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Images from the Haematologica Atlas of Hematologic Cytology: filariasis
Antonello Malfitano1 and Rosangela Invernizzi2

1IRCCS Policlinico San Matteo Foundation and 2University of Pavia, Pavia, Italy

E-mail: ROSANGELA INVERNIZZI - rosangela.invernizzi@unipv.it
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Microfilariae, i.e. the larval stage of Filaria spp., may be found in the peripheral blood after white blood cell con-
centration by centrifugation and, occasionally, also in bone marrow preparations and other fine-needle aspirates.
Morphological findings differ according to the species and form the basis for diagnosis. In buffy coat smears, Loa

loa microfilariae appear as primitive serpentine-shaped organisms containing many nuclei with a head space, a sheath
unstained with Giemsa and the tapering of the tail (top image). In the lower left image, a thick film shows the size of a
Loa loa microfilaria in relation to white blood cells and the coiled tail; note also the row of nuclei through the whole body
of the parasite right to the end of the tail (bottom right image).1 Eosinohilia is often an associated feature.
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The doctor prescribed a fat-free diet for stem cell mobilization
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Mobilized hematopoietic stem and progenitor cells
(HSPC) are widely utilized for clinical stem cell
transplantation. HSPC mobilization by the cytokine

granulocyte colony-stimulating factor (G-CSF) had been used
clinically for several decades. Nevertheless, the underlying
mechanisms and the factors leading to large variations in
mobilization yields in healthy donors are poorly understood.
In this issue of Haematologica, Suzuki and colleagues1 shed light
on the effect of dietary fat content on G-CSF-stimulated mobi-
lization, deciphering the regulatory role of ω3-polyunsaturat-
ed fatty acids (PUFA) processed by bone marrow (BM) neu-
trophils (and to a lesser extent by other cell types) as part of
the mobilization process in mice. The authors show that G-
CSF-mediated activation of peroxisome proliferator-activated
receptor (PPAR)d signaling first requires cues from the sympa-
thetic nervous system via b1/2-adrenergic receptors in BM
neutrophils, which in turn increases PPARd expression and
activity. However, PPARd is a negative regulator of HSPC
mobilization. A shrewd approach to bypass this negative reg-
ulation was to feed mice for a brief period with a fat-free diet.
As a result of the low ω3-PUFA content in this diet, the lack of
ω3-PUFA/PPARd activation decreased transcription of the neg-
ative regulator angiopoietin-like protein 4 (Angptl4), which in
turn increased BM vascular permeability and facilitated
enhanced HSPC mobilization. This simple, albeit novel
approach could be easily assessed in order to address the prob-
lem of poor clinical HSPC mobilization in some healthy
donors. However, BM neutrophils are not the only players in
the complex multifaceted process of HSPC mobilization.
Hence, the intriguing study by Suzuki et al., in addition to its
novelty regarding the machinery activated in BM neutrophils

during HSPC mobilization, opens new research directions
regarding HSPC cell-intrinsic signaling. 

Signals driving HSPC retention in the BM versus their egress
to the blood are tightly balanced during steady-state homeo -
stasis in order to facilitate blood and immune-cell production
on demand along with preservation of the undifferentiated
HSPC BM reservoir. Thus, physiological HSPC egress to the
blood is dynamically modulated by homeostatic light/dark
cycles and circadian rhythms involving b1/2-adrenergic recep-
tor signaling2 as well as BM blood vessel permeability and hor-
mone/cytokine secretion.3 These signals in mice balance the
daily rhythms of BM HSPC differentiation3 and egress during
daylight to replenish the blood.2 Melatonin secretion at night
reduces BM vessel-permeability and egress, exerting anti-
inflammatory effects, which reprogram stem cell self-
renewal.3 Pro-inflammatory signals enforced by bacteria-mim-
icking lipopolysaccharide challenge and by G-CSF treatment
in mice modulate this balance, skewing it towards differentia-
tion and mobilization, to address the urgent need for immune-
competent cells. The negative-regulatory function of Angptl4
seems to be part of the balance machinery addressing the need
to preserve BM HSPC from exhaustion and hematopoietic
failure. G-CSF is known to evoke pro-inflammatory stimuli in
the BM, involving signals from the nervous system, which
exert dramatic changes in myeloid cells, osteolineage cells,4

bone metabolism,5 and blood vessel permeability.6 HSPC also
respond to G-CSF-induced signals, showing robust metabolic
changes,7,8 which prepare them for the dynamic state, essential
for making the active journey to the blood.

An interesting question is whether HSPC “sense” changes in
BM lipid mediators during daily light/dark cycles an following

Figure 1. Fatty acid content of the diet affects granulocyte colony-stimulating factor-induced mobilization of hematopoietic stem and progenitor cells. In addition to signaling
in bone marrow neutrophils, as reported by Suzuki et al.,1 the fatty acid content of the diet may also affect granulocyte colony-stimulating factor (G-CSF)-induced mobilization via
cell-intrinsic signaling in hematopoietic stem and progenitor cells (HSPC). (A) G-CSF-induced mobilization under normal diet provides fatty acids including the key ω3-PUFA that
activates PPARd/Angptl4 signaling in order to balance and maintain bone marrow HSPC despite the pro-inflammatory cues. (B) G-CSF-induced mobilization under a fat-free diet
deprived of the key ω3-PUFA, prevents the activation of PPARd/Angptl4 inhibitory signaling that yields higher rates of HSPC mobilization.  
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G-CSF stimuli. Furthermore, what signaling do these medi-
ators induce in HSPC and particularly, do they involve
changes in reactive oxygen species levels, as well as in
Angptl4 expression and activity? Some hints come from
several reports. HSPC bear the lipolytic machinery (phos-
pholipase C-b2) to control pharmacological (G-CSF and
AMD3100) HSPC mobilization.9 Angiopoietin-like pro-
teins 1-7 play multiple roles in the regulation of
hematopoietic stem cell activity including quiescence,
expansion, self-renewal, and homing.10 A major candidate
for such future studies could be Angptl4. In humans,
ANGPTL4 maintains the in vivo repopulating capacity of
CD34+ cord blood HSPC.11 In mice, the PML-PPARd-FAO
pathway influences reactive oxygen species generation and
stem cell division. Depletion of PPARd, which serves as a
fatty acid nutrient sensor, reduced stem cell quiescence,
and their repopulating potential since it controls asymmet-
ric divisions that are essential for HSC maintenance.12

Interestingly, Angptl4 is upregulated in the BM under
inflammatory conditions induced by bacterial lipopolysac-
charide challenges, leading to increased secretion of G-CSF
and Angptl4 from BM stromal cells, which also expand BM
myeloid progenitors.13 Thus, Angptl4 in HSPC balances the
cells’ response to pro-inflammatory effects in order to pre-
serve their BM maintenance and long-term function.
Suzuki et al. suggest that temporal attenuation of Angptl4
upregulation may further increase the efficiency of G-CSF-
induced mobilization (Figure 1).

Another physiological life condition is aging, which is
associated with stress and pro-inflammatory cues, an
increase in marrow vascular permeability, adipocytes, and
a decrease in hematopoietic cellularity. Adipocytes accu-
mulate in the BM during obesity and aging, and notably
also following a high-fat diet in mice. This change in the
ratio of adipocytes/hematopoietic cells reprograms mes-
enchymal stem cells towards adipogenic rather than
osteogenic differentiation, which reduces the rates of bone
regeneration and hematopoiesis recovery.14 In addition to
pro-inflammatory signals, in humans G-CSF also induces a
pro-coagulant state and increased thrombin activity.15 The
efficiency of G-CSF-induced mobilization in healthy
donors for clinical HSPC transplantation can be predicted
by the surface expression levels of the major coagulation-
and inflammation-related thrombin receptor, protease acti-
vated receptor 1 (PAR1) on mature peripheral blood leuko-
cytes and CD34+ HSPC before mobilization is conducted.16

Importantly, this surface PAR1 expression also predicts
HSPC repopulating potential in transplanted patients and
PAR1 signaling in mice is essential for steady-state egress
and for directional in vitro migration of HSPC to a gradient
of the major stem cell chemokine CXCL12.16,17 It would be
of great interest in future studies to elucidate a potential
cross-talk between these two axes, the coagulation and
inflammation-related thrombin/PAR1/nitric oxide axis and
ω3-PUFA/PPARd/Angptl4 signaling, with the purpose of
improving G-CSF-induced mobilization. 

The manuscript by Suzuki et al. provides important
insights into the signaling pathways activated in BM neu-

trophils by G-CSF stimuli, and the cross-talk with the lipid
content in the BM as a major driving force for the intensity
of HSPC mobilization from the BM into the blood.
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New genetic abnormalities affecting risk assess-
ment and patient stratification have been reported
in B-cell precursor (BCP) acute lymphoblastic

leukemia (ALL) defining novel subtypes. Some of these
subtypes have been included in the most recent World
Health Organization classification.1 Almost 10 years ago,
two independent studies identified a subset of pediatric
ALL characterized by a specific gene expression profile
similar to that of Philadelphia (Ph) chromosome-positive
ALL.2,3 This novel ALL subtype, called Ph-like ALL or
BCR-ABL1-like ALL, is a frequent ALL subtype that com-
prises up to 15% of pediatric BCP-ALL. Its incidence
reaches 25% in adolescents and young adults and 20% in
adults and it is generally recognized as being associated
with a poor prognosis at any age.4

Ph-like ALL is characterized by multiple genetic aberra-
tions that converge on tyrosine kinase and cytokine
receptor signaling pathways.5 According to the signaling
pathway involved several subgroups have been defined.
These include CRLF2 rearrangements or mutations,
fusions involving ABL-class genes, Ras signaling path-
ways and other less common fusions. Alterations in the
CRLF2 gene are the most frequent and result in overex-
pression of this gene and an increase of CRLF2 protein
expression. Aberrant CRLF2 expression frequently co-
occurs with JAK activating mutations or other mutations
deregulating JAK/STAT signaling (e.g., IL7R mutations).
Deregulation of JAK/STAT signaling may also be due to
JAK2 or EPOR rearrangements or  additional alterations

activating other JAK/STAT signaling genes. In turn, the
subgroup of ABL-class fusions involving ABL1, ABL2,
CSF1R and PDGFRB accounts for 15-20% of Ph-like ALL
cases.

Since kinase-activating alterations are frequent in Ph-
like ALL and most converge on clinically actionable sig-
naling, there is great interest in the early identification of
Ph-like patients, with the aim of improving the prognosis
with the use of tyrosine kinase inhibitors (TKI). However,
identification of Ph-like ALL is currently challenging, and
appropriate assays are not yet available for use as routine
diagnostic approaches.6

In this issue of Haematologica, Chiaretti et al. screened
88 BCP-ALL cases negative for the major fusion genes
(BCR-ABL1, ETV6-RUNX1, TCF3-PBX1 and KTM2A)
enrolled in the pediatric-inspired, measurable residual dis-
ease (MRD)-driven GIMEMA LAL1913 front-line proto-
col for adults with Ph-negative ALL in order to assess
response to the treatment and prognosis.7 Twenty-eight
of these 88 cases (31.8%) showed the Ph-like phenotype.
Screening for Ph-like ALL was performed successfully
using the “BCR/ABL1-like predictor” developed by the
GIMEMA Group.8 This model is based on the identifica-
tion of nine genes specifically overexpressed by adult Ph-
like ALL cases and uses their expression values together
with CRLF2 transcript quantification by real time quanti-
tative polymerase chain reaction to build this predictive
tool. This study showed that Ph-like patients had a lower
complete response rate, event-free survival and disease-
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Table 1. Clinical trials either specific for Philadelphia chromosome-like acute lymphoblastic leukemia (Ph-like ALL patients) or including patients with
Ph-like ALL*.
NCT number                          Group                               Schedule                       Phase                       N patients                       Age (yrs)                     Status
                                                                                                                                                    planned or enrolled 

02883049                                        COG                                      Dasatinib                                3                                      5,956                                      1-30                Active, not recruiting
                                                                                                        Ruxolitinib
02723994                                        COG                                     Ruxolitinib                               2                                        170                                        1-21                          Recruiting
03117751                                       SJCRH                                     Dasatinib                               2/3                                    1,000                                      1-18                          Recruiting
                                                                                                        Ruxolitinib
02420717                                      MDACC                                    Dasatinib
                                                                                                        Ruxolitinib                               2                                         92                                         ≥10                 Active, not recruiting
03571321                         University of Chicago                      Ruxolitinib                               1                                         15                                        18-39                         Recruiting
03643276                                  AIEOP/BFM                              Bortezomib                              3                                      5,000                                       ≤17                          Recruiting
                                                                                                    Blinatumomab
02716233                         Assistance Publique -                       Imatinib                                 3                                      1,578                                      1-18                          Recruiting
                                             Hôpitaux de Paris
03007147                                        COG                                       Imatinib                                 3                                        700                                        2-21                          Recruiting
                                                      EsPhALL
03564470                             Nanfang Hospital                          Chidamide                               2                                        120                                       14-55                          Unknown
                                                    Guangzhou                                 Dasatinib
*Clinicaltrials .gov. accessed on November 28, 2020. COG: Children’s Oncology Group; SJCRH: Saint Jude Childrens Research Hospital; MDACC: MD Anderson Cancer Center; AIEOP:
Associazione Italiana di Ematologia e Oncologia Pediatrica; BFM: Berlin-Frankfurt-Münster; EsPhALL: European PhALL Consortium; yrs: years.



free survival, as well as greater MRD persistence when
treated with a pediatric-oriented and MRD-driven adult
ALL protocol, thus reinforcing the contention that early
recognition of Ph-like ALL is crucial to refine risk-stratifi-
cation and optimize therapeutic strategies. While some
conflicting results on the prognosis of Ph-like ALL have
been reported in pediatric patients, the results of this
study are concordant with those of other studies per-
formed in adults, uniformly showing a poor prognosis for
this ALL subtype.4,9,10 An important finding of this study is
the correlation between the Ph-like phenotype and the
poor MRD clearance at all the time points analyzed, but
especially at week 10 of the protocol, a time point used
for the decision to proceed or not to hematopoietic stem
cell transplantation (HSCT) in this trial. In fact, the Ph-like
profile proved to be the only risk factor for MRD positiv-
ity at this time point. This finding is relevant since half of
the patients were considered a priori as standard risk
according to their features at baseline. In addition, Ph-like
ALL patients from this trial showed inferior cytologic
complete response after induction therapy (a feature not
shown in all studies)11 indicating that better induction
therapies are needed for these patients. This study also
suggests that HSCT is beneficial in these cases and should
be pursued at the earliest opportunity in order to increase
event-free survival.

It seems clear that apart from early recognition, the
management of Ph-like ALL patients should be opti-
mized, and many efforts are currently addressed to
improve the results of therapy. These efforts are mainly
focused on the incorporation of targeted therapies and
immunotherapy to the chemotherapy schedules. TKI
inhibitors (e.g., imatinib, dasatinib and ruxolitinib), his-
tone deacetylase inhibitors (e.g., chidamide) and bispecif-
ic monoclonal antibodies (e.g., blinatumomab) are the
compounds most frequently evaluated in clinical trials
(Table 1). However, there is scarce information available
on the results of these approaches. As an example, a
recent retrospective report by Tanasi et al. showed that
the introduction of TKI frontline during consolidation
improved MRD-negative status and was associated with
a 3-year OS of 77% in a small series of 24 adult patients.12

Clinical trials are limited in Ph-like ALL. Regarding pedi-
atric trials, in the ongoing trials of the Children’s Oncology
Group (COG) (clinicaltrials gov. Identifier: NCT028830499
and in the Total Therapy XVII trial of the Saint Jude
Children’s Research Hospital [SJCRH] clinicaltrials gov.
Identifier: NCT03117751),13 patients with National Cancer
Institute (NCI) high-risk characteristics or poor early MRD
response, who are positive for ABL class fusions and JAK
pathway mutations, receive dasatinib and ruxolitinib,
respectively, together with conventional frontline
chemotherapy from consolidation until the end of mainte-
nance therapy. The COG ALL1521 trial (clinicaltrials gov.
Identifier: NCT02723994) is investigating the benefit of
adding ruxolitinib to backbone COG based NCI high-risk
chemotherapy for patients with CRLF2-rearranged ALL. In
the study by the European ALLTogether consortium,
patients with ABL-class fusions at diagnosis receive TKI on
top of chemotherapy from day 15 of induction; HSCT is
indicated in cases with poor MRD response. In the French

CALL-F01 protocol (clinicaltrials gov. Identifier:
NCT02716233), RNA sequencing is performed in all B-
other ALL in case of induction failure or MRD positivity.
Imatinib is given in combination with chemotherapy in the
high-risk group, and HSCT is indicated in poor responders.
The early introduction of TKI in addition to chemotherapy
in ABL-class positive BCP-ALL is planned to be evaluated
within an intercontinental collaborative trial (clinicaltrials
gov. Identifier: NCT03007147) involving the COG and
EsPhALL (European PhALL Consortium) groups.

Clinical trials for AYA and adult patients are even more
limited. Phase I/II trials conducted at the MD Anderson
Cancer Center are testing dasatinib or low doses of rux-
olitinib in combination with hyper-CVAD (cyclophos-
phamide, vincristine, doxorubicin, and dexamethasone)
in relapsed/refractory ALL and ABL-class fusions or
CRLF2/JAK mutations, respectively. Interim data analysis
has demonstrated the safety of these combinations with
limited efficacy.9 A recent phase I trial at the University of
Chicago and other institutions is studying ruxolitinib in
combination with the pediatric-inspired CALBG (Cancer
and Acute Leukemia Group B) 10403 chemotherapy regi-
men in adolescents with newly diagnosed Ph-like ALL
harboring CRLF2/JAK alterations, with a planned phase II
expansion study if safety is demonstrated.

Regarding the election of TKI, there is no clear evidence
of the superiority of dasatinib over imatinib for Ph-like
ALL cases with ABL-class fusions. This comparison is
especially difficult given that the doses of these TKI differ
among trials. Other TKI, such as nilotinib, bosutinib and
ponatinib, are still being investigated as phase I and II tri-
als in pediatric cancers. Since the combination of TKI and
immunotherapy with blinatumomab has proven feasible
and effective in patients with Ph-positive ALL,14 this
approach should be explored in patients with Ph-like ALL
together with reduced-intensity chemotherapy and
HSCT.15,16

There are challenges in the diagnosis of Ph-like ALL
before using targeted therapy in frontline treatment.
Diagnostic technologies such as RNA sequencing and
similar strategies should be implemented in a timely fash-
ion for all “B-other ALL”, but to date appropriate assays
are not yet available as widely recognized diagnostic
approaches.17-19 Furthermore, although ABL-class and JAK-
pathway alterations account for most Ph-like ALL cases,
there are also several alterations involving kinases that are
not inhibited by either TKI or JAK inhibitors. For this sub-
group of Ph-like cases without known targetable lesions
innovative therapies such as immunotherapy could be
useful to reduce the MRD level before MRD-guided
HSCT.20 Nonetheless, all these efforts will undoubtedly
require collaborative international approaches to conduct
successful studies.
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Granulocyte colony-stimulating factor (G-CSF) is a
cytokine that increases myelopoiesis,1 impairs lym-
phopoiesis by inhibiting committed progenitor

cells,2,3 and enhances hematopoietic stem cell (HSC) mobi-
lization.4 The direct effects of G-CSF on purified subpopu-
lation of HSC remained to be delineated. In this issue of
Haematologica, Xie et al.5 investigate the influence of G-CSF
on proliferation and the repopulating potential of myeloid-
biased, long-term HSC (CD201+CD150+CD48–CD41–

CD34–KSL) and lymphoid-biased, short-term HSC
(CD201+CD150–CD48–CD41–CD34–KSL).  

Understanding the direct influences of G-CSF on HSC
could improve our understanding of HSC responses to an
increase in G-CSF level caused by inflammation.6 The
study by Xie et al. shows that G-CSF acts directly on lym-
phoid-biased, short-term HSC but not on myeloid-biased
HSC. Interestingly, G-CSF cooperates with stem cell fac-
tor in driving the expansion of lymphoid-biased, short-
term HSC in culture and in maintaining the in vivo repop-
ulating potential of such cultures. These findings suggest
that G-CSF-mediated effects on lymphoid-biased, short-
term HSC may contribute to the previously noted

enhancement of early lymphopoiesis of bone marrow
stem and progenitor cells after exposure to G-CSF.7 In
contrast, however, G-CSF is also known to instruct bone
marrow stromal cells to suppress the function of commit-
ted progenitors of B-lymphopoiesis.2 The functional rele-
vance of the G-CSF-mediated priming of early lymphoid
progenitor cells and lymphoid-biased HSC5,7 in associa-
tion with G-CSF-mediated impairment in the progression
of lymphopoiesis from committed progenitor cells2

should be delineated in future studies. 
The primary role of G-CSF is currently seen in activa-

tion of myelopoiesis to strengthen myeloid immune
responses, such as the recruitment of neutrophils during
bacterial lung infections.8 However, the simultaneous
priming of early lymphoid progenitor cells and lymphoid-
biased HSC by G-CSF may also be important to ensure
prompt reactivation of lymphopoiesis after the initial
induction of myeloid cell-driven immune responses. The
sequential coordination of such immune actions by G-
CSF seems to be an interesting area of future research.

Understanding direct influences of G-CSF on HSC
could also be relevant for our understanding of HSC

Granulocyte colony-stimulating factor acts on lymphoid-biased, short-term hematopoietic
stem cells
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aging. During mouse aging, the number of myeloid-
biased HSC increases more than 10-fold, whereas the
number of lymphoid-biased HSC shows only a mild (2-
fold) increase.9,10 Xie et al. revealed that G-CSF improves
the maintenance of lymphoid-biased HSC in culture, but
does not have direct effects on myeloid-biased HSC.
Whether G-CSF could contribute to the in vivo mainte-
nance of lymphoid-biased HSC remains to be seen.
Interestingly, in humans, G-CSF levels in the serum were
reported to decrease during aging and this decrease was
pronounced in patients with Alzheimer disease.11 The
findings of Xie et al. suggest that aging-associated declines
in G-CSF level could contribute to the relative reduction
in the self-renewal of lymphoid-biased HSC versus
myeloid-biased HSC during aging. It would be interesting
to investigate whether G-CSF has similar effects on
human lymphoid-biased HSC as those on murine HSC
described by Xie et al. However, the discrimination
between different subtypes of HSC (lymphoid vs.
myeloid-biased) has not yet been established in humans. 

In addition, it would be of great interest to analyze the
influence of other aging-related factors on G-CSF levels
and HSC aging. Telomere dysfunction occurs as a conse-
quence of telomere shortening and represents one of the
hallmarks of aging. Telomere shortening induces cellular
senescence and a strong increase in the secretion of pro-
inflammatory cytokines by senescent cells - referred to as
the senescence-associated secretory phenotype (SASP).12

Of note, senescent cells also show strong increases in the
secretion of G-CSF.13 An accumulation of senescent cells

have been described to occur in various tissues of pri-
mates, including humans, during aging.14-16 Interestingly,
genetic studies on telomerase knockout mice revealed
that G-CSF increases in blood serum as a consequence of
telomere dysfunction, which led to impairments in lym-
phopoiesis and myeloid-skewed hematopoiesis.17 This
phenotype is very similar to that present in aging
humans, which is also characterized by increases in
myeloid relative to lymphoid cells in the blood.18 While
studies on human serum showed decreases in G-CSF dur-
ing aging, future studies should investigate whether the
accumulation of senescent cells in bone marrow tissue
may lead to increases in G-CSF levels in the micro-milieu
of HSC and lymphoid progenitor cells. If G-CSF does
indeed contribute to the reduction in lymphopoiesis dur-
ing aging, this could be related to the inhibitory effect of
G-CSF on committed lymphoid progenitor cells.2

A direct influence of G-CSF on HSC could also be rele-
vant for the clinical usage of G-CSF. It has been shown
that macrophage colony-stimulating factor acts directly
on HSC to enhance myeloid differentiation, which has
positive effects in protecting HSC-transplanted mice from
Aspergillus infection.19 Two of the main applications of
G-CSF are to ameliorate chemotherapy-induced neu-
tropenia and to mobilize HSC to be used for mobilized
peripheral blood (MPB) transplantation. G-CSF leads to
the mobilization of HSC by disrupting the function and
maintenance of specific niche cells.20 It remains to be
determined whether direct effects of G-CSF on lym-
phoid-biased HSC would influence the mobilization of
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Figure 1. Granulocyte colony-stimulating factor influences the balance of myelopoiesis and lymphopoiesis. Granulocyte colony-stimulating factor (G-CSF) leads to mobi-
lization of hematopoietic stem cells (HSC) by disrupting the function and maintenance of specific niche cells. G-CSF enhances expansion of lymphoid (Ly)-biased, short-
term HSC in culture and maintains their in vivo repopulating potential. In contrast, G-CSF does not have a direct effect on purified myeloid (My)-biased, long-term HSC.
Apart from regulating HSC, G-CSF can also increase myelopoiesis and impair lymphopoiesis by regulating committed progenitor cells. 



sub-populations of HSC. If so, the method of mobiliza-
tion could have an impact on transplantation results. In
breast cancer patients who need a transplant of autolo-
gous MPB as part of their anticancer therapy, the trans-
plantation of purified HSC improved the survival out-
comes compared to those receiving non-purified MPB
(https://doi.org/10.1016/j.bbmt.2011.07.009). It remains to
be seen whether direct effects of G-CSF on HSC may
influence transplantation outcomes. 

In brief, the study by XIe et al. provides very interesting
new data indicating that G-CSF can act directly on lym-
phoid-biased but not on myeloid biased HSC. This find-
ing may have implications for our understanding of
immune responses, HSC aging, and bone marrow trans-
plantation therapies.
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Erythropoiesis is a tightly regulated cell differentiation process in
which specialized oxygen- and carbon dioxide-carrying red blood
cells are generated in vertebrates. Extensive reorganization and

depletion of the erythroblast proteome leading to the deterioration of
general cellular protein quality control pathways and rapid hemoglobin
biogenesis rates could generate misfolded/aggregated proteins and trigger
proteotoxic stresses during erythropoiesis. Such cytotoxic conditions
could prevent proper cell differentiation resulting in premature apoptosis
of erythroblasts (ineffective erythropoiesis). The heat shock protein 70
(Hsp70) molecular chaperone system supports a plethora of functions that
help maintain cellular protein homeostasis (proteostasis) and promote red
blood cell differentiation and survival. Recent findings show that abnor-
malities in the expression, localization and function of the members of
this chaperone system are linked to ineffective erythropoiesis in multiple
hematological diseases in humans. In this review, we present latest
advances in our understanding of the distinct functions of this chaperone
system in differentiating erythroblasts and terminally differentiated
mature erythrocytes. We present new insights into the protein repair-only
function(s) of the Hsp70 system, perhaps to minimize protein degradation
in mature erythrocytes to warrant their optimal function and survival in
the vasculature under healthy conditions. The work also discusses the
modulatory roles of this chaperone system in a wide range of hematolog-
ical diseases and the therapeutic gain of targeting Hsp70. 

The Hsp70 chaperone system: distinct roles
in erythrocyte formation and maintenance
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ABSTRACT

Introduction

Cells are highly vulnerable to proteotoxic stresses during widespread remodel-
ing of proteomes that typically accompany cell differentiation. Under such chal-
lenging conditions, molecular chaperones that constitute an essential part of cellu-
lar protein quality control (PQC) pathways, help maintain proteostasis by decreas-
ing protein misfolding and aggregation, and promote cell viability.1,2 In response to
cell differentiation, considerable rearrangements in cellular chaperomes have been
detected,2,3 but the functional consequences of such changes largely remain enig-
matic. In particular, the heat shock protein 70 (Hsp70) chaperone system is main-
tained at high levels during red blood cell differentiation.3-5 Emerging data demon-
strate that Hsp70 machineries have distinct functions ranging from modulating
cell signaling to PQC activities at different stages of erythropoiesis. These multi-
faceted roles of the Hsp70 chaperone include maintaining erythroid progenitors,
assessing fitness of progenitors prior to initiating lineage specific terminal cell dif-
ferentiation, supporting hemoglobin (Hb) biogenesis, counteracting proteotoxici-
ties and preventing premature apoptosis of differentiating erythroblasts, and pro-
moting viability of terminally differentiated erythrocytes via protein repair.
Hence, the dysfunction of this chaperone system is invariably associated with
ineffective erythropoiesis, which leads to chronic anemia in several hematological
diseases in humans.



Formation of red blood cells

Erythropoiesis is a vital process throughout vertebrate
life, which helps maintain adequate tissue oxygenation
under physiological and nonphysiological states (e.g.,
hypoxia, hemorrhage or other anemic conditions). This
cell differentiation event leads to the generation of highly
specialized erythrocytes that function as dedicated oxy-
gen and carbon dioxide transporting cells across the body.
Erythrocytes have a finite lifespan (approximately 120
days in humans) in the circulatory system before they are
recycled mainly in the spleen by macrophages.6 These
cells, therefore, must be continuously and rapidly
replaced in vertebrates. About two million new erythro-
cytes per second are generated in adult humans7 via pro-
liferation and differentiation of a self-renewing popula-
tion of pluripotent hematopoietic stem cells (HSC) locat-
ed in the yolk sac, liver, spleen (antenatal) or bone mar-
row (postnatal) that give rise to early erythroid progeni-
tors.6 During erythropoiesis, these progenitors undergo a
red cell lineage specific terminal differentiation program
to generate mature erythrocytes. 

Erythrocyte production is tightly regulated by a set of
hormones. For example, glucocorticoids regulate both the
proliferation and differentiation of early erythroid pro-
genitors known as early burst forming unit-erythroid
(BFU-E) cells.8 The proliferation and differentiation of
subsequent erythroid progenitors including late stage
BFU-E and colony forming unit-erythroid (CFU-E) cells
occur after the stimulation by erythropoietin (EPO), a gly-
coprotein cytokine secreted by the kidneys.9 EPO stimu-
lation is vital for the induction of GATA-binding factor 1
(GATA-1) transcription factor, the master regulator of ery-
thropoiesis. GATA-1 together with the transcription fac-
tor STAT5, promote further erythroblast proliferation10

and turn on the gene activation and repression program,
which drives the multistep terminal differentiation
process of these cells.11 In mammals, erythropoiesis can
be resolved into six morphologically distinct cell stages
that result from a series of mitotic cell divisions (Figure
1A). These stages include: (i) proerythroblast, (ii)
basophilic erythroblast, (iii) polychromatophilic ery-
throblast, (IV) orthochromatophilic erythroblast, (V) retic-
ulocyte, and (VI) mature erythrocyte. During terminal dif-
ferentiation, the erythroblasts decrease in cell size, con-
dense chromatin, reorganize and reduce cellular pro-
teome and membranes, and eliminate organelles, thereby
making space for the rapidly increasing levels of Hb, the
oxygen-trafficking protein complex. The most striking
morphological change occurs in orthochromatophilic ery-
throblasts that eject nuclei to form reticulocytes in the
bone marrow (Figure 1A). These reticulocytes loose ribo-
somes and the bulk of RNA molecules, and develop into
Hb packed mature erythrocytes that have a characteristic
biconcave disk-like shape with a flattened center. 

The mature erythrocytes contain a remarkably high
concentration of Hb molecules (approximately 29.5
pg/cell),12 which represents approximately 98% of the
proteome.13 Hb is a tetrameric globular protein made up
of four globin protein subunits/chains, each containing a
heme group, which reversibly binds to oxygen and car-
bon dioxide. The adult human hemoglobin (HbA) is
made from two 141 amino acid-long α-globin chains and
two 146 amino acid-long b-globin chains (α2b2) (Figure
1B). Under physiological conditions, HbA makes up

>97% of the Hb constituent in adult humans. The
remaining Hb contains fetal Hb (HbF; α2γ2) and HbA2
(α2d2), two isotypes generated by switching the b globin
chain with either γ or d globin chains.6

Proteotoxic stresses associated with 
erythropoiesis

Proteostasis is maintained by balancing the cellular
pathways that facilitate protein synthesis, folding, assem-
bly, trafficking, and degradation under varying environ-
mental and metabolic conditions.1 Even under normal
growth conditions, cells experience a continuous influx of
misfolded proteins generated from various protein bio-
genesis mistakes such as errors in transcription, transla-
tion and folding. Additionally, most proteins are at risk of
misfolding due to the marginal stability of their native
conformations.14 Cells have evolved a set of intricate PQC
pathways comprising of molecular chaperones and pro-
tein degradation systems that operate constantly to
decrease the levels of misfolded proteins that otherwise
would easily form aggregates in crowded cellular envi-
ronments. Protein aggregates typically show poor solubil-
ity in aqueous cellular environments, have no physiolog-
ical function per se and could instead elicit cytotoxicity.1

By untangling and unfolding such aberrant protein
species, the ATP fueled chaperone machineries are able to
“repair” and rescue proteins, which leads to a consider-
able reduction in the risk of proteotoxicities in cells.
Protein degradation pathways also represent an impor-
tant line of defense by clearing misfolded proteins and
preventing their accumulation.1 However, in aging and/or
stressed cells, such defense mechanisms could become
overwhelmed leading to the buildup of potentially toxic
protein aggregate species. Many disease-linked mutant
proteins also form such aggregates that are refractory to
PQC systems, including degradation pathways.15

Due to various protein biosynthetic errors and consid-
erable attenuation of basic PQC pathways, erythroid
maturation is highly exposed to protein misfolding/aggre-
gation. The first PQC challenge during erythropoiesis
involves the folding and assembly of the α-globin chains
that show a high degree of instability. In the absence of
the partnering b-globin, the free α-chains with heme/iron
could readily misfold to form protein aggregate deposits
called Heinz bodies (for a review, see Voon et al.16). These
highly toxic protein aggregates, when accumulated, could
trigger the generation of reactive oxygen species (ROS)17

that damage cellular proteins, nucleic acids and lipids and
induce oxidative stress in erythroblasts leading to prema-
ture cell death (Figure 1B).18 This is circumvented to a cer-
tain degree with the assistance of a dedicated chaperone
named alpha hemoglobin stabilizing protein (AHSP).
AHSP mimics the α-helix-loop-α-helix motif of b-globin
and assists in the folding of α-chains in a “template”
directed manner19,20 (for a review, see Weiss et al.)21. Apart
from the α-chain instability, the generally high synthesis
rates of globin proteins (300 mg of Hb per hour in healthy
adult humans22) during this atypical state could also pro-
portionally increase the level of intrinsic errors in folding
and assembly23 of Hb. In particular, heme/iron imbalances
could result in globin misfolding, which could induce
severe oxidative stress in erythroblasts. A tightly regulat-
ed supply of iron to support the production of heme is
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required for efficient Hb biogenesis. Heme synthesis is
mediated by conjugating iron and protoporphyrin in a
series of enzymatic reactions occurring in mitochondria
and cytosol.24 The hydroxyl radicals produced by elevated
levels of free heme/iron undergoing the Fenton reaction
in erythroblast cytosol could damage and induce the
aggregation of both Hb and other critical biomolecules.25

The next PQC challenge in red blood cell maturation
occurs from the reduction/disruption of crucial PQC
pathways that typically protect cells against protein
aggregation. In order to make space for the increasing lev-
els of Hb, the proteome of the terminally differentiating
erythroblasts is rapidly reduced to 2-5% via bulk degra-
dation of many cellular proteins and organelles3 by the
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Figure 1. Biogenesis of hemoglobin during erythropoiesis. (A) A simplified schematic diagram showing the key cell stages of erythropoiesis. Hematopoietic stem cells
(HSC) differentiate into a common myeloid progenitor, which further transition into a committed erythroid lineage. The proerythroblast is the earliest morphologically
identifiable erythroid precursor cell in the bone marrow. Erythropoietin (EPO) signaling initiates terminal differentiation of erythroblasts to generate mature erythro-
cytes. During terminal differentiation, cells reduce in size and undergo major changes including chromatin condensation, proteome remodeling and ultimately the
elimination of cellular organelles to provide room for hemoglobin (Hb). Hb expression levels in differentiating cells are indicated by intensity of the red color. (B)
Chaperone assisted folding and assembly of Hb. The folding of nascent globin chains is assisted by chaperones such as the α-Hb–stabilizing protein (AHSP), heat
shock protein 70 (Hsp70) and heat shock protein 90 (Hsp90). Errors in Hb subunit synthesis and assembly, iron/heme imbalances, deficiencies in protein quality
control activities and exposure to reactive oxygen species (ROS), however, could trigger the misfolding and aggregation of globin proteins. In particular, misfolded and
unassembled α-globin chains are highly prone to form cytotoxic aggregates leading to ineffective erythropoiesis. c: cytosol; n: nucleus; UPS: ubiquitin proteasome
system.
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ubiquitin proteasome system (UPS) and the autophagy
pathway.26,27 This drastic proteome remodeling expected-
ly depletes components of chaperone and proteolytic
machineries and decreases the ability of these cells to
induce global PQC pathways that help buffer against pro-
teotoxic stresses.28 For example, unlike other cell types,
reticulocytes show inability to fully recover critical cellu-
lar functions such as protein synthesis after heat shock.4,29

On the whole, terminally differentiating erythroblasts
seem particularly vulnerable to stresses associated with
protein misfolding and aggregation. 

The Hsp70 chaperone system 

Hsp70 forms one of the most abundant and highly con-
served molecular chaperone systems critical for maintain-
ing cellular proteostasis. This highly versatile chaperone
system supports a plethora of housekeeping and stress-
related cellular repair processes that protect cells against
proteotoxic stresses (for a review, see Rosenzweig et al.30).
The key housekeeping activities include facilitating fold-
ing of newly synthesized proteins, transport of polypep-
tides across cellular membranes, assembly/disassembly of
protein complexes and regulation of protein activity. In
stressed cells, the Hsp70 chaperone system functions to
prevent aggregation of aberrant proteins, refold misfolded
proteins, solubilize aggregated proteins, and cooperate
with cellular degradation machineries to clear terminally
damaged proteins (for a review, see Rosenzweig et al.30).

The chaperoning functions of Hsp70 are tightly regulat-
ed via the cooperation of dedicated cochaperones from
the J-domain protein (JDP) family and nucleotide
exchange factors (NEF) that fine-tune Hsp70’s ATP-
dependent allosteric control of substrate binding and
release (Figure 2A). JDP form the largest and the most
diverse family of cochaperones in humans (over 42 mem-
bers) and provide specificity to the Hsp70 family (13
homologs in humans) by selecting substrates.30,31

Concomitant interaction of Hsp70 with a JDP and sub-
strate boosts ATP hydrolysis in Hsp70. This dual trigger
allows Hsp70 to efficiently trap and unfold substrates
(Figure 2A).32 The timely release of substrates is mediated
by nucleotide exchange factors that release ADP and
allow subsequent rebinding of ATP, thus resetting the
Hsp70 chaperone to its open, low substrate affinity state
to receive a new client.30,33

Hsp70 generally shows a high affinity towards misfold-
ed and aggregated substrates, and a low affinity for native
proteins, which may, thus be considered as the products
of such polypeptide unfolding enzymes.34 As earlier stat-
ed, the energy from ATP hydrolysis drives the iterative
protein unfolding cycles of Hsp70 that allow the refolding
of misfolded proteins (Figure 2A). Hsp70 and other pro-
tein folding chaperone systems (e.g., Hsp60 and Hsp90)
promote the buildup and maintenance of relatively high
levels of native protein conformers under non-equilibri-
um stress conditions where without chaperones or ATP,
the denatured protein conformers would readily seek
equilibrium and turn into stable inactive misfolded
species.35 Conceptually, this aligns with Erwin
Schrödinger’s view, which states that living matter evades
the decay to equilibrium.36 The term “evades” implies that
living cells must constantly consume energy in order to
avoid spontaneous entropy-driven decomposition of

their macromolecules (e.g., proteins), leading to cell death.
This is possible because the biosphere is not a closed sys-
tem: the energy from the sun is harnessed by photosyn-
thesis to produce ATP for all organisms to fuel their repair
(and replace) mechanisms. The chaperone-based protein
repair mechanisms constantly counteract the natural
entropic tendency of proteins to misfold and further
decay by hydrolysis and oxidation into simpler mole-
cules. In other words, when acting as ATP-fueled iterative
unfolding nanomachines, chaperones such as Hsp70 can
correct or “repair” structurally damaged proteins as they
are formed under stressful non-equilibrium conditions.37

Erythropoiesis is a prime example of how Hsp70’s pro-
tein repair and regulatory functions are fully deployed to
support cell differentiation and viability. 

Multifaceted roles of the Hsp70 chaperone
system in erythropoiesis

During red blood cell generation, the Hsp70 chaperone
system functions in a number of regulatory and PQC
activities. By changing its cochaperones, the Hsp70 chap-
erone could target different clientele and switch between
functions, which allows this highly versatile chaperone
system to rapidly respond to different cell growth and dif-
ferentiation conditions.38,39 The main roles of Hsp70 dur-
ing erythropoiesis include: (i) aiding in maintaining ery-
throid progenitors (ii) assessing fitness of progenitors
prior to initiating lineage specific terminal cell differentia-
tion (iii) supporting Hb biogenesis (iv) counteracting pro-
teotoxicities and preventing premature apoptosis of dif-
ferentiating erythroblasts and (v) conceivably promoting
viability of differentiated (mature) erythrocytes via pro-
tein repair. 

Hsp70 regulates dormancy and cell cycle quiescence
of erythroid precursor cells

Continuous proliferation and differentiation of
hematopoietic stem cells into committed erythroid pro-
genitor cells6 is required for maintaining healthy levels of
mature erythrocytes in the peripheral vasculature. The
cyclin dependent cell cycle entry from G1 to S phase dur-
ing proliferation of hematopoietic stem cells is modulated
largely by the opposing actions of cyclin dependent
kinases (CDK) and cyclin-dependent kinase inhibitors
(CDKi).40 In order to terminate the dormancy of
hematopoietic stem cells and initiate cell cycle entry,
cyclin D1, the regulatory subunit of CDK4 and CDK6,
has to translocate from the cytosol to the nucleus.41,42 This
key step in HSC proliferation is mediated by the consti-
tutively expressed heat shock cognate protein 70
(Hsc70/HSPA8), which binds to cyclin D1 and shuttles it
across the nuclear membrane (Figure 3).41 Here, HSPA8
appears to recognize a peptide segment in an unstruc-
tured (likely a looped or terminal) region exposed on the
surface of folded cyclin D1. Similar types of interactions
between Hsp70 and native proteins leading to regulatory
activities have been demonstrated with clathrin triske-
lions, immunoglobulin heavy chain, Escherichia coli  heat
shock transcription factor σ32 and plasmid replication
protein RepE.43-45 The cyclin D1-HSPA8 complex is
retained in the cytosol by forming additional
interaction(s) with p57KIP2 and p27KIP1, two critical CDKi
that are known to prevent the cell cycle progression of
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hematopoietic stem cells (Figure 3).41 It is tempting to
speculate that through complexing, the CDKi mask the
nuclear localization related signal of HSPA841,42 until the
CDKi are degraded via stem cell factor signaling coupled
to the initiation of erythropoiesis. ERK signaling, which
plays a modulatory role in erythropoiesis46 also plays a
role in the nuclear shuttling of Hsp70,47 but little is known
about how these signals are integrated, if at all. The
rodent mammalian relative of DnaJ (MRJ), an ortholog of
human JDP DNAJB6, was identified from recent stem cell

work48 to play a role in promoting cell quiescence by
binding to a cyclin D1 inhibitor.49 The same JDP was
implicated in playing a role in stem cell self-renewal.50

Whether MRJ/DNAJB6 or another JDP directs the selec-
tion of clients in the CDKi-HSPA8-cyclin D1-mediated
HSC proliferation pathway remains to be determined.
The terminal differentiation of erythroblasts also requires
cell cycle regulating cyclins. Cyclins A2 and D3 are
required to control cytokinesis, erythrocyte size and
number.51,52 Here too, the Hsp70 system facilitates the
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Figure 2. Roles of the Hsp70 chaperone system in differentiating erythroblasts and mature erythrocytes. (A) Domain organization of the heat shock protein 70
(Hsp70) chaperone (top); the Hsp70 chaperoning cycle (bottom). Substrate binding is dictated in Hsp70 by the allosteric coupling of ATP binding and hydrolysis at
the N-terminal nucleotide binding domain (NBD), which results in conformational changes at the substrate binding domain (SBD).147 The conformational cycle linked
to substrate capture is defined by ATP hydrolysis driven large scale movements in the α-helical-lid domain (SBDα) that closes over the b-sandwich substrate binding
subdomain (SBDb) in the ADP state, resulting in low substrate off-rates (i.e., high affinity towards bound substrates).30 J-domain proteins (JDP) select substrates for
Hsp70. Concomitant interactions of the Hsp70 (in ATP state) with JDP and substrate result in increased stimulation of ATP hydrolysis trapping the substrate in Hsp70.
Subsequently, nucleotide exchange factors (NEF) induce ADP dissociation from Hsp70 allowing ATP rebinding, which triggers substrate release to complete Hsp70
cycle. Substrate unfolding and refolding is facilitated by multiple cycles of substrate binding and release. Hsp70 recognizes a highly degenerative and frequently
occurring peptide motif enriched with five hydrophobic amino acids, flanked by preferentially positively charged amino acids (statistically occurring in every 30-40
residues in polypeptide chains).148 Such hydrophobic motifs are typically buried inside a natively folded protein, but become exposed in unfolded or misfolded con-
formers, which allow the Hsp70 machinery to discriminate between natively folded and unfolded/misfolded/aggregated substrates.30 (B) Expression profiles of select-
ed chaperone systems in different stages of erythropoiesis from quantitative proteomics data.3,5 The black dotted line represents the median relative abundance of
non-hemoglobin (Hb) proteins in each cell type. The cytosolic Hsp70/110, Hsp60, and Hsp90 initially represent about 1% of the total proteome in erythroid progenitor
stages. Their abundance, however, gradually decreases as the proportion of Hb increases during erythropoiesis, but much less so than ribosomes and histones.
Below, multifaceted functions of the Hsp70 chaperone system at major steps of red blood cell generation. Ability to synthesize proteins is lost in mature erythrocytes.
Protein degradation capacity is largely reduced in mature erythrocytes. A selective Hsp70 system seems to drive protein repair in terminally differentiated erythro-
cytes. PQC: protein quality control. 
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shuttling of cyclins A2 and D3 and co-operate with CDKi
to regulate terminal differentiation of erythroblasts. An
analysis of erythroblasts obtained from differentiating
human cord blood CD34+ cells shows that only three out
of the seven CDKi (p18INK4c, p19INK4d and p27KIP1) are
expressed to significant levels during early and late termi-
nal differentiation steps of red blood cells. In contrast to
the functions of p57KIP2 and p27KIP1 in HSC, p19INK4d appears
to be promoting erythroblast differentiation by facilitat-
ing nuclear localization of the stress inducible Hsp70
(HSPA1A) through the activation of the ERK, but not
AKT, signal transduction pathway (Figure 3).47 p19INK4d

may even play a role in the proteostasis-based fitness
checkpoints in human erythroblasts (see below). How
EPO stimulation leads to the induction and ERK-mediat-
ed nuclear translocation of Hsp70 and the role of CDKi in
modulating this process during erythropoiesis remains to
be dissected.53,54

The mammalian mitochondrial Hsp70 (mortalin/
HSPA9) is also implicated in the proliferation/mainte-
nance of early progenitors of erythrocytes.55 HSPA9 co-
operates with the inner mitochondrial translocase (TIM)
complex to facilitate the translocation of mitochondrial
matrix proteins that are essential for mitochondrial func-
tion and cell viability.56 Therefore, it is conceivable that
any depletion of HSPA9 levels leads to increased mito-
chondrial dysfunction and activation of pro-apoptotic

factors that induce hematopoietic progenitor cell death.57

Intriguingly, however, compared to progenitors of other
lineages of hematopoiesis, a greater reduction of BFU-E
progenitors was observed when HSPA9 was knocked
down in rodents, suggesting that this Hsp70 paralog pos-
sibly plays an additional role(s) in maintaining the ery-
throid progenitor cell niche.58

Hsp70 checks the fitness of erythroblasts 
at the initiation of erythropoiesis 

The continuous generation of large amounts of red
blood cells to traffic O2/CO2 in vertebrates comes with a
heavy energy cost (ATP-wise). By allowing only healthy
erythroid progenitors to undergo cell differentiation in
part increases the fidelity of this process. In order to select
healthy progenitors, two fitness checkpoints seem to
have evolved around the Hsp70 chaperone system. In
both checkpoints, the Hsp70 chaperone appears to mon-
itor proteostasis deficiencies in EPO stimulated erythroid
progenitors that are primed to undergo differentiation. By
acting as a sensor of global folding status, Hsp70 is able to
gauge the levels of misfolded/aggregated proteins in these
cells. The first fitness checkpoint seems to be initiated by
momentarily triggering a pro-apoptotic insult during EPO
stimulation, which induces mitochondria to undergo
transient depolarization.59 This prompts the activation of
several pro-apoptotic signals including the release of the
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Figure 3. Hsp70 chaperone system modulates the maintenance of dormancy and cell cycle quiescence of stem cell progenitors of erythrocytes. Heat shock protein
70 (Hsp70) binds and shuttles key cyclins that control proliferation and differentiation of erythroid precursor cells. Growth factor regulated cyclin-dependent kinase
inhibitors (CDKi) appear to modulate these activities by interacting (directly or indirectly) with Hsp70-cyclin complexes.  EPO: erythropoietin; HSC: hematopoietic stem
cell; SCF: stem cell factor. 



mitochondria localized apoptosis-inducing factor (AIF,
AIFM1).59-62 The AIF released into the cytosol enters the
nucleus via a nuclear localization signal63 and initiates cas-
pase-independent chromatin condensation, DNA frag-
mentation and nuclear shrinkage to fully commit cells to
apoptosis.62 In healthy erythroblasts, however, Hsp70
chaperone appears to play an important role in neutraliz-
ing this pro-apoptotic signaling pathway (Figure 4A).
Cytosol-localized Hsp70 (primarily the stress induced
HSPA1A) directly interacts with AIF and prevents its
translocation into the nucleus.59,63,64 On the contrary, in
“unhealthy” erythroblasts (e.g., cells experiencing acute
oxidative stress), Hsp70 is largely sequestered away by
the accumulating misfolded/aggregated proteins. This
sequestration prevents the neutralization of AIF signaling,
thus leading to fitness checkpoint failure and rapid elimi-
nation of unhealthy cells (Figure 4B).  

The second checkpoint appears to monitor the capacity
of Hsp70 to protect GATA-1 from caspase-3 mediated
proteolytic cleavage. EPO stimulation triggers the translo-
cation of HSPA1A from the cytosol to the nucleus.65 In
healthy erythroblasts, the nuclear translocated HSPA1A
binds directly to GATA-1 and prevents the transcription
factor from being cleaved, which allows the initiation of
erythropoiesis (Figure 4A).65 However, if there is a defi-
ciency in Hsp70 levels, activity and/or the chaperone is
insufficiently translocated to the nucleus due to the
sequestration away by cytosolic protein aggregates,66 the
unprotected GATA-1 becomes  targeted by caspase-3
(Figure 4B). Reduction in the level of GATA-1 inhibits
both the terminal differentiation program and anti-cell
death signaling via Bcl-xL67 that ultimately trigger clear-
ance of unhealthy cells via apoptosis. This fitness check-
point seems to function throughout the early stages of
erythropoiesis. During the latter stage of erythropoiesis, a
small heat shock protein (sHSP) named Hsp27 (also know
as HSPB1) translocates to the nucleus (triggered by post-
translational modifications) and appears to outcompete
Hsp70 from binding to GATA-1, which results in the
degradation of the transcription factor.68 In a nutshell, i)
adequate nuclear and cytosolic levels of “free” Hsp70
chaperones and ii) favorable inputs from both of the pro-
teostasis fitness checkpoints seem to be required to selec-
tively initiate the terminal differentiation of healthy ery-
throblasts.

Hsp70’s role in hemoglobin folding and assembly
Despite decades of research, the mechanistic under-

standing of the folding and assembly of Hb (Figure 1B)
remains incomplete. In particular, little is known about
how heme moieties are inserted into nascent globin
chains during de novo folding. Several chaperones includ-
ing Hsp70, Hsp90, and AHSP have been recognized to
assist in globin folding and assembly in erythrocytes.66,69,70

Whether Hsp70 directly assists in Hb biogenesis is still an
open question. Early studies have identified a role for
Hsp70 in stabilizing α-globin and preventing its aggrega-
tion during erythropoiesis.66 However, this could also
result indirectly through the regulation of heme regulated
inhibitor of translation (HRI) by Hsp70, which affects Hb
assembly. HRI is the main kinase, which fine-tunes the
cellular levels of heme and globin proteins to facilitate
efficient Hb assembly during erythropoiesis.71-73 In
healthy erythroblasts with sufficient levels of heme, HRI
is kept inactive by an autoregulatory mechanism involv-

ing complex formation with heme and HSPA8.74,75 When
cellular heme levels decrease, the inhibition is released
and the activated kinase rapidly phosphorylates the
eukaryotic translation initiation factor 2α (eIF2α). This
halts protein synthesis and prevents the overproduction
of aggregate-prone globin chains.72,73,76 Under proteotoxic
stress conditions, HRI is similarly activated to block Hb
production, but now as a result of HSPA8 being seques-
trated away by misfolded/aggregated proteins.77 This
activation appears to be independent of heme levels in
erythroblasts.75,77 Apart from inhibiting protein transla-
tion, HRI initiates an integrated stress response in ery-
throid precursors by selectively switching-on the tran-
scriptional factor ATF-4 signaling pathway to induce mul-
tiple antioxidants that help mitigate oxidative stress.78

The triggering of this mechanism can be clearly observed
in heat shocked erythroblasts.73,77 The activity of HRI is
critical for the viability of stressed erythroid progenitors
since induction of Hsp70 and other chaperones alone is
insufficient to mitigate proteotoxicity in these cells.72,79

Additionally, Hsp70 may in part help fold HRI adding
another level of complexity to this regulation.75 In
essence, Hsp70 directly and/or indirectly facilitates the
efficient biogenesis of Hb during erythropoiesis. 

Clearance of aberrant proteins by the Hsp70 system
during erythropoiesis

Triggering of ineffective erythropoiesis as a result of
increased levels of protein aggregation has been observed
in disease conditions such as b-thalassemia (see section
on Hsp70 associated blood disorders).66 Interestingly, the
induction of Hsp70, but not other major stress chaper-
ones, has been detected in heat shocked erythroblasts.4,80

This demonstrates the existence of a somewhat special-
ized stress response in erythroblasts to perhaps selective-
ly induce Hsp70-based PQC activities. Previous work has
shown that rabbit reticulocyte lysates have the capacity
to resolve in vitro generated protein aggregates81 suggest-
ing that differentiating erythroblasts possess strong pro-
tein disaggregation/refolding activity. This activity is
most likely generated via the recently discovered Hsp70-
based protein disaggregases in human cells.82-87 These dis-
aggregases could potentially co-operate with cellular pro-
tein degradation systems82 to rapidly clear aggregated pro-
teins and reduce associated toxicities to facilitate ery-
thopoiesis

Suppression of apoptosis in differentiating 
erythroblasts by Hsp70  

HSPA1A, which is upregulated in response to proteosta-
sis insults has been demonstrated to block pro-apoptotic
pathways that lead to caspase activation in cells.88

Erythroblasts appear to rely on the same Hsp70 homolog
to prevent premature apoptosis during terminal differenti-
ation.89-91 This necessity may partially explain why there is
an unusually high level of HSPA1A present even in early
erythroid progenitors primed to undergo erythropoiesis
(Figure 2B). Additionally, the EPO signaling induced mito-
chondrial HSPA9 could also inhibit apoptosis in part by
suppressing the production of ROS.59 These Hsp70 mediat-
ed anti-apoptotic signals together with the induction of
anti-apoptotic protein Bcl-xL by GATA-167 appears to help
prevent erythroblasts from undergoing premature death
despite the considerable proteostasis challenges associated
with normal erythropoiesis. 
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Figure 4. Hsp70 facilitates proper initiation of erythropoiesis. Heat shock protein 70 (Hsp70) is utilized as a stress sensor molecule in two fitness checkpoints to
assess proteostasis deficiencies in erythroid progenitors. (A) Checkpoint 1, in essence, “gauges” and tests whether erythroblasts contain sufficient Hsp70 levels in
the cytosol to block the nuclear translocation of apoptosis-inducing factor (AIF), a pro-apoptotic factor released from transiently depolarized mitochondria as a result
of erythropoietin (EPO) signaling. In unhealthy cells, Hsp70 is sequestered away by protein aggregates and consequently AIF translocates into the nucleus to initiate
cell death. Conversely, checkpoint 2 evaluates the ability of Hsp70 to protect GATA-1, the master regulator of erythropoiesis, from caspase 3 cleavage. This too indi-
rectly evaluates the Hsp70 chaperoning capacity in early erythroblasts. Satisfaction from both tests (green) appears to be required to initiate a robust terminal dif-
ferentiation process. (B) Both fitness checkpoints fail (red) in “unhealthy” cells (e.g., due to increased oxidative stress) containing high levels of misfolded and aggre-
gated proteins that sequester Hsp70. 
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Quantitative proteomics highlight vital protein
quality control functions related to mature 
erythrocyte survival

Mature erythrocytes show a remarkable ability to sur-
vive up to 120 days in the circulation6 while supporting a
plethora of enzymatic reactions required for preserving
the cytoskeletal ultrastructure, biomolecule trafficking
across membranes and signal transduction (e.g., for main-
taining lipid homeostasis92). Apart from the mechanical
stress insults that induce shape changes while navigating
through the vasculature, these cells could be subjected to
a range of environmental (e.g., chronic hypoxia at high
altitudes, hyperosmotic shock, and energy depletion) or
chemical (e.g., oxidative stress and high intracellular Ca2+

levels) stresses93 that could trigger protein misfolding,
damage and/or aggregation. Such conditions could poten-
tially cause eryptosis, a process by which mature erythro-
cytes undergo apoptosis-like cell death. Unlike other cell
types that contain stress-sensing and signaling pathways
(e.g., HSF-1 transcription factor-mediated heat shock
response) to produce large quantities of new chaperones
to help buffer against such proteostasis insults,1 mature
erythrocytes that lack ribosomes have to utilize already
existing PQC elements present in their vestigial proteome
to counteract protein misfolding/aggregation.

Advancements in mass spectrometry-based quantita-
tive analytical methods have identified over 2,600 pro-
teins in the vestigial proteome of mature human red
blood cells (2-5% of the progenitor proteome).94 We per-
formed an enrichment analysis on these proteins or pro-
tein classes focusing on function to uncover probable bio-
logical processes important for erythrocyte survival. We
compared published label-free quantitative proteomics
data obtained from complete cytosolic extracts of mature
erythrocytes (originating from age-matched, healthy
donors),94 to human cells (unstressed Jurkat cells) that
have not massively accumulated Hb and carbonic anhy-
drase, and neither eliminated their transcription and
translation machineries, nor lost their endoplasmic retic-
ulum (ER), nuclei and mitochondrial compartments
(Figure 5; Online Supplementary Tables S1-4).95 As expect-
ed, our analysis showed that mature erythrocytes (likely
containing ~1% reticulocytes with ribosomes and ER),94

are markedly enriched with Hb, carbonic anhydrase and
antioxidant enzymes, such as catalases (Figure 5A). Our
analysis also confirmed that mature erythrocytes are
severely depleted in DNA polymerases, transcription fac-
tors, RNA polymerases, ribosomes, as well as nuclear, ER
and mitochondrial proteins compared to Jurkat cells
(Figure 5A). On average, the replacement of the proteome
with high levels of Hb and carbonic anhydrases in mature
erythrocytes should theoretically reduce the levels of any
other given protein by ~280-fold in abundance compared
to Jurkat cells.94,95 Thus, it is reasonable to assume that
proteins or protein classes that are significantly less
depleted than ~280-fold have been purposefully retained
to sustain functions associated with the maintenance and
survival of mature erythrocytes. For example, compared
to Jurkat cells, the cytoskeletal proteins are 44-fold more
abundant than the average non-Hb protein in erythro-
cytes thus supporting this view (Figure 5A). We also
detected a high level of Hsp60 chaperones that facilitate
in the folding and assembly of cytoskeletal proteins. The
above observations highlight the critical role of these pro-

teins in maintaining cell shape and cytoskeletal integrity
of red blood cells. 

The role of Hsp70 in terminally differentiated 
erythrocytes 

Molecular chaperones make up approximately 5% of the
total protein mass of naïve mammalian cells, and up to 10%
in stress-resistant cancer cells, attesting to their central role
in maintaining cell viability. The Hsp70-JDP-NEF machin-
ery alone contributes to ~1% of the total protein mass of
most mammalian cells.96 Comparatively, the chaperome of
mature erythrocytes is 0.28% of the total protein mass
(including Hb) (Online Supplementary Tables S1-2). The ery-
throcyte Hsp70-JDP-NEF machinery, however, accounts for
about a third of the mature erythrocyte chaperome (0.1%
of the total protein mass; Figure 5; Online Supplementary
Table S2). From a proteostasis angle, it is somewhat puz-
zling as to why this particular chaperone system, which is
conventionally thought to function in de novo folding of
newly synthesized proteins,97 is maintained at relatively
high levels in terminally differentiated erythrocytes that
lack protein-synthesizing capability. 

Up to a certain point, protein repair is less costly than
protein replacement

At the cellular level, life may evade protein decay by
maintaining a subtle balance between ATP-fueled protein
repair by unfolding chaperones and ATP-fueled protein
replacement mediated by controlled degradation of irre-
versibly damaged proteins followed by transcription, trans-
lation, folding and assembly of new functional proteins.
Noticeably, in terms of ATP cost, it is energetically cheaper
to repair structurally damaged proteins with unfolding
chaperones than to degrade them by the proteasome and
synthetize replacements at the cost of at least two ATP mol-
ecules per peptide bond.37

Mature erythrocytes are an extreme case of living cells
that completely lack protein replacement mechanisms. This
leaves protein repair as the sole mechanism to counteract
the time-dependent entropic decay of labile proteins into
aggregates and support erythrocyte survival in circulation.
Intriguingly, we detected all the components of the Hsp70
chaperone system necessary for protein repair in the vestig-
ial proteome of mature red blood cells. These include the
constitutively expressed HSPA8, a selective set of JDP
cochaperones (DNAJA and DNAJB) that recognize misfold-
ed/aggregated proteins, and Hsp110-type nucleotide
exchange factors that support protein disaggregation/
refolding in human cells (Figure 5C; Online Supplementary
Tables S1-2).82-84,86,98,99 When combined, the identified Hsp70
chaperone system components were 14-fold more enriched
in mature erythrocytes with respect to Jurkat cells (Figure
5A, red bars). Interestingly, the DNAJA and DNAJB cochap-
erones showed significant qualitative rearrangements in
mature erythrocytes, compared to Jurkat cells (Figures 5B
and C). The JDP composition shifted from a
DNAJA:DNAJB ratio of ~2:1 in Jurkat cells (Figure 5B) to a
DNAJB class-dominated ratio (approximately
DNAJA:DNAJB = 1:9) in erythrocytes (Figure 5C). Hsp110
cochaperones were also re-arranged in erythrocytes;
HYOU1 (the ER-resident HSP110) and HSPH3 (APG-1,
cytosolic) were considerably depleted, while the proportion
of HSPH2 (APG-2, cytosolic) was only slightly decreased
from ~9% (of the Hsp70/110 chaperome) in Jurkat cells to
~7% in total erythrocyte cytosol (Figures 5B and C). In
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Figure 5. Hsp70 mediates protein repair function in mature erythrocytes. (A) Mass-fraction abundance of proteins in mature erythrocytes. Black bars indicate mass-
wise enrichment or depletion of selected proteins and protein categories in total erythrocytes in comparison to unstressed Jurkat cells (control). Red bars indicate
adjusted fold changes in the enrichment or depletion of selected proteins and protein categories normalized to the average abundance of all non-hemoglobin (Hb)
proteins in total mature erythrocytes over Jurkat cells. Proteins linked to oxidative stress, cytoskeleton, ubiquitin/proteasome, glycolysis/tricarboxylic acid (TCA)
cycle/pentose phosphate (PP), mitochondria, endoplasmic reticulum (ER) lumen and ribosomes were defined according to gene ontology annotations; the remaining
categories (Hb, carbonic anhydrase, HSPA1A, Hsp70 system, Hsp60, Hsp90) were custom-defined. (B-C) Mass fractions of members of the Hsp70 system comprising
of Hsp70, J-domain proteins (JDP) and nucleotide exchange factors (NEF) in unstressed Jurkat cells (B) and in mature erythrocytes (C). Values within brackets indicate
mass fraction of Hsp70 chaperones and cochaperones as percent of the total proteome. NEF types include HSPBP1 and BAG-family proteins. Hsp110-type NEF vital
for protein disaggregation (HSPH1-3) are indicated separately. A complete list of mass fractions of individual chaperones and cochaperones are provided in the Online
Supplementary Tables S1-2. (D) Surface representation of the human 26S proteasome (PDB entry 5L4G). Core particle (CP) in green; regulatory particle (RP) in
orange. (E-F) Mass fractions of members of the ubiquitin proteasome system (UPS) in unstressed Jurkat cells (E), and in mature erythrocytes (F). E1, E2 and E3 ubiq-
uitin ligase enzymes indicated in different shades of blue. Ubiquitin (Ubi), CP, RP proteins are shown in yellow, green and orange, respectively. Values within brackets
indicate mass fraction of the protein/protein groups as percent of the total proteome. Complete list of mass fractions of individual chaperones and cochaperones
are provided in the Online Supplementary Tables S3-4. The analyzed proteomics datasets were obtained from Label-Free Quantification (LFQ) experiments.5,94,95,149

For each quantified protein/protein group, LFQ values were obtained from the MaxQuant software150 and were proportional to the mass-wise abundance of the cor-
responding polypeptides. LFQ values were normalized by the sum of all LFQ values from a given sample and indicated as the relative mass-wise abundance of a pro-
tein/protein group and termed as mass fractions. (G) Putative Hsp70-based protein repair-only functions in mature erythrocytes. 
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essence, quantitative proteomic analysis revealed a strong
bias towards maintaining a set of fully operational Hsp70
machineries conceivably functioning in specific protein
repair activities important for the survival of mature ery-
throcytes (Figure 5G). We also noticed a clear enrichment
of the stress-induced form of Hsp70, HSPA1A (13-fold
more enriched than in Jurkat cells, and >3,500 times more
abundant than the average non-Hb protein) in mature ery-
throcytes (Figures 5A and C). Analysis of the levels of this
chaperone during red blood cell formation indicated that
the HSPA1A is present 83-fold higher even in erythroblast
progenitors compared to unstressed Jurkat cells, and then
only decreases approximately 10-fold during terminal dif-
ferentiation (Figure 2B; Online Supplementary Figure S1).
The high levels of HSPA1A perhaps largely facilitate the
blocking of erythroblasts from undergoing premature
apoptosis during differentiation.89-91 However, in mature
erythrocytes, HSPA1A may serve a different purpose
where it could also form chaperone machines that prima-
rily solubilize and repair misfolded/aggregated proteins.
Functional studies are now required to deconvolute from
the alternative, whereby some of the more abundant chap-
erones such as the Hsp70 linger in mature erythrocytes
simply because of an incomplete proteome reduction.

We also noticed the retention of a fully functional UPS,
perhaps more fine-tuned to the needs of mature erythro-
cyte maintenance (Figures 5A, D to F; Online
Supplementary Tables S3-4). Although UPS proteins are 10-
fold less abundant in erythrocytes than in Jurkat cells,
they are 32-times less depleted than the average non-Hb
protein (Figure 5A). A basal protein degradation system is
likely needed to prevent the cytotoxic accumulation of
terminally-damaged proteins in these cells (Figure 5G). As
expected, the E2-E3 hybrid enzyme UBE2O was present
in mature erythrocytes perhaps to more selectively target
unpaired/damaged α-globin chains.27 We also, however,
observed a considerable enrichment of Cullin-RING E3
ubiquitin ligase family members. It is somewhat puzzling
as to why such E3 ubiquitin ligases are retained in post-
mitotic terminally differentiated erythrocytes, given that
their functions are mainly associated with gene transcrip-
tion, cell cycle and development.100 In contrast, we
observed the absence of E3 ubiquitin ligases that target
misfolded proteins for degradation, such as members of
the UBR family101-103 and STUB1/CHIP, which directly
binds and ubiquitinate Hsp70 substrates104 (Online
Supplementary Tables S3-4). This implies that protein
degradation is considerably regulated and clearance of
misfolded proteins might be kept to a minimal to further
promote protein repair over proteolysis in mature ery-
throcytes. Importantly, we also detected an enrichment
of metabolic enzymes required to support glycolysis and
the pentose phosphate cycle. These catabolic and meta-
bolic pathways are vital for importing and breaking down
glucose to produce ATP. The ATP generated from an
active glycolysis reaction could supply the energy needed
to support (i) chaperone-based protein repair (ii) UPS-
mediated protein degradation and (iii) active ion pumps
required for maintaining the steep ion gradients across
plasma membrane in erythrocytes. Taking everything
into account, it is intriguing to speculate that the retained
Hsp70 chaperone system together with the UPS is cogged
towards primarily repairing proteins in mature red blood
cells. This is of particular interest given the wide array of
hematological diseases associated with Hb aggregation.

Hsp70 associated blood disorders

The Hsp70 chaperone has been implicated in the
pathophysiology of several prominent blood disorders in
humans. Below we describe how this chaperone system
may act as an important modifier which influences both
the severity and progression of hematological disorders
such as b-thalassemia, sickle cell disease, myelodysplastic
syndromes, polycythemia vera and Diamond Blackfan
anemia. Importantly, the ineffective erythropoiesis
observed in these disorders is intimately linked to several
key functions of the Hsp70 chaperone system in red
blood cell differentiation.

Mislocalization of Hsp70 drives ineffective 
erythropoiesis in b-thalassemia

b-thalassemia is an autosomal recessive disease with
three clinical phenotypes: b-thalassemia major (severe
anemia), intermedia (mild to moderate anemia) and
minor (clinically asymptomatic, patients act as “carriers”
of the disease). One hallmark of this disease is the prema-
ture apoptosis of differentiating erythroblasts in the bone
marrow and the rapid destruction of circulating erythro-
cytes by the reticuloendothelial system. b-thalassemia
arises from a series of point mutations and deletions that
reduce or prevent the production of functional b-globin.
The decrease in b-globin levels correlates with the sever-
ity of the condition.105 Apart from the mutation driven b-
globin dosage effect, it was also found that the co-inheri-
tance of the genetic variants of the globin genes has a
modifying effect on the severity of the disease,105,106 which
could be partly attributed to protein misfolding and
aggregation. At a mechanistic level, the decrease in b-glo-
bin levels leads to increased aggregation of unpaired α-
globin chains,107 which triggers acute oxidative stress in
erythroblasts leading to premature apoptosis.108

The Hsp70 chaperone system plays a pivotal role in the
pathogenesis of b-thalassemia. During erythropoiesis, the
stress-induced form of Hsp70 (HSPA1A) translocates in to
the nucleus to protect GATA-1 from caspase-3 cleavage
and initiate terminal differentiation (Figure 4).65 However,
in b-thalassemia, this translocation step is largely imped-
ed as a result of Hsp70 being sequestered into cytosolic
aggregates formed by excess unpaired α-globin chains.66

This ultimately results in GATA-1 cleavage, which trig-
gers ineffective erythropoiesis leading to anemia. In par-
allel, sequestration of cytosolic Hsp70 by protein aggre-
gates could also i) compromise the overall chaperoning
capacity of early erythroblasts and ii) affect protein syn-
thesis due to HRI activation.76 Although, a reduction in
protein synthesis may temporally help prevent further
accumulation of aggregate-prone proteins, such as α-glo-
bin chains,76 it may also considerably affect the overall Hb
biogenesis in these already compromised red blood
cells.77 This mechanism may partly contribute to microcy-
tosis that causes mild anemia in b-thalassemia minor. 

A recent breakthrough study showed an unexpected
suppression of the disease phenotype in a mouse model
of b-thalassemia intermedia when UBE2O, which helps
clear unpaired α-globin chains, was knocked out (Hbbth3/+

Ube2o−/−).27 The mitigation of anemia in these animals
resulted from an increase in erythrocyte levels.
Intriguingly, the erythrocytes generated in Hbbth3/+ Ube2o−/−

animals were relatively healthier to those that were pro-
duced in Hbbth3/+ genetic background. The Hbbth3/+ Ube2o−/−
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erythrocytes also showed a dramatic decrease in the lev-
els of aggregated Hb. The authors speculated that the
observed decrease in α-globin aggregation resulted from
an increase in eIF2α phosphorylation, which reduced the
production of globin chains (approximately 20% and
40% reduction in α- and b-globin, respectively, compared
to control animals).27 However, the steady-state α-glo-
bin:b-globin ratio in the soluble protein fraction, in which
the aggregate prone α-globin was still largely in excess,
did not change between Hbbth3/+ and Hbbth3/+ Ube2o−/− cells.
A closer look at the chaperone levels in the Hbbth3/+ Ube2o−/−

erythrocytes suggests an alternative explanation. The
study shows that the deletion of UBE2O resulted in ele-
vated levels of AHSP. Similarly, the Hsp70 and Hsp90
chaperone systems were also induced in these cells.27 Such
chaperone inductions could boost the protein repair
capacity consequently leading to the observed decrease in
α-globin precipitation in Hbbth3/+ Ube2o−/− erythroblasts
despite defects in degrading excess α-globin. The moder-
ate decrease in α-globin synthesis may also help reduce
the burden on PQC machineries contributing to the
remarkable rescue of erythroblasts in the Hbbth3/+ Ube2o−/−

animals. Based on the findings from our proteomics data
analysis (Figure 5), we speculate that the degradation of a
certain amount of damaged proteins, despite the inability
to replace them, might be tolerated and perhaps advanta-
geous for the long-term survival of mature erythrocytes
under healthy conditions. However, in unhealthy ery-
throblasts (e.g., early b-thalassemic erythroblasts108), a
strong induction of the UPS due to stress could generate
an aberrant PQC condition where even foldable conform-
ers of proteins might be partitioned towards rapid degra-
dation.101 Such a condition could disrupt the fine balance
between protein repair and clearance in these cells (Figure
5G). A careful study of the potential misregulation of
PQC pathways in erythroblasts is required to fully com-
prehend the underlining mechanism of pathology in b-
thalassemia. It is tempting to speculate that even slight
increases in the levels of certain Hsp70 machineries at
pre- or very early stages of erythropoiesis may favorably
tilt the folding equilibrium of globin chains and minimize
the formation of cytotoxic Hb aggregates. Such chaper-
one manipulations at clinical level could result in reducing
the symptoms of b-thalassemia.

Hsp70, a key modulator of inflammation in sickle cell
disease?  

Sickle cell disease (SCD) is another autosomal recessive
genetic disorder associated with chronic anemia. SCD
results from massive cyclic-polymerization of a structurally
aberrant variant of adult Hb S (HbS) under hypoxic condi-
tions. The resulting HbS fibers deform mature erythrocytes
into rigid “sickle” shaped cells that aggregate and readily
undergo premature destruction in the vasculature.
Whether these conditionally formed reversible protein
fibers (distinct from amyloid-type fibers formed e.g., in
neurodegenerative disorders) trigger any proteostasis insult
involving the Hsp70 system is unknown. The Hsp70 chap-
erone, however, may play an important role in activating
the inflammatory response in SCD.109,110 Stressed cells have
been observed to secrete Hsp70 into the extracellular
matrix.109 Immune cells generate specific peptides from
secreted Hsp70 that act as key mediators of stress-induced
inflammation.111-113 A considerable buildup of circulating
Hsp70 levels have been detected in patients with SCD109

suggesting that there is an active secretion of Hsp70 by
blood cells. Under hypoxic conditions, sickled erythrocytes
show differential recruitment of the stress-inducible
HSPA1A to the cell membrane,114 possibly representing an
early step in this secretion process. Interestingly, a similar
observation was recently noted in b-thalassemia interme-
dia.115 Together, the observations suggest that the high lev-
els of extracellularly circulating Hsp70 may serve as an
important immune modulator that trigger inflammation in
these hemoglobinopathies, leading to increased red blood
cell destruction by macrophages. 

Haploinsufficiency of Hsp70 associated with 
myelodysplastic syndromes 

Myelodysplastic syndromes (MDS) are a heteroge-
neous, but closely related group of hematopoietic malig-
nancies characterized by ineffective erythropoiesis lead-
ing to peripheral blood cytopenias.116 The mitochondria
localized HSPA9 is strongly implicated as a protein that
contributes to MDS. The HSPA9 locus (5q31.2) is fre-
quently deleted in patients with MDS, leading to a hap-
loinsufficiency of this chaperone.117 Recent work showed
that mutating HSPA9 causes an MDS-like phenotype in
zebrafish118 and a knockdown in rodents results in con-
siderable delay in erythroid progenitor maturation.58

HSPA9 is implicated in the pathogenesis of MDS at two
levels. First, the haploinsufficiency of the chaperone may
contribute to the phenotype as a result of altered mito-
chondrial import and refolding of heme-synthesis
enzymes required for heme biogenesis during erythro-
poiesis.55 Second, a decrease in HSPA9 could activate
p53, a nuclear transcription factor, resulting in cell cycle
arrest and premature apoptosis of hematopoietic progen-
itor cells.57

Further, a recent study demonstrated that defects in
EPO induced nuclear translocation of Hsp70 in erythrob-
lasts could also be an important driver of these
disorders.119 The ineffective erythropoiesis observed in
MDS could largely be reversed by protecting GATA-1
from caspase 3 cleavage using an Hsp70 variant (lacking
the nuclear export signal) that accumulates in the nucle-
us.119 Protein aggregates containing aberrant p53 (as in
cancer cells)120,121 have been detected in erythroblasts in
some forms of MDS.122 These aggregates could conceiv-
ably sequester Hsp70, thus triggering ineffective erythro-
poiesis in a similar mechanism to that in b-thalassemia.
Alternatively, defective EPO signaling or/and other
mechanisms affecting nuclear transportation of proteins,
could lead to the Hsp70 trafficking defect observed in
MDS.119

Hsp70 is a modifier of polycythemia vera
Polycythemia vera is a hyperproliferative disorder char-

acterized by increased synthesis of red blood cells result-
ing in hyperviscosity of whole-blood. Recent proteomic
studies on polycythemia vera have shown that increased
levels of Hsp70 along with Hsp90 stabilize JAK2 kinase.
This triggers a prolonged aberrant activation of the
kinase, which results in massive proliferation of erythroid
progenitors and abnormal stimulation of erythro-
poiesis.123-126 Inhibition of either Hsp70 or Hsp90 has been
demonstrated to promote the apoptosis of the abnormal-
ly proliferating erythroid progenitors and is currently
being investigated as a potential therapeutic approach to
delay the progression of this disease in humans.123,126
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Haploinsufficiency of Hsp70 modulates Diamond
Blackfan anemia

Diamond Blackfan anemia (DBA) is a rare congenital
bone marrow failure syndrome resulting from ineffective
erythropoiesis.127 In this disease, erythroid differentiation
arrests between BFU-E and CFU-E stages.128 More than
70% of the cases of DBA occur due to haploinsufficiency
of genes that encode for the small and large ribosomal
subunit proteins.129-131 The defective ribosome biogenesis
triggers ineffective erythropoiesis in part due to the
decreased production of GATA-1.132 This is further pro-
moted by imbalances in globin chain and heme synthesis
leading to α-globin aggregation and induction of oxida-
tive stress in erythroblasts133 similar to b-thalassemia.
Additionally, in DBA associated with RPL11, but not
RPL19 haploinsufficiency, the Hsp70 chaperone is consid-
erably degraded in the erythroblasts via the UPS.133,134 The
reason for the rapid degradation of Hsp70 in some per-
mutations of this disorder remains unclear. Recent work
shows that aberrations in chromatin organization result-
ing from low levels of the global chromatin organizer
SATB1 prevents the induction of Hsp70 in early erythrob-
lasts in DBA.135 Together, these observations suggest that
the differential Hsp70 expression and degradation rates
may have considerable effect on red blood cell viability,
differentiation and Hb biogenesis, thus partly explaining
the variability in the observed phenotypes of DBA.
Remarkably, the restoration of Hsp70 levels in affected
erythroblasts inhibits premature apoptosis and substan-
tially restores erythropoiesis in DBA,133,134 thus providing
an important therapeutic avenue for the treatment of this
blood disorder.

A predicted pathological role for Hsp70 in congenital
sideroblastic anemias

Congenital sideroblastic anemias (CSA) are inherited
rare blood disorders characterized by erythroblasts dis-
playing ring sideroblasts formed by the pathological dep-
ositions of iron in mitochondria. Patients with CSA show
a significant reduction in the regeneration of erythrocytes
leading to anemic conditions. The ineffective erythro-
poiesis in CSA is caused by defects in iron-sulfur cluster
biogenesis essential for a broad range of cellular func-
tions. Patients with CSA show mutations in genes direct-
ly (e.g., GLRX5, ABCB7)136,137 and indirectly (e.g.,
HSPA9)138,139 associated with this biosynthetic pathway. It
is important to note that the ring sideroblasts are uncom-
mon in MDS cases that are also associated with HSPA9
deletion mutations (see above), but whether this is due to

an epistatic suppression by another modifier remains to
be investigated.138 As in CSA, HSPA9 may also play an
indirect role in some forms of dyserythropoietic anemias
that are also characterized by pathological iron-loading
defects and ineffective erythropoiesis140 and warrants fur-
ther investigation.

Age-associated anemia 
Aging is attributed to a decline in hematopoiesis with

high incidents of anemia.141 The viability and self-renewal
of HSC/early erythroid progenitors depend on maintain-
ing robust PQC activity and high levels of Hsp70.142,143,144

These abilities decline in stem cells during aging.145,146 As a
consequence, Hsp70-mediated functions such as mainte-
nance of erythroid dormancy, cell cycle quiescence and
cell cycle entry may breakdown leading to an age-related
exhaustion of HSC. 

Concluding remarks

Recent findings have considerably broadened our under-
standing of the multifaceted roles of Hsp70 in erythrocyte
differentiation and how deficiencies in its activity modify
several blood disorders in humans. The tuning of the
Hsp70 chaperone system to cater to different PQC needs
during erythropoiesis sheds extremely valuable insight on
cell repair and viability and provides a conceptual frame-
work for investigating chaperone-based therapeutic
avenues for a wide spectrum of blood disorders.
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Median life expectancy of patients with sickle cell disease has
increased to up to 55 years but there are still frequent cases of pre-
mature death, mostly in patients with pre-existing organ failure

such as pulmonary hypertension, kidney injury, and cerebral vasculopathy.
Most organ injuries remain asymptomatic for a long time and can only be
detected through early systematic screening. Protocols combining assessment
of velocities on transcranial Doppler and regular transfusions in patients with
abnormal velocities have been demonstrated to dramatically reduce the risk
of stroke. In contrast, no consensus has been reached on systematic screening
or therapy for silent cerebral infarcts. The prognostic significance of increased
tricuspid regurgitant jet velocity on echocardiography has not yet been iden-
tified in children, whereas increased albuminuria is a good predictor of kid-
ney injury. Finally, screening for hip and eye disorder is recommended; how-
ever, different countries adopt different screening strategies. Hydroxyurea is
probably of potential benefit in preventing chronic organ damage but this
requires further study in order to be fully demonstrated. Efficacy and safety
of the other new drugs available are also under investigation.
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ABSTRACT

Introduction

In high-income countries, >98% of children affected by sickle cell disease (SCD)
reach adulthood, and the disease has shifted from being a fatal illness in children to
a chronic disease with multiple organ dysfunction in adults.1-4 Median life expectan-
cy has increased to up to approximately 55 years,4-8 which remains far below the
life expectancy of ethnicity-matched non-SCD controls.4 Fatalities mostly occur in
patients with pre-existing organ failure, such as kidney injury, cerebral vasculopa-
thy, and pulmonary hypertension.7,8 Most organ injuries remain asymptomatic for
several decades and can only be detected through early systematic screening.
Identification of early predictors of organ damage could help guide the initiation of
specific treatments for the injured organ, prevent secondary worsening, and opti-
mize SCD management. To date, increased velocities on transcranial Doppler in
children and elevated tricuspid regurgitant jet velocity in adults are the only vali-
dated predictors of risk of stroke and death, respectively.9,10 Biological predictors of
severity are mostly limited to hemolysis markers, and have weak individual predic-
tive values.5,11-15 There is still no genetic signature of severity robust enough to pre-
dict individual outcome.16 Thus, regular screening for early signs of organ dysfunc-
tion appears to be the best strategy for the prevention of secondary organ failure
and early mortality. In this review, we describe the main chronic organ dysfunc-
tions reported in children with SCD and propose a checklist of screening tests. 

Pathophysiology of chronic organ injury

SCD originates from the sickle mutation on the HBB gene (Glu6Val, bS), the
most common and severe form being homozygous HbSS. Other forms of SCD



include compound heterozygous conditions, such as
hemoglobin C (HbC) with HbS (HbSC), HbS with b-tha-
lassemia (HbS/b0-thalassemia or HbS/b+-thalassemia),
and HbS with other b-globin variants resulting in suffi-
cient HbS expression to cause sickling. Under deoxygena-
tion, sickle hemoglobin (HbS) polymerizes and erythro-
cytes undergo a rapid but reversible change in shape,
resulting in both chronic hemolysis and small-vessel
obstruction, which have long been recognized as the
main contributors to SCD pathophysiology.17

Paradoxically, tissue injury is exacerbated by reperfusion-
enabled re-entry of oxygen during the ischemia/reperfu-
sion process (I/R). I/R is responsible for systemic inflam-
mation, hypercoagulability, and endothelial dysfunction
via various mechanisms.18 Endothelial vasoregulatory
dysfunction is observed from childhood,19,20 and chronic
anemia is responsible for concomitant increased blood
flow. The association of macrovascular hyperemia and
microvascular hypoperfusion, that Hebbel et al. referred
to as the sickle cell “perfusion paradox”, is extremely
challenging for major organs such as the brain, kidney,
and heart, which may fail to respond and adapt to the
need for increased oxygen.18 Moreover, systemic inflam-
mation is amplified by the release of free heme and
hemoglobin during hemolysis, inducing oxidative stress,
cell death, and vascular integrity damage.21 Heme was
notably shown to be a potent activator of endothelial
cells, leading to an increased expression of major adhe-
sion molecules such as P-selectin.21 Finally, each organ
(and, indeed, each patient) represents a unique combina-
tion of hypoxia, inflammatory and oxidative stress, acti-
vation of innate immunity, hyperviscosity and hyperco-
agulability in response to genetic and environmental age-
dependent drivers. Organ defense may be adapted for a
certain length of time, or 'over-adapted', for example,
when neoangiogenesis induces the generation of a net-
work of collateral vessels which are prone to ruptures,
provoking ocular or cerebral hemorrhages. Sickling-relat-
ed acute events may be regressive with unsickling but
endothelial damage is most often irreversible. 

Chronic organ injuries will be presented here according
to their impact on mortality in adult patients.

