulation normalized to control siRNA/LNP treated cells (mean±SEM, cells from n=1 CD34+ healthy donor in triplicate, and
cells from n=4 MLL-AF9 positive AML patients in duplicate from each patient). *P<0.05; **P<0.01; ns: not significant. (D) Model of MN1-dependency in MLL-
rearranged AML. MLL-AF9 and MN1 induces expression of HOXA cluster genes and MEIS1. MN1 is a critical co-factor of the HOXA9/MEIS1 transcriptional complex.
Loss of MN1 affects HOXA expression and renders the HOXA9/MEIS1 complex inactive, and loss of this critical downstream complex of MLL-AF9 blocks its transform-
ing ability.
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of various bones in the skull. In addition, MN1 KO mice
apparently did not develop hematopoietic defects during
the first few weeks of life until they died, suggesting that
MN1 inhibition or deletion has a therapeutic window
when targeted in leukemic cells.28 It has been previously
reported that transient MN1 knockdown via siRNA in
human leukemia cell lines reduces their proliferation;20
however, perpetual loss of MN1 expression has not been
comprehensively studied in murine or human leukemias.
Our study shows that CRISPR-Cas-mediated loss of MN1
substantially impairs leukemogenesis in MLL-r leukemias.
MN1 loss prevents in vitro proliferation and colony-form-
ing potential of MLL-AF9 and MLL-AF4-dependent cells.
Correspondingly, we demonstrate that MN1 inactivation
inhibits cell cycle, promotes apoptosis and induces differ-
entiation in MLL-r leukemic cells. In addition, loss of MN1
significantly impairs MLL-AF9-mediated murine leukemo-
genesis and reduces leukemic and tumor growth of
human MLL-rearranged leukemias in vivo. Our results are
supported by a previous study, which found that Mn1 co-
operated with Mll-AF9 in leukemogenesis in an in vivo
transplantation assay.6 The homing potential of MLL-
AF9/Mn1null cells is not affected by Mn1 deletion. We
also show that re-expression of MN1 in MLL-
AF9/Mn1null cells restores the leukemic potential of MLL-
AF9.
Both MN1 and MLL-AF9-induced leukemias rely on

expression of the Hoxa9/Meis1 complex.2,25,33,35,37,38 On a
genome-wide level chromatin binding of MN1 largely
over-lapped with HOXA9 and MEIS1 binding, suggesting
that the previously  described function of MN1 as a co-fac-
tor of HOXA9/MEIS1 is its major contribution to the
leukemogenic activity of MLL-AF9, as illustrated in our
study (Figure 7D). This is supported by our gene expres-
sion data showing that HOXA9 target genes are primarily
down-regulated upon MN1 deletion. Previous studies
have found that both MLL-AF9 and MN1-induced
leukemias are dependent on Dot1l.14,25,26 MLL fusions mis-
direct DOT1L to the promoters of Hoxa cluster genes and
Meis1 leading to H3K79 methylation and constitutive
activation of these genes.2,25,33 It is important to note that
MN1 transformed HSC have high expression of HOXA9
irrespective of DOT1L expression.14 In support of this
observation, we show that loss of MN1 can overcome the
effect of MLL-AF9 and DOT1L-directed dysregulation of
HOXA cluster genes and MEIS1. 
The leukemogenicity of MLL-positive leukemias is

dependent on genes such as the Mll wild-type allele, AF9,
Dot1l, JMJD1C, PU.1, CBX8, Hoxa7, Hoxa9 and S6K1,
which mediate the leukemogenic activity of MLL-AF9

predominantly by Dot1l gene activation.26,33,37-41 Our data
provide additional insights into MLL-rearranged leukemia
through the addition of MN1 as a crucial co-factor regulat-
ing the HOXA cluster, MEIS1 and their target genes. As
U937 cells were moderately affected by MN1 deletion, we
speculate that cells with high HOXA9/MEIS1 expression
may also depend on MN1 like MLL-r cells. Therefore, we
predict that MN1 is not only required for MLL-trans-
formed leukemias, but for approximately 50% of AML
cases, which show dysregulated expression of the clus-
tered homeobox genes.
High MN1 expression has been reported as a poor prog-

nostic marker in AML patients, and its overexpression
induces ATRA resistance and AML in mouse cells.7-9,12,
13,23Also, it is most highly expressed in CMP, and scantily
expressed in HSC and more differentiated cells.23
Interestingly, induced MN1 expression cannot transform
stem cells, as previously described,23 and we hereby report
that proliferation of CD34+ cells remain unaffected by
depletion of MN1 expression. Hence, the expression char-
acteristics of MN1 seem to be favorable for therapeutic
targeting. A potential therapeutic index is indicated by
lack of an inhibitory effect in normal stem/progenitor cells
and a specific inhibitory effect in AML cells. Therefore,
targeting MN1 by LNP/siRNA formulations holds a strong
potential therapeutic avenue, as suggested by our previous
proof-of-principle study in a PDX model of acute lym-
phoblastic leukemia in vivo.32
In summary, we identify MN1 as an essential protein in

MLL fusion gene leukemia in vivo and highlight its impor-
tance as a co-factor of the HOXA9/MEIS1 complex. An
LNP/siRNA formulation against MN1 effectively inhibits
the colony-forming potential of MLL-r primary AML cells,
suggesting that MN1 is a valid and druggable target in
AML. 
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Immunotherapeutic strategies targeting the rare leukemic stem cell com-partment might provide salvage to the high relapse rates currently
observed in acute myeloid leukemia (AML). We applied gene expression

profiling for comparison of leukemic blasts and leukemic stem cells with
their normal counterparts. Here, we show that the T-cell receptor γ chain
alternate reading frame protein (TARP) is over-expressed in de novo pediatric
(n=13) and adult (n=17) AML sorted leukemic stem cells and blasts com-
pared to hematopoietic stem cells and normal myeloblasts (15 healthy con-
trols). Moreover, TARP expression was significantly associated with a fms-
like tyrosine kinase receptor-3 internal tandem duplication in pediatric
AML. TARP overexpression was confirmed in AML cell lines (n=9), and
was found to be absent in B-cell acute lymphocytic leukemia (n=5) and
chronic myeloid leukemia (n=1). Sequencing revealed that both a classical
TARP transcript, as described in breast and prostate adenocarcinoma, and
an AML-specific alternative TARP transcript, were present. Protein expres-
sion levels mostly matched transcript levels. TARP was shown to reside in
the cytoplasmic compartment and showed sporadic endoplasmic reticulum
co-localization. TARP-T-cell receptor engineered cytotoxic T-cells in vitro
killed AML cell lines and patient leukemic cells co-expressing TARP and
HLA-A*0201. In conclusion, TARP qualifies as a relevant target for
immunotherapeutic T-cell therapy in AML.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous hematologic malignancy,
accounting for 80% of adult1-4 and 20% of pediatric5-7 leukemia. Despite initial clin-
ical remission rates of 60-90%,2,5,6 patients exhibit a high relapse risk and therapy-
related mortality, resulting in a 5-year overall survival of 30% in adult AML1,3 and
65-70% in pediatric AML (pedAML).5,8 Especially the prognosis of patients with
fms-like tyrosine kinase receptor-3 internal tandem duplications (FLT3-ITD)
remains extremely poor.2,8,9 The high relapse rate is thought to arise from a
chemotherapy-resistant cell fraction with unlimited self-renewal capacities,
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denominated as leukemic stem cells (LSC).4,10-14 In CD34+
AML, stem cell characteristics were shown to be present
in all four CD34/CD38 phenotypic compartments, though
the CD34+CD38– fraction was the  most LSC-enriched.15
Moreover, a high LSC load at diagnosis was shown to be
a significant adverse prognostic factor.16-19 Unfortunately,
current chemotherapeutic regimens were shown to per-
form inadequate towards LSC eradication14 and they
induce important toxicity.5,6,20 Also hematopoietic stem
cell transplantation, performed in high-risk (HR) patients
or as salvage therapy, carries a high mortality and morbid-
ity risk,2,5 highlighting the need for alternative treatments.
Thus, identifying LSC aberrations is crucial to tackle the
high relapse rate and to develop therapeutic targeting
strategies for LSC elimination, while ensuring salvage of
normal hematopoietic stem cells (HSC). 
Targeted therapy has led to remarkable progress in the

survival rates of multiple cancers. The introduction of
tyrosine kinase inhibitors in the treatment of chronic
myeloid leukemia (CML) accomplished a major break-
through, and CD19-directed chimeric antigen receptor
(CAR) therapy has led to an enormous improvement in
survival in relapsed/refractory pediatric ALL.21,22 These
successes paved the way for the exploration of the clinical
applicability of targeting antibodies and CAR- or T-cell
receptor (TCR)-transgenic cytotoxic T cells (CTL) in
AML.2,23-28 Although an increasing number of LSC-specific
membrane markers have been identified over recent
years,18,23,29,30 only a few reports address the molecular
abnormalities of LSC compared to HSC,15,31-37 especially in
pedAML. 
Here, we identified the T-cell receptor (TCR)γ chain

alternate reading frame protein (TARP) as an AML-specific
target, expressed in the LSC and blasts of pediatric and
adult AML, while absent in their normal counterparts.
TARP transcript expression was associated with FLT3-ITD
in pedAML. In addition, we provide in vitro evidence that
TARP may serve as a novel immunotherapeutic target in
AML for TARP-TCR engineered CTL.

Methods

Patients 
We retrospectively selected diagnostic material from 13

pedAML and 17 adult AML patients based on the sample avail-
ability, LSC load, CD34 positivity, FLT3 mutational status, and
HLA-status (Table 1 and Online Supplementary Table S1). At diag-
nosis, mononuclear cells (MNC) were isolated from bone marrow
(BM) or peripheral blood (PB) by Ficoll density gradient (Axis-
shield) and cryopreserved in 90% fetal calf serum (FCS) and 10%
dimethylsulfoxide (DMSO). Samples were thawed, followed by
30 minutes (min)  incubation at room temperature (RT) in 20 mL
RPMI with 20% FCS, 200 mL DNase I (1 mg/mL, grade II bovine
pancreas), and 200 mL MgCl2 (1 M) (Sigma-Aldrich). After incuba-
tion, cells were spinoculated (10 min, 400 rpm) and washed once
more with RPMI/20% FCS. 
In addition, we prospectively collected material from 15 healthy

subjects. Normal bone marrow (NBM, n=6) was collected from
posterior iliac crest of pediatric patients (4-18 years) undergoing
scoliosis surgery. Umbilical cord blood (CB, n=7) was obtained
after normal vaginal deliveries at full term. Mobilized peripheral
blood stem cells (mPBSC, n=2) were collected by apheresis of
adult donors pre-allotransplant. All patients or their guardians
gave their informed consent and approval was obtained by the

ethical committee, in accordance with the Declaration of Helsinki.
Buffy coats from donors were obtained from the Red Cross
(Mechelen, Belgium) and used for CTL isolation and the prepara-
tion of feeder cell medium. 

Flow cytometry analysis and cell sorting 
Cell pellets were surface stained (Online Supplementary Table S2),

followed by 20 min incubation at 4°C and washing with PBS+2%
BSA. For cell-sorting, labeled cells were resuspended in medium
and sorted on a FACSAria III with red, blue, and violet lasers (BD
Biosciences). For flow cytometry (FCM) analysis, cells were resus-
pended in PBS+2% BSA and analyzed on a LSR II or a FACSCanto
II, equipped with four or three solid-state lasers, respectively (both
BD Biosciences). All scatters were devoid of doublets based on
FSC-H/FSC-A, and propidium iodide (PI) was used to exclude
dead cells. Sorting strategies are described in Online Supplementary
Data 2.2. Regarding FCM-based cytotoxicity and cytokine assays
(Online Supplementary Data 2.9), living cells were selected using a
LIVE/DEAD staining (1:10000 dilution, ThermoFisher Scientific)
instead of PI. Target cells were stained with a Violet CellTrace™
(VT) Cell Proliferation Kit (5 mM, 1:10000 dilution, ThermoFisher
Scientific) prior to incubation with TCR-engineered CTL. After
incubation and before surface staining, Flow-Count™
Fluorospheres (1:20 diluted, Beckman Coulter) were added to each
well to enable target quantification (measurement of minimum
1000 Fluorospheres/well).

Transcript expression 
Details on micro-array profiling, RNA isolation, cDNA synthe-

sis, quantitative polymerase chain reaction (qPCR) conditions and
primers can be found in Online Supplementary Data 2.3, 2.4, 2.5 and
Online Supplementary Table S3. qPCR data analysis was performed
according to state-of-the-art methods.38,39 Relative quantity (RQ)
values were normalized against housekeeping genes GAPD,
HPRT1 and TBP. For TARP expression, normalized relative quanti-
ties were calibrated (calibrated normalized relative quantity,
CNRQ) versus a single calibrator to allow interrun comparison. For
the investigation of the subcellular localization of TARP, delta (d)
Ct between cytoplasmic and nuclear compartments were calculat-
ed and compared to MALAT1 and TBP expression. Functional
TCRG gene rearrangements were excluded if sufficient material
remained using DNA TCRG GeneScan analysis40 and/or
TRGV(J)C qPCR (Online Supplementary Table S4).

Protein detection
Details on western blotting and confocal microscopy are pro-

vided in Online Supplementary Data 2.6.

Viral transduction of acute myeloid leukemia cell lines
and generation of T-cell receptor-transgenic cytotoxic 
T cells
All transfer and helper plasmids used, and procedures for trans-

formation, plasmid isolation, transfection and transduction are
described in Online Supplementary Data 2.7 and 2.8. 
Six AML cell lines (HL-60, Kg-1a, MOLM-13, HL-60-Luc,

MOLM-13-Luc and MV4;11-Luc) were transduced with HLA-
A*0201 MHC-I encoding retrovirus, hereafter defined as A2+.
Transgenic TARP overexpression (OE) cell lines were generated
for OCI-AML3 and THP-1, next to mock controls. TARP was
knocked down in four TARP-high AML cell lines (HL-60, Kg-1a,
MV4;11 and THP-1) using three different shRNA, next to mock
controls. 
TARP-TCR engineered CTL were generated by transduction

with lentiviral (LV) or retroviral (RV) particles encoding a TCRA8-
T2A-TCRB12 sequence directed against the HLA-A*0201-restrict-
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ed synthetic TARP peptide TARP(P5L).4-13 Regarding RV 
transduced TARP-TCR CTL, mock CTL were used to correct for
non-TARP mediated lysis, and CMV-TCR transduced CTL to
evaluate aspecific killing.

Results

Discovery of T-cell receptor γ chain alternate reading
frame protein transcript expression in acute myeloid
leukemia
In order to identify LSC-specific antigens, we re-ana-

lyzed the gene set enrichment (GSE) 17054 micro-array
dataset from Majeti et al.,31 which included gene expres-
sion profiles of CD34+CD38– sorted fractions of four
healthy adults (HSC) and nine adult AML patients (LSC).
TARP ranked first amongst the top differentially expressed
genes, with all four probes in the top 20 (range log2-FC
5.13-6.92), showing a significantly higher expression in
LSC compared to HSC (P<0.01) (Online Supplementary
Figure S1). TARP had previously been identified as a trun-
cated TCR  transcript expressed in androgen-sensitive

prostate and breast adenocarcinoma (Online Supplementary
Figure S2).41,42 We further explored TARP expression in
pedAML by micro-array profiling CD34+CD38+ (n=4,
leukemic blast) and CD34+CD38– (n=3, LSC) sorted cell
populations from four pedAML patients (2 FLT3-ITD and
2 FLT3 WT) (Online Supplementary Table S1). In addition,
sorted CD34+CD38+ (n=3) and CD34+CD38- (n=2) cells
from CB were profiled to examine the expression in their
normal counterparts (Online Supplementary Figure S3).
TARP appeared to be more highly expressed in leukemic
blasts and LSC from FLT3-ITD patients compared to FLT3
WT patients and CB (Figure 1A). This finding suggested
that TARP might represent a LSC-associated target within
HR pedAML patients harboring FLT3-ITD.
To validate these data in a larger patient group, we sort-

ed CD34+CD38+ and CD34+CD38– cell populations from
nine additional pedAML (resulting in a total of 13
pedAML patients), 17 adult AML (Table 1) and 15 control
samples (n=7 CB, n=6 NBM, n=2 mPBSC). qPCR analysis
using TARP short primers (Online Supplementary Table S3
and Online Supplementary Figure S2) showed that TARP
transcripts were consistently low in HSC and myeloblasts
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Table 1. Characteristics of de novo acute myeloid leukemia (AML) patients used for sorting CD34+CD38+ and CD34+CD38– cell fractions and qual-
itative polymerase chain reaction evaluation.
                                                                              Pediatric AML (n=13)                                          Adult AML (n=17)
                                                                                  Median (Range)                                                Median (Range)

Age, years                                                                                          10 (2-16)                                                                      48 (20 - 76)
WBC count, x 109/L                                                                        66 (2.7-336)                                                                    15 (6-274)†

Morphological blast count
BM, %                                                                                              81 (34-96)                                                                     77 (28-90)†

PB, %                                                                                                 67 (1-95)                                                                       73 (7-93)||

                                                                N                                              %                                 N                                         %

Gender                                                                                                                                                                                                                           
F                                                                            7                                                      53.8%                                     9                                              52.9%
M                                                                           6                                                      46.2%                                     8                                              47.1%
Sample                                                                                                                                                                                                                            
BM                                                                        8                                                     61.5%                                   11                                            64.7%
PB                                                                         5                                                     38.5%                                    6                                             35.3%
CD34 positivity                                                    13                                                    100.0%                                   15                                             88.2%
Fusion transcript                                                 6                                                      46.2%                                    3*                                             18.8%
CBF leukemia                                                       4                                                      30.8%                                     2                                              11.8%
WT1 overexpression                                         10                                                     76.9%                                   10‡                                            71.4%
Mutation status                                                    

NPM1                                                                    0                                                       0.0%                                     5‡                                             35.7%
FLT3-ITD                                                              8                                                      61.5%                                    9†                                             60.0%
Risk classification                                                                                                            
SR                                                                         7                                                      53.8%                             Favorable                                          423.5%
HR                                                                         5                                                      38.5%                      Intermediate-I/II                                   741.2%
Unknown                                                             1                                                       7.7%                               Adverse                                           317.6%
                                                                                                                                                                               Unknown                                           317.6%
Pediatric acute myeloid leukemia (pedAML) patients were diagnosed in Belgium and treated according to the DB AML-01 (n=9, 69%) or NOPHO-DBH AML 2012 (n=4, 31%) pro-
tocol. Pediatric patients were risk stratified as previously published8 and categorized according to the French-American-British (FAB) classification into M0 (n=1), M1 (n=1), M2
(n=4), M3 (n=1), M4 (n=3), M5 (n=2), and M7 (n=1). Adult AML samples were from patients treated at the Ghent University Hospital, Ghent, Belgium (n=12, 71%) or VUmc,
Amsterdam, the Netherlands (n=5,  29%). Belgian patients were treated according to local and international guidelines, whereas Dutch patients were included in the HOVON
102 (n=3) or HOVON 132 (n=2) study.  Adults were risk stratified according to the European LeukemiaNet 2010 guidelines1 and categorized according to the FAB classification
into M1 (n=6), M2 (n=6), and M3 (n=2). WT1 overexpression was interpreted according to in-house or published cut-offs. Core binding factor (CBF)-positive leukemias comprised
AML with t(8;21)(q22;q22) (pedAML=3) and inv(16)(p13q22) (pedAML=1, adult AML=2). Other fusion transcripts detected were DEK-NUP214 (pedAML=1) and PML-RARA
(pedAML=1, adult AML=1). *One, †two,  ‡three or  ||five missing data. BM: bone marrow; F: female;  M: male; NPM1: nucleophosmin; PB: peripheral blood; WBC: white blood cell;
WT1: Wilms' tumor 1. 



TARP as target in acute myeloid leukemia

haematologica | 2020; 105(5) 1309

Figure 1. T-cell receptor γ chain alternate reading frame protein (TARP) transcript expression in pediatric
acute myeloid leukemia (pedAML) and adult AML leukemic cells and cell lines. For TARP qualitative poly-
merase chain reaction (qPCR), (CNRQ) values were calculated using LNCaP (prostate adenocarcinoma
cell line) as interrun calibrator. Biological replicates, e.g. cells sorted from the same patient in different
runs and independent cDNA syntheses, were depicted as independent data points. Horizontal bars indi-
cate means and error bars indicate mean±standard error or mean (SEM). Horizontal square brackets rep-
resent statistical comparisons; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. (A) TARP expression
was determined in CD34+CD38+ (n=4) and CD34+CD38– (n=3) cell fractions from four pedAML patients (2
FLT3-ITD, 2 FLT3WT) (Online Supplementary Table S1) by micro-array profiling. Sorted CD34+CD38+ (n=3)
and CD34+CD38- (n=2) cord blood (CB) cells were used as control populations.  Mean log2-FC values (y-
axis) were calculated based on both TARP probes included in the array, the x-axis represents the different
sample groups. (B) TARP expression was significantly higher in CD34+CD38– and CD34+CD38+ cell frac-
tions from AML patients (13 pedAML and 17 adult AML) compared to healthy controls (7 CB, 6 NBM and
2 mPBSC) (P<0.01, Mann Whitney U test). Blasts from NBM showed a marginally higher expression com-
pared to CB (P=0.049). (C) Comparison of TARP expression between leukemic stem cells (LSC) and blasts

within pedAML (circles, n=10) and adult AML (squares, n=12) on a per patient basis showed no significant differences (P>0.05, paired sample t-test). (D) Bars display the per-
centage of patients (%), harboring the characteristic shown in the x-axis (dichotomous variables, for details see Table 1), for TARP-high (black, n=8) and TARP-low (white, n=5)
pedAML patients. The total number of patients positive for each characteristic is shown between parentheses. Patients without central nervous system (CNS) involvement all
showed negative lumbar punctures. Data on CNS involvement and risk profile is lacking for one patient. The number of patients harboring FLT3-ITD (P<0.001) and HR profiles
(P<0.05) were significantly higher in the TARP-high group, whereas TARP-low pedAML patients included significantly more CBF-leukemia (P<0.01) and SR profiles (P<0.05) (χ2

test). (E) Differential TARP expression between LSC and blasts sorted from pediatric and adult AML patients with FLT3-ITD versus FLT3WT. A significant higher TARP expression
in LSC (P<0.01) and blasts (P<0.0001) was only detected for FLT3-ITD positive pedAML patients (Mann Whitney U test). (F) TARP expression in nine AML cell lines, five B-ALL
cell lines, the CML cell line K562, the Epstein-Barr virus (EBV)-immortalized B-cell line JY and T2 cell line, next to two breast (BT-474, MCF-7) and two prostate (LNCaP, PC3)
adenocarcinoma cell lines. Dashed lines indicate the expression observed in PC3 and LNCaP, serving as low and high reference, respectively, in agreement with previous lit-
erature.41 (G) Delta (d) Ct values were calculated for TARP, MALAT1 and TBP between cytoplasmic and nuclear compartments of THP-1 and LNCaP, in order to examine the
subcellular location of TARP. THP-1 showed a cytoplasmic residence for TARP, in agreement with LNCaP. FC: fold change; FT: fusion transcript; Kas-1: Kasumi-1; MM-6: MONO-
MAC6; mPBSC: mobilized peripheral blood stem cells; NBM: normal bone marrow. 
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sorted from CB, NBM and mPBSC (Figure 1B), although
blasts from NBM showed a marginally higher expression
compared to CB (mean CNRQ 0.12 vs. 0.045, P=0.049). In
sharp contrast, LSC and blasts from pediatric and adult
AML showed significantly (P<0.01) higher expressions
compared to their normal counterparts. Paired comparison
between LSC and blasts on a per patient basis showed no
significant differences (Figure 1C). 
A cut-off for elevated TARP expression was determined

based on the highest expression in control fractions plus
two times the standard deviation. Classification of
patients into TARP-high (8 pedAML, 13 adult AML) and
TARP-low (5 pedAML, 4 adult AML) revealed that 
FLT3-ITD (P<0.001), CNS involvement and HR profile
(P<0.05) were exclusively present in TARP-high pedAML
patients (Figure 1D). TARP expression was shown to be
significantly higher in sorted LSC (P<0.01) and blasts
(P<0.0001) from FLT3-ITD compared to FLT3 WT
pedAML (Figure 2E). In adult AML, high TARP expression
was not restricted to FLT3-ITD. On the other hand, all
pediatric (Figure 1D) and adult (Online Supplementary
Figure S4A) core-binding factor (CBF) leukemia were clas-
sified as TARP-low patients (P<0.01). TARP-low pedAML
patients were included in the standard risk (SR) groups
(P<0.05). No significant differences in age, white blood
cell (WBC) count, or blast percentages were observed

between TARP-high and -low pediatric or adult AML
patients (Online Supplementary Figure S4B and C). We thus
conclude that TARP is highly and specifically expressed in
AML leukemic cells from both adults and children, show-
ing a significant association with FLT3-ITD in pedAML.
Next, we evaluated TARP transcript levels in cell lines of

various origin. Expression in breast and prostate adenocar-
cinoma (PC3, BT-474, LNCaP and MCF-7) was in agree-
ment with previous findings42 (Figure 1F). No expression
was detected in five B-ALL cell lines, CML cell line K562,
EBV-immortalized B-cell line JY and T2 cell line.
Expression in AML cell lines, on the other hand, was sig-
nificantly increased (P<0.001, one-way ANOVA). The
highest expression was observed in HL-60, HNT-34, Kg-
1a, MV4;11 and THP-1 (median CNRQ 1.12, range 0.75-
4.84), whereas low transcript levels were observed in Kas-
1, MOLM-13, MONO-MAC6 and OCI-AML3 (median
CNRQ 0.080, range 0.049-0.22). Furthermore, fractiona-
tion revealed a mainly cytoplasmic localization of TARP
mRNA in THP-1 (Figure 1G), as previously shown in
LNCaP43. 
To evaluate whether the TARP transcript detected in

AML is identical to previous reports, we sequenced the
TRGC region of different TARP amplicons obtained by
qPCR for AML cell lines and pedAML leukemic cells.
Using TARP long primers, we observed a single band for
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Figure 2.  T-cell receptor γ chain alternate reading frame protein (TARP) expression in cell lines evaluated by western blotting. Whole-blot images with ladders used
for size estimation are shown in Online Supplementary Figure S7. (A) TARP transgenic (OE) cell lines generated for OCI-AML3 and THP-1 showed a 27 kDa protein
for GFP and a 15-25 kDa protein for TARP. In agreement with low TARP transcript levels, the OCI-AML3 mock cell line only showed a 27 kDa GFP protein. TARP expres-
sion in THP-1 OE was higher than OCI-AML3 OE, most likely resulting from both transgenic and cognate TARP protein expression, since THP-1 was categorized by
qualitative polymerase chain reaction (qPCR) as a TARP-high acute myeloid leukemia (AML) cell line. (B) Immunoblotting of TARP and β-actin in AML cell lines (HL-
60, Kg-1a, MOLM-13, OCI-AML3, MV4;11 and THP-1) next to LNCaP. Protein expression mostly matched transcript levels, except for Kg-1a, although confocal
microscopy did allow TARP protein staining in Kg-1a. β-actin expression appeared to be lower for LNCaP and MOLM-13, although equal amounts of protein were
loaded.  (C) Immunoblotting of TARP and β-actin in selected shRNA-mediated knockdown (KD) AML cell lines for MV4;11, HL-60 and THP-1, next to their respective
mock and wild-type (WT) cell line. For HL-60, a stable knockdown was introduced by shRNA 3 (19.4% compared to mock). KD: knockdown; OE: overexpression. 
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Kg-1a, which was similar to the LNCaP and TRGC1 refer-
ence sequence (Online Supplementary Figure S5A).
Unexpectedly, three fragments were observed in the sort-
ed blasts and LSC from TARP-high pedAML patients and
the MV4;11 cell line. Cloning and sequencing of each frag-
ment (Online Supplementary Figure S5B) revealed that the
largest fragments were artificial heteroduplexes,44 whereas
the smallest fragments were identical to the fragments
from Kg-1a and LNCaP. Medium-sized fragments were
consistently 48 bp longer, and showed the same size as
the HSB-2 amplicon, a T-cell acute lymphoblastic
leukemia (T-ALL) cell line with functional TRGC2
rearrangements.45 As TRGC2 contains a duplicated second

exon (48 bp) compared to TRGC145 (Online Supplementary
Figure S2), we hypothesized that there might be an alter-
native TARP transcript in AML. Indeed, most AML cell
lines, but none of the prostate and breast adenocarcinoma
cell lines, showed TRGC1 as well as TRGC2 amplicons
(Online Supplementary Figure S5C and E). Single bands for
exon 3 and exon 1 amplicons in all cell lines provided evi-
dence that the occurrence of the second transcript is relat-
ed to the TRGC2 duplicated second exon. Altogether,
TARP was highly expressed in approximately half of the
AML cell lines evaluated, and both TRGC1- and TRGC2-
related transcripts co-existed in AML.
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Figure 3. T-cell receptor γ chain alternate reading frame protein (TARP) protein detection in Kg-1a and patient leukemic cells by confocal microscopy. Merged pat-
terns visualize TARP (red) and HSP-60 (top lane) or calnexin (bottom lane) (both in green) co-localization (yellow fusion signals) together with DAPI nuclear counter-
staining (blue). Leukemic cells were sorted from two pediatric acute myeloid leukemia (pedAML) patients, classified as TARP-high and TARP-low by qualitative poly-
merase chain reaction. Calnexin staining was not performed on primary cells due to lack of material. Within Kg-1a and the sorted TARP-high leukemic cells, TARP
expression was enriched at the cells’ protrusions, indicated by arrows.
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Figure 4. Functional evaluation of T-cell receptor (TCR)-transgenic cytotoxic T cells (CTL) towards cognate and modified cell lines and patient leukemic cells. (A)
Cytokine response (IFN-γ/IL-2 expression within the CD3+/CD8+ compartment) by co-incubation (1 hour, h) with OCI-AML3 and THP-1 was evaluated by both lentiviral
(LV) and retroviral (RV) TCR-T-cell receptor γ chain alternate reading frame protein (TARP) CTL. LNCaP and patient leukemic cells (single experiment) were only eval-
uated by LV transduced TARP-TCR CTL. For each target, positive (+) or negative (-) HLA-A*0201 and TARP expression, in this respective order, is indicated between
brackets. HLA-A*0201 and TARP co-expressing cell lines (LNCaP and THP-1) were unable to trigger higher cytokine release than OCI-AML3 with low TARP expression.
Leukemic cells from a TARP-high pediatric acute myeloid leukemia (pedAML) patient triggered a 2-fold higher cytokine release compared to a TARP-low pedAML
patient.  (B) Lytic response of LV and RV TARP-TCR CTL versus HLA-A*0201-positive TARP-high (black symbols) and TARP-low (white symbols) targets, measured by
a chromium51 release assay after 4 h. Highest lysis of TARP-high cell lines was observed at E/T ratio 50/1 for LV and 10/1 for RV TARP-TCR CTL (percentages indicated
between brackets), whereas OCI-AML3 (HLA-A*0201+, TARP–) remained unaffected. (C) Lytic response of LV and RV TARP-TCR CTL versus towards wild-type (WT),
transgenic and pulsed AML cell lines, measured by a 48-h FCM-based cytotoxicity assay. The dashed line indicates the highest level of non-TARP mediated back-
ground killing observed for LV TARP-TCR CTL, as no mock CTL could be constructed. Positive (+) or negative (-) expression for HLA-A*0201 and TARP is shown, in this
respective order, between brackets. Bold symbols indicate the expression differing from wild-type, either by retroviral transduction or pulsing. HLA-A*0201 transgenic
AML cell lines were more efficiently lysed compared to their HLA-A*0201-negative counterparts (Kg-1a, MOLM-13, HL-60). Higher lysis was observed for transgenic
TARP OE or peptide-pulsed cell lines compared to the WT cell line (OCI-AML3, THP-1), except for killing of TARP OE OCI-AML3 cell line by RV TARP-TCR CTL. (D) Lysis
by LV TARP-TCR CTL, measured at different time points (8h, 24h, 48h and 56h, as indicated on x-axis), based on the luminescence release by transgenic HLA-A*0201-
expressing TARP-high AML cell lines with respect to the HLA-A*0201 WT cell line  (HL-60-Luc, MOLM-13-Luc and MV4;11-Luc: black symbols). In addition, lysis of the
TARP-low, cognate HLA-A*0201-positive OCI-AML3 cell line was evaluated (white symbols). Mean lysis (%) observed after 48 h is indicated next to whiskers, repre-
senting the mean±standard error of mean. (E) 48-h FCM-based cytotoxicity assay evaluating lysis of primary leukemic cells (adult AML=5, all FLT3-ITD mutated) by
LV TARP-TCR transduced CTL (biological duplicates). TARP transcript expression (CNRQ) is shown in the x-axis for each target.  IFN-γ: interferon gamma; IL-2: inter-
leukin-2; INF: influenza.
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T-cell receptor γ chain alternate reading frame protein
is expressed in acute myeloid leukemia cell lines and
patient leukemic cells
We generated TARP transgenic cell lines in order to opti-

mize western blot experiments and evaluate TARP protein
expression in AML. THP-1 and OCI-AML3 OE cell lines
showed a significant higher TARP transcript expression
(P<0.01) compared to mock controls (Online Supplementary
Figure S6A). Western blotting confirmed presence of TARP
and GFP proteins in both OE cell lines, with a size of
around 20 kDa and 27 kDa, respectively (Figure 2A and
Online Supplementary Figure S7). Concordantly, the OCI-
AML3 mock cell line, negative for TARP, only showed a 27
kDa GFP protein. WT AML cell lines HL-60, MV4;11,
THP-1 and MOLM-13, as well as LNCaP, also showed a
20 kDa TARP protein, with expression corresponding to
the transcript levels (Figure 2B and Online Supplementary
Figure S7). TARP knockdown (KD) cell lines were generat-
ed for HL-60, Kg-1a, MV4;11 and THP-1 using TARP-tar-
geting shRNA, next to mock controls. Transcript levels
were efficiently down-regulated (Online Supplementary
Figure S8), and KD cell lines for HL-60, MV4;11 and THP-
1 showing the highest transcript downregulation were
selected for western blotting (Figure 2C and Online
Supplementary Figure S7). Protein levels were efficiently
down-regulated in HL-60 transduced with shRNA 3
(19.4% compared to mock). This downregulation was less
clear in MV4;11 and THP-1: 116% (shRNA 3) and 108%
(shRNA 3) versus 63% (shRNA 2), respectively. 
To confirm western blot data and determine the subcel-

lular location of TARP, confocal microscopy was per-
formed using TARP antibodies combined with mitochon-
drial (HSP-60) and endoplasmic reticulum (ER, calnexin)
staining. The over-expressing OCI-AML3 and THP-1 cell
lines (Online Supplementary Figure S6B and C) and TARP-
high WT AML cell lines showed a perinuclear membra-
nous-type TARP staining pattern (Kg-1a (Figure 3), HL-60,
MV4;11 and THP-1 (Online Supplementary Figure S9). This
finding was in contrast to the barrel-shaped TARP pattern
with mitochondrial co-localization reported in LNCaP.43
Co-localization with calnexin, presenting as a speckled
pattern throughout the ER, was more abundant in some
cell lines, e.g. Kg-1a, showing TARP enrichment at the
cells’ protrusions. TARP-low cell lines concordantly
showed weak or negative TARP protein staining (Online
Supplementary Figure S8). Importantly, the leukemic cells
sorted from a TARP-high and TARP-low pedAML patient
also illustrated differential TARP protein expression in
agreement with the transcript levels, again showing limit-
ed mitochondrial overlap (Figure 3).

T-cell receptor γ chain alternate reading frame protein
transgenic cytotoxic T cells display specific 
anti-leukemic activity 
To explore if TARP might represent an immunothera-

peutic target in AML, we evaluated the cytokine and cyto-
toxicity response of TARP-TCR transgenic CTL, encoding
a previously developed TCRA8-T2A-TCRB12 sequence
targeting the HLA-A2 enhanced affinity TARP(P5L)4-13 epi-
tope.46,47 As concomitant HLA-A*0201 and TARP expres-
sion is required to trigger TCR-mediated killing, 
HLA-A*0201 transgenic cell lines were generated for 3 WT
cell lines (HL-60, Kg-1a and MOLM-13) and 3 Luc-positive
cell lines (HL-60-Luc, MOLM-13-Luc, MV4;11-Luc). 
First, target specificity of the TARP-TCR was examined

in a non-competitive environment using T2 cells (endoge-
nous HLA-A*0201+) pulsed with exogenous peptides
(Online Supplementary Table S3). As expected, we found
stronger cytokine responses (Online Supplementary Figure
S10A) and higher killing rates (Online Supplementary Figure
S10B and C) towards the TARP(P5L)4-13 than to the cognate
TARP4-13 peptide for both RV and LV transduced CTL, with
LV TARP-TCR CTL generally reacting stronger. T2 cells
pulsed with non-TARP-related peptides (INF, CMV) were
not affected, although CMV-pulsed T2 cells were effi-
ciently recognized by CMV-TCR CTL, indicating a high
specificity of the TARP-TCR.
Second, we explored the immunogenicity of cell lines

with endogenous HLA-A*0201 presentation. Exposure to
LNCaP and THP-1 appeared to be insufficient to trigger
cytokine release for both LV and RV transduced TARP-
TCR CTL (Figure 4A). Using a chromium51 release assay,
we observed a lytic response by LV transduced TARP-TCR
CTL starting from effector to target ratio (E/T) 10/1, with
a maximal average response at 50/1 (LNCaP 10%, THP-1
24%), whereas RV transduced TARP-TCR CTL performed
best at 10/1 (THP-1 12%) (Figure 4B). The TARP-low AML
cell line OCI-AML3 remained unaffected under all condi-
tions. Altogether, as the TARP-TCR targets the enhanced
HLA-A2 TARP(P5L)4-13 binding peptide, we observed
weaker responses against endogenous TARP-expressing
cell lines compared to pulsed T2 cells. 
Third, lysis of TARP-high HLA-A*0201-negative cell

lines was evaluated versus their HLA-A*0201 transgenic
counterparts in a 48-h FCM-cytotoxicity assay. In addi-
tion, killing of TARP transgenic or TARP-pulsed HLA-
A*0201-positive cell lines was compared to the respective
TARP-low WT cell line (Figure 4C). A non-TARP mediated
lysis by LV TARP-TCR CTL of maximal 20% was
observed (indicated by dashed line). Stable transduction of
HLA-A*0201 increased killing for Kg-1a compared to the
WT cell line (29% vs. 13%), whereas killing of MOLM-13,
with lower TARP expression levels, remained unaffected
when HLA-A*0201 was introduced. Transgenic TARP OE
and TARP(P5L)4-13 pulsed OCI-AML3 cells were prone to a
higher lysis than the WT cell line (44% and 55%, respec-
tively, vs. 24%). Killing of TARP OE/pulsed THP-1 cells
was only marginally up-regulated, most likely due to an
already high endogenous expression. These data were
confirmed using RV TARP-TCR CTL, and corrected for
non-TARP mediated lysis using mock CTL. HLA-A*0201
expression again increased killing of Kg-1a (46% vs. -4%)
and HL-60 (40%  vs. 15%) compared to the WT cell line.
Up-regulated killing of transgenic TARP OE THP-1 cells
was again limited. For OCI-AML3, lysis was up-regulated
after pulsing, but remained low for the TARP OE trans-
genic cell line. Killing by LV TARP-TCR CTL was addi-
tionally evaluated in a bioluminescence imaging (BLI)-
based assay using Luc-positive AML cell lines with high
TARP expression (HL-60 and MV4;11) and low TARP
expression (MOLM-13 and OCI-AML3) (Figure 4D). A
higher lysis was observed for HL-60-Luc and MV4;11-Luc
when expressing HLA-A*0201 at 48 h and 56 h, indicating
that also in long-term cytotoxicity experiments HLA-
A*0201 restricted TARP-specific killing could be detected.  
Finally, we explored the feasibility of therapeutic target-

ing of primary leukemic cells by LV TARP-TCR CTL. Co-
incubation with blasts sorted from a TARP-high pedAML
patient resulted into a 2-fold higher IFN-γ  and IL-2 pro-
duction compared to a TARP-low pedAML patient (22%
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vs. 10%) (Figure 4A). Moreover, TARP-TCR CTL were
also capable of killing leukemic cells from de novo adult
AML patients (n=5) (Figure 4E). Lysis ranged between
12% and 68%, and borderline correlated to TARP tran-
script levels (Spearman's coefficient 0.82, P=0.089).

Discussion 

We demonstrated increased TARP expression in AML
LSC (CD34+CD38–) and blasts (CD34+CD38+) from pri-
mary patients compared to their normal counterparts as
well as AML cell lines. We also showed that TARP protein
is expressed in primary AML leukemic cells and are ade-
quately presented on HLA molecules, which makes the
cells targetable for immunotherapy. 
TARP expression has only been investigated in prostate

tissue and androgen-sensitive prostate adenocarcinoma
and breast adenocarcinoma,42,43,48 next to a single report on
salivary adenoid cystic carcinoma.49 We found that TARP
expression was significantly (P<0.001) higher  in FLT3-
ITD compared to FLT3WT pedAML patients at diagnosis,
whereas no significant difference was observed in adult
AML. Importantly, enormous differences in the genomic
landscape in adult compared to pedAML were shown,50,51
potentially explaining some of the differential associations
observed in our cohorts. The association between TARP
expression and a poor prognosis is in agreement with a
recent report, investigating the association between tran-
script expression and clinical outcome in pedAML, rank-
ing TARP within the top genes significantly associated
with a detrimental outcome.52 To shed light on the link
between FLT3-ITD and TARP, mRNA sequencing of the
transgenic OE and KD cell lines compared to their WT cell
line is ongoing. As it was recently shown that the 
FLT3-ITD regions encode immunogenic, HLA-presented
neo-epitopes,53 the benefit of CTL therapy targeting both
leukemogenic molecules in pedAML could be of great
interest. On the other hand, CBF leukemias, representing
a favorable cytogenetic subgroup,2,8 were only present
(P<0.01) in the TARP-low group for both pediatric and
adult patients. AML cell lines derived from pediatric cases
(MV4;11, THP-1) and LSC-enriched cell lines (Kg-1a,
HNT-34), showed the highest TARP levels, confirming a
relation between TARP, the LSC compartment and
pedAML, although also HL-60 (adult, CD34–) showed
high expression. Whether TARP remains differentially
expressed within LSC outside the predominant
CD34+CD38– compartment, as it does within CD34–
AML,15,54 needs to be explored further. In addition, we
showed that transcripts differ from those in solid tumors
and are derived from both the TRGC1 and TRGC2 coding
regions. Sequencing analysis indicated the presence of a
second, AML-exclusive, TARP transcript encoding TRGC2
instead of TRGC1.
TARP protein expression was in agreement with tran-

script levels, showing a 15-25 kDa fragment in AML cell
lines. In breast and prostate adenocarcinoma, TARP had
previously been defined as a 7 kDa protein,42,48 although
also a 9 kDa fragment was reported in MCF-7.42,48
Fritzsche et al. detected protein sizes in prostate carcino-
ma of 20-25 kDa,55 comparable to our findings, whereas
Yue et al. reported a 15 kDa protein.49 Besides its size, the
subcellular localization of TARP in AML needs to be
refined. qPCR analysis revealed cytoplasmic localization,

and confocal microscopy showed sporadic ER overlap, in
contrast to previously reported mitochondrial co-localiza-
tion.43 We observed an enrichment of TARP at the cells’
protrusions in Kg-1a and sorted leukemic cells.
Protrusions are kinetic cytoskeletal abnormalities formed
during chemokine-induced cell migration, e.g. homing of
CD34+ HSC towards the bone marrow niche.56 The pres-
ence of molecular abnormalities in CD34+ progenitor cells
was shown to increase protrusion formation.57 Indeed,
LSC were reported to compete with HSC for endosteal
niche engraftment, where they are protected from
chemotherapy-induced apoptosis.12,58 Whether TARP
interferes in homing and chemoprotection of leukemic
AML cells in the BM microenvironment needs to be elu-
cidated. Although protein expression was readily up-reg-
ulated in TARP transgenic cell lines, shRNA-mediated
knockdown appeared to be less efficient. Possible expla-
nations are the presence of escape mechanisms and alter-
native translation pathways during silencing or a very
high stability of the TARP protein, persisting in the cell
for a long period of time. 
To explore TARP as an immunotherapeutic target in

AML, we evaluated the cytokine release and cytotoxic
killing capacities of TARP-TCR transgenic CTL in vitro.
TARP and HLA-A*0201 co-expressing cell lines were effi-
ciently lysed, and although evaluated on a limited number
of patients (n=5), TARP-TCR CTL were able to kill pri-
mary leukemic cells with a borderline correlation to the
TARP transcript expression. Interestingly, weaker respons-
es were observed for the cognate TARP4-13 peptide, since
the TCR is directed against the HLA-A*0201 enhanced
affinity TARP(P5L)4-13 peptide. Moreover, pulsed T2 cells
appeared to be more susceptible than AML cells. This
finding is in agreement with previous data,47,59 and several
reasons may account for this phenomenon. First, peptide
processing, transport and/or MHC-I presentation may be
disturbed in leukemic cells.60 Second, high and stable HLA-
A*0201 expression is vital for triggering lytic responses,
and transgenic expression might diminish during culture.
Therefore, we cannot exclude the possibility that HLA-
A*0201-mediated TARP presentation within the trans-
genic OCI-AML3 cell line had diminished during long-
term culture. Third, competition between transgenic and
endogenous MHC-I molecules might block HLA-A*0201-
guided peptide presentation. Indeed, the TARP-TCR was
shown to suffer from low MHC-I avidity compared to for-
eign epitope-directed TCR.61 Cloning the TARP4-13-TCR
sequence into a retroviral construct enabled higher trans-
duction efficiencies and the generation of mock CTL to
correct non-TARP mediated lysis, which are lacking in
previous reports.37,49 As promoters driving TCR expression
differed between constructs, and functional activity is
known to correlate with TCR cell-surface expression,62 it
was no surprised that different killing rates between LV
and RV transduced CTL were osberved. In addition,
intrinsic reactivity, HLA status and endogenous TCR
repertoire of each donor as such might have an impact.62
In addition, comparing reactivity by effectors from an allo-
geneic versus autologous setting will be implemented in
future experiments. 
In conclusion, we showed that TARP is highly expressed

in AML leukemic cells, including the CD34+CD38– LSC
compartment, while absent in normal counterparts.
Moreover, TARP expression was associated with 
FLT3-ITD in pedAML. We provide in vitro evidence that
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TARP-directed CTL effectively kill TARP and HLA-
A*0201 co-expressing cell lines and primary leukemic
cells, and thus hold great promise for immunotherapeutic
T-cell therapy.
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Despite substantial progress in treatment of T-cell acute lymphoblas-
tic leukemia (T-ALL), mortality remains relatively high, mainly due
to primary or acquired resistance to chemotherapy. Further

improvements in survival demand better understanding of T-ALL biology
and development of new therapeutic strategies. The Notch pathway has
been involved in the pathogenesis of this disease and various therapeutic
strategies are currently under development, including selective targeting of
NOTCH receptors by inhibitory antibodies. We previously demonstrated
that the NOTCH1-specific neutralizing antibody OMP52M51 prolongs sur-
vival in TALL patient-derived xenografts bearing NOTCH1/FBW7 muta-
tions. However, acquired resistance to OMP52M51 eventually developed
and we used patient-derived xenografts models to investigate this phenom-
enon. Multi-level molecular characterization of T-ALL cells resistant to
NOTCH1 blockade and serial transplantation experiments uncovered het-
erogeneous types of resistance, not previously reported with other Notch
inhibitors. In one model, resistance appeared after 156 days of treatment, it
was stable and associated with loss of Notch inhibition, reduced mutational
load and acquired NOTCH1mutations potentially affecting the stability of
the heterodimerization domain. Conversely, in another model resistance
developed after only 43 days of treatment despite persistent down-regula-
tion of Notch signaling and it was accompanied by modulation of lipid
metabolism and reduced surface expression of NOTCH1. Our findings
shed light on heterogeneous mechanisms adopted by the tumor to evade
NOTCH1 blockade and support clinical implementation of antibody-based
target therapy for Notch-addicted tumors.

Dissecting molecular mechanisms of resistance
to NOTCH1-targeted therapy in T-cell acute 
lymphoblastic leukemia xenografts
Valentina Agnusdei,1 Sonia Minuzzo,2 Marica Pinazza,1 Alessandra Gasparini,1

Laura Pezzè,3 Adriana Agnese Amaro,4 Lorenza Pasqualini,1$ Paola Del
Bianco,1 Martina Tognon,1 Chiara Frasson,5 Pietro Palumbo,6 Yari Ciribilli,3

Ulrich Pfeffer,4 Massimo Carella,6 Alberto Amadori1,2 and Stefano Indraccolo1

1Istituto Oncologico Veneto IOV - IRCCS, Padova; 2Department of Surgery, Oncology and
Gastroenterology, University of Padova, Padova; 3Laboratory of Molecular Cancer
Genetics, Department of Cellular, Computational and Integrative Biology (CIBIO),
University of Trento; 4Tumor Epigenetics, IRCCS Ospedale Policlinico San Martino, Genova;
5Istituto di Ricerca Pediatrica, Fondazione Città della Speranza, Padova and 6Medical
Genetics Unit, Fondazione IRCCS Casa Sollievo della Sofferenza, San Giovanni Rotondo,
Italy
$Current address: Diagnostics and genomics group, Agilent Technologies Inc. Santa Clara, CA, USA

ABSTRACT

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological dis-
ease that results from clonal expansion of transformed lymphoid progenitors at
different developmental stages.1 Cure rates for pediatric ALL are currently approx-
imately 90%, but prognosis for children who experienced relapse remains poor,
and it has only marginally improved over the past two decades. Therefore, more
efforts are required for patients with chemotherapy-resistant leukemia to identify
effective treatment strategies.2,3

The Notch pathway plays a crucial role in T-cell lineage specification and
thymic development and its deregulated activation has been linked to T-ALL
development and maintenance.1,4 Notably, about 50-60% of T-ALL samples show



activating mutations in the NOTCH1 gene5,6 and 15% of
T-ALL cases present mutations or deletions in its ubiqui-
tin ligase FBW7.7 The role of Notch in solid and hemato-
logical malignancies suggests targeting of this pathway
for therapeutic purposes in Notch-driven malignancies.
Consolidated therapeutic approaches include the use of
gamma secretase inhibitors (GSI) that block Notch pro-
cessing, alternative molecules that affect Notch signaling
and antibodies or decoy peptides to target specific Notch
receptors or their ligands, hypothetically overcoming
adverse effects due to the pan-Notch signaling inhibition
associated with GSI.8
We have recently shown the therapeutic efficacy of the

NOTCH1-specific monoclonal antibody OMP52M51
(Brontictuzumab) in pediatric T-ALL xenografts bearing
NOTCH1/FBW7 mutations, including samples derived
from relapsed and difficult-to-treat patients.9 OMP52M51
has been in clinical trial in patients with relapsed or
refractory lymphoid malignancies (trial ID:
NCT01703572) and with relapsed or refractory advanced
solid tumors (trial ID: NCT01778439), although it has not
been considered for further clinical development.
Preliminary experiments in our lab showed that T-ALL
PDX acquire resistance to OMP52M51 and this event
may likely occur also in patients enrolled in clinical trials
with this Notch inhibitor. Moreover, state-of-the-art
knowledge about the molecular mechanisms of resistance
to Notch blockade stems from various experimental mod-
els which utilized almost exclusively GSI to block Notch
signaling.10 We were therefore interested in exploiting
PDX models to investigate possible novel mechanisms of
resistance to antibody-mediated NOTCH1 blockade with
the long-term aim to support clinical development of
antibodies targeting Notch in cancer.  

Methods

Establishment of T-ALL xenografts and development of
resistant PDX in vivo 
Xenografts (PDTALL) establishment and their genetic charac-

terization are reported elsewhere.9 To develop resistance to
Notch blockade, PDTALL cells were intravenously (i.v.) injected
in NOD/SCID mice (5x106 cells/mouse; 5-6 mice/group) and
animals were intraperitoneally (i.p.) treated with the humanized
anti-human NOTCH1 mAb OMP52M51 (Oncomed
Pharmaceuticals Inc., Redwood, CA, USA) or control antibody
(Rituximab, Roche, Basel, Switzerland) until disease progres-
sion. Both antibodies were administrated weekly at 20 mg/Kg,
starting two days after i.v. injection of T-ALL cells. In the acute
treatment experiment, mice were treated with OMP52M51 four
days prior to sacrifice. Procedures involving animals conformed
current laws and policies (EEC Council Directive 86/609, OJ L
358, 12/12 1987) and were authorized by the Italian Ministry of
Health (894/2016-PR). T-ALL growth was monitored by periodic
blood drawings and flow cytometric analysis of CD5 and CD7
(the antibodies used were both from Coulter, Fullerton, CA,
USA). Leukemic cells were recovered from the spleen and used
for the following analyses. 

Reverse transcription-PCR (RT-PCR) and quantitative
PCR (qPCR)
Total RNA was isolated using TRIzol Reagent (Life

Technologies, Paisley, UK) according to the manufacturer’s
instructions. cDNA was synthesized from 1-1.5 mg of total RNA

using the High Capacity RNA-to-cDNA kit (Life Technologies).
For analysis of the Notch pathway activation, a panel of 21
NOTCH-target genes were evaluated in duplicates by Custom
TaqManArray Cards as described before9 using the TaqMan
Universal PCR Master Mix (Life Technologies) and ABI Prism
7900 Sequence Detection System. Relative quantification was
done using the DDCt method, normalizing to β2-microglobulin
mRNA. Primers used for validation of microarray results are
reported in the Online Supplementary Material and Methods.

Western blot analysis
Western blot methods used in this study have been previously

published.11 Immunoprobing was performed using antibodies
reported in the Online Supplementary Material and Methods sec-
tion. Antigens were identified by luminescent visualization
using the Western Lightning Plus ECL (Perkin Elmer) or ECL
Select (Amersham, GE Healthcare, Chicago, IL, USA) and signal
intensity was measured using a Biorad XRS chemiluminescence
detection system. In a set of experiments we used subcellular
fractionation, which was performed as previously described in
Pinazza et al.12

Preparation of cRNA, GeneChip microarray analysis
and data normalization
Samples were prepared with GeneChip® WT PLUS Reagent

Kit (Affymetrix, Santa Clara, CA, USA). Total RNA and cRNA
quality were evaluated with the Agilent RNA 6000 Nano Kit and
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA) before microarray hybridization. cDNA was quanti-
fied by Implen NanoPhotometer (Implen, München, Germany).
Labeled sense-strand cDNA was used for screening of
GeneChip® Human Transcriptome Array 2.0 (Affymetrix). Each
sample consisted of a single mouse (n=4-5 samples/group).
Hybridization and scanning were conducted on the Affymetrix
platform. Further experimental details can be found in the Online
Supplementary Material and Methods. 

Metabolomic analysis
Experimental details can be found in the Online Supplementary

Material and Methods.

NGS analysis and Sanger sequencing
Experimental details can be found in the Online Supplementary

Material and Methods. 

Results

Resistance to OMP52M51 occurs with heterogeneous
kinetics and Notch signaling activity in T-ALL PDX
We previously demonstrated that treatment with

OMP52M51 delays engraftment of T-ALL cells bearing
NOTCH1/FBW7 mutations. Responder PDX disclosed
increased T-ALL cell apoptosis, reduction of proliferation
and marked inhibition of the Notch transcriptional signa-
ture.9 To investigate whether and when resistance to
NOTCH1 blockade occurs in a regimen of continuous
administration of OMP52M51 mAb, we treated n=3
xenografts bearing activating NOTCH1 mutations9 and
initially responsive to OMP52M51 (PDTALL8,
PDTALL11, PDTALL19) until the appearance of leukemia.
For each PDX, leukemia bearing mice (n=5-6 per group)
were treated with OMP52M51 or control antibody once a
week. Development of leukemia was evaluated by regular
blood drawings and flow cytometric analysis of human
CD5 and CD7 T-ALL markers and mice were sacrificed
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when they presented ~20-25% circulating blasts (Figure
1A). Percentages of T-ALL cells in the spleen were evalu-
ated at sacrifice, confirming an almost complete infiltra-
tion (>87%) of this hematopoietic organ by leukemic cells
both in control and OMP52M51-resistant mice (Online
Supplementary Figure S1A). In PDTALL19 model, leukemia

engraftment and development of resistance to
OMP52M51 were followed by optical imaging (Online
Supplementary Figure  S1B). Resistance to OMP52M51
treatment arose in all mice but with different kinetics in
the three PDX analyzed, ranging from 43 days of
PDTALL19 to 80 days of PDTALL11 and 156 days of

Resistance to Notch1 neutralizing antibody
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Figure 1. Heterogeneous kinetics and Notch signaling inhibition in
PDX resistant to OMP52M51. (A) Outline of the treatment with
OMP52M51 or control antibodies (Rituximab). NOD/SCID mice (n=5-6
mice/group) were intraperitoneally  (i.p.) treated with OMP52M51 or
control antibodies (Ctrl Ab) two days after intravenous (i.v.) injection of
T-ALL cells (5x106 cells/mouse). Antibodies were subsequently admin-
istrated weekly and leukemia engraftment was tracked by serial blood
drawings and flow cytometric analysis. (B) Kaplan-Meier survival
curves of leukemic mice after treatment with OMP52M51 (dotted
lines) or Ctrl Ab (solid lines) of PDTALL8, PDTALL11 and PDTALL19
xenografts (PDTALL8: P=0.00343; PDTALL11: P=0.00124; PDTALL19:
P=0.00264 log-rank test). (C) Notch target genes expression in
PDTALL8 (top), PDTALL11 (middle) and PDTALL19 (bottom) resistant
compared to control cells (*P≤0.001; **P=0.029; *** P≤0.01. Mean
± standard deviation [SD], 3-5 samples/group).
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PDTALL8 (Figure 1B). Notably, the dynamic tracking of
the percentage of T-ALL cells in blood uncovered substan-
tially different profiles in these models. In fact, we
observed a steep increase in the case of PDTALL8 model,
compared with the mild increase observed in the
PDTALL19 model (Online Supplementary Figure S2), sug-
gesting different mechanisms of adaptation to
OMP52M51.
Following treatment of T-ALL PDX with OMP52M51,

we previously observed a strong reduction of Notch target
gene expression in good responders and we considered
this phenomenon as indirect evidence of reduced Notch
signaling.9 Therefore, we wondered if this inhibition was
still present in mice which developed resistance to
OMP52M51 therapy. To investigate this hypothesis, we
analyzed expression levels of 21 Notch target genes by
qPCR. In the PDTALL8 model, expression levels of Notch
target genes were very similar in OMP52M51-resistant
and control cells (Figure 1C, top). On the contrary, in
PDTALL11 xenograft several genes were significantly
downregulated in cells recovered from OMP52M51-resis-
tant compared to control mice (Figure 1C, middle). In the
PDTALL19 model, inhibition of Notch signaling was
maintained in resistant cells (Figure 1C, bottom) and it
was comparable to that previously measured following
acute treatment with OMP52M51.9

Serial transplantation experiments disclosed two types
of resistance to OMP52M51
To elucidate whether resistance to OMP52M51 was a

stable trait, we performed serial transplantation experi-
ments. T-ALL cells from the spleen of donor mice resist-
ant to OMP52M51 were i.v. injected into naïve recipient
mice, which were then weekly treated with OMP52M51
or control antibody according to the standard protocol
until the appearance of the signs of disease (Figure 2A).
We found that resistance was a stable trait in the
PDTALL8 model, the PDX in which resistance developed
156 days after OMP52M51 treatment (late onset). In fact,
in the serial transplantation experiment, both
OMP52M51-treated and control mice developed
leukemia 39 days after T-ALL cell injection (Figure 2B). In
contrast, resistance to OMP52M51 was lost upon serial
transplantation in PDTALL19 model, the PDX with early
onset of resistance. PDTALL19 cells recovered from the
spleen of OMP52M51-resistant mice and injected into
näїve mice were initially sensitive to OMP52M51 treat-
ment, as no evidence of T-ALL cells was found in the
blood of these mice at day 18, when control mice were
sacrificed. When administration of OMP52M51 was
repeated, however, mice became gradually resistant to
therapy and they were eventually sacrificed 41 days after
T-ALL cell injection, a time point very similar to that
observed in the initial experiment (Figure 2B). It is impor-
tant to note, however, that following repeated (n=5)
cycles of treatment of PDTALL19 cells with OMP52M51,
resistance became stable, replacing the initial unstable
form of resistance seen in this model (Online
Supplementary Figure S3), with possibly different underly-
ing mechanisms. In the PDTALL11 model, the onset of
resistance was intermediate between the other two mod-
els previously described (Figure 2B). Finally, Notch path-
way activation was investigated in secondary treated and
non-treated resistant cells. Results disclosed marked dif-
ferences in the expression of several Notch target genes in

the case of PDTALL11 and PDTALL19 and only marginal
differences in the case of PDTALL8 (Figure 2C), in line
with results of the first round of treatment.

Resistance to OMP52M51 is not associated with PTEN
or FBW7 alterations
It is well known that the PTEN/PI3K/AKT pathway is

frequently altered in T-ALL and that PTEN loss is
involved in resistance induced by GSI13 and other thera-
pies.14 Therefore, we analyzed the expression of PTEN in
the three PDX models. PTEN was expressed in all mod-
els and resistance was not associated with loss of PTEN,
since the protein was detectable at comparable levels in
treated and control cells (Online Supplementary Figure S4).
In line with this finding, comparable levels of AKT acti-
vation (determined as pAKTSer473 and pAKTThr308)15 were
found in OMP52M51 compared with control cells
(Online Supplementary Figure S4). Furthermore, we
sequenced the FBW7 gene, since mutations in this gene
have also been correlated with GSI resistance.7
Sequencing of FBW7 in PDTALL8, PDTALL11 and
PDTALL19 models revealed that neither parental nor
resistant cells were harboring a mutated version of FBW7
(Online Supplementary  Table S2). We conclude that resist-
ance to OMP52M51 did not involve mechanisms report-
ed in previous studies with GSI. 

Resistance to OMP52M51 is associated with a distinct
transcriptional signature in PDTALL19 model
We exploited transcriptome analysis to investigate the

mechanisms of resistance to OMP52M51 in the
PDTALL8 and PDTALL19 models, which presented com-
pletely different phenotypes of resistance. In the
PDTALL8 model – the PDX characterized by late onset
and stable resistance to OMP52M51 – only a few
ProbeSet ID without an associated gene annotation were
modulated, so we concluded that the gene expression
profiles of resistant cells were superimposable to control
ones (Online Supplementary Figure S5). In contrast, in the
PDTALL19 model – the PDX characterized by early
onset and transient resistance to OMP52M51 – we iden-
tified 327 up- and 257 down-regulated genes in the com-
parison between OMP52M51-resistant and control cells
(Figure 3A, Online Supplementary Table S3-4). Gene set
enrichment analysis (GSEA) identified 20 pathways sig-
nificantly down-regulated in OMP52M51-resistant T-
ALL samples (Online Supplementary Figure S6). Among
them, we found the Notch pathway (Figure 3B), confirm-
ing the inhibition measured by TaqMan arrays, oxidative
phosphorylation, unfolded protein response, pathways
related to proliferative processes - such as the G2/M
checkpoint and mitotic spindle – and MYC targets, a
well-known mediator of Notch activity. Interestingly,
GSEA disclosed also metabolic pathways significantly
down-regulated in resistant compare to control cells,
including cholesterol homeostasis, adipogenesis and
fatty acid metabolism (Figure 3B). Selective transcrip-
tome findings were validated by quantitative RT-PCR
(Online Supplementary Figure S7). In order to unravel if
these modulations were due to inhibition of Notch sig-
naling or were hallmarks of resistance to OMP52M51,
we performed gene expression profile analysis in mice
engrafted with PDTALL19 cells and acutely treated with
OMP52M51. The majority of pathways identified by
GSEA were present also in these samples (Online
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Supplementary Figure S8-9), but with a higher level of
down-regulation compared to OMP52M51 resistant cells
(Online Supplementary Figure S10), suggesting that the
inhibitory effect of the antibody on signaling is partially
lost when resistance develops. 

Resistance to OMP52M51 is associated with rewiring
of lipid metabolism in PDTALL19 cells
These results prompted investigation of the effects of

Notch blockade on lipid metabolism. To this end, we per-
formed tandem mass spectrometry (MS/MS) for different

Resistance to Notch1 neutralizing antibody
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Figure 2. Serial transplantation experiments disclose different phenotypic traits of resistance. (A) Outline of the experiment. Resistant cells were recovered from
the spleen of OMP52M51-treated mice and injected into naїve mice (5-6 mice/group). Recipient mice were then treated weekly with OMP52M51 or control mono-
clonal antibodies (Ctrl mAb) according to the standard protocol. (B) Kaplan-Meier survival curves of PDTALL8, PDTALL1 and PDTALL19 mice after a second course
of treatment with OMP52M51. In these experiments, mice transplanted with PDTALL8, PDTALL11 or PDTALL19 resistant cells from the first round of treatment
(PDTALL8: P=0.0441; PDTALL11: P<0,001; PDTALL19: P=0.00181 log-rank test). (C) Expression levels of selected Notch target genes in T-ALL cells obtained from
the spleen of mice after the second course of OMP52M51 treatment (*P<0,05; **P<0,001. Mean ± standard deviation [SD], 3-6 samples/group).
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classes of metabolites. This analysis revealed that numer-
ous constituents of cell membranes were less abundant in
OMP52M51-resistant versus control PDTALL19 samples,
including members of glycerophospholipids, sphin-
gomyelins and ceramides families, as well as oxysterols
and one cholesterol ester. Only few metabolites in these

classes were enriched in OMP52M51-resistant cells
(Figure 4A). Quantification of the cellular contents of lipid
droplets by flow cytometry confirmed a significant reduc-
tion of lipid storage in OMP52M51-resistant cells com-
pared to controls (Online Supplementary Figure S11).
Moreover, MS/MS analysis discovered an imbalance

V. Agnusdei et al.
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Figure 3. Transcriptome analysis of OMP52M51-resistant PDTALL19 cells. (A) Heatmap of genes modulated comparing OMP52M51 resistant and control cells (4-
5 samples/group). Red and blue colors indicate higher and lower expression levels, respectively. The columns represent individual samples (B) top: Gene set enrich-
ment analysis (GSEA) plots of four enrichment sets down-regulated in resistant cells. Bottom: Heatmaps and lists of the top 25 differentially expressed genes of the
corresponding plots reported above. 

A

B



between saturated and (poly-) unsaturated lipids and
identified a trend towards reduction of the unsaturation
degree in OMP52M51-resistant samples (Figure 4B).
Notably, acute treatment of PDTALL19 mice with
OMP52M51 did not cause significant alterations in lipids
(Online Supplementary Figure S12), indicating that dis-reg-
ulated lipid metabolism is a feature of resistance.