Cardiovascular abnormalities

Main cardiovascular disorders in SCD are pulmonary
hypertension (PHT) and left ventricular dysfunction.
These are the main contributors to SCD-related mortality
in adults, accounting for >30% of all deaths among SCD
patients in the US.22 They are more frequent and severe in
patients with HbSS or HbS/b0-thalassemia.23,24

Pulmonary hypertension
In addition to the pathophysiology common to all

organ injuries described above, increased cardiac output
resulting from chronic anemia is a risk factor for PHT in
SCD. Hypoxia induces smooth muscle cell and intimal
proliferation, and in situ thrombosis can increase pul-
monary vascular resistance. These factors contribute to
the development of PHT and right heart enlargement,
which ultimately leads to right heart failure. In addition,
post-capillary PHT is promoted by diastolic dysfunction,
which may be related to myocardial fibrosis. In children,
however, PHT seems to be mostly related to increased

cardiac output while pulmonary vascular resistance
remains normal.25

Historically, PHT in adults and children was defined as
a mean pulmonary artery pressure (mPAP) ≥25 mmHg
but the current threshold proposed by the 6th World
Symposium on Pulmonary Hypertension is >20 mmHg.26

Prevalence in adults with SCD ranges from 10% to 33%
when measured by right heart catheterization (RHC) or
echocardiography, respectively.24 Pulmonary artery sys-
tolic pressure (PASP) is assessed on echocardiography by
the quantification of the tricuspid regurgitant jet velocity
(TRV) using the modified Bernoulli equation. Raised TRV
was shown to be a risk factor for death in adults.10,27,28

However, the positive predictive value of TRV for diag-
nosing PHT in adults remains controversial. No study has
assessed the correlation between TRV and RHC in SCD
children. Given the risk of RHC procedure in this patient
population, it is only recommended when TRV is >3 m/s
and is only to be carried out in experienced pediatric cen-
ters.26 In a meta-analysis using a threshold of TRV ≥2.5
m/s, 21% (95%CI: 17-26%) of children and adolescents
were considered to have elevated PASP, which was posi-
tively associated with age.29 Nevertheless, TRV ≥2.5 m/s
may be observed as early as three years of age in SCD
children.30 Several studies have shown the influence of
hemolysis on the occurrence of PHT in children.31-34

Hemoglobin oxygen desaturation is frequently reported
in SCD children, especially at night and after exercise, but
its association with elevated TRV is more controver-
sial.31,34

In contrast with adults, increased TRV in SCD children
has not so far been associated with increased mortality in
adulthood. In a cross-sectional study of 483 adolescents
and adults with SCD, raised TRV was associated with
poor exercise capacity.35 Furthermore, one study of 160
HbSS patients aged 3-20 years showed that baseline ele-
vation in TRV was associated with a 4.4-fold increase in
the odds of a 10% or more decline in age-standardized 6-
minute-walk distance over a median of 22 months.32

Importantly, evaluation of PHT should not be based on a
single assessment of TRV, as demonstrated in a follow-up
cohort of 120 children with SCD, in which an improve-
ment in TRV values was observed over a period of 15±9
months in half of the patients, although there was no
clear explanation for this.36

Screening and prevention
US recommendations suggest performing an echocar-

diography when symptoms are suggestive of PHT,
whereas many European experts recommend measuring
TRV once a year in children, usually after five years of
age.37,38 In cases of elevated TRV, the cardiopulmonary risk
should be evaluated by a full workup including electrocar-
diography (ECG), chest radiography, functional respirato-
ry tests with 6-minute-walk distance measurement, car-
diopulmonary exercise test, overnight oxygen saturation
monitoring, polysomnography for obstructive sleep
apnea, and measurement of brain natriuretic peptide
(BNP) and N-terminal pro-BNP levels. TRV ≥2.5 m/s
should suggest the need to optimize SCD treatment,
although prospective controlled studies have not demon-
strated the benefits of hydroxyurea and chronic transfu-
sion on PHT. Retrospective data suggest either improve-
ment of PHT with hydroxyurea39 or no effect of the
drug.31,33
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Left ventricular diastolic dysfunction
SCD patients usually exhibit left ventricular (LV) dila-

tion, closely correlated to the severity of anemia. Over
time, progressive dilation leads to increased wall stress,
increased LV mass, and impaired LV filling, which is asso-
ciated with increased mortality in SCD adults.23,40 Diastolic
dysfunction is linked to microscopic myocardial fibrosis in
transgenic SCD mice, and to diffuse myocardial fibrosis
on cardiac magnetic resonance imaging (MRI) in
patients.40,41

Myocardial ischemia
Myocardial ischemia in SCD patients appears to be

related to microvascular perfusion defect rather than to
coronary artery occlusion.42 A few cases of acute myocar-
dial ischemia or subclinical myocardial injuries have been
reported in children with SCD.42,43 In a series of 22 SCD
children with chest pain, or ECG or echocardiographic
signs (LV dilation or hypokinesis) who underwent single
photon emission computed tomography, myocardial
hypoperfusion was found in eight of them. Perfusion
defects were more frequent in older children. In this study,
myocardial perfusion was reassessed in three patients
after 6 months of hydroxyurea and was found to be
improved.43

Cardiac iron overload
The heart does not appear to be an early target for iron

deposition in chronically transfused SCD patients, and
this is particularly the case in young patients.44,45 In a mul-
ticentric study of regularly transfused SCD patients either
on manual exchange transfusion (n=30) or erythrocyta-
pheresis (n=11), none had cardiovascular MRI values of
T2*<20 ms, in spite of high median ferritin levels (2,700
and 2,400 ng/mL for manual exchange and erythrocyta-
pheresis procedures, respectively) and liver iron content
(10 and 14 mg/g dry weight for manual exchange and ery-
throcytapheresis procedures, respectively).44 The rarity of
cardiac iron overload may partly be explained by the fact
that, in SCD, iron is efficiently recycled by erythropoiesis
or trapped within macrophages because of chronic inflam-
mation.44 

Lung disease

Respiratory complications were found to be the second
cause of death (at 28%) in adults with SCD in the US
between 1999 and 2009.22 Chronic complications in SCD
include chronic dyspnea, reduced exercise capacity, and
loss of lung function. Abnormalities in lung function have
frequently been reported in children with SCD, although
results remain a subject of debate, both regarding the fre-
quency of these abnormalities and the predominant
restrictive or obstructive pattern.46-48 A review of 149 chil-
dren aged 6-19 years, of whom 139 were followed
prospectively for a median of 4.3 years, found normal,
obstructive, restrictive, non-specific, and mixed baseline
lung function patterns in 70%, 16%, 7%, 6%, and 1% of
patients, respectively.49 Baseline lung function patterns
were not associated with pain or acute chest syndrome
rate either before the pulmonary function tests or during
follow-up. In contrast, another study found that occur-
rence of acute chest syndrome was associated with a
greater decline in lung function.50 In a prospective study of

146 patients with HbSS or HbS/b0 thalassemia, normal,
obstructive, restrictive, and non-specific lung function
patterns were observed in 61%, 19%, 9%, and 11% of
patients, respectively.51 Older age, patient or family histo-
ry of asthma or wheezing, and higher lactate dehydroge-
nase levels were independent predictors of obstruction.
One study reported that 96.5% of patients had normal
lung function at eight years of age, but the authors
observed a longitudinal decline in lung volumes through
adolescence, with a restrictive pattern in 19% of patients
by the age of 17.52 Discrepancies between studies may be
due to the different thresholds used for defining patterns
and to the small numbers of patients, most often ana-
lyzed retrospectively in cross-sectional studies. Lung
function may also vary depending on geographical area,
with a higher reported prevalence of restrictive patterns
in patients from sub-Saharan Africa compared to those
from high-income countries.48 Overall, obstruction seems
to predominate in children whereas restriction is more
common in adults.53 Asthma has been found to be associ-
ated with acute chest syndrome occurrence and pain54 but
its effect on lung function growth is not clear.55

Unresolved issues include the question as to whether
there is a link between abnormal lung function and rele-
vant outcomes such as progressive dyspnea, pulmonary
hypertension, and early mortality.49 

Screening and prevention
The question of systematically screening all SCD chil-

dren with pulmonary function tests remains a subject of
debate.37,38,55 Proponents argue that identifying an undiag-
nosed obstructive pattern may help to prevent acute asth-
ma crises and therefore reduce the risk of acute chest syn-
drome.  

Kidney disease

Renal complications in SCD include hyposthenuria,
glomerular hyperfiltration, glomerulosclerosis, albumin-
uria, and end-stage renal disease. These are responsible for
approximately 14-16% of mortality in adults with SCD in
the US and are more frequent in patients with HbSS and
HbS/b0-thalassemia.56 In addition to the pathophysiologi-
cal processes previously described in SCD organ injuries,
kidney injury is enhanced by the particularly hypoxic,
acidic, and hypertonic environment of the renal medulla
which induces red blood cell sickling in the vasa recta,
with ischemia and infarction of the tubular cells. The kid-
ney is a very good example of the “perfusion paradox” in
SCD, with the association of macrovascular whole-kidney
hyperhemia, and microvascular medullary blood flow
hypoperfusion. In young patients, elevated cardiac output
leads to increased renal blood flow, glomerular hypertro-
phy, and increased glomerular filtration rate (GFR), the lat-
ter being observed as early as childhood.57 GFR then
decreases with age, especially in patients developing kid-
ney disease. In addition to hyperperfusion, there is a
decrease in vascular resistance, which might be related to
heme-driven heme oxygenase-1 induction and the release
of vasorelaxants such as prostaglandins.56 I/R injuries and
heme release seem to play a major role in the develop-
ment of acute kidney injury (AKI) and chronic kidney dis-
ease (CKD) via oxidative stress, apoptosis induction, and
activation of the complement system.58,59

Chronic organ injuries in SCD children
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Renal manifestations vary greatly depending on the
patient and his or her age. Hyposthenuria is observed
from infancy in the majority of children. Enuresia is very
frequent and may have a severe psychological impact.
Hyperfiltration occurs very early, as evidenced by 99-tech-
netium diethylenetriaminepentaacetate (DTPA) plasma
clearance measurements in infants with SCD aged 9-19
months enrolled in the BABY HUG trial.57 Baseline DTPA
glomerular filtration rate (GFR) was 125±34 mL/min/1.73
m2 (range: 40-300 mL/min/1.73 m2) compared with the
published normal value of 91±18 mL/min/1.73 m2 (10-
90% range: 60-120 mL/min/1.73 m2) for this age group.57

On average, baseline DTPA GFR increased by 3
mL/min/1.73 m2 for every one month increase in age.57

Hyperfiltration, defined as estimated GFR (eGFR) >180
mL/min/1.73 m2, was also evidenced using cystatin C
measurement in a cohort of 91 children with HbSS and
HbS/b0-thalassemia aged 5-21 years.60 Thirty-nine patients
(43%) had hyperfiltration and nine of them (23%) pro-
gressed to microalbuminuria, defined as albumin to crea-
tinine ratio 30-300 mg/g, compared with three of the 52
patients (6%) without hyperfiltration. Several studies
have demonstrated that hyperfiltration increases during
early childhood, remains stable before adolescence, then
decreases as progressive CKD continues.60-62 eGFR <90
mL/min/1.73 m2 is seen in 8-21% of adolescents.61-63

Albuminuria may develop in some children. In a series of
410 SCD patients aged 2-21 years, microalbuminuria was
found in 21% (70% of them were HbSS and HbS/b0-tha-
lassemics); macroalbuminuria (defined as albumin to crea-
tinine ratio ≥300 mg/g creatinine) was presented in three
HbSS patients. In HbSS and HbS/b0-thalassemics, abnor-
mal albuminuria was associated with older age and lower
baseline hemoglobin level.61

SCD patients with CKD may have a stable renal func-
tion but are at risk of AKI during vaso-occlusive crisis or
other concomitant illness.64 In a retrospective study, AKI
was found in 17% of 197 admissions for vaso-occlusive
pain.64 At admission, every ‘one unit’ drop in hemoglobin
levels compared to patients’ baseline values increased the
risk of AKI by 49%. Ketorolac administration (in terms of
total days and doses) was also associated with AKI but the
role of non-steroidal anti-inflammatory drugs (NSAID)
could not be formally confirmed because of the retrospec-
tive nature of the study. The impact of the decrease in
hemoglobin levels on the occurrence of AKI compared to
baseline values has also been observed in children during
acute chest syndrome,65 and may reflect a direct toxic
effect of free heme or hemoglobin released during hemol-
ysis on the kidney.

Renal dysfunction is more severe and frequent in
patients with HbSS and HbS/b0-thalassemia, and is associ-
ated with anemia.66 As in other diseases, nocturnal hyper-
tension and hyperuricemia have been associated with
lower eGFR.67 The predictive value of an APOL1 genetic
profile has recently been suggested for onset of renal dis-
ease in children with SCD.68

Screening and prevention
Screening for kidney disease should not be based on

serum creatinine level in children with SCD because of
increased eGFR, often lower muscle mass, and increased
tubular secretion of creatinine.61 Albuminuria is a good
predictor of risk for CKD and can be used for routine
screening. The National Heart Lung and Blood Institute

recommends screening for albuminuria starting at ten
years of age for all SCD patients.68 The gold standard for
measuring GFR is inulin clearance but this is costly.
Therefore, cystatin C and creatinine-based estimations of
GFR (Schwartz equation using patient height and creati-
nine value) may be more relevant for annual screening.60 In
children, it must be remembered that a normal GFR is an
alarm signal as it should, in fact, be elevated in the context
of initial hyperfiltration.

Hydroxyurea may be considered in patients with elevat-
ed microalbuminuria but the results of existing studies are
controversial. Hydroxyurea was not superior to placebo in
the prevention of hyperfiltration in the BABY-HUG trial,
although it was associated with a better concentrating
ability and less renal enlargement.69,70 In pediatric series,
hydroxyurea was associated with a trend for a decrease in
the frequency of microalbuminuria71-73 and with a signifi-
cant decrease in DTPA GFR in 23 children with a median
age of 7.5 years.74

Very few studies have reported the use of angiotensin
converting enzyme inhibitors (ACE I), combined or not
with hydroxyurea, in SCD children with albuminuria.71,75

Albuminuria decreased in some children treated with ACE
I but some patients experienced hyperkalemia, prompting
interruption of ACE I therapy. 

Cerebrovascular disease 

Patients affected with SCD may suffer from ischemic
and hemorrhagic stroke, silent cerebral infarction, and
neurological decline. Cerebrovascular events account for
approximately 12% of SCD-related mortality in the US.22

In children, these represent the third cause of death after
infections and hematologic complications (acute splenic
sequestration and other causes of acute anemia).76

Furthermore, cerebrovascular events are responsible for a
high rate of motor and cognitive disabilities.77 The brain
provides a good illustration of the “perfusion paradox” of
SCD, combining hyperperfusion within the arteries of the
circle of Willis and microvascular hypoperfusion.
Hemolysis and I/R injuries generate inflammation,
endothelial dysfunction, and intimal hyperplasia. The
roles of hemodynamic changes and procoagulant status
are still under investigation.18,77

Cerebral vasculopathy mostly affects HbSS and HbS/b0-
thalassemia patients. Events may be overt or so-called
'silent', which is an inappropriate term since silent cerebral
infarcts (SCI) were found to be associated with cognitive
defects.78 Overt events are mostly ischemic, occurring with
two peaks of frequency either before the age of ten or after
40 years of age, but may also be hemorrhagic with an
increasing incidence associated with age. Risk factors
include a lower steady-state Hb level, prior transient
ischemic attack, recent or frequent acute chest syndromes,
high systolic blood pressure,11 nocturnal hypoxemia,79 a past
history of bacterial meningitis,11 and the presence of silent
infarcts on MRI.80 The role of co-existent G6PD deficiency
is controversial, as it was found to increase the risk of stroke
in one,81 but not all, studies.82 Increased HbF level and pres-
ence of α-thalassemia may have a protective effect.81

Hemorrhagic strokes may complicate moya-moya syn-
dromes or may be related to ruptured aneurysm, the preva-
lence of which is increased in SCD patients, most likely due
to the effect of flow disturbances on the vascular wall.77
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SCI are the most common neurological events in SCD
children, occurring in approximately one-third of patients
before the age of 14 years; there is no plateau with
increasing age.83 Reported risk factors for SCI include
male gender, lower baseline hemoglobin concentrations,
higher baseline systolic blood pressure, and previous
seizures.78

Screening and prevention
The brain is probably the only organ for which preven-

tive strategies have shown efficacy in SCD patients.
Transcranial Doppler (TCD) measures the flow velocity
in the large intracranial arteries of the circle of Willis
where stenosis or flow turbulences may induce a local
acceleration. Children may be stratified as being at low,
intermediate, or high risk of stroke according to normal,
conditional, or abnormal velocities, respectively.9 Adams
et al. showed that children with time-averaged mean
velocity (TAMV) measured in the distal internal carotid
artery or middle cerebral artery ≥200 cm/s had a 6-fold
higher risk of stroke than children with normal TCD
velocities (TAMV <170 cm/s).9 For these high-risk
patients, initiation of monthly blood transfusion reduced
the risk of stroke by 90%.84 Alternatively, hydroxyurea
has been used for primary and secondary stroke preven-
tion in low-resource settings.85 Cerebral vasculopathy
revealed by abnormal TCD is an indication for
hematopoietic stem cell transplant in children with HLA-
identical sibling. When velocities are normal, the current
recommendation in children with HbSS and HbS/b0-tha-
lassemia is annual TCD screening from 2 to ≥16 years.37

Conditional TCD is an intermediate category that war-
rants performing MRI/magnetic resonance angiography
(MRA) and controlling TCD, as conversion to abnormal
TCD may occur.86 Many teams consider conditional
velocities as an indication for hydroxyurea treatment.38

Very low blood-flow velocities (<70 cm/s) suggest post-
stenotic demodulation or near-occlusive arterial disease.87

Finally, elevated velocities (>160 cm/s) in the extracranial
part of the internal carotid artery are also associated with
increased risk of stroke, notably in patients who are free
of intracranial arterial vasculopathy;88,89 however, there is
still no clear recommendation on which treatment strate-
gy to use. Our personal recommendation is to use the
same strategy for both intra- and extra-cranial abnormal-
ities. TCD may detect blood flow alterations before
occurrence of MRI/MRA abnormalities allowing for early
management at a stage when it might be possible to pre-
vent the situation worsening.90 MRI/MRA is recommend-
ed in children with conditional TCD findings and in chil-
dren with incomplete TCD assessment, usually due to a
lack of a bone window or to an underlying arterial occlu-
sion. In 2014, a panel of experts did not recommend sys-
tematic MRI in asymptomatic children with HbSS and
HbS/b0-thalassemia.37 However, brain MRI can reveal
aneurysms or SCI, which are associated with decreased
cognitive ability, and these might benefit from hydrox-
yurea treatment. Therefore, some centers recommend
performing brain MRI in SCD children at least once.91 Our
personal experience is to recommend systematic MRI at
around six years of age (an age at which it is expected
that most children would have already started school)
since early diagnosis of SCI usually leads to a more thor-
ough evaluation of academic ability and performance
with implementation of educational and psychological

support when required. Management of SCI is still non-
consensual. Hydroxyurea has been suggested to reduce
their extension or recurrence.92 Use of chronic transfusion
is a subject of debate as this therapy has only moderate
efficacy on the progression of SCI.91

Liver disease

The main acute manifestations of liver disease in SCD
include sickle cell hepatic crisis, sickle cell intrahepatic
cholestasis, and hepatic sequestration, while chronic
manifestations include cholelithiasis, sickle cell cholan-
giopathy, auto-immune hepatitis, viral hepatitis, and iron
overload.93 The prevalence of liver disease in adults with
SCD is estimated to be approximately 10%.93 In a cohort
of 3,500 adult patients, liver failure was considered to be
the cause of death in 7% of cases.8 Hepatobiliary compli-
cations are more rarely reported in children with SCD,
most probably because they are not routinely screened
for and are thus under-diagnosed.94

The pathophysiology of these complications is mostly
related to the sickling of red blood cells, resulting in sinu-
soidal obstruction and ischemia of hepatocytes, as well as
ischemia of bile ducts leading to cholangiopathy.
Hemolysis-related hyperbilirubinemia promotes biliary
lithiasis. Liver damage in SCD may also be due to iron
overload, viral infection, or autoimmune disorders, the
frequency of which is increased in SCD patients com-
pared to the general population.95

A retrospective review of 616 SCD children followed-
up in a reference center for both SCD and hepatology
found that 37% had presented at least one hepatobiliary
complication.94 Among chronic complications, gallstones
were diagnosed in 25% of children, cholangiopathy in
0.8%, autoimmune hepatitis in 0.5%, transfusion iron
overload in 3%, and iron chelator toxicity was suspected
in 0.8%. Over half of the gallstones were discovered inci-
dentally, although complications occurred in 42% of
cases, mostly occurring as pain, as well as cholecystitis,
cholangitis, and pancreatitis. Among acute complications,
the combined prevalence of acute sickle cell crisis, sickle
cell intrahepatic cholestasis, and acute hepatic sequestra-
tion was approximately 6%.94 Post-transfusion iron over-
load is usually asymptomatic in children but may have
severe consequences in adults.93

Screening and prevention
In order to prevent gallstone-related complications, we

recommend abdominal ultrasonography once a year after
the age of five years, and elective cholecystectomy in case
of gallstone even in asymptomatic patients, although
there is currently no consensus for this preventive strate-
gy.37,96 Liver injury can be screened by performing twice-
yearly liver tests (mainly alanine aminotransferase [ALT]
and conjugated bilirubin).94 In patients with dilated bile
ducts, MR-cholangiography should be performed and
hypergammaglobulinemia should also be screened for as
autoantibodies for autoimmune liver disease. Liver MRI
should be performed every year in children aged >5 years
undergoing a monthly transfusion program in order to
assess liver iron content. Iron chelation is recommended
in case of iron overload but adhesion to chelator therapy
is often low.44 Lastly, anti-hepatitis B immunization is
mandatory. 

Chronic organ injuries in SCD children
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Ophthalmic disease

Patients affected with SCD are at risk of retinopathy,
which may result in sight-threatening complications, such
as vitreous hemorrhage and retinal detachment. Ocular
manifestations of SCD differ from previously described
complications as peripheral retinopathy is more frequent
in patients with HbSC than in patients with HbSS.97,98 The
reasons for this finding are not fully understood although
the blood hyperviscosity commonly observed in HbSC
patients (who display higher hemoglobin levels than
HbSS patients) could contribute to retinal ischemia. On
the other hand, it has been hypothesized that increased
vascular endothelial growth factor (VEGF) and angiopoi-
etin production in response to chronic anemia could play
a role by promoting angiogenesis.99

The prevalence of retinopathy has been estimated at
24% in HbSS and HbS/b0 adult patients versus 61% in
HbSC and HbS/b+ patients.97 Non-proliferative retinopa-
thy includes salmon-patch hemorrhages, iridescent spots,
black sunbursts, and arteriovenous anastomoses. Patients
are usually asymptomatic as long as the retinopathy is
non-proliferative but secondary development of neovas-
cularization, presenting as sea fans, bears the risk of vision
loss due to vitreous hemorrhage or retinal detachment. A
retrospective review of 263 children with SCD found pro-
liferative retinopathy in seven cases (2.7%), including six
with HbSC (occurring at a median age of 13.7 years;
range: 9-18), one with HbSS (occurring at 16 years of age),
and none with HbS/b-thalassemia.98 More recently, a high
prevalence of temporal macular retinal atrophy diagnosed
by optical coherence tomography (OCT) has been report-
ed in SCD patients, including children, which may have
direct consequences on visual function with impaired
color vision ability and contrast sensitivity, even when
visual acuity is preserved.100 In a retrospective series of 81
children (mean age 12 years; standard deviation [SD]: 3.5
years) with SCD (64 HbSS, 7 HbS/b0-thalassemia, 10
HbSC), temporal macular retinal atrophy was observed in
64% of cases with no significant difference in prevalence
between HbSS and HbSC genotype.101 In this series,
peripheral retinopathy was observed in 11% of patients
and was more severe in children with HbSC.

Recent multimodal MRI evaluation of the visual cortex
in 25 SCD children (mean age: 12.3 years; SD: 1.9 years)
compared to 31 controls, found increased posterior peri-
calcarine cortical thickness, with different trajectory of
cortical maturation and decreased connectivity within
visual neural networks.102 Whether these changes may rep-
resent useful predictors of visual impairment in adulthood
needs to be assessed by further studies.

Screening and prevention
There is universal consensus on the recommendation

that children with SCD should be screened regularly for
retinopathy with a dilated fundoscopic examination,
starting earlier in children with HbSC than in children
with HbSS genotypes.37,38,98 Nine and 13 years of age have
been proposed as appropriate time points to start sys-
tematic controls in HbSC and HbSS children, respective-
ly.97 However, since temporal macular retinal atrophy
seems to occur early in the course of SCD, especially for
patients with HbSS,100 we personally recommend annual
controls, including OCT, starting at six years of age. A
simple annual survey is recommended for children with
non-proliferative retinopathy and laser photocoagulation

is generally proposed to children with severe prolifera-
tive retinopathy. 

Hip abnormalities

Osteonecrosis of the femoral head (ONFH) is the main
osteoarticular complication of SCD with an estimated
prevalence ranging from 10% to 30% in adults.103 This rel-
atively high frequency may be explained by several fac-
tors. Firstly, vascularization of superior femoral epiphysis
depends on the retinacular vessels, which originate from
branches of the medial circumflex arteries in a terminal
vascularization model, with limited possibilities of reper-
fusion when these vessels are occluded by sickling red
blood cells. In addition, the balance between osteoblasto-
genesis and osteoclastogenesis is most likely modified in
patients with SCD during hypoxia-reperfusion cycles.104

Lastly, vitamin D deficiency is frequent in patients with
SCD and may contribute to bone fragility.105

In a study of 2,590 SCD children and adults followed-up
in the 1980s for an average of 6 years, 10% of patients had
ONFH at study inclusion.106 The prevalence of ONFH for
patients aged 5-9 years, 10-14 years, and 15-24 years was
1.3%, 4.6%, and 8.2%, respectively. At follow-up, chil-
dren with HbSS and α-thalassemia were at the greatest
risk for osteonecrosis. The frequency of painful crises, age,
and hematocrit were positively associated with
osteonecrosis.106 The influence of hydroxyurea on the inci-
dence of OFNH is much debated, although the interpreta-
tion of most studies is limited by the fact that they are
cross-sectional and retrospective, including only a limited
number of patients.103

Screening and prevention
It has been shown that early treatment of ONFH, either

conservative or operative, can lead to good functional out-
comes with 75% of congruent hips at skeletal maturity.107

Early diagnosis is therefore mandatory. There is agreement
on the need to investigate all children with SCD presenting
intermittent or chronic hip pain for avascular necrosis by
means of a full history and physical examination, X-ray, and
MRI, as needed. Advice from an orthopedic department
should be requested.37 At a pre-collapse stage, ONFH is,
however, asymptomatic, and this observation has led a
French panel of experts to recommend systematic hip X-ray
after the age of 6 years with a checkup every 1-3 years.38

Conclusion

The median life expectancy of patients with SCD has
increased to up to 55 years, which can be considered a sig-
nificant achievement with regard to the natural history of
the disease.3 However, detection and management of
chronic organ failure still need to be improved  in order to
reach the life expectancy of the general population with-
out major disabilities. Detecting and preventing early
organ injury would not only reduce early mortality but
may also improve quality of life. There is still no consen-
sus on the best strategies for detecting and preventing
chronic organ dysfunction in SCD patients. For these rea-
sons, we propose a summary of the main recommenda-
tions from both a US and a European panel of experts on
SCD in Table 1.37,108
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Apart from stroke prevention, the quality of evidence
regarding the efficacy of actual screening strategies is still
not high enough. Moreover, the ability of chronic transfu-
sion, hydroxyurea and other drugs to prevent chronic
organ failure has not been demonstrated by controlled
studies. However, several encouraging studies do suggest
a potential benefit of hydroxyurea to prevent degradation
of renal function. The impact of new drugs such as crizan-
luzimab and voxelotor on organ function is still under
investigation. While there are still no individual predictive

factors, current strategy options may be to propose
hydroxyurea to all HbSS and HbS/b0 children; this option
has been considered by US and British experts.37 Another
option may be to take the view that the potential severity
of SCD in adults justifies proposing hematopoietic stem
cell transplantation (and, in the future, gene therapy) even
in asymptomatic patients. This debate is still ongoing, but
it will be essential that patients help define their own
health priorities and play a role in the design of clinical
research.

Table 1. Screening tools in children and adolescents for the detection of chronic organ complications of sickle cell disease.
Organ                                          Screening tool                            US                                             Recommendations from a                  Evidence-based treatment (EBT)
                                                  (apart from history and              recommendations                      European panel of experts
                                                  physical examination)                  for screening                             for screening                                     

Heart
Pulmonary hypertension           TRV on echocardiography               In case of symptoms                     Yearly                                                           No EBT

                                                                                                                             or suggestive signs                         Systematic in all children >5 years      HU suggested
Myocardial ischemia                  ECG                                                       In case of symptoms                     In case of symptoms or                          No EBT

                                                                                                                             or suggestive signs                         suggestive signs                                        HU suggested
                                                                                                                                                                                         Consider cardiac MRI 

Lung and airways
Pulmonary disease                     Pulmonary function tests                In case of symptoms                      Yearly                                                           Anti-asthmatic treatments 

                                                                                                                                                                                         Systematic in all children >5 years      if necessary
Upper airway obstruction         ENT control                                        Yearly                                                 Yearly                                                           Adeno-/tonsillectomy if upper

                                                              (+ polysomnography when                                                                                                                                               airway obstruction
                                                              necessary)                                          

Kidney
Renal failure                                 Blood pressure                                  Systematic screening                     Yearly systematic screening                  No EBT 

                                                              Creatinine, albuminuria                                                                                                                                                      HU suggested if microalbuminuria
                                                                                                                                                                                                                                                                ACE inhibitor suggested if
                                                                                                                                                                                                                                                                proteinuria

Brain
Cerebral vasculopathy               Transcranial doppler                        Yearly screening from                   Yearly screening from age 2 to              Monthly transfusion in patients

                                                                                                                             age 2 to at least 16 years              at least 16 years in SCA patients           with velocities >200 cm/s
                                                                                                                             in SCA patients

Silent infarct                                Academic performance                   No systematic MRI in                    No consensus                                            No EBT
                                                              Neurocognitive screening               asymptomatic children                  Systematic MRI starting at 6 years       HU suggested if silent infarct
                                                              Cerebral MRI                                                                                                  old for some experts

Liver
Cholangiopathy                            Liver tests                                           No systematic screening               Abdominal ultrasonography once         No consensus

                                                              Abdominal ultrasonography                                                                         a year from age 5                                      Elective cholecystectomy even 
                                                                                                                                                                                                                                                                in asymptomatic patients for 
                                                                                                                                                                                                                                                                some experts

Transfusion iron overload         Ferritin                                                 Systematic screening in                Systematic screening in                          Iron chelation
                                                              Liver iron content on                        chronically transfused                   chronically transfused patients            
                                                              hepatic MRI                                        patients

Eye
Retinopathy                                  Dilated fundoscopic                         No consensus                                  Yearly examination after 10 years        Laser photocoagulation if

                                                              examination                                                                                                     old (6 years old for some experts)      severe proliferative retinopathy
                                                              OCT                                                                                                                                                                                          
Hip

Osteonecrosis                            Radiography                                       In case of symptoms                     Systematic radiography after                Conservative or 
of the femoral head                   MRI                                                       (hip pain)                                          the age of 6 years, and then every       operative treatment 

                                                                                                                                                                                         1-3 years according to the clinical 
                                                                                                                                                                                         findings
ACE: angiotensin-converting enzyme; ENT: ear, nose and throat; HU: hydroxyurea; MRI: magnetic resonance imaging; OCT: optical coherence tomography; SCA: sickle cell anemia (patients with HbSS
and HbS/b0-thalassemia genotypes); TRV: tricuspid regurgitant jet velocity.
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Aldehyde dehydrogenases (ALDH) are overexpressed in various
types of cancers. One of the ALDH family genes, ALDH1A2, is
aberrantly expressed in more than 50% of cases of T-cell acute

lymphoblastic leukemia (T-ALL). However, its molecular function and
role in the pathogenesis of T-ALL are largely unknown. Chromatin
immunoprecipitation-sequencing and RNA-sequencing analyses showed
that the oncogenic transcription factor TAL1 and its regulatory partners
bind to the intronic regulatory element of the ALDH1A2 gene, directly
inducing a T-ALL-specific isoform with enzymatic activity. ALDH1A2
was preferentially expressed in the TAL1-positive T-ALL subgroup. In T-
ALL cell lines, depletion of ALDH1A2 inhibited cell viability and induced
apoptosis. Interestingly, gene expression and metabolomic profiling
revealed that ALDH1A2 supported glycolysis and the tricarboxylic acid
cycle, accompanied by NADH production, by affecting multiple meta-
bolic enzymes to promote ATP production. Depletion of ALDH1A2
increased the levels of reactive oxygen species, while the levels were
reduced by ALDH1A2 overexpression both in vitro and in vivo.
Overexpression of ALDH1A2 accelerated tumor onset and increased
tumor penetrance in a zebrafish model of T-ALL. Taken together, our
results indicate that ALDH1A2 protects against intracellular stress and
promotes T-ALL cell metabolism and survival. ALDH1A2 overexpression
enables leukemic clones to sustain a hyper-proliferative state driven by
oncogenes.
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ABSTRACT

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a hematologic malignancy that
arises from immature T-cell precursors.1,2 This type of leukemia occurs mostly in
children but is also found in adults. A number of chromosomal and genetic abnor-
malities have been identified in T-ALL, many of which affect genes encoding tran-
scription factors.3 Gene expression and mutational profiles have demonstrated that
T-ALL cases can be classified into mutually exclusive subgroups based on the
expression of several transcription factors (TAL1, TAL2, LYL1, LMO1, LMO2,
TLX1/HOX11, TLX3/HOX11L2, HOXA and NKX3-1).4-6 This suggests that each
transcription factor drives a distinct cellular program that may work in concert with
other molecular pathways in T-ALL cells.

TAL1-positive T-ALL constitutes the largest subgroup, accounting for 40-60% of
all primary cases.4,7-11 One of the known downstream targets of TAL1 in T-ALL cells
is ALDH1A2,12,13 a member of the aldehyde dehydrogenase (ALDH) family of genes
that encode oxidoreductases. ALDH proteins convert a variety of aldehydes into
carboxylic acids.14,15 They detoxify endogenous aldehydes, generated during the



metabolism of membrane lipids, amino acids, carbohy-
drates and steroids.16 The reaction is NAD(P)+-dependent
and generates an important component of the cellular
antioxidant system, NAD(P)H, which also acts as an
essential coenzyme in several metabolic pathways, such
as glycolysis and the tricarboxylic acid (TCA) cycle.14

Retinaldehyde dehydrogenases, a subfamily of ALDH
genes, including ALDH1A2, are also capable of converting
retinaldehyde into retinoic acid. ALDH activity has also
been implicated as a cancer stem cell marker in various
solid tumors.17,18 The Aldefluor assay is commonly used to
isolate an ALDH-positive population to refine the cancer
stem cell population.17,19 Overexpression of ALDH genes
confers drug resistance to cancer cells.20 These findings
suggest that high levels of ALDH activity may be advan-
tageous and, even required, for cancer cell maintenance.

In this study, we elucidated the molecular function and
role of ALDH1A2 in the pathogenesis of T-ALL. We demon-
strated that ALDH1A2 is directly activated by TAL1 and
protects against intracellular stress, supporting leukemia cell
metabolism and promoting leukemia cell survival.

Methods 

Cell samples
Human leukemia cell lines were cultured in RPMI-1640 medi-

um (BioWest) supplemented with 10% fetal bovine serum
(BioWest). A T-ALL patient-derived xenograft sample was provid-
ed by Alejandro Gutierrez (Boston Children’s Hospital) and
expanded in NSG mice. Mouse protocols were approved by the
Institutional Animal Care and Use Committee.   

Knockdown and overexpression experiments
For knockdown experiments, short-hairpin RNA (shRNA) was

inserted into a pLKO.1-puro lentivirus vector. For overexpression
experiments, ALDH1A2 cDNA cloned from Jurkat cells was insert-
ed into a MSCV-IRES-GFP retrovirus vector. For inhibition of the
regulatory element, single-guide RNA (sgRNA) was inserted into a
FgH1tUTG lentivirus vector (Addgene plasmid #70183). Virus was
produced by co-transfecting the construct with the packaging and
envelope plasmids into 293T cells using FuGENE6 (Roche).  

Quantitative reverse transcription polymerase 
chain reaction  

Total RNA was extracted from cells using a NucleoSpin RNA kit
(Macherey-Nagel) and reverse-transcribed using a QuantiTect kit
(Qiagen). Quantitative reverse transcription polymerase chain
reaction (qRT-PCR) was performed on a QuantStudio3 real-time
PCR system (Thermo Fisher Scientific) using Power SYBR Green
PCR Master Mix (Roche). The primer sequences are described in
the Online Supplementary Information.

Western blot analysis
Equivalent amounts of protein were resolved on a sodium

dodecylsulfate polyacrylamide gel electrophoresis gel, transferred
onto polyvinylidene difluoride membranes (Bio-Rad), and subject-
ed to immunoblot analysis with specific antibodies against
ALDH1A2 (Abcam), TAL1 (Millipore), PARP, caspase-3, α-tubulin,
and b-actin (Cell Signaling Technology). The proteins were detect-
ed using an enhanced chemiluminescence reagent (Thermo).

Confocal microscopic imaging
Images of EGFP-fused ALDH1A2 protein localization in live

cells were captured using an Olympus FV1000 TIRF confocal

microscope (C4). Colocalization of signals was analyzed using
IMARIS 9.5 software after staining with Mito Tracker Red
CMXRos (Thermo) and Hoechst.

Intracellular reactive oxygen species assay 
The cells were treated with freshly prepared CellROX Deep

Red reagent (Thermo Fisher Scientific). Fluorescence signals were
analyzed with a BD SR II flow cytometer using BD FACSDiva™

software and FlowJo software.

Metabolomic profiling 
The extracted metabolites were used for a capillary elec-

trophoresis time-of-flight mass spectrometry basic scan, conduct-
ed by Human Metabolome Technologies (see details in the Online
Supplementary Information). The number of metabolites was nor-
malized to cell volume detected by a Scepter 2.0 cell counter
(Millipore).

Extracellular flux analysis
The cells were resuspended in Seahorse assay medium (Agilent)

and seeded into XF24 plates. Extracellular acidification rate and
the oxygen consumption rate were measured by Seahorse XF24
(Agilent). The details are provided in the Online Supplementary
Information.

Chromatin immunoprecipitation sequencing 
and RNA-sequencing

Chromatin immunoprecipitation (ChIP)-sequencing analysis
was done in our previous study.21 For RNA-sequencing, RNA was
extracted using an miRNeasy kit (Qiagen) followed by DNase
treatment (Ambion). Construction of the strand-specific library
and sequencing of the single-end 100-bp-long reads by a BGISEQ
sequencer were conducted at BGI Biotech (Hong Kong). The
details are described in the Online Supplementary Information. 

Zebrafish transgenesis 
Zebrafish protocols were approved by the Institutional Animal

Care and Use Committee. The human ALDH1A2 or mCherry gene
was cloned under the zebrafish rag2 promoter and injected into
zebrafish embryos to create Tg(rag2: ALDH1A2) or a control
Tg(rag2: mCherry) line. The rag2-myr-mAKT2 construct was kindly
provided by Alejandro Gutierrez.22

Results

The ALDH1A2 gene is directly activated by the TAL1
complex in T-cell acute lymphoblastic leukemia

To identify the targets directly regulated by TAL1 in T-
ALL cells, we referred to a previously performed ChIP-
sequencing dataset for TAL1 and other members of the
transcriptional complex in a T-ALL cell line (Jurkat).13 We
integrated this result with the RNA-sequencing dataset
after knocking down each factor in the same cell line,
which was generated in our recent study,21 to select genes
that were positively regulated by the TAL1 complex. We
further filtered genes that were associated with a high
level of an active histone mark (H3K27ac) in T-ALL cells
but not in normal thymus cells (Online Supplementary
Figures S1A and B), representing high-confidence TAL1 tar-
gets that were aberrantly activated in T-ALL cells.

ALDH1A2 was among the top hits. An early study
showed that the TAL1/GATA3/LMO complex binds at the
intronic region of the ALDH1A2 gene and induces its
expression in T-ALL cells.12 Consistently, our ChIP-
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sequencing analysis demonstrated that TAL1 and its bind-
ing partners (HEB, GATA3, RUNX1 and MYB) bind within
the intron with the co-activator CBP and RNA polymerase
II in Jurkat cells (Figure 1A). Knocking down each of these
factors resulted in downregulation of ALDH1A2 mRNA
expression in the same cell line, as determined by RNA-
sequencing (Figure 1B, Online Supplementary Figure S1B).
The result was validated at the protein level (Figure 1C).
Importantly, the TAL1-bound region was associated with
a high level of H3K27ac signals in multiple TAL1-positive

T-ALL cell lines but not in TAL1-negative cell lines (Figure
1A). This status corresponded to an ALDH1A2 mRNA
expression pattern that was detected only in TAL1-posi-
tive T-ALL cell lines (Figure 1D). Similarly, in the primary
T-ALL cells from three independent cohorts,4,23,24

ALDH1A2 expression was significantly higher in the
TAL1/2- and LMO1/2-subgroups than in the TLX,
LYL/LMO and HOXA-positive subgroups (Figure 1E,
Online Supplementary Figure S1C, Online Supplementary
Table S1). Furthermore, the results from the analysis of the

Roles of ALDH in T-ALL

haematologica | 2021; 106(6) 1547

Figure 1. The ALDH1A2 gene is directly activated by the TAL1 complex in T-cell acute lymphoblastic leukemia cells.
(A) Chromatin immunoprecipitation-sequencing gene tracks showing the binding of the TAL1 complex members, the
co-activator CBP and RNA polymerase II (Pol II) in a TAL1-positive T-cell acute lymphoblastic leukemia (T-ALL) cell line
(Jurkat), and H3K27ac marks in five TAL1-positive T-ALL cell lines, two TAL1-negative T-ALL cell lines, and normal T-
cell samples at the ALDH1A2 gene locus. (B) ALDH1A2 mRNA expression levels in Jurkat cells after the knockdown
of each TAL1 complex member were measured by RNA-sequencing using a dataset that we previously reported.21

Expression changes are shown as log2 fold-changes that are compared to the control samples (shGFP). (C) Western
blot analysis showing the protein expression of the short isoform of ALDH1A2 upon TAL1, MYB, GATA3, HEB, RUNX1
and LMO1 knockdown in Jurkat cells. α-tubulin was used as the loading control. To evaluate the knockdown efficien-
cy of each TAL1 complex member, mRNA expression level of each factor was measured by quantitative reverse tran-
scription polymerase chain reaction and was normalized to ACTINB expression. Normalized mRNA level compared to
control (shGFP) is shown. Error bars represent the standard deviation (SD) for technical replicates. *P<0.05,
**P<0.01 using a two-tailed Student t test. (D) The mRNA expression levels of ALDH1A2 and TAL1 in four TAL1-pos-
itive T-ALL cell lines, four TAL1-negative T-ALL cell lines and cells from one normal thymus sample were analyzed by
RNA-sequencing. Expression values are shown as fragments per kilobase million (FPKM). 
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Cancer Cell Line Encyclopedia dataset showed the highest
expression of ALDH1A2 mRNA in T-ALL samples among
40 cancer types25 (Online Supplementary Figure S1D).

Notably, RNA-sequencing analysis demonstrated that
only the short isoform, which lacks the first three exons,
but not the full-length (long) isoform of ALDH1A2, was
expressed in the TAL1-positive T-ALL cells, including pri-
mary samples and cell lines (Figure 1F). This result was
consistent with that from an earlier study.12 In contrast,
K562 cells, a chronic myeloid leukemia cell line, expressed
the long isoform of ALDH1A2 but not the short isoform
(Figure 1F, bottom). The difference in protein size was
confirmed by western blot (Figure 1G).

It is noteworthy that the H3K27ac marks were not
observed in normal T cells (Figure 1A). Consistent with this
finding, in an analysis of a public dataset of normal human

hematopoietic cells,26 ALDH1A2 expression was not detect-
ed in T cells (Online Supplementary Figure S1E). Similarly, the
mouse Aldh1a2 gene was not expressed in hematopoietic
cells, while it was detected in bone marrow stroma cells
(Online Supplementary Figure S1F). Furthermore, recent sin-
gle-cell RNA-sequencing studies confirmed that ALDH1A2
is expressed in thymic stroma cells but not in any T-cell sub-
populations both in mice and human cells.27,28 These results
further indicated that ALDH1A2 is aberrantly activated in
cases of TAL1-positive T-ALL.

The short isoform of ALDH1A2 possesses enzymatic
activity and is localized in the cytoplasm

We next investigated the function of the short isoform
of the ALDH1A2 protein. The analysis of the amino acid
sequence indicated that the short isoform retains function-
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Figure 1. (continued from the previous page) (E) mRNA expression of ALDH1A2
in cells from three different cohorts (TARGET, Singapore, and Children’s
Oncology Group/Dana-Farber Cancer Institute [COG/DFCI] cohorts) of primary T-
ALL samples analyzed by RNA-sequencing. Expression values in different sub-
groups are shown as transcripts per million (TPM). Bars represent the median
and SD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 using the two-tailed
Student t test. ns: not statistically significant. (F) The RNA-sequencing gene
tracks represent mRNA expression of each exon of the ALDH1A2 gene in six
TAL1-positive primary T-ALL cell samples (TARGET 1 and 2; COG/DFCI 1 and 2;
Singapore 1 and 2), four TAL1-positive cell lines, four TAL1-negative T-ALL cell
lines and a chronic myeloid leukemia cell line (K562). Red dashed lines repre-
sent the short or long transcripts of ALDH1A2. (G) Western blot analysis showing
the expression of the full-length and short isoforms of the ALDH1A2 protein in
various cell lines. CML: chronic myeloid leukemia.
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ally critical residues, such as the NAD binding site and the
enzymatic catalytic residues, but lacks 96 amino acids in
the N-terminus (Figure 2A) that are a part of the homote-
trameric interface (Figure 2B). Hence, we postulated that
the short isoform might have attenuated enzymatic activ-
ity or a different subcellular localization compared to the
long isoform.

To investigate this, we first produced each isoform of
ALDH1A2 as a purified recombinant His-tagged protein
(Online Supplementary Figure S2A) and performed an in vitro
enzymatic assay. We incubated each isoform with a sub-
strate (retinaldehyde) and a coenzyme (NAD+) and meas-
ured the amount of NADH produced over 20 min (Figure
2C). This analysis revealed that the short isoform had
enzymatic ability, although slightly lower than that of the
long isoform (Figure 2C, Online Supplementary Figure S2B).
Next, we analyzed the effect of ALDH1A2 on the produc-
tion of retinoic acid using a reporter system. We cloned a
trimerized retinoic acid responsive element, which can be
activated by the retinoic acid receptor complex, into the
luciferase plasmid and then established Jurkat cells that
stably express this construct29 (Online Supplementary Figure
S2C). In this setting, the luciferase activity is dependent on
the amount of retinoic acid produced internally in the
Jurkat cells. We then knocked down the endogenous
ALDH1A2 by lentiviral shRNA transduction. The
luciferase activity was significantly downregulated after
ALDH1A2 had been depleted (Online Supplementary Figure
S2C), indicating that the short isoform of ALDH1A2 can
mediate the production of retinoic acid in T-ALL cells.

We next analyzed the subcellular localization of the
short isoform of the endogenous ALDH1A2 protein. We
used the CRISPR/Cas9-mediated method to introduce an
EGFP gene fused to the 3’ end of the endogenous
ALDH1A2 gene into both Jurkat and K562 cells (Online
Supplementary Figures S2D and E). We then analyzed the
localization of the EGFP signal in the nucleus (with
Hoechst staining), mitochondoria (with Mitotracker stain-
ing) or cytoplasm (without staining). The results demon-
strated that the short isoform of ALDH1A2 in Jurkat cells
was localized in the cytoplasm with no co-localization in
mitochondria or the nucleus (Figure 2D, Online
Supplementary Figure S2F), which was similar to the pat-
tern observed for the K562 cells that expressed the long
isoform. These results indicate that the short isoform of
ALDH1A2 possesses intact enzymatic functions and the
same localization pattern as observed for the long isoform.

ALDH1A2 supports T-cell acute lymphoblastic leukemia
cell survival and viability

We next analyzed whether ALDH1A2 expression con-
fers any functional advantage to T-ALL cells. We first eval-
uated the phenotype after depletion of ALDH1A2 by
blocking the regulatory element. We designed two inde-
pendent sgRNA (#1 and #2), which targeted the TAL1-
bound region (Figure 3A). We transduced each of them
under a doxycycline-inducible system together with a cat-
alytically inactive Cas9 (dCas9) protein fused with the
KRAB repressor, thereby epigenetically silencing the tran-
scriptional activity at the TAL1-bound region. We
observed successful downregulation of ALDH1A2 protein
after the induction of each sgRNA (Figure 3B).
Importantly, apoptotic cell death was induced after 72 h of
induction, as evidenced by the cleavage of caspase-3 and
PARP (markers of apoptosis) (Figure 3B).  

To independently validate this result, we utilized a
lentiviral shRNA system to knock down ALDH1A2 and
analyzed the number of annexin-V-positive cells, which is
another means to detect apoptosis. The result confirmed
that depletion of ALDH1A2 induced apoptosis in multiple
TAL1/ALDH1A2-positive T-ALL cell lines but not in the
negative cell lines (Figure 3C). Consistently, cell viability
was reduced after the shRNA knockdown of ALDH1A2 in
an ALDH1A2-positive cell line (Jurkat) (Figure 3D).
Conversely, forced expression of ALDH1A2 in an
ALDH1A2-negative T-ALL cell line (DND-41) increased
cell viability (Figure 3E).  

WIN 18,446 is reported to be a pan-ALDH1A inhibitor.30

It has been shown to strongly inhibit the enzymatic activ-
ity of ALDH1A2 both in vitro and in vivo.31,32 Since
ALDH1A2 is the only member of the ALDH1A family of
genes expressed in T-ALL (Online Supplementary Figure
S3A), we tested the effect of WIN 18,446 on cell viability
of several T-ALL cell lines. Strikingly, two
TAL1/ALDH1A2-positive cell lines (Jurkat and RPMI-8402)
were more sensitive to this small-molecule inhibitor than
two TAL1/ALDH1A2-negative cell lines (KOPT-K1 and
DND-41) (Figure 3F, Online Supplementary Figure S3B).
These results indicate that the expression of ALDH1A2 is
associated with the viability and survival of T-ALL cells.
This phenotype was not rescued by the addition of all-
trans retinoic acid (Online Supplementary Figure S3C), thus
suggesting that this mechanism is likely independent of
the amount of retinoic acid produced.

ALDH1A2 affects metabolic pathways in T-cell acute
lymphoblastic leukemia cells

We next investigated the molecular mechanisms by
which ALDH1A2 supports cell viability and prevents
apoptosis. We performed global gene expression profiling
by RNA-sequencing after sgRNA-mediated ALDH1A2
depletion. We selected genes that were significantly
downregulated (n=96) or upregulated (n=19) in the
ALDH1A2-depleted samples compared to the control sam-
ples (Figure 4A, Online Supplementary Figure S4A, Online
Supplementary Table S2). Interestingly, the downregulated
genes included a number of metabolic enzymes and trans-
porters involved in the glycolysis pathway (yellow, Figure
4A and B, Online Supplementary Figure 4B and C). In con-
trast, several enzymes involved in amino acid metabolism,
such as ASS1 and ASNS, were upregulated after
ALDH1A2 depletion (Figure 4A, Online Supplementary
Figure S4A). The result was validated for each enzyme
individually by qRT-PCR (Online Supplementary Figure
S4D).

This finding prompted us to analyze the metabolic state
of the T-ALL cells. We performed a capillary electrophore-
sis time-of-flight mass spectrometry analysis to measure
the relative levels of 200 metabolites involved in the major
metabolomics pathways after depletion of ALDH1A2 in
Jurkat cells (Figure 4C). Strikingly, ALDH1A2 depletion
resulted in a reduction in the intermediate metabolites
involved in the glycolysis pathway (pink). Suppressed glu-
cose metabolism was accompanied by a reduction in
acetyl-CoA (yellow), which is one of the key carbon
sources that drive the TCA cycle. We also observed a
reduction in citric acid, cis-aconitic acid and isocitric acid
(yellow), likely due to the deceased integration of glycoly-
sis-derived acetyl-CoA into the TCA cycle.  

It is noteworthy that the levels of metabolites derived

Roles of ALDH in T-ALL

haematologica | 2021; 106(6) 1549



C. Zhang et al.

1550 haematologica | 2021; 106(6)

Figure 2. The short isoform of ALDH1A2 has enzymatic activity and is localized in the cytoplasm. (A) Protein domains of the ALDH1A2. NAD+ binding site, homote-
tramer interface and catalytic residues are indicated individually by blue triangles. The truncated short isoform lacks 96 amino acids at the N-terminus. The deleted
tetramer interface of the short isoform is marked with a red block. (B) The crystal structure of the homotetrameric ALDH1A2 long isoform (PDB: 4X2Q) is presented
as a cartoon model generated by PyMOL. Each monomer is colored in a different shade of green. Within a monomer, the region absent in the short isoform is colored
blue. (C) A scheme showing the in vitro enzymatic assay. The enzymatic activity of each isoform was evaluated by the velocity of the kinetics curve (see Online
Supplementary Figure S3B). Error bars represent the standard deviation for technical replicates. *P<0.05 using the two-tailed Student t test. (D) Confocal images
showing the cellular localization of the endogenous EGFP-fused ALDH1A2 proteins in Jurkat and K562 cells. Hoechst and Mitotracker staining evidence the nucleus
and mitochondria, respectively.  
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Figure 3. ALDH1A2 supports leukemia cell survival in T-cell acute lym-
phoblastic leukemia cells. (A) A scheme of the doxycycline (Dox)-inducible
sgRNA-guided dCas9-KRAB system (left). Two independent sgRNA targeting
the ALDH1A2 regulatory element (sgRNA #1 and #2) were induced by Dox
treatment. Control cells were treated with the vehicle (dimethylsulfoxide,
DMSO). (B) Western blot analysis showing protein expression of ALDH1A2,
PARP, caspase 3 and α-tubulin in Jurkat cells at 48-96 hours after Dox treat-
ment. (C) The apoptotic cell population (%) was determined based on the
number of annexin V-positive and propidium iodide-negative cells in multiple
T-cell acute lymphoblastic leukemia (T-ALL) cell lines on day 5 after the trans-
duction of lentiviral shRNA targeting ALDH1A2 or GFP (negative control). Error
bars represent the standard deviation (SD) for technical replicates. *P<0.05,
**P<0.01 using the two-tailed Student t-test. (D) Cell viability was measured
by a CellTiter Glo assay on day 4 after shRNA knockdown of ALDH1A2 in
Jurkat cells. Error bars represent the SD for technical replicates. ***P<0.001
using the two-tailed Student t-test. (E) Cell viability was measured by a
CellTiter Glo assay on day 4 after the induction of ALDH1A2 expression by Dox
treatment in DND-41 cells. Error bars represent the SD for technical repli-
cates. *P<0.05 using the two-tailed Student t-test. (F) Cell viability was meas-
ured by CellTiter Glo assays on day 7 after treatment with WIN 18,446 at dif-
ferent doses in two TAL1/ALDH1A2-positive (Jurkat and RPMI-8402) and two
TAL1/ALDH1A2-negative (KOPT-K1 and DND-41) T-ALL cell lines. Nonlinear
regression fit curves are shown. Error bars represent the standard error of the
mean for technical replicates. 
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from 2-oxoglutarate in the TCA cycle were not affected
(blue). This finding suggests that the TCA cycle, sup-
pressed by the loss of ALDH1A2, might be supplemented
by glutaminolysis through which external glutamine is
converted into 2-oxoglutarate. Glutamine has been report-
ed to be the major carbon source for T-ALL cells with acti-
vated NOTCH1.33,34 Indeed, depletion of glutamine in cul-
ture media induced apoptosis, which was further
increased by ALDH1A2 depletion after 24 h of doxycy-
cline treatment (Online Supplementary Figure S4E and F). In
the presence of glutamine, ALDH1A2 depletion alone did
not induce apoptosis before 48 h of induction (Figure 3B,
Online Supplementary Figure S4E and F). Thus, these results
suggest that external glutamine might be used to replenish
downstream metabolites to maintain the TCA cycle in the
absence of ALDH1A2, and that ALDH1A2 and gluta-
minolysis pathways may compensate each other.  

ALDH1A2 supports cellular aerobic glycolysis and energy
production in T-cell acute lymphoblastic leukemia cells

Our results suggest that ALDH1A2 directly or indirectly
affects major metabolic pathways. In particular, aerobic
glycolysis is a hallmark of cancer metabolism and has also
been reported to be activated in T-ALL cells.35 Because
metabolic profiling can represent only the static state, we
then analyzed the dynamic state of these pathways after
ALDH1A2 depletion using the Seahorse XF24 platform.

We first measured the extracellular acidification rate
(ECAR), which is an indicator of lactic acid fermentation
and thus reflects the activity of glycolysis. We incubated
the cells under conditions of glucose starvation, added glu-
cose, and then measured the ECAR in both the control and
ALDH1A2-depleted cells. Strikingly, ALDH1A2 depletion
inhibited aerobic glycolysis, as shown by the reduction of
the baseline ECAR (“glycolysis” in Figure 5A). This trend
was more significant upon the addition of oligomycin,
which is an inhibitor of complex V in the electron transport
chain and thus maximizes cellular aerobic glycolysis by
disturbing mitochondrial respiration (“glycolytic capaci-
ty”). Treatment with 2-deoxy-D-glucose, which competi-
tively inhibits the production of glucose-6-phosphate from
glucose, completely abolished these activities in both con-
trol and ALDH1A2-depleted cells (“glycolytic reserve”),
indicating that the effect of ALDH1A2 is glucose-depen-
dent. These results demonstrated that the expression of
ALDH1A2 promotes cellular glycolysis and contributes to
the maintenance of metabolome plasticity by increasing
cellular glycolytic capacity in T-ALL cells.

Because ALDH1A2 affects glycolysis and the TCA
cycle, which are the major sources of energy production,
we also analyzed the effect of ALDH1A2 depletion on
oxidative phosphorylation in mitochondria. We measured
the oxygen consumption rate to determine changes in the
level of oxidative phosphorylation-dependent ATP gener-
ation. As expected, the basal respiration level was

decreased after ALDH1A2 depletion (Figure 5B). To further
support this finding, we analyzed the ratio of
NAD+/NADH and the amount of ATP in the same setting.
Consistently, depletion of ALDH1A2 increased the ratio of
NAD+/NADH, thus preventing NADH production (Figure
5C). ATP production normalized by the number of cells
was also decreased by ALDH1A2 depletion (Figure 5D).
Furthermore, in the cells cultured in glucose-free medium,
ALDH1A2 depletion inhibited ATP production more
strongly than it did in the control cells (Online
Supplementary Figure S5A). These results indicate that
ALDH1A2 supports energy production, which explains
the cell phenotype after ALDH1A2 depletion.

ALDH1A2 reduces the level of reactive oxygen species
in T-cell acute lymphoblastic leukemia cells

A high level of oxidative phosphorylation in mitochon-
dria has been known to produce oxidative stress such as
reactive oxygen species (ROS). On the other hand, previ-
ous studies provided evidence that ALDH family proteins
help to alleviate intracellular ROS.36-38 The underlying
mechanism is attributable to the ability of these proteins
to clear cellular aldehydes, which are known ROS induc-
ers.39-41 Thus, we next measured the total level of intracel-
lular ROS after depletion of ALDH1A2 in Jurkat cells using
three different settings (sgRNA, shRNA and a small-mole-
cule inhibitor).  

Strikingly, genetic inhibition with shRNA (Figure 6A) or
sgRNA (Figure 6B) resulted in significant increases in ROS
levels. Similarly, treatment with WIN 18,446 increased
the level of ROS in Jurkat cells (Figure 6C) as well as in
primary leukemia cells that were harvested from a
patient-derived xenograft mouse model (Figure 6D), both
of which expressed only the short isoform of ALDH1A2
(Online Supplementary Figure S6A). Conversely, overex-
pression of the short isoform of ALDH1A2 reduced the
level of ROS (Figure 6E). Furthermore, treatment with N-
acetyl cysteine, an antioxidant, was able to reduce the
ROS level after ALDH1A2 depletion in Jurkat cells (Online
Supplementary Figure S6B). Importantly, in the setting of
sgRNA knockout, ROS was increased at 48 h after doxy-
cycline treatment (Figure 6B) before the induction of
apoptosis was observed (Figure 3B). This suggests that
accumulation of ROS could be a cause of apoptosis but
not a consequence of cell death. These results indicate
that although ALDH1A2 supports energy production,
which potentially increases oxidative stress, it more pre-
dominantly plays a role protecting against the production
of ROS and thus supports cell survival, which also
explains the phenotype after ALDH1A2 depletion. Of
note, N-acetyl cysteine treatment did not restore cell via-
bility after ALDH1A2 depletion (data not shown), suggest-
ing that the cell viability phenotype was mainly attribut-
able to the maintenance of glycolysis and energy produc-
tion.    

Roles of ALDH in T-ALL
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Figure 4. ALDH1A2 affects metabolic pathways in T-cell acute lymphoblastic leukemia cells. (A) sgRNA #1 was introduced into Jurkat cells by doxycycline (Dox)
treatment for 72 h in duplicate (dup 1 and dup 2). Differentially expressed genes were selected based on the following criteria: P<0.05, log2 fold change < -0.4 or
>0.4, and mean transcript per million (TPM) value of the control >250. Heatmap image showing relative mRNA expression levels of the differentially expressed genes
in the control (Dox-) and ALDH1A2-depleted cells (Dox+). The genes involved in the glycolysis pathway are highlighted. (B) A scheme showing the metabolic enzymes
involved in the glycolysis pathway. The genes significantly downregulated by ALDH1A2 depletion are highlighted. (C) ALDH1A2 expression was depleted in Jurkat
cells by Dox-inducible sgRNA-mediated transcriptional repression in biological duplicates. Downregulation of ALDH1A2 mRNA expression was confirmed by quanti-
tative reverse transcription polymerase chain reaction. ***P<0.001 using the two-tailed Student t test. Relative amounts of the metabolites in the glycolysis pathway
and the tricarboxylic acid cycle were measured by capillary electrophoresis time-of-flight mass spectrometry in the control cells (blue) and the ALDH1A2-depleted
cell samples (red). Error bars represent the standard deviation for biological replicates.  



ALDH1A2 overexpression accelerates tumorigenesis in a
zebrafish model of T-cell acute lymphoblastic leukemia

Finally, we investigated the effect of ALDH1A2 overex-
pression on tumorigenesis in vivo using a zebrafish model.
We overexpressed the short isoform of the human
ALDH1A2 gene with a fluorescent marker (mCherry)
under the rag2 promoter in lymphocytes (Online
Supplementary Figure S7A). We confirmed that transgenes
were successfully integrated into the genome (Online
Supplementary Figure S7B) and mCherry was expressed in
the thymus (Online Supplementary Figure S7C). We then
sorted mCherry-positive cells from the ALDH1A2-trans-
genic and control fish and measured the ROS levels.
Strikingly, the ROS level was significantly lower in the

ALDH1A2-transgenic fish than in the control fish (Figure
7A), supporting our results in cell lines.  

We next monitored tumor development using off-
springs from one of the established founder lines.
However, we did not observe any spontaneous tumor
development in the ALDH1A2 single transgenic fish
(Online Supplementary Figure S7C). Hence, we then cross-
bred this line with a transgenic line overexpressing a
myristoylated, constitutively active mouse Akt2 gene (myr-
mAkt2) which can cause T-ALL22 (Online Supplementary
Figure S7B). Interestingly, overall penetrance was signifi-
cantly increased up to 60% and tumor onset was slightly
accelerated in the double transgenic animals as compared
to the myr-mAkt2 single transgenic animals (Figure 7B,
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Figure 5. ALDH1A2 supports cellular aerobic glycolysis and energy
production in T-cell acute lymphoblastic leukemia cells. (A) Real-
time curves showing the normalized extracellular acidification rate
(ECAR) readings for the control (blue) and ALDH1A2-depleted (red)
cell samples. Bar graphs with normalized ECAR showing the changes
in glycolysis, glycolytic capacity and glycolytic reserve after ALDH1A2
depletion. (B) Real-time curves showing the normalized oxygen con-
sumption rate (OCR) readings for the control (blue) and ALDH1A2-
depleted (red) cell samples. Bar graphs with normalized OCR show-
ing the changes in basal respiration and ATP production after
ALDH1A2 depletion. (C) Quantification of the NADH to NAD+ ratio
after ALDH1A2 depletion. (D) Quantification of the ATP levels after
ALDH1A2 depletion. All error bars represent the standard deviation
for technical replicates. **P<0.01, ***P<0.001, ****P<0.0001
using the two-tailed Student t test.
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Online Supplementary Figure S7D). These results indicate
that although overexpression of ALDH1A2 alone does not
have oncogenic capability, it can promote T-cell leukemo-
genesis induced by a driver oncogene.

Discussion

ALDH1A2 is one of the first reported downstream targets
of TAL1 in T-ALL cells. Using the subtractive PCR method,

Ono et al. isolated ALDH1A2 in T-ALL cell lines that co-
expressed TAL1, LMO and GATA3.12 Our ChIP-sequencing
and RNA-sequencing experiments also demonstrated that
ALDH1A2 is directly activated by the TAL1 complex via an
intronic regulatory element in T-ALL cells. The short iso-
form of ALDH1A2 is specifically expressed in T-ALL cells.
Importantly, ALDH1A2 expression is highly specific to T-
ALL cells, mostly to the TAL1-positive subgroup. Thus,
using a novel approach, our studies reconfirmed that
ALDH1A2 is a signature gene of TAL1-positive T-ALL.

Roles of ALDH in T-ALL
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Figure 6. ALDH1A2 reduces the levels of reactive oxygen species in T-cell acute lymphoblastic leukemia cells. (A, B) Total reactive oxygen species (ROS) levels were
measured by flow cytometry analysis using CellROX staining at 72 h after shRNA-mediated ALDH1A2 depletion (A) or at 48 h after sgRNA-mediated ALDH1A2 deple-
tion (B) in Jurkat cells. (C, D) Total ROS levels were measured by flow cytometry analysis using CellROX staining at 72 h after treatment with WIN 18,446 of Jurkat
cells (C) or primary T-cell acute lymphoblastic leukemia cells harvested from a patient-derived xenograft model (D). (E) Jurkat cells were transduced with ALDH1A2
cDNA or an empty vector by MSCV retrovirus infection. The level of expression of the short isoform of ALDH1A2 in established Jurkat single clones was measured
by western blot. MIG-ALDH1A2 #10, #12 and #18 were selected as the overexpressing clones, and they expressed different levels of ALDH1A2. MIG-EV #14 was
selected as the control. Total ROS levels were measured by flow cytometry analysis using CellROX staining and are reported as mean fluorescence intensity (MFI).
Error bars represent the standard deviation for biological replicates.  ***P<0.001 using the two-tailed Student t test.
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However, the molecular functions and roles of
ALDH1A2 in the pathogenesis of T-ALL had not been
elucidated previously. Here, we first experimentally
proved that the T-ALL-specific isoform possesses an
enzymatic activity that catalyzes retinaldehyde to
retinoic acid with the production of NADH. Thus, the
main mechanism involving this protein is characterized
by ectopic expression through the activation of an alter-
native promoter bound by TAL1 rather than the expres-
sion of a dominant-negative protein or a loss of function.
Additionally, we showed that this protein can reduce
ROS levels and support energy production in T-ALL cells.
Although the direct mechanism by which ALDH1A2 pro-
motes the glycolysis pathway remains unelucidated, one
possibility is that the high levels of NADH caused by
ALDH1A2 overexpression might lead to pseudo-hypoxic

conditions that upregulate the expression of metabolic
enzymes. Alternatively, the reduction in ROS level might
lead to upregulation of metabolic enzymes. Further inves-
tigation is needed.

In malignant cells, regulation of ROS and metabolic
state is crucial to maintain cell proliferation and survival.
Although it has been reported that ROS can promote the
proliferation and survival of T-ALL cells,42 it is main-
tained at low levels in the T-ALL leukemia-initiating cells
in a mouse model.43 It is also noteworthy that, in more
than 50% of the TAL1-positive T-ALL cases, genetic
abnormalities in the PI3K-AKT pathway and the
NOTCH1-MYC pathway have been observed,4,8-11,44 and
these pathways can promote several metabolic process-
es.45 In particular, MYC has been known to promote glu-
taminolysis. Metabolic dependence on the TCA cycle
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Figure 7. ALDH1A2 overexpression accelerates tumorigenesis in a zebrafish model. (A) Total reactive oxygen species levels in the mCherry-positive cells from the
control and ALDH1A2-transgenic zebrafish were measured by flow cytometry and shown by mean fluorescent intensity as the fold-change compared to control cell
samples. (B) Tumor development (lymphoma-like and leukemia-like phenotypes) in the single and double transgenic zebrafish was recorded according to the criteria
defined by Langenau et al.50 Tumor onset and penetrance were evaluated by Kaplan-Meier curve analysis. *P<0.05 using the Gehan-Breslow-Wilcoxon test.  

Figure 8. Scheme showing the oncorequisite role of ALDH1A2 for full transformation of T-cell acute lymphoblastic leukemia.
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has also been reported in the Myc-induced zebrafish T-
ALL model.46 However, hypermetabolic and hyperprolif-
erative states often induce ROS production through the
upregulation of mitochondrial bioenergetics. Hence,
malignant cells may need to balance the ROS level
depending on their state of proliferation. Thus,
ALDH1A2 expression may be ideal for leukemic or pre-
leukemic clones to protect cells from ROS production
and further promote metabolism (Figure 8).  

Genetic abnormalities in T-ALL can be classified into
“type A” and “type B” abnormalities. The former refer to
abnormal expression of transcription factor genes, such as
TAL1, that delineate distinct molecular pathways, which
are more prevalent in one subgroup than others.4,47-49 The
latter refer to oncogenic pathways that are commonly
observed across different subgroups of T-ALL, for exam-
ple, PI3K-AKT and NOTCH1-MYC.2,48,49 Considering the
high occurrence of ALDH1A2 expression with PI3K-AKT
and NOTCH1-MYC abnormalities in the TAL1-positive
subgroup, these pathways may compensate for each
other and synergize, which would lead to further increas-
es in cell proliferation and metabolism. ALDH1A2 expres-
sion may be advantageous as a preceding event that
serves as a “requisite” before the cells activate other onco-
genic pathways, making it an “oncorequisite”. 
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Early recognition of Philadelphia-like (Ph-like) acute lymphoblastic
leukemia (ALL) cases could impact on the management and outcome
of this subset of B-lineage ALL. In order to assess the prognostic value

of the Ph-like status in a pediatric-inspired, minimal residual disease (MRD)-
driven trial, we screened 88 B-lineage ALL cases negative for major fusion
genes (BCR-ABL1, ETV6-RUNX1, TCF3-PBX1 and KTM2Ar) enrolled in the
GIMEMA LAL1913 front-line protocol for adult BCR/ABL1-negative ALL.
The screening - performed using the “BCR/ABL1-like predictor” - identified
28 Ph-like cases (31.8%), characterized by CRLF2 overexpression (35.7%),
JAK/STAT pathway mutations (33.3%), IKZF1 (63.6%), BTG1 (50%) and
EBF1 (27.3%) deletions, and rearrangements targeting tyrosine kinases or
CRLF2 (40%). The correlation with outcome highlighted that: i) the com-
plete remission rate was significantly lower in Ph-like compared to non-Ph-
like cases (74.1% vs. 91.5%, P=0.044); ii) at time point 2, decisional for trans-
plant allocation, 52.9% of Ph-like cases versus 20% of non-Ph-like were
MRD-positive (P=0.025); iii) the Ph-like profile was the only parameter asso-
ciated with a higher risk of being MRD-positive at time point 2 (P=0.014);
iv) at 24 months, Ph-like patients had a significantly inferior event-free and
disease-free survival compared to non-Ph-like patients (33.5% vs. 66.2%,
P=0.005 and 45.5% vs. 72.3%, P=0.062, respectively). This study documents
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that Ph-like patients have a lower complete remission rate, event-free survival and disease-free survival, as
well as a greater MRD persistence also in a pediatric-oriented and MRD-driven adult ALL protocol, thus rein-
forcing that the early recognition of Ph-like ALL patients at diagnosis is crucial to refine risk-stratification and
to optimize therapeutic strategies. Clinicaltrials gov. Identifier: 02067143.  

Introduction

Philadelphia-like (Ph-like) acute lymphoblastic leukemia
(ALL) accounts for 15-30% of B-lineage ALL, with an
increasing incidence starting from adolescence. The grow-
ing interest in this subgroup of ALL arises from the distinc-
tive gene expression profile - that resembles that of the
true Ph-positive cases - and by the unfavorable clinical
outcome.1,2 In-depth and large-scale genetic characteriza-
tion has shown that the majority of Ph-like ALL cases
carry fusion genes involving tyrosine kinases (i.e., ABL-
class and JAK2 rearrangements), or cytokine receptor
rearrangements (i.e., P2RY8/CRLF2 and IGH/CRLF2), fre-
quently associated with mutations of the JAK/STAT path-
way genes.3-5 Among the other co-operating events, a rele-
vant role is played by IKZF1 deletions present in about
70% of cases.4-7 The possibility of recognizing these cases
at diagnosis has important prognostic implications and
would also pave the way to testing tyrosine kinase
inhibitors (TKI) and other targeted therapeutic approaches
that have proven successful in pre-clinical models and in
vivo in a few relapsed patients.3,8-12 So far, several strate-
gies13-15 have been reported in an attempt to identify Ph-
like cases, but none of them is deemed as the gold stan-
dard for the diagnostic work-up of these patients. To this
end, our group recently reported a predictive tool called
“BCR/ABL1-like predictor” based on the levels of expres-
sion of nine genes together with CRLF2 transcript quan-
tification.7 From a clinical standpoint, Ph-like patients are
characterized by a worse outcome which is due to an infe-
rior response to induction therapy, a higher incidence of
relapses and lower survival.1,2,4 Since minimal residual dis-
ease (MRD) is considered today the most important prog-
nostic factor in ALL, the role of the Ph-like status has been
investigated in the context of MRD-driven protocols, with
contradicting results. Roberts and colleagues reported in a
pediatric cohort that Ph-like patients, though displaying
higher MRD levels at the end of induction, had a survival
probability similar to that of non-Ph-like childhood ALL
when treated with intensive therapies.16 Opposite results
were obtained by Heatley et al.14 who demonstrated that,
despite a risk-adjusted treatment approach, a high rate of
relapse was recorded among children who were retrospec-
tively identified as Ph-like. In adolescents and young
adults, the results of the CALGB10403 trial, based on a
pediatric inspired regimen, have shown that parameters
associated with inferior survival rates were indeed repre-
sented by the Ph-like signature and obesity.17 In adult
cohorts, all reported studies so far agree on a shorter sur-
vival likelihood for Ph-like ALL compared to non-Ph-like
patients.5-7,18,19 However, the data are still insufficient to
elucidate whether intensive treatments are capable of
abolishing the negative impact of the Ph-like status on
prognosis: conflicting results have been reported in the
studies by Jain et al.20 and Herold et al.6 Likewise, the role
of the Ph-like status in the context of MRD-driven clinical
trials is still unclear, since the data produced by the

German study group were derived from a small cohort of
patients.6

In order to clarify these aspects, we hereby evaluated
the incidence and clinical-biologial features of Ph-like
cases - identified using the BCR/ABL1-like predictor7 - and
the prognostic role of the Ph-like profile in terms of com-
plete remission (CR) achievement, MRD persistence and
survival in a cohort of adult ALL patients homogeneously
and intensively treated in the pediatric-oriented, MRD-
driven LAL1913 GIMEMA front-line protocol for adult Ph-
negative ALL.

Methods

Study population and experimental strategy
This study included B-lineage ALL patients negative for major

molecular aberrations (BCR/ABL1, KT2MA and TCF3/PBX1, B-
NEG) enrolled in the GIMEMA LAL1913 front-line clinical trial
(clinicaltrials  gov. Identifier: 02067143; Online Supplementary
Figure S1) - designed for Ph-negative ALL patients aged 18-65
years - based on a pediatric-oriented backbone, in which Peg-
asparaginase was administered instead of asparaginase, and on a
MRD-driven transplant allocation;20 MRD time-points and MRD
analysis are detailed in the Online Supplementary Materials and
Methods. The EC study number approval is 5629.

Diagnostic bone marrow samples were available from 105
patients (median age 38.7 years, range, 18.2-64.7). Baseline
patients’ characteristics are summarized in the Online
Supplementary Table S1; there were no differences in clinical-
biologial features between our cohort and the remaining popu-
lation enrolled in the protocol (Online Supplementary Table S2).
All cases underwent  centralized molecular screening: i) the
“BCR/ABL1-like predictor” assay, ii) sequencing of the JAK/STAT
and RAS cascades by next-generation sequencing (NGS), iii)
Multiplex Ligation-dependent Probe Amplification (MLPA), iv)
targeted RNA sequencing. In 17 cases, the BCR/ABL1-like pre-
dictor was not feasible due to lack of RNA (Online Supplementary
Table S3; Online Supplementary Figure S2).

BCR/ABL1-like predictor
In order to detect the Ph-like cases, we applied the

“BCR/ABL1-like predictor”7 to 88 patients (Online Supplementary
Materials and Methods).

Screening of recurrent mutations and deletions
The members of the JAK/STAT (JAK1, JAK2, JAK3, IL7R and

CRLF2) and RAS (FLT3, NRAS, KRAS and PTPN11) pathways
(181 amplicons) were sequenced by NGS (Online Supplementary
Materials and Methods).

NGS experiments were performed in 91 cases (74 in common
with the BCR/ABL1-like predictor analysis - 24 Ph-like and 50
non-Ph-like ALL cases -, Online Supplementary Materials and
Methods and Table 3). Variants recognized as single nucleotide
polymorphisms (SNP) were excluded, unless of prognostic value
or previously reported in Ph-like ALL.21 

Recurrent deletions (IKZF1, CDKN2A/2B, PAX5, EBF1, BTG1,



RB1, ETV6 and CRLF2) were screened in 87 samples (70 in com-
mon with the BCR/ABL1-like predictor analysis - 22 Ph-like and
48 non-Ph-like ALL cases -, Online Supplementary Table S3), by
the Salsa MLPA P335 ALL-IKZF1 kit (MRC-Holland,
Amsterdam, the Netherlands) and analyzed according to the
Coffalyser manual.22 P2RY8/CRLF2 was inferred when a deletion
within the PAR1 region was documented. Samples were defined
IKZF1+ CDKN2A/2B and/or PAX5 when IKZF1 deletion co-
occurred with CDKN2A/2B and/or PAX5 deletions.23

Targeted RNA-sequencing and FISH analysis 
In order to detect fusion genes, libraries were prepared using

the TruSight RNA Pan-Cancer Panel (Illumina, San Diego, CA)
kit, targeting 1385 cancer- genes (Online Supplementary Materials
and Methods).

Double-color fluorescence in situ hybridization (FISH) studies
were performed in 20 B-ALL, 13 Ph-like and seven non-Ph-like
with high levels of CRLF2 expression (Online Supplementary
Materials and Methods). 

Overall, 85 cases were screened (25 Ph-like and 60 non-Ph-like
ALL cases, Online Supplementary Table S3).

Statistical analyses
Patients’ characteristics were compared by chi-squared or

Fisher’s exact test for categorical variables and Wilcoxon test for
continuous data. Overall survival (OS), disease-free survival
(DFS) and event-free survival (EFS) were estimated by the
Kaplan-Meier product-limit and compared by log-rank test. OS
was defined as the time between the date of diagnosis and death
for any cause; patients still alive were censored at the time of the
last follow-up. DFS was defined as the time between the evalu-
ation of CR - after the induction phase - and relapse or death in
CR; patients still alive in first CR, were censored at the time of
the last follow-up. Finally, EFS was defined as the time between
diagnosis and non-achievement of CR in the induction phase,
relapse or death in CR, whichever occurred first; patients still
alive, in first CR, were censored at the time of the last follow-
up.

Multivariate analysis was performed with the Cox propor-
tional hazards regression model to adjust the effect of
BCR/ABL1-like predictor for clinically relevant parameters (age,
white blood cell [WBC] count, hemoglobin [Hb] level, platelet
count, sex and allogeneic transplant  [HSCT] and for genetic
aberrations impacting on prognosis [IKZF1+ CDKN2A/2B
and/or PAX5, K/NRAS clonal mutations, JAK/STAT clonal muta-
tions].21,22 All tests were 2-sided, accepting P<0.05 as statistically

significant. All analyses relied on the SAS v9.4 software. Study
data were collected and managed using REDCap24 electronic
data capture tools hosted at the GIMEMA Foundation.

Results

Incidence and clinical features of Ph-like acute 
lymphoblastic leukemia

We identified 28 (31.8%) Ph-like cases with a median
score of 0.85 (range, -0.18 to 6.37); the remaining 60 cases
had a median score equal to -1.24 (range, -1.7 to -0.33).
Overall, the clinical features (age, sex, WBC and platelet
counts) at diagnosis of Ph-like and of non-Ph-like cases
were similar. Ph-like patients had lower Hb levels
(P=0.016), as detailed in Table 1. The incidence of Ph-like
ALL cases was slightly higher in adults (≥36 years) than in
young adults (18-35 years), being 36.2% (17 of 47) and
26.8% (11 of 41), respectively. As per clinical protocol
guidelines, only 45% of Ph-like cases were assigned to
the high-risk category. 

Genetic features of Ph-like acute lymphoblastic
leukemia cases

The identified Ph-like cases were evaluated for the fol-
lowing genetic features: CRLF2 expression levels (n=28),
JAK/STAT and RAS pathways mutations (n=24), CNA
aberrations (n=22) and fusion genes (n=23), the latter
either by RNA-sequencing and/or FISH. A CRLF2 overex-
pression, defined as ΔCt <8,25 was found in 10 of 28 Ph-
like cases (35.7%). Among the CRLF2-high cases with a
ΔCt value <4.5, we observed that three harbored a CRLF2
rearrangement, with one displaying a concomitant F232C
CRLF2 mutation. Of the remaining seven CRLF2-high
cases, three had a concomitant rearrangement (two ABL-
class and one DDX3X/USP9X), one displayed a JAK1 and
RAS mutation, and in two cases the mutational screening
could not be performed due to lack of genomic material;
finally, in one case no additional lesions were detected.
Among the 24 Ph-like cases analyzed for the mutational
status, we detected a total of 13 JAK/STAT pathway
mutations - nine clonal and four subclonal - in eight cases
(33.3%). Despite a high heterogeneity among samples,
the most frequently mutated genes were JAK1 - affected
by five mutations mainly targeting the hotspot V658 -
and JAK2 - affected by three mutations focused in the
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Table 1. Comparison between Philadelphia-like (Ph-like) and non-Ph-like clinical features.
                                                                            Ph-like                                            non-Ph-like                                             P

N                                                                                              28                                                                   60                                                                  
Age, median (range)                                           42.24 (18.18-64.53)                                     34.52 (18.23-64.59)                                                ns
Wbc x109/L, median (range)                                  3.34 (0.23-347)                                              5.74 (1-75.5)                                                      ns
Hb g/dL, median (range)                                      8.70 (3.70-13.00)                                         9.75 (5.00-15.70)                                                0.034
Plt x109/L, median (range)                                      40 (1.23-399)                                              66.5 (7.5- 630)                                                    ns
Sex, N (%)                                                                                                                                                                                                                          

M                                                                                   19 (67.9%)                                                    34 (56.7%)                                                        ns
F                                                                                      9 (32.1%)                                                     26 (43.3%)                                                          

Risk category, N (%)                                                                                                                                                                                                        
Standard risk                                                                14 (56%)                                                       34 (63%)                                                         ns
No Standard risk                                                         11 (44%)                                                       20 (37%)                                                           

Ph-like: Philadelphia-like; N: number; WBC: while blood cell; Plt: platelet; M. male; F: female; ns: not significant.



hotspot R683. IL7R and CRLF2 were mutated in two sam-
ples, while JAK3 only in one. Furthermore, six of the eight
mutated samples (75%) displayed a concomitant CRLF2
overexpression. Nine RAS pathway mutations - only one
being clonal - were found in six patients (25%). The most
frequent mutations (n=5) involved the hotspot G12-13 of
KRAS and NRAS. CNA analysis in Ph-like cases revealed
IKZF1, BTG1, CDKN2A/2B, PAX5 and EBF1 deletions in
14 (63.6%), 11 (50%), seven (31.8%), seven (31.8%) and
six (27.3%) cases, respectively. Furthermore, IKZF1 +
CDKN2A/2B and PAX5 deletions, known to confer a very
poor outcome, were identified in 10 cases (45.5%).
Finally, RNA-sequencing and/or FISH experiments of the
Ph-like ALL cases revealed 11 TK activating lesions
(47.8%): five ABL-class fusion genes (three
NUP214/ABL1, one ZC3HAV1/ABL2 and one
EBF1/PDGFRB), two BCR/JAK2, three CRLF2-r and 1
DDX3X/USP9X, the latter known to be associated with
CRLF2 deregulation.26 

Overall, Ph-like associated lesions were identified in
70.8% (17 of 24) of cases and are summarized in Table 2.

When the genetic landscape of Ph-like ALL was com-
pared to that of the non-Ph-like cases, significant differ-
ences emerged. As shown in Table 3, CRLF2-high was
significantly more frequent in Ph-like ALL (35.7% vs.
13.3%, P=0.018). Similarly, clonal JAK/STAT mutations
were specific of the Ph-like subset (33.3% vs. 4%,
P=0.001), while RAS pathway clonal mutations were
more frequent in non-Ph-like than in Ph-like ALL cases
(46% vs. 4.2%, P=0.001). Coincidence analysis (CNA)
documented that IKZF1, EBF1 and BTG1 deletions were
significantly more common of the Ph-like than in the
non-Ph-like subset (63.6%, 50% and 27.3% vs. 25%,
7.8% and 2.1%, respectively; P=0.002, P<0.001 and
P=0.007); CDKN2A/2B and PAX5 deletions were equally
distributed among Ph-like and non-Ph-like cases (31.8%
vs. 47.9% and 31.8% vs. 22.9%, respectively).

The analysis of fusion genes, performed on a total of 85
patients, showed that rearrangements involving TK or
cytokine receptors were significantly higher in the Ph-like
cases with ten fusion genes involving either CRLF2 or a
TK compared to only one CRLF2-r case in the non-
BCR/ABL1-like cases (43.5% vs. 1.6%, P<0.001).

The genetic lesions documented in both the Ph-like and

non-Ph-like subgroups are detailed in the Online
Supplementary Table S3 and their distribution is provided
in Figure 1; further details on non-Ph-like ALL cases, as
well as on NGS coverage, are provided in the Online
Supplementary Results and Online Supplementary Table S5,
respectively.

Response to treatment, minimal residual disease 
evaluation and transplant allocation

The Ph-like status was significantly associated with
response to treatment: in fact, Ph-like patients had a sig-
nificantly inferior CR rate at time point 1 (TP1) compared
to non-Ph-like cases (74.1% vs. 91.5%, P=0.044, Table 4)
and this translated into a lower probability of CR
achievement (P=0.038, OR=0.265, 95% Confidence
Interval [CI]: 0.071-0.921, Online Supplementary Table S6).
The latter data retained statistical significance also in a
multivariate model adjusted for clinically relevant param-
eters, as well as for genetic lesions with a prognostic rel-
evance.

MRD evaluation - feasible in 64 patients at TP1, 62 at
TP2 and 49 at TP3 - showed that at TP1, 77.8% of Ph-like
cases and 41.3% of non-Ph-like were MRD-positive
(P=0.012); at TP2, 52.9% of Ph-like cases and 20% of
non-Ph-like were MRD-positive (P=0.025); similarly, at
TP3, 41.7% of Ph-like cases and 13.5% of non-Ph-like
cases were MRD-positive (P=0.05). These data, summa-
rized in Table 4, indicate that in the Ph-like patients there
is a significantly higher MRD persistence at all TP evalu-
ated compared to non-Ph-like cases. Consistently, the
univariate analyses for MRD results showed that - when
considering both clinically relevant parameters and genet-
ic prognostic markers - only the Ph-like status was a risk
factor for being MRD-positive at TP2 (P=0.014, OR=4.5,
95% CI:  1.373-15.508) (Table 5).

As a consequence, HSCT rate in first CR was signifi-
cantly higher (P=0.015) in Ph-like vs. non-Ph-like cases
(eight of 20 vs. 6 of 54, 40% vs. 11%, respectively), in line
with the guidelines of the trial, in which MRD persist-
ence was a criterion for HSCT allocation. Importantly,
among five MRD+ Ph-like patients who did not undergo
a transplant, four relapsed at a median period a 7.8
months from CR, whereas no relapses occurred in the
three MRD+ Ph-like patients undergoing HSCT.
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Figure 1. Distribution of the genetic lesions in the Philadelphia-like (Ph-like) and non-Ph-like cases study. Only the samples evaluated for the BCR/ABL1-like pre-
dictor and mutational status are depicted.



Survival analyses
Survival analyses at 24 months showed that Ph-like ALL

patients had a significantly inferior EFS than non-Ph-like
patients (33.5% vs. 66.2%, P=0.005); this difference was
also evident with regard to DFS (45.5% vs. 72.3%,
P=0.062), though to a lesser extent, as illustrated in Figure
2; OS was also investigated, and although not significant,
it was inferior in Ph-like ALL cases than in non-Ph-like
patients (48.5% vs. 72.9%, P=0.16, Online Supplementary
Figure S3). The lack of significance is most likely due to the
fact that a higher number of Ph-like patients, because of
persistent MRD positivity, underwent, as per protocol
guidelines, HSCT (40% vs. 11% in Ph-like vs. non-Ph-like
cases, respectively, P=0.015).

In a multivariate model for EFS, adjusting for relevant
clinical parameters - including HSCT, evaluated as a time

dependent covariate - and genetic prognostic markers, the
Ph-like profile, age and Hb levels were the only risk factors
that retained statistical significance (Table 6). Notably,
however, Ph-like patients undergoing an allogeneic trans-
plant showed a trend towards better EFS (P=0.078).