Since NOTCH1 is a membrane-bound protein, we
hypothesized that a different composition of lipid con-
stituents could affect the fluidity of the membrane and
the surface levels of the receptor. To this end, we ana-
lyzed NOTCH1 protein levels by Western blot (WB)
analysis both in whole cell lysates (Figure 5A) and in plas-
ma membrane fractions (Figure 5B). OMP52M51-resis-

Resistance to Notch1 neutralizing antibody
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Figure 4. Lipidomic analysis of OMP52M51-resistant PDTALL19 cells. (A) The length of the
columns is proportional to the abundance of analytes in the corresponding class. Numbers
near columns represent the number of metabolites included in the analysis (right) and the sig-
nificant ones (middle) for each class. Metabolites significantly less abundant in resistant cells
are represented in red, instead the more abundant are in green (adjusted P-value<0.05, five
samples/group). (B) An overview of significant less abundant (left) and more abundant (right)
lipid metabolites in resistant cells. Lipids are schematically represented depending on their sat-
uration degree. 
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tant samples revealed a clear reduction in trans-mem-
brane (TM) and intracellular domain (ICD) forms, a result
that was expected since binding of the antibody should
prevent activation of the pathway. These results were
confirmed by WB analysis of whole cell lysates using the
NOTCH1 ICD-specific Val1744 monoclonal antibody

(mAb) (Figure 5A). Interestingly, we also observed a
decrease in the full-length NOTCH1 form, which was not
anticipated and suggested lower levels of NOTCH1 on
the cell surface (Figure 5A-B). This modulation in
NOTCH1 protein levels was not observed in
OMP52M51-resistant PDTALL8 and PDTALL11 cells,
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Figure 5. OMP52M51-resistant PDTALL19 cells show reduction of surface NOTCH1 protein. (A) Left: NOTCH1 full-length (FL), transmembrane (TM) and intra-cellular
domain (ICD) expression levels were measured by Western blot analysis on whole cell lysates. Cleaved NOTCH1 levels (mid panel) were determined by probing the
filters with the Val1744 antibody. Right: quantification of NOTCH1 FL, TM and ICD levels normalized to β-actin expression (mean ± standard deviation [SD]) of control
and resistant cells (five samples/group. *P=0.005; **P<0.001). (B) Left: Analysis of NOTCH1 expression on plasma membrane lysates obtained by subcellular frac-
tionation. Right: Quantification of NOTCH1-FL expression in control antibodies (Ctrl Ab) and resistant cells, normalized to the corresponding housekeeping protein
pan-cadherin and normalized to controls (mean ± SD, 10 samples/group.*P=0.001). 
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consistent with marginal variations in genes involved in
lipid metabolism in these models (Online Supplementary
Figure S13). However, acute treatment of PDTALL19 mice
with OMP52M51 was also associated with reduced
NOTCH1 FL and ICD levels (Online Supplementary Figure
S12), indicating that these changes were related to
NOTCH1 blockade rather than to resistance. Finally,
given the marked changes in lipid metabolism seen in the
PDTALL19 model, we investigated other possible pheno-
typic changes associated with resistance. By flow cytom-
etry analysis, we found that OMP52M51-resistant cells
exhibited a smaller size compared with control cells and
there were also significant changes in surface expression
of the T-cell markers CD3 and CD7 and the pan-leuco-
cyte marker CD11a (Online Supplementary Figure S14).

Assessment of the genetic background of OMP52M51
resistance in the PDTALL8 model
In the case of PDTALL8 model, transcriptional data sug-

gested that mechanisms underlying the stable resistance
to OMP52M51 treatment could involve an “on target”
mutation of the Notch pathway selected during treat-
ment and serial transplantation experiments, leading to
the loss of sensitivity to OMP52M51.
To investigate this hypothesis, we performed single

nucleotide polymorphism (SNP) arrays and whole exome
sequencing (WES) of paired control-resistant mice (see
Online Supplementary Table S5 for WES metrics details),
allowing the identification of variants that could be not
detected by Sanger sequencing due to a relatively low
variant frequency. Cytoscan arrays failed to identify copy
number variations associated with resistance to
OMP52M51 in PDTALL8 cells (Online Supplementary
Figure S15). However, bioinformatics analysis of WES
revealed that control mice displayed a higher tumor
mutational load than OMP52M51-resistant samples, both
considering the total number of variants (34,641 variants
in controls compared to 12,206 in OMP52M51-resistant
samples) and shared confident non-synonymous calls
(440 vs. 54; Figure 6A-B and Online Supplementary Table
S6). This difference could be explained by the “tumor
clonal selection” model. Speculatively, the OMP52M51
antibody could act as a selective agent, favouring out-
growth of a subpopulation of cells from the initial
tumour. Interestingly, WES analysis highlighted the pres-
ence of two NOTCH1 activating variants mapping to the
heterodimerization domain (HD),16 i.e. p.Q1584H and
p.L1585P, present only in the OMP52M51-resistant mice
(Figure 6C). We validated these mutations by Sanger
sequencing and extended analysis to additional samples
from the same experiment (four to five mice/group;
Online Supplementary Figure S16). Sanger sequencing con-
firmed that both mutations were present in OMP52M51
resistant mice and were lacking in controls (Figure 6D). 
To investigate whether these mutations occurred at

low level in parental cells, we performed targeted
sequencing analysis. All treated xenograft (three repli-
cates/group) presented p.L1585P and p.Q1584H variants
in cis (Online Supplementary Figure S17). On the other
hand, at a depth of 300X the p.L1585P and p.Q1584H
variants were not identified in control samples and there-
fore, if present prior to treatment, must have been present
at a frequency of less than 5%, which was the estimated
sensitivity of the next-generation sequencing (NGS)
assay.  

Finally, according to the literature, these mutations
destabilize the structure of the HD domain17 and there-
fore could affect binding of OMP52M51. This was indeed
shown by flow cytometry experiments showing that the
binding of OMP52M51 is lower in PDTALL8 resistant
compared with control cells (Figure 6E). 

Discussion

In the last 10 years, personalized treatment of cancer
has improved substantially thanks to the identification of
specific genetic alterations and consequent development
of target therapies against oncogenic drivers. In this land-
scape, the resistance of cancer cells to pharmacological
treatment remains the major challenge to face in order to
increase the efficacy of new drugs.18 Although we are
aware of some intrinsic limitations of xenografts, such as
the lack of the immune system, the systemic T-ALL mod-
els used in this study are suitable to study effects of drugs
directly targeting tumors cells, and we used them to
investigate the molecular mechanisms of resistance to
Notch targeted therapy. Our results demonstrate that the
resistance appeared following long-term administration
of OMP52M51 antibody in each of the three PDX models
tested, though with different timing. In fact, PDTALL8,
the PDX with a late onset of resistance and loss of Notch
signaling inhibition, was characterized by a stable resist-
ance. On the contrary, in the PDTALL19 model, resist-
ance appeared earlier, Notch signaling was inhibited and,
importantly, it was an unstable trait. Analysis of the slope
of the percentage of T-ALL cells in blood of these mice
during serial drawings suggested that adaptation to
OMP52M51 in this model consisted mainly of a delayed
but constant growth of the PDX without the develop-
ment of true resistance during the first round of treat-
ment. However, upon repeated rounds of treatment with
OMP52M51 stable resistance eventually occurred, sug-
gesting a two-stage form of resistance in this model.
PDTALL11 disclosed an intermediate behavior both
regarding the time of development of resistance, the sta-
bility of resistance and Notch signaling inhibition, likely
due to a mixture of different mechanisms. Speculatively,
an additional round of treatment might lead to the selec-
tion of a completely resistant clone also in the PDTALL11
model, although this was not investigated here. 
Intriguingly, previous studies elegantly addressed the

issue of clonality of T-ALL xenografts and correlated the
genetic complexity of T-ALL cells with the speed of
leukemia development in xenograft models.19,20
Specifically, in the case of delayed T-ALL growth,
leukemia cells were in part genetically diverse, the result-
ing xenograft leukemia arising from different but
branched subclones present in the original sample.
Although not investigated in our study, it could be specu-
lated that the clonal architecture of the PDX might have
an influence on the time of development and the type of
resistance to anti-NOTCH1 therapy.
In the PDX tested, the resistance was never associated

with the loss of PTEN, AKT activation or mutations in
FBW7 gene, which represent some of the previously
described mechanisms of resistance to Notch inhibition
by GSI.7,13 The strikingly different phenotypes of the
PDTALL8 and PDTALL19 models underscored two novel
mechanisms of resistance. In the case of PDTALL19, we
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Figure 6. Molecular profiling of PDTALL8 control and OMP52M51 resistant T-cell acute lymphoblastic leukemia cells. (A) Comparison between the average muta-
tional burden in PDTALL8 untreated and resistant cells based on whole exome sequencing (WES) results. Total: total number of single-nucleotide variant (SNV); fil-
tered: variants with a variant allele fraction (VAF) >10% and coverage depth (DP) >30 excluding common polymorphisms; coding: filtered coding variants excluding
synonymous genetic alterations. (B) Venn diagrams of coding variants for each mouse. 440 SNV and 54 SNV are shared respectively between control (#1-3) and
resistant mice (#5-7) inside each group. (C) NOTCH1 variants found only in OMP52M51 resistant samples. cDNA coordinates, amino acidic changes, VAF, alternative
allele depth (AD) and DP are reported. (D) Direct sequencing of exon 26 in a representative control (Ctrl Ab #1) and resistant (OMP52M51 resistant #5) pair.
Resistance-related mutations are indicated with the red arrows. (E) Flow cytometric analysis of surface expression of NOTCH1 in T-cell acute lymphoblastic leukemia
(T-ALL) cells from the spleen of PDTALL8 mice treated with either OMP52M51 or control antibody. Two representative samples per group are shown.
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found that tumor adaptation to anti-NOTCH1 therapy
was accompanied by a distinct transcriptomic and meta-
bolic signature. Alterations converged on lipid metabo-
lism, hinting at significant alterations in constituents of
cell membranes such as phosphatidylcholines, lysophos-
phatidylcholines, sphingomyelins and ceramides.
Moreover, there was a trend towards the reduction of
the unsaturation degree of lipids in OMP52M51-resistant
samples, hypothetically suggesting a modulation of
membrane fluidity, since saturated fatty acids are more
densily packed.21 Some years ago, a well-designed study
correlated a different composition of phospholipids with
an increase in endocytosis and therefore a reduction in
EGFR and Notch signaling, due to the fact that these
receptors were less abundant on the cell membrane.22
Albeit performed in Drosophila, we speculated that the
different composition and/or unsaturation degree of
membrane components could affect the amount of
NOTCH1 receptor on cell surface and, therefore, the
amount of target available for binding the therapeutic
antibody. For a linear pathway such as Notch, the expo-
sure of the receptor on cell surface is fundamental and,
therefore, the number of NOTCH1 receptors are strictly
regulated.23-25 However, we found reduced NOTCH1 lev-
els also after short-term treatment with OMP52M51, a
condition where lipid alterations were not detected, indi-
cating that the alterations in lipid metabolism are in fact
a feature associated with the resistance in the PDTALL19
model, but this does not likely cause reduced NOTCH1
FL levels in these cells. In any case, recent findings gave
prominence to new functions of membrane components,
beyond the structural one. Phosphatidylcholines,
lysophosphatidylcholines, sphingomyelins and
ceramides could, in fact, be involved in cell signaling and
behave as messengers frequently altered in pathologic
conditions such as cancer.26-29 Therefore, it could be pos-
sible that the variations in membrane components
observed in PDTALL19 model could influence the
microenvironment and/or T-ALL cell behaviour. Along
this line, our finding that T-ALL cells resistant to
OMP52M51 had reduced size and showed lower surface
levels of CD3, CD4 and CD11a compared with control
cells supports this hypothesis.
In a recent paper, Herranz and colleagues identified

glucose metabolism and glutaminolysis as key determi-
nants in cell resistance to Notch blockade with GSI.30 In
our model, we also found an increase in the amount of
hexoses in resistant cells, but the innovative finding was
represented by the association between the resistance to
OMP52M51 antibody and the modulations of the sterol
biosynthetic pathway. Moreover, in our model we did
not observe the activation of autophagy (data not shown),
which other groups previously detected in cells after
Notch inhibition by GSI.30 Regarding the PDTALL19
model, finally, the comparison between resistant cells and
acute treatment with OMP52M51 disclosed that the anti-
body inhibited the same GSEA pathways but with a dif-
ferent strength. 
Another possible hypothesis behind the reduction of

surface NOTCH1 receptor regards DELTEX1. Many stud-
ies performed in Drosophila have shown that the activa-
tion, degradation and recycling of Notch receptors could

depend on their ubiquitination pattern.31,32 DELTEX1 is an
ubiquitin-ligase that could act as a positive or a negative
regulator of Notch signaling depending on the cellular
context and could influence endocytic trafficking of the
receptor.33-35 Notably, in our models DELTEX1 was one of
the most down-regulated genes in PDTALL19 cells,
whereas it was not detectable in PDTALL11 cells and was
not modulated in PDTALL8 cells (Figure 1C), PDX in
which we did not observe any reduction of surface
NOTCH1 protein. 
In the PDTALL8 model, given the stability of the resist-

ance and the loss of Notch signaling inhibition, the most
likely explanation for the observed resistance was the
selection of a mutated clone no longer responsive to ther-
apy. To address this possibility, NGS analysis performed
in control and resistant cells disclosed a selection of
clones of the initial tumour, since treated samples pre-
sented a lower mutational burden compared to control.
Moreover, NGS analysis revealed the presence of two
activating mutations in NOTCH1 gene - p.Q1584H and
p.L1585P - in the OMP52M51 resistant mice. These vari-
ants, reported as T-ALL associated in CIViC database (36),
were in cis and cause the introduction of a positive charge
(p.Q1584H) and a break (p.L1585P) to the α2-helix in the
HD domain,16 adding steric bulk in the HD core. These
modifications potentially affect the stability of HD
domain and could influence binding of the OMP52M51
antibody, causing the loss of responsiveness to the thera-
py. Notably, we confirmed the p.Q1584H and the
p.L1585P mutations by targeted sequencing but could not
find them in the parental cells prior to treatment.
However, as all of the independently derived resistant
PDTALL8 tumor samples disclosed the same p.Q1584H
and p.L1585P variants, it is extremely likely that these
variants must have been present in a minor sub-clone
prior to selective pressure with OMP52M51.
Finally, the possible role of the microenvironment must

be taken into consideration, since different tumours could
differ, not only in intrinsic lesions but also in their
dependence on the niche – therefore, different T-ALL
cases might respond distinctly to the same treatment. A
better characterization of both cell-autonomous lesions
and cues from the microenvironment, which was apart
from the purpose of this paper, would extend the com-
plete understanding of how the malignancy progresses
and resistance develops.1
In conclusion, our study highlights heterogeneity in the

phenotypic and molecular features of resistance to
OMP52M51. Notably, traits associated with resistance
differ from those previously described following treat-
ment with GSI, suggesting that leukemia cells can adopt
several strategies to evade Notch inhibition according to
the therapeutic drug used. 
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Introduction
Allogeneic hematopoietic cell transplantation (HCT) is a

potentially curative therapy for patients with acute lym-
phoblastic leukemia (ALL). Risk stratification of ALL
varies across studies and generally includes a spectrum of
demographic (e.g., age), clinical (e.g., white blood cell
count, minimal residual disease, steroid sensitivity), phe-
notypic (B- versus T-cell origin), and cytogenetic character-
istics. Several cytogenetic risk stratification schemes have
been developed and are used as prognostic tools at diag-

nosis of ALL to guide treatment decisions. However, most
prior studies focusing on the prognostic significance of
cytogenetics in ALL were influenced by inclusion of
patients with Philadelphia chromosome-positive (Ph+) B-
ALL and defined for patients who received conventional
chemotherapies. 
Pivotal Medical Research Council–Eastern Cooperative

Oncology Group (MRC-ECOG) and Southwest Oncology
Group (SWOG) clinical trials identified commonly recog-
nized Ph-negative (Ph–) cytogenetic risks, including
KMT2A (MLL) translocations at 11q23 associated with
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Cytogenetic risk stratification at diagnosis has long been one of the most useful tools to assess prognosis
in acute lymphoblastic leukemia (ALL). To examine the prognostic impact of cytogenetic abnormalities
on outcomes after allogeneic hematopoietic cell transplantation, we studied 1731 adults with

Philadelphia-negative ALL in complete remission who underwent myeloablative or reduced intensity/non-
myeloablative conditioning transplant from unrelated or matched sibling donors reported to the Center for
International Blood and Marrow Transplant Research. A total of 632 patients had abnormal conventional
metaphase cytogenetics. The leukemia-free survival and overall survival rates at 5 years after transplantation in
patients with abnormal cytogenetics were 40% and 42%, respectively, which were similar to those in patients
with a normal karyotype. Of the previously established cytogenetic risk classifications, modified Medical
Research Council-Eastern Cooperative Oncology Group score was the only independent prognosticator of
leukemia-free survival (P=0.03). In the multivariable analysis, monosomy 7 predicted post-transplant relapse
[hazard ratio (HR)=2.11; 95% confidence interval (95% CI): 1.04-4.27] and treatment failure (HR=1.97; 95%
CI: 1.20-3.24). Complex karyotype was prognostic for relapse (HR=1.69; 95% CI: 1.06-2.69), whereas t(8;14)
predicted treatment failure (HR=2.85; 95% CI: 1.35-6.02) and overall mortality (HR=3.03; 95% CI: 1.44-6.41).
This large study suggested a novel transplant-specific cytogenetic scheme with adverse [monosomy 7, complex
karyotype, del(7q), t(8;14), t(11;19), del(11q), tetraploidy/near triploidy], intermediate (normal karyotype and
all other abnormalities), and favorable (high hyperdiploidy) risks to prognosticate leukemia-free survival
(P=0.02). Although some previously established high-risk Philadelphia-negative cytogenetic abnormalities in
ALL can be overcome by transplantation, monosomy 7, complex karyotype, and t(8;14) continue to pose sig-
nificant risks and yield inferior outcomes.

ABSTRACT



t(4;11)(q21;q23), complex karyotype, t(8;14)(q24;q32), low
hypodiploidy, or near triploidy, among others.1 However,
only a subset of Ph– patients underwent allogeneic HCT in
those trials. Thus, the applicability of existing cytogenetic
risk classifications for allogeneic transplant recipients with
ALL remains uncertain due to the relatively low frequency
of specific Ph– cytogenetic abnormalities and the modest
size of prior studies. In a single-center retrospective cohort
study of 333 allograft recipients with ALL, cytogenetic risk
did not predict survival after allogeneic HCT.2 Notably, in
that study Ph+ patients accounted for the majority of
patients in the poor-risk cytogenetic group, and the cyto-
genetic risk scheme used was chosen arbitrarily. Another
study on allogeneic HCT in Ph– ALL (n=373), conducted in
Japan, found no difference in overall survival between
patients with high-risk [t(4;11), t(8;14), low hypodiploidy,
and complex karyotype] and standard-risk cytogenetics.3
A more recent analysis of Ph– B-ALL patients from
GRAALL clinical trials identified t(4;11)/KMT2A-AFF1 and
t(v;14q32)/IGH as markers of poor clinical outcome; how-
ever, only a third of the trial patients underwent allogeneic
HCT in first complete remission.4
In view of the conflicting prior data, we analyzed

Center for International Blood and Marrow Transplant
Research (CIBMTR) registry data to determine the prog-
nostic impact of individual conventional (G-banding)

cytogenetic abnormalities and major previously estab-
lished Ph– cytogenetic risk classifications (Table 1) on
outcomes of allogeneic HCT. We also developed an allo-
geneic HCT‐specific cytogenetic classification of Ph–
ALL for prediction of post-transplant relapse and sur-
vival. 

Methods

Data source
Study data were obtained from the CIBMTR registry

which is a voluntary network of over 450 blood and mar-
row transplant centers in the USA and around the world.
Participating centers contributed detailed transplant-relat-
ed information longitudinally to the centralized data
management and statistical centers at the Medical
College of Wisconsin (Milwaukee, WI, USA) and the
National Marrow Donor Program (NMDP) (Minneapolis,
MN, USA). Like all observational research conducted by
the CIBMTR, this study adhered to strict federal regula-
tions for the protection of human research subjects.
Protected health information used in this study was col-
lected and maintained in CIBMTR’s capacity as a Public
Health Authority under the Health Insurance Portability
Accountability (HIPAA) Privacy Rule.
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Table 1. Major established cytogenetic risk classifications of Philadelphia chromosome-negative acute lymphoblastic leukemia.
Study                                        Design highlights                                 Risk group             Cytogenetic abnormalities

MRC-ECOG (Moorman et al.     • Randomized phase III                             Poor                           t(4;11), t(8;14)*, complex* (≥5 abnormalities without
Blood 2007)                                     • 796 pts with abnormal                                                                 translocations), low hypodiploidy (30-39 chr)/near triploidy (60-78 chr)*
                                                           cytogenetics                                               Other                        All other karyotypes
                                                           • 310 alloHCT
                                                                                                                                     Good                          High hyperdiploidy (>50), del(9p)
Modified MRC-ECOG                   • Randomized phase III                             Very high                   t(4;11), t(8;14), complex (≥5 abnormalities without 
(Pullarkat et al. Blood 2008)       • 140 pts with evaluable                                                                 translocations), low hypodiploidy (30-39 chr)/near triploidy (60-78 chr)
                                                           cytogenetics                                              High                           Other 11q23/MLL, monosomy 7§, del(7p), +8§, t(1;19) or t(17;19),
                                                           • Re-classified by MRC-ECOG                                                     t(5;14)
                                                           • 19 alloHCT                                                  Intermediate           Normal diploid, low hyperdiploidy (47-50 chr), abnormal 11q (not
                                                                                                                                                                         MLL), del(6q), del(17p), del(9p), del(12p), del(13q), t14q32, 
                                                                                                                                                                         t(10;14), tetraploidy (>80 chr), or any karyotype abnormalities not 
                                                                                                                                                                         identified with a different risk group
                                                                                                                                     Standard                   High hyperdiploidy (>50 chr)
SWOG (Pullarkat et al.                 • Randomized phase III trial                     Unfavorable             Monosomy 7, +8, and 11q23/MLL gene rearrangements
Blood 2008)                                     • 140 pts with evaluable                             Miscellaneous         Any other abnormal karyotype
                                                           cytogenetics                                              Normal                      Normal karyotype
                                                           • 19 alloHCT
NILG-ALL (Bassan et al.              • Phase II                                                       Adverse                     t(4;11) and/or MLL-AF4, +8, near triploidy, low hypodiploidy, 
Blood 2009)                                     • 276 with evaluable cytogenetics                                                complex (≥3 abnormalities), del(6q), t(8;14)
                                                                                                                                     Non-adverse            t(1;19) and/or E2A-PBX1, hyperdiploid, other karyotype 
                                                                                                                                                                         abnormalities not identified with a different risk group
                                                                                                                                    Normal                      Normal karyotype
North UK (Moorman et al.          • Observational                                            Poor                           t(4;11), t(8;14), t(14;18), complex (≥5 abnormalities without
Blood 2010)                                     • 292 pts with evaluable cytogenetics                                         translocations), low hypodiploidy (30-39 chr)/near triploidy (60-78 chr)
                                                                                                                                     Standard                   All other karyotypes
GIMEMA 0496 (Mancini et al.    • Phase II                                                       High                           t(4;11), t(1;19)
Blood 2005)                                   • 282 pts with evaluable cytogenetics     Intermediate           del(6q) and other karyotypes
                                                                                                                                    Standard                   normal karyotype, del(9p)
MRC-ECOG: Medical Research Council-Eastern Cooperative Oncology Group; SWOG: Southwest Oncology Group; NILG: Northern Italy Leukemia Group; GIMEMA: Gruppo Italiano Malattie
EMatologiche dell'Adulto; alloHCT: allogeneic hematopoietic cell transplantation; pts: patients; chr: chromosomes; MLL: mixed lineage leukemia *Independent predictors. §Unfavorable
by Cancer and Leukemia Group B classification.



Selection of patients
The initial study population included 3,275 adults (age ≥16

years) with Ph– ALL in first or second complete remission (CR1 or
CR2, corresponding to morphological remission with <5% bone
marrow blasts) who underwent allogeneic HCT between 1995-
2011 and whose data were reported to the CIBMTR. Further
restriction of the study population to the recipients of HLA-
matched sibling and unrelated donor  peripheral blood or bone
marrow allografts (with consent to submit at least 100 days of
post-transplant research reports) resulted in 2,903 eligible study
participants. The CIBMTR data center requested original cytoge-
netic reports for cases with reportedly abnormal or unknown
cytogenetics at either the time of diagnosis or prior to allogeneic
HCT. Cytogenetic reports were received from participating cen-
ters for 1,013 cases, all of which were reviewed and validated by
the study’s principal investigators (AL, MD). Data on cytogenetics
from the existing CIBMTR records were used for 743 cases for
which no original cytogenetic reports were received from the
queried centers. For 342 cases (12%) with prior CIBMTR cytoge-
netics status reported as “unknown” or “not tested” the original
cytogenetic reports were requested, but not received from the
transplant centers. Normal conventional cytogenetic results were
confirmed with over 95% accuracy upon review of all original
reports received and the remaining 805 cases with normal cytoge-
netics were included in the final study sample of 1,099 patients
with normal cytogenetics reported. Patients with abnormal con-
ventional cytogenetics (n=632) were included in the study popula-
tion after review of all available original cytogenetic reports. Thus,
a total study population of 1,731 patients from 256 reporting cen-
ters and 38 countries was analyzed.

Cytogenetics
Blood and marrow samples at the time of ALL diagnosis and

prior to transplantation were cultured and evaluated for cytoge-
netic abnormalities by G-banding according to the standard prac-
tices of the participating centers. Original cytogenetic data report-
ed to the CIBMTR conformed to the International System of
Cytogenetic Nomenclature (ISCN).5 According to the ISCN, a
clonal abnormality was defined as the presence of a gain of the
same chromosome or the presence of the same structural abnor-
mality in ≥2 cells or the loss of the same chromosome in ≥3 cells.
A normal conventional cytogenetic result was defined as the
absence of clonal abnormalities in at least 20 metaphase cells.
Abnormal cytogenetics were classified according to previously
established cytogenetic risk classifications for Ph– ALL (Table 1).
Standard definitions for hypodiploid, hyperdiploid, complex, and
monosomal karyotypes were based on the following modal chro-
mosome numbers: (i) low hypodiploidy (30-39 chromosomes), (ii)
high hypodiploidy (40-43), (iii) low hyperdiploidy (47-50), (iv)
high hyperdiploidy (>50), (v) near triploidy (60-78), (vi) tetraploidy
(>80), (vii) complex with ≥5 abnormalities6-8 (adopted here) in the
absence of established translocations or ploidy abnormalities; or
≥3 abnormalities used exclusively by the Northern Italy Leukemia
Group (NILG)9 (Table 1), and (viii) monosomal (≥2 autosomal
monosomies or a single autosomal monosomy combined with a
single structural abnormality). Fluorescence in situ hybridization
(FISH) findings and/or other molecular data were available for the
minority of patients and were, therefore, only used to validate
cytogenetic reports when available.

Statistical analysis
Individual Ph– cytogenetic abnormalities were included in the

analysis if they were detected in ≥20 patients or in <20 patients
but with previously established prognostic significance in ALL.

Cytogenetic abnormalities included high hyperdiploidy (n=29),
tetraploidy (n=9), near triploidy (n=6), low hypodiploidy (n=11),
complex karyotype (n=51), monosomal karyotype (n=84), mono-
somy 17 (n=21), i(17q) (n=5), del(17p) (n=6), t(1;19) (n=33), t(4;11)
(n=95), t(8;14) (n=10), t(10;11) (n=8), t(11;19) (n=10), add(5q) (n=7),
del(5q) (n=20), add(7p) (n=8), i(7q) (n=10), add(12p) (n=10),
del(12p) (n=18), t(14;18) (n=6), del(6q) (n=48), del(7q) (n=7), mono-
somy 7 (n=33), add(9p) (n=11), del(9p) (n=52), i(9q) (n=17),
add(12p) (n=10), del(12p) (n=18), del(11q) (n=18), del(13q) (n=12),
and trisomy 8 (n=35). Each cytogenetic abnormality was tested
individually for its association with post-HCT relapse while
adjusted for potential confounders. Statistically significant
(P<0.05) clinical factors other than cytogenetics [conditioning reg-
imen, remission status, donor type, and graft-versus-host disease
(GvHD) prophylaxis among other potential confounders] were
retained in the multivariable Cox proportional hazards model.
Abnormalities with a hazard ratio (HR) ≥1.4 for relapse were sub-
sequently grouped as adverse risk; abnormalities with a HR ≤0.6
for relapse were grouped as favorable, whereas all other abnor-
malities, and normal cytogenetics, were grouped as intermediate
risk. Relapse was used as the primary endpoint for evaluation of
individual cytogenetic abnormalities and it was calculated as the
cumulative incidence of ALL recurrence with treatment-related
mortality as the competing risk. Leukemia-free survival was used
as the primary endpoint for evaluation of previously established
and study-derived cytogenetic risk classifications and was defined
as the time to death or relapse with survivors in continuing com-
plete remission censored at last follow-up. Adjusted probabilities
of leukemia-free survival and relapse were calculated using multi-
variable models, stratified by cytogenetic risk scheme and weight-
ed by the pooled sample proportion value for each prognostic fac-
tor.10,11 Overall survival was a secondary study endpoint and was
defined as the time to death from any cause with surviving
patients censored at last follow-up. Treatment failure (1 –
leukemia-free survival) and overall mortality (1 – overall survival)
were used to model all Cox regression HR estimates. SAS version
9.4 (SAS Institute, Cary, NC, USA) and GraphPad Prism version
7.04 were used for all data analysis and graphics. 

Results

Study population and transplant characteristics
A description of the entire study population and the dis-

tribution of the main study variables among patients with
abnormal and normal cytogenetics are summarized in
Table 2. The study cohort consisted predominantly of
young (82% <45 years) male (63%) patients with B-pre-
cursor ALL (69%). Patients with hyperleukocytosis (white
blood cell count >30×109/L for B-ALL and >100×109/L for
T-ALL) at the time of initial diagnosis accounted for 22%
of the entire cohort and 57% of patients underwent allo-
geneic HCT in CR1 with a median time to achieve CR1 of
6 weeks (range, 1-123). 

Post-transplant outcomes classified by established
cytogenetic schemes
Patients with abnormal cytogenetics had 5-year

leukemia-free and overall survival rates of 40% and 42%,
respectively, which were similar to those of patients with
a normal karyotype (both P>0.6). The cytogenetic risk cat-
egories defined by the MRC-ECOG, SWOG, NILG-ALL,
North UK, and GIMEMA 0496 (Table 1) had no prognostic
significance for leukemia-free survival, relapse, or overall
survival (all P-values >0.15). However, the cytogenetic risk
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classification defined by the modified MRC-ECOG was
significantly associated with both treatment failure (over-
all P=0.02) and overall survival (overall P=0.03) in multi-
variable analyses adjusted for recipient age, disease status,
conditioning intensity, Karnofsky Performance Status,
donor type, and GvHD prophylaxis (Figures 1A and 2).
Significant associations between the modified MRC-
ECOG classification and major clinical outcomes
appeared to be largely driven by the favorable outcomes
of patients with standard-risk cytogenetics (n=24), all with
a high hyperdiploid karyotype. There was no difference
between high or very high modified MRC-ECOG cytoge-
netic risk groups compared to the intermediate group. In
contrast, good-risk cytogenetics according to the MRC-
ECOG classification included del(9p), in addition to high
hyperdiploidy, and was not significantly associated with
any of the clinical outcomes of interest. 

Individual cytogenetic abnormalities: relapse
Monosomy 7 [HR=2.11; 95% confidence interval (CI):

1.04-4.27, P=0.04] and complex karyotype (HR=1.69; 95%
CI: 1.06-2.69, P=0.03) were both associated with
increased risk of relapse in multivariable analysis adjusted
for conditioning intensity, ALL remission status prior to
transplantation, and monosomal karyotype (Figure 3,
Table 3). Patients with high hyperdiploidy had an estimat-
ed 54% lower risk of relapse, whereas those with del(7q),
t(8;14), t(11;19), del(11q), or a tetraploid/near triploid kary-
otype had a HR of at least 40% higher for relapse, which
did not reach statistical significance (Figure 3). The magni-
tude and strength of associations with relapse for the
remaining individual cytogenetic categories, such as tri-
somy 8, monosomal karyotype, monosomy 17,
del(17p)/i(17p), low hypodiploidy, del(6q), t(1;19), t(4;11),
and normal karyotype, did not demonstrate any meaning-
ful clinical associations (all HR between 0.6 and 1.4), and
none was statistically significant (all P-values >0.1). 
A significant interaction was detected between t(4;11)

and pre-transplant remission status (P<0.001) with the
adverse impact of t(4;11) on relapse observed only in
patients undergoing allogeneic HCT in CR2 (HR=2.82;
95% CI: 1.25-6.36, P=0.01), but not in CR1 (HR=0.86,95%
CI: 0.53-1.41, P=0.55).  

Individual cytogenetic abnormalities: treatment failure
Monosomy 7 (HR=1.97; 95% CI: 1.20-3.24, P=0.007)

and t(8;14) (HR=2.85; 95% CI: 1.35-6.02, P=0.006) were

Table 2. Patient and transplant characteristics.
Variables                                                     All          Cytogenetics    Cytogenetics
                                                                                     Abnormal            Normal

Number of patients                                            1731              632 (36.5)           1099 (63.5)
Number of centers                                              256                     178                         226
Recipient age, median (range), years      29 (16-68)        28 (16-65)            29 (16-68)
Gender, female, n (%)                                   636 (37)            234 (37)               402 (37)
Recipient race, n (%)
Caucasian                                                       1429 (83)           534 (84)               895 (81)
African-American                                            42 (2)                12 (2)                   30 (3)
Asian                                                                 154 (9)               49 (8)                 105 (10)
Other                                                                106 (7)               37 (6)                   69 (6)
Karnofsky score ≥ 90%, n (%)                    1245 (72)           459 (73)               786 (72)
Disease status prior to alloHCT, n (%)
CR1                                                                   990 (57)          395 (62.5)              595 (54)
CR2                                                                   741 (43)          237 (37.5)              504 (46)
Time to CR1, median (range), weeks       6 (1-123)          5 (2-123)              6 (1-113)
Time from CR1 to alloHCT1, median          3 (<1-16)         3 (<1-13)             4 (<1-16)
(range), months
Time from CR1 to relapse2,                       20 (<1-111)     18 (<1-103)          21 (1-111)
median (range), months
ALL lineage, n (%)
B-ALL                                                              1197 (69)           474 (75)               723 (66)
T-ALL                                                                393 (23)            121 (19)               272 (25)
Unknown                                                          141 (8)               37 (6)                  104 (9)
Hyperleukocytosis at diagnosis, n (%)
B-ALL (>30x109 WBC/L)                              299 (17)            150 (24)               149 (14)
T-ALL (>100x109 WBC/L)                               81 (5)                31 (5)                   50 (4)
Extramedullary ALL at diagnosis, n (%)
CNS                                                                   105 (6)               35 (6)                   70 (6)
Non-CNS                                                        202 (12)           70 (11)              132 (12)
Conditioning intensity, n (%)                               
MAC (+TBI)                                                  1343 (78)           522 (83)               821 (75)
MAC (-TBI)                                                     254 (15)             72 (11)                182 (17)
NMA/RIC                                                            98 (6)                28 (5)                   70 (7)
Unknown                                                          36 (2)               10 (2)                   26 (2)
GvHD prophylaxis, n (%)
Tacrolimus-based                                         576 (33)            217 (34)               359 (33)
Cyclosporine A-based                                 1000 (58)           350 (55)               650 (59)
T-cell depletion (ex-vivo)                           123 (7)               55 (9)                   68 (6)

In-vivo T-cell depletion, n (%)
Alemtuzumab                                                   46 (3)                19 (3)                   27 (2)
ATG                                                                   286 (17)             99 (16)                187 (17)
Graft source, n (%)
Bone marrow                                                 790 (46)            281 (44)               509 (46)
Peripheral blood                                           941 (54)            352 (46)               590 (54)
Donor type, n (%)
HLA-identical sibling                                    819 (47)            270 (43)               549 (50)
Well-matched unrelated donor                 469 (27)            188 (30)               281 (26)
Partially-matched/mismatched                 357 (21)            141 (22)               216 (20)
unrelated donor
Other related/unrelated donor                 172 (10)             70 (11)                 102 (9)
Donor/recipient CMV serostatus, n (%)
Donor+/recipient+                                      574 (33)            170 (27)               404 (37)
Donor+/recipient-                                        193 (11)             78 (12)                115 (10)
Donor-/recipient+                                        385 (22)            143 (23)               242 (22)
Donor-/recipient-                                          494 (29)            210 (33)               284 (26)
Unknown                                                           85 (5)                31 (5)                   54 (5)
Donor/recipient gender match, n (%)
Male-male                                                       691 (40)            256 (41)               435 (40)
Male-female                                                   340 (20)            127 (20)               213 (19)

Female-male                                                  401 (23)            142 (22)               259 (24)
Female-female                                              295 (17)            107 (17)               188 (17)
Unknown                                                          4 (<1)                    0                        4 (<1)
Year of alloHCT, n (%)                                           
1995-2000                                                         557 (32)            194 (31)               363 (33)
2001-2005                                                         604 (35)            217 (34)               387 (35)
2006-2011                                                         570 (33)            221 (35)               349 (32)
Median follow up of survivors 
(range), months                                            75 (2-224)        87 (3-224)            73 (2-218)
alloHCT: allogeneic hematopoietic cell transplantation; CR1: first complete remission; CR2:
second complete remission; ALL: acute lymphoblastic leukemia; WBC: white blood cell; CNS:
central nervous system; MAC: myeloablative conditioning; TBI: total body irradiation; NMA:
non-myeloablative; RIC: reduced-intensity conditioning; HLA: human leukocyte antigen;
GvHD: graft-versus-host disease; ATG: antithymocyte globulin; CMV: cytomegalovirus.1Referred
to patients in CR1. 2Referred to patients in CR2.
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prognostic for treatment failure after adjustments for
recipient age, pre-transplant remission status, condition-
ing intensity, donor type, and GvHD prophylaxis in mul-
tivariable analyses (Table 4). Trends toward increased risk
of treatment failure were observed for patients with
del(7q) (HR=2.16; 95% CI: 0.95-4.90, P=0.06) and
del(17p)/i(17q) (HR=1.95; 95% CI: 0.80-4.75, P=0.1). In
contrast, patients with high hyperdiploidy (HR=0.62; 95%
CI: 0.37-1.04, P=0.07) and monosomal karyotype
(HR=0.73; 95% CI: 0.54-1.01, P=0.05) trended toward less
risk of treatment failure. Although t(4;11) was not associ-
ated with treatment failure (HR=1.12; 95% CI: 0.85-1.48,
P=0.41) within the entire cohort or in CR1 patients (n=83)
(HR=0.98; 95% CI: 0.72-1.33, P=0.89),  it was associated
with a significantly higher risk of treatment failure in CR2
patients (n=11)  (HR=2.35; 95% CI: 1.25-4.43, P=0.008).

Individual cytogenetic abnormalities: overall mortality
After adjustment for recipient age (HR=1.55; 95% CI:

1.17-2.06, P<0.01 for age >55 years versus <40 years),

Karnofsky Performance Status <90 (HR=1.29; 95% CI:
1.12-1.48, P<0.001), ALL in CR2 (HR=1.56; 95% CI: 1.36-
1.77, P<0.001), myeloablative conditioning without total
body irradiation (HR=1.35; 95% CI: 1.13-1.62, P<0.001),
mismatched unrelated donor (HR=1.49; 95% CI: 1.27-
1.76, P<0.001), and GvHD prophylaxis (HR=1.41; 95% CI:
1.11-1.79, P=0.005 for non-calcineurin inhibitor- versus
tacrolimus-based) in multivariable analysis, only t(8;14)
was associated with higher mortality after allogeneic HCT
(HR=3.03; 95% CI: 1.44-6.41, P=0.004).

Novel allogeneic hematopoietic cell transplantation-
specific cytogenetic classification 
Based on the relapse model adjusted for significant clin-

ical factors and individual cytogenetic abnormalities
(Figure 3), the following cytogenetic markers with
HR≥1.4 were categorized as adverse risk (n=125): mono-
somy 7, complex karyotype, del(7q), t(8;14), t(11;19),
del(11q), and tetraploid/near triploid karyotype.
Conversely, high hyperdiploidy (n=29) was identified as
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Figure 1. Adjusted leukemia-free survival by cyto-
genetic risk classifications. (A) Adjusted leukemia-
free survival by modified Medical Research Council
– Eastern Cooperative Oncology Group cytogenetic
risk classification. (B) Adjusted leukemia-free sur-
vival by Center for International Blood and Marrow
Transplant Research acute lymphoblastic leukemia
risk classification. HCT: hematopoietic cell trans-
plantation.

A

B



the sole cytogenetic abnormality with a HR≤0.6 for
relapse, and was categorized as favorable risk. The
remaining cytogenetic markers, including normal cytoge-
netics, were categorized as intermediate risk (n=1566).
This novel allogeneic HCT-specific cytogenetic risk clas-
sification (hereafter called CIBMTR ALL risk) was found
to be prognostic for both post-transplant relapse (Online
Supplementary Figure S1) and leukemia-free survival (log-
rank P=0.04)  (Figure 1B). Furthermore, in the multivari-
able Cox proportional hazards model adjusted for recipi-
ent age, pre-transplant remission status, conditioning
intensity, Karnofsky Performance Status, donor type, and
GvHD prophylaxis, patients with CIBMTR adverse-risk
cytogenetics had a higher risk of treatment failure
(HR=1.26; 95% CI: 1.01-1.57, P=0.04), and those with
favorable risk had a lower risk (HR=0.6; 95% CI: 0.35-
1.02, P=0.06) compared to those with intermediate-risk
cytogenetics (Table 5). There was a significantly greater
risk of treatment failure in those with adverse versus
favorable risk cytogenetic abnormalities (HR=2.10; 95%
CI: 1.19-3.70, P=0.01). Similarly, there was a significantly
greater risk of overall mortality in patients with adverse
versus favorable risk cytogenetic abnormalities (HR=1.91;
95% CI: 1.08-3.38, P=0.03).

Discussion 

This large CIBMTR analysis of allogeneic HCT recipi-
ents with Ph– ALL defined a cytogenetic classification spe-
cific to allogeneic transplantation. Of the established
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Figure 3. Forest plots of cytogenetic markers associated with post-transplant relapse. All hazard ratios (HR) and corresponding 95% confidence intervals (CI) are
adjusted for conditiong intensity and remisssion status; CK: complex karyotype; N: sample size of carriers of each cytogenetic marker. * Defined as 40% risk increase
or decrement; **Markers with P<0.05; ΨAdjusted also for complex karyotype. DAdjusted also for monosomal karyotype.

Table 3. Multivariable model of prognostic factors for post-transplant
relapse.
Factors                               N                HR (95% CI)             P-value

Conditioning regimens
MAC (+TBI)                        1334                          1.0
MAC (-TBI)                           253                1.54 (1.22-1.96)              <0.001
RIC/NMA                                 96                 1.9 (1.38-2.61)               <0.001
Remission status pre-alloHCT
CR1                                          986                            1.0
CR2                                          733                1.71 (1.44-2.04)              <0.001
Cytogenetics
Complex karyotype*            51                 1.69 (1.06-2.69)                 0.03
Monosomy 7*                        33                 2.11 (1.04-4.27)                 0.04

N: number; HR: hazard ratio; 95% CI: 95% confidence interval; MAC: myeloablative con-
ditioning; TBI: total body irradiation; RIC: reduced-intensity conditioning; NMA: non-mye-
loablative; alloHCT: allogeneic hematopoietic cell transplantation; CR1: first complete
remission; CR2: second complete remission. *Adjusted for monosomal karyotype.

Figure 2. Cytogenetic risks by modified Medical Research Council – Eastern Cooperative Oncology Group cytogenetic risk classification and post-transplant out-
comes. All multivariable models were adjusted for recipient age, disease status, conditioning intensy, Karnofsky Performance Status, donor type and graft-versus-
host disease prophylaxis. mMRC-ECOG:  modified Medical Research Council-Eastern Cooperative Oncology Group classification with its three cytogenetic risk
groups on Y-axis, relative to the Intermediate risk (reference with HR=1) on X-axis; LFS: leukemia-free survival; OS: overall survival.



major ALL cytogenetic risk schemes, only the modified
MRC-ECOG classification could be validated in our
dataset for its association with post-transplant outcomes.
The association of the modified MRC-ECOG classifica-
tion was largely explained by favorable outcomes for
patients with high hyperdiploidy, a factor known to be
associated with better outcomes.12,13 While a few individ-
ual high-risk cytogenetic abnormalities maintained their
prognostic relevance for recipients of allogeneic HCT,
many others had no significant prognostic influence on
the transplant outcomes. Thus, the aggregate effects of
previously established high or very high risk cytogenetic
groups defined by MRC-ECOG, SWOG, NILG-ALL,
North UK, and GIMEMA 0496 were overcome by allo-
geneic HCT and did not predict the outcomes of the trans-
plant recipients. High-risk cytogenetic abnormalities
including trisomy 8, low hypodiploidy, t(1;19), del(6q)
could be overcome, in part, by the graft-versus-leukemia
effect of allogeneic HCT, and thus, were not unfavorable
in this analysis. In contrast to findings in acute myeloid
leukemia14,15 and recently reported cases of ALL,4,16 in our
dataset and elsewhere,17 monosomal karyotype did not
predict poor post-transplant outcomes for Ph– ALL.
Similarly, our analysis did not confirm the adverse effect
of t(4;11) on relapse or leukemia-free survival among all
carriers of this well-known cytogenetic risk, but uncov-
ered a differential effect of t(4;11) on transplant outcomes
which was modified by pre-transplant disease status.
Nevertheless, given the relatively small subset of patients
with t(4;11) in CR2, the results of our post-hoc analysis
should be interpreted with caution. Moreover, the infre-
quency of CR2 allografts in patients with t(4;11) may
reflect intrinsic difficulty for those patients to effectively
maintain maintain subsequent remissions. A recent com-
parison of allograft recipients with t(4;11) and normal
karyotype in CR1 demonstrated relatively favorable sur-
vival of patients with t(4;11) and especially those with
undetectable pretransplant minimal residual disease.18
Allogeneic HCT in CR1 for adult ALL patients with t(4;11)
remains valuable.19
High-risk cytogenetic abnormalities found in this study

included t(8;14), complex karyotype, and monosomy 7,
previously known poor-risk categories in major classifica-
tion schemes, excluding GIMEMA 0496 (Table 1).
Patients with these high-risk cytogenetic abnormalities
were predominantly young adults, most of whom
received myeloablative conditioning and still had poor

outcomes, thus confirming the high-risk nature of cytoge-
netic abnormalities.
The t(8;14) is a rare recurrent abnormality among

patients with ALL20-23 and has been associated with a poor
outcome.7 It was observed in ten allogeneic HCT recipi-
ents (median age, 21) who had a nearly 3-fold significantly
lower leukemia-free survival in our cohort. In addition to
the IGH-MYC fusion resulting from the t(8;14), other IGH
translocations involving BCL2 (when present together
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Table 5. Novel Center for International Blood and Marrow Transplant Research risk scheme for post-transplant Philadelphia-negative acute lym-
phoblastic leukemia outcomes
Cytogenetic risk groups                                            N                                                                               HR (95% CI)*                                 
                                                                                                        Treatment failure(1-LFS)                         Relapse                   Overall mortality (1-OS)

Favorable (high hyperdiploidy)                                        28                                   0.6 (0.35-1.02)                                  0.39 (0.15-1.05)                         0.64 (0.37-1.08)
Intermediate (normal karyotype                                   1578                               1.0 (Reference)                               1.0 (Reference)                       1.0 (Reference)
and all other abnormalities§)
Adverse (monosomy 7, complex karyotype,                125                                 1.26 (1.01-1.57)                                  1.48 (1.09-2.0)                          1.22 (0.97-1.53)
del(7q), t(8;14), t(11;19), del(11q), 
tetraploidy/near triploidy)
Adverse vs. favorable                                                            -                                     2.1 (1.19-3.7)                                   3.78 (1.36-1.76)                         1.91 (1.08-3.38)
HR: hazard ratio; 95% CI: 95% confidence interval; LFS: leukemia-free survival; OS: overall survival. *Adjusted for conditioning intensity, disease status prior to transplantation,
recipient age, Karnofsky Performance Status, donor type, graft-versus-host disease prophylaxis, as applicable based on the individual models. §Except for those included in the
adverse and favorable groups

Table 4. Multivariable model of prognostic factors for post-transplant
treatment failure.
Factors                                  N             HR (95% CI)             P-value

Age, years                                      
16-39                                          1270                       1.0
40-55                                          363            1.21 (1.04-1.41)                 0.02
55+                                              86             1.42 (1.07-1.88)                 0.01
Remission status pre-alloHCT
CR1                                            986                        1.0
CR2                                            733            1.53 (1.34-1.74)              <0.001

Conditioning regimens
MAC (+TBI)                            1334                       1.0
MAC (-TBI)                              253             1.4 (1.18-1.66)               <0.001
MAC (+TBI)                            1334                       1.0                                
RIC/NMA                                    96             1.26 (0.97-1.64)                 0.09
Performance status
KPS≥90                                    1234                       1.0
KPS<90                                    423            1.32 (1.15-1.52)              <0.001

Donor type
MSD                                          818                        1.0                                
Matched URD                         464             1.06 (0.9-1.24)                  0.49
Mismatched URD                   351            1.43 (1.21-1.68)              <0.001
Other RD/URD                         86             1.36 (1.02-1.81)                 0.03

GvHD prophylaxis
Tac-based                                  569                        1.0
CsA-based                                 996            1.11 (0.96-1.28)                 0.15
Other                                         134             1.39 (1.1-1.75)                 0.006
Cytogenetics
t(8;14)                                        10             2.85 (1.35-6.02)                0.006
Monosomy 7*                           33              1.97 (1.2-3.24)                 0.007

N: number; HR: hazard ratio; 95% CI: 95% confidence interval;  alloHCT: allogeneic
hematopoietic cell transplantation; CR1: first complete remission; CR2: second com-
plete remission; MAC: myeloablative conditioning; TBI: total body irradiation; RIC:
reduced-intensity conditioning; NMA: non-myeloablative; KPS: Karnofsky Performance
Status; MSD: matched sibling donor; RD: related donor; URD: unrelated donor;  GvHD:
graft-versus-host disease; CSA: cyclosporine. *Adjusted for monosomal karyotype.



with IGH-MYC) and CRLF2 have also been reported to
yield poor outcomes.24-26
Our study confirmed the previously established unfa-

vorable risk associated with a complex karyotype6,27 after
allogeneic HCT. Notably, we observed substantial overlap
between complex karyotype, monosomal karyotype, and
other common abnormalities, mandating careful data
analysis and interpretation of complex cytogenetics in
future studies.
Monosomy 7 was consistently associated with worse

post-transplant outcomes in this and prior studies.8
Multiple mechanisms have been proposed to explain the
effects of monosomy 7 on leukemogenesis including, but
not limited to, loss of tumor suppressor genes, haploinsuf-
ficiency, or monoallelic loss of IKZF1, an important
adverse prognostic marker in B-cell ALL which is localized
to chromosome 7p.28,29 Haploinsufficient deletions of
IKZF1 are enriched among Ph– ALL cases and associated
with inferior survival.30
Our observed higher risk of relapse among allogeneic

HCT recipients with t(11;19) was also consistent with the
previously reported poor survival of ALL patients with
t(11;19)(q23;p13.3).31
We propose an allogeneic HCT-specific cytogenetic risk

classification for Ph– ALL separating patients into three
prognostic risk categories based on the presence of mono-
somy 7, del(7q), t(8;14), t(11;19), del(11q), complex,
tetraploid/near triploid, and high hyperdiploid karyotypes
(Table 5). This novel CIBMTR ALL risk classification of
Ph– patients treated with allogeneic HCT is directly rele-
vant to pre-HCT decision-making and might help in strat-
ifying clinical trial candidates undergoing allogeneic HCT
for Ph– ALL. 
Unfortunately we could not account in our analysis for

pre-transplant minimal residual disease (MRD), defined
by flow cytometry or FISH/molecular testing. Pre-trans-
plant MRD has been important in predicting ALL relapse
and future research should combine cytogenetic classifica-
tions with pre-transplant MRD status. Pretreatment com-
plex karyotype and low hypodiploidy/near-triploidy por-
tended poor survival after adjustment for MRD in a recent
single-institution study.27 Our analysis validated other
established patient- and transplant-related prognostic fac-
tors and thereby confirmed the additional importance of
the cytogenetic groupings. As most patients in this cohort
received allografts with myeloablative conditioning,
future validation of the CIBMTR ALL risk scheme among
recipients treated with reduced intensity conditioning will
test this prognostic tool in older and/or less fit ALL
patients. 
Our study focused on the transplant period preceding

Food and Drug Administration approvals and broader use
of liposomal vincristine, blinatumomab, inotuzumab
ozogamycin, or tisagenlecleucel, and it thereby focused on
a more homogeneous patient population with no differen-

tial effect on treatment outcomes found according to quin-
quennial transplant periods from 1995 to 2011. 
While many patients with previously established high-

risk Ph– cytogenetic abnormalities can benefit from allo-
geneic HCT, those with monosomy 7, complex kary-
otype, and t(8;14) remain at high risk for treatment failure
after transplantation. Selective targeting of these and other
clinically-defined high-risk cohorts will be necessary to
improve post-transplant survival of patients with Ph– ALL. 
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Megakaryoblastic leukemia 1 (MKL1) is a coactivator of serum
response factor and together they regulate transcription of actin
cytoskeleton genes. MKL1 is associated with hematologic malig-

nancies and immunodeficiency, but its role in B cells is unexplored. Here we
examined B cells from monozygotic triplets with an intronic deletion in
MKL1, two of whom had been previously treated for Hodgkin lymphoma
(HL). To investigate MKL1 and B-cell responses in the pathogenesis of HL,
we generated Epstein-Barr virus-transformed lymphoblastoid cell lines
from the triplets and two controls. While cells from the patients with treat-
ed HL had a phenotype close to that of the healthy controls, cells from the
undiagnosed triplet had increased MKL1 mRNA, increased MKL1 protein,
and elevated expression of MKL1-dependent genes. This profile was asso-
ciated with elevated actin content, increased cell spreading, decreased
expression of CD11a integrin molecules, and delayed aggregation.
Moreover, cells from the undiagnosed triplet proliferated faster, displayed a
higher proportion of cells with hyperploidy, and formed large tumors in
vivo. This phenotype was reversible by inhibiting MKL1 activity.
Interestingly, cells from the triplet treated for HL in 1985 contained two
subpopulations: one with high expression of CD11a that behaved like con-
trol cells and the other with low expression of CD11a that formed large
tumors in vivo similar to cells from the undiagnosed triplet. This implies that
pre-malignant cells had re-emerged a long time after treatment. Together,
these data suggest that dysregulated MKL1 activity participates in B-cell
transformation and the pathogenesis of HL. 
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ABSTRACT

Introduction

Hodgkin lymphoma (HL) is a B-cell malignancy of largely unknown etiology.
Familial clustering and twin concordance are seen, as are links with viral infections
such as Epstein-Barr virus (EBV).1,2 The malignant HL Reed-Sternberg cells have fre-
quently undergone class switch recombination and likely originate from germinal
center B cells that fail to undergo apoptosis despite destructive somatic mutations.1,3,4

Various studies have shown the ability of EBV to rescue crippled germinal center B
cells from apoptosis, supporting the role of this virus in the pathogenesis of HL.5,6

Megakaryoblastic leukemia 1 (MKL1; also known as MRTF-A, MAL, or BSAC) is



a transcriptional coactivator of serum response factor (SRF)
and binds to globular (G-)actin via an RPEL motif.7,8 As cyto-
plasmic G-actin is polymerized into filamentous (F)-actin,
the G-actin pool diminishes. This leads to MKL1 transloca-
tion into the nucleus where it interacts with SRF to induce
transcription of cytoskeleton-related genes, including actin,
integrin molecules, and SRF itself.7-10 Indeed, inducible
expression of SRF in response to serum stimulation is
dependent on SRF and MKL1 activity.9,11 Actin polymeriza-
tion and MKL1-SRF activity are additionally regulated by
extracellular signaling through several integrin molecules
which activate the small Rho GTPases, including RhoA.12
MKL1 was initially described as part of a fusion protein

in megakaryoblastic leukemia of poor prognosis.13,14 MKL1
expression is detected in malignant cells in breast and liver
cancer and is associated with increased cell proliferation,
anchorage-independent cell growth, and metastasis.15,16
Small molecule inhibitors of the MKL1-SRF pathway have
been identified, facilitating studies on the biological activity
of MKL1, and are being tested as potential cancer therapeu-
tic agents.17 One of these compounds is CCG-1423, which
was originally identified as a RhoA-MKL1-SRF pathway
inhibitor and later discovered to target MKL1 directly.17,18
A loss-of-function mutation in MKL1 was recently iden-

tified in a 4-year old girl with severe primary immunodefi-
ciency.19 MKL1 deficiency caused reduced G-actin and F-
actin content in the patient’s neutrophils, leading to reduced
phagocytosis and migration.19 In 2013, a familial case of two
monozygotic triplets who developed HL at the age of 40
and 63 was described.20 Both patients are in remission fol-
lowing HL treatment in 1985 and 2008, respectively, and
the third triplet remains undiagnosed. Using microarray
comparative genomic hybridization, a 15-31 kb deletion in
intron 1 of MKL1was identified in the triplets.20 The impact
of this mutation on MKL1 expression and B-cell function
remains unknown.
Here we took the approach of generating EBV-trans-

formed lymphoblastoid cell lines (LCL) from the triplets
with the deletion in MKL1 intron 1 (HL0, HL1, and HL2)
and from two healthy controls (C1 and C2). We found that
the LCL from the undiagnosed triplet had increased MKL1
and SRF expression, and elevated G-actin content. This was
associated with hyperproliferation, genomic instability, and
tumor formation when the cells were injected into
immunocompromised mice. When compared to control
LCL with high CD11a expression and capacity to form
large aggregates, HL0 LCL expressed low CD11a and had
reduced capacity to form aggregates. The HL1 LCL showed
a bimodal expression of CD11a and when sorted for
CD11a low and CD11a high cells, CD11a high cells mim-
icked the response of control LCL whereas the H10 CD11a
low cells mimicked the response of HL0 cells with
increased proliferation and tumor formation. Finally, treat-
ment of HL0 cells with the MKL1 inhibitor CCG-1423
reverted the phenotype and prevented tumor growth in
vivo. These data show that unregulated MKL1 alters B-cell
cytoskeletal responses leading to B-cell transformation.

Methods

Human blood samples and Epstein-Barr virus 
transformation
Whole blood samples were obtained from the triplets and

age-matched controls after informed consent was given. This

study was performed according to the principles expressed in
the Helsinki Declaration and with approval from the local ethics
committee (Dnr 2015/416-31). For analysis of primary cells, the
first experiment included samples from HL0, HL1, and a control
(not used for EBV-transformation) collected in February 2015
and the second experiment was conducted on samples from HL2
and C1, collected in May 2015. To establish the EBV-trans-
formed LCL, peripheral blood mononuclear cells from HL0,
HL1, and HL2, and two age- and sex-matched controls (C1 and
C2), all collected in November 2015, were cultured with super-
natant of the virus-producing B95-8 line.21

Mice
NOD/SCID-IL2rγnull (NSG) mice were bred and maintained at

the animal facility of the Department of Microbiology, Tumor
and Cell Biology at Karolinska Institutet under specific
pathogen-free conditions. Female mice were used and all animal
experiments were performed after approval from the local ethics
committee (the Stockholm District Court, permit N77/13 and
N272/14). For inhibitor treatment, 10 mM CCG-1423 or
dimethylsulfoxide was injected intratumorally for 6 consecutive
days. The volume of the tumor was calculated at the endpoint
using a caliper.

Flow cytometry and microscopy
Flow cytometry was performed on peripheral blood mononu-

clear cells, LCL, and cultured primary B cells using an
LSRFortessa X-20 (BD Biosciences). The results were processed
using FlowJo v10 software (TreeStar Inc., St. Ashland, OR, USA).
To determine integrin expression at the cell surface, LCL were
labeled with an anti-human CD11a antibody (TS2/4; Biolegend)
for total CD11a expression, or an anti-human CD11a antibody
(Hl111; Biolegend) for inactive/closed conformation-CD11a
expression, or an anti-human CD54 antibody (Biolegend), fol-
lowed by an anti-mouse-Alexa647 antibody (ThermoFisher
Scientific). To determine F- and G-actin content in two LCL sam-
ples side by side, one sample was incubated with an anti-human
CD54 antibody (Biolegend) for 30 min on ice and thereafter
labeled with DNaseI-Alexa488 (ThermoFisher Scientific) and
phalloidin-Alexa568 (ThermoFisher Scientific).

Results

The MKL1 intron 1 deletion is associated with
increased expression of MKL1 and MKL1-induced
genes 
To understand how the deletion in MKL1 intron 1

affected actin cytoskeleton regulation in B cells, we exam-
ined freshly isolated cells and LCL from the triplets (HL0,
HL1, and HL2) and two healthy controls (C1 and C2)
(Figure 1A, B). We reasoned that cells from the undiag-
nosed HL0 triplet may be in a pre-HL stage, whereas HL1
and HL2 cells may be more similar to control cells
because of successful treatment for HL in 1985 and 2008,
respectively. MKL1 protein in primary blood lympho-
cytes was higher in the cells from all triplets than in con-
trol cells, as assessed by flow cytometry (Figure 1C and
Online Supplementary Figure S1A). Using primer walking
and sequencing, we confirmed that the triplets’ cells con-
tained a heterozygous deletion of MKL1 intron 1 (Online
Supplementary Figure S2A). The intron 1 is in the 5´
untranslated region of the MKL1 gene. We examined
exon boundaries of exons 1-4 in the 5’ untranslated
region and found normal expression of adjacent exons,
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suggesting that the intron 1 deletion did not affect splic-
ing of MKL1 (Online Supplementary Figure S3). MKL1
intron 1 contains many transcription binding sites (Online
Supplementary Figure S2B) that may affect MKL1 transcrip-
tion. We examined MKL1 mRNA expression in LCL by
real-time quantitative polymerase chain reaction (RT-
qPCR). The LCL from HL0 (the undiagnosed triplet) had
higher expression of MKL1when compared to that of the
siblings (HL1 and HL2) and controls (C1 and C2) (Figure
1D). Protein studies indicated that the levels of MKL1
were higher in HL0 than in C1 and C2 (Figure 1E, F and
Online Supplementary Figure S1B). To investigate whether
increased MKL1 expression was associated with
increased MKL1 activity, we examined mRNA expression
of specific MKL1-dependent genes including SRF and
ACTB.19 HL0 LCL had the highest expression of both
these MKL1-dependent genes (Figure 1G). This suggests
that the intron 1 deletion in MKL1 directly influences the
expression of MKL1 and MKL1 target genes.

Increased actin content and actin-dependent 
spreading in HL0 and HL1 cells 
To understand how the deletion in MKL1 intron 1

affected actin content and responses, we examined F-
actin content in primary lymphocytes by flow cytometry.
No difference was seen when comparing HL0 and HL1 to
control lymphocytes while HL2 had a higher F-actin con-
tent compared to that of C1 (Figure 2A). In primary
monocytes gated based on forward and side scatter pro-
files by flow cytometry, the triplets’ cells had higher
MKL1 expression (Online Supplementary Figure S1C) and
higher F-actin content (Online Supplementary Figure S1D).
Monocyte-derived dendritic cells from whole blood of
the controls and HL patients displayed a similar ability to
form podosomes (Online Supplementary Figure S4A, B). To
exclude a possible effect of cell size and different
hematopoietic cell subsets of primary cells, we compared
actin content in cells from the triplets’ LCL with those of
controls side by side by alternately labeling one cell pop-
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Figure 1. The MKL1 intronic deletion is associated with increased expression of MKL1 and MKL1-induced genes. (A) Pedigree of genetically identical triplets (HL0,
HL1, HL2) of whom two have been diagnosed with Hodgkin lymphoma (HL). Presence of the MKL1 intronic deletion is indicated in black, a diagnosis of HL in gray,
and undiagnosed in white. Numbers indicate year of treatment. (B) Overview of MKL1 indicating the deletion in intron 1. (C) MKL1 protein expression in primary lym-
phocytes, determined by flow cytometry, in two separate experiments. Experiment 1: control (Ctrl), HL0, and HL1. Experiment 2: C1 and HL2. Numbers indicate the
fold-change in expression normalized to the ctrl and C1 values, respectively. (D) MKL1 mRNA expression. (E) Representative image of MKL1 protein expression. (F)
MKl1 expression normalized to GAPDH expression. (G) Expression of MKL1-induced genes by real-time quantitative polymerase chain reaction. (D, F, G) Combined
data from three experiments; experiments with primary lymphocytes (C) were performed once. For bar graphs, the dotted line indicates normalization to the mean
of C1 and C2. All panels display data from lymphoblastoid cell lines except (C), which displays data from primary lymphocytes. Error bars represent the standard
deviation of the measurements. Symbols represent technical replicates from three independent experiments in (D) and (G), and single values from independent
experiments in (F). All data were analyzed using analysis of variance with a post-hoc Tukey test. ***P<0.001, ****P<0.0001.
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ulation with anti-CD54 antibodies after fixation and
before mixing the two populations. Thereafter, we
detected G-actin using DNAse1, and F-actin using phal-
loidin (Figure 2B and Online Supplementary Figure S1E, F).
HL0 cells had increased G-actin and a tendency for
increased F-actin (Figure 2B-D). To examine whether
increased actin content had any impact on cytoskeletal
rearrangement, the triplets’ and control LCL were exam-
ined microscopically on glass surfaces coated with
fibronectin and anti-CD19 antibodies. HL0 and HL1 cells
had increased capacity to spread, with formation of long
dendritic protrusions (Figure 2E, F and Online
Supplementary Figure S5A), and increased adhesive area
measured by interference reflection microscopy (Figure
2G, H). This indicates that the deletion in MKL1 intron 1
was associated with increased actin content and actin-
dependent B-cell spreading.

HL0 cells display decreased aggregation and reduced
CD11a integrin expression 
LCL grow in clusters by homotypic aggregation

dependent on leukocyte function antigen-1 (LFA-1, con-
sisting of subunits CD11a/integrin αL and CD18/integrin
β2) and intercellular adhesion molecule-1 (ICAM-
1/CD54) (Online Supplementary Figure S6).22-24 When cultur-
ing LCL, we observed decreased clustering of the triplets’
cells, an effect that was especially pronounced for HL0
LCL (Online Supplementary Figure S5B). To quantify this,
we measured aggregation from single cell suspensions by
live cell imaging over 2 h. LCL from C1, C2, HL1, and
HL2 formed aggregates instantly, whereas those from
HL0 displayed impaired aggregation with delayed forma-
tion of small aggregates over 2 h (Figure 3A, B). We inves-
tigated whether decreased aggregation resulted from
altered surface expression of adhesion receptors. C1, C2,
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Figure 2. Increased actin content and actin-dependent spreading in HL0 and HL1 cells. (A) Phalloidin expression in primary lymphocytes determined by flow cytom-
etry. Experiment 1: Control (Ctrl), HL0, and HL1. Experiment 2: C1 and HL2. Numbers indicate fold-change in expression normalized to ctrl and C1, respectively. (B)
Representative flow cytometry plot of G-actin and F-actin content in C2 and HL0 and (C, D) quantification of G- and F-actin content in control and the triplets’ lym-
phoblastoid cell lines (LCL). (E) Immunocytochemistry of LCL adhering to glass slides coated with fibronectin and anti-CD19 antibody. Spread cells are defined as
those with lamellipodia-like structures and/or long protrusions. White arrowheads indicate examples of spread cells; black arrowheads indicate non-spread cells.
Cells stained with phalloidin-Alexa488 (green color) and mounted in Vectashield Antifade Mounting Medium with 4',6-diamidino-2- phenylindole (DAPI, blue color).
Original magnification x400. (F) Proportion of spread LCL. The experiment was repeated three times and cell spreading was determined each time in three separate
fields of view. Total cells counted: C1: 800; C2: 1356; HL0: 1081; HL1: 1062; HL2: 983; and 200 cells or more were counted per sample per experiment. (G)
Interference reflection microscopy of LCL adhering to cover slips coated with fibronectin and anti-CD19 antibody. Original magnification x630. (H) Area of LCL spread
on coverslips. Total cells counted: C1: 119; C2: 109; HL0: 109; HL1: 131; HL2: 123. (C, D, F) Combined data from three experiments. (H) Combined data from two
experiments. (A) The experiments with primary lymphocytes were performed once. (B) Representative histograms. (E, G) Representative images. For bar graphs, the
dotted line indicates normalization to the mean of C1 and C2. All panels display data from LCL except (A), which displays data from primary lymphocytes. Error bars
represent the standard deviation of the measurements. Symbols represent technical replicates from three independent experiments in (F), and pooled single values
from three independent experiments in (H). All data were analyzed using analysis of variance with the post-hoc Tukey test. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001.
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HL1, and HL2 cells displayed similar expression of total
surface and intracellular CD11a, and inactive CD11a
(Figure 3C-G and Online Supplementary Figure S5C). HL0
cells displayed lower expression of total surface and intra-
cellular CD11a, and inactive CD11a as well as lower
CD11a mRNA (ITGAL) (Figure 3C-G and Online

Supplementary Figure S5C). Interestingly, cells lacking
MKL1 expression19 showed higher surface CD11a expres-
sion when compared to control cells (Online
Supplementary Figure S4C). LCL from the triplet and con-
trols had similar expression of CD54 (Figure 3H and
Online Supplementary Figure S5C). This shows that HL0
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Figure 3. HL0 cells display decreased aggregation and reduced CD11a integrin expression. (A) Aggregation of lymphoblastoid cell lines (LCL), representative images.
(B) Average area of aggregates observed in (A). (C) Representative flow cytometry plots of total CD11a surface expression in LCL. (D) Quantification of CD11a surface
expression as seen in (C). (E, F) Quantification of inactive CD11a surface expression and intracellular CD11a expression as seen in Online Supplementary Figure S3.
(G) Expression of ITGAL (CD11a) by real-time quantitative polymerase chain reaction. (H) Quantification of CD54 surface expressio. (B, D-F) Combined data from three
experiments. (G-H) Combined data from two experiments. For bar graphs, the dotted line indicates normalization to the mean of C1 and C2. All panels display data
from LCL. Error bars represent the standard deviation of the measurements. Symbols represent technical replicates from three independent experiments in (G), and
single values from three independent experiments in (F). All data were analyzed using analysis of variance with the post-hoc Tukey test. *P<0.05, **P<0.01,
***P<0.001.
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cells had reduced capacity to form aggregates and this
was associated with low expression of CD11a.