Discussion

The possibility of an early recognition of Ph-like ALL
patients offers the unprecedented opportunity to refine
the prognostic categories of Ph-negative ALL, and to bet-
ter understand the reasons for the poor outcome. In the
present study, we investigated a cohort of adult B-NEG
ALL patients enrolled in the front-line GIMEMA LAL1913
protocol,20 based on a pediatric-inspired backbone and in

Ph-like ALL correlates with MRD+ and outcome
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Table 2A. Genetic features of BCR/ABL1-like cases. BCR/ABL1-like BCR/ABL1 -like prediction, scoring, CRLF2 expression and mutational screening. 
Record ID            BCR/ABL1-like          Score                  CRLF2                   RAS                      RAS                 JAK/STAT             JAK/STAT
                                  prediction                                        expression             pathway               pathway               pathway               pathway
                                                                                                                         status           mutations (VAF)          status          mutations (VAF)

B-ALL_1                     BCR/ABL1-like                3.073                          Low                           WT                                                              WT                               
B-ALL_3                     BCR/ABL1-like                0.928                          Low                             M                FLT3_ITD (5.4%)               WT                               
B-ALL_4                     BCR/ABL1-like                0.347                          Low                           WT                                                              WT                               
B-ALL_7                     BCR/ABL1-like                1.216                         High                           WT                                                          M clonal   JAK1 DI630-631V (44.5%),
                                                                                                                                                                                                                                              JAK1 V658I (35.5%)
B-ALL_16                   BCR/ABL1-like                0.788                          Low                           WT                                                              WT                               
B-ALL_22                   BCR/ABL1-like                0.157                          Low                             M             FLT3_V491L (11.2%)            WT                               
B-ALL_26                   BCR/ABL1-like                3.128                         High                            M              NRAS_G13D (4.1%)        M clonal        JAK1_V658I (35.5%)
B-ALL_31                   BCR/ABL1-like                2.382                         High                           WT                                                          M clonal      CRLF2_F232C (46.8%)
B-ALL_32                   BCR/ABL1-like                5.720                          Low                           WT                                                              WT                               
B-ALL_34                   BCR/ABL1-like                0.725                          Low                             M           PTPN11_Y279 S (1.9%);         WT
                                                                                                                                                                        NRAS_G12D (2.6%); 
                                                                                                                                                                        KRAS_G12GG (5.2%)                                                 
B-ALL_36                   BCR/ABL1-like                0.205                         High                           WT                                                          M clonal       JAK2_R683G (43.9%)
B-ALL_37                   BCR/ABL1-like                0.386                          Low                           WT                                                              WT                               
B-ALL_41                   BCR/ABL1-like                0.726                          Low                             M              KRAS_G12A (4.4%);        M clonal      IL7R_INDEL (38.4%); 
                                                                                                                                                                       PTPN11 V194L (4.5%)                            JAK2_C618F (3.3%)
B-ALL_44                   BCR/ABL1-like                1.587                         High                           WT                                                              WT                               
B-ALL_45                   BCR/ABL1-like                0.262                          Low                           WT                                                          M clonal       JAK3_T21M (19.1%);
                                                                                                                                                                                                                                               JAK1_T688I (5.7%)
B-ALL_46                   BCR/ABL1-like                2.449                          Low                           WT                                                              WT                               
B-ALL_52                   BCR/ABL1-like                1.013                          Low                           WT                                                              WT                               
B-ALL_55                   BCR/ABL1-like                0.544                          Low                           WT                                                              WT                               
B-ALL_61                   BCR/ABL1-like                2.722                          Low                            NA                                                               NA                                
B-ALL_62                   BCR/ABL1-like                0.335                         High                           NA                                                               NA                                
B-ALL_64                   BCR/ABL1-like                -0.043                         Low                           WT                                                              WT                               
B-ALL_73                   BCR/ABL1-like                0.048                          Low                      M clonal       KRAS_G12D (35.9%)            WT                               
B-ALL_76                   BCR/ABL1-like                1.971                          Low                            NA                                                               NA                                
B-ALL_81                   BCR/ABL1-like                1.150                         High                           WT                                                              WT                               
B-ALL_92                   BCR/ABL1-like                -0.112                         High                           NA                                                               NA                                
B-ALL_96                   BCR/ABL1-like                6.371                         High                           WT                                                          M clonal       CRLF2_V136M (60%)
B-ALL_97                   BCR/ABL1-like                3.432                         High                           WT                                                          M clonal      JAK2_R683G (10.2%); 
                                                                                                                                                                                                                                             IL7R_S185C (18.1%); 
                                                                                                                                                                                                                                             JAK1_V658F (13.8%) 
B-ALL_100                 BCR/ABL1-like                -0.180                         Low                           WT                                                              WT                               

ALL: acute lymphoblastic leukemia; VAF: variant allele frequency, FISH: fluorescence in situ hybridization; RNA seq: RNA sequencing; WT: wild-type; NA: not analzyed.



which MRD quantification at week 10 is pivotal for trans-
plant allocation, in order to assess the prognostic impact of
the Ph-like status. In particular, we aimed at understand-
ing the interplay between the Ph-like status and MRD
response. Furthermore, we sought to analyze the clinical
and genetic features, the hematologic responses to treat-
ment and the outcome of the identified Ph-like ALL
patients.

The screening carried out using the BCR/ABL1-like pre-
dictor7 led to the identification of 28 Ph-like cases - repre-
senting 31.8% of the B-NEG cohort - with a slightly high-
er incidence in adults than in young adults. This finding is
in agreement with the recently reported data in other
adult cohorts and resembles the epidemiologic behavior of
“true Ph-positive” ALL.5,6,19 The comparison of the clinical-
biological features of Ph-like and non-Ph-like cases
revealed a substantial homogeneity in terms of WBC
count and sex distribution, as in the GMALL and the
MDACC clinical trials,6,19 and at variance from Roberts
and colleagues5 who reported that adult BCR/ABL1-like
patients have a higher WBC and are prevalently of male
sex. In children, an association with hyperleukocyotsis
has been described by Den Boer et al.1 and Reshmi et al.,27

the latter based on the COG AALL1131 high-risk cohort.

The association with male sex was documented in the
Total Therapy XV cohort.16 On the contrary, Roberts and
colleagues28 did not find significant differences in the WBC
count and sex in the standard-risk subset of childhood 
B-ALL patients enrolled in the COG AALL0331. In addi-
tion to the WBC count and sex, it is worth underlying that
in our study the population of Ph-like patients was allocat-
ed to both the standard- (56%) and high-risk (44%) cate-
gories: this finding has important clinical implications
since the prompt identification of these cases might lead
to a better therapeutic stratification that ultimately would
avoid undertreating these high-risk patients. In adults, a
similar distribution was reported also by Herold et al.,6

while in the pediatric setting this issue is still controver-
sial. Indeed, most Ph-like cases were associated to a high
risk in both the COALL and DCOG cohorts,1 while in the
Total Therapy XV trial16 Ph-like cases were equally dis-
tributed in the standard and high National Cancer
Institute (NCI) risk groups. Of note, in the report on 139
children classified as standard-risk, Roberts and col-
leagues28 showed that the Ph-like status did not affect out-
come, suggesting that in children risk stratification is clin-
ically more significant than the genomic features.

From a genetic standpoint, the present study further cor-
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Table 2B. Copy number aberration (CNA) analysis, and RNA-sequencing/FISH analyses.
Record ID       IKZF1          CDKN2A/2B          PAX5       IKZF1 +CDKN2A      BTG1             EBF1          CDKN2A/2B            Gene
                                                                                                     and/or PAX5                                                             and/or RB1      rearrangements
                                                                                                                                                                                                                   (RNAseq and  
                                                                                                                                                                                                                or FISH analysis)

B-ALL_1            no-Δ                        no-Δ                         no-Δ                                                           no-Δ                        �Δ                            no-Δ                EBF1/PDGFRB

B-ALL_3               Δ                               �Δ                              Δ                             Yes                          no-Δ                     no-Δ                            Δ                              No
B-ALL_4            no-Δ                         no-Δ                         no-Δ                                                              Δ                        no-Δ                            Δ                              No
B-ALL_7               Δ                                �                             no-Δ                          Yes                          no-Δ                     no-Δ                            Δ                    DDX3X/USP9X
B-ALL_16             Δ                                �                                Δ                             Yes                             Δ                        no-Δ                            Δ                        BCR/JAK2

B-ALL_22             Δ                            no-Δ                         no-Δ                                                              Δ                        no-Δ                            Δ                    NUP214/ABL1

B-ALL_26            �Δ                           no-Δ                            Δ                             Yes                          no-Δ                          �                             no-Δ                           No
B-ALL_31             Δ                            no-Δ                     Δ�                             Yes                          no-Δ                          �                             no-Δ                   IGH/CRLF2

B-ALL_32          no-Δ                         no-Δ                         no-Δ                                                           no-Δ                     no-Δ                         no-Δ                           NA
B-ALL_34             Δ                            no-Δ                         no-Δ                                                              Δ                        no-Δ                         no-Δ                 NUP214/ABL1

B-ALL_36             Δ                                �                             no-Δ                          Yes                          no-Δ                     no-Δ                            �Δ                    P2RY8/CRLF2

B-ALL_37          no-Δ                         no-Δ                         no-Δ                                                              Δ                             �                             no-Δ                           No
B-ALL_41             Δ                                �                             no-Δ                          Yes                          no-Δ                     no-Δ                            Δ                              No
B-ALL_44Δ        Δ                            no-Δ                            Δ                             Yes                             Δ                         no-Δ                            Δ                   ZC3HAV1/ABL2

B-ALL_45            NA                             NA                             NA                                                               NA                         NA                             NA                             No
B-ALL_46          no-Δ                         no-Δ                         no-Δ                                                           no-Δ                     no-Δ                         no-Δ                           No
B-ALL_52          no-Δ                            Δ                              �Δ                                                                Δ                        no-Δ                            �Δ                              No
B-ALL_55          no-Δ                         no-Δ                         no-Δ                                                              Δ                         no-Δ                         no-Δ                           No
B-ALL_61            NA                             NA                             NA                                                               NA                         NA                             NA                             No
B-ALL_62            NA                             NA                             NA                                                               NA                         NA                             NA                             No
B-ALL_64            NA                             NA                             NA                                                               NA                         NA                             NA                             NA
B-ALL_73             �Δ                            no-Δ                         no-Δ                                                           no-Δ                        �Δ                            no-Δ                     BCR/JAK2

B-ALL_76            NA                             NA                             NA                                                               NA                         NA                             NA                             NA
B-ALL_81             �Δ                              Δ                            no-Δ                          Yes                             Δ                          no-                             Δ                              No
B-ALL_92            NA                             NA                             NA                                                               NA                         NA                             NA                             No
B-ALL_96             �Δ                            no-Δ                            Δ                             Yes                             Δ                           �Δ                            no-Δ                 NUP214/ABL1

B-ALL_97             �Δ                            no-Δ                         no-Δ                                                              Δ                        no-Δ                         no-Δ                   IGH/CRLF2

B-ALL_100        no-Δ                         no-Δ                         no-Δ                                                           no-Δ                     no-Δ                         no-Δ                           No



roborates the notion that CRLF2 overexpression,
JAK/STAT mutations and deletions of IKZF1, BTG1 and
EBF1 are significantly more frequent in Ph-like ALL cases.
In addition, we observed that clonal JAK/STAT mutations
were almost exclusively found in Ph-like ALL, while clon-
al RAS mutations were specific of non-Ph-like cases, thus
suggesting that they play a different role in the two molec-
ular subtypes. Moreover, when focusing on CRLF2 over-
expression, it emerges that it is not sufficient to induce a
Ph-like profile: indeed, of the eight Ph-like cases that were
fully characterized, seven had at least another lesion.

Furthermore, the results on the incidence of rearrange-
ments targeting TK and cytokine receptors indicate that
they prevail in the Ph-like subgroup, with ABL-class gene
rearrangements outnumbering the other lesions. Thus, we
could identify at least one underlying genetic lesion in
70.8% of Ph-like patients. Not for all cases was it possible
to perform an extensive biological screening due to the lack
of genomic material (four cases) and RNA-sequencing was
carried out using targeted approaches and not genome-
wide tools. This may help to explain why no further genet-
ic lesions could be found in the remaining cases (29.2%)
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Table 3. Comparison between Philadelphia-like (Ph-like) and non-Ph-like genetic features. 
                                                                     BCR/ABL1-like                           non-BCR/ABL1-like                                       P

CRLF2 expression level                                                                                                                                                                                                  
CRLF2 overexpressing samples                         10/28 (35.7%)                                             8/60 (13.3%)                                                     0.018

Mutational status                                                                                                                                                                                                             
RAS pathway mutated samples                              6/24 (25%)                                                26/50 (52%)                                                      0.025
Clonal RAS mutated                                                1/24 (4.16%)                                              23/50 (46%)                                                      0.001
JAK/STAT pathway mutated samples                  8/24 (33.3%)                                               7/50 (14%)                                                        0.04
Clonal JAK/STAT mutated                                      8/24 (33.3%)                                                2/50 (4%)                                                        0.001 

Copy number aberrations                                                                                                                                                                                              
IKZF1 deleted                                                          14/22 (63.6%)                                             12/48 (25%)                                                      0.002
IKZF1+ CDKN2A/2B and/or PAX5                        10/22 (45.5%)                                             7/48 (14.6%)                                                     0.007
BTG1 deleted                                                            11/22 (50%)                                               4/48 (8.3%)                                                    <0.001
EBF1 deleted                                                            6/22 (27.3%)                                               1/48 (2.1%)                                                      0.003
CDKN2A/2B deleted                                                7/22 (31.8%)                                             23/48 (47.9%)                                                      ns
PAX5 deleted                                                            7/22 (31.8%)                                             11/48 (22.9%)                                                      ns

TK or cytokine receptor fusion genes                  10/23 (43.5%)                                              1/37 (2.7%)                                                    <0.001
TK: tyrosine kinase; ns: not significant.               

Table 4. Complete remission achievement and minimal residual disease evaluation in Philadelphia-like (Ph-like) and non-Ph-like cases. 
                                                                              Ph-like                                          non-Ph-like                                              P

CR achievement                                                             20 (74.1%)                                                 54 (91.5%)                                                      0.044
TP1 (week 4)                                                                                                                                                                                                                      

MRD-positive patients                                            14/18 (77.8%)                                           19/46 (41.3%)                                                   0.012
TP2 (week 10)                                                                                                                                                                                                                    

MRD-positive patients                                             9/17 (52.9%)                                               9/45 (20%)                                                      0.025
TP3 (week 16)                                                                                                                                                                                                                    

MRD-positive patients                                             5/12 (41.7%)                                             5/37 (13.5%)                                                     0.05
Ph-like: Philadelphia-like; CR: complete remission; TP: time point; MRD: minimal residual disease. 

Table 5. Univariate analyses for minimal residual disease at time point 2, considering clinically relevant variables and molecular prognostic markers.
                                                                                                                                                     Univariate analysis for MRD_TP2
                                                                                                                                   OR (95%CI)                                                            P

Ph-like vs. non-Ph-like                                                                                                                4.5 (1.373-15.508)                                                                 0.014
Age                                                                                                                                                1.012 (0.98-1.045)                                                                 0.475
WBC                                                                                                                                                1.013 (1-1.033)                                                                   0.133
Plts                                                                                                                                               0.987 (0.974-0.998)                                                               0.0365
Hb                                                                                                                                                 0.832 (0.638-1.06)                                                                 0.152
F vs. M                                                                                                                                        0.459 (0.145-1.315)                                                               0.1602
No SR vs.SR                                                                                                                               0.304 (0.065-1.048)                                                                0.083

IKZF1+ CDKN2A/2B and/or PAX5 vs IKZF1-only/WT                                                             1.869 (0.49-6.674)                                                                 0.339
Cell cycle genes deletion vs WT                                                                                            0.88 (0.279-2.773)                                                                0.8253
RAS clonal vs WT/M subclonal                                                                                                 0.8 (0.239-2.51)                                                                   0.706
JAK/STAT clonal vs WT/M subclonal                                                                                    2.596 (0.463-13.293)                                                              0.2482

MRD: minimal residual disease; Ph-like: Philadelphia-like; WBC: white blood cell; Plt: platelet; Hb: hemoglobin; F: female; M: male; SR: standard risk; WT: wild-type; WT/M: wild-type/
mutated; OR: odds ratio; CI: Confidence Interval.



that proved positive with the BCR/ABL1 predictor. The
validity and reproducibility of the BCR-ABL1-like predictor
has been externally validated by other institutions and
from external samples in Europe, showing an overall con-
cordance with other tools (FISH and NGS) of 88%.29

With regards to the relationship between the Ph-like sta-
tus, MRD response and outcome, we showed that Ph-like
ALL patients have a higher risk of CR failure: in fact,
74.1% of Ph-like ALL and 91.4% non-Ph-like achieved a
CR. This difference was neither detected in the intensive
GMALL trials 06/99 and 07/03 – in which all patients
achieved a CR, albeit with a short duration -,6 nor in the

hyper-CVAD-based protocols or the augmented BFM reg-
imen administered at MDACC.19

More importantly, our study allowed to correlate the
Ph-like status with MRD, that is presently regarded as the
most important prognostic marker in ALL management.
In fact, this analysis showed that in the GIMEMA
LAL1913 protocol, at all TP analyzed, the percentage of
MRD-positive patients was significantly higher in the Ph-
like ALL subset than in non-Ph-like cases. This difference
was particularly evident at TP2 (HSCT decisional point),
when 52.9% of Ph-like and only 20% of non-Ph-like cases
were MRD-positive. Indeed, when both clinically relevant
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Table 6. Summary of univariate and multivariate analyses for event-free survival, considering clinically relevant variables and molecular prognostic
markers.
                                                                                   Univariate analysis for  EFS                                        Multivariate analysis for EFS
                                                                           HR (95%CI)                                P                                HR (95%CI)                                P

Ph-like vs. non-Ph-like                                                2.6 (1.3-5.19)                                   0.007                                 2.3 (1.124-4.92)                                 0.023
Age                                                                                 1.03 (1.01-1.05)                                 0.004                               1.04 (1.015-1.067)                               0.002
WBC                                                                           1.005 (0.999-1.010)                              0.074                                                                                                  
Plt                                                                               0.993 (0.986-0.999)                              0.023                                                                                                  
Hb                                                                                  0.81 (0.69-0.94)                                 0.006                              0.782 (0.649-0.943)                               0.01
F vs. M                                                                           0.78 (0.41-1.5)                                  0.455                                                                                                  
No SR vs. SR                                                                1.89 (0.97-3.67)                                 0.062                                                                                                  
HSCT vs. No HSCT as a time                                   1.04 (0.35-3.10)                                 0.939
dependendent covariate                                                                                                                                                               
IKZF1+ CDKN2A/2B and/or                                     1.73 (0.76-3.98)                                 0.193
PAX5 vs. IKZF1-only/WT                                                                                                                                                                 
Cell cycle genes deletion vs. WT                         0.967 (0.451-2.069)                               0.93                                                                                                   
RAS clonal vs. WT/M subclonal                            0.604 (0.269-1.358)                              0.222                                                                                                  
JAK/STAT clonal vs. WT/M subclonal                      0.85 (0.26-2.82)                                 0.796                                                                                                  

EFS: event-free survival; Ph-like: Philadelphia-like; WBC: white blood cell; Plt: platelet; Hb: hemoglobin; F: female; M: male; SR: standard risk; WT: wild-type; HSCT: allogeneic stem
cell transplant; WT/M: wild-type/mutated; OR: odds ratio; CI: Confidence Interval. 

Figure 2. Survival curves of Philadelphia-like (Ph-like) and non-Ph-like patients. event-free survival and disease-free survival.



parameters and genetic prognostic markers were taken
into account the Ph-like profile proved the only risk factor
for MRD positivity at TP2. Thus, considering both
response to induction treatment and MRD monitoring,
the Ph-like status, if identified early, permits not only to
recognize patients who are likely to be refractory to induc-
tion treatment, but also to identify - within cases who
achieve a CR - those who are likely to remain MRD-posi-
tive. This strong association may allow to anticipate ther-
apeutic changes. 

To our knowledge, this is the first study that analyzes
the interaction between the Ph-like status and MRD -
assessed by quantitative PCR of the IG and TR gene
rearrangements - in a broad cohort of uniformly and
prospectively treated adult ALL patients within a clinical
trial. Similar results were provided by Herold and col-
leagues6 who found that Ph-like patients were less likely
to achieve a MRD-negative status in a small cohort of 31
patients with overlapping MRD and Ph-like status infor-
mation. In the pediatric setting, contradicting results have
been reported.14,16

Furthermore, the comparison of survival curves high-
lighted that Ph-like patients experienced a significantly
worse EFS at 24 months compared to that of non-Ph-like
cases (33.5% and 66.2%, respectively). Along the same
line, also in cases achieving a CR, the Ph-like profile had a
negative prognostic impact, as shown by the worse DFS
of Ph-like patients. Although limited by the small sample
size, our study demonstrates that transplant is beneficial
in these cases and should be pursued at the earliest oppor-
tunity, as shown by the high rate of relapses within non-
transplanted Ph-like patients (4 of 5 MRD positive patients
relapsed).

Lastly, in all outcome parameters evaluated - CR
achievement, MRD at TP2 and EFS - the Ph-like status
emerged as an independent prognostic marker.

In addition to confirming the inferior outcome of Ph-like
ALL patients, these data indicate that the differences
between Ph-like and non-Ph-like cases are not abolished
by pediatric-like intensive therapeutic schemes, in agree-
ment with the results of the MDACC group.18 Based on
the MRD findings hereby reported, this is primarily con-
tributed to the significantly lower rates of complete
molecular responses observed in Ph-like patients.

In light of the poor outcome of Ph-like ALL and of the
possibility of using targeted approaches,30 different clinical
trials specifically designed for Ph+ ALL and Ph-like ALL
cases are testing the efficacy of dasatinib (clinicaltrials gov.
Identifier: 02420717, 02883049, 03564470 and 02143414)
or of dasatinib in combination with blinatumomab (clini-
caltrials gov. Identifier: SWOG-S1318 and NCT02143414).
Other studies are investigating the impact of blinatu-
momab in combination with chemotherapy in Ph-nega-
tive B-lineage ALL (GIMEMA LAL2317, clinicaltrials gov.
Identifier: 03367299 and 02003222). In these latter studies,
it is investigated if the addition of blinatumomab can

increase the rates of CR and MRD-negativity in Ph-like
patients, as already observed in Ph+ ALL.32 In support of
the fact that Ph-like patients may benefit from targeted
treatment, a recent study from Tanasi and colleagues has
reported that the introduction of TKI front-line was asso-
ciated with a 3-years OS of 77%.31 Other compounds,
such as ruxolitinib (clinicaltrials gov. Identifier: 02420717,
03571321 and 02723994) and the histone deacetylase
inhibitor chidamide (clinicaltrials gov. Identifier:
03564470) are under investigation.

Taken together, the results of this study carried out on
adult B-NEG ALL cases enrolled in the front-line
GIMEMA LAL1913 clinical protocol confirm that the
BCR/ABL1-like predictor7 is a valid tool to rapidly recog-
nize Ph-like cases that account for about 30% of adult 
B-NEG ALL. In addition, we could show that also in a
pediatric-oriented and MRD-driven clinical trial Ph-like
patients have a lower probability of achieving a CR, are
more likely to remain MRD-positive and have a signifi-
cantly shorter EFS. The Ph-like profile is an independent
risk factor for CR failure and MRD-persistence, thus fur-
ther underlying the need that Ph-like cases - a primary
unmet clinical need in ALL - are rapidly recognized at
diagnosis in order to refine the risk stratification of Ph-
negative ALL and optimize patients’ management. Further
investigations are currently ongoing to unravel if within
Ph-like ALL there are subgroups of patients with a differ-
ent outcome likelihood.
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Hematological malignancies are characterized by a block in differ-
entiation, which in many cases is caused by recurrent mutations
affecting the activity of hematopoietic transcription factors.

RUNX1-EVI1 is a fusion protein encoded by the t(3;21) translocation
linking two transcription factors required for normal hematopoiesis.
RUNX1-EVI1 expression is found in myelodysplastic syndrome, second-
ary acute myeloid leukemia, and blast crisis of chronic myeloid
leukemia; with clinical outcomes being worse than in patients with
RUNX1-ETO, RUNX1 or EVI1 mutations alone. RUNX1-EVI1 is usually
found as a secondary mutation, therefore the molecular mechanisms
underlying how RUNX1-EVI1 alone contributes to poor prognosis are
unknown. In order to address this question, we induced expression of
RUNX1-EVI1 in hematopoietic cells derived from an embryonic stem
cell differentiation model. Induction resulted in disruption of the
RUNX1-dependent endothelial-hematopoietic transition, blocked the
cell cycle and undermined cell fate decisions in multipotent hematopoi-
etic progenitor cells. Integrative analyses of gene expression with chro-
matin and transcription factor binding data demonstrated that RUNX1-
EVI1 binding caused a re-distribution of endogenous RUNX1 within the
genome and interfered with both RUNX1 and EVI1 regulated gene
expression programs. In summary, RUNX1-EVI1 expression alone leads
to extensive epigenetic reprogramming which is incompatible with
healthy blood production.

RUNX1-EVI1 disrupts lineage determination and
the cell cycle by interfering with RUNX1 and
EVI1 driven gene regulatory networks
Sophie G. Kellaway, Peter Keane, Ella Kennett and Constanze Bonifer
Institute of Cancer and Genomic Sciences, University of Birmingham, Birmingham, UK

ABSTRACT

Introduction

The development of acute myeloid leukemia (AML) is a step-wise process
wherein cells acquire multiple additional genetic changes following the occurrence
of the initial driver mutation which eventually leads to the development of overt
disease. A number of driver mutations, such as the t(8;21) translocation which
gives rise to the fusion protein RUNX1-ETO are compatible with a pre-leukemic
state.1 However, another fusion protein, RUNX1-EVI1 is found most commonly as
a secondary mutation2-4 and is associated with a particularly poor prognosis. The
RUNX1-EVI1 onco-fusion protein is a product of the t(3;21)(q26;q22) translocation
which links sequences from RUNX1 to the entire length of the MDS-EVI1 or EVI1
(also known as MECOM) locus. Elucidating the molecular basis of the phenotypic
changes induced by RUNX1-EVI1 alone is complicated by the fact that it is
expressed on a background of other mutations and thus unique transcriptional re-
wiring is seen in each patient.5

Both RUNX1 and EVI1 play important roles in normal hematopoiesis and in var-
ious hematological malignancies. RUNX1 (also known as AML1) is a transcription
factor essential for initial specification of hematopoietic cells,6 and is frequently
found to be mutated in leukemia.7,8 RUNX1 contains a DNA-binding domain – the
runt homology domain (RUNT) at the N-terminus, which is preserved in RUNX1-
EVI1 and a transactivation domain which is lost.7 MDS-EVI1 and EVI1 arise from
alternative transcripts from the MECOM gene which have both overlapping and
opposing functions – EVI1 can be a repressor of gene transcription, whereas MDS-
EVI1 has activating functions.9 MDS-EVI1 is essential for long-term survival of



hematopoietic stem cells10 and is also expressed through-
out embryonic hematopoiesis.11 EVI1 is able to bind DNA
via ten zinc-fingers, but MDS1-EVI1 additionally contains
a proline-rich domain with homology to SET domains.12

RUNX1, EVI1 and MDS-EVI1 have all been associated
with cell cycle regulation alongside the control of differen-
tiation.13-15

Mice carrying a RUNX1-EVI1 transgene present with
disrupted hematopoiesis and with varying degrees of
leukemic transformation that is ultimately embryonic
lethal.16-18 In a cell line model of t(3;21) it was shown that
RUNX1-EVI1 blocks differentiation by binding to chro-
matin at both normal RUNX1 binding sites and else-
where, co-ordinating a transcriptional network that is
dependent on GATA2 rather than RUNX1.19 These stud-
ies suggest that RUNX1-EVI1 acts in a dominant negative
fashion to RUNX1,20 but has additional effects, likely due
to interference with EVI1 binding and interactions.

In order to understand the molecular effects of RUNX1-
EVI1 expression in the absence of other mutations, we
integrated gene expression and chromatin immunopre-
cipitation followed by sequencing (ChIP-seq) data from
blood precursor cells derived from a mouse embryonic
stem cell line (mESC) in which we induced RUNX1-EVI1
at the onset of hematopoiesis. We show that RUNX1-
EVI1 induction leads to a block in the cell cycle and inter-
feres with both the EVI1 and the RUNX1 driven develop-
mental programs, with cells adopting a multi-lineage gene
expression pattern. Moreover, RUNX1-EVI1 orchestrates
redistribution and increased binding of endogenous
RUNX1, and increases chromatin accessibility at sites
enriched in PU.1 motifs. Taken together we show that
RUNX1-EVI1 expression is incompatible with normal
hematopoietic stem cell function.

Methods

Mouse RUNX1-EVI1 embryonic stem cell line generation
RUNX1-EVI1 from the pME18s-RUNX1-EVI1 plasmid (a gift

from Kinuko Mitani, Dokkyo Medical University, Japan) was
cloned into the p2lox-targeting vector (a gift from Michael Kyba,
University of Minnesota). A2lox mESC (a gift from Michael
Kyba) were transduced with 20 mg of p2lox-RUNX-EVI1 using
the 4D-Nucleofector (Lonza) with the mouse ES program, with
the P3 primary cell kit.

Embryonic stem cell line differentiation 
ESC were differentiated as previously described. Briefly, cells

were plated into bacterial-grade dishes, after 3.25 days the
resulting embryoid bodies were dispersed using TrypLE express
(Gibco) to single cells and FLK1+ cells were purified by magnetic
cells sorting. These FLK1+ cells were then cultured in gelatin-
coated flasks with mouse vascular endothelial growth factor and
mouse interleukin 6. After 1 day 0.5 µg/ml doxycycline was
added where appropriate and cells cultured for a further 18
hours.

Fluorescence associated cell sorting 
Cell populations were identified and sorted on day 2 of blast

culture based on surface markers. For experiments including
hemogenic endothelium (HE) the floating and adherent cells
were pooled. These cells were stained with KIT-APC (BD
pharmingen), Tie2-PE (eBioscience) and CD41-PE-Cy7
(eBioscience) and analyzed on a Cyan ADP flow cytometer

(Beckman Coulter) with data analysis using FlowJo, or sorted on
a fluorescence associated cell sorting (FACS) Aria cell sorter (BD
Biosciences). Progenitors matured in liquid culture were stained
with CD11b-PE (eBioscience) and F4/80-APC (eBioscience).

Gene expression analysis
RNA was isolated from sorted cells using the NucleoSpin RNA

kit (Macherey-Nagel). RNA sequencing (RNA-seq) libraries were
prepared from two biological replicates using the True-Seq strand-
ed total RNA kit (Illumina).

DNaseI-sequencing
DNase I hypersensitive sites sequencing (DNaseI-seq) was per-

formed as previously described.21 3x105 sorted cells were added
directly to DNaseI (Worthington Biochemical Corporation) used
between 6 and 13 U/mL for 3 minutes at 22°C. The reaction was
terminated by addition of sodium dodecyl sulfate to 0.5% and cell
lysates treated with 0.5 mg/mL proteinase K. DNA was isolated
by phenol/chloroform extraction and used to generate a library
using the KAPA hyper prep kit, according to the manufacturer’s
instructions.  

Chromatin immunoprecipitation sequencing
ChIP-seq was performed essentially as described.22 KIT+ float-

ing progenitor cells were double crosslinked, nuclei prepared22

then sonicated for eight cycles of 30 seconds (s) off using a
Picoruptor (Diagenode). Immunoprecipitation was carried out
overnight at 4°C, washed and eluted. Extracted DNA was then
used to generate a library using the KAPA hyper prep kit.

Data availability 
All sequencing data have been deposited at National Center for

Biotechnology Information under the number GSE143460. Further
methods, including bioinformatic analysis are detailed in the
Online Supplementary Appendix.

Results

RUNX1-EVI1 disrupts hematopoietic growth 
and differentiation 

In order to understand the direct effects of RUNX1-EVI1
fusion protein induction on hematopoietic specification
we needed to express RUNX1-EVI1 in primary cells in the
absence of other mutations. Initial attempts to express the
protein in purified human CD34+ cells by retroviral trans-
duction were unsuccessful indicating that expressing
uncontrolled levels of this protein may be toxic for the
cells (unpublished data). In order to circumvent these
problems, we generated a mESC line expressing a human
RUNX1-EVI1 cDNA under the control of a doxycycline
(dox)-inducible promoter (Figure 1A). The RUNX1-EVI1
transgene was derived from the t(3;21) SKH1 cell line23 and
comprised amino acids from the N-terminus of RUNX1
translocated to the MDS1-EVI1 isoform (Online
Supplementary Figure S1A). We used a well characterized in
vitro differentiation system that recapitulates the different
steps of embryonic hematopoietic specification in vitro,11,24

namely mesoderm specification into endothelial cells, fol-
lowed by endothelial-hematopoietic transition (EHT)
which gives rise to multipotent hematopoietic progenitor
(HP) cells (Figure 1A, lower panel) during blast culture.
The EHT is crucially dependent on the expression of
Runx1,6,25 and is also the stage at which Evi1 expression is
maximal before being downregulated.11 We therefore
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Figure 1. Induction of RUNX1-EVI1 perturbs Runx1 dependent endothelial to hematopoietic transition. (A) Overview of the generation of dox-inducible RUNX1-EVI1
embryonic stem cells (ESC), in vitro differentiation of ESC to hematopoietic progenitors and timing induction of RUNX1-EVI1. (B) RUNX1-EVI1 was expressed at a com-
parable level to that in the human t(3;21) cell line SKH-1 shown by western blot. Note that the antibody against EVI-1 does not recognize the endogenous mouse
protein. RUNX1 protein levels were unaffected by induction of RUNX1-EVI1. (C) Expression of RUNX1-EVI1 was at a physiological level, equal to that of the endogenous
Runx1, shown by quantitative reverse transcriptase polymerase chain reaction, normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh). Runt domain
primers bind the 5’ end of the gene and so both endogenous Runx1 and RUNX1-EVI1 are detected, mRunx1 primers bind the 3’ end and so only endogenous Runx1
is detected. (D) The composition of the day 2 blast culture, 18 hours following doxycycline (dox) induction, was analyzed by flow cytometry using antibodies against
cKit, Tie2 and CD41; representative plots for -dox and +dox samples are shown (left, with the Tie2/CD41 plots pre-gated by cKit+) with the average percentage of
each population (right), error bars represent standard error of the mean, n=5, *P<0.05, **P<0.01, ***P<0.005.
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induced RUNX1-EVI1 expression in newly forming HP
(Online Supplementary Figure S1B), when Runx1 becomes
upregulated as shown in the schematic in Figure 1A.
These time points were used for all subsequent experi-
ments, with the cells sorted from the day 2 blast culture
being used for genome-wide analysis. Since differentia-
tion in this system is transient, we also used cell sorting to
obtain  cells from earlier differentiation stages which
enabled us to study the effect of RUNX1-EVI1 expression
at these stages as well. We titrated induction of RUNX1-
EVI1 such that the protein expression was at a level simi-
lar to that seen in the SKH1 cells, and gene expression was
at a similar level to endogenous RUNX1, which itself was

stably expressed (Figures 1B and C). 
Induction of RUNX1-EVI1 led to a partial disruption of

the  EHT following 18 hours of dox induction (Figure 1D),
with a reduction in cKit+ Tie2- CD41+ HP and a reciprocal
increase in hematopoietic committed HE cells (HE2, cKit+
Tie2+ CD41+). This result is concordant with the notion
that RUNX1-EVI1 acts as a dominant negative to RUNX1,
since the earlier uncommitted endothelial cells which had
not yet upregulated Runx1 (HE1, cKit+ Tie2+ CD41-) were
unaffected. Inducing RUNX1-EVI1 prior to the EHT ham-
pers hematopoietic differentiation leading to a consider-
ably greater proportion of Tie2- CD41- negative cells
(Online Supplementary Figure S1C).

S.G. Kellaway et al.
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Figure 2. RUNX1-EVI1 expression causes reduced cell cycling and colony forming capacity in hematopoietic progenitors. (A) Fewer floating hematopoietic progenitor
(HC) cells were present in day 2 blast culture, following induction of RUNX1-EVI1, n=5, **P<0.01. Cell cycle stages, n=3. (B) and quiescence, n=5 (C) were assessed
in the whole blast culture at the same time-point, showing an increased proportion of cells in G0 and G1. Example flow cytometry plots are shown to the right, *P<
0.05, **P<0.01. (D) Floating progenitor cells with RUNX1-EVI1 induced formed fewer colonies, n=3, **P<0.01 (E) Colonies following doxycycline (dox) induction in
blast culture only were comprised of approximately equivalent proportions of granulocyte/macrophage (GM), erythroid (Ery) or mixed colonies, with a slight increase
in the mixed-type at the expense of singular lineage, n=3. All error bars (A to E) represent standard error of the mean. (F) Representative brightfield images of colonies
with and without dox induction in blast culture only. 
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Figure 3. Gene expression following RUNX1-EVI1 induction is
de-regulated in a developmental-stage-specific manner. (A)
Heatmap showing the results of hierarchical clustering of
hemogenic endothelium 1 (HE1), HE2 and hematopoietic pro-
genitor (HP) cells in both minus doxycycline (-dox) and +dox
treated samples. Clustering was performed using sample-wise
Pearson correlation coefficients for all genes expressed with
fragments per kilobase million (FPKM) >1 in at least one sam-
ple. (B) Heatmaps comparing the log2 fold-change of genes
that were differentially expressed between differentiation
stages (HE1 to HE2, and HE2 to HP) in either -dox or +dox
samples. Genes were placed into eight groups based on the
difference of the fold-change between -dox and +dox samples,
and are indicated as a colored bar to the left of the heatmap.
Selected GO terms are shown for those groups that show
developmental disruption following RUNX1-EVI1 induction. (C)
Venn diagram showing the number of genes that are up- or
downregulated in each differentiation stage after induction of
RUNX1-EVI1. (D) Quantitative reverse transcriptase poly-
merase chain reaction expression of Cdkn1c, relative to glyc-
eraldehyde 3-phosphate dehydrogenase (Gapdh), n=3, error
bars represent standard error of the mean. (E) Heatmaps
showing log2 fold change (left) and log2 FPKM for selected
genes involved in various mesodermal lineages, +/- on the
heatmap indicates those which show a fold change in expres-
sion of at least 1.5. EMT: epithelial-to-mesenchymal transition.
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Figure 4. RUNX1-EVI1 induction
causes specific changes to chro-
matin accessibility. Comparison
of distal DNase I hypersensitive
sites sequencing (DNaseI-seq)
peaks in (A) hemogenic endothe-
lium (HE) cells (cKit+, Tie2+,
CD41-/+) and (B) hematopoietic
progenitor (HP) cells (cKit+, Tie2-
, CD41+). Peaks are ordered
according to the fold-difference
of the normalized tag-count
between -dox and plus doxycy-
cline (+dox) treated cells and are
presented as a heatmap of the
tag-density for each sample.
Peaks that are specific to a sam-
ple (fold-difference >2) are indi-
cated as colored bars to the left
of the density plots, with the
number of peaks in each group
shown. The results of a de-novo
motif search conducted within
the specific sets of peaks are
also shown (C) Comparison of
the tag-density profiles of the
peaks found in HE cells to the
same sites measured in HP cells
(D) Heatmap showing the results
of hierarchical clustering of the
pearson correlation values of the
distal DNaseI hypersensitive
sites (DHS). The actual pearson
correlation values are shown on
the heatmap.
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The EHT process is a true cellular transition that is cell
cycle independent.26 Whilst we observed a reduction in
the proportion of HP related to perturbation of the EHT,
we also noted a considerably lower total number of HP
than in the control (Figure 2A). This result could be
explained by an increase in cells not actively cycling in
G0/G1 (48.2% vs. 55.4% without and with RUNX1-EVI1,
Figure 2B), specifically by increased numbers of cells in G0
(5.4% with RUNX1-EVI1 compared to <1% without,
Figure 2C). We also found a modest increase in apoptotic
cells (Online Supplementary Figure S2A). 

In order to investigate whether RUNX1-EVI1 expression
not only disrupted the EHT, but also affected the ability of
progenitor cells to terminally differentiate, we induced
RUNX1-EVI1 in newly forming progenitors and placed the
progenitors into methylcellulose colony forming unit
assays. We first carried out colony-forming unit assays in
the absence of dox in the methylcellulose medium.
RUNX1-EVI1 protein was quickly lost following the with-
drawal of dox (Online Supplementary Figure S2B). Despite
RUNX1-EVI1 being absent, we saw an overall reduction in

the number of colonies formed (Figure 2D; Online
Supplementary Figure S2C) primarily accounted for by a
reduction the number of myeloid (-dox 58±13, +dox 42±11
per 5,000 HP seeded) and erythroid colonies (-dox 26±7,
+dox 20±4), with a concomitant increase in the proportion
of mixed lineage colonies, or those of unclear lineage (-dox
29±9, +dox 26±6, Figure 2E). The colonies which did form
were generally smaller with fewer healthy cells (Figure 2F),
which may relate to the previously observed increase in
apoptosis (Online Supplementary Figure S2A). When
RUNX1-EVI1 expression was either induced or maintained
in the HP when they were plated into methylcellulose,
colony-forming capacity was further reduced (Figure 2D).
Importantly, we did not see enhanced myeloid differentia-
tion after RUNX1-EVI1 induction when HP were cultured
in liquid or semi-solid medium (Figure 2E; Online
Supplementary Figure S2D). These data suggest that whilst
RUNX1-EVI1 expression affects the differentiation capaci-
ty of HP, there was some reversibility of this phenotype
and the continued expression of RUNX1-EVI1 caused
ongoing changes.

RUNX1-EVI1 blocks RUNX1 and EVI1 driven cell fate
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Figure 5. RUNX1-EVI1 disrupts RUNX1 binding but also binds to unique binding sites. (A) Venn diagram showing the number of uniquely called and overlapping
RUNX1 and RUNX1-EVI1 chromatin immunoprecipitation sequencing (ChIP-seq) peaks. (B) Comparison of RUNX1 binding in -dox and +dox treated cells, RUNX1 ChIP-
seq peaks were ranked according to the fold difference of the normalized plus doxycycline (+dox) /-dox tag count across a 2 kilobase (kb) window. The tag-density
of the RUNX1-EVI1 ChIP-seq peaks is plotted alongside. The bar alongside indicates the +dox specific sites (blue), shared sites (black) and -dox specific sites (orange).
(C) De novo motif enrichment was conducted within the RUNX1-EVI1 ChIP-seq peaks, at both the unique sites and those which were also bound by RUNX1 in either
-dox, +dox or both. (D) Genome browser screenshots showing an example site where both RUNX1 and RUNX1-EVI1 bind (left, Ncor2 locus) and where RUNX1-EVI1
binds in the absence of RUNX1 (right, Ccnc locus).
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Figure 6. Changes to chromatin organisation and gene expression are modulated by RUNX1 and RUNX1-EVI1 binding. (A) Comparison of RUNX1 and RUNX1-EVI1
binding sites to DNase I hypersensitive sites sequencing (DNaseI-seq) data from hematopoietic progenitor (HE) cells. DNaseI-seq peaks are ranked according to the
fold-difference of the plus doxycycline (+dox)/-dox normalized tag-count, with the presence (black) or absence (white) of a chromatin immunoprecipitation sequencing
(ChIP-seq) peak indicated alongside. The bar alongside indicates the +dox specific DNaseI sites (blue), shared sites (black) and –dox specific sites (orange). (B) The
percentage of 2-fold de-regulated genes at each stage which have an associated RUNX1 or RUNX1-EVI1 binding site. (C) Comparison of changes in gene expression
to the binding patterns of wild-type EVI1 and RUNX1. Gene expression was ranked by fold change (top), with the presence or absence of wild-type EVI127 or RUNX1
binding associated with each gene is indicated below in blue. (D) Gene set enrichment analysis comparing changes in gene expression after RUNX1-EVI1 induction
in HP to genes that are up- and downregulated following 4 and 10 days of RUNX1-EVI1 knockdown in the SKH1 cell line.19 Genes that are upregulated following
RUNX1-EVI1 induction correspond closely to genes that are downregulated after RUNX1-EVI1 knock-down in the SKH1 cell line.  

A B

C

D



Taken together, our data show that RUNX1-EVI1
expression is incompatible with multipotent precursor
development, and when induced in precursors, leads to
cell cycle arrest and an increase in apoptosis. 

RUNX1-EVI1 induction alters gene expression in 
a differentiation-stage dependent and independent
fashion

We next wanted to understand the molecular basis of
the observed phenotypes. To this end, we sorted HE1,
HE2 and HP cells on the basis of their surface marker phe-
notypes, as described in Figure 1A and D and performed
RNA-seq on the resulting matched cell populations.
Biological duplicates were well correlated (Online
Supplementary Figure S3A) and the average was used for
further analysis. Hierarchical clustering of these datasets
(Figure 3A) showed that the overall gene expression pat-
terns in the different cell types were preserved in the pres-
ence of RUNX1-EVI1, but with genes being de-regulated
at every stage, particularly in HE2 cells (Online
Supplementary Figure S3B, Supplementary Tables S1 to S3). A
subset of these genes were validated by quantitative
reverse transcriptase polymerase chain reaction (qRT-
PCR) (Online Supplementary Figure S3C) and the HP gene
expression changes, being the target cell for the leukemic
transformation, were compared to two previously pub-
lished t(3;21) patient RNA-seq datasets (Online
Supplementary Figure S3D). This analysis showed that
those genes which are specific to t(3;21) patients as com-
pared to healthy CD34+ cells were upregulated following
induction of RUNX1-EVI1 in HP, with genes such as Cdh5,
Hes1, Maff and Arhgef12 being overexpressed in both
patients and HP expressing RUNX1-EVI1.

The differentiation of blood cells in the in vitro differen-
tiation system is not entirely synchronous, therefore
RUNX1-EVI1 induction occurs in different cell types rep-
resenting a differentiation trajectory. Many changes nor-
mally seen within the differentiation process were main-
tained after induction. For example, genes which were up-
or downregulated during the transition from HE1 to HE2
or HE2 to HP continued to be up- or downregulated
(Figure 3B; Online Supplementary Tables S4 and S5), includ-
ing those essential for these transitions such as Tek and
Gfi1b. However, a subset of genes failed to be up- or
downregulated to the extent it normally should. For exam-
ple, some regulators of the MAPK pathway including
Mapk3 and Dusp6 were downregulated during the transi-
tion from HE2 to HP more than they should be following
RUNX1-EVI1 induction. Alongside these developmental
changes, a core set of genes were upregulated at least 2-
fold in two, or all three cell types (Figures 3C and D),
including Dusp5, Cdkn1c and Pdgfa. Cdkn1c is a negative
regulator of the cell cycle and its universal upregulation
may underpin the cell cycle arrest (Figures 2B and C) and
the de-regulation of multiple cell cycle associated genes
(Online Supplementary Figure S3E).

We also examined how stage-specific gene expression
changes related to the differentiation program using
known marker genes. In HE cells, the expression of the
vascular/smooth muscle program was deregulated (Figure
3E). The smooth muscle genes Acta2, Tagin, Cnn1 and the
genes encoding the cardiac regulator TBX20 and homeo -
box protein Nkx-2.5 were further downregulated in HE1,
but were then upregulated when RUNX1-EVI1 was
induced in HE2. When specifically examining hematopoi-

etic lineage gene signatures, we did not see a downregula-
tion of myeloid or erythroid genes as expected from the
colony forming assays. Indeed, we found a widespread,
albeit modest (>1.5-fold), increase in expression of genes
related to a multipotent progenitor identity with the con-
comitant expression of a multi-lineage gene expression
program consisting of myeloid, lymphoid and megakary-
ocyte/erythroid genes (Figure 3E; Online Supplementary
Figure S3C). Taken together, these results suggest that
RUNX1-EVI1 induction causes a cell cycle and differentia-
tion arrest that is associated with a disturbance of the bal-
ance between the hematopoietic and vascular/smooth
muscle fate.

Disturbed lineage specification is caused by chromatin
changes associated with altered RUNX1 binding

In order to understand how RUNX1-EVI1 induction
reprograms the chromatin landscape, we performed and
integrated ChIP-seq analysis for both RUNX1 and
RUNX1-EVI1 in HP, with data from DNaseI-seq experi-
ments performed on sorted cKit+ HP, and HE (cKit+,
Tie2+, CD41-/+). Induction of RUNX1-EVI1 led to
changes to chromatin accessibility in the HE and HP cells
and an increased proportion of distal DNaseI hypersensi-
tive sites (DHS) (Online Supplementary Figure S4A). Few
DHS changed at promoter sites (Online Supplementary
Figure S4B). We therefore focussed on the analysis of distal
DHS and ranked them by the fold change in tag count at
each site. 1,296 DHS were gained and 858 lost in the HE
when RUNX1-EVI1 was expressed (Figure 4A). The
gained sites showed a specific enrichment of RUNX
motifs, whilst the sites lost contained SOX, TEAD and
AP-1 motifs. In HP cells, RUNX1-EVI1 induction had a
completely different effect as here we observed a loss
rather than a gain of RUNX motif enrichment (Figure 4B).
Taken together, this result suggested a shift in chromatin
patterns in HE from those of the vascular/endothelial lin-
eages11,22 towards a HP-like pattern. We confirmed this
result by plotting the HP DNaseI-seq peaks alongside
those of the HE (Figure 4C) and by performing a correla-
tion analysis (Figure 4D). These analyses demonstrated
that the HE chromatin pattern was more similar to that of
HP cells following induction of RUNX1-EVI1, despite the
cells still displaying surface markers and an overall gene
expression signature of the HE (Figures 1C and 3A).
Furthermore, in HP we also saw a shift from the ETS motif
to a PU.1 specific motif, which was consistent with the
upregulation of Spi1 (encoding PU.1) expression, indicat-
ing that the chromatin accessibility pattern was being
rewired towards myelopoiesis. 

In order to test how these results related to the interplay
of RUNX1-EVI1 with RUNX1, we compared ChIP-seq for
RUNX1 with and without induction of RUNX1-EVI1, to
the binding of RUNX1-EVI1 itself in cKit+ HP. The anti-
body we used against human EVI1 did not recognize the
endogenous murine EVI1 and thus exclusively measured
binding of the exogenous protein. We analyzed only high-
confidence ChIP-seq peaks, which had been filtered for
the presence of a DHS at the same site, to minimize noise
associated with the technical difficulty of these ChIP
experiments.

Around half of RUNX1-EVI1 binding sites overlapped
with those of RUNX1 (Figure 5A), including those RUNX1
sites that were either maintained or gained following
RUNX1-EVI1 induction. This result suggests that the pre-
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dominant mechanism of action of RUNX1-EVI1 is not the
displacement of RUNX1. This finding was confirmed by
examining the proximity of RUNX1 and RUNX1-EVI1
ChIP peaks (Online Supplementary Figure S5A). The RUNX1
and RUNX1-EVI1 peak summits were distributed similar-
ly prior to and following induction of RUNX1-EVI1, both
overlapping the same sites and next to each other. More
strikingly, induction caused a large movement of RUNX1
within the genome with the loss of over a third of pre-
existing RUNX1 sites and considerably more gained
RUNX1 sites. Most gained sites were not associated with
RUNX1-EVI1 binding (Figure 5B) nor did they have any
specific motif enrichment not present in the shared sites
(Online Supplementary Figure S5B) but were instead found
in promoters (Online Supplementary Figure S5C). This
movement was a real re-distribution as the overall level of
RUNX1 protein was unchanged (Figure 1B).

When RUNX1-EVI1 bound in concert with RUNX1, or
displaced RUNX1, its binding sites were enriched for
RUNX and GATA motifs (Figure 5C and D; Online
Supplementary Figure S5D), suggesting that RUNX1-EVI1
can also bind via the RUNT homology domain. Unique
RUNX1-EVI1 ChIP peaks, however, were enriched for
ETS-like motifs (Figure 5C), which may be indicative of
binding via the EVI1 portion of the protein27 in the absence
of RUNX1, an example of which is shown in Figure 5D
and the Online Supplementary Figure S5D.

RUNX1-EVI1 disrupts RUNX1 and EVI1 driven gene 
regulatory networks

We next integrated the RUNX1 and RUNX1-EVI1 ChIP-
seq data with the DNaseI-seq and RNA-seq data to inves-
tigate how the binding of RUNX1-EVI1 and the move-
ment of RUNX1 influenced changes in gene expression.
We observed that the DHS that were lost following induc-
tion of RUNX1-EVI1 were associated with lost RUNX1
binding as well. However, RUNX1 moved to chromatin
which was already accessible and DHS which were
gained were associated with RUNX1-EVI1 binding (Figure
6A; Online Supplementary Figure S6A). When considering
genes which were at least 2-fold deregulated, those which
were downregulated - particularly in HP - were associated
with reduced RUNX1 binding (Figure 6B), indicating that
RUNX1-EVI1 induction interfered with gene activation by
RUNX1. The proportion of changed genes associated with
lost RUNX1 binding increased throughout differentiation,
as the reliance on RUNX1 increased. Both up- and down-
regulated genes at all stages were associated with new
RUNX1 binding sites, again matching the trend in chro-
matin accessibility. RUNX1-EVI1 bound de-regulated
genes were predominantly upregulated in HP cells, but
more were downregulated in HE cells. We therefore com-
pared how the gene expression changes related to endoge-
nous EVI1 and RUNX1 binding sites, by plotting which
genes were associated with EVI1 binding from a public
EVI1 ChIP dataset,27 and the genes associated with our
RUNX1 ChIP in uninduced HP against gene expression
changes following RUNX1-EVI1 (Figure 6C; Online
Supplementary Figure S6B). Genes which changed expres-
sion, were either upregulated or downregulated, were
enriched for EVI1 binding and depleted for RUNX1 bind-
ing, particularly in the HP. Therefore, neither RUNX1 nor
EVI1 is solely associated with up- or downregulation of
their target genes but instead we see a complex and stage-
specific pattern of interference.

Finally, to examine which changes were a direct
response to binding and which were a result of the cells’
changing identity, we employed gene set enrichment
analysis comparing the genes upregulated in HP following
induction of RUNX1-EVI1 to those downregulated fol-
lowing small interfering RNA knockdown of RUNX1-
EVI1 in a human cell line19 (Figure 6D) and observed a
good correlation. These genes include hematopoietic
genes (Online Supplementary Table S6) such as Gata2 (a
RUNX1 target) and Meis1 (a target of both RUNX1 and
RUNX1-EVI1). By contrast, the genes downregulated fol-
lowing RUNX1-EVI1 induction in HP did not correlate
well with those upregulated following RUNX1-EVI1
knockdown with the exception of a small subset of genes
such as Mpo and Rab44 which are neither RUNX1 nor
RUNX1-EVI1 targets. 

These results suggest that RUNX1-EVI1 is likely to
interfere with the repressive activities of both RUNX1 and
EVI1 with the balance of lineage decisions depending on
the differentiation stage at the time point of induction. 

Discussion

RUNX1-EVI1 expression is only found as a secondary
event in myeloid malignancies. Our study shows that its
expression as sole oncogene in untransformed myeloid
progenitor cells is incompatible with blood cell differenti-
ation. We also found that RUNX1-EVI1 induction disrupts
the RUNX1 driven endothelial-hematopoietic transition,
in a similar fashion to RUNX1-ETO.28 Expression of
RUNX1-EVI1 HP cells disrupted their colony forming
capacity and led to extensive de-regulation of gene expres-
sion. However, the underlying molecular cause was differ-
ent. As with RUNX1-ETO, genes of the stem cell program
were upregulated, but the arrest in differentiation after
RUNX1-EVI1 induction was associated with the rapid
activation of a multi-lineage gene expression program and
a profound disturbance of hematopoietic lineage specifica-
tion.

Induction of RUNX1-EVI1 in cells committed to the
hematopoietic fate is associated with the activation of a
pan-lineage hematopoietic gene expression program and a
failure in fully downregulating factors associated with a
vascular gene expression program. This behavior is remi-
niscent of mutations in lineage commitment factors, such
as PAX5. Knock-out of PAX5 leads to a block in B-cell dif-
ferentiation which is associated with an inability to acti-
vate the B-cell gene expression program, but also an inabil-
ity to repress the myeloid program,29,30 generating progen-
itors with a multi-lineage gene expression pattern and the
inability to commit to a specific lineage. Alongside the dif-
ferentiation associated phenotype, we found that
RUNX1-EVI1 caused a partial cell cycle arrest and increase
in apoptosis which is likely to be associated with
increased expression of Cdkn1c, leading to the stage-spe-
cific deregulation of cell cycle genes. Cdkn1c encodes the
cell cycle inhibitor p57Kip2 which is important in mainte-
nance of the adult hematopoietic stem cell compartment,31

and has been shown to be deregulated by both EVI1 and
MDS-EVI1 thus causing to cell cycle mis-regulation.13,32

Our results indicate that the phenotype caused by
RUNX1-EVI1 induction is a result of interference with
both RUNX1 and EVI1 driven gene regulatory networks.
Similar to PAX5, both RUNX1 and EVI1 interact with co-
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activators and co-repressors to affect gene expression,
depending on the genomic context.9,33-35 In accordance
with this notion, we did not find RUNX1-EVI1 behaving
solely as a repressor or activator of gene expression, with
further variation based on the differentiation stage. In
early HE, when Mecom expression reaches its peak, we
observed a bias towards repression of RUNX1-EVI1 target
genes and an activation of the hematopoietic program,
indicating that the fusion protein interfered with both the
repressive and activating function of EVI1. Conversely, we
found a bias towards gene activation in HP for multiple
programs where Runx1 expression was upregulated. This
result suggests that RUNX1-EVI1 interfered with the
repressive activity of RUNX1 which is known to co-oper-
ate with other factors to shut down the endothelial gene
expression program.36,37 This idea is further supported by
our finding that downregulated gene expression in HP can
largely be accounted for by lost RUNX1 binding. In con-
trast, upregulated gene expression is independent of new
RUNX1 binding and is therefore likely caused by other
transcription factors. These may include PU.1, which is a
known mediator of EVI1 function in myeloid malignan-
cy38,39 and which was precociously upregulated following
induction of RUNX1-EVI1. PU.1 is a master myeloid reg-
ulator which co-operates with RUNX1 in normal
hematopoiesis,40,41 and also has roles in cell cycle regula-
tion in stem cells.42 Alongside gene expression being
upregulated, open chromatin sites gained in HP were
enriched for PU.1 motifs and PU.1 target genes such as
Csf1r43 were upregulated. 

In conclusion, we found that RUNX1-EVI1 disrupts the

function of the endogenous RUNX1 and EVI1 in a develop-
mental program specific fashion leading to loss of cell cycle
control and an inability of hematopoietic precursor cells to
execute and maintain regulated cell fate commitment deci-
sions. Our results explain why RUNX1-EVI1 is associated
with particularly poor prognosis. It adds to a growing num-
ber of oncogenes that as sole drivers are incompatible with
hematopoietic stem cell function.44 Our results also high-
light the fact that whilst targeting transcription factors such
as RUNX1 is a therapy currently being developed,45 cross-
talk between multiple transcription networks in the pres-
ence of several mutated or mis-expressed transcription fac-
tors must also be considered.
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Leukocytes that lack expression of HLA alleles are frequently detected
in patients with acquired aplastic anemia (AA) who respond to
immunosuppressive therapy, although the exact mechanisms under-

lying the HLA loss and HLA allele repertoire likely to acquire loss-of-func-
tion mutations are unknown. We identified a common nonsense mutation
at codon 19 (c.19C>T, p.R7X) in exon 1 (Exon1mut) of different HLA-A and
-B alleles in HLA-lacking granulocytes from AA patients. A droplet digital
polymerase chain reaction assay capable of detecting as few as 0.07%
Exon1mut HLA alleles in total DNA revealed that the mutation was present
in 29% (101/353) of AA patients, with a median allele frequency of 0.42%
(range, 0.071% to 21.3%). Exon1mut occurred in only 12 different HLA-A
(n=4) and HLA-B (n=8) alleles, including B*40:02 (n=31) and A*02:06
(n=15), which correspond to four HLA class I supertypes (A02, A03, B07,
and B44). The percentages of patients who possessed at least one of these
12 HLA alleles were significantly higher in the 353 AA patients (92%,
P<0.001) and in 83 AA patients with copy number neutral loss of heterozy-
gosity in chromosome 6p (100%, P<0.001) than the percentage (81%) in
18,604 Japanese healthy individuals. Eighty-two percent (37/45) of AA
patients with Exon1mut responded to immunosuppressive therapy. Small
populations of leukocytes that lack particular HLA-A or B alleles due to
Exon1mut are common in AA patients. The detection of Exon1mut using a
droplet digital polymerase chain reaction assay without the need for HLA
typing may serve as a powerful tool for diagnosing the immune patho-
physiology of patients with bone marrow failure.
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ABSTRACT

Introduction

Acquired aplastic anemia (AA) is a rare condition characterized by pancytopenia
and bone marrow hypoplasia resulting from immune-mediated suppression of
hematopoietic stem progenitor cells (HSPC).1 Among several different immune
mechanisms, cytotoxic T lymphocytes that recognize auto-antigens presented by
HSPC are thought to play a critical role in the development of AA,2-7 based on the
finding that leukocytes that lack particular HLA-A or HLA-B alleles (HLA-allele-



lacking leukocytes: HLA-LL) are often detected in the
peripheral blood of AA patients.8,9 The presence of HLA-
LL represents compelling evidence to support the involve-
ment of cytotoxic T lymphocytes specific to HSPC in the
development of bone marrow failure, and the detection of
these leukocytes would be useful for diagnosing immune
pathophysiology in patients with AA and other types of
bone marrow failure, including low-risk myelodysplastic
syndrome. However, assays for detecting HLA-LL, such as
flow cytometry using monoclonal antibodies specific to
HLA-A or HLA-B alleles and single nucleotide polymor-
phism (SNP) arrays, have not been popularized because of
the need for HLA typing and low frequencies of copy
number neutral loss of heterozygosity of the short arm of
chromosome 6 (6pLOH).10,11

6pLOH was considered the most common way for
HSPC to lose HLA alleles.10-15 We recently reported that,
using targeted deep sequencing with a next-generation
sequencer, somatic loss-of-function mutations of HLA-
B*40:02 were frequently detected in granulocytes of AA
patients possessing HLA-B*40:02. These results strongly
suggested that antigen presentation by HSPC via HLA-
B4002 plays a critical role in the pathogenesis of AA.9

Loss-of-function mutations in HLA class I alleles other
than HLA-B*40:02 were also detected in patients with AA.
Babushok et al. identified mutations in several HLA class I
alleles in leukocytes of AA patients, including HLA-
A*33:03, A*68:01 and HLA-B*14:02.14 We recently ana-
lyzed leukocytes of AA patients with 6pLOH and detect-
ed somatic loss-of-function mutations in HLA-A*02:06 and
B*54:01.16,17 However, HLA class I alleles responsible for
autoantigen presentation in AA patients without HLA-
B*40:02, who account for approximately 80% of all AA
patients, are largely unknown due to the limited number
of AA patients who have been studied for loss-of-function
mutations in HLA class I alleles.

To identify HLA class I alleles other than HLA-B*40:02
that are involved in the autoantigen presentation of AA, we
performed targeted next-generation sequencing in AA
patients with HLA-LL who had HLA class I alleles other
than HLA-B*40:02. During the course of the mutation
analysis, we identified a nonsense mutation at codon 19
(c.19C>T, p.R7X) in exon 1 (Exon1mut) of some HLA-A or
HLA-B alleles. Surprisingly, Exon1mut was shared by different
HLA-A or HLA-B alleles and was prevalent in AA patients
although their variant allelic frequencies (VAF) were very
low. A sensitive assay that can detect Exon1mut could help to
identify HLA-A or HLA-B alleles that are responsible for
autoantigen presentation and provide insight into the
immune pathophysiology of bone marrow failure.

Against this backdrop, we developed a highly sensitive
droplet digital PCR (ddPCR) assay for detecting Exon1mut,
and determined the prevalence of Exon1mut and HLA alleles
likely to acquire this mutation in AA patients.

Methods

Detailed information on the materials and methods are provid-
ed in the Online Supplementary Data.

Patients
Twenty Japanese AA patients with HLA-LL who did not have

an HLA-B*40:02 allele were analyzed for the presence of loss-of-
function mutations in HLA alleles. We studied a total of 353

Japanese AA patients, including the 20 patients who were further
analyzed for the prevalence and clinical significance of Exon1mut in
AA between 2010 and 2018 (Table 1). A schematic of the experi-
ments is provided in Online Supplementary Figure S1. All patients
were genotyped for HLA-A, HLA-B, HLA-C, and HLA-DRB1 alle-
les using the PCR sequence-specific oligonucleotide method. All
patients provided consent to participation in this study, which was
conducted in accordance with the Declaration of Helsinki and
approved by the ethics committee of the Kanazawa University
Institute of Medical, Pharmaceutical, and Health Sciences.

Detection of glycosylphosphatidylinositol-deficient
cells and cells with 6p loss of heterozygosity

Glycosylphosphatidylinositol-anchored protein-deficient (GPI–)
cells were detected using high sensitivity flow cytometry, as pre-
viously described.18 6pLOH was assessed using a SNP array-based
method with GeneChip 500K arrays (Affymetrix, Japan) or a
ddPCR assay with a QX200 AutoDG Droplet Digital PCR System
(Bio-Rad, CA, USA), as previously described.9,10

Deep sequencing of HLA class I genes
From peripheral blood samples of the 20 patients with HLA-LL,

which were stained with anti-HLA-allele-specific and lineage-spe-
cific monoclonal antibodies, paired fractions of granulocytes and
CD3+ T cells were sorted and were subjected to DNA extraction
(Online Supplementary Figure S2). The monoclonal antibodies used
in this study are summarized in Online Supplementary Table S1.
Nucleotide sequences of HLA-A and HLA-B genes in sorted gran-
ulocytes of patients with HLA-LL were determined using a next-
generation sequencer (Miseq; Illumina, CA, USA).

Digital droplet polymerase chain reaction assay for
detecting Exon1mut

We developed a sensitive ddPCR assay for precise detection of
Exon1mut in the peripheral blood of AA patients using the QX200
ddPCR system. Briefly, we designed two different sets of primer
pairs complementary to the consensus sequences of HLA-A and
HLA-B alleles, and locked nucleic acid-based probes complemen-
tary to wild-type and mutant-specific sequences (Online
Supplementary Table S2). Detailed protocols for ddPCR are provid-
ed in the Online Supplementary Methods.

Determination of HLA alleles that acquired Exon1mut

HLA alleles that acquired Exon1mut were determined by deep
sequencing with the next-generation sequencer, or deduced from
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Table 1. Baseline characteristics of the patients with aplastic anemia.
Characteristics                                                             N. of patients 

Total                                                                                                        353
Age in years, median (range)                                                     63 (11-93)
Sex, male/female                                                                              167/186
Severity

Non-severe AA                                                                                 202
Severe/very severe AA                                                                   151

Patients with increased GPI– granulocytes, n (%)                245 (69.4)
None (<0.003%)                                                                              108
0.003-1.0%                                                                                          177
>1.0%                                                                                                  68

IST prior to sampling, n (%)                                                        61 (17.2)
CsA±TPO-RA                                                                                     31

rATG+CsA±TPO-RA                                                                          30
GPI–: glycosylphosphatidylinositol-anchored proteins deficient; AA: aplastic anemia; 
IST: immunosuppressive therapy; CsA: cyclosporine; TPO-RA: thrombopoietin receptor
agonist; ATG: antithymocyte globulin.



alleles contained in the lost haplotype due to 6pLOH that was
accompanied by Exon1mut (Online Supplementary Figure S3). The low
VAF of Exon1mut (VAF <1%) was confirmed by deep sequencing
with unique molecular identifiers (xGen® Dual Index UMI
Adapters: Integrated DNA Technologies, IA, USA).19 The correla-
tion between Exon1mut’ VAF determined by deep sequencing with
unique molecular identifiers and those determined by the ddPCR
assay was examined using 24 different samples (Online
Supplementary Figure S4). HLA class I alleles acquiring Exon1mut were
determined using the nearest allele-specific SNP. Details on deep

sequencing with unique molecular identifiers are provided in the
Online Supplementary Methods.

Statistical analysis
Comparisons were performed using the Fisher exact test for cat-

egorical variables and Mann-Whitney U test for continuous vari-
ables with a two-tailed significance level of 0.05. Statistical analy-
ses were performed using the EZR software program.20 Graphs
were generated using GraphPad PRISM7.0 (GraphPad Software
Inc, CA, USA).
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Figure 1. Identification of Exon1mut in patients with aplastic anemia. (A) Exon1mut [p.R7*(c.19C>T)] was detected by targeted deep sequencing of sorted HLA-A2– gran-
ulocytes (UPN 262) and HLA-A2+B60– granulocytes (UPN 211) in two patients with aplastic anemia. Sequencing results of sorted HLA-allele lacking leukocytes from
these two patients and germline controls and flow cytometry results of granulocytes are shown. (B) Loss-of-function mutations detected in 14 patients by targeted
deep sequencing. Exon1mut was detected in HLA-A alleles of eight patients and HLA-B alleles of four patients. UPN: unique patient number.
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Results

Identification of Exon1mut in different HLA-A and HLA-B
alleles in HLA-lacking leukocytes from patients with
aplastic anemia

To identify HLA class I alleles other than HLA-B*40:02
that are critically involved in autoantigen presentation in
AA, we sequenced HLA-A and HLA-B alleles of sorted
granulocytes from 20 patients with HLA-LL not possess-
ing HLA-B*40:02. The clinical characteristics of these 20
patients are shown in Online Supplementary Table S3. HLA-
A– granulocytes or HLA-A+B– granulocytes, accounting for
2.4-99.8% of all granulocytes, were detected in these
patients (Online Supplementary Figure S5, Online
Supplementary Table S3). Median read depths of the HLA-
A and HLA-B alleles were 925 and 1,012 for targeted deep
sequencing and 43,013 and 35,267 for amplicon sequenc-
ing, respectively. Of the 20 AA  patients assessed, six had
6pLOH alone, ten had various loss-of-function mutations
in addition to 6pLOH, and four had only somatic loss-of-
function mutations in HLA-A. Three (UPN 210, 335, and
348) of the 14 patients with loss-of-function mutations
had the mutations in HLA-B of sorted HLA-A+ granulo-

cytes. Of note, 12 of 14 patients with loss-of-function
mutations had Exon1mut in HLA-A (A*02:06, n=7; A*31:01,
n=1) and HLA-B (B*13:01, n=1; B*40:01, n=2; and B*54:01,
n=1). The other two patients (UPN 335 and UPN 210) had
different loss-of-function mutations from Exon1mut in HLA-
B*40:03 and HLA-B*54:01, respectively. Interestingly, a
frameshift mutation of HLA-B*54:01 also occurred at
codon 19 (c.19delC, p.R7Efs) in exon 1 (Figure 1A and B,
Online Supplementary Table S4).

Exon1mut detection using a sensitive droplet digital
polymerase chain reaction assay

To detect Exon1mut with high sensitivity and specificity,
we established a ddPCR assay that allows for precise
measurement of mutant allele frequency without the need
for HLA typing. Tested samples containing a fixed amount
of wild-type DNA and serial dilutions of Exon1mut template
DNA revealed a detection limit of 0.07% for both HLA-A
and HLA-B (Online Supplementary Figure S6). The ddPCR
assay yielded 0% to 0.042% (median, 0.009%) positive
dots in peripheral blood of 24 healthy individuals, validat-
ing the cut-off value of 0.07%. The ddPCR assay was able
to detect Exon1mut, which had an allelic frequency of <1.0%
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Figure 2. Detection of
Exon1mut using the droplet
digital polymerase chain
reaction assay. (A)
Representative droplet digi-
tal polymerase chain reac-
tion (ddPCR) plots of
Exon1mut in two patients with
aplastic anemia. The ddPCR
assay detected 0.92%
Exon1mut DNA in HLA-
A*02:06 of UPN 299 and
0.98% Exon1mut DNA in HLA-
B*40:01 of UPN 211. (B) A
minor population of HLA-
allele-lacking leukocytes in
UPN 280 detected by flow
cytometry and the ddPCR
assay. The ddPCR assay
detected 0.27% Exon1mut in
whole blood where granulo-
cytes and monocyte with
Exon1mut were diluted with
lymphocytes without
Exon1mut. The percentage of
Exon1mut -positive cells was
consistent with the percent-
age of HLA-A2– monocytes
(0.6%) detected by flow
cytometry. UPN: unique
patient number; VAF: vari-
ant allele frequency; FCM:
flow cytometry.
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(Figure 2A), clearly showing the presence of HLA-LL in
patients for whom flow cytometry analysis of monocytes
using anti-HLA-A2 antibodies produced unequivocal
results regarding the presence of HLA-A2-lacking mono-
cytes (Figure 2B).

Prevalence of Exon1mut in patients with aplastic anemia
Using two different ddPCR mixtures for HLA-A and

HLA-B, the presence of Exon1mut was evaluated in all of the
353 patients. Exon1mut was detected in 101 (28.6%) of the
353 patients, with the median frequency of 0.42% (range,
0.071% to 21.3%). The prevalence of Exon1mut was similar
in HLA-A and HLA-B alleles in both treatment-naïve
patients (n=291) and treated patients (n=62). Among the
AA patients with Exon1mut, those who had been treated
had a higher median frequency of Exon1mut than those who
were untreated (0.96% vs. 0.33%, P=0.0079) (Figure 3A).
Figure 3B shows the relationships between the presence of
cells with Exon1mut, 6pLOH and a paroxysmal nocturnal
hemoglobinuria (PNH) phenotype in the patients. Fifty-six
(55.4%) and 67 (66.3%) of the 101 patients with Exon1mut

had 6pLOH and PNH phenotype cells, respectively. Ten
(2.8%) of the 353 patients had Exon1mut alone. The frequen-
cy of Exon1mut was much lower than that of 6pLOH in 36
patients possessing both clones (P<0.001) (Figure 3C).

Long-term persistence of Exon1mut-positive cells
Serial blood samples were available for longitudinal

analyses of Exon1mut in 13 patients who responded to
immunosuppressive therapy (cyclosporine [CsA] alone in
6 and rabbit antithymocyte globulin [rATG] + CsA in 5) or
anabolic steroids (n=2). Exon1mut was persistently detected
for 14-86 months in nine patients, including one patient
(UPN 299) who had been off treatment for 7 years, sug-
gesting that Exon1mut-positive leukocytes are derived from
long-lasting HSPC (Figure 4A). The VAF of Exon1mut

increased in two (15%, UPN 333 and UPN 339), remained
stable in four (31%), and decreased in three (23%)
patients. Exon1mut became undetectable at 7-33 months
after the first detection of Exon1mut in the other four
patients, all of whom were being treated with CsA. Figure
4B shows a gradual decline of the Exon1mut frequency over
3 years in one patient (UPN 213).

HLA-A and HLA-B alleles that acquire Exon1mut

Among the 101 patients with Exon1mut, HLA alleles that
acquired Exon1mut could be determined by targeted deep
sequencing with (n=21) or without (n=37) unique molec-
ular identifiers, or deduced from alleles contained in the
lost haplotype due to 6pLOH that was accompanied by
Exon1mut (n=10) (Online Supplementary Figure S2). In the
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Figure 3. Prevalence and clone
size of Exon1mut in patients with
aplastic anemia. (A) Mutant
allele frequency of Exon1mut in
291 and 62 Exon1mut positive
untreated and treated patients
with aplastic anemia, respective-
ly. Red bars indicate median
allele frequencies of Exon1mut.
(B) The prevalence of Exon1mut

and its relationship with paroxys-
mal nocturnal hemoglobinuria
phenotype (PNH) and copy num-
ber neutral loss of heterozygosity
of the short arm of chromosome
6 (6pLOH). Exon1mut -positive
patients accounted for 58% of
6pLOH+PNH+ patients and for
67% of 6pLOH+ patients. (C)
Frequency of Exon1mut and
6pLOH in individual patients who
were positive for both mutant
clones. The frequencies of both
clones were determined by
droplet digital polymerase chain
reaction analysis. *P<0.001.
VAF: variant allele frequency; AA:
aplastic anemia; UPN: unique
patient number.
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other 33 patients with Exon1mut, HLA-A or HLA-B alleles
that acquired Exon1mut could not be determined or deduced
due to very low VAF (<0.2%), the absence of allele-specif-
ic SNP near Exon1mut in HLA-A or HLA-B alleles that are
useful for identify missing HLA alleles, or the absence of
coexisting 6pLOH. For the 68 patients in whom HLA alle-
les that acquired Exon1mut could be determined, the follow-
ing 12 alleles were identified: A*02:01 (n=2), A*02:06
(n=15), A*02:07 (n=1), A*31:01 (n=3), B*13:01 (n=2),
B*40:01 (n=3), B*40:02 (n=31), B*40:03 (n=1), B*44:03
(n=1), B*54:01 (n=6), B*55:02 (n=2), and B*56:01 (n=1)

(Figure 5A). HLA class I supertypes of these alleles, which
are defined by similarities in the antigen-presenting
amino-acid motif of HLA alleles, were confined to only
four supertypes: A02, A03, B07, and B44, except for HLA-
B*13:01 that does not belong to any of the 14 supertypes.21

When comparing the frequency of these 12 alleles
between a healthy control population and our study
cohort, 81% of 18,604 healthy Japanese individuals pos-
sessed at least one of the 12 alleles, while the prevalence
was 92% in the 353 patients with AA (P<0.001) and 100%
in the 83 patients with 6pLOH (P<0.001) (Figure 5B), sug-
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Figure 4. Temporal changes in allelic frequency of Exon1mut. (A) Allelic frequencies of Exon1mut determined at different time points in 13 patients and their disease
status. (B) Representative scattergrams from UPN 213 showing a gradual decline in Exon1mut frequency over the course of 3 years. UPN: unique patient number;
ddPCR: droplet digital polymerase chain reaction; CsA: cyclosporine A; VAF: variant allele frequency.
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gesting the involvement of these alleles in the develop-
ment of AA.

Loss of HLA-B expression from Exon1mut-positive 
leukocytes

Although Exon1mut in leukocytes is expected to result in
lack of the corresponding HLA allele, the phenotype of
these leukocytes is difficult to examine since the VAF of
Exon1mut is very low. We previously established six induced
pluripotent stem (iPS) cell clones from peripheral blood
monocytes of an AA patient (UPN 333) whose monocytes
included approximately 60% HLA-A24+Bw6– cells (Figure
6A).17 Deep sequencing revealed the presence of Exon1mut in
sorted HLA-A24+Bw6– cells and also in one (clone C1) of
the six iPS cell clones. When a wild-type iPS clone (clone
E1) and clone C1 were induced to differentiate into CD34+

cells, all clone E1-derived CD34+ cells expressed HLA-Bw6
(B5401), while all clone C1-derived CD34+ cells lacked
HLA-Bw6 (Figure 6B). The ddPCR assay using DNA from
wild-type and Exon1mut-positive iPS cell-derived CD34+

cells revealed that the VAF of Exon1mut were 0.041% and
49%, respectively, as expected (Figure 6C).

Clinical characteristics of aplastic anemia patients
with Exon1mut

Of the 291 patients whose peripheral blood samples
were examined for Exon1mut and GPI– cells before treat-
ment, 151 were evaluable for response to immunosup-
pressive therapy (CsA alone, n=68; CsA+rATG, n=83).
The other 140 patients were excluded from the analysis of
the relationship between the response to immunosuppres-
sive therapy and the presence of Exon1mut or GPI– cells
because no data on the response to immunosuppressive
therapy were available in 84, and the remaining 56
received no treatment (n=25) or treatments other than
immunosuppressive therapy (n=31), such as anabolic
steroids and thrombopoietin receptor agonists, and allo-
geneic stem cell transplantation. An increase in GPI– cells
was noted in 76% (34/45) of patients with Exon1mut and in
76% (81/106) without Exon1mut (P=1.0). In terms of
response to immunosuppressive therapy, 82% (37/45) of
patients with Exon1mut responded to CsA (n=14) or
CsA+rATG (n=23), while 75% (79/106) of those without
Exon1mut responded to CsA (n=35) or CsA+rATG (n=44)
(P=0.40). The response rate to immunosuppressive thera-
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Figure 5. HLA alleles that acquired Exon1mut. (A) The number of cases that acquired Exon1mut in the corresponding HLA alleles are shown. HLA numbers shown below
the bar graph denote the HLA class I supertypes to which each allele belongs. (B) Proportions that the 12 HLA alleles account for in the different populations. AA:
aplastic anemia; 6pLOH: copy number neutral loss of heterozygosity of the short arm of chromosome 6.
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py in patients with Exon1mut was significantly higher than
that (54%, 13/24) in patients who were negative for all of
Exon1mut, GPI– cells, and 6pLOH (P=0.023).

Discussion

Targeted deep sequencing of HLA genes of leukocytes
obtained from AA patients with HLA-LL revealed a
unique nonsense mutation at codon 19 (c.19C>T, p.R7X)
in exon 1 (Exon1mut) of different HLA-A and HLA-B alleles.
This mutation has been previously reported in Japanese
and American AA patients, but did not draw attention
because the mutation was detectable in only a limited
number of patients.9,14 Our highly sensitive ddPCR assay
enabled the detection of minor Exon1mut clones and detect-
ed the mutant DNA in nearly one third of Japanese AA
patients regardless of the presence of 6pLOH. Exon1mut was
also detected in two of eight Finnish AA patients we stud-

ied (unpublished observation). Interestingly, a frameshift
mutation (c.19delC, p.R7Efs) was also identified at codon
19 of HLA-B*54:01 in a patient (UPN 210) without
Exon1mut, suggesting that the codon 19 in exon 1 of HLA-A
and HLA-B may be a specific position at which somatic
mutations are likely to occur.

The loss of HLA from CD34+ cells due to Exon1mut was ver-
ified by phenotypic analysis of Exon1mut-positive iPS cell-
HSPC that were derived from monocytes of an AA patient
who had approximately 14% Exon1mut-positive cells among
the granulocyte population.17 Exon1mut has also been detected
in several squamous cell carcinomas, such as head and neck
tumors, oral cancers, and anal cancers, in previous studies.22-

25 The solid tumors that lost HLA class I expression due to
Exon1mut were thought to have escaped T-cell attack and
acquired a proliferative advantage. Taken together, these
findings suggest that Exon1mut is a common mechanism by
which HSPC lose HLA, allowing them to escape from the
effects of cytotoxic T lymphocytes in AA patients.
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Figure 6. HLA allele
expression by Exon1mut -
positive hematopoietic
stem and progenitor
cells. (A) Establishment of
induced pluripotent stem
cell (iPSC)-derived
hematopoietic stem cells
from monocytes of an
aplastic anemia patient
with Exon1mut (UPN 333).
(B) HLA-Bw6 (B5401)
expression by CD34+ cells
derived from a wild-type
iPSC clone (left) and an
Exon1mut -positive iPSC
clone (right). (C) Exon1mut

detection in DNA from
wild-type (left) and
Exon1mut-positive (right)
iPSC-derived CD34+ cells.
Numbers below the scat-
tergram denote the vari-
ant allele frequency of
Exon1mut.  AA: aplastic
anemia; UPN: unique
patient number; iPS cells:
induced pluripotent stem
cells; VAF: variant allele
frequency.
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We previously used targeted deep sequencing to identify
frequent loss-of-function mutations in three HLA class I
alleles, B*40:02, A*02:06, and B*54:01.9,16,17 The highly sensi-
tive ddPCR assay described herein that was capable of
detecting Exon1mut newly identified three HLA-A (A*02:01,
A*02:07, A*31:01) and six HLA-B alleles (B*13:01, B*40:01,
B*40:03, B*44:03, B*55:02, B*56:01) as HLA alleles that are
susceptible to allelic loss. Compared with their frequency in
the general Japanese population, these HLA alleles were
found to be highly enriched in AA patients. Among the 14
HLA class I supertypes that are defined based on similarities
in the antigen-presenting peptide motif, the 12 alleles men-
tioned above belong to only four of the supertypes.21 These
findings suggest that autoantigens of AA may be presented
to T cells by these specific HLA alleles on HSPC.

Like HSPC positive for 6pLOH, those positive for
Exon1mut are thought to escape the attack of cytotoxic T
lymphocytes specific to autoantigens presented by the
missing HLA-A or HLA-B allele and contribute to
hematopoiesis over the long-term. However, it is unclear
why Exon1mut occurs more frequently in HSPC than loss-of-
function mutations in other positions of HLA class I alle-
les. Shukla et al. reported different hotspots of mutations
in class I HLA genes according to cancer type, and identi-
fied Exon1mut only in head and neck squamous cell can-
cers.24 HSPC may thus share a common property in that
Exon1mut is likely to occur in class I HLA genes in head and
neck squamous cell cancers. 

The median VAF of Exon1mut in patients with Exon1mut

patients was only 0.42%, a level that cannot be detected
by targeted deep sequencing. This low VAF was in sharp
contrast to the high proportion of concomitant 6pLOH in
individual patients (Figure 3C). We previously reported
that 6pLOH+ leukocytes were often polyclonal, consisting
of leukocytes having different breakpoints of uniparental
disomy in the short arm of chromosome 6.10 This poly-
clonality may account for the high proportion of 6pLOH.
Although the leukocytes with Exon1mut represent a minor
leukocyte population, the long-term (1-7 years) persist-
ence of these mutated leukocytes indicates that they are
derived from HSPC with self-renewal capacity. Arends et
al. showed that clone size of cells with somatic mutations
of epigenetic regulation genes expanded from most imma-
ture hematopoietic stem cells to mature peripheral blood
cells in patients with clonal hematopoiesis of indetermi-
nate potential.26 Leukocyte positive for Exon1mut may also
be derived from most immature hematopoietic stem cells.
The persistence of similarly minor clones in peripheral
blood has been reported for GPI– granulocytes in AA, the
median frequency of which was 0.25%.18,27 In contrast to
PIGA-mutated or 6pLOH+ leukocytes, which can be oligo-
clonal and dysfunctional due to the lack of all GPI-
anchored proteins or a large segment of 6p, Exon1mut-posi-
tive leukocytes are derived from a single HSPC that is phe-
notypically normal except for the lack of one HLA allele.
According to Dingli’s hypothesis, approximately 400
HSPC are actively involved in human hematopoiesis.28

Thus, the small proportion of Exon1mut-positive leukocytes
among the entire leukocyte population may reflect an
average clone size of individual HSPC in the bone mar-
row.

HLA-LL are useful markers that indicate the presence of
an immune pathophysiology in patients with bone mar-

row failure. Here we showed a high response rate to
immunosuppressive therapy in patients with Exon1mut,
although patients without Exon1mut also had a high
response rate likely due to the high prevalence of GPI–

cells.29-31 Several methods can be used to detect HLA-LL,
including flow cytometry assays with monoclonal anti-
bodies specific to HLA-A or HLA-B alleles, ddPCR or SNP
arrays for detecting 6pLOH, and targeted deep sequenc-
ing.8-10,12 However, these methods require HLA typing of
patients, take a long time to produce results, and are
unable to detect HLA-LL that account for less than 1% of
total leukocytes. The ddPCR assay used in the present
study to detect Exon1mut enables the detection of HLA-LL
accounting for as few as 0.07% of the total leukocyte pop-
ulation within 6 h of blood collection, highlighting the
powerful nature of this assay for diagnosing immune
pathophysiology in patients with bone marrow failure.
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Graft-versus-host disease (GvHD) prophylaxis for unmanipulated
haploidentical hematopoietic cell transplantation includes post-
transplant cyclophosphamide (PTCy) and anti-thymocyte globu-

lin (ATG). Utilizing data in the European Society for Blood and Marrow
Transplantation registry, we compared ATG- versus PTCy-based GvHD
prophylaxis in 434 adults with acute lymphoblastic leukemia undergo-
ing haploidentical hematopoietic cell transplantation. Of the 434
patients included in this study, ATG was used in 98 and PTCy in 336..
The median follow-up was approximately 2 years. The baseline charac-
teristics of the patients were similar between the groups except that the
ATG group was more likely to have had relapsed/refractory acute lym-
phoblastic leukemia (P=0.008), had conditioning not including total
body irradiation (P<0.001), have had peripheral blood as the source of
their grafts (P≤0.001) and to have been transplanted in an earlier time-
period (median year of transplantation: 2011 vs. 2015). The 100-day
rates of grade II-IV and III-IV acute GvHD were similar in the ATG and
PTCy groups, as were 2-year chronic GvHD rates. On multivariate
analysis, leukemia-free survival and overall survival were better with
PTCy than with ATG prophylaxis. Relapse incidence was lower in the
PTCy group (P=0.03), while non-relapse mortality was not different.
Advanced disease and lower performance score were associated with
poorer leukemia-free survival and overall survival and advanced disease
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Introduction

Despite significant advances in the management of
adult acute lymphoblastic leukemia (ALL), disease relapse
remains a significant impediment to long-term leukemia-
free survival,1 especially in adult patients aged >20 years
and in those with advanced (relapsed/refractory) disease.2

Although fraught with challenges of disease relapse and
non-relapse mortality,  allogeneic hematopoietic cell
transplantation (HCT) is a potentially curative option for
these patients, and is often considered in high-risk and
advanced ALL.2-4 In the absence of a suitable HLA-
matched donor, allogeneic transplantation from a related
haploidentical donor can be considered and such donors
are a readily available source of grafts for most patients
irrespective of racial/ethnic background. Indeed, the use
of haploidentical HCT has increased steadily over the
years in various hematologic malignancies including
acute leukemia.4,5 To mitigate the risk of greater HLA-dis-
parity and resultant graft rejection and graft-versus-host
disease (GvHD) which were seen with haploidentical
HCT, T-cell depletion was used historically, but this
strategy was associated with higher risks of non-relapse
mortality, disease relapse and delayed immune reconsti-
tution.6-9

The use of unmanipulated, T-cell-replete grafts has
revived haploidentical transplantation. Immunosuppression
using anti-thymocyte globulin (ATG) in this setting has
shown favorable results.10,11 Wang et al. conducted a biolog-
ically randomized trial, specifically in ALL patients in first
complete remission, comparing matched sibling donor ver-
sus haploidentical donor transplantation using ATG-based
GvHD prophylaxis and reported a similar 3-year leukemia-
free survival (60% vs. 61% by the intention-to-treat analy-
sis). The administration of post-transplant cyclophos-
phamide (PTCy) after an unmanipulated haploidentical
allograft has shown favorable results and has become wide-
ly utilized in the past decade.12,13 Registry data also support
unmanipulated haploidentical HCT as a viable treatment
option for ALL patients.14,15

Although both strategies are effective as GvHD pro-
phylaxis, there is a paucity of comparative data on ATG
versus PTCy in haploidentical transplantation. Ruggeri et
al. conducted a retrospective study using data from the
European Society for Blood and Marrow Transplantation
(EBMT) registry on 308 patients with acute myeloid
leukemia, and compared outcomes between those given
ATG (n=115) or PTCy (n=193) as a GvHD prevention
strategy. On multivariate analysis, compared to ATG,
PTCy use was associated with significantly better
leukemia-free survival (P=0.03) and GvHD-free/relapse-
free survival (GRFS) (P=0.03). To our knowledge, no stud-
ies have reported comparative data between ATG and
PTCy platforms in ALL patients undergoing haploidenti-
cal transplantation.16 We used the EBMT database to con-
duct a comparative analysis between ATG and PTCy
strategies in ALL patients undergoing haploidentical HCT

using bone marrow or peripheral blood as the source of
hematopoietic cells for the graft.