HL0 cells display increased proliferation and 
genomic instability
HL has previously been associated with immunodefi-

ciency and altered proliferation.25,26 To examine for
immunodeficiency, we used flow-cytometric assay of
specific cell-mediated immune response in activated
whole blood (FASCIA) analysis to detect B- and T-cell
responses to various antigens.27 We found that the
triplets’ B cells displayed a decreased response to poke-
weed mitogen but had normal T-cell responses (Online
Supplementary Table S1). To address how increased MKL1
expression correlated to proliferation, primary B cells
were cultured with anti-CD40 antibodies and inter-
leukin-4 for 72 h and labeled with the proliferation mark-
er Ki-67 (Figure 4A and Online Supplementary Figure S5D).

The triplets’ samples had more Ki-67+ proliferating B
cells than those of the controls (Figure 4A). To exclude
that any variation was due to sample collection time
when using Ki-67, we measured proliferation in LCL by
DNA synthesis over 20 h using 3H-thymidine incorpora-
tion. Compared to controls, HL0 cells had greater DNA
synthesis (Figure 4B). To examine whether proliferation
rate was associated with cell cycle alterations, we used
DNA-specific Hoechst labeling to evaluate cells in the
G0/G1 (2n DNA content), S, and G2/M (4n DNA con-
tent) phases. The proportion of cells in S or G2/M phase
was higher in HL0 LCL (Figure 4C). Three percent of HL0
cells had more than 4n DNA content, compared to 0–1%
of control cells (Figure 4D). Since EBV has been shown to
induce multiple nuclei in transformed cells,28 we counted
nuclei in the LCL from the triplets and controls to evalu-
ate whether multinuclearity could explain the proportion
of cells with more than 4n DNA content. No correlation
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Figure 4. HL0 cells display increased proliferation and genomic instability. (A) Expression of the proliferation marker Ki-67 by flow cytometry on primary B cells cul-
tured 48 h with interleukinIL-4 and anti-CD40 antibodies. Numbers indicate fold-change of expression normalized to the mean of C1 and C2. (B) DNA synthesis rate
as measured by radiation from incorporated 3H-thymidine after 48 h. (C) Proportions of cell cycle phases (G0/G1, S and G2/M) determined by Hoechst 33342 stain-
ing, measured by flow cytometry (representative histograms). Left graph shows how the Y-axis was cut to allow for emphasized visualization of hyperploid cells with
>4n of DNA content, quantified in (D). (E) Comparison of mononuclear (indicated by white arrowhead) and multinuclear (black arrowhead) cells of lymphoblastoid
cell lines (LCL). White color: 4',6-diamidino-2- phenylindole (DAPI); green color: phalloidin-Alexa488. (F) Proportion of multinucleated LCL cells, as assessed by manual
microscopical counting of nuclei stained with DAPI. Numbers indicate counted cells for each sample. (G) Telomere-fluorescence in situ hybridization on chromosomes
in metaphase. Representative images of a normal cell with 46 chromosomes and a hyperploid cell with 92 chromosomes; insets show magnified representative chro-
mosomes. Original magnification x1000. Chromosomes hybridized with TelG-Cy3 PNA probe (red color) and mounted in Vectashield Antifade Mounting Medium with
DAPI (blue color). (H) Proportion of metaphases with a hyperploid amount of chromosomes (>46). Numbers indicate counted metaphases for each sample. (I)
Subcutaneous injection of C1 and HL0 LCL in NSG mice and measurement of tumor mass at day 9. Each circle represents one mouse. Right subpanel: representative
image of tumor mass assessed at the endpoint. Black arrowhead indicates angiogenesis. (A) Data from one experiment. (B, D, F, H) Combined data from three exper-
iments. (I) Combined data from two experiments. For bar graphs, the dotted line indicates normalization to the mean of C1 and C2. All panels display data from LCL
except (A), which displays data  from primary B cells. Error bars represent the standard deviation of the measurements. All data were analyzed using analysis of vari-
ance with the post-hoc Tukey test, except (I) that was analyzed using a t-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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was seen between multinuclearity and DNA content
(Figure 4E, F), indicating that increased DNA content
could have resulted from genomic instability. When
arresting LCL from the triplets and controls in
metaphase, HL0 and HL1 had higher proportions of cells
(approximately 25–35%) with more than 46 chromo-
somes (Figure 4G, H). To investigate the growth of HL0
and C1 cells in vivo, the cells were injected subcutaneous-
ly into NSG mice that lack a functional immune response
and cell growth was examined as tumor mass on day 9.
C1 cells failed to form a tumor mass whereas HL0 cells
formed tumors with distinct angiogenesis (Figure 4I).
Together these observations suggest that increased
MKL1 expression and activity is directly associated with
hyperproliferation and genomic instability leading to for-
mation of a tumor mass in vivo. 

HL1 cells contain two distinct populations of which
one shows an HL0 phenotype 
We noticed that HL1 cells recurrently showed an inter-

mediate phenotype when compared to HL0 and control
cells. HL1 cells showed a bimodal expression of CD11a
and we examined whether this represented two popula-
tions of cells with different phenotypes. We used fluores-
cence activated cell sorting (FACS) to sort out CD11a low
and CD11a high cells from the HL1 cells (Figure 5A). PCR
of genomic DNA showed that sorted HL1 CD11a low and
HL1 CD11a high cells contained the heterozygous deletion
of MKL1 intron 1 (Online Supplementary Figure S2A). CD11a
low cells had increased MKL1 protein and increased cell
spreading when compared to CD11a high cells (Figure 5B,
C). We quantified aggregation over 2 h and found that
CD11a low cells had a reduced capacity to aggregate com-
pared to that of CD11a high cells (Figure 5D, E). To exam-
ine proliferation, we sorted 250,000 CD11a low and
CD11a high cells and counted them between days 3 and 8.
The CD11a high cells showed only modest proliferation
whereas the CD11a low cells expanded 3- to 4-fold in the
period between day 3 and day 8 (Figure 5F). To examine
proliferation of cells in vivo, we injected CD11a low and
CD11a high cells into NSG mice and determined tumor
growth on day 15. CD11a low cells formed a large tumor
mass with visible angiogenesis, whereas CD11a high cells
formed a smaller tumor mass (Figure 5G). To address
whether the control C1 and C2 cells also contained a stable
CD11a low population, we used FACS and cultured the C1
and C2 CD11a low and CD11a high cells for 17 days. The
C1 and C2 CD11a low cells gained expression of CD11a
during the culture, suggesting that the CD11a phenotype in
control cells was unstable (Online Supplementary Figures S7
and S8). We next examined whether alterations in CD11a
expression were present in the L1236 HL cell line derived
from a primary isolate of a patient with advanced HL.29 The
L1236 cells contained large Reed-Sternberg-like cells and
smaller cells (Figure 5H). Using flow cytometry, small and
large cells were identified based on forward and side scatter.
Small cells had low expression of CD11a and the large cells
were devoid of CD11a expression (Figure 5H). Together,
these data suggest that low expression of CD11a may be a
characteristic feature of pre-malignant B cells in HL.

Inhibition of MKL1 activity in HL0 cells induces 
a phenotype similar to that of control cells
We next investigated whether we could revert the phe-

notype of HL0 cells to that of control cells using the

MKL1 small molecule inhibitor CCG-1423.17,18 To define
the dose range, HL0 cells were treated with different
doses of CCG-1423 and cell death measured by flow
cytometry. At doses of 2-10 mM CCG-1423, 90% of cells
were viable (Figure 6A). HL0 cells treated with CCG-
1423 displayed dose-dependent lowering of MKL1 pro-
tein and decreased SRF expression (Figure 6B-D). The
spreading capacity of HL0 cells was reduced upon CCG-
1423 treatment (Figure 6E). Lowering MKL1 protein and
activity led to increased aggregate formation and reduced
proliferation (Figure 6F-H). To examine whether the
MKL1 inhibitor could suppress tumor growth in vivo, HL0
cells were injected into NSG mice by subcutaneous injec-
tions. From day 6 to day 12, a daily dose of 10 mM CCG-
1423 was injected intratumorally. Compared to treat-
ment with vehicle (dimethylsulfoxide), treatment with
the MKL1 inhibitor led to reduced HL0 tumor mass in
mice (Figure 6I). 

Discussion

Dysregulation of MKL1 expression and the actin
cytoskeleton has been implicated in hematologic malig-
nancies, although the exact mechanism has not been
determined (Online Supplementary Figure S9).30,31 Mutated
MKL1 was originally described in patients with acute
megakaryoblastic leukemia in whom MKL1 was fused
with RBM15 by a chromosomal translocation.13,14 The role
of MKL1 in megakaryocyte differentiation, migration,
and in the formation of proplatelets was subsequently
described in MKL1-deficient mice.32,33 In humans, MKL1
deficiency has a profound affect on the hematopoietic cell
actin cytoskeleton resulting in severely impaired cell
migration and phagocytosis.19 Genetically identical
triplets with a large deletion in MKL1 intron 1, of whom
two affected by HL and one undiagnosed, provided a
unique opportunity to investigate MKL1 and B-cell
responses in the pathogenesis of HL. We found that
increased activity of MKL1 in B cells led to the classical
hallmarks of cancer cells: hyperproliferation, genomic
instability, and formation of tumors with induction of
angiogenesis.34
In this study we mainly used EBV-transformed B cells

(LCL) from two controls and the triplets. To minimize
possible variation due to EBV transformation, all samples
were EBV-transformed under the same conditions with
regards to day of transduction, virus batch and concentra-
tion. The EBV cells enabled an extensive investigation of
the impact of the MKL1 intron 1 deletion on B cells and
importantly they allowed us to perform controlled exper-
iments in which cells from the controls and the triplets
could be compared side by side. A limitation with EBV
transformation is that highly proliferative B cells are
favored during EBV transformation.35 Moreover, the
donor distribution of naïve, non-switched memory, and
switched memory B cells is reflected in the EBV-trans-
formed B cells.35,36 We cannot exclude that the EBV trans-
formation induced expansion of a dominant subclone;
however, CD11a staining revealed variable expression of
CD11a in each sample although with different distribu-
tions. In fact, the variable CD11a expression allowed us
to define different subpopulations in the HL0 and HL1
samples and argue against a dominant subclone upon
EBV transformation. 
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Figure 5. HL1 cells comprise two distinct populations of which one shows an HL0 phenotype. (A) (i) Representative flow cytometry plots from eight experiments showing
gating on lymphoblastoid cell lines (LCL) using side scatter (SSC) vs. forward scatter (FSC). (ii) CD11a expression in HL1 cells. HL1 cells were sorted according to CD11a
surface expression resulting in the two populations, CD11a low and CD11a high, cells shown in (iii) and (iv), respectively. (B) MKL1 expression in CD11a low and CD11a
high LCL was evaluated by western blot. Left subpanel: representative western blot showing MKL1 expression in CD11a low and CD11a high cells. Right subpanel: quan-
tification by densitometry of MKL1 expression relative to GAPDH expression in four independent experiments. (C) Proportion of spread LCL. CD11a low and high cells were
allowed to spread on glass slides coated with fibronectin and anti-CD19 antibody. The experiment was repeated two times and cell spreading was determined each time
in three separate fields of view. Total cells counted: CD11a low: 689; CD11a high: 579; and 200 cells or more were counted per sample per experiment. (D) Aggregation
of CD11a low and high LCL, representative images. (E) Average area of aggregates. Results from three independent experiments. (F) Concentration of CD11a low and
CD11a high LCL cells over 8 days. Results from five independent experiments. (G) Left subpanel: CD11a low or CD11a high LCL cells were injected subcutaneously into
NSG mice and the tumor size was measured 15 days later. Right subpanel: quantification of the tumor size in NSG mice injected with either CD11a low or high LCL cells.
Results from three independent experiments. (H) Microscopy of the L1236 HL cell line. Green: F-actin; blue: nuclear stain. CD11a expression determined by flow cytometry.
Symbols represent single values from four independent experiments in (B) and (F), and  technical replicates from two and three independent experiments in (C) and (G),
respectively. Error bars represent the standard deviation of the measurements. All data were analyzed using t-tests. *P<0.05, ***P<0.001.
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Since the deletion in MKL1 is intronic, we did not antic-
ipate any changes in the amino acid sequence and found
that the MKL1 expressed was of normal size. The first
intron is often essential for the regulation of gene expres-
sion,37,38 which is why we investigated possible alterations
of MKL1 expression in the triplets’ cells and found that

those from the undiagnosed triplet (HL0) displayed the
highest expression of MKL1 while cells from HL1 and
HL2, the triplets who were successfully treated for HL,
showed an intermediate phenotype. This suggests a phe-
notypic difference between the triplets based on the
onset and treatment of the disease. MKL1, via its interac-
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Figure 6. Inhibition of MKL1 activity in HL0 cells induces a phenotype similar to that of control cells. (A) Left and middle subpanels: representative flow cytometry
plots showing gating for size, granularity, and 4',6-diamidino-2- phenylindole (DAPI) fluorescence intensity as a measure of the proportion of dead cells of HL0 lym-
phoblastoid cell lines (LCL) treated with 10 mM of CCG-1423 for 24 h. Right subpanel: quantification of death of HL0 cells treated with dimethylsulfoxide (DMSO), as
the control, or CCG-1423 for 24 h. Representative graph of three independent experiments. (B) Representative image of MKL1 protein expression in HL0 LCL treated
with DMSO or CCG-1423 for 24 h. (C) Quantification of MKL1 expression levels normalized to GAPDH in HL0 LCL treated with DMSO or CCG-1423 for 24 h. Results
from three independent experiments. (D) Expression of SRF mRNA, determined by real-time quantification polymerase chain reaction, in HL0 LCL treated with DMSO
or CCG-1423 for 24 h. Results from three independent experiments. (E) Proportion of spread HL0 LCL after treatment with DMSO or CCG-1423 for 48 h. The exper-
iment was repeated twice and cell spreading was determined each time in three separate fields of view. Total cells counted: DMSO: 541; 2 mM: 517; 5 mM: 454; 10
mM: 271; and 100 cells or more were counted per sample per experiment. (F) Aggregation in culture of HL0 LCL treated with DMSO or CCG-1423 for 24 h. More than
15 fields were randomly chosen for quantification. Original magnification x40. (G) Quantification of aggregation observed in (F) using ImageJ. Data representative of
two independent experiments. Numbers indicate counted aggregates for each sample. (H) DNA synthesis rate in HL0 LCL as measured by radiation from incorporated
3H-thymidine after 48 h of treatment with DMSO or CCG-1423. (I) HL0 LCL cells were injected into NSG mice. From day 6, 50 mL of DMSO or 10 mM of CCG-1423
were injected intratumorally daily for 6 days. Tumor size was measured on day 12. Error bars represent the standard deviation of the measurements. Symbols rep-
resent single values from three independent experiments in (C), mean values in (D), and  technical replicates from two independent experiments in (C) and (G). All
data were analyzed using analysis of variance with the post-hoc Tukey test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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tion with SRF, regulates expression of hundreds of genes
involved in cell migration, adhesion, and differentia-
tion.15,39 We show that the high mRNA and protein
expression of MKL1 in HL0 cells correlated with high
expression of the MKL1 target genes SRF and ACTB.
MKL1 activity promotes migration and proliferation of
cancer cells,16,40,41 suggesting that HL0 LCL could be pre-
malignant. 
Because the absence of MKL1 results in a severely

impaired actin cytoskeleton,19 we reasoned that overex-
pression of MKL1 could result in a more active actin
cytoskeleton. Actin cytoskeleton proteins are upregulated
in invasive cancer,42 suggesting that the increased activity
of the actin cytoskeleton in the HL0 cells could enhance
cell migration and cell division, promoting invasion of
cells and growth of tumors. In support of this, HL0 cells
with the highest MKL1 expression had higher G- and F-
actin content and displayed increased spreading, a process
that depends on actin cytoskeleton dynamics. The migra-
tion and hyperproliferation of cancer cells are also regulat-
ed by alteration of integrin expression at the cell surface
and modification of the subsequent intracellular integrin
signaling.43 EBV-transformed B cells aggregate in cell cul-
ture via the interaction between the integrin CD11a (a
subunit of LFA-1) and the adhesion molecule ICAM-1 (this
study).22-24 We examined LCL aggregation in vitro and
observed that HL0 cells aggregated poorly, while HL1 cell
aggregation varied and HL2 cell aggregation was similar to
that of control cells. We found that the levels of surface
and total protein as well as mRNA expression of CD11a
were low in HL0 cells, but similar to control levels in HL2
cells. Interestingly, CD11a expression in HL1 cells showed
a bimodal distribution with CD11a low and CD11a high
cells, which might be the cause of the high variation of
HL1 cell aggregation results. It is possible that the overac-
tive actin cytoskeleton in HL0 cells prevented correct
translocation of adhesion receptors to the cell surface or
affected integrin inside-out and outside-in signaling. 
Because of the possible pre-malignant stage of HL0

cells, we investigated cell proliferation in vitro and in vivo
through formation of tumor mass. HL0 cells were hyper-
proliferative in vitro and also in vivo where they rapidly
formed tumors in immunocompromised NSG mice. The
HL0 population showed increased DNA content and a
higher percentage of hyperploid cells. Because polyploidy
is a result of incomplete cytokinesis,44 the increased
hyperploidy of HL0 cells could be due to an elevated rate
of cytokinesis failure, possibly connected to overactivity
of the actin cytoskeleton as shown previously when the
actin regulator WASp is overactive.45,46 Reed-Sternberg
cells originate from failed cytokinesis and re-fusion of HL
daughter cells.47,48 This suggests that the failure of HL0
cells to complete cytokinesis could lead to the formation
of giant multinucleated cells similar to Reed-Sternberg
cells.
The variable phenotype of the HL1 and HL2 triplets

treated for HL in 1985 and 2008, respectively, was at first
puzzling. Since all triplets contained the heterozygous
deletion of MKL1 intron 1, we reasoned that whether a
cell expresses the healthy MKL1 allele or the intron 1-
deleted allele of MKL1 must be a stochastic event.
Transcription of the MKL1 gene is quite complex, with
several sets of transcripts. The transcriptional start site is
in exon 4, placing intron 1 in the 5’ untranslated region of
MKL1. To understand the MKL1-associated phenotype,

we took advantage of the bimodal expression of CD11a
in HL1 cells to sort out CD11a low and CD11a high cells.
CD11a high cells behaved similarly to the control cells,
displaying low expression of MKL1, low spreading and
proliferation, together with a strong aggregation
response. In contrast, CD11a low cells behaved similarly
to HL0 cells with high expression of MKL1, decreased
aggregation, as well as increased proliferation in vitro and
tumor formation in vivo. We also sorted out the small pop-
ulation of CD11a low cells from control (C1 and C2) cells;
however, control CD11a low cells were not stable in cul-
ture and started to express CD11a during 17 days of cul-
ture. This suggests that the stable CD11a low phenotype
in HL0 cells and sorted HL1 cells is associated with
increased MKL1 expression. Interestingly, HL Reed-
Sternberg cells are characterized by low mRNA expres-
sion of CD11a.49,50 Thus, since the HL0 triplet has not
received HL treatment we reason that HL0 cells could
represent a pre-HL stage. The presence of CD11a low
cells in HL1, who was treated for HL with mustargen,
oncovin, procarbazine, prednisone/adriamycin,
bleomycin, vinblastine, and dacarbazine in 1985,20 may
indicate de novo HL with the CD11a low cells possibly
outgrowing the healthy CD11a high cells. With this rea-
soning, the HL2 patient who received adriamycin,
bleomycin, vinblastine and dacarbazine to treat HL in
200820 should have predominantly CD11a high cells,
assuming that the highly proliferative CD11a low cells
would have been mostly eradicated by the HL treatment.
Finally, we investigated whether the HL0 cell pheno-

type could be reverted by inhibition of MKL1 using the
small molecule CCG-1423.17,18 HL0 cells treated with this
MKL1 inhibitor showed decreased expression of MKL1
protein and the MKL1 target gene SRF, as well as reduced
cell spreading. Importantly, using the MKL1 inhibitor we
could revert the hyperproliferation of HL0 cells in vitro
and also, by intratumoral injections, in vivo. 
We present here the first example of an intron mutation

in MKL1, resulting in increased MKL1 expression,
increased actin content, decreased aggregation, hyperpro-
liferation, and genomic instability in B cells. Of the
triplets’ samples, those from HL0 showed the most pro-
nounced difference in both MKL1 expression and activity,
as well as in cellular responses when compared to con-
trols. Cells from HL1 and HL2, successfully treated for
HL, had a phenotype closer to that of healthy controls.
This finding, together with the known role of MKL1 in
metastasis15 and with high mRNA expression of MKL1 in
many types of lymphomas, suggests that increased MKL1
expression actively participates in B-cell transformation
and the pathogenesis of HL.
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Tlarge granular lymphocyte leukemia (T-LGLL) is characterized by the
expansion of several large granular lymphocyte clones, among which
a subset of large granular lymphocytes showing constitutively activat-

ed STAT3, a specific CD8+/CD4– phenotype and the presence of neutropenia
has been identified. Although STAT3 is an inducer of transcription of a large
number of oncogenes, so far its relationship with miRNAs has not been eval-
uated in T-LGLL patients. Here, we investigated whether STAT3 could carry
out its pathogenetic role in T-LGLL through an altered expression of
miRNAs. The expression level of 756 mature miRNA was assessed on puri-
fied T large granular lymphocytes (T-LGLs) by using a TaqMan Human
microRNA Array. Hierarchical Clustering Analysis of miRNA array data
shows that the global miRNome clusters with CD8 T-LGLs. Remarkably,
CD8 T-LGLs exhibit a selective and STAT3-dependent repression of miR-
146b expression, that significantly correlated with the absolute neutrophil
counts and inversely correlated with the expression of Fas ligand (FasL), that
is regarded as the most relevant factor in the pathogenesis of neutropenia.
Experimental evidence demonstrates that the STAT3-dependent reduction
of miR-146b expression in CD8 T-LGLs occurs as a consequence of miR-
146b promoter hypermethylation and results in the disruption of the HuR-
mediated post-transcriptional machinery controlling FasL mRNA stabiliza-
tion. Restoring miR-146b expression in CD8 T-LGLs lead to a reduction of
HuR protein and, in turn, of FasL mRNA expression, thus providing mecha-
nistic insights for the existence of a STAT3-miR146b-FasL axis and neutrope-
nia in T-LGLL.  
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ABSTRACT

Introduction

T large granular lymphocytes leukemia (T-LGLL) is a rare disease characterized
by the abnormal expansion of T large granular lymphocytes (T-LGLs) in the periph-
eral blood.1,2 While the aetiology of the disease is still elusive, LGL proliferation is
thought to be maintained through an impairment of the apoptotic machinery due
to the activation of many survival signals.3 Among these, JAK/STAT signalling rep-
resents one of the most important deregulated pathways in T-LGLL. In particular,
leukemic LGLs are equipped with STAT3 constitutively over-expressed and in
some cases over-activated.4,5 Moreover, in 30-40% of patients, STAT3 has been
demonstrated to carry hot-spot mutations, likely resulting in STAT3 activation.6,7

This genetic lesion was also correlated by some authors with increased frequency
of neutropenia5,7,8 which represents the most frequent cause of symptomatic dis-



ease in LGLL patients, often requiring specific therapy.
The pathogenesis of neutropenia, although not properly
elucidated thus far, seems to be multifactorial. Multiple
mechanisms have been postulated, including destruction
of mature neutrophils and myeloid progenitors via Fas/Fas
ligand (FasL). Mechanisms leading to neutropenia are not
completely characterized, although we5 and others9-12 pro-
vided evidence that extremely high concentrations of FasL
are detectable in T-LGLL patients suggesting that soluble
FasL is involved in this process. We also demonstrated
that STAT3 plays a central role in FasL transcription and
we showed that high levels of STAT3 activation correlated
with high levels of FasL expression in T-LGLL patients.5
However, the molecular mechanism through which
STAT3 regulates FasL production in these patients has not
yet been clarified.
Although STAT3 is an inducer of transcription of a large

number of oncogenes, its relationship with microRNAs
(miRNAs) has not yet been evaluated in T-LGLL patients.
As a matter of fact, several miRNAs contribute to normal
hematopoietic processes and many miRNAs act both as
tumor suppressors and oncogenes in the pathogenesis of
hematological malignancies, including acute and chronic
leukemias and lymphomas, where they contribute to lym-
phomagenesis acting in various cellular functions, such as
the regulation of cell survival and proliferation.13,14
In this study a high throughput quantitative and qualita-

tive analysis of the miRNA expression profile in leukemic
LGLs was performed with the aim to investigate the role
of miRNAs in clinical and biological features of T-LGLL,
thus playing a role in the pathogenesis of neutropenia in 
T-LGLL patients. 

Methods

Patients 
Thirty T-LGLL patients and nine age and sex-matched healthy

donors were enrolled in the study. Clinical and biological charac-
teristics of patients are summarized in the Online Supplementary
Table S1. At the time of the study, no patients had received treat-
ment, with a follow-up ranging from 1 to 16 years. LGL prolifera-
tion ranged from 48% to 91% of the lymphocyte pool. T-LGLL
clonality was demonstrated as previously reported.15 The Padova
Institutional Review Board approved this study and written
informed consent in accordance with the Declaration of Helsinki
was obtained by each subject.

Cell isolation and culture
T-LGLs were purified from peripheral blood mononuclear cells

(PBMC) using the anti-CD57 microbeads (Milteny Biotec), as pre-
viously reported.16 CD8+CD57+ cells used as control, were
obtained from PBMCs of healthy donors by the FACSAria cell
sorter (BD biosciences). Purity and viability of cell preparation
were both >95%. The LGL phenotype was assessed by flow
cytometry. In selected experiments PBMC from T-LGLL patients
(2×106 cells/mL) were cultured in RPMI1640 (EuroClone) supple-
mented with 10% FCS (Sigma-Aldrich), 2mM Gln 25mM Hepes,
100 U/mL penicillin and 100 mg/mL streptomycin (EuroClone) in
the presence of 2.5 mM 5-aza-2’-deoxycytidine (DAC, Sigma-
Aldrich) for three days, 15 mM STATTIC (Shelleckchem) for 24
hours (h) or DMSO (Sigma-Aldrich) as control.

miRNA and Gene-Expression Analysis
RNA was purified from CD57+ cells using the miRCURY RNA

Isolation Kit (Exiqon) according to the manufacturer’s instructions.
High throughput and single miRNA expression were analysed
using the TaqMan® Human microRNA Array (Card Set v3.0,
Applied Biosystems) and the TaqMan® microRNA Human Assays
(Applied Biosystems), respectively, as previously described.17

Expression of DNMT1, FasL, FasL-Primary Transcript (PT), HuR,
GAPDH, pri-miR-146b and RPL32 mRNA was quantified by real-
time quantitative PCR (RT-qPCR) as previously described,18 using
specific primer pairs listed in the Online Supplementary Table S2.

Methylated DNA Immunoprecipitation (meDIP) assay
Genomic DNA was purified from CD57+ T-LGLs with the

AllPrep DNA/RNA/miRNA Universal Kit (Qiagen), according to
the manufacturer’s instructions and methylated DNA
Immunoprecipitation (meDIP) assay was performed as reported
by Mohn et al.19 with minor modifications. The methylation levels
of miR-146b promoter was analysed by qPCR using specific
primers (Invitrogen, Thermo Scientific) listed in the Online
Supplementary Table S2.

Western blot
T-LGLs (2.5x105) and Jurkat cells were lysed in Sample Buffer

(40mM tris (hydroxymethyl) aminomethane HCl pH6.8, 7.5%
glycerol, 1% sodium dodecyl sulphate). Total cell lysates were
resolved on SDS-PAGE and transferred onto nitrocellulose
(Millipore). The blots were incubated with specific antibodies and
detected using the ImageQuant LAS 500 or the Odyssey infrared
imaging system (LI-COR Biosciences).

Cell transfection
Jurkat cells (106) or freshly purified CD57+ T-LGL (107) were

transfected with the indicated amount of specific oligonucleotide
using the Amaxa Nucleofector (Lonza) and the Ingenio
Electroporation Solution (Mirus Bio).

Enzyme-linked immunosorbent assay (ELISA)
Secreted FasL in plasma were determined by ELISA kit

(RayBiotech, Georgia, USA), following the manufacturer’s recom-
mendations.

Statistics
Statistical evaluation was performed by using the Mann-

Whitney U-test, the Wilcoxon signed-rank test or Student t-test, as
appropriate, with α set to 0.05. Correlation coefficient was deter-
mined using the Spearman Rank Correlation.
For detailed information on the materials and methods used, see

the Online Supplementary Material and Methods. 

Results

Characterization of T-LGL miRNome
To identify miRNAs potentially involved in T-LGLL, the

miRNA pattern of expression was investigated in CD57+
cells purified from six patients affected by T-LGLL and
three healthy donors, using Taq-Man Human microRNA
Array. Unsupervised Hierarchical Clustering Analysis
(HCA) of normalized array data led to the identification of
two clusters: cluster A including LGL1, LGL3, LGL5 and
LGL9, and cluster B including LGL10, LGL17 together
with the three healthy donors (HD1, HD2, HD4), (Figure
1A). Interestingly, according to the characterization of the
T-LGLL patients enrolled in the study, LGL samples in
cluster A share the CD4–CD8+CD16+CD56–CD57+ (CD8
T-LGLs) immunophenotype, while LGLs in cluster B share

B. Mariotti et al.

1352 haematologica | 2020; 105(5)



miR-146b in T-LGL Leukemia patients

1353

Figure 1. miRNome of T-LGLL patients correlates with STAT3 phosphoryla-
tion. Peripheral blood CD57+ T cells from T large granular lymphocyte leukemia
(T-LGLL) patients (n=6) and healthy donors (HD, n=3) were collected. (A)
Heatmap representation of the 756 miRNAs analyzed using the TaqMan
microRNA array as described in the Methods. Results are expressed as arbi-
trary units (au) using U6 as reference control. (B) Whole-cell extracts (250x103

cells) purified from the same cells as in (A) were loaded on gels and analyzed
for STAT3-YP and total STAT3 expression level. Quantification of the relative
normalized STAT3-YP protein levels are reported as arbitrary units (au) below
the Western blot. Mean ± standard error of the mean (SEM) is shown, *P<0.05
by unpaired t-test. (C) Absolute neutrophil counts in each CD8 and CD4 T-LGLL
patient (circle) and HD (triangle). Mean ± SEM is shown. **P<0.01 by
unpaired t-test. Patients analyzed in each panel are specified in the Online
Supplementary Table S5.

A B

C



the CD4+CD8+CD16–CD56+CD57+ (CD4 T-LGLs)
immunophenotype (Online Supplementary Table S1). We
have recently shown that CD8+CD16+CD56–CD57±
immunophenotype identifies a subset of patients charac-
terized by the presence of STAT3 mutation and/or activa-
tion and neutropenia, whereas STAT3 mutations are lack-
ing in CD4 T-LGLL patients, usually displaying normal
neutrophil counts.5 Confirming our previous observation,
high levels of STAT3-YP, detected by Western blot analy-
sis (Figure 1B), characterized the CD8 T-LGLL patients,
three of whom carry STAT3 mutations (Online
Supplementary Table S1). Conversely, no STAT3 mutations
(Online Supplementary Table S1) nor constitutive activation
(Figure 1B) were detected in CD4 T-LGLs. No variation in
the total STAT3 levels between CD8 and CD4 samples
was detected (Figure 1B). Moreover, and consistent with
our previous observation, CD8 T-LGLL patients are char-
acterized by a significantly (P=0.0066) different absolute
neutrophil counts (ANC) as compared to CD4 T-LGLL
patients, that shows normal neutrophil counts (Figure 1C).
Taken together, our data show that the global miRNome
clusters with STAT3-activated/CD8 phenotype, that is, in
turn, characterized by neutropenia.

miR-146b is differentially expressed in CD8 versus
CD4 T-LGLs and inversely correlates with neutropenia
On the basis of the above correlation between the glob-

al mature miRNA expression profile and the presence of
activated STAT3 (Figure 1), and taking into account that a
pathogenic link between CD8 phenotype and STAT3
activation has been demonstrated,5 we hypothesized that
a STAT3 activation-dependent, CD8-specific miRNAs
expression pattern is in place. To get insights into this
immunophenotype-specific miRNome, miRNAs
expressed in CD8 and CD4 T-LGLs were subjected to dif-
ferential expression analysis. miRNAs showing threshold
cycle (Ct) value <32, and Fold Change (FC) value >2 or
<0.5 were considered as differentially modulated.
Accordingly, twenty-four miRNA emerged as up-regulat-
ed and only one miRNA, namely miR-146b, as down-reg-
ulated in a statistically significant manner (P<0.05) in
CD8 as compared to CD4 T-LGLs (Online Supplementary
Figure S1 and Online Supplementary Table S3).
Based on our recent data indicating that high level of

STAT3 activation correlates not only with CD8 T-LGLs
phenotype, but also with the presence of symptomatic
disease, mostly as a consequence of neutropenia,5 all the
miRNAs differentially expressed in CD8 and CD4 T-LGL
(Online Supplementary Table S3) were analysed for correla-
tion with the ANC. Correlation analysis highlighted only
two miRNAs, namely miR-630 and miR-146b, whose
expression correlated with ANC (P=-0.886, P=0.033 and
P=0.866, P=0.030, respectively) and simultaneously with
the levels of STAT3-YP (P=1.00, P=0.003 and P=-0.866,
P=0.033, respectively) (Online Supplementary Table S4).
None of the remaining differentially modulated miRNA
correlated with the absolute neutrophil count in a statis-
tically significant manner (Online Supplementary Table S4).
RT-qPCR single assay on additional T-LGLL patients con-
firmed the downregulation of miR-146b expression in
CD8 T-LGLs, compared to CD4 T-LGLs (P=0.018) or to T
lymphocytes from healthy donors (P=0.024) (Figure 2A).
Accordingly, miR-146b was found to inversely correlate
simultaneously with the levels of activated STAT3 (P=-
0.846, P=0.0005) and with ANC (P=0.707, P=0.0012)

(Figure 2B). Consistently, in the additional T-LGLL
patients a significant correlation between STAT3 activa-
tion and neutropenia was confirmed as well (P=-0.867,
P=0.0003) (Figure 2B, right panel). On the contrary, miR-
630 was confirmed as differentially expressed in CD4 
T-LGLs as compared to CD8 T-LGLs, but the correlation
with ANC was not validated (not shown).
To gain insights into the cause-effect relationship

between the degree of STAT3 activation and the lack of
miR-146b expression, CD8 T-LGLs were incubated with
non-toxic doses of the STAT3 inhibitor STATTIC and the
level of miR-146b expression was analyzed. Figure 2C
shows that blocking STAT3 activity in CD8 T-LGLs
unleashed miR-146b transcription, thus demonstrating
that suppression of miR-146b expression in CD8 T-LGLs
is secondary to constitutive STAT3 activation.
STAT3 is a well-known transcriptional activator for

many genes,20 and it has also been reported to inhibit
gene expression by promoting methylation of the target
genes promoter.21-23 In normal tissues STAT3 is reported to
activate miR-146b transcription.24,25 However, in several
systems miR-146b promoter methylation has been
shown to prevent miR-146b expression, even in the pres-
ence of constitutively activated STAT3.26,27 According to
the publically available methylome data (https://genome-
e u r o . u c s c . e d u / c g i - b i n / h gTr a c k s ? d b=h g 19& l a s t
VirtModeType=default&lastVirtModeExtraState=&virtMode
Type=default&virtMode=0&nonVirtPosition=&position=chr1
0%3A104196181104196428&hgsid=230688991_Xz5zjxAj
b58tIT5oL9i5MkaweCLp), four cytosine located upstream
(-570bp, -63bp, -56bp, -26bp) and two located down-
stream (-71bp, and -273bp) the miR-146b TSS (Online
Supplementary Figure S2) have been identified as differen-
tially methylated in different cell lines. On these bases,
we analyzed the level of miR-146b promoter methylation
in CD8 and CD4 T-LGLs that are characterized by the
presence or absence of activated STAT3, respectively. Our
results showed a significantly higher level of 5meC in the
regions -687bp/-496bp (+141.21%, P<0.01) and -
149bp/+98bp (+58.46%, P<0.05) upstream miR-146b TSS
in CD8 T-LGLs compared to CD4 T-LGLs (Figure 3A). As
a control, methylation of the region downstream
(+44bp/+315bp) miR-146b TSS in CD8 and CD4 T-LGL
was comparable (Figure 3A). Inhibition of methyl-trans-
ferase activity with 5-aza-2-deoxycytidine (DAC)
restored the expression of the miR-146b primary tran-
script (pri-miR-146b) in CD8 T-LGLs (Figure 3B), further
proving that miR-146b promoter methylation prevents
miR-146b expression in CD8 T-LGLs. Remarkably,
STAT3 inhibition led to a statistically significant reduc-
tion of the level of DNMT1 expression, thus suggesting
that constitutive STAT3 activation may lead to miR-146b
promoter methylation (Figure 3B, left panel). Collectively,
these data suggest a cause-effect link between the lack of
miR-146b expression and constitutive STAT3-activation
in CD8 T-LGLs.

FasL mRNA-stabilizing protein HuR is target of 
miR-146b
To gain insights into the molecular mechanisms under-

lying the correlation between miR-146b expression and
ANC (Figure 2B, central panel), we focused our subse-
quent analysis on FasL. In fact, increased release of FasL
has long been reported as one of the most relevant factor
in the pathogenesis of neutropenia in LGLL patients.9,12,28
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According to our published data,5 RT-qPCR analysis
showed that FasL mRNA expression correlates with the
degree of STAT3 activation (P=0.762, P=0.0368) (Figure
4A) and simultaneously inversely correlates with ANC
(P=-0.727, P=0.0096) (Figure 4B). Most importantly, an
inverse correlation between miR-146b and FasL mRNA
expression (Figure 4C) and the release of soluble FasL
(sFasL) (Figure 4D) were detected. Consistently, FasL
mRNA expression was higher in CD8 T-LGLL patients
(MNE 0.0306±0.0067)  compared to the non-neutropenic
patients belonging to the CD4 T-LGLL subset (MNE
0.0119±0.0026, P=0.02) (Figure 4E). Interestingly, no dif-
ference in the level of FasL primary transcript (FasL-PT)
expression between CD8 and CD4 T-LGLs was observed
(Figure 4E), suggesting that a mechanism controlling FasL
expression at a post-transcriptional level is defective in
CD8 T-LGLL subset, that therefore display higher levels of
FasL mRNA as compared to CD4 T-LGLL subset.s

In order to demonstrate that miR146b and FasL expres-
sion were causally linked, miR-146b was overexpressed in
Jurkat and the level of FasL mRNA was analyzed 48 h post
transfection. miR-146b-overexpressing cells have reduced
levels of FasL mRNA (MNE 2×10-5±5.77×10-6)  compared
to cells transfected with a scramble control miRNA (MNE
3.67×10-5±6.67×10-6) (Figure 5A), suggesting a role of miR-
146b in the regulation of FasL expression. Nevertheless, in
silico miR-target prediction analysis performed by seven
different target prediction software (microT4, miRanda,
Pictar2, PITA, RNA22, miRWalk and TargetScan) did not
identify FasL among the putative miR-146b target genes,
thus suggesting that miR-146b eventually affects FasL
expression indirectly, by targeting genes involved in FasL
mRNA stability. Among the sixteen genes retrieved as
putative miR-146b targets commonly predicted by all soft-
ware only one, namely the ribonucleoprotein Human
Antigen R (HuR, also known as ELAVL1), plays a well-
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Figure 2. STAT3-dependent inhibition of miR-146b expression in CD8 T large granular lymphocytes.
(A) miR-146b expression level in each CD8 (n=9) and CD4 (n=6) T large granular lymphocytes 
(T-LGLs) as well as in HD (n=9) together with mean±standard error of the mean (SEM) are shown.
*P<0.05 by Kruskal-Wallis tests. (B) Correlation analysis between miR-146b expression and STAT3-
YP (left, n=12), miR-146b expression and absolute neutrophil count (ANC) (central, n=18), and
between ANC and STAT3-YP levels (right, n=12). Grey circles identify CD8 T-LGLs, empty triangles
identify CD4 T-LGLs. miR-146b expression analyzed in real-time quatitative PCR (RT-qPCR) is report-
ed as arbitrary units after U6 normalization. The relative STAT3-YP protein levels, normalized for total
STAT3, are reported as arbitrary units (au). ANC is reported as cell×109/L. Spearman correlation
coefficient (p) and P-values are reported. (C) CD8 T-LGLs were cultured for 24 hours (h) in presence
of 15 mM STATTIC or DMSO as control (n=7). miR-146b primary transcript (pri-miR-146b) expression,
analyzed by RT-qPCR, is reported as Fold Induction (FI) relative to DMSO treated cells, after RPL32
normalization. Mean ± SEM are shown. ***P<0.001 by Wilcoxon signed-rank. Patients analyzed in
each panel are specified in the Online Supplementary Table S5.
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defined role in mRNA stabilization, and has been reported
to be absolutely required for FasL expression in T lympho-
cytes.29 Moreover, the potential miR-146b binding site in
the 3’ UTR of HuR (Online Supplementary Figure S3) has
been demonstrated to be functional by 3’UTR reporter
assay.30,31 Consistently, overexpression of miR-146b in
Jurkat cells led to a reduction of the intracellular HuR pro-
tein levels (-34.05±3.74%, n=2) (Figure 5B). Likewise,
silencing HuR with a specific HuR siRNA caused a paral-
lel reduction of FasL mRNA expression (Figure 5C), thus
providing further evidence for the causal link between
miR-146b-mediated reduction of the FasL mRNA-stabi-
lizing protein HuR and the consequent decrease of FasL
mRNA. Most importantly, restoring miR-146b expression
in purified CD8 T cells from LGLL patients caused a
reduction of HuR mRNA expression (Figure 6A), thus val-
idating HuR as endogenous miR-146b target in primary
CD8 T-LGLs as well. Concurrently, FasL mRNA, but not
FasL primary transcript, expression was reduced (Figure
6A), thus demonstrating that miR-146b-mediated reduc-
tion of HuR protein post-transcriptionally controls FasL
expression. To ascertain that HuR protein expression
inversely correlates with the levels of endogenous miR-
146b expression, the intracellular levels of HuR protein in
CD8 and CD4T-LGLs were examined. Remarkably,
endogenous HuR protein was detected in CD8 T-LGLs,

that express low levels of miR-146b, at levels significantly
higher (P=0.003) than those detected in miR-146b-
expressing CD4 T-LGLs (Figure 6B). Collectively, these
data show that in CD8 T-LGLs constitutively activated
STAT3 leads to the loss of miR-146b, that in turn unleash-
es the translation of HuR protein. As a consequence, HuR
stabilizes FasL mRNA and increases FasL production,
causing, in turn, neutropenia. 

Discussion

MicroRNAs  are regarded as important gene expression
regulators often involved in the pathogenesis of a variety
of conditions such as cancer and autoimmunity. In this
study, by exploring a relevant number of miRNAs, we
report the first characterization of a restricted pattern of
miRNAs differentially expressed in T-LGLL patients.
Unsupervised hierarchical clustering analysis identified a
correlation between the miRNA expression profile and
individual T-LGL subset, characterized by a specific CD8+
phenotype, by high levels of constitutive STAT3 phospho-
rylation and by the presence of specific clinical features.
Noticeably, miRNA expression correlates mostly with
STAT3 activation status, rather than with the presence of
STAT3 mutations. Several authors suggested a pathogenic

B. Mariotti et al.

1356 haematologica | 2020; 105(5)

Figure 3. Promoter methylation prevents miR-146b expression in CD8 T large granular lymphocytes. (A) The methylation level of -687/-496, -149/+98 miR-146b
promoter region and +44/+315 downstream region was analyzed by meDIP assay with anti-5meC antibody (Ab) in CD4 (n=3) and CD8 (n=3) T large granular lym-
phocyte leukemia (T-LGLs). Single value and mean±standard error of the mean (SEM) are reported as percentage over input. **P<0.01, ***P<0.001, not significant
(ns) P>0.05 by unpaired t-test. (B) PBMCs from CD8 T-LGLL patients were cultured in presence of 2.5 mM 5-aza-2’-deoxycytidine (DAC) for three days (left) or 15 μM
STATTIC for 24 hours (h) (right). pri-miR-146b (left) and DNMT1 (right) expression was analyzed. Data are expressed as Fold Induction (FI) relative to the untreated
condition (DMSO). Mean±SEM of six (left panel) and seven (right panel) independent experiments is shown. *P<0.05, by Wilcoxon signed-rank test. Patients analyzed
in each panel are specified in the Online Supplementary Table S5.
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Figure 4. miR-146b controls Fas ligand mRNA expression targeting HuR. Correlation analysis between Fas ligand (FasL) mRNA expression and STAT3-YP levels (A;
n=8), FasL mRNA expression and ANC (B; n=12), FasL mRNA expression and miR-146b expression levels (C; n=12) and soluble FasL (sFasL) and miR-146b expres-
sion levels (D; n=8). FasL mRNA is expressed as MNE relative to GAPDH, while miR-146b is expressed as au after U6 normalization. ANC is reported as cellx109/L
and sFasL is expressed in pg/mL. Spearman correlation coefficient (p) and P are reported. (E) FasL mRNA and FasL primary transcript (PT) were analyzed in CD8
(n=7) and CD4 (n=5) T-LGLs by real-time quatitative PCR (RT-qPCR). Data are expressed as MNE relative to GAPDH. Data are reported as mean ± standard error of
the mean (SEM). *P<0.05, ns, not significant by Mann-Whitney U-test. Grey circles identify CD8 T-LGLs, empty triangles identify CD4 T-LGLs. Patients analyzed in
each panel are specified in the Online Supplementary Table S5.

Figure 5. miR-146b regulates Fas ligand expression by targeting HuR in Jurkat
cells. (A) Jurkat cells were transfected with 75pmol miR-scr or miR-146b. 48
hours (h) after transfection cells were processed and miR-146b and FasL
mRNA expression were analyzed. Data are expressed as Mean Normalized
Expression (MNE) relative to U6 (miR-146b) and GAPDH (FasL mRNA).
Mean±standard error of the mean (SEM) (n=3) is shown. *P<0.05 by paired 
t-test. (B) Jurkat cells were transfected with 75pmol miR-scr or miR-146b. 48 h
after transfection cells were processed and HuR protein level was analyzed by
western blotting. One Western blot representative of two performed with similar
results is shown. The relative HuR protein level, normalized for GAPDH, is
reported as au below the Western blot. (C) Jurkat cells were transfected with
200pmol si-CTR or si-HuR and processed as described above. One Western
blot representative of two performed with similar results is shown.
Quantification of normalized HuR protein level and of FasL mRNA expression
(Mean±SEM, n=2) in transfected Jurkat is shown below the Western blot.
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role for STAT3 mutations in this disease.6,7 However these
mutations, mostly of the activating type, involve a vari-
able percentage of pathological clones and in many cases
are present in a very low percentage of LGL.32 Our results
point to the role of STAT3 activation as the dominant fac-
tor in the pathogenesis of the disease and in the induction
of a specific miRNA profile. These findings are consistent
with recent data from our lab indicating a correlation
between STAT3 activation, phenotypic pattern of prolifer-
ating LGLs and the presence of symptomatic disease,
mostly characterized by neutropenia.5
The mechanism sustaining neutropenia in LGLL

patients still remains poorly clarified. Since infiltration of
pathological LGLs usually play only a marginal role in the
pathogenesis of neutropenia, soluble factors have been
reported to be the more relevant players in this feature.
Among them, FasL has been detected at very high concen-
trations in LGLL patients.9,12,28 In particular, a significant
increase in FasL mRNA and protein expression was
reported in patients with CD8+CD16+CD56– phenotype.5,9-
12 Consistently, we also found that the CD8 T-LGL popu-
lation under investigation is characterized by higher levels
of FasL expression. Comparative analysis of the differen-
tially expressed miRNAs within different T-LGL subsets
allowed us to identify miR-146b as a unique miRNA. In
fact, miR-146b expression is decreased in CD8 T-LGLL,
that is distinguished from the CD4 T-LGLL phenotype by
high levels of constitutive STAT3 activation. Moreover,
miR-146b expression inversely correlates with the levels
of STAT3 tyrosine phosphorylation, with neutropenia and
concurrently with FasL expression, suggesting the exis-
tence of a STAT3-miR146b-FasL axis in T-LGL leukemia.
Inhibition of constitutively activated STAT3 by STATTIC
in CD8 T-LGLL patients increased miR-146b expression,

thus providing experimental evidence for a mechanistic
link between constitutively activated STAT3 and inhibi-
tion of miR-146b expression in CD8 T-LGLs. This finding
is in line with data showing that induction of miR-146b
expression by STAT3 occurs under normal physiological
conditions only in non-transformed cells, but is lost in
malignancy, mostly has a consequence miR-146b promot-
er methylation, that prevents miR-146b expression even
in the presence of constitutively activated STAT3.26,27 Here
we provide the first evidence of miR-146b promoter
methylation at the expected sites, thus pointing that a
similar mechanism might also take place in CD8 T-LGLL.
Inhibition of this process using DAC restored miR146b
levels. Moreover, a direct role of activated STAT3 in induc-
ing miR-146b promoter methylation, through regulating
expression of DNA methyltransferase 1 (DNMT1) has
been demonstrated in solid tumors27 and in malignant 
T lymphocytes.33 Similarly, we show that inhibition of
constitutively active STAT3-YP reduces the expression of
DNMT1, thereby providing a functional and mechanistic
link between activation of STAT3 signaling pathway and
its epigenetic control. Interestingly, a role for epigenetic
mechanisms taking place in chronic LGL proliferations has
been already reported by Caligiuri et al. in T-LGLL34 and by
our group in CLPD-NK,35 and our data contribute to
unravel the machineries differently activated in each sub-
sets of patients (i.e. CD8+ vs. CD4+ LGLL) with relevant
clinical impact.
Restoration of miR-146b expression in Jurkat cells and,

most importantly, in patients CD8 T-LGLL, resulted in a
significant reduction of the FasL mRNA expression level,
which occurs in the absence of modification of the FasL
primary transcript expression. Collectively, these data
indicate that miR-146b affects FasL expression at a post-
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Figure 6. HuR is the endogenous miR-146b target gene in CD8 T large granular lymphocytes. (A) CD8 T large granular lymphocytes (T-LGL) were transfected with
200 pmol miR-scr or miR-146b. 24 hours (h) after transfection cells were processed and miR-146b, HuR mRNA, FasL mRNA and primary transcript (PT) expression
were analyzed by real-time quatitative PCR (RT-qPCR). Data are expressed as MNE relative to U6 (miR-146b) and RPL32 (HuR, FasL mRNA and PT). Mean±standard
error of the mean (SEM) of two independent experiments is shown. (B) HuR protein level was analyzed by Western blot as described in the Methods in CD8 (n=5)
and CD4 (n=5) whole-cell extracts (15 mg). Normalized HuR protein levels are reported as arbitrary units (au) below the Western blot. *P<0.01 by unpaired t-test.
Patients analyzed in each panel are specified in the Online Supplementary Table S5.
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transcriptional level. Nevertheless, in silico miR-target pre-
diction analysis did not identify FasL among the putative
miR-146b target genes, thus suggesting that miR-146b
eventually affects FasL expression indirectly, by targeting
genes involved in FasL mRNA stability. In fact, we demon-
strated that the intracellular mRNA level of HuR (one of
the sixteen genes retrieved as putative miR-146b targets
independently predicted by seven miRNA-target predic-
tion software) is affected by miR-146b over-expression.
HuR, a ubiquitously expressed member of the HuR family
of RNA-binding proteins, has a known role in mRNA sta-
bilization and has been reported to be associated to the
ARE-containing 3’UTR of FasL mRNA, which is mandato-
ry for its expression.29,36 Remarkably, HuR has been exper-
imentally validated as miR-146b target genes in glioma
stem cells31 and endothelial cells,30 and the predicted miR-
146b seed region located in the 3’UTR of HuR mRNA has
been demonstrated to be functional.30,31 According to these
published data, restoration of miR-146b in CD8 T-LGLs
decreases the levels of HuR mRNA and, consistently, of

FasL. Noticeably, a statistically significant difference in the
levels of endogenous HuR protein between CD8 and CD4
T-LGLs is detectable. The suggested pathogenetic link
between constitutively active STAT3, defective miR-146b
expression and neutropenia, that specifically characterizes
the CD8 subset of LGLL, is schematically shown in Figure
7. In conclusion, even though the lack of miR-146b expres-
sion may have additional effects on the development and
progression of CD8 T-LGL leukemia, in this study we con-
vincingly demonstrated that a STAT3-dependent abroga-
tion of miR-146b expression plays a direct role in the
development of neutropenia reported in a subset of LGLL
patients, representing a potential target for individualized
therapeutic approach. 
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Figure 7. Schematic representation of the pathogenic link between constitutively active STAT3, defective miR-146b expression and Fas ligand-mediated neutrope-
nia, that specifically characterizes the CD8 subset of large granular lymphocyte leukemia. Methylation status of miR-146b promoter is represented as circles: empty
circles mean not methylated cytosine, while black circles represent methylated cytosine.
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B-cell receptor (BCR) signaling pathway components represent promis-
ing treatment targets in multiple B-cell malignancies including diffuse
large B-cell lymphoma (DLBCL). In in vitro and in vivomodel systems,

a subset of DLBCLs depend upon BCR survival signals and respond to prox-
imal BCR/phosphoinositide 3 kinase (PI3K) blockade. However, single-
agent BCR pathway inhibitors have had more limited activity in patients
with DLBCL, underscoring the need for indicators of sensitivity to BCR
blockade and insights into potential resistance mechanisms. Here, we
report highly significant transcriptional upregulation of C-X-C chemokine
receptor 4 (CXCR4) in BCR-dependent DLBCL cell lines and primary
tumors following chemical spleen tyrosine kinase (SYK) inhibition, molec-
ular SYK depletion or chemical PI3K blockade. SYK or PI3K inhibition also
selectively upregulated cell surface CXCR4 protein expression in BCR-
dependent DLBCLs. CXCR4 expression was directly modulated by fork-
head box O1 via the PI3K/protein kinase B/forkhead box O1 signaling axis.
Following chemical SYK inhibition, all BCR-dependent DLBCLs exhibited
significantly increased stromal cell-derived factor-1α (SDF-1α) induced
chemotaxis, consistent with the role of CXCR4 signaling in B-cell migra-
tion. Select PI3K isoform inhibitors also augmented SDF-1α induced
chemotaxis. These data define CXCR4 upregulation as an indicator of sen-
sitivity to BCR/PI3K blockade and identify CXCR4 signaling as a potential
resistance mechanism in BCR-dependent DLBCLs.
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ABSTRACT

Introduction

Diffuse large-B-cell lymphomas (DLBCLs) are clinically and genetically hetero-
geneous diseases.1 Our previous studies demonstrated that a subset of DLBCLs
rely upon B-cell receptor (BCR)-dependent survival signals.2,3 BCR signaling acti-
vates proximal pathway components including the spleen tyrosine kinase (SYK)
and downstream effectors such as phosphatidylinositol-3-kinase (PI3K)/AKT and
the Bruton’s tyrosine kinase (BTK)/ nuclear factor-κB (NF-κB).3,4 In prior studies,
we, and others, characterized distinct BCR/PI3K-dependent viability pathways in
DLBCL cell lines and primary tumors with low- or high-baseline NF-κB activity



(germinal center B- (GCB-) and activated B-cell like
(ABC)-type tumors, respectively).3,5-7
In both types of BCR-dependent DLBCLs, inhibition of

SYK or PI3K decrease the phosphorylation of AKT and
Forkhead Box O1 (FOXO1) and increase the nuclear
retention and associated activity of unphosphorylated
FOXO.13,8 BCR-dependent DLBCLs with low baseline
NF-κB (GCB tumors) frequently exhibit inactivating
mutations or copy loss of Phosphatase and tensin
homolog (PTEN) and decreased abundance of the PTEN
protein.1,3,6 In these DLBCLs, proximal inhibition of BCR
signaling primarily modulates the PI3K/AKT pathway.3,5-
7,9 In contrast, SYK/PI3K blockade additionally limits
BTK/NF-κB signaling in BCR-dependent DLBCLs with
high baseline NF-κB activity and frequent MYD88L265P

and/or CD79B mutations (ABC tumors).1,3,7,9
We sought to identify an indicator of BCR dependence

in DLBCLs with low or high baseline NF-κB and noted
that C-X-C chemokine receptor 4 (CXCR4) transcripts
were significantly more abundant in both DLBCL sub-
types following the inhibition of proximal BCR signal-
ing.3 In experimental model systems, BCR engagement
promotes the internalization of CXCR4 and limits stro-
mal cell-derived factor-1α) (SDF-1α)-induced chemo-
taxis.10 For these reasons, we hypothesized that BCR
blockade might increase CXCR4 expression and associ-
ated tumor cell migration. 
Physiologically, the CXCR4 chemokine receptor binds

to SDF-1αand plays a critical role in the chemotaxis of
normal germinal center (GC) B cells.11-13 CXCR4 is a
known FOXO1 target gene that is induced in normal
FOXO1-rich dark zone GC B-cells.13 In the GC, CXCR4+
B-cells migrate in response to a SDF-1α chemokine gra-
dient.11
CXCR4 transduces SDF-1α signals via G-protein cou-

pled activation of PI3K isoforms.14-18 As a consequence,
CXCR4 is also considered to be a possible therapeutic
target in multiple B-cell malignancies, including
DLBCL.19-24 Herein, we assess CXCR4 modulation and
signaling as both an indicator of sensitivity to BCR
blockade and a potential resistance mechanism in
DLBCL.

Methods 

Cell lines and culture conditions 
The DLBCL cell lines, SU-DHL4 (DHL4), SU-DHL6 (DHL6),

OCI-LY7 (LY7), HBL1, TMD8, U-2932, Karpas 422 (K422),
Toledo and OCI-LY4 (LY4), were cultured as previously
described.25 The identities of the DLBCL cell lines used in this
study were confirmed via STR profiling with PowerPlex ®1.2
system (Promega, Madison, WI, USA). DHL4, DHL6, LY7,
HBL1 and U-2932 were previously characterized as BCR-
dependent and K422, Toledo and LY4 were BCR-independent.3,9

Primary tumor specimens
Cryopreserved viable primary DLBCL samples were obtained

according to the Institutional Review Board (IRB) – approved
protocols from the Brigham and Women’s Hospital Department
of Pathology. These anonymous primary tumor specimens
were considered discarded tissues which did not require
informed consent. The six primary DLBCLs were previously
characterized for surface immunoglobulin (Ig) expression, BCR
signaling and baseline NF-κB activity.3

Chemical inhibition of SYK, PI3K or BTK
The chemical SYK inhibitor, R406, was a gift from Rigel

Pharmaceuticals (San Francisco, CA, USA). R406 was dissolved
in DMSO at a concentration of 10 mM and stored at -80°C. For
immediate inhibition, cells were incubated with 1 mM R406 or
vehicle alone (in PBS) in a 37°C water bath for 2 hours (h). For
long-term inhibition, R406 was added to cell culture medium at
a final concentration of 1 mM and cells were maintained in an
incubator at 37°C for 24 h. The chemical pan-PI3K inhibitor,
LY294002, was purchased from Sigma-Aldrich (Saint Louis, MO,
USA), The chemical SYK inhibitor, GS-9973 (entospletinib), the
PI3K isoform-predominant inhibitors, GDC-0941 (pictilisib,
PI3K α/d>β/γ), CAL101 (idelalisib, d) and IPI145 (duvelisib, d/γ)
and the BTK inhibitor, PCI-32765 (ibrutinib) were purchased
from Selleckchem (Houston, TX, USA). DLBCL cell lines were
treated with GS-9973 (2 mM), LY294002 (10 mM), GDC-0941
(0.5 mM), CAL101 (2 mM), IPI145 (1 mM), PC1-32765 (0.1 mM)  or
vehicle (DMSO) for 24 h as previously described.9 The doses of
SYK, PI3K and BTK inhibitors used in these studies were deter-
mined based on prior analyses of the respective agent EC50s of
these agents;9 the LY294002 dose was chosen based on previous-
ly reported studies.3,16 Following treatment with chemical SYK,
PI3K or BTK inhibitors, cells were harvested for additional
analyses (below).

Quantitative RT-PCR (qRT-PCR)
QRT-PCR was performed as previously described9 (Online

Supplementary Materials and Methods). 

Flow cytometry
A PE-conjugated mouse anti-human CD184 (CXCR4) anti-

body (BD Bioscience, CA, USA) was used for flow cytometry
analysis on a FACS Canto II flow cytometer (BD Biosciences)
and the data were analyzed with FlowJo 10 software (Flowjo
Data analysis software LLC, Ashland, OR, USA). 

Lentiviral-mediated shRNA transduction
The shRNA knockdown of target genes was performed as

previously described3 (Online Supplementary Materials and
Methods).

Transduction with myristoylated AKT
DLBCL cell lines were retrovirally transduced with constructs

encoding constitutively active (myristoylated) AKT (pMIG-
mAKT1-IRES-GFP) or pMIG-IRES-GFP as previously described.3

After 72 h, GFP+ cells were sorted, treated with R406 or vehicle,
and analyzed for CXCR4 expression by flow cytometry.

Chemotaxis assay
DLBCL cell lines were treated with vehicle, R406 (1 mM),

GDC-0941 (0.5 mM), Ibrutinib (0.1 mM), AMD3100 (10 mM) or
R406 + AMD3100 for 24 h. Before the chemotaxis assay,
Permeable Polycarbonate Membrane Inserts in the Corning™
Transwell™ 24-well plate (Fisher Scientific, pore size 8 mm)
were pretreated by adding 600 mL of RPMI-1640 media contain-
ing 0.5% bovine serum albumin (Sigma) with or without 
SDF-1α (25-100 ng/mL, R&D Systems) into the bottom chamber
at 37°C for 1 h. Each lot of SDF-1α was individually titrated for
activity in the chemotaxis assay prior to use. Treated cells were
harvested and resuspended in RPMI-1640 media for a final den-
sity of 2×106/mL. 100 mL of cell suspension was transferred to
each top chamber and incubated at 37 °C for 2-4 h. Cells in the
lower chambers were harvested and cell numbers were deter-
mined by manual counting. Each condition was set up in tripli-
cate. 
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Results

SYK inhibition selectively induces CXCR4 expression in
BCR-dependent DLBCL cell lines and primary tumors
To identify potential compensatory signaling pathways

in DLBCL treated with chemical BCR inhibitors, we
reviewed the transcriptional profiles of five BCR-depen-
dent DLBCL cell lines treated with the chemical SYK
inhibitor, R406, or vehicle (DMSO).3 Differential analysis
of treated versus untreated samples revealed that CXCR4
transcripts were significantly upregulated in all five BCR-

dependent DLBCL cell lines (DHL4, DHL6, LY7, HBL1, U-
2932) following 6-24 h of R406 treatment 
(P-value=0.00052 at 24 h; Online Supplementary Figure S1).
To expand on these findings, we treated an extended

panel of BCR-dependent and BCR-independent DLBCL
cell lines with R406 (or vehicle) and evaluated CXCR4
transcript abundance by qRT-PCR. The extended DLBCL
cell line panel included five BCR-dependent DLBCL cell
lines (DHL4, DHL6, LY7 [low NF-κB, GCB]; and HBL1 and
U-2932 [high NF-κB, ABC])3 and an additional ABC
DLBCL cell line, TMD8, that is sIgM+, BCR-dependent,

BCR/PI3K blockade upregulates CXCR4 in DLBCL
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Figure 1. CXCR4 is upregulated in BCR-dependent DLBCL cell lines following SYK inhibition. (A) CXCR4 transcript abundance in diffuse large B-cell lymphoma
(DLBCL) cell lines treated with 1 mM R406 (upper panel) or 2 μM GS-9973 (lower panel) for 24 hours (h) was determined by quantitative RT-PCR (qRT-PCR) relative
to PPIA. The P-values for vehicle versus R406 treated or GS-9973 treated were determined with a one-sided Welch t-test. ***P<0.0001; *P<0.01. Error bars repre-
sent the SD of three independent assays in a representative experiment. (B) CXCR4 transcript abundance in SYK-depleted DLBCL cell lines (72 h following completion
of puromycin selection) was determined by qRT-PCR relative to PPIA. NC (negative control) shRNA. The P-values for NC versus shSYK constructs were determined
with a one-sided Welch t-test. ***P<0.0001; **P<0.001; *P<0.01; #P<0.05. Error bars represent the SD of three independent assays in a representative experi-
ment. (C) Cell surface expression of CXCR4 in DLBCL cell lines treated for 24 h with vehicle or 1 mM R406 (upper panel), or vehicle or 2 μM GS-9973 (lower panel)
was measured by flow cytometry. Isotype-matched control in gray. (D) CXCR4 expression in primary DLBCL patient samples following SYK inhibition. Cryopreserved
viable DLBCL tumor cell suspensions from newly diagnosed patients were thawed and treated with vehicle or 1 mM R406 for 24 h. RNA samples were prepared and
CXCR4 expression was determined by qRT-PCR relative to PPIA. The P-values for vehicle versus R406 treatment were determined with a one-sided Welch t-test.
**P<0.001; *P<0.01; #P<0.05. Error bars represent the SD of three independent assays in a representative experiment.
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and sensitive to chemical SYK inhibition (R406) and
molecular depletion of SYK (Online Supplementary Figure
S2). Consistent with its designation as an ABC-type
DLBCL cell line, TMD8 exhibited high baseline expres-
sion of the NF-κB target, BCL2A1, that was markedly
reduced following SYK depletion (Online Supplementary
Figure S2). The extended cell line panel also included three
BCR-independent DLBCL cell lines, K422, Toledo and
LY4.3
In the DLBCL cell line panel, chemical SYK inhibition

with R406 selectively increased CXCR4 transcript levels in
all six BCR-dependent DLBCL cell lines; however, the
baseline CXCR4 levels in HBL1 were low. Chemical SYK
inhibition did not modulate CXCR4 transcript abundance
in the three BCR-independent DLBCL cell lines (Figure 1A,
top panel). Similar results were obtained with a more
selective chemical SYK inhibitor, GS-9973, that is current-
ly under evaluation in lymphoma clinical trials (Figure 1A,
lower panel).26-28
SYK depletion with three independent shRNAs signifi-

cantly increased CXCR4 transcripts in BCR-dependent,
but not BCR-independent DLBCL cell lines, phenocopying
the CXCR4 induction following chemical SYK inhibition
(Figure 1B). Consistent with these findings, chemical inhi-
bition of SYK with either R406 or GS-9973 selectively
increased cell surface CXCR4 protein expression in the
BCR-dependent DLBCLs (with the least effect in HBL1),
but not in the BCR-independent DLBCLs (Figure 1C,
R406, top panel; GS-9973, bottom panel). 
After identifying selective CXCR4 induction in BCR-

dependent DLBCLs cell lines, we assessed the same
parameters in primary DLBCLs. For these studies, we uti-

lized aliquots of six cryopreserved viable tumor suspen-
sions of primary DLBCL that were previously character-
ized as BCR-dependent with low baseline NF-κB activity
(P1 and P2), BCR-dependent with high baseline NF-κB
activity (P3 and P4); or BCR-independent (P5 and P6).3 As
in the DLBCL cell lines, chemical SYK inhibition selective-
ly induced CXCR4 in all four BCR-dependent primary
DLBCLs (P1-P4) but not in the two BCR-independent pri-
mary DLBCLs (P5 and P6) (Figure 1D). 