Methods

Data source and patients
This is a retrospective multicenter analysis using the dataset of

the Acute Leukemia Working Party of the EBMT group registry.
The EBMT is a voluntary working group of more than 600 trans-
plant centers that are required to report, annually, all consecutive
hematopoietic cell transplants and follow-ups. Audits are per-
formed routinely to determine the accuracy of the data. The study
was planned and approved by the Acute Leukemia Working Party
of the EBMT. In addition, the study protocol was approved by the
institutional review board at each site and complied with country-
specific regulatory requirements. The study was conducted in
accordance with the Declaration of Helsinki and Good Clinical
Practice guidelines.

The subjects included in this analysis were adults (≥18 years)
with ALL who underwent their first haploidentical HCT between
2007 and 2017, were reported to the ''Promise'' database of the
EBMT and received either ATG or PTCy as a GvHD prevention
strategy. Recipients of haploidentical transplantation (mismatched
by at least two or more HLA-loci to donors) received unmanipu-
lated, bone marrow or peripheral blood grafts with additional
GvHD prophylaxis, which consisted predominantly of a cal-
cineurin inhibitor plus mycophenolate mofetil or a calcineurin
inhibitor plus methotrexate. Patients who received grafts that had
been manipulated ex vivo (T-cell-depleted or CD34-selected grafts)
or who received both ATG and PTCy (n=37) were excluded. 

Study endpoints and definitions
The primary endpoint for this study was leukemia-free survival.

Secondary endpoints were acute GvHD, chronic GvHD, relapse
incidence, non-relapse mortality, GRFS and overall survival.
Refined GRFS was defined as survival without the following
events: grade III or IV acute GvHD, severe chronic GvHD, disease
relapse, or death from any cause after haploidentical HCT.17,18

Leukemia-free survival was calculated until the date of first
relapse, death from any cause or the last follow-up for patients
alive in complete remission. Relapse was defined as disease recur-
rence and appearance of blasts in the peripheral blood or bone
marrow (>5%) after having achieved complete remission. Non-
relapse mortality was defined as death from any cause other than
relapse. Acute GvHD was graded according to the modified
Seattle Glucksberg criteria19 and chronic GvHD according to the
revised Seattle criteria.20 The conditioning regimen was defined as
myeloablative when it contained total body irradiation (TBI) at a
dose >6 Gray or a total dose of busulfan >8 mg/kg (orally) or >6.4
mg/kg (intravenously). All other conditioning regimens were
defined as reduced intensity.21 Neutrophil engraftment was
defined as the first of 3 successive days with an absolute neu-
trophil count ≥500/mL. 

Statistical analysis
Patient-, disease-, and transplant-related characteristics for the

was associated with inferior GvHD-free/relapse-free survival. Compared to bone marrow grafts,
peripheral grafts were associated with higher rates of GvHD. In patients with acute lymphoblastic
leukemia undergoing unmanipulated haploidentical hematopoietic cell transplantation, PTCy for GvHD
prevention resulted in a lower incidence of relapse and improved leukemia-free survival and overall sur-
vival, compared to ATG. 



two cohorts (reducing intensity/myeloablative conditioning) were
compared using χ2 statistics for categorical variables and the
Mann-Whitney test for continuous variables. Survival statistics
(leukemia-free survival, overall survival and GRFS) were estimated
by the Kaplan-Meier method. Cumulative incidence functions
were used to estimate neutrophil engraftment, acute GvHD,
chronic GvHD, relapse incidence and non-relapse mortality.
Competing risks were death for engraftment and relapse inci-
dence, relapse for non-relapse mortality, and relapse or death for
acute and chronic GvHD. Univariate analysis (Online
Supplementary Table S1) was carried out using the log-rank test for
GRFS, overall survival and leukemia-free survival, and the Gray
test for cumulative incidence functions. A Cox proportional haz-
ards model was used for multivariate regression. All variables dif-
fering significantly between the two groups or factors associated
with one outcome in univariate analysis were included in the Cox
model. To test for a center effect, we introduced a random effect
or frailty for each center into the model.22,23 Results are expressed
as a hazard ratio (HR) with a 95% confidence interval (95% CI).
All tests were two-sided. The type I error rate was fixed at 0.05 for
the determination of factors associated with time-to-event out-
comes. Statistical analyses were performed with SPSS 24.0 (SPSS
Inc, Chicago, IL, USA) and R 3.4.0 (R Core Team [2017]. R: A lan-
guage and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/).

Results

Baseline characteristics
In all, 434 patients undergoing haploidentical HCT for

ALL were included in the study, which comprised two
groups divided according to which GvHD prophylaxis the
patients received: ATG (n=98) or PTCy (n=336). Baseline
patient-, disease- and transplantation-related characteris-
tics are shown in Table 1. There were no significant differ-
ences between the groups in terms of patients’ age, gen-
der, ALL subtype, Karnofsky Performance Score <90,
HCT-Comorbidity Index ≥3, donors’ age and donor-recip-
ient combinations of sex and cytomegalovirus serological
status. ATG recipients were more likely to have
relapsed/refractory ALL compared to PTCy recipients
(30.6% vs. 16.4%, respectively; P=0.008). Although the
difference was not statistically significant, myeloablative
conditioning regimens were given to a greater proportion
of PTCy-treated patients than ATG-treated patients
(78.3% vs. 69.4%, respectively; P=0.07). The PTCy group
was more likely to have received TBI (45.2% vs. 26.5%;
P≤0.001). A TBI dose of ≥10 Gy was administered to
25.8% of the patients in the PTCy group and 14.3% of
those in the ATG group. Bone marrow was the graft
source in 52.1% and 31.6% of patients in the PTCy and
ATG groups, respectively (P≤0.001). ATG-based hap-
loidentical transplants were carried out during an earlier
period (median year of transplant, 2011) compared to
PTCy-based transplants (median year of transplant, 2015)
(P≤0.0001). The median follow-up for survivors in the
ATG and PTCy groups was 55 months (range, 14-79) and
22 months (range, 12-37), respectively. 

Engraftment
The cumulative incidence of engraftment at day 60 was

91.7% (95% CI: 83.7-95.8) and 92.5% (95% CI: 89-95) in
the ATG and PTCy groups, respectively (P=0.11).

Table 1. Baseline patient-, donor- and transplant-related characteristics in the
entire cohort of haploidentical donor transplant recipients and groups strati-
fied by graft-versus-host disease prevention strategy.
Baseline variable                       All patients                     By GvHD prophylaxis
                                                    N = 434          ATG, N=98    PTCy, N=336  P-value
Recipients’age in years,               35.6 (18-76)       35.5 (18-76)      36 (18-73)        0.93
median (range)
Male recipient*, n (%)                     274(63)              61 (62.2)         213 (63.8)         0.78
ALL subtype, n (%)                                                                                                                 

Ph-negative B-ALL                       154 (35.4)            34 (34.7)         120 (35.7)         0.51
Ph-positive B-ALL                        140 (32.3)            36 (36.7)         104 (31.0)            
T-ALL                                               140 (32.3)            28 (28.6)         112 (33.3)            

Remission status, n (%)                                                                                                        
CR1                                                  208 (47.9)            41 (41.8)         167 (49.7)        0.008
CR2 or beyond                              141 (32.5)            27 (27.6)         114 (33.9)            
Advanced (r/r)                               85 (19.6)             30 (30.6)          55 (16.4)             

KPS, n (%)                                                                                                                                
≥90                                                   293 (72)             64 (65.3)         229 (68.2)         0.71

<90                                                   114 (28)             23 (23.5)          91 (27.0)             
Missing                                                  27                         11                      16                   

Comorbidity Index, n (%)                                                                                                     
≤2                                                      188 (79)             27 (71.1)         161 (80.5)         0.19
≥3                                                      50 (21)              11 (28.9)          39 (19.5)             
Missing                                                 196                        60                      136                  

Prior autologous                                21 (4.8)                  5 (5)               16 (4.8)            0.8
transplantation, n (%)
Conditioning intensity, n (%)                                                                                               

Myeloablative                               331 (76.3)            68 (69.4)         263 (78.3)         0.07
Reduced intensity                       103 (23.7)            30 (30.6)          73 (21.7)             

Total body irradiation, n (%)          178 (41)             26 (26.5)         152 (45.2)      <0.001
Additional GvHD prophylaxis, n (%)

Cyclosporine/MTX                           23 (5.4)              14 (14.9)            9 (2.7)            NA
Cyclosporine/MMF                       205 (47.3)              4 (4.3)           201 (59.8)            
Tacrolimus/MMF                            88 (20.6)               3 (3.2)            85 (25.5)             
Sirolimus/MMF                                29 (6.8)              21 (22.3)            8 (2.4)               
Cyclosporine/MMF/                       45 (10.5)             40 (42.5)            5 (1.5)
MTX                                                                                         
Cyclosporine                                    16 (3.8)                6 (6.4)               10 (3)                
Tacrolimus                                        10 (2.3)                1 (1.1)              9 (2.7)               
Tacrolimus/sirolimus                      4 (0.9)                 1 (1.1)              3 (0.9)               
MMF                                                    3 (0.7)                      0                   3 (0.9)               
Sirolimus                                            1 (0.2)                 1 (1.1)                    0                    
Tacrolimus/MMF/MTX                     3 (0.7)                 3 (3.2)                    0
Missing                                                    7                            4                         3                    

Graft source, n (%)                                                                                                                
Bone marrow                                206 (47.5)            31 (31.6)         175 (52.1)      <0.001
Peripheral blood                          228 (52.5)            67 (68.4)         161 (47.9)            

Donors’ age in years,                     40.2 (8-74)        43.4 (18-74)      39.7 (8-74)        0.38
median (range)
Female D → male R*, n (%)       122 (28.2)            30 (30.6)          92 (27.5)          0.55
D7R CMV status, n (%)

Negative/negative                         57 (13.5)             19 (20.2)          38 (11.6)          0.19
Positive/negative                            39 (9.3)                9 (9.6)             30 (9.2)              
Negative/positive                            59 (14)              12 (12.8)          47 (14.4)             
Positive/positive                          266 (63.2)            54 (57.5)         212 (64.8)            
Missing                                                  13                          4                        9                    

Year of transplant,                                2015                     2011                   2015           <0.000
median (range)                              (2007-2017)       (2007-2017)    (2008-2017)1
Follow-up in months, median      24.4 (12-40)         55 (14-79)        22 (12-37)

(range)
*Data on sex missing for two patients. GvHD: graft-versus-host disease; ATG: anti-thymocyte globu-
lin; PTCy: post-transplant cyclophosphamide; ALL: acute lymphoblastic leukemia; Ph: Philadelphia
chromosome; CR1: first complete remission; CR2: second complete remission; r/r: relapsed/refrac-
tory; KPS: Karnofsky Performance Score; MTX: methotrexate; MMF: mycophenolate mofetil; NA: not
available; D: donor; R: recipient; CMV: cytomegalovirus.
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Acute and chronic graft-versus-host disease
The cumulative incidence of grade II-IV acute GvHD at

day 100 (Table 2) in the ATG group was 32.7% (95% CI:
23.4-42.3) compared to 30.5% (95% CI: 25.5-35.6) in the
PTCy group (P=0.37). The corresponding rates of severe
(grades III-IV) acute GVHD were 11.6% (95% CI: 6.1-
18.9) and 14.1% (95% CI: 10.6-18.2) in the ATG and
PTCy groups respectively (P=0.56). On multivariate analy-

sis (Table 3) there was no difference in the risk of grade II-
IV acute GVHD in the ATG group relative to the PTCy
group (HR=0.92, 95% CI: 0.55-1.51; P=0.73).
Independently of the GvHD prevention strategy, on mul-
tivariate analysis, the use of peripheral blood allografts
was associated with higher rates of grade II-IV acute
GvHD (HR=1.64, 95% CI: 1.06-2.53; P=0.03), whereas a
diagnosis of T-ALL (HR=0.52, 95% CI: 0.32-0.85; P=0.008)
and reduced intensity conditioning (HR=0.57, 95% CI:
0.34-0.97) were associated with a lower risk (Table 3).

The cumulative incidence of chronic GvHD at 2 years
after haploidentical transplantation was 27.7% (95% CI:
17.8-38.5) and 31.7% (95% CI: 26.1-37.4) in the ATG and
PTCy groups, respectively (Table 2). The corresponding
incidences of extensive chronic GvHD were 7.8% (95%
CI: 3.1-15.2) and 12.1% (95% CI: 8.4-16.5), respectively
(P=0.37). Multivariate analysis (Table 3) showed no differ-
ence in chronic GvHD outcomes between the two groups
(HR=0.79, 95% CI: 0.38-1.64; P=0.52). The use of periph-
eral blood as the graft source was associated with a higher
risk of chronic GvHD (HR=1.82, 95% CI: 1.03-3.23;
P=0.04), independently of the GvHD prevention used.
Recipient cytomegalovirus seropositive status was associ-
ated with a lower risk of chronic GvHD (HR=0.52, 95%
CI: 0.3-0.9; P=0.02). 

Non-relapse mortality and relapse 
Among the ALL patients who underwent haploidentical

transplantation, the 2-year non-relapse mortality was

Table 2. Post-transplant outcomes (unadjusted) by graft-versus-host disease
prevention strategy.
Post-transplant outcomes*         ATG (95% CI)           PTCy (95% CI)       P-value

Engraftment                                     91.7% (83.7-95.8)            92.5% (89-95)             0.11
Acute GvHD II-IV                             32.7% (23.4-42.3)        30.5% (25.5-35.6)          0.37
Acute GvHD III-IV                             11.6% (6.1-18.9)         14.1% (10.6-18.2)          0.56
Chronic GvHD                                  27.7% (17.8-38.5)        31.7% (26.1-37.4)          0.58
Extensive chronic GvHD                  7.8% (3.1-15.2)            12.1% (8.4-16.5)           0.37
Relapse incidence                             43% (32-53.5)            33.8% (28.1-39.5)          0.11
Non-relapse mortality                    32.9% (23.1-43.1)        26.7% (21.8-31.8)          0.23
Leukemia free survival                  24.1% (14.5-33.8)        39.6% (33.6-45.5)         0.007
Overall survival                                27.4% (17.4-37.3)        48.4% (42.3-54.6)         0.001
GvHD/relapse-free survival           20% (10.9-29.1)          31.8% (26.2-37.5)          0.04
*All outcomes are at 2 years except for acute graft-versus-host disease which is at 100 days after
transplantation. ATG: anti-thymocyte globulin; PTCy: post-transplant cyclophosphamide; 95% CI:
95% confidence interval; GvHD: graft-versus-host disease.

Table 3. Multivariate analysis of post-transplant outcomes and baseline variables.
Post-transplant PTCy vs.          Ph+            T-ALL           Age          ≥CR2       Advanced       KPS        RIC vs.     PB vs.      Female         CMV         CMV         TBI vs.  Center
outcomes              ATG           B-ALL                            (per                                               ≥ 90          MAC           BM        (D) →     (R) +         (D)–           chemo
                                                                                  10 years)                                                                                              male (R)                                                       

Relapse
HR                             0.61                 0.66                1.05               0.97                2.06                  4.99               0.98                1.08              0.971               0.84                1.14              0.92                  0.97
(95% CI)            (0.39-0.94)     (0.39-1.12)     (0.69-1.6)    (0.83-1.14)   (1.32-3.21)     (3.13-7.93)  (0.65-1.48)   (0.67-1.74)   (0.66-1.44)    (0.56-1.27)   (0.70-1.87) (0.59-1.43)     (0.67-1.42)       
P-value                      0.03                  0.12                0.81               0.72               0.001               <10-5             0.93                0.74               0.88                0.42                0.59               0.7                   0.88          0.39

NRM                                  
HR                             0.68                  1.26                1.04                 1.1                 1.71                  1.82               0.46                0.97               1.48                0.76                0.90              1.33                  0.59
(95% CI)            (0.42-1.11)      (0.76-2.1)     (0.62-1.74)    (0.94-1.3)    (1.07-2.72)     (1.02-3.24)   (0.30-0.7)     (0.59-1.6)    (0.97-2.26)    (0.47-1.22)   (0.53-1.55)  (0.8-2.23)      (0.38-0.92)       

P-value                       0.12                  0.37                0.88               0.24                0.02                  0.04             0.0003              0.91               0.07                0.25                0.71              0.27                  0.02          0.43

LFS
HR                             0.67                  0.94                1.06               1.04                1.91                  3.35               0.68                1.06               1.06                  0.8                 0.95              1.11                  0.79
(95% CI)            (0.46-0.97)     (0.63-1.35)     (0.76-1.5)    (0.93-1.17)   (1.37-2.66)      (2.3-4.88)    (0.5-0.93)    (0.74-1.52)   (0.76-1.46)     (0.58-1.1)    (0.65-1.39) (0.78-1.57)     (0.58-1.07)       
P-value                      0.03                  0.69                0.72               0.48              0.0001              <10-5             0.01                0.75               0.75                0.16                0.81              0.56                  0.13          0.16

OS
HR                               0.6                  0.92                1.06               1.07                1.88                  3.13               0.61                0.96               1.29                0.75                1.07              1.17                  0.78
(95% CI)            (0.42-0.84)     (0.63-1.35)    (0.75-1.49)    (0.95-1.2)    (1.33-2.64)     (2.15-4.55) (0.45-0.827)  (0.68-1.38)(0.96-1.75)(0.54-1.04)         (0.73-1.58) (0.82-1.66)     (0.58-1.06)       
P-value                     0.003                 0.67                0.75               0.26              0.0003              <10-5            0.001               0.84               0.09                0.08                0.73               0.4                   0.12          0.91

GRFS
HR                             0.79                 0.88                   1                     1                   1.42                  2.45               0.77                0.94               1.18                0.97                1.05              1.08                  0.87
(95% CI)            (0.57-1.11)     (0.62-1.24)    (0.72-1.35)  (0.90-1.11)   (1.05-1.92)     (1.73-3.47)  (0.58-1.02)   (0.68-1.31)   (0.89-1.57)    (0.73-1.31)   (0.75-1.49) (0.79-1.49)     (0.66-1.15)       
P-value                      0.17                  0.47                0.94               0.96                0.02                <10-5             0.07                0.71               0.26                0.85                0.77              0.63                  0.34          0.24

Acute GvHD II-IV           
HR                             0.92                  1.09                0.52               0.86                0.98                  1.71               1.15                0.57               1.64                1.36                1.11              1.29                  1.26
(95% CI)            (0.55-1.51)     (0.68-1.77)    (0.32-0.85)   (0.73-1.01)   (0.63-1.54)     (0.98-2.99)  (0.73-1.81)   (0.34-0.97)   (1.06-2.53)     (0.9-2.06)    (0.64-1.94) (0.78-2.15)     (0.83-1.92)       
P-value                      0.73                  0.72               0.008              0.06                0.94                  0.06               0.55                0.04               0.03                0.14                0.72              0.32                  0.28          0.12

chronic GvHD
HR                             0.79                 0.83                0.63               0.89                0.95                  0.77               0.69                0.65               1.82                1.26                0.52              1.11                  0.93
(95% CI)            (0.38-1.64)     (0.45-1.53)    (0.35-1.16)   (0.74-1.07)    (0.56-1.6)      (0.35-1.68)  (0.41-1.17)   (0.33-1.26)   (1.03-3.23)    (0.77-2.07)     (0.3-0.9)   (0.63-1.97)     (0.54-1.58)       
P-value                      0.52                  0.55                0.14               0.22                0.83                  0.51               0.17                0.20               0.04                0.35                0.02              0.71                  0.77          0.02

PTCy: post-transplant cyclophosphamide; ATG: anti-thymocyte globulin; Ph: Philadelphia chromosome; ALL: acute lymphoblastic leukemia; ≥CR2: second complete remission or beyond; KPS: Karnofsky
Performance Score; RIC: reduced intensity conditioning; MAC: myeloablative conditioning; PB: peripheral blood graft; BM: bone marrow graft; D: donor; R: recipient; CMV: cytomegalovirus; TBI: total body
irradiation; NRM: non-relapse mortality; LFS: leukemia-free survival; OS: overall survival; GRFS: GvHD-free/relapse-free survival; GvHD: graft-versus-host disease.
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32.9% (95% CI: 23.1-43.1) and 26.7% (95% CI: 21.8-31.8)
in the ATG and PTCy groups, respectively (P=0.23) (Table
2). On multivariate analysis, there was no significant dif-
ference in non-relapse mortality between the groups
(HR=0.68, 95% CI: 0.42-1.11; P=0.12). Independently of
whether patients received ATG or PTCy as GvHD pro-
phylaxis, pre-transplant status of being in second or fur-
ther complete remission or having advanced disease was
associated with higher rates of non-relapse mortality
(Table 3). A Karnofsky Performance Score ≥90 was associ-
ated with a lower non-relapse mortality rate (HR=0.46,
95% CI: 0.30-0.7; P=0.0003). Use of TBI in conditioning
was associated with lower non-relapse mortality
(HR=0.59, 95% CI: 0.38-0.92; P=0.02) compared to regi-
mens containing only chemotherapy.  

The cumulative incidence of ALL relapse at 2 years was
similar between the ATG and PTCy groups, being 43%
(95% CI: 32-53.5) and 33.8% (95% CI: 28.1-39.5), respec-
tively (P=0.11) (Table 2). On multivariate analysis, PTCy
as GvHD prophylaxis was associated with a lower risk of

relapse (HR=0.61, 95% CI: 0.39-0.94; P=0.03). Disease sta-
tus., i.e. being in second complete remission or beyond
(HR=2.06, 95% CI: 1.32-3.21; P=0.001) or having
advanced ALL (HR=4.99, 95% CI: 3.13-7.93; P<10-5) were
noted to be independent risk factors for post-transplant
relapse (Table 3). Figure 1A and B show the adjusted non-
relapse mortality and relapse incidence in the ATG and
PTCy groups, respectively. 

Survival 
With a median follow-up of 24 months, the 2-year

leukemia-free survival rates in the ATG and PTCy groups
were 24.1% (95% CI: 14.5-33.8) and 39.6% (95% CI:
33.6-45.5), respectively (P=0.007) (Table 2). On multivari-
ate analysis (Table 3), relative to the ATG group, patients
in the PTCy group had a lower risk of therapy failure (the
inverse of leukemia-free survival) (HR=0.67, 95% CI: 0.46-
0.97; P=0.03). Independently of the GvHD prevention
strategy, a disease status of second complete remission of
beyond (HR=1.91, 95% CI: 1.37-2.66; P=0.0001) and
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Figure 1. Adjusted outcomes of patients with acute lymphoblastic leukemia undergoing haploidentical transplantation stratified by type of graft-versus-host dis-
ease prophylaxis. Data for recipients of anti-thymocyte globulin are shown in blue, those for recipients of post-transplant cyclophosphamide are shown in red. (A)
Adjusted incidence of non-relapse mortality (NRM). (B) Adjusted relapse incidence (RI). (C) Adjusted estimates of leukemia-free survival (LFS), (D) Adjusted estimates
of overall survival (OS).
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advanced ALL (HR=3.35, 95% CI: 2.3-4.88; P<10-5) were
associated with an increased risk of therapy failure,
whereas a Karnofsky Performance Score ≥90 was associat-
ed with better leukemia-free survival (HR=0.68, 95% CI:
0.5-0.93; P=0.01). Figure 1C shows the adjusted leukemia-
free survival in the ATG and PTCy groups. 

The 2-year overall survival rates were 27.4% (95% CI:
17.4-37.3) in the ATG group and 48.4% (95% CI: 42.3-
54.6) in the PTCy group (P=0.001) (Table 2, Figure 1D). On
multivariate analysis (Table 3), PTCy prophylaxis was
associated with better survival compared to ATG prophy-
laxis (HR=0.6, 95% CI: 0.42-0.82; P=0.003).
Independently of the GvHD prevention strategy, disease
status of second complete remission or beyond (HR=1.88,
95% CI: 1.33-2.64; P=0.0003) and advanced ALL
(HR=3.13, 95% CI: 2.15-4.55; P<10-5) were associated
with lower survival, whereas a Karnofsky Performance
Score ≥90 was associated with improved overall survival
(HR= 0.96, 95% CI: 0.68-1.38; P=0.001). Figure 1D shows
adjusted overall survival in the ATG and PTCy groups.

The 2-year GRFS rates in the ATG and PTCy groups
were 20% (95% CI: 10.9-29.1) and 31.8% (95% CI: 26.2-
37.5), respectively (P=0.04) (Table 2). On multivariate
analysis there was no significant difference in GRFS
between the ATG and PTCy groups (P=0.17) (Table 3).
However, disease status of second complete remission or
beyond (HR=1.42, 95% CI: 1.05-1.92; P=0.02) and
advanced ALL (HR=2.45, 95% CI: 1.73-3.47; P<10-5) were
associated with a worse GRFS, whereas a Karnofsky
Performance Score ≥90 was associated with a better GRFS
(HR=0.77, 95% CI: 0.58-1.02; P=0.07). 

Causes of death
At last follow-up, a total of 225 patients had died,

including 66 patients in the ATG group (67.3%) and 159
patients (47.3%) in the PTCy group (Table 4). The three
most common causes of death in the ATG and PTCy
groups were ALL relapse (36.5% vs. 38.1%), GvHD
(19.1% vs. 14.2%) and infections (31.8% vs. 30.3%). In
the PTCy group, veno-occlusive disease and graft failure
was the cause of death in six (3.9%) and three (1.9%)
patients, respectively, while in the ATG group no death
was attributed to these. Secondary malignancy as a cause
of death was limited to one patient in the entire cohort (in
the PTCy group).  

Discussion

GvHD prevention strategies such as ATG, and more
recently PTCy, accompanying unmanipulated haploiden-
tical allografts have reinvigorated and ushered in a new
era of haploidentical HCT for hematologic malignancies.
While ATG is directed against a wide range of epitopes,
thus allowing extensive T-cell depletion,24,25 PTCy selec-
tively targets alloreactive T cells rapidly proliferating
early after an HLA-mismatched transplant, without
affecting the non-dividing hematopoietic progenitor
cells.12,26 In this study we compared post-transplant out-
comes in adult patients with ALL undergoing haploiden-
tical HCT using ATG or PTCy platforms as GvHD pro-
phylaxis and made some important observations. First,
no differences in outcome related to acute GvHD, chronic
GvHD and non-relapse mortality were seen between the
ATG and PTCy groups. Second, relapse risk was signifi-

cantly higher among patients who received ATG than in
those who received PTCy. Third, leukemia-free survival
and overall survival were both significantly better in
patients treated with PTCy than int those treated with
ATG, but there was no difference in GRFS between the
groups. 

The cumulative incidences of GvHD, including grade
II-IV acute GVHD, grade III-IV (severe) acute GvHD and
chronic GvHD were similar in the ATG and PTCy groups.
The incidence of severe acute GvHD in the ATG group
(11.6%) is comparable to the incidences in previous
observational studies.11,25 Interestingly, in the ALL-specific
prospective study by Wang et al., the incidence of severe
acute GvHD was only 6% in the group that underwent
haploidentical HCT with ATG prophylaxis.27 The inci-
dence of severe acute GvHD in the PTCy group in this
study (14.6%) is higher than the previously reported 4-
5%.12,15 The higher incidence of acute GvHD may be
related to the substantial proportions of patients in this
study who were given myeloablative conditioning (76%),
TBI (41%), and peripheral blood products (52%) and had
advanced disease (20%) at the time of HCT, compared to
the proportions in other studies. However, the incidences
of chronic GvHD in the ATG (28%) and PTCy (32%)
groups are comparable to those in prior reports.11,25,27 It is
noteworthy that additional immunosuppression in the
ATG group consisted predominantly of cyclosporine/
methotrexate/mycophenolate (42.5%) or sirolimus/
mycophenolate (22.3%), whereas in the PTCy group
85% of the patients received a calcineurin inhibitor
(cyclosporine or tacrolimus) with mycophenolate (Table
1). 

The incidences of non-relapse mortality in the ATG and
PTCy groups were similar (33% vs. 27%, respectively),
likely reflecting the similarity in GvHD incidences as
noted above. The major causes of non-relapse mortality
in both groups were GvHD and infection. Interestingly, in
the PTCy group, six patients died of veno-occlusive dis-
ease presumably related to myeloablative conditioning
with TBI, and three patients from graft failure likely due
to more bone marrow grafts being used in this group.
However, on multivariate analysis, only advanced disease
state (relapsed beyond second complete remission and
refractory ALL) was an independent predictor of poor
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Table 4. Causes of death in patients with acute lymphoblastic leukemia
undergoing haploidentical transplantation with anti-thymocyte globulin
or post-transplant cyclophosphamide as graft-versus-host disease pro-
phylaxis. 
Cause of Death                           ATG N=66 (%)            PTCy N=159 (%)

ALL relapse                                             23 (37.1)                           59 (38.6)
Graft-versus-host disease                    12 (19.4)                           22 (14.4)
Infection                                                   21 (33.9)                           49 (32.0)
Veno-occlusive disease                                0                                    6 (3.9)
Failure/rejection                                            0                                    3 (2.0)
Cardiac toxicity                                          1 (1.6)                                    0 
Secondary malignancy                                  0                                    2 (1.3)
Hemorrhage                                               1 (1.6)                               4 (2.6)
Interstitial pneumonitis                         2 (3.2)                               5 (3.3)
Multi-organ failure                                   2 (3.2)                               3 (2.0)
Missing                                                             4                                         6

ATG: anti-thymocyte globulin; PTCy: post-transplant cyclophosphamide; ALL: acute
lymphoblastic leukemia.



non-relapse mortality. Although most patients received
albative doses of TBI, a lower non-relapse mortality was
associated with TBI-based condtioning compared to
chemotherapy alone (HR=0.59; P=0.02). An explanation
for this intriguing observation is unknown, but it is possi-
ble that younger patients with better performance scores
and co-morbidity indices were more likely to receive
ablative TBI. It should be noted that previous EBMT
reports have indeed suggested better leukemia-free sur-
vival related to TBI use in ALL patients, but this was due
to a lower relapse incidence and not to a decrease in non-
relapse mortality.28-30

With respect to post-transplant relapse, a statistically
significant, 10% absolute improvement was noted in
favor of PTCy compared to the ATG group. It is likely
that the higher risk of relapse in the ATG group was driv-
en by the higher proportion of patients with advanced
ALL (30%). Indeed, advanced disease status was a strong
independent predictor of ALL relapse. Given the unique
biology of ALL it is also possible that, as fewer patients
given ATG received TBI as part of their conditioning, this
may have increased the relapse incidence in this group,
although not to a statistically significant extent.28,29,31

Disease relapse was the most common cause of death in
both groups, highlighting the need for further studies on
mitigating post-transplant ALL relapse. 

In univariate analysis, improved leukemia-free survival,
overall survival and GRFS rates were noted in the PTCy
group compared to ATG group (P<0.05), however, in
multivariate analysis, only leukemia-free survival and
overall survival remained significantly improved. This
could perhaps be due to a higher proportion of patients
with advanced disease together with the higher relapse
incidence in the ATG group. Indeed, the leukemia-free
survival in the ATG group in this study was inferior to
that in the prospective study by Wang et al., possibly due
to the greater proportion of patients in this study with
advanced age and disease status.27 Nevertheless, 15% and
20% improvements in leukemia-free survival and overall
survival, respectively, were noted in the PTCy group. For
both these outcome measures, disease status at the time
of haploidentical HCT and Karnofsky Performance Score
were strong independent predictors of survival. Albeit
limited by the small sample size, a subset analysis evalu-
ating outcomes stratified by graft source (peripheral
blood vs. bone marrow) showed interesting results
(Online Supplementary Table S2). In peripheral blood hap-
loidentical HCT recipients, the 2-year leukemia-free sur-
vival, overall survival and GRFS rates were significantly
better in the PTCy group, in which there was also a trend
toward lower non-relapse mortality. It is worth noting
that the relapse risk was similar in the ATG and PTCy
groups in peripheral blood haploidentical graft recipients.
In contrast, for bone marrow haploidentical HCT, no dif-
ferences were noted in leukemia-free survival, overall sur-
vival, GRFS or non-relapse mortality between the ATG
and PTCy groups. However, the 2-year relapse incidence
among bone marrow graft recipients receiving ATG pro-
phylaxis was 55% compared to 33.7% with PTCy pro-
phylaxis (P=0.06). Although not statistically significant, it

is plausible that the inferior relapse and survival out-
comes in the ATG group are at least partly due to the high
relapse risk in the bone marrow graft recipients.32

The inherent limitations of this study are reflected by
the nature of the data captured by a registry. Detailed
information regarding remission status, such as minimal
residual disease, and conditioning regimen, including TBI
dose and the timing and dose of PTCy and ATG adminis-
tration, were not uniformly available. For instance, details
pertaining to the type of ATG product (thymoglobulin vs.
ATG-Fresenius) were unavailable in the registry. The dose
of ATG was documented for only 81 subjects, with the
median dose being 20 mg/kg. By univariate analysis, the
only impact of ATG dose (< or ≥20 g/kg) on transplant
outcomes, was a lower incidence of grade II-IV acute
GvHD associated with a higher ATG dose (23% vs. 53%;
P=0.007) (Online Supplementary Table S3). The registry data
precluded evaluation of the reason for choosing a specific
graft source, GvHD prophylaxis platform or conditioning
regimen for an individual patient. Haploidentical HCT
with ATG was more likely during an earlier time period
compared to PTCy (median, 2011 vs. 2015). It is, there-
fore, possible that improvements in transplant technology
and supportive care may have had an impact on these out-
comes. To address this potential bias, we performed a uni-
variate analysis restricted to the years 2007-2014, and
found that the use of PTCy as GvHD prophylaxis was still
associated with improved leukemia-free and overall sur-
vival (data not shown), congruent with results for the entire
study duration. As expected, institutional practices and
preferences may skew the data. However, no “center
effect” was noted except for chronic GvHD by regression
analysis. The sample size limited the power to detect
small differences and interactions between variables and
transplant outcomes in our population. With a median fol-
low-up of approximately 2 years, it is not known whether
these results will remain unchanged with longer-term fol-
low-up. Notwithstanding these limitations, this analysis is
the largest and only comparative study evaluating out-
comes of haploidentical allogeneic HCT in adult ALL
patients given PTCy or ATG as the backbone of their
GvHD prophylaxis. It is noteworthy that, compared to
ATG, PTCy as GvHD prophylaxis was associated with
improved leukemia-free survival and overall survival and
lower relapse risk. 

In conclusion, in the absence of prospective, random-
ized data, our results suggest that PTCy as GvHD pro-
phylaxis may be considered over ATG in patients with
ALL undergoing haploidentical HCT. Our data warrant
confirmation in prospective randomized studies.
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We have used a non-myeloablative conditioning regimen for allo-
geneic hematopoietic cell transplantation for the past 20 years.
During that period, changes in clinical practice have been aimed

at reducing morbidity and mortality from infections, organ toxicity, and
graft-versus-host disease. We hypothesized that improvements in clinical
practice led to better transplantation outcomes over time. From 1997–2017,
1,720 patients with hematologic malignancies received low-dose total body
irradiation ± fludarabine or clofarabine before transplantation from HLA-
matched sibling or unrelated donors, followed by mycophenolate mofetil
and a calcineurin inhibitor ± sirolimus. We compared outcomes in three
cohorts by year of transplantation: 1997–2003 (n=562), 2004–2009 (n =594),
and 2010–2017 (n=564). The proportion of patients ≥60 years old increased
from 27% in 1997–2003 to 56% in 2010–2017, and with scores from the
Hematopoietic Cell Transplantation Comorbidity Index of ≥3 increased
from 25% in 1997–2003 to 45% in 2010–2017. Use of unrelated donors
increased from 34% in 1997–2003 to 65% in 2010–2017. When outcomes
from 2004–2009 and 2010–2017 were compared to 1997–2003, improve-
ments were noted in overall survival (P=0.0001 for 2004–2009 and
P≤0.0001 for 2010–2017), progression-free survival (P=0.002 for 2004–2009
and P<0.0001 for 2010–2017), non-relapse mortality (P<0.0001 for 2004–
2009 and P<0.0001 for 2010–2017), and in rates of grades 2–4 acute and
chronic graft-versus-host disease. For patients with hematologic malignan-
cies who underwent transplantation with non-myeloablative conditioning,
outcomes have improved during the past two decades. Trials reported are
registered under clinicaltrials gov. Identifiers: NCT00003145,
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Introduction

In 1997 we introduced a minimally intensive condition-
ing regimen for allogeneic hematopoietic cell transplanta-
tion (HCT) that enabled treating elderly and medically
infirm younger patients with advanced hematologic
malignancies in the outpatient setting. We previously
reported outcomes for patients who underwent HCT
from 1997–2009 using this regimen, which included low-
dose total body irradiation (TBI) with or without fludara-
bine.1 Five-year overall survival ranged from 25% to 60%
(depending on disease type, comorbidities, and graft-ver-
sus-host disease [GvHD]), non-relapse mortality (NRM)
was 24%, and relapse-related mortality was 35%. The
most significant contributor to NRM was GvHD.

Between 1997 and 2017 a number of changes in clinical
practice were introduced that were aimed at improving
HCT outcomes including reductions in the use of systemic
glucocorticoids as treatment for acute GvHD,2,3 use of
ursodiol to reduce hepatic complications,4,5 addition of
sirolimus for control of GvHD,6-8 use of fluoroquinolones
for antibacterial prophylaxis during periods of neutrope-
nia,9-11 use of more mold-active azoles for antifungal pro-
phylaxis,12,13 and initiation of pre-emptive antiviral therapy
based on more sensitive polymerase chain reaction (PCR)-
based cytomegalovirus (CMV) diagnostic testing.14-16

During the same time period, patient and donor charac-
teristics as well as indications for HCT also changed. The
proportion of patients older than 60 years increased from
27% to 56%, proportion of patients with hematopoietic
cell transplantation-comorbidity index (HCT-CI)17 scores
≥3 increased from 25% to 45%, use of unrelated donors
increased from 35% to 65%, and increasing numbers of
patients underwent HCT for acute myeloid leukemia
(AML) while decreasing numbers of patients underwent
HCT for multiple myeloma and chronic myelogenous
leukemia (CML). The current study analyzed whether
benefits associated with the changes in clinical care for
patients undergoing HCT outweighed the adverse out-
comes expected from older patient age, increased comor-
bidities, and greater use of unrelated donors. To that end,
we compared outcomes in three cohorts of patients by
year of HCT: 1997–2003, 2004– 2009, and 2010–2017.

Methods

Patients
Between December 16, 1997 and June 30, 2017, 1,720 consecu-

tive patients with hematologic malignancies underwent HCT at
the Fred Hutchinson Cancer Research Center (FHCRC) or collab-
orating centers. We included patients who were entered onto
prospective clinical trials registered with clinicaltrials.gov at both
FHCRC and collaborating centers (Online Supplementary Table
S1), and patients transplanted outside of prospective trials at
FHCRC. This study was approved by the Institutional Review
Board (IRB) at FHCRC and all patients signed IRB-approved con-
sents. 

Graft source, conditioning, and post-engraftment
immunosuppression

All patients received unmodified grafts consisting of granulo-
cyte colony-stimulating factor (GCSF)-mobilized peripheral blood
stem cells (PBSC). Donors and recipients were matched at HLA-A,
-B, -C, -DRB1, and -DQB1 by high-resolution typing except for
104 unrelated donor-recipient pairs who were mismatched at the
level of one HLA class I allele. Conditioning regimens and
immunosuppression to aid engraftment and control GvHD are
summarized in the Online Supplementary Table S1.

Clinical endpoints
Patients had bone marrow aspirations to assess disease status

on days 28, 84, and 365 after HCT, and otherwise as clinically indi-
cated. Acute and chronic GvHD were diagnosed and graded as
previously described.18,19 Relapse was defined as recurrence of
malignancy based on imaging, marrow morphology, flow cytom-
etry, cytogenetics, and/or disease-specific molecular markers.
Progression was defined as ≥50% increase in disease burden.20

Relapse-related mortality included deaths after relapse or progres-
sion of disease present before HCT, regardless of other events.
NRM included deaths in the absence of relapse or progression.

Clinical assessment of organ complications 
and infections through day 100

Liver injury was assessed according to peak bilirubin concentra-
tion.19 Acute kidney injury was defined as a serum creatinine con-
centration that was at least 2-fold higher than the baseline value.21

CMV infection was defined as the presence of pp65 antigen or
DNA in plasma,22 and CMV disease was defined as dysfunction of
an organ infected by CMV.23 One or more positive blood cultures
for gram-negative bacteria were defined as gram-negative bac-
teremia; gram-negative organisms tend to cause the most serious
infections in patients who are neutropenic after HCT.24 Invasive
fungal infections were defined according to consensus criteria and
included cases deemed proven or probable.25

Statistical analysis
Overall survival (OS) and progression-free survival (PFS) were

estimated using the Kaplan-Meier method. Rates of acute and
chronic GvHD, relapse or progression, and NRM were estimated
according to standard methods.26 Death was treated as a compet-
ing risk factor for all other time-to-event endpoints. Relapse was
treated as a competing risk for NRM. Relapse-related mortality
refers to survival after relapse among patients that relapsed.
Multivariate Cox regression analysis of cause-specific hazards,
stratified by center, was used for adjusted comparisons between
groups defined by year of HCT. Adjusted estimates of survival and
cumulative incidence were based on methods previously
described.27 Briefly, the adjusted curves represent the hypothetical
outcomes for the three transplant eras if each era had the patient
characteristics of the first era, based on results from the adjusted
Cox regression models. Multivariate logistic regression was used
for adjusted comparisons of rates of elevated bilirubin and creati-
nine. The adjusted models included the following variables that
varied over era of HCT and were potentially related to one or
more endpoints: treatment type (on-protocol, off-protocol); age
(≤49, 50–59, or ≥60 years); disease relapse risk (low, standard,
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high); multiple myeloma diagnosis; AML diagnosis; CMV serosta-
tus (recipient and donor negative, recipient and/or donor positive);
donor relation (related, unrelated); sex mismatch (female to male,
others); prior HCT (no, yes); HLA-allele mismatch (no, yes); HCT-
CI (0, 1–2, 3, ≥4, or missing). All P-values were two-sided and are
unadjusted for multiple comparisons.

Results

Study population
Our study population of 1,720 total patients in three ter-

tiles is summarized in Table 1 and consisted of 562
patients who underwent HCT during the period from

Table 1. Transplant and patient characteristics by transplant era.
                                                            1997–2003                                    2004–2009                                       2010–2017                               P
                                                              (n = 562)                                        (n = 594)                                           (n = 564)      
                                                       n                          %                         n                          %                           n                        %                           

Transplant characteristics                                                                                                                                                                   
Conditioning regimena                                                                                                                                                                                                                                      

TBI 2 Gy                                             127                             33                             99                               17                                53                             9                                  
TBI 2 Gy + fludarabine                   435                             77                            454                              76                               283                           50                                 
TBI 3 Gy + fludarabine                                                                                       37                                6                                173                           31                                 
TBI 4 – 4.5 Gy + fludarabine                                                                              4                                 1                                 16                             3                                  
TBI 2 Gy + clofarabine                                                                                                                                                              40                             7                                  

GVHD prophylaxisb                                                                                                                                                                                                                                             
CI + MMF                                          562                            100                           529                              89                               451                           80                                 
CI + MMF + sirolimus                                                                                       65                               11                               113                           20                                 

Patient characteristics                                                                                                                                                                          
Center / treatmentc                                                                                                                                                                                                                                            

Non-FH on-protocol                       287                             51                            208                              35                               130                           23                         < 0.0001
FH on-protocol                                264                             47                            327                              55                               333                           59                                 
FH off-protocol                                 11                               2                              59                               10                               101                           18                                 

Diagnosis                                                                                                                                                                                                                                                              
ALL                                                       17                               3                              30                                5                                 45                             8                          < 0.0001
AML                                                      90                              16                            184                              31                               167                           30                                 
CLL                                                       62                              11                             65                               11                                73                            13                                 
CML                                                     39                               7                              12                                2                                  6                              1                                  
HL                                                         34                               6                              30                                5                                 17                             3                                  
MDS / MPN                                         84                              15                             71                               12                                90                            16                                 
MM                                                      129                             22                             95                               16                                56                            10                                 
NHL                                                     101                             18                            101                              17                               107                           19                                 
WM                                                        6                                1                               6                                 1                                  2                            < 1                                

Donord                                                                                                                                                                                                                                                                   
Related                                              371                             66                            249                              42                               197                           35                         < 0.0001
Unrelated                                          191                             34                            345                              58                               367                           65                                 

Disease risk groupe                                                                                                                                                                                                                                           
Low                                                     129                             23                            131                              22                               169                           30                            0.002
Standard                                            270                             48                            297                              50                               276                           49                                 
High                                                    163                             29                            166                              28                               118                           21                                 

Age, years                                                                                                                                                                                                                                                             
≤ 49                                                     174                             31                            131                              22                               102                           18                         < 0.0001
50 – 59                                                236                             42                            208                              35                               147                           26                                 
≥ 60                                                     152                             27                            255                              43                               316                           56

Sex match                                                                                                                                                                                                                                                            
Female to male                                169                             30                            137                              23                               141                           25                             0.04
Others                                                393                             70                            457                              77                               423                           75                                 

CMV serostatus                                                                                                                                                                                                                                                  
R– / D–                                               129                             23                            172                              29                               169                           30                             0.02
R+ / D–                                              141                             25                            172                              29                               158                           28                                 
R+ / D+                                              84                              15                             73                               12                                68                            12                                 
R– / D+                                              208                             37                            177                              30                               169                           30                                 

HCT-CIf                                                                                                                                                                                                                                                                  
0                                                          118                             21                             89                               15                                56                            10                         < 0.0001
1,2                                                        129                             23                            137                              23                               152                           27                                 
3                                                            73                              13                            131                              22                               113                           20                                 
≥ 4                                                        67                              12                            125                              21                               141                           25                                 
Missing                                              174                             31                            113                              19                               102                           18                                 

HLA-allele mismatchg                                                                                                                                                                                                                                        
No                                                        534                             95                            552                              93                               530                           94                             0.72
Yes                                                       28                               5                              42                                7                                 34                             6                                  

Prior HCTh                                                                                                                                                                                                                                                           
No                                                        427                             76                            416                              70                               433                           77                            0.008
Yes                                                      135                             24                            179                              30                               131                           23                                 

continued on next page



1997–2003, 594 from 2004–2009, and 564 from 2010–
2017. An increasing number and proportion of patients
underwent HCT at FHCRC over time (P<0.0001) on pro-
tocols considered standard-of-care. The proportion of
patients age ≥60 years at the time of HCT increased, as did
the proportion of patients with an HCT-CI score ≥3.
Unrelated donors were utilized more frequently over
time. The distribution of diagnoses changed over time
(P<0.0001), most notably with an increase in the propor-
tion of patients with AML (16% during 1997–2003 and
30% during 2010–2017) and decreases in CML and multi-
ple myeloma. 

The distribution of disease relapse risk groups 20
changed over time (P<0.0001), with a decreasing propor-
tion of patients with high-risk disease and an increasing
proportion with low-risk disease. 

A minority of patients had a prior HCT, but the types of
prior HCT changed over time. The number of patients
who had a prior planned autologous HCT decreased from
107 (19%) during 1997–2003 to one during 2010–2017,
while the number of patients who had unsuccessful prior
autologous or allogeneic HCT increased (Table 1). Planned
autologous HCT were typically performed in conjunction
with a tandem allogeneic HCT for patients with multiple
myeloma.

Major endpoints by era of transplant
Associations of major endpoints with the time period of

HCT are summarized in Table 2 and Figures 1 and 2. As
described in the Methods section, results were adjusted
for risk factors that varied over the three time periods and
were potentially related to one or more endpoints of inter-
est. OS, PFS, and NRM all had a significant association
with the era of HCT. When compared to 1997–2003, sig-
nificant improvements were noted during 2004 –2009 and
2010–2017 for OS (hazard ratio [HR] 0.72, P=0.0001 and
HR 0.60, P<0.0001), PFS (HR 0.78, P=0.002 and HR 0.63,
P<0.0001), and NRM (HR 0.58, P<0.0001 and HR 0.52,
P<0.0001). The risk of relapse or progression was lower
during 2010–2017 when compared to 1997–2003 (HR
0.71, P=0.006). The incidence of relapse-related mortality
trended toward improvement in later time periods, but
the differences from 1997– 003 were not statistically sig-
nificant.

Rates of grades 2–4 acute GvHD, grades 3–4 acute
GvHD, and chronic GvHD were all significantly associat-
ed with time period of HCT and, when compared to
1997– 2003, all improved significantly during 2004–2009
and 2010–2017. Given we increasingly used ‘triple

immunosuppression’ consisting of MMF, a calcineurin
inhibitor, and sirolimus for patients undergoing HCT from
unrelated donors,6,8 we evaluated its impact on acute
GvHD separately. Adding sirolimus reduced the rates of
grades 2–4 and 3–4 acute GvHD when compared to
patients who received MMF and a calcineurin inhibitor
without sirolimus (HR 0.52, 95% CI: 0.40–0.67, P<0.0001
and HR 0.54, 95% CI:  0.29–1.01, P=0.05, respectively).

Association of relapse or progression with era of 
transplant in patients with acute myeloid leukemia
in remission

Since the overall rate of relapse or progression was sig-
nificantly decreased in the most recent time period, we
evaluated whether this was also true for the 351 patients
with AML in first or second complete remission
(CR1/CR2): 64 during 1997–2003, 147 during 2004–2009,
and 140 during 2010–2017. Among these patients, meas-
urable (minimal) residual disease (MRD) at the time of
HCT as determined by flow cytometry, cytogenetics, or
molecular analysis was detected in 16 patients (11%) dur-
ing 2004– 2009 and 32 patients (23%) during 2010–2017.
Data were unavailable prior to 2004. We found no statis-
tically significant change in the rate of relapse for patients
with AML in CR1/CR2 over time. When compared to
1997–2003, the adjusted HR for relapse during 2004–2009
was 0.84 (95% CI: 0.4–1.6, P=0.61) and during 2010–2017
was 0.89 (95% CI: 0.4–1.8, P=0.75).

Associations of organ complications and infections
with era of transplant

Associations of liver and kidney injuries, gram-negative
bacteremia, invasive fungal infections, and CMV infection
with era of HCT are shown in Table 3. Compared to
1997–2003, the incidences of patients having liver or kid-
ney complications, gram-negative bacteremia, or an inva-
sive fungal infection through day 100 were significantly
lower in the two most recent time periods of HCT.

Serologic CMV infection was evaluated in recipients
who were seropositive at the time of HCT as these
patients were at the highest risk for development of CMV
disease and CMV-associated mortality.28 CMV diagnostic
testing evolved during the three time periods, and we
included measurement via both the pp65 antigen detec-
tion assay and PCR-based detection of CMV DNA in plas-
ma in our analysis. While the incidence of CMV reactiva-
tion did not significantly change over time, the incidence
of CMV disease was significantly decreased in the most
recent era (P=0.001).
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TBI: total body irradiation; Gy: Gray; GvHD: graft-versus-host disease; CI: calcineurin inhibitor; MMF: mycophenolate mofetil; FH: Fred Hutchinson Cancer Research Center; ALL:
acute lymphoblastic leukemia; AML: acute myeloid leukemia; CLL: chronic lymphocytic leukemia; CML: chronic myelogenous leukemia; HL: Hodgkin lymphoma; MDS: myelodys-
plastic syndromes; MPN: myeloproliferative neoplasms; MM: multiple myeloma; NHL: non-Hodgkin lymphoma; WM: Waldenström macroglobulinemia; CMV: cytomegalovirus; R:
recipient; D: donor; HCT-CI: hematopoietic cell transplantation comorbidity index; GCSF: granulocyte colony-stimulating factor; PBSC: peripheral blood stem cells. aFludarabine
was given at a dose of 30 mg/m2/day IV on days 4, 3, and 2 before HCT. Clofarabine was given at a dose of 30-50 mg/m2/day on days 6, 5, 4, 3, and 2 before HCT. TBI was given on
the day before donor hematopoietic cell infusion. bAll related (n=815) and most unrelated recipients (n=727) received MMF for at least 28 days after related HCT and 56 days
after unrelated HCT, with either cyclosporine or tacrolimus, for at least 80 days, with the majority of patients receiving a calcineurin inhibitor for 150–180 days after HCT.  The
remaining unrelated recipients (n=178 total – zero during 1997–2003, 65 during 2004–2009, and 113 during 2010–2017) received sirolimus from day -3 to either day 80 or 180, in
addition to MMF (days zero to 40 or 96) and cyclosporine (days -3 to 150–180). cOn-protocol patients were those transplanted on active clinical trials. Off-protocol patients were
those transplanted outside of an active clinical study.  All patients signed consent giving permission for their clinical data to be used for research studies such as this one.  dGCSF-
mobilized PBSC grafts contained a median of 8.0×106 CD34+ cells/kg (range, 0.2-42.6×106 CD34+ cells/kg) and 3.1×108 CD3+ cells/kg (range, 0.1-296.0×108 CD3+ cells/kg). eKahl  dis-
ease risk groups assigned as described.20 fHematopoietic cell transplantation comorbidity index (HCT-CI) assigned as described.17 gDonors and recipients were matched at HLA-
A, -B, -C, -DRB1, and -DQB1 by high-resolution typing except for the specified number of unrelated donor-recipient pairs who were mismatched at the level of one HLA class I
allele. hIncludes planned autologous, failed autologous, and failed allogeneic transplantation. The number of patients who had a prior planned autologous HCT decreased from
107 (19%) during 1997–2003 to one during 2010–2017; 23 patients (4%) had an unsuccessful prior autologous HCT during 1997–2003, increasing to 120 patients (21%) during
2010–2017; 3 patients (<1%) had an unsuccessful prior allogeneic HCT during 1997–2003, increasing to 22 patients (4%) during 2010–2017. iP-values reflect any pattern of vari-
ation over the three time periods, including trends over time.
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Comparison of endpoints in two most recent 
transplant eras

Comparisons of clinical endpoints and in the incidences
of organ complications and infections in the most recent
transplant era (2010–2017) to those in 2004–2009 are
shown in the Online Supplementary Tables S2 and S3. OS,
PFS, relapse rate, and the rate of grades 2–4 acute GvHD
significantly improved in the most recent era as compared
to 2004–2009. Over this same time period, significant
improvements were also noted in the incidences of gram-
negative bacteremias, invasive fungal infections, and in
CMV antigenemia and disease.

Discussion

Over the period from 1997–2017, we found marked
improvements in OS, PFS, NRM, and in the rates of acute
and chronic GvHD after HCT with non-myeloablative
conditioning. We also noted a trend toward reduced
relapse-related mortality. During this same time period,
patient age and burden of comorbidity at the time of HCT
increased, higher proportions received grafts from unrelat-
ed donors, and AML became the leading indication for
HCT, while the numbers of patients with multiple myelo-
ma and CML declined. Consistent with these shifts in
diagnoses, there was a decrease in patients who under-
went HCT after a prior planned autologous transplanta-

tion, which is likely related to the decrease in multiple
myeloma as an indication (decreased use of planned tan-
dem autologous-allogeneic transplantation),29 and increas-
es in prior unsuccessful autologous HCT for non-Hodgkin
lymphoma and prior unsuccessful allogeneic HCT for
AML. These data underscore the fact that non-myeloabla-
tive conditioning has been increasingly recognized as an
option for patients with recurrent hematologic malignan-
cies after prior HCT with high-intensity conditioning reg-
imens.30 Interestingly we did not see an increase in the
number of patients with MDS who underwent HCT,
despite the increasing recognition of MDS-associated
mortality risk and life expectancy benefit of HCT for
patients with high-risk MDS.31,32 We suspect that this lack
of increase in MDS patients may be due to referral pat-
terns from providers who are unaware that HCT is a ther-
apeutic option for their MDS patients who are older or
medically infirm.

The substantial reduction in NRM, lower risk of relapse
seen primarily in the most recent cohort, and modest
improvement in relapse-related mortality all contributed
to increased overall survival. Contributors to the improve-
ment in NRM over time are summarized in Table 4 and
include the reductions seen in liver and kidney complica-
tions; decreases in incidences of gram-negative bac-
teremia, invasive fungal infections, and CMV disease; and
reduced rates of acute and chronic GvHD. We speculate
that several changes in clinical practice contributed to the
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Figure 1. Adjusted cumulative incidence rates of major clinical endpoints by era of transplant. (A) Overall survival, (B) progression-free survival (PFS), (C) non-
relapse mortality (NRM), and (D) relapse. Era of transplant: 1997–2003 (black line), 2004–2009 (blue line), and 2010–2017 (red line).

A
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reduction in NRM. Topically-active glucocorticoids such
as beclomethasone dipropionate were introduced which,
when given with prednisone to patients with gastroin-
testinal GvHD in a randomized, placebo-controlled trial,
allowed for a rapid taper of prednisone dosing starting 10
days after initiation, significantly reduced the risk of
GvHD-treatment failure, and reduced the risk of mortality
by 37% after a median follow-up of 3.6 years.3 Decreases
in the use of systemic glucocorticoids for treatment of
acute GvHD, along with the addition of sirolimus to MMF
with a calcineurin inhibitor as GvHD prophylaxis have
also resulted in lower rates of fungal infections2 and CMV
reactivation.6,8 Changes in infection prophylaxis also likely
contributed to reductions in NRM. This included a shift in
antibacterial prophylaxis from cephalosporins to fluoro-
quinolones during periods of neutropenia,9-11 a shift in
antifungal prophylaxis from fluconazole to extended-
spectrum triazoles (itraconazole, voriconazole, posacona-
zole) with greater activity against mold,12,13 empirical anti-

fungal therapy for patients with pulmonary nodules,33 and
the adoption of pre-emptive antiviral therapy driven by
highly sensitive PCR-based CMV DNA diagnostic testing
of blood samples.14-16

Reduction in the incidences of acute GvHD in our later
patient cohorts were due, in part, to the increasing use of
sirolimus as a component of GvHD prophylaxis for unre-
lated recipients6,8 and the adoption of ursodiol to prevent
cholestasis and hyperbilirubinemia.4 In addition to our
data here documenting the beneficial effect of sirolimus,
we recently reported the results of a randomized phase III
trial showing that the addition of sirolimus to the standard
prophylactic regimen of MMF and cyclosporine in unrelat-
ed recipients reduced the day 100 cumulative incidence of
grades 2–4 acute GvHD (26% vs. 52%), resulting in signif-
icantly reduced use of steroids and markedly improved 
1-year NRM, PFS, and OS.8 While there was no difference
in chronic GvHD between the two groups, patients affect-
ed by chronic GvHD in the triple-drug group had a trend
towards lower NRM after 1 year compared with those in
the standard group (4% in triple-drug group vs. 15% in the
standard group). Ursodiol use, at a dose of 12 mg/kg/day
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Table 2. Association of transplant era with major endpoints.
                                                              Adjusteda

                                                              (n=1,668)
                                                            HR (95% CI)                 P

Overall survival                                                                                          
    1997 – 2003                                                         1.0                                
    2004 – 2009                                              0.72 (0.6 – 0.9)               0.0001
    2010 – 2017                                              0.60 (0.5 – 0.7)             <0.0001
Progression-free survival                                                                        
    1997 – 2003                                                         1.0                                
    2004 – 2009                                              0.78 (0.7 – 0.9)                0.002
    2010 – 2017                                              0.63 (0.5 – 0.8)             < 0.0001
Relapse/progression                                                                                
    1997 – 2003                                                         1.0                                
    2004 – 2009                                              0.93 (0.8 – 1.1)                 0.52
    2010 – 2017                                              0.71 (0.6 – 0.9)                0.006
Non-relapse mortality                                                                              
    1997 – 2003                                                         1.0                                
    2004 – 2009                                              0.58 (0.5 – 0.7)             < 0.0001
    2010 – 2017                                              0.52 (0.4 – 0.7)             < 0.0001
Relapse-related mortalityb                                                                      
    1997 – 2003                                                         1.0                                
    2004 – 2009                                              0.85 (0.7 – 1.1)                 0.15
    2010 – 2017                                              0.80 (0.6 – 1.0)                 0.10
Acute GvHD grade 2–4                                                                             
    1997 – 2003                                                         1.0                                
    2004 – 2009                                              0.81 (0.7 – 1.0)                 0.03
    2010 – 2017                                              0.64 (0.5 – 0.8)             < 0.0001
Acute GvHD grade 3–4                                                                             
    1997 – 2003                                                         1.0                                
    2004 – 2009                                              0.67 (0.5 – 1.0)                 0.03
    2010 – 2017                                              0.54 (0.4 – 0.8)                0.004
Chronic GvHD                                                                                            
    1997 – 2003                                                         1.0                                
    2004 – 2009                                              0.59 (0.5 – 0.7)             < 0.0001
    2010 – 2017                                              0.57 (0.5 – 0.7)             < 0.0001
HR: hazard ratio; CI: confidence interval; GvHD: graft-versus-host disease; MM: multiple
myeloma; AML: acute myeloid leukemia; CMV: cytomegalovirus; R: recipient; D: donor;
HCT: hematopoietic cell transplantation; HCT-CI: hematopoietic cell transplantation
comorbidity index. aAdjusted for transplant center (stratification); treatment type (on-
protocol, off-protocol), age (≤49, 50–59, ≥60 years); disease risk group (low, standard,
high); MM diagnosis; AML diagnosis; CMV (R– and D–, R+ or D+); donor relation (relat-
ed, unrelated); sex mismatch (female to male, others); prior HCT (no, yes); allele mis-
match (no, yes); HCT-CI (0, 1–2, 3, ≥4, missing). Kahl disease risk groups and HCT-CI
assigned as described.17,20 bRelapse-related mortality refers to survival after relapse
among patients that relapsed. 

Table 3. Association of transplant era with incidences of organ compli-
cations and infections.
                                                              Adjusteda

Organ Toxicity (n=1,548)                      OR (95% CI)                 P

Bilirubin > 4 mg/dL                                                                                  
    1997 – 2003                                                         1.0                                
    2004 – 2009                                            0.28 (0.18 – 0.42)           < 0.0001
    2010 – 2017                                            0.22 (0.14 – 0.35)           < 0.0001
Bilirubin > 10 mg/dL                                                                                
    1997 – 2003                                                         1.0                                
    2004 – 2009                                            0.18 (0.08 – 0.43)             0.0001
    2010 – 2017                                            0.21 (0.09 – 0.50)             0.0005
Creatinine > 2x baseline                                                                         
    1997 – 2003                                                         1.0                                
    2004 – 2009                                            0.63 (0.47 – 0.84)              0.002
    2010 – 2017                                            0.71 (0.52 – 0.97)               0.03
Infections (n=1,502)                           HR (95% CI)                 P

Gram-negative bacteremia                                                                     
    1997 – 2003                                                         1.0                                
    2004 – 2009                                            0.82 (0.70 – 0.97)               0.02
    2010 – 2017                                            0.68 (0.56 – 0.82)           < 0.0001
Invasive fungal infection                                                                         
    1997 – 2003                                                         1.0                                
    2004 – 2009                                            0.75 (0.63 – 0.89)             0.0008
    2010 – 2017                                            0.63 (0.52 – 0.76)           < 0.0001
CMV antigenemiab                                                                                     
    1997 – 2003                                                         1.0                                
    2004 – 2009                                            1.15 (0.94 – 1.40)               0.18
    2010 – 2017                                            0.86 (0.69 – 1.08)               0.19
CMV diseaseb                                                                                             
    1997 – 2003                                                         1.0                                
    2004 – 2009                                            0.86 (0.70 – 1.06)               0.16
    2010 – 2017                                            0.66 (0.52 – 0.85)              0.001
OR: odds ratio; HR: hazard ratio; CI: confidence interval; MM: multiple myeloma; AML:
acute myeloid leukemia; R: recipient; D: donor; CMV: cytomegalovirus; HCT:
hematopoietic cell transplantation; HCT-CI: hematopoietic cell transplantation comor-
bidity index. aAdjusted for transplantation center; treatment type (protocol, treatment
plan); age (≤49, 50–59, 60+ years); disease risk group (low, standard, high); MM diagno-
sis; AML diagnosis; CMV (R– and D–, R+ or D+); donor relation (related, unrelated); sex
mismatch (female to male, others); prior HCT (no, yes); allele mismatch (no, yes); and
HCT-CI (0, 1–2, 3, ≥4, missing). bCMV endpoints evaluated only among seropositive
recipients at HCT (n = 911 for multivariate analysis). 



starting on the day before HCT, significantly reduced the
incidences of stages 2–4 liver and intestinal acute GvHD
and grades 3–4 acute GvHD, and improved both 1-year
OS and NRM.4 

The overall incidence of relapse was significantly lower
during 2010–2017 compared to earlier time periods. This
corresponded both with an increasing use of higher TBI
doses (3–4.5 Gy) for patients who did not receive preced-
ing myelosuppressive chemotherapy, and with an increas-
ing proportion of patients who underwent HCT with dis-
eases at a lower risk of relapse. The majority of our
patients who received increased TBI dosing carried a diag-
nosis of AML, MDS, or a myeloproliferative neoplasm
based on a prospective TBI dose escalation study showing
a reduction in relapse with higher TBI dosing in
MDS/MPN patients who had not had previous myelosup-
pressive (induction-type) chemotherapy.34 The lower
grade MDS/MPN patients benefitted by increasing the
TBI dose to 3 Gy whereas the patients with excess blasts
or a history of CMML benefitted by increasing the TBI
dose to 4.5 Gy. Based on the findings in the low grade
MDS patients, the TBI dose was increased to 3 Gy in AML
patients who had not received induction chemotherapy in
the preceding 3–6 months or had a previous allogeneic
transplant from a different donor. In a sub-analysis, we
found no significant change in the rate of relapse in the
subset of AML patients who underwent HCT in
CR1/CR2, a finding that has also been noted in AML
patients who predominantly received high-intensity con-
ditioning prior to HCT.35 While we also noted an increase
in the number of AML patients in CR1/CR2 with MRD at
the time of non-myeloablative HCT, we recognize that

the detection of MRD and its association with disease
risk-stratification relative to HCT evolved over our time
period of analysis and may have affected the selection of
patients in our cohort who underwent HCT after non-
myeloablative conditioning versus receiving other thera-
pies.

The overall incidence of relapse-related mortality trend-
ed toward improvement for our 2004–2009 and 2010–
2017 patient cohorts. Hypomethylating agents, in particu-
lar, gained increasing use for the treatment of relapsed
myeloid malignancies during our later time periods,36,37 and
are likely a contributor to the observed modest attenua-
tion of relapse-related mortality. More recently, there has
been an expansion in the treatment armamentarium for
relapsed disease including ibrutinib, venetoclax, and ena-
sidinib,38-40 checkpoint inhibitors,41,42 tyrosine kinase
inhibitors,43 and monoclonal antibodies.44,45 Many of these
agents were used too infrequently to have influenced the
outcomes reported here, but we anticipate that their use
will increase and may lead to further reduction in mortal-
ity after relapse.

Interestingly, we found that the significant improve-
ments in OS, PFS, rate of grades 2–4 acute GvHD, and in
the incidence of infectious complications continued to
occur over our total period of analysis. However, the sta-
tistically significant improvements in other clinical out-
comes were limited to particular eras. For example, NRM,
relapse-related mortality, rate of grades 3–4 acute GvHD,
rate of chronic GvHD, and the incidences of liver and kid-
ney injury improved significantly only when 2004– 2009
was compared to 1997–2003; the rate of relapse or pro-
gression improved significantly only in the most recent
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Figure 2. Adjusted cumulative incidence rates of acute and chronic
graft-versus-host disease by era of transplant. (A) Grades 2–4 acute
graft-versus-host disease (GVHD), (B) grades 3–4 acute GvHD, and (C)
chronic GvHD. Era of transplant: 1997–2003 (black line), 2004–2009
(blue line), and 2010–2017 (red line).

A

C

B



era. While those outcomes which did not show statistical
improvements in the most recent era had hazard ratios
that trended toward improvement, it is likely that the con-
tinual improvement in OS and PFS had different predom-
inant components at different times: improvements in
NRM, relapse-related mortality, and organ toxicity con-
tributing earlier (between 1997–2003 and 2004–2009) and
improvement in the rate of relapse contributing later
(between 2004–2009 and 2010 –2017).

The present findings are similar to those of prior analy-
ses which predominantly included patients who received
high-intensity conditioning.35,46,47 It is notable, however,
that in these prior studies the increased use of lower-inten-
sity conditioning regimens and granulocyte colony-stimu-
lating factor-mobilized peripheral blood stem cell (PBSC)
grafts were cited as prominent reasons for the improved
outcomes – particularly reductions in NRM. The homoge-
neous nature of the current patient population, with all
patients receiving lower-intensity conditioning regimens
and HLA-matched PBSC grafts, allowed us to more inde-
pendently appraise the influence of changes in supportive
care that are critical for successful outcomes after HCT.

In conclusion, we show that improvements in support-
ive care after HCT with non-myeloablative conditioning
for patients with advanced hematologic malignancies dur-
ing the past two decades have yielded higher rates of over-
all survival and PFS and lower risks of NRM, grades 2–4
acute GvHD, and chronic GvHD. During this period, the
age of patients and burden of comorbidity at the time of
HCT has increased, and use of unrelated donors has also
increased, thereby making allogeneic HCT more widely
available for patients with otherwise incurable hemato-
logic malignancies. These results should encourage the
referral of elderly and medically infirm younger patients
with hematologic malignancies for evaluation at a trans-
plant center. 
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Table 4. Summary of changes in clinical practice that affected non-relapse mortality over time.
Increased use of topically-active GI glucocorticoids for patient with GI acute GvHD
Decreased use of systemic glucocorticoids for patients with acute GvHD
Addition of sirolimus to CI and MMF for GvHD prophylaxis
Increased use of ursodiol to prevent cholestasis and hyperbilirubinemia
Increased use of fluoroquinolones as antibacterial prophylaxis in neutropenic patients 
Increased use of mold-active triazoles as antifungal prophylaxis
Increased use of empiric antifungal therapy for patients with pulmonary nodules
Increasing use of pre-emptive antiviral therapy for CMV viremia

NRM: non-relapse mortality; GI: gastrointestinal; GvHD: graft-versus-host disease; CI: calcineurin inhibitor; MMF: mycophenolate mofetil; CMV: cytomegalovirus.
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Mutations of the IGH variable region in patients with chronic lym-
phocytic leukemia are associated with a favorable prognosis,
whereas cytogenetic complexity (≥3 unrelated aberrations) and

translocations have been associated with an unfavorable prognosis. While
mutational status of IGHV is stable, cytogenetic aberrations frequently
evolve. However, the relationships of these features as prognosticators at
diagnosis are unknown. We examined the CpG-stimulated metaphase
cytogenetic features detected within 1 year of diagnosis of chronic lym-
phocytic leukemia and correlated these features with outcome and other
clinical features including IGHV mutational status. Of 329 untreated
patients, 53 (16.1%) had a complex karyotype, and 85 (25.8%) had a
translocation. The median time to first treatment (TFT) was 47 months.
In univariable analyses, significant risk factors for shorter TFT (P<0.05)
were Rai stage 3-4, b2-microglobulin >3.5 mg/L, log-transformed white
blood cell count, unmutated IGHV, a complex karyotype, a translocation,
and trisomy 8, del(11q) or del(17p) detected by fluorescence in situ
hybridization. In multivariable analysis, there was a significant effect
modification of IGHV status on the relationship between translocation
and TFT (P=0.002). In IGHV-mutated patients, those with a translocation
had an over 3.5 times higher risk of starting treatment than those without
a translocation (P<0.001); however, among IGHV-unmutated patients, a
translocation did not significantly increase the risk of starting treatment
(hazard ratio 1.00, P=0.99). The effect of Rai stage 3-4, log-transformed
white blood cell count and complex karyotype remained statistically sig-
nificant, whereas that of  del(17p) did not (P=0.51). In summary, the pres-
ence of a translocation in IGHV-mutated patients appeared to negate the
improved prognosis of mutated IGHV, but the presence of a translocation
did not have an effect on TFT in high-risk IGHV-unmutated patients. 
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ABSTRACT

Introduction

Chronic lymphocytic leukemia (CLL) has a varied clinical course. Some patients
have an indolent disease with a lifespan similar to that of their peers without the
disease. Other patients have rapid disease progression, require treatment early in
the course of the disease, are less responsive to therapy, or exhibit short remission
after therapy and have a relatively short overall survival. Factors that have prognos-
tic significance include clinical variables such as gender, age and Rai/Binet stage,
and biological factors such as IGHV mutational status, ZAP70 status and genetic
abnormalities as detected by fluorescence in situ hybridization (FISH). IGHV muta-
tional status is a significant and independent prognostic factor that does not change
over the course of the disease. Patients with unmutated IGHV have a worse prog-
nosis than those with mutated IGHV.1-3



The karyotype of the patient is another genetic factor
that influences disease course and response to therapy.
The complexity of the karyotype is prognostic with
three or more unrelated abnormalities predictive of a
more adverse prognosis.4-12 Furthermore, a complex kary-
otype has been associated with unmutated IGHV, CD38
expression and deletion of 17p or mutated TP53.5,9,11,13-16

Additional studies showed that in addition to complex
karyotypes, translocations, particularly unbalanced
translocations, were associated with a poor prognosis,
reflected as both an increased risk of requirement for
treatment and a shortened overall survival.5,9,17-19

Translocations have also been associated with a complex
karyotype and with deletions of 17p, and in some cases
with del(11q),9 but not in others.20 While these studies are
informative, the relationship of translocations to mutat-
ed versus unmutated IGHV detected early in the course of
the disease is unclear.

Traditionally metaphase cytogenetic studies of CLL
have been minimally informative, as CLL cells do not
readily divide spontaneously in culture, nor do they
respond to traditional B-cell mitogens. The advent of
CpG oligodeoxynucleotide stimulation of CLL cells has
facilitated detection of cytogenetic abnormalities in up to
80% of CLL patients.17,21-26 As a result of this increased
detection of karyotypic abnormalities, the significance of
translocations and of a complex karyotype at disease
diagnosis and during disease progression can be assessed
more accurately. As CLL progresses, the karyotype fre-
quently evolves.27,28 Therefore, the significance of kary-
otypic complexity and/or translocations at disease pres-
entation is not clear. We examined CpG-stimulated kary-
otypes completed within 1 year of diagnosis of CLL and
correlated the presence of a translocation and of com-
plexity with disease prognosticators such as IGHV muta-
tional status, sex, age, Rai stage, FISH abnormalities and
with time to first treatment (TFT). 

Methods

Patients and samples
All patients had immunophenotypically defined B-cell CLL as

outlined by the International Workshop on CLL Revised CLL
Guidelines.29 Peripheral blood or bone marrow was collected
from patients after having obtained written informed consent in
accordance with the Declaration of Helsinki and under a proto-
col approved by the institutional review board of The Ohio
State University (Columbus, OH, USA). 

Cytogenetic analyses
Cells were stimulated with CpG oligodeoxynucleotides and

analyzed according to standard laboratory procedures
(described in detail in the Online Supplementary Methods). FISH
using probes for D13S319, D12Z3, ATM, TP53, BCL6, MYC,
MYB (Abbott Molecular, Des Plaines, IL, USA) and SEC63
(Empire Genomics, Buffalo, NY, USA) were done according to
the manufacturers’ recommendations.

Patients’ inclusion criteria
Patients with CLL who had cytogenetic analyses between

December 2006 and December 2013 and were within 1 year of
diagnosis were identified from The Ohio State University
Wexner Medical Center databases. Balanced and unbalanced
translocations and insertions were identified. Inversions were

considered as balanced translocations, and “adds” as unbal-
anced translocations. A complex karyotype was defined as ≥3
independent aberrations on metaphase cytogenetics. The asso-
ciation of complex karyo type defined as ≥5 independent aber-
rations with outcome was also examined. Baseline characteris-
tics were obtained from the patients’ charts. White blood cell
(WBC) count and b2-microglobulin concentration, determined
within 90 days of diagnosis were used.

Statistical analyses  
The patients’ demographic and genetic characteristics were

described using mean and standard deviation or median and
range for continuous variables, and frequency and percentage
for categorical variables. Associations between translocations or
cytogenetic complexity with FISH abnormalities were tested
using Fisher exact tests. Cases with both balanced and unbal-
anced translocations were classified together for statistical
analyses. 

TFT was calculated from the date of diagnosis until the date
of first treatment or last follow-up, censoring patients who had
not started treatment at the date last seen; patients who died
prior to starting treatment were censored at the date last seen.
Kaplan-Meier curves were used to estimate TFT probability,
and Cox proportional hazard models were used to examine the
association between potential risk factors and TFT. Table 1
shows variables considered for modeling. WBC counts were
log-transformed.

Significant risk factors from univariable Cox models were
included in the multivariable Cox model. Due to missing values
in IGHV mutation status (n=37, 11%), WBC count (n=83, 25%),
and b2-microglobulin (n=146, 44%), a multiple imputation pro-
cedure was applied to obtain combined results from 15 multiply
imputed datasets. Using stepwise backward selection, variables
that reached statistical significance after adjusting for all other
covariates remained in the final model. To evaluate for potential
effect modification, pairwise interactions among all variables in
the final model were further tested, and TFT curves were gen-
erated.

Among patients who started chemoimmunotherapy, overall
survival from the start of therapy was determined. Univariable
analyses were performed testing for risk factors associated with
overall survival, but multivariable analyses were precluded
because of the limited number of deaths. The analyses were
conducted using Stata 14, SAS 9.4 and the statistical signifi-
cance was set as P<0.05.  

Results

Patients’ characteristics 
Diagnostic samples meeting the above criteria were

identified for 329 patients. The patients’ clinical data are
presented in Table 1. The median age of the patients was
60 years (range, 34-88), 36.8% were female, and 90.2%
had Rai stage 0-2.

Unbalanced translocations are more frequent in
complex karyotypes, but balanced translocations 
are more frequent in non-complex karyotypes

Translocations occurred in 85 (25.8%) patients: 29
with balanced, 48 with unbalanced and eight with both
a balanced and an unbalanced translocation. Defining
complexity as ≥3 unrelated aberrations, 16.1% of
patients had complex karyotypes, while 7.6% had ≥5
aberrations. The distributions of karyotype complexity,
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defined as ≥3 aberrations, and the presence of a translo-
cation are shown in Table 2. Of the 85 cases with a
translocation, 46 also had a complex karyotype and 39
did not. Unbalanced translocations were more frequent
in cases with a complex karyo type (41/46), while bal-
anced translocations were more frequent in non-complex
cases (24/39). No translocation was identified in 244
cases; 237 of these had non-complex karyotypes. 

Translocations and complex karyotypes occur more 
frequently in unmutated IGVH chronic lymphocytic
leukemia

IGHV data were available for 292 patients; data were
not available for 37 patients (Table 3). Unmutated IGHV
was found in 148 patients; 51 (34.5%) had a transloca-
tion, and 97 (65.5%) did not have a translocation; 31
(20.9%) had complex karyotypes (≥3 aberrations), while
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Table 1. The patients’ baseline characteristics and associations with time to first treatment.
Patients’ characteristics (n=329)                  N.                                       %                           HR                             95% CI                          P-value

Age at diagnosis, years  
     Mean (SD)                             60 (11)                                                                                                                                              
     Median (range)                 60 (34-88)                                              1.00                                  0.99-1.02                                0.64
Sex                                                                                  
     Male                                                                        208                                          63.2                                                                                                                          
     Female                                                                    121                                          36.8                                0.90                                  0.64-1.27                                  0.55
Complexity
     Median (range)                     1 (0-17)                                                  1.16                                 1.11 -1.22                              <0.001 
     < 3 Abnormalities                                                276                                          83.9                                                                                                                          
     ≥3 Abnormalities                                                  53                                           16.1                                2.92                                  1.98-4.31                               <0.001
Translocation
     Neither                                                                   244                                          74.2                                                                                                                          
     Balanced                                                                  29                                            9.1                                2.64*                                 1.87-3.71                               <0.001
     Unbalanced                                                            56                                           16.7                                                                                                                              
Rai stage at diagnosis
     0-2                                                                            296                                          90.2                                                                                                                          
     3-4                                                                             32                                            9.8                                 3.73                                  2.32-5.99                               <0.001
IGHV unmutated
     No                                                                            144                                          49.3                                                                                                                              
     Yes                                                                           148                                          50.7                                3.48                                  2.38-5.08                               <0.001
Trisomy 3
     No                                                                            312                                          94.8                                                                                                                          
     Yes                                                                            17                                            5.2                                 1.06                                  0.49-2.27                                  0.88
Trisomy 8
     No                                                                            314                                          95.4                                                                                                                          
     Yes                                                                            15                                            4.6                                 2.53                                  1.36-4.71                                0.003
Trisomy 12
     No                                                                            251                                          76.3                                                                                                                          
     Yes                                                                            78                                           23.7                                1.23                                  0.84-1.81                                  0.29
Del(13q)
     No                                                                            155                                          47.1                                                                                                                          
     Yes                                                                           174                                          52.9                                0.78                                  0.56-1.09                                  0.15
Del(17p)
     No                                                                            298                                          90.6                                                                                                                          
     Yes                                                                            31                                            9.4                                 2.10                                  1.31-3.37                                0.002
Del(6q)
     No                                                                            315                                          95.7                                                                                                                          
     Yes                                                                            14                                            4.3                                 1.73                                  0.85-3.55                                  0.13
Del(11q)
     No                                                                            285                                          86.6                                                                                                                          
     Yes                                                                            44                                           13.4                                2.92                                  1.98-4.31                               <0.001
b2-microglobulin >3.5 mg/L
     No                                                                            165                                          90.2                                                                                                                              
     Yes                                                                            18                                            9.8                                 2.33                                  1.11-4.88                                0.025
WBC, x109/L 
     Median (range)                 17.5 (2.9-392.6)                                          1.72**                               1.35- 2.20                              <0.001

HR: hazard ratio; 95% CI: 95% confidence interval; SD: standard deviation; WBC: white blood cell count. The results for trisomy 3, trisomy 8, trisomy 12, del(13q) del(17p, del(6q)
and del(11q) were determined from fluorescence in situ hybridization data. Trisomy 3 was determined using the BCL6 probe, trisomy 8 using the MYC probe, trisomy 12 using
the D12Z3 (centromere 12) probe, del(13q) using the D13S319 probe, del(17p) using the TP53 probe, del(6q) using the MYB and/or SEC63 probes and del(11q) using the ATM
probe.*HR for balanced and unbalanced translocations combined compared to no translocations, **HR for log-transformed WBC.



117 (79.1%) had non-complex karyotypes. Of the 144
patients with mutated IGHV, 20 (13.9%) had a transloca-
tion, 124 (86.1%) did not have a translocation, 12 (8.3%)
had complex karyotypes, and 132 (91.7%) had non-com-
plex karyotypes. 

Outcome 
The median follow-up for censored patients was 30

months (range, 0.03-102 months). The median TFT for the
entire cohort was 47 months (95% confidence interval
[95% CI]: 39-61 months). Higher karyotype complexity
was significantly associated with TFT (hazard ratio
[HR]=1.16, 95% CI: 1.11-1.22; P<0.001), as was complex
karyotype defined using ≥3 aberrations (HR=2.92, 95%
CI: 1.98-4.31; P<0.001) and ≥5 aberrations (HR=2.93, 95%
CI: 1.79-4.79; P<0.001). Since there was no difference in
the ability to discriminate TFT when defining complexity
as ≥3 or ≥5 aberrations (Online Supplementary Table S1,
Online Supplementary Figure S1), all further analyses used
the definition of  ≥3 abnormalities. 

In univariable models, the following variables were sig-
nificant for a shorter TFT: presence of a translocation
(HR=2.64, 95% CI: 1.87-3.71; P<0.001), Rai stage 3-4
(HR=3.73, 95% CI: 2.32-5.99; P<0.001), karyotype com-
plexity (HR=2.92, 95% CI: 1.98-4.31, P<0.001), unmutat-
ed IGHV (HR=3.48, 95% CI: 2.38-5.08; P<0.001), three
copies of  MYC (HR=2.53, 95% CI: 1.36-4.71; P=0.003),
del(17p) (HR=2.10, 95% CI: 1.31-3.37; P=0.002), del(11q)
(HR=2.92, 95% CI: 1.98-4.31; P<0.001), b2-microglobulin
>3.5 mg/L (HR=2.33, 95% CI: 1.11-4.88; P=0.025), and
log-transformed WBC count (HR=1.72, 95% CI: 1.35-
2.20; P<0.001) (Table 1).

In the multivariable regression model, there was signifi-

cant effect modification of IGHV status on the relation-
ship between translocations and TFT (P=0.002) (Table 4).
In IGHV-mutated patients, those with a translocation had
over 3.5 times the risk of starting treatment relative to
those without a translocation (HR=3.53, 95% CI: 1.76-
7.06; P<0.001); however, in IGHV-unmutated patients, a
translocation did not significantly increase the risk of start-
ing treatment (HR=1.00, 95% CI: 0.61-1.64; P=0.99)
(Figure 1). This effect modification appears consistent
across groups defined by complex karyotype (Online
Supplementary Figure S2). We did not detect a significant
interaction between IGHV and karyotype complexity
(Figure 2A), nor between translocations and complexity
(Figure 2B). Examination of both the presence of a translo-
cation and karyotype complexity in the analysis of TFT
showed that among the 85 patients with a translocation,
karyotype complexity added prognostic information
(HR=2.31, 95% CI: 1.25-4.26; P=0.007). Independently of
IGHV status and translocations, Rai stage 3-4 (HR=1.78,
95% CI: 1.06-2.98; P=0.029), log-transformed WBC count
(HR=1.44, 95% CI: 1.13-1.85; P=0.004) and karyotype
complexity (HR=1.78, 95% CI: 1.08-2.93; P=0.025)
remained statistically significant in the multivariable
model (Table 4). Notably, once these variables were
accounted for in the model, del(17p) did not add signifi-
cant information (P=0.51). Using a higher frequency of
del(17p) with a 20% cut off, del(17p) still was not signifi-
cant in the multivariable analysis (P=0.51). Similarly,
del(11q) was no longer significant in the multivariable
model. 

Among 139 patients who started CLL treatment, 54
received chemoimmunotherapy. With a median follow-up
of 43.9 (range, 3.4-94.0) months from the start of CLL

Impact of translocations in mutated IGHV CLL at diagnosis 

haematologica | 2021; 106(6) 1611

Table 2. Association between karyotype complexity (≥3 aberrations) and translocations. Unbalanced translocations are more frequent in patients
with complex karyotypes, but balanced translocations are more frequent in those with non-complex karyotypes.
                                                                               Translocation                                                                  No Translocation                           Total
                                              Total                             Balanced                       Unbalanced                                                                                      

Complex karyotype                      46                                              5                                             41                                                            7                                                 53
Non-complex karyotype             39                                             24                                            15                                                          237                                              276
Total                                                 85                                             29                                            56                                                          244                                              329

Table 3. Associations of IGHV with karyotype complexity (≥3 aberrations) and translocations. Translocations and complex karyotypes occur more
frequently in unmutated IGVH chronic lymphocytic leukemia.
                                               Translocation                     No Translocation                 Complex karyotype           Non-complex karyotype             Total

Mutated IGHV                                         20                                                 124                                                 12                                                 132                                     144
Unmutated IGHV                                   51                                                  97                                                  31                                                 117                                     148
Total                                                          71                                                 221                                                 43                                                 249                                     292

mIGHV, mutated IGHV; unmIGHV. unmutated IGHV

Table 4. Multivariable model of factors significantly associated with time to first treatment.
Characteristics                                                                                                     HR                                         95% CI                                      P-value

IGHV mutated: translocation present vs. absent                                                               3.53                                                1.76-7.06                                               0.002
IGHV unmutated: translocation present vs. absent                                                          1.00                                                0.61-1.64                                                    
Karyotype complexity, ≥3 abnormalities: present vs. absent                                         1.78                                                1.08-2.93                                                0.025
WBC (log-transformed)                                                                                                           1.44                                                1.13-1.85                                                0.004
Rai stage: 3-4 vs. 0-2                                                                                                                  1.78                                                1.06-2.98                                                0.029

HR: hazard ratio; 95% CI: 95% confidence interval; WBC: white blood cell count.



treatment, 13 deaths occurred. The overall survival esti-
mates are 91% (95% CI: 79%-96%) at 1 year, 84% (95%
CI: 70%-92%) at 3 years, and 77% (95% CI 61%-87%) at
5 years after starting CLL treatment. In these treated
patients, Rai stage 3-4 and del(17p) were associated with
shorter survival in univariable analyses with a hazard ratio
of 5.36 (95% CI: 1.62-17.76), and 6.88 (95% CI: 2.20-
21.50), respectively. 

Table 5 shows correlations of interphase FISH abnor-
malities with both the presence of a translocation and
with karyotype complexity. Del(11q), del(17p), three
copies of MYC, and three copies of BCL6 were all highly
associated both with the presence of a translocation and
with karyotypic complexity. An opposite trend was seen
for cases with del(13q); del(13q) was more frequent both
in cases without a translocation and in non-complex cases.
Trisomy 12 was frequent in complex cases, but was not
associated with the presence of a translocation. Deletion
of 6q was not associated with either karyotypic complex-
ity or the presence of a translocation. Deletion of 13q as
the sole FISH-identified abnormality, typically indicative
of a good prognosis, occurred in 119 cases. Twelve of
these cases had a translocation, and three had a complex
karyotype. In addition, ten cases with a translocation had
no abnormalities detected by FISH, emphasizing the need
for metaphase cytogenetics.

Discussion

Previous studies have found a significant impact of
translocations on the outcome of patients with CLL.5,9,17-19

We show that when detected within 1 year of diagnosis,
the presence of a translocation in cases with mutated
IGHV appears to negate the positive impact of mutated
IGHV. However, in cases of unmutated IGHV, the pres-
ence of a translocation did not appear to influence progno-
sis. In this study, patients with mutated IGHV who did
not have a translocation had a significantly longer TFT
than those with mutated IGHV and a translocation or
those with unmutated IGHV regardless of the presence of
a translocation (Figure 1). 

Baliakas et al.9 found that translocations were strongly
associated with CD38+ expression, karyotypic complexity,
abnormal 17p and abnormal 11q. However, the presence
of a translocation did not influence TFT, although those
cases with an unbalanced translocation and those with a
complex karyotype had a significantly shorter TFT.
Translocations were also associated with complexity,
del(17p), and del(11q) in our series. However, when con-
sidering their impact on outcome, those cases with a
mutated IGHV and a translocation had a poor TFT com-
pared with cases with mutated IGHV and no transloca-
tion. Rigolin et al.19 showed that unbalanced translocations
were associated with shorter TFT and overall survival. In
our studies, both balanced and unbalanced translocations
were considered together and overall had an impact on
TFT.

These results add to the factors that may influence the
outcome of CLL patients with mutated IGHV. IGHV-
mutated patients with high expression of CD49d and
those with high expression of CXCR4 have an inferior
outcome compared to patients with low expression of
these variables.30-32 As neither CD49d nor CXCR4 was
evaluated in our patients, we are unable to compare their
effects with those of the presence of a translocation.
Whether these factors influence chromosome instability, a
possible factor in generation of a translocation, was not
investigated.

Complex karyotypes have also been associated with an
adverse prognosis in CLL.4-16,19 While some studies15,16

found that the association of karyotypic complexity was
more significant when complexity was defined as ≥5 aber-
rations than when defined as ≥3 aberrations, we found
that complexity defined as ≥3 abnormalities was as signif-
icant as complexity defined as ≥5 abnormalities. Although
karyotypic complexity detected within 1 year of diagnosis
of CLL remained significant in a multivariable analysis,
the hazard ratio for the presence of a translocation in
patients with mutated IGHV was much higher than that
for karyotypic complexity (HR for complexity=1.78, HR
for presence of a translocation=3.53). Among patients
with a translocation, karyotypic complexity added prog-
nostic information.
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Figure 1. Time to first treatment of patients with
chronic lymphocytic leukemia. Data are plotted for
patients according to whether they had mutated or
unmutated IGHV and whether they did or did not
have a translocation.



This study also showed that CLL patients with a higher
WBC count were likely to require treatment earlier than
those with a lower WBC count. This is consistent with the
findings of the study by Del Giudice et al.,33 who showed
that in patients with Binet stage A CLL, a higher WBC
count independently predicted a shorter time to treat-
ment. Since a higher WBC count is consistent with a
greater disease burden, this is compatible with the
hypothesis that patients with a greater disease burden,
regardless of other factors, have a shorter TFT.

A del(17p) has also been associated with a poor out-
come.1,5,34-38 However, when detected within 1 year of diag-
nosis, it was no longer significant in a multivariable analy-
sis, independently of other variables. It is known that
del(17p) frequently occurs with disease progression and
that a higher frequency of del(17p) may be significant.39,40

We, therefore examined whether a higher frequency of
this abnormality was significant. Using a 20% cutoff,
higher frequency of del(17p) was also not significant in the
multivariable analysis (P=0.51). Furthermore, our patients
were within 1 year of diagnosis, which is consistent with
the findings of Tam et al.,39 who showed that a del(17p) in
asymptomatic CLL patients does not necessarily convey a
poor prognosis. It also has been shown that del(17p) in
association with a complex karyotype predicts a particu-

larly poor outcome.15,20,41 Although our patients with
del(17p) were statistically associated with a complex kary-
otype, 11/30 of our del(17p) cases did not have a complex
karyotype. The loss of significance of del(17p) in a multi-
variable analysis may in part reflect this.

In these studies, FISH abnormalities typically associated
with a poor outcome (three copies of MYC, del(17p),
del(11q) and three copies of BCL6) were more frequent in
cases with a translocation and in those with a complex
karyotype. Trisomy 12 showed no association with the
presence of a translocation, but was more frequent in
complex cases than in non-complex cases (35.9% and
21.4%, respectively; P=0.033). Deletions of 13q, typically
associated with a good outcome, were more frequent in
cases without a translocation and in non-complex cases,
consistent with its association with a good outcome.
However, del(13q) as a sole FISH abnormality was present
in 12 cases with a translocation and in three cases with a
complex karyotype, thus 15 of 119 cases (12.6%) with
del(13q) as the only FISH-detected abnormality had poor
metaphase cytogenetics, identifying these patients as pos-
sibly not having the good prognosis typically associated
with sole del(13q). Fifty-seven cases had no FISH abnor-
mality (Table 5); ten of these had a translocation, and one
had a complex karyotype. These results indicate the
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Figure 2. Time to first treatment of patients
with chronic lymphocytic leukemia. (A) Data
are plotted for patients according to whether
they had mutated or unmutated IGHV and a
complex (≥3 aberrations) or non-complex
karyotype. (B) Data are plotted for patients
according to whether they did or did not
have a translocation and whether they had a
complex (≥3 aberrations) or non-complex
karyotype.
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importance of metaphase cytogenetics in order to risk-
stratify patients accurately.

The reason a translocation may negate the good progno-
sis associated with mutated IGHV is not known. Both the
presence of a translocation and a complex karyotype may
reflect an underlying genetic instability in CLL. The strong
correlation of translocations and complex karyotypes with
del(17p), and therefore loss of TP53, which is known to be
associated with genetic instability,42 supports this.
However, the majority of patients with translocations or
complex karyotypes did not have del(17p); thus, other fac-
tors must contribute to genetic instability in CLL. Other
factors that have been associated with genetic instability
include telomere shortening, abnormal ATM, lack of cor-
rect kinetochore-microtubule attachment, activation-
induced cytidine deaminase, defective mitosis and replica-
tion stress. Further investigations are needed to identify
whether these or other factors contribute to genetic insta-
bility in CLL.

These studies have some significant limitations. These
include the relatively low number of patients with translo-
cations (85/329), the retrospective nature of the study, and
the younger age of patients (median, 60 years). Because of
the retrospective nature of this study, some factors, signif-
icantly TP53 mutational status and CD49d expression,
could not be included as they were not determined rou-
tinely. Additionally, both WBC count and b2-microglobu-
lin level had a 90-day window, as they were not collected
routinely at diagnosis. Also, although all cytogenetic stud-
ies were performed within 1 year of diagnosis, they were
done at different time-points within this 1-year time-
frame.

These results support performing metaphase cytogenet-
ic analysis on cultures stimulated with a CpG

oligodeoxynucleotide prospectively at diagnosis on all
patients with CLL to verify these findings and to deter-
mine whether these findings apply with current targeted
therapies. The use of CpG oligodeoxynucleotide stimula-
tion is required to adequately define abnormal clones in
CLL,5,17,21-26 thus enabling the detection of translocations
that are prognostic early in the course of the disease. This
additional prognostic factor may help to provide a more
precise prognosis for CLL patients, and may more accu-
rately define specific treatment options that will be bene-
ficial to these patients. While the presence of a transloca-
tion has previously been shown to correlate with a poor
prognosis, this study indicates that in patients with unmu-
tated IGHV, translocations may not affect prognosis.
However, detection of a translocation in patients with
mutated IGHV may affect prognosis as early as the time
of diagnosis.
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Table 5. Associations between translocations or karyotype complexity with abnormalities detected by interphase fluorescence in situ hybridization.
                                 Total                   MYC                   Del(17p)               Del(11q)              Trisomy 12             Del(13q)        Trisomy BCL6            Del(6q)          Normal

                                                    normal       x3              No      Yes              No       Yes            No      Yes             No      Yes           No       Yes            No      Yes          FISH
Translocation                    85                   75             10                  62          23                   64          21                 62          23                  51         34               75          10                79          6                 10
No translocation             244                 239             5                  237          7                   221         23                189         55                 104       140             237          7                237         7                 47
P-value                                                            0.001                           <0.001                          0.001                           0.459                          0.008                      0.003                        0.207                       
Complex ≥3                      53                   45              8                   34          19                   38          15                 34          19                  32         21               43          10                48          5                  1
Not complex                    276                 269             7                  265         11                  247         29                217         59                 123       153             269          7                268         8                 56
P-value                                                            0.001                            <0.001                          0.001                           0.033                          0.037                     <0.001                       0.057                       
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Complement C3 binds fibrinogen and compromises fibrin clot lysis,
thereby enhancing the risk of thrombosis. We investigated the role
of the fibrinogen-C3 interaction as a novel therapeutic target to

reduce thrombosis risk by analyzing: (i) consistency in the fibrinolytic
properties of C3; (ii) binding sites between fibrinogen and C3; and (iii)
modulation of fibrin clot lysis by manipulating fibrinogen-C3 interactions.
Purified fibrinogen and C3 from the same individuals (n=24) were used to
assess inter-individual variability in the anti-fibrinolytic effects of C3.
Microarray screening and molecular modeling evaluated C3 and fibrinogen
interaction sites. Novel synthetic conformational proteins, termed
affimers, were used to modulate the C3-fibrinogen interaction and fibri-
nolysis. C3 purified from patients with type 1 diabetes showed enhanced
prolongation of fibrinolysis compared with healthy control protein
(195±105 and 522±166 s, respectively; P=0.04), with consistent effects but
a wider range (5-51% and 5-18% lysis prolongation, respectively). Peptide
microarray screening identified two potential C3-fibrinogen interaction
sites within the fibrinogen b chain (residues 424-433 and 435-445). One
fibrinogen-binding affimer that was isolated displayed sequence identity
with C3 in an exposed area of the protein. This affimer abolished C3-
induced prolongation of fibrinolysis (728±25.1 s to 632±23.7 s; P=0.005)
and showed binding to fibrinogen in the same region that is involved in
C3-fibrinogen interactions. Moreover, it shortened plasma clot lysis of
patients with diabetes, cardiovascular disease or controls by 7-11%. C3
binds fibrinogen b-chain and disruption of the fibrinogen-C3 interaction
using affimer proteins enhances fibrinolysis, which represents a potential
novel tool to reduce thrombosis in high-risk individuals. 
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ABSTRACT

Introduction

Hypofibrinolysis is associated with increased risk of atherothrombotic events.1-3

Although most studies have only shown an association between hypofibrinolysis
and cardiovascular disease, a more recent longitudinal study in a large population of
patients with acute coronary syndrome demonstrated that prolonged fibrin clot lysis
is an independent predictor of cardiovascular mortality.4 Therefore, it was proposed
that reducing residual thrombosis risk in patients with coronary artery disease
requires targeting the fibrinolytic system in addition to administering antiplatelet
therapies. Indeed the combination of anticoagulant and antiplatelet therapies reduces
vascular thrombotic events but at the expense of increased risk of bleeding.5

Therefore, a more targeted approach is required which improves hypofibrinolysis



and reduces the risk of vascular thrombosis without
increasing bleeding events.

Complement C3, which is incorporated into fibrin clots,
has been shown to modulate fibrin clot lysis,6 an effect that
may be exaggerated in patients with higher vascular risk.7

C3 plasma levels have shown correlations with ex-vivo plas-
ma clot lysis in individuals with diabetes as well as in
healthy controls.7,8 Moreover, plasma levels of this protein
were independent predictors of resistance to fibrinolysis in
875 high-vascular-risk patients with type 2 diabetes.9 These
data suggest that C3 represents a credible therapeutic target
to shorten fibrin clot lysis and ultimately reduce thrombosis
risk. However, these functional studies were conducted
using pooled C3 and studies assessing consistency of the
response in different individuals, crucial to establish the
therapeutic potential of C3, are lacking. 

We have recently demonstrated that fibrin clot lysis can
be modulated, leading to stabilization of the clot, by using
small conformational proteins, termed affimers.10,11 Affimer
technology was able to correct abnormal lysis of clots made
from plasma samples of individuals with hemophilia, indi-
cating a potential therapeutic role for these proteins.
However, it remains unknown whether affimers can be
used to enhance clot lysis, particularly in individuals at high
vascular risk.

The aim of this work was to establish the role of C3 as a
therapeutic target for enhancing fibrinolysis and reducing
thrombosis risk. Therefore, we studied: (i) consistency in
the fibrinolytic properties of C3 in healthy controls and
patients with high vascular risk; (ii) potential binding sites
between fibrinogen and C3; and (iii) modulation of fibrin
clot lysis by targeted interference of fibrinogen-C3 interac-
tions.

Methods

Only a brief description is provided here; full details can be
found in the Online Supplement.

Recruitment of patients
We recruited 12 patients with type 1 diabetes (T1DM) and 12

age- and sex-matched controls to purify fibrinogen and C3. We
additionally tested 24 stored plasma samples from individuals with
high vascular risk. Ethical approval for the study was provided by
the Leeds East, National Research Ethics Service committee and
informed consent was obtained from participants in accordance
with the Declaration of Helsinki.

Protein purification and turbidimetric analysis
Fibrinogen and complement C3 were purified as described else-

where7 and clots were formed from purified fibrinogen in the pres-
ence or absence of corresponding C3 from the same individual.
Time from full clot formation to 50% lysis was calculated and is
presented as clot lysis time throughout this work.

Peptide microarray
A peptide microarray chip containing overlapping 15 amino acid

peptides of the fibrinogen molecule (PEPperPRINT, Germany) was
synthesized to screen against pooled C3 (0.8  to 8 mg/mL) purified
from six healthy individuals.

Non-antibody synthetic proteins (affimers)
Affimers are small proteins composed of a scaffold protein that

constrains two variable conformational nine amino acid loops.11,12

Panning and protein production
A phage display library of affimer proteins, comprising 1.3x1010

random variable clones, was screened against human fibrinogen.
In order to select specific affimers capable of targeting fibrinogen–
C3 interactions, competitive elution with C3 for 20 min was
applied in the fourth panning.

Affimers and fibrinolysis
Fibrinogen was incubated with affimer A6 at room temperature

for 30 min after which C3 and factor XIII were added and clot for-
mation/lysis was triggered as described previously.13

Plasma samples were mixed with increasing concentrations of
affimer A6 or control scaffold and then turbidimetric experiments
were performed, as described elsewhere.13

Molecular modeling
In order to identify potential sites of ligand binding on C3, the

molecular modeling software Autoligand was employed to scan
the whole protein.14 Molecular modeling was used to predict bind-
ing sites of any peptide sequences identified from the microarray
screening and affimer work using the webserver Pepsite2®

(http://pepsite2.russelllab.org). Images were viewed and produced
using Pymol (The PyMOL Molecular Graphics System, Version
2.0 Schrödinger, LLC).15

Mass spectrometry
Purified C3 from six subjects with type 1 diabetes mellitus and

six healthy controls was digested by trypsin and analyzed by
matrix-assisted laser desorption/ionization -time-of-flight mass
spectrometry (MALDI-TOF/MS) as described elsewhere.16 To
compare potential differences between in vivo and in vitro C3 gly-
cation, we undertook in vitro glycation of the protein as previously
described17 and post-translational modifications were assessed as
above.

Statistical analysis
Between-group comparisons of normally and non-normally dis-

tributed variables were carried out by independent Student t and
Mann–Whitney U tests, respectively. Pearson and Spearman coef-
ficients were applied to assess correlations between normally and
non-normally distributed variables, respectively. Based on previ-
ous data7 and assuming a common standard deviation of the vari-
able studied of 225 seconds (s) we calculated that the number of
samples analyzed (n=24 in total) would be enough to detect a dif-
ference of 270 s in C3-induced prolongation of clot lysis time
(power 80% at P<0.05).

Results

Patients’ characteristics
Twelve patients with type 1 diabetes and 12 healthy

controls were recruited. Their characteristics are shown in
Table 1. The patients with diabetes were on no medica-
tions other than subcutaneous insulin injections and had
no clinically significant microvascular or macrovascular
complications of diabetes. The healthy controls were also
not taking any prescribed medication. 

Effect of C3 on lysis time
One control sample did not lyse within the allotted time

and was, therefore, excluded from further analysis. The
mean lysis time of all clots made from fibrinogen in the
absence and presence of corresponding C3 was 2691±105
and 3057±172 s (P<0.01). The mean lysis time of clots

Hypofibrinolytic effects of complement C3 and its modulation
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made from purified fibrinogen of healthy controls and
patients with type 1 diabetes was 2510±132 s and
2857±151 s, respectively (P=0.07). Following the addition
of C3, there was an increase in lysis time in both groups
to 2705±180 s and 3379±259 s, respectively, with individ-
ual data provided in Figure 1A. The degree of C3-induced
prolongation in lysis time was greater in the diabetes sam-
ples (179±101 and 522±166 s; P=0.04) (Figure 1B and C),
and showed a broader range of 144-1476 s (5-51%) among
the patients with diabetes, compared with the 108-480 s
(5-18%) in controls. These data show that C3 consistently
prolongs clot lysis time in both healthy controls and
patients with diabetes, although there was wider inter-
individual variability in the degree of prolongation in the
group with diabetes.  

C3-fibrinogen interaction sites
Our data have so far shown that C3 represents a credi-

ble target to modulate fibrinolysis and we therefore inves-
tigated fibrinogen-C3 binding sites. Using peptide
microarray screening of the whole fibrinogen molecule,
we identified complex spot patterns, based on peptides
with the consensus motifs A136VSQTSSSSFQYMYL150

(peptide A), 423QCSKEDGGGWWY434 (peptide B) and
434YNRCHAANPNGRYY447 (peptide C), which are all
located within the b chain of fibrinogen (Uniprot ID

R.J. King et al.
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Table 1. Clinical variables of controls and patients with type 1 diabetes. Data
are presented as mean ± standard error of mean.
Variable                                       Type 1 diabetes          Controls            P value
                                                           (n=12)                   (n=12)                    

Age (years)                                                25.1±1.7                    27.9±1.3                    0.2
Sex (M/F, n)                                                    7/5                              9/3                            
Duration of diabetes (months)             108±68                            -                              
Current smokers (n)                                     2                                 0                              
Systolic BP (mmHg)                                 119±4.6                     121±3.8                    0.73
Diastolic BP (mmHg)                                 76±4                         76±2.5                     0.85
BMI (kg/m2)                                               25.4±0.96                   23.5±0.6                   0.12
C3 (mg/mL)                                               1.34±0.06                  1.39±0.07                  0.54
Fibrinogen (mg/mL)                             2.0 (±0.32)               2.2 (±0.27)                  0.2
Plasma glucose (mmol/L)                        12.8±1                      4.4±0.2                 <0.0001
Total cholesterol (mmol/L)                   4.8±0.35                    4.8±0.32                   0.97
Triglycerides (mmol/L)                           1.3±0.15                    1.1±0.11                   0.16
TSH (mU/L)                                               2.5±0.32                    2.1±0.18                   0.33
Free T4 (pmol/L)                                     14.3±0.39                   15±0.45                    0.24
Creatinine (mmol/L)                                76.8±4.6                      81±4.2                     0.52
Plasma clot lysis (seconds)                 427.5±14.6                  425±7.9                    0.88

M: male, F: female; BP: blood pressure; BMI: body mass index; C3: complement C3; TSH: thyroid-
stimulating hormone, T4: thyroxine.

Figure 1. C3 modulation of clot lysis in individuals with diabetes and
healthy controls. Fibrinogen and C3 were purified from matched sam-
ples of 12 patients with diabetes and 12 healthy controls.
Turbidimetric experiments were conducted on individual fibrinogen
samples after the addition of thrombin, calcium, tissue plasminogen
activator and plasminogen, in the presence and absence of C3. (A)
Clot lysis time was increased following the addition of C3 when all
samples (n=24) were analyzed together. (B) Lysis time of individual
samples from healthy controls and patients with diabetes before and
after the addition of C3 (n=12 in each group), (C) Prolongation in lysis
time by C3 in samples from healthy controls and patients with dia-
betes (n=12 in each group). Data are presented as mean ± standard
error of mean. Co: controls; DM: patients with diabetes mellitus.

A B
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P02675). Two of these peptides (B and C) were in close
proximity in the N terminus of the b-chain and shared one
amino acid. One peptide was closer to the C-terminal
region of the b chain of fibrinogen, as shown in Figure 2.
These data indicate that the b chain of fibrinogen contains
key binding sites for C3.

Use of affimers for modulation of C3-induced 
prolongation of fibrinolysis
Isolation of affimer A6

Sixteen fibrinogen-binding affimers, which competed
with C3 for fibrinogen binding, were sequenced and
revealed eight distinct sequences. Each affimer is com-
posed of a scaffold protein and two nine amino acid loops.
We identified one affimer (A6) which showed sequence
identity in one of its loops with residues Ser 38-His 47 of
C3 (Uniprot ID P01024) (Figure 3A). This site resides in an
exposed area of C3 with the potential to interact with
other plasma proteins, as predicted by molecular model-
ing (Figure 3B).

Effects of affimer A6 on fibrinolysis
Using pooled fibrinogen from healthy controls, we

investigated changes in lysis time after the addition of A6,
C3 or a combination of the two. A6 did not have a signif-
icant effect on clot lysis whereas C3 prolonged clot lysis,

an effect that was completely abolished by the addition of
A6 (Figure 4A). Affimer A6 had no effect on lysis time
when C3 was substituted by plasmin inhibitor, indicating
a C3-specific effect (Figure 4A). 

Given the results of the purified protein experiments,
we  next analyzed plasma samples. A dose-response
curve, using pooled healthy control plasma samples, veri-
fied that a 1:1 molar concentration of fibrinogen:affimer
A6 is optimal for modulation of clot lysis (Figure 4B).
Using this molar ratio, affimer A6 reduced the lysis time
of clots made from pooled healthy control plasma from
593±17 s to 542±10 s (7%, P<0.05) with a decrease from
618±13 s to 548±15 s for clots made from plasma from
patients with diabetes (11%, P<0.05) (Figure 4C). We also
tested the effect of affimer A6 in individual samples and
not only pooled plasma. Affimer A6 reduced plasma clot
lysis in 24 patients with high vascular risk (11 with coro-
nary artery disease and 13 with type 2 diabetes) from
1237±150 s to 1120±129 s (10%, P<0.05) (Figure 4D).

Binding sites of affimer A6 on fibrinogen
Following the results of the microarray screening of C3

and fibrinogen, the sequences for the two random loops of
A6 were individually entered into the Pepsite2 webserver
to predict where A6 might be binding to the b-chain of
fibrinogen (PDB code 3GHG; 18). The strongest binding
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Figure 2. Fibrinogen peptide binding to C3 and location within the fibrinogen molecule. (A) Intensity plot of fibrinogen peptide binding to C3 showing mainly three
binding sites (visualized as 3 distinct intensity peaks, red arrows), all located on the fibrinogen b chain (A, B and C). (B) The peptide sequences identified by the
microarray screening are illustrated within the crystal structure of the β chain of fibrinogen. The red spheres indicate peptide A (136AVSQTSSSSFQYMYL150), pink
spheres indicate peptide B (423QCSKEDGGGWWY434) and orange spheres indicate peptide C (434YNRCHAANPNGR445).
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prediction for the two loops on the b chain was adjacent
to the peptide sequences (peptides B and C) identified by
the microarray screening (Figure 4E).

Mechanistic insight into potential enhancement 
of fibrinolysis prolongation by C3 from patients 
with diabetes

We have previously shown that pooled C3 purified
from patients with diabetes may have enhanced anti-fib-
rinolytic effects compared with the protein from healthy
controls.7 The current work, using C3 purified from indi-
vidual plasma samples, demonstrates that C3 from
patients with diabetes has enhanced anti-fibrinolytic
activity compared with control protein, at least in some
samples. We therefore investigated whether increased
protein glycation may be one of the mechanisms involved
in the enhanced anti-fibrinolytic effects of C3. Mass spec-
trometry identified similar glycation of amino acids serine,
threonine, arginine, and asparagine in C3 samples from
controls and patients with diabetes. However, additional
lysine residues were noted to be glycated in all six dia-
betes samples but not in the control group, affecting six
separate residues, with a mean of 3±0.9 modifications in
each sample. Details of the glycated lysine residues and
positions within C3 are illustrated in Figure 5A and B. A

characteristic mass-spectrum of a fragment of C3 ana-
lyzed by tandem mass spectrometry, with the molecular
weight of 1,206 Daltons after tryptic digestion, is shown
in Figure 5C together with the protein glycation score. We
verified the molecular mass of 1,206 as a characteristic
post-translational glycation modification of the fragment
with the molecular weight of 882 of C3. This molecular
mass 1,206 m/z shows glycation of lysine, highlighted by
an asterisk in the amino acid sequence bK*GPLLNK*1209.
Although the additional glycation of C3 in patients with
diabetes was associated with longer clot lysis time, the
Spearman coefficient did not demonstrate a significant
correlation between number of glycated lysine residues
within C3 and ex vivo plasma clot lysis time (Spearman
r=0.19, P=0.73).

Discussion

There are a number of novel findings in this work that
can be summarized as follows: (i) C3 purified from indi-
vidual patients consistently prolongs clot lysis; (ii) the b
chain of fibrinogen in the area of Cys424-Arg445 repre-
sents one region of interaction with complement C3; and
(iii) affimer proteins provide a tool for targeted modula-

R.J. King et al.
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Figure 3. Affimer A6 sequence identity with C3 and potential protein-protein interaction sites on C3. (A) Loop 2 of affimer A6 showing sequence identity with the
area represented by red spheres on the C3 molecule. (B) Enlargement of the area of potential protein-protein interaction sites on complement C3 (labeled in different
colors) identified as the best scoring site using the SiteMap module of Glide (Schrodinger Inc).
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tion of fibrin clot lysis by interfering with fibrinogen-C3
interactions.

While C3 protein purified from individual plasma sam-
ples consistently prolonged clot lysis, an inter-individual
variability in the response was noted, which may be relat-
ed to the degree of incorporation of C3 into the clot.19 This
was particularly pronounced in C3 purified from patients
with diabetes, which may be related to alternative post-
translational modifications in the protein. We identified

six lysine residues that were glycated in samples from
patients with type 1 diabetes, but not in samples from
controls. The variability in glycation sites comparing indi-
viduals with type 1 diabetes suggests that the ability of
lysine residues on C3 to undergo glycation has a large
inter-individual variability, which may modulate the
antifibrinolytic effects of the protein. Interestingly, in vitro
glycation of C3 showed largely similar patterns, favoring
glycation of certain lysine residues, suggesting this consis-
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Figure 4. Modulation of
C3-induced prolongation
of fibrinolysis by affimer
A6 and pontential inter-
action sites on fibrino-
gen. (A) Pre-incubation of
fibrinogen with affimer A6
completely abolished
complement C3-mediated
prolongation of lysis with
no effect observed on
prolongation of lysis by
plasmin inhibitor indicat-
ing a C3-specific effect.
(B) Dose-response curve
using different molar
ratios of affimer A6:fib-
rinogen (or scaffold-only
control protein), conduct-
ed on pooled plasma
samples from 12 individu-
als. (C) Effects of affimer
A6 on plasma clot lysis
using pooled healthy con-
trol plasma (control,
n=12) or plasma from
patients with type 1 dia-
betes (patients, n=12).
Results represent the
mean ± standard error of
mean of three independ-
ent experiments each per-
formed in duplicate,
unpaired t-test. (D) The
effect of affimer A6 on
plasma clot lysis in 24
patients with high vascu-
lar risk (11 with coronary
artery disease and 13
with type 2 diabetes). (E)
The crystal structure of
fibrinogen with predicted
binding sites of loop 1
(red) and loop 2 (blue) of
affimer A6 within the b
chain (shown in green),
lying in close proximity to
peptide motifs B and C
identified from microarray
screening (colored
spheres). C3: comple-
ment C3; A6: affimer A6;
PI: plasmin inhibitor; T1D:
type 1 diabetes; CVD: car-
diovascular disease; DM:
diabetes mellitus.
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tency is related to a steric effect. Previous work has shown
that glycation of proteins involved in coagulation and lysis
alters clot structure and/or the efficiency of fibrinolysis.
For example, fibrinogen glycation alters fibrin network
characteristics and the degree of protein glycation corre-
lates with glycemic control measured as HbA1c.20,21

Proteins in the fibrinolytic system are also affected, as
plasminogen glycation in diabetes compromises conver-
sion to plasmin and modulates enzyme activity.22 There
was no clear correlation between the number of lysine
residues glycated and the antifibrinolytic effects of C3 but
this may be due to the small number of samples analyzed
or it may simply indicate that some lysine residues are
more important than others and extensive glycation of
multiple residues is not required to observe an effect.
Overall, however, our data suggest that glycation of C3
increases its antifibrinolytic effect, although it remains
unclear which lysine residues are important for the
observed effect.

Our binding studies indicate that three areas on the b
chain of fibrinogen play a role in C3-fibrinogen interac-
tions. In particular, two of these areas, located in the N-ter-
minus, were in close proximity and separated by a single
amino acid. We should acknowledge that the microarray
technique only identifies linear interactions and it is possi-
ble that additional conformational interactions take place
between the two proteins. However, we should not
underestimate the importance of linear binding between

proteins with previous work demonstrating the impor-
tance of such interactions between fibrinogen and factor
XIII.23

A key finding of our work is a proof of concept for a
novel methodology to modulate fibrin clot lysis, and
hence thrombosis risk, in individuals with diabetes. We
describe a new technique that identified a small binding
protein with two variable loops (affimer A6), with one of
the loops sharing sequence identity with an exposed por-
tion of C3, likely to be involved in protein-protein interac-
tions. Interestingly, affimer A6 was able to abolish C3-
induced prolongation of lysis with high specificity, regard-
less of whether C3 was purified from samples from con-
trols or patients with type 1 diabetes. Moreover, affimer
A6 was capable of reducing plasma clot lysis in samples
from both healthy controls and patients with diabetes. We
and others have shown that changes in clot lysis by 6-18%
are clinically significant24-26 and therefore the observed 7-
11% reduction in clot lysis by affimer A6 is likely to be
clinically meaningful. Although speculative, this targeted
effect on clot lysis is unlikely to increase bleeding risk sig-
nificantly, making this approach clinically promising.

The predicted binding sites of both loops of affimer A6
were in close proximity within the b chain of fibrinogen
and close to the region of fibrinogen that interacts with
C3 as determined by microarray screening. Considering
the data together, it appears that the N terminus of the b
chain of fibrinogen is a binding site for complement C3,

R.J. King et al.
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Figure 5. In-vivo glycation of C3 and lysine residues involved. Six individual C3 samples from patients with type 1 diabetes and healthy controls were analyzed by
matrix-assisted laser desorption/ionization mass-spectrometry (MALDI–MS) for post-translational glycation. (A) Six lysine residues showed additional glycation in
samples from the patients with diabetes. (B) The spatial position of glycated residues within C3 are shown. (C) Detailed analysis of the tandem mass spectrometry
fragment from C3 with the molecular mass of 1,206 Daltons and the interpretation by the Mascot search engine is shown together with a protein score of 125 for
post-translational glycation modification. AU: arbitrary units.
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which may be important for the development of agents
that improve the efficiency of fibrinolysis, particularly in
patients with high vascular risk. These findings open a
new avenue for the identification of therapeutic targets
to modulate the hypofibrinolytic environment in high-
risk patients, which may have future clinical implica-
tions.

In conclusion, our work shows that C3 represents a
credible therapeutic target to reduce thrombosis risk. The
b chain of fibrinogen represents an interaction site with
C3, and modulation of this interaction can abolish C3-
induced prolongation of clot lysis in a specific manner.
This targeted approach has the potential for use in the
development of novel therapeutic agents for the reduction
of thrombotic vascular occlusion. 

Future work should concentrate on investigating the in
vivo role of affimer A6 in limiting vascular occlusion, using
animal models of thrombosis. Additionally, our data sug-
gest that a specific site of the b chain of fibrinogen, which
may be amenable to small molecule intervention, repre-
sents a possible new therapeutic target to improve fibri-
nolysis and reduce thrombosis in high-risk conditions. 
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Amajor challenge in the development of a gene therapy for hemophilia
A is the selection of cell type- or tissue-specific promoters to ensure
factor VIII (FVIII) expression without eliciting an immune response.

As liver sinusoidal endothelial cells are the major FVIII source, understand-
ing the transcriptional F8 regulation in these cells would help to optimize the
minimal F8 promoter (pF8) to efficiently drive FVIII expression. In silico
analyses predicted several binding sites (BS) for the E26 transformation-spe-
cific (Ets) transcription factors Ets-1 and Ets-2 in the pF8. Reporter assays
demonstrated a significant up-regulation of pF8 activity by Ets-1 or Ets-
1/Est-2 combination, while Ets-2 alone was ineffective. Moreover, Ets-1/Ets-
2-DNA binding domain mutants (DBD) abolished promoter activation only
when the Ets-1 DBD was removed, suggesting that pF8 up-regulation may
occur through Ets-1/Ets-2 interaction with Ets-1 bound to DNA. pF8 carry-
ing Ets-BS deletions unveiled two Ets-BS essential for pF8 activity and
response to Ets overexpression. Lentivirus-mediated delivery of green fluo-
rescent protein (GFP) or FVIII cassettes driven by the shortened promoters,
led to GFP expression mainly in endothelial cells in the liver and to long-
term FVIII activity without inhibitor formation in HA mice. These data
strongly support the potential application of these promoters in hemophilia
A gene therapy.

Deciphering the Ets-1/2-mediated 
transcriptional regulation of F8 gene identifies
a minimal F8 promoter for hemophilia A gene
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ABSTRACT

Introduction 

Hemophilia A (HA) is a recessive X-linked bleeding disorder caused by a number
of F8 gene mutations which associate with deficiencies of the coagulation factor
VIII (FVIII).1,2 As HA is a monogenic disease with a lifelong elevated bleeding risk
with no conclusive therapeutic options, it is an ideal candidate for gene therapy.3

In the last years many forward steps in the development of new therapeutic strate-
gies have been made, thus rapidly changing the therapeutic landscape of HA.  The
introduction of the extended half-life FVIII concentrates, of the bi-specific mono-
clonal antibody Emicizumab and the start of gene therapy clinical trials have
remarkably contributed to the improvement of patient care.4

The development of effective gene therapeutic approaches for HA, has seen lit-
tle progression when compared to hemophilia B5. This is due to the complexity
of FVIII synthesis, the size of the FVIII protein (2,351 amino acids) and its high
immunogenic properties, with the development of neutralizing antibodies in 25%
of patients when FVIII is exogenously administered.6,7 As it stands, the goal is to
provide a single dose therapy that is effective and offers a lasting cure with sus-
tained FVIII activity to HA patients.  



When considering gene therapy approaches aimed at
restoring and sustaining FVIII activity, the liver is consid-
ered the primary target organ, as it is the principal site of
FVIII synthesis and possesses the necessary tolerogenic
properties.8 The identity of liver cells capable of synthe-
sizing and releasing FVIII has generated an extensive
debate over the years.9 This has significantly influenced
the understanding of the regulatory elements involved in
promoting the preferential expression of FVIII in liver
cells. The F8 promoter (pF8), reported to be a 1.2 kb
region upstream of the F8 translation start site, was first
described in 1984.10 With hepatocytes originally consid-
ered the major source of FVIII,11,12 the first in vitro studies
aimed at elucidating the transcription factors (TF) respon-
sible for pF8 activation, were performed using hepato-
cyte-derived cell lines. In hepatocytes, Figueiredo and
McGlynn described the region from -279 and -64 to be
responsible for maximal promoter activity.13,14 They iden-
tified and confirmed the binding of several hepatic TF,
such as CCAAT/enhancer-binding proteins (C/EBPα and
C/EBPb), and hepatocyte nuclear factor 1 (HNF-1) and 4
(HNF-4). Other TF binding sites (TFBS) on pF8 were also
identified in this study, however, to date their involve-
ment has never been thoroughly investigated.  

While heavily debated, it has recently been demonstrat-
ed that liver FVIII production predominantly occurs in the
liver sinusoidal endothelial cells (LSEC),15–18 which repre-
sent a principal but not exclusive source.19–22 In fact, detec-
tion of FVIII mRNA in many tissues, suggests that a highly
complex and likely tissue-specific transcriptional regula-
tion exists. Recently, our group described pF8’s ability to
direct a specific and long-term FVIII expression in LSEC
after a lentiviral vector (LV)-delivery in HA mice.23

Importantly, this targeted restoration of FVIII did not trig-
ger an immune response, one of the major obstacles for
the successful treatment of HA patients. In the present
study, we used data from an in silico analysis of the pF8
region,23 to extrapolate and assess the role of the most rep-
resented endothelial-specific TFBS on F8 transcriptional
regulation. Understanding the stimuli and the TF required
for maximal promoter activity in endothelial cells (EC),
offers  an inportant forward step in the development of
gene therapeutic approaches for HA. To date, several clin-
ical trials using the adeno-associated viral vectors (AAV) to
delivery FVIII in HA patients have started. Despite the
promising results, some concerns have been raised, like
the vector dose, the variability of FVIII activity among the
different subjects and the decline of FVIII expression over-
time.24 Our optimization of the minimal pF8 size opens up
the possibility to explore new perspectives in the field the
HA gene therapy by introducing for the first time a pF8
suitable for vectors with a limited expression cassette, like
the AAV which, to date, are the only ones successfully
used in clinical trials for HA.

Methods  

Animal studies
Experiments, described in the Online Supplementary Appendix,

were performed according to an approved protocol by the
Animal Care and Use Committee of the University of Eastern
Piedmont  and the Italian Health Ministry, Italy (Project n.
DB064.5, date of approval n°492/2016-PR 17/05/2016).

Identification of putative endothelial transcription 
factors binding sites on the F8 promoter

In silico prediction of TFBS distribution on pF8 was retrieved
from a previous analysis performed by Merlin et al.23 using
PROMO 3.0.25 In order to identify potential endothelial TFBS,
two parameters were considered: the number of consensus sites
identified on pF8 using a stringent dissimilarity rate (<3) and the
expression and functional role of TF in EC.    

Generation of the constructs
The full-length human pF8 (1,175 basepairs [bp]) was excised

from a plasmid already available in our laboratory and cloned
with XhoI-HindIII into a promoterless pNL1.1 vector at the 5’ of
NanoLuc® luciferase reporter gene. Serial deletions of pF8 were
generated via polymerase chain reaction using diverse primer
sets carrying restriction sites, while E26 transformation-specific
(Ets)-core sequence (GGAA) deletions were performed using
site-directed mutagenesis, according to the manufacturer’s
instructions (Stratagene, San Diego, CA, USA). 

Human Ets-1 cDNA was obtained from Origene (#RC227466)
while Ets-2 cDNA expressing vector (CMV-Ets-2 in pCDNA 3.1)
was available in our laboratory. Ets-1 and Ets-2 DNA binding
domains were removed by mutagenesis according to the proto-
col described by Follo et al.26 All mutagenesis primers are listed
in the Online Supplementary Tables S2 to S4.

The single guide RNA (sgRNAF8.1, sgRNAF8.2 and the con-
trol sgRNAF7.5) were designed using ZiFit web tool, as
described by Pignani et al.27, scanning for the S. Pyogenes PAM
sequence (NGG) both in the sense and antisense strands. dCas9-
VPR was a gift from Dr George Church (Addgene plasmid #
63798). 

Transient transfection and luciferase assays
For the luciferase reporter assay, ECV-304 and HEK293T cells

were seeded in a 24-well plate at a density of 5x104 cells/well 24
hours (h) prior to transfection. Luciferase pF8 reporter plasmids
along with Ets-1 and/or Ets-2 expressing constructs, or dCas9-
VPR and gRNA, were transfected (1 mg) into cells using the
Lipofectamine 2000 transfection reagent (Thermo Fisher
Scientific), according to the manufacturer’s instructions. Firefly
luciferase vector pGL4.54 (TK-Firefly; #E5061, Promega) was
used as an internal control. In order to maintain the amount of
total DNA, the pUC19 vector was used to transfect cells. After
24 h, the cells were lysed, and luciferase activity assayed per-
formed using the Dual-Luciferase Reporter Assay System
(Promega). Both firefly and NanoLuc signals were measured at
562 nm using a Victor X microplate reader (PerkinElmer). Results
are expressed as mean ± standard deviation (SD) of the fold
change, calculated as the average of the ratio of stimulated to
non-stimulated promoter.

Statistical analysis
All data were continuous and expressed as an average ± SD.

Parametric analysis was used because the groups were balanced
with the same number of observations. One-way analysis of
variance  (ANOVA) was performed to compare changes in pro-
moter activity among promoter variants and to separately eval-
uate the difference in Ets-response of each promoter tested.
Two-way ANOVA was carried out to compare changing in FVIII
activity over time and among the mice groups. P-values less than
0.05 were considered statistically significant for the overall test
while Bonferroni’s adjustment was used for multiple compar-
isons. The statistical analyses were performed with GraphPad
Prism 5.0 (GraphPad Software).

Regulation of F8 promoter activity
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Results

In silico prediction of endothelial transcription factors
involved in F8 promotor regulation

By taking advantage of the in silico analysis on pF8 pre-
viously performed in our laboratory,23 we mapped all the
TFBS on pF8 recognized by TF expressed by endothelial
cells (Figure 1A). In total, we identified 16 TFBS which
interestingly all belonged to the Ets family. Further, each
was distributed in the first -600 bp of pF8 (Figure 1A). In
order to improve the accuracy of the analysis, we reduced
the dissimilarity rate parameter from 5 to 3, opting to

assess the role of these TF in pF8 regulation (Figure 1A,
black asterisk). Using this approach, we identified seven
endothelial BS, four recognized by Ets-1, two by Ets-2 and
one by Elk-1, with two of the Ets-1 sites overlapping those
of Ets-2 and Elk-1 (Figure 1B). 

Both Ets-1 and Ets-2 are well-known TF, being down-
stream effectors of the RAS/ERK signaling pathways and
regulating several genes involved in endothelial functions
including angiogenesis.28–31 Based on their redundant con-
tribution in crucial endothelial cell processes,28 we focused
our studies on the potential co-operative role of Ets-1 and
Ets-2 in regulating FVIII expression. 

R. Famà et al.
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Figure 1. F8 promoter showing several putative E26 transformation-specific (Ets) binding motifs for Ets-1 and Ets-2 transcription factors. (A) Table showing the
endothelial binding sites (BS) on F8 promoter (pF8) identified by in silico analysis. Black asterisks indicate BS with a dissimilarity score <3 selected to evaluate their
role in promoter regulation. (B) Schematic representation of the distribution of the selected Ets-BS on the proximal pF8 (-1,175 basepairs). (C) Reverse transcriptase
polymerase chain reaction (RT-PCR) analysis of factor VIII (FVIII), Ets-1 and Ets-2 expression in ECV-304 and HEK293T cell lines. Blood outgrowth endothelial cells
(BOEC), were used as positive control. Base pairs on the left indicate the expected PCR products size. (D) Western immunoblot analysis on ECV-304 and HEK293T
whole cell lysates using the anti-Ets-1 and anti-Ets-2 antibodies. Black arrows indicate the major Ets-1 isoforms p51 (51 kDa) and p42 (42 kDa). Black lines indicated
the expected weight of protein detected (for antibodies and reagents see the Online Supplentary Appendix). 
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Ets-1 and Ets-2 in vitro co-operation in F8 promotor
regulation 

In order to explore the role of Ets-1 and Ets-2 in pF8 reg-
ulation, the -1,175 bp region of pF8 was cloned into the
Nanoluc vector, and pF8 activity assessed in the presence
of Ets-1, Ets-2 or in combination. Two human cell lines
were transfected: ECV-304 and HEK293T. The ECV-304,
previously considered as spontaneously transformed
human umbilical endothelial cells,32 were selected as a
model expressing FVIII, Ets-1 and Ets-2 at the mRNA and
protein level, while HEK293T as cells expressing low lev-
els of Ets-1 and Ets-2 (Figure 1C and D). The luciferase
assays showed different but consistent results between
the two cell types tested. A 3- and 5-fold upregulation was
observed in ECV-304 upon co-transfection of pF8 with
Ets-1 and Ets-1/Ets-2, respectively (Figure 2A). No signifi-
cant effect was observed with Ets-2 alone. This data high-
lights that Ets-1 appears to play a major role on pF8 trans-
activation. In HEK293T cells where Ets-1 is expressed at

negligible levels, we observed a 7-fold up-regulation of
pF8 only in response to Ets-1 overexpression, with no fur-
ther increase observed in presence of Ets-2 (Figure 2B).
These results reinforce the central role of Ets-1 in regulat-
ing pF8 and highlight the presence of cell-specific regula-
tory mechanisms.

In order to elucidate whether the pF8 up-regulation
observed in ECV-304 in response to Ets-1 and Ets-2 is
mediated by a direct DNA binding of Ets, we generated
Ets mutants carrying an in-frame deletion of their DNA
binding domain (DBD) (Figure 2C). We evaluated their co-
operation with the wild-type (WT) counterparts in the
regulation of pF8 activity. Ets-1 without DBD failed to
upregulate the pF8, while Ets-1 co-expressed with the
Ets2-DBD mutant, preserved the 5-fold increase in pF8
activity, as observed with the WT proteins (Figure 2D).
These results suggest that in the regulation of pF8, Ets-1
may directly bind the DNA, while Ets-2 modulates pF8
through its interaction with Ets-1.33
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Figure 2. In vitro Ets-1 and Ets-2 co-operation in F8 promotor transactivation. (A and B) Histograms report the fold increase of luciferase activity after transfection
of F8 promotor (pF8) alone (set as 1) or in combination with Ets-1, Ets-2 or both in (A) ECV-304 or (B) HEK293T cell lines. (C) Schematic representation of Ets-1 and
Ets-2 protein structure, with highlighted amino acid position of the DNA binding domain (DBD). For both proteins, TAD indicates the transactivation domain while ID
indicates the inhibitory domain. (D) Histograms report the fold increase of luciferase activity after transfection of pF8-1175 alone (set as 1) or with the combination
of Ets-DBD with the non-mutated counterparts. Results are expressed as mean ± standard deviation from three independent experiments performed in triplicate.
*P<0.05.
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Identification of key Ets-responsive elements in the F8
proximal promoter region 

In order to decipher the importance of each Ets BS in
pF8 activity, we generated several pF8 mutants and tested
their impact. We adopted two different strategies. The

first aimed at eliminating progressively the Ets BS by per-
forming deletions of pF8 (Figure 3A and B). Using this
approach in ECV-304 cells, we observed that the basal
activity of the full-length promoter (pF8-1,175) was main-
tained in pF8-600 and pF8-446, where one Ets-2 BS was
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Figure 3. Crucial E26 transformation-specific-responsive elements are localized in the first 342 bases of F8 promoter region. (A) Table summarizing the Ets-1 and
Ets-2 binding sites distributed across the F8 promotor (pF8) and scheme of mutagenesis strategies used to investigate the role of each E26 transformation-specific
binding site (Ets-BS). Ets-BS destroyed by mutagenesis are highlighted in black and are indicated with E followed by a number. Only Ets-BS with a dissimilarity score
<3 were disrupted by mutagenesis. (B) Schematic representation of mutagenesis strategies used to perform single or multiple deletions of Ets-BS on pF8. Colored
boxes highlight the Ets-BS which underwent to a single deletion. Colored scissors indicate the points on pF8 where it was cut to generate the shortened forms with
multiple ETS-BS deletions. (C and D) Histograms representing fold change in luciferase activity of shortened promoters at (C) basal level or after overexpression of
(D) Ets-1, Ets-2 or both. (E and F) Histograms showing changing in luciferase activity of Ets-BS single deleted promoters at (E) basal level or after overexpression of
(F) Ets-1, Ets-2 or both. All experiments were performed in ECV-304 cells. Results are expressed as mean ± standard deviation from three independent experiments
performed in triplicate. *P<0.05.
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eliminated. Further shortening of the promoter (pF8-342)
caused a minimal reduction of its activity with respect to
pF8-1175, while a significant reduction (<20-40% pF8-
1,175) was observed with the pF8-246 (Figure 3C).
Analysis of the shortened pF8 promoters in response to
Ets overexpression, confirmed that pF8-600 and pF8-446
maintain the same response as pF8-1175, demonstrating a
3- and 5-fold upregulation with Ets-1 and Ets-1/Ets-2 com-
bined (Figure 3D). Despite a clear reduction in its promot-
er activity, pF8-342 interestingly maintained a ~3- to 5-
fold activation with Ets-1 or Ets-1/Ets-2 combined, indi-
cating that a specific response is maintained despite the
elimination of one Ets-1 and one Ets-2 BS. When the pF8
was shortened further to 246 bp, a dramatic reduction in
promoter activity was observed and was sustained despite
Ets overexpression (Figure 3D). This was also validated in
HEK293T cells (Online Supplementary Figure S1A and B).
Overall, these results suggest that pF8 regulation may
depend on the number of available Ets BS.  

The second mutagenesis approach focused on the
importance of each Ets site identified using a dissimilarity
score <3. This approach selectively deleted the GGAA
core from E1, E2, E3, E4, E5 Ets-1 and Ets-2 BSs (Figure
3B). As the Ets BSs are in the first 600 bp of pF8, we used
pF8-600 to normalize the results as it preserves all the
identified endothelial TFBS. Using this approach, we iden-

tified two important BS: -189 to -198 (E1) and -217 to -223
(E2). The disruption of E1 drastically reduced pF8 basal
activity by approximately 60%, while the others failed to
alter its activation (Figure 3E; Online Supplementary Figures
S1C and S2A). Of note, the disruption of E1 site even pre-
serving a response to Ets-1 overexpression abrogated the
co-operative up-regulation mediated by Ets-1/2, thus
agreeing with the elimination of the only Ets-2 site over-
lapping that of Ets-1. On the other hand, disruption of the
E2 site decreased exclusively the pF8 up-regulation in
response to Ets overexpression (Figure 3F; Online
Supplementary Figures S1D and S2B). Overall, the E1 and E2
sites appear to be central to pF8 regulation with E2 main-
taining the basal pF8 activity in the absence of an Ets-
induced upregulation.

Enhancement of F8 promoter activity by delivery of
CRISPR/VPR activation system to E2 and E3 E26
transformation-specific binding sites 

CRISPR activation system (CRISPRa) is an emerging
tool that exploits deactivated Cas9, single guide RNA
(sgRNA) and transcription activators for gene activation.34

We have recently described the potential of the CRISPR
activation system in transactivating and upregulating pF8
activity by using two specific sgRNA targeting the first
300 bp of the promoter region.27 Based on our in silico
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Figure 4. Delivery of CRISPRa to E2 and
E3 E26 transformation-specific binding
sites induces a significant increase in F8
promoter activity. (A) Schematic repre-
sentation of the two single guide RNA
(sgRNA) guides used to drive the recruit-
ment of the CRISPR activation system
(CRISPRa) system to pF8. (B and C)
Graphs showing the transactivation
effects of the sgRNA F8.1 and F8.2 on
pF8-1175, pF8-600 and pF8-342 in (B)
ECV-304 and (C) HEK293T cells. Results
are expressed as mean ± standard devi-
ation from two independent experiments
performed in triplicate. *P<0.05 
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sanalysis, these sgRNA guides, F8.1 and F8.2, mediate the
recruitment of deactivated Cas9 fused to a tripartite tran-
scriptional activator (VPR)34 to the two promoter regions
encompassing E3 (-313 to -319) and E2 (-219 to -223) Ets-
1 BS, respectively (Figure 4A). In order to further demon-
strate the central role of E2 in the modulation of pF8 activ-
ity, we transfected both ECV-304 and HEK293T cells with
CRISPRa system using sgRNA F8.1 and F8.2 as reference

guides covering the essential E2 and the E3 Ets-1 BS. As a
negative control guide we performed the same experi-
ment using a sgRNA targeting coagulation Factor VII pro-
moter (pF7) (Online Supplementary Figure S3). By applying
this approach to pF8-1175, pF8-600 and pF8-446, we con-
firmed the ability of CRISPRa to upregulate the promoter
activity. Importantly, the efficiency of the system was
dependent on the cell type, the sgRNA used and the pro-
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Figure 5. F8 shortened promoters drive green fluorescent protein expression in hepatic endothelial cells. Immunofluorescence analyses of C57BL/6 livers 2 weeks
after lentiviral vector (LV) LV.pF8-600.GFP, LV.pF8-446.GFP or LV.pF8.342.GFP delivery, compared to the full length LV.pF8-1175.GFP. (A) Representative pictures of
liver sections stained for the endothelial marker (Lyve-1, in red) and the green fluorescent protein (GFP) using 400x magnification. (B) Liver of LV-injected mice dec-
orated with the macrophage marker F4/80 (red) in combination with GFP (green). Scale bars, 50 mM. Nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI)
(blue). n=3-5 (mice); sections=3-6 per mouse. (for antibodies specifications refers to the Online Supplementary Appendix).
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moter length. Specifically, in ECV-304, where Ets-1 is
expressed, we observed a 3- to 6-fold increase in activity
of each pF8 using the sgRNA F8.2, while no significant
changes were observed with the sgRNA F8.1 (Figure 4B).
In HEK293T cells, however, where Ets-1 is insignificant,
we observed an upregulation in pF8 activity, ranging from
a 20- to 40-fold, likely explained by the lack of competi-
tion for the BS involved (Figure 4C). Taken together, our
results, highlight a central role of the sgRNA F8.2 in pF8
transactivation confirming the powerful role of the E2 site
in promoter regulation.

In vivo maintenance of high endothelial specificity by
shortened promoters 

In order to assess the activity and specificity of the
newly identified shortened pF8 sequences in vivo, we gen-
erated LV expressing GFP under the control of pF8-600,
pF8-446 or pF8-342, and we administrated 5x108 TU to
C57BL/6 mice. pF8-1175 was used as a control. Two
weeks after injection, hepatic GFP expression was detect-
ed primarily in endothelial Lyve-1+ cells in all mice (Figure
5A), with rare F4/80+ macrophages GFP positive (GFP+)
seen with the pF8-446 promoter (Figure 5B). Co-staining
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Figure 6. Green fluorescent protein expression in spleens under the control of pF8 shortened promoter sequences. Representative immunofluorescence images
from mice spleens, 2 weeks following the delivery of lentiviral vector (LV) carrying different promoters. In red the endothelial marker CD31 (left side) or the
macrophage marker F4/80 (right side) with green fluorescent protein (GFP) (green). Nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bars,
100 mM. n=3-5 (mice); sections=5-7 per mouse.



with Lyve-1 was still visible 1 month post-injection, with
a few F4/80+GFP+ cells appearing in the pF8-1175 and pF8-
600 injected mice (Online Supplementary Figure S4A and B). 

As previously observed for pF8-117523 in the spleen at 2
weeks, all pF8 short forms resulted in very low co-staining
with the putative endothelial marker CD31 (Figure 6, left
panel), while pF8-1,175, pF8-600 and pF8-446 showed a
partial GFP expression in F4/80+ cells (Figure 6, right panel).
Interestingly, in these mice several GFP+ cells were evident
around the germinal centers (GC), resembling the EC lining
in the marginal sinus of the spleen GC.35 Unlike other pro-
moters, the spleens of mice receiving the LV.pF8-342,
showed a higher percentage of F4/80+/GFP+ cells (Figure 6,
right panel) 2 weeks after the LV injection. The same GFP
distribution pattern, but with a reduced expression, was
confirmed in all treated mice at 1 and 2 months post LV-
delivery. In particular, the LV.pF8-342.GFP-injected mice
showed the most relevant reduction of GFP expression in
F4/80+ cells over time (Online Supplementary Figures S5 and
S6). Taken together, these results demonstrate that a signif-
icant reduction in pF8 size does not compromise its activi-
ty or specificity, suggesting that pF8-342 is enough for
maintaining an endothelial-specific expression.

In vivo long-term recovery of factor VIII activity in a
hemophilia A mouse model using the shortened F8
promotor

One of the major obstacles in HA gene therapy is repre-
sented by the large size of the FVIII expression cassette. As
such, the choice of a suitable promoter to drive its expres-
sion is fundamental for success. In order to explore the
ability of our new shortened promoters in rescuing FVIII
expression in vivo, we generated LV carrying FVIII under
their control and injected 1x109 TU in B6/129 HA mice
(n=4-6). pF8-1175 was used as a control. The FVIII activity
promoted by pF8-600, pF8-446 resulted in a long-term (28
weeks) therapeutic correction (~10%), with no differences
seen among them, and with respect to pF8-1175 (Figure
7A). Unexpectedly, despite the reduced response to Ets
showed by luciferase assays, also the pF8-342 resulted in
long-term therapeutic correction comparable to the other
promoters tested. Importantly, independent of the size of
the promoter used in the transfer construct, no anti-FVIII
antibodies were detected in all treated mice, indicating the
maintenance of specificity and, then, of an immunological
profile similar to those observed for pF8-117523 (Figure 7B).
High levels of anti-FVIII antibodies were instead detected
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Figure 7. In vivo long-term correction of factor VIII activity with no immune response by F8 shortened promoters. (A) Graphic representation of factor VIII (FVIII) activ-
ity of B6/129 HA mice injected with lentiviral vecor (LV) LV.pF8-600.FVIII (grey square, n=6), LV.pF8-446.FVIII (light blue rhombus, n=4) or LV.pF8-342.FVIII (green tri-
angle, n=4). pF8-1175.FVIII (black circle, n=4) were used as a control, while untreated hemophilia A (HA) mice were used as the negative control (violet X, n=3). No
statistical differences in FVIII activity levels were observed among the four LV-injected experimental groups. (B) Enzyme-linked immunosorbent assay showing the
absence of anti-FVIII antibodies in plasma of HA mice after LV delivery. Anti-FVIII positive HA mice injected with LV.PGK-FVIII served as positive control, while untreated
HA mice were used as the negative control. Plasma dilution 1:2,000. Color bars were maintained according to the color scale used for FVIII activity graph. 
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in HA mice receiving FVIII under the control of the ubiq-
uitous 3-phosphoglycerate kinase promoter, reinforcing
the importance of a targeted expression of FVIII to avoid a
specific immune response.    

Discussion

One of the major challenges in the design of gene trans-
fer vectors over the years, has involved the selection of cell
type- or tissue-specific promoters suitable for restoring
transgene expression in a defined disease setting. In gene
therapy, transcriptional targeting represents a way to
restrict mRNA and protein expression to a specific cell
type, even if transduction of viral vectors is likely to occur
in multiple cell types.36 In the context of F8 gene transfer,
several attempts have been made to achieve a selective
and stable gene expression in various cell types. This has
been challenging due to the complexity of FVIII synthesis,
its size and immunogenic behavior, therefore highlighting
the need for novel approaches. Using previous in silico
analyses performed on the native pF8,23 we investigated in
the present study the profile of TF potentially involved in
promoting the expression of FVIII in EC. We identified
and demonstrated in vitro that the Ets family of TF plays a
fundamental role in the modulation of pF8 activity, offer-
ing regulatory elements that can be explored to promote
FVIII expression in a targeted manner. Further, we defined
a minimal pF8 required to efficiently drive FVIII expres-
sion in vivo, potentially overcoming a number of the cur-
rent obstacles associated with F8 gene delivery.37

With LSEC now accepted as the main FVIII producing
cells,15–18 understanding the key EC FVIII-specific regulato-
ry elements is essential in promoting FVIII expression. The
Ets-family of TF met our restricted criteria, with Ets-1 and
-2 having the greatest number of BS across the pF8. More
importantly, they are known to have essential roles in
embryonic endothelial cell survival and in adult angiogen-
esis.28 In adults the expression of Ets-1 is maintained at
very low levels in the resting endothelium and is induced
after specific stimuli. In particular, Ets-1 is reported to be
up-regulated in response to pro-angiogenic and pro-
inflammatory stimuli such as TNF-α, hepatocyte growth
factor and platelet-derived growth factor.38 In addition,
hypoxia has been demonstrated to regulate Ets-1 expres-
sion through the hypoxia inducible factor-1.29 Further,
LSEC are known to be physiologically exposed to decreas-
ing oxygen pressure along the liver lobule.39

In our case, by overexpressing Ets-1 and Ets-2, both
independently and collectively, we clearly demonstrate
the involvement of Ets-1 in the regulation of pF8 activity.
Interestingly, the transactivation efficiency of Ets-1
appeared to be potentiated by the presence of Ets-2, likely
via protein-protein interactions. Co-operation between
Ets-1 and -2 has been shown to be involved in the reacti-
vation of the TERT gene in cancer.40 In this context, the co-
operative interaction of Ets-1 and Ets-2 promotes the
recruitment of p52 to a mutant form of the TERT promot-
er enhancing TERT expression when the non-canonical
NF-κB signaling is activated. In our case, we observed this
phenomenon in ECV-304 but not in HEK293T cells, sug-
gesting the existence of cell-specific regulation with
respect to F8 expression. Both Ets-1 and Ets-2 are tightly
regulated transcription factors,41 and it might be that in
specific cells, like HEK293T, the forced expression of one

is able to bypass the establishment of a co-operative inter-
action. A similar regulation is not surprising for F8 due to
the necessity of a tight control, since it has been demon-
strated that high expression of FVIII can cause cellular
stress and increased immunogenicity.42

In order to clarify the relevance of the Ets-BS for the reg-
ulation of pF8, we opted to generate several reduced sized
pF8 progressively removing single or multiple Ets sites.
This approach demonstrated that the -342 bp region, in
which three Ets-1 and one Ets-2 sites were maintained,
represented a minimal functional promoter in vitro. Further
reduction of the pF8 to 246 bp, which excluded an addi-
tional Ets-BS, caused a strong suppression of basal pF8
activity and preserved a minimal response to Ets-1 and
Ets-2 overexpression. Of note, we identified that the -223
to -217 Ets-1 (E2) site is the most relevant regulatory ele-
ment needed to achieve the maximal up-regulation of pF8
activity. In recent years, several mutations targeting the
nucleotide positions ranging from -218 to -221, encom-
passing the E2 site, have been described to be responsible
for different degrees of HA.43 It has been clearly shown
that these nucleotides are part of a highly conserved
region where any change compromises the functionality
of the pF8. Our in vitro studies highlight the importance of
the -218 to -221 sequence, identifying it as the most essen-
tial Ets-1 responsive element on pF8. The use of a
CRISPRa system to transactivate pF8, reinforces this find-
ing, highlighting the E2 site as being essential for pF8 reg-
ulation. While only a modest up-regulation of pF8 was
detectable in ECV-304, it is likely that the physiological
expression of Ets-1 hampers the efficient binding of the
sgRNA to the E2 site. The use of CRISPRa also supports
the concept of the binding of Ets to the E2 site. 

The in vivo delivery of LV expressing the GFP or FVIII
transgene under the control of each described shortened
promoter, reinforces the results obtained in vitro. All LV-
treated mice displayed GFP expression in liver Lyve-1+

cells, most likely LSEC,44 resembling the pattern detectable
using pF8-1175. Nevertheless, a few F4/80+ macrophages
expressed GFP, especially with respects to the two longer
pF8. This is not surprising because we previously
described that the complete absence of macrophage tar-
geting using an endothelial promoter, was only obtained
by inserting a multiple miRNA target (mirT) sequence rec-
ognized by the hematopoietic-specific miRNA 142-3p
(mirT-142-3p).45

F8 gene transfer in HA mice confirmed the power of
each tested promoter to drive long-term and stable FVIII
expression without the appearance of inhibitors.
Importantly, therapeutic levels of FVIII activity were
detectable in all treated mice at similar levels to those
observed in mice delivered with the control pF8-1,175
promoter. Such results are encouraging with respect to the
current obstacles associated with the achievement of an
efficient F8 gene delivery. 

There are some limitations in our study. While Ets TF
seem to be involved in pF8 regulation, the direct binding
of Ets-1 and Ets-2 to pF8, and their specific role in LSEC
remains to be confirmed. Further, the difficulty to isolate
and maintain primary LSEC for extended periods in cul-
ture,46 limits the use of luciferase assays. 

Taken together, our in vitro and in vivo results have iden-
tified the region from 0 to -342 as a minimal pF8 which
preserves its activity and Ets-response and is comparable
to the full-length pF8. Evidence for a role of Ets-1 and the
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Ets-2 in pF8 regulation offers a new insight into the molec-
ular mechanisms promoting FVIII expression in specific
cell types. To date, F8 has not been reported to be
amongst the large number of genes shown to be direct tar-
gets of Ets-1 and Ets-2 regulation, such as KDR, FLT1,
ANGPT2, TEK, VWF47 and CDH5.48 Interestingly, all these
genes are normally expressed at different stages in EC,
suggesting a common regulation with FVIII. 

Establishing the minimal promoter sequence required
for the maintenance of a regulated FVIII expression
restricted to LSEC, offers new perspectives for developing
novel approaches to cure HA. For example, it provides the
possibility of inserting a pF8 into an AAV-FVIII construct.
Currently, these classes of vectors are the safest and most
extensively used for HA gene therapy,49 however, they are
limited by the size of the expression cassette, making it
impossible to introduce both F8 and its full-length pro-
moter. The efficient pF8 size reduction (~70%) described
herein, opens up the possibility of engineering shortened
chimeric pF8 by including sequences enriched in TFBS
(like Ets-1) which can enhance the pF8 activity, as has
been described for the transthyretin promoter in hepato-
cytes.50
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Neutrophil extracellular traps (NET) induce a procoagulant response
linking inflammation and thrombosis. Low levels of miR-146a, a
brake of inflammatory response, are involved in higher risk of car-

diovascular events, but the mechanisms explaining how miR-146a exerts
its function remain largely undefined. The aim of this study was to explore
the impact of miR-146a deficiency in NETosis both in sterile and non-ster-
ile models in vivo, and to investigate the underlying mechanism. Two mod-
els of inflammation were used: (i) Ldlr-/- mice transplanted with bone mar-
row from miR-146a-/- or wild-type mice were fed a high-fat diet, generating
an atherosclerosis model; and (ii) an acute inflammation model was gen-
erated by injecting lipopolysaccharide (1 mg/kg) into miR-146a-/- and wild-
type mice. miR-146a deficiency increased NETosis in both models.
Accordingly, miR-146a-/- mice showed significantly reduced carotid occlu-
sion time and elevated levels of NET in thrombi following FeCl3-induced
thrombosis. Infusion of DNAse I abolished arterial thrombosis in both WT
and miR-146a-/- mice. Interestingly, miR-146a-deficient mice have aged,
hyperreactive and pro-inflammatory neutrophils in their circulation which
are more prone to form NET independently of the stimulus. Furthermore,
we demonstrated that patients with community-acquired pneumonia
with reduced miR-146a levels associated with the T variant of the func-
tional rs2431697 had an increased risk of cardiovascular events due, in
part, to an increased generation of NET.

miR-146a is a pivotal regulator of neutrophil
extracellular trap formation promoting 
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ABSTRACT

Introduction

Neutrophils play a crucial role in immunity and injury repair but also contribute
to the development of several thrombo-inflammatory diseases.1 The pathophysio-
logical role of neutrophils has become more evident following the discovery of neu-
trophil extracellular traps (NET).2 NET are large web-like structures released upon
neutrophil activation, comprising a matrix of DNA and histones which are decorat-
ed with antimicrobial proteins, such as myeloperoxidase or neutrophil elastase
(NE).3 These structures were first identified as a novel innate defense mechanism;3

however, NET also promote thrombosis through activation of platelets and the
coagulation cascade.4 Therefore, NET interconnect immunity, inflammation, and
thrombosis within a physiological process known as immunothrombosis.5 Thus,



uncontrolled or aberrant activation of immunothrombosis
promotes thrombotic pathologies such as stroke, myocar-
dial infarction, deep vein thrombosis, or disseminated
intravascular coagulation during sepsis.5,6

A large variety of infectious and sterile inflammatory
stimuli have been described as triggers of NETosis.
Interestingly, their consequences on neutrophil activation
vary depending on the nature and duration of the stimu-
lus.7 Two mechanisms resulting in NET formation have
been described: lytic and vital NETosis.8 Specific micro-
organisms or lipopolysaccharides (LPS) induce vital
NETosis directly or indirectly through toll-like receptors
(TLR), via a TLR4-activated platelet interaction, by an oxi-
dant-independent mechanism.9,10 This strategy aims to
limit the spread of bacteria and keeps neutrophils alive for
further functions.8 Alternatively, lytic NETosis can be
induced by diverse sterile agonists such as phorbol 12-
myristate 13-acetate,3,11 cholesterol crystals11 or cytokines
(interleukin-6,12 interleukin-8,3,13 interferon-α14). This drives
NADPH oxidase activation via protein kinase C and Raf-
MEK-ERK, which generates reactive oxygen species (ROS)
inducing neutrophil death.15

MicroRNA (miRNA or miR) are a family of small non-
coding RNA that regulate gene expression.16 Since their
discovery, miRNA have been implicated as key modula-
tors of numerous physiological and pathological process-
es.17-20 In particular, miR-146a directly mediates thrombo-
inflammatory processes as: (i) it inhibits several pro-
inflammatory elements of the TLR-NF (nuclear factor)-κB
pathway21,22 and (ii) it is predominantly expressed in cells
that promote thrombogenesis (monocytes/macrophages,
platelets, neutrophils, and endothelial cells).23,24 Our group
demonstrated that reduced levels of miR-146a, guided by
the T variant of the functional miR-SNP rs2431697, are
predictors of adverse cardiovascular events in patients
with atrial fibrillation.24 Interestingly, in vitro activation of
rs2431697 TT neutrophils exacerbated NET release in
accordance with elevated plasma NE levels found in T car-
riers, who also had a higher risk of adverse cardiovascular
events.25 Overall, our data suggest that miR-146a is crucial-
ly involved in linking inflammation, thrombosis, and
NETosis. However, the role of miR-146a in
immunothrombosis and NETosis is unknown. Here, we
investigated the involvement of miR-146a in NET forma-
tion leading to arterial thrombosis in both sterile and non-
sterile inflammatory murine models. Thus, we character-
ized the neutrophil phenotype to explain the exacerbated
NETosis. Finally, we evaluated the association between
low miR-146a levels, NETosis markers and the occurrence
of thrombosis in septic patients.

Methods

Mice models
Atherosclerosis model
Irradiation and bone marrow (BM) transplantation were per-

formed as previously described.26 Briefly, Ldlr-/-mice were irradiat-
ed and transplanted with BM cells obtained from wild-type (WT)
or miR-146a-/- mice. After 4 weeks on a standard diet, transplant-
ed mice were fed an atherogenic diet for 8 weeks. Blood was col-
lected from the facial vein into 3.2% citrate and plasma samples
were stored at -80ºC until analysis. Heart and aorta were extract-
ed from euthanized mice after in situ perfusion with phosphate-
buffered saline and fixed with 4% paraformaldehyde overnight

at 4ºC. Tissue was embedded in paraffin and cross-sections from
the aortic root were made.

Endotoxemia model
WT and miR-146a-/- mice were injected intraperitoneally with a

sublethal dose of LPS (1 mg/kg) (E. coli 0111/B4, Sigma-Aldrich,
Madrid, Spain). For morphological analysis, lungs were fixed
with 4% paraformaldehyde overnight at 4ºC, embedded in
paraffin and sectioned. Lung damage was evaluated in one sec-
tion/mouse using a semi-quantitative score via a blind method
following the pathologist’s criteria.

Ferric chloride-induced arterial thrombosis
Animals were anesthetized by intraperitoneal injection

(xylazine hydrochloride 10 mg/kg + ketamine hydrochloride 100
mg/kg). The carotid artery was isolated and the injury was gen-
erated by applying a piece of filter paper (5x1 mm) (GE
Healthcare Whatman 1003917, Fisher, Madrid, Spain) soaked in
a 7.5% ferric chloride (FeCl3) solution for 2 min (Sigma-Aldrich,
Madrid Spain). After washing the arterial surface with saline
solution and removing residual FeCl3, a Doppler ultrasound flow
probe (Model 0.5 PSB, Transonic Systems, Ithaca, NY, USA) was
applied. The probe was connected to a flow meter (Model
TS420, Transonic Systems, Ithaca, NY, USA) that continuously
registered the blood flow. Occlusion time was defined as the
time elapsed from the withdrawal of FeCl3 to the lack of blood
flow (≤ 0.01 mL/min) for at least 3 consecutive minutes.
Experiments were stopped after 30 min if no occlusion occurred.
For the experiments with DNase I, mice were injected intra-
venously (tail vein) with 10 mg of Pulmozyme® (Roche Farma,
Madrid, Spain) diluted in saline, 15 min before FeCl3 treatment.

Patients and controls
The study (NEUMONAC study #2011/0219 [05/07/2011]) was

approved by the Ethical Committee (ceic@iislafe.es) of our insti-
tution and performed in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki and its subsequent
amendments. Consecutive patients admitted with community-
acquired pneumonia (CAP) were included from October 2015 to
June 2018 at Hospital Universitario y Politécnico La Fe (Valencia,
Spain). The patients’ details are provided in the Online
Supplementary Methods. 

Healthy subjects were randomly selected among blood donors
from our Transfusion Center and gave their informed consent to
enrollment into the study.

Statistical analysis
All statistical analyses were conducted using GraphPad Prism

3.8 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS 22.0
for Windows (SPSS, Inc., Chicago, IL, USA). Differences between
two groups were assessed by an unpaired Student t-test or Mann-
Whitney U test, where appropriate. For multiple comparisons,
one-way analysis of variance on ranks with the Bonferroni post-
hoc test was used. Data are shown as mean ± standard error of
mean or as median (95% confidence interval), as appropriate. A
P-value <0.05 was considered statistically significant.

Further details on the materials and methods are available in
the Online Supplementary Methods.

Results

miR-146a deficiency promotes NET formation in 
an atherosclerosis model

Previous data from our laboratory demonstrated that
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miR-146a deficiency upregulates NETosis in both murine
and human in vitro models.25 Thus, we aimed to extrapo-
late this finding to different in vivo models. We first uti-
lized an atherosclerosis mouse model previously generat-
ed by our group.26 Briefly, Ldlr-/- mice were transplanted
with BM from miR-146a-/- or WT animals and fed a high-
fat diet for 8 weeks (Figure 1A). As reported, transplant
efficiency, body weight, circulating blood cell counts,
plasma lipid profile, and atherosclerotic burden (athero-
ma, lesion, and necrotic core areas) were similar between
the experimental groups.26 No differences were found in
cell-free (cf)DNA and NE plasma levels between the two
groups of mice before they were fed the high-fat diet
(data not shown). As expected, after 8 weeks of the athero-
genic diet, notable differences in NET components
between the two groups were observed. As shown in
Figure 1B, plasma cfDNA levels were significantly higher
in Ldlr-/- BM miR-146a-/- mice than in Ldlr-/- BM WT litter-
mates (348.1 ± 73.0 vs. 177.3 ± 39.4 ng/mL, respectively;
P<0.05). Similarly, plasma NE was almost 2-fold higher in
BM miR-146a-/- mice than in BM WT mice (228.6 ± 32.6
vs. 113.0± 14.2 ng/mL, respectively; P<0.05) (Figure 1C).
In addition, immunofluorescence analysis of aortic valves
revealed that, although intact neutrophils were found in
both cases (Online Supplementary Figure S1), there were
substantial differences in the size and the amount of NET.
DNA, and NE, and H2B staining revealed an increase of
large NET in the atherosclerotic lesions and adhered to
the vascular wall of BM miR-146a-/- mice compared to BM
WT mice, in which we only identified scattered NET
throughout all the sections (Figure 1D). Quantification of
NET in whole sections within aortic roots confirmed that
miR-146a-/- mice had more NET than had WT mice (ICorr
values 0.78 ± 0.09 vs. 0.53 ± 0.07, respectively; P<0.01)
(Figure 1E). In addition, zooming within NETotic areas
demonstrated that H2B and NE co-localization was near
to 100% (R=0.97; Costes P-value=1), in contrast to the
low co-localization found in intact neutrophils (R=0.13;
Costes P-value=1) (Figure 1F, Online Supplementary Movies
S1 and S2). Collectively, these results demonstrated a role
for miR-146a in NET formation during the process of ath-
erosclerosis.

miR-146a mediates NETosis and lung damage 
in an lipopolysaccharide-induced, sublethal model 
of inflammation

The molecular mechanisms leading to NETosis differ
depending on the triggering stimulus.7 In order to investi-
gate whether miR-146a may link different pathways pro-
voking NETosis, we next examined the implication of
miR-146a on NET formation using a non-sterile inflam-
matory mouse model generated by sublethal injection of
LPS (1 mg/kg) for 4 h and 24 h. As expected, there was a
significant progressive reduction in circulating leukocyte
and platelet counts following induction of endotoxemia,
although no relevant differences between miR-146a-/- and
WT animals (Online Supplementary Figure S2) were
observed. As shown in Figure 2, basal plasma NET mark-
ers were similar between miR-146a-/- and WT mice.
However, following LPS administration at 4 h and 24 h,
plasma cfDNA levels were higher in miR-146a-/- mice than
in WT mice, with the difference being statistically signif-
icant at 4 h (1653.0 ± 216.5 vs. 845.6 ± 294.4 ng/mL,
respectively; P<0.01) (Figure 2A). Similarly, LPS injection
resulted in significantly higher levels of plasma NE in miR-

146a-/- mice when compared to WT mice, after 4 h
(1671.3 ± 95.6 vs. 1206.1 ± 99.2 ng/mL, respectively;
P<0.01) and 24 h (2458.0 ± 57.1 vs. 1524.6 ± 61.2 ng/mL,
respectively; P<0.001) (Figure 2B). Higher NETosis in miR-
146a-/- mice following LPS challenge was confirmed by
western blotting. Plasma citrullinated histone 3 (citH3)
levels were higher in miR-146a-/- mice than in WT mice at
both 4 h and 24 h (Figure 2C). Finally, additional inflam-
matory and coagulation markers were analyzed. LPS-
dependent ROS production at 24 h was significantly
higher compared with basal levels only in miR-146a-/-

mice (178%; P<0.05) (Figure 2D). Additionally, the
amounts of thrombin-antithrombin (TAT) complexes
were significantly greater 4 h after LPS injection than at
baseline only in miR-146a-/- mice (43%; P<0.05) (Figure
2E).

Although all mice indistinctly survived sublethal LPS
injection, we explored whether LPS challenge could dif-
ferentially damage mice lungs. Staining of lung sections
showed a notable increase of reticulin in samples from
miR-146a-/- mice compared with their WT littermates
after 4 h of LPS (Figure 2F). According to the pathologist’s
criteria, the analysis showed that both reticulin score and
global lung injury were increased in miR-146a-/- mice com-
pared to WT mice (Figure 2G). Therefore, miR-146a-defi-
cient mice had higher NETosis, oxidative stress and acti-
vation of coagulation and consequently, greater lung
damage after LPS injection.

miR-146a deficiency confers an aged, overactive, 
and pro-inflammatory phenotype to neutrophils

Although neutrophils have been considered to be a rel-
atively homogeneous population, evidence demonstrat-
ing their heterogeneity is emerging.1 To investigate
whether the increased ability of miR-146a-/- neutrophils
to form NET in the above-mentioned models was related
to a particular phenotype determined by miR-146a defi-
ciency, we explored the aged/activated state of neu-
trophils by flow cytometry. miR-146a deficiency did not
alter the total percentage of neutrophils in the circulation
(Online Supplementary Figures S2 and S3). Analysis of neu-
trophil surface markers revealed that miR-146a-/- neu-
trophils exhibited significantly higher levels of Cxcr4 and
CD11b, and lower levels of CD62L than WT neutrophils
(Figure 3A). Our results also showed that neutrophils
from miR-146a-/- mice had significantly lower Cxcr1 lev-
els than neutrophils from their WT littermates (Figure
3B), suggesting an additional pro-inflammatory ability
for the miR-146a-/- neutrophil phenotype.27-29 Tlr4 has
been implicated in the process of aging30 and is a target of
miR-146a.31 Thus, we measured and compared its levels
in miR-146a-/- and WT neutrophils from whole blood and
found that, as described before, aged neutrophils
(defined by Cxcr4high and CD62Llow surface expression)
expressed higher levels of Tlr4 than the rest.
Interestingly, aged miR-146-/- neutrophils expressed sig-
nificantly more Tlr4 than aged WT neutrophils (Figure
3C). Moreover, miR-146a deficiency in isolated neu-
trophils produced significantly higher ROS levels (Figure
3D) and elevated oxygen consumption rate (Figure 3E) at
basal state compared with those in neutrophils from WT
mice. Thus, miR-146a deficiency seems to promote
aging and hyperreactivity to neutrophils, a pro-inflam-
matory phenotype that could contribute to the exacer-
bated NETosis of these cells.
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Figure 1. miR-146a deficiency enhances neutrophil extracellular trap formation in atherosclerosis. (A) Ldlr-/- mice were transplanted with bone marrow (BM) from
miR-146a-/- or wild-type (WT) mice. After 4 weeks of recovery, mice were fed a high-fat diet for 8 weeks. Blood and aortic tissues were extracted for quantification of
the formation of neutrophil extracellular traps (NET) (n=10-12/group). (B) Plasma cell-free (cf)DNA was measured using Sytox Green. (C) Plasma neutrophil elastase
(NE) activity was quantified by enzyme-linked immunosorbent assay. (D) Representative confocal microscopy images of an aortic valve leaflet, an atherosclerotic area,
and a NET detail from Ldlr-/- BM WT, and  Ldlr-/- BM miR-146a-/ mice immunostained for DNA (DAPI, blue), NE (green), and H2B (red). The dashed yellow line denotes
an atherosclerotic lesion (L) boundary; the lumen (Lu), and valves (V) are also marked. White arrowheads point to NET. (E) NET quantification in aortic valve sections
from Ldlr-/- BM WT, and Ldlr-/- BM miR-146a-/- mice performed with the Colocalization Colormap Fiji plugin. The correlation index (ICorr) represents the fraction of pos-
itively correlated (co-localized) H2B and NE pixels in one representative section per mouse in six WT and six miR-146a-/- BM-transplanted Ldlr-/- mice. (F) Fluorescence
intensity plots of H2B and NE in a region of interest (yellow line) of a NET and a neutrophil found in the aortic valve from a Ldlr-/- BM miR-146a-/- and a Ldlr-/- BM WT
mouse, respectively. The correlation of H2B and NE fluorescence intensity was determined using the Pearson correlation coefficient and Costes method. In the
Pearson correlation test, the R value ranges between -1 and 1, with 1 being a perfect correlation, 0 no linear correlation, and −1 a perfect negative linear correlation.
Costes analysis compares pixel correlation for no-randomized with randomized images and calculates significance. The Costes P-value was 1 in both cases, indicating
that the probability of random images correlating to real images is 0. P-value calculations were performed using the Mann-Whitney U test. Data represent mean ±
standard error of mean, *P<0.05, **P<0.01.

A B C

D

E F



A.B. Arroyo et al.

1640 haematologica | 2021; 106(6)

Figure 2. miR-146a deficiency medi-
ates NETosis in endotoxemia. miR-
146a-/- and wild-type (WT) mice were
injected intraperitoneally with a sub-
lethal dose of lipopolysaccharide (LPS)
(1 mg/kg). Plasma markers of neu-
trophil extracellular traps (NET) were
measured 4 h and 24 h after LPS
treatment (n=9/group). (A) Cell-free
(cf)DNA levels were quantified by Sytox
Green. (B) Neutrophil elastase (NE)
levels were measured by enzyme-
linked immunosorbent assay (ELISA).
(C) Citrilluniated histone 3 (CitH3)
plasma levels were analyzed by west-
ern blot. (D) Reactive oxygen species
(ROS) were quantified by fluorometry
24 h after treatment with LPS. (E)
Thrombin-antithrombin (TAT) complex
levels were detected by ELISA 4 h after
LPS treatment. (F) Morphology of
lungs from WT and miR-146a-/- mice
after LPS stimulation. Lung sections
from WT and miR-146a-/- mice treated
4 h with LPS (1 mg/kg) were stained
for reticulin (n=9/group) to observe tis-
sue structure and global injury.
Representative images of reticulin
staining from WT and miR-146a-/- lungs
after LPS at 20x and 40x magnifica-
tion. (G) Semi-quantitative analysis for
reticulin and global lung damage
according to the pathologist’s criteria.
One section/mouse was scored in a
blinded fashion into four grades from 0
to 3 (0=normal, 1=mild, 2=moderate,
3=severe). P-value calculations were
performed using one-way analysis of
variance on ranks with the Bonferroni
post-hoc test or the Mann-Whitney U
test, where appropriate. Data repre-
sent mean ± standard error of mean,
*P<0.05, **P<0.01, ***P<0.001.
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Figure 3. miR-146a determines neutrophil pheno-
type. (A) Flow cytometry analysis of CD11b, CD62L,
and Cxcr4 (P<0.05 for all markers) on neutrophils
(Ly6G-positive population) from blood of wild-type
(WT) and miR-146a-/- mice (n=6 mice in both
groups). Contour plots from flow cytometry analysis
of CD62L and CD11b on neutrophils from a repre-
sentative WT mouse and an miR-146a-/- mouse
(bottom left panel). Comparison of Cxcr4 expres-
sion between WT and miR-146a-/- representative
mice (bottom right panel). (B) Flow cytometry analy-
sis of Cxcr1 on neutrophils from blood of WT and
miR-146a-/- mice (left panel; n=5 mice in both
groups; P<0.01). Comparison of Cxcr1 expression
on a representative mouse with each genotype
(right panel). (C) Tlr4 levels were measured in
Cxcr4high and CD62Llow (aged) neutrophil subpopula-
tion versus the rest (n=6 mice in both groups;
P<0.05). Contour plots from flow cytometry analysis
of CD62L and Cxcr4 on peripheral blood pool neu-
trophils from six WT and six miR-146a-/- mice (right
panel). (D) Bone marrow (BM) isolated neutrophils
were incubated with 10 mM H2DCFDA for 30 min at
37°C and analyzed by flow cytometry (n=3 mice in
both groups). (E) BM neutrophils were seeded on
the plate and the oxygen consumption rate (OCR)
was measured by a Seahorse Analyzer. (mean ±
standard deviation, n=3 mice for each group, sam-
ples in quadruplicate). Statistical analyses between
groups of mice were performed using the Mann-
Whitney test (A-C) or t-test (D, E); *P<0.05,
**P<0.01.
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Figure 4. miR-146a deficiency accelerates carotid thrombotic occlusion. (A) Mouse model of FeCl3-induced carotid arterial thrombosis. The carotid artery from wild-
type (WT) and miR-146a-/- mice was isolated and exposed to 7.5% FeCl3 for 2 min (WT n=24, miR-146a-/- n=17). A Doppler ultrasound flow probe registered the blood
flow continuously. (B) Basal blood flow. (C) Time to carotid thrombotic occlusion. (D) Alternatively, WT (n=7) and miR-146a-/- (n=7) mice were treated with DNase I (10
mg, i.v.) 15 min before vessel injury and the carotid occlusion time was measured for a maximum of 30 min. (E) Representative images of neutrophil extracellular
traps (citrullinated histone 3 [citH3]-positive nuclei) in the carotid thrombi from WT and miR-146a-/- mice analyzed by immunofluorescence. For each genotype the
upper row shows the complete cross-section of the thrombosed carotid artery (bar corresponds to 100 mm) and the lower row a higher magnification of the artery
wall (bar corresponds to 20 mm) and the detail of a neutrophil (bar corresponds to 5 mm) (F-H) Quantification of total infiltrated nucleated cells, citH3-positive cells
and the ratio of total nucleated to citH3-positive cells in the thrombi and the adventitial layer of carotid sections from WT and miR-146a-/- mice (n=10/group). P-value
calculations were performed using the unpaired Student t-test and Mann-Whitney U-test. Data represent mean ± standard error of mean, *P<0.05.
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Loss of miR-146a accelerates time to carotid 
thrombotic occlusion by increasing NET release

Thus, we hypothesized that under a thrombotic stimu-
lus, these neutrophils may favor the production of NET,
thereby strongly contributing to thrombosis. To test this
hypothesis, we induced carotid endothelial injury with
FeCl3 in miR-146a-/- and WT mice (Figure 4A) and deter-
mined time to arterial occlusion. Although basal blood
flow was similar between the two groups of animals
(Figure 4B), miR-146a-/- mice showed a significant reduc-
tion in time to occlusion compared to the time in WT lit-
termates (374.5 ± 21.15 vs. 452.5 ± 26.14 s, respectively;
P<0.05) (Figure 4C). The occlusion times of WT and miR-
146a-/- mice were similar upon treatment with DNAse I
(Figure 4D). Thus, DNAse I treatment abolished arterial
occlusion, supporting the concept that NET are essential
for thrombus formation and stability upon FeCl3 damage.
To further analyze the association between thrombosis
and NETosis, thrombi within carotids were isolated and
immunofluorescence for citH3 was performed. FeCl3-
induced injury promoted similar infiltration of nucleated
cells in both groups (Figure 4E-F); however, the number of
DNA-citH3-positive cells within the carotid thrombi was
significantly higher in miR-146a-/- mice than in WT ones
(19.3 ± 3.3 vs. 10.0 ± 3.6 cells, respectively; P<0.05)
(Figure 4G). The ratio of citH3-positive to total nucleated
cells found in the thrombi of carotid sections was signifi-
cantly higher in miR-146a-/- mice than in WT mice (Figure
4H, Online Supplementary Figure S4).