Prolonged chemical SYK inhibition increases SDF-1α
associated migration of BCR-dependent DLBCLs
We next assessed the functional significance of CXCR4

induction following prolonged SYK inhibition by perform-
ing a transwell chemotaxis assay using SDF-1α as the
chemoattractant. Prolonged SYK blockade selectively
enhanced the migration of all examined BCR-dependent
DLBCL cell lines to SDF-1α; the migration of the BCR-
independent DLBCL cell lines was unchanged (Figure 2A).
The R406-augmented, SDF-1α associated cellular migra-
tion was abrogated when the chemotaxis assay was per-
formed in the presence of the specific CXCR4 inhibitor,
AMD3100, confirming the specificity of the observed
effect (Figure 2B).

PI3K/AKT signaling regulates CXCR4 expression in
BCR-dependent DLBCL cell lines
We previously described the central role of PI3K/AKT in

SYK-mediated BCR-signaling in DLBCLs.3,9 These data
prompted us to evaluate the function of PI3K/AKT in the
regulation of CXCR4 upon proximal BCR/PI3K inhibition.
For these studies, representative BCR-dependent DLBCL
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Figure 2. SDF-1α induced cell migration in
DLBCL cell lines following SYK inhibition. (A)
DLBCL cells were treated with vehicle or R406
for 24 hours (h), then assayed for migration in
response to 100 ng/mL SDF-1α for 4 h (2x105

cells per condition). (B) BCR-dependent DLBCL
cell lines were treated with vehicle, 10 mM
AMD3100, 1 mM R406 or combination of
AMD3100 and R406 for 24 h, then assayed for
migration in response to SDF-1α. The P-values
for vehicle- versus R406-treated (A) and vehi-
cle- versus AMD3100-treated or R406 alone
versus AMD3100+R406 (B) were determined
with a one-sided Welch t-test. ***P<0.0001;
**P<0.001; *P<0.01; #P<0.05. Error bars rep-
resent the SD of three independent assays in a
representative experiment.  
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cell lines (DHL4, DHL6, LY7 [low NF-κB]; and TMD8
[high NF-κB]), were transduced with a vector encoding
constitutively active (myristoylated) AKT1 (mAKT) or an
empty vector control.29 Thereafter, GFP+-selected cells
were treated with vehicle control or R406 and analyzed
for CXCR4 expression. Following R406 treatment, all four
BCR-dependent DLBCL cell lines infected with the control
vector expressed increased CXCR4 (Figure 3A, top panel).
In contrast, chemical SYK inhibition did not modulate
CXCR4 expression in mAKT-expressing DLBCL cell lines
with constitutive activation of AKT1 (Figure 3A, lower
panel). These data confirmed the role of PI3K/AKT in

SYK-dependent modulation of CXCR4 expression. 
Given these findings, we assessed the consequences of

chemical pan-PI3K inhibition on CXCR4 expression in
BCR-dependent DLBCL cell lines (Figure 3B) using the tool
compound, LY294002. Like chemical SYK inhibition, pan-
PI3K blockade with LY294002 increased CXCR4 transcript
abundance (Figure 3B) and cell surface expression (Figure
3C).
We next examined the mechanism by which prolonged

SYK/PI3K inhibition induces CXCR4 expression in BCR-
dependent DLBCLs. BCR signaling is known to promote
CXCR4 internalization and inhibit SDF-1α induced

BCR/PI3K blockade upregulates CXCR4 in DLBCL
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Figure 3. PI3K/AKT signaling regulates CXCR4
expression in BCR-dependent DLBCL cell lines. (A)
BCR-dependent DLBCL cell lines, DHL4, DHL6, LY7
and TMD8, were retrovirally transduced with pMIG-
mAKT1-IRES-GFP or pMIG-IRES-GFP vector, FACS-
sorted for GFP expression, treated with 1 mM R406
or vehicle for 24 h (h), and analyzed for CXCR4
expression by flow cytometry. (B) BCR-dependent
DLBCL cell lines were treated with 1 μM R406 (red),
10 mM LY294002 (blue) or vehicle for 24 h.
Thereafter, CXCR4 expression was analyzed by qRT-
PCR relative to PPIA. The P-values for vehicle versus
R406 treated or vehicle versus LY294002 treated
were determined with a one-sided Welch 
t-test. ***P<0.0001; **P<0.001; *P<0.01. Error
bars represent the SD of three independent assays
in a representative experiment. (C) Cell surface
expression of CXCR4 was measured by flow cytome-
try in DLBCL cell lines treated with vehicle (black),
R406 (red) or LY294002 (blue) for 24 h. 
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chemotaxis.10 Therefore, molecular depletion or chemical
inhibition of SYK or pan-PI3K blockade may limit CXCR4
internalization and increase residual cell surface CXCR4
expression. However, SYK/PI3K inhibition also increases
nuclear localization of FOXO1 and associated FOXO1-
mediated transactivation of CXCR43,8,13,30 For these rea-
sons, we depleted FOXO1 in a BCR-dependent DLBCL
cell line (DHL4), treated the cells with vehicle or R406 and
subsequently measured CXCR4 expression by flow
cytometry (Online Supplementary Figure S3). SYK inhibition
induced less CXCR4 in FOXO1-depleted cells (Online
Supplementary Figure S3), highlighting the role of FOXO1
in CXCR4 expression.

After demonstrating CXCR4 upregulation following
SYK or pan-PI3K inhibition (Figure 1 and Figure 3), we
assessed the consequences of more selective PI3K isoform
or BTK blockade using the PI3Kα/d>β/γ, PI3Kd and
PI3Kd/γ predominant inhibitors, GDC-0941, CAL101 and
IPI145, respectively, and the BTK inhibitor, PCI-32765
(ibrutinib)9 (Figure 4A). In each of the evaluated BCR-
dependent DLBCL cell lines (DHL4, DHL6 and TMD8),
more selective PI3K isoform inhibition with GDC-0941,
CAL101 or IPI145 increased CXCR4 transcript abundance
(Figure 4A) and CXCR4 cell surface protein expression
(Figure 4B). In contrast, BTK blockade had more modest
effects on CXCR4 transcript and protein expression in the
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Figure 4. CXCR4 expression in BCR-dependent
and BCR-independent DLBCL cell lines follow-
ing SYK, PI3K or BTK inhibition. BCR-depen-
dent diffuse large B-cell lymphoma (DLBCL) cell
lines (DHL4, DHL6 and TMD8) and a BCR-inde-
pendent DLBCL cell line (Toledo) were treated
with DMSO, R406 (1 mM), GS-9973 (2 mM),
LY294002 (10 mM), GDC-0941 (0.5 mM),
CAL101 (2 mM), IPI145 (1 mM), PCI-32765 (0.1
µM) for 24 hours (h).  Thereafter, CXCR4 expres-
sion was analyzed by qRT-PCR relative to PPIA
(A) or flow cytometry (B) as in Figure 1A and
Figure 1C. (A) CXCR4 transcript abundance.
Fold changes in CXCR4 transcript abundance
relative to DMSO are shown below each
inhibitor for the four cell lines.  The P-values for
vehicle versus R406, GS-9973, LY294002,
GDC-0941, CAL101, IPI145 and PCI-32765
treated were determined with a one-sided
Welch t-test. ***P<0.0001; **P<0.001;
*P<0.01; #P<0.05.  Error bars represent the SD
of three independent assays in a representative
experiment.  (B) CXCR4 cell surface expression
in DLBCL cell lines treated with vehicle (black)
or the above-mentioned inhibitors (see key) for
24 h.  Isotype-matched control in gray. 
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BCR-dependent lines. As expected, none of the com-
pounds modulated CXCR4 expression in a BCR-indepen-
dent DLBCL cell line (Toledo) (Figure 4A-B).
Consistent with these observations, chemical inhibition

of SYK/PI3K was more effective than BTK blockade in
augmenting SDF-1α– induced chemotaxis (Figure 5). 

Discussion

In this study, we identify CXCR4 upregulation as an indi-
cator of sensitivity to targeted inhibition of BCR/PI3K sig-
naling in DLBCL cell lines and primary tumor cell suspen-
sions. Chemical SYK inhibition, genetic SYK depletion and
PI3K inhibition all increased CXCR4 expression in BCR-
dependent DLBCLs. In DLBCLs with low or high baseline
NF-κB, CXCR4 expression was modulated in a
PI3K/AKT/FOXO1-dependent manner at the level of tran-
scription (Figure 6). In addition to enhanced CXCR4 expres-
sion, proximal BCR(SYK)/PI3K inhibition induced chemo-
taxis of DLBCL cell lines to the CXCR4 ligand, SDF-1α. 
In the current studies, we find induction of CXCR4 at the

transcript level within 6 h of proximal BCR signaling block-
ade. Thereafter, increased CXCR4 cell surface expression is
readily detectable by flow cytometry within 24 h of SYK or
PI3K inhibition in almost all BCR-dependent DLBCLs. In
recent studies, PI3K/mammalian target of rapamycin chem-
ical inhibition also increased CXCR4 transcript abundance
in BCR-dependent DLBCL cell lines.31 Taken together, these
data suggest that CXCR4 upregulation is an indicator of
sensitivity to inhibition of proximal BCR/PI3K signaling in
DLBCLs.
CXCR4 is a FOXO1 target gene which, under physiolog-

ical conditions, contributes to the polarization of light zone
and dark zone GC-B cells.13 Upon inhibition of the
BCR/SYK/PI3K/AKT axis, FOXO1 is dephosphorylated
and retained in the nucleus, initiating transcription of its tar-
get genes.8 FOXO1 is considered to be a homeostatic regu-
lator with targets that include pro-apoptotic mediators of
cell death such as BIM, HRK or p27, as well as BCR/PI3K
signaling pathway components including SYK, PIK3CA and
CXCR4.1,3,13 Therefore, FOXO1-dependent upregulation of
CXCR4 can be regarded as a potential compensatory signal-
ing pathway in DLBCLs following proximal BCR/PI3K
inhibition. 

In Waldenström’s Macroglobulinemia (WM), nearly 30%
of patients exhibit an activating somatic mutation of
CXCR432 that increases AKT and extracellular signal-regu-
lated kinases signaling and mediates increased migration,
adhesion, survival and resistance to ibrutinib.24 In our in vitro
analyses of BCR-dependent DLBCLs, inhibition of SYK or
PI3K signaling was more effective than BTK blockade in
upregulating CXCR4 expression. In our recent genomic
characterization of 304 primary DLBCLs, we did not
observe recurrent CXCR4 mutations.1 However, immuno-
histochemical assessment of clinically annotated cohorts of
de novoDLBCLs identified heterogeneity of CXCR4 expres-

BCR/PI3K blockade upregulates CXCR4 in DLBCL
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Figure 5. SDF-1α induced cell migra-
tion in BCR-dependent DLBCL cell
lines following SYK, PI3K or BTK inhibi-
tion. Three representative BCR-depen-
dent DLBCL lines (DHL4, DHL6 and
TMD8) were treated with vehicle, 1 mM
R406, 0.5 μM GDC-0941,  0.1 mM PCI-
32765 or 10 mM AMD3100 for 24 (h),
assayed for migration in response to
25 ng/mL of SDF-1α for 2 h (2x105

cells per condition). Vehicle-treated
cells without SDF-1α stimulation were
used as controls. The P-values for vehi-
cle versus inhibitor-treated samples
were determined using one-tailed
Welch’s t-test. **P<0.001; *P<0.01;
#P<0.05. Error bars represented the SD
of three independent assays in a repre-
sentative experiment.

Figure 6. Model for B-cell receptor/SYK/PI3K regulation of CXCR4 signals. Red
arrows indicate consequences of spleen tyrosine kinase (SYK) and/or phos-
phatidylinositol-3-kinase (PI3K) inhibition including increased nuclear localiza-
tion of FOXO1 and C-X-C chemokine receptor 4 (CXCR4) upregulation.   



sion and adverse prognostic significance of CXCR4 stain-
ing.33,34
These observations are noteworthy because CXCR4 may

also be a relevant treatment target. There are ongoing clini-
cal trials incorporating either the CXCR4 inhibitor
(AMD3100, plerixafor) or a monoclonal antibody against
CXCR4 (ulocuplumab) into existing therapies of WM.35
Additionally, multiple CXCR4 antagonists are reported to
enhance the cytotoxic effect of rituximab or additional
agents in diverse in vitro lymphoma models, including those
of DLBCLs.19-23,36
Taken together, these data identify CXCR4 upregulation

as an indicator of sensitivity to proximal BCR/PI3K block-
ade. These findings will potentially aid in the development
of representative model systems and analyses of BCR/PI3K
pathway-specific inhibitors. CXCR4 upregulation may also
be an important and potentially targetable resistance mech-
anism in BCR-dependent DLBCLs.
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MYC translocations, a hallmark of Burkitt lymphoma, occur in 
5-15% of diffuse large B-cell lymphoma, and have a negative
prognostic impact. Numerical aberrations of MYC have also been

detected in these patients, but their incidence and prognostic role are still
controversial. We analyzed the clinical impact of MYC increased copy
number on 385 patients with diffuse large B-cell lymphoma screened at
diagnosis for MYC, BCL2, and BCL6 rearrangements. We enumerated the
number of MYC copies, defining as amplified those cases with an uncount-
able number of extra-copies. The prevalence of MYC translocation,
increased copy number and amplification was 8.8%, 15%, and 1%, respec-
tively. Patients with 3 or 4 gene copies, accounting for more than 60% of
patients with MYC copy number changes, had a more favorable outcome
compared to patients with >4 copies or translocation of MYC, and were not
influenced by the type of treatment received as first-line. Stratification
according to the number of MYC extra-copies showed a negative correla-
tion between an increasing number of copies and survival. Patients with >7
copies or the amplification of MYC had the poorest prognosis. Patients
with >4 copies of MYC showed a similar, trending towards worse progno-
sis compared to patients with MYC translocation. The survival of patients
with >4 copies, translocation or amplification of MYC seemed to be supe-
rior if intensive treatments were used. Our study underlines the importance
of fluorescence in situ hybridization testing at diagnosis of diffuse large 
B-cell lymphoma to detect the rather frequent and clinically significant
numerical aberrations of MYC. 

An increase in MYC copy number has a 
progressive negative prognostic impact 
in patients with diffuse large B-cell and 
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ABSTRACT

Introduction

Diffuse large B-cell lymphoma (DLBCL) is a clinically and biologically heteroge-
neous group of diseases.1 The survival of patients with DLBCL has significantly
improved since rituximab (R) was added to cyclophosphamide, doxorubicin, vin-
cristine and prednisone (CHOP) therapy, and R-CHOP has now become the stan-
dard of care. The International Prognostic Index (IPI)2 and the Revised-International
Prognostic Index (R-IPI)3 are useful tools to stratify patients in different risk classes.
However, despite this, 30-40% of these patients are not cured by R-CHOP or 
R-CHOP-like regimens.4 In the last two decades, much effort has been made to
identify patients at high risk of treatment failure, using morphological subtyping,5,6

identification of cell of origin by gene expression profiling,7 BCL2 and MYC protein
expression by immunohistochemistry,8 and molecular insights by genetic stud-
ies.9,10 In particular, different authors have demonstrated a negative prognostic
impact of chromosomal aberration affecting the MYC gene locus in patients with



DLBCL studied by interphase fluorescence in situ
hybridization (FISH), both before11 and after12,13 the intro-
duction of rituximab. Overall, MYC genetic rearrange-
ments have been described in 5-10% DLBCL at diagno-
sis.10,11 The presence of dual translocations involving both
MYC and BCL2 (“double-hit”), associated or not to the
translocation of BCL6 (“triple-hit”), have shown a dismal
clinical course.14 The importance of the molecular study of
MYC, BCL2 and BCL6 status is highlighted by the updat-
ed World Health Organization (WHO) classification of
2016, which identifies a specific diagnostic category called
“High Grade Lymphoma with MYC and BCL2 with or
without BCL6 translocation”, irrespective of the morpho-
logical subtype of DLBCL. In addition, preliminary studies
suggest that the partner gene in the MYC translocation
may also influence tumor behavior.15 In particular, MYC
rearrangements with immunoglobulin genes, but not with
other partner genes, seem to have a negative prognostic
impact on patients with DLBCL treated with immuno-
chemotherapy.16,17
Recent studies have revealed that also numerical alter-

ations of MYC gene detected by FISH can occur in
DLBCL.18 In the same way as chromosome translocations
juxtapose oncogenes to the promoter of genes that are
constitutively expressed, a gain of gene copy-number or
the amplification of MYCmay cause its over-transcription
and protein over-expression leading to uncontrolled prolif-
eration.19 Different studies have shown that numerical
alterations of MYCmay influence the outcome of patients
with DLBCL, but their incidence and prognostic relevance
is still controversial.19,20 Moreover, the definition of MYC
copy number changes is not homogeneous across studies,
where the terms “gain” and  “amplification” are used to
define different conditions. In the present study, we ana-
lyzed the frequency and the clinical outcome of patients
with MYC numerical aberrations in the setting of DLBCL
with particular emphasis on the number of MYC extra-
copies, on their frequency, and on their correlation with
the clinical outcome in a consecutive series of DLBCL
patients.

Methods 

Study design and participants
In this retrospective, observational study, participants were

enrolled between January 2011 and June 2016. Eligible patients
were consecutive adults receiving a diagnosis of DLBCL during
the study period. FISH study at diagnosis was performed on
patients considered fit for treatment with curative intent. Tumors
were classified according to the 2008 WHO Classification. No
immunodeficiency-associated lymphomas were included. Disease
burden was assessed by Ann-Arbor staging and IPI classification.2

All patients signed informed consent to provide material for bio-
logical studies. The study was conducted in accordance with good
clinical practice guidelines and approved by the institutional ethi-
cal committee. All patients with DLBCL were treated with ritux-
imab-containing immuno-chemotherapy programs. The follow-
ing were considered standard dose regimens: CHOP, and COMP
(cyclophosphamide, vincristine, liposomal doxorubicin, and pred-
nisone), whereas the following were considered intensified regi-
mens: GMALL B-ALL/NHL 2002 protocol,21 and DA-EPOCH
(dose adjusted etoposide, doxorubicin, cyclophosphamide vin-
cristine, and prednisone). Autologous stem cell transplantation
(ASCT) was used in approximately 25% of cases as intensification

of first-line treatment, using BEAM/FEAM as conditioning regi-
mens [carmustine (BCNU) or fotemustine, etoposide, cytarabine,
melphalan followed by autologous stem cell infusion]. ASCT as
intensification of a first-line treatment with R-CHOP was consid-
ered an intensified regimen.  

Interphase fluorescence in situ hybridization analysis
Fluorescence in situ hybridization analysis was performed on 

4-mm sections of formalin-fixed paraffin-embedded (FFPE) tissue
using break-apart DNA probes (Dako, Glostrup, Denmark) for c-
MYC (8q24), BCL2 (18q21) and BCL6 (3q27). FISH was carried out
according to the manufacturer’s guideline. FISH images were cap-
tured at x100 magnification and elaborated using the Genikon
software (Nikon Instruments S.p.A., Italy). The presence of three
or more red/green signals of MYC, BCL-2 or BCL-6 was consid-
ered to indicate an increased copy number of these genes (namely
MYC-ICN, BCL2-ICN, and BCL6-ICN).20 A “cloud-like” FISH pat-
tern due to countless copies of MYC was defined as “amplifica-
tion” (MYC-AMP) (Figure 1). We did not regularly use a chromo-
some 8 centromeric probe in this study. However, in 11 cases with
MYC-ICN, single centromeric chromosome 8 probe (CEP8
SpectrumGreen, Abbott Molecular Inc., USA) was also used in
order to exclude polysomy as cause of MYC-ICN.

Immunohistochemistry 
Four-micron thick tissue sections were used for immunohisto-

chemical staining for c-MYC (clone Y69, -Abcam; dilution 1:75),
which was performed on a Bond III automated immunostainer
(Leica Microsystem, Bannockburn, IL, USA) using controls in par-
allel. Diaminobenzidine was used to reveal the in situ hybridiza-
tion (ISH) reaction and sections were counterstained with hema-
toxylin. A cut-off of >40% was used for positive MYC expression
by immunohistochemistry (IHC).

Response criteria and statistical analysis
Standard definitions of complete response (CR), progression-

free survival (PFS), and overall survival (OS) were used.22

Categorical data were compared using Fisher’s exact test, whereas
the Mann-Whitney test was used for continuous parameters. OS
was measured from date of diagnosis to death from any cause,
and PFS from the date of treatment start to the date of disease pro-
gression, relapse or death. The actuarial survival analysis was car-
ried out according to the method described by Kaplan and Meier
and the curves compared by the log-rank test with 95% confi-
dence intervals (CI).23 Differences between the results of compar-
ative tests were considered significant at two-sided P<0.05.

Results

General clinical characteristics and outcome of the
study population 
Of 504 patients diagnosed with DLBCL at our

Institution, FISH was performed on 385 consecutive
patients considered fit for treatment with curative intent.
Tumors were classified according to the WHO 2008
Classification of Tumours of Haematopoietic and
Lymphoid Tissues, as follows: 365 DLBCL not otherwise
specified (NOS) (95%), and 20 B-cell lymphoma, unclassi-
fiable (BCLU), with features intermediate between diffuse
large B-cell lymphoma and Burkitt lymphoma (5%).
Thirty-four (8.3%) cases were transformed from a low-
grade lymphoma.  
Ninety-five patients of the whole cohort of DLBCL had

a structural or numerical aberration of MYC at FISH (25%),
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and these constituted our study cohort. Figure 2 shows the
flow diagram of the entire study population. The patients’
main clinical characteristics at diagnosis are presented in
Table 1, both for the whole cohort with FISH abnormali-
ties and for the subgroups with either structural or numer-
ical MYC aberrations. In addition, MYC protein expression
by immunostaining was available for 52 patients, and was
positive in 88%: among them, all patients with a transloca-
tion of MYC (MYC-T) over-expressed the MYC protein,
whereas seven patients with numerical aberrations of
MYC (11%) showed <40% expression of MYC protein by

IHC. Five patients initially considered fit for curative ther-
apy received palliative/symptomatic treatment and were
therefore excluded from the survival analyses. The remain-
ing 90 patients received immuno-chemotherapy: standard
dose in 46 patients or intensified regimens in 44 patients.
Twenty-three patients received ASCT as intensification of
first-line treatment. Median follow up was 38 months
(range 0-79). A complete response (CR) was achieved in 55
patients (61%). Overall, there was  no difference in
achievement of CR between patients receiving intensified
and those receiving  standard treatment (57% vs. 65%,

Impact of MYC increased copy number in DLBCL
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Figure 2. Flow-chart of the study cohort and fluo-
rescence in situ hybridization (FISH) results.
results. MYC-T SH: MYC translocated single-hit dif-
fuse large B-cell lymphoma (DLBCL); MYC-T DH:
MYC/BCL2 or MYC/BCL6 translocated double-hit
DLBCL; MYC-T TH: MYC/BCL2/BCL6 translocated
triple-hit DLBCL; MYC-ICN ≤4: increased copy num-
ber of MYC ≤4; MYC-ICN >4: increased copy num-
ber of MYC >4; MYC-AMP: MYC amplification. n:
number.

Figure 1. Numerical aberra-
tions of MYC by fluores-
cence in situ hybridization
(FISH). (A and B) Thin white
arrows show MYC increased
copy number (MYC-ICN);
white thick arrow shows MYC
wild type. (C and D) Thin
white  arrows show MYC
amplification (MYC-AMP).



P=0.41). Median OS and PFS at three years were 58.8%
and 54.8%, respectively, with no significant differences
between the groups treated with intensified or standard
regimens (P=0.93 and P=0.69, respectively). Outcome was
similar in the two groups receiving standard or intensified
regimens, despite the different treatment schemes. Twenty
patients received R-COMP due to age over 70 years or car-
diac dysfunction; none received consolidation with ASCT.
The other 26 patients in the standard regimen arm received
R-CHOP, and no differences in the outcome were seen
between patients treated with the R-COMP and those
treated with R-CHOP (OS 73% vs. 53%, P=0.2). In the
intensified group, one patient with a transformed lym-
phoma received R-ESHAP and ASCT due to the risk of car-
diotoxicity related to prior anthracycline therapy. There
was no significant difference in OS among patients receiv-
ing R-CHOP-like + ASCT, GMALL-like ± ASCT, or R-DA-
EPOCH ± ASCT (OS 69% vs. 51% vs. 69%, respectively,
P=0.8).

MYC, BCL2 and BCL6 translocations 
A MYC translocation (MYC-T) by FISH study was

observed in 34 patients (8.8%). With respect to BCL2 and
BCL6, MYC translocation occurred as a single-hit (SH) aber-
ration in 9 of 34 patients (26%), whereas 19 (56%) and 6
(18%) patients had a “double-hit” (DH) and “triple-hit” (TH)
DLBCL, respectively. The clinical characteristics in terms of
age, gender, histopathology, MYC protein expression by
IHC, Ann Arbor and IPI stage were not significantly differ-
ent among patients with SH, DH or TH DLBCL (Table 2).
Three patients who received palliative/symptomatic treat-
ment were excluded from the survival analyses. Overall,
nine patients were treated with a standard regimen and 22
with an intensified regimen, with similar distribution
among the SH, DH and TH DLBCL groups. After a median
follow up of 33 months, the 2.5-year OS was similar among
SH, DH, and TH DLBCL patients.

Numerical aberrations MYC by fluorescence in situ
hybridization
We observed an increased number of MYC gene copies

(16%) in tumor samples from 61 patients negative for
MYC translocations. Fifty-seven cases (15%) were
referred to as to “increased copy number of MYC” (MYC-
ICN) DLBCL, while four cases (1%) showed amplification
of MYC (MYC-AMP) (Figure 1). The exact number of
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Table 1. Clinical characteristics of the patients with structural and
numerical aberrations of MYC at fluorescence in situ hybridization.  
                                                All patients           MYC-T         MYC-ICN/
                                                   (n =95)             (n=34)         MYC AMP
                                                    n (%)                n (%)            (n=61)
                                                                                                   n (%)

Age, median (range)                    67 (21-88)         66.5 (27-88)      67 (21-84)
Male sex                                             63 (66)                24 (71)             39 (64)
Ann Arbor stage III-IV                     76 (80)                30 (88)             46 (75)
IPI High intermediate/
High risk                                             66 (69)                24 (71)             42 (69)
IHC MYC positivity                            n=52              n=24            n=28
                                                              46 (88)               24 (100)            21 (75)
Histopathology
DLBCL, NOS                                    87 (92)                27 (79)             60 (98)
BCLU                                                   8 (8)                   7 (21)                1 (2)
BCL2 and BCL6 status
BCL2-T                                              34 (36)                20 (59)             14 (23)
BCL6-T                                              29 (31)                  2 (6)               27 (44)
BCL2-ICN                                         23 (24)                11 (32)             12 (20)
BCL6-ICN                                         21 (22)                 5 (15)              16 (27)
Treatment regimen
Standard
R-CHOP/R-CHOP-like                   46 (48)                 9 (26)              37 (61)
- R-CHOP                                       26 (27)                 6 (17)              20 (33)
- R-COMP                                       20 (21)                  3 (9)               17 (28)

Intensified                                         44 (46)                22 (65)             22 (36)
GMALL-like ± ASCT                      15 (23)                10 (29)               5 (8)
R-DA-EPOCH ± ASCT                   13 (14)                10 (29)               3 (5)
R-CHOP/R-CHOP-like + ASCT    16 (17)                  2 (6)               14 (23)
- R-CHOP + ASCT                        15 (16)                  1 (3)               14 (23)
- R-ESHAP + ASCT                         1 (1)                    1 (3)                     0

                                                                     
Palliative                                               5 (5)                    3 (9)                 2 (3)
Total ASCT consolidation               23 (24)                 8 (23)              15 (25)
Response                                            n=90              n=31            n=59
CR                                                      55 (61)                18 (58)             37 (63)
PR                                                      12 (13)                 4 (13)               8 (14)
NR/disease progression               23 (26)                 9 (29)              14 (24)

DLBCL: diffuse large B-cell lymphoma;  NOS: not otherwise specified; BCLU: B-cell lym-
phoma, unclassifiable; IPI: International Prognostic Index; IHC: immunohistochem-
istry; ASCT: autologous stem cell transplantation; CR: complete response; PR: partial
response; NR: no response; n: number. 

Table 2. Clinical characteristics of the patients with single-hit (SH), double-hit
(DH) or triple-hit (TH) diffuse large B-cell lymphoma at fluorescence in situ
hybridization. 
                                                MYC-T SH         MYC-T DH         MYC-T TH         P
                                                   (n=9)               (n=19)               (n=6)
                                                    n (%)                 n (%)                n (%)

Age, median (range)                           71                          63                         62               0.71
                                                             (29-74)                (29-88)               (58-83)
Male gender                                      4 (44)                  15 (79)                 5 (83)            0.13
Ann Arbor stage III-IV                     7 (78)                  18 (95)                 5 (83)            0.39
IPI High intermediate/                    8 (89)                  12 (63)                 4 (67)            0.36
High risk
IHC MYC positivity                            n=5               n=15               n=4            -
                                                             5 (100)                15 (100)               4 (100)               
Histopathology
DLBCL, NOS                                    7 (78)                  15 (79)                 5 (83)            0.96
BCLU                                                 2 (22)                   4 (21)                  1 (17)                
Treatment regimen
Standard
R-CHOP/R-CHOP-like                    2 (22)                   4 (21)                  3 (50)            0.35

Intensified
GMALL-like ± ASCT                       4 (45)                   5 (27)                  1 (17)            0.46
R-DA-EPOCH ± ASCT                         0                        8 (42)                  2 (33)            0.07
R-CHOP/R-CHOP-like + ASCT     1 (11)                    1 (5)                        0                 0.65

Palliative                                             2 (22)                    1 (5)                        0                 0.23
Total ASCT consolidation               1 (11)                   6 (36)                  1 (17)            0.44
Response                                            n=7               n=18               n=6
CR                                                       5 (71)                   9 (50)                  4 (67)            0.69
PR                                                            0                        4 (22)                       0                 0.16
NR/disease progression                2 (29)                   5 (28)                  2 (33)            0.89
2.5-year OS                                          47%                       58%                      62%              0.96
DLBCL: diffuse large B-cell lymphoma;  NOS: not otherwise specified; BCLU: B-cell lymphoma,
unclassifiable; IPI: International Prognostic Index; IHC: immunohistochemistry;  ASCT: autologous
stem cell transplantation; CR: complete response; PR: partial response; NR: no response; OS: over-
all survival; n: number.



extra-copies (EC) of MYC was not assessable in six cases.
In the remaining 51, 3-10 gene copies per cell were found
in at least 50% of the analyzed nuclei. In detail, the distri-
bution of MYC gene copies in the MYC-ICN cases was: 3
copies in 12 cases (24%), 4 copies in 19 (37%), 5 copies in
8 (15%), 6 copies in 4 (8%), 7 copies in 5 (10%), and 8-10
copies in 3 (6%). Of note, more than 60% of cases pre-
sented 3-4 copies of MYC. Since ICN aberration was iden-
tified during routine MYC analysis for which the break-
apart probe is regularly used in our laboratory, informa-
tion on the copies of chromosome 8 was available in only
11 cases showing MYC-ICN, where a single centromeric
chromosome 8 probe was also used. No abnormal copies
of chromosome 8 were detected in any of these cases,
whereas identical MYC-ICN was found, thus excluding
polysomy as cause of MYC-ICN.
An excess of copies of BCL2 (BCL2-ICN) and BCL6

(BCL6-ICN) was also found in these cases (in 44% and
27%, respectively), whereas BCL2 and BCL6 transloca-
tions (BCL2-T and BCL6-T) were observed in 23% and
20% of cases with numerical aberrations of MYC, respec-
tively (Table 1).

Clinical impact of numerical and structural 
aberrations of MYC
The overall prognosis of patients with MYC numerical

aberrations showed a negative correlation between
increasing number of MYC copies and survival (Figure 3).
Patients with MYC-ICN ≤4 had a more favorable out-
come, with 2.5-year OS of 73% (95%CI: 50-84) compared
to 30% (95%CI: 15-43) of the patients with MYC-ICN >4
(P=0.007) (Figure 3A). Having MYC-ICN>7 or MYC-AMP
was associated with the worst prognosis, with a median
OS of 8 and 8.5 months, respectively (P=0.0008) (Figure
3B). When comparing the outcome of patients with MYC-
ICN ≤4 and MYC-ICN >4 with the outcome of patients
with MYC-T or MYC-AMP, the presence of MYC-ICN ≤4
was associated with a better outcome (P=0.01) (Figure
3C), while patients with MYC-ICN >4 had no significant
difference in OS compared to MYC-T (P=0.1), and both
these groups of patients had a better survival compared to
MYC-AMP (P=0.05 and P=0.01, respectively).
The demographic and clinical characteristics of the

patients with MYC-ICN ≤4, MYC-ICN >4, MYC-T, and
MYC-AMP in terms of age, gender, histopathology, MYC
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Figure 3. Negative correlation between increasing number of MYC copies and survival. (A) Kaplan-Meier curve comparing 2.5 year overall survival (OS) of patients
with MYC-ICN ≤4 and patients with MYC-ICN >4. (B) Negative correlation between increasing number of MYC copies and survival: patients with MYC gene copies
(MYC-GC) >7 and MYC-AMP showed the worse prognosis. (C) Comparison of the outcome of patients with MYC-ICN ≤4 and MYC-ICN >4 with patients with MYC translo-
cation (MYC-T) or MYC-AMP: while MYC-ICN ≤4 conferred the best outcome, patients with MYC-ICN >4 had no significant difference in OS compared to MYC-T, and
both these groups of patients had a better survival compared to MYC-AMP; GC: gene copies.
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protein expression by IHC, Ann Arbor and IPI stage, were
not significantly different, except that patients with a his-
tological diagnosis of BCLU clustered in the MYC-T and
MYC-AMP groups (P=0.03) (Table 3). Notably, all patients
with MYC-AMP showed aggressive clinical features,
although one did not show MYC protein overexpression
by IHC. 
The treatment type and the response to treatment in

each FISH category are reported in Table 3.  Patients with
MYC-ICN preferentially received standard treatment
(61% MYC-ICN ≤4 and 65% MYC-ICN >4, respectively,
P=0.008), unlike patients with MYC-T and MYC-AMP
who received an intensified regimen in 65% and 75% of
cases, respectively (P=0.02).  
Patients with MYC-ICN ≤4 had a higher overall response

rate (ORR) and complete response rate (CRR) compared to
the other FISH groups (ORR 93% vs. 59%,  P=0.0009; CRR
73% vs. 57%, P=0.16), and also a significantly lower pro-

gression rate (7% vs. 41%, P=0.0009). In the MYC-ICN ≤4
subgroup, there was neither a difference in terms of ORR
and CRR achievement, nor a significant advantage in terms
of OS and PFS between patients treated with standard or
intensified regimens. At a median follow up of 3.5 years,
OS was 73% and 70%, respectively. In the MYC-T group,
ORR was similar in patients treated with standard or inten-
sive induction therapy, and CRR was slightly higher in the
intensified-regimen group (64% vs. 55%) (Table 3). 
Patients with MYC-ICN >4 and MYC-T receiving a

first-line intensified regimen showed a non-significant
trend toward a better outcome (2.5-year OS of 40% for
standard treatment vs. 60% for intensified treatment in
MYC-ICN >4; OS of 53% for standard treatment vs. 65%
for intensified treatment in MYC-T). The same trend was
seen combining MYC-AMP group with MYC-ICN >4 and
MYC-T groups (2.5-year OS of 32% for standard vs. 57%
for intensified treatment). 

F. Schieppati et al.

1374 haematologica | 2020; 105(5)

Table 3. Clinical characteristics of the patients with MYC-ICN ≤4, MYC-ICN >4, MYC-T, and MYC-AMP. 
All patients                                                      MYC-ICN ≤4                         MYC-ICN >4                    MYC-T                      MYC-AMP                    P
                                                                             (n=31)                                  (n=20)                        (n=34)                          (n=4)
                                                                              n (%)                                     n (%)                          n (%)                            n (%)

Age, median (range)                                                    65 (21-84)                                   73 (30-81)                     66.5 (27-88)                       66 (57-73)                      0.81
Male gender, n. (%)                                                        20 (65)                                          9 (45)                             24 (72)                              4 (100)                         0.15
Ann Arbor stage III-IV                                                     22 (71)                                         15 (75)                            30 (91)                              4 (100)                         0.77
IPI High intermediate/ High risk                                 19 (61)                                         16 (80)                            24 (72)                              4 (100)                         0.31
IHC MYC positivity                                                            n=13                                 n=11                       n=24                          n=3                           0.21
                                                                                               9 (69)                                           9 (81)                            24 (100)                              2 (66)                             
Histopathology
DLBCL, NOS                                                                  31 (100)                                       20 (100)                           27 (82)                               3 (75)                          0.06
BCLU                                                                                      0                                                    0                                   6 (18)                                1 (25)                         0.03
Treatment regimen

Standard
R-CHOP/R-CHOP-like                                                   19 (61)                                         13 (65)                             9 (26)                                1 (25)                       0.008

Intensified                                                                         11 (35)                                          6 (30)                             22 (65)                               3 (75)                         0.02
GMALL-like ± ASCT                                                        1 (3)                                            2 (10)                             10 (29)                               1 (25)                         0.02
R-DA-EPOCH ± ASCT                                                         0                                                2 (10)                             10 (29)                               1 (25)                       0.008
R-CHOP/R-CHOP-like + ASCT                                    10 (33)                                          2 (10)                               2 (6)                                 1 (25)                         0.03

Palliative                                                                               1 (3)                                             1 (5)                                3 (9)                                      0                               0.74
Total ASCT consolidation                                               10 (33)                                          2 (11)                              8 (23)                                1 (25)                          0.38
Response                                                                            n=30                                 n=19                       n=31                          n=4
ORR                                                                                    28 (93)                                         11 (63)                            20 (64)                               1 (25)                0.0009*
Standard                                                                       17/19 (89)                                     8/13 (61)                          6/9 (67)                                   0
Intensified                                                                   11/11 (100)                                     3/6 (50)                         14/22 (64)                           1/3 (33)

CR                                                                                        22 (73)                                         11 (58)                            19 (61)                               1 (25)                         0.16*
Standard                                                                       14/19 (74)                                     8/13 (61)                          5/9 (55)                              0/1 (0)
Intensified                                                                     8/11 (73)                                       3/6 (50)                         14/22 (64)                           1/3 (33)

PR                                                                                         6 (20)                                                0                                    1 (3)                                      0                      0.03*
Standard                                                                        3/19 (16)                                          0/13                               1/9 (11)                                 0/1
Intensified                                                                     3/11 (27)                                           0/6                                   0/22                                     0/3

NR/disease progression                                                  2 (7)                                            8 (42)                             11 (36)                               3 (75)                0.0009*
Standard                                                                        2/19 (10)                                      5/13 (38)                          3/9 (33)                            1/1 (100)
Intensified                                                                      0/11 (0)                                        3/6 (50)                          8/22 (36)                            2/3 (67)

DLBCL: diffuse large B-cell lymphoma;  NOS: not otherwise specified; BCLU: B-cell lymphoma, unclassifiable; IPI: International Prognostic Index; IHC: immunohistochemistry;
ASCT: autologous stem cell transplantation; ORR: overall response rate; CR: complete response; PR: partial response; NR: no response; n: number. *Overall response (OR), CR, PR
and NR/disease progression rates of MYC-ICN<4 compared to the combination of other fluorescence in situ hybridization (FISH) groups. 



Among intensified regimens, in MYC-T and MYC-AMP
subgroups, patients treated with R-DA-EPOCH showed
an advantage in ORR compared to patients treated with
GMALL B-ALL/NHL 2002 protocol or R-CHOP followed
by ASCT (ORR 82% vs. 36%, P=0.04), and a trend toward
a better survival was also seen (2.5-year OS of 81% vs.
46%, P=0.08) (Figure 4). Five patients initially considered
fit for curative treatment and tested by FISH, were even-
tually treated with palliative care due to rapidly worsening
clinical conditions. Palliative regimens were single-agent
cyclophosphamide for three patients, and single-agent
vincristine for two patients; among these five patients,
three had MYC-T (1 double-hit MYC-T/BCL2-T, 2 single-

hit lymphomas), one MYC-ICN≤4, and one MYC-ICN>4.
They experienced a dismal outcome irrespective of MYC
status (median survival of 2 months for the MYC-T group
and 1 month for each of the other 2 patients, P=0.7) (data
not shown).
Finally, we analyzed the impact of BCL2 and BCL6

numerical and structural aberrations on the outcome of
patients with numerical aberrations of MYC (MYC-
ICN/MYC-AMP). BCL2-ICN did not influence patient sur-
vival, which was very similar to patients with wild-type
(WT) BCL2 (2.5-year OS 70% vs. 69%, respectively).
However, BCL2-T negatively influenced patient outcome
compared to BCL2-WT and BCL2-ICN patients (2.5-year
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Figure 4. Analysis of response to treatment with R-DA-
EPOCH. In the MYC-T and MYC-AMP subgroups, patients
treated with R-DA-EPOCH showed an advantage in ORR
and trend toward a better survival compared to patients
treated with GMALL B-ALL/NHL 2002 protocol or R-
CHOP followed by autologous stem cell transplantation
(ASCT).

Figure 5. Negative impact of BCL2 translocation on the
outcome of patients with MYC-ICN. BCL2-ICN did not
influence survival of patients with MYC-ICN, whereas
BCL2-T negatively influenced the outcome of these
patients compared to BCL2-WT and BCL2-ICN patients.
Notably, among patients with MYC-ICN and BCL2-T, the
group with >4 copies had a significantly worse prognosis
than patients with ≤4 copies [median overall survival
(OS) of 11 months compared to a 2.5-year OS of 75%,
P=0.004] (data not shown).

P=0.08

P=0.04



OS 32% vs. 70%, P=0.04) (Figure 5), whereas BCL6-ICN
and BCL6-T did not significantly impact on patient out-
come compared to WT BCL6 (data not shown). Of note,
among patients with MYC-ICN and BCL2-T, the group
with ≥4 MYC copies had a significantly worse prognosis
than patients with <4 copies (median OS of 11 months
compared to a 2.5-year OS of 75%, P=0.004) (data not
shown). Only one patient with MYC-AMP was positive
for BCL2 translocation; survival was seven months.

Discussion

MYC rearrangement is considered to confer a poor
prognosis to DLBCL patients and to represent an adverse
prognostic factor in patients treated with R-CHOP. In our
study, the prevalence of MYC translocations was 8.8%, in
accordance with data from the literature.10 A single-hit
MYC aberration was present in 26% of patients, while
74% had classical DH/TH aberrations. Although a worse
prognosis of patients with DH/TH compared to SH
DLBCL has been described,24,25 we could  not confirm a sig-
nificant difference in the outcome of SH versus DH/TH
patients, as reported also by Copie-Bergman.16 Among
patients with MYC-T eligible for curative chemotherapy,
65% were treated with an intensified regimen, obtaining
a slight advantage in terms of response rate but no signif-
icant advantage in survival compared to standard dose
chemo-immunotherapy, confirming data reported by
Petrich et al.26
In addition to MYC gene rearrangements, an increase in

MYC copy number was observed in 16% of patients, a
nearly 2-fold more than that of MYC translocations. The
presence of MYC-ICN has been analyzed in several stud-
ies; frequency ranged from 7% to 21%,18,20,27-29 but its prog-
nostic significance is still controversial. Yoon reported ICN
in 7% of 156 DLBCL patients,18 with an adverse prognos-
tic significance, while Testoni et al. found an ICN of  no
more than 4 gene copies in 10% of 166 patients, and the
negative prognostic impact was limited to patients with a
concomitant del (8p) chromosomal aberration.28 Valera et
al. found 3-4 MYC ICN in 19% and >4 MYC-ICN in 2%
of 176 patients, with a negative impact on outcome in the
few patients with >4 MYC-ICN.20 In the group of 22
patients with >4 MYC ICN analyzed by Landsburg et al.,
neither the 2-year PFS (48%) or OS (71%) were signifi-
cantly lower than those of patients with normal MYC.29
More recently, in a large study reported by Quesada on
663 DLBCL patients, 76 (12%) had MYC-ICN, and 16%
of them had >4 extra-copies. The CR and OS of patients
with MYC-ICN were significantly worse compared to
patients with normal MYC gene, irrespective of the num-
ber of MYC extra-copies.27 
A number of MYC copies >4 has been defined in some

studies as MYC amplification.20,30 In the present study, we
have analyzed the 61 patients with MYC-ICN by exactly
enumerating the number of MYC extra-copies, defining as
amplified those cases with an uncountable number of
MYC-copies. The same criteria and terminology have
been adopted in a recent study by Pophali et al.31 We, like
other authors,20,31 did not systematically use a chromo-
some 8 centromeric probe for this study. Nevertheless, we
analyzed chromosome 8 in 11 cases with MYC-ICN, and
no abnormal copies of chromosome 8 were detected, thus
excluding polysomy as cause of MYC-ICN.
Our patients with 3 or 4 gene copies, accounting for

more than 60% of MYC-ICN, had a more favorable out-
come than patients with MYC-ICN >4, and their ORR
and CRR were higher compared to the other FISH groups,
and were not influenced by the type of treatment received
as first-line. There was no difference in OS between
patients with 3 or 4 MYC gene copies. On the other hand,
by stratifying them according to the exact number of
MYC extra-copies, a negative correlation between an
increasing number of MYC copies and survival was
observed. Patients with MYC-ICN >7 had the worst prog-
nosis, and patients with an amplification of MYC at FISH
had a particularly aggressive disease and a dismal progno-
sis. Of note, the single MYC-AMP patient who did not
show MYC protein positivity by immunohistochemistry
was also the only patient who responded to treatment.
Notably, a correlation between an excess of MYC copies,
MYC protein overexpression and poor outcome has been
previously described.32 In our study, patients with MYC-
ICN >4  seemed to have a more favourable outcome com-
pared to MYC-T patients, whereas Quesada and col-
leagues observed the opposite result, although this out-
come was not statistically significant in both studies.27 
Taken together, our results show a prognostic role of the

number of MYC extra-copies. In accordance with other
studies, results underline that, among MYC-ICN, the pres-
ence of >4 MYC gene copies, and particularly of countless
numbers of MYC as in MYC-AMP, is associated with a
worse prognosis and does identify a category of patients
with a prognosis similar to double-hit lymphoma. Of
note, the 24 patients with >4 MYC copies represented
6.6% of our entire series, further supporting the potential
usefulness of a routine use of FISH at diagnosis in
DLBCL.12,13,33 We did not identify specific clinical character-
istic of patients associated with the presence of different
FISH patterns, except that a significant higher percentage
of patients with BCLU histology clustered in the MYC-T
group. Notably, 7 of 8 patients with BCLU carried MYC-
T and one patient MYC-AMP. Since 5 patients with BCLU
and MYC-T had a double- or triple-hit lymphoma, they
would now be defined as high grade B-cell lymphoma
(HGBCL) with MYC and BCL2 and/or BCL6 transloca-
tions according to the updated 2016 WHO classification of
lymphoid neoplasms.1
Although there have been no published prospective tri-

als in double-hit lymphoma, retrospective studies seem to
suggest that aggressive induction regimens may confer a
superior outcome.34 In a large retrospective series, patients
receiving a Burkitt-like regimen (cyclophosphamide, vin-
cristine, doxorubicin, methotrexate, ifosfamide, etopo-
side, cytarabine, CODOX-M/IVAC) and consolidation
with ASCT appeared to have favorable outcomes over
historical controls; however, the 2-year PFS was only
44%, with early progressions precluding ASCT in 41% of
patients.35 In another non-randomized retrospective study
comparing R-CHOP with R-DA-EPOCH and other inten-
sified regimens, response rates were higher for dose-
adjusted R-EPOCH.26,36 
In addition to its retrospective nature, a major limitation

of our study in evaluating the impact of different treat-
ment strategies on lymphoma outcome was the hetero-
geneity of the regimens used, including ASCT, and the
small number of patients in each subgroup with different
MYC abnormalities. Moreover, the exclusion of patients
not treated with curative intent does not allow the fre-
quency of MYC abnormalities in these patients or their
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impact on the efficacy of less intensive treatments to be
evaluated. In any case, the treatment choice was based on
the individual clinician’s decision. 
Overall, no differences emerged between standard

chemo-immunotherapy and more aggressive regimens
both in CR achievement and in survival, particularly in the
subgroup of patients with a limited number of MYC
abnormalities (≤4). On the other hand, the survival of
patients with MYC-T, MYC-ICN >4 and MYC-AMP
seemed to be superior if intensive treatments were used,
and DA-EPOCH among intensive treatments seemed to
be the most effective for patients with MYC-T and MYC-
AMP. Nevertheless, these retrospective data should be
interpreted with caution, particularly in the absence of sta-
tistical significance; further studies are need in larger
groups of patients and these results confirmed in prospec-
tive studies. 
The present study further confirms that the occurrence of

a BCL-2 translocation has a negative prognostic influence.
In contrast to the presence of MYC extra-copies, the pres-
ence of extra-copies of BCL-2 and BCL-6 genes did not

carry any adverse prognostic significance. Likewise, 
BCL-2 and BCL-6 extra-copies did not worsen the outcome
of patients with MYC-ICN in the study by Quesada et al.27
In conclusion, our study shows that, in DLBCL patients,

MYC extra-copies are more frequently detected by FISH
studies than MYC translocations, highlighting the impor-
tance of FISH testing at diagnosis of DLBCL. While having
3-4 copies of MYC correlated with a high rate of treat-
ment response and a good prognosis also with standard
immuno-chemotherapy, lymphoma showing >4 copies of
MYC had a more aggressive disease, comparable to 
MYC-translocated DLBCL, and may be more responsive
to intensified treatment approaches. Further investigation
is warranted to clarify the biological implications of
numerical aberrations of MYC and the possible benefit of
specific or intensified therapeutic strategies.
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To identify genomic alterations contributing to the pathogenesis of
high-risk chronic lymphocytic leukemia (CLL) beyond the well-
established role of TP53 aberrations, we comprehensively ana-

lyzed 75 relapsed/refractory and 71 treatment-naïve high-risk cases from
prospective clinical trials by single nucleotide polymorphism arrays and
targeted next-generation sequencing. Increased genomic complexity was
a hallmark of relapsed/refractory and treatment-naïve high-risk CLL. In
relapsed/refractory cases previously exposed to the selective pressure of
chemo(immuno)therapy, gain(8)(q24.21) and del(9)(p21.3) were particu-
larly enriched. Both alterations affect key regulators of cell-cycle progres-
sion, namely MYC and CDKN2A/B. While homozygous CDKN2A/B loss
has been directly associated with Richter transformation, we did not find
this association for heterozygous loss of CDKN2A/B. Gains in 8q24.21
were either focal gains in a MYC enhancer region or large gains affecting
the MYC locus, but only the latter type was highly enriched in
relapsed/refractory CLL (17%). In addition to a high frequency of
NOTCH1 mutations (23%), we found recurrent genetic alterations in
SPEN (4% mutated), RBPJ (8% deleted) and SNW1 (8% deleted), all
affecting a protein complex that represses transcription of NOTCH1 tar-
get genes. We investigated the functional impact of these alterations on
HES1, DTX1 and MYC gene transcription and found derepression of
these NOTCH1 target genes particularly with SPEN mutations. In sum-
mary, we provide new insights into the genomic architecture of high-risk
CLL, define novel recurrent DNA copy number alterations and refine
knowledge on del(9p), gain(8q) and alterations affecting NOTCH1 sig-
naling. This study was registered at ClinicalTrials.gov with number
NCT01392079.
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Introduction

Advanced understanding of the pathophysiology of
chronic lymphocytic leukemia (CLL) has led to targeted
therapy approaches such as inhibition of B-cell receptor
signaling by BTK inhibitors or PI3K inhibitors and antago-
nism of BCL-2.1,2 These treatment strategies clearly
improved the clinical outcome of high-risk CLL,1,2 although
inadequate responses have been observed in as yet insuffi-
ciently characterized subgroups of patients.3-5 In the era of
chemo(immuno)therapy, high-risk CLL was defined by
TP53 deletion/mutation or refractoriness to purine analog-
based treatment (no response or progression-free survival
<6 months).6 For chemotherapy-free regimens, the prog-
nostic value of TP53 alterations is less clear, but the pres-
ence of a complex karyotype, which often occurs together
with TP53 deletion/mutation,7 has been identified as an
independent risk factor for early progression during vene-
toclax or ibrutinib treatment.8,9 However, a more recent
study has shown that CLL with a complex karyotype is a
heterogeneous group with variable clinical behaviors.10
To better understand treatment failure in CLL, a com-

prehensive characterization of the genomic architecture
in high-risk CLL is vital. With 5-10% high-risk cases
included in large-scale studies on DNA copy number
changes and gene mutations, these cases were underrep-
resented for systematic analyses restricted to this sub-
group.11-14
Available results from single nucleotide polymorphism

(SNP)-array profiling of high risk CLL support the notion
of increased genomic complexity in the majority of these
cases.11-13 However, it should be noted that TP53 dysfunc-
tion and defects in other DNA damage response systems
such as ATM cause chromosomal instability with random
secondary events not necessarily associated with adverse
prognosis.15 This constitutes a challenge, to identify those
alterations contributing to a high-risk form of disease.
In order to get a more thorough understanding of the

pivotal genomic alterations contributing to high-risk CLL
biology, we performed high-resolution SNP-array profil-
ing and targeted sequencing on 75 relapsed/refractory
CLL cases including 18 cases without TP53 alterations.
We extended our cohort by including 71 treatment-naïve,
TP53-deficient, primary high-risk cases. All patients’ sam-
ples were derived from prospective clinical trials of the
French/German CLL study groups (FCLLSG/GCLLSG).
To identify DNA copy number alterations (CNA) occur-

ring more often than would be expected by chance, we
applied the Genomic Identification of Significant Targets
in Cancer algorithm 2.0 (GISTIC2.0).16 In relapsed/refrac-
tory CLL, in which tumor cell clones underwent selective
pressure imposed by therapy, CNA with significance
assigned by GISTIC2.0 harbored genes with key roles in
cell-cycle control. Furthermore, we identified NOTCH1
as a central pathway frequently affected by genomic
alterations enhancing its signaling strength.

Methods

Patients and samples
The study included peripheral blood mononuclear cells

(PBMC) from 146 high-risk cases (TP53 aberration or refractori-
ness to purine analogs) enrolled on prospective trials of the
GCLLSG/FCLLSG (CLL2O trial, clinicaltrials.gov identifier:

NCT01392079; CLL8 trial, NCT00281918; CLL11 trial,
NCT01010061). Written informed consent from all patients and
ethics committee approval were obtained in accordance with
the Declaration of Helsinki.
Selection of cases was guided by sample availability and

included 110 of 135 cases from the CLL2O trial,17 27 of 51 cases
with 17p deletion from the CLL8 trial18 and nine of 52 cases with
17p deletion from the CLL11 trial.19 All samples were taken at
trial enrollment and tumor cells were enriched via CD19
immunomagnetic beads (MACS, Miltenyi Biotec®, Bergisch
Gladbach, Germany). CD19 negative PBMC fractions with a
tumor cell load <5% were available for paired analysis in 91
cases. Cases lacking matched normal material were analyzed
against a pool of ten gender-matched reference samples. 
IGHV mutational analysis, fluorescence in situ hybridization

(FISH) studies for 11q22.3, 13q14, 12p11.1-q11, 17p13.1,
t(11;14)(q13;q23) and TP53 mutational analysis were performed
at trial enrollment. Cases positive for t(11;14)(q13;q23) were
excluded from the study. Telomere length was determined as
described previously.20

Single nucleotide polymorphism array and gene 
enrichment analysis
Analysis for CNA, including copy neutral losses of heterozy-

gosity, was done using 6.0 SNP arrays (Affymetrix®, Santa Clara,
CA, USA). CNA positions and gene locations were determined
with the UCSC Genome Browser, assembly March 2006,
NCBI36/hg18. CNA frequencies were compared to those
observed in treatment-naïve, standard-risk cases (n=304, no
TP53 deletion/mutation).13 Microarray raw data were made pub-
licly available at Gene Expression Omnibus (GEO accession
number: GSE131114).
GISTIC2.0 was applied on manually curated DNA copy num-

ber data.16 According to default settings, CNA with a q value
<0.25 were defined as significant. CNA that reached high confi-
dence levels for being significantly enriched (q value <0.01) were
manually curated for minimally affected regions. Genes located
within these minimally affected regions were assigned to
WikiPathways21,22 and analyzed for pathway enrichments using
PathVisio, version 3.2.3.23,24

Next-generation sequencing 
Amplicon-based, targeted next-generation sequencing (tNGS)

was performed on TP53 exons 2-11, NOTCH1 exon 34, and
SF3B1 exons 13-16. In 17 cases TP53, NOTCH1 and SF3B1
mutational status was determined as previously described.25 All
coding regions of MGA, SPEN, RBPJ, and SNW1 (in 108 cases
each), and CDKN2A and MYC (in 93 cases each) were screened
by tNGS. 

Quantitative gene expression analysis
Gene expression of CCAT1, MGA, RBPJ, SNW1, HES1, DTX1,

MYC, CDKN2A, p14ARF, and p15INK4bwas analyzed by quan-
titative reverse transcription (qRT) polymerase chain reaction
(PCR) (TaqMan® Gene Expression Assays; Applied Biosystems®,
Foster City, CA, USA). Sample selection was based on highly
clonal presence of respective CNA/gene mutations (log2 ratio <-
0.8 for deletions and >0.75 for gains; variant allele frequency
>0.3 for mutations). Promoter DNA methylation of CDKN2A/B
transcripts was assessed by bisulfite PCR followed by Sanger
sequencing.    

Statistical analysis
Associations between genomic alterations were tested by

Fisher exact tests; differences between datasets by Mann
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Whitney tests. All statistical tests were two-sided and conducted
in GraphPad Prism® version 7.0. 
Further details are available in the Online Supplementary Methods. 

Results

Cohort characteristics
High-resolution genome-wide copy number analysis

was performed on CD19-enriched PBMC from 146 CLL
patients with high-risk disease. Cases belonged to the fol-
lowing subgroups. (i) Patients refractory to purine analogs
from the CLL2O trial (n=49), who had received a median
of three previous lines of therapy (range, 1 to 7 lines of
therapy). This cohort encompassed patients with TP53
loss and/or mutation (n=31; refractoryTP53-) and patients
without TP53 aberration (n=18; refractoryTP53 intact). (ii)
Relapsed patients with TP53 loss from the CLL2O trial
(n=26; relapsedTP53-), who had received a median of two
previous lines of therapy (range, 1 to 4 lines of therapy).
(iii) Primary high-risk treatment-naïve patients with TP53
loss (n=71; treatment-naïveTP53-) from the CLL2O (n=35),
CLL8 (n=27) and CLL11 trials (n=9). Standard-risk cases
used as the reference cohort were derived from the CLL8
trial and included all available cases without a TP53 alter-
ation (n=304; treatment naïveTP53 intact) (Figure 1; characteris-
tics of the patients and samples are provided in Online
Supplementary Table S1).

Landscape of genomic copy number alterations in
high-risk chronic lymphocytic leukemia
First, we assessed genomic complexity in cases grouped

by clinical and genetic characteristics. For this, we used
paired cases only to focus on somatically acquired CNA.
No difference in median CNA numbers was observed
between 39 treatment-naïveTP53- primary high-risk and 38

relapsedTP53-/refractoryTP53- high-risk tumors (5.6 versus 5.8
CNA per case mean) so that genomic complexity with
TP53 deficiency was independent of previous therapy. In
the absence of TP53 abnormalities, tumors with ATM loss
(n=7) had 5.4 CNA per case mean. Refractory high-risk
cases lacking TP53 and ATM abnormalities had two or
fewer CNA in the majority of cases (5 of 7 cases) (Figure
2).
More than half of the high-risk cases showed complex

CNA with two or more switches between two copy
number states on at least one chromosome (87/146 cases,
60%). Thirteen CNA in 12/146 cases (8%) fulfilled the
formal criteria of chromothripsis, which is defined by ten
or more switches between two or more copy number
states on an individual chromosome.26 Reducing the
required number of copy number switches to eight and
six increased numbers to 23 CNA in 16 cases (11%) and
50 CNA in 32 cases (22%), respectively. 
Overall, the cohort of high-risk CLL cases comprised

more than 1,500 individual copy number changes (Online
Supplementary Table S2). To identify CNA that were sig-
nificantly enriched, we conducted GISTIC2.0 analysis.
While therapy-naïveTP53 intact patients only had 11 signifi-
cantly enriched CNA, GISTIC2.0 assigned significance to
28 CNA within the treatment-naïveTP53- cohort and to 20
CNA within the relapsedTP53-/refractory cohort when
using the default q value of 0.25 as the cut-off for signifi-
cance (Figure 3). 
To further reduce complexity, we focused our analysis

on CNA that reached high confidence levels for being sig-
nificantly enriched. High confidence was defined by a
GISTIC q value <0.01 in at least one of three GISTIC2.0
analyses: (i) the entire high-risk cohort, (ii) the treatment
naïveTP53- cohort, and (iii) the relapsedTP53-/refractory cohort
(for minimally affected regions and confidence levels see
Table 1). We compared frequencies observed in high-risk

Genomic alterations in high-risk CLL 
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Figure 1. Description of the sample cohort. High-risk cases of chronic lymphocytic leukemia (CLL) comprised refractory cases (no response or progression-free sur-
vival <6 months) with or without TP53 alterations (refractoryTP53-, refractoryTP53 intact, respectively), relapsed cases (response >6 months) with TP53 alterations
(relapsedTP53-), and treatment-naïve cases with TP53 alterations (treatment-naïveTP53-). Standard-risk cases were treatment-naïve cases without TP53 alterations
(treatment-naïveTP53 intact),  comprising cases carrying del(11)(q22.3) and cases not carrying del(11)(q22.3). Patients’ samples were derived from the CLL2O trial, in
which patients were treated with alemtuzumab plus dexamethasone, the CLL11 trial, in which treatment with obinutuzumab plus chlorambucil was compared with
rituximab plus chlorambucil or chlorambucil monotherapy, and the CLL8 trial, in which  treatment with fludarabine/cyclophosphamide (FC) was compared with FC
plus rituximab. Alem: alemtuzumab; dexa: dexamethasone; G: obinutuzumab; Clb: chlorambucil; R: rituximab; F: fludarabine; C: cyclophosphamide



cases with those observed in treatment-naïve standard-
risk cases. Apart from +(2)(p16.1 p15) and del(6)(q21), all
CNA listed in Table 1 occurred at least two times more
often in the cohort of high-risk cases: +(8)(q24.21) in
16.4% versus 3.6%, del(8)(p23.1) in 15.8% versus 0.3%,
del(18)(p11.31) in 13.7% versus 2.0%, del(10)(q24.32) in
11.0% versus 1.3%, del(15)(q15.1) in 10.3% versus 3.6%,
del(3)(p21.31) in 10.3% versus 0.3%, and del(14q) in 7.5%
versus 0.7%. Losses in 14q were heterogeneous and a con-
tinuous minimally deleted region could not be identified.
The two minimally deleted regions in 14q24.3 and
14q31.3 were defined by one case with a discontinuous
deletion.      
GISTIC2.0 also assigned q values <0.01 to novel CNA:

+(17)(p11.2) found in 8.2%, +(17)(q23.2) in 7.5%,
del(3)(p25.3) in 9.6%, del(3)(p24.1) in 8.9%, del(4)(p15.2)
in 8.2%, and del(9)(p21.3) in 8.9% of high-risk cases.
Boundaries of minimally affected chromosomal regions
in 3p25.3, 3p24.1, and 17q23.2 derived from complex dis-
continuous CNA. 
GISTIC2.0 results for the treatment naïveTP53- and

relapsedTP53-/refractory cohort shared similarities, but the
latter group had fewer significant CNA. This suggested a
selection of clones with CNA contributing to CLL high-
risk biology and failure of previous chemo(immuno)ther-
apy. In the relapsedTP53-/refractory cohort, only
gain(8)(q24.21) and del(9)(p21.3) retained GISTIC q val-
ues <0.01 beyond CNA routinely assessed by FISH (Table
1). Of note, the minimally affected regions in 8q24.21 and
9p21.3 both contained key regulators of cell cycle pro-
gression, namely MYC and CDKN2A/B.
In contrast, del(18p), del(15)(q15.1), del(4)(p15),

del(14q) and gain(2p) failed to reach significant GISTIC q
values in the relapsedTP53-/refractory cohort, so that these
CNA less likely conferred refractoriness.

We next analyzed the 146 high-risk cases for associa-
tions between genomic lesions. The distribution of
genomic lesions across samples is depicted in Figure 4 for
relapsedTP53-/refractory cases and in Online Supplementary
Figure S1 for treatment naïveTP53- cases. Comparing cases
with and without TP53 alteration, only del(11)(q22.3) sig-
nificantly associated with refractoryTP53 intact cases (P<0.01).
Testing for dependence of a genomic lesion on the pres-
ence of a TP53 alteration was hampered by the low num-
ber of refractoryTP53 intact cases included in the study. Loss of
CDKN2A/B was associated with gain of the MYC gene
locus, with MGA mutation, and with loss of MGA by
del(15)(q15.1) (P=0.028, P=0.044, and P=0.03, respective-
ly). Interestingly, cases with co-occurring CDKN2A/B loss
and MYC gain were among those with the shortest
telomeres as a potential sign of higher proliferation rates
in these tumors. Co-occurrence of coding NOTCH1 and
SF3B1 mutations was lower than would have been
expected to occur by chance (3/145 cases, P=0.034),
although both mutations were frequent. NOTCH1 muta-
tions occurred in 24% relapsedTP53-/refractory and 21%
treatment-naïveTP53- cases and SF3B1 mutations in 24%
relapsedTP53-/refractory and 23% treatment naïveTP53- cases. 
Lastly, to identify distinct molecular pathways affected

by CNA with significant GISTIC q values, we analyzed
genes located in minimally involved regions as shown in
Table 1 by PathVisio. PathVisio assigned significance to
29 pathways. Due to TP53, ATM, and CDKN2A/B loss
and MYC gain, 12 of 29 pathways were related to DNA
damage response, apoptosis or cell cycle control. Of note,
“NOTCH1 signaling” was identified as one significant
pathway based on loss of two genes associated with
NOTCH1 target gene repression (RPBJ and SNW1) and
gain of the NOTCH1 target gene MYC. Toll like receptor
signaling was the pathway with the most significant P
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Figure 2. Mean number of copy number alterations in clinically and genetically determined subgroups of patients with chronic lymphocytic leukemia. Numbers of
copy number alterations (CNA) for all patients who were analyzed against their intra-individual reference DNA (paired). The mean value of CNA numbers is highlighted
within each subgroup of patients defined by genetic alterations and disease stage. P values are based on Mann-Whitney tests.



value, but this was due to loss of an interferon cluster
located in 9p21.3 (Figure 5).
Since our results drew attention to CDKN2A/B, MYC

and NOTCH1 signaling, we next shed more light on
genetic lesions relating to them.

Characterization of del(9)(p21.3) as a novel recurrent
copy number alteration in high-risk chronic 
lymphocytic leukemia
Deletions in 9p21.3 were found in 13 patients (7% treat-

ment-naïveTP53-; 11% relapsedTP53-/refractory cases). This

Genomic alterations in high-risk CLL 
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Figure 3. Identification of significant copy number gains and losses by GISTIC2.0. (A-D) GISTIC2.0 results of four separate analyses conducted on the following
cohorts: (A) treatment-naïveTP53 intact standard-risk cases (n=304); (B) all high-risk cases (n=146); (C) treatment-naïveTP53- primary high-risk cases (n=71); and (D)
relapsedTP53-/refractory high-risk cases (n=75). False discovery rate q values are plotted along the x axis. Chromosomal positions are plotted along the y axis. Altered
regions with significance levels exceeding 0.25 (marked by vertical green lines) were deemed to be significant. 
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high frequency was surprising, since del(9)(p21.3) has not
been observed in standard-risk cases at treatment initia-
tion.13 The minimally deleted region encompassed
CDKN2A, CDKN2B, MTAP, DMRTA1 and an interferon
gene cluster (Figure 6A). Two cases had focal homozygous
deletions within larger monoallelic deletions, but the
CDKN2A/B loci were covered by the homozygous dele-
tion in only one case. The minimally deleted homozygous
region contained only DMRTA1 coding for a transcription
factor with unknown target genes (Figure 6B). Somatic
CDKN2Amutations were not found in the high-risk cases
screened by tNGS.
Consistent with a role of CDKN2A/B in proliferation

control, loss of their gene loci has been directly associated
with Richter transformation (RT), since del(9)(p21) had so
far been only observed in lymph node biopsies with his-
tologically confirmed RT and not in corresponding periph-
eral blood samples acquired during the CLL phase.27,28 We,
therefore, next investigated associations between
del(9)(p21.3) and the development of RT, the presence of
which had been an exclusion criterion at enrollment on
each clinical trial. During the observation period, only one
patient with del(9)(p21.3) developed histologically con-
firmed RT. This patient was under alemtuzumab mainte-
nance therapy and was diagnosed with RT 557 days after
trial enrollment. The observation periods for the other 11
patients ranged from 15 to 1387 days. Short periods of less
than 4 months, observed in five of the 11 patients, were
related to progressive disease (n=2; 38 and 75 days after
trial enrollment), fatal infections (n=3), or early patient
dropout (n=1). The first patient with progressive disease
had marked lymphadenopathy (abdominal lymph nodes
>10 cm) but a normal lactate dehydrogenase level of 227

U/L. The second patient had a homozygous CDKN2A
deletion with a concurrent MYC gain, rapidly progressive
lymphadenopathy, and a vastly increased lactate dehydro-
genase level of 1026 U/L. Lymph node biopsies were not
taken in either case.
We also searched for patients who developed RT during

their observation period and identified 14 patients with
histologically confirmed RT all of whom belonged to the
relapsedTP53-/refractory cohort. The diagnosis of RT was
made at a median of 407 days after trial enrollment (range,
21-568 days). In general, genomic profiles obtained from
tumor cell-enriched PBMC taken at trial enrollment did
not differ between patients who developed RT during fol-
low up and the other relapsedTP53-/refractory cases (Online
Supplementary Figure S2). Three tumors transformed dur-
ing the first 6 weeks after trial enrollment (#2O_CLLL033
at day 21; #2O_CLL056 at day 36; and #2O_CLL037 at
day 41). Interestingly, these three tumors had alterations
affecting NOTCH1 as well as MYC signaling alongside
TP53 dysfunction (Online Supplementary Tables S1 and S2).    
Overall, del(9)(p21.3) was less frequently associated

with RT than previous publications had suggested. Our
next aim was, therefore, to understand whether
CDKN2A/B expression was compensated by the second
allele in cases with heterozygous loss. In 9p disome cases,
gene expression levels of CDKN2A and CDKN2B were
variable. Although the median expression levels of
CDKN2A transcripts were significantly lower in cases
with del(9)(p21.3), the respective values in cases with het-
erozygous loss did not fall below the range of values
observed in 9p disome cases (Figure 6C, details in Online
Supplementary Table S3). Promoter methylation, serving as
an explanation of abnormally reduced CDKN2A/B expres-
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Table 1. DNA copy number alterations with high confidence levels for being significantly enriched in high-risk chronic lymphocytic leukemia.
                                                                                                                                                         All high-risk         Treatment-naïve      Relapsed / 
                                                                                                                                                              cases              high-risk cases   refractory cases 
                                                                                                                                                            [N=146]                   [N=71]                 [N=75]
                                     Cytoband                             Start                               Stop                        GISTIC q-value

Amplification               2p16.1-p15                              59,872,879                             61,781,897                                0.0070                          0.0308               not significant
                                                8q24.21                                128,276,750                           128,338,750                             < 0.0001                      < 0.0001                  < 0.0001
                                                17p11.2  no common MAR 1                                              < 0.0001                        0.1248                       0.0118
                                                17q23.2 no continuous MAR2                                              0.0006                          0.0308                       0.0260
Deletion                        3p26.1-p25.3                              8,459,754                               9,005,743                                 0.0025                  not significant               0.0867
                                                 3p24.1                                  29,680,087                             29,722,568                         not significant                  0.0039               not significant
                                                3p21.31                                 46,872,865                             47,222,966                                0.0016                  not significant               0.1355
                                           4p15.2-p15.1                             25,031,670                             30,250,789                                0.0070                          0.0140               not significant
                                                  6q21    no common MDR3                                                0.0008                          0.0497                       0.0119
                                                 8p21.3                                  22,075,838                             23,155,110                                0.0005                          0.0083                       0.1181
                                                 9p21.3                                  21,151,950                             22,445,892                                0.0012                  not significant               0.0076
                                               10q24.32                               103,862,811                           104,452,562                             < 0.0001                        0.0003                       0.0960
                                                11q22.3                                107,595,005                           107,673,512                             < 0.0001                        0.0013                    < 0.0001
                                                13q14.3                                 49,541,515                             49,786,376                              < 0.0001                      < 0.0001                  < 0.0001
                                          14q24.3-q32.1 no continuous MDR4                                                0.0023                          0.0418               not significant
                                                15q15.1                                 39,834,465                             39,925,748                              < 0.0001                      < 0.0001             not significant
                                                17p13.1                                  7,223,868                               7,604,837                               < 0.0001                      < 0.0001                  < 0.0001
                                        18p11.32-p11.31                           1,339,610                               6,397,482                                 0.0094                          0.0006               not significant
1Chr 17: 19,330,676 – 20,077,185 is the most frequent MAR [10/12 cases]; 2Chr 17: 56,343,164 – 57,575,244 and 58,167,359 – 58,198,114; 3Chr 6: 106,415,362 –106,820,208 is the
most frequent MDR [12/14 cases]; 4Chr 14: 77,238,552 – 77,275,608 and 77,898,877 – 93,494,856. Listed are all copy number alterations (CNA) with their minimally amplified
region (MAR) / minimally deleted region (MDR) that reached high confidence levels for being significantly enriched in high-risk CLL (GISTIC q value <0.01) in at least one of
three GISTIC2.0 analyses: (i) all high-risk cases, (ii) treatment-naïveTP53- cases, (iii) relapsedTP53-/refractory cases. According to the default settings of GISTIC2.0, CNA with a q value
<0.25 were deemed significant.



sion in 9p-disome cases, was not found for p14ARF,
p16INK4A and p15INK4B transcripts (based on 8 selected
9p disome cases including 2 cases with noticeably low
expression levels of CDKN2A transcripts and p14ARF; data
not shown).

Characterization of genomic lesions relating to MYC
Gains on 8q were found in 16% of high-risk cases, with

a comparable distribution between treatment-naïveTP53- and
relapsedTP53-/refractory cases (15% and 17%, respectively).
Two types of gains were identified: (i) broad gains covering
the MYC locus; (ii) focal gains with a size <500 kb in
8q24.21 affecting a super enhancer region proximal of the
MYC locus. The broad type of gains was far more frequent
in high-risk cases than in standard-risk ones (14.4% versus
2.2%). The frequency of focal gains was comparable in
both risk groups (1.4% and 1.3%) and no relapsedTP53-
/refractory case was affected. Only one COSMIC-listed
MYC mutation was found in 93 high-risk cases screened.
Despite their low frequency, the focal gains in 8q24.21

raised our interest, since they were the only recurrent
gains in non-coding DNA regions found throughout the
entire CLL genome. Their minimally gained region
encompassed three long non-coding RNA, namely
CASC19, CCAT1, and CASC21 (Online Supplementary
Figure S3). Of these, Colon Cancer Associated 1 (CCAT1) has

been associated with adverse risk in several solid can-
cers,29,30 since its transcript has been described to stabilize
a chromosome loop between MYC and the enhancer
region.31 However, CCAT1 expression in CLL cases with
8q gain did not exceed normal expression levels (Online
Supplementary Figure S4). 
Besides chromosomal gains on 8q, we and others have

previously identified MGA deletion/mutation as a poten-
tial alternative mechanism for increased MYC activity in
CLL.13,32 MGA is a protein that forms a heterodimer with
MAX and this heterodimer antagonizes MYC induced
transcriptional changes.33 Against the background of fre-
quent MYC gain in relapsedTP53-/refractory cases, loss of a
significant GISTIC q value for del(15)(q15.1) in the
relapsed/refractory cohort was surprising, since its mini-
mally deleted region encompasses the MGA gene locus.
We performed qRT PCR to determine MGA gene expres-
sion in cases with heterozygous 15q deletion relative to
15q disome cases and found that MGA transcription in
cases with heterozygous MGA loss was fully compensat-
ed by the remaining allele (Online Supplementary Figure S5).
Nonetheless, we found an increased frequency of truncat-
ing MGAmutations with five mutations in 4/108 high-risk
cases (3.7%). As all MGA mutated cases belonged to the
relapsedTP53-/refractory cohort, they were clearly enriched
in this cohort (4/74 cases; 5.4%). 
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Figure 4. Distribution of genetic characteristics across relapsedTP53-/refractory cases. CNA: copy number alteration.



Characterization of genomic lesions related to NOTCH1
signaling
Based on our PathVisio results, we also investigated

genomic alterations associated with NOTCH1 signaling.
As a novel finding, three components of a protein complex
repressing NOTCH1 target genes were recurrently affect-
ed: RBPJ in 4p15.2 was deleted in 8.2%; SPENwas mutat-
ed in 3.7% (4/108 cases); and SNW1 in 14q24.3 coding for
an unconfirmed component of the repressor complex was
deleted in 7.5% of cases (Figure 7A, C, E). 
RBPJ is essential for DNA binding of the NOTCH1

intracellular domain (NICD1), which is released as a tran-
scription factor upon activation of the NOTCH1 cell sur-
face receptor. In the absence of NICD1 in the nucleus,
RBPJ forms a protein complex with SHARP encoded by
SPEN and other proteins that recruit histone deacetylases
to condense the chromatin around NOTCH1 target
genes.34-36 Disruption of this repressor complex has been
associated with tumorigenesis.37 SKIP encoded by SNW1
is an unconfirmed complex component that has been
associated with recruitment of histone deacetylases to
NOTCH1-regulated genes.34
Median gene expression levels of RBPJ and SNW1 were

lower in cases with deletion, supporting a potential func-
tional relevance of RBPJ and SNW1 loss (Figure 7B, D).

This led us to hypothesize that disruption of the
NOTCH1 repressor complex might lead to de-repression
of NOTCH1 target genes. We therefore measured expres-
sion levels of HES1, DTX1 and MYC as genes known to
be NOTCH1-regulated in primary CLL samples.38,39 Non-
CD19-enriched PBMC samples were used for this analysis
of NOTCH1 target gene expression, since EDTA-contain-
ing sorting buffer used for cell enrichment can activate
NOTCH1 signaling ex vivo (Online Supplementary Figure
S6).40 Sample suitability was determined by the following
selection criteria: (i) tumor cell count ≥70%; (ii) variant
allele frequency >0.3 for SPEN and RBPJ mutations; and
(iii) log2 ratio <-0.8 for del(4)(p15.2) or del(14)(q24.3)
Six of nine available SPEN mutant samples and one

available RBPJmutant sample fulfilled these requirements.
Target gene expression did not correlate with the number
of non-B cells per sample (Online Supplementary Figure S7).
In line with our hypothesis, SPENmutant tumors had sig-
nificantly higher median expression levels of HES1 and
DTX1 and four SPEN mutant cases had remarkably high
expression levels of MYC. 
Of 14 RBPJ-deleted samples with available RNA, seven

fulfilled our requirements. In this highly selected group of
cases, RBPJ deletion occurred together with an activating
NOTCH1 mutation in three out of the seven cases. HES1
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Figure 5. Biological pathways significantly affected by copy number alterations. Significant biological pathways as identified by PathVisio. All genes located within
the minimally affected regions of copy number alterations (CNA) that are listed in Table 1 were included in the analysis and genes were assigned to WikiPathways.
Pathways are listed by P values as determined via PathVisio. The percentages provided refer to the proportion of affected genes within the respective pathway. The
color coding for affected genes refers to the GISTIC q value, which was assigned to the respective CNA. 



expression was very variable, but in cases with combined
RBPJ and NOTCH1 disruption it was highly increased.
DTX1 expression was more independent of the NOTCH1
mutation status and its median was significantly higher in
cases with RBPJ loss. However, expression of MYC was
not altered in 4p deleted cases. 
Of 12 SNW1-deleted cases with available RNA, only

two cases fulfilled our requirements (Figure 7F; details in
Online Supplementary Table S4). 

Discussion

Genome-wide screening for CNA in high-risk CLL
revealed complex genomic aberrations in the majority of
cases, which was in contrast to the high genomic stability
observed in treatment-naïve, standard-risk CLL without
TP53 or ATM alterations.13 Our cohort consisted mainly of
TP53-deficient cases and we found genomic instability to
the same degree in patients who had or had not been pre-
viously treated. 

Our focus was to identify CNA within complex genom-
ic rearrangements relevant to the development of high-
risk CLL. Using GISTIC2.0 as a systematic approach to
distinguish meaningful chromosomal aberrations from
random background alterations,16 we identified
CDKN2A/B loss, MYC gain and abnormally strong
NOTCH1 signaling as significantly enriched alterations.
The genomic profiles observed in peripheral blood CLL
cells taken from high-risk patients shared extensive simi-
larities with the profiles found in RT, in which CDKN2A/B
loss, MYC gain and activating NOTCH1 mutations have
also been identified as hallmark genomic lesions alongside
TP53 alterations.27,28 However, none of the respective alter-
ations could be directly associated with transformation so
that extrinsic stimuli from the microenvironment and/or
additional intrinsic stimuli are required to induce transfor-
mation. 
Loss of CDKN2A/B is a sparsely described CNA in

CLL,41 although homozygous deletion has recently been
associated with resistance to venetoclax treatment.5 The
role in CLL progression of the signaling network around

Genomic alterations in high-risk CLL 

haematologica | 2020; 105(5) 1387

Figure 6. Del(9)(p21.3) leads to loss of CDKN2A/B. (A) Minimal consensus region of monoallelic del(9)(p21.3). Raw log2 ratio, chromosome 9, case #2O_CLL047
displayed with the UCSC genome browser (hg18). Red bars represent determined log2 ratios of single probe sets sorted by their physical position along the chromo-
some. The minimal consensus region of monoallelic del(9)(p21.3) harboring the CDKN2A/B gene loci is shown. (B) Minimal consensus region of biallelic
del(9)(p21.3). Raw log2 ratio, chromosome 9, cases #2O_CLL011 and #2O_CLL050 displayed with the UCSC genome browser (hg18). The minimal consensus region
of biallelic del(9)(p21.3) harboring the DMRTA1 gene locus only is shwon. (C) Expression levels of CDKN2A/B transcripts in cases with del(9)(p21.3). Gene expression
levels of CDKN2A transcripts (left: all transcripts, middle: p14ARF transcript alone) as well as the CDKN2B transcript p15INK4B (right) were calculated relative to ACTB
expression levels. Fold changes (FC) were calculated towards the median DCt value of all reference samples (Ref). Median expression levels within each group of
samples are highlighted and differences between groups were analyzed by the Mann-Whitney test. All available 9p-deleted cases were included in the analysis.

A B

C



J. Edelmann et al.

1388 haematologica | 2020; 105(5)

A B

C D E

F



MYC, which comprises transcriptional inhibitors such as
MGA,42 is poorly understood. The CDKN2A/B gene loci
encode cell-cycle regulators decelerating cell proliferation
at multiple levels.43 The CDKN2A gene product p14ARF
tightly controls pro-proliferative activities of MYC so that
reduced CDKN2A expression in combination with
increased MYC expression can result in accelerated prolif-
eration.44 Enrichment of CDKN2A/B loss and MYC gain
in the relapsedTP53-/refractory cohort and frequent co-
occurrence of both aberrations therefore hints at a key
role for deficient cell-cycle control in the development of
high-risk CLL.
The small focal gains within the 8q24.21 super-

enhancer region are relevant with regard to them harbor-
ing binding sites for the NICD1 transcription factor.38
MYC is a well established target gene of NOTCH1,39 and
tight bonds between aberrantly strong NOTCH1 signal-
ing and increased MYC activity have been observed in T-
cell acute lymphoblastic leukemia and were also shown
to exist in CLL.38,39 Hence, genomic aberrations with an
activating effect on NOTCH1 signaling strength can indi-
rectly increase the number of cases with enhanced MYC
activity. Besides coding activating NOTCH1 mutations,
which prolong NICD1 transcription factor activity,45 vari-
ous other genomic alterations were identified to interfere
with NOTCH1 signaling. These alterations include non-
coding NOTCH1 mutations in the 3’ untranslated
region,46 FBXW7 mutations,47 MED12 mutations,48 as well
as SPEN mutations and probably also RBPJ alterations. 
The fact that NOTCH1 and SF3B1 mutations are often

mutually exclusive raises the question as to what extent
SF3B1 mutation can disturb the physiological balance
between NOTCH1 signaling and MYC transcription.
This question is based on the observation that the
strength of NOTCH1 signaling depends on DVL2, which
inhibits transcriptional activation by NOTCH1.49
Mutations in SF3B1 lead to alternative splicing of DVL2

and the resulting splice variant has been shown to lack its
ability to modulate NOTCH1 signaling.50 SF3B1 muta-
tions may, therefore, constitute another frequent mecha-
nism to strengthen the NOTCH1-MYC signaling axis. 
Taken together, our results raise the hypothesis that mul-

tiple genetic lesions in high risk CLL converge in upregulat-
ed MYC activity. Testing this hypothesis requires an inte-
grative analysis of the genome, transcriptome and pro-
teome in samples strictly processed at 4°C and in the
absence of calcium chelators. For translation of our results
into clinical practice, a systematic record of genomic alter-
ations identified as meaningful in our study needs to be
obtained in more recent, prospective clinical trials includ-
ing treatment arms based on BTK or Pi3K inhibition and/or
antagonism of BCL-2. Novel potential markers must be
tested for relevance in each treatment arm and markers
proving to be relevant must be utilized for the assembly of
a genomic clinical database. In the long-term, such an
approach will allow an estimation of the likelihood of ben-
efit or disadvantage from a given treatment regimen, hence
paving the way towards more personalized treatment
choices in the future management of CLL patients.
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Figure 7. Disruption of the NOTCH1 transcription repressor complex adds to the overall frequency of altered NOTCH1 signaling in high-risk chronic lymphocytic
leukemia. (A) Minimal consensus region of del(4)(p15) covering the RBPJ gene locus. Raw log2 ratio, chromosome 4, cases #2O_CLL036 and #2O_CLL068 displayed
with the UCSC genome browser (hg18). Red bars represent determined log2 ratios of single probe sets sorted by their physical position along the chromosome. The
minimal consensus region of del(4)(p15) harboring the RBPJ gene locus is shown. (B) RBPJ expression levels in cases with del(4)(p15). RBPJ gene expression levels
were calculated relative to ACTB expression levels and fold changes (FC) were calculated towards the median DCt value of all reference samples (Ref). Median
expression levels within each group of samples are highlighted and the difference between the two groups was analyzed by the Mann-Whitney test. Only 4p-deleted
cases with a log2 ratio lower than  0.89 were included. (C) Minimal consensus region of del(14)(q24.3) covering the SNW1 gene locus. Raw log2 ratio, chromosome
14, case #2O_CLL027. The minimal consensus region of del(14)(q24.3) harboring the SNW1 gene locus is shown. (D) SNW1 expression levels in cases with
del(14)(q24.3). SNW1 gene expression levels were calculated relative to ACTB expression levels and FC were calculated towards the median DCt value of all refer-
ence samples (Ref). Median expression levels within each group of samples are highlighted and the difference between the two groups was analyzed by the Mann-
Whitney test. Only 14q-deleted cases with a log2 ratio lower than  0.87 were included. (E) Composition of the NOTCH1 transcription repressor complex. Simplified
illustration of the NOTCH1 transcription repressor complex. The mutation frequency of SPEN is based on targeted next-generation sequencing results on 108 cases
from the high-risk cohort. The deletion frequencies of RBPJ and SNW1 are based on the entire high-risk cohort (n=146). SNW1/SKIP is an unconfirmed component
of the NOTCH1 repressor complex, which has been associated with the recruitment of histone deacetylases. (F) HES1, DTX1 and MYC expression levels in cases
with genomic alterations affecting the NOTCH1 transcription repressor complex.  HES1, DTX1 and MYC gene expression levels were calculated relative to 18S expres-
sion levels and FC were calculated towards the median DCt value of all reference samples (Ref). Median expression levels within each group of samples are high-
lighted and differences between groups were analyzed by the Mann-Whitney tests. Non-purified peripheral blood mononuclear cells with a tumor cell load >70%
were used for the experiment. Reference samples without evidence of a genetic alteration affecting NOTCH1 signaling were taken from the CLL8 trial (favorable risk
cases with 13q deletion as sole abnormality in routine fluorescence in situ hybridization analysis; light green) and from the CLL2O trial (high risk cases; dark green).
Additionally, three cases with a highly clonal NOTCH1mutation were included (blue). Cases with RBPJ alteration are shown in dark red, samples with SNW1 alteration
in orange, and samples with SPEN alteration in pale red. Samples with additional NOTCH1 mutation are indicated in blue within their respective sample group. The
DTX1 gene locus is located on chromosome 12. In the figure illustrating DTX1 expression levels, cases without trisomy 12 are indicated by a round symbol and cases
with trisomy 12 are indicated by a square symbol. Trisomy 12 appeared to be enriched in samples with mutations affecting the repressor complex. A gene dosage
effect on DTX1 gene expression was not apparent.
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1q21 amplification is an important prognostic marker in multiple myelo-
ma. In this study we identified that IL6R (the interleukin-6 membrane
receptor) and ADAR1 (an RNA editing enzyme) are critical genes locat-

ed within the minimally amplified 1q21 region. Loss of individual genes
caused suppression to the oncogenic phenotypes, the magnitude of which
was enhanced when both genes were concomitantly lost. Mechanistically,
IL6R and ADAR1 collaborated to induce a hyper-activation of the oncogenic
STAT3 pathway. High IL6R confers hypersensitivity to interleukin-6 bind-
ing, whereas, ADAR1 forms a constitutive feed-forward loop with STAT3 in
a P150-isoform-predominant manner. In this respect, ADAR1-P150 acts as a
direct transcriptional target for STAT3 and this STAT3-induced-P150 in turn
directly interacts with and stabilizes the former protein, leading to a larger
pool of proteins acting as oncogenic transcription factors for pro-survival
genes. The importance of both IL6R and ADAR1-P150 in STAT3 signaling
was further validated when concomitant knockdown of both genes imped-
ed IL6-induced-STAT3 pathway activation. Clinical evaluation of various
datasets of myeloma patients showed that low expression of either one or
both genes was closely associated with a compromised STAT3 signature,
confirming the involvement of IL6R and ADAR1 in the STAT3 pathway and
underscoring their essential role in disease pathogenesis. In summary, our
findings highlight the complexity of the STAT3 pathway in myeloma, in
association with 1q21 amplification. This study therefore reveals a novel
perspective on 1q21 abnormalities in myeloma and a potential therapeutic
target for this cohort of high-risk patients.
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ABSTRACT

Introduction

Multiple myeloma (MM) is a latent type of hematologic malignancy character-
ized by abnormal accumulation of plasma cells in the bone marrow. It is well estab-
lished that MM cells are highly dependent on the bone marrow microenvironment
enriched with growth factors for support and propagation.1-3 Among these factors,
interleukin-6 (IL6), which is secreted in an autocrine and paracrine fashion, is piv-
otal for the survival and proliferation of MM cells: high expression of IL6 prevents
drug-induced-apoptosis.1,4-6 Blood serum from MM patients contains elevated levels
of IL6 and this is significantly associated with worse disease outcome.6,7

Mechanistically, IL6 confers oncogenicity through the activation of the Janus
kinases (JAK)/signal transducers and activators of transcription 3 (STAT3) pathway,
initiated with its binding to the transmembrane receptor IL6R.4,8,9 STAT3 is activat-
ed when its tyrosine-705 (Y705) is phosphorylated by JAK upon IL6 stimulation,
leading to transcription of various pro-survival and anti-apoptotic genes such as
MCL1 and BCL2.10,11 In line with this mechanism of action, primary MM tumors
possess constitutive activation of the STAT3 pathway (incidence rate of 40-60%)
with close correlation with poor prognosis and chemoresistance,9,12-14 suggesting
that IL6/STAT3 signaling is essential for MM therapeutic targeting.  



Cytogenetic abnormalities remain one of the main hall-
marks of MM. 1q21 amplification [1q21(amp)], the most
commonly identified chromosomal aberration, present in
36-48% of newly diagnosed cases of MM, is an important
prognostic marker.15-18 Previous studies revealed that
CKS1B and PMSD4 are genes that putatively drive disease
aggressiveness in 1q21(amp) cases;18-20 nevertheless, bio-
logical and functional reports on these genes conferring
oncogenic phenotypes are lacking. In reality, the critical
genes within the minimally amplified region have yet to
be fully characterized. 
IL6R, the gene encoding the transmembrane receptor

protein for IL6 is located on chromosome 1q21. Although
it has been shown that IL6R has a role in predicting
patients’ outcome,5,21,22 it remains unknown whether IL6R
expression is associated with 1q21(amp) or could cause
the hyperactivation of STAT3 signaling that could poten-
tially contribute to adverse disease manifestations. 
Importantly, our group and Lazzari et al. have recently

reported that overexpression of ADAR1, an RNA editing
enzyme, residing in the 1q21 region near the aforemen-
tioned IL6R, also has significant prognostic value in
MM.23,24 The protein exists in two distinct isoforms, name-
ly the short P110 and the long P150 isoforms. While P110
is constitutively expressed in the nucleus, P150 expression
is interferon-inducible and can shuttle between the nucle-
us and cytoplasm due to the presence of a nuclear export
signal on its extended amino terminal domain.25-27
Although interferon and IL6 are both members of the
cytokine family and can be upregulated upon infection
and inflammation, a possible cross-talk between
IL6/STAT3 signaling and ADAR1 expression has not been
thoroughly investigated. Aberrant adenosine-to-inosine
editing events arising from deregulated ADAR1 been
widely reported in cancers,27-31 however, the general
knowledge on its upstream regulators and the mecha-
nisms mediating its overexpression have remained elu-
sive, not to mention in MM. 
In view of both IL6R and ADAR1 being located in close

proximity on 1q21 and having been independently report-
ed to be prognostically important for MM, we sought to
delineate their potential collaboration in the pathogenesis
of MM and to determine how they are associated with
STAT3 signaling. Here, we report that 1q21(amp) leads to
elevated expression of IL6R and ADAR1. ADAR1-P150
and STAT3 form a regulatory feedback loop mediating the
growth and proliferation of MM cells; the convergence of
regulatory signals from both IL6R and ADAR1-P150 con-
fers hyperactivation of STAT3 signaling, potentially driv-
ing the malicious evolution of MM. Critically, MM
patients with concurrent overexpression of both proteins
had a poorer prognosis than those who had no abnormal-
ity or a single one.

Methods

Patients’ samples and human multiple myeloma cell lines
Primary samples from the healthy volunteers and MM patients

were collected after obtaining informed consent, according to con-
ditions stated by the Institutional Review Board, National
University Hospital. All human MM cell lines used have been pre-
viously characterized.32 Isolation of patients’ samples and culture
conditions for them and human MM cell lines are described in the
Online Supplementary Information. The purity of CD138+ cells of the

patients’ samples was checked with anti-κ and anti-λ immunoflu-
orescence staining (Online Supplementary Figure S5). 

Gene expression profiling, genomic hybridization and
biostatistics
Details of the multiple gene expression profiling and array com-

parative genomic hybridization datasets analyzed are provided in
Online Supplementary Table S1. Analyses of IL6R/ADAR1 copy
number and expression and STAT3 signature/index are described
in the Online Supplementary Information. Statistical analyses
between two groups in the patients’ datasets were performed
with the Wilcoxon test. P-values between two groups from in vitro
studies were computed with an independent t-test, assuming a
normal distribution of the means. All experiments were repeated
at least twice (biological replicates) and the error bars in the graphs
represent the means ± standard deviations. 

ADAR1-P150, IL6R and STAT3 knockdown and 
overexpression 
We knocked down ADAR1-P150 and IL6R in human MM cell

lines with specific shRNA through lentivirus infection. shRNA
sequences are available in the Online Supplementary Information
(Online Supplementary Table S3). pCDNA-Flag-tagged vector
encoding for P150 protein was transfected into MM cells using an
electroporation method (Neon, Invitrogen). siRNA against STAT3
and pIRES-STAT3 plasmids were also introduced into MM cells
via Neon transfection. Based on the basal level of the proteins
(Figure 1B), we picked H929 and U266 cell lines for P150 and IL6R
knockdown and the OCIMY5 and KMS12BM lines for P150 over-
expression.

Assays
Details of the chromatin immunoprecipitation (ChIP),

luciferase, co-immunoprecipitation, immunofixation and func-
tional assays (cell growth, colony formation and cell cycle) are
available in the Online Supplementary Information. Blots and images
presented are representative of multiple repeats (at least two) of
the experiments.

RNA-sequencing and analysis of global RNA editing
events
Total RNA from IL6-treated MM cells was isolated using the

RNeasy kit (Qiagen) according to the manufacturer’s protocol.
Whole transcriptome sequencing was done on an Illumina Hi-Seq-
4000 platform (Supplier). Detailed information about variant call-
ing and RNA editing analysis are provided in the Online
Supplementary Information. 

Results

ADAR1-P150 and IL6R are associated with 1q21 copy
number and IL6 stimulation
Since IL6R and ADAR1 genes are located in close prox-

imity (Online Supplementary Figure S1A), we postulated
that 1q21(amp) could lead to concomitant increases in the
expression of both. In silico analyses revealed that 1q21
status was indeed closely associated with IL6R and
ADAR1 levels in diverse patients’ datasets and human MM
cell lines (Figure 1A and Online Supplementary Figure S1B).
Quantitative polymerase chain reaction (qPCR) and west-
ern blotting confirmed the upregulation of ADAR1 and
IL6R at the mRNA and protein levels, respectively, in cell
lines with 1q21(amp) compared to the levels in the wild-
type (WT) line (Figure 1B). 
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Figure 1. IL6R and ADAR1-P150 are closely associated with 1q21 copy number and IL6 stimulation. (A) Gene expression levels of IL6R and ADAR1 in the Multiple
Myeloma Research Consortium (MMRC) patients’ dataset (left) and human multiple myeloma cell lines (HMCL) (right) according to 1q21 status. 0- no copy number gain
(wildtype, WT), 1- one copy gain, ≥2- two or more copy gains. IL6R and ADAR1 copy number and expression values were determined as described in the Online
Supplementary Information. (B) Basal protein (left) and mRNA (right) expression of IL6R and ADAR1 in HMCL as detected by western blot and real time quantitative poly-
merase chain reaction (RT-qPCR). (C) Correlation of ADAR1 with IL6R in different patients’ datasets computed using the Pearson correlation test. ‘r’ is the correlation coef-
ficient and P-values indicate whether the correlation coefficient is different from 0. (D, E) Western blot analysis of IL6/STAT3 pathway components (D) and ADAR1 expres-
sion (E) in cells with 1q21(amp) (U266 and H929) and 1q21(WT) (OCIMY5 and KMS12BM) upon IL6 stimulation (10 ng/mL) at different time points. The top band in total
ADAR1 refers to the P150 isoform, while the bottom band is the P110 isoform. The single P150 band in the second blot was probed with a specific antibody that can only
detect P150 but not P110 (Ab126745).  (F) Western blot and RT-qPCR analysis of protein (left) and mRNA (right) expression of ADAR1 and STAT3 pathway markers in the
XG6 cell line which was cultured in conditions with gradual IL6 deprivation (3 ng/mL, 2 ng/mL, 1 ng/mL) for 24 h. (G) U266 was stimulated with IL6 (10 ng/mL) for 8 h
before the IL6-containing medium was washed off, and the cells were resuspended in IL6-free medium again for 24 h. ADAR1 and STAT3 pathway components were
checked for expression via western blot (left) and qRT-PCR (right). *P<0.05, **P<0.01, ***P<0.0001. MMRC: Multiple Myeloma Research Consortium; HMCL: human
multiple myeloma cell lines; WT: wildtype; IL6: interleukin-6.
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With regards to ADAR1, interestingly, we observed that
among the 1q21(amp) cells, P150 isoform expression was
prominently higher in IL6-responsive and -dependent
cells, while the expression of P110 isoform did not vary
much (Figure 1B). Importantly, we also observed a consis-
tent positive correlation between ADAR1 and IL6R in
patients from several clinical datasets (Figure 1C) suggest-
ing that the ADAR1-P150 isoform, just like IL6R, could be
involved in IL6 signaling. 
To test this hypothesis, we treated human MM cell lines

with IL6 for different periods and investigated the expres-
sion profile of various markers involved in IL6-signaling.
We observed that IL6 caused an induction of STAT3 sig-
naling in MM cells regardless of the cells’ 1q21 status,
albeit at different levels. While there was a gradual and
time-dependent accumulation of IL6R in the 1q21(WT)
cells, the 1q21(amp) cells showed only a minimal increase,
largely due to its already heightened endogenous level,
even in the unstimulated state (Figure 1D). As expected,
IL6 led to robust upregulation of phospho-STAT3 in both
cell types; however, close scrutiny of the time kinetics
revealed that 1q21(amp) cells had more rapid and sustain-
able phospho-STAT3 induction than the 1q21(WT), con-
comitantly with its downstream target MCL1. This indi-
cated that the STAT3 signaling in 1q21(amp) cells was
hypersensitized, potentially in relation to the constitutive-
ly expressed IL6R.
With regards to ADAR1 expression, the P150 isoform

was evidently upregulated upon IL6 stimulation, whereas,
P110 seemed to show minimal changes, at both the pro-
tein (Figure 1E) and mRNA levels (Online Supplementary
Figure S1C), irrespective of 1q21 status. An antibody spe-
cific for the P150 isoform was also used to confirm our
observations.  We further validated our observations by
starving the IL6-dependent-cells lines XG6 and XG7 of
IL6, which demonstrated depleted P150, and an attenua-
tion of IL6R, concomitantly with MCL1; P110 was again
mildly affected (Figure 1F and Online Supplementary Figure
S1D). The specific correlation of IL6 induction with P150
was also recapitulated when the rescue of IL6 stimulation
in a IL6-sensitive cell line, U266, returned P150 expression
to its basal level (Figure 1G). In corroboration, in vitro IL6
starvation of CD138+ cells harvested from patients’ sam-
ples (n=2) compromised the STAT3 pathway, concomi-
tantly with P150 downregulation (Online Supplementary
Figure S1E). Collectively, these data suggest that besides
potently activating the STAT3 pathway, IL6 has a role in
mediating ADAR1-P150 expression in MM cells.

STAT3 transcriptionally regulates ADAR1-P150 
expression
Considering that IL6 robustly activated STAT3 signal-

ing, we next proceeded to investigate the direct role of
STAT3 transcription factor on ADAR1-P150. Utilizing
mouse liver cells with STAT3-WT+/+ and null-/- genotypes,
we observed that the absence of STAT3 (STAT3-/-) grossly
compromised the upregulation of IL6-induced-P150
(Figure 2A). Pharmacological inhibition of STAT3 in H929
cells with two specific inhibitors (STA-21 and LLL12)
caused a gradual reduction of P150 expression in a time-
and dosage-dependent manner (Figure 2B), concomitantly
with phospho-STAT3 and MCL1. At the mRNA level,
knocking down STAT3 and overexpressing the constitu-
tively-activated-STAT3 (CA-Y705), but not the dominant
negative mutant derivative, caused a reduction and an

increase of P150 mRNA, respectively (Figure 2C, D).
These data strongly suggest that STAT3 plays a role in reg-
ulating the transcription and expression of P150. 
Indeed, our hypothesis was validated when the ChIP-

qPCR assay showed an enrichment of STAT3 protein on
the promoter regions of P150 and its known target MCL1
(Figure 2E). There was no change in the binding enrich-
ment of STAT3 on the IL6R promoter (Online
Supplementary Figure S2B). A luciferase reporter assay pro-
vided further evidence of STAT3’s transcriptional regula-
tion of P150 where IL6 stimulation (Figure 2F) and the
overexpression of STAT3-CA (but not the dominant neg-
ative mutant) (Figure 2G) resulted in enhancement of the
luciferase signal as compared to their respective controls. 

P150 is important for the growth and proliferation 
of multiple myeloma cells
The above results demonstrated that P150 overexpres-

sion in MM can arise from the combined effects of
1q21(amp) (Figure 1) and constitutive activation of
STAT3 (Figure 2). This double-pronged regulation of
P150 suggests that aberrant expression of the isoform
may have important biological and functional effects. To
elucidate the oncogenic role of IL6/STAT3-induced-P150
in MM, we cloned P150-specific sequences into a
pCDNA-overexpressing plasmid and transfected them
into OCIMY5 cells, after which we performed various
functional assays. Effective overexpression of P150 but
not P110 (Figure 3A) allowed us to study the P150-specif-
ic oncogenic properties. P150 enrichment in the cells con-
ferred a growth advantage (Figure 3B), increased colony-
forming ability (Figure 3C) and a more proliferative cell
cycle profile (cellular enrichment in S/G2 phase) (Figure
3D). Conversely, knocking down P150 in U266 cells
(Figure 3A) was detrimental to the cells’ survival, with
the P150-depleted cells demonstrating a slower growth
rate, loss of colony-forming ability and a higher fraction
of cells undergoing apoptosis (sub-G1 population enrich-
ment in the cell cycle and increased annexin-V positivity)
(Figure 3B-E). These phenotypes were replicated in P150-
overexpressing KMS12BM cells (Online Supplementary
Figure S3) and shP150-H929 cells (Online Supplementary
Figure S4). 
To further ensure that our observations thus far were

P150-specific, we performed a rescue experiment by intro-
ducing the P150 isoform back into the shP150 cells (Figure
3F). The re-introduction of P150 clearly led to a rescue of
growth (Figure 3G) and colony-forming  ability (Figure
3H), suggesting that the growth disadvantage observed in
the shP150 cells in Figure 3B-E was, in part, mediated by
the lack of P150. 

ADAR1-P150 in turn mediates IL6-induced STAT3 
signaling  
Interestingly, we also observed evidence of STAT3 activ-

ity being mediated by ADAR1. In the ADAR1 knockdown
cells, IL6 delayed the activation of STAT3 signaling, as
shown by slower induction of phospho-STAT3 and its
direct target, MCL1. Up to 8 h were needed for the mech-
anism to start in U266-shADAR1, whereas, U266-shCtr
already demonstrated STAT3 activation at 4 h after IL6
stimulation. This was completely reversed in the
OCIMY5 cells which overexpressed ADAR1 (Figure 4A).
Importantly, this protein expression profile was commen-
surate with the cellular phenotypes, in which the more
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Figure 2. STAT3 transcriptionally regulates ADAR1-P150 expression. (A) Wildtype (STAT3+/+) and STAT3 knockout (STAT3-/-) mouse liver cell lines were treated with IL6
(10 ng/mL) for different periods and the protein expression profile was checked with western blotting. (B) Western blot analysis of H929 cells treated with STAT3
inhibitors, STA-21 (10 mM for 24 h and 48 h) and LLL12 (for 24 h at 1.25 mM and 2.5 mM). (C) Top panel: real-time quantitative polymerase chain reaction (RT-qPCR)
analysis of STAT3 mRNA expression after siRNA-mediated-STAT3 knockdown in H929 cells (24 h). Bottom panel: MCL1 and ADAR1 mRNA expression 24 h after STAT3
knockdown. (D) H929 transfected with pCDNA plasmid transcribing for constitutively-activated STAT3 (STAT3-CA) and its dominant negative mutant (STAT3-DN) (24 h).
STAT3-CA is artificially phosphorylated at Y705, while the STAT3-DN is transcriptionally defective and has a gain-of-function of inhibiting endogenous STAT3 expression.
Top panel: the transfection efficiency was checked with qRT-PCR. Bottom panel: ADAR1 mRNA expression after STAT3 overexpression. CA: constitutively activated, DN:
dominant negative. (E) Top panel: depiction of primers (purple stars) designed to encompass different regions of ADAR1 promoters. Promoters 1B and 1C transcribe
for the P110 isoform and promoter 1A transcribes for the P150 isoform. Bottom panel: H929 cells were stimulated with IL6 (10 ng/mL for 6 h) and STAT3 enrichment
on the different regions of ADAR1 promoter was investigated with chromatin immunoprecipitation and qPCR with primers depicted in the top panel. (F, G) H929 cells
were transfected with a luciferase-reporter vector encoding for either P110 or P150 promoter regions. At 24 h after transfection, the cells were treated with (F) either
phosphate-buffered saline (PBS) or IL6 (10 ng/mL) for 8 h or (G) further transfected with either STAT3-CA or STAT3-DN and the cells were left to grow for another 24
h. The luciferase activity was analyzed with a Tecan plate reader. EV: empty vector.
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Figure 3. ADAR1-P150 is important for the growth and proliferation of multiple myeloma cells. (A) Western blot analysis to check for the efficiency of P150 overexpression
in OCIMY5 cells and lentivirus-mediated-shRNA knockdown of P150 in U266 cells. Cells were harvested at 48 h after manipulation for protein isolation. The shRNA
sequences are available in the Online Supplementary Information. (B) Daily cell growth assay (CTG assay) depicting the growth profile of multiple myeloma cells with manip-
ulated levels of P150. The reading for day 0 (D0) was taken 48 h after manipulation. (C) Colony-formation assay assessing the ability of the cells to form colonies upon
P150 overexpression and knockdown. Top panel: representative images of the soft agar incubated over 7-14 days. Bottom panel: quantification of the colonies formed in
triplicate wells of soft agar. (D) Cell cycle analysis (propidium iodide staining) of P150-overexpressed OCIMY5 cells and P150-depleted U266 cells. Cells were harvested 48
h after manipulation for analysis. The percentage on each bar represents the number of the cell population within the cell cycle phase out of the total number of cells cap-
tured and analyzed. *P<0.05 **P<0.001 ***P<0.0001 (E) Annexin-V-FITC apoptosis assay of U266 cells 48 h after P150 knockdown. (F) Western blot analysis for the
expression of total ADAR1 and P150 24 h after transfection with shP150 or upon co-transfection with shP150 and pCDNA-P150 in U266 cells. (G) Daily cell growth assay
of U266 cells with different levels of P150. The reading for day 0 (D0) was taken 48 h after manipulation. **P<0.05 against shCtr+pCDNA-EV, ***P<0.001 against
shCtr+pCDNA-EV, ^^P<0.05 against shP150+pCDNA-EV, ^^^P<0.001 against shP150+pCDNA-EV. (H) Left panel: representative photographs of colonies formed in tripli-
cate wells of soft agar over 14 days. Right panel: quantification of the number of colonies in U266 cells with different levels of P150. ***P<0.0001.
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Figure 4. STAT3-induced-ADAR1-P150 in turn mediates STAT3 signaling. (A) Stable isogenic cell lines (U266 and OCIMY5) with different levels of ADAR1 expression that
have been previously established24 were treated with IL6 (10 ng/mL) at different time points before western blotting was done to analyze the protein expression profile.
(B) Daily cell growth of IL6-stimulated-U266 and OCIMY5 with differential ADAR1 expression. The reading for day 0 (D0) was taken 48 h after manipulation. ***P<0.0001.
(C) 293T cells were transfected with either an empty vector (pIRES-EV) or a STAT3-overexpressing vector (pIRES-STAT3) for 24 h and cells were collected for protein extrac-
tion and subsequent co-immunoprecipitation experiments. The total cell lysate was incubated with either IgG control antibody or a specific STAT3 antibody. Its potential
interaction with endogenous ADAR1 was checked with western blot analysis. JAK2 served as the positive control. (D) Phospho-STAT3 was induced with IL6 (10 ng/mL) in
H929 cells which were harvested to determine their total protein level. Protein was pulled down with either STAT3 or IgG antibodies and western blot was used to check
for the potential interaction. (E) 293T cells were transfected with either P150-Flag only or with both P150-Flag and STAT3 and reciprocal immunoprecipitation was done
with IgG and Flag-antibody. The interaction between P150-Flag and STAT3 was checked with western blot analysis. (F) H929 cells were stimulated with IL6 (10 ng/mL) for
16 h and endogenous P150 was pulled down with its specific antibody or negative control IgG, for reciprocal immunoprecipitation. Its interaction with STAT3 was assessed
with western blot. (G) Cytospin slides consisting of cells from multiple myeloma cell lines (OCIMY5 and H929) and patients’ samples (N291 and N292) were immunos-
tained with STAT3- and P150-specific antibodies. Immunofluoresence signals for both proteins were analyzed under a fluorescence microscope. Total magnification used
was 400x. Red (Alexa-Fluor-555): STAT3; green (Alexa-Flour-488): P150; yellow: co-localization. (H) A cycloheximide (CHX) chase assay was performed to identify the sta-
bility of the STAT3 protein. P150-knockdown U266 cells and P150-overexpressing OCIMY5  cells with their respective control cells were treated with the protein synthesis
inhibitor CHX at 50 μg/mL to elucidate the time kinetics for STAT3 protein degradation. The intracellular content of STAT3 protein was analyzed by western blotting. (I) Fold
enrichment of STAT3 occupancy on its target gene promoters before and after P150 knockdown in U266 cells, as analyzed with chromatin immunoprecipitation quanti-
tative polymerase chain reaction analysis (qPCR). **P<0.05, ***P<0.001 (J) Reat-time qPCR analysis for the mRNA induction of STAT3 target genes in response to IL6
(10 ng/mL) treatment at different time points in control (shCtr) and P150-knockdown (shP150) U266 cells. 

A

B

C

D

E

F

G

H

I J



rapid STAT3 activation (in U266-shCtr and OCIMY5-
pLenti6-ADAR1) was associated with significantly accel-
erated IL6-induced growth (Figure 4B). 
To elucidate the potential mechanism, we first checked

for a possible ADAR1-STAT3 interaction. Pulling down
STAT3 from STAT3-overexpressing 293T cells showed
enrichment of endogenous P150 and its known interacting
partner, JAK2, in the immunoprecipitated fraction but not
in the IgG control fraction. On the other hand, P110
seemed to form only a loose interaction with STAT3
(Figure 4C). Consistently, in IL6-responsive H929 cells,
accumulation of IL6-induced phospho-STAT3 led to a
gradual increase of interaction with endogenous ADAR1,
particularly P150 (Figure 4D), indicating that it was the
main interacting isoform. To confirm this observation, we
performed reciprocal immunoprecipitation. Co-transfec-
tion of P150-Flag and STAT3 plasmids into 293T cells and
pulling down only the P150 isoform also revealed efficient
co-precipitation with STAT3 protein (Figure 4E). There
was no interaction of P150 with JAK2. Similarly, P150
could be seen co-precipitating with endogenous STAT3 in
the IL6-induced fraction of H929 cells (Figure 4F).
Subsequently, we checked for the localization of

ADAR1 and STAT3 in human MM cell lines (OCIMY5
and H929) and patients’ samples (N291 and N292), and
found that STAT3 was localized in both the nucleus and
cytoplasm, whereas, P150 was predominant in the cyto-
plasm. Merged images of individual proteins clearly
showed co-localization of STAT3 and P150 in the cyto-
plasm (Figure 4G). It is therefore plausible that this cyto-
plasmic co-localization could have rendered the environ-
ment conducive for their physical interaction. 
Next, we investigated how this interaction could

enhance STAT3 activity. A cycloheximide chase assay
revealed that P150 could promote the stability of STAT3
protein. Knocking down P150 enhanced STAT3 degrada-
tion (Figure 4H). At 8 h, STAT3 already showed signs of
degradation and was almost completely degraded at 24 h
after cycloheximide treatment in the shADAR1 cells, in
contrast to the shCtr cells which required up to 16 h for a
mild cycloheximide effect to be visible. Similarly, the
P150-overexpressed cells also took longer (up to 24 h) to
show signs of STAT3 protein degradation. 
These data suggest that P150 could mediate the activity

of STAT3 signaling via a direct physical interaction,
which leads to stabilization of the latter, thus, more is
shuttled into the nucleus to transcribe various pro-onco-
genic genes. This hypothesis was validated when the loss
of P150 led to compromised STAT3 binding to its target
gene promoters (Figure 4I) and sub-optimal induction of
its target genes (Figure 4J). 

Combined IL6R and P150 suppression leads 
to reduced IL6-induced oncogenicity
The more rapid and sustainable STAT3 signaling in the

1q21(amp) cells (which express IL6R constitutively)
(Figure 1D), coupled with the STAT3- P150 feedback reg-
ulatory loop (Figure 4) led us to hypothesize that the con-
comitant gain of IL6R and ADAR1 may lead to hyperac-
tivation of STAT3 signaling, conferring a more malignant
state to 1q21(amp) cells. Indeed, the observation of
1q21(amp) patients having significantly higher STAT3
indices (STAT3 pathway activation) further supports the
basis of our hypothesis (Figure 5A).
We further investigated this by first comparing the

growth profile of 1q21(WT) and 1q21(amp) upon IL6
stimulation. Not surprisingly, exogenous IL6 conferred
more active growth to all tested cell lines compared to
untreated ones (Figure 5B). Importantly, however,
1q21(amp) cells demonstrated more pronounced growth
than the WT cells. The growth rate of the IL6-stimulated
1q21(amp) cells already surpassed that of the unstimulat-
ed ones as soon as 4 h after IL6 induction. In contrast, the
1q21(WT) cells required up to 24 h after IL6 stimulation
to display a differential growth phenotype. This implies
that the 1q21(amp) cells had a sensitized IL6/STAT3 path-
way and that there was a possibility that the pathway-
related genes within 1q21 could be driving this pheno-
type. 
To elucidate the potential importance of IL6R and P150,

we performed single and co-depletion of IL6R and P150
and assessed the functional consequences for STAT3
activity and MM cell growth. Suppression of IL6R or P150
alone obliterated the IL6-induced STAT3 pathway, mani-
fested by the weaker induction of phospho-STAT3 and its
downstream factors (Figure 5C). Inhibition of this path-
way was detrimental to MM cells, which experienced
growth retardation (Figure 5D), impeded colony forma-
tion (Figure 5E) and halted IL6-induced-cell cycle progres-
sion (as compared to IL6-treated shCtr cells which pro-
gressed through the S/G2 phase) (Figure 5F), suggesting
that both factors are individually important for IL6-
induced STAT3 activation. Notably, the combined loss of
IL6R and P150 resulted in more deleterious cellular phe-
notypes as compared to the loss of just one respective
protein, consistent with the more prominent attenuation
of IL6-induced STAT3 signaling (Figure 5C). A similar
trend was also observed in H929 cells (Online
Supplementary Figure S6).

IL6R, ADAR1 and STAT3 demonstrate good clinical 
correlation
Having shown the biological association of both IL6R

and ADAR1-P150 with STAT3, we then investigated the
clinical correlations by analyzing publicly available
patients’ datasets. Positive correlations were consistently
observed between the STAT3 signatures and the expres-
sion of STAT3, IL6R and ADAR1 in various patients’
datasets (Figure 6A). 
To demonstrate the importance of the combined gain

of both genes within 1q21, we computed the correlation
between STAT3 signature enrichment and overall sur-
vival in patients with differential expression of these
genes. Six out of seven datasets revealed a significantly
enriched STAT3 signature in the high-ADAR1+high-IL6R
as compared to the low-ADAR1+low-IL6R groups of
patients (Figure 6B). We also found that lack of expres-
sion of either gene resulted in a lower STAT3 signature
expression and, more importantly, loss of both genes
caused an even more significant suppression of the signa-
ture (Figure 6C), signifying that both factors are influen-
tial players in the STAT3 pathway. Importantly, this dif-
ferential STAT3 activity in different groups was also
closely associated with the patients’ prognosis. Patients
with high expression of both genes had a worse overall
survival than those with low expression of both genes
(Figure 6B and Online Supplementary Figure S7) further
supporting our hypothesis that the concomitant gain of
IL6R and ADAR1 is critical in driving poor disease out-
come in the 1q21(amp) cases.
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Figure 5. Combined IL6R and P150 suppression led to reduced IL6-induced oncogenicity. (A) The association between 1q21 status and STAT3 signature in Dana Farber
Cancer Institute (DFCI) and University for Arkansas Medical School (UAMS) patient’s datasets. WT- wildtype, Amp- two or more copies. (B) CTG assay assessing the growth
rate of multiple myeloma cell lines with different 1q21 status over a 72 h time course. **P<0.05, ***P<0.001 (C) At 48 h after lentivirus infection, U266 cells with shRNA-
mediated P150 and/or IL6R knockdown were treated with IL6 (10 ng/mL) for 8 h and then the STAT3 pathway protein expression profile was analyzed by western blotting.
(D-F) Daily growth assays (D), colony formation assays (E) and cell cycle assays (F) were done 48 h after lentivirus infection of shRNA to elucidate the phenotypes associated
with loss of either one or both P150 and IL6R. For the cell cycle assays, the cells were stimulated with IL6 (10 ng/mL) for 24 h (to induce STAT3 signaling) before being
fixed for fluorescence activated cell sorting analysis. This was to study the direct effects of loss of expression of these genes on the STAT3-mediated cell cycle profile.
**P<0.05 against shCtr, ***P<0.001 against shCtr, ###P<0.001 against shP150, ^^P<0.05 against shIL6R.
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Figure 6. IL6R, ADAR1 and STAT3 demonstrated good clinical correlation. (A) Pearson correlation between the STAT3 signature and STAT3 (top panel), IL6R (central panel)
and ADAR1 (bottom panel) expression in different patients’ datasets. r is the correlation coefficient and P-values indicate whether the correlation coefficient is different from
0. (B) Comparison of the STAT3 signature and overall survival between patients with high expression of both ADAR1 and IL6R and patients with low expression of both genes.
P-values highlighted in red indicate statistical significance (P<0.05). (High-ADAR1, High-IL6R indicates high expression of both genes; Low-ADAR1 and Low-IL6R indicates low
expression of both genes. HR: hazard ratio. N.A.: information not available in that particular dataset, therefore analysis cannot be done. (C) Comparison of the STAT3 signature
in patients with different levels of ADAR1 and IL6R expression. High/high: the expression of both genes is high. High/low: ADAR1 expression is high, IL6R expression is low.
Low/high: ADAR1 expression is low, IL6R expression is high, Low/low: the expression of both genes is low. P(1:2) represents the P-value between group 1 (high/high) and
group 2 (high/low). Similarly, the rest of the comparisons are done according to the group numbers. The STAT3 signature reflects the activity of the signaling pathway.
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Potential therapeutic implications of 
the IL6R-P150-STAT3 interaction
The STAT3 inhibitor, LLL12, was reported to be effec-

tive in MM cells in vitro,33 but the study did not highlight
its association with a differential degree of STAT3 activity.
We postulated that the prolonged and amplified STAT3
signals from P150-induced STAT3 stabilization could have
an impact on cellular responsiveness to LLL12. Here, we
demonstrated that cells with ectopically expressed P150
were indeed more sensitive to LLL12 treatment and that
the cellular inhibition effect was further enhanced under
IL6 stimulation (Figure 7A). This suggests that the length-
ened STAT3 signaling event from IL6 induction and stabi-
lization of the protein by the downstream P150 provides
an ample target for the drug, rendering the cells hypersen-
sitive to LLL12. To determine whether this principle holds
true in 1q21(amp) cells, which have another hit of STAT3
activation through IL6R overexpression, we knocked
down P150, IL6R or both and compared the cells’ respon-
siveness to LLL12. Depletion of either gene did indeed
compromise the sensitivity of the cells (under persistent
IL6 stimulation) to the drug and loss of both genes caused
the cells of both lines tested to be even more resistant
(Figure 7B). 

Discussion

The growth privilege of MM cells is widely attributed to
their concerted interactions with the bone marrow
microenvironment and the growth factors enriched within
the bone marrow are, therefore, deemed indispensable for
MM survival.3,5 Studies over the years have provided solid
evidence that among these growth factors, IL6 is one of the
key cytokines driving the growth and proliferation of MM
cells, and its oversecretion could lead to drug resistance.1,4,13
IL6 induces STAT3 activation and this signaling pathway
has been a long-standing oncogenic player.1,33 Various ther-
apies targeting this pathway have been developed and
although in vitro and in vivo laboratory testing in MM had
shown some potential,34-36 the outcome of clinical trials on
anti-IL6 antibodies was less meaningful.37,38 The stumbling
block was probably the lack of complete biological under-
standing of the IL6/STAT3 pathway itself. Our current
work focuses on further dissecting this pathway and here
we report novel IL6-induced oncogenicity in myeloma.
Our data unveil a close interplay between IL6R, ADAR1
and STAT3 proteins, which could contribute to the hyper-
activation of STAT3 signaling, consequently causing a
more proliferative cellular profile in MM. 
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Figure 7. Potential therapeutic implications of the IL6R-
P150-STAT3 interaction. (A) P150 was overexpressed in
OCIMY5 cells and 48 h later the cells were stimulated
with IL6 (10 ng/mL) for 8 h before treatment with LLL12
(1.0 mM) for 48 h. Relative survival was quantified with
the CTG assay and was normalized to that of the
dimethylsulfoxide (DMSO)-control. **P<0.05,
***P<0.001. (B) H929 and U266 cells were infected
with lentivirus shRNA against either P150 or IL6R or both
and these cells with different levels of P150 and IL6R
expression at 48 h after infection were treated with 0.5
mM and 1.0 mM LLL12 for another 48 h. Cell survival was
assessed with the CTG assay. Relative survival was nor-
malized to the survival of the DMSO control. **P<0.05
against shCtr, ***P<0.001 against shCtr, ##P<0.05
against shP150, ^^P<0.05 aga inst shIL6R, ^^^P<0.001
against shIL6R. 
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To date, 1q21(amp) has remained a high-risk prognostic
factor in MM. This poses a serious hurdle in myeloma
management since a high percentage of newly diagnosed
patients present with this abnormality and they are
reported to be resistant to standard and novel thera-
pies.16,17,39,40 Although the clinical significance of CKS1B,
the most commonly reported candidate driver gene,18,39
has already been established, we believe that other genes
within the amplified region may also be of pathogenic
importance. Here, we impart novel information about the
pathogenesis of 1q21(amp) and provide compelling evi-
dence that IL6R and ADAR1 on chromosome 1q21 are crit-
ical genes for myeloma pathogenesis. Concomitant gain
of their genomic loci conferred growth and proliferation
privilege to MM cells, working through hyperactivation of
the STAT3 pathway. With regards to ADAR1, we saw an
isoform-predominant phenomenon in which the P150 iso-
form was found to be intertwined in the STAT3 pathway

by being its downstream transcriptional target and its
upstream mediator. This feed-forward regulatory loop
causes an augmented oncogenic effect, with both STAT3-
induced P150 expression and P150-induced STAT3 protein
stabilization acting in concert to promote manifestation of
an aggressive disease. Coupled with the overexpression of
IL6R that drives the hypersensitivity of the STAT3 path-
way, it is plausible that these multi-oncogenic hits could
contribute to the poor prognosis in the 1q21(amp)
patients. 
Although IL6R has been documented to be a predictor

of poor outcome in myeloma patients,5,21,22,41 there have not
been proper biological studies associating it to myeloma-
genicity. Our notion of high IL6R acting as an ever-ready
receptor for the IL6 ligand was proven when 1q21(amp)
cells which constitutively express endogenous IL6R
showed hastened and sustainable STAT3 pathway activa-
tion and enhanced IL6-induced-growth. This suggests that
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Figure 8. Signaling model of the IL6R-ADAR1-STAT3 interplay in multiple myelo-
ma. (A) High levels of IL6 in multiple myeloma (MM) cells within the bone marrow
microenvironment leads to persistent activation of the STAT3 pathway. Activated
STAT3 (phosphorylated at Y705 by JAK) will drive the transcription of its target
genes, including ADAR1-P150. P150 shuttles in and out of nucleus. Cytoplasmic
P150 in turn regulates STAT3 activity in a positive feedback loop by forming a phys-
ical interaction with STAT3, resulting in protein stabilization of the latter. More
STAT3 can therefore be translocated into the nucleus for its transcriptional func-
tion, leading to a cascade of oncogenicity deriving from the actions of its down-
stream targets. (B) 1q21 amplification leads to high expression of both IL6R and
ADAR1. Cells with high expression of IL6R are highly sensitized to IL6 stimulation,
leading to a constitutive activation of the STAT3 pathway. High expression of
ADAR1-P150 mediates STAT3 activity in a feedback loop, as described in (A), caus-
ing hyperactivation of the STAT3 pathway. Convergence of mechanisms from con-
comitant high expression of both IL6R and ADAR1 culminates in enhanced sur-
vival of MM cell survival, potentially contributing to the poor disease prognosis in
patients with 1q21 amplification. 
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high levels of IL6R hypersensitize the cells to IL6 binding.
Consequently, activated STAT3 leads to the transcription
of not only its classical target gene, thereby mediating
growth and proliferation, but also ADAR1-P150, which
also has oncogenic roles, thereby augmenting proliferative
phenotypes. 
Since ADAR1 is a well-known RNA editing enzyme, we

also investigated whether our observations were related
to the canonical function of this enzyme. IL6 treatment of
MM cells for up to 24 h did not lead to much change in the
total number of global editing events at the whole tran-
scriptome level (Online Supplementary Figure S8A). A more
complex picture emerged at the gene-specific level,
whereby, genes of hyper-editing, hypo-editing and no-
change of editing frequency appeared without distinct
functional segregation among them (Online Supplementary
Figure S8B). Analysis on the CoMMpass dataset revealed
that the STAT3 signature, an indicator of collective STAT3
activity, was poorly correlated with the number of global
editing events (r=0.115) (Online Supplementary Figure S8C).
While we could not definitively conclude that the RNA
editing’s role of the IL6-induced P150 was not involved in
conferring growth benefits to the cells, the fact that the
localization of P150 was predominantly cytoplasmic even
after IL6 stimulation (Online Supplementary Figure S8D)
suggests that RNA editing is not likely to be the prevailing
mechanism, as this process takes place in the nucleus
where double-stranded mRNA are abundant. 
Instead, we opine that the oncogenic effects are likely

driven by P150-induced hyperactivation of the STAT3
pathway. The close association between ADAR1 and
STAT3 signature strongly indicates that high ADAR1
expression contributes to STAT3 pathway activation, cul-
minating in a conducive growth-promoting environment
within the bone marrow. ADAR1 has been reported
before to have an editing-independent role,42-45 albeit not
an extensive one, thus, our finding adds to the important
pool of knowledge on the novel non-canonical function of
ADAR1, specifically of its P150 isoform. 
The fact that we also found a close correlation between

IL6R and ADAR1, and the STAT3 signature, as well as
between these and patients’ survival, gives the strong
impression that there is a close interplay between these
factors which drives disease prognosis. We summarize

our findings in a schematic diagram illustrating how
1q21(amp) can result in the overexpression of IL6R and
ADAR1, eventually leading to more intensified oncogenic
effects from the aberrantly amplified STAT3 activity
(Figure 8A, B). 
In conclusion, our current work highlights the complex-

ity of the STAT3 pathway in MM and for the very first
time we report its important association with the
1q21(amp) phenotype. It should, however, be noted that
our data do not demonstrate a direct causal effect of 1q21
abnormalities, but rather a close relationship, which we
showed through our detailed mechanistic study on
human cell lines, supported by robust clinical data. Our
data suggesting that 1q21(amp) cells are more responsive
to the STAT3 inhibitor (LLL12) indicates that these cells
have a close association and dependency on STAT3 path-
way activity. This study further highlights the potential
complex biological impact imparted by 1q21(amp), of
which oncogenic phenotypes are conferred by potentially
more than just CSK1B. It is plausible that a cascade of sur-
vival signals, produced by the gain of other critical onco-
genes within this region, and in our case, IL6R and
ADAR1-P150, led to the alteration of cytokine-mediated
signaling and the intrinsic cellular phenotypes. Our
results could explain why targeting IL6 may not be
enough BUT targeting STAT3 activity may ACTUALLY
be more beneficial. This study provides a new perspec-
tive on the STAT3 pathway in MM and the potential ther-
apeutic means for high-risk 1q21(amp) patients.
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Patients with systemic immunoglobulin light chain amyloidosis (AL)
with no evidence of cardiac involvement by consensus criteria have
excellent survival, but 20% will die within 5 years of diagnosis and

prognostic factors remain poorly characterised.  We report the outcomes of
378 prospectively followed Mayo stage I patients (N-terminal pro b-type
natriuretic peptide <332 ng/L, high sensitivity cardiac troponin <55 ng/L).
The median presenting N-terminal pro b-type natriuretic peptide was 161
ng/L, high sensitivity cardiac troponin 10 ng/L, creatinine 76 mmol/L and
mean left ventricular septal wall thickness, 10 mm.  Median follow up was
42 (1-117 months), with 71 deaths; median overall survival was not reached
(78% survival at 5 years).  Although no patients had cardiac involvement by
echocardiogram, a proportion (n=25/90, 28%) had cardiac involvement by
cardiac magnetic resonance imaging. Age, autonomic nervous system
involvement, N-terminal pro b-type natriuretic peptide >152 ng/L, high sen-
sitivity cardiac troponin >10 ng/L and cardiac involvement by magnetic res-
onance imaging were predictive for survival; on multivariate analysis only
N-terminal pro b-type natriuretic peptide >152 ng/L (P<0.008, hazard ratio
[HR] 3.180, confidence interval [CI]: 1.349-7.495) and cardiac involvement
on magnetic resonance imaging (P=0.026, HR=5.360, CI: 1.219-23.574)
were prognostic.  At 5 years, 70% of patients with N-terminal pro b-type
natriuretic peptide >152 ng/L were alive.  In conclusion, N-terminal pro b-
type natriuretic peptide is prognostic for survival in patients with no cardiac
involvement by consensus criteria and cardiac involvement is detected by
magnetic resonance imaging in such cases.  This suggests that N-terminal
pro b-type natriuretic peptide thresholds for cardiac involvement in AL may
need to be redefined. 
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ABSTRACT

Introduction 

Systemic immunoglobulin light chain amyloidosis (AL) is characterised by the
extracellular deposition of misfolded immunoglobulin light chains resulting in pro-
gressive organ dysfunction. Patient outcomes are largely dependent upon the sever-
ity and pattern of organ involvement.1 Accurate stratification of patients is needed
to assess prognosis and to facilitate treatment decisions. Cardiac involvement is the
critical determinant of survival. NT-proBNP (N-terminal pro b-type natriuretic pep-
tide) is a remarkably sensitive marker of cardiac involvement and is one of the cor-
nerstones of the international amyloidosis consensus group diagnostic criteria for
cardiac involvement.2 Change in NT-proBNP is crucial in monitoring the effect of
therapy in patients with cardiac amyloidosis.3 These findings have followed from
the seminal work by the Mayo clinic group discovering NT-proBNP and troponin
T (TNT) as sensitive biomarkers for prognosis in AL4 and the development of the
2004 Mayo prognostic scoring system, which has been further refined in 2012.5

The widely used 2004 staging system uses thresholds of 
NT-proBNP <332 ng/L and a TNT <0.035 µg/L to classify patients into stage I, II or



III if both biomarkers are normal, one biomarker elevated
or both biomarkers elevated respectively.4 This is with
progressively poorer prognosis (median survival of 27.2,
11.1 and 4.1 months respectively).  Lately, with the move
to high sensitivity TNT (hsTNT), the threshold for tro-
ponin is <55 ng/L.
Recent studies of patients with normal NT-proBNP and

hsTNT without cardiac involvement, (so called Mayo
stage I disease) show excellent outcomes with median
overall survival (OS) not reached at 5 years.  There are still
deaths in this group of patients and few have explored fac-
tors predictive of poor survival.  There are a number of
novel prognostic variables in AL including: the number of
organs involved, a high percentage of bone marrow plas-
ma cells,6 raised von Willebrand factor7 and high growth
differentiation factor-15 levels.8  None of the studies have
focused specifically on the stage I patients.  Liver involve-
ment is widely believed to contribute to the poor progno-
sis of such cases but in the vast majority of cases this is
associated with other organ involvement.9
We designed this study to assess prognostic variables in

patients with systemic AL who had no evidence of cardiac
involvement by echocardiographic criteria and who had
normal cardiac biomarkers (Mayo 2004 stage I). 