Of note, no relevant differences in F12 coagulation fac-
tor, recently implicated in NETosis,32 was observed
between the two groups (data not shown). Thus, miR-146a
deficiency may accelerate vessel occlusion due, in part, to
increased NETosis associated with the presence of hyper-
reactive neutrophils.

Low miR-146a levels in patients with 
community-acquired pneumonia are associated with
an increased risk of cardiovascular events

In order to test the clinical impact of our in vivo results,
we recruited 259 patients with CAP with a 30-day fol-
low-up period. Online Supplementary Table S1 shows the
demographic and clinical characteristics of all 259
patients, as well as the frequencies and distribution of the
rs2431697 genotype. We found no significant differences
between the main cardiovascular risk factors and geno-

type (Online Supplementary Table S1). In addition, both
Sepsis-related Organ Failure Assessment (SOFA) score
and neutrophil count at entry were similar in all patients
independently of their genotype (Online Supplementary
Table S1). One hundred and twelve plasma samples were
available for DNA-citH3 measurement. From these, 81
(72.3%) were considered as positive (optical density [OD]
values >0.200, the maximum OD value yielded for 30
healthy controls) (Online Supplementary Figure S5, Online
Supplementary Table S2). As described for septic patients,
plasma levels of DNA-citH3 correlated with clinical out-
comes.33,34 Thus, plasma DNA-citH3 levels were signifi-
cantly higher in septic patients (n=58) than in non-septic
patients (n=23) (P<0.001). Furthermore, DNA-citH3 levels
were significantly higher in patients in whom treatment
failed or cardiovascular events occurred (n=18) than in the
rest of the patients (n=63) (P=0.028) (Online Supplementary
Table S2).

Interestingly, we observed significant differences
between the occurrence of cardiovascular complications
and rs2431697 genotype. As shown in Table 1, 30 of the
259 patients suffered from cardiovascular events when
hospitalized and 29 of them were carriers of the T allele
(relative risk [RR]=9.61, [95% CI]: 95% confidence inter-
val: 1.28-72.15, P=0.008). The risk of cardiovascular
events remained significantly higher for CT+TT patients
30 days after hospitalization (RR=2.85, 95% CI: 0.97-
8.37, P=0.049) (Table 1). In addition, 21.4% of the carriers
of the T allele developed a cardiovascular event and failed
to respond to therapy (RR=2.89, 95% CI: 1.09-7.66,
P=0.027) (Table 1). Finally, among patients with the high-
est DNA-citH3 plasma levels (≥0.406 OD units) we found
a 3-fold higher frequency of T carriers individuals (30%)
compared to CC homozygotes (9.5%; P=0.061) (Table 2).

Discussion

In the last years, the functional versatility of neu-
trophils has moved towards a fascinating area of research
in which the inflammatory capacity of these cells is tight-
ly linked to the development of cardiovascular diseases.35

On the other hand, the pathophysiological role of NET in
thrombogenesis is now firmly established.36 In this
process, known as immunothrombosis, the mechanisms
leading to NETosis differ depending on the triggering
stimulus.7 Identifying key regulators of NETosis37 is a
challenge to further contribute to the development of
anti-thrombotic therapeutic tools that would not affect
the essential role of NET fighting germs. In this work, we
show that miR-146a, a well-known molecular brake to
the NF-κB pathway, underlies NETosis-mediated throm-
bosis after both sterile and non-sterile stimulation. 

First, we demonstrated that sterile inflammation in a
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Table 1. Relationship between hospital cardiovascular complications
and rs2431697 genotype in patients with community-acquired pneu-
monia (n=259).
                                   CC                        CT+TT                  P
                                 N=58                     N=201         RR (95% CI)

CVE, N                               1                                  29                      0.008
(%)                                 (1.7)                           (14.4)        9.61 (1.28-72.15)
TF, N                                   4                                  22                      0.366
(%)                                 (6.9)                           (10.9)                       -
CVE+TF, N                        5                                  43                      0.027
(%)                                 (8.6)                           (21.4)         2.89 (1.09-7.66)
CVE-30, N                         4                                  35                      0.049
(%)                                 (6.9)                           (17.4)         2.85 (0.97-8.37)

RR: relative risk; 95% CI: 95% confidence interval; CVE: cardiovascular events during
hospitalization, including pulmonary thromboembolism; TF: treatment failure during
hospitalization; CVE+TF: occurrence of cardiovascular event and/or treatment failure;
CVE-30: cardiovascular events 30 days after hospitalization.

Table 2. rs2431697 genotype frequencies according to DNA-citrulli-
nated H3 plasma levels in patients with community-acquired pneumo-
nia.
                         DNA-citH3 < 4Q         DNA-citH3 > 4Q                P*
CC, N                                19                                      2
(%)                                (90.5)                               (9.5)                                 
CT+TT, N                         42                                     18                               0.061
(%)                                (70.0)                              (30.0)                                

4Q indicates 4th quartile (≥0.406 optical density units). Measurements were performed
in a total of 81 patients (OD≥0.200). *ƛ2 test.



model of miR-146a deficiency in the hematopoietic line-
age caused greater NET formation. However, we previ-
ously showed that miR-146a deficiency in the
hematopoietic lineage had no effect on atherogenesis
after 8 weeks of an atherogenic diet.26 Here, our results
suggest that miR-146a deficiency may participate in
thrombosis rather than in atherogenesis, through
NETosis. This hypothesis is in accord with results pub-
lished by Franck et al. demonstrating that NETosis does
not alter atherosclerotic plaque formation but rather
increases thrombosis in a model of plaque erosion.38

Supporting this hypothesis, previous reports have shown
that thrombosis induction increases NET deposition.39,40

Consistently, when arterial thrombosis was induced by
FeCl3 injury, we observed an increased generation of NET
in the thrombi of miR-146a-/- mice compared to WT mice,
with a shorter time to vessel occlusion. The abolition of
thrombosis by removal of NET with DNAse I in miR-
146a-/-and WT mice, further supports the essential role of
miR-146a in NET production. In this sense, Massberg et
al. also found in a murine model of FeCl3 injury that the
inhibition of NET components, by infusion of anti-H2A-
H2B-DNA antibody, prolonged the occlusion time and
generated low stability thrombi in the carotid.39

Next, we created a non-sterile model of inflammation
by LPS injection into miR-146a-/- mice. Indeed, miR-146a-/-

mice exhibit hyperreactivity to LPS, with an exacerbated
inflammatory response, demonstrating miR-146a as a
regulator of autoimmunity, myeloproliferation, and can-
cer.23 Our results showed that miR-146a deficiency pro-
vokes higher rates of NETosis in LPS-challenged mice. Of
note, no differences were found in the capacity of phago-
cytosis between miR-146a-/- and WT neutrophils in vitro
after LPS challenge (data not shown). In addition, miR-146a
deficiency promotes a pro-coagulant phenotype with
increased levels of thrombin-antithrombin complexes and
ROS production and regulates the extent of organ dam-
age following infection, as miR-146a-/- mice developed
greater lung damage than did WT mice. Although the use
of murine models is considered useful for understanding
the pathophysiology of sepsis, there are notable differ-
ences between these models and sepsis in humans.41 We
therefore examined NETosis markers and their relation-
ship with thrombosis in CAP patients. Plasma NETosis
markers correlated with the incidence of sepsis in accor-
dance with previously reported data,42 further supporting
the concept that sepsis is a relevant model for investigat-
ing the role of NET in humans. Interestingly, we found a
correlation between NETosis and thrombotic complica-
tions in CAP patients. Our group has previously
described that the miR-SNP rs2431697 of MIR146A is
associated with an increased risk of cardiovascular events
in patients with atrial fibrillation.24 Here, we have verified
the role of rs2431697 genotype in cardiovascular events in
patients with CAP. Supporting our findings, Xie et al.
reported that activation of miR-146a expression
decreased markers of myocardial injury in rats treated
with LPS.43 In addition, the injection of miR-146a has
been described to play a protective role in the cardiac dys-
function induced by sepsis in a murine model, with
longer survival of the mice.44 Results from our cohort indi-
cate that NETosis could be a functional path by which
miR-146a levels lead to thrombosis in septic patients. Of
note, we found that among patients with higher levels of
NETosis markers, carriers of the T allele were 3-fold more

frequent than CC patients. The concept of sepsis and car-
diovascular diseases sharing a common pathophysiology
has been explored recently.45 Common gene signaling
pathways for both sepsis and cardiovascular diseases
were investigated and genetic variations in miR-146a tar-
gets such as IL6 or IRAK1 were found to be shared in
patients with both diseases.45 Although the etiology of
sepsis and cardiovascular disease is not identical, the two
conditions share the same end-points of inflammation,
coagulation, and endothelial activation.46,47 Overall our
results demonstrate that miR-146a is involved in throm-
bogenesis of two diseases with cardiovascular events,
atrial fibrillation and sepsis, a priori in two different mod-
els. Accordingly, miR-146a may be yet another regulator
of immunothrombosis.

The mechanisms leading to the increased NET forma-
tion by miR-146a are still elusive. Interestingly, pro-
inflammatory activity of neutrophils has been shown to
correlate positively with aging.30 Aged neutrophils are the
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Figure 5. miR-146a plays a relevant role in thrombo-inflammation after sterile
and non-sterile stresses. Low miR-146a levels promote an aging phenotype in
neutrophils (CD62low CD11bhigh Cxcr4high Tlr4high) which primes these cells. Upon
sterile or non-sterile stimuli, primed neutrophils would be more prone to
NETosis leading to a thrombo-inflammatory process. MiR-146a: microRNA-
146a; LPS: lipopolysaccharide; CAP: community-acquired pneumonia.



first line of defense in the context of acute inflammation
since they do not return to the bone marrow, arrive first
at the inflammatory tissues and infiltrate them in a
TLR4/CD11b-dependent manner.48 Thus, we investigated
neutrophil phenotype in miR-146a-/- mice in order to
explain the greater NET formation observed in our differ-
ent models. We found that miR-146a-/- resting neutrophils
have an aging phenotype CD62Llow CD11bhigh Cxcr4high,
and a lower expression of Cxcr1.1

Thus, we speculate that miR-146a deficiency could act
as a priming effector on resting neutrophils so that, under
any inflammatory stimulus, (sterile or non-sterile) these
cells would reach higher activation rates than WT neu-
trophils. Our results show that Tlr4, which is a validated
target of miR-146a, is overexpressed in aged miR-146a-/-

neutrophils in comparison with WT ones. One possible
explanation for this finding may be that the deficiency of
miR-146a favors a higher deregulation of the Tlr4/Nf-κB
axis in aged neutrophils than in non-aged ones. Thus, this
hypothesis would also explain in part why circulating
aged neutrophils are more prone to make NET, a previous
indolent signal being necessary to prime these cells.49,50

Indeed, it has been shown that Tlr4-/- mice or germ-free
mice have less aged neutrophils than WT littermates.30

In accord with our hypothesis, we observed higher
ROS levels and oxygen consumption rate in neutrophils
from miR146-/- mice than WT mice, which may further
suggest a primed status in miR-146a-/- neutrophils.
Importantly, the aging process is promoted in large part
by ROS that produce cellular damage.51 ROS (mainly pro-
duced by NADPH oxidase) are also crucial to initiate the
process of NET formation.52

There are a few limitations in this study. First, for the in
vivo inflammation models, we did not use a complex
marker such as a granulocytic enzyme bound to DNA to
measure NET. NET were quantified using cfDNA, NE,
and citH3 for the LPS model and tissue immunofluores-
cence in the atherosclerotic model. Thus, we cannot rule
out that part of the cfDNA and NE measured in plasma
was due to neutrophil secretion or to apoptotic processes.
Another point is that our study was performed in full
miR-146a-/- mice or BM transplanted mice. Given the
interplay of other cells with neutrophils to promote
NETosis, in particular platelets,9,10 it would be of interest
in future studies to dissect the mechanisms implicating

miR-146a in the formation of NET using conditional
models of miR-146a deficiency.

In summary, our results demonstrate that miR-146a
deficiency promotes an aged neutrophil phenotype prim-
ing these cells for activation. Upon both sterile and non-
sterile stimuli, such sensitized neutrophils are more prone
to form NET, leading to thrombosis when physiological
control is overwhelmed (Figure 5). Indeed, we demon-
strate this hypothesis in a human disease, sepsis, in
which patients with low miR-146a levels due to
rs2431697 have increased plasma NET markers and a
higher risk of cardiovascular events. These data not only
strengthen the proposed interconnection between inflam-
mation and thrombosis but also open new perspectives
for the development of therapeutic tools against NETosis
in different thrombo-inflammatory contexts.
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Granulocyte colony-stimulating factor (G-CSF) is widely used in clin-
ical settings to mobilize hematopoietic stem cells (HSC) into the cir-
culation for HSC harvesting and transplantation. However, whether

G-CSF directly stimulates HSC to change their cell cycle state and fate is
controversial. HSC are a heterogeneous population consisting of different
types of HSC, such as myeloid-biased HSC and lymphoid-biased HSC. We
hypothesized that G-CSF has different effects on different types of HSC. To
verify this, we performed serum-free single-cell culture and competitive
repopulation with cultured cells. Single highly purified HSC and
hematopoietic progenitor cells (HPC) were cultured with stem cell factor
(SCF), SCF + G-CSF, SCF + granulocyte/macrophage (GM)-CSF, or SCF +
thrombopoietin (TPO) for 7 days. Compared with SCF alone, SCF + G-CSF
increased the number of divisions of cells from the lymphoid-biased HSC-
enriched population but not that of cells from the My-bi HSC-enriched
population. SCF + G-CSF enhanced the level of reconstitution of lymphoid-
biased HSC but not that of myeloid-biased HSC. Clonal transplantation
assay also showed that SCF + G-CSF did not increase the frequency of
myeloid-biased HSC. These data showed that G-CSF directly acted on lym-
phoid-biased HSC but not myeloid-biased HSC. Our study also revised the
cytokine network at early stages of hematopoiesis: SCF directly acted on
myeloid-biased HSC; TPO directly acted on myeloid-biased HSC and lym-
phoid-biased HSC; and GM-CSF acted only on HPC. Early hematopoiesis
is controlled differentially and sequentially by a number of cytokines.

Granulocyte colony-stimulating factor directly
acts on mouse lymphoid-biased but not
myeloid-biased hematopoietic stem cells
Miner Xie,1 Shanshan Zhang,1 Fang Dong,1 Qingyun Zhang,1 Jinhong Wang,1
Chenchen Wang,1 Caiying Zhu,1 Sen Zhang,1 Bingqing Luo,1 Peng Wu1 and
Hideo Ema1,2,3

1State Key Laboratory of Experimental Hematology; 2National Clinical Research Center 
for Hematological Disorders and 3Department of Regenerative Medicine, Institute of
Hematology and Blood Diseases Hospital, Chinese Academy of Medical Sciences and
Peking Union Medical College, Tianjin, China

ABSTRACT

Introduction 

Hematopoietic stem cells (HSC) are able to self-renew and differentiate into all
blood lineages.1 Granulocyte colony-stimulating factor (G-CSF) is widely used in
clinical settings to mobilize HSC from the bone marrow (BM) to the peripheral
blood (PB) for stem cell harvesting.2 However, the effect of G-CSF on HSC is poorly
understood. Several studies have reported that G-CSF drives dormant HSC into the
cell cycle,3-5 whereas other studies have reported that G-CSF does not.6,7 Since in
vivo G-CSF administration results in complex changes in the BM microenviron-
ment, such as disruption of the SDF-1/CXCR4 axis,8,9 it may be difficult to deter-
mine the direct effect of G-CSF on HSC in vivo. To avoid this issue, Ogawa’s
research group combined in vitro culture with transplantation assay and reported
that G-CSF can induce HSC self-renewal.10 

The above studies are informative but quite controversial. This study aimed to
clarify whether G-CSF acts directly on HSC and drives them into cycling, thus
changing their fates. HSC are a heterogeneous population. Muller-Sieburg’s
research group was the first to classify HSC into myeloid-biased HSC (My-bi
HSC), balanced HSC (Bala HSC), and lymphoid-biased HSC (Ly-bi HSC), based on
the ratio of lymphoid to myeloid cells (the L/M ratio) in reconstituted mice.11,12

Given that G-CSF is a neutrophil-specific cytokine that is essential for granu-



lopoiesis,13,14 we hypothesized that G-CSF acts directly on
My-bi HSC but not on Ly-bi HSC. 

To address this issue, we used a serum-free culture sys-
tem, which enabled us to exclude the effect of unknown
factors contaminated in the serum.15 To overcome the het-
erogeneity of HSC, we performed single-cell culture, sin-
gle-cell transplantation, and single-cell reverse transcrip-
tion-polymerase chain reaction (RT-PCR) on highly puri-
fied HSC and hematopoietic progenitor cells (HPC).
Surprisingly, we found that G-CSF increased the number
of divisions of Ly-bi HSC and maintained their repopulat-
ing activity after transplantation. SCF alone transiently
activated My-bi HSC and increased their long-term recon-
stitution potential, but SCF + G-CSF did not show any
additional effect on that potential. We conclude that G-
CSF acts directly on Ly-bi HSC but not on My-bi HSC.
This study suggested that My-bi HSC, which are more or
less equivalent to long-term HSC, remain in the quiescent
state after G-CSF injection in clinical settings.

Methods  

Mice  
C57BL/6 (CD45.2-B6) mice were purchased from Beijing HFK

Bioscience Co. (Beijing, China). C57BL/6 mice congenic for the
Ly5 locus (CD45.1-B6) were bred and maintained at the State Key
Laboratory of Experimental Hematology. Animal experiments
were approved by the Animal Care and Use Committees, Institute
of Hematology and Blood Diseases Hospital, Chinese Academy of
Medical Sciences and Peking Union Medical College.

Single-cell sorting 
BM cells were isolated from 8- to 10-week old female CD45.1-

or CD45.2-B6 mice, and c-Kit-positive cells were enriched using
anti-c-Kit antibody-conjugated MACS beads (Miltenyi
Biotechnology, catalog n. 130091224). Cell surface markers used
for the identification of HSC1, HSC2, HPC1, HPC2, HPC3, and
HPC4 are listed in Online Supplementary Table S1. Antibodies used
for flow cytometry are listed in Online Supplementary Table S2.

Single-cell culture
Single cells were cultured in serum-free medium, supplemented

with 50 ng/mL recombinant mouse SCF (Peprotech, 250-03) plus
50 ng/mL recombinant mouse thrombopoietin (TPO) (Peprotech,
315-14), 10 ng/mL recombinant human G-CSF (Peprotech, 300-
23), or 10 ng/mL recombinant mouse GM-CSF (Peprotech, 315-
03). Cells were cultured for 7 days at 37°C with 5% CO2 in the air.
Number of cells per well were counted daily under inverted
microscope. 

Serial competitive repopulation
Twenty HSC1 or HSC2 cells from CD45.1-B6 mice were cul-

tured with cytokines for 7 days, and cells were transplanted into
lethally irradiated CD45.2-B6 mice with 5×105 BM competitor
cells from CD45.2-B6 mice. As control, 20 freshly isolated HSC1
or HSC2 cells from CD45.1-B6 mice were similarly transplanted.
For secondary transplantation of HSC1 cells, 2×107 BM cells from
primary recipients were transplanted into lethally irradiated
CD45.2-B6 mice. PB cells were analyzed as previously described.16

Single-cell transplantation
Single HSC1 cells from CD45.1-B6 mice were cultured with

SCF + TPO for 1 day, and the surviving single HSC1 cells were
selected and transplanted into lethally irradiated CD45.2-B6 mice

with 5×105 BM competitor cells from CD45.2-B6 mice (control).
For the cultured cell group, single HSC1 cells were cultured with
cytokines for 7 days, and cells of each well were transplanted into
lethally irradiated CD45.2-B6 mice with 5×105 BM competitor
cells from CD45.2-B6 mice. PB cells were analyzed as previously
described.16 

Single-cell reverse transcription polymerase chain
reaction

For single-cell RT-PCR, 48 single HSC1, HSC2, HPC1, HPC2,
HPC3, and HPC4 cells were sorted into each well containing RT-
STA master mix. For single-cell RT-PCR for cultured cells, single
HSC1 cells were cultured with SCF, SCF+G-CSF, and SCF+TPO
for 7 days. Single cells were randomly picked up from 48 wells by
a micromanipulator and were placed into the RT-STA master mix.
Freshly isolated 48 single HSC1 cells were used as a control. PCR
was performed as previously described.16 The 48 genes set used
for six populations and cultured cells are listed in Online
Supplementary Tables S3 and S4, respectively.

Statistical analysis
Statistical significance was assessed with the unpaired t-test and

analysis of variance using GraphPad Prism 6.0 (GraphPad).

Results

Definitions of HSC1, HSC2, HPC1, HPC2, HPC3, 
and HPC4

HSC1 (CD201+CD150+CD48–CD41–CD34–KSL) and
HSC2 (CD201+CD150–CD48–CD41–CD34–KSL) cells were
defined as shown in Figure 1A. HSC1 were separated
from HSC2 by expression of CD150.17,18 We previously
showed that HSC1 cells are enriched in long-term (LT, >6
months) My-bi HSC (LT-My-bi HSC), while HSC2 cells
are enriched in short-term (ST, <6 months) Ly-bi HSC 
(ST-Ly-bi HSC).16,18-21 HPC1 (CD201+CD150+CD48–

CD41+CD34–KSL), HPC2 (CD150+Flt-3–CD34+KSL), HPC3
(CD150–Flt-3–CD34+KSL), and HPC4 (CD150–Flt-
3+CD34+KSL) cells were defined as shown in Figure 1A
and B. HPC1 cells are reportedly enriched in myeloid-
restricted repopulating progenitors.19 HPC2, HPC3, and
HPC4 cells were enriched in MPP2, MPP3, and MPP4/lym-
phoid-primed multipotent progenitor (LMPP), respectively
(Online Supplementary Figure S1). 

Cytokine receptor expression
Single-cell RT-PCR was performed on HSC1, HSC2,

HPC1, HPC2, HPC3, and HPC4 cells to investigate the
expression of cytokine receptors. Gene expression data
are shown as heatmaps in Online Supplementary Figure S2.
Figure 1C shows the percentage of gene-expressing cells.
c-Kit and Mpl were detected in most cells examined. M-
CSF receptor, Csf1r, was not expressed in >40% of cells in
any of the populations examined. GM-CSF receptor com-
prises Csf2ra and Csf2rb. Csf2ra was not detected in >15%
of cells in any of the populations examined. Csf2rb was
also expressed in <15% of HSC1 cells, but was expressed
in approximately from 40 to 60% of HSC2, HPC2, HPC3,
and HPC4 cells, and in 100% of HPC1. G-CSF receptor,
Csf3r, was detected in approximately 30% of HSC1 and
HPC1 cells, while it was detected in >50% of HSC2 and
HPC2, and >70% of HPC3 and HPC4 cells. Cxcl12 was
expressed in approximately from 20 to 40% of all popula-
tions. Cxcr4 was expressed in approximately from 30 to
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Figure 1. Gating strategy and single-cell real-time-polymerase chain reaction (RT-PCR) of HSC1, HSC2, HPC1, HPC2, HPC3, and HPC4 cells. (A) HSC1, HSC2, and
HPC1 gating. Bone marrow (BM) cells were stained with antibodies and gated as follows. (a) Gating for lineage– cells (Lin– cells). (b) Gating for Lin–CD34– cells. (c)
Gating for CD34– c-Kit+ Sca-1+ Lin– cells (CD34–KSL cells). (d) Based on CD150 and CD41 expression, CD34–KSL cells were divided into CD150+CD41–, CD150–CD41–

, and CD150–CD41+ cells. (e-g) CD201+CD48– cells were further selected from CD150+CD41–, CD150–CD41–, and CD150–CD41+ cells. HSC1, HSC2, and HPC1 cells
were defined as CD201+CD150+CD48–CD41–CD34–KSL cells, CD201+CD150–CD48–CD41–CD34–KSL cells, and CD201+CD150–CD48–CD41+CD34–KSL cells,
respectively. (B) HPC2, HPC3, and HPC4 gating. BM cells were stained with antibodies and gated as follows. (a) Gating for lineage– cells (Lin– cells). (b) Gating for
Lin–CD34+ cells. (c) Gating for CD34+KSL cells. (d) CD34+KSL cells were divided into CD150+Flt-3–, CD150–Flt-3–, and CD150–Flt-3+ cells. HPC2, HPC3 and HPC4
cells were defined as CD150+Flt-3–CD34+KSL cells, CD150–Flt-3–CD34+KSL cells, and CD150–Flt-3+CD34+KSL cells, respectively. (C) Single-cell RT-PCR for six pop-
ulations. The percentage of gene-expressing cells is shown. Gene-expressing cells are defined by a threshold cycle (Ct) value < 27.65.
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Figure 2. Single-cell culture of six populations. (A) Percentage of cells that underwent divisions is shown as mean±standard deviation (SD). (n=5). Number of cell
division was estimated from the number of cells per well at days 1-7 of culture. When the number of cells per well was 1, 2, 3-4, or ≥5, single cells were considered
to have undergone 0, 1, 2, or ≥ 3 division(s), respectively. Wells that had no cells were excluded from this analysis. Two-way ANOVA with Tukey’s multiple comparisons
test was used for statistical analysis. (B) Cell number per well at day 7 of culture is shown as mean±SD. (n=5). Unpaired t-test with Welch’s correction was used for
statistical analysis. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001; ns: not significant. 
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Figure 3. Repopulating activity of cultured HSC1 and HSC2 cells. (A) Percentages of CD45.1 cells derived from HSC1 cells are shown. Percentage of CD45.1 cells
in the myeloid lineage, B-cell lineage, CD4 T-cell lineage, and CD8 T-cell lineage in the culture with stem cell factor (SCF) alone were greater than those of freshly iso-
lated cells after secondary transplantation. Percentage of CD45.1 cells in the myeloid lineage and B-cell lineage in the culture with SCF + granulocyte colony-stimu-
lating factor (G-CSF) or SCF + granulocyte/macrophage (GM)-CSF were greater than those of freshly isolated cells after secondary transplantation. Percentage of
CD45.1 cells in the myeloid lineage, B-cell lineage, CD4 T-cell lineage, and CD8 T-cell lineage in the culture with SCF+ thrombopoietin (TPO) were greater than those
of freshly isolated cells at early months after primary transplantation. (B) Percentages of CD45.1 cells derived from HSC2 cells are shown. Percentage of CD45.1
cells in the B-cell lineage of the culture with SCF or SCF + TPO was significantly smaller than that of freshly isolated cells. Dots represent % chimerism in myeloid lin-
eage, B-cell lineage, CD4 T-cell lineage and CD8 T-cell lineage from individual mice at a time point after transplantation. The lines above dots indicate the time periods
compared. The unpaired t-test with Welch’s correction was used for statistical analysis between freshly isolated cells and cells in different culture conditions.
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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50% of HPC1, 3, and 4 cells, and in 70% of HPC2 cells.
Notably, Cxcr4 was expressed in very few HSC1 and 2
cells. 

Effect of granulocyte colony-stimulating factor and
granulocyte/macrophage colony-stimulating factor on
the division of single hematopoietic stem cells and
hematopoietic progenitor cells 

We next compared the effects of SCF alone, SCF + G-
CSF, SCF + GM-CSF, and SCF + TPO on these six popula-
tions by single-cell culture. Figure 2A shows the percent-
age of cells that underwent divisions. Figure 2B shows the
cell number per well at day 7 of culture. SCF supported the
survival of a proportion of HSC1, HPC1, HPC2, and HPC3
cells, and induced their division 1-2 times. However, SCF
alone did not support the survival of most HSC2 and
HPC4 cells. SCF + G-CSF did not support division of
HSC1 more than SCF alone. However, SCF + G-CSF sig-
nificantly increased the number of divisions in HSC2,
HPC1, HPC2, HPC3, and HPC4 cells, leading to a signifi-
cant increase in the cell number per well. SCF + GM-CSF
did not support the division of HSC1, HSC2, HPC1, and
HPC2 cells but significantly increased the number of divi-
sions of HPC3 and HPC4 cells, leading to an increase in
the cell number per well. SCF + TPO significantly
increased the number of divisions and cells per well in
HSC1, HSC2, HPC1, HPC2, and HPC3 cells, but not in
HPC4 cells. These data suggested that the target cells of G-
CSF, GM-CSF, SCF, and TPO were different among HSC
and HPC: SCF acted directly on HSC1, HPC1, HPC2, and
HPC3 cells, but not on HSC2 and HPC4 cells. TPO acted
on HSC1, HSC2, HPC1, HPC2, and HPC3 cells, but not on
HPC4 cells. G-CSF acted directly on HSC2 and HPC1-4
cells, but not on HSC1 cells. GM-CSF acted directly on
HPC3 and HPC4 cells.

Effect of granulocyte colony-stimulating factor on
reconstitution potential

To examine the effect of the cytokines on the reconsti-
tution potential in HSC1 and HSC2 cells, we performed
competitive repopulation assay. Figure 3A shows the per-
centage of CD45.1 cells in the myeloid, B-cell, CD4 T-cell,
and CD8 T-cell lineages after transplantation with HSC1
cells. Compared with freshly isolated cells, the levels of
reconstitution of each lineage in the SCF culture were sig-
nificantly increased after secondary transplantation. The
levels of myeloid and B-cell lineages in SCF + G-CSF or
SCF + GM-CSF cultures were also significantly increased
after secondary transplantation. However, when we com-
pared the reconstitution levels among cultured cells, there
was no significant difference between SCF + G-CSF or
GM-CSF and SCF cultures, suggesting that SCF, but nei-
ther G-SCF nor GM-CSF, increased the long-term reconsti-
tution potential in HSC1 cells. The levels of reconstitution
of each lineage in SCF + TPO culture were significantly
increased in the early months after primary transplanta-
tion, suggesting that this combination of cytokines
increased the short-term reconstitution potential in HSC1
cells. 

Figure 3B shows the percentage of CD45.1 cells in
myeloid, B-cell, CD4 T-cell and CD8 T-cell lineages after
transplantation with HSC2 cells. Freshly isolated HSC2
cells showed B-lymphoid-biased reconstitution. The level
of B-cell lineage reconstitution in SCF and SCF + TPO cul-
tures was significantly lower than that in freshly isolated

cells, whereas that in SCF + G-CSF culture was compara-
ble with that in freshly isolated cells. Taken together, these
data suggested that SCF alone was sufficient to increase
the long-term multilineage reconstitution potential. SCF +
TPO increased the short-term multilineage reconstitution
potential. SCF + G-CSF did not enhance the long-term
myeloid lineage reconstitution potential but maintained
the short-term lymphoid reconstitution potential.

Transplantation of clonally cultured cells
To further clarify the effect of G-CSF on HSC, we per-

formed clonal transplantation assay. Eleven mice in the
control group, 10 mice in the SCF group, 12 mice in the
SCF + G-CSF group, and 4 mice in the SCF + TPO group
were reconstituted (Figure 4). The percentage of
chimerism and its lineage composition in single HSC1
cells varied from one another as reported.16,21 Similar to
freshly isolated HSC1 cells, after one day culture single
HSC1 cells showed a varying degree of reconstitution,
indicating the heterogeneity of HSC.

We used the published criteria of My-bi, Bala, and Ly-bi
HSC,11,12 and LT- and ST-HSC.22 In the control group of
mice, 6 LT-My-bi HSC, 2 ST-Ly-bi HSC, and 3 HPC were
detected (Figure 4A and Online Supplementary Table S5).
After culture with SCF for 7 days, 1 LT-My-bi HSC, 1 ST-
Bala HSC, 4 ST-Ly-bi HSC, and 4 HPC were detected
(Figure 4B and Online Supplementary Table S6). After cul-
ture with SCF + G-CSF, 2 LT-My-bi HSC, 1 ST-My-bi
HSC, 5 ST-Ly-bi HSC, and 4 HPC were detected (Figure
4C and Online Supplementary Table S7). After culture with
SCF + TPO, 3 ST-Ly-bi HSC and 1 HPC were detected
(Figure 4D and Online Supplementary Table S8). These data
showed no difference in reconstitution potential between
SCF and SCF + G-CSF cultures, but the significant reduc-
tion in reconstitution potential after culture with SCF +
TPO. 

To be more precise, LT-My-bi HSC activity was detect-
ed in the mouse transplanted with three cells from SCF
culture (#1 mouse), and similarly, in the mice transplanted
with three cells from SCF + G-CSF culture (#1 and #2
mice) (Figure 4B and C and Online Supplementary Tables S6
and S7). ST-Ly-bi but not LT-My-bi HSC activity was
detected in mice transplanted with >50 cells from SCF +
TPO culture (#1, 2, and 3 mice) (Figure 4D and Online
Supplementary Tables S8). These data suggested the similar
effects of SCF and SCF + G-CSF on LT-My-bi HSC and the
differentiation effect of SCF + TPO, associated with a
number of divisions, on LT-My-bi HSC.

Gene expression of cultured cells
We examined the expression of cytokine receptors in

day 7 cultured cells by single-cell RT-PCR. Gene expres-
sion data are shown as heatmaps in Online Supplementary
Figure S3. Figure 5A depicts the gene expression in individ-
ual cells. Figure 5B depicts the relative expression level of
genes. Consistent with the data in Figure 1C, both c-Kit
and Mpl were expressed in the majority of freshly isolated
HSC1 cells, while Csf3r was expressed in approximately
30% of the cells. After culture with SCF, the percentage of
c-Kit- and Mpl-expressing cells slightly decreased but their
relative expression levels significantly increased.
However, neither the percentage of Csf3r-expressing cells
nor the relative expression level of Csf3r changed.
Interestingly, the percentage of Csf3r-expressing cells
increased after culture with SCF + G-CSF or TPO. The rel-
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ative expression level of Csf3r also increased after culture
with SCF + TPO but not with SCF + G-CSF.  Suppressor
of cytokine signaling (SOCS) family are physiological reg-
ulators of several cytokine signaling.23 Less than 50% of
HSC1 expressed SOCS3 while most HSC1 expressed
SOCS 2-6, approximately 30% of HSC1 expressed
SOCS1, and <30% of HSC1 expressed SOCS7.
Interestingly, the expression of SOCS3, but not the other
SOCS, increased after culture with SCF + G-CSF or TPO
(Online Supplementary Figure S4A and B) suggesting a posi-
tive correlation between Csf3r and SOCS3 expression in
HSC. Members of early growth response gene (Egr) fami-
ly, Egr2 and Egr3, can directly induce SOCS3 expression.24

Egr3, but neither Egr1 nor Egr2, was detected in most cells
(Online Supplementary Figure S4A and B). A very small num-
ber of freshly isolated HSC1 cells expressed Cxcr4, and the
percentage of Cxcr4-expressing cells did not increase after
culture with SCF, SCF + G-CSF, and SCF + TPO. These

data suggested that these cytokines cannot directly upreg-
ulate the expression of Cxcr4.

In culture with SCF or SCF + G-CSF, most HSC1 cells
divided only 1-2 times and then stopped dividing.
However, the multilineage reconstitution potential was
maintained in these cells. To address the question of
whether these cells returned to the quiescent state, we
examined their cell cycle status by single-cell RT-PCR.
Mki-67 antigen is a nuclear protein exclusively expressed
in proliferating cells during all phases of the cell cycle
except G0.25 Mki67 was expressed in a small number of
freshly isolated HSC1 cells. After culture, Mki67 was
expressed in approximately 50%, approximately 60%,
and >95% of cells cultured with SCF, SCF + G-CSF, and
SCF + TPO, respectively, and its relative expression level
was also significantly increased. Both percentage of posi-
tive cells and relative expression level expressions for
Ccne1 and Ccne2 increased in Mki67+ cultured cells. These
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Figure 4. Transplantation of clonally cultured cells. (A) Lineage chimerism of single HSC1 cells. (B) Lineage chimerism of single-cell-derived cells in culture with stem
cell factor (SCF). (C)Lineage chimerism of single-cell-derived cells in culture with SCF + granulocyte colony-stimulating factor (G-CSF). (D) Lineage chimerism of sin-
gle-cell-derived cells in culture with SCF+ thrombopoietin (TPO).  The percentage of the total chimerism was calculated as % (CD45.1+ cells) x 100/% (CD45.1+ cells
+ CD45.2+ cells). The percentage of myeloid lineage chimerism was calculated as (% CD45.1 cells) x (Mac-1/Gr-1+ cells) / (Mac-1/Gr-1+ cells + B220+ cells + CD4+

cells + CD8+ cells), in which (Mac-1/Gr-1+ cells)/(Mac-1/Gr-1+ cells + B220+ cells + CD4+ cells + CD8+ cells) was derived from CD45.1+ cells. The percentage of B-
cell lineage chimerism was calculated as (% CD45.1 cells) x (B220+ cells)/(Mac-1/Gr-1+ cells + B220+ cells + CD4+ cells + CD8+ cells). The percentage of CD4 T-
cell lineage chimerism was calculated as (% CD45.1 cells) x (CD4+ cells)/(Mac-1/Gr-1+ cells + B220+ cells + CD4+ cells + CD8+ cells). The percentage of CD8 T-cell
lineage chimerism was calculated as (% CD45.1 cells) x (CD8+ cells)/(Mac-1/Gr-1+ cells + B220+ cells + CD4+ cells + CD8+ cells). Mice were considered to be recon-
stituted with donor cells when the percentage of donor-derived cells was ≥0.2%. My-bi, Bala, and Ly-bi hematopoietic stem cells (HSC) were defined by the ratio of
lymphocytes to myeloid cells (L/M ratio) in the peripheral blood 6 months after transplantation. My-bi HSC were defined by the L/M ratio <3, Ly-bi HSC were defined
by the L/M ratio >10, and Bala HSC were defined by 3 < L/M < 10. Long-term (LT)-HSC were defined when the percentage of myeloid cells maintained or increased
by 6 months after transplantation. Short-term (ST)-HSC were defined when the percentage of myeloid cells decreased by 6 months, with myeloid, B-lymphoid, and 
T-lymphoid lineage reconstitution at a time after transplantation. HPC were defined when one or two lineages lacked from the definition of ST-HSC.  
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Figure 5. Single-cell real-time-polymerase chain reaction (RT-PCR)  of cultured HSC1 cells. (A) Gene expression in a single cell. One column represents one gene,
and a row represents a single cell. Gene-expressing cells are shown as dots, which are defined by the threshold cycle (Ct) value < 27.65. (B) Violin density plots show
the relative gene expression levels of gene-expressing cells. The relative expression level is defined as the (27.65-Ct) values. Statistical significance was analyzed by
ANOVA with Tukey’s multiple comparisons test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns: not significant.
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data suggested that HSC1 cells were quiescent in the
steady state. After culture, most cells were continuously
cycling in SCF + TPO, while approximately half of the
cells were cycling in SCF or SCF + G-CSF. 

Cell cycle progression is regulated by Cdkn1a (p21),
Cdkn1b (p27), and Cdk1c (p57).26 p21 was not expressed in
the majority of freshly isolated Mki67– cells (Figure 5) but
p21 was expressed in most Mki67+ cells after culture; in
particular, in SCF + TPO, its relative expression level was
significantly increased. Interestingly, p27 was expressed in
most freshly isolated Mki67– cells as well as most Mki67+

cells after culture. p57 was expressed in some of freshly
isolated Mki67– cells, and also in some Mki67+ cells after
culture; however, its relative expression level was
decreased after culture. These data suggested that p21 was
expressed in cycling cells while p57 was expressed in
some quiescent cells. p27 was expressed in both quiescent
cells and cycling cells.

Discussion

Functionally distinct HSC have been classified into My-
bi, Bala, and Ly-bi HSC; α, b, and γ cells; or ST- and LT-
HSC by different criteria. However, these classified cells
overlap one another.22 Particularly, My-bi HSC overlap LT-
HSC, and Ly-bi HSC overlap ST-HSC. In this study, by
definition, we detected LT-My-bi HSC and ST-Ly-bi HSC
at the single-cell level. We used HSC1 and HSC2 cells as
highly purified HSC. HSC1 cells are significantly enriched
in LT-My-bi HSC, while HSC2 cells are significantly
enriched in ST-Ly-bi HSC.16,18-21 As shown in clonal trans-
plantation, however, a small proportion of HSC1 con-
tained ST-Ly-bi HSC (Figure 4A). Therefore, ST-Ly-bi HSC
co-existed with LT-My-bi HSC in HSC1. We used HPC1,
HPC2, HPC3, and HPC4 as highly purified HPC. We have
recently shown that LT-HSC can be similarly detected in
HSC1 and HPC1 cells.21 However, this study showed that
Csf2rb expression in HPC1 was significantly greater than
in HSC1 (Figure 1C), and HPC1 but not HSC1 cells
responded to G-CSF in single-cell culture (Figure 2A).

HSC1 and HPC1 as populations remained functionally
distinct. 

Hematopoietic cytokines play a critical role in the regu-
lation of hematopoiesis. In this study, we examined the
effects of SCF, TPO, G-CSF, and GM-CSF on HSC1, HSC2,
HPC1, HPC2, HPC3, and HPC4. SCF/c-Kit signaling plays
an important role in hematopoiesis, particularly in the
interaction of HSC and their niche, as shown by studies of
W and Steel mutant mice.27,28 It has recently been reported
that SCF is a niche factor from endothelial cells and
perivascular stromal cells to maintain HSC.29 Li and
Johnson were the first to report that SCF is a survival fac-
tor of HSC in culture. We now confirmed their finding by
transplantation assays (Figures 3 and 4). SCF alone was
sufficient to support the survival of LT-HSC. Clonal trans-
plantation assay showed that LT-HSC activity was detect-
ed in progeny from single LT-HSC. Therefore, self-renew-
al division took place in SCF culture (Figure 4B and Online
Supplementary Table S6). Interestingly, HSC stopped divid-
ing after 1-2 times in SCF culture (Figure 2). Single-cell RT-
PCR suggested that some cells may be non-cycling, based
on the expression of Mki67 (Figure 5). The role of p57 in
regulating HSC quiescence has been suggested.30,31

However, we showed that p57 was not upregulated in
Mki67– cells by SCF. p21 was expressed in the continuous-
ly cycling cells in Mki67+ cells from SCF + TPO culture,
but not Mki67– cells from freshly isolated cells. p21 expres-
sion was upregulated in Mki67– cells after SCF culture,
compared to Mki67– cells from freshly isolated cells (Figure
5). These 'stop-dividing' cells may differ from the quies-
cent state in vivo at the molecular level. It would be inter-
esting to see the functional difference between G0 and
pseudo-G0 HSC.

Mpl was the second highly expressed receptor in HSC
and HPC (Figure 1C). SCF and TPO synergistically acted
on HSC1, HSC2, HPC1, HPC2, and HPC3, but they did
not exert much action on HPC4 because the percentage of
division and colony sizes in HPC4 were significantly
smaller than those in the others (Figure 2B). Consistent
with our data, it has been reported that deletion of TPO
did not affect the number of CD34+FLT3+KSL cells but sig-
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Figure 6. Cytokine network at the early stage of hematopoiesis. The
model shows the cytokine network among HSC1, HSC2, HPC1, HPC2,
HPC3, and HPC4. HSC1 cells respond to stem cell factor (SCF) and
thrombopoietin (TPO). HSC2 cells respond to TPO and granulocyte
colony-stimulating factor (G-CSF). HPC1 and HPC2 cells respond to SCF,
TPO, and G-CSF. HPC3 cells respond to SCF, TPO, G-CSF, and GM-CSF.
HPC4 cells respond to G-CSF and GM-CSF. 



nificantly reduced that of CD34+/–FLT3– KSL cells.32 It also
has been reported that deletion of TPO or Mpl results in
the increase of cycling of HSC and subsequent reduction
of the pool of quiescent HSC in mice.32,33 

TPO in synergy with SCF promoted rapid division of
HSC in vitro (Figures 2 and 5). SCF + TPO transiently
increased the level of ST reconstitution but this was sub-
stantially decreased in LT reconstitution (Figures 3A, 4D,
and Online Supplementary Table S8). In this study, SCF +
TPO supported the differentiation more than self-renewal
in HSC. However, HSC may behave differently, depend-
ing on different culture conditions as recently reported.34
It has also been recently reported that a low concentration
of SCF and TPO can maintain HSC quiescent HSC in
vitro.35 TPO may have different roles in the regulation of
HSC under different conditions.

About 30% of HSC1 expressed Csf3r, but either G-CSF
alone or G-CSF + SCF did not induce their division at all
(Figure 2A and data not shown). SCF + G-CSF did not
increase LT reconstitution level more than did SCF alone
(Figures 3A, 4B and C, and Online Supplementary Tables S6
and S7). Csf3r expression was upregulated in SCF + G-CSF
culture (Figure 5). The percentage of SOCS3+ cells
increased in Csf3r+ cells after SCF + G-CSF culture (Online
Supplementary Figure S4A). SOCS3 may play a negative
role in G-CSF signaling in LT-HSC as reported for G-CSF-
driven granulopoiesis.36,37 As a result, most Csf3r+ LT-
HSCs do not respond to G-CSF. Only approximately 10%
of Csf3r+ cells responded to G-CSF and continuously divid-
ed more than three times and differentiated (Figure 2A),
presumably escaping from the negative regulation by
SOCS3. SCF + G-CSF maintained the reconstitution
potential of HSC2 in vitro (Figure 3B), supporting a previ-
ous study demonstrating that SCF + G-CSF maintains B-
lymphoid potential in culture.38 Taken together, these data
suggested that c-Kit and G-CSFR signaling in ST Ly-bi
HSC is regulated differently from that in LT My-bi HSC.

Previously, HSC were stained with carboxyfluorescein
diacetate succinimidyl ester (CFSE), their division was fol-
lowed by CFSE intensity, and the function of CFSE-
labeled HSC was examined through serial transplantation.
This in vivo HSC division tracking study reported that G-
CSF did not induce self-renewing division of HSC.6

Similarly, the other group, using H2B-GFP label retaining
system, also reported that G-CSF did not stimulate LT-
HSC.7 Supporting these studies, this study showed that G-
CSF did not directly act on LT-My-bi HSC in vitro.

Our conclusions of the G-CSF effect may contradict pre-
vious studies.3-5,10 The levels of previous HSC purifications
were not as high as ours, as they contained a mix of LT-
My-bi HSC, ST-Ly-bi HSC, and HPC; serum was used in
culture; some experiments lacked an appropriate control;
the follow-up period after transplantation was not long
enough to distinguish ST-Ly-bi HSC from LT-My-bi HSC
by our definition; and experimental conditions differed.
These differences may account for the discrepancies. 

GM-CSF receptor is composed of two subunits, α and b.
The α subunit binds GM-CSF with low affinity, while b
subunit has no binding capacity by itself but forms a high
affinity receptor with α subunit and plays a role in signal
transduction.39,40 Our data showed that most HSC and
HPC populations did not express Csf2ra, but most HPC1
and half of HSC2, HPC3, and HPC4 expressed Csf2rb.
Only HPC2, HPC3 and HPC4 responded to GM-CSF.
These data showed that target cells of GM-CSF differ

from those of G-CSF, and particular progenitors can
receive signals from both G-CSF and GM-CSF.

Cxcl12 is also considered to be a niche factor synthe-
sized by bone marrow stromal cells.9,41,42 Deletion of
Cxcl12 from the BM, or its receptor, Cxcr4, from
hematopoietic cells reduced HSC in the BM, indicating
their roles in HSC retention.9,41-43 In agreement with this,
successful mobilization of HSC and HPC from BM into
the circulation has been achieved by the use of G-CSF or
Cxcr4 antagonists through the disruption of the
Cxcr4/Cxcl12 interaction.44,45 In this study, however, we
detected little expression of Cxcr4 in HSC (Figure 1C)
even after stimulation with SCF, SCF + G-CSF, and SCF +
TPO for 7 days (Figure 5). At least some HSC may not
express Cxcr4 and be mobilized via Cxcr4-independent
mechanism. As Cxcr7 has been reported as a new candi-
date receptor for Cxcl12.46 Nevertheless, more precise
mechanisms of HSC mobilization by G-CSF should be
clarified.

Hematopoiesis is a blood formation process depicted as
a hierarchy with self-renewing HSC ranking at the apex.
In our model (Figure 6), HSC1 cells resides at the top rank,
HSC2 and HPC1 cells reside at the second rank, and
HPC2, HPC3, and HPC4 cells reside at the third rank. SCF,
G-CSF, GM-CSF, and TPO act on different cell types, sup-
porting the concept that cytokines exhibit multiple func-
tions affecting cells at different developmental stages.47 In
addition, based on the cytokine responses, two major dif-
ferentiation pathways from LT-HSCs are suggested: (1)
the HSC1-HPC1-HPC2 pathway represents the myeloid
differentiation pathway;19 and (2) the HSC1-HSC2-
HPC3/4 pathway represents the lymphoid differentiation
pathway. LT-HSC differentiated into either ST-HSC or
myeloid progenitors like common myeloid progenitors.
ST-HSC further give rise to LMPP which lose the response
to SCF and TPO (Figure 2B), consistent with the decreased
self-renewal ability and megakaryocyte potential in
LMPP.48 G-CSF is involved in both the myeloid and lym-
phoid differentiation pathways, regulating the prolifera-
tion of myeloid progenitors while maintaining Ly-bi HSC.
In this regard, G-CSF works as a multipotent factor in
hematopoiesis. Collectively, this cytokine network model
indicates that different cytokines play a role in different
differentiation pathways. 

This study showed that LT-My-bi HSC do not respond
to G-CSF, suggesting that HSC in healthy donors are pro-
tected from the proliferation and sequential exhaustion
after G-CSF administration. G-CSF enhanced the efficacy
of chemotherapy for eliminating leukemia stem cells
without affecting the survival of normal HSC in the
mouse acute myeloid leukemia (AML) model.49 A large
randomized clinical trial of G-CSF in AML patients
showed that priming AML cells with G-CSF reduced the
rate of relapse and improved disease-free survival without
affecting hematologic recovery.50 These studies together
with our own suggested that normal HSC are protected
from the cytotoxic effect of chemotherapy when G-CSF is
injected before chemotherapy.
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Hematopoietic stem and progenitor cells (HSPC) are crucial in the
maintenance of lifelong production of all blood cells. These stem
cells are highly regulated to maintain homeostasis through a delicate

balance between quiescence, self-renewal and differentiation. However, this
balance is altered during the recovery after HSPC transplantation.
Transplantation efficacy can be limited by inadequate hematopoietic stem
cell number, poor homing, low level of engraftment, or limited self-renewal.
As recent evidence indicates that estrogens are involved in regulating
hematopoiesis, we sought to examine whether natural estrogens (estrone or
E1, estradiol or E2, estriol or E3 and estetrol or E4) modulate human HSPC.
Our results show that human HSPC subsets express estrogen receptors, and
that signaling is activated by E2 and E4 on these cells. Additionally, these
natural estrogens cause different effects on human progenitors in vitro. We
found that both E2 and E4 expand human HSPC. However, E4 was the best
tolerated estrogen and promoted cell cycling of human hematopoietic pro-
genitors. Furthermore, we found that E2 and, more significantly, E4 doubled
human hematopoietic engraftment in immunodeficient mice without alter-
ing other HSPC properties. Finally, the impact of E4 on promoting human
hematopoietic engraftment in immunodeficient mice might be mediated
through the regulation of mesenchymal stromal cells in the bone marrow
niche. Collectively, our data demonstrate that E4 is well tolerated and
enhances human reconstitution in immunodeficient mice directly, by mod-
ulating human hematopoietic progenitor properties, and indirectly, by inter-
acting with the bone marrow niche. This might have particular relevance for
improving hematopoietic recovery after myeloablative conditioning, espe-
cially when limited numbers of HSPC are available.

Natural estrogens enhance the engraftment of
human hematopoietic stem and progenitor
cells in immunodeficient mice
Sara Fañanas-Baquero,1,2 Israel Orman,1,2 Federico Becerra Aparicio,1,2 Silvia
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ABSTRACT

Introduction

Hematopoietic stem cells (HSC) are a rare cell population resident in the bone mar-
row (BM) of adult mammals and are at the top of a hierarchy of progenitors that
become progressively restricted to several or a single blood lineage. HSC are capable
of self-renewal and multipotent differentiation to all blood cell lineages,1 and are cru-
cial for the maintenance of lifelong production of all blood cells. They are homeosta-
tically regulated through a delicate balance between quiescence, self-renewal and dif-
ferentiation. Although HSC divide infrequently, they are activated to proliferate in
response to BM injury to re-establish homeostasis.2 Transplantation of hematopoietic
stem and progenitor cells (HSPC) is routinely used to reconstitute hematopoiesis after
myeloablative regimens to treat leukemia or hematopoietic genetic diseases.
However, the efficacy of HSPC transplantation can be limited by inadequate cell



numbers, poor homing, low engraftment, or differentiation
stress of the HSPC. Different approaches have been
attempted to solve these problems, such as using different
sources of HSPC,3-5 ex vivo expansion of HSPC6-10 or stimu-
lating the HSPC by accessory molecules11,12 or cells.13

However, these approaches require a profound understand-
ing of HSPC regulation and how the properties of the cells
can be boosted to maximize their efficacy at reconstituting
a patient’s blood system after HSPC transplantation.1,14

Estrogen is the primary female sex hormone and, apart
from its known role in the reproductive system, it is respon-
sible for controlling many cellular and molecular processes,
including growth and differentiation. Estrogens act through
genomic or nuclear signaling and non-genomic or mem-
brane-initiated steroid signaling (MISS), modulating intra-
cellular second messengers.15 The four major naturally-
occurring estrogens in women are estrone (E1), estradiol
(E2), estriol (E3) and estetrol (E4). E1 is the predominant
estrogen in postmenopausal women. E2 is considered the
active estrogen during the estrous cycle. E3 and E4 are syn-
thesized during pregnancy by the placenta and fetal liver,
respectively, but their physiological roles are essentially
unknown.16

Recent evidence indicates that E2 is involved in regulating
the proliferation and lineage commitment of HSC,17

although the studies are few and their results are sometimes
contradictory. E2 treatment was able to specifically increase
the number of vascular HSC, but the long-term repopulat-
ing capacity of the HSC was limited.18 Additionally, this E2
was shown to promote the cell cycle of HSC and multipo-
tent progenitors (MPP) and increase erythroid differentia-
tion in females, also during pregnancy.19 Furthermore, E2
favors hematopoietic regeneration through the activation of
telomerase activity20-22 and the stimulation of the unfolded
protein response on mouse HSC, which sustains protein
homeostasis to favor hematopoietic regeneration.23 In con-
trast, tamoxifen, whose active metabolite (4-hydroxyta-
moxifen) acts as an estrogen receptor antagonist, reduces
the number of MPP and short-term HSC but activates the
proliferation of long-term HSC.24 In addition, E2 might
modulate HSC indirectly through activating BM mesenchy-
mal stromal cells (MSC). E2 treatment has been described
to activate MSC osteogenic differentiation and also pro-
motes the secretion of granulocyte-macrophage colony-
stimulating factor and interleukin 6, which increased the
number of HSC by modulating their niche.25 Therefore,
estrogen-mediated regulation of HSPC can also indirectly
change the HSC BM niche. For that reason, a full under-
standing of the role of estrogens in HSC regulation is essen-
tial in order to be able to further develop the clinical poten-
tial of these hormones.

Here, we have examined the impact of natural estrogens
on human HSPC. Ex vivo, E2 and E4 treatment expanded
human HSPC and, more importantly, the administration of
E4 to immunodeficient mice previously transplanted with
human HSPC enhanced the level of engraftment of human
hematopoietic cells.

Methods

Human cord blood-CD34+ cell samples and bone mar-
row mesenchymal stromal cells

Umbilical cord blood samples (CB) from healthy donors were
provided by the Centro de Transfusión de la Comunidad de

Madrid. All samples were collected with written consent and
agreement from the Centro de Transfusión de la Comunidad de
Madrid‘s institutional review board (number PKDEFIN
[SAF2017-84248-P]). Mononuclear cells were obtained by frac-
tionation in Ficoll-hypaque according to the manufacturer’s rec-
ommendations (GE Healthcare). Purified CB-CD34+ cells were
obtained using a MACS CD34 Micro-Bead kit (Miltenyi Biotec).
Cells were frozen in 10% dimethyl sulfoxide solution and stored
in liquid nitrogen until their use.

Mononuclear cells from human BM were obtained by Ficoll-
Paque Plus density gradient separation from heparinized BM
samples obtained from healthy donors after informed consent.
All the procedures were in accordance with the Helsinki
Declaration of 1975, and its revision in 2000. Samples were cul-
tured at 1.6×105 cells/cm2 in MesenCult medium plus supple-
ments for human cells (Stemcell Technologies). After 24 h, non-
adherent cells were discarded. Fresh medium was added and
replaced twice a week. At 80% confluence, adherent cells were
trypsinized, washed, and seeded at 4×103 cells/cm2. In all the
experiments, BM-MSC were used at passages 5 to 8.

Hematopoietic cell transplant protocol in 
immunodeficient mice

All the mice were kept under standard pathogen-free condi-
tions in the animal facility of CIEMAT. All animal experiments
were performed in compliance with European and Spanish leg-
islation and institutional guidelines. The protocol was approved
by Consejeria de Medio Ambiente y Ordenación del Territorio
(protocol number PROEX 078/15). 

CB-CD34+ cells were administered through the tail vein of
female or male NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice sub-
lethally irradiated the day before the transplant with 1.5 Gy.
Three days later, the animals were treated with vehicle (olive oil)
or daily doses of either E2 or E4 (2 mg of estrogen per day)
intraperitoneally for 4 days. Four months after transplantation,
the mice were sacrificed and BM was collected from the long
bones of these animals. Additionally, when analysis of the
hematopoietic niche was involved, the long bones were flushed,
cut into small pieces and crushed before being digested with 200
U/mL collagenase IV/2 mg/mL DNaseI in Hanks balanced salt
solution at 37°C for 45 min. Human engraftment was analyzed
by flow cytometry (LSR Fortessa; BD). The cells were stained
with hCD45-APCCy7 and hCD3-APC (BioLegend), hCD45-
FITC, hCD33-PE, hCD19-FITC and hCD235a-FITC (Beckman
Coulter), hCD34-Pecy5 (Immunotech), hCD38-PE, hCD90-
APC, mCD45.1-PE, mCD45.1-Biotin and Ter119-Biotin (BD),
mCD140a-APC (Pdgfra-APC, eBiosience) and mCD144-PE (VE-
Cadherin-PE, eBiosience). DAPI-positive cells were excluded
from the analysis. FlowJo software was used for the analyses.

Additionally, the hCD45+ population from primary mice was
sorted in an Influx Cell Sorter (BD) and 1x106 hCD45+ cells were
transplanted into sublethally irradiated female secondary NSG
recipients. Four months later, the animals were sacrificed and
analyzed as previously described.

Results

Engraftment of human cord blood CD34+ cells 
is favored in female immunodeficient mice

It has been previously described that the engraftment of
highly purified human HSC (Lin-CD34+CD38-

CD90+CD45RA-) is improved when these cells are trans-
planted into immunodeficient female recipients, as com-
pared to male recipients.26 To investigate whether this
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enhanced engrafting potential in female recipients was also
present in CB-CD34+ cells, we transplanted different
amounts of HSPC into sublethally irradiated animals. As
occurred when highly purified HSC were transplanted, we
observed higher engraftment of human HSPC in female
NSG animals than in their male counterparts (Figure 1A).
Four months after the transplantation of 5x104 CB-CD34+

cells, human engraftment in mouse BM was 61.06±26.07%
(mean ± standard deviation) in female mice and
18.94±13.93% in male mice. Interestingly, this impairment
in engrafting potential in males was even greater when only
5x103 CB-CD34+ cells were transplanted (38.74±30.42% BM
cells were of human origin in female animals versus only
0.19±0.27% in male animals) (Figure 1B). Therefore, engraft-
ment of human cells was from 3.2- to >200-fold greater in
female recipients than in male recipients when 5x104 or
5x103 CB-CD34+ cells, respectively, were transplanted.
Additionally, there were no differences in the percentages of
myeloid, B, T cells or HSPC (hCD34+, hCD34+hCD38- and
hCD34+hCD38-hCD90+ cells) between the human engrafted
cells (Online Supplementary Figure S1). These data highlight
the importance of the gender of the NSG mouse recipients
to facilitate the engraftment of human HSPC.

Human hematopoietic stem and progenitor cell 
subsets expressed both ESR1 and ESR2  

To understand the potential role of sex hormones in the
observed differences of human hematopoietic engraft-
ment between male and female recipient mice, we ana-
lyzed the expression of the two main estrogen receptors,
ESR1 and ESR2, in CB-CD34+ cells. As shown by
immunostaining analysis (Figure 2A and B), most CD34+

cells were positive for ESR1, while ESR2 staining was dim-
mer in CD34+ cells (Figure 2A and B; Online Supplementary
Figure S2A). Additionally, to investigate the differential

expression of these receptors in the hematopoietic pro-
genitors, different populations of HSPC, such as
HSC/MPP (CD34+CD38-CD45RA-), multilymphoid pro-
genitors (MLP, CD34+CD38-CD45RA+) and committed
hematopoietic progenitors (CD34+CD38+), were sorted
out (Online Supplementary Figure S2B) and the expression
of both estrogen receptors was determined by quantita-
tive reverse transcriptase polymerase chain reaction (qRT-
PCR). Both ESR1 and ESR2 were expressed in HSC, MLP
and in more committed hematopoietic progenitors (Figure
2C and D; Online Supplementary Figure S2C). ESR1 expres-
sion tended to be upregulated between HSC/MPP and
MLP compartments to decrease again in the most commit-
ted hematopoietic progenitors (Figure 2C). In contrast,
ESR2 expression seemed to follow an opposite pattern
with high values in both HSC/MPP and committed
hematopoietic progenitors but reduced levels in the MLP
cell population (Figure 2D). In both cases, although some
tendencies were observed, no statistically significant dif-
ferences were documented. Like ESR1 and ESR2, the
newly identified estrogen receptor, GPER1, was also
detected by RT-PCR in CB-CD34+ cells from different
donors (Online Supplementary Figure S2D). Consequently,
human HSPC might respond to natural estrogens through
any of the estrogen receptors.

Natural estrogens modified human hematopoietic stem
and progenitor cells in vitro

Once we had demonstrated that both estrogen recep-
tors were expressed in HSPC, we wanted to investigate a
potential direct effect of estrogens on human HSPC. We
cultured CB-CD34+ cells for 4 days with a range of con-
centrations, from 10 nM to 500 mM, of the four natural
estrogens (E1, E2, E3 and E4). As shown in Figure 3A, E1
and E3 reduced the expansion of the cells in culture prac-
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Figure 1. Human hematopoietic stem and progenitor cells show superior hematopoietic engraftment in female NSG mice than in male ones. (A) Representative
flow cytometry analyses of human engraftment of 5x104 umbilical cord blood CD34+ (CB-CD34+) cells into sublethally irradiated female (left panel) and male (right
panel) NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice 4 months after transplantation. (B) Percentage of human hematopoietic cells, hCD45+, in the bone marrow of female
(F) or male (M) animals transplanted with 5x103 or 5x104 CB-CD34+cells. Data were obtained from six independent biological replicates and are presented by dots
and box-plots that represent the interquartile range (p75, upper edge; p25, lower edge; p50, midline; p95, line above the box; and p5, line below the box). Statistical
significance was analyzed by the Mann-Whitney U test; **P<0.01 and ****P<0.001.

A B



tically at any of the concentrations used. On the other
hand, the lowest concentrations of E2 and E4 promoted
the expansion of these cells, but at high doses they
impaired cell growth. A similar behavior was detected
when different subpopulations of hCD34+ cells were ana-
lyzed (Figure 3B; Online Supplementary Figure S3A-E). E1
prevented the expansion of hCD34+hCD38- cells (Online
Supplementary Figure S3C), MLP (Online Supplementary
Figure S3D), MPP (hCD34+hCD38-hCD90-hCD45RA-)
(Online Supplementary Figure S3E) and most primitive HSC
(hCD34+hCD38-hCD90+hCD45RA-) (Figure 3B). The data
for the rest of the tested estrogens showed an apparent
amplification of these primitive populations when low
concentrations of the hormones were used, but at the
highest concentrations, they were toxic (Figure 3B; Online
Supplementary Figure S3C-E). It is important to highlight
that the best tolerated estrogen was E4. Concentrations up
to 10 mM of E4 seemed not to be detrimental to any of
these HSPC subsets, including primitive HSC. In contrast,
E2 induced apoptosis of HSPC at high doses (Online
Supplementary Figure S3F and G), as previously described
for this estrogen and tamoxifen.24,27 However, only human
HSPC cultured in the presence of the highest concentra-
tion of E4 showed some induction of apoptosis.
Furthermore, we analyzed the cell cycle of CB-CD34+ cells

after 4 days of culture in the presence of 100 nM E2 or E4.
Estrogens, particularly E4, induced an increment of cells in
G2/M phase (Figure 3C; Online Supplementary Figure S3H),
which might explain the tendency of these two estrogens
to expand human hematopoietic progenitors. 

Previously, E2 was described to have a positive role in
enhancing both CB-CD34+ cell proliferation and in vitro
hematopoietic progenitor potential after more than week
of in vitro treatment.28 Hence, we cultured human HSPC in
the presence of the lowest and best tolerated doses of E2
or E4 for 8 days. We detected a significant expansion of
human progenitors with E4 at all the concentrations tested
(Figure 3D). A similar effect was identified with 100 nM
E2. The better tolerance of E4 over E2 was confirmed,
since all the tested concentrations of E4 were non-toxic to
CB-CD34+ cells (Figure 3D). The in vitro functionality of
the estrogen-treated HSPC was assessed with colony-
forming unit (CFU) assays. We did not observe any differ-
ences among the groups in CFU numbers or CFU types
(Online Supplementary Figure S3I). 

In order to assess which estrogen receptor was involved
in the effect of these molecules in human HSPC, the cell
cycle of CB-CD34+ was determined in the presence of
these two estrogens together with either ESR1 antagonist
(MPP), ESR2 antagonist (PHTPP) or GPER1 antagonist (G-
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Figure 2. Human hematopoietic stem and pro-
genitor cells express estrogen receptors. (A)
Representative immunofluorescent image of
umbilical cord blood CD34+ (CB-CD34+)  cells
stained with anti-ESR1 (green), anti-hCD34 (red)
and DAPI (blue). The insert, showing ESR1+ CD34+

cells (marked with arrows), is an enlargement of
the white boxed area. (B) Representative immuno-
fluorescent image of CB-CD34+ cells stained with
anti-ESR2 (green), anti-hCD34 (red) and DAPI
(blue). The insert, showing ESR2+ CD34+ cells
(marked with arrows), is an enlargement of the
white boxed area. (C) Qualitative real-time poly-
merase chain reaction (qRT-PCR) analysis of
ESR1 expression of sorted hematopoietic stem
cells/multipotent rogenitors (HSC/MPP:
hCD34+hCD38-hCD45RA-), multilymphoid progeni-
tors (MLP: hCD34+hCD38-hCD45RA+) and commit-
ted hematopoietic progenitors (Hem Prog:
hCD34+hCD38+). (D) qRT-PCR analysis of ESR2
expression of sorted HSC/MPP, MLP and
hematopoietic progenitors. Data were obtained
from three biological replicates and are presented
as the mean ± standard deviation. Statistical sig-
nificance was analyzed by one-way analysis of
variance with the Fisher least significant differ-
ence test: no significant differences were found.
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15). Treatment with E2 or E4 alone tended to increase the
percentage of cells in S/G2/M-phase as previously
described; however, the addition of ESR2 antagonist
seemed to block the increase of cells in S/G2/M-phase
induced by E4 (Online Supplementary Figure S3J). Less clear-
ly, ESR1 and GPER1 antagonists seemed to reduce the
number of cells in S/G2/M-phase in E2-treated HSPC. We
also assessed the expression of ESR1 and ESR2 in human
HSPC cultured with estrogens for 4 days by immunofluo-
rescence analysis (Online Supplementary Figure S3K and L).
While ESR1 fluorescence intensity increased slightly but
significantly with 100 nM of E2 or E4 (Online
Supplementary Figure S3K and M), ESR2 expression was
significantly increased in the presence of both E2 and E4
(Online Supplementary Figure S3L and N). Moreover, estro-

gen treatment increased the percentage of human HSPC
showing a polarized localization of ESR1 at the membrane
(Online Supplementary Figure S3K and O). Furthermore, the
treatment with estrogens enhanced the percentage of
hCD34+ cells with cytoplasmic localization of ESR2
(Online Supplementary Figure S3L and P). 

Collectively, these data indicate that natural estrogens
regulate human HSPC through the signaling of estrogen
receptors.  

E2 and E4 increased the number of human 
hematopoietic stem and progenitor cells in an 
in vitro model of human hematopoietic niche

Subsequently, we investigated the indirect effect of E2
and E4 on HSPC in an in vitro model of the human
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Figure 3. Natural estrogens affect human hematopoietic stem and progenitor cells differently. (A) Total number of estrogen-treated hematopoietic stem and pro-
genitor cells (HSPC) after 4 days in culture. Different concentrations (10 nM, 100 nM, 1 mM, 10 mM, 100 mM and 500 mM) of the natural estrogens (E1, E2, E3 and
E4) were used. (B) Total number of hematopoietic stem cells (HSC: hCD34+hCD38-hCD90+hCD45RA-) after 4 days in culture. Different concentrations (10 nM, 100
nM, 1 mM, 10 mM, 100 mM and 500 mM) of the natural estrogens (E1, E2, E3 and E4) were used. (C) Cell cycle analysis of HSPC treated with 100 nM E2 or E4.
G0/G1-phase (left panel), S-phase (middle panel) and G2/M-phase (right panel). (D) Total cell number of estrogen-treated HSPC after 8 days in culture. Data were
obtained from three to five biological replicates and are presented as mean ± standard deviation. Statistical significance was analyzed by one-way analysis of vari-
ance with the Fisher least significant difference test: *P<0.05 and **P<0.01.
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hematopoietic niche. CB-CD34+ cells were co-cultured on
an irradiated human BM-MSC layer in the presence of 100
nM or 1 mM of E2 and E4 (Online Supplementary Figure
S4A). We analyzed the expansion of the hematopoietic
cells in two ways: (i) after 1 week of co-culture (Figure 4),
and (ii) after 4 weeks of co-culture with the estrogen pres-
ent only during the first week (Online Supplementary Figure
S4C and D). From 10 nM to 1 mM of E4 and the lowest
concentration of E2 increased the hematopoietic cells in
the culture in the first week of co-culture (Figure 4A).
Likewise, the number of hCD34+ cells in the co-culture
was significantly higher following treatment with E4 or 10
nM E2 than in the control group (Figure 4B; Online
Supplementary Figure S4B). However, we could not detect
significant differences in the functionality of the hCD34+

cells in CFU assays (Figure 4C). Furthermore, the effect of
these two estrogens on the expansion of human
hematopoietic cells or hCD34+ cells did not seem to be
enhanced after 4 weeks in co-culture with an initial single
dose (Online Supplementary Figure S4C and D).
Consequently, the positive effect of E2 and E4 on HSPC
also occurs in an in vitro model of the human hematopoi-
etic niche.

E2 and E4 boosted human hematopoietic engraftment
in immunodeficient mice 

To better evaluate the impact of E2 and E4 on the prop-
erties of HSPC, we transplanted 5x104 human CB-CD34+

cells into sublethally irradiated male NSG mice, in order to
avoid any additional effects of endogenous estrogens of
female recipient mice, and 3 days later treated the animals
with vehicle or daily low doses of either E2 or E4 (2 mg of
estrogen per day) for 4 days (Figure 5A). Human
hematopoietic engraftment was evaluated in the mouse
BM by FACS analysis 4 months after transplantation
(Online Supplementary Figure S5A). Surprisingly, the human
hematopoietic contribution was significantly higher in the
estrogen-treated animals than in vehicle-treated ones

(Figure 5B; Online Supplementary Figure S5A). None of the
estrogens altered the normal distribution of human
hematopoietic lineages within the hCD45+ population
(Online Supplementary Figure S5B-D). More importantly, E4
administration significantly enhanced the hCD34+ cell
population in male NSG mice (Figure 5C). No increase in
the presence of the more primitive compartment,
hCD34+hCD38-, was observed (Figure 5D). To explore the
impact of the estrogen treatment on the long-term HSC,
secondary transplants were performed. One million
hCD45+ cells, purified from the BM of the primary recipi-
ents, were transplanted into sublethally irradiated female
NSG mice. As shown in Figure 5E, the estrogen-treated
human hematopoietic cells maintained their long-term
engraftment potential without any observable problem in
human hematopoietic reconstitution or any abnormal
proliferation. This led us to conclude that these two estro-
gens, particularly E4, enhance in vivo human hematopoiet-
ic engraftment in male immunodeficient mice.

To study this finding in more depth, we transplanted
limited numbers of human HSPC (5x103 CB-CD34+

cells/mouse), into male NSG mice, which were subse-
quently treated with vehicle, E2 or E4 as previously
described. The percentage of mice positive for human
engraftment, defined as animals in which hCD45+ cells
constituted more than 0.1% of the cells in the mouse BM
4 months after transplantation, tended to increase after
estrogen treatment (Online Supplementary Figure S5E).
Moreover, the human hematopoietic chimerism of the
positive animals seemed to be higher in the group treated
with E4 than in the group given the vehicle (Online
Supplementary Figure S5F). So, E2 and E4 might be able to
improve the engraftment of human HSPC even when a
very limited number of cells are transplanted.

To explore whether the enhancement of engraftment
mediated by estrogens occurred in female recipients as
well, we repeated the transplant of this very low number
of CB-CD34+ cells into sublethally irradiated female NSG
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Figure 4. The impact of E2 and E4 on hematopoietic stem and progenitor cells in an in vitro model of the human hematopoietic niche. (A) Total hematopoietic
cells after 1 week of co-culture with human bone marrow mesenchymal stromal cells (BM-MSC) in the presence of estrogens. (B) Total hCD34+ cells after 1 week of
co-culture with human BM-MSC in the presence of estrogens. (C) Colony-forming units (CFU) derived from hematopoietic stem and progenitor cells after 1 week of
co-culture with human BM-MSC in the presence of estrogens. Data were obtained from three to six biological replicates and are presented as the mean ± standard
deviation. The statistical significance was analyzed by one-way analysis of variance with the Fisher least significant difference test: *P<0.05 and **P<0.01.
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nice. As shown in Online Supplementary Figure S5G, human
engraftment 4 months after transplantation tended to
increase in the female animals treated with either of the
two estrogens, although differences between groups were
not statistically significant. The percentages of hematopoi-
etic progenitors within the human population did not
show larger differences between vehicle- and estrogen-
treated animals (Online Supplementary Figure S5H).
Consequently, there is no clear effect of E2 or E4 on the
engraftment of human HSPC in female animals.

E4 affects mesenchymal stromal cells within the
mouse hematopoietic niche 

To obtain further insight into the positive impact of
estrogens on promoting human hematopoietic engraft-
ment, we assessed whether estrogens act in vivo on human

HSPC to promote hematopoietic engraftment directly or
indirectly through niche cells. We therefore cultured 5x104

CB-CD34+ cells with 100 nM of E2 or E4 for 4 days and
transplanted the resulting cells after culture into NGS
mice. As shown in Figure 6A, human engraftment of in
vitro estrogen-treated HSPC was lower than that of vehi-
cle-treated cells, which might indicate an indirect mecha-
nism of estrogens in enhancing hematopoietic engraft-
ment in NSG mice. Additionally, there was no difference
in the percentage of lymphoid, myeloid or HSPC subpop-
ulations among mice in the different groups (Online
Supplementary Figure S6A). To gain a better understanding
of the difference in engraftment between HSPC treated in
vitro with estrogen and the in vivo effect of estrogens after
HSC transplantation, we co-cultured 5x104 CB-CD34+

cells with human irradiated BM-MSC in the presence of

E4 enhances human HSPC engraftment in NSG mice 
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Figure 5. E2 and E4 enhance human
engraftment in immunodeficient male
mice. (A) Experimental scheme of
transplantation of human hematopoiet-
ic stem and progenitor cells (HSPC) into
immunodeficient mice. Sublethally irra-
diated NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
(NSG) mice were transplanted with
human umbilical cord blood CD34+ (CB-
CD34+) cells, and 3 days later the ani-
mals were treated with vehicle or with
daily low doses of either E2 or E4 (2 mg
of estrogen per day) for 4 days. Four
months after transplantation, human
hematopoietic engraftment was evalu-
ated in the mouse bone marrow. (B)
Percentage of hCD45+ cells in the bone
marrow (BM) of male mice transplanted
with 5x104 hCB-CD34+ cells 4 months
after transplantation. (C) Percentage of
hCD34+ cells within the human popula-
tion in the BM of male mice transplant-
ed with 5x104 hCB-CD34+ cells 4
months after transplantation. (D)
Percentage of hCD34+hCD38- within
the human population in the BM of the
male mice transplanted with 5x104

hCB-CD34+ cells. (E) Percentage of
human engraftment (hCD45+) in the
BM of secondary NSG mice transplant-
ed with 1x106 sorted hCD45+ cells from
the primary recipients and analyzed 4
months after transplantation. Data
were obtained from four biological repli-
cates and are presented by dots and
box-plots that represent the interquar-
tile range (p75, upper edge; p25, lower
edge; p50, midline; p95, line above the
box; and p5, line below the box).
Statistical significance was analyzed by
the Mann-Whitney U test: **P<0.01
and ****P<0.001.
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100 nM of E2 or E4 for 1 week and then transplanted the
resulting cells into sublethally irradiated NSG mice.
Human engraftment and lineage distribution were similar
among mice in the different groups (Figure 6B; Online
Supplementary Figure S6B), which indicated that the loss of
engraftment ability due to in vitro estrogen-mediated
expansion might be offset by the BM-MSC. Next, we
examined the contribution of the hematopoietic niche to
the engraftment of human HSPC after in vivo estrogen-
treatment. To do this, we analyzed the mesenchymal and
vascular endothelial compartments of the mouse BM
niche 4 months after being transplanted and treated with
E2 or E4. The percentages of mouse MSC (mCD140a+,
also called Pdgfra+) and vascular endothelial cells
(mCD144+, also called VE-Cadherin+) in the non-
hematopoietic compartment were analyzed (Online
Supplementary Figure S6C). Surprisingly, mCD140a+ cells,
but not mCD144+ cells, were increased in the mice treated
with E4 in comparison with vehicle-treated animals
(Figure 6C and D). To focus on this finding, mice were
sublethally irradiated and treated with estrogens without
human HSPC transplantation. Surprisingly, there were
more nucleated cells in the BM of mice treated with E4
(Online Supplementary Figure S6F). These mouse BM cells
were cultured to study their ability to form fibroblast
colony-forming units (CFU-F). We identified a tendency to
more CFU-F in the BM of estrogen-treated mice than in
the BM of vehicle-treated mice (Figure 6E; Online
Supplementary Figure S6G), which might indicate a benefi-
cial role of estrogens in improving the BM niche after irra-
diation. 

We then evaluated whether human MSC might interact
with these estrogens. So, we analyzed the expression of
ESR1 and ESR2 in the human BM-MSC compartment by
RT-PCR (Figure 6F) and immunofluorescence (Figure 6G;
Online Supplementary Figure S6H). Both estrogen receptors
were present in human BM-MSC, indicating that the pres-
ence of estrogens could influence the behavior of the
human stromal cells and indirectly affect the biology
and/or engraftment of humans HSPC. To investigate the
effect of estrogens on human BM-MSC, a limiting number
of human BM-MSC were seeded and treated with estro-
gens and their CFU-F potential was assessed. As shown in
Online Supplementary Figure S6I, the estrogens had no
effect on human BM-MSC. The numbers of CFU-F
dropped when the human BM-MSC had been previously
irradiated. However, we observed an increase in the num-
ber of CFU-F when the BM-MSC were treated with estro-
gens after irradiation (Online Supplementary Figure S6I). In
conclusion, estrogens, in particular E4, might facilitate and
favor the hematopoietic engraftment of human progeni-
tors through enhancing the mesenchymal compartment of
the hematopoietic niche, in addition to having a direct
effect on HSPC.

Discussion

The present study examines the potential use of estro-
gens to modify human HSPC engraftment in BM upon
transplantation. On the basis of the differences in the level
of human hematopoietic engraftment between female and
male recipient mice (Figure 1; Online Supplementary Figure
S1), and the expression of estrogen receptors in different
subsets of human HSPC (Figure 2; Online Supplementary

Figure S2), we explored the impact of estrogen treatment
on hematopoietic cells engraftment. E2 and E4 showed a
positive effect on the expansion of these cells in vitro by
activating the cell cycle (Figure 3; Online Supplementary
Figure S3), with E4 being better tolerated than E2 (Figure 3;
Online Supplementary Figure S3). Despite the modest role of
these estrogens in modulating human progenitor activity
in vitro, we found that E2, and even more E4, was able to
boost human hematopoietic engraftment in immunodefi-
cient mice (Figure 5; Online Supplementary Figure S5). This
better performance of human HSPC in estrogen-treated
animals might reflect observed gender differences.
Furthermore, an apparent expansion of the mouse mes-
enchymal stromal compartment was identified in animals
treated with E4, which may suggest an additional indirect
regulation of the estrogens, enhancing human hematopoi-
etic engraftment through niche regulation (Figure 6; Online
Supplementary Figure S6). Thus, estrogens could act directly
on HSPC as well as indirectly, through the modification of
the BM stroma, or BM niche, to enhance CD34+ cell
engraftment. These findings might be clinically relevant,
since the use of E4 could facilitate HSPC transplantation
when only a limited number of cells can be infused. 

We have shown that estrogens improve the engraftment
of human cells in immunodeficient mice, which reinforces
the role of sex hormones in HSPC regulation and might
explain the superior performance of female mice as recip-
ients of hematopoietic transplants26 (Figure 1). The impor-
tance of estrogens in regulating HSPC functions has been
explored for a long time, without any clear conclusion
being reached. E3 has been found to trap mouse
hematopoietic progenitors in the liver.29 E2 has been
described as promoting the proliferation of very primitive
mouse HSC. The increase of estrogen levels during preg-
nancy has also been associated with greater HSC division,
higher HSC frequency and an increase in erythro-
poiesis.19,27 E2 has also been reported to expand human
CB-CD34+ cells in vitro.28 These data contrast with those
previously described by Illing et al., who found that long-
term treatment of mice with E2 stimulated murine HSPC
in the vascular niche but not in the endosteal niche,
impairing long-term reconstitution potential.18 On the
other hand, high doses of E2 suppressed hematopoiesis in
mouse BM.30 This negative effect caused by estrogens has
also been shown by tamoxifen treatment, which
increased mouse HSC proliferation, but not self-renewal,
and induced apoptosis in short-term HSC and MPP.24 Here,
we found that human HSPC had different sensitivities to
the four natural estrogens. E1 and, to a lesser extent, E2
and E3 were toxic for human HSPC (Figure 3; Online
Supplementary Figure S3). E4 was better tolerated and was
able to promote some degree of expansion of the human
HSPC by activating their cell cycle and inducing less apop-
tosis (Figures 3 and 4; Online Supplementary Figures S3 and
S4). These observations might explain the apparently
divergent effects described previously for estrogens, since
different doses and different estrogens were used in the
above-mentioned reports. 

We also observed that treatment with E2 or E4 in vivo
enhanced human hematopoietic engraftment in male mice
transplanted with 5x104 human HSPC (Figure 5B; Online
Supplementary Figure S5), but only to a minor degree in ani-
mals transplanted with very limited numbers of CB-
CD34+ cells (Online Supplementary Figure 5E-G). The appar-
ent lack of effectiveness in female mice might be due to
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the presence of endogenous estrogens in these female ani-
mals. Future experiments should be done with ovariec-
tomized mice or taking the estrous cycle of female recipi-
ents into account to identify the real effect of estrogen
treatment on HSPC in female recipients. Furthermore, E4
treatment enlarged the hCD34+ cell population in already
boosted human hematopoietic engraftment, but it had

less impact on the hCD34+hCD38- cell population and on
secondary transplant (Figure 5D and E). Nevertheless,
although the percentage of hCD34+hCD38- cells was
unmodified by estrogen treatment, the total cell number
of this primitive population was increased since human
engraftment was higher in estrogen-treated mice (Figure
5B and D). 
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Figure 6. Estrogens modulate the hematopoietic niche. (A) Human engraftment in bone marrow (BM) of male mice transplanted with cells expanded from an initial
dose of 5x104 hCB-CD34+ cells after 4 days in culture in the presence of 100 nM E2 or E4. Human engraftment was analyzed 2 months after transplantation. (B)
Human engraftment in BM of male mice transplanted with cells expanded from an initial dose of 5x104 hCB-CD34+ cells after 1 week in co-culture with irradiated
human BM-mesenchymal stromal cells (MSC) in the presence of 100 nM E2 or E4. Human engraftment was analyzed 3 months after transplantation. (C) Relative
percentage of mouse MSC (mCD45-Ter119-hCD45-hCD235a-mCD140a+) in the BM of male mice transplanted with 5x104 hCB-CD34+ cells, analyzed 4 months after
transplantation. (D) Relative percentage of mouse vascular endothelial cells (mCD45-Ter119-hCD45-hCD235a-mCD144+) in the BM of the male mice transplanted
with 5x104 hCB-CD34+ cells, analyzed 4 months after transplantation. (E) Number of fibroblast colony-forming units (CFU-F) derived from the BM of vehicle- or estro-
gen-treated mice after sublethal irradiation. (F) Representative agarose gel showing the quantitative real-time polymerase chain reaction products of ESR1 (top
panel), ESR2 (middle panel) and HPRT1 (bottom panel) in human BM-MSC. (G) Representative immunofluorescence image of human BM-MSC stained with anti-
ESR1 (green, left panel), anti-ESR2 (green, middle panel) or secondary antibody (green, right panel) and DAPI (blue). Data were obtained from three biological repli-
cates and are presented by dots and box-plots that represent the interquartile range (p75, upper edge; p25, lower edge; p50, midline; p95, line above the box; and
p5, line below the box). Statistical significance was analyzed by the Mann-Whitney U test: **P<0.01.
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We have described a positive effect of E2 or E4 treatment
on the engraftment of human cells, with the impact of E4
being more significant. It is important to note that E4 is
synthesized exclusively by the human liver during preg-
nancy. It is detected at 9 weeks of pregnancy and reaches
high levels in the second trimester, with concentrations ris-
ing steadily towards the end of pregnancy.16 The fetal liver
is a hematopoietic organ during the last half of gestation.
During the hematopoietic stage of the fetal liver, different
signaling pathways are coordinated to promote both mas-
sive expansion of HSC through the activation of the HSC
cycle and massive production of erythroid cells. After
birth, the HSC migrate from the liver to the adult BM,
where the most primitive HSC are largely quiescent.1,31 The
concurrence of E4 synthesis in the fetal liver, when it is a
hematopoietic organ, may suggest an indirect link between
this estrogen and the expansion of human HSPC during
pregnancy. The association between estrogens and
hematopoietic development has previously been described
during zebrafish development,32 in mice19,27 and in the
hematopoietic differentiation of human induced pluripo-
tent stem cells.28 So estrogens have a clear impact on HSC
emergence. Oguro et al. demonstrated coordination
between E2 and 27-hydroxycholesterol in the regulation of
hematopoiesis during pregnancy.27 Consequently, we
hypothesize that E4 likely plays a role in modulating early
human hematopoiesis during embryonic development. 