Methods 

This study included all prospectively followed up patients with
AL from an ongoing prospective observational study (Alchemy)
from 2009-2017, with Mayo stage I disease (defined by normal
cardiac biomarkers (NT-proBNP <332 ng/L, hsTnT <55 ng/L)). A
threshold of hsTNT of 55 ng/L was used (equivalent to 0.035 g/L
cTNT) and this has been used by our laboratory since we moved
from standard TNT measurements to using hsTNT measurements
at our centre.  
A diagnosis of amyloidosis was confirmed by Congo-red stain-

ing of a tissue biopsy, with the demonstration of characteristic
birefringence under cross polarized light, and AL typing was con-
firmed by immunohistochemistry, with specific antibodies or by
mass spectrometry.  Hereditary amyloidosis was excluded by
appropriate gene sequencing, if there was a doubt about the diag-
nosis of AL. As part of the study protocol, all patients had a
detailed baseline assessment of organ function, including biomark-
er measurements and imaging with echocardiogram and 
123I-labelled serum amyloid P (SAP) scintigraphy.  Organ involve-
ment was defined according to the international amyloidosis con-
sensus (ISS) criteria.2 Specifically, the echocardiogram was consid-
ered to show cardiac involvement if the patients had mean left
ventricular (LV) wall thickness >12 mm, in the absence of any
other cause of left ventricular hypertrophy.  NT-proBNP was <335
ng/L and hsTNT <55 ng/L in all cases. Cardiac magnetic resonance
imaging (CMR) was added to routine baseline assessments from
late 2015 onwards and the result of the baseline CMR was record-
ed, where available.  A typical pattern of late gadolinium enhance-
ment and an extracellular volume (ECV) >0.30 on an magnetic res-
onance imaging (MRI) scan were used as criteria suggestive of car-
diac involvement by CMR.10 

OS was calculated from the date of diagnosis to death or last
follow-up.  Factors were analysed for their impact on survival and
this included: age, sex, type and number of organ involvement,
difference in serum free light chains (dFLC) and markers of car-
diac, renal and liver function and treatment given.  Since asympto-
matic liver involvement is often detected by 123I -SAP scintigra-
phy11 we assessed the prognostic significance of amyloid load by

this imaging method.  Survival outcomes were analysed using the
Kaplan-Meier method with comparisons done using the log rank
test.  All P-values were two sided with a significance level of <0.05
and median values were used to dichotomise continuous vari-
ables.  Any factors found to be significant on univariate analysis
were further assessed in multivariate modelling by Cox’s regres-
sion analysis.  Statistical analysis was performed using SPSS (IBM
Corp. Released 2012. IBM SPSS Statistics for Windows, Version
21.0. Armonk, NY, USA) and Stata (StataCorp LLC. 2017. Stata
Statistical Software: Release 15. College Station, TX, USA).
Approval for analysis and publication was obtained from the
National Health Service institutional review board and written
consent was obtained from all patients in accordance with the
Declaration of Helsinki.

Results 

A total of 378 patients were included in this study.  The
patient baseline characteristics are outlined in Table 1.
The median patient age was 69 years (range 35-92 years);
212 (56.1%) were men. The median number of organs
involved was two (range: 1-7). None of the patients had
cardiac involvement by standard criteria.12 The majority
of patients had renal involvement (n=277, 73.3%).  Thirty-
nine patients (10.3%) had liver involvement by ISS crite-
ria, whilst liver was abnormal by 123I-SAP scintigraphy in
111 (29.4%). By 123I-SAP scintigraphy, amyloid deposition
was seen in 255 patients with the distribution: no amyloid
in 122 patients (32.4%); 181 patients (48.0%) had a small
or moderate amyloid load and 74 (19.6%) had a large
amyloid load. The mean LV wall thickness was 10 mm
(range: 6-13 mm). Six patients had a mean LV thickness of
13 mm, but none with echocardiogram appearances sug-
gestive of cardiac amyloidosis based on their preserved
global strain pattern. In all six patients the NT-proBNP
was <335 ng/L, and co-existing hypertension was present
in 5 of 6. The median NT-proBNP was 161 ng/L (range: 8-
330 ng/L) and hsTNT was 10 ng/mL (range: 3-51 ng/L).
Peripheral and autonomic neuropathy were seen in 43
(11.4%) and 30 (7.9%) cases respectively.
The median follow up was 42 months (1-117 months).

There were 71 deaths. Median OS was not reached
(Figure 1A). The OS at 1, 3, and 5 years was 96%, 87%
and 78% respectively. Liver involvement by ISS (ALP >1.5
times upper limit of normal [ULN]) was not prognostic for
survival (P=0.204, HR: 1.518, CI: 0.797-2.891), neither was
any abnormality in the ALP (defined by an ALP outside
the ULN of 129U/L) (P=0.753, hazard ratio [HR]: 0.923,
confidence interval [CI]: 0.561-1.519) (Figure 1B).
Although liver involvement was detected more frequently
on SAP scintigraphy, neither liver involvement by SAP
(P=0.284, HR: 0.750, CI: 0.443-1.269), nor the amyloid
load on SAP scans (P=0.894, HR: 0.956, CI=0.489-1.869)
were prognostic for survival. Renal involvement was not
predictive of outcome using the standard consensus crite-
ria definition,12 (P=0.396, HR: 0.804, CI=0.486-1.330), or
an estimated glomerular filtration rate (GFR) of <30
mL/min (P=0.483, HR: 2.11, CI: 0.262-17.047), but only 14
patients had an eGFR <30 mL/min and only five patients
had an eGFR <20 mL/min. Patients with autonomic nerv-
ous system involvement had significantly poorer out-
comes on univariate analysis (P=0.018, HR: 2.177, 
CI: 1.144-4.142), but patient numbers were small. Age
was predictive of survival on univariate analysis (P=0.005,

F.A. Sharpley et al.

1406 haematologica | 2020; 105(5)



Cardiac biomarkers in Mayo stage I amyloidosis

haematologica | 2020; 105(5) 1407

Table 1. Baseline patient characteristics (total patients, n=378) including univariate analysis.
Factor assessed for significance                         Median (range), n(%)                                             HR (CI)                                  Cox regression P

Age (years), >70 years                                                  69 (35-92), 93 (25)                                                1.034(1.010-1.059)                                           0.005
Male sex                                                                                    212 (56.1)                                                        0.850(0.667-1.082)                                           0.186
Number of organs involved                                                     2 (1-7)                                                                            
Renal                                                                                          277 (73.3)                                                        0.804 (0.486-1.330)                                           0.396
PNS                                                                                              43 (11.4)                                                         1.612 (0.866-3.000)                                           0.132
ANS                                                                                               30 (7.9)                                                          2.177 (1.144-4.142)                                           0.018
Soft Tissue                                                                                 44 (11.7)                                                         1.792 (0.982-3.273)                                           0.057
GI                                                                                                   36 (9.5)                                                          1.428 (0.731-2.789)                                           0.297
Spleen                                                                                        160 (42.3)                                                        1.279 (0.759-2.154)                                           0.354
Renal parameters                                                                                                                                                                 
Creatinine (mmol/L)                                                             76 (27-487)                                                     1.004 (1.  000-1.008)                                          0.036
eGFR (mL/min)                                                                     69 (18- >90)                                                     0.990 (0.972-1.008)                                           0.274
EGFR < 30 mL/min                                                                   14 (3.73)                                                         2.11 (0.262-17.047)                                           0.483
Proteinuria (g/24h)                                                           4.28 (0.03- 58.46)                                                  0.99 (0.997-1.001)                                            0.198
Liver parameters                                                                                                                                                                  
Albumin (g/L)                                                                           32 (15-50)                                                        0.994(0.968-1.020)                                           0.633
Bilirubin (mmol/L)                                                                   5 (1-57)                                                           1.00(0.998-1.001)                                            0.630
ALP (U/L                                                                                 77 (31-2,113)                                                     0.923 (0.561-1.519)                                           0.753
Abnormal ALP (<129U/L)                                                       47 (22.9)                                                         0.872(0.352-2.155)                                           0.766
Liver involvement (ALP 1.5x upper limit)                          39 (10.3)                                                         1.518 (0.797-2.891)                                           0.204
SAP liver involvement                                                            111 (29.4)                                                        0.750 (0.443-1.269)                                           0.284
SAP load                                                                                                                                                                                                                                            0.894
None/equivocal                                                                        122 (32.4)
Small/moderate                                                                       181 (48.0)                                                        0.956(0.489-1.869)                                                
Large                                                                                           74 (19.6)                                                                                                                                           
Cardiac parameters                                                                                                                                                              
NT-pro-BNP (ng/L)                                                                161 (8-330)                                                       1.006 (1.003-1.009)                                         <0.001
NT-pro-BNP >152 (ng/L)                                                        208 (55)                                                         2.413 (1.448-4.021)                                           0.001
hsTNT (ng/L)                                                                             10 (3-51)                                                         1.032 (1.011-1.054)                                           0.003
hsTNT >10 (ng/L)                                                                    76 (37.1)                                                         1.249(0.554-2.813)                                           0.592
Echocardiogram (mean LVW)                                              10 (6-13)                                                         0.998(0.820-1.215)                                           0.984
Hematological parameters                                                                                                                                                 
Presenting κ (mg/L)                                                         22.55 (1.5 -935)                                                   1.101 (0.847-1.203)                                           0.916
Presenting λ (mg/L)                                                         26.6( 1.9- 6,180)                                                  0.991 (0.831-1.181)                                           0.917
dFLC (mg/L)                                                                       1.40 ( 0.1- 6,064)                                                  0.991 (0.831-1.181)                                           0.919
dFLC > 50 mg/L                                                                       104 (28.2)                                                        1.431 (0.859-2.384)                                           0.202
dFLC >180 mg/L                                                                        51 (13.5)                                                         1.590(0.848-2.979)                                           0.143
Treatments                                                                                                                                                                             
PI based                                                                                    248 (67.4)                                                        0.732 (0.417-1.287)                                           0.279
Alkylator                                                                                      43 (11.7)                                                         1.560 (0.937-2.599)                                           0.088
ASCT                                                                                            55 (14.9)                                                         1.084 (0.529-2.224)                                           0.825
No treatment/ trial treatment*                                              24 (6.5)                                                          0.476 (0.143-1.591)                                           0.137
Missing data                                                                                10 (2.6)
Treatment interval                                                                                                                                                                
2008-2012                                                                                       29 (8.4)
2012-2016                                                                                      88 (25.5)
2014-2016                                                                                      80 (23.2)
2016-2018                                                                                      77 (22.3)
No treatment/ missing data                                                      33 (9.6)                                                                                                                                            
*Trial treatment MLN9708. PNS: peripheral nervous system ; ANS: autonomic nervous system ; GI: gastrointestinal; NT-pro BNP: N-terminal pro b-type natriuretic peptide; hsTNT:
high-sensitive cardiac troponin T; dFLC: difference between involved and uninvolved serum free light chains; ALP: alkaline phosphatase; SAP: 123I labelled serum amyloid P com-
ponent (SAP) scintigraphy; LVW: left ventricle wall; eGFR: estimated glomerular filtration rate; Imid: immunomodulatory therapy: PI: proteasome inhibitor; HR: hazard ratio; CI:
confidence interval. 



HR: 1.034, CI: 1.010-1.059) but using receiver operating
characteristic (ROC) analysis there was no clearly identifi-
able threshold for poorer outcomes. The presenting free
light chains (FLC) were not prognostic for survival in this
cohort as a continuous variable or a dichotomous variable
above or below a difference between involved and unin-
volved FLC (dFLC) of 50 mg/L or 180 mg/L (Table 1). At
four years 83% versus 77% of patients with a dFLC above
or below a value of 50 mg/L were alive (log rank P=0.202).
Although all the patients included in this study had no

evidence of cardiac involvement, and cardiac biomarkers
below the threshold for defining cardiac involvement,
hsTNT and NT-proBNP were still prognostic for survival
both on univariable analysis and only NT-proBNP on mul-
tivariate analysis. We undertook ROC analysis to define
thresholds for NT-proBNP and hsTNT, (identified as 152
ng/L and 10 ng/L respectively), as prognostic cut offs for
poorer survival. The OS was significantly better for
patients with NT-proBNP <152 ng/L versus those with a
greater value (although median OS not reach for either
group) (log rank P≤0.001; Figure 1C). At 1, 3, and 5 years,
for patients with NT-proBNP below and above 152 ng/L,
the OS was 96% versus 94%; 91% versus 82%; and 83%
versus 70% respectively. The OS at 1, 3, and 5 years for
patients with hsTNT below and above 10 ng/L was
98%% versus 93%%, 91% versus 84% and 87% versus
70% respectively. The median OS was not reached for
either group. There was no significant difference in the

median creatinine or eGFR for patients with a NT-proBNP
value </≥152 ng/L (P=0.091 and 0.206 respectively) ruling
out impairment of renal function as a cause of abnormal
NT-proBNP in this cohort.
CMR was undertaken since 2015 and results were avail-

able on 90/378 (24%) patients. Twenty-eight percent
(n=25/90) of patients had cardiac involvement by CMR.
In the patients who had a CMR with NT-proBNP below
(32 patients) and above (58 patients) 152 ng/L, the CMR
was positive for amyloid deposition in 22% versus 31% of
cases, respectively (P=0.353) (see Table 2). There was a
trend towards higher NT-proBNP in patients with a posi-
tive CMR median NT-proBNP 220 ng/L versus 169 ng/L
(P=0.089) (Figure 2). The median LV wall thickness by
echocardiogram (11 mm vs. 10 mm [P=0.1902]) and
hsTNT values (17 ng/L vs. 14 ng/L [P=0.373]) were not sig-
nificantly different in those patients with CMR positivity
for amyloid deposition compared to those patients with
negative CMR findings respectively. After gadolinium
contrast, the extracellular volume fraction (which directly
reflects myocardial interstitial expansion by amyloid dep-
osition) was calculated with a median ECV of 0.33 (0.24-
0.71).  The mean ECV of patients with cardiac involve-
ment was 0.44 versus 0.31 (P<0.0001) for those without
cardiac involvement. Cardiac involvement on CMR was
prognostic for OS with the 1- and 2-year survival for
patients with CMR positive versus negative being 86% ver-
sus 98% and 69% versus 98% respectively (P=0.007, 
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Figure 1. Survival curves for Mayo stage I patients demonstrating. (A) Overall survival was not reached; overall survival at 1, 3, and 5 years was 95%, 87% and 76%
respectively. (B) The impact of haematological response to treatment at six months and survival outcomes, patients achieving a complete response to treatment 
versus not a complete response (log rank P<0.001). (C) N-terminal pro b-type natriuretic peptide (NT-pro-BNP) above and below 152 ng/L showing poorer outcome
for patients with NT-proBNP >152 ng/L, (log rank P=0.001). (D) Cardiac magnetic resonance imaging findings demonstrating a significantly poorer outcome for
patients with cardiac amyloid deposition, (log P=0.007)
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HR: 6.563, CI: 1.689-25.492) (Figure 1D). Too few patients
have sufficient follow up for meaningful longer-term sur-
vival analysis at present. 
Treatment details were available in 97% of cases

(n=368/378) and are outlined in Table 1. A total of 91%
(n=346/378) patients were treated with chemotherapy.
The most common treatment given was bortezomib
(mostly cyclophosphamide-bortezomib-dexamethasone)
(n= 246/368, 67%) followed by thalidomide (mainly
cyclophosphamide-thalidomide-dexamethasone)
(n=110/369, 30%). Fifteen percent (n=55/368) of patients
has an upfront autologous stem cell transplant (ASCT).
Treatment type was not prognostic for survival on univari-
ate analysis (Table 1). 
In the 346 patients who received chemotherapy 89%

(n=337/378) were evaluable at six months.
Haematological response was as follows: complete
response (CR) 51% (n=173/378, very good partial
response (VGPR) 13% (n=46/346), partial response (PR)
3% (n=12/346), no response (NR) 4% (n=14/346) and pro-
gressive disease (PD) 17% (n=58/346). The OS of patients
who achieved a CR to treatment was significantly longer
than those who did not achieve a CR (median OS 109 vs.
75 months, P<0.001). The six-month landmark analysis
was as follows: CR- median survival not reached, non-CR
median survival 88 months, P<0.001. Survival at 1 and 3
years by NT-proBNP <152 ng/L was: CR: 100%, 96% 
versus non-CR: 90%, 69% respectively, and for patients
with NT-proBNP >152 ng/L: CR: 96%, 80% and non-CR:
91%, 53% respectively, P<0.001. A total of 95 patients
had NT-proBNP >152 ng/L and achieved a CR at six

months. Of these patients, 15% (n=14/95) achieved a
reduction in the invloved FLC (iFLC) to <10 mg/L at six
months. There was no significant survival difference
between those patients who achieved an iFLC <10 mg/L
at six months versus those who did not (P=0.396). Of the
95 patients with NT-proBNP >152 ng/L who achieved a
CR at six months, 8% (n=8/95) achieved a CR at one
month, and 39% (n=37/95) after three months. There was
no significant difference in OS between those patients
who achieved a CR versus non-CR at one month
(P=0.281), or three months (P=0.402).
Of the 346 patients treated, 80% (n=277/346) had 

NT-proBNP readings at 12 months. Based on a 30%
change in NT-proBNP to define response: 32% (n=88/277)
patients had reduction in their NT-proBNP levels, 50%
(n=138/277) patients’ values increased and 18%
(n=51/277) patients did not reach either criteria.  When
analysing the entire cohort there was no significant differ-
ence in survival between patients who had an NT-proBNP
response versus no response/ progression, (P=0.193); the 
3- year survival of patients was 76% versus 70% for
patients with an NT-proBNP response compared with
unchanged/progression, respectively. However, when the
analysis was restricted to patients with NT-proBNP >152
ng/L, outcomes were significantly poorer in the patients
with a baseline NT-proBNP level of >152 ng/L who pro-
gressed (P=0.001).
Multivariate models were developed using variables sig-

nificant on univariate analysis, defined as a P-value <0.05,
(Table 3). A model including CMR was done separately
due to the limited number of patients with CMR data. On
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Table 2. A comparison of patients with N-terminal pro b-type natriuretic peptide >152 ng/L versus <152 ng/L.
                                                                                         NT- proBNP ≤152 g/L (n=170)          NT-pro BNP >152 ng/L (n=208)              P*

Other biomarkers                                                                                                                                                                                                                                      
High-sensitive cardiac troponin T                                                                          7                                                                      11                                           <0.001
dFLC                                                                                                                           10.90                                                                18.70                                          0.204
ALP (U/L)                                                                                                                   170                                                                   207                                           0.994
Cardiac magnetic resonance imaging (CMR) findings:                                                                                                                                                                    
CMR positive for amyloidosis (n=90)                                                             7(22%)                                                          18(31%)                                      0.364
Extracellular volume                                                                                              0.327                                                                0.355                                          0.470
Echocardiogram parameters                                                                                                                                                                                                                  
Echo global strain (%)                                                                                          -21.96                                                              -20.34                                          0.40
Echo lVS (mm)                                                                                                          10                                                                     10                                            0.914
*Mann-Whitney U-test for non-parametric variables; Chi-squared for categorical variables. NT-pro BNP: N-terminal pro b-type natriuretic peptide;  ALP: alkaline phosphatase; CMR:
cardiac magnetic resonance imaging; lVS: interventricular septal thickness; dFLC: difference between involved and uninvolved serum free light chains.  

Table 3. Factors included in a multivariate analysis and their significance (separate multivariate models were developed with and without cardiac
magnetic resonance imaging [CMR] due to smaller patient numbers with CMR data).   
                                                                                             Analysis excluding CMR findings                             Analysis including CMR findings

Factor in multivariate analysis                                                                               P/ HR (CI)                                                                                        
Age                                                                                                                    0.269/1.021(0.984-1.058)                                                      0.363/0.967(0.900-1.039)
ANS                                                                                                                   0.624/0.696(0.164-2.962)                                                    0.322/6.749(0.154-295.885)
NT-proBNP> 152 ng/L                                                                                 0.008/3.180(1.349-7.495)                                                     0.918/1.074(0.999-1.154)
HsTNT >10 ng/L                                                                                             0.771/0.880(0.370-2.091)                                                      0.073/1.059(0.995-1.128)
CMR positivity                                                                                                                     -                                                                    0.026/5.360(1.219-23.574)
HR: hazard ratio; CI: confidence interval; ANS: autonomic nervous system; NT-proBNP: N-terminal pro b-type natriuretic peptide; hsTNT: high-sensitive cardiac troponin T; ImiD:
immunomodulatory drug; CMR: cardiac magnetic resonance imaging.



multivariate model including age, autonomic nervous sys-
tem involvement, NT-proBNP >152 ng/L, hsTNT
>10ng/L, only NT-proBNP (P=0.008, HR: 3.180, CI: 1.349-
7.495) was an independent predictor of survival (Table 1).
When cardiac involvement by MRI was added to the
model, only cardiac amyloid on CMR (P=0.026, HR:
5.360, CI: 1.219-23.574) remained an independent predic-
tor of outcome. 
The cause of death was available for 20 of 71 patients

(28.2 %). The most common cause of death was progres-
sive amyloidosis (five patients), end stage renal failure
(four patients), and pneumonia (three patients). Two
patients died of splenic haemorrhage and two due to com-
plications of treatment. One patient each died of a fall,
heart failure, sepsis and a fatal arrthymia respectively. Of
the 71 patients who died, 82% (n=58/71) had a repeat
echocardiogram.  In 12% (n=7/58) cases the echocardio-
gram was clearly suggestive of cardiac amyloid progres-
sion based on an interventricular septum (lVS) >12 mm
and a reduced global strain pattern.  In 57% (n=4/7) of
these patients their baseline NT-proBNP was above our
threshold of 152 ng/L suggesting that in at least a propor-
tion of patients the cause of death was progressive cardiac
amyloidosis.

Discussion 

Patients with AL amyloidosis without cardiac involve-
ment by the consensus criteria have excellent outcomes.
These patients have normal cardiac biomarkers and there-
fore, by definition, have Mayo (2004) stage I disease.
Whilst this study confirms the excellent long-term out-
comes of patients with this early disease, 22% of patients
died within 5 years of diagnosis.  We report here that car-
diac biomarkers remain prognostic even in this group of
patients at a lower threshold (NT-proBNP <152 ng/L) than
previously outlined.  We also show that patients with AL
have CMR scans showing cardiac involvement, with
adverse prognostic implications, even in patients with low
biomarker levels and with echocardiogram features not
suggestive of amyloidosis. 

Cardiac involvement in A is currently defined by both
echocardiogram criteria (>12 mm mean wall thickness in
diastole by echocardiogram in absence of other causes of
left ventricular hypertrophy) and by elevation of the car-
diac biomarker (NT-proBNP >332 ng/L), in the absence of
renal failure or atrial fibrillation. NT-proBNP is unques-
tionably one of most sensitive markers of cardiac stress in
AL reflecting the direct pathological activity of amyloido-
genic light chains/toxic oligomers, mediated by activation
of the p38-MAP kinase pathway. The importance of NT-
proBNP for defining cardiac involvement is reflected in the
initial Mayo staging scoring system where a threshold for
NT-pro-BNP was defined using a multivariate model with
a value of 332 ng/L (the upper reference limit of normal for
women older than 50 years) providing the best fit and the
highest HR (Table 4).4 The prognostic importance of this
value has since been confirmed in a number of studies
although the threshold value itself has never been system-
atically re-examined. In 2011 we reported a small cohort
of patients with NT-proBNP <127 ng/L had much better
outcomes and those with NT-proBNP >127 ng/L had a
higher risk of developing cardiac amyloidosis on longer
term follow up.13 In the 2011 cohort, we had not access to
MRI scanning understand the relevance of these findings.
Dittick et al. have also highlighted the difficulty of using
current Mayo staging scores in the setting of renal impair-
ment and atrial fibrillation.14 The Mayo Clinic data, and
data from the international collaborative series, were also
generated in the era where highly effective novel agent-
based therapies were not routinely available. The survival
of patients with stage I disease in these earlier series may
now be considered relatively poor compared with con-
temporary survival outcomes – allowing for a potential
opportunity to revisit the NT-proBNP threshold for defin-
ing cardiac involvement.
This current data suggests that the extreme sensitivity

of NT-proBNP in AL extends to a much a lower value of
152 ng/L and patients with a subtle increase in NT-proBNP
(>152 ng/L) had poorer outcomes (HR: 3.180 [CI: 1.329-
7.495]). The “normal” range for NT-proBNP is between
100-125 ng/L for those aged less than 70 years which is
lower than the prognostic threshold identified in this
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Figure 2. The difference in N-terminal pro
b-type natriuretic peptide (NT-pro-BNP)
between patients with, and without, evi-
dence of cardiac involvement on cardiac
magnetic resonance imaging (CMR). 
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Table 4. A review of the literature to outline previous studies and the previous prognostic thresholds of N-terminal pro b-type natriuretic peptide.

Study details                                    NT-proBNP threshold                                 Survival

Palladini G. et al.19                                   152 pmol/L=1,288 ng/L                                       7.6 per 100 person-years (95% CI: 3.6-15.7)
                                                                                                                                                    and 72.2 per 100 person-years (95% CI: 54.2-86.1)
Dispenzieri A. et al.4                                            332 ng/L                                                     <332 pg/mL survival 20 months
                                                                                                                                                    >332 pg/mL 5.8 months
Kumar SK et al.20                                                  332 ng/L                                                     Median OS from diagnosis for patients NT proBNP <332 ng/L  
                                                                                                                                                    was 4.0 years versus 2.4 years if either NT-proBNP was >332 ng/L 
                                                                                                                                                    or cTnT >0.035 g/L.
Wechalekar AD et al.13                                 NT-proBNP <15                                              5-year survival 98% versus 88% for those above and below  respectively
                                                                       pMol/L=127 ng/L                                             
Kumar S et al.25                                       1,800 pg/mL=1,800 ng/L                                       NT-ProBNP ≥ 1,800 pg/mL was 10.5 months,  compared with median 
                                                                                                                                                    not reached for those with NT-ProBNP <1,800 pg/mL
NT-proBNP: N-terminal pro b-type natriuretic peptide; CI: confidence interval; OS: overall survival.

Figure 3. Cardiac magnetic resonance image of a patient with no evidence of cardiac amyloidosis by echocardiogram and NT-BNP <332 ng/L showing character-
istic features of cardiac involvement. (A) Four-chamber steady state free precession (SSFP) cine (top right panel). (B) Corresponding native T1 map (top left panel)
with an elevated value of 1209 m. (C) Corresponding phase sensitive inversion recovery late gadolinium enhancement (PSIR LGE) image showing subendocardial
LGE (bottom right panel).(D) Corresponding extracellular volume (ECV) map with an elevated value of 0.47 (bottom left panel).
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cohort. Other factors can influence NT-proBNP levels such
as age. There was a correlation of NT-proBNP with age
(P=0.002) but there was no significant difference in the
numbers of patients over or below 75 years with NT-
proBNP < or > 152 ng/L. Additionally, age was not signif-
icant in the multivariable analysis.
The exquisite prognostic sensitivity of NT-proBNP in

AL may suggest either early cardiac involvement or light
chain proteotoxicity. The structurally established echocar-
diographic criteria for AL cardiac involvement is an LV
wall of >12 mm (in the absence of other causes). It is con-
ceivably possible for a patient with baseline 8-10 mm LV
wall could have substantial amyloid deposition before the
threshold of 12 mm is reached. The opportunity to track
changes in NT-proBNP during development of cardiac AL
is rare. The kinetics of NT-proBNP increase as well as its
correlation with LV wall thickness at early stage of the dis-
ease process remain largely unknown.
CMR is an alternative method of monitoring patients

with cardiac amyloidosis. In this current cohort, a third of
all patients who had a CMR showed features of cardiac
amyloidosis. Moreover, the presence of amyloid deposi-
tion on CMR was an independent prognostic marker.
CMR, with late gadolinium enhancement (LGE) and T1
mapping, is emerging as a highly sensitive and specific
tool for diagnosis and characterisation of cardiac amyloi-
dosis in AL (Figure 3).15 Transmural LGE with phase-sensi-
tive inversion recovery (PSIR) is associated with the bur-
den of cardiac amyloid and predicts death independent of
NT-pro-BNP and other known prognostic factors.10 In this
cohort, it clearly identified cardiac involvement in patients
where the echocardiogram was not suggestive of cardiac
amyloidosis but not all patients with NT-proBNP >152
ng/L had abnormal CMR (31% had abnormal CMR) and
not all patients with NT-proBNP <152 ng/L had normal
CMR (22% had abnormal CMR). This suggests that CMR
provided complementary information on patients’ cardiac
damage. NT-proBNP may be detecting cardiac damage by
light chain proteotoxicity before structural amyloid depo-
sition is apparent on CMR, conversely, some patients may
have non-proteotoxic light chains (analogous to cardiac
amyloid deposition in transthyretin amyloidosis [ATTR])
where the structural changes are apparent on CMR before
biomarkers become abnormal. In this early stage of the
disease, NT-proBNP and CMR findings should be used
together for defining cardiac involvement.
In this study, liver involvement, a previously reported

poor prognostic marker,9,16 did not significantly impact sur-
vival. Relatively few patients had significant liver involve-
ment - only 10% by consensus criteria (although a third
had asymptomatic liver involvement on 123I-SAP scintigra-
phy). The strict exclusion of cardiac involvement by con-
sensus criteria may have excluded patients with advanced

liver involvement since the latter patients often have
multi-organ amyloidosis. Likewise, although the majority
of patients had renal involvement, 277 (73.3%) the medi-
an presenting creatinine was low (76 mmol/L), with only a
small proportion (n=14/375, 3.7%) with an eGFR <30
mL/min, which may explain why neither the presence of
renal involvement nor proteinuria was a predictor of sur-
vival. Autonomic involvement (ANS) was significant on
univariate but not multivariate analysis, but the number of
patients was small. 
This study has limitations and needs to be interpreted in

this context. This is single centre data but we are planning
validation in an international collaborative data set. One
major limitation is that the exact cause of death was only
available in a small proportion of patients and when the
cause was recorded as “amyloidosis” this does not elucidate
whether cardiac amyloidosis was the real cause of death.
Progressive cardiac amyloidosis does appear to be the cause
of death in at least a proportion of patients in this study,
based on serial echocardiogram imaging. The use of a very
sensitive marker of cardiac disease like NT-proBNP at a low
level is also challenging as other unrelated factors can
impact upon NT-proBNP (such as age, renal function, sex,
body mass index as evidenced by the Framingham study
from 2011, and a more recent study by Dittrick et al.14,17
Finally, only a proportion of patients had CMR scans.
Larger studies are needed to address these limitations.
In conclusion, this study demonstrates that in patients

with AL with no cardiac involvement by consensus crite-
ria even small elevations of NT-proBNP as well as cardiac
involvement by CMR are factors highly prognostic for sur-
vival. This novel finding offers some insight into the het-
erogeneity in survival of Mayo stage I patients. There find-
ings have implications for clinical practice. We suggest
that a baseline cardiac MRI scan should be considered at
diagnosis for stage I AL patients, if possible. Better out-
comes for patients in a CR and those with decrease in NT-
proBNP, suggest that in “high risk” stage I patients (those
with NT-proBNP >152 ng/L) the goal of therapy should be
similar to those with cardiac AL i.e. a complete haemato-
logical response. The follow up of such patients should
include routine NT-proBNP measurement including
assessment of response (as patients with presenting NT-
proBNP >152 ng/L and NT-proBNP progression [>30%
increase] had poorer outcomes); those with NT-proBNP
progression should be considered for further treatment.
The “high risk relapse criteria” defined by the Italian amy-
loidosis group, should be applied for treatment at relapse
for patients with NT-proBNP >152 ng/L (high risk stage
I).18 Serial CMR data is needed to assess cardiac structure
and functional changes to delineate the natural history of
‘high risk’ patients and to help identify interventions to
prevent progressive cardiac involvement.

F.A. Sharpley et al.
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Receptor-mediated endocytosis, which contributes to a wide range of
cellular functions, including receptor signaling, cell adhesion, and
migration, requires endocytic vesicle release by the large GTPase

dynamin 2. Here, the role of dynamin 2 was investigated in platelet hemo-
static function using both pharmacological and genetic approaches. Dnm2fl/fl

Pf4-Cre (Dnm2Plt–/–) mice specifically lacking dynamin 2 within the platelet
lineage developed severe thrombocytopenia and bleeding diathesis and
Dnm2Plt–/– platelets adhered poorly to collagen under arterial shear rates.
Signaling via the collagen receptor GPVI was impaired in platelets treated
with the dynamin GTPase inhibitor dynasore, as evidenced by poor protein
tyrosine phosphorylation, including that of the proximal tyrosine kinase Lyn
on its activating tyrosine 396 residue. Platelet stimulation via GPVI resulted
in a slight decrease in GPVI, which was maintained by dynasore treatment.
Dynasore-treated platelets had attenuated function when stimulated via
GPVI, as evidenced by reduced GPIbα downregulation, α-granule release,
integrin αIIbβ3 activation, and spreading onto immobilized fibrinogen. By
contrast, responses to the G-protein coupled receptor agonist thrombin were
minimally affected by dynasore treatment. GPVI expression was severely
reduced in Dnm2Plt–/– platelets, which were dysfunctional in response to stim-
ulation viaGPVI, and to a lesser extent to thrombin. Dnm2Plt–/– platelets lacked
fibrinogen in their α-granules, but retained von Willebrand factor. Taken
together, the data show that dynamin 2 plays a proximal role in signaling via
the collagen receptor GPVI and is required for fibrinogen uptake and normal
platelet hemostatic function.

Dynamin 2 is required for GPVI signaling 
and platelet hemostatic function in mice
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1Blood Research Institute, Versiti, Milwaukee, WI; 2Department of Cell Biology,
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ABSTRACT

Introduction

Receptor-mediated endocytosis (RME), the process by which cells internalize
and sort specific extracellular material, plasma membrane proteins, and lipids, con-
tributes to a wide range of cellular functions, including receptor signaling, cell
adhesion, and migration.1 RME requires membrane fission by the large and ubiq-
uitous GTPase dynamin 2 (DNM2), which polymerizes at the neck of budding
endocytic vesicles to mediate the GTP-dependent membrane fission required for
their release into the cytosol prior to their incorporation into the endosomal com-
partment.2 Consistent with its indispensable role in cellular homeostasis, DNM2
mutations have been associated with Charcot-Marie-Tooth disease, centronuclear
myopathy, and early T-cell precursor acute lymphoblastic leukemia (ETP-ALL),3-5

and Dnm2 deletion results in early embryonic lethality in mice.6 While other clas-
sical dynamins (DNM1 and DNM3) are critical for activity-dependent vesicle recy-
cling in presynaptic neurons,7,8 their functions in other cells remain less clear.
The most well-characterized physiological roles of RME are to regulate uptake of

nutrients such as cholesterol and iron and to down-modulate cytokine receptor sig-
naling.1 Lack of DNM2-dependent RME enhances responses to thrombopoietin in
platelets and megakaryocytes (MK),9 and to epidermal growth factor and inter-



leukins 5 and 7 in other cells,10-12 the proposed mechanism
associating DNM2 loss-of-function mutations and ETP-
ALL development.5 Further, previous studies using phar-
macological approaches have suggested that dynamin
GTPase activity contributes to receptor desensitization in
human platelets, as in the case of the purinergic receptors
P2Y1 and P2Y12.13
Human platelets express all three classical dynamins,14,15

including an inactive DNM3 spliced variant, for which a
single nucleotide polymorphism has been associated with
platelet size.16 In comparison, mouse platelets express pre-
dominantly the ubiquitous DNM2,14,17 thus providing a
valuable model to study DNM2-dependent RME in
platelet and MK biology, independent of neuronal DNM1
and DNM3. We have previously shown that Dnm2fl/fl Pf4-
Cre (Dnm2Plt–/–) mice specifically lacking DNM2 in the
platelet lineage develop severe macrothrombocytopenia
due to membrane fission arrest and accumulation of
clathrin-coated vesicles obstructing the MK demarcation
membrane system, the highly organized membrane reser-
voir for future platelets.9 Here we investigated the role of
DNM2 in platelet hemostatic function using both phar-
macological and genetic approaches. Our data show that
DNM2 regulates proximal signaling via the platelet colla-
gen receptor GPVI and that DNM2-dependent RME is
required for the accumulation of plasma fibrinogen into 
α-granules to facilitate normal platelet hemostatic func-
tion.

Methods

Mice
Dnm2Plt–/– mice were described previously.9 Mice were treated

according to the National Institutes of Health and Medical
College of Wisconsin Institutional Animal Care and Use
Committee guidelines.

Platelet count
Platelet count was measured on a Sysmex XT-2000i automatic

hematology analyzer using blood collected by mouse retro-
orbital plexus bleeding and immediately diluted in Cellpack
(Sysmex) supplemented with EDTA and PGE1.18

Tail bleeding time
Bleeding time was determined by snipping 2 mm of distal

mouse tail and immediately immersing the tail in 37°C isotonic
saline.19 A complete cessation of bleeding was defined as the
bleeding time.

Ex vivo perfusion assay
Platelet interaction with immobilized type I collagen was per-

formed using the VenaFlux Platform and Vena8Fluor+ biochips
(Cellix).20 Additional information can be found in the Online
Supplementary Methods.

Platelet preparation and flow cytometry
Blood was collected by mouse retro-orbital plexus bleeding

and was anticoagulated in acid-citrate-dextrose.19 Platelets were
isolated by sequential centrifugation, resuspended at 5x108

platelets/mL, and incubated for 30 minutes (min) at 37°C with
100 µM of the non-competitive inhibitor of dynamin GTPase
activity, dynasore (EMD Millipore),13,21-23 or vehicle (0.1%
DMSO).
Platelets were activated or not with collagen-related peptide

(CRP; Protein Chemistry Core Laboratory, Blood Research
Institute, Versiti, USA) or human thrombin (Roche) for 2-3 min
at 37°C and stained with FITC-labeled rat anti-mouse GPIbα or
FITC-labeled rat anti-mouse P-selectin antibodies (Table 1) or
Oregon Green 488-labeled fibrinogen (Thermo Fisher
Scientific).19 Fluorescence was quantified using an Accuri C6
flow cytometer (BD Biosciences) and FlowJo software. A total of
10,000 events were analyzed for each sample.

Immunoblot analysis
Platelets were lysed as described.19 Platelet proteins were sep-

arated by SDS-PAGE, transferred onto an Immobilon-P mem-
brane (EMD Millipore), and probed with antibodies directed
against proteins of interest (Table 1). Platelet fibrinogen content
was quantitated using purified mouse fibrinogen (Enzyme
Research) as standard.
Lipid rafts were isolated from human platelets as described.24

Blood was collected from volunteers by venipuncture and was
anticoagulated in acid-citrate-dextrose. Approval was obtained
from the Western Institutional Review Board and informed con-
sent was approved according to the Declaration of Helsinki.

Immunofluorescence microscopy
Samples were imaged on Nikon Structured Illumination

Microscopy (N-SIM, NIS-Elements AR v4.40.00 software) and
Olympus Confocal FV1000-MPE (FluoView software) platforms
under 100x oil objectives.9,25 Additional information can be
found in the Online Supplementary Methods.

Statistical analysis
All experiments were performed at least in triplicate. Results

were compared with the unpaired Student t-test (simple), two-
way ANOVA followed by Bonferroni correction (multiple), or
the Kaplan-Meier analysis (time-to-event) using Prism software
(GraphPad). P<0.05 was considered significant.

Table 1. Primary antibodies used.
Target                              Host                           Type                        Company

pTyr (4G10 Platinum)      Mouse                        Monoclonal                 EMD Millipore
pLyn (Y396)                        Rabbit                         Monoclonal               Boster Biological
Lyn                                        Mouse                        Monoclonal                     Santa Cruz
DNM2                                   Mouse                        Monoclonal                     Santa Cruz
β-actin                                Rabbit                          Polyclonal                          Abcam
β-tubulin                             Mouse                        Monoclonal                  Sigma-Aldrich
GPVI (JAQ1)                          Rat                            Monoclonal               Emfret Analytics
GPIbα (CD42b)                    Rat                            Monoclonal               Emfret Analytics
P-selectin (CD62P)             Rat                            Monoclonal                BD Biosciences
αIIb (CD41)                          Rat                            Monoclonal                  R&D Systems
Fibrinogen                          Rabbit                          Polyclonal                           DAKO
vWF                                       Rabbit                          Polyclonal                           DAKO
Clathrin Heavy Chain        Mouse                        Monoclonal                 EMD Millipore
Cavin 2 (SDPR)                  Rabbit                          Polyclonal                     Proteintech
Caveolin 1                            Rabbit                         Monoclonal                  Cell Signaling
Rab5                                     Rabbit                         Monoclonal                  Cell Signaling
Rab7                                     Rabbit                         Monoclonal                  Cell Signaling
Rab11                                   Rabbit                         Monoclonal                  Cell Signaling
Flotillin 1                             Mouse                        Monoclonal                BD Biosciences

pTyr: phosphotyrosine; pLyn: phosphorylated Lyn; vWF: von Willebrand factor.
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Results

Hemostatic defects in Dnm2Plt–/– mice
Dnm2Plt–/– mice developed severe thrombocytopenia,

with 152±15x103 platelets/mL [mean±standard error of
mean SEM); n=15], compared to 1,299±54x103
platelets/mL in control Dnm2fl/fl mice (n=18) (P<0.0001), an
88% reduction (Figure 1A), as described previously.9 The
role of DNM2 in platelet hemostatic function was evalu-
ated using the tail bleeding time assay (Figure 1B). Control
mice had a median tail bleeding time of 1.16 min. By con-
trast, Dnm2Plt–/– mice had a profound bleeding diathesis
with all mice studied bleeding for 10 min, our experimen-
tal end-point measurement (n=12 in each group) (Log-rank
P<0.0001).
Following blood vessel injury and disruption of the vas-

cular endothelium, platelets are exposed to basement
membrane proteins and soluble agonists, which initiate
platelet adhesion and activation, leading to thrombus for-
mation and preventing excessive bleeding. At arterial
shear rates, initial platelet adhesion is mediated by colla-
gen-bound von Willebrand factor (vWF) binding to the
GPIb-IX complex, followed by platelet activation via the
collagen receptor GPVI.26 The functionality of Dnm2Plt–/–

platelets in whole blood was tested in flow chamber
experiments using the VenaFlux platform,20 where binding
to a collagen-coated surface was measured under arterial
shear rate (1500 s–1) to mediate the interaction of plasma
vWF with surface-bound collagen (Figure 1C-F). After 4

min, control platelets covered 18.0±5.1% (mean±SEM;
n=7) of the collagen-coated surface (Figure 1E). Adhesion
was markedly decreased in Dnm2Plt–/– platelets, with only
0.6±0.1% (n=4) (P=0.0333) of surface coverage, a 97%
reduction.
The dwell time of individual control and Dnm2Plt–/–

platelets was analyzed under the same experimental con-
ditions (Figure 1F). After initial tethering, control platelets
dwelled for a median time of 61 seconds (s)  (n=60).
Dnm2Plt–/– platelets dwelled for a significantly lower medi-
an time of 33 s (n=61) (Log-rank P=0.0331), indicating that
a decreased stability of the GPIbα-vWF interaction con-
tributes to the poor adhesion of Dnm2Plt–/– platelets to colla-
gen under arterial shear rates and the profound bleeding
diathesis of Dnm2Plt–/– mice.

Impaired GPVI signaling in dynasore-treated and
Dnm2Plt–/– platelets
Collagen binding to its platelet receptor GPVI initiates a

signaling pathway that sequentially involves activation of
the Src family tyrosine kinases Fyn and Lyn, phosphoryla-
tion of the GPVI-associated FcR γ-chain, and recruitment,
tyrosine phosphorylation, and activation of the tyrosine
kinase Syk, leading to activation of phospholipase C-γ2
(PLC-γ2).27 The ability of DNM2 to regulate GPVI signal-
ing was investigated (Figure 2). Control platelets, platelets
treated with 100 mM dynasore to inhibit DNM2 GTPase
activity pharmacologically, and Dnm2Plt–/– platelets were
activated with the GPVI agonist CRP. In control platelets,

N. Eaton et al.
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Figure 1. Hemostatic defects in Dnm2Plt–/– mice. (A) Blood platelet count of control Dnm2fl/fl (n = 18) and Dnm2Plt–/– mice (n=15; ***P<0.0001). (B) Tail bleeding time
of control Dnm2fl/fl and Dnm2Plt–/– mice (n=12 in each group; Log-rank ***P<0.0001). (C-F) PPACK-anticoagulated whole blood from control and Dnm2fl/fl mice was
labeled and perfused on type I collagen-immobilized surface at an arterial shear rate of 1500 s–1. (C) Representative still image at 4 min. Scale bars, 100 µm. (D)
Representative time-course surface coverage, as labeled platelets accumulate in the field of view. (E) Surface coverage at 4 min (mean ± SEM; 7 control and 4
Dnm2Plt–/–; *P=0.0333). (F) Dwell time of individual control and Dnm2Plt–/– platelets (n=60 in each group; Log-rank *P=0.0331).
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CRP stimulation induced tyrosine phosphorylation of sev-
eral proteins, including proteins at 125, 72, 68, 56, 52, and
38 kDa (Figure 2A). Dynasore-treated platelets had a mod-
erate reduction of tyrosine phosphorylation of these pro-
teins in response to CRP stimulation, and Dnm2Plt–/–

platelets failed to increase protein tyrosine phosphoryla-
tion, even at high doses of CRP.
Because of its proximal role in the GPVI signaling path-

way,28  Lyn activation was probed using an antibody
specifically directed against its phosphorylated activating
tyrosine 396 (Tyr396) residue (Figure 2B). Stimulation of
control platelets with CRP induced a 62±19% increase in
Lyn Tyr396 phosphorylation that peaked at 2.5 mg/mL
CRP (mean±SEM; n=3 in each group) (P=0.0408). Lyn
Tyr396 phosphorylation was attenuated in dynasore-
treated platelets and markedly reduced in Dnm2Plt–/–

platelets.
GPVI expression in control, dynasore-treated, and

Dnm2Plt–/– platelets was further evaluated by immunoblot
analysis using the monoclonal antibody JAQ1 (Figure
2C). Following stimulation of control platelets with 25
mg/mL CRP, JAQ1 signal decreased by 15%, compared to
resting levels. Dynasore treatment resulted in a 10%
increase in JAQ1 signal, which was maintained following
CRP stimulation. Taken together, the data show that

DNM2 contributes to GPVI homeostasis at rest and GPVI
downregulation and Lyn activation following GPVI liga-
tion. As reported previously, GPVI expression was
markedly decreased in Dnm2Plt–/– platelets,9 and was unaf-
fected by CRP.

Impaired GPIbα downregulation in CRP-stimulated
dynasore-treated and Dnm2Plt–/– platelets
GPIbα is internalized during platelet activation,29 a phe-

nomenon that is expected to negatively affect initial
platelet adhesion to collagen-bound vWF and for which a
role of dynamin has been reported, based on pharmaco-
logical inhibition.22 The role of DNM2 in this process was
investigated in response to the GPVI agonist CRP or the
soluble G-protein-coupled receptor agonist thrombin
(Figure 3). Expression of surface GPIbα decreased to about
30% of resting levels following stimulation of control
platelets with CRP (Figure 3A) or thrombin (Figure 3B).
In response to stimulation with CRP, expression of sur-

face GPIbα decreased to 60% of resting levels in dynasore-
treated platelets, a 50% reduction compared to controls,
and Dnm2Plt–/– platelets failed to down-regulate GPIbα
(Figure 3A). By contrast, dynasore treatment or Dnm2
deletion did not affect GPIbα downregulation when
platelets were stimulated with thrombin (Figure 3B).

DNM2 is required for GPVI signaling
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Figure 2. GPVI signaling defects in dynasore-treated and Dnm2Plt–/– platelets. Control platelets, platelets treated with 100 mM dynasore, and Dnm2Plt–/– platelets were
activated or not with CRP for 2 minutes  at 37°C as indicated. (A) Platelet lysates corresponding to 2 mg of protein were subjected to SDS-PAGE and probed for phos-
photyrosine (pTyr), phosphorylated Lyn Tyr396 (pLyn), Lyn, GPVI, and β-actin as a loading control. Results are representative of five independent experiments.
Assessment of Lyn Tyr396 phosphorylation (B) and GPVI expression (C) in CRP-stimulated control, dynasore-treated, and Dnm2Plt–/– platelets. Results represent
mean±standard error of mean (SEM) of 3-4 independent experiments, and are compared statistically to control (*P<0.05; **P<0.01; ***P<0.001).
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The decreased GPIbα surface expression was due to
internalization, and not to shedding, as total GPIbα
expression was maintained during the course of the exper-
iment, as shown by immunoblot analysis (Figure 3C).
Taken together, the data show that DNM2 specifically
regulates GPVI signaling, rather than GPIbα downregula-
tion.

Impaired α-granule secretion and integrin αIIbβ3 
activation in CRP-stimulated dynasore-treated and
Dnm2Plt–/– platelets
Following activation by collagen or soluble agonists,

platelets secrete their granule contents and activate their
surface integrin αIIbβ3 in order to recruit circulating
platelets and mediate platelet aggregation, respectively.
The significance of DNM2 in these platelet hemostatic
processes was assessed by flow cytometry (Figure 4).
Control platelets, dynasore-treated platelets, and Dnm2Plt–/–

platelets were activated with CRP (Figure 4A and C) or
thrombin (Figure 4B and D), and analyzed for P-selectin
(CD62P) expression, a marker for α-granule secretion
(Figure 4A and B), and binding of fluorescently-labeled fib-
rinogen, a marker for integrin αIIbβ3 activation (Figure 4C
and D).19 Both CRP and thrombin induced a concentra-
tion-dependent increase of α-granule secretion and inte-
grin αIIbβ3 activation in control platelets, reaching about
80% of platelets expressing CD62P or binding fibrinogen
with 25 mg/mL CRP or 0.25 U/mL thrombin, respectively.
Dynasore treatment resulted in a significant decrease in
platelet responses to CRP, as only 30-40% platelets
expressed CD62P and bound fibrinogen with 50 mg/mL
CRP. By contrast, platelet responses to thrombin were not
significantly affected by dynasore treatment. CRP-depen-
dent CD62P expression and fibrinogen binding were com-
pletely abolished in Dnm2Plt–/– platelets and only about

20% expressed CD62P and bound fibrinogen in response
to 0.5 U/mL thrombin.

Altered spreading of dynasore-treated and Dnm2Plt–/–

platelets
Following activation, platelets rapidly change shape

from resting disc-like entities to morphologically distinct
forms, first by rounding, then by extending finger-like
filopodia and spreading thin sheet-like lamellipodia.30 The
significance of DNM2 in platelet spreading was examined
(Figure 5). Control platelets, dynasore-treated, and
Dnm2Plt–/– platelets were activated with either 1 mg/mL
CRP or 0.01 U/mL thrombin and allowed to adhere onto
immobilized fibrinogen. In control platelets, stimulation
with CRP or thrombin resulted in filopodia extension and
lamellipodia spreading, as evidenced by phalloidin stain-
ing, a marker for polymerized actin, with the greatest dif-
ference being more angular or rounded appearance,
respectively (Figure 5A). Treatment with dynasore miti-
gated lamellipodia formation in CRP-stimulated platelets
(Figure 5B), and to a lesser, non-statistically significant
degree in thrombin-stimulated platelets (Figure 5C),
although it did not prevent filopodia growth.
Dnm2Plt–/– platelets displayed great heterogeneity in

shape change with either agonist (Figure 5A), wherein
spread platelet surface area varied between below control
levels or up to a 5-fold increase in size following stimula-
tion, reflecting the increased size of these platelets.9
Dnm2Plt–/– platelets revealed extreme irregularity in their
cytoskeletal and overall morphological arrangement, con-
sistent with altered spreading capacity.

Absence of fibrinogen in Dnm2Plt–/– platelets
The fibrinogen content of platelet α-granules derives

from the integrin αIIbβ3-dependent uptake of plasma-
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Figure 3. Impaired GPIbα downregula-
tion in CRP-stimulated dynasore-treat-
ed and Dnm2Plt–/– platelets. Control
platelets, platelets treated with 100 µM
dynasore, and Dnm2Plt–/– platelets were
activated for 3 minutes (min) at 37°C
with 25 mg/mL CRP (A) or 0.1 U/ml
thrombin (B), incubated with FITC-
labeled anti-mouse CD42b antibody,
and analyzed by flow cytometry. Results
are expressed as percentage of CD42b
expression at rest, represent
mean±standard error of mean (SEM) of
three independent experiments, and
are compared statistically to control
(*P<0.05; **P<0.01; ***P<0.001). (C)
Control, dynasore-treated, and 
Dnm2Plt–/– platelets were activated or not
with 0.1 U/mL thrombin or 25 mg/mL
CRP for 3 min at 37°C as indicated.
Platelet lysates were subjected to SDS-
PAGE and probed for GPIbα and β-actin
as loading control, as indicated. Results
are representative of three independent
experiments.
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derived fibrinogen.31,32 To evaluate the contribution of
DNM2-dependent RME in the process, the fibrinogen
content of Dnm2Plt–/– platelets was compared to that of
vWF, which is synthesized by MK and is also stored in
platelet α-granules (Figure 6A).33 Immunoblot analysis
showed severe fibrinogen reduction in Dnm2Plt–/– platelet
lysates, but normal expression of vWF. Quantification of
the immunoblots using purified mouse fibrinogen as stan-
dard revealed that 106 Dnm2Plt–/– platelets contained 71±6
ng fibrinogen, compared to 333±27 ng in 106 control
platelets (n=3 in each group) (P=0.0007), a 79% decrease
(Figure 6B).
The fibrinogen content of control and Dnm2Plt–/–platelets

was further evaluated by structured illumination
microscopy and compared to that of the αIIb subunit
(CD41) of its receptor, the integrin αIIbβ3 (Figure 6C, top
panels). In control platelets fibrinogen was observed in
large puncta, consistent with its presence in α-granules.33
By contrast, Dnm2Plt–/– platelets had severely reduced fib-
rinogen content, with about 90% of Dnm2Plt–/– platelets
presenting barely detectable fibrinogen positive α-gran-
ules. CD41 resided on the platelet surface and in small
vesicles or granules within platelets, independent of
DNM2 expression, consistent with the association of the
integrin αIIbβ3 with multiple intracellular platelet com-
partments that include α-granules and the open canalicu-

lar system.34 By contrast, vWF was normally packaged in
Dnm2Plt–/– platelets (Figure 6C, bottom panels). Taken
together, the data show that integrin αIIbβ3-dependent
uptake of plasma-derived fibrinogen requires DNM2-
dependent RME.

Platelet endocytic and endosomal components
Thin-section electron microscopy studies have subdi-

vided RME into clathrin- and caveolae-mediated endocy-
tosis (CME and CavME, respectively).1 CME is found in
virtually all cells and requires cargo receptor binding to
clathrin-associated adaptor protein 2 complexes to form
clathrin-coated vesicles.35 Caveolae are invaginated lipid
rafts rich in cholesterol, sphingolipids, and scaffolding pro-
teins called caveolins and cavins that are found in many
mammalian cell types.36 Platelet endocytic and endosomal
components were investigated in the presence or absence
of DNM2 (Figure 6A). Platelets contained clathrin heavy
chain required for CME and its expression was increased
in Dnm2Plt–/– platelets. Cavin 2 (also known as SDPR, PS-
p68) was detected in platelets, but not caveolin 1, which is
required for CavME. Ruling out poor antibody reactivity,
a strong caveolin 1 signal was observed at the expected
molecular weight of 21 kDa with mouse lung tissue
lysates (data not shown).37
As an additional control and because cavin 2 associates
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Figure 4. Hemostatic defects
of CRP-stimulated dynasore-
treated and Dnm2Plt–/–

platelets. Control platelets,
platelets treated with 100 mM
dynasore, and Dnm2Plt–/–

platelets were activated for 2
min at 37°C with CRP (A and
C) or thrombin (B and D) as
indicated. Platelets were then
incubated with FITC-labeled
anti-mouse CD62P antibody
(A and B) or Oregon green
488-labeled fibrinogen (C
and D) and analyzed by flow
cytometry. Results are
expressed as percentage of
positive platelets, represent
mean±standard error of
mean (SEM) of 3-6 independ-
ent experiments, and are
compared statistically to con-
trol (*P<0.05; **P<0.01;
***P<0.001).
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with insoluble lipid rafts in cells expressing caveolin 1,38
the association of cavin 2 with detergent-resistant platelet
lipid rafts was investigated using a sucrose gradient in
human platelet lysates (Figure 6D), which also lack cave-
olin 1 (data now shown). Cavin 2 did not associate with the
insoluble sucrose gradient fractions rich in GM1 ganglio-
side and flotillin 1. Taken together, the data show that
platelets contained the endocytic machinery required for
CME, but not for CavME.
Early, late, and recycling endosomal compartments are

distinguished by their association with specific members
of the Rab family of small GTPases. Platelets contained
Rab5 (early), Rab7 (late), and Rab11 (recycling), as
described previously,33,39 and their expression levels were
not affected by the lack of DNM2 (Figure 6A).

Discussion

The cellular mechanisms and proteins regulating platelet
and MK RME are poorly understood.39 Here, using both
pharmacological and genetic approaches, we described

the role of the endocytic GTPase DNM2 in intracellular
signaling via the collagen receptor GPVI and platelet
hemostatic function.
In control platelets, ligation of the collagen receptor

GPVI by its soluble agonist CRP induced an increase in
protein tyrosine phosphorylation, including that of the
proximal protein tyrosine kinase Lyn on its activating
residue Tyr396, and a decrease in GPVI expression.
Following dynasore treatment, phosphorylation of Lyn
Tyr396 was attenuated and GPVI expression was main-
tained. Recent studies have shown that common dynamin
inhibitors, such as dynasore and Dyngo-4a, not only
inhibit dynamin GTPase activity, but also disrupt the
organization of cholesterol-rich membrane rafts in a
dynamin-independent manner.40,41 Dynasore-treated
platelets elicited defects in GPIbα downregulation, 
α-granule secretion, integrin αIIbβ3 activation, and
spreading onto fibrinogen when stimulated via GPVI, but
not by thrombin. By contrast, the cholesterol-lowering
reagent, methyl-β-cyclodextrin, inhibits GPVI signaling, as
well as platelet responses to the G-protein-coupled recep-
tor agonists, thrombin and ADP.42,43 Hence, the data argue
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Figure 5. Altered spreading of CRP-stimulated dyna-
sore-treated and Dnm2Plt–/– platelets. (A) Control
platelets, platelets treated with 100 mM dynasore,
and Dnm2Plt–/– platelets were activated with 1 mg/mL
CRP or 0.01 U/mL thrombin and spread onto fibrino-
gen-coated coverslips for 30 minutes (min) as indicat-
ed. Fixed platelets were stained for polymerized actin
(phalloidin; green) and β-tubulin (red) and analyzed
by confocal microscopy. Images are representative of
at least three independent experiments. Scale bars,
3 mm. (B) Assessment of platelet spreading in
response to 1 mg/mL CRP. Total platelets scored were
374 control, 275 dynasore-treated, and 187 
Dnm2Plt–/–. (C) Assessment of platelet spreading in
response to 0.01 U/mL thrombin. Total platelets
scored were 298 control, 226 dynasore-treated, and
192 Dnm2Plt–/– (*P<0.05; **P<0.01; ***P<0.001).
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against membrane raft disruption and indicate that DNM2
plays a proximal role in GPVI signaling.
The positive role of DNM2 in GPVI signaling contrasts

with its commonly reported function in attenuating recep-
tor signaling. Lack of DNM2-dependent RME enhances
responses to thrombopoietin in platelets and MK and to
epidermal growth factor and interleukins 5 and 7 in other
cells.9-12 Dynasore treatment also inhibits the desensitiza-

tion of the purinergic receptors P2Y1 and P2Y12 in human
platelets.13 Thus, DNM2 differentially regulates signaling
depending on the receptor it is linked to. The GPVI-asso-
ciated FcR γ-chain contains two putative endocytic YxxL
motifs that are present within its immunoreceptor tyro-
sine-based activation motif. Whether these motifs recruit
the endocytic machinery necessary to down-regulate
GPVI is unclear, as their mutation in mouse platelets abol-
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Figure 6. Cargo, endocytic, and endosomal proteins in Dnm2Plt–/– platelets. (A) Control and Dnm2Plt–/– platelet lysates corresponding to 2 mg of protein were subjected
to SDS-PAGE and probed for cargo, endocytic, and endosomal proteins, and β-actin as loading control, as indicated. Results are representative of three independent
experiments. HC: heavy chain. (B) The fibrinogen content of control and Dnm2Plt–/– platelets was evaluated by immunoblot analysis using purified mouse fibrinogen
as standard. Results are expressed as ng/106 platelets and represent mean±standard error of mean (SEM) of three independent experiments (***P=0.0007). (C)
Structured illumination microscopy analysis of fibrinogen (green) and CD41 (magenta; top panels) and confocal microscopy analysis of vWF (green) and β-tubulin
(red; bottom panels) in control and Dnm2Plt–/– platelets. Scale bars, 3 mm. (D) Sucrose density fractions of human platelet lysates were dot-blotted and probed with
HRP-conjugated cholera toxin B subunit to detect GM1 ganglioside or immunoblotted for flotillin 1 and cavin 2.
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ishes both GPVI signaling and internalization.44 Besides its
role in membrane fission during RME, DNM2 can also
serve as a scaffolding protein for signaling intermediates.2
In T cells, DNM2 directly interacts with the guanine
nucleotide exchange factor Vav1 to regulate activation of
PLC-γ1 and the accumulation of cortical actin at sites of 
T-cell receptor activation, thereby regulating T-cell recep-
tor signaling.45 Vav1 and Vav3 play critical but redundant
roles in the activation of PLC-γ2 downstream of GPVI,46
and clustering of GPVI dimers, the mechanism of which
depends on a dynamic actin cytoskeleton, contributes to
GPVI signaling.47 It is, therefore, tempting to speculate that
platelet DNM2 serves as a scaffolding protein for signaling
intermediates and/or actin-regulatory proteins down-
stream of GPVI.
Dnm2Plt–/– mice had a severe bleeding diathesis, which

was intrinsic to platelets as Dnm2 deletion under control
of the Pf4 promoter is specific to the platelet lineage.9
Consistently, Dnm2Plt–/– platelets adhered poorly to colla-
gen under arterial shear rates and were depleted of fibrino-
gen. Further, α-granule secretion, integrin αIIbβ3 activa-
tion, and spreading onto fibrinogen were markedly
reduced in Dnm2Plt–/– platelets stimulated through GPVI or
with thrombin. The lack of GPVI signaling is likely
explained by the profound deficit in GPVI expression.9
Whether this deficit is due to decreased GPVI synthesis in
Dnm2Plt–/– MK, increased internalization and degradation,
or ADAM10-mediated extracellular domain shedding is
unclear. The differences between the pharmacological and
genetic approaches indicate that either dynasore treat-
ment does not completely inhibit platelet DNM2 GTPase
activity or Dnm2Plt–/– platelets acquire defects during pro-
duction affecting their functional responses. Because RME
is a critical component of cellular cholesterol
homeostasis,1 it is possible that Dnm2 genetic deletion
impacts cell membrane composition and lipid raft organi-
zation, thereby affecting signaling in cholesterol-rich
membrane domains. While the tail bleeding time in mice
is largely unaffected by severe reduction of platelet count
or lack of GPVI,48,49 it cannot be excluded that the
macrothrombocytopenia of Dnm2Plt–/–mice combined with
the profound deficit in GPVI expression contributes to the
bleeding diathesis. 
The severe reduction in fibrinogen content of Dnm2Plt–/–

platelets is consistent with impaired RME and a role for
DNM2 downstream of integrin αIIbβ3 function as plasma
fibrinogen is taken up by platelets and MK in an integrin
αIIbβ3-mediated manner.31,32 Beside fibrinogen, platelets
and MK take up and store in their α-granules a long list of

plasma proteins such as coagulation factor V and regula-
tors of angiogenesis.50,51 While the hypothesis was not
tested here, endocytosed proteins are expected to be
absent in Dnm2Plt–/– platelets due to defective RME, affect-
ing other biological processes aside from hemostasis.
Platelets contained major endocytic and endosomal pro-

teins such as clathrin and Rab GTPases.33,39 The increased
expression of clathrin heavy chain in Dnm2Plt–/– platelets
likely reflects the accumulation of clathrin-coated vesicles
observed in the demarcation membrane system of 
Dnm2Plt–/– MK.9 Caveolin 1 was not detected in platelets,
consistent with mRNA and protein profiling,14,15,17 and
cavin 2, a detergent-insoluble caveolae marker in cells
expressing caveolin 1,38 remained soluble following
sucrose gradient of human platelet lysates. While cavin 2
is abundantly expressed in platelets,14,15,17 where it was
originally characterized,52 its role in the absence of cave-
olin 1 is unclear. Taken together, the observations show
that CME is the primary mechanism for RME in platelets.
Consistently, fibrinogen uptake involves the recruitment
of clathrin-associated adaptor protein 2 complexes to the
β3 subunit of the integrin αIIbβ3 via clathrin adaptor pro-
teins such as Dab2 and Numb.53,54 After its uptake by CME
and transport via the early (Rab5) and late (Rab7) endo-
some, fibrinogen is retained within α-granules by mecha-
nisms dependent on NBEAL2, mutated in gray platelet
syndrome.33 The remaining fibrinogen content of 
Dnm2Plt–/– platelets is likely associated with the plasma
membrane or trapped in the open canalicular system.
In conclusion, our work provides pharmacological and

genetic evidence for a role of DNM2 in GPVI signaling and
platelet hemostatic function. DNM2 regulates signaling
events downstream of the collagen receptor GPVI, includ-
ing the activation of the proximal tyrosine kinase Lyn, and
is required for the integrin αIIbβ3-mediated accumulation
of plasma fibrinogen into α-granules. Our data also show
that DNM2 does not contribute to GPIbα downregula-
tion, as dynasore-treated platelets and Dnm2Plt–/– platelets
down-regulated GPIbα normally in response to thrombin.
Whether DNM2 is a reasonable target for antithrombotic
therapies remains to be determined.
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Sepsis causes an activation of the human contact system, an inflamma-
tory response mechanism against foreign surfaces, proteins and
pathogens.  The serine proteases of the contact system, factor XII and

plasma kallikrein, are decreased in plasma of septic patients, which was pre-
viously associated with an unfavorable outcome. However, the precise
mechanisms and roles of contact system factors in bacterial sepsis are poorly
understood. We, therefore, studied the physiological relevance of factor XII
and plasma kallikrein in a mouse model of experimental sepsis. We show
that decreased plasma kallikrein concentration in septic mice is a result of
reduced mRNA expression plasma prekallikrein gene, indicating that plasma
kallikrein belong to negative acute phase proteins. Investigations regarding
the pathophysiological function of contact system proteases during sepsis
revealed different roles for factor XII and plasma kallikrein. In vitro, factor XII
decelerated bacteria induced fibrinolysis, whereas plasma kallikrein support-
ed it. Remarkably, depletion of plasma kallikrein (but not factor XII) by treat-
ment with antisense-oligonucleotides, dampens bacterial dissemination and
growth in multiple organs in the mouse sepsis model. These findings iden-
tify plasma kallikrein as a novel host pathogenicity factor in Streptococcus 
pyogenes sepsis. 
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ABSTRACT

Introduction

Sepsis and severe sepsis are life-threatening complications caused by a dysregulat-
ed host response to bacterial infection and activation of coagulation. The liver plays
a key role in these events due to the acute phase protein response, an increased or
decreased synthesis of host defense and coagulation proteins. Increased production
of acute phase proteins contribute to a procoagulant state in sepsis, especially by
enhancing production of procoagulants such as fibrinogen, and by decreasing liver
synthesis of antithrombin.1 A procoagulant state is thought to be protective against
bacterial dissemination, as local activation of coagulation traps bacteria in a fibrin
mesh and activates inflammatory reactions.2,3 Inhibition of fibrinolysis may support
this process further, since highly invasive pathogens exploit the host fibrinolytic sys-
tem to degrade fibrin clots and overcome tissue barriers.2 Streptococcus pyogenes is a
Gram-positive major human pathogen causing mainly local infections of the skin and
mucous membranes such as erysipelas or tonsillitis. Local infections occasionally
develop into serious systemic complications, of which streptococcal toxic shock syn-
drome and necrotizing fasciitis are associated with high morbidity and mortality.3



Virulence factors of S. pyogenes have been studied inten-
sively, and conversion of human plasminogen to plasmin
by bacterial streptokinase is a mechanism which supports
bacterial dissemination.4 Streptokinase-activated plasmin
also activates the human contact system, an inflammatory
response mechanism against artificial material and
pathogens.5 The human contact system consists of two
proteases, factor XII (FXII) and plasma prekallikrein (PPK),
as well as the co-factor high molecular weight kininogen
(HK). The proteins are produced in the liver and circulate as
zymogens in the blood stream or are assembled on
endothelial cells, neutrophils, and platelets. When blood is
exposed to foreign artificial or biological surfaces, contact
factors bind to it, and FXII becomes auto-activated and con-
verts PPK to plasma kallikrein (PK). PK, which circulates in
a non-covalent complex with HK,6 cleaves HK and the
proinflammatory peptide bradykinin  is released.7 In severe
sepsis, activation of the contact system is archetypal8 and
multiple animal studies with different pharmacological
interventions that inhibit FXII, bradykinin receptors or the
interaction of contact factors with the bacterial surface9
were carried out to evaluate potential therapeutic options.10
However, surprisingly little is known about the precise role
of contact factors during microbial sepsis. Here, therefore,
we studied the physiological role of FXII- and PK in a
mouse model of experimental sepsis. We found that hepatic
expression of F12 and Klkb1 genes after infection with S.
pyogenes is quickly reduced upon streptococcal infection.
Moreover, a knockdown of Klkb1 gene expression by anti-
sense-oligonucleotide (ASO) technology prior to infection
diminishes bacterial spreading, but knockdown of F12 did
not influence bacterial dissemination. Our data indicate dif-
ferent in vivo roles for FXII and PK in streptococcal sepsis.