As previously reported, the observations could be attrib-
uted to an intricate regulation mediated by the estrogens.17

The complexity of estrogen signaling pathways starts
with the existence of several estrogen receptors. Three of
these receptors (ESR1, ESR2 and GPER33) are expressed in
hematopoietic cells, but only ESR1 has been described to
play a role in the regulation of HSC.18,19,24 A second level of
complexity is that the expression of these estrogen recep-
tors tends to differ among hematopoietic subpopulations24

(Figure 2). Moreover, different estrogens vary in their
binding affinity for different estrogen receptors; for exam-
ple, E2 has a 7-fold higher affinity for ESR1 (inhibition
constant, Ki=0.21 nM) than for ESR2 (Ki=0.015 nM), and
E4 has a 400-fold higher affinity for ESR1 (Ki=4.9 nM)
than for ESR2 (Ki=19 nM).34 Once the estrogen and recep-
tor are bound, specific cell responses are triggered by two
different mechanisms: (i) gene expression programs,
which can be initiated through estrogen nuclear signaling,
and (ii) the estrogens acting through membrane-initiated
steroid signaling (MISS), which is a rapid extra-nuclear cel-
lular response to the estrogen signal.15 These two types of
estrogen signaling may also explain the differences we
observed between the effects of E4 and E2, from their tox-
icity and expansion in vitro (Figure 3; Online Supplementary
Figure S3) to their in vivo effects (Figure 6). E4 uncouples
nuclear activation and MISS, in contrast to E2 which does
not.15 For example, E4 acts as an estrogen antagonist on
breast cancer cells.16,35 Moreover, the lower affinity of E4
for estrogen receptors, in comparison with the affinity of
E2, might suggest a very limited effect of E4 on HSPC;
however, the E4 doses, whose effects on HSPC were
observed (Figures 3 and 4), were the same doses used by
Abbot et al. for which ERE transcriptional activity could be
detected.15 Furthermore, given that E4 lacks MISS activity,
it is possible that the impact of E2 and E4 on human HSPC
is due to their nuclear signaling, with similar transcription-
al output, but this point will have to be analyzed in depth.
Additionally, the presence of E2 or E4 increased the levels

of both ESR1 and ESR2 and modified their cellular local-
ization. The increment of cells in S/G2/M-phase mediated
by estrogens could be partially blocked by ESR1 and GPER
antagonists in the case of E2, and by an ESR2 antagonist in
the case of E4 (Online Supplementary Figure S3J). The impli-
cation of this is that different estrogen receptors in human
HSPC might be involved in the signaling triggered by E2
or E4; however, this point will require more in-depth
study. More interestingly, E2 might activate estrogen
receptor-mediated MISS, since a clear polarized location
of the estrogen receptors in the cytoplasm membrane was
found (Online Supplementary Figure S3O and P). On the
other hand, E4 might activate nuclear estrogen signaling,
since E4 is unable to induce MISS15 and a clear increment
of ESR2 in the cytoplasm was detected (Online
Supplementary Figure S3N). The consequences of ESR1 and
ESR2 upregulation and localization should be explored in
future experiments. Additionally, Oguro et al.27 described
two different ESR1 ligands, E2 and 27-hydroxycholesterol,
which regulated HSPC differently during pregnancy. Both
ESR1 ligands collaborated to induce HSC proliferation,
mobilization and extramedullary hematopoiesis. In a sim-
ilar way, E2 and E4 might collaborate together with a dif-
ferential impact on human HSPC.

We identified that the underlying mechanism mediated
by estrogens is activation of the cell cycle in vitro, as previ-
ously described, which promotes the expansion of
hematopoietic progenitors.19,24 However, estrogens might
also have other effects, including the activation of telom-
erase activity to facilitate the expansion of HSPC,20-22 or an
increase of the unfolded protein response to promote
hematopoietic regeneration after a proteotoxic stress, such
as irradiation.23,36 In our in vivo model, E2 or E4 might acti-
vate the gene signaling involved in the cell cycle,19,24 telom-
erase activity20-22 or unfolded protein response,23 but these
estrogens could also activate apoptosis24,27 when high
doses are used (Figure 3; Online Supplementary Figure S3G
and H). Surprisingly, the estrogen-mediated expansion
observed in vitro was not enough to explain the improve-
ment in human hematopoietic engraftment. Indeed, the in
vitro proliferation of human HSPC induced by the estro-
gens was counterproductive to the enhancement of
hematopoietic engraftment (Figure 6A). This might be due
to the reduction of long-term engraftment ability of
cycling HSPC, and the decoupling of HSPC expansion and
stem cell properties in vitro.37 As HSC quiescence, self-
renewal and differentiation are controlled through intrin-
sic HSC signaling and extrinsic niche signaling and we
observed that the co-culture of HSPC with human BM-
MSC was able to expand hematopoietic cells (Figure 4)
and maintain engraftment potential (Figure 6B), in vitro
expansion of HSPC might be compensated by niche sig-
naling. In accordance with this, estrogens could also mod-
ulate hematopoiesis by affecting the capacity of MSC to
promote osteogenesis.30,38 Furthermore, osteogenic differ-
entiation might favor the proliferation of HSPC.25 The
beneficial effect of E2 on the expansion of both HSPC and
MSC was noted previously by Kitajima et al.39 As shown
in Figure 6, an increase in MSC was also detected in our in
vivo model after E4 treatment. Besides, the presence of
estrogen might favor the recovery of MSC after irradiation
(Figure 6E; Online Supplementary Figure S6E-G), as previ-
ously described for HSPC.23,36 Consequently, the impact of
estrogens on promoting human hematopoietic engraft-
ment in immunodeficient mice might be mediated
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through regeneration of the MSC compartment of the BM
niche after irradiation, or a combined effect on human
HSPC (Figures 2 and 3) and niche cells (Figure 6). We can,
therefore, hypothesize that estrogens might coordinate
HSPC proliferation and recovery of the BM niche in the
context of HSC transplantation.

We suggest that the results reported could have some
significant clinical implications. E4 has a safer therapeu-
tic window than E2, which facilitates its clinical use.16

Additionally, E4 has been tested in several clinical trials
and its safety and efficacy have been determined in dif-
ferent conditions, such as contraception,40 menopause,41

osteoporosis42 and breast cancer.43 The clinical applica-
tion of E4 to modulate HSPC could, therefore, be consid-
ered for improving HSPC transplantation in the near
future. The clinical use of E4 might potentially facilitate
the transplantation of single cord blood units, the autol-
ogous transplantation of genetically modified HSPC to
treat inherited hematopoietic diseases or in any situation
in which a limited number of HSPC has to be infused.
The administration of a clinically approved estrogen,
such as E4, after HSPC transplantation could lead to an
improvement in overall hematopoietic engraftment in
the recipient. 
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The efficiency of mobilization of hematopoietic stem/progenitor cells
from bone marrow into the circulation by granulocyte colony-stim-
ulating factor (G-CSF) is extremely varied in humans and mice and

a mechanistic explanation for poor mobilizers is lacking. A mechanism of
regulating mobilization efficiency by dietary fat was assessed in mice.
Compared to a normal diet, a fat-free diet for 2 weeks greatly increased
mobilization. The bone marrow mRNA level of peroxisome proliferator-
activated receptor d (PPARd), a receptor for lipid mediators, was markedly
upregulated by G-CSF in mice fed a normal diet and displayed a strong
positive correlation with widely varied mobilization efficiency. It was
hypothesized that the bone marrow fat ligand for PPARd might inhibit
mobilization. A PPARd agonist inhibited mobilization in mice fed a normal
diet and enhanced mobilization by a fat-free diet. Mice treated with a
PPARd antagonist and chimeric mice with PPARd+/- bone marrow showed
enhanced mobilization. Immunohistochemical staining and flow cytome-
try revealed that bone marrow PPARd expression was enhanced by G-CSF
mainly in mature/immature neutrophils. Analysis of bone marrow lipid
mediators revealed that G-CSF treatment and a fat-free diet resulted in
exhaustion of ω3-polyunsaturated fatty acids such as eicosapentaenoic
acid. Eicosapentaenoic acid induced the upregulation of genes down-
stream of PPARd, such as Cpt1α and Angptl4, in mature/immature neu-
trophils in vitro and inhibited enhanced mobilization in mice fed with a fat-
free diet in vivo. Treatment of wild-type mice with anti-Angptl4 antibody
enhanced mobilization as well as bone marrow vascular permeability.
Collectively, PPARd signaling in mature/immature bone marrow neu-
trophils induced by dietary fatty acids negatively regulates mobilization, at
least partially, via Angptl4 production. 
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ABSTRACT



Introduction

Granulocyte colony-stimulating factor (G-CSF) is
widely used in the clinic as a standard agent to induce
the mobilization of hematopoietic stem/progenitor cells
(HSPC) from bone marrow (BM) into the circulation. G-
CSF-mobilized HSPC are currently a major source of
cells for stem cell transplantation which is a curative
therapeutic option for intractable hematologic diseases.
According to the current understanding of the mecha-
nism of G-CSF-induced mobilization, in addition to the
cytokine’s pharmacological effect of expanding BM neu-
trophils, its neurotropic action through the G-CSF recep-
tor in the sympathetic nervous system (SNS) leads to the
suppression of macrophages that support HSPC niche
cell function,1-3 reduction of stromal cell synthesis of fac-
tors retaining HSPC in the BM, such as CXCL12,4-6 and
suppression of osteolineage cells through b2-adrenergic
receptors (b2-AR),7-10 leading to the passive release of
HSPC from the microenvironment rather than their
expansion or active migration. Besides the mechanism of
mobilization itself, two unfavorable clinical events in G-
CSF-induced mobilization have long remained unex-
plained and unsolved since the clinical application of G-
CSF for mobilization. First, donors/patients treated with
G-CSF often complain of low-grade fever and bone pain,
which can be relieved by the administration of non -
steroidal anti-inflammatory drugs. Second, mobilization
efficiency is widely variable, and 10% to 20% of healthy
donors are poor mobilizers, such that the number of
HSPC that can be harvested is insufficient for transplan-
tation. As an explanation of the former problem, we
have reported that low-grade fever (and likely bone pain)
associated with the administration of G-CSF is due to
prostaglandin E2 (PGE2) production from mature BM neu-
trophils stimulated by the SNS through b3-AR.11

However, our understanding of the latter problem
remains unacceptably inadequate. Poor mobilization is a
particularly serious problem for healthy donors for allo-
geneic transplantation in the National Marrow Donor
Program because they receive a certain dose of G-CSF
without expected volunteer contribution to the patients.
The wide range of mobilization efficiency, which occurs
even in genetically identical mice, is currently unpre-
dictable and uncontrollable. Mobilization efficiency may
be partially determined by a balance between mobiliza-
tion-promoting signals, such as SNS-mediated osteolin-
eage suppression, and counteraction to mobilization,
such as PGE2 from neutrophils to support osteoblast
activity.11 Thus, it is clinically essential to elucidate the
pathways that counteract mobilization during G-CSF
treatment.

Analysis of lipid mediators in the BM lags behind that of
other lipid-rich organs such as the liver and brain.12,13 BM
fat has been suggested to modulate hematopoiesis.14,15

Evidence of lipid mediators of hematopoietic cells as
inflammatory/resolving cells is accumulating.16,17 However,
a precise evaluation of total BM fat contents had not been
done before our previous report on PGE2.

11 In addition to
fat cells, the BM contains an enormous number of inflam-
matory cells, such as neutrophils, macrophages, and their
precursors, which are constantly stimulated by many mar-
row factors on their way to maturation and peripheraliza-
tion throughout the body. Red blood cells and their pre-
cursor erythroblasts could also be a significant reservoir of

lipid mediators.18 Given that all these cells are packed at
high density in the marrow, they may actively exchange
many lipid mediators to stimulate each other. This unique
situation in BM makes it difficult to precisely evaluate
lipid mediators in BM by flushing it with phosphate-
buffered saline (PBS) or following pipetting, which imme-
diately changes lipid metabolic cascades. We have devel-
oped a new procedure for sampling BM by flushing it
directly with -20°C 100% methanol and preparing it for
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) through which stable and precise evaluation of
PGE2 in BM was achieved.11

In this study, we have applied this original method for
the comprehensive analysis of marrow fat components,
including not only ω6-fatty acids/proinflammatory lipid
mediators such as PGE2 but also ω3-fatty acids during G-
CSF-induced mobilization. We found that mobilization
efficiency can be enhanced by fat restriction in food. It
also appeared that BM has a strong demand for certain
ingested ω3-fatty acids, which function as ligands for
peroxisome proliferator-activated receptor d (PPARd) in
BM mature/immature neutrophils to suppress mobiliza-
tion, at least partially, by regulating BM vascular perme-
ability.

Methods  

Mice
Mice were cared for in the Institute for Experimental Animals,

Kobe University Graduate School of Medicine. PPARd-/- mice
were generated on a C57BL/6 background as described in the
Online Supplementary Methods. Because all PPARd-/- mice died in
utero, PPARd+/+ and PPARd+/- littermates at ages 6 to 8 weeks were
used as transplant donors to generate chimeric mice. C57BL/6-
CD45.1 congenic mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and used at ages 6 to 8
weeks. Wild-type (WT) C57BL/6 mice at ages 6 to 8 weeks were
purchased from CLEA Japan (Chiba, Japan) and used for experi-
ments after 2 weeks of acclimatization unless otherwise indicat-
ed. Male mice were used in all experiments. Mice were fed with
a normal diet (ND; CE-2, CLEA Japan) consisting, on average, of
4.69% fat, 24.90% protein, and 51.00% carbohydrates, yielding
a total calorie content of 3.45 kcal/g, except for fat-free diet
(FFD; CLEA Japan) experiments. The FFD consisted of 0.72%
fat, 17.60% protein, and 63.49% carbohydrates by weight,
yielding the same total calorie value as the ND, and was started
at ages 8 to 10 weeks after 2 weeks of acclimatization. Animals
were maintained under specific pathogen-free conditions and on
a 12 h light/12 h dark cycle. All animal studies were approved by
the Animal Care and Use Committee of Kobe University.

Statistical analysis
All data were pooled from at least three independent experi-

ments. All values were reported as the mean ± standard error of
the mean (SEM). The statistical analyses were conducted using
a two-tailed unpaired Student t-test, the Mann-Whitney U test,
a one-way analysis of variance (ANOVA) test with the Tukey
post-hoc procedure, and Pearson correlation coefficient. No sam-
ples or animals were excluded from the analyses. Animals were
randomly assigned to groups. Statistical significance was
assessed with Prism (GraphPad Software, San Diego, CA, USA)
and defined as P<0.05.

Detailed descriptions of the methods for the other procedures
are provided in the Online Supplementary Methods.
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Results

A short-term fat-free diet enhances mobilization
efficiency

To examine the effect of insufficient fat intake on mobi-
lization, WT C57BL/6 male mice were fed with a FFD,
containing sufficient calories with protein and all known
vitamins but without fat, or a ND for 2 weeks. The body
weight of mice fed with the FFD for 2 weeks was compa-
rable to that of the mice fed with the ND (24.71±0.32 and
24.14±0.35 g, respectively; n=11). The administration of
either G-CSF (8 divided doses, every 12 h, 125 mg/kg/dose,
s.c.) or vehicle (PBS/bovine serum albumin [BSA]) was fol-
lowed after this period with the continuation of the same
diet. This period of fat restriction was reported to be safe
with regard to sequelae associated with deficiency of
essential fatty acids.19,20 This simple regimen had a dramat-
ic effect, with the number of hematopoietic progenitor
cells (HPC) being increased in the circulation compared to
that in mice fed with a ND, as assessed by lineage-Sca-1+c-
kit+ (LSK) cells and colony-forming units in culture (CFU-
C) (Figure 1A and B; Online Supplementary Figure S1A) with
no alteration in BM HPC (Online Supplementary Figure
S1B). Enhanced mobilization was also confirmed in
hematopoietic stem cells (HSC), as assessed by long-term
competitive repopulation for 6 months (Figure 1C). Thus,

a short-term deficit in fat intake is a promising method to
enhance mobilization efficiency.

Marrow PPARd expression correlates with mobilization
efficiency

Enhanced mobilization was unlikely due to the alter-
ation of known key players in BM microenvironment for
mobilization, such as osteolineage cell activity and a
chemokine, because mRNA levels of Runx2, osteocalcin,
and CXCL12 in BM cells after G-CSF treatment were
comparable between animals fed the FFD or the ND
(Online Supplementary Figure S2). According to this obser-
vation, we hypothesized that some lipid mediators from
food intake might play a role in the BM to inhibit mobi-
lization, and that a FFD led to a lack of these BM lipid
mediators. 

We first searched for a possible receptor that could
induce this inhibitory signal. The PPAR family consists of
fatty acid ligand-activated transcription factors.21 Among
all three PPAR, α, γ, and d (b/d), in BM cells, PPARα mRNA
was unchanged. Consistent with the previously reported
suppression of PPARγ in CXCL12-abundant reticular cells
by G-CSF,22 PPARγ mRNA was significantly suppressed
after G-CSF treatment (Figure 2A). Meanwhile, PPARd
mRNA displayed the highest expression in the steady
state and increased dramatically after G-CSF mobilization

Mobilization regulated by PPARd
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Figure 1. Short-term fat restriction
enhanced hematopoietic stem/progenitor
cell mobilization by granulocyte colony-
stimulating factor. (A) Macrophotographs
of culture dishes (35 mm) showing the
results of the colony-forming units in cul-
ture (CFU-C) assay for mobilization of cells
into the peripheral blood (20 mL) following
eight doses of granulocyte colony-stimulat-
ing factor (G-CSF). ND: normal diet, FFD:
fat-free diet. (B) Mobilization efficiency
assessed by the presence of white blood
cells (WBC), lineage-Sca-1+c-kit+ (LSK) cells,
and CFU-C in the blood (n=4 for group treat-
ed with phosphate-buffered saline
(PBS)/bovine serum albumin (BSA) and
n=10-11 for the group treated with G-CSF).
(C) Hematopoietic stem cell activity
assessed by a long-term competitive repop-
ulating assay of mobilized blood.
Repopulating units (RU) were evaluated at
6 months after competitive transplantation
(n=6). Representative pictures or com-
bined data from at least three independent
experiments are shown. Data are mean ±
standard error of mean. *P<0.05,
**P<0.01, ***P<0.001 (Student t test
and Mann-Whitney U test).  
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(Figure 2A). The increase in the expression of BM PPARd
and mobilized HPC in the blood was dependent on the
number of G-CSF doses (Figure 2B and C). Based on these
data, we analyzed the correlation between mobilization
efficiency and BM PPARd mRNA expression in a subset of
C57BL/6 male mice fed with a ND after eight doses of G-
CSF. The number of mobilized CFU-C varied greatly
(range, 1200-3900/mL blood), and white blood cell count
showed only a correlation trend (Figure 2D). Although the
correlation between mobilized LSK cells and BM PPARd
mRNA was weak and not statistisically significant (Online
Supplementary Figure S3), mobilization efficiency by CFU-
C correlated strongly with BM PPARd mRNA (Figure 2E,
violet dots). We also performed the same analysis in a sub-
set of mice fed with the FFD. Consistent with this corre-
lation, both mobilization efficiency and BM PPARd
mRNA were higher than those of the best mobilizer mice
fed the ND (Figure 2E, orange dots). Thus, in G-CSF mobi-
lization, higher expression of BM PPARd is itself a marker
of better mobilization. More importantly, this higher
mobilization efficiency was likely due to the lack of sig-
naling of this fatty acid ligand-activated transcription fac-
tor as a result of the insufficient supply of fat in the BM.

Next, we tried to identify the cell types that express

PPARd protein in BM. Immunohistochemical staining
revealed clearly increased PPARd expression after eight
doses of G-CSF treatment. Morphologically, myeloid line-
age cells, which were relatively large with various seg-
mental shaped nuclei, were positive, whereas small round
lymphocytes with little cytoplasm were negative for
PPARd (Figure 3A). PPARd protein and mRNA expression
was also evaluated in sorted myeloid cell fractions. Flow
cytometric analysis revealed that all three major myeloid
populations in the BM, i.e., mature neutrophils
(CD11b+Ly6GhighF4/80low) immature neutrophils
(CD11b+Ly6GdullF4/80low) and monocytes/macrophages
(CD11b+Ly6GdullF4/80high), showed high expression in
steady-state, and both mature and immature neutrophils
displayed a significant increase in PPARd protein and
mRNA following G-CSF treatment (Figure 3B–D). In con-
trast, PPARd protein expression in these three myeloid
fractions in peripheral blood was observed in only minor
populations and it was not increased by G-CSF treatment
(Online Supplementary Figure S4), indicating the marrow-
specific role of PPARd.

Next, the alteration of BM PPARd mRNA expression by
the depletion of mature neutrophils was examined using
the anti-Ly6G antibody, 1A8 (Online Supplementary Figures
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Figure 2. Strong correlation between bone
marrow PPARd mRNA and mobilization
efficacy. (A) Alteration of PPAR family mRNA
in bone marrow (BM) cells during granulo-
cyte colony-stimulating factor (G-CSF) mobi-
lization (n=3-5). (B, C) Stepwise increase
along with increasing G-CSF doses in (B)
PPARd mRNA in BM cells and (C) colony-
forming units in culture (CFU-C) in the blood
(n=3-5). (D, E) Correlation of mobilization
efficiency of CFU-C with (D) white blood cell
(WBC) in the blood and (E) PPARd mRNA in
BM cells in mice fed with a normal diet (ND,
violet dots; n=22) or a fat-free diet (FFD,
orange dots; n=4). ns: not significant.
Combined data from at least three inde-
pendent experiments are shown. Data are
mean±standard error of mean. *P<0.05,
**P<0.01, ***P<0.001 (Student t test,
analysis of variance, and Pearson correla-
tion coefficient).   
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Figure 3. PPARd expression in bone marrow myeloid cells. (A) Immunohistochemical staining for PPARd in bone marrow (BM) sections from mice after treatment with
eight doses of phosphate-buffered saline (PBS)/bovine serum albumin (BSA) or granulocyte colony-stimulating factor (G-CSF). Right panel shows BM PPARδ staining
after G-CSF at a higher magnification. (B, C) Flow cytometric analysis of PPARd in BM major myeloid populations (dot plot profiles) after treatment with eight doses
of PBS/BSA or G-CSF shown in (B) as representative histograms and in (C) as geometric mean values (n=3). (D) PPARd mRNA expression in sorted BM major myeloid
populations after treatment with eight doses of PBS/BSA or G-CSF (n=3-4). (E) Alteration of PPARd mRNA expression in sorted major myeloid populations from steady-
state BM after in vitro treatment with selective agonists for each b-adrenergic receptor (b-AR) (dobutamine, clenbuterol, and BRL37344 for b1-, b2-, and b3-AR, respec-
tively; n=3-8). Representative pictures or combined data from at least three independent experiments are shown. Data are mean ± standard error of mean. *P<0.05,
**P<0.01, ***P<0.001 (Student t test and analysis of variance). 
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S5 and S6). Without depletion, the absolute numbers of
mature and immature neutrophils were comparable in
steady-state BM, while the number of immature neu-
trophils was greatly increased and the number of mature
neutrophils decreased by G-CSF treatment (Online
Supplementary Figure S6A). The vast majority of increased
neutrophils in peripheral blood following G-CSF treat-
ment were also immature neutrophils (Online
Supplementary Figure S6B). With selective depletion of
mature neutrophils, the number of immature neutrophils
in the BM was greatly increased without G-CSF treatment
and the mobilization of both immature neutrophils and
HPC (LSK cells and CFU-C) by G-CSF was slightly
decreased (Online Supplementary Figure S6A-H), with no
significant alteration of BM PPARd mRNA (Online
Supplementary Figure S6I). Thus, the cell population that
mediated the increase of BM PPARd mRNA in response to
G-CSF was not restricted to mature neutrophils.  

In addition to myeloid cell fractions, the upregulation of
PPARd mRNA was assessed in sorted BM CD45-Ter119-

cells (non-hematopoietic [stromal] cells), LSK cells, B220+

B lymphocytes, and CD3+ T lymphocytes. These investi-
gations suggested that some nonmyeloid cell fractions,
such as stromal cells and T cells, might contribute partially
to the increase of BM PPARd mRNA by G-CSF treatment
(Online Supplementary Figure S7).

We assessed the signals that increase PPARd expression
in vitro using the neutrophil precursor cell line 32D. As
reported previously, BM is richly innervated with sympa-
thetic nerves that regulate mobilization via suppression
of the osteoblastic microenvironment through b2-AR
stimulation by catecholamines and a marrow lipid medi-
ator from mature neutrophils through b3-AR stimula-
tion.7-11 The pan-b-AR agonist isoproterenol, but not G-
CSF, was an inducer of PPARd mRNA (Online
Supplementary Figure S8A). Among all three b-AR (b1, b2,
and b3-AR) agonists, the b1-AR agonist dobutamine reca-
pitulated the effect of isoproterenol, significantly increas-
ing PPARd mRNA, and the b2-AR agonist clenbuterol also
showed a trend to induce PPARd mRNA, albeit to a lesser
extent (Online Supplementary Figure S8B). This observation
was further confirmed at the protein level by flow cyto -
metry (Online Supplementary Figure S8C). The increase of
PPARd mRNA by b1/b2-AR agonists was also confirmed
in sorted BM mature/immature neutrophils and mono-
cytes/macrophages (Figure 3E).  

Thus, marrow PPARd expression strongly correlates
with mobilization efficiency and is enhanced mainly in
myeloid cells, particularly in neutrophil lineage cells, by
G-CSF-induced high sympathetic tone, likely through
b1/b2-AR.

Marrow PPARd signaling negatively regulates 
mobilization efficiency

Because FFD-G-CSF resulted in the upregulation of both
BM PPARd expression and mobilization efficiency (Figure
2E, orange dots), greater mobilization was likely achieved
via reduced PPARd activity due to the lack of natural fat lig-
ands in the BM. In other words, marrow PPARd signaling
might be a negative regulator of mobilization. We next
sought to explore whether the modulation of PPARd signal-
ing regulates HPC mobilization. The administration of the
PPARd agonist GW501516 inhibited G-CSF-induced mobi-
lization with no alteration in BM HPC (Figure 4A; Online
Supplementary Figure S9A). In G-CSF-treated mice, mRNA

expression of major downstream genes of PPARd signaling
such as carnitine palmitoyltransferase-1α (Cpt1α) and
angiopoietin-like protein 4 (Angptl4) in BM was significant-
ly increased by GW501516, suggesting that the PPARd ago-
nist worked directly in BM cells (Figure 4B). Conversely, the
administration of the PPARd antagonist GSK3787 enhanced
G-CSF-induced mobilization through the inhibition of
PPARd signaling in BM cells (Figure 4C and D; Online
Supplementary Figure S9B). Furthermore, chimeric mice gen-
erated by the transplantation of BM cells from PPARd het-
erozygous deficient mice into lethally irradiated WT mice
showed significantly increased mobilization and lower
mRNA expression of Cpt1α and Angptl4 in BM cells (Figure
4E and F; Online Supplementary Figure S9C). GW501516 also
significantly inhibited the enhanced mobilization of CFU-C
by the FFD (Figure 4G; Online Supplementary Figure S9D).
These results suggest that PPARd signaling in BM cells is
indeed a negative regulator of mobilization.

Certain ω3-fatty acids are PPARd ligands
We have previously reported an original method of

sampling BM in which lipids in the marrow can be stably
and precisely evaluated.11 Using this method combined
with LC-MS/MS, a series of ω3- and ω6-polyunsaturated
fatty acids (PUFA) in BM were enumerated in mice fed
with the ND or FFD in G-CSF mobilization. In Figure 5A,
ω3-PUFA, such as eicosapentaenoic acid (EPA), docosa-
hexaenoic acid (DHA), and their derivatives, were drasti-
cally decreased by eight doses of G-CSF and/or FFD,
whereas ω6-PUFA, including arachidonic acid and associ-
ated pro-inflammatory lipid mediators, were unchanged
(Figure 5B). These observations suggest that BM requires a
continuous supply of ω3-fatty acids from diet, and that G-
CSF treatment likely triggers strong consumption of ω3-
fatty acids in BM. Indeed, similarly to the PPARd agonist
GW501516, EPA- and DHA-induced PPARd signaling in
32D cells upregulated Cpt1α and Angptl4 mRNA expres-
sion (Online Supplementary Figure S10A and B). This effect,
particularly with EPA, was significantly inhibited by the
PPARd antagonist GSK3787 (Online Supplementary Figure
S10C). Among sorted BM myeloid cells, EPA, but not
DHA, significantly upregulated PPARd mRNA expression
in mature/immature neutrophils in vitro (Online
Supplementary Figure S10D). EPA, and to a lesser extent
also DHA, upregulated Cpt1α and Angptl4 mRNA expres-
sion in these cells, and this effect was inhibited by
GSK3787 (Figure 6A). These results suggest that EPA
(and/or its metabolites) may be a functional fatty acid lig-
and for PPARd in neutrophils and their precursors. 

In concordance, EPA administration in vivo to normal
mice partially attenuated the enhanced mobilization
induced by a FFD (Figure 6B; Online Supplementary Figure
S11A). We repeated the same experiment in chimeric mice
with PPARd+/+ or PPARd+/- BM. Consistently, in PPARd+/+

BM chimera, EPA administration showed a trend to partial
reduction in CFU-C mobilization (Figure 6C; Online
Supplementary Figure S11B). In PPARd+/- BM chimera, how-
ever, mobilization efficiency in the FFD condition was fur-
ther enhanced, and this effect was greatly inhibited by
EPA (Figure 6C; Online Supplementary Figure S11B). These
results suggest that BM in the FFD condition still contains
lipid mediators that function as PPARd ligands, and that
EPA may also use pathways other than PPARd to inhibit
mobilization.

Thus, a certain ω3-fatty acid, partially as a natural ligand
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Figure 4. Regulation of granulocyte colony-stimulating factor-induced mobilization by PPARd signaling. (A, B) Mobilization efficiency modulated by the PPARd ago-
nist (GW501516) of (A) white blood cells (WBC), lineage-Sca-1+c-kit+ (LSK) cells, and colony-forming units in culture (CFU-C) in the blood (n=8 for the group treated
with phosphate-buffered saline [PBS]/bovine serum albumin [BSA] and n=11 for the group treated with granulocyte colony-stimulating factor (G-CSF) and (B) mRNA
expression of Cpt1α and Angptl4 in bone marrow (BM) cells (n=8). (C, D) Mobilization efficiency modulated by the PPARd antagonist (GSK3787) in (C) WBC, LSK,
and CFU-C in the blood (n=8-9) and (D) mRNA expression of Cpt1α and Angptl4 in BM cells (n=4-6). (E, F) Mobilization efficiency in BM PPARd+/- chimeric mice in (E)
WBC, LSK, and CFU-C in the blood (n=8-11) and (F) mRNA expression of Cpt1α and Angptl4 in BM cells (n=6-8). (G) Modulation of mobilization (WBC, LSK, and CFU-
C) by the PPARd agonist (GW501516) in mice fed with a normal diet (ND) or a fat-free diet (FFD) (n=4-5). Combined data from at least three independent experiments
are shown. Data are mean ± standard error of mean. *P<0.05, **P<0.01, ***P<0.001 (Student t test, analysis of variance, and Mann-Whitney U test).  
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Figure 5. Lipid composition of whole bone marrow during mobilization. Analysis of lipid mediators in whole BM sampled at -20°C with 100% methanol by liquid
chromatography and tandem mass spectroscopy after eight doses of phosphate-buffered saline (PBS)/bovine serum albumin (BSA) or granulocyte colony-stimulating
factor (G-CSF) in mice fed a normal diet (ND) or fat-free diet (FFD) for representative (A) ω3-fatty acids and (B) ω6-fatty acids (n=3-9). Combined data from at least
three independent experiments are shown. Data are mean ± standard error of mean. *P<0.05, **P<0.01, ***P<0.001 (analysis of variance). PUFA: polyunsaturated
fatty acids; EPA: eicosapentaenoic acid; HEPE: hydroxyeicosapentaenoic acid; DHA: docosahexaenoic acid; HDHA: hydroxydocosahexaenoic acid; AA: arachidonic
acid; PG: prostaglandin, HETE: hydroxy-eicosatetraenoic acid 
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Figure 6. Function of ω3-fatty acids as PPARd ligands in vitro and in vivo. (A) Alteration of PPARd downstream genes by eicosapentaenoic acid (EPA)/docosa-
hexaenoic acid (DHA) in sorted major myeloid populations from steady-state bone marrow (BM) in vitro and its interference by the PPARd antagonist GSK3787 (n=3-
5). (B) Modulation of granulocyte colony-stimulating factor (G-CSF)-induced mobilization by EPA administration in normal mice fed a fat-free diet (FFD) as assessed
by white blood cells (WBC), lineage-Sca-1+c-kit+ (LSK) cells and colony-forming units in culture (CFU-C) in the blood (n=8). (C) Modulation of G-CSF-induced mobiliza-
tion by EPA administration in chimeric mice with PPARd+/+ or PPARd+/- BM fed a FFD as assessed by WBC, LSK and CFU-C in the blood (n=4-6). The FFD was started
8 weeks after BM transplantation and G-CSF was started 2 weeks after the initiation of the FFD. Combined data from at least three independent experiments are
shown. Data are mean ± standard error of mean. *P<0.05, **P<0.01, ***P<0.001 (Student t test and analysis of variance).  
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for BM PPARd, is a dietary component able to suppress
mobilization.

PPARd-induced Angptl4 suppresses mobilization
As a downstream molecule of PPARd signaling, Angptl4

regulates blood vessel permeability leading to the modula-
tion of cell migration, such as tumor metastasis.23,24 We
first confirmed that G-CSF upregulated the level of
Angptl4 protein in BM extracellular fluid, which showed a
trend of further enhancement following treatment with
the PPARd agonist GW501516 (Figure 7A). In contrast, the
level of Angptl4 protein in the blood was not changed by
G-CSF treatment (Online Supplementary Figure S12A). G-
CSF treatment together with GW501516 significantly
increased Angptl4 mRNA expression in BM myeloid cells
(Online Supplementary Figure S12B). The analysis of BM
samples from mice used in mobilization experiments with
the FFD and GW501516, as shown in Figure 4G, revealed
that Angptl4 and Cpt1α mRNA levels in BM after G-CSF
were decreased by the FFD but greatly increased by
GW501516 treatment (Online Supplementary Figure S12C).
Thus, the induction and suppression of Angptl4 mRNA
expression in BM were likely associated with the suppres-
sion and enhancement of mobilization, respectively.

Indeed, this increase in Angptl4 protein in BM caused by
G-CSF inhibited mobilization, because administration of
the anti-Angptl4 neutralizing antibody (3F4F5)25 signifi-
cantly increased mobilization efficiency, as assessed by
CFU-C, with a similar, but not statistically significant,
trend of increased LSK cell mobilization (Figure 7B; Online
Supplementary Figure S12D). BM vascular permeability, as
assessed by Evans blue dye incorporation in BM, was
decreased by GW501516 and/or G-CSF (Online
Supplementary Figure S13), and significantly enhanced by
the addition of the anti-Angptl4 antibody to G-CSF (Figure
7C), suggesting that Angptl4 may inhibit mobilization by,
at least partially, suppressing BM vascular permeability.
Therefore, these results suggest that Angptl4, produced
mainly by BM neutrophils and their precursors via PPARd
signaling, inhibits G-CSF mobilization.

Discussion

The functions of BM as a reservoir and consumer of
orally ingested fat have not been thoroughly studied. In
this study, we have demonstrated that BM fat is strongly
influenced by diet. In particular, ω3-PUFA and their deriv-
atives are almost exhausted by a 2-week restriction of fat
contents in food. BM myeloid cells such as neutrophils
and their precursors have a strong demand for ω3-PUFA,
including EPA, which acts, at least partially, as a PPARd lig-
and to suppress HSPC mobilization via Angptl4 produc-
tion. A widely variable mobilization efficiency in response
to G-CSF in healty individuals, including a certain percent-
age of poor mobilizers, might partially originate from the
BM fat profile in association with oral fat intake. Although
it is not clear whether these findings in mice are applicable
to mobilization in humans, the modulation of dietary fat
might be a potential strategy to reduce the risk of poor
mobilizers which could be examined in a future clinical
study. 

In this study, we demonstrated that neutrophils and
their precursors, which are the major populations in BM,
are strong consumers of ω3-PUFA, particularly after G-

CSF treatment. It was reported that dietary ω3-PUFA are
rapidly incorporated into phospholipids, such as phos-
phatidylethanolamine and phosphatidylcholine, of
human neutrophils26 and inhibit these cells’ inflammato-
ry responses, such as leukotriene B4 production and
chemotaxis.27,28 However, the signaling receptor for ω3-
PUFA in this pathway is unclear. It was reported that cer-
tain ω6-PUFA, 15d-PGJ2, acted as ligands for PPARγ to
inhibit neutrophil chemotaxis by upregulating the sepsis-
induced cytokines tumor necrosis factor-α and inter-
leukin-4.29 Interestingly, a biochemical study has shown
that 15d-PGJ2 can also stimulate PPARd to a similar mag-
nitude as EPA.21 Based on our study in BM neutrophils
and the reported strong interaction of EPA with
PPARd,21,30 neutrophils in circulation may also partially
utilize ω3-PUFA as PPARd ligands to diminish inflamma-
tion. EPA is also reported to prevent neutrophil migration
across the endothelium as a supplier of PGD3, which
antagonizes PGD receptor DP-1 on neutrophils.31 This
pathway might be one of the PPARd-independent EPA
functions in the suppression of mobilization. In our cur-
rent study, BM lipid mediators were assessed after eight
doses of G-CSF, and the transition during the G-CSF
treatment was not evaluated. Although no change was
observed in BM ω6-PUFA after eight doses of G-CSF, we
have previously reported that the level of BM PGE2 was
increased after four doses.11 These data are consistent
with the transition of body temperature during G-CSF
treatment, which increased after four doses and returned
to normal levels at eight doses.11 Thus, the contribution
of BM ω6-PUFA in mobilization cannot be excluded from
the current study.

The signaling partners of the various PPAR are retinoid
X receptors (RXR). PPAR-RXR are permissive het-
erodimers that can be activated by either PPAR ligands or
RXR ligands.32 It was reported that RXR is activated during
G-CSF-induced granulopoiesis. The synthetic RXR agonist
bexarotene enhanced G-CSF-induced mobilization of neu-
trophils and CFU-C, but not of LSK cells, in circulation.20

In contrast, PPARd ligands in our study suppressed the
mobilization of both LSK cells and CFU-C. This difference
may be because apo-PPARd, i.e., the absence of ligand, has
been shown to reside on DNA or function as a transre-
pressor, unlike RXR.33 It is also possible that RXR may not
be a major signaling partner of PPARd in BM neutrophils
and their precursors with ω3-PUFA as PPARd ligands.
Indeed, the promyelocytic leukemia-PPARd signaling
pathway is important for HSC maintenance through the
regulation of fatty acid oxidation and asymmetric divi-
sion.34 Although the contribution of PPAR is not clear, a
very high level of fatty acids is the critical component for
the ex vivo maintenance of HSC.35 Thus, a continuous sup-
ply of fatty acids from the food is critically important for
the maintenance of BM hematopoiesis in several different
ways. BM in patients with anorexia nervosa commonly
displays hypoplasia with gelatinous transformation.36,37

This may be partially due to the lack of oral intake of fatty
acids, including ω3-PUFA as PPARd ligands.

Hematopoietic Angptl4 deficiency in hyperlipidemic
mice causes leukocytosis,38 which suggests a potential role
of Angptl4 from hematopoietic cells in the cells’ intravasa-
tion from the BM cavity into the circulation. Angptl4 is
known to have two major distinct roles. First, the N-termi-
nal coiled-coil region (nAngptl4) regulates lipoprotein
lipase leading to the control of lipid metabolism, insulin
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sensitivity, and glucose homeostasis. Second, the regula-
tion of angiogenesis and vascular permeability is mediated
by the COOH-terminal fibrinogen-like domain
(cAngptl4).23,24 Among these effects, the regulation of vas-
cular permeability seems to be the most relevant with
respect to G-CSF-induced mobilization. The role of
Angptl4 in regulating vascular permeability is context-
dependent. Early studies suggested that Angptl4, although
it was not shown whether cAngptl4 was used, decreased
the leak of dye or extravasation of melanoma cells.39,40 In
contrast, the promotion of vascular permeability and
tumor metastasis by Angptl4 was reported in a breast

tumor model.41 Mechanistically, cAngptl4 was shown to
activate α5b1 integrin and subsequently decluster VE-cad-
herin and claudin-5 in primary human microvascular
endothelial cells, leading to the induction of vascular leak-
iness and metastasis in a melanoma model.42 Angptl4-
mediated increased vascular leakiness was also reported in
nontumor pathological models such as influenza pneumo-
nia and diabetic macular edema.25,43 It was also reported
that altered post-translational modification, such as
decreased sialylation, can augment the leakiness of the
kidney glomerular epithelium.44 In our study, Angptl4 inhi-
bition led to increased BM vascular permeability and

Mobilization regulated by PPARd
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Figure 7. Angptl4 in bone marrow as a negative regulator of mobilization. (A) Angptl4 protein level in bone marrow (BM) extracellular fluid (BMEF) during granulocyte
colony-stimulating factor (G-CSF)-induced mobilization with or without the PPARd agonist GW501516 (n=3). (B) G-CSF-induced mobilization in mice treated with the
anti-Angptl4 antibody as assessed by white blood cells (WBC), lineage-Sca-1+c-kit+ (LSK) cells and colony-forming units in culture (CFU-C) in the blood (n=3 for group
treated with phosphate-buffered saline [PBS]/bovine serum albumin [BSA] and n=7 for group treated with G-CSF). (C) BM vascular permeability assessed by Evans
blue dye concentration in BMEF during G-CSF mobilization with or without the anti-Angptl4 antibody (n=3-8). Combined data from at least three independent exper-
iments are shown. Data are mean ± standard error of mean. *P<0.05, **P<0.01, ***P<0.001 (Student t test and analysis of variance). (D) Schematic representa-
tion of the proposed role of dietary fat and PPARd in G-CSF-induced mobilization. High sympathetic tone induced by G-CSF stimulates b1/b2-adrenergic receptors
(b1/b2 AR) to upregulate PPARd expression in BM myeloid cells. Dietary fatty acid ligands, such as ω3-poyunsaturated fatty acids (PUFA), bind to PPARd and promote
Angptl4 expression to suppress the mobilization via, at least partially, inhibition of BM vascular permeability. The PPARd-independent pathway of ω3-PUFA to inhibit
mobilization may also exist. 
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increased trafficking of HPC from the BM cavity into the
circulation. In addition to the consequences of using dif-
ferent models, proteolytic processing and post-translation-
al modifications of Angptl4 may occur differently in each
organ and each type of producer and effector cell, resulting
in widely variable results. 

BM is tightly regulated by the SNS, and a major step for
HSPC mobilization by G-CSF is the strong suppression of
osteolineage cells, such as osteoblasts and osteocytes, via
b2-AR stimulation by catecholamines.7-9 G-CSF stimula-
tion of sympathetic nerves inhibits the reuptake of
released catecholamines at the synapse,10 leading to hyper-
sympathetic tone in the BM. We have previously shown
that BM neutrophils express all b1-, b2-, and b3-AR and that
the selective b3-AR agonist activates the arachidonic acid
cascade to increase PGE2 production to protect osteoblast
function.11 In this study, induction of PPARd mRNA and
protein by SNS signals was mainly through b1/b2-AR in
mature/immature neutrophils. The b1/b2-AR-PPARd/ω3-
PUFA-Angptl4 pathway in BM myeloid cells counteracts
the alteration of the BM microenvironment and suppress-
es mobilization upon G-CSF-induced marrow inflamma-

tion (Figure 7D). Our study has shed light on oral fat as an
important regulator of interorgan communication
between the nervous and hematopoietic systems.
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Asubset of patients with advanced-stage classical Hodgkin lym-
phoma (cHL) relapse or progress following standard treatment.
Given their dismal prognosis, identifying this group of patients

upfront represents an important medical need. While prior research has
identified characteristics of the tumor microenvironment, which are
associated with cHL outcomes, biomarkers that are developed and vali-
dated in this high-risk group are still lacking. Here, we applied whole-
slide image analysis (WSI), a quantitative, large-scale assessment of
tumor composition that utilizes conventional histopathology slides. We
conducted WSI on pre-treatment biopsies from 340 patients with
advanced-stage cHL enrolled in the HD12 and HD15 trials of the German
Hodgkin Study Group (GHSG), and tested our results in a validation
cohort of 147 advanced-stage cHL patients within the GHSG HD18 trial.
All patients were treated with BEACOPP-based regimens. By quantifying
T cells, B cells, Hodgkin and Reed-Sternberg cells and macrophages with
WSI, 80% of all cells in the tumor tissue were identified. Crucially, low
B-cell count was associated with significantly reduced progression-free
survival and overall survival, while the content of T cells, macrophages
and Hodgkin and Reed-Sternberg cells was not associated with the risk
of progression or relapse in the study cohort. We further validated low B-
cell content as a prognostic factor for progression-free survival and over-
all survival in the validation cohort and demonstrated the good inter-
observer agreement of WSI. WSI may represent a key tool for risk strat-
ification of advanced-stage cHL and can easily be added to the standard
diagnostic histopathology work-up.

Whole-slide image analysis of the tumor
microenvironment identifies low B-cell content
as a predictor of adverse outcome in patients
with advanced-stage classical Hodgkin 
lymphoma treated with BEACOPP  
Ron Daniel Jachimowicz,1,2,3* Luise Pieper,4* Sarah Reinke,4,* Artur Gontarewicz,4,*
Annette Plütschow,1 Heinz Haverkamp,1 Leonie Frauenfeld,5 Falko Fend,5 Mathis
Overkamp,5 Franziska Jochims,4 Christoph Thorns,6 Martin Leo Hansmann,7 Peter
Möller,8 Andreas Rosenwald,9 Harald Stein,10 Hans Christian Reinhardt,2,3,11,12
Peter Borchmann,1,3 Bastian von Tresckow,1,3 Andreas Engert1,3 and Wolfram
Klapper4

1University of Cologne, Faculty of Medicine and University Hospital Cologne, Department I
of Internal Medicine, Cologne; German Hodgkin Study Group, Cologne; 2Else Kröner
Forschungskolleg Clonal Evolution in Cancer, University Hospital Cologne, Cologne;
3University of Cologne, Faculty of Medicine and University Hospital Cologne, Department I
of Internal Medicine, Center for Integrated Oncology Aachen-Bonn-Cologne-Düsseldorf,
Cologne; 4Department of Pathology, Hematopathology Section, University Hospital
Schleswig-Holstein, Christian-Albrechts-University, Kiel; 518Department of Pathology,
University of Tübingen, Tübingen; 6Department of Pathology, University Hospital Schleswig-
Holstein, University of Lübeck, Lübeck; 7Department of Pathology, University Hospital
Frankfurt, Frankfurt; 8Department of Pathology, University Hospital Ulm, Ulm; 9Institute of
Pathology, University of Würzburg, and Comprehensive Cancer Center Mainfranken,
Würzburg; 10Pathodiagnostik, Berlin; 11Cologne Excellence Cluster on Cellular Stress
Response in Aging-Associated Diseases (CECAD), University of Cologne, Cologne and
12Center for Molecular Medicine Cologne (CMMC), University of Cologne, Cologne, Germany

*RDJ, LP, SR and AG contributed equally as co-first authors.

ABSTRACT



Introduction

Classical Hodgkin lymphoma (cHL) is a B-cell-derived
lymphoid malignancy, affecting 2.5-3/100,000 people per
year. Depending on the clinical stage and associated risk
factors, first-line treatment consists of poly-chemotherapy
with or without consolidating radiotherapy, and results in
long-term tumor control in 70-80% and overall survival of
80-90% of patients.1,2 Crucially, all patients with
advanced-stage cHL currently continue to receive aggres-
sive poly-chemotherapy within the German Hodgkin
Study Group (GHSG) clinical trials. This treatment regi-
men is common practice because, to date, there is no reli-
able tool to distinguish, a priori, the subset of patients at
high risk of relapse or progressive disease from those with
lower risk. As a result, two groups of patients may be
underserved by current treatment approaches: those who
could be treated with less toxic treatment regimens; and
those who are likely to relapse or progress after standard
chemotherapy, as their prognosis is often very poor with
less than 50% becoming long-term survivors.3 In contrast
to non-Hodgkin lymphoma, clinical risk indices for cHL
such as the International Prognostic Score (IPS) have not
been successfully applied in treatment decision-making
within the subgroup of patients with advanced stage cHL.4

Similarly, the commonly defined histological subtypes
of cHL lack prognostic significance under the currently
used standard treatment protocols. Four microenviron-
mental patterns reflect the basis of the histological sub-
types in the current World Health Organization classifica-
tion, namely nodular sclerosis, mixed cellularity, lympho-
cyte-rich and lymphocyte-depleted. In recent research,
however, the tumor microenvironment of cHL has attract-
ed interest as a predictor of disease outcome.5 cHL is char-
acterized by the presence of neoplastic Hodgkin and
Reed-Sternberg cells (HRSC) that constitute only a minor-
ity of cells within the affected lymph nodes. The tumor is
mainly composed of non-neoplastic stromal and immune
cells, which form a tumor microenvironment around
HRSC. Depending on the cHL subtype, the cellular part of
the tumor microenvironment is made up of variable pro-
portions of macrophages, neutrophils, eosinophils, T cells,
B cells, fibroblasts and plasma cells. The neoplastic HRSC
is dependent on both endogenous- and exogenous signals,
the latter stemming from crosstalk with the microenviron-
ment, e.g., by the interaction between macrophages and
tumor cells.6

The prognostic value of HRSC CD20 expression is con-
troversial.7-10 Numerous studies utilizing quantitative
assessment of mRNA or immunohistochemistry have sug-
gested an adverse effect of increased macrophage infiltra-
tion11-15 and a favorable effect for markers of normal B cells
in the tumor microenvironment of cHL.16-18 However, the
immunohistochemistry-based approaches used to assess
the microenvironmental composition and the prognostic
impact suffer from limitations hampering their integration
into routine diagnostic procedures and clinical decision-
making for cHL. Unlike gene expression analysis, which
usually analyzes bulk tumor tissue, including the non-
malignant microenvironment, classical immunohisto-
chemical studies analyze a limited size of tumor regions
and may be biased by intratumoral heterogeneity and
observer-dependent selection of the areas analyzed.
Moreover, validation of microenvironmental biomarkers
has rarely been performed in large clinical trial cohorts. To

overcome these limitations and to test the prognostic role
of the tumor microenvironment in advanced-stage cHL,
we performed whole-slide-image analysis (WSI) of T cells
(CD3), B cells (CD20), HRSC (CD30) and macrophages
(CD68) in a study cohort and an independent validation
cohort consisting of hundreds of patients treated within
trials of the German Hodgkin Study Group (GHSG).

Methods

Study design and patients’ samples
Between January 1999 and July 2017, 5,801 adult patients with

primarily diagnosed and histologically confirmed advanced-stage
cHL were randomized to receive first-line treatment with the
BEACOPP regimen, containing bleomycin, etoposide, doxoru-
bicin, cyclophosphamide, vincristine, procarbazine, and pred-
nisone in standard or escalated (eBEACOPP) doses within the ran-
domized GHSG clinical trials HD12, HD15, and HD18.19-21 Our
cohort comprised trial patients with (cases) and without (controls)
progression or relapse at the ratio of 1:2.

Inclusion criteria for the case-control cohort were documenta-
tion of the reference histology result and reference center and
availability of a formalin-fixed paraffin-embedded lymph-node
specimen obtained at first diagnosis as well as complete documen-
tation of the presence or absence of prognostic factors. Inter-
observer agreement of WSI was tested using randomly selected
WSI slides analyzed by a second observer and a randomly selected
cohort stained and analyzed in a second center (Online
Supplementary Methods). 

The WSI findings of the study cohort of patients (n=340) from
HD12 and HD15 (Figure 1A) were matched with clinical data and
analyzed for prognosis. The performance was subsequently tested
using an independent validation cohort comprising HD18 patients
(n=147) (Figure 1B). Median follow-up times were 66 months
(95% confidence interval [95% CI]: 63- 71) in the study cohort and
62 months (95% CI: 57-65) in the validation cohort. 

Table 1 summarizes the clinical characteristics of the study and
validation cohorts in relation to all randomized HD12 and HD15
patients or all randomized HD18 patients, respectively. Patients
included in the study cohort were slightly younger compared to all
patients from the HD12 and HD15 randomized cohorts (median
age: 31 years [range, 24-40] vs. 33 years [25-42], respectively;
P=0.0093). There were no differences in prognostically relevant
laboratory parameters nor the IPS scores; however, more patients
in the study cohort had ≥3 nodal areas affected and stage IV dis-
ease at diagnosis (Table 1A). The validation cohort did not differ
from the HD18 randomized cohort regarding demographic and
prognostic factors (Table 1B). The study was conducted in accor-
dance with the recommendations of the ethics board of the
Medical Faculty, University of Kiel.

Whole-slide image analysis
For each patient, the whole available tissue specimen/block was

cut and subsequent slides were stained in the Department of
Pathology at Kiel University for CD3 (clone SP7, Waltham, MA,
USA), CD20 (clone L26, Dako, Glostrup, Denmark), CD30 (clone
BerH2, maintained at the Department of Pathology, Kiel,
Germany) and CD68 (clone PG-M1, Dako, Glostrup, Denmark),
using a Leica-Bond-Max stainer (Leica Microsystems, Wetzlar,
Germany). The slides were scanned (Hamamatsu Nanozoomer,
Hamamatsu Photonics, Ammersee, Germany) and the resulting
images were processed by TissueStudio 64, according to the man-
ufacturer’s recommendations (Definiens AG, Munich, Germany).
The area ranged between 4-455 mm2 (mean: 133.81 mm2, standard
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deviation [SD]: 80.84 mm2) (Online Supplementary Figure S1). Since
we included the entire lymph node in the analysis, any hetero-
geneity of cell distribution did not influence our data. Cutting arti-
facts, and overstained or unstained areas were manually excluded
from the analysis. Adjusting the threshold based on several repre-
sentative locations on the sample also ensured that the setting for
analysis for each sample had been selected to cover the specific
staining of the lymph node. See the Online Supplementary Methods
for a detailed description and statistics.

Results

Mapping the microenvironment in classical Hodgkin
lymphoma through whole-slide image analysis in the
study cohort

Within the study cohort, WSI detected a mean total cell
count of 1,550,980 (SD: 949,004) for all analyzed lymph
node specimens. The main cellular components of the
tumor tissue (CD3+ T cells, CD20+ B cells, CD30+ HRSC
and CD68+ macrophages) reflect the variable cell propor-
tions dependent on the histological subtype (Figure 2).
Overall, T cells, B cells, HRSC and macrophages account-
ed for a mean of 80% of all cells within the tumor tissue,
highlighting the strength of WSI for comprehensively
assessing cHL tumors. As expected, lymphocyte-rich cHL
(n=9) showed high counts of B cells and T cells with con-
comitant low levels of HRSC and macrophages.
Conversely, lymphocyte-depleted cHL (n=4) displayed the
lowest counts of B cells and T cells while CD30 and CD68
levels were markedly elevated. The T-cell content dis-
played a moderate positive correlation with B-cell content

(ρ=0.42; P<0.001), as well as a weak correlation with
macrophage content (ρ=0.15; P=0.0049) and CD30 con-
tent (ρ=0.15; P=0.0063) (Table 2). We also observed a
weak relationship between macrophage and HRSC con-
tent (ρ=0.21; P=0.0001). Of note, we did not detect a cor-
relation between B-cell and macrophage content.

B-cell content was associated with risk of progression
and relapse in the study cohort

We analyzed whether CD3, CD20, CD30 and CD68
differed between patients with lasting complete remission
and patients with subsequent progression or relapse.
While we did not observe any association of T-cell count,
macrophage content or CD30-positivity with long-term
remission status in our study cohort, B-cell content was
significantly lower at the time of diagnosis in patients
with later progression or relapse (mean 13.5%) than in
patients with long-lasting complete remission (mean:
13.5% vs. 17.7%, respectively; P=0.0079) (Table 3).
Further subgroup analyses revealed that patients with
mixed cellularity and nodular sclerosis cHL had signifi-
cantly lower B-cell counts when at risk for relapse and a
similar trend was observed for patients with lymphocyte-
depleted and lymphocyte-rich cHL (data not shown).

To further assess the association between B-cell content
and progression-free survival, we performed explorative
receiver operating characteristic (ROC) analyses in which
a B-cell content of 21% or less was the best predictor of
progression or relapse in the study cohort (ROC estimate
– chance = 0.00959, P<0.0001). Utilizing this cut-off, both
progression-free survival (P=0.0004, hazard ratio
[HR]=2.479, 95% CI: 1.479-4.157) and overall survival
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Figure 1. Flowchart of the study cohort and validation cohort. Average values of percentage of the respective cell types are indicated. For calculation of cell counts
of macrophages (CD68) and Hodgkin and Reed-Sternberg cells (CD30) see the Online Supplementary Methods. 



(P=0.04, HR=2.372, 95% CI: 0.996-5.651) were signifi-
cantly worse in patients presenting with low B-cell con-
tent (Figures 3A and 4A). We next examined the prognos-
tic value of B-cell content in a multivariate model, includ-
ing 11 known risk factors for progression-free survival and
B-cell content as binary variables. Backward selection of
effects with P-values <0.1 resulted in elimination of nine
effects (extranodal disease, lymphopenia, stage IV disease,
albumin <4 g/dL, leukocytosis, B-symptoms, elevated ery-
throcyte sedimentation rate, hemoglobin <10.5 g/dL, large
mediastinal mass) and a final model including B-cell con-
tent ≤21% (P=0.0002, odds ratio [OR]=3.133, 95% CI:
1.726-5.687), male sex (P=0.0015, OR=2.251, 95% CI:
1.363-3.720) and age ≥45 years (P=0.056, OR=1.837, 95%
CI: 0.985-3.425) as risk factors for treatment failure.

B-cell content was associated with progression-free and
overall survival in an Independent validation cohort

To validate whether low B-cell content at diagnosis, as
determined by WSI, could predict survival in an independ-
ent validation cohort, we analyzed 147 patients treated
within the HD18 trial.21 In line with the results observed
in our study cohort, B-cell content at diagnosis was lower
in patients who had progressive disease than in patients
with long-lasting complete remission (mean 16.4% vs.
21.5%, respectively; P=0.0616) (Table 3). cHL patients in
the validation cohort with a low B-cell content (most strin-
gent cut-off value of 10%) had a worse progression-free
survival (P=0.04, HR= 1.981, 95% CI: 1.104-3.557) (Figure
3B) and inferior overall survival (P=0.01, HR= 3.598, 95%
CI: 1.205-10.739) compared to patients with a high B-cell
count (Figure 4B).

Phenotype and distribution of B cell in classical
Hodgkin lymphoma

B cells and macrophages were extremely unevenly dis-
tributed over lymph node tissues but did not reflect unaf-

fected tissue (Online Supplementary Figures S2 and S3).
Visual inspection by experienced pathologists revealed
non-infiltrated, pre-existing tissue in only 15% of cases
(24/154) and the non-infiltrated tissues in these cases usu-
ally represented only a small fraction of the lymph node
(median unaffected area in not-completely infiltrated
cases, 10%). Furthermore, we did not detect an associa-
tion of B-cell content by WSI and stage of disease for
stages included in this cohort (stages II, III and IV; data not
shown). Since WSI subsumes B cells in the whole lymph
node, including B-cell nodules with considerable distance
to HRSC (Online Supplementary Figure S4), we tested an
association with B-cell content in the immediate vicinity
of HRSC (<100 mm radius) (see Online Supplementary
Methods). Interestingly, despite the uneven distribution of
B cells in the lymph node, we observed a correlation
between B-cell content in the whole lymph node and
immediate proximity to HRSC (ρ=0.676, P<0.0001, n=41)
(Online Supplementary Figure S5). B cells at the borders of
the nodular infiltration by HRSC are arranged in ill-
defined follicles that lack germinal centers and are com-
posed mainly of IgD-positive follicle mantle cells, some of

Table 1A. Patients’ baseline characteristics comparing the study cohort and all
patients randomized into HD12 and HD15 GHSG trials. 
Patients’ characteristics               Study cohort      Randomized              P*
                                                          (n=340)        cohort N=3426              
Age in years - median (IQR)                31 (24-40)             33 (25-42)              0.0093**
GHSG risk factors, n(%)                                                                                                

Extranodal disease                              64 (18.8)               693 (20.3)                 0.5226
≥3 nodal areas                                     304 (89.4)             2884 (84.3)                0.0058
Large mediastinal mass                    106 (31.2)             1024 (30.1)                0.6631
Elevated ESR                                        248 (72.9)             2310 (69.5)                0.1532

IPS risk factors, n(%)                                                                                                      
Male sex                                                205 (60.3)             2059 (60.1)                0.9535
Age ≥45 years                                       53 (15.6)               719 (21.0)                 0.0094
Clinical stage IV                                   142 (41.8)             1198 (35.0)                0.0069
Albumin <4 g/dL                                  192 (56.5)             1796 (55.1)                0.6044
Hemoglobin <10.5 g/dL                       56 (16.5)               617 (18.1)                 0.4579
Leukocytosis                                         77 (22.6)               700 (20.5)                 0.3220
Lymphopenia                                          23 (6.8)                 261 (8.0)                  0.4586

IPS score, n(%)
0 - 2                                                         204 (60.0)             1721 (55.8)                0.5553
3 - 7                                                         136 (40.0)             1069 (34.6)                     

Histological subtype, n(%)                                                                                             
Nodular sclerosis                                221 (65.0)             1778 (51.9)              <0.0001
Mixed cellularity                                  100 (29.4)              780 (22.8)                 0.0027
Lymphocyte-rich                                     9 (2.6)                   73 (2.1)                   0.4319
Lymphcyte-depleted                              4 (1.2)                   35 (1.0)                   0.7734

Table 1B. Patients’ baseline characteristics comparing the validation cohort
and all patients randomized into the HD18 GHSG trial. 
Patients’ characteristics             Validation             Randomized                 P
of validation cohort                 cohort (N=147)    cohort (N=2101)              

Age in years, median (IQR)            33 (25-42)                 32 (24-43)                  0.8322
GHSG risk factors, n(%)                                                                                                 

Extranodal disease                         28 (19.0)                   407 (19.4)                       1
≥3 nodal areas                               128 (87.1)                 1809 (86.1)                 0.8053
Large mediastinal mass                37 (25.2)                   592 (28.2)                  0.4473
Eelevated ESR                                 93 (63.3)                  1332 (63.4)                 0.9295

IPS risk factors, n(%)                                                                                                      
Male sex                                           96 (66.0)                  1278 (60.8)                 0.1900
Age ≥45 years                                  26 (17.7)                   437 (22.4)                  0.2156
Clinical stage IV                              53 (36.1)                   765 (36.4)                       1
Albumin < 4 g/dL                            85 (87.5)                  1180 (56.2)                 0.7305
Hemoglobin < 10.5 g/dL                28 (19.0)                   379 (18.0)                  0.7390
Leukocytosis                                    30 (20.4)                   436 (20.8)                       1
Lymphopenia                                    10 (6.8)                     151 (7.2)                        1

IPS score, n(%)                                                                                                                 
0 - 2                                                    92 (63.0)                  1206 (61.9)                 0.8598
3 - 7                                                    54 (37.0)                   741 (38.1)                        

Histological subtype - N/125 (%)                                                                                  
Nodular sclerosis                           72 (49.0)                   747 (35.6)                  0.0006
Mixed-cellularity                             25 (17.0)                   245 (11.7)                  0.0447
Lymphocyte-rich                               4 (2.7)                       29 (1.4)                     0.1402
Lymphcyte-depleted                             0                             8 (0.4)                          1

HD12 trial: number of patients per arm (study cohort/randomized cohort): arm A 39/336, arm
B 59/357, arm C 47/353, arm D 44/349. Chemotherapy: arms A and B: 8 cycles of escalated BEA-
COPP (eBEACOPP), arms C and D: 4 cycles of eBEACOPP + 4 cycles of baseline BEACOPP.
Radiotherapy: arms A and D: 30 Gy to initial bulky sites and residual lymphoma. HD15 trial:
number of patients per arm: arm A 64/677, arm B 69/680, arm C 73/674. Chemotherapy: arm A:
8 cycles of eBEACOPP, arm B: 6 cycles of eBEACOPP,  arm C: 8 cycles of BEACOPP14.
Radiotherapy: arms A, B, and C: 30 Gy consolidating radiotherapy to positron emission tomog-
raphy (PET)-positive residues. HD18 trial: number of patients per arm (validation
cohort/enrolled or randomized cohort): NULL 9/137, arm A 67/731, arm B 15/220, arm C 27/508,
arm D 29/505. NULL not randomized arm: without PET result after 2 cycles of eBEACOPP.
Chemotherapy for PET-positive arms A: 6-8 cycles of eBEACOPP and B: 6-8 cycles of eBEACOPP
+ rituximab; and for PET-negative arms C: 6-8 cycles of eBEACOPP and D: 4 cycles of eBEACOPP.
Radiotherapy (30 Gy) was recommended for all arms with residual 18F-FDG uptake and a mass
with a largest diameter after chemotherapy of at least 2.5 cm. P values are for the comparison
of patients included in the study or validation cohort versus patients not included. *Fisher
exact test, if not stated otherwise, **Wilcoxon rank-sum test, IQR: interquartile range; ESR: ery-
throcyte sedimentation rate; IPS: International Prognostic Score: GHSG: German Hodgkin Study
Group.
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which express CD73 (Online Supplementary Figure S4).
Thus, the vast majority of B cells seem to resemble naïve
B cells. However, further subtyping of B cells in the
microenvironment using appropriate methods is required
to understand the nature of this population.

Inter-observer bias of whole-slide image analysis 
To evaluate the inter-dependent bias of WSI, we took a

two-pronged approach. First, we randomly selected CD20-
stained whole slides that were re-analyzed by a second
independent observer, using the same software. We found
a high inter-observer concordance when the same or
newly scanned images were processed in the image analy-
sis software by a second observer (Online Supplementary
Figure S6). Second, we randomly selected a cohort of 20
cases, for which the complete staining procedure for CD20
and WSI was performed in a second center (see Online
Supplementary Methods). This approach revealed a correla-
tion of results obtained at two independent centers
(r2=0.6101) (Online Supplementary Figure S7). Thus, WSI
provides an unbiased approach for robust quantification of
the global cellular composition of cHL tissue.

Discussion

Despite the overall outstanding treatment results in
cHL, the a priori identification of a high-risk subset of
patients remains a challenge in clinical practice. Studies

utilizing functional imaging influence clinical decision-
making,22 but none of the previously proposed gene
expression profiling or immunohistochemistry biomark-
ers has been incorporated into treatment protocols for
cHL.4 So far, a comprehensive analysis of the cellular com-
position of the microenvironment in cHL is limited to
gene expression studies.12,16,23 Here, we utilized WSI and
achieved a comprehensive and robust quantification of
the cellular composition of the cHL microenvironment
throughout the whole tumor sample. To the best of our
knowledge, this approach has not been applied to cHL
previously and opens a novel conceptual window into the
assessment of cellular composition of tumor tissue.

In contrast to previously reported studies,11,17,24 but in line
with several other studies,25,26 we did not observe a corre-
lation of macrophage content with outcome in cHL. The
discrepancy between our results and previously published
studies with respect to macrophage counts may be
explained in multiple ways. First, the technology to assess
macrophage counts differs. We cannot rule out that gene
expression analysis utilizing mRNA expression level of
multiple genes assesses macrophages in a different man-
ner than our WSI approach. However, comparing conven-
tional immunohistochemistry image analysis or even visu-
al inspection of small fields of view, we consider WSI a
more accurate measure of macrophage content.  Second,
there is a difference between the population of patients in
our study and those in previous publications. Patients in
our study were treated with rather intensive chemothera-
py (BEACOPP/eBEACOPP), which is known to achieve
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Figure 2. Cellular composition assessed by
whole-slide imaging in the study cohort and
according to histological subtypes of classi-
cal Hodgkin lymphoma. Average values of
percentage of the respective cell types are
indicated. For calculation of cell counts of
macrophages (CD68) and Hodgkin and
Reed-Sternberg cells (CD30) see the Online
Supplementary Methods. 



higher levels of event-free survival than the levels
achieved with ABVD-based regimens.21 However, the
prognostic relevance of macrophage content was absent
despite the fact that we enriched the cohort for patients
who had events signifying progression. It is important to
mention that we excluded all non-cHL and all non-treat-
ment-related deaths (n=55 in the study cohort) from all
the analyses in order to identify a biomarker of lymphoma
aggressiveness that was not biased by unrelated deaths.
However, inclusion of those 55 patients as progression-
free survival failures did not affect the overall results
obtained within this study (data not shown).

One might speculate that the BEACOPP regimen
reduced lymphoma-related events and that biomarkers
established in patients treated with ABVD might lose their
prognostic power. Recently published results on the prog-
nostic range of the IPS in patients with advanced-stage
cHL enrolled on the Eastern Cooperative Oncology Group
2496 trial do in fact argue for such an interpretation.27 In
the aforementioned study, two factors (age and stage)
were significantly associated with freedom from progres-
sion in a multivariate analysis.27 Similarly, we found that
apart from low B-cell content, only male sex and age were
predictive of treatment failure in a multivariate analysis.
Similar findings were reported by the Spanish Hodgkin
Lymphoma Study Group in an analysis of patients with
advanced-stage cHL treated with ABVD.28 We thus believe
that our study cohort is representative of the population of

advanced-stage cHL patients and the absence of a prog-
nostic significance of macrophage content is most likely
due to the effective treatment applied.

In light of the fact that the BEACOPP-treated popula-
tions analyzed in our study had very few lymphoma-relat-
ed events (progression or relapse), the value of CD20 con-
tent by WSI as a prognostic tool appears to be even higher.
B-cell content in the microenvironment of cHL has been
identified in several previous studies as a prognostic tool if
analyzed by gene expression profiling or immunohisto-
chemistry.12,16,17,29,30 However, this biomarker has so far
attracted less attention compared to the macrophage
count. Gene expression profiling of the cHL microenviron-
ment is a laborious technology that is not widely avail-
able. In addition, gene expression analysis is dependent on
the technology applied, leading to the different prognostic
expression patterns in multiple studies.12,16,31 Unfortunately,
immunohistochemistry techniques, which are theoretical-
ly easy to apply in a routine diagnostic setting, are mostly
used to analyze small areas or even hotspots of B cells,
making this approach prone to observer-dependent
bias.17,30 Nevertheless, several groups previously noted that
the expression of B-cell cluster genes was related to a
favorable outcome in cHL.12,16,17,29,30 In contrast to previous
findings, we did not identify a correlation between B-cell
and macrophage content, which might also be related to
the methodology used.

In view of the recent demonstration of variable pheno-
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Table 2. Correlation analyses of whole-slide image analysis-determined CD3, CD20, CD30 and CD68 content in the study cohort. 
                                           CD68-positive area rate              CD20-positive cell rate                   CD3-positive cell rate                 CD30-positive area rate
                                                      Rho / P                                      Rho / P                                        Rho / P                                        Rho / P

CD68-positive area                                       1                                                     -0.05289                                                   0.15472                                                   0.21218
rate                                                                                                                          0.3389                                                      0.0049                                                     0.0001
CD20-positive cell                                  -0.05289                                                     1                                                 0.42374 / <0.0001                                  -0.07154 / 0.1956
rate                                                              0.3389                                                                                                                                                                                       
CD3-positive cell                                     0.15472                                        0.42374 / <0.0001                                                 1                                                 0.15024 / 0.0063
rate                                                              0.0049                                                                                                                                                                                       
CD30-positive area                                 0.21218                                        -0.07154 / 0.1956                                    0.15024 / 0.0063                                                 1
rate                                                              0.0001                                                                                                                                                                                       

Rho: Pearson correlation coefficients; P= probability > |r| under the null hypothesis: Rho=0.

Table 3. Whole-slide image analysis-determined CD20-positive cell rates at baseline according to progression-free survival-failure status.
                                                                                                                   CD20-positive cell rates (%)
                                                                           Study cohort                                                                                 Validation cohort
                                          PFS failure          N (%)            Group mean     P-value                    PFS failure           N (%)        Group mean          P-value
                                                                                                                                                                                    

All patients                                      no                229 (67.4)                   17.7                0.0079                                  no                  201 (69.4)              21.5                      0.0616
                                                           yes                111 (32.6)                   13.5                                                             yes                  45 (30.6)               16.4                            
CD20-negative                                no                184 (67.4)                   18.1                0.0002                                  no                not available
                                                           yes                 89 (32.6)                    12.4                                                             yes                           
CD20-positive                                 no                 45 (67.2)                    16.3                   n.s.                                    no                not available
                                                           yes                 22 (32.8)                    17.9                                                             yes                           
Mixed cellularity                            no                 70 (70.0)                    19.5                0.0064                                  no                     20 (80)                20.8                      0.2529
                                                          yes                 30 (30.0)                    13.3                                                             yes                     5 (20)                 14.4                            
Nodular sclerosis                          no                145 (65.6)                   16.9                0.0033                                  no                  145 (65.6)              16.9                      0.0274
                                                          yes                 76 (34.4)                    12.1                                                             yes                  76 (34.4)               12.1                            
Lymphocyte-depleted                   no                  3 (0.75)                      2.4                    n.s.                                    no                          0                         0                           not
                                                           yes                  1 (0.25)                      5.5                                                              yes                          0                         0                     applicable
Lymphocyte  rich                           no                  6 (0.67)                     32.2                   n.s.                                    no                     4 (100)                18.2                         not 
                                                           yes                  3 (0.33)                     55.7                                                             yes                          0                                                applicable
PFS: progression-free survival.



types of tumor-infiltrating B cells populating the microen-
vironment of solid cancers,32 the adoption of a broader
panel of B-cell/plasma-cell-associated antigens, T-cell sub-
sets and correlation with PD-1 staining should be per-
formed in future WSI applications and could include,
among others, CD4, CD8, CD19, CD27, CD5, CD38 and
CD138. However, WSI on large cohorts, as performed in
our study, will probably have to be focused on a limited
number of markers.

Nevertheless, WSI has several advantageous features,
compared to gene expression profiling and conventional
immunohistochemistry studies, by combining the diag-
nostic accuracy of digital image analysis and a large-scale
approach. By providing cell counts (e.g., the number of B
cells) independently of relative expression levels of bio-
markers for cell subtypes (e.g., CD20 mRNA), WSI reflects
a direct read-out for the cellular composition and conse-
quently a direct measure for therapeutic targets of

immunological therapy. Since CD20 staining is performed
at virtually any diagnosis of cHL, WSI makes use of exist-
ing histology data without any additional molecular pro-
cedures. CD20-stained slides of cHL can be digitalized at
any pathology center and moved via the worldwide web
in a timely manner to allow centralized assessment. We
thus envision this technology to be highly suitable for
incorporation into future clinical trials. 

The cellular composition of the microenvironment of
cHL is complex and its analysis has so far been restricted
to a limited number of lymphoma specimens.33 WSI of
multiplexed-stains allows the number of cellular markers
to be increased and might help in the translation of find-
ings obtained in a few patients’ specimens into large
cohorts of patients. Moreover, novel analytic tools beyond
the plain assessment of relative amount of cell types can
potentially be applied to WSI data.34 In summary, B-cell
content assessed by WSI in advanced-stage cHL allows for
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Figure 3. Progression-free sur-
vival according to CD20 con-
tent. (A) Kaplan-Meier plots of
progression-free survival (PFS)
in the study cohort for the two
risk groups according to B-cell
content (CD20-positive cell
rate: ≤21% or >21%). (B)
Kaplan-Meier plots of PFS in
the validation cohort for the
two risk groups according to B-
cell content (CD20-positive
cell rate: ≤10% or >10%).

A

B



a robust discrimination of patients at high risk of experi-
encing relapse or progressive disease and thus identifies a
population of patients who may qualify for novel first-line
treatment strategies. Furthermore, we envision that WSI
may also be applied to identify patients in whom de-esca-
lation of treatment intensity may be possible. We thus
anticipate the use of WSI in all future GHSG studies. Even
though additional testing is required to define cut-off val-
ues, this approach is close to clinical application since the
data required (CD20 staining) are generated in the stan-
dard diagnostic workup of any cHL around the world. We
cannot imagine any other technology with such a broad
potential for application, considering that even in less
well-developed countries access may be affordable.

Finally, this is a unique opportunity to establish a risk
model looking specifically at the microenvironment in
prospective clinical trials.
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Figure 4. Overall survival
according to CD20 content.
(A) Kaplan-Meier plots of over-
all survival in the study cohort
for the two risk groups accord-
ing to B-cell content (CD20-
positive cell rate: ≤21% or
>21%). (B) Kaplan-Meier plots
of overall survival in the vali-
dation cohort for the two risk
groups according to B-cell con-
tent (CD20-positive cell rate:
≤10% or >10%).
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Patients diagnosed with anaplastic large cell lymphoma (ALCL) are still
treated with toxic multi-agent chemotherapy and as many as 25-50%
of patients relapse. To understand disease pathology and to uncover

novel targets for therapy, we performed whole-exome sequencing of
anaplastic lymphoma kinase (ALK)+ ALCL, as well as gene-set enrichment
analysis. This revealed that the T-cell receptor and Notch pathways were the
most enriched in mutations. In particular, variant T349P of NOTCH1, which
confers a growth advantage to cells in which it is expressed, was detected in
12% of ALK+ and ALK– ALCL patients’ samples. Furthermore, we demon-
strated that NPM-ALK promotes NOTCH1 expression through binding of
STAT3 upstream of NOTCH1. Moreover, inhibition of NOTCH1 with γ-
secretase inhibitors or silencing by short hairpin RNA leads to apoptosis; co-
treatment in vitro with the ALK inhibitor crizotinib led to additive/synergistic
antitumor activity suggesting that this may be an appropriate combination
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therapy for future use in the circumvention of ALK inhibitor resistance. Indeed, crizotinib-resistant and -sen-
sitive ALCL were equally sensitive to γ-secretase inhibitors. In conclusion, we show a variant in the extracel-
lular domain of NOTCH1 that provides a growth advantage to cells and confirm the suitability of the Notch
pathway as a second-line druggable target in ALK+ ALCL.

Introduction

Systemic anaplastic large cell lymphoma (ALCL) is a T-
cell malignancy accounting for approximately 15% of all
cases of pediatric lymphoma and 1-2% of adult lym-
phomas.1 The majority of pediatric cases (>90%) express
NPM-ALK, the result of the t(2;5)(p23;q35) translocation,
creating a fusion between the nucleolar phosphoprotein
gene nucleophosmin1 (NPM1) and anaplastic lymphoma kinase
(ALK), leading to the ALK+ ALCL diagnostic entity,
although other ALK fusion proteins also exist.2,3 ALK fusion
proteins induce the activation of several downstream sig-
naling pathways involved in oncogenesis, including PI3K,
ERK1/2 MAP kinase, and JAK-STAT. 

Genetic studies conducted to date have not revealed con-
sistent genetic abnormalities among ALK+ ALCL, although
a higher frequency of genomic gains and losses has been
associated with a poorer prognosis.4-6 Genomic gains
include the region encoding the NOTCH1 locus,4 which
may explain why NOTCH1 is expressed in the majority of
ALK+ ALCL and in some ALK– ALCL.7,8 In contrast, for ALK–

ALCL, mutations in the JAK1/STAT3 pathway have been
described.9

ALK+ ALCL is largely a chemosensitive malignancy,
although despite good initial responses, the relapse rate
reaches 50% independently of the chemotherapy regimen
used;10-14 therefore, new therapies are needed for patients
who do not respond to standard chemotherapy. There is
also a need for less toxic treatment schedules for low-risk
patients. Crizotinib, a small molecule ATP-competitive
inhibitor of ALK/MET/ROS1 which is currently in clinical
trials (NCT01606878, NCT02034981) for pediatric ALK+

lymphoid malignancies, given as monotherapy produces
remission in more than 80% of relapsed patients, although
rapid relapse on discontinuation of therapy has been report-
ed.11,15-17 As such, second-line treatment and combination
therapies for relapsed patients are still required. We there-
fore conducted whole exome sequencing (WES) of 25 ALK+

ALCL tumors, validating data in a further 78 cases of ALCL
to understand disease pathology and to uncover novel tar-
gets for therapy. Beside the T-cell receptor (TCR) pathway,
the most commonly affected signaling axis is that involving
NOTCH1, of which a T349P variant provides a growth
advantage to cells. Furthermore, NOTCH1 is expressed as a
consequence of NPM-ALK-driven STAT3 activity, a key sig-
naling node in ALCL. Accordingly, the NOTCH1 pathway
provides a target for second-line therapy, whereby γ-secre-
tase inhibitors (GSI) show synergistic activity with
inhibitors of ALK, and are efficacious as single agents in
ALK-inhibitor resistant cell lines. Finally, we show evidence
that NOTCH1 is a biomarker predictive of relapse risk.

Methods

Patients’ samples
Patients’ tumor tissues (at initial presentation) and matched

peripheral blood DNA were obtained following patient/parental

consent according to both the Declaration of Helsinki and local
guidelines from the following institutions: Children’s Cancer and
Leukaemia Group tissue bank, Newcastle, UK (Online
Supplementary Table S1); Institut Universitaire du Cancer Toulouse,
France; University Hospital Brno, Czech Republic; Biobank of the
Medical University of Graz, Austria; Belarusian Center for
Pediatric Oncology, Hematology and Immunology, Minsk,
Belarus; Justus-Liebig University, Giessen, Germany; and Our
Lady’s Children’s Hospital, Crumlin, Ireland (Online Supplementary
Table S2). All tissues were obtained and processed with full ethical
approval (NHS Research ethics committee reference numbers
07/Q0104/16, 06/MRE04/90 and 08/H0405/22+5).

The patient tissue microarray used here has been described else-
where.18 Briefly, formalin-fixed paraffin-embedded (FFPE) tissue
specimens from pediatric, patients with NPM-ALK+ ALCL treated
in the Berlin-Frankfurt-Munster (BFM) group study NHL-BFM90,
NHL-BFM95 or patients enrolled in the European intergroup trial
ALCL99 between August 1998 and December 2008 were obtained
from both male and female children (Online Supplementary Table
S3) with informed consent and in accordance with the Declaration
of Helsinki. Eligibility was confirmed by demonstration of NPM-
ALK positivity of the tumor either by NPM-ALK polymerase
chain reaction, two-color fluorescence in situ hybridization for the
t(2;5), or nuclear and cytoplasmic staining for ALK. The inclusion
criteria were fulfilled by 89 patients. 

Whole exome sequencing
DNA was extracted from fresh-frozen tissue from patients

(n=18; with a tumor content >90%) and matched peripheral blood
from four patients using the QIAgen DNAeasy Blood and Tissue
Kit (Qiagen, Hilden, Germany), following the manufacturer’s
instructions. Library preparation was conducted using the Nextera
Rapid Capture Exome Kit before samples were sequenced, at
either the Washington State University Core (Illumina HiSeq2500)
or the Molecular Diagnostics and Personalized Therapeutics Unit,
University of Ha’il (Illumina MiSeq) (Online Supplementary Table
S4). Sequencing data are available at the Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra) under accession number
PRJNA491296. The bioinformatic processing is detailed in the
Online Supplementary Methods. 

Immunohistochemistry, pathology and quantification
Immunohistochemistry was performed on FFPE sections with

the conventional avidin–biotin–peroxidase method. Heat antigen
retrieval was performed using citrate buffer, pH 6.1. Endogenous
peroxidases were quenched by incubating sections in 3% H2O2 in
phosphate-buffered saline (PBS) for 10 min. An avidin/biotin and
a protein block were subsequently performed. Primary antibodies
(Online Supplementary Table S5) were added in 1% bovine serum
albumin/PBS at 4°C overnight. Slides were incubated with biotin-
conjugated secondary antibodies and then with horse radish per-
oxidase (HRP) using the IDtect Super Stain System – HRP and
developed under visual control using aminoethyl carbazole.
Hemalaun counterstaining was performed and slides mounted
with AquaTex. Sections were washed with PBS three times in
between each step. Stained slides were assessed for cleaved
NOTCH1 staining by an experienced pathologist (blinded with
respect to clinicopathological parameters and patients’ outcome)



using the histoscore system. Stained slides were scored qualita-
tively for the intensity of staining and classified as showing nega-
tive, weak, moderate or strong staining (to qualify for ‘moderate’
or ‘strong’ staining, at least 10% of cells had to stain positive).
Analysis of event-free survival was performed as described previ-
ously,19 grouping negative and weak staining into ‘low cleaved
NOTCH1 expression’ and moderate and strong into ‘high cleaved
NOTCH1 expression’.

Statistical analyses
All experiments were executed in biological triplicates. The

MTT, RealTimeGlo, apoptosis, cell cycle and quantitative poly-
merase chain reaction assays were additionally executed with
technical triplicates. All plots are representative of the mean of the
biological replicates, while the error bars represent the standard
deviation. Two-tailed t-tests were used to calculate the P-value
when comparing two samples (multiple comparisons were cor-
rected using the Holm-Sidak method); when comparing more
than two samples, two-way analysis of variance (ANOVA) was
used (again, multiple comparisons were corrected using the Holm-
Sidak method). Statistical tests were conducted using GraphPad
PRISM 8 (Graphpad). 

Results

The genomic profile of anaplastic large cell lymphoma 
Eighteen ALK+ ALCL exomes sequenced in this study in

addition to seven previously sequenced samples9 (Online
Supplementary Table S1) were analyzed. The samples com-
prised 17 pediatric cases (≤18 years) and eight adult cases
(Online Supplementary Table S4); a flowchart illustrating the
cohorts of patients is shown in Online Supplementary Figure
S1. All patient samples were collected at diagnosis. Data
regarding variants found in at least a quarter of the patients
are summarized in Figure 1, which shows that the most
commonly mutated genes in both adult and pediatric cases
were TYW1B, DEFB132 and KCNJ18 (the full list of vari-
ants can be found in Online Supplementary Table S6). None
of the variants in these genes has been reported previously
in hematologic malignancies and were not studied further
here. Two patients presented with one mutation each in
TP53 (COSMIC ID: COSM3958801 and COSM9969). We
also studied copy number variations, but found no novel
events larger than 100,000 bp present consistently in more
than one sample at a sequencing depth of at least 50x
(Online Supplementary Figure S2A, Online Supplementary
Table S7), as previously observed.4 Among previously
reported alterations in ALCL, a single copy gain on chro-
mosome 7 was observed in three patient tumor samples
(S3, S9 and S15)5 and a single copy loss on chromosome
17p was also seen in three patients (S9, S14 and S57).6

The most predominant single nucleotide variants 
are non-synonymous and are present at higher levels
in patients who subsequently relapsed

The majority of somatic variants detected in the 25 tumor
samples were non-synonymous single nucleotide variants
(39.4%), in keeping with a previous publication reporting
that the ALK+ ALCL genome is largely stable.4 Single
nucleotide variants were followed in frequency by
frameshift and non-frameshift deletions and splice variants
(24.1%, 10.8% and 10.6%, respectively), while the
germline genome of ALCL patients points to an over-
whelming presence of single nucleotide polymorphisms

(89.3%) (Online Supplementary Figure S2B). The proportion
of each type of variant detected differed between patient
tumors (Figure 2B), although in general, pediatric patients
known to have relapsed (n=9) had a significantly higher
proportion of non-synonymous single nucleotide variants
than patients who did not (n=9; P<0.0001) (Figure 2B), sug-
gesting that a high percentage of non-synonymous single
nucleotide variants at diagnosis may be indicative of
relapse, although this requires validation in a larger dataset
of patients treated with comparable treatment protocols.

Deficiency of DNA repair mechanisms and 
spontaneous deamination of 5-methyl cytosine 
are identified as signatures of anaplastic large 
cell lymphoma 

Online Supplementary Figure S2C shows the prevalence,
in representative patient S57, of the 96 variant types that
were used to derive the mutational signatures (Online
Supplementary Figure S2D). Examining the type of muta-
tions in the patients for whom matched peripheral blood
was available (n=11), showed an enrichment for muta-
tional signatures 1, 3, 12 and 2620 (Figure 2C). Interestingly,
1A is a signature based on the prevalence of C>T transi-
tions at NpCpG trinucleotides and is associated with
spontaneous deamination of 5-methyl-cytosine,21 whereas
signature 3 has its roots in homologous recombination
deficiency during DNA double-strand break repair.20 The
etiology of signature 12 has not yet been identified,
although signature 26 is associated with a breakdown in
DNA mismatch repair. The combination of signatures 3
and 26 may indicate, from an evolutionary perspective,
how ALCL tumors accumulate mutations. Comparable
patterns were found when comparing signatures to the
COSMIC signature database22 (data not shown). There was
no detectable difference between the mutational signature
of pediatric (n=4) or adult (n=7) ALK+ ALCL patients (data
not shown).

Gene set enrichment analysis confirms the importance
of T-cell receptor signaling, but also of the Notch 
pathway in ALK+ anaplastic large cell lymphoma 
pathobiology 

Gene set enrichment analysis (GSEA) of mutated genes
showed that TCR signaling and Notch pathways are
enriched across all five databases used (Figure 2D; Online
Supplementary Table S8). Further analysis of the domains
frequently found in the mutated genes revealed an enrich-
ment in proteins with epidermal growth factor (EGF)-like
or calcium-ion binding domains (Figure 2E), two features
of the NOTCH1 protein, and indeed the locus of both of
the NOTCH1 mutations identified in this study (see
below). Twenty of the 25 patient tumors carry mutations
in proteins of the Notch pathway with a range of one to
four and a median of two mutations per patient (Online
Supplementary Table S8). Furthermore, reactome network
clustering analysis23 showed TP53 as a key node, which is
not unexpected as TP53 has been reported to play a key
role in the pathogenesis of ALCL24 (Online Supplementary
Figure S2E). Given the importance of the Notch pathway in
T-cell biology, particularly in the developing thymus,
which we proposed tp be the origin of ALK+ ALCL,25 and
the previous implication of the NOTCH1 pathway in the
pathogenesis of ALCL,8 the NOTCH1 mutations detected
and the NOTCH1 pathway were explored for their role in
the pathogenesis of ALK+ ALCL.