Methods

A detailed description of materials and methods with addition-
al information is provided in the Online Supplementary Appendix.

Antisense-oligonucleotides 
Antisense-oligonucleotides (ASO) for Klkb1 or F12 mRNA

knockdown in vivo were provided by Ionis Pharmaceuticals and
have been described previously.11

Infection of HepG2 cells
Details are provided in the Online Supplementary Appendix.

mRNA analysis
Total RNA was isolated from HepG2 cells or homogenized

mouse liver with RNeasy Plus Mini Kit (Qiagen). RNA quality
was checked with Agilent RNA 6000 Nano Kit (Agilent
Technologies) and RNA concentration determined with QubitTM

RNA HS Assay Kit (Invitrogen). All analyses were performed
according to the manufacturer’s instructions. 800 ng total RNA
was converted to cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) and the complementary
DNA obtained used for real-time quantitative polymerase chain
reaction (PCR). Reaction mixture (20 ML) containing gene specific
nuclease assay (Taqman Universal PCR Master Mix; Applied
Biosystems) and cDNA was amplified as follows: denaturation at
95°C for 10 minutes (min)  and 45 cycles at 95°C for 15 seconds
(sec) and 60°C for 1 min. GAPDH (human or rodent) was used as
housekeeping gene. Relative expression was calculated using the
2− ct method.

Clotting assays
Details are provided in the Online Supplementary Appendix.

Clot lysis time 
A clot was generated in human normal, FXII- or PK-deficient

plasma by addition of PT-Reagent. In some experiments, CTI 
(75 mg/mL), PKSI (10 M), FXIIa (50 mg/mL) or PK (50 mg/mL) was
added before clot formation was induced. The clot was incubated
for 5 min at 37°C before Streptokinase (100 Units), uPA (10 mg/mL
g) or tPa (10 mg) was added. Time until clot lysis was determined
in a coagulometer.

Measurement of FXII and plasma kallikrein in plasma
Details are provided in the Online Supplementary Appendix.

Proteolytic potential for plasma kallikrein/factor XIIa
activity in mouse plasma 
Pooled plasma from four mice/group was incubated with

Dapptin and FXIIa/PK activity was determined in a microplate
reader by chromogenic substrate S-2302 (Chromogenix). (See
Online Supplementary Appendix).

Plasma clot escape experiments
See Online Supplementary Appendix.

Light and scanning electron microscopy
See Online Supplementary Appendix and Oehmcke et al.12 and

Isenring et al.13

Fibrinogen degradation
Fibrinogen was mixed with either plasmin, plasminogen and

streptokinase, FXII, PPK, or PBS as negative control. (See Online
Supplementary Appendix). The mix was incubated at 37°C and at
indicated time points samples were analyzed by SDS-Page and
western blot using  fibrinogen antibody (Santa Cruz). Relative
fibrinogen levels were determined by densitometry analysis
(ImageStudioLite 5.2.5). 

Animal experiments
Eight-week-old female BALB/c mice (weight 16-18g) (Charles

River Laboratories) were treated with ASO through intraperi-
toneal injections, with a dose of 800 mg/mouse, twice per week
for three weeks (total 7 injections, each with 800 mg
ASO/mouse).
The subcutaneous infection model with S. pyogenes AP1 strain

and determination of bacterial dissemination were performed as
described previously.12 (See also Online Supplementary Appendix).
This study was performed in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was
approved by the Committee on the Ethics of Animal Experiments
the Landesveterinär- und Lebensmitteluntersuchungsamt Rostock
(Permit n. 7221.3-1-002/16).

Plasma proteome
The methods are provided in the Online Supplementary

Appendix.

Patient samples
Patients with sepsis, severe sepsis, or septic shock were

enrolled from the Intensive Care Medicine Unit at University
Medical Center of Rostock, as described previously.14 The proto-
col had been approved by our Institutional Ethics committee (A
201151), and informed consent was obtained from the patients or
their caring relatives.

Different functions for FXII and PK in sepsis
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Results

Plasma proteome from septic mice 
In order to gain more information about contact factors

in sepsis, we performed a quantitative proteome analysis
of plasma from healthy or S. pyogenes-infected mice. The
subcutaneous infection model has been shown to become
septic and activate the contact system,9 which is similar to
the situation encountered in human streptococcal toxic
shock syndrome.15 Plasma was collected 24 hours (h) after
infection and a total number of 137 proteins including PK,
kininogen-1 and FXII could be quantified based on the
abundance of at least two peptides (Online Supplementary
Table S1). There was a rise in the concentration of 38 pro-
teins due to infection (Online Supplementary Table S2).
Within this set of elevated proteins, typical positive acute
phase proteins such as serum amyloid, C-reactive protein
or fibrinogen were detected. In addition, we also identi-
fied 47 proteins with significantly decreased concentration
due to infection (Table 1). Here, again, we found classical
negative acute phase proteins such as retinol binding pro-
tein or antithrombin III. PK concentrations were signifi-
cantly reduced in infected animals (Table 1). Kininogen-1
and FXII levels were also  reduced; however, this was not
statistically significant (Online Supplementary Table S1). 

F12 and Klkb1 mRNA levels decline in vitro and in vivo
after infection with S. pyogenes 
We next investigated in vitro how mRNA expression of

contact factors is affected in liver cells in response to infec-
tion. HepG2 cells were treated with IL6 or living bacteria
and mRNA was analyzed by quantitative real-time PCR.
In accordance with Citarella et al.,16 F12 mRNA levels were
significantly decreased in cells treated with IL6 for 6 and
24 h (Figure 1A). The same was observed in cells infected
with S. pyogenes (Figure 1A). Klkb1 mRNA levels also sig-
nificantly declined upon treatment with either IL6 or 
S. pyogenes (Figure 1B). 
To investigate the hepatic expression of Klkb1 and F12

mRNA in vivo, we used the streptococcal murine sepsis
model. Mice were infected subcutaneously with 1.5-2x107
colony forming units (CFU) of S. pyogenes and samples col-
lected 6 and 24 h after infection. Six h after infection,
Klkb1 mRNA levels were reduced by approximately 50%
compared to non-infected controls (Figure 1C). Twenty-
four  h after infection, Klkb1 mRNA levels dropped down
to undetectable levels (Figure 1C), indicating that Klkb1
mRNA production was discontinued upon bacterial
spreading. Relative expression of F12 was also significant-
ly reduced at 6 and 24 h after infection (Figure 1D); how-
ever, this effect was not as pronounced as for the Klkb1
gene. We also measured fibrinogen alpha (FGA) mRNA
levels and found significantly increased FGA expression at
6 and 24 h after infection (Figure 1E), which is consistent
with the data from proteome analysis. Ninety-percent of
mice were bacteremic at 6 h after infection, containing
bacteria in their liver and/or spleen (Figure 1F). 

Plasma kallikrein concentration decline significantly
in vivo after infection with S. pyogenes
In accordance with the quantitative proteome analysis

and Klkb1 mRNA data, we detected a significant decrease
in PK levels in mice 24 h after infection, and an even
greater decrease 48 h after infection (Figure 2A). This was
accompanied by a decreased proteolytic potential of

PK/FXIIa in plasma after activation with Dapptin reagent
(Figure 2B), and a significantly prolonged activated partial
thromboplastin time (aPTT) (Figure 2C) but not PT (Figure
2D). In accordance with mass spectrometry data, FXII
plasma levels did not change significantly in infected mice
(data not shown).

Knockdown of plasma prekallikrein diminishes 
streptococcal dissemination, dampens kidney damage,
cyto- and chemokines, but raises RANTES 
Such quick downregulation of protein expression during

sepsis implicates that the protein is not required, or is even
harmful, under these conditions. To investigate the func-
tional contribution of PK and FXII during sepsis, we inhib-
ited Klkb1 or F12 gene expression by antisense oligonu-
cleotides (ASO), using established protocols,11,17 prior to
infection with S. pyogenes. As expected, pre-treatment of
female BALB/c mice with PPK ASO (Online Supplementary
Figure S1A) or FXII ASO (Online Supplementary  Figure S1B)
reduces relative expression levels more than 90%, which
is in accordance with previous studies in male BALB/c
mice. As shown before,11,17 plasma protein level of PPK on
FXII depletion, or FXII on PPK depletion, were increased
(Online Supplementary  Figure S1C-F). This indicates stabi-
lization of FXII or PPK as response to decreased basal acti-
vation. As a consequence of PPK or FXII knockdown,
decreased proteolytic potential of PK/FXIIa (Online
Supplementary  Figure S1G) and prolongation of activated
partial thromboplastin time (aPTT) (Online Supplementary
Figure S1H) in plasma was demonstrated, compared to
mice treated with control ASO.  Moreover, as expected,
PT was not affected by the treatment with either ASO
(data not shown). 
The PPK and FXII-depleted mice were challenged with

S. pyogenes as described above. Bacterial dissemination
and histopathology of the kidneys was determined 24 h
after infection. PPK-depleted mice had significantly fewer
bacteria in the spleen and blood compared to control-ASO
mice (Figure 3A and B). Intriguingly, there was no differ-
ence in bacterial loads in spleen, blood or kidneys
between FXII-depleted mice and controls (data not shown). 
Formation of microvascular fibrin deposition in kidneys

was described in lethal human sepsis.18 In our animal
model, fibrin was detected 24 h after subcutaneous (sc.)
infection in kidneys from septic animals (Figure 3C). A
quantification of fibrin areas (> 5 mm) on a scale from 0 to
3 (0: absent; 1: ≤ 20 fibrin areas; 2: 20-50 fibrin areas;  3:
>50 fibrin areas) revealed that the mean score in PPK-ASO
treated animals was lower (1.7) than that of  the control-
ASO treated group (2.0) or the FXII-ASO treated group
(2.5). This was reflected by increased creatinine values in
plasma from control-ASO (8±2.9 mmol/L) and FXII-ASO
(8.25±1.9 mmol/L) mice, compared to values in PPK-ASO
mice (6±1 mmol/L). 
In addition, a panel of 20 cytokines, chemokines and

growth factors was measured in healthy, infected control-
ASO and PPK-ASO treated mice. Infection boosted the
pro-inflammatory response yielding a robust increase of
17 cytokines/chemokines. In agreement with lower bac-
terial loads, infected PPK-ASO treated mice had signifi-
cantly lower levels of Gm-CsF (Figure 4A) MIP-1 beta
(Figure 4B), and MIP-2 (Figure 4C) compared to infected
control mice. Interestingly, CCL5 was significantly
increased in infected PPK-ASO mice compared to infected
controls (Figure 4D). 
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Table 1. Plasma proteins from infected mice detected by mass spectrometry analysis that were significantly down-regulated, compared to healthy
mice.
                                                                                                                                                                                  Fold change              
Accession                          Protein                                                                                                infected/control                                Anova (P)

Q00724                                     Retinol-binding protein 4                                                                                                 0.08                                                     2.17E-09
P49182                                      Heparin cofactor 2                                                                                                             0.19                                                     1.50E-05
O70362                                     Phosphatidylinositol-glycan-specific phospholipase D                                             0.21                                                     7.41E-06
P41317                                      Mannose-binding protein C                                                                                             0.32                                                     2.66E-04
P01675                                      Ig kappa chain V-VI region XRPC 44                                                                               0.32                                                     5.87E-04
P03987                                      Ig gamma-3 chain C region                                                                                              0.32                                                     4.16E-06
Q61268                                     Apolipoprotein C-IV                                                                                                           0.33                                                     5.79E-04
P26262                                      Plasma kallikrein                                                                                                                0.37                                                     2.42E-04
P42703                                      Leukemia inhibitory factor receptor                                                                             0.38                                                     1.30E-04
Q9DBB9                                   Carboxypeptidase N subunit 2                                                                                        0.40                                                     8.67E-07
P01898                                      H-2 class I histocompatibility antigen_ Q10 alpha chain                                          0.42                                                     2.00E-04
Q9JJN5                                    Carboxypeptidase N catalytic chain                                                                               0.42                                                     2.95E-04
Q07968                                     Coagulation factor XIII B chain                                                                                       0.44                                                     3.61E-07
Q9Z1R3                                    Apolipoprotein M                                                                                                               0.44                                                     8.43E-04
Q61730                                     Interleukin-1 receptor accessory protein                                                                    0.45                                                     6.01E-05
Q8BH61                                   Coagulation factor XIII A chain                                                                                       0.45                                                     1.18E-02
Q9R098                                    Hepatocyte growth factor activator                                                                               0.46                                                     3.31E-04
Q06770                                     Corticosteroid-binding globulin                                                                                     0.47                                                     2.25E-04
Q8VCS0                                    N-acetylmuramoyl-L-alanine amidase                                                                           0.48                                                     1.55E-03
O89020                                     Afamin                                                                                                                                   0.49                                                     1.28E-06
P33622                                      Apolipoprotein C-III                                                                                                           0.49                                                     3.90E-04
Q60994                                     Adiponectin                                                                                                                          0.50                                                     1.33E-02
P01887                                      Beta-2-microglobulin                                                                                                         0.50                                                     1.98E-03
P01642                                      Ig kappa chain V-V region L7 (Fragment)                                                                    0.50                                                     1.26E-03
P01863                                      Ig gamma-2A chain C region_ A allele                                                                           0.50                                                     2.38E-02
P51885                                      Lumican                                                                                                                                0.51                                                     1.81E-03
P07309                                      Transthyretin                                                                                                                       0.51                                                     5.89E-04
P03953                                      Complement factor D                                                                                                       0.53                                                     2.81E-02
P13020                                      Gelsolin                                                                                                                                0.53                                                     1.87E-04
Q9QWK4                                 CD5 antigen-like                                                                                                                 0.54                                                     1.19E-03
Q06890                                     Clusterin                                                                                                                               0.54                                                     6.55E-05
P01787                                      Ig heavy chain V regions TEPC 15/S107/HPCM1/HPCM2/HPCM3                             0.55                                                     1,75E-02
P29699                                      Alpha-2-HS-glycoprotein                                                                                                   0.55                                                     2.09E-04
P01806                                      Ig heavy chain V region 441                                                                                              0.56                                                     2.29E-02
Q64726                                     Zinc-alpha-2-glycoprotein                                                                                                0.60                                                     3.34E-05
P28665                                      Murinoglobulin-1                                                                                                                0.63                                                     1.80E-04
P28666                                      Murinoglobulin-2                                                                                                                0.64                                                     2.88E-04
P14106                                      Complement C1q subcomponent subunit B                                                               0.64                                                     1.23E-02
P01631                                      Ig kappa chain V-II region 26-10                                                                                      0.65                                                     1.55E-02
Q9ESB3                                   Histidine-rich glycoprotein                                                                                              0.65                                                     1.06E-02
P01867                                      Ig gamma-2B chain C region                                                                                            0.66                                                     3.93E-02
P23953                                      Carboxylesterase 1C                                                                                                         0.66                                                     5.23E-03
Q61129                                     Complement factor I                                                                                                         0.66                                                     3.33E-04
P32261                                      Antithrombin-III                                                                                                                  0.66                                                     1.07E-03
P01872                                      Immunoglobulin heavy constant mu                                                                              0.66                                                     6.51E-03
P01843                                      Ig lambda-1 chain C region                                                                                              0.67                                                     2.40E-02
P01868                                      Ig gamma-1 chain C region secreted form                                                                  0.67                                                     4.62E-03



Role of contact factors in bacterial-triggered 
fibrinolysis 
S. pyogenes activates plasminogen to escape from the

local site of infection;4 however, knockdown of PPK decel-
erated bacterial spreading in mice, implicating a role of PK
in bacteria-induced fibrinolysis. To further explore the
human relevance to our findings, we employed in vitro plas-
ma clot-lysis assays in normal human plasma and congen-
ital FXII- or PPK-deficient plasma, followed by incubation

with streptokinase or the host plasminogen activators uPA
and tPA. Clot lysis in PPK-deficient plasma was significant-
ly longer, regardless of the fibrinolysis activator used
(Figure 5A). In contrast, clot lysis in FXII-deficient plasma
was significantly shorter compared to normal plasma.
When corn trypsin inhibitor (CTI), a FXII inhibitor, was
added to normal plasma, the clot lysis, induced by strep-
tokinase, was again significantly shorter compared to nor-
mal plasma (Figure 5B).  Similarly, the addition of the PK
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Figure 1. Decreased mRNA levels of F12 and Klkb1 in vitro and in vivo after infection with S. pyogenes. (A and B) HepG2 cells (2x105 cells/mL) were incubated with
IL6 (50 ng/mL) or S. pyogenes [2x106 colony forming units (CFU)/mL] for 6 hours (h). After incubation, cells were washed and the medium was replaced with fresh
medium containing 1% PenStrep. After 6 and 24 h, cells were harvested, total RNA was isolated, and real-time polymerase chain reaction (PCR) TaqMan® gene
expression assays were performed. N≥9. (*P≤0.05; **P≤0.01; ***P≤0.001). (C-F) Groups of mice (n=8-10) were subcutaneously (sc.) infected with 2x107

CFU/mouse of S. pyogenes AP1. Animals were killed 6 and 24 h after infection,  and liver tissue was collected for total RNA isolation (C-E) and real-time PCR TaqMan®
gene expression assays were performed. (F) Spleen and liver were homogenized and the number of CFU was quantified 6 h after infection. *P≤0.05; ***P≤0.001.
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inhibitor PKSI19 to normal plasma prolonged clot lysis
induced by streptokinase (Figure 5B). Complementation of
human congenital FXII- or PPK-deficient plasma with acti-
vated enzymes (FXIIa or PK) could reverse shortening or
prolongation of clot lysis by streptokinase (Figure 5B).
Plasminogen content was slightly reduced in FXII-deficient
plasma (97±5 mg/mL) comparing to pooled normal plasma
(141m8 mg/mL) or PPK deficient plasma (123m28 mg/mL).
However, plasmin activity after activation with streptoki-
nase was similar in all plasma types (Online Supplementary
Figure S2A), providing proof that the streptokinase/plasmin
activity is not inhibited due to different donors.
Activation of fibrinolysis results in the release of 

D-dimer from cross-linked fibrin; thus, we measured the
content of D-dimer in the supernatant from human plas-
ma clots, which contained S. pyogenes bacteria. Twenty
minutes  after incubation, D-dimer were detected in sam-
ples from clots in FXII-deficient plasma, but not in samples
from clots in normal or PPK-deficient plasma (Figure 5C).
Thirty minutes  after incubation, D-dimer could be detect-
ed from clots in normal plasma and FXII-deficient plasma
complemented with FXIIa, but still not from clots in PPK-
deficient plasma. Forty-five minutes after incubation, 
D-dimer were detected in the supernatant of PPK-defi-
cient plasma, and this time-lag could be reversed by com-
plementation with PK (Figure 5C). As expected, in plas-
minogen-depleted plasma, no D-dimer were detected
within 180 min, but after complementation with plas-
minogen D-dimer, release occurred after 30 min.
Complete clot lysis by the bacteria could be observed
when D-dimer concentration was at the highest level, i.e.

after 20 min in FXII-deficient plasma, after 30 min in nor-
mal plasma, and after 45-50 min in PPK-deficient plasma.
As clot lysis time and D-dimer production were deceler-

ated in PPK-def. plasma, we investigated whether PK
might accelerate plasmin degradation of fibrinogen.
Western blot analysis shows that pure fibrinogen is
degraded by the streptokinase/plasminogen complex
within 5- 10 min, and addition of PPK supports fibrinogen
degradation further (Figure 5D and F). Of note, PPK was
activated by Ska/plasminogen in the presence of fibrino-
gen (Online Supplementary Figure S2C and D). If PPK and
FXII were added to fibrinogen it was degraded within 30
min, comparable to plasmin (Figure 5E and G).  PPK or
FXII alone had marginal effects on fibrinogen degradation,
and blocking the proteases by PKSI or CTI inhibited
degradation (Online Supplementary Figure S2B).
Intriguingly, the degradation pattern of PK cleaved alpha
chain of fibrinogen was different, compared to the FXII or
the plasmin cleavage pattern (Online Supplementary Figure
S2E). We conclude that PPK, activated either by streptok-
inase/plasminogen or by FXIIa supports plasmin mediated
degradation of fibrinogen.  
We also investigated the structure of plasma clots by

scanning electron microscopy. Clots derived from PPK-
deficient plasma had thinner fibrin strands than clots from
normal or FXII-deficient plasma (Figure 5H).

Plasma kallikrein promotes bacterial escape from
mouse plasma clots
Streptokinase was shown to specifically activate human

plasminogen,20 but S. pyogenes is able to escape from

Different functions for FXII and PK in sepsis

haematologica | 2020; 105(5) 1429

Figure 2. Analysis of plasma samples from mice after infection with S. pyogenes. Groups of mice (n=4-10) were subcutaneously (sc.) infected with 2x107 colony
forming units (CFU)/mouse of S. pyogenes. (A) Plasma prekallikrein (PPK)  concentration in plasma was measured after 24 and 42-48 hours (h) of infection by a spe-
cific sandwich enzyme-linked immunosorbent assay. (B) Plasma samples from four mice per group were pooled and proteolytic potential of plasma kallikrein (PK)/fac-
tor XIIa (FXIIa) activity was measured using chromogenic substrate S-2302 for PK and FXIIa. (C) Activated partial thromboplastin time (aPTT) and (D) prothrombin
time (PT) in plasma of infected and non-infected animals were measured using a coagulometer. *P≤0.05; **P≤0.001; ***P≤0.0001. ctrl: control.
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mouse (C57BL/6)-derived plasma  clots.21 To test whether
S. pyogenes can survive in, and escape from, plasma clots
of BALB/c mice, plasma samples from control- or PPK-
ASO treated animals were clotted with thrombin in the
presence of S. pyogenes. Clots were covered with 1% plas-
ma and incubated for up to 4 h at 37°C. Viable S. pyogenes
count assays from the supernatants and the clots were per-
formed. Two hours after incubation, no bacteria could be
detected in the supernatant. Four hours after incubation,
the supernatants of PPK-depleted clots contained signifi-
cantly fewer viable bacteria compared to supernatants
from control-ASO clots (Figure 6A). Thus, S. pyogenes is
able to escape from BALB/c mouse plasma clots and PK
plays an important role in this process. The relative impor-
tance of PK was confirmed in PPK-depleted plasma recon-
stituted with human PK, where significantly more viable
bacteria (compared to PPK-depleted plasma clots) could be
detected in the supernatants (Figure 6A). No difference in
CFU could be determined inside the clots (Figure 6B). 
It has previously been shown that PK activates plas-

minogen,22 which would enhance plasmin concentration
in control mice. To address this experimentally, circulating
plasmin 2-antiplasmin (PAP) complexes were quantified
in infected control- and PPK-ASO treated mice (Figure 6C).
However, no difference between the two groups was
observed, supporting the assumption that PK assist in fib-
rinogen degradation and might be relevant for the
observed bacterial dissemination. Importantly, there was
no difference in the plasminogen concentration between
healthy control and PPK-ASO treated mice  (Figure 6D).
Finally, plasma clots from control ASO or PPK-depleted

animals incubated with S. pyogenes were imaged with

scanning electron microscopy. Clots derived from control
mice and incubated with bacteria lost their structural
integrity (Figure 6E), fibrin fibers were degraded, and bac-
teria could not be detected within the clot (Figure 6E, left).
If PPK was absent, intact fibrin fibers were visible, with
bacteria trapped inside of them (Figure 6E, right). 
Taken together, the data show that PK supports degra-

dation and streptococcal escape from mouse plasma clots
leading to increased bacteremia and infection of tissues. 

Plasma kallikrein and FXII concentrations are 
significantly decreased in plasma of septic patients 
We further investigated PK and FXII concentrations in

plasma of 23 patients with sepsis, severe sepsis or septic
shock, collected 1, 2 and 3 days after admission to the
Intensive Care Unit (ICU). In most of the patients, multi-
ple infectious sources and bacterial isolates were identified
and, importantly, non-survivors had significantly pro-
longed aPTT compared to survivors.14 Plasma samples
from 12 healthy persons were used as controls. Both PK
and FXII levels are significantly reduced in all patients
compared to healthy controls (Figure 7A and B). There is
no significant difference between survivors and non-sur-
vivors, or between the days of admission. The data sup-
port earlier studies, and clearly show that reduction of PK
and FXII in plasma is not restricted to S. pyogenes sepsis.

Discussion

Local activation of contact factors on the bacterial sur-
face may be protective against infections, due to the
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Figure 3. Bacterial spreading and histopathology of kidneys from plasma prekallikrein (PPK)- or factor XII (FXII)-depleted mice infected with S. pyogenes. Groups
of mice were infected subcutaneously (sc.) with 1.6-2 x107 colony forming units (CFU)/mouse S. pyogenes AP1. Twenty-four hours after  infection, samples were col-
lected and (A) spleen or (B) blood of infected control-antisense-oligonucleotide (ASO) or PPK-ASO treated mice were homogenized and the number of CFU was quan-
tified. Data are presented as means of ten mice per group and were obtained from two independent experiments. *P≤0.05; ***P≤0.0001. (C) Representative kidney
tissue sections showing the medullary rays, from non-infected, control-, PPK, or FXII-ASO animals. Sections were stained (MSB-Lendrum) and fibrin depositions
(marked by arrows) were detected and scored as described in the Methods section (10 x magnification).
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release of antimicrobial peptides and bradykinin from HK,
which trigger inflammatory reactions. On the other hand,
activation of the system by the pathogen may provoke
invasive spreading via bradykinin-induced vascular leak-
age.5 We previously reported that S. pyogenes triggers acti-
vation of the contact system by streptokinase with the lib-
eration of bradykinin. In addition, we showed that S. pyo-
genes isolates from invasive infections trigger an activa-
tion of the contact system more potently than strains iso-
lated from non-invasive infections. Intriguingly, no signif-
icant difference was observed when plasmin activation
was analyzed,23 supporting the idea that the ability of cer-
tain strains to activate contact factors is associated with
improved bacterial dissemination. The current study
showed that PK, a serine protease of the contact system,
is involved in fibrinolysis triggered by S. pyogenes, and
supports streptococcal dissemination in mice. In vitro,
degradation of fibrinogen and lysis of plasma clots
(induced by streptokinase) was impaired in the absence of
PK. We therefore, suggest that PK assist in degradation of
fibrin by plasmin. This hypothesis is supported by ex vivo
and in vivo experiments showing that PK is involved in 
S. pyogenes escape from mouse plasma clots and dissemi-
nation. On the other hand, our data do not exclude a
direct plasminogen activation by PK that was shown
before in vitro.22 Of note,  a knock-out of the Klkb1 gene in
mice results in an antithrombotic phenotype.11,24 However,
reduced thrombosis in Klkb1 KO mice was not due to
defective contact activation but was a result of reduced
aortic tissue factor in this mouse;24 thus, this mouse would
be not suitable for our investigations. In the present study,
we demonstrated that the selective reduction of PPK by

ASO-technology decelerated bacterial spreading, damp-
ens inflammatory cytokine and chemokines, and raises
CCL5 (RANTES). RANTES acts as a chemoattractant for
monocytes, memory Th cells, and eosinophils. As in our
animal model, in humans, the level of RANTES was
inversely associated with bacteremia25 and the APACHE II
score, thus low levels were predictive with poor
outcome.26,27
FXII is the main physiological activator of PPK but, sur-

prisingly, a knockdown of F12 gene had no influence on
bacterial dissemination in our sepsis model. Beside its
function as an activator for PPK, FXII directly increases the
fiber density within a clot and makes it more resistant to
fibrinolysis.28,29 Consequently, deficiency of FXII in mice or
human impairs thrombus stability.30,31 The present study
supports these findings, as fibrinolysis, initiated in vitro by
bacteria or pure streptokinase, was faster in the absence of
FXII. A recent study by Stroo et al. showed that FXII defi-
ciency in mice improved survival and reduced bacterial
outgrowth in an airway infection model with the Gram-
negative Klebsiella pneumoniae. However, and similar to
our data, FXII deficiency did not protect mice when the
Gram-positive Streptococcus pneumoniaewas used in the air-
way infection model.32 
A depletion of contact factors is often seen in sepsis

patients,15,33,34 and this was confirmed in the present study.
Depletion of contact factors has been assigned to con-
sumption resulting from massive activation of the contact
system. However, although a prolonged aPTT indicated a
consumption of FXII and PK in these patients, we could
not observe a massive HK cleavage.14 As contact factors
are mainly synthesized in the liver, an alternative explana-
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Figure 4. Proinflammatory response in plasma prekallikrein (PPK)-depleted mice infected with S. pyogenes. Groups of mice (n=5 per group) were infected subcu-
taneously (sc.) with 2x107 colony forming units (CFU)/mouse S. pyogenes AP1. Twenty-four hours after infection animals were collected and EDTA plasma were ana-
lyzed for GmCSF (A), MIP-1 beta (B), MIP-2 (C), CCL5 (RANTES) (D), using a Multi-Plex immunoassay. *P≤0.05; **P≤0.01; ***P≤0.0002; ***P≤0.0001.
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tion for low contact factor levels is downregulation of
gene expression in the liver, as shown in the present study
for F12 and Klkb1 genes in the mouse sepsis model. The
knowledge about the pathophysiological role of contact
factor gene expression is important for the understanding
of their general functions in infection. Expression of Klkb1
was quickly decreased due to invasive infection in mice
and accompanied by a fast decrease in the protein in plas-

ma. In addition, an earlier study has shown that the clear-
ance rate of PK by the liver is significantly increased dur-
ing the acute phase reaction.35 Both mechanisms could
contribute to low PK levels in plasma of septic patients,
and this suggests that the fast reduction of PK is part of the
physiological acute phase response, which supports the
antifibrinolytic state. The role of the acute phase response
is to enhance host defense to prevent injury of the host
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Figure 5. Effect of human congenital factor
XII (FXII) or plasma prekallikrein (PPK)
deficiency on fibrinolysis induced by strep-
tokinase or S. pyogenes bacteria. (A) A clot
was derived in normal, FXII- or PPK-defi-
cient plasma by thromboplastin (PT)-
reagent and time until clot lysis was meas-
ured after addition of streptokinase, uPA or
tPA. (B) A clot was derived in normal, FXII- or
PPK-deficient (def) plasma that was, if indi-
cated, pre-incubated with CTI
(75 mg/mL), PKSI (10 mM), FXIIa 
(50 mg/mL) or PK (50 mg/mL). Time until
clot lysis was measured after addition of
streptokinase. (C) Growing S. pyogenes
(2x108 CFU/mL) were mixed with plasma,
and thrombin was used to form a stable
clot. The plasma clot was overlaid with PBS
and D-dimer concentration in the super-
natant was measured after different time
points, using an ELISA. (D and E)
Representative western blot analysis of fib-
rinogen incubated for up to 30 minutes with
plasminogen+streptokinase (Plg/Ska),
p l a s m i n o g e n + s t r e p t o k i n a s e + P P K
(Plg/Ska/PPK), Plasmin, or FXII+PPK
(FXII/PPK) (F and G) relative levels of
uncleaved fibrinogen (Fbg), quantified by
densitometry from three independent
experiments. (H) Plasma clots were
induced by thrombin, fixed and analyzed by
Scanning electron microscopy. Bars repre-
sent 2 mm. *P≤0.05; **P≤0.01;
***P≤0.001; ****P≤0.0001. min: min-
utes.
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within the process of killing bacteria.1 A procoagulant state
with inhibition of fibrinolysis may help to contain the
bacteria at the primary site of infection. The impairment
of fibrinolysis is mediated by different mechanisms, i.e.
by decreasing liver synthesis of anticoagulants such as
antithrombin III,36 or increasing production of fibrinolysis

inhibitors, such as thrombin-activatable fibrinolytic
inhibitor (TAFI)37 or plasminogen-activator-inhibitor 1
(PAI1).38,39 Our investigations suggest that down-regulated
Klkb1 expression during infection likewise contributes to
inhibited fibrinolysis. 
The intrinsic coagulation pathway does not contribute
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Figure 6. Antisense-oligonucleotide (ASO)-mediated plasma prekallikrein (PPK)  depletion reduced bacterial escape and inhibited bacteria-triggered fibrinolysis in
mouse plasma clots. (A and B) Plasma from four mice per group was pooled and mixed with 1x107 colony forming units (CFU)/mL S. pyogenes, a stable clot was
induced by addition of thrombin and CaCl2, and overlaid with PBS, containing 1% plasma. After 4 hours (h), the bacterial loads in the supernatant (A) and homoge-
nized clots (B) were determined by plating. N=4. *P=0.0323; ****P<0.0001. (C) PAP complexes or plasminogen content (D) were determined in EDTA plasma from
infected control- or PPK-ASO treated mouse, n=5 per group.  (E) Plasma was mixed with 1x109 CFU/mL S. pyogenes and clot formation was induced by addition of
thrombin and CaCl2. After 4 h of incubation at 37°C, clots were fixed and analyzed by Scanning electron microscopy. Bars represent 2 mm. PK: plasma kallikrein; n.s.
not significant.
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to physiological hemostasis, and activation occurs in vivo
always under pathological conditions, such as thrombosis,
sepsis, or ARDS.40-42 This is the first study that investigated
the functional contribution of PK in host defense to bacte-
rial sepsis in rodent and human systems. The study shows
that FXII and PK play distinct roles within the infection
process. PK supports streptococcal spreading by its profib-
rinolytic function, whereas, in our model, FXII did not
influence bacterial dissemination.
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Figure 7. Significant decrease in plasma prekallikrein and factor
XII (FXII) in plasma of patients with sepsis, severe sepsis or septic
shock. Blood samples were collected from patients diagnosed
with sepsis. Specific sandwich ELISA was performed to detect the
levels of (A) plasma kallikrein (PK) and (B) FXII in plasma of sepsis
patients on days 1-3. Non-survivor: n=8; survivor: n=15; healthy
controls: n=15. ***P≤0.001.
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In patients with cancer-associated venous thromboembolism, knowledgeof the estimated rate of recurrent events is important for clinical decision-
making regarding anticoagulant therapy. The Ottawa score is a clinical

prediction rule designed for this purpose, stratifying patients according to
their risk of recurrent venous thromboembolism during the first six months
of anticoagulation. We conducted a systematic review and meta-analysis of
studies validating either the Ottawa score in its original or modified versions.
Two investigators independently reviewed the relevant articles published
from 1st June 2012 to 15th December 2018 and indexed in MEDLINE and
EMBASE. Nine eligible studies were identified; these included a total of
14,963 patients. The original score classified 49.3% of the patients as high-
risk, with a sensitivity of 0.7 [95% confidence interval (CI): 0.6-0.8], a 6-
month pooled rate of recurrent venous thromboembolism of 18.6%
(95%CI: 13.9-23.9). In the low-risk group, the recurrence rate was 7.4%
(95%CI: 3.4-12.5). The modified score classified 19.8% of the patients as
low-risk, with a sensitivity of 0.9 (95%CI:  0.4-1.0) and a 6-month pooled
rate of recurrent venous thromboembolism of 2.2% (95%CI: 1.6-2.9). In the
high-risk group, recurrence rate was 10.2% (95%CI:  6.4-14.6). Limitations
of our analysis included type and dosing of anticoagulant therapy. We con-
clude that new therapeutic strategies are needed in patients at high risk for
recurrent cancer-associated venous thromboembolism. Low-risk patients, as
per the modified score, could be good candidates for oral anticoagulation.
(This systematic review was registered with the International Prospective
Registry of Systematic Reviews as: PROSPERO CRD42018099506). 
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ABSTRACT

Introduction

Cancer is one of the most frequent risk factors for venous thromboembolism
(VTE) and for VTE recurrence while on anticoagulation.1,2 In patients with VTE and
cancer, the rate of recurrent VTE despite anticoagulation can reach up to 20% after
six months of therapy, but this rate highly depends on several patient and cancer
characteristics.3 For example, age, residual thrombosis, previous history of VTE, sur-
gical procedures within three months prior to VTE, cancer stage, and the site and



histology of the malignancy all impact the 6-month rate of
recurrent VTE.4-8 The anticoagulant therapy used [e.g. vita-
min K antagonist, direct oral anticoagulants or low molec-
ular weight heparin (LMWH)] may also influence the rate
of recurrent VTE. Reliable identification of which patients
are at high or low risk of recurrent VTE recurrence must
be performed to aid clinical decision-making regarding the
type of anticoagulant therapy.
For this, the Ottawa score was designed  to stratify the

risk of recurrent VTE during the first six months of antico-
agulant therapy in patients with cancer-associated VTE.9
Two scores were derived. The original score (female sex,
lung cancer, and prior history of VTE each give 1 point;
breast cancer gives a negative point; cancer stage I gives 2
negative points) dichotomizes patients into low (score ≤ 0)
or high (score ≥ 1) risk for VTE recurrence. The modified
score (female sex, lung cancer, and prior history of VTE
each give 1 point; breast cancer and cancer stage I + II each
give a negative point) classifies patients into low (score
≤−1), intermediate (score = 0), and high (score ≥ 1) risk for
VTE recurrence. However, the accuracy of these two clin-

ical models remains to determine. 
To determine if the Ottawa risk score (i.e. original and

modified) can reliably identify the risk of recurrent VTE
during the first six months of anticoagulation in cancer
patients with VTE, we conducted a systematic review and
meta-analysis of the literature. 

Methods  

The guidelines of the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) Statement were followed.
The systematic review was registered with the International
Prospective Registry of Systematic Reviews (PROSPERO
CRD42018099506).

Search strategy and study selection 
We systematically searched Medline and Embase, using the

following key words: recurrent venous thromboembolism AND
cancer AND (decision tree OR clinical prediction rule OR clinical
prediction score OR clinical decision rule OR management stud-
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Figure 1. Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) Statement  flow dia-
gram. 



ies OR outcome studies OR decision support techniques),
(venous thromboembolism recurrence) AND cancer AND (deci-
sion tree OR clinical prediction rule OR clinical prediction score
OR clinical decision rule OR management studies OR outcome
studies OR decision support techniques). The search was limited
to English and French language studies. Literature search was
restricted to 1st  June 2012 to 15th December 2018, since the
Ottawa score was published online in June 2012. To ensure a
comprehensive literature search, we examined reference lists
from retrieved articles and reference literature (guidelines and
systematic reviews), and contacted experts in the management
of cancer-associated VTE for possible missing studies. Eligible
studies were those validating either the original or the modified
Ottawa scores. If key data were missing, study authors were
contacted to request the relevant data. Two investigators inde-
pendently evaluated studies for possible inclusion (AD and SM).
They  independently assessed study quality and extracted the
data on study design and patient characteristics. Disagreements
about extracted data were resolved by consensus or by discus-
sion with a third reviewer (MC).

Quality assessment and data extraction
Methodological quality of included studies was assessed inde-

pendently by two observers (AD and SM) using the Hayden qual-
ity assessment tool specifically developed for systematic reviews
of prognosis studies.10 This tool assesses six potential biases. 1) Is
the population of interest represented in the study sample? 2) Are
there cases of Loss to Follow Up that are not associated with key
characteristics? 3) Is there adequate measurement of the prognos-
tic factors? 4) Is there adequate measurement of the outcome of

interest? 5) Are important confounders accounted for? 6) Has the
appropriate statistical analysis been conducted? Regarding the
study population criterion, we considered as representative
cohorts those that included consecutive patients with document-
ed cancer-associated VTE with at least six months of follow up. 
We collected the following data for each study: year of publica-

tion, score evaluated (original or modified), data collection meth-
ods (retrospective or prospective), setting (outpatient, inpatient or
both), geographic location, demographics (mean age, percentage
of women), follow-up duration, overall prevalence of recurrent
VTE, distribution of patients in each pre-test probability group,
and prevalence of VTE in each pre-test probability group.
The primary outcome of the study was the pooled prevalence

of recurrent VTE in each risk group after six months of anticoagu-
lation.

Data analysis 
Publication bias was explored by funnel plots and Egger’s test.

We determined the 95% confidence intervals (CI) of the preva-
lence of recurrent VTE in the various clinical probability categories
using the exact method. The prevalence of VTE in each level of
clinical probability was separately assessed using the method of
the inverse variance on the arcsine-transformed proportions.
Heterogeneity was tested with the Cochran Q statistic and also
quantified by the indicator I2 (ranging from 0% for perfect homo-
geneity to 100% for extreme heterogeneity). In case of hetero-
geneity (Cochran Q test with a P-value < 0.10 or I2 > 50%), a ran-
dom effects model was used.11

All analyses were performed using STATA14 (StataCorp,
College Station, TX, USA) using the metaprop command.12
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Table 1. Characteristics of the studies.
Studies                         Score    Characteristics*   Setting       Inclusion        N       Age   Female    Lung       Breast  Metastases  History         VTE 
                                                                                                   period                  (mean)    sex      cancer      cancer                       of VTE     recurrence
                                                                                                                                                                                                                               rate

Louzada                           Original               R, D         Single-center   2002-2004      543**      63         303            96                 85                321               46                  55 
derivation                      Modified                                                            2007-2008                                (55.8%)   (17.7%)      (15.6%)      (66.2%)      (8.5%)        (10.1%)
(2012)9                                     
Louzada                          Modified               P, V            Multicenter     1995-1999        819         -          427           106               139               526               96                  86
validation (2012)9                                                                                      1999-2001                               (52.1%)  (12.9%)      (17.0%)      (71.8%)       (11.7)         (10.5%)
Louzada                           Original               R, V           Multicenter     2006-2010        353         64         204            62                 39               230               77                 44
validation (2012)14                                                                                     2009-2011                                (57.7%)   (17.5%)      (11.0%)   (75.7%)*** (21.8%)      (12.5%)
                                                                                                                                                 
Den Exter                      Modified               P, V            Multicenter     2001-2010        419         60         197            64                 33                252               39                  35
(2013)17                                                                                                                                                          (47.0%)   (15.3%)       (7.9%)       (71.2%)      (9.3%)         (8.4%)
                                                                                                                               
Ahn (2013)19                    Original               R, V          Single-center   2007-2010        546         58         294            94                 36                406               26                  99
                                                                                                                                                                        (53.8%)   (17.2%)       (6.6%)       (74.4%)      (4.8%)        (18.1%)
Astruc (2016)13              Modified               P, V          Single-center   2000-2010        156         69          70             23                 17                 62                36                  14
                                                                                                                                                                        (44.8%)   (14.7%)      (10.9%)      (39.8%)     (23.1%)       (11.9%)
Alatri (2017)16                Modified               P, V            Multicenter     2001-2016      11123       67        5145         1691             1407             6127           1347               477
                                                                                                                                                                        (46.2%)   (15.2%)      (12.6%)      (55.1%)     (12.1%)        (4.3%)
Khorana (2017)18           Modified               P, V            Multicenter     2010-2013        900         59         537           104                84                492               57                  76
                                                                                                                                                                        (59.6%)   (11.5%)       (9.3%)       (54.7%)      (6.3%)         (8.4%)
van Es (2018)15               Original               P, V            Multicenter     2012-2014        117         63          59             26                 10                 89                 0                   11
                                                                                                                                                                        (50.4%)   (22.2%)       (8.5%)      ((76.0%)                           (9.4%)
                                                                            
*P: prospective; R: retrospective; V: validation; D: derivation; **Missing data for 13 patients; *** TNM>1; N: number; VTE: venous thromboembolism;
***Tumor node metastasis>1. 



Results  

Study selection
The literature search identified 329 article records of

which 229 were assessed for eligibility (Figure 1). Nine
studies reporting data on 14,963 patients were eligible and
were included in the analyses.9,13-19

Study characteristics
Study characteristics are depicted in Table 1. Of the

reported studies, six were prospective, six were multicen-
ter, and four used the original score. In total, seven studies
were validation studies of the Ottawa score. Mean age of
the patients was 58-69 years; female gender accounted for
45-59% of the patients.

Risk of bias within studies
Risk of bias is summarized in Online Supplementary

Appendix 1. For six studies, at least four out of six potential
bias areas were judged satisfied.9,14-16,18 Confounding meas-

urement was not accounted for in all studies, and attrition
was accounted for in only one study.18 A significant publi-
cation bias between the studies was observed (P=0.001)
(Online Supplementary Appendix 2A). This bias was only
observed in studies reporting on the modified score
(Online Supplementary Appendix 2B and C).

Synthesis of results
All nine identified studies were included in the meta-

analysis. Data were extracted from original publications
for six studies9,13-15,19 or, after that, additional data were pro-
vided by corresponding authors.16-18 The overall 6-month
rate of recurrent VTE varied from 4.3% to 18.1% in the
different studies; the overall 6-month pooled rate was
9.8% (95%CI: 6.4-13.8; I2=96%). 
The original Ottawa score was derived in one and vali-

dated in three studies.9,14,15,19 The total number of patients
included in these studies was 1,558 with an overall pooled
6-month rate of recurrent VTE of 12.7% (95%CI: 8.9-17.2,
I2=81%). Overall, 763 (49.3%) patients were classified in
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Figure 2. Pooled recurrence rates of
venous thromboembolism for the
original Ottawa score. (A) Pooled
recurrence rates of venous throm-
boembolism for the original Ottawa
score in high-risk patients. (B)
Pooled recurrence rates of venous
thromboembolism for the original
Ottawa score in low-risk patients

A

B



the high-risk category with a pooled 6-month recurrence
rate of VTE of 18.6% (95%CI: 13.9-23.9) (I2=64%, P=0.04)
(Figure 2A). Of the remaining 795 patients (classified in
the low-risk category), the pooled 6-month rate of recur-
rent VTE was 7.4% (95%CI: 3.4-12.5) (I2=81%, P<0.01)
(Figure 2B). The estimated pooled sensitivity, specificity,
and Area Under the Receiver Operating Characteristic
curve (AUROC) of the original score to identify high-risk
patients were 0.7 (95%CI: 0.6-0.8), 0.5 (95%CI: 0.5-0.6),
and 0.7 (0.6-0.8), respectively. 
The modified score was derived in one and validated in

four studies.9,13,16-18 The pooled 6-month rate of recurrent
VTE in the 13,419 studied patients was 7.85% (95%CI:
4.79-11.57) (I2=95%, P<0.01). The modified score classi-
fied 5,307 (39.5%) patients in the high-risk category, in
which the pooled 6-month rate of recurrent VTE was
10.2% (95%CI: 6.4-14.6) (I2=89%, P<0.01) (Figure 3A). A
total of 2,653 patients (19.8%) were classified in the low-
risk category with a pooled 6-month rate of recurrent VTE
of 2.2% (95%CI: 1.6-2.9) (I2=0%, P=0.51) (Figure 3B). For
the remaining 5,459 patients in the intermediate-risk cate-
gory, the pooled 6-month rate of recurrent VTE was 7.1%
(3.8-11.3) (I2=90%, P<0.01) (Figure 3C).
The estimated pooled sensitivity, specificity, and

AUROC of the modified score to identify high-risk
patients were 0.5 (95%CI: 0.5-0.6), 0.6 (95%CI: 0.5-0.7),
and 0.5 (95%CI: 0.5-0.6), respectively. For the identifica-
tion of low-risk patients these characteristics were 0.9
(95%CI: 0.8-1.0), 0.2 (95%CI: 0.1-0.2), and 0.5 (95%CI:
0.5-0.7), respectively.
Pooled incidences of recurrent VTE for each point cate-

gory using the original and the modified Ottawa scores
are reported in Online Supplementary Appendix 3. The rates
of recurrent VTE ranged from 0 to 37.1% (95%CI: 12.7-
64.7) with a dose-effect association in studies applying the
original score and ranged from 0 to 9.1% (95%CI: 0.2-
24.7) in studies applying the modified score with a step-
wise association.

Discussion  

This systematic review and meta-analysis of nine studies
involving a total of 14,963 patients with cancer-associated
VTE, confirms that the Ottawa score is an accurate tool to
stratify the risk for recurrent VTE within the first six
months of anticoagulation. The original Ottawa score can
reliably identify patients with cancer-associated VTE at
high risk of recurrent events, whereas the modified score is
best suitable for identifying cancer patients with low risk
of VTE recurrence. The original score classified 49.3% of
the patients into the high-risk group with a sensitivity of
71% and the modified score classified 19.8% of the
patients into the low-risk group with a sensitivity of 92%. 
The Ottawa scores (original and modified) are the only

tools available to stratify the risk for recurrence of cancer-
associated VTE. The scores can help identify patients with
a rate of recurrent VTE  >10%. This has been suggested as
clinically relevant and considered as a “high-risk”
category.20 The Ottawa scores have better accuracy than
the reported sensitivity, specificity or AUROC values,
which were calculated based on crude rates of recurrent
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Figure 3. Pooled recurrence rates of venous thromboembolism for the
modified Ottawa score. (A) Pooled recurrence rates of venous throm-
boembolism for the modified Ottawa score in high-risk patients (B)
Pooled recurrence rates of venous thromboembolism for the modified
Ottawa score in intermediate-risk patients. (C) Pooled recurrence rates
of venous thromboembolism for the modified Ottawa score in low-risk
patients.
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VTE as opposed to correct classification. If patients were
classified a priori by risk categories (i.e. “high-risk”, “low-
risk”) similar to how a diagnostic test would be reported
as “disease”, or “no disease”, it is very likely that estimates
of intrinsic properties of the Ottawa score would improve.
Furthermore, when considering our meta-analysis across
each sum of points, we could demonstrate a dose-effect
relationship, either continuous (original score) or stepwise
(modified score), which confirmed the accuracy of the risk
classification of the Ottawa scores. 
The accuracy of the modified Ottawa score to identify

patients at low risk for VTE recurrence has a potential
major therapeutic impact that should be considered for
implementation into daily practice. The low 2.2% risk of
recurrent VTE in this patient population closely mirrors
the recurrent risk of the general VTE population21,22 (refer
to DOAC trials). In this setting, the potential advantages
of LMWH over oral anticoagulation are clearly counterbal-
anced by their cost, their negative impact on quality of
life, and the expected low absolute risk reduction of recur-
rent VTE (<2% based on a 50% relative risk reduction).23,24
The use of oral anticoagulants in low-risk patients is,
therefore, clinically relevant and could be systematically
considered as first line in this specific risk group. In con-
trast, 49.3% of the patients were classified in the high-risk
group by the original Ottawa score. The unacceptable
18.6% estimated rate of recurrent VTE, despite anticoagu-
lant treatment, in this group warrants the urgent develop-
ment of new therapeutic strategies.
Strengths of our study include its comprehensiveness

and the large number of patients included; however, we
acknowledge several limitations. First, there was a signifi-
cant heterogeneity between studies and some publication
bias, particularly in validation studies of the modified
score. Nevertheless, most of the studies were of good
quality. A major source of heterogeneity was the large dif-
ference in incidence rates of recurrent VTE across the stud-
ies. Most datasets were old and included patients receiv-
ing out-dated cancer therapies. These therapies may have
exposed patients to higher risk of recurrent VTE, leading
to an overestimation of the current risk. However, the
most recent study using the original or modified scores
reported an overall recurrence rate of VTE of 9.4 and
8.4%, respectively, which remains high and clinically rel-

evant.15,18 Specific center-related factors that could also
potentially affect recurrence-rate of VTE include academic
centers, age of included patients and their socio-economic
level, number of comorbidities, higher stage disease, his-
tory of VTE, and ethnicity. The second limitation of our
study was we were unable to account for the type of anti-
coagulation used. None of the studied patients were treat-
ed with a direct oral anticoagulant. Data on exposure to
LMWH or vitamin K antagonist was not available in any
of  the identified studies. In the derivation and in some of
the validation studies, the type of anticoagulation was not
a significant predictor for VTE recurrence. However,
among all randomized trials, only one showed the superi-
ority of LMWH over vitamin K antagonists to treat cancer-
associated VTE.25 Third, we could not assess the impor-
tance of other risk factors for VTE recurrence (e.g. inter-
ruption of anticoagulants for an invasive procedure, age,
etc.) during follow up. However, the Ottawa scores were
derived without accounting for these confounders and
appeared to accurately classify patients. Fourth, patients
classified by the original score in the low-risk category had
an estimated rate of VTE recurrence of 7.4%, which can-
not be considered as low. However, when the score was
initially derived, the objective was to identify patients
with an a priori risk for VTE recurrence during anticoagu-
lation of <7%. In that instance, our data confirm the accu-
racy of the original score.
In conclusion, the Ottawa score, either in its original or

modified form, is a useful tool to stratify the 6-month risk
for VTE recurrence during anticoagulation in patients with
cancer-associated VTE. Specifically, the original and mod-
ified Ottawa score can accurately identify patients with
cancer-associated VTE at high and low risk of recurrent
events, respectively. There is an urgent need for the devel-
opment of new therapeutic strategies to prevent recurrent
VTE in high-risk patients. The original score is an accurate
tool to define inclusion criteria of future studies.  
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Pharmacokinetic-based prophylaxis of replacement factor VIII (FVIII)
products has been encouraged in recent years, but the relationship
between exposure (factor VIII activity) and response (bleeding fre-

quency) remains unclear. The aim of this study was to characterize the rela-
tionship between FVIII dose, plasma FVIII activity, and bleeding patterns
and individual characteristics in severe hemophilia A patients. Pooled phar-
macokinetic and bleeding data during prophylactic treatment with BAY 81-
8973 (octocog alfa) were obtained from the three LEOPOLD trials. The
population pharmacokinetics of FVIII activity and longitudinal bleeding fre-
quency, as well as bleeding severity, were described using non-linear mixed
effects modeling in NONMEM. In total, 183 patients [median age 22 years
(range, 1-61); weight 60 kg (11-124)] contributed with 1,535 plasma FVIII
activity observations, 633 bleeds and 11 patient/study characteristics [medi-
an observation period 12 months (3.1-13.1)]. A parametric repeated time-to-
categorical bleed model, guided by plasma FVIII activity from a 2-compart-
ment population pharmacokinetic model, described the time to the occur-
rence of bleeds and their severity. Bleeding probability decreased with time
of study, and a bleed was not found to affect the time of the next bleed.
Several covariate effects were identified, including the bleeding history in
the 12-month pre-study period increasing the bleeding hazard. However,
unexplained inter-patient variability in the phenotypic bleeding pattern
remained large (111%CV). Further studies to translate the model into a tool
for dose individualization that considers the individual bleeding risk are
required. Research was based on a post-hoc analysis of the LEOPOLD stud-
ies registered at clinicaltrials.gov identifiers: 01029340, 01233258 and
01311648. 

Introduction

Hemophilia A is an X-linked hereditary bleeding disorder caused by the defi-
ciency of coagulation factor VIII (FVIII). The severity of the disease is inversely
correlated with the amount of factor that an individual is able to produce, and
nearly half of the cases correspond to the severe laboratory phenotype (endoge-
nous plasma FVIII activity levels <1 IU/dL).1,2 Prophylaxis with FVIII concentrates
is currently considered the treatment of choice to decrease the frequency of bleed-
ing and preserve  musculoskeletal function.3-5 The population pharmacokinetics
(PK) of FVIII products has been extensively studied, and it has been seen that the
elimination half-life varies substantially between patients.6,7 Thus, the individual
disposition of FVIII cannot be adequately predicted by average PK parameters and
demographic characteristics, and PK-based dosing has been encouraged to opti-
mize dosing regimens in the prophylactic setting.8-10 In brief, PK-based dosing
relies on Bayesian estimation to estimate the individual PK parameters by combin-
ing patient information (dose, FVIII activity measurements and demographic char-
acteristics, e.g. age, body weight) with information previously collected from a
patient population by means of a population PK model.11,12 Based on the estimated
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individual PK parameters, a patient-specific dosing regi-
men can be suggested.13 Recently, the shift from standard
prophylaxis to PK-based prophylaxis was facilitated by
the development of dosing tools, which are hemophilia-
specific for one (e.g. my PKFit, Shire Pharmaceutical
Holdings Ireland Limited, Dublin, Ireland;
www.mypkfit.com) or multiple (WAPPS-Hemo, McMaster
University, Hamilton, Ontario, Canada, www.wapps-
hemo.org) FVIII products, or generic tools (e.g. DoseMe
LLC, Taringa Qld, Australia; www.doseme-rx.com;
InsightRX Inc., San Francisco, CA, USA, www.insight-
rx.com), which also support drugs from other clinical
areas.14
The choice of individual dosing regimens in PK-based

prophylaxis is based on information about the individual
PK, but is also based on other components such as the
patient’s bleeding pattern, joint status or physical activity.
From a PK perspective, the dose and dosing interval that
generates an individual trough plasma FVIII activity
above a certain target level, traditionally 1 IU/dL, is select-
ed.1,15 However, even though this level was not supposed
to be an end in itself,16 but rather an orientation, until
recently it was the main target used to build prophylaxis
regimens. Several studies showed that some patients still
bleed with higher trough values, while others do not
bleed despite having trough values below 1 IU/dL, sug-
gesting that a “one-target-fits-all” strategy is not appropri-
ate.16-22 Other measures of target FVIII exposure have been
associated with bleeding,23 and different target levels for
different patients that take into consideration individual
lifestyle were recently suggested.24
One of the most important clinical endpoints to assess

efficacy in hemophilia is bleeding frequency. This is often
reported as the absolute number of bleeds during the
study duration or annualized bleeding rate with the
respective dispersion (e.g. range or standard deviation).25
Whereas these bleeding outcome measures may be useful
to report efficacy, they are not adequate to study predic-
tors of bleeding as they do not account for complex
aspects, such as individual differences in FVIII disposition
or bleeding phenotype, or time-varying factors, such as
changes in dosing regimens or bleeding patterns.
However, using an integrated model-based analysis over-
comes these limitations. Repeated time-to-event model-
ing, an extension of parametric time-to-event survival
analysis using non-linear mixed effects modeling,
accounts for the occurrence of multiple events (e.g.
bleeds) within an individual.26,27 This methodology
enables the characterization of time-varying patterns in
the occurrence of events (e.g. bleeding patterns changing
over time) or predictors of events (e.g. FVIII activity) and
has successfully been applied to several clinical areas,  e.g.
to describe the analgesic consumption in postoperative
pain,28 or the time to the occurrence of epileptic seizures.29
This technique can be further extended to capture how
consecutive events may be related to each other
(Markovian dependence), or to include the severity of the
events [repeated time-to-categorical event (RTTCE) mod-
eling].30 
To better understand the link between prophylactic

FVIII replacement therapy and bleeding patterns in
patients with severe hemophilia A, the aim of this study
was to characterize the relationship between FVIII doses,
FVIII activity in plasma, and the occurrence of bleeds, as
well as bleeding severity (mild, moderate or severe).

Methods

For a detailed description of the methods used, see the Online
Supplementary Appendix.

Patients and data 
This post-hoc analysis was based on dosing, PK, bleeding and

patient characteristics data obtained from the three LEOPOLD tri-
als (LEOPOLD I clinicaltrials.gov identifier: 01029340, LEOPOLD II
clinicaltrials.gov identifier: 01233258 and LEOPOLD kids clinicaltri-
als.gov identifier: 01311648),31-33 evaluating efficacy, safety and PK of
a full-length recombinant human FVIII product, BAY 81-8973
(octocog alfa, Kovaltry®),34 in severe hemophilia A (endogenous
FVIII activity <1 IU/dL) patients. Previously treated patients with
no history of FVIII inhibitors, receiving on-demand or prophylac-
tic treatment at screening, aged 12-64 years (LEOPOLD I and II)
and ≤12 years (LEOPOLD kids) were included. Single doses of 50
IU/kg or 20-50 IU/kg 2-3 times/week (LEOPOLD I), 20-40 IU/kg
2-3 times/week (LEOPOLD II), and 25-50 IU/kg at least 2
times/week (LEOPOLD kids) were administered. The study pro-
tocols were reviewed and approved by each site’s independent
ethics committee or institutional review board.  
Factor VIII activity was measured by the chromogenic assay.

Bleeding episodes observed during prophylactic treatment were
included in the analysis, which included spontaneous, trauma-
related and untreated bleeds (i.e. bleeds not requiring FVIII infu-
sions in addition to scheduled treatment), and unspecified events
requiring FVIII treatment. Date and time of injection, and bleeding
data (date, time, severity and location) were self-reported by the
patient or caregiver using an electronic patient diary. A maximum
of one bleed per calendar day was recorded, and spontaneous joint
or muscle bleeds were not registered if occurring within 72 hours
(h) of another bleed at the same site or respective infusion. 

Model development and assessment
Model estimation was performed using non-linear mixed

effects modeling in NONMEM® 7.4.3.35 The PK and RTTCE mod-
els were estimated simultaneously and covariates integrated after-
wards. Model assessment was based on scientific plausibility,
changes in the objective function value (OFV, -2·log-likelihood),
goodness-of-fit plots and precision of parameter estimates. For
nested models, the likelihood ratio test was used [difference in
OFV (DOFV) >6.64 considered significant at =0.01, 1 d.f.].

Population pharmacokinetic model
The population PK analysis started from the model by Garmann

et al. using the corresponding set of data.36 The included associa-
tion between lean body weight (LBW) and clearance (CL) and cen-
tral volume of distribution (V1) was retained given the wide age
range of patients. The previous model assumptions were compre-
hensively assessed.

Repeated time-to-categorical bleed model
The probability density of each bleed, as well as the probability

associated with each severity was estimated from the observed
time of bleeding and severity score (mild, moderate, severe) using
a combination of parametric survival analysis and proportional
odds model for ordered categorical data,26,27,37,38 i.e. the RTTCE
model.30 The distribution of time of bleeds was explored using
exponential, Weibull and Gompertz hazard functions. Inter-indi-
vidual variability was considered on the overall bleeding hazard
and on the logit transform of the severity probability. The censor-
ing time for bleeds was set at the end of the individual bleeding
observation period (right-censored observation). 
The influence of individual plasma FVIII activity predicted from
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the estimated individual PK parameters and recorded dose infor-
mation was explored on the baseline hazard using either a linear,
exponential or maximum inhibition (Imax) model. Furthermore, a
time-dependency between consecutive bleeds was assessed with
a Markov hazard rate through a function depending on the time
since the previous bleed. 
The final RTTCE model, developed based on data of all bleeds,

was re-estimated including only data concerning joint sponta-
neous bleeds from the studies LEOPOLD I and II to characterize
the joint bleeding patterns in patients aged 12 years or older.

Covariate analysis
The correlation between covariates (patient and study charac-

teristics), PK, bleeding hazard (all bleeds), and bleeding severity
were evaluated using full random effects modeling.39,40 This
methodology allows the characterization of all model parameter-
covariate relationships in a single step and does not require impu-
tation of pre-defined values when covariate data are missing. The
covariates explored were: age, body weight, body mass index,
lean body weight, race, von Willebrand factor (vWF), number of
bleeds in the 12-month pre-study period, previous therapy history,
on-demand or prophylaxis treatment, number of target joints for
bleeds at study start obtained from the case report forms, ratio of
the number of bleeds in the 12-month pre-study period to the
number of target joints for bleeds at study start and during the
study. In the original PK model development,36 vWF was not avail-
able; this covariate was, therefore, tested for the first time in this
analysis. Relevant parameter-covariate relationships were identi-
fied by the correlation coefficient (r), uncertainty of the effect size,
and scientific plausibility. 

Results

Patients and data
The final analysis included 1,535 FVIII activity observa-

tions from 183 patients, 633 bleeds from 172 patients, and
11 covariates. The median bleeding observation period
was approximately 12 months for LEOPOLD I and II, and
six months for LEOPOLD kids. Eleven patients had PK
observations available but did not contribute with bleed-
ing information because either they only received on-
demand treatment (n=5) or only participated in the PK
part of the trial (n=6). The median patient was a 22-year
old 60-kg white male, with a vWF level of 104%, one tar-
get joint at study start, and receiving prophylactic treat-
ment before the study. In total, 116 patients (67% of total)
had at least one bleed during the observation period
(median 2, range 0-33), and the median time to first bleed
was 48.2 days (range 14.5 hours-352 days). Descriptive
statistics of study, patient characteristics and information
on bleeding episodes are available in Table 1. (This infor-
mation by age cohort is available in the Online
Supplementary Appendix). 

Population pharmacokinetic model 
The PK component of the final model provided a good

description of the PK data, similarly to the  previously
reported model.36 In addition to inter-individual variability
on CL and V1, adding inter-individual variability on the
residual error improved both model fit (DOFV=-199) and
parameter precision. The median estimated individual CL
was 1.80 dL/h (range 0.579-4.73 dL/h) and V1 was 29.5 dL
(range 5.68-51.1 dL). The distribution of model-predicted
plasma FVIII activity at the time of bleeding was strongly

positively skewed with a median of 5.81 IU/dL (mean 11.6
IU/dL, range <1.50-140 IU/dL). The parameter estimates
of the final model are available in Table 2.

Repeated time-to-categorical bleed model
A Gompertz hazard function with decreasing bleeding

hazard over time provided an adequate description of the
time-to-bleed data and was superior to the Weibull and
exponential models. The effect of FVIII activity on the
bleeding hazard was characterized by an Imax model
(P<0.001; DOFV=-146), with full inhibition for high FVIII
activity values. An exponential effect performed almost as
well (DOFV=-133), while a linear relationship performed
substantially worse (DOFV=-23). The final hazard equa-
tion was given by:

where h(t) is the time-varying bleeding hazard, λ and γ
are the scale and shape factors of the Gompertz distribu-
tion, FVIII(t) is the individual PK model-predicted FVIII
activity at time t, IF50 is the FVIII activity resulting in half-
maximum inhibition of the hazard, and η is a log-normal-
ly distributed random effect describing the unexplained
inter-individual variability of the bleeding hazard in the
population. Instead of representing the bleeding hazard
when FVIII activity in plasma is zero, λ and IF50 were re-
parametrized to represent the bleeding hazard when plas-
ma FVIII activity was 0.5 IU/dL and 20 IU/dL (λ0.5IU/dL and
λ20IU/dL, respectively) one year after study start. The assess-
ment of a time dependency between consecutive bleeds,
given by a transient effect where the occurrence of a bleed
changed the bleeding hazard of a new bleed, could not be
identified (P>0.05 for Markov component). The estimated
probability of a bleed during the study to be mild, moder-
ate or severe was 39.6, 55.7 and 4.72%, respectively.
The observed Kaplan-Meier curves for the first three

bleeding episodes and the 95% confidence interval (CI) of
the model predictions, showing how well the model
described the data, are presented in Figure 1, and the
parameter estimates of the final model are available in
Table 2. An additional model diagnostic plot is available in
the Online Supplementary Appendix (Online Supplementary
Figure S1). 
The re-estimated model accounting for the spontaneous

joint bleeding information only was found to describe the
data well (Online Supplementary Figure S2), and the final
parameter estimates are available in Table 3. As expected,
when including only spontaneous joint bleeds, the bleed-
ing hazard as well as the IF50 parameter decreased,
reflecting less frequent events and higher potency for the
replacement therapy, respectively.   

Covariate analysis
The estimated correlations between the model parame-

ters (CL, V1, PK residual error, bleeding hazard and bleed-
ing severity including all bleeds) and the co-variates are
illustrated in Figure 2. The strongest relationships found
were: vWF on CL (r=-0.54; decreased unexplained inter-
individual variability by 4.7%) and number of bleeds in
the 12-month pre-study period on the bleeding hazard
(r=0.45; decreased unexplained inter-individual variability
by 15%). The effect of LBW on CL and V1 was included a
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Table 1. Patients' characteristics, treatment and bleeding data by study for patients with plasma factor VIII (FVIII) observations enrolled in the bleeding
observation period. 
Study                                                                                                              LEOPOLD I                          LEOPOLD II                         LEOPOLD kids                              Total

Patients with PK and bleeding data, n (% of total)                                         62 (36)                                  59 (34)                                    51 (30)                                  172 (100)
Duration of bleeding observation period, months                                                                                                                                                                                                  
Mean±SD                                                                                                            11.8 ± 1.53                          12.2 ± 0.165                           6.12 ± 0.544                            10.3 ± 2.86
Median [range]                                                                                             12.0 [3.08-13.1]                   12.2 [11.7-12.5]                     6.09 [3.78-7.22]                     12.0 [3.08-13.1]
Individual FVIII dose during treatment period (IU/kg)                                                                                                                                                                                         
Mean±SD                                                                                                            38.4 ± 9.24                           38.9 ± 9.37                             36.2 ± 10.5                             38.2 ± 9.60
Median [range]                                                                                             37.9 [4.25-80.9]                   38.7 [5.85-199]                      34.1 [19.2-106]                      37.9 [4.30-199]
Patients' characteristics                                                                                                                                                                                                                                            
Age, years                                                                                                                                                                                                                                                                          
Mean±SD                                                                                                            31.5 ± 12.7                           29.0 ± 11.1                              6.59 ± 2.94                             23.2 ± 14.9
Median [range]                                                                                             30.0 [12.0-61.0]                   27.0 [14.0-59.0]                     6.00 [1.00-11.0]                     22.0 [1.00-61.0]
Weight, kg                                                                                                                                                                                                                                                                          
Mean±SD                                                                                                            76.7 ± 17.3                           64.9 ± 13.2                              25.9 ± 10.8                             57.6 ± 25.5
Median [range]                                                                                              76.0 [39.0-124]                   64.0 [46.0-98.0]                     22.6 [11.0-59.0]                     60.0 [11.0-124]
Lean body weight,a kg                                                                                                                                                                                                                                                     
Mean±SD                                                                                                            58.4 ± 8.88                           52.8 ± 7.18                             23.3 ± 8.66                             46.0 ± 17.1
Median [range]                                                                                             58.5 [35.5-79.2]                   52.2 [40.9-68.4]                     20.8 [9.25-48.9]                     50.9 [9.25-79.2]
Body mass index,a kg·m-2                                                                                                                                                                                                                                                
Mean±SD                                                                                                            25.2 ± 4.63                           21.4 ± 3.94                             16.4 ± 2.55                             21.3 ± 5.25
Median [range]                                                                                             25.2 [16.2-38.3]                   20.8 [15.0-30.9]                     15.7 [13.0-24.6]                     20.3 [13.0-38.3]
von Willebrand factor level,b %                                                                                                                                                                                                                                     
Mean±SD                                                                                                             107 ± 34.3                            110 ± 38.9                                     NA                                     109 ± 36.5
Median [range]                                                                                              103 [53.0-200]                     104 [43.0-242]                                 NA                                 104 [43.0-242]
Race, n (%)                                                                                                                                                                                                                                                                       
White                                                                                                                       55 (89)                                  30 (51)                                    47 (92)                                   132 (77)
Black                                                                                                                         4 (6.5)                                   1 (1.7)                                     3 (5.9)                                     8 (4.7)
Asian                                                                                                                         0 (0.0)                                  23 (39)                                    0 (0.0)                                    23 (13)
Hispanic                                                                                                                   2 (3.2)                                   5 (8.5)                                     1 (2.0)                                     8 (4.7)
Unknown                                                                                                                  1 (1.6)                                   0 (0.0)                                     0 (0.0)                                    1 (0.60)
Treatment history, n (%)                                                                                                                                                                                                                                               
On-demand                                                                                                            11 (18)                                 59 (100)                                   11 (22)                                    81 (47)
Prophylaxis                                                                                                             51 (82)                                  0 (0.0)                                    40 (78)                                    91 (53)
N. of target joints at study startc                                                                                                                                                                                                                                  
Median [range]                                                                                                     1 [1-4]                                  2 [1-5]                                    1 [1-2]                                    1 [1-5]
Summary of bleeding episodes                                                                                                                                                                                
Total number of bleeds, n (% of total)                                                             240 (38)                                292 (46)                                  101 (16)                                 633 (100)
Patients with at least one bleed, n (% of total)                                              45 (39)                                  43 (37)                                    28 (24)                                  116 (100)
Individual n. of bleeds                                                                                                                                                                                                                                                    
Median [range]                                                                                                    2 [0-26]                                2 [0-33]                                   1 [0-9]                                   2 [0-33]
Time to first bleed,d days                                                                                                                                                                                                                                               
Mean±SD                                                                                                            91.8 ± 96.7                           63.9 ± 66.0                              58.0 ± 46.6                             73.3 ± 76.8
Median [range]                                                                                            49.1 [1.00-351.9]                 43.0 [0.606-265]                     5.00 [1.17-182]                     48.2 [0.606-352]
Bleed type, n (%)                                                                                                                                                                                                                                                            
Spontaneous                                                                                                         155 (65)                                209 (72)                                   24 (24)                                   388 (61)
Non-spontaneous                                                                                                 85 (35)                                  83 (28)                                    77 (76)                                   245 (39)
Spontaneous bleed location, n (%)                                                                                                                                                                                                                            
Joint                                                                                                                        131 (55)                                189 (65)                                   8 (7.9)                                   328 (52)
No joint                                                                                                                   109 (45)                                103 (35)                                   93 (92)                                   305 (48)
Bleed severity, n (%)                                                                                                                                                                                                                                                      
Mild                                                                                                                         123 (51)                                120 (41)                                   52 (52)                                   295 (47)
Moderate                                                                                                                91 (38)                                 139 (48)                                   46 (46)                                   276 (44)
Severe                                                                                                                      26 (11)                                  33 (11)                                    3 (3.0)                                    62 (9.8)
N. of bleeds in the 12 months prior to study starte                                                                                                                                                                                                 
Median [range]                                                                                                   5.5 [0-55]                             36 [3-106]                                4 [0-55]                                11 [0-106]
N/n: number; PK: pharmacokinetics; NA: not available; SD: standard deviation. aLean body weight and body mass index missing for one patient. bvon Willebrand fac-
tor levels missing for 55 patients. cNumber of target joints missing for 61 patients. dTime to first bleed based on data from patients experiencing at least one bleed.
eNumber of bleeds in the last 12 months missing for 3 patients. 
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Figure 1. Observed and model-predicted Kaplan-Meier curves depicting the percentage of bleed-free patients versus time after start of the LEOPOLD studies, for
the first, second and third individual bleed. (A) Observed Kaplan-Meier curves (plot) and cumulative number of bleeds throughout time (table). (B) Observed Kaplan-
Meier curves by number of bleeds (first, second or third in the study) and bleeding severity (mild, moderate or severe) overlaid with the 95% confidence interval of
the model-predicted Kaplan-Meier curves (shaded area), based on 200 simulations. Vertical lines indicate that a patient was censored. 

A B

Figure 2. Correlation matrix illustrating the
correlations between model parameters
and observed study or patient characteris-
tics (covariates). Each square illustrates
the correlation between two variables
(model parameters or covariates). The
same variables are represented in the rows
and columns, and the diagonal line shows
that each variable correlates perfectly with
itself. The first five rows/columns depict
the relationship between the model param-
eters associated with inter-individual vari-
ability [clearance, central volume of distri-
bution, pharmacokinetic (PK) residual
error, bleeding hazard and bleeding severi-
ty] and the covariates, and the remaining
rows/columns represent the correlations
between the observed covariate values (on
the log-scale). The matrix is symmetrical,
and the correlations below the main diago-
nal line are represented with colors. The
darker the color, the stronger the interde-
pendence of the two variables, with strong
negative correlations represented in dark
red (r=-1), i.e. one variable increases as the
other decreases, and strong positive corre-
lations represented in dark blue (r=+1), i.e.
one variable increases as the other increas-
es. Correlations above the main diagonal
line are represented with numbers detail-
ing the correlation coefficient values (r).
1Unexplained inter-individual variability on
the residual error.  2VWF: von Willebrand
factor. 3Number of bleeds in the 12-month
pre-study period. 4Number of target joints
for bleedings at study start. 5Ratio of the
number of bleeds in the 12 months pre-
study period to the number of target joints
for bleedings at study start. 



priori in the PK structural model and the absence of a cor-
relation between LBW on CL or V1 in the covariate analy-
sis indicates that the relationship was well captured by the
model. Other characteristics showed lower correlation
coefficients, namely, Black race and Asian race decreasing
and increasing CL (r=-0.25 and 0.17), respectively, and age
and vWF being positively correlated to the severity of
bleeding (r=0.23 and 0.28). In addition, correlations were
identified between model parameters (e.g. CL and V1,
r=0.45) and between covariates (e.g. treatment history and
number of bleeds pre-study period, r=-0.71). 
The effect sizes of the most relevant parameter-covari-

ate interactions are shown in Figure 3. The number of
bleeds in the 12-month pre-study period correlating with
the bleeding hazard was the most relevant interaction
found. Compared to a mean patient with 8.2 bleeds in the
pre-study period, a patient who had one bleed (5th per-
centile of the observed data) or 84 bleeds (95th percentile)
pre-study was found to have a 54% lower (95%CI: 40-65)
or 147% higher (95%CI: 79-226) hazard, respectively.
These values translate into a bleeding hazard (λ0.5 IU/dL) of
1.30 year-1 (95%CI: 0.99-1.68) (1 pre-study bleed), and
6.97 year-1 (95%CI: 5.05-9.18) (84 pre-study bleeds). von
Willebrand factor levels and race were found to correlate
with CL. A patient with a vWF level of 64% (5th percentile)
or 179% (95th percentile) had an estimated CL of 2.30 dL/h
(95%CI: 2.17-2.45; terminal half-life 11.6 h) and 1.59 dL/h
(95%CI: 1.47-1.69; terminal half-life 16.5 h), respectively.
Patients of Black race had an estimated CL of 1.41 dL/h
(95%CI: 1.16-1.71), Asian 2.21 dL/h (95%CI: 1.97-2.48),
and Caucasian 1.93 dL/h (95%CI:1.80-2.07). A modest
correlation was identified between vWF and bleeding
severity, with a patient with a vWF level of 64% having a
probability of having a moderate or severe bleed of 57%
(95%CI: 55-59), while the corresponding probability for a

patient with a vWF level of 179% was 68% (95%CI: 62-
75); a similar trend was found for age. 

Simultaneous model predictions
An illustration of the observed plasma FVIII activity and

time-to-bleed data for three patients, and the respective
model-based predictions are available in Figure 4. 

Variability in the bleeding hazard
The inclusion of all available covariates in the model

resulted in a decrease of 25% in the inter-individual vari-
ability on the bleeding hazard, with a final unexplained
inter-individual variability value of 111%. Figure 5 shows
how this variability translates into bleeding frequency by
using the model to simulate the occurrence of bleeds dur-
ing one year in a group of virtual patients with median
characteristics, following doses leading to a given plasma
FVIII activity trough value: 1, 3, 5 and 15 IU/dL. Plasma
FVIII activity-time profiles with higher trough values were
linked to lower bleeding hazards, leading to an expected
lower simulated bleeding frequency. The median cumula-
tive number of simulated bleeds for the given dosing sce-
narios ranged between 0.745 (FVIII activity trough 15
IU/dL) and 2.73 (FVIII activity trough 1 IU/dL) bleeds, and
the 90th percentile, representing the inter-patient variabili-
ty on the bleeding hazard (underlying bleeding tendency),
ranged between 3.00 and 11.2 bleeds. 

Discussion

We developed a comprehensive mathematical model
describing the relation between the dose of a recombinant
FVIII product, plasma FVIII activity, the bleeding outcome
as well as severity and the correlation with covariates, fol-
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Figure 3. Effect sizes of the most relevant covariates on the estimated model parameters when compared to the mean covariate value, with uncertainty. For con-
tinuous covariates (vWF: von Willebrand factor, bleeds pre-study period, and age) the effects at the 5th and 95th percentiles of the covariates are shown, and the geo-
metric mean value is represented in gray. For the categorical covariate race, the effect of the presented category is compared to the most frequent category. The
black error bars represent the 95% confidence interval given by the uncertainty of the estimated model parameters. FVIII: factor VIII.



lowing prophylactic treatment in patients with severe
hemophilia A. To our knowledge, this is the first reported
model characterization including longitudinal bleeding
events for a replacement FVIII product. The model was
based on observed data of plasma FVIII activity (PK com-
ponent), bleeding time and severity (RTTCE component)
and covariates, collected during the LEOPOLD studies.
The final model satisfactorily described plasma FVIII
activity and time- and PK-related probability of bleeding.

Besides LBW (included a priori influencing CL and V1),
vWF and race correlated with CL, number of bleeds in the
12-month pre-study period correlated with the bleeding
hazard, and age and vWF affected the severity of bleeding.
However, even after identifying these covariate effects,
the unexplained inter-individual variability on the bleed-
ing hazard was high. 
The covariate analysis allowed the exhaustive assess-

ment of the clinical relevance of the correlation between
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Figure 4. Illustration of the observed pharmacokinetics (PK), observed time-to-bleed data and model predictions (including co-variates) for three illustrative
patients during the first six weeks in the study. Patient 1 participated in the LEOPOLD I trial and was 44 years old, weighed 107 kg, received prophylactic treatment
before the study started and had six bleeds in the 12 months pre-study period; a PK sample was collected 25 min post-dose on day 1; a bleed occurred on day 22.
Patient 2 participated in the LEOPOLD kids trial and was 11 years old, weighed 40 kg, received prophylactic treatment before the study started and had 15 bleeds
in the 12 months pre-study period; PK samples were collected at 0.6, 4.25 and 24.2 h post-dose on day 1, and pre-dose and 0.5 h post-dose on day 35. Bleeds
occurred on days 27, 33 and 41. Patient 3 participated in the LEOPOLD II trial and was 19 years old, weighed 68 kg, received on-demand treatment before the study
started and had 36 bleeds in the 12 months pre-study period; a PK sample was collected at 25 min post-dose on day 1; no bleeds were observed. The first row
shows the PK observations (circles), respective model predictions (solid lines) and the time of bleeds (crosses). At the time of the bleeds, the model-predicted factor
VIII (FVIII) activity values were 0.38 IU/dL (patient 1) and 0.30, 1.39 and 0.367 IU/dL (patient 2), all values below the lower limit of quantification. The second row
depicts the predicted individual bleeding hazard, which is inversely correlated with plasma factor VIII activity, and decreases throughout the time of the study. The
third row depicts the individual probability of bleeding, which was calculated based on the individual bleeding hazard (the higher the hazard, the faster the increase
in the probability of bleeding) and was reset to zero every time a bleed occurred. The fourth row shows the observed and predicted cumulative number of bleeds
over time. Further details on the mathematical derivation of the curves related to bleeding can be found in the Online Supplementary Appendix.



the covariates available and the model parameters. For PK,
higher vWF levels were associated with a decreased FVIII
CL; an expected finding since the complex FVIII-vWF is
known to protect FVIII from proteolytic degradation.41
The impact was, however, modest, with the typical value
of CL being 2.30 and 1.59 dL/h at vWF levels of 64% and
179% (5th and 95th percentiles). The magnitude of the vWF
effect on CL is in agreement with results of other popula-

tion PK studies.42,43 Interestingly, Black race was associated
with a 27% (95%CI: 12-40) lower CL compared to
Caucasians. A similar trend was previously identified for a
B-domain deleted recombinant FVIII product,6 and might
be in part due to higher vWF levels in Black race patients
or other unknown factors.44 Moreover, Asian race had a
14.2% (95%CI: 2.0-28) higher CL compared to
Caucasians. Such a trend had been identified during the
previous development of the population PK model, but
the relation was not retained due to lack to statistical sig-
nificance.36 Due to the modest effect sizes, and the high
uncertainty associated with the low number of patients of
these races (Asian 31, Black 10), these correlations should
be interpreted with caution. 
The RTTCE component of the model describes the

bleeding probability throughout the study period and the
likelihood of that bleed to be mild, moderate or severe.
The hazard function describes the distribution of bleeds in
time, and represents the instantaneous risk of having a
bleed per unit of time. Thus, the cumulative hazard gives
the likely number of events in a given time interval. In this
analysis, the hazard described a declining bleeding proba-
bility with time. The estimated lambda parameter (λ) rep-
resents the bleeding hazard at the end of the LEOPOLD I
and II studies (1 year), and the shape parameter (γ)
describes whether the hazard decreases, remains stable or
increases with time. The bleeding hazard estimates for a
typical patient at the end of the study were 2.7, 2.0 and 1.2
year-1 for the thresholds of 1, 5 and 15 IU/mL, reflecting
the model-predicted annual bleeding rates of patients con-
stantly at a trough value. For instance, a typical patient
with a permanent level of 1 IU/dL would be expected to
have approximately three bleeds per year, if he remained

J.A. Abrantes et al.

1450 haematologica | 2020; 105(5)

Table 2. Parameter estimates for the simultaneous estimation of the
pharmacokinetic and repeated time-to-categorical event (RTTCE) sub-
components of the final model.
Parameters                                                Estimate              RSE (%)

PK model                                                                                                        
Structural model                                                                                          
CL, dL/h                                                                      1.93                          3.54
V1, dL                                                                          30.3                          1.72
Q, dL/h                                                                        1.69                          23.0
V2, dL                                                                          6.29                          8.79
Covariate parameters                                                                                 
Effect of LBW on CLa                                             0.646                         10.0
Effect of LBW on V1a                                              0.958                         3.13
Inter-individual variability                                                                           
CL, %CV                                                                     30.2b                         7.31c

V1, %CV                                                                      15.1b                         8.75c

Residual error, %CV                                               63.1b                         7.23c

Residual variability                                                                                       
Additive, IU/dL                                                          1.52                          11.0
Proportional, %CV                                                   20.3                          5.52
RTTCE model (all bleeds)                                                                         
Structural model                                                                                          
λ0.5 IU/dL, year-1                                                             2.82                          17.6
λ20 IU/dL, year-1                                                              1.00                          17.3
λ(0 IU/dL, 1 year)(derived)d, year-1                                 2.96                            -
IF50 (derived)d, IU/dL                                             10.2                            -
γ, year-1                                                                      -0.566                        26.1
b1                                                                                 0.424                         68.2
b2                                                                                 -3.43                         6.42
Pmild bleed (derived),d,e %                                            39.6                            -
Pmoderate bleed (derived),d,e %                                      55.7                            -
Psevere bleed(derived),d,e %                                          4.72                            -
Inter-individual variability                                                                           
λ, %CV                                                                       136b                         7.95c

b1 and b2, SD                                                              1.67b                         10.8c

b1 and b2: baseline logits of the cumulative bleeding severity probabilities; PK: phar-

macokinetics; CL: clearance; CV: coefficient of variation; IF50: factor VIII activity result-

ing in half-maximum inhibition; LBW: lean body weight; P: probability; Q: inter-com-

partmental clearance; RSE: relative standard error; RTTCE: repeated time-to-categori-

cal event; SD: standard deviation; V1: central volume of distribution; V2: peripheral vol-

ume of distribution; λ: bleeding hazard; γ: shape factor of the Gompertz distribution.
atypical CL = CL · , typical V1 = V1 · bη-shrinkage was 10.4, 16.1, 11.2,

15.1, and 26.7% on CL, V1, PK residual error,  λ and b, respectively. cRelative standard

error for inter-individual variability parameters reported on the approximate standard

deviation scale (standard error/variance estimate)/2. dDerivations and further details

available in Online Supplementary Appendix. eProbability of observing a mild, moder-

ate or severe bleed.

Table 3. Parameter estimates for the repeated time-to-categorical
event (RTTCE) sub-component of the final model, including only joint
spontaneous bleeds.
Parameters                                                       Estimate         RSE (%)

RTTCE model (only joint spontaneous bleeds)                                     
Structural model                                                                                             
λ0.5 IU/dL, year-1                                                                      1.65                    23.8
λ20 IU/dL, year-1                                                                     0.386                   22.9
λ(0 IU/dL, 1 year) (derived)d, year-1                                         1.80                      -
IF50 (derived)a, IU/dL                                                     5.45                      -
γ, year-1                                                                              -0.706                  27.6
b1                                                                                          0.831                   57.6
b2                                                                                          -3.95                   9.40
Pmild bleed (derived),a,b %                                                    30.3                      -
Pmoderate bleed (derived),a,b %                                              65.4                      -
Psevere bleed (derived),a,b %                                                  4.23                      -
Inter-individual variability                                                                             
�λ, %CV                                                                                157c                   11.4d

b1 and b2, SD                                                                      2.13c                   17.0d

b1 and b2: baseline logits of the cumulative bleeding severity probabilities; CV: coeffi-
cient of variation; IF50: FVIII activity resulting in half-maximum inhibition; P: probabil-
ity; RSE: relative standard error; RTTCE: repeated time-to-categorical event; SD: stan-
dard deviation; λ: bleeding hazard; γ : shape factor of the Gompertz distribution. The
pharmacokinetics  model was the same as presented in Table 2. aDerivations and fur-
ther details available in  the Online Supplementary Appendix. bProbability of observing
a mild, moderate or severe bleed.  cη-shrinkage was 21.8, and 35.1% on λ and b, respec-
tively. dRelative standard error for inter-individual variability parameters reported on
the approximate standard deviation scale (standard error/variance estimate)/2.



at the same hazard that was estimated at the end of the
study. This numerical summary ignores protective effects
against bleeds provided by higher levels and overall expo-
sure, and therefore less bleeds would be expected in a real-
world scenario. No additional correlations between PK
and the bleeding hazard were found, besides the time-
varying FVIII activity. 
A time trend was identified in the hazard with a typical

patient having 5.0 bleeds/year at the start of the study and
2.8 bleeds/year at the end (assuming a constant plasma
FVIII activity of 0.5 IU/dL). The lower bleeding rate at the
end of the study most likely captures a treatment effect,
not explained by plasma FVIII activity, and can be a con-
sequence of a normalization of the clotting system due to
prophylactic treatment or a better adherence to treatment
in a clinical trial setting. The number of bleeds in the 12-
month pre-study period was found to be a strong predic-
tor of the bleeding frequency. This finding can be
explained by the individual-specific bleeding risk given,
for example, by pre-existing joint disease and extent of
joint damage, comorbidities or level of physical exercise. 
The estimated unexplained inter-individual variability

on the bleeding hazard was high (111%), representing the
variability in the bleeding tendency not being explained
by the time-varying plasma FVIII activity or other covari-
ates. Figure 5 shows that even when virtual patients with
identical characteristics had a plasma FVIII activity trough
of 5 IU/dL, i.e. moderately above the common target of 1
IU/dL, the cumulative number of simulated bleeds was
still highly variable at one year, with a median 1.53 bleeds,
and 40% of the patients having 1.53 - 6.17 bleeds, and
10% having more than 6.17 bleeds. Such high variability
agrees with the clinical observation that patients may
respond differently to identical plasma FVIII activity val-
ues, thus requiring also individual FVIII trough target lev-

els. Part of this variability may be explained by factors that
are known to influence the bleeding tendency in severe
hemophilia A patients but that were not available to our
study, such as FVIII gene mutation type, or physical activ-
ity patterns.45,46 However, even though the magnitude of
inter-patient variability potentially explained by missing
co-variates is unknown, variability in a real-world sce-
nario is still expected to be high due, for example, to lack
of adherence to treatment, or unidentified hemostatic fac-
tors playing a role in the occurrence of bleeds. 
This study has limitations. First, the LEOPOLD trials

were not designed for the aims of this post-hoc analysis or
to characterize the individual bleeding pattern.
Information, for example, on pre-existing joint disease,
comorbidities or level of physical exercise before and dur-
ing the trials could have been useful to better characterize
the bleeding patterns. Second, bleeds (occurrence and
severity) and doses were self-reported, which may result
in uncertainty of timing and occurrence of bleeds
(although the data were reviewed and validated by study
staff in an effort to reduce uncertainty). Third, patients
without any bleeds (33% of those enrolled in the bleeding
observation period) contributed with PK and co-variate
information, but with little information to the characteri-
zation of the FVIII activity-bleeding hazard relationship.
Finally, in the absence of data from on-demand treatment
or placebo, we are not able to estimate a bleeding hazard
corresponding to untreated patients. Thus, our results can-
not be applied to treatment strategies other than prophy-
laxis. 
The individual bleeding hazard estimated by the pre-

sented mathematical model is a numerical translation of
the individual bleeding phenotype and may be used to fur-
ther optimize the individualization of dosing regimens of
replacement FVIII products. Using this model for dose
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Figure 5. The 50th and 90th percentiles of the cumulative number of simulated bleeds during 1 year after starting treatment assuming only inter-individual variability
on the bleeding hazard unexplained by any covariates. The doses considered were 420 IU, 1260 IU, 2100 IU and 6240 IU administered every two days, which cor-
respond to trough factor VIII (FVIII) activity values at steady-state of 1, 3, 5 and 15 IU/dL. Results based on 2000 simulations for a median patient weighing 60 kg. 



individualization, a pre-defined FVIII activity target would
not be required, in contrast to the current implementation
of PK-based dosing. Instead, the full model would be
employed using a Bayesian approach, with the estimation
of the individual bleeding hazard in addition to the indi-
vidual PK parameters. Thus, the individualized dose and
dosing interval would be selected not only based on the
individual pharmacokinetics, but also the individual
bleeding risk. This implementation warrants further
study; namely, to understand which information is
required to allow a precise estimation of the individual
bleeding risk and which target to aim for in the dose cal-
culation.47
In conclusion, we have developed an integrated popula-

tion PK and repeated time-to-categorical bleed model
based on data from patients with severe hemophilia A fol-

lowing prophylactic treatment. This combined model
characterizes the relationship between the dose of a
recombinant FVIII product, plasma FVIII activity, the
bleeding outcome, as well as severity and the correlation
with covariates. In the future, this model may be used for
dose-tailoring using covariate, PK and/or bleeding infor-
mation. Such an application requires a detailed theoretical
assessment as well as robust data on bleeding and other
factors, such as lifestyle or comorbidities, with the final
goal of suggesting a more effective individualized FVIII
dose.
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Testosterone is an important determinant of endothelial function and
vascular health in men. As both factors play a role in mortality after
allogeneic stem cell transplantation (alloSCT), we retrospectively

evaluated the impact of pre-transplant testosterone levels on outcome in
male patients undergoing alloSCT. In the discovery cohort (n=346), an
impact on outcome was observed only in the subgroup of patients allograft-
ed for acute myeloid leukemia (AML) (n=176, hereafter termed 'training
cohort'). In the training cohort, lower pre-transplant testosterone levels
were significantly associated with shorter overall survival (OS)  [hazard
ratio (HR) for a decrease of 100 ng/dL: 1.11, P=0.045]. This was based on a
higher hazard of non-relapse mortality (NRM) (cause-specific HR: 1.25,
P=0.013), but not relapse (cause-specific HR: 1.06, P=0.277) in the multivari-
able models. These findings were replicated in a confirmation cohort of 168
male patients allografted for AML in a different center (OS, HR: 1.15,
P=0.012 and NRM, cause-specific HR: 1.23; P=0.008). Next, an optimized
cut-off point for pre-transplant testosterone was derived from the training
set and evaluated in the confirmation cohort. In multivariable models, low
pre-transplant testosterone status (<250 ng/dL) was associated with worse
OS (hazard ratio 1.95, P=0.021) and increased NRM (cause-specific HR
2.68, P=0.011) but not with relapse (cause-specific HR: 1.28, P=0.551). Our
findings may provide a rationale for prospective studies on
testosterone/androgen assessment and supplementation in male patients
undergoing alloSCT for AML.  
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ABSTRACT

Introduction

Allogeneic stem cell transplantation (alloSCT) is an effective therapy for many
hematologic malignancies, but is still hampered by substantial procedure-related
mortality and morbidity. Today, there is growing recognition that endothelial dys-
function is implicated in the pathogenesis of a variety of potentially fatal early and
late complications of alloSCT, such as transplant-associated thrombotic microan-
giopathy, cardiovascular disorders, and graft-versus-host disease (GvHD).1,2

In particular, therapy refractory GvHD is a substantial determinant of non-relapse
mortality (NRM) after alloSCT, and “endothelial vulnerability” was proposed as a
hypothesis to explain why some patients with acute GvHD fail to respond to esca-
lating immunosuppressive therapy and ultimately succumb to GvHD and/or treat-
ment related complications.3-6

In male individuals, low serum testosterone has been linked to endothelial dys-
function and all-cause and cardiovascular disease-related mortality in various non-
transplant settings.7-9 This is of particular importance as alloSCT is increasingly used
in elderly populations characterized by declining sex hormone activity. Notably,
with regard to hematologic malignancies, testosterone and androgens have also
been used as adjunct in the treatment of acute myeloid leukemia (AML).10-12

Based on these considerations, we sought to evaluate the impact of pre-trans-
plant testosterone levels on outcome in male patients undergoing alloSCT.  



Methods

Patients 

Patients were eligible for this study if they were allografted
for a hematologic malignancy between 2002 and 2017 at the
University Hospital Heidelberg, Germany, and had serum sam-
ples available for measurement of pre-transplant testosterone
levels. Pre-transplant testosterone levels were assessed in all
male patients meeting these criteria (discovery cohort, n=346).
The independent confirmation cohort consisted of male
patients diagnosed with AML who had undergone allografting
at the University Hospital Essen between 2009 and 2013 and
had serum samples available for measurement of testosterone
levels (n=168). In addition, pre-transplant testosterone levels
were also measured in a small pilot cohort of female patients
allografted for AML in Heidelberg (n=32). 
Written informed consent for sample and data collection

according to the Declaration of Helsinki was obtained for all
patients, and the local ethics committees approved the study.
Patient data were obtained from medical records and chart
review. Disease status prior to alloSCT was assessed applying
published criteria.13 Further details regarding transplant proce-
dure are provided in the Online Supplementary Appendix. 

Assessment of pre-transplant testosterone serum 
levels 
Serum samples were collected between 0 and 2 weeks before

alloSCT and cryopreserved at −80°C. Serum levels of total
testosterone were assessed retrospectively in the last serum
sample before start of the conditioning treatment. The meas-
urements were carried out using accredited laboratory meth-
ods. A detailed description of the methodology is provided in
the Online Supplementary Appendix. Serum concentrations of
total testosterone were expressed in ng/dL (for conversion of
ng/dL into nM divide by a factor of 28.8). None of the patients
had received sex hormone therapy previous to, or at the time
of, sample collection.  

Statistical analysis  
Overall survival (OS), progression-free survival (PFS) (time to

relapse or death from any cause), time to relapse, and non-
relapse mortality (NRM) (time to death in absence of prior
relapse) were calculated from the date of alloSCT to the appro-
priate end point. NRM and recurrence of the underlying malig-
nancy were considered as competing events. Since acute GvHD
and its treatment are major contributors to post-transplant mor-
tality, OS, PFS, incidence of NRM and relapse were also
assessed after acute GvHD (i.e. in patients who developed acute
GvHD, from the date of its onset). 
Since the normal physiological range of serum testosterone

has not been well defined, pre-transplant testosterone was first
analyzed as a continuous variable in the uni- and multivariable
models. Cox proportional hazards regression analysis was
applied for OS, PFS, and OS and PFS after acute GvHD. Relapse
and NRM were analyzed by cause-specific Cox models.
Prognostic impact of pre-transplant testosterone on OS, PFS, OS
and PFS after acute GvHD was assessed by hazard ratios (HR)
and, in case of time to relapse and NRM, by cause-specific haz-
ard ratios (CHR) from corresponding (cause-specific) Cox mod-
els. Multivariable (cause-specific) Cox regression models were
used to adjust for additional co-variates. All statistical tests
were two-sided. For further details on the statistical methods
used for analysis see the Online Supplementary Appendix.  

Results

Discovery cohort 
Patients', disease and transplant characteristics of the

male patients of the discovery cohort (n=346) are summa-
rized in Online Supplementary Table S1. Median follow up
of survivors was 65 months (95%CI: 57-73). Median pre-
transplant total testosterone serum level was 400 ng/dL
[interquartile range (IQR) 269-584]. 
In univariable analysis, lower pre-transplant testos-

terone as continuous variable was significantly associated
with shorter OS and PFS (HR for a decrease of 100 ng/dL,
1.11, 95%CI: 1.03-1.20, P=0.005 and HR 1.12, 95%CI:
1.05-1.20, P=0.001, respectively). This was due to a signif-
icantly higher risk of both NRM and relapse (CHR 1.15,
95%CI: 1.02-1.28, P=0.018 and CHR 1.11, 95%CI: 1.01-
1.20, P=0.023, respectively). However, in both  the “slim”
and “full” multivariable models, significant associations of
pre-transplant testosterone with any end point could not
be confirmed. This was based on a statistically significant
interaction between pre-transplant testosterone and the
diagnosis AML for the end point NRM (Online
Supplementary Table S2). 
Accordingly, lower levels of pre-transplant testosterone

were significantly associated with shorter OS and PFS,
and higher hazard of NRM and relapse only in the sub-
group of patients allografted for AML (n=176) but not for
other diagnoses (n=170) as revealed by the univariable
models (Online Supplementary Table S3).  Patients' and
transplant characteristics of AML versus non-AML patients
are also provided in Online Supplementary Table S1.
Consequently, further analyses were restricted to male
patients with AML, henceforth referred to as the 'training
cohort' (n=176).  

Pre-transplant testosterone and post-transplant 
outcome in the training cohort
Patients', disease and transplant characteristics of the

training cohort are summarized in Table 1.  Median pre-
transplant total testosterone serum level was 423 ng/dL
(IQR 256-611; for distribution, see histogram in Online
Supplementary Figure S1A) and the estimated median fol-
low up of survivors was 36 months (95%CI: 32-47). The
cumulative incidence of acute GvHD grade 3-4 on day
+100 post-transplant was 5.1% (95%CI: 1.7-8.4). Pre-
transplant testosterone had no impact on the hazard of
acute GvHD grade 3-4 (HR 0.92 95%CI: 0.74-1.15,
P=0.448).
Since testosterone might also reflect the individual’s

health and nutritional status prior to alloSCT, pre-trans-
plant testosterone levels were correlated to additional
patients' characteristics: body-mass index (BMI), levels of
C-reactive protein (CRP), performance status and comor-
bidities prior to alloSCT. These data were only available
for the training cohort and are summarized in Online
Supplementary Table S4.  Pre-transplant testosterone levels
were weakly negatively correlated to pre-transplant CRP
levels (Spearman's rho: -0.17, P=0.025) and were not cor-
related to the BMI (Spearman's rho: -0.12, P=0.107).
However, pre-transplant testosterone levels were lower in
obese patients of the training cohort (BMI ≥30 kg/m2,
P=0.028)  (Online Supplementary Figure S2A). The median
pre-transplant testosterone levels were similar between
patients with elevated (>5 mg/L) and non-elevated (≤5
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mg/L) CRP levels prior to alloSCT (P=0.127)  (Online
Supplementary Figure S2B). There was a trend towards
lower pre-transplant testosterone levels in patients with
lower Karnofsky performance status (KPS ≤80%), where-
as testosterone levels were similar between the low
hematopoietic cell transplantation-specific comorbidity
index14 group (HCT-CI 0), intermediate (HCT-CI 1 to 2),
and high risk (HCT-CI 3 or more) HCT-CI groups   (Online
Supplementary Figure S2C and D; for further details see the
Online Supplementary Appendix).  
In univariable analysis, lower pre-transplant testos-

terone was correlated with shorter post-transplant OS and
PFS, due to higher hazards of both relapse and NRM. Low
pre-transplant testosterone was also associated with non-
relapse and overall mortality after onset of acute GvHD.
The results of the univariable analyses of the training
cohort are given in Table 2. 
In the multivariable models, lower levels of pre-trans-

plant testosterone were significantly associated with
worse OS (HR for a decrease of 100 ng/dL, 1.11, P=0.045)
and PFS (HR 1.11, P=0.022) (“full” models). Other factors
with a statistically significant impact on OS and PFS were
patient age and advanced disease stage (Table 3). Notably,
lower pre-transplant testosterone was associated with a
higher hazard of NRM (CHR 1.25, P=0.013) rather than
relapse (CHR 1.06, P=0.277) in patients allografted for
AML as revealed by the “slim” models (Table 3). 
In contrast to the univariable models (Table 2), no signif-

icant association of testosterone with survival after onset
of acute GvHD could be observed in multivariable analy-

sis (Table 3). Consequently, and due to the relatively low
number of events, no multivariable models were fitted for
NRM/relapse following acute GvHD. When pre-trans-
plant testosterone as continuous variable was analyzed in
multivariable models including age, CRP, BMI, KPS and
comorbidities as co-variates, the associations of lower
testosterone with worse OS and shorter PFS remained sig-
nificant (Online Supplementary Table S5).
Finally, pre-transplant testosterone was assessed and

evaluated in a small pilot cohort of female patients allo-
grafted for AML in the Heidelberg center (n=32) (Online
Supplementary Table S6). As expected, median pre-trans-
plant total testosterone serum levels were substantially
(20-fold) lower than in males. Importantly, no association
of testosterone (per decrease of 10 ng/dL) with any end
point was observed in the univariable models (Online
Supplementary Table S7).

Pre-transplant testosterone and post-transplant 
outcome in the confirmation cohort 
Patients', disease and transplant characteristics of the

confirmation cohort are summarized in Table 1. As com-
pared to the training cohort, significantly fewer patients
were transplanted for late-stage disease and were allo-
grafted after myeloablative conditioning (Table 1). In the
confirmation cohort, median pre-transplant total testos-
terone serum level was 469 ng/dL (IQR 309-580) (Online
Supplementary Figure S1B). The estimated median follow
up of survivors was 47 months (95%CI: 39-53). The
cumulative incidence of acute GvHD grade 3-4 on day
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Table 1. Patients' disease and transplant characteristics of male acute myeloid leukemia (AML) patients of the training and confirmation cohorts.

                                                                                      Training cohort                         Confirmation cohort                                       P
                                                                                             n=176                                           n=168                                                   

Parameter                                                                                                                                                                                                                                         

Age [years] at alloSCT (median, IQR)                                        59 (50-64)                                             56 (45-63)                                                      0.818

Disease stage before alloSCTa, n (%)                                                                                                                                                                                   0.022

Early                                                                                                     74 (42)                                                   78 (47)

Intermediate                                                                                     32 (18)                                                   45 (27)

Late                                                                                                      69 (39)                                                   44 (26)

NA                                                                                                              1                                                              1                                                                   

Conditioningb, n (%)                                                                                                                                                                                                                  0.003

RIC                                                                                                      114 (65)                                                 132 (80)

MAC                                                                                                     62 (35)                                                   34 (20)

NA                                                                                                              0                                                              2                                                                   

Stem cell source, n (%)                                                                                                                                                                                                           0.632

Peripheral blood                                                                              168 (96)                                                 158 (94)

Bone marrow                                                                                       8 (4)                                                      10 (6)                                                              

Donor, n (%)                                                                                                                                                                                                                                0.182

Related                                                                                                41 (23)                                                   29 (17)

Unrelated                                                                                          135 (77)                                                 139 (83)                                                            

Recipient – donor sex match, n (%)                                                                                                                                                                                     0.078

Matched                                                                                             127 (72)                                                 135 (80)

Male – female                                                                                   49 (28)                                                   33 (20)                                                             

Pre-transplant testosterone,                                                     423 (256-611)                                       469 (309-580)                                                   0.043

ng/dL (median, IQR)                                                                                                                                                  
alloSCT: allogeneic stem cell transplantation; AML: acute myeloid leukemia; CI: confidence interval; IQR: interquartile range; MAC: myeloablative conditioning; NA: not available
or not assessable; RIC: reduced intensity conditioning. aAccording to Gratwohl et al.13 bAccording to Bacigalupo et al.37 and Bornhäuser et al.38



+100 post-transplant was 11.9% (95%CI: 7.0-16.8) and
pre-transplant testosterone had no significant impact on
risk of acute GvHD grade 3-4  (HR 1.23 95%CI: 0.99-1.54,
P=0.055).
In univariable analysis, similar to the training cohort,

lower pre-transplant testosterone (as continuous variable)
showed significant associations with shorter OS, and
worse OS and PFS after onset of acute GvHD. In this
cohort of AML patients, this was due in both instances to
a higher hazard of NRM rather than relapse (Table 2).
These findings were further substantiated in the corre-
sponding multivariable models of the confirmation cohort
(Table 4).  

Optimized pre-transplant testosterone cut-off value
and illustration of outcome correlations
Continuous effects, in general, are less instructive and

often hard to interpret, particularly with regard to inter-
ventions in a possible future clinical trial setting.
Therefore, in order to facilitate further evaluation of pre-
transplant testosterone status, an optimal cut-off determi-
nation with regard to post-transplant OS was conducted
in the training cohort. The analysis revealed multiple cut-
off points (Online Supplementary Figure S3). The value of
250 ng/dL (corresponding to 8.7 nM, significance level of
P=0.018) was used as optimal cut-off point, since it agrees
with the reports in the literature on testosterone and mor-
tality15,16 and exactly reflects the lower level of our center’s
reference range (250-1000 ng/dL).
When the optimized cut-off of 250 ng/dL was analyzed

in multivariable models including age, CRP, BMI, KPS and
comorbidities as confounding variables, the associations of
lower testosterone status (<250 ng/dL) with worse OS and
shorter PFS remained significant (HR 2.0 for both OS and
PFS) in the training cohort (Online Supplementary Table S8).
The optimized cut-off of 250 ng/dL was next evaluated

in the multivariable models of the confirmation cohort,
showing that low pre-transplant testosterone status (<250
ng/dL) was correlated with worse survival both post trans-
plant (HR approx. 2) and after onset of acute GvHD (HR
approx. 2.3) (Table 5). Again, the association of low pre-
transplant status with OS after alloSCT was mainly driven

by a nearly 2.7-fold increased hazard of NRM (Table 5).
For illustration purpose, patients of both cohorts were

stratified according to high (≥250 ng/dL) and low (<250
ng/dL) pre-transplant testosterone status; the correspon-
ding plots for the end points post-transplant and after
onset of acute GvHD are given in Figure 1 and Figure 2,
respectively.

Non-relapse causes of death 
To further explore the association of pre-transplant

testosterone with NRM, we made a detailed  analysis of
non-relapse causes of death in both cohorts. In the training
cohort, a total of 35 non-relapse deaths occurred. These
were caused by severe infections (including sepsis) in 20
(57%), acute GvHD (i.e. lethal complications of acute
GvHD and/or its treatment) in 13 (37%), and cardiovascu-
lar events in two (6%) patients. In the confirmation cohort,
a total of 47 non-relapse deaths occurred. Again, the most
common non-relapse cause of death was infection/sepsis
in 32 (68%) followed by lethal acute GvHD in nine (19%),
and cardiovascular events in six (13%) patients, respective-
ly. Notably, as compared to patients not succumbing to
NRM, in both cohorts, serum levels of pre-transplant
testosterone tended to be lower in patients who died of
lethal complications of acute GvHD (Figure 3). 

Correlation of pre-transplant testosterone with 
pre-transplant serum levels of suppressor of tumori-
genicity-2 
When both cohorts were combined, pre-transplant

serum levels of soluble suppressor of tumorigenicity-2
(ST2) were available for a total of 218 patients. Pre-trans-
plant testosterone levels were weakly negatively correlat-
ed to pre-transplant soluble ST2 levels (Spearman's rho: -
0.13, P=0.048). However, when regarding the pre-trans-
plant testosterone cut-off value of 250 ng/dL, median pre-
transplant ST2 was significantly higher in patients with
low pre-transplant testosterone status (<250 ng/dL) as
compared to patients of the high (≥250 ng/dL) pre-trans-
plant testosterone group (573 pg/mL, IQR 255-2082 vs.
350 pg/mL, IQR 212-587, P=0.005, respectively)  (Online
Supplementary Figure S4). 
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Table 2. Univariable analysis of pre-transplant testosterone in the training (n=176) and in the confirmation (n=168) cohorts.
                                                                                          Training cohort (n=176)                                            Confirmation cohort (n=168)
                                                                             Testosterone per 100 ng/dL decrease                         Testosterone per 100 ng/dL decrease
                                                                                  HR 95%CI                          P                                          HR 95%CI                             P

End point                                                                                                                                                                                                                                                  
OS                                                                                          1.16 (1.05-1.28)                        0.002                                           1.12 (1.03-1.25)                            0.027
PFS                                                                                         1.18 (1.08-1.28)                       0.0005                                          1.09 (0.99-1.20)                            0.088
OS after acute GvHD                                                         1.19 (1.01-1.41)                        0.040                                           1.15 (1.03-1.30)                            0.012
PFS after acute GvHD                                                       1.22 (1.04-1.43)                        0.015                                           1.12 (1.01-1.23)                            0.037
                                                                                 CHR 95%CI                         P                                        CHR 95%CI                            P

NRM                                                                                       1.28 (1.09-1.52)                       0.003                                           1.19 (1.03-1.30)                            0.019
Relapse                                                                                 1.12 (1.01-1.25)                        0.033                                           1.01 (0.88-1.15)                            0.916
NRM after acute GvHD                                                     1.45 (1.11-1.89)                       0.005                                           1.19 (1.03-1.39)                            0.022
Relapse after acute GvHD                                               1.06 (0.86-1.32)                       0.552                                           1.05 (0.91-1.22)                            0.490
                                                                                  HR 95%CI                          P                                          HR 95%CI                             P

Acute GvHD grade 3-4                                                       0.92 (0.74-1.15)                        0.448                                           1.23 (0.99-1.54)                            0.055
AML: acute myeloid leukemia; CHR: cause-specific hazard ratio; CI: confidence interval; GvHD: graft-versus-host disease; HR: hazard ratio; OS: overall survival; PFS: progression-
free survival; NRM: non-relapse mortality.



Discussion

The present study is, to the best of our knowledge, the
first to evaluate testosterone status in the context of out-
come and mortality after alloSCT. So far, studies in the
alloSCT setting have focused on the impact of chronic
GvHD and its treatment on the androgen status,17 or have
investigated the relationship between sex hormone levels

and overall gonadal function, mainly in the context of late
complications after alloSCT.18,19 Evaluation of testosterone
status in the context of outcome and mortality after alloSCT,
therefore, appears to meet an unmet need, given that sex
hormones are involved in the regulation of a wide range of
physiological processes that affect metabolism, tissue and
cardiovascular homeostasis, inflammatory and immune
responses,20 and thus may interfere with alloSCT outcome. 
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Figure 1. Impact of pre-transplant testosterone status on outcome measures after allogeneic stem cell transplantation (alloSCT) in the training and in the confir-
mation cohorts. The cut-off point of 250 ng/dL was derived from the Heidelberg training cohort of men allografted for acute myeloid leukemia (AML) (n=176). It was
used to stratify patients in low (<250 ng/dL) and high (≥250 ng/dL) pre-transplant testosterone groups, and then applied to an independent cohort of male AML
patients who underwent alloSCT in the Essen center (confirmation cohort, n=168) (see Online Supplementary Figure S1).  (A and C) Distribution of overall survival
(OS) and progression-free survival (PFS) since transplant in the training cohort. (B and D) Distribution of OS and PFS since transplant in the confirmation cohort. (E
and G) Incidence curves of non-relapse mortality (NRM) and relapse after alloSCT in the training cohort.  (F and H) Incidence curves of NRM and relapse after alloSCT
in the confirmation cohort. Curves of patients with low (<250 ng/dL) and high (≥250 ng/dL) pre-transplant testosterone status are shown in blue and in red, respec-
tively. 
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In our study, impact of pre-transplant testosterone on
outcome was observed only in the subgroup of male
patients allografted for AML. Lower levels of pre-trans-
plant testosterone were associated with worse OS and PFS
post-transplant, largely due to a significantly increased risk
of NRM. The reason for this disease-specific association is
unclear. 
In general, testicular damage and dysfunction, which

result in low testosterone status, appear to be rather long-
term sequelae of cytotoxic chemotherapy, and the clinical-
ly most significant toxicities are observed after regimens
employing higher doses of alkylating agents.21 In contrast,
adult AML patients considered eligible for alloSCT are
usually treated by combination therapy employing
anthracyclines and antimetabolites in both first-line and
salvage treatment approaches. As patients in advanced
disease stage are likely to have received more aggressive
therapy prior to transplant and to account for the more
deleterious effect of treatment intensity, we have consid-
ered disease stage prior to alloSCT as confounding vari-
able in all multivariable models. In both cohorts, the asso-
ciations of pre-transplant testosterone with worse out-
come were not confounded by disease stage prior to trans-
plant.
One possible explanation for the observed disease-spe-

cific association may be related to the immunoregulatory
cytokine network in human AML, including leukemia
cell-derived angiopoietins and the interleukin-33/ST2 axis,
and the likely cross-talk between leukemic and endothe-
lial cells.22-26 Notably, soluble ST2 and angiopoietin-2 were
known to be associated with endothelial dysfunction and
cardiovascular risk,27,28 and in the context of alloSCT, both
were highly correlated with therapy-refractoriness of

acute GvHD and high overall mortality.3,29 Given the
inverse correlation of pre-transplant serum levels of testos-
terone with soluble ST2 observed in our patients, some
speculation about endothelial involvement in the present
study may appear justified.
Analysis of non-relapse causes of death revealed that

pre-transplant testosterone levels tended to be lower in
patients that later succumbed to acute GvHD and/or its
treatment, and lower pre-transplant testosterone levels
were also associated with shorter survival after onset of
GvHD. In this regard, our findings fit into the concept of
“endothelial vulnerability”.3,4 In the setting of alloSCT, this
concept describes a condition/predisposition that mani-
fests itself particularly after a severe challenge, such as
conditioning therapy or GvHD. Since this “vulnerability”
is, at least in part, a characteristic of the recipient’s
endothelial cell system, a corresponding increased risk of
mortality may already be identified prior to transplanta-
tion by assessing endothelial biomarkers. Accordingly,
low(er) pre-transplant testosterone, which represents a
known determinant of endothelial dysfunction in men,7
may therefore promote and/or enhance this “vulnerabili-
ty”, resulting in the observed increase in treatment-related
mortality. 
However, it should be noted that our study design is not

able to definitely support (or refute) the hypothesis of
endothelial involvement. Although the associations of
lower pre-transplant testosterone levels with worse out-
come in the training cohort continued to hold true when
additional confounding variables that reflect comorbidi-
ties and the patients’ nutritional and overall status were
included in the multivariable models, the possibility that
lower pre-transplant testosterone is primarily an expres-
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Figure 2. Impact of pre-transplant testosterone status on outcome measures after onset of acute graft-versus-host disease (GvHD)  in the training and in the con-
firmation cohorts. (A and C) Distribution of overall survival (OS) and progression-free survival (PFS) since onset of acute GvHD in the training cohort. (B and D)
Distribution of OS and PFS since onset of acute GvHD in the confirmation cohort. Curves of patients with low (<250 ng/dL) and high (≥250 ng/dL) pre-transplant
testosterone status are shown in blue and in red, respectively. 

A B

C D

OS since acute GvHD - training cohort

PFS since acute GvHD - training cohort

Time since acute GvHD (months) Time since acute GvHD (months)

Time since acute GvHD (months)Time since acute GvHD (months)

OS since acute GvHD - confirmation cohort

PFS since acute GvHD - confirmation cohort



sion of patients' general health status prior to alloSCT can-
not be ruled out.
Currently, there is an ongoing “testosterone debate” in

the field of cardiovascular medicine. Although the associ-
ation between testosterone levels and cardiovascular mor-
tality seems to be conclusive, prospective data on testos-
terone treatment are scarce, and so far no prospective con-
trolled study has been able to show that treatment with
testosterone or normalization of testosterone levels can
reduce cardiovascular events.30 On the contrary, results of
a recently published prospective controlled study, which
is one of seven co-ordinated National Institutes of Health
(NIH)-supported trials of testosterone treatment in elderly
men (“T Trials”),31 indicate that testosterone may even
increase cardiovascular risk, as reflected by increasing
coronary artery plaque volume following testosterone
treatment.32 Thus, although of potential clinical value, any
long-term health benefits of testosterone supplementation
remain to be established. 
As regards myeloid malignancies, testosterone among

other sex steroids has been shown to exert cytostatic and

cytotoxic effects on several myeloid leukemia cell lines in
vitro.33 However, although an early pilot study on AML
patients using androgens as an adjunct in different first-
line and maintenance treatment approaches showed an
unexpectedly high rate of long-term survivors in a group
of patients who achieved complete remission,10 larger ran-
domized studies failed to show beneficial effects on over-
all and disease-free survival.11 Only recently, a prospective
controlled trial in elderly patients with AML suggested
that maintenance therapy with low-dose oral
norethandrolone, a synthetic androgen with similar ana-
bolic activity to testosterone, significantly improves over-
all, disease- and event-free survival,12 and this has renewed
interest in this treatment approach. However, in this
study, the beneficial effects of androgen maintenance ther-
apy were observed only in patients with low disease bur-
den at diagnosis and only in the absence of relapse during
the first year of treatment.12 This might imply that andro-
gen treatment has had some impact on disease-indepen-
dent mortality. Interestingly, in the aforementioned trial,
female patients were also treated, and the multivariable
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Table 3. Multivariable analysis of the training cohort with the end points overall survival (OS), progression-free survival (PFS), non-relapse mor-
tality (NRM), and relapse following allogeneic stem cell transplantation and OS and PFS after onset of acute graft-versus-host disease (GvHD)
(complete case analysis).
                                                           OS                             PFS                           NRM*                  Relapse*          OS after acute              PFS after
                                                      (n=175)                     (n=175)                      (n=175)                  (n=175)                GvHD*                 acute GvHD*
                                                                                                                                                                                       (n=48)                       (n=45)
                                         HR 95% CI        P             HR 95% CI       P         CHR 95% CI     P     CHR 95% CI    P    HR 95% CI     P      HR 95% CI       P

Covariate                                                                                                                                                                                                                                                                    
Testosterone                                1.11                                         1.11                                    1.25                              1.06                           1.14                             1.12
(per 100 ng/dL decrease)   (1.00-1.22)       0.045            (1.02-1.22)     0.022         (1.05-1.47)    0.013    (0.95-1.19)    0.277 (0.95-1.35)   0.152    (0.95-1.33)     0.171
Disease stage†

Early                                              Ref                                          Ref                                     Ref                               Ref                            Ref                              Ref
Intermediate                              0.92                                        0.94                                    0.62                              1.14                           3.65                             3.35
                                                  (0.46-1.86)       0.822            (0.50-1.78)     0.857         (0.19-1.95)    0.411   (0.55-2.36)   0.720(1.26-10.61) 0.017    (1.13-9.88)    0.029
Late                                               1.87                                        1.74                                    2.11                              2.17                           2.98                             4.59 
                                                  (1.03-3.36)       0.038            (1.04-3.08)     0.036        (1.00-4.45)    0.050   (1.25-3.76)    0.006 (1.16-7.64)   0.023  (1.80-11.68)    0.001
Age (per 10-year increase)      1.26                                        1.28                                    1.13                              1.28                           1.11                             1.13                
                                                  (1.02-1.54)      0.029            (1.06-1.55)     0.010         (0.84-1.52)    0.415    (1.01-1.61)    0.040 (0.78-1.59)  0.564    (0.80-1.59)     0.498
Conditioning 
MAC                                               Ref                                          Ref                                       -                -                -               -             -               -                -                 -
RIC                                     0.70 (0.41-1.21)  0.203        0.69 (0.41-1.15)  0.152
Donor                                                 
Related donor                            Ref                                          Ref                                       -            -            -            -          -           -            -             -

Unrelated Donor                       1.36                                        1.35
                                                  (0.82-2.26)      0.233            (0.84-2.15)     0.214
Recipient - donor sex match
Matched                                       Ref                                          Ref                                       -            -            -            -          -           -            -             -

Male recipient /                          0.77                                         0.89
female donor                       (0.46-1.31)      0.341            (0.55-1.43)     0.630                                      
Donor source                                                                                   
PB                                                  Ref                                          Ref                                       -            -            -            -          -           -            -             -

BM                                                 1.60                                        1.24
                                                  (0.62-4.13)      0.333            (0.49-3.15)     0.652                  
Number of events: OS, n=87; PFS, n=102; NRM, n=35; relapse, n=67; OS after acute GvHD, n=30; PFS after acute GvHD, n=32. *Slim model. †According to Gratwohl et al.13 BM: bone
marrow; CHR: cause-specific hazard ratio; CI: confidence interval; HR: hazard ratio; MAC: myeloablative conditioning; PB: peripheral blood; RIC: reduced intensity conditioning.



models revealed no impact of gender on survival. In our
cohorts of male patients allografted for AML, pre-trans-
plant testosterone did not correlate with post-transplant
relapse risk, suggesting an only limited, if any, impact on
disease control. Conversely, and similar to the androgen
maintenance trial,12 in our patients, the associations of
testosterone with post-transplant survival were largely
driven by increased NRM. 
Besides its retrospective nature, several potential limita-

tions of our study need to be addressed. First, and as
already stated above, we cannot definitely exclude the
possibility that testosterone solely reflects the individual’s
health and nutritional status prior to alloSCT, and thus
unknown confounders cannot be ruled out. Second, due
to its observational character, our study does not provide
evidence for causality between testosterone and post-
transplant outcome, and therefore our results here need to
be interpreted with caution. Further, measurements of
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Figure 3. Comparison of pre-transplant testosterone serum levels according to different non-relapse causes of death in the training and in the confirmation cohorts.
Non-relapse causes of death were grouped into three categories: severe infection/sepsis, death due to acute graft-versus-host disease (GvHD) (i.e. lethal complica-
tions of acute GvHD and/or its treatment), and cardiovascular events. In both the training (A) and the confirmation (B) cohorts, as compared to patients not suc-
cumbing to non-relapse mortality (NRM), serum levels of pre-transplant testosterone tended to be lower in patients who died of lethal complications of acute GvHD.
Box plots are depicted. Number of patients/events for each group is indicated. P-values by Mann-Whitney U test.    

Acute GvHD
n=13

Acute GvHD
n=9

A

B



total testosterone levels were based on a single serum
sample. However, it should be noted that single-point
measurements of total testosterone and androgens were
demonstrated to be a reliable indication of the long-term
hormonal status of men.34 Certainly, further prospective,
and preferably interventional, studies are needed to con-
firm our findings. 
As regards intervention, the “optimal” cut-off value for

definition of “low testosterone” needs to be discussed.
Most studies on cardiovascular health and cardiovascular
risk assessment applied values between 100-350 ng/dL
(corresponding to 3.5-12.1 nM), as indicated by a recent
systematic review.35 In the prospective “T trials”, testos-
terone levels <275 ng/dL (approx. 9.5 nM) were used as
indications for intervention.31 However, men undergoing
alloSCT represent a distinct patient cohort. And although
the available evidence indicates that testosterone replace-
ment therapy is largely considered to be safe in most men,
some controversies remain, and the inherent risk of
adverse effects, particularly in selected high-risk popula-

tions, should not be ignored.36 In our study, median pre-
transplant testosterone levels in all male cohorts were
above the aforementioned range. It should further be
noted that, since data on clinical signs of hypogonadism
cannot be ascertained retrospectively, patients of the low
pre-transplant testosterone group (<250 ng/dL) in our
study may not necessary be androgen deficient. In the
present study, an optimized cut-off point of 250 ng/dL
was derived and was shown to be associated with a 2-fold
risk of death post transplant and after onset of acute
GvHD in men allografted for AML. This cut-off value of
250 ng/dL is consistent with one definition of “low testos-
terone”35 and was shown to be associated with mortality
also in non-transplant settings,15,16 and may thus be applied
in a pilot clinical trial. Certainly, any future prospective
study should also assess clinical signs of androgen defi-
ciency, including additional biochemical testing.
In summary, our study suggests that pre-transplant

testosterone has an impact on NRM and thus may be a
determinant of outcome in male patients allografted for
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Table 4. Multivariable analysis of the confirmation cohort with the end points overall survival (OS), progression-free survival (PFS), non-relapse
mortality (NRM), and relapse following allogeneic stem cell transplantation and OS and PFS after onset of acute graft-versus-host disease (GvHD)
(complete case analysis).
                                                      OS                           PFS                          NRM*                     Relapse*                 OS after                    PFS after
                                                  (n=165)                    (n=165)                      (n=165)                     (n=165)              acute GvHD*            acute GvHD*
                                                                                                                                                                                       (n=127)                    (n=126)
                                         HR 95% CI      P          HR 95% CI       P      CHR 95% CI      P      CHR 95% CI       P    HR 95% CI      P     HR 95% CI       P

Co-variate                                                                                                                                                                                                                                                                   
Testosterone                                1.15                                  1.10                                 1.23                                  1.02                              1.19                             1.15                
(per 100 ng/dL decrease)   (1.03-1.28)    0.012         (0.99-1.22)     0.062      (1.05-1.43)      0.008      (0.88-1.16)      0.818  (1.05-1.33)   0.004   (1.03-1.28)    0.011
Disease stage†

Early                                              Ref                                    Ref                                  Ref                                   Ref                               Ref                              Ref
Intermediate                              1.62                                   1.55                                 1.88                                  1.22                              2.01                             1.75 
                                                  (0.93-2.83)     0.088         (0.92-2.62)     0.101      (0.87-4.09)      0.109     (0.61-2.45)      0.579 (1.09-3.74)   0.026    (0.98-3.10      0.057
Late                                               2.48                                   2.43                                 3.30                                  1.98                              3.21                             2.95
                                                  (1.48-4.15)    <0.001      (1.48-3.97)    <0.001    (1.65-6.62)     <0.001    (1.03-3.78)      0.039 (1.78-5.80)  <0.001  (1.70-5.12    <0.001
Age (per 10-year increase)       1.12                                   1.09                                 1.32                                  1.02                              1.22                             1.16
                                                  (0.90-1.37)    0.307         (0.89-1.33)     0.424      (1.03-1.71)      0.031      (0.82-1.26)      0.893  (0.99-1.50)    0.068   (0.96-1.40)     0.127
Conditioning                                    
MAC                                               Ref                                    Ref                                    -                  -                  -                  -              -                -               -                 -
RIC                                               1.81                                   1.65
                                                  (0.88-3.71)     0.10          (0.85-3.21)     0.137
Donor 
Related donor                            Ref                                    Ref                                    -                  -                  -                  -              -                -               -                 -
Unrelated Donor                       1.22                                   0.93
                                                  (0.65-2.29)     0.528        (0.52-1.65)     0.806
Recipient - donor sex match
Matched                                       Ref                                    Ref                                    -                  -                  -                  -              -                -               -                 -
Male recipient /                          1.63                                    1.15
female donor                       (0.95-2.81)    0.075        (0.68-1.97)     0.604                                                         
Donor source
PB                                                  Ref                                    Ref                                    -                  -                  -                  -              -                -               -                 -
BM                                                1.29                                   1.75
                                                  (0.49-3.39)    0.605        (0.77-3.97)     0.182                
Number of events: OS, n=87; PFS, n=97; NRM, n=46; relapse, n=51; OS after acute GvHD, n=67; PFS after acute GvHD, n=75.*Slim model. †According to Gratwohl et al.13 BM: bone
marrow; CHR: cause-specific hazard ratio; CI: confidence interval; HR: hazard ratio; MAC: myeloablative conditioning; PB: peripheral blood; RIC: reduced intensity conditioning.



AML. Considering recent successful post-remission andro-
gen maintenance treatment approaches in AML,12 and the
fact that an individual’s testosterone status is modifiable,
our results may provide a rationale for the design of inter-
ventional clinical studies evaluating testosterone/andro-
gen status and supplementation in patients undergoing
alloSCT.
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Table 5. Multivariable analysis of the confirmation cohort with optimized pre-transplant testosterone cut-off value (complete case analysis).
                                                  OS                          PFS                         NRM                   Relapse                     OS after                        PFS after
                                              (n=165)                   (n=165)                   (n=165)                 (n=165)                  acute GvHD*                acute GvHD*
                                                                                                                                                                              (n=127)                        (n=126)
                                    HR 95% CI       P        HR 95% CI        P     CHR 95% CI    P     CHR 95% CI     P     HR 95% CI        P         HR 95% CI       P

Co-variate                                                                                                                                                                                                                                                               
Testosterone 
≥250 ng/dL                             Ref                                   Ref                                   Ref                              Ref                              Ref                                     Ref                 
<250 ng/dL                            1.95                                  1.81                                  2.68                              1.28                             2.29                                     2.29                
                                            (1.11-3.43)     0.021       (1.05-3.12)      0.033     (1.25-5.74)   0.011   (0.57-2.84)    0.551  (1.27-4.12)     0.006        (1.29-4.10)     0.005
Disease stage†

Early                                        Ref                                   Ref                                   Ref                              Ref                              Ref                                     Ref
Intermediate                        1.67                                  1.62                                  2.04                              1.35                             2.12                                     1.90 
                                            (0.96-2.93)     0.072      (0.95-2.75)       0.076     (0.92-4.51)   0.079    (0.66-2.77)    0.417   (1.13-3.96)       0.019        (1.05-3.42)     0.033
Late                                        2.53                                  2.46                                  3.09                             2.04                            3.27                                     3.09 
                                            (1.51-4.23)   <0.001     (1.51-4.00)     <0.001   (1.51-6.33)  0.002   (1.03-4.05)    0.042   (1.80-5.93)    <0.001      (1.76-5.40)   <0.001 
Age (per 10-year                   1.12                                  1.10                                  1.28                              0.98                             1.23                                     1.17
increase)                          (0.91-1.39)     0.280       (0.90-1.35)      0.353     (0.93-1.64)   0.121    (0.68-1.28)    0.873   (0.99-1.53)      0.065        (0.96-1.43)     0.117
Conditioning 
MAC                                        Ref                                   Ref                                   Ref                              Ref                                -                                         -
RIC                                         1.79                                  1.63                                  1.62                             1.69                
                                            (0.88-3.67)     0.110      (0.84-3.15)       0.146     (0.56-4.64)    0.370    (0.71-4.01)    0.233             
Donor                                          
Related donor                      Ref                                   Ref                                   Ref                              Ref                                -                                         -
Unrelated Donor                 1.19                                  0.91                                  1.25                              0.72 
                                            (0.64-2.22)     0.579     (0.52-1.61)      0.753     (0.50-3.13)    0.634    (0.35-1.49)    0.375
Recipient - donor sex match
Matched                                 Ref                                   Ref                                   Ref                              Ref                                -                                         -
Male recipient /                   1.57                                  1.13                                  1.45                              0.93 
female donor                 (0.93-2.65)     0.094      (0.67-1.91)      0.643    (0.70-3.00)   0.316    (0.44-1.98)    0.854
Donor source
PB                                            Ref                                   Ref                                   Ref                              Ref                                -                                         -
BM                                          1.42                                  1.92                                  1.59                              2.01
                                            (0.53-3.78)     0.485      (0.83-4.42)      0.125    (0.35-7.30)   0.551   (0.74-5.49)    0.173
Number of events: OS, n=87; PFS, n=97; NRM, n=46, relapse, n=51; OS after acute GvHD, n=67; PFS after acute GvHD, n=75. *Slim model. †According to Gratwohl et al.13 Number of
events: OS, n=87; PFS, n=97; NRM, n=46; relapse, n=51; OS after acute GvHD, n=67; PFS after acute GvHD, n=75. *Slim model. †According to Gratwohl et al.13 PFS: progression-free
survival; BM: bone marrow; CHR: cause-specific hazard ratio; CI: confidence interval; GvHD: graft-versus-host disease; HR: hazard ratio; MAC: myeloablative conditioning; PB:
peripheral blood; RIC: reduced intensity conditioning; OS: overall survival; NRM: non-relapse mortality.
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In the article by Seymour JF, Marcus R, Davies A, Gallop-Evans E, Grigg A, Haynes A, Herold M, Illmer T, Nilsson-Ehle H,
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Online Supplementary Table S6. POD24 and post-progression mortality rates, stratified by FLPI score category.
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