NOTCH1 and the pathobiology of ALK-positive ALCL
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NOTCH1 variant T349P provides a growth advantage 
to cells

Of the 25 ALK+ ALCL tumor samples analyzed by WES,
24% presented with the NOTCH1 variant T349P, while
12% had the T311P variant. These data were validated by
Sanger sequencing of a further 78 samples (including 18
of the samples previously analyzed by WES with a total
of 55 ALK+ ALCL, and 23 ALK– ALCL) (Online
Supplementary Table S2). In this validation cohort, the
T349P variant was detected in 12% of patients (n=78;

15% of ALK– patients and 9.3% of ALK+ patients) (Online
Supplementary Figure S3A) and the T311P variant was
found in 7.6% of patients (n=78; 10.2% of ALK+ patients,
none in ALK– patients) (Online Supplementary Figure S3B).
In the majority of cases, tumors presented with a muta-
tion at either T311P or T349P and therefore the overall
incidence of patients with at least one mutation of the
EGF-like domain was 18% (n=78), although one patient
presented with both mutations. We detected two addi-
tional NOTCH1 mutations, H1190P and G1503S,
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Figure 1. Summary of whole exome sequencing data. Individual results for each patient presented as a heatmap for genes found to be mutated in at least a quarter
of patients. The number of different variants presenting in each gene is displayed for individual patients. The total number of variants identified for individual patients
is also displayed above the graph. The panel on the right shows the percentage of patients presenting with at least one variant of the indicated gene. Pediatric and
adult patients are separated. Patients for whom matched peripheral blood was sequenced are labeled with an ‘M’.



although these were only detected in one patient each
and so were not studied further. Of note, there was no
significant difference in prognosis for patients presenting
with NOTCH1 T349P and/or T311P over those with
wild-type (WT) NOTCH1 when considering the whole
cohort of patients (Online Supplementary Table S9, Online
Supplementary Figure S3J). However, if adult patients were
considered in isolation, there was a significant reduction
in overall survival for those with NOTCH1 mutations
(P<0.05) but these data are based on just three patients
and so should be interpreted with caution.

Variant T349P, at position 1045, is within the sixth of
34 exons of NOTCH1, which encodes one of the numer-
ous EGF-like domains that make up the extracellular
domain of NOTCH1 (EGF-like domain 9 of 36, which is
a calcium-binding domain). NOTCH1 T349P was pre-
dicted to be a function-altering mutation by variant effect
prediction software including SIFT (score=0.01) and
PolyPhen (score=0.999), among others.26-30 Furthermore,
the COSMIC database shows that T311 and T349 are the
two most frequently reported mutated amino acids at the
presumed NOTCH1/JAG1 interface across a range of

cancers (including chronic myelomonocytic leukemia,31

chronic lymphocytic leukemia,32 T-cell acute lymphoblas-
tic leukemia,33 rhabdomyoscaroma34 and squamous cell
carcinoma35) (Figure 3A).

To determine the impact of the detected NOTCH1
mutants on cell proliferation, WT, T349P or T311P
mutants of NOTCH1 were expressed in HEK293FT cells
(Figure 3B and C). These cells were chosen because of
their low levels of endogenous NOTCH1 expression. In
comparison, ALCL cell lines express high levels of WT
NOTCH1. A significant increase in ATP production, sug-
gestive of enhanced cell proliferation (as determined by a
RealTime-Glo assay), was observed at 72 h for cells
expressing the NOTCH1 T349P mutant as compared to
WT NOTCH1 in the absence of exogenously applied lig-
and (Figure 3D). The T311P mutant also led to an increase
in proliferation, although this was not statistically signif-
icant when compared to WT NOTCH1. However,  a sig-
nificant increase in proliferation was detected when using
an MTT assay (Online Supplementary Figure S3I). In addi-
tion, the transcriptional targets of NOTCH1 activity,
HES1 and HEY1, were expressed at higher levels in the

NOTCH1 and the pathobiology of ALK-positive ALCL

haematologica | 2021; 106(6) 1697

Figure 2. Analysis of whole exome sequencing data yields insights into the ALK+ anaplastic large cell lymphoma genomic landscape. (A) Proportion of variant type
for each patient. (B) Mean and standard deviation of the proportion of variant types for patients who did (n=9) or did not (n=9) relapse within 5 years after diagnosis
(***P<0.001). (C) Mutational signatures20 derived from the variant profiles of each of the 11 patients for whom we hold sequenced matched peripheral blood. (D,
E) Scatter plots of the pathways (D) or domains (E) found to be enriched in our dataset, displaying the number of databases in which each hit was found to be
enriched, along with the (-)log10 of the statistical enrichment P-value of the software in which each hit was found to be most enriched, and the corresponding number
of genes involved. SNV: single nucleotide variant.
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HEK293FT cells expressing NOTCH1 mutants compared
to those transfected with either an empty vector or WT
NOTCH1 (Online Supplementary Figure S3F and S3G).
These data are suggestive of increased NOTCH1 activity
as a consequence of the NOTCH1 T349P mutation com-
pared to WT NOTCH1.

To determine why the T349P NOTCH1 mutant led to
enhanced cell proliferation, in silico modeling was per-
formed to predict the effects of the mutation on protein
conformation using a published crystal structure of
NOTCH1 bound to one of its ligands (Jagged1; PDBID
5UK5) (Online Supplementary Figure S3C and S3D).36 The
model demonstrated that NOTCH1 residues 349 and 311
mediate binding to NOTCH1 ligands. Therefore, to
determine whether increased cell proliferation (Figure
3D) was dependent on NOTCH1 ligand, NOTCH1 WT
or mutant-expressing HEK293FT cells were co-cultured
with OP9 cells expressing or not the NOTCH1 ligand
DLL1. There was no discernible difference in prolifera-
tion between cells co-cultured with wild-type OP9, or
OP9-DLL1 cells (Online Supplementary Figure S3E).
However, increased transcription of endogenous DLL1
was observed on expression of the mutant forms of
NOTCH1 compared to WT protein, suggesting that the
mutant proteins might themselves lead to transcription of
ligand in an autonomous fashion (Figure 3E). In an

attempt to validate this, we silenced DLL1 using a specific
siRNA (Online Supplementary Figure S3H), which reduced
the proliferation advantage induced by the NOTCH1
T349P mutant (Online Supplementary Figure S3I).

NPM-ALK induces expression of NOTCH1 via STAT3
transcriptional activity in anaplastic large cell 
lymphoma

Given that ALCL cell lines express high levels of WT
NOTCH1,8 the mechanism of NOTCH1 expression was
investigated. NPM-ALK activity was inhibited by incuba-
tion with the ALK/ROS/MET inhibitor crizotinib (Figure
4A) or expression silenced with a specific shRNA (Figure
4D) in three and two cell lines, respectively. In both cases,
a significant decrease in transcripts for NOTCH1 (Figure
4B and E) and its transcriptional target HES1 (Figure 4C
and F), was observed, suggesting that NOTCH1 transcrip-
tion and NOTCH1 activity are dependent on NPM-ALK.
Given that STAT3 is a key nodal downstream target of
NPM-ALK, STAT3 expression was inhibited by employ-
ing specific shRNA in ALCL cell lines (Figure 4G). As pre-
dicted, transcript levels of NOTCH1 (Figure 4H), HES1
(Figure 4I) and HEY1 (Figure 4J) were all significantly
downregulated as a result of STAT3 silencing in both
ALK+ and ALK– ALCL cell lines (Figure 4H-J, Online
Supplementary Figure S4A). Analysis of published chro-
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Figure 3. NOTCH1 T349P and T311P mutants confer a growth advantage to cells. (A) The most frequent variants (of the amino acids involved in the NOTCH1-JAG1
interface) of NOTCH1 reported on COSMIC, and the frequency at which they have been reported. (B) Quantitative polymerase chain reaction (qPCR) showing the fold-
increase in transcript levels of NOTCH1 compared to that in cells transduced with an empty vector (n=3). (C) Western blot for full-length and cleaved intracellular
NOTCH1 (ICN) and α-tubulin in HEK293FT cells 48 h after transfection to express wild-type (WT) or mutant (T349P or T311P) NOTCH1, or an empty vector (EV). Only
the relevant sections of the whole blot are shown and the contrast of the whole image was modified in order to improve legibility. Data are representative of three
biological repeats. (D) Proliferation of HEK293FT cells expressing the indicated proteins or empty vector control as measured by the Real Time Glo assay at 24, 48
and 72 h after transfection (***P<0.001; n=3). (E) Fold-change in expression of DLL1 over the WT NOTCH1 control as assessed by qPCR in HEK293FT cells express-
ing the indicated proteins and co-cultured with either WT or DLL1-expressing OP9 cells (*P<0.05; **P<0.01; n=3). All bar plots display the mean of biological repli-
cates, and error bars represent the standard deviation. 
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Figure 4. STAT3-mediated regulation of NOTCH1 by NPM-ALK in ALK+ anaplastic large cell lymphoma. (A) Representative western blot for ALK, phospho-ALK and α-
tubulin in ALK+ anaplastic large cell lymphoma (ALCL) cell lines when treated with 300 nM crizotinib or a vehicle control (dimethylsulfoxide, DMSO) for 6 h. Only the
relevant sections of the whole blot are shown and the contrast of the whole image was modified in order to to improve legibility. Data are representative of three bio-
logical replicates. Densitometry is included, as fold-change over the vehicle control and loading control. (B, C) Fold-change expression of NOTCH1 (B) and HES1 (C)
over vehicle control in the indicated ALK+ ALCL cell lines 48 h after treatment with crizotinib, as determined by quantitative polymerase chain reaction (qPCR)
(*P<0.05; **P<0.01; ***P<0.001; n=3). (D-F) Fold-change expression of NPM-ALK (D), NOTCH1 (E) and HES1 (F) over non-targeting control in ALK+ ALCL cell lines
48 h after transduction with control non-targeting (NT) shRNA, or a shRNA targeting NPM-ALK, as determined by qPCR (**P<0.01; ***P<0.001; n=3). (G-J) Fold-
change expression of STAT3 (G), NOTCH1 (H), HES1 (I) and HEY1 (J) over non-targeting NT control in ALK+ ALCL cell lines 48 h after transduction with control NT
shRNA, or one of two shRNA targeting STAT3, as determined by qPCR (**P<0.01; ***P<0.001; n=3). (K) Binding of STAT3 to the promoter regions of NOTCH1 in SU-
DHL1 cells treated with a vehicle control (middle track) or crizotinib (lower track); the upper track is the input for two separate cell lines, data were obtained by ana-
lyzing previously published data.37 (L) Chromatin immunoprecipitation-qPCR binding of STAT3 and GFP at the NOTCH1 promoter region, or at a negative control inter-
genic region, in SUP-M2 cells treated with either a vehicle control or crizotinib (300 nM) for 6 h, as determined by qPCR (***P<0.0001; n=3), expressed as the per-
centage of the total input. All measures of expression by qPCR were normalized to GAPDH and PPIA. All bar plots display the mean of biological replicates, and error
bars represent standard deviations.
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matin immunoprecipitation sequencing data37 of STAT3
binding sites in the ALCL cell lines SU-DHL1 and JB6,
treated with either crizotinib or a vehicle control, showed
a significant decrease in binding of STAT3 at the
NOTCH1 gene in crizotinib-treated cells (Figure 4K,
Online Supplementary Figure S4B). These data were vali-
dated by chromatin immunoprecipitation–quantitative
polymerase chain reaction analysis whereby a significant
decrease in binding of STAT3 at the NOTCH1 gene upon
crizotinib treatment in the SUP-M2 cell lines was
observed (Figure 4L). 

NOTCH1 is a therapeutic target in ALK– and ALK+

anaplastic large cell lymphoma  
Given the expression and activity of NOTCH1 in

ALCL, its utility as a therapeutic target was investigated.
Expression of NOTCH1 was inhibited at both transcript

(Figure 5A, Online Supplementary Figure S5A) and protein
levels (Figure 5B) by shRNA in both ALK+ and ALK– ALCL
cell lines leading to a significant decrease in cell prolifera-
tion at 48 h, as measured by the MTT assay, in all four
cell lines (Figure 5C, Online Supplementary Figure S5B) con-
comitant with a significant increase in the percentage of
cells staining positive for either annexin-V or propidium
iodide, suggestive of cell death by apoptosis (Figure 5D).
As expected, NOTCH1’s transcriptional targets HES1 and
HEY1 (Figures 5E and 5F, Online Supplementary Figure S5A)
were also downregulated upon NOTCH1 silencing by
shRNA. To further determine the signaling cascade
downstream of NOTCH1, we made use of published
microarray data examining the effect of GSI treatment on
gene expression in T-cell acute lymphoblastic leukemia,38-

40 and found genes such as MYC and DTX1 to be potential
targets of NOTCH1 signaling (Online Supplementary Figure
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Figure 5. Silencing NOTCH1 expression in anaplastic large cell lymphoma cell lines inhibits cell proliferation and induces cell death. (A) Fold change expression of
NOTCH1 over non-targeting (NT) control (normalized to GAPDH and PPIA) in the indicated ALK+ anaplastic large cell lymphoma (ALCL) cell lines 48 h after transduction
with control non-targeting (NT) shRNA, or one of two shRNA targeting NOTCH1 as determined by quantitative polymerase chain reaction (**P<0.01; ***P<0.001;
n=3). (B) Representative western blot for cleaved intracellular NOTCH1 (ICN) and α-tubulin in ALK+ ALCL cell lines 48 h after transduction with NT control shRNA, or
one of three shRNA targeting NOTCH1. Only the relevant sections of the whole blot are shown and the contrast of the whole image was modified in order to improve
legibility. Data are representative of three biological repeats. Densitometry is included as fold-change over the vehicle control and loading control. (C) Proliferation of
ALK+ ALCL cell lines over the NT control shRNA, determined using an MTT assay 48 h after transduction with NT control shRNA, or one of two shRNA targeting NOTCH1
(*P<0.05; **P<0.01; ***P<0.001; n=3). (D) Quantification of the percentage of cells positive for annexin V and/or propidium iodide 48 h after transduction with
NT control shRNA (left panel), or two shRNA targeting NOTCH1 (middle and right panels) (*P<0.05; ***P<0.001; n=3). (E-H) Fold-change of expression of HES1 (E),
HEY1 (F), DTX1 (G) or MYC (H) over NT control shRNA transduced cells (normalized to GAPDH and PPIA) in the indicated ALK+ ALCL cell lines 48 h after transduction
with NT control shRNA, or one of two shRNA targeting NOTCH1, as determined by quantitative polymerase chain reaction (*P<0.05; **P<0.01; ***P<0.001; n=3).
All bar plots display the mean of biological replicates, and error bars represent standard deviations; the bar plots are color-coded as indicated in the Figure.
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S5C). In keeping with these data, we show that silencing
NOTCH1 by shRNA in the ALK+ ALCL cell lines DEL,
SU-DHL1 and SUP-M2 (and the ALK– ALCL cell line
FEPD) leads to significant decreases in both MYC and
DTX1 transcript levels (Figure 5G and H, Online
Supplementary Figure S5A) and protein levels (Online
Supplementary Figure S5D), suggesting that NOTCH1 in
ALCL signals through a number of pathways beyond
HES1 and HEY1. Indeed, analysis of published microar-
ray data suggests that the expression of MYC and
NOTCH1, and DTX1 and NOTCH1 correlates in both
ALK+ and ALK– ALCL, but not in reactive lymph nodes
(Online Supplementary Figure S5E-J).

Given the reduced cell proliferation and increased cell
death observed on shRNA-mediated knockdown of
NOTCH1 expression, ALCL cell lines were incubated
with two different GSI: GSI-I (Z-LLNle-CHO) and PF-
03084014.41 GSI-I inhibited NOTCH1 cleavage, as shown
by a decrease in expression of the intracellular domain of

NOTCH1 (ICN) 48 h after drug treatment (Figure 6A),
concomitant with a decrease in cell proliferation, as
shown by the MTT assay (Figure 6B), and an increase in
apoptosis, as determined by positive cell surface staining
for annexin V and/or intracellular propidium iodide
(Figure 6C, Online Supplementary Figure S6A). In contrast,
PF-03084014 did not significantly affect cell proliferation
or apoptosis on its own at any of the concentrations
assessed, ranging from 10 nM to 10 mM for up to 72 h of
incubation (data not shown). None of the ALCL cell lines
used in the research described here carries either the
NOTCH1 T311P or T349P mutation.

Gamma secretase inhibitors synergize with ALK
inhibitors to induce cell death

Co-incubation of three of four ALCL cell lines with
either PF-03084014 or GSI-1 with crizotinib led to additive
to synergistic activity in reducing cell proliferation, as indi-
cated by a Bliss Independence Index of less than one
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Figure 6. ALK inhibitor sensitive and resistant anaplastic large cell lymphoma cell lines are sensitive to γ-secretase inhibitors. (A) Western blot for cleaved intracel-
lular NOTCH1 (ICN) and α-tubulin in ALK+ anaplastic large cell lymphoma (ALCL) cell lines when treated with 1 mM GSI-I for 48 h. Only the relevant sections of the
whole blot are shown and the contrast of the whole image was modified in order to improve legibility. Data are representative of three biological repeats. (B)
Proliferation of a panel of ALK+ and ALK– ALCL cell lines treated with 1 mM of GSI-I for 48 h, compared to vehicle control, as measured by the MTT assay
(***P<0.0001; n=3). (C) Quantification of the percentage of cells positive for annexin V (AV) and/or propidium iodide (PI) when treated with either vehicle control or
1 mM GSI-I for 48 h (***P<0.001; n=3). (D) BLISS matrix showing the combination index on treating the indicated ALK+ ALCL cell lines with crizotinib and PF-
03084014 for 72 h (using a range of concentrations from 25 to 100 nM for crizotinib, and from 100 nM to 10 mM for PF-03084014). A combination index of <1
indicates synergy between drugs, 1 indicates additive effects, >1 indicates antagonistic effects (n=3). (E) Quantification of the percentage of cells positive for AV
and/or PI when treated with either vehicle control, 50 nM crizotinib, 2 mM PF-03084014 or a combination of PF-03084014 and crizotinib for 48 h (NS: not significant;
*P<0.05; ***P<0.00; n=3). (F) Proliferation over vehicle control of wild-type or crizotinib-resistant Karpas-299 cells when treated with increasing concentrations of
GSI-I, as measured by the MTT assay (n=3). (G) Ten-year event-free survival of patients with ALK+ anaplastic large cell lymphoma showing either little or no (n=56),
or strong (n=33) NOTCH1 expression. All bar plots display the mean of biological replicates and error bars represent standard deviations.
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across several concentrations (Figure 6D, Online
Supplementary Figure S6B). Karpas 299 cells have different
genetic defects, which may explain the antagonistic
results in this cell line.42 Indeed, a significant increase in
apoptotic cells was observed following 48 h of treatment
with a combination of 50 nM crizotinib and 2 mM PF-
03084014 (Figure 6E, Online Supplementary Figure S6C). 

Ideally, a single-agent ALK inhibitor would provide a
less toxic frontline treatment approach in the future,
although resistance would be expected to develop.
Therefore, crizotinib-resistant ALCL cell lines were
assessed for their sensitivity to GSI which led to a signifi-
cant decrease in cell proliferation (Figure 6F, Online
Supplementary Figure S6D-F). These data suggest the
potential use of GSI as either second-line treatment for
ALK inhibitor-resistant disease, or frontline therapy in
combination with ALK tyrosine kinase inhibitors. 

NOTCH1 is a potential biomarker predictive of relapse
in ALK+ anaplastic large cell lymphoma

A clinically annotated FFPE tissue microarray of 89 ALK+

ALCL patient samples, biopsied at the time of the patients’
initial presentation, was analyzed for cleaved NOTCH1
protein expression (Online Supplementary Figure S6G). Of
the 89 patient tumors assessed, 88.8% showed high cleaved
NOTCH1 staining (moderate and strong staining cate-
gories), in keeping with previously published results.7,8,43

Interestingly, patients with low  cleaved NOTCH1 staining
(negative and weak staining categories) are more likely to
relapse (based on the 10-year event-free survival) and have
a significantly worse prognosis (P<0.05) (Figure 6G).  

Discussion
The genetics underlying ALK+ ALCL at the level of

somatic mutations remains largely unknown. Being a rela-
tively rare cancer with a common, well-characterized driv-
ing oncogenic event, more could be done to uncover other
genetic alterations. We therefore sequenced 18 ALK+ ALCL
tumors and analyzed their genome together with seven
previously reported ALK+ cases9 in order to uncover patho-
genic mechanisms and novel therapeutic targets.
Mutational signature analysis showed signatures 1, 3 and
26 in all our patient samples. The latter two signatures
have their roots in homologous recombination DNA dou-
ble-strand-break repair and mismatch DNA repair deficien-
cy.20 This suggests that DNA damage repair mechanisms
might be impaired in these patients, predisposing them to
ALCL, perhaps through germline mutations in DNA repair
proteins (such as a BRCA2 variant K3326X,
COSM4984873, found in germline sample 67B44). In con-
trast, signature 1, accounting for the majority of the total
contribution, is associated with a prevalence of C>T tran-
sitions at NpCpG trinucleotides and spontaneous deami-
nation of 5-methyl-cytosine, considered an age-related
phenomenon due to endogenous mutational processes.21 In
general, 5-methyl cytosine residues are unstable within
DNA and are prone to mutation, representing hotspots for
this activity.45 This is paradoxical with the young age range
of ALK+ ALCL patients, with the majority being young
adults, and suggests that the mechanism(s) leading to such
mutations may be ‘speeded up’. Indeed, CpG transitions
may be a consequence of secondary factors that promote
deamination, such as exogenous mutagens and carcino-
gens, for example polycyclic aromatic hydrocarbons.45

To identify pathways that are key to ALCL biology,
GSEA was employed and revealed a number of pathways
commonly affected by mutations in ALK+ ALCL.
Interestingly, the TCR signaling pathway was prominent
in our analysis. It has previously been shown that NPM-
ALK can substitute for key TCR-induced distal signaling
pathways and silencing of proximal proteins has been
shown in ALCL.46 Another key pathway identified was
NOTCH1; gain-of-function mutations in NOTCH1 have
previously been identified in a number of other cancers,
most notably in approximately 50 to 60% of T-cell acute
lymphoblastic leukemia.47,48 However, most of these muta-
tions are in the intracellular domains of the protein, with
few reported in the extracellular domains.49-51 In contrast,
novel mutations in the EGF-like domain of extracellular
NOTCH1 were detected in 9.3% (T349P) and 10.2%
(T311P) of ALK+ ALCL patients analyzed in this study.
Predicted to be deleterious, the functional significance of
these mutations was investigated using bioinformatics
analysis. It has previously been shown that EGF-like
domains 8 to 12 are important for NOTCH1 binding to its
ligands.36,52 Specifically, threonine bases, lost in T349P and
T311P, within the EGF-like domains are post-translational-
ly modified by O-linked glycosylation which is necessary
for ligand-engaged NOTCH1 signaling.53-55 Mutations to
proline, a rigid and bulky amino acid, result in a change in
tertiary structure, often forcing a change in b-sheet confor-
mation (EGF-like domains are made of b-sheets among
others). We demonstrated the positive impact of the T349P
mutant on NOTCH1 activity, as shown by enhanced cell
proliferation when expressed in HEK293 cells. We theorize
that NOTCH1 T349P could modulate ligand binding
(either directly or through modulation of calcium binding,
particularly as calcium signaling is thought to be dysregu-
lated in ALCL and calcium ions play an important role in
NOTCH1 ligand binding56,57).

Regardless of the presence of NOTCH1 mutations,
NOTCH1 constitutes a therapeutic target in ALCL inde-
pendently of ALK status; suppression of NOTCH1 expres-
sion or activity led to an increase in apoptosis, in keeping
with previous reports.7,8,58 Intriguingly, NPM-ALK has pre-
viously been shown to be sufficient to induce NOTCH1
expression.25 Not only did we confirm this by silencing
NPM-ALK in ALCL, but we also showed that NPM-ALK
acts through STAT3, which binds to the NOTCH1 pro-
moter. This could explain why we observed synergistic
effects between crizotinib and GSI in inducing cell death
despite our evidence that NPM-ALK promotes NOTCH1
expression. Indeed, studies have shown that crizotinib
synergizes with brentuximab vedotin, which targets
CD30-expressing cells, despite NPM-ALK having been
shown to drive CD30 expression.59 ALK inhibitors are
now being added to frontline therapy60 (e.g., in trial
NCT01979536) although this combination has led to
some unexpected toxicity.11 NOTCH1 inhibition may
therefore serve as a second-line treatment. Indeed,
although GSI have suffered from gastrointestinal-related
toxicity, isoform-specific GSI or antibody-based treat-
ments that target NOTCH1 directly (NCT03422679) have
shown more promise.61 Published studies variously
describe that GSI-1 (both as a single treatment and in com-
bination) and PF-03084014 are relatively well tolerated.62-64

Ultimately, our data show that GSI and ALK inhibitors
act additively/synergistically and induce apoptosis of
ALCL cell lines, and furthermore that ALK inhibitor-resis-
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tant cell lines remain sensitive to NOTCH1 inhibition.
Hence, inhibition of NOTCH1 via GSI might represent a
therapeutic option for both treatment-naïve and ALK
inhibitor-resistant ALCL – while NOTCH1 expression
may be a viable biomarker predictive of relapse.
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We conducted a phase I/II multicenter trial using six cycles of
brentuximab vedotin (BV) in combination with rituximab,
cyclophosphamide, doxorubicin, and prednisone (R-CHP) for

treatment of patients with CD30-positive B-cell lymphomas. Thirty-one
patients were evaluable for toxicity and 29 for efficacy including 22 with
primary mediastinal B-cell lymphoma, five with diffuse large B-cell lym-
phoma, and two with gray zone lymphoma. There were no treatment-
related deaths; 32% of patients had non-hematologic  grade 3/4 toxici-
ties.  The overall response rate was 100% (95% confidence interval [95%
CI]: 88-100) with 86% (95% CI: 68-96) of patients achieving complete
response at the end of systemic treatment. Consolidative radiation fol-
lowing end-of-treatment response assessment was permissible and used
in 52% of all patients including 59% of the patients with primary medi-
astinal B-cell lymphoma. With a median follow-up of 30 months, the 2-
year progression-free survival and overall survival rates were 85% (95%
CI: 66-94) and 100%, respectively. In the cohort with primary mediasti-
nal B-cell lymphoma, the 2-year progression-free survival rate was 86%
(95% CI: 62-95). In summary, BV-R-CHP with or without consolidative
radiation is a feasible and active frontline regimen for CD30-positive B-
cell lymphomas (ClinicalTrials.gov identifier: NCT01994850).
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ABSTRACT

Introduction

Brentuximab vedotin (BV) is an immunoconjugate consisting of a CD30-directed
antibody linked to the anti-microtubule agent auristatin.1 BV is highly active in
relapsed and refractory (r/r) classical Hodgkin lymphoma and in CD30-expressing
T-cell lymphomas.2,3 In the frontline setting, BV combined with chemotherapy has
been recently approved for advanced classical Hodgkin lymphoma and CD30-pos-
itive (CD30+) T-cell lymphomas based on results of randomized trials showing ben-
efit of the BV-containing arms.4,5

BV targets the cell membrane protein CD30 that is expressed not only by classi-
cal Hodgkin lymphoma and some T-cell lymphomas, but at various frequencies
also by B-cell non-Hodgkin lymphomas including up to 80% of primary mediasti-
nal B-cell lymphomas (PMBCL).6-9 PMBCL is a mature large B-cell lymphoma of
thymic origin which usually presents with mediastinal masses. It occurs predomi-
nantly in young adults and represents about 5% of aggressive B-cell lymphomas.10

While previous classifications considered it as a subtype of diffuse large B-cell lym-
phoma (DLBCL), PMBCL is now thought of as a distinct clinicopathological entity
with clinical features and also a molecular signature that share similarities with



those of classical Hodgkin lymphoma.11 Recent efforts
using gene expression profiling have aimed at better defin-
ing PMBCL at the molecular level and distinguishing it
from other aggressive B-cell lymphomas with mediastinal
presentation. In particular, the NanoString© based
Lymph3Cx assay measures expression of 58 genes and
allows precise identification of PMBCL cases.12

Presently, the optimal frontline management of patients
with PMBCL remains controversial. Traditionally, PMBCL
was included in clinical trials regarding aggressive B-cell
lymphomas and regimens designed for DLBCL were found
to be effective.13-17 Rituximab in combination with
cyclophosphamide, doxorubicin, vincristine and prednisone
(R-CHOP) results in event-free survival rates of about 80%
when followed by consolidative radiation therapy.14,16 In
2013, in a phase II trial by Dunleavy et al. including 51
PMBCL patients treated at the National Cancer Institute,
dose-adjusted etoposide, prednisone, vincristine, cyclophos-
phamide, and doxorubicin, plus rituximab (DA-EPOCH-R)
without radiotherapy achieved an event-free survival of
93%.15 Many centers in the USA now use this dose-intense
DA-EPOCH-R approach for frontline treatment of all
PMBCL patients without considering any risk stratifica-
tion.15 Some patients with r/r PMBCL, can be salvaged by
high-dose chemotherapy with autologous stem cell trans-
plant or radiation, but outcomes tend to be poor.18,19

Recently, pembrolizumab and axicabtagene ciloleucel were
approved for the treatment of r/r PMBCL.20-22 While the
activity of BV as monotherapy in r/r PMBCL has been dis-
appointing, results of a phase II trial using nivolumab in
combination with BV are very encouraging.23,24

To test the tolerability and make a preliminary assess-
ment of the efficacy of BV in frontline treatment of B-cell
lymphomas, we designed a phase I/II trial using BV in
combination with rituximab, cyclophosphamide, doxoru-
bicin, and prednisone (R-CHP) for the treatment of CD30+

PMBCL, DLBCL, and gray zone lymphoma (GZL) in adult
patients (ClinicalTrials.gov identifier: NCT01994850). 

Methods 

Study design and patient eligibility 
This multicenter, single arm, phase I/II study enrolled patients

aged 18 years and over with untreated histologically confirmed
CD30+ PMBCL, DLBCL, or GZL. Patients with any stage, measur-
able disease, and an Eastern Cooperative Oncology Group
Performance Status of 3 or less were eligible. The diagnostic biop-
sy had to demonstrate at least 1% or higher expression of CD30
on the lymphoma B cells by immunohistochemistry and was
assessed independently by two pathologists. Patients with active
central nervous system involvement and uncontrolled systemic
infections were excluded. Enrollment began in January 2014 and
was completed in April 2017. The primary objective of the phase
I portion was to determine the safety of the combination and the
maximum tolerated dose of BV in combination with R-CHP using
a de-escalation design. The primary objective of the phase II por-
tion was the overall response rate at the end of systemic treatment
as determined by investigator assessment using International
Working Group response criteria for non-Hodgkin lymphoma.25

Secondary endpoints were 2-year progression-free survival and 2-
year overall survival for all patients and by each lymphoma sub-
type (PMBCL, DLBCL, and GZL). 

With regard to the toxicity assessment, the study had 90%
power to detect any unforeseen toxicity that occurred in 7% or

more of patients. The number of patients required for the trial was
determined based on the following assumptions for an optimal
two-stage design in order to detect and minimize enrollment if the
overall response rate was not greater than 50% but also to mini-
mize the likelihood of failing to reject the null hypothesis if the
overall response rate was at least 70%. Sample size calculations
for the stopping rules were based upon a type I error rate of 10%
and type II error rate of 20%. The number of subjects enrolled and
evaluable in the phase I cohort was defined as at least six and a
maximum of 12.  For the phase II cohort, using the null hypothesis
of a 50% overall response rate, the study required a sample size of
20 patients. Since the phase I subjects were recruited, treated, and
followed in the same way as the phase II subjects, the phase I sub-
jects accrued at the phase II dose were included in the efficacy
analysis.   

The study was conducted in three academic centers in the USA
and was run in accordance with the Declaration of Helsinki.
Approval from the institutional review board of each center was
obtained before initiating the study at each site. All patients signed
a written informed consent form before enrollment into the trial. 

Treatment protocol and response assessment 
As shown in Table 1, the study treatment protocol consisted of

six cycles of BV administered with the R-CHOP regimen without
vincristine, including: rituximab 375 mg/m2, cyclophosphamide
750 mg/m2, and doxorubicin 50 mg/m2 on day 1 and prednisone
100 mg (or equivalent) daily on days 1 through 5 of each 21-day
cycle. For cycle 1, rituximab was split into two doses (100 mg/m2

on day 1 and 275 mg/m2 on day 2) to reduce risks of an infusion
reaction to rituximab. We also aimed to separate the initial ritux-
imab infusion from the first exposure to BV to avoid any potential
confusion about attribution of infusion reactions. The rest of the
agents were given on day 2 (cyclophosphamide, doxorubicin, BV).
In cycles 2 through 6, rituximab was administered at a dose of 375
mg/m2 on day 1 together with the rest of the agents. 

For phase I, the starting dose of BV was 1.8 mg/kg (maximum
dose of 180 mg) with a 3+3 de-escalation design to 1.2 mg/kg
(maximum dose of 120 mg) should dose-limiting toxicities occur
during the first 21-day cycle. A dose-limiting toxicity was defined
as any grade 3 or 4 non-hematologic toxicity requiring a dose
delay over 14 days from the planned day 1 of cycle 2 or any hema-
tologic toxicity not returning to baseline or ≤ grade 2 by 21 days
from the planned day 1 of cycle 2.  By protocol, at least six patients
had to be enrolled and complete one cycle of dosing at the final
recommended BV dose in phase I prior to beginning enrollment of
patient in phase II. Dose modifications during cycle 2 through 6
for treatment-associated toxicity were specified in the protocol
and based on the grade using the Common Terminology Criteria
for Adverse Events (CTCAE) version 4.0. 

The use of granulocyte-colony stimulating factor (G-CSF) was
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Table 1. The study regimen: brentuximab vedotin in combination with rituximab,
cyclophosphamide, doxorubicin, and prednisone (BV-R-CHP).
Agent                                   Route                     Dose              Cycle 1   Cycles 2-6

Prednisone                                   PO                           100 mg               Days 1-5      Days 1-5
(or equivalent)              (or IV equivalent)
Rituximab                                       IV                        375 mg/m2†        Day 1 and 2†     Day 1
Cyclophosphamide                      IV                         750 mg/m2               Day 2           Day 1
Doxorubicin                                   IV                          50 mg/m2                Day 2           Day 1
Brentuximab vedotin‡                 IV              1.8 mg/kg or 1.2 mg/kg    Day 2           Day 1

Consolidative radiation following the end-of-treatment response assessment was permissible.
†The rituximab dose was split into 100 mg/m2 and 275 mg/m2 on day 1 and day 2, respectively of
cycle 1. ‡The maximum dose of brentuximab vedotin was 180 mg. PO: per os; IV: intravenous.



allowed as per institutional policy. Consolidative radiation thera-
py was permitted after completion of all systemic therapy and
only after end-of-treatment imaging at the discretion of the treat-
ing physician. 

Treatment response was assessed by imaging with fluo-
rodeoxyglucose-positron emission tomography/computed tomog-
raphy (FDG-PET/CT) using the revised response criteria for malig-
nant lymphoma described by Cheson et al.25 Computed tomogra-
phy scans were performed after cycles 2 and 4 to monitor for inter-
im response. End-of-treatment imaging was performed 3-5 weeks
after completion of systemic therapy using FDG-PET/CT.
Consolidative radiation following end-of-treatment response
assessment was permissible at the discretion of the treating physi-
cian. 

Correlative studies 
CD30 expression was determined on the diagnostic tissue biop-

sies using immunohistochemistry though visual inspection by
two independent pathologists. The gene expression analysis
(Lymph3Cx) was performed on archival formalin-fixed, paraffin-
embedded tissue from pre-treatment biopsies. The tissue was
examined by a hematopathologist for adequate tumor amount
and nucleic acids were extracted from formalin-fixed paraffin-
embedded scrolls or unstained slides. The Lymph3Cx assay was
previously described and validated to aid in the molecular distinc-
tion of PMBCL versus DLBCL.26 The gene expression assay on the
diagnostic tissue was performed in a blinded fashion, and once the
assignment of diagnosis by Lymph3Cx was made, a correlation
with investigator-based diagnosis (PMBCL vs. DLBCL vs. GZL)
was performed. 

Statistical analysis 
The overall response rate and complete response rate with a

two-sided 95% exact confidence intervals (95% CI) were calculat-
ed using the Clopper-Pearson method. Two-year progression-free
and overall survival rates were estimated using the Kaplan-Meier
method. The median follow-up was estimated by the reverse
Kaplan-Meier method.27 The data cut-off for analysis was January
1, 2019. 

Results 

Patients’ characteristics 
Thirty-three patients gave consent to enrollment in the

trial (Figure 1). One of these patients was subsequently
reclassified from having GZL to having classical Hodgkin
lymphoma and was taken off the study before starting
therapy. Thus, 32 patients were enrolled and received at
least one cycle of therapy. One patient withdrew from the
study after cycle 1 to receive R-CHOP therapy closer to
home. The characteristics of the patients evaluable for
toxicity (n=31) are presented in Table 2. The median age
was 37 years (range, 18-76), 50% of the patients were
female, 42% had stage III/IV disease and 17% were clas-
sified in high-intermediate or high International
Prognostic Index (IPI) risk group.28 Using traditional clini-
copathological criteria, 23 patients had a diagnosis of
PMBCL, six were diagnosed as having DLBCL, and two as
having GZL.  For the PMBCL cohort, 91% of patients had
large mediastinal masses over 7.5 cm in maximal trans-
verse diameter and 35% had stage III/IV disease. Two
patients were removed from the study (1 patient because
of non-compliance and 1 in complete remission because of
a regimen violation). Therefore, a total of 29 patients were
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Table 2. Patients’ characteristics.
All patients (N=31)

Age, years                                                                             
Median                                                                         37 
Range                                                                         18-76 

Female                                                                          15 (48%)
Elevated LDH                                                              21 (68%)
Stage III-IV                                                                  13 (42%)
Lymphoma subtype                                                            

PMBL                                                                       23 (74%)
DLBCL                                                                      6 (19%)
GZL                                                                            2 (7%)

ECOG PS                                                                               
Median                                                                            1
Range                                                                            0-2

IPI risk category                                                                  
Low                                                                          15 (48%)
Low-intermediate                                                 11 (36%)
High-intermediate                                                 4 (13%)
High                                                                            1 (3%)

LDH: lactate dehydrogenase; PMBCL: primary mediastinal B-cell lymphoma; DLBCL:
diffuse large B-cell lymphoma; GZL: gray zone lymphoma;  ECOG PS: Eastern
Cooperative Oncology Group Performance Status; IPI: International Prognostic Index.

Figure 1. CONSORT diagram.
GZL: gray zone lymphoma; cHL:
classical Hodgkin lymphoma;
EOT: end of treatment. 



evaluable for efficacy. Of those, 15 patients (52%)
received consolidative radiation after completing BV-R-
CHP and final end-of-treatment response assessment.
This number included 13 (59%) of 22 evaluable PMBCL
patients.  Of those, 8 patients received radiation using pro-
tons. Twenty-six patients had archival formalin-fixed
paraffin-embedded diagnostic tissue available for
Lymph3Cx gene expression analysis. 

Safety and feasibility 
Toxicities of this outpatient regimen are listed in Table

3A and B. There were no treatment-related or on-study
deaths. Using a de-escalation design during the phase I
portion of the trial, the first six patients were treated with
the initial dose of 1.8 mg/kg (maximum 180 mg) in com-

bination with standard dose R-CHP with plans to reduce
BV to 1.2 mg/kg (maximum 120 mg) should there be
dose-limiting toxicities. As there were no dose-limiting
toxicities during phase I, the BV dose of 1.8 mg/kg (max-
imum 180 mg) was used as the phase II dose. Overall in
all patients (combining phase I and phase II cohorts), any
grade 3 or 4 toxicity occurred in 84% of study patients.
Hematologic adverse events of any grade were recorded
in the majority of patients and in 77% of patients with
grade 3 or 4 toxicities. Of note, 16% of patients received
no G-CSF and 6% had G-CSF support for only one or two
of the six cycles. Non-hematologic grade 3 and 4 toxici-
ties were seen in 32% of patients, including infections in
15% of patients (Table 3B). Toxicities occurring in over
10% of patients included peripheral sensory neuropathy
in 19 patients (61%) which were either grade 1 (48%) or
grade 2 (13%) (Table 3A). Three patients (10%) reported
motor neuropathy, two with grade 1 (6%) and one with
grade 2 (3%). One patient discontinued protocol treat-
ment after cycle 4 because of sepsis and grade 3 car-
diomyopathy. One patient discontinued BV after cycle 5
because of transient grade 2 pneumonitis which was
deemed at least possibly related to BV. Only three
patients required BV dose reductions to 1.2 mg/kg
because of persistent grade 2 peripheral sensory neuropa-
thy outside of the period of dose-limiting toxicities. In
total, two patients enrolled on the study died in the fol-
low-up period. One PMBCL patient developed acute
myeloid leukemia 2 years after completion of study treat-
ment and mediastinal radiation therapy and ultimately
died of acute myeloid leukemia 39 months after complet-
ing study treatment. One patient died of progressive lym-
phoma 40 months after completing study treatment.

Thromboembolic events were noted in eight patients
(36%) in the PMBCL cohort.  Pulmonary embolism was
seen in three patients and upper extremity deep vein
thrombosis in five patients.  Of those, three events were
diagnosed prior to initiating BV-R-CHP and five events
were diagnosed while patients were on study treatment.
Three of the five patients who had on-treatment events
were asymptomatic and thrombosis was reported as an
incidental finding on their first computed tomography
with intravenous contrast (1 with pulmonary embolism
and 1 with internal jugular vein thrombosis). Two of the
five patients with on-treatment events had line-associat-
ed thromboses.
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Table 3A. All adverse events at least possibly related to the BV-R-CHP
regimen.
All AE                                 Total (%)     G1 (%)    G2 (%)    G3 (%)   G4 (%)

Hematologic AE                                                                                                     
      Leukopenia                              77                13             32              16            16
      Lymphopenia                           84                 6              32              23            23
      Neutropenia                            58                 3              13              19            23
      Febrile neutropenia              23                                                   23              
      Anemia                                      68                48             16               3               
      Thrombocytopenia                 23                13              6                                3
Non hematologic AE*                                                                                           
      Abdominal pain                       16                10              3                3               
      ALT elevation                           16                13                                3               
      ALKP elevation                        13                10              3                                 
      Allergic rhinitis                       13                13                                                  
      Anorexia                                   13                 6               6                                 
      Anxiety                                      13                13                                                  
      Arthralgia                                  10                10                                                  
      AST elevation                           19                19                                                  
      Chills                                         10                10                                                  
      Constipation                            52                52                                                  
      Cough                                        19                19                                                  
      Diarrhea                                   42                29             13                                
      Dizziness                                  29                29                                                  
      Dyspnea                                    16                16                                                  
      Fatigue                                      65                58              6                                 
      Fever                                         26                19              6                                 
      GERD                                         19                16              3                                 
      Headache                                 35                32              3                                 
      Hot flashes                              13                13                                                  
      Hyperglycemia                         16                10              3                3               
      Hypoalbuminemia                  10                 3               6                                 
      Hypocalcemia                          10                 6               3                                 
      Hypokalemia                            10                 6                                                  3
      Hyponatremia                          32                32                                                  
      Infusion reaction                    13                10              3                                 
      Insomnia                                   10                10                                                  
      Motor neuropathy                  10                 6               3                                 
      Mucositis                                  29                26              3                                 
      Myalgia                                      10                10                                                  
      Nausea                                      68                52             16                                
      Pain                                            16                16                                                  
      Sensory neuropathy               61                48             13                                
      Thromboembolic event        16                 3               6                6               
      Urinary frequency                  10                10                                                  
      Urinary tract infection          16                 9               6                                 
      Vomiting                                    13                 9               3                                 
*In ≥10% of patients. AE: adverse events; G: grade; ALT: alanine transaminase; ALKP:
alkaline phosphatase; AST: aspartate transaminase; GERD: gastro-esophageal reflux
disease.

Table 3B. Grade 3 or 4 adverse events at least possibly related to the
BV-R-CHP regimen.
Grade 3/4 AE                                % Total (n=31)

      All*                                                                 84
      Hematologic                                             77
      Non-hematologic                                     32
      Infections                                            15
      Thromboembolic event                     6
      ALT elevation                                       3
      Abdominal pain                                   3
      LV dysfunction                                     3
      Hypokalemia                                        3
      Muscle weakness                               3
      Lactic acidosis                                     3
      Hyperglycemia                                     3
*Some patients experienced multiple grade 3/4 toxicities so the percentages do not
add up.  AE: adverse events: ALT: alanine transaminase; LV: left ventricular. 



Efficacy 
In the combined phase I/II cohort with 29 evaluable

patients, the overall response rate was 100% (95% CI: 88-
100) with 86% (95% CI: 68-96) of patients achieving a
complete response and 14% (95% CI: 4-32) achieving a
partial response according to FDG-PET/CT imaging at the
end of treatment. All four patients with a partial response
had a diagnosis of PMBCL and had a low or low-interme-
diate IPI risk classification.  Only two of the four patients
with a partial response ultimately progressed. At a median
follow-up of 30 months (95% CI: 26-46), four patients
(14%) progressed: three with PMBCL and one with GZL.
The 2-year progression-free survival rate was 85% (95%
CI: 66-94) and the 2-year overall survival was 100%
(Figure 2). Of three patients who were not evaluable per
study criteria, two remain progression-free at last follow-
up and the status of one patient is unknown. 

In the PMBCL cohort of 22 evaluable patients with a
median follow-up of 30 months (95% CI: 23-46), the 2-
year progression-free survival rate was 86% (95% CI: 62-
95) with a 2-year overall survival of 100% (Figure 2). Of
the three PMBCL patients who progressed, two had bulky
advanced stage disease with expression of CD30 ≤10%
and one had bulky stage I disease with CD30 expression
of 1%. There was no statistically significant difference in
progression-free survival between the PMBCL patients
who received consolidative radiation therapy (n=13) and
those who did not (n=9) (P=0.95). 

CD30 expression as determined by immunohistochem-
istry and response to therapy 

While all cases expressed CD30 in at least 1% of the
lymphoma B cells in the tumor biopsy by immunohisto-
chemistry, it was challenging to capture CD30 expression
as a single metric since there was great heterogeneity of
CD30 expression patterns, as depicted in Figure 3.
Additionally, given the 100% overall response rate and
low number of relapses, we could not make any conclu-
sions about correlations between efficacy of the BV-con-
taining regimen and CD30 expression as determined by
immunohistochemistry. 

Gene expression analysis to improve diagnostic 
accuracy of primary mediastinal B-cell lymphoma 

Of 29 evaluable patients with CD30+ B-cell lymphoma,
26 had a pre-treatment biopsy available (11 excisional
biopsies and 15 core needle biopsies). Of the 26 samples,
five core needle biopsies did not have adequate tumor
content or amounts of extractable RNA for the Lymph3Cx
assay. The biopsies of the remaining 21 patients (11 exci-
sional and 10 core needle biopsies) were tested. All three
subtypes of CD30+ B-cell lymphomas as assessed by
investigator assessment were tested in blinded fashion by
the Lymph3Cx assay and comprised 14 cases of PMBCL,
six of DLBCL, and one case of GZL. Of 14 patients with
PMBCL by investigator assessment alone, 11 patients
(79%) had Lymph3Cx probability scores >0.9 which were
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Figure 2. Survival curves for patients who received the BV-R-CHP treatment regimen. (A, B)  Progression-free survival (A) and overall survival (B) of all evaluable
patients enrolled in the trial (n=29). (C, D) Progression-free survival (C) and overall survival (D) of evaluable patients with primary mediastinal B-cell lymphoma
(PMBCL) (n=22). 
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consistent with a molecular diagnosis of PMBCL
(mPMBCL) by gene expression; two patients scored in the
indeterminate category (0.1 to 0.9); and one patient scored
as having a molecular diagnosis of DLBCL (< 0.1) (Figure
4). None of the CD30+ B-cell lymphoma samples that
were felt to be DLBCL by investigator assessment scored
as having a molecular diagnosis of PMBCL by Lymph3Cx.

Discussion

There is a strong rationale for replacing vincristine with
BV in the standard R-CHOP regimen for the treatment of
CD30+ aggressive B-cell lymphomas. BV specifically deliv-
ers the antimicrotubule agent auristatin to CD30-express-
ing cells, which could result in improved efficacy from BV
and reduced toxicity due to the omission of vincristine.
While BV displayed only limited clinical activity as
monotherapy in aggressive r/r B-cell lymphomas, it has
not been widely studied in the frontline setting or in com-
bination with chemotherapy.24,29 In our phase I/II study,
we showed that a frontline regimen using BV at a dose of
1.8 mg/kg in combination with R-CHP for patients with
CD30+ B-cell lymphomas has an acceptable toxicity pro-
file and is highly active. 

Our study included a heterogeneous group of B-cell
lymphomas, but the majority of the patients had a clinico-
pathological diagnosis of PMBCL. For many reasons, this
is a challenging population to study in a frontline setting.
PMBCL is a rare and clinically heterogeneous lymphoma.
Patients with this type of lymphoma often present with
an acute onset of pulmonary symptoms necessitating
urgent therapy which may lead to a selection bias in non-

randomized studies. While several frontline treatment
approaches are effective in PMBCL, there are unique chal-
lenges in this population of patients. DA-EPOCH-R is a
highly active dose-intense regimen, but it requires central
venous access, use of growth factors, frequent blood test-
ing, and inpatient admission at some institutions. R-
CHOP is easier to administer, but the excellent outcomes
in PMBCL are achieved using consolidative radiation ther-
apy, which may cause long-term toxicities.14,16,30,31 While a
recently published phase III trial comparing R-CHOP ver-
sus DA-EPOCH-R in DLBCL included a small cohort of
PMBCL cases (n=35), it was not statistically powered to
detect the differences in this lymphoma subtype.17

We recognize that it is difficult to compare regimens
across different trials, but outcomes within the PMBCL
cohort in our study are comparable to previously pub-
lished results for patients treated with R-CHOP with
radiotherapy or dose-intense regimens such as DA-
EPOCH-R.14-16,19,30,32 For lymphoma subtypes other than
PMBCL, the numbers of patients were too small to make
any efficacy conclusions regarding BV-R-CHP. One of two
patients with GZL relapsed after achieving a complete
response and none of the five patients with CD30+ DLBCL
relapsed, which is encouraging. Interestingly, preliminary
results from another phase II trial (ClinicalTrial.gov identi-
fier: NCT01925612) using BV-R-CHOP in DLBCL (with-
out any requirement for CD30 staining) documented an
overall response rate of 97% in the initial 30 evaluable
patients. None of the CD30+ DLBCL patients in the pre-
liminary report relapsed, but the median follow-up of 5
months was short.33

Regarding toxicity of the BV-R-CHP regimen, there
were no study-related deaths. With the caveats about
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Figure 3. Examples of different CD30 staining patterns by immunohistochemistry in three representative patients with primary mediastinal B-cell lymphoma
enrolled on the trial. (A) Heterogeneous staining pattern with strong and dim staining in different areas of the same tumor. (B) Focal staining in one area of the tumor.
(C) Diffuse staining throughout the tumor. The antibodies used were CD20 (ready to use, DAKO) and CD30 (ready to use, Leica) and they were detected using a chro-
mogenic substrate, diaminobenzene (Leica). An original magnification x200 was used for all images. H&E: hematoxylin & eosin.
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cross-trial comparisons of studies, the rate of grade 3 or 4
hematologic and non-hematologic toxicities was similar
or lower compared to the rates reported for R-CHOP.17,34

When compared to the DA-EPOCH-R arm from the
recently published randomized trial in DLBCL, there
appears to be less toxicity with BV-R-CHP in our study.17

However, one limitation of this comparison is the younger
median age of patients in our cohort. Neuropathy is of
particular concern with a BV-containing regimen and was
closely monitored in our study. While peripheral sensory
neuropathy was reported in 61% of patients, no patient
experienced grade 3 or 4 neuropathy. This lack of severe
peripheral neuropathy may again relate to the young age
of our patients and the fact that our BV-containing regi-
men did not contain additional vinca alkaloids, in contrast
to some of the other BV-containing combinations used
frontline.4,33 There were no unexpected opportunistic
infections using the combination of rituximab and BV. The
administration of G-CSF was not consistent across the
participating institutions in our study, but over 20% of

patients did not require G-CSF at all or its use was limited
to one or two cycles.  However, considering that 23% of
patients experienced febrile neutropenia, empiric use of
G-CSF should be considered in patients being treated with
BV-R-CHP. With regard to long-term toxicities, one
patient developed acute myeloid leukemia 2 years after
completing the trial therapy and radiation. It is not possi-
ble to determine the association between the protocol
treatment and her leukemia, but the fact that the patient’s
mother died of acute myeloid leukemia and the patient
had normal cytogenetics (rare in secondary leukemias) is
suggestive of other contributing factors.   

The high rate of thrombosis in the PMBCL cohort is of
special interest. Thromboses were found in over one third
of PMBCL patients and approximately 50% were diag-
nosed prior to initiation of therapy. This high risk of
thrombosis in PMBCL patients was described with similar
frequency in retrospective studies and is not likely to be
related to BV-R-CHP.19,35 This finding warrants further
investigations about screening, the potential contribution
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Figure 4. Correlation of Lymph3Cx results with standard clinicopathological diagnoses made by the investigators. DLBCL: diffuse large B-cell lymphoma; GZL: gray
zone lymphoma; PMBCL: primary mediastinal B-cell lymphoma. Patients who progressed are labeled by an arrow. Of 14 patients with PMBCL diagnosed by investi-
gator assessment alone, 11 patients (79%) had Lymph3Cx probability scores >0.9, which were consistent with a molecular diagnosis of PMBCL by gene expression
analysis, two patients (14%) scored in the indeterminate category (0.1 to 0.9), and one patient (7%) scored as having DLBCL (< 0.1).



of central lines to thrombosis, and any possible role for
prophylactic anticoagulation in PMBCL patients. 

We also attempted to define clinical and pathological
factors which would correlate with outcomes of patients
receiving BV-R-CHP therapy for CD30+ B-cell lym-
phomas. IPI risk group, which is well-established as a
prognostic factor for outcomes of frontline treatments in
DLBCL, did not clearly correlate with complete response
rate, progression-free survival or overall  survival in our
study. This could be due to the small number of patients
in the high or high-intermediate IPI risk category.
Furthermore, the majority of our patients had PMBCL
and the utility of the IPI has some limitations as most
patients are young and present with limited stage disease.
For our ancillary studies, we planned an analysis of CD30
expression by immunohistochemistry and correlation
with outcomes as there is controversy over the impact of
CD30 status on the efficacy of BV.33,36,37 However, this
proved difficult because of the very low number of
relapses and heterogeneity of CD30 staining patterns in
neoplastic cells (Figure 3). Additional studies beyond a
simple determination of the percentage of CD30+ cells by
immunohistochemistry and visual assessment will need
to be applied and other groups have attempted this with
some success.37,38

Among 21 patients who had pre-treatment tissue ana-
lyzed by LymphC3x, we found that there was discor-
dance between the protocol-specified standard clinico-
pathological diagnosis of PMBCL and the gene expres-
sion-based method. These findings are thought-provok-
ing since, in small trials of PMBCL, even a few misclassi-
fied patients may have a great impact on interpretation of
the results. We believe that developing objective diagnos-
tic criteria based on quantitative methods, such as gene
expression signatures, will be an important step in design-
ing treatment strategies for B-cell lymphoma patients
with mediastinal lesions and for comparing results across
PMBCL trials.

This trial is limited by the small number of evaluable
patients and diagnostic heterogeneity. However, the enti-
ties included are rare, and we involved three institutions
to enroll 32 patients. One of the challenges when inter-
preting the clinical efficacy and progression-free/overall
survival data of patients treated with the BV-R-CHP regi-
men is the fact that consolidative radiation was used in
about 50% of all patients enrolled on this trial. The pro-
tocol was designed in 2011-2012 when R-CHOP fol-
lowed by consolidative radiation therapy was utilized by
most centers for PMBCL patients. Therefore, the protocol
allowed investigators to use consolidative radiotherapy
after completion of BV-R-CHP. It is important to note that
the end-of-treatment response assessment was per-
formed before radiation. Interestingly, there were no sta-
tistically significant differences in progression-free or
overall survival between patients who received consol-
idative radiation and those who did not. There were no
clear differences in patients’ characteristics between
those who received consolidative radiotherapy and those
who did not other than institutional practice differences.
Of the four patients who did not achieve metabolic com-
plete response on end-of-treatment imaging, two
received consolidative radiation therapy and two did not.
Longer follow-up will be necessary to determine whether

there are any long-term toxicities of radiation in the study
participants (with the majority of patients having
received proton radiation). Of note, an ongoing random-
ized trial in patients with PMBCL may allow us to deter-
mine whether consolidative radiation therapy after front-
line chemoimmunotherapy is necessary in patients who
achieve metabolic complete response after systemic treat-
ment (ClinicalTrial.gov identifier: NCT01599559).

BV in combination with R-CHP with or without consol-
idative radiation therapy is a feasible and active frontline
treatment in patients with CD30+ B-cell lymphomas. The
safety profile of this regimen, ease of administration and
preliminary efficacy data appear promising. The next gen-
eration of trials in CD30+ B-cell lymphomas and PMBCL
should take into consideration the clinical and biological
heterogeneity of these lymphomas. Ultimately, developing
treatment regimens that will be tailored to unique tumor
and patient characteristics will result in improved out-
comes and will minimize treatment-related toxicities. 
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Breast implant-associated anaplastic large cell lymphoma (BIA-
ALCL) is a recently characterized T-cell malignancy that has raised
significant patient safety concerns and led to worldwide impact on

the implants used and clinical management of patients undergoing recon-
structive or cosmetic breast surgery. Molecular signatures distinguishing
BIA-ALCL from other anaplastic large cell lymphomas have not been
fully elucidated and classification of BIA-ALCL as a World Health
Organization entity remains provisional. We performed RNA sequencing
and gene set enrichment analysis comparing BIA-ALCL to non-BIA-
ALCL and identified dramatic upregulation of hypoxia signaling genes
including the hypoxia-associated biomarker CA9 (carbonic anyhydrase-
9). Immunohistochemistry validated CA9 expression in all BIA-ALCL,
with only minimal expression in non-BIA-ALCL. Growth induction in
BIA-ALCL-derived cell lines cultured under hypoxic conditions was pro-
portional to upregulation of CA9 expression, and RNA sequencing
demonstrated induction of the same gene signature observed in BIA-
ALCL tissue samples compared to non-BIA-ALCL. CA9 silencing blocked
hypoxia-induced BIA-ALCL cell growth and cell cycle-associated gene
expression, whereas CA9 overexpression in BIA-ALCL cells promoted
growth in a xenograft mouse model. Furthermore, CA9 was secreted into
BIA-ALCL cell line supernatants and was markedly elevated in human
BIA-ALCL seroma samples. Finally, serum CA9 concentrations in mice
bearing BIA-ALCL xenografts were significantly elevated compared to
those in control serum.  Together, these findings characterize BIA-ALCL
as a hypoxia-associated neoplasm, likely attributable to the unique
microenvironment in which it arises. These data support classification of
BIA-ALCL as a distinct entity and uncover opportunities for investigating
hypoxia-related proteins such as CA9 as novel biomarkers and therapeu-
tic targets in this disease.
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ABSTRACT



Introduction

Anaplastic large cell lymphomas (ALCL) are a heteroge-
neous group of CD30-positive T-cell lymphomas with
varying clinical presentation, prognosis, and molecular
pathogenesis.1 Breast implant-associated (BIA)-ALCL is a
rare form of ALCL arising in association with breast
implants placed for reconstructive or cosmetic purposes.2

It typically occurs in the peri-implant capsule and/or effu-
sion an average of 9 years after implant placement. The
cytological and immunophenotypic features of BIA-ALCL
are similar to those of systemic and primary cutaneous
ALK-negative ALCL, including the presence of hallmark
cells, CD30 positivity, and frequent loss of T-cell markers
such as CD3 and CD5. The prognosis of patients with
BIA-ALCL is associated with clinical stage, particularly the
presence or absence of a mass-forming lesion and/or
locoregional lymph node involvement, which influence
the therapeutic approach.3,4 Complete surgical excision of
the peri-implant fibrous capsule is essential and sufficient
in patients without a mass or lymph node involvement,
whereas systemic chemotherapy is recommended in
those with advanced disease.3,5 Based on these distinct
clinical features, the revised World Health Organization
(WHO) classification recognizes BIA-ALCL as a provision-
al entity.2

The molecular pathogenesis of BIA-ALCL remains
incompletely understood. Recent studies have suggested a
possible relationship to underlying chronic allergic reac-
tion and bacterial biofilm infection.6,7 Rearrangements of
ALK, DUSP22, and TP63 are consistently absent, referred
to as the triple-negative (TN) genetic subtype.8,9 Recurrent
JAK1 and STAT3 gene mutations have been identified9-12

and, like many other ALCL,13,14 BIA-ALCL shows consis-
tent activation of the JAK-STAT3 pathway as detected by
immunohistochemistry for Tyr705-phosphorylated
STAT3.9,12,15 In vivo studies have demonstrated that inhibi-
tion of JAK-STAT signaling by sunitinib or ruxolitinib
effectively suppresses growth of TLBR cell lines derived
from BIA-ALCL,15,16 suggesting potential therapeutic utility
of these drugs for patients with advanced disease. In addi-
tion to mutations affecting the JAK-STAT signaling path-
way, gene alterations in epigenetic modifiers are also fre-
quent in BIA-ALCL.17

However, these findings have not identified a molecular
profile of BIA-ALCL that is unique to the peri-implant

microenvironment in which it originates. Identification of
unique molecular features specific for BIA-ALCL could
lead to discovery of biomarkers: that improve early detec-
tion, diagnosis, and follow-up; identify candidate targets
for therapy or preventive strategies; and provide justifica-
tion to upgrade the WHO classification of BIA-ALCL from
a provisional to a definite entity. We therefore interrogat-
ed the gene expression profile of BIA-ALCL. 

Methods

Gene expression profiling
Human studies were conducted with approval of the

Institutional Review Boards at Mayo Clinic and The University of
Texas MD Anderson Cancer Center. We performed RNA sequenc-
ing on formalin-fixed paraffin-embedded tumor tissue from 11
patients with BIA-ALCL (Table 1). All were female and their mean
age was 55 years (range, 44-73 years). All had received textured
implants. As described previously,14 RNA from AllPrep extraction
was used to prepare sequencing libraries (TruSeq RNA Access,
Illumina) and sequenced on a HiSeq 4000 (Illumina). Reads were
aligned to hg38 with MAP-RSeq18 modified to use the STAR align-
er.19 Gene-level read counts based on Ensembl version 78 were
transformed into reads per kilobase per million mapped reads
(RPKM). Gene expression data were compared to those of 24 pre-
viously sequenced non-BIA-ALCL of TN genetic subtype (10 pri-
mary cutaneous ALCL and 14 systemic ALK-negative ALCL14).
Gene set enrichment analysis (GSEA) was performed using GSEA
software (Broad Institute) as described previously.14

Immunohistochemistry
Immunohistochemistry for CA9 was carried out on formalin-

fixed paraffin-embedded sections of 17 BIA-ALCL and 48 non-
BIA-ALCL (from patients with a mean age of 54 years). The WHO
subtypes of these latter were primary cutaneous ALCL (n=13),
ALK-negative ALCL (n=24), and ALK-positive ALCL (n=11).
Genetic subtypes included 11 ALK-positive, ten with DUSP22
rearrangements, two with TP63 rearrangements, and 25 TN.
Deparaffinized tissue sections were heated in pH 6.0 citric acid
buffer in a steam cooker for 30 min. After incubation with 3%
hydrogen peroxide for 10 min and 5% bovine serum albumin for
10 min, the slides were incubated with anti-CA9 rabbit monoclon-
al antibody (1:100 dilution, clone D47G3; Cell Signaling
Technology) at 4°C overnight. Sections were then incubated with
horseradish peroxidase-conjugated anti-rabbit secondary antibody
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Table 1. Clinical and pathological features of 11 patients with breast implant-associated anaplastic large cell lymphoma.
Patient #           Age             Sex              ALK          DUSP22-R        TP63-R             T*                N*                  M*            Stage*             Subtype†

151                          46                    F                   Neg.                    Neg.                    Neg.                    T1                    N0                      M0                   IA                       In situ

224                          55                    F                   Neg.                    Neg.                    Neg.                    T2                    N0                      M0                   IB                  Tumor type
403                          47                    F                   Neg.                    Neg.                    Neg.                    T1                    N0                      M0                   IA                       In situ

425                          45                    F                   Neg.                    Neg.                    Neg.                    T2                    N2                      M0                  IIB                 Tumor type
2680                        74                   F                   Neg.                    Neg.                    Neg.                    T1                    N0                      M0                   IA                       In situ

2896                        65                   F                   Neg.                    Neg.                    Neg.                    T4                    N0                      M0                  IIA                  Tumor type
3176                        61                   F                   Neg.                    Neg.                    Neg.                    T4                    N0                      M0                  IIA                  Tumor type
3177                        57                   F                   Neg.                    Neg.                    Neg.                    T1                    N0                      M0                   IA                       In situ

3181                        76                   F                   Neg.                    Neg.                    Neg.                    T2                    N0                      M0                   IB                  Tumor type
3183                        63                   F                   Neg.                    Neg.                    Neg.                    T4                    N0                      M0                  IIA                  Tumor type
3184                        41                   F                   Neg.                    Neg.                    Neg.                    T4                    N0                      M0                  IIA                  Tumor type

Age in years. F: female; Neg.: negative; R: rearrangement. *TNM (tumor-node-metastasis) staging according to Clemens et al.49 †Histological subtype according to Laurent et al.17



(Biocare Medical), developed with 3,3’-diaminobenzidine, and
counterstained with hematoxylin. Stains were scored in a blind
fashion by two hematopathologists (NO and ALF). For CA9, scor-
ing was based on percentage of tumor cells with membranous
staining.  

BIA-ALCL xenograft models
Studies were approved by the Mayo Clinic Institutional Animal

Care and Use Committee (IACUC) under protocol A00002776.
Five-week-old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)
mice were purchased from The Jackson Laboratory and main-
tained under standard laboratory conditions. Cell lines TLBR-1,
TLBR-2, and TLBR-3 were established from BIA-ALCL by one of
the authors (ALE).15,20 and were maintained in RPMI-1640 (Gibco)
supplemented with 10% fetal bovine serum (Clontech), 1% peni-
cillin/streptomycin (Gibco), and 100 U/mL interleukin-2 (R&D
202-IL-050).  TLBR-1, -2, and -3 cells were cultured at a concentra-
tion of 0.5 x 106/mL for 72 h and resuspended in phosphate-
buffered saline. Mice were injected subcutaneously in the right
flank with TLBR-1, -2, or -3 cells. Tumor volumes were calculated
in mm3 using the formula l2×L/2, where l and L represent the short-
est and longest dimensions, respectively.  

Additional methods are described in the Online Supplementary
Material.

Results

Increased expression of hypoxia signaling pathway
genes is a hallmark of BIA-ALCL

We performed RNA sequencing to identify gene expres-
sion signatures that might distinguish BIA-ALCL from
other types of ALCL. Since BIA-ALCL are consistently of
TN genetic subtype,9 we compared BIA-ALCL to other
TN ALCL to avoid bias from the distinct expression pro-
files of other genetic subtypes14 (Figure 1A). A distinct clus-
ter of genes was upregulated in BIA-ALCL, which formed
the basis for subsequent analyses. Two clusters of genes
were expressed only in non-BIA cases: one was enriched
for keratin genes and consisted of biopsies at epithelial
sites (skin and tongue) and the other contained Y-linked
genes and represented male patients.

We then performed GSEA to identify candidate molec-
ular signatures for genes upregulated in BIA-ALCL (Figure
1B, Online Supplementary Table S1). We focused on the sec-
ond highest ranking gene set, HALLMARK HYPOXIA
(normalized enrichment score [NES], 2.727; false discov-
ery rate q-value [FDR], 0.000), as a candidate molecular
feature distinctive of BIA-ALCL. The highest ranking gene
set, HALLMARK EPITHELIAL MESENCHYMAL TRAN-
SITION (NES, 2.963; FDR, 0.000) and other subsequent
pathways mostly related to collagen formation and extra-
cellular matrix organization, likely reflecting stromal com-
ponents in the fibrous capsule surrounding the breast
implant and seroma in BIA-ALCL samples.21 Supporting
these GSEA results, examination of differential expression
of genes and absolute RPKM values between BIA-ALCL
and non-BIA-ALCL revealed significantly higher expres-
sion levels of downstream target genes of the hypoxia sig-
naling pathway such as VEGFA, VEGFB, SLC2A3 (encod-
ing GLUT3), and CA9 (carbonic anhydrase-9; RPKM,
mean ± standard deviation: 16.5 ± 20.2 vs. 0.4 ± 0.7;
P<0.001, t-test) (Online Supplementary Figure S1). Among
genes associated with hypoxia, CA9 showed the highest
fold-change between BIA-ALCL and non-BIA-ALCL

(FC=5.296, FDR, 3.07x10-8) (Figure 1C).  Collectively, these
results suggest that increased expression of hypoxia sig-
naling pathway genes is a transcriptional hallmark of BIA-
ALCL. We did not identify a significant difference in CA9
expression between in situ and tumor-type BIA-ALCL as
described by Laurent et al.17 (Table 1), or distinct gene sig-
natures associated with clinical stage; associations
between gene expression and clinicopathological features
should be evaluated in future, larger studies.

CA9 protein is consistently expressed in BIA-ALCL 
but not in other ALCL

CA9 is a well-established biomarker of hypoxia and
tumoral expression of CA9 is widely used in the
histopathological diagnosis of hypoxia-related cancers.22

Therefore, having identified a hypoxia-associated signa-
ture and high CA9 mRNA expression in BIA-ALCL, we
performed immunohistochemistry to investigate CA9
protein expression in BIA-ALCL and non-BIA-ALCL. CA9
was expressed on the cell membrane of BIA-ALCL cells
(% positive staining, mean ± standard deviation, 91 ±
15%) but not in admixed inflammatory cells, validating
the RNA sequencing data at the protein level (Figure 2A).
A relatively narrow range of protein scores was observed
by immunohistochemistry, compared to a wide range of
CA9 gene expression values. The correlation between the
two was not statistically significant, likely due to gene
expression values reflecting contributions from non-neo-
plastic cells whereas immunohistochemistry was scored
only in the tumor cells. Conversely, CA9 was mostly neg-
ative in non-BIA-ALCL (ALK-positive, 2 ± 6%; ALK-nega-
tive, 5 ± 11%; cutaneous, 3 ± 5%; P<0.0001, Dunn multi-
ple comparison test) (Figure 2B). We also stratified CA9
protein expression by genetic subtype of ALCL (Figure
2C). BIA-ALCL (all TN) showed significantly more CA9
expression than ALK-positive ALCL, DUSP22-rearranged
ALCL, and TN non-BIA-ALCL, suggesting that high CA9
expression in BIA-ALCL is attributable to BIA presenta-
tion rather than TN genetic subtype. Taken together, these
data indicate that CA9 is specifically expressed in BIA-
ALCL at the mRNA and protein levels.

Hypoxia-induced CA9 expression drives growth 
of BIA-ALCL cells

We next examined CA9 expression in BIA-ALCL cell
lines under normoxic and hypoxic conditions. Expression
of HIF-1α was evaluated to confirm the response to
hypoxia. Western blotting of TLBR-1, -2, and -3 cells cul-
tured under normoxic or hypoxic conditions revealed dis-
tinct patterns of CA9 expression in each cell line, provid-
ing unique models for further study (Figure 3A). In TLBR-
1, CA9 was expressed under baseline normoxic condi-
tions, suggesting constitutive expression of the hypoxic
program. CA9 expression was further induced by hypox-
ia. In TLBR-2, CA9 was absent under normoxic conditions
but was induced under hypoxic conditions, consistent
with a canonical hypoxia response. In contrast, CA9
expression in TLBR-3 was absent under normoxic condi-
tions and only minimally induced by hypoxia.

To explore the functional significance of these distinct
patterns of CA9 expression, we evaluated the effects of
hypoxia with or without siRNA-mediated silencing of
CA9 on BIA-ALCL cell growth (Figure 3B). In TLBR-1,
which showed evidence of a constitutive hypoxia pro-
gram under normoxic conditions, hypoxia induced only a
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Figure 1. Breast implant-associated anaplastic large cell lymphomas show upregulation of hypoxia-associated genes. (A) Heatmap of genes differentially expressed
between breast implant-associated (BIA) anaplastic large cell lymphomas (ALCL) and other ALCL of triple-negative (TN) genetic subtype (lacking rearrangements of
ALK, DUSP22 and TP63). A distinct signature of genes overexpressed in BIA-ALCL is seen. Signatures in subgroups of non-BIA ALCL include a keratin (KRT) signature
seen in biopsies at epithelial sites (skin and tongue) and a Y-linked signature seen in male patients. See also Online Supplementary Figure S1. (B) Gene set enrich-
ment analysis shows upregulation of genes associated with hypoxia in BIA-ALCL. See also Online Supplementary Table S2. NES: normalized enrichment score; FDR:
false discovery rate. (C) A volcano plot indicating differentially expressed genes between BIA-ALCL and other TN ALCL. Hypoxia-related genes from HALLMARK HYPOX-
IA and SEMENZA HIF1 TARGETS gene sets are indicated in red.
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slight increase in growth (14 ± 13% above normoxic base-
line, P<0.05, Mann-Whitney test). Silencing CA9 inhibited
this growth to 77 ± 6% of normoxic baseline (P<0.001). In
TLBR-2, a proposed model of canonical hypoxia response,
hypoxia substantially increased growth by 281 ± 79%
(P<0.0001) and this increase was reversed nearly to nor-

moxic baseline by CA9 silencing (P<0.001 vs. control
siRNA). In TLBR-3, which was resistant to hypoxia-
induced CA9 expression, no significant increase in growth
was induced by hypoxia. In summary, these data indicate
that hypoxia-induced growth in BIA-ALCL cell lines fol-
lows a pattern similar to that of hypoxia-induced expres-
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Figure 2.  Breast implant-associated anaplastic large cell lymphomas consistently express CA9. (A) Representative microscopic images of immunohistochemistry
for CA9 in breast implant-associated (BIA) anaplastic large cell lymphoma (ALCL), systemic ALK-positive ALCL, systemic ALK-negative ALCL, and primary cutaneous
ALCL (40× original magnification). (B) BIA-ALCL show significantly higher CA9 expression than other forms of ALCL. (C) The increased expression of CA9 in BIA-ALCL
is independent of genetic subtype.  All BIA-ALCL tested have triple-negative (TN) genetics (lacking rearrangements of ALK, DUSP22, and TP63). BIA-ALCL show sig-
nificantly higher CA9 expression than ALCL with any of these rearrangements, as well as TN non-BIA-ALCL. ***P<0.001; ****P<0.0001.
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sion of CA9 and that CA9 drives BIA-ALCL cell growth
under hypoxic conditions.

Hypoxia and CA9 expression drive unique gene
signatures in BIA-ALCL cells

We examined the effects of hypoxia and CA9 knock-
down on gene expression in BIA-ALCL cells by perform-
ing RNA sequencing in TLBR-2 cells, which showed evi-
dence of a canonical hypoxia response in the preceding
experiments. As anticipated, CA9 mRNA was markedly
upregulated under hypoxic conditions and effectively
downregulated by CA9 siRNA (both, P<0.0001) (Figure
4A). A heatmap of genes whose expression varied signifi-
cantly showed clusters of genes with unique expression
patterns as well as clusters of genes with expression pat-
terns shared between two of the three conditions (Figure
4B). We used GSEA to explore these findings further
(Figure 4C). Notably, the set of genes overexpressed in
BIA-ALCL tissue samples as compared with TN non-BIA-
ALCL (Figure 1A) was markedly enriched in TLBR-2 cells
cultured under hypoxic conditions (NES=2.325;
FDR=0.000), providing in vitro validation of the tissue-
based finding that BIA-ALCL are characterized by a
hypoxia signature. Furthermore, the HALLMARK
HYPOXIA gene set identified in BIA-ALCL versus non-
BIA-ALCL tissue samples (Figure 1B) was also significant-
ly enriched in hypoxic TLBR-2 cells (NES=2.151,
FDR=0.000), among other gene sets related to metabolic
pathways such as HALLMARK GLYCOLYSIS, REAC-
TOME METABOLISM OF CARBOHYDRATES, and
REACTOME GLUCOSE METABOLISM (Online
Supplementary Table S2). In contrast, siRNA-mediated CA9
knockdown was associated with significant depletion of
cell cycle pathways, including REACTOME S PHASE
(NES=-2.214; FDR=0.000) as well as MYC target gene sets
and multiple other cell cycle-associated gene sets (Online
Supplementary Table S3). These findings corroborate previ-
ous data showing that CA9 inhibition induced cell cycle
arrest in glioblastoma cells, and specifically a marked
reduction of cells in S phase.23 We also performed an
exploratory analysis comparing RNA sequencing data in
TLBR cell lines.  Although only TLBR-1 significantly
expressed CA9 at baseline, other hypoxia-related genes
were relatively overexpressed in TLBR-2 or TLBR-3
(Online Supplementary Figure S5), suggesting heterogeneity
that merits investigation in larger future studies.

CA9 overexpression drives BIA-ALCL growth
in a xenograft model

We evaluated the effects of CA9 on BIA-ALCL cell
growth further by using a lentiviral system to overexpress
CA9 in TLBR-3 cells, which lack both baseline and hypox-
ia-inducible CA9 expression (Figure 3A). Corroborating
CA9 siRNA data from TLBR-1 and -2 cells, CA9 overex-
pression in TLBR-3 augmented cell growth in vitro (Online
Supplementary Figure S2).  We then examined the effect of
CA9 overexpression in a xenograft model. The median
time after inoculation to establishment of palpable subcu-
taneous tumors was 17 days in the CA9 group and 26
days in the control (empty vector-transduced) group
(P=0.004, log-rank test) (Figure 5A). At 38 days, when the
first animal required euthanasia because of tumor size,
tumors were 1,764 ± 1,526 mm3 in the CA9 group and 126
± 130 mm3 in the control group (Figure 5B); differences in
tumor growth were highly significant (P<0.0001, two-

way repeated measure analysis of variance with the
Geisser-Greenhouse correction). Using this protocol-
defined euthanasia endpoint, median overall survival was
47 days in the CA9 group and 76 days in the control group
(P=0.0008, log-rank test) (Figure 5C). Thus, CA9 acceler-
ates tumor growth in the TLBR-3 BIA-ALCL xenograft
model.

Secreted CA9 in BIA-ALCL cell line models and
patients’ samples

Secreted CA9 has been proposed as a biomarker for
CA9-expressing malignancies.22,24-26 We therefore evaluated
secretion of CA9 into the supernatants of BIA-ALCL cell
lines. Secreted CA9 could be detected in culture super-
natants of TLBR-1, -2, and -3 cells at concentrations mir-
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Figure 3. CA9 expression and growth of breast implant-associated anaplastic
large cell lymphoma cell lines. (A) TLBR-1, -2, and -3 breast implant-associated
(BIA) anaplastic large cell lymphoma (ALCL) cell lines show distinct patterns of
CA9 expression under normoxic and hypoxic conditions. HIF-1α serves as a pos-
itive control for hypoxia. TLBR-1 shows constitutive CA9 expression under nor-
moxic conditions, which is further enhanced by hypoxia.  TLBR-2 lacks constitu-
tive CA9 expression but CA9 is induced by hypoxia (canonical hypoxia response).
TLBR-3 shows minimal hypoxia-induced CA9 expression. The effects of siRNA-
mediated CA9 silencing are shown. Representative data from three independent
experiments. (B) Growth of TLBR-1, -2, and -3 cells mirrors CA9 expression.
TLBR-1 cells, which constitutively express CA9, show only slight growth induction
by hypoxia. Growth is inhibited by CA9 silencing. TLBR-2 cells, which show a
canonical hypoxia response, have marked hypoxia-induced growth which is
almost completely reversed by CA9 silencing. Hypoxia does not induce either
growth or CA9 expression in TLBR-3 cells. *P<0.05; ***P<0.001;
****P<0.0001; n.s., not statistically significant.
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Figure 4. Gene signatures associated with hypoxia and CA9 expression in breast implant-associated anaplastic large cell lymphoma cells. (A) CA9 mRNA expres-
sion is induced by hypoxia and inhibited by CA9 siRNA in TLBR-2 breast implant-associated (BIA) anaplastic large cell lymphoma (ALCL) cells. RPKM: reads per kilo-
base per million mapped reads; ****P<0.0001. (B) Heatmap showing relative gene expression in TLBR-2 for each of the three conditions shown in panel A.  RNA
sequencing was performed in triplicate for each condition.  (C) Top panel: TLBR-2 cells cultured under hypoxic conditions show significant enrichment for the set of
genes overexpressed in BIA- versus non-BIA-ALCL tissue samples (“tissue-derived gene set,” defined as log2FC >1 and FDR ≤0.05; cf. Figure 1A). Middle panel: the
HALLMARK HYPOXIA gene set identified by gene set enrichment analysis in BIA- versus non-BIA-ALCL tissue samples is also significantly enriched in hypoxic TLBR-
2 cells. See also Online Supplementary Table S2. Bottom panel: hypoxic TLBR-2 cells treated with CA9 siRNA show marked depletion of REACTOME S PHASE and
other gene sets related to cell cycle and MYC targets. See also Online Supplementary Table S3. FC: fold change; NES: normalized enrichment score; FDR: false dis-
covery rate.
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roring their cellular expression levels (Figure 6A). Since
BIA-ALCL cells can secrete CA9, we next examined
whether CA9 could be detected in peri-implant seroma
specimens involved by BIA-ALCL. Indeed, all ten BIA-
ALCL seroma specimens evaluated contained detectable
CA9, with a mean concentration of 84,046 ± 118,695
pg/mL (range, 423-360,262 pg/mL) (Figure 6B). In contrast,
seromas lacking involvement by BIA-ALCL showed a
mean concentration of 502 ± 390 pg/mL (range, 9-887
pg/mL; P<0.0001, Mann-Whitney test).

Four serum and/or plasma samples from BIA-ALCL
were available to evaluate CA9 concentrations (Online
Supplementary Figure S3). While the CA9 concentration in
normal human serum or plasma is <25 pg/mL,24,26 the plas-
ma CA9 concentration was 128 pg/mL in one BIA-ALCL
patient. Because the number of human blood samples
available for testing was limited, we examined whether
CA9 secreted from BIA-ALCL cells might be detectable in
serum samples using mouse xenograft models. We har-
vested subcutaneous TLBR-1, -2, and -3 tumors when
each tumor reached a volume of 1,000 mm3 and obtained
simultaneous serum samples. Tumor lysate CA9 concen-
trations from TLBR-1, -2, and -3 were 108,175±39,252
pg/mL, 231,070 ± 88,185 pg/mL, and 6,903 ± 1,871 pg/mL,
respectively, based on standardized total protein concen-
trations of 1 mg/mL; all pairwise comparisons showed sig-
nificant differences (Online Supplementary Figure S4). A
similar pattern of serum CA9 concentrations was
observed, with mean values for TLBR-1, -2, and -3 tumor-
bearing mice of 170 ± 46 pg/mL, 183 ± 170 pg/mL, and
122 ± 119 pg/mL; values in all groups were significantly
higher than CA9 concentrations in serum obtained from
non-tumor-bearing mice (46 ± 11 pg/mL) (Figure 6C).
Taken together, these findings indicate that CA9 can be
secreted from BIA-ALCL cells and is detectable in peri-
implant seroma fluid involved by BIA-ALCL.  Serum CA9
concentrations are elevated in sera from BIA-ALCL
xenograft-bearing mice and serum levels in BIA-ALCL
patients should be evaluated in larger cohorts.

Discussion

In this gene expression profiling study comparing BIA-
ALCL to their non-BIA counterparts, we found that BIA-
ALCL demonstrate a hypoxia signature, likely attributable
to the unique microenvironment in which they arise.
Notably, the carbonic anhydrase CA9 was expressed con-
sistently in BIA-ALCL and only minimally in non-BIA-
ALCL. CA9 promoted hypoxia-induced growth in BIA-
ALCL cell lines in vitro and in mouse xenograft models. In
addition, CA9 was significantly elevated in human seroma
samples involved by BIA-ALCL and in serum from BIA-
ALCL xenograft-bearing mice. These findings identify
unique biological features of BIA-ALCL, support its classi-
fication as a WHO entity distinct from other forms of
ALCL, and uncover opportunities to explore hypoxia-relat-
ed proteins and pathways in novel diagnostic, preventive,
or therapeutic strategies for patients with this disease.

RNA sequencing with transcriptomic analysis and
GSEA revealed enhanced expression of hypoxia signaling
pathway genes as a hallmark of BIA-ALCL. A recent study
by Di Napoli et al. also compared the transcriptome of
BIA-ALCL to that of other peripheral T-cell lymphomas
including non-ALCL.27 The authors identified a number of

notable findings, including upregulation of genes involved
in cell motility (e.g., CCR6, MET, and HGF), myeloid cell
differentiation (e.g., PPARG and JAK2), and viral gene tran-
scription (e.g., RPS10), and downregulation of T-cell
receptor signaling genes. Differentially expressed genes
reported by Di Napoli et al. tended to show similar
changes in our dataset (Online Supplementary Figure S6).
However, the gene ontology analysis of Di Napoli et al.
compared BIA-ALCL to non-neoplastic T cells, whereas
our study was designed to identify differences between

Hypoxia signature in BIA-ALCL

haematologica | 2021; 106(6) 1721

Figure 5. CA9 accelerates breast implant-associated anaplastic large cell lym-
phoma growth in a mouse xenograft model. (A) Mice inoculated with TLBR-3
breast implant-associated anaplastic large cell lymphoma cells stably trans-
duced with a CA9 lentiviral vector develop palpable tumors faster than mice
inoculated with cells transduced with vector control. (B) Mice inoculated with
TLBR-3 cells overexpressing CA9 develop larger tumors than mice inoculated
with control-transduced TLBR-3 cells. (C) Overall survival is shorter in mice bear-
ing CA9-overexpressing TLBR-3 tumors than in those bearing control-transduced
tumors.
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BIA-ALCL and TN ALCL arising at other anatomic sites.
Therefore, these two studies are complementary and
emphasize different aspects of BIA-ALCL pathogenesis
for further study. Of note, occasional non-BIA-ALCL
(especially with TN genetics) showed a moderate degree
of CA9 expression, highlighting the need for additional
future study of hypoxia-associated pathways in T-cell
neoplasms other than BIA-ALCL.28

BIA-ALCL arises in a unique tumor microenvironment
consisting of the breast prosthesis, seroma fluid, and sur-
rounding fibrous capsule. Local hypoxia is a well-estab-
lished factor promoting the development of tissue fibro-
sis,29,30 and tissues with artificial prostheses are postulated
to be hypoxic.31,32 For example, Kim et al. showed that the
thickness of the fibrous capsule around silicone implants in
rats was reduced by stem cell-derived endothelial precur-
sor cell conditioned medium, which promotes wound
healing at least in part by reducing tissue ischemia, suggest-
ing the peri-implant microenvironment is hypoxic even in
the non-neoplastic setting.33 The ability to tolerate low
oxygen tension may be critical for pre-neoplastic cells situ-
ated between the prosthesis and peri-implant fibrous cap-
sule to survive and proliferate in the early stages of BIA-
ALCL lymphomagenesis. Since most patients with
implants do not develop BIA-ALCL, however, future stud-
ies should examine possible interplay between hypoxia
and recurrent genetic events reported in this disease, such
as mutations in JAK-STAT and epigenetic modifier genes.17

Furthermore, it would be of interest to compare the molec-
ular signature of BIA-ALCL with that of other effusion-
associated malignancies such as primary effusion lym-
phomas of B-cell origin, in which targetable hypoxic meta-
bolic pathways have been reported previously.34,35

Among genes within the hypoxic signature, we identi-
fied CA9 as being most robustly overexpressed in BIA-
ALCL, a finding we validated at the protein level by
immunohistochemistry. CA9 is a hypoxia-inducible
enzyme that catalyzes reversible hydration of carbon diox-
ide to bicarbonate ions and protons.22 CA9 is expressed in
a variety of solid cancers and has been associated with
poor prognosis.36-38 Overexpression of CA9 represents an
adaptive response to hypoxia by which cancer cells control
intracellular and extracellular pH, facilitating survival and
growth in an acidic tumor microenvironment.22,39-44 Our
data on silencing CA9 expression in hypoxia-inducible
TLBR-2 cells and overexpressing CA9 in hypoxia-insensi-
tive TLBR-3 cells indicate that CA9 promotes growth of
BIA-ALCL cells. Although CA9 inhibitors have been devel-
oped,23 the direct therapeutic implications of our findings
for BIA-ALCL are unclear since disease limited to the
hypoxic seroma and surrounding capsule is adequately
managed by surgery alone in most cases.3 We did not have
adequate tissue material from disseminated BIA-ALCL to
evaluate whether CA9 expression is retained outside its
native microenvironment. Nevertheless, understanding the
role of CA9 and other hypoxic signaling pathways in early
BIA-ALCL could lead to less invasive strategies to manage
localized disease and/or novel prosthetic approaches that
decrease the risk of its development.

Our findings also suggest that CA9 could be useful as a
biomarker for screening, detection, and/or follow-up of
BIA-ALCL. CA9 expression in normal human tissues is
limited to gastric, colonic, and gallbladder epithelium.22

Clear cell renal cell carcinoma is a prototypic malignancy
expressing high CA9, in which recurrent VHL mutations

lead to increased expression of hypoxia-associated genes
including CA9; accordingly, CA9 is a widely-used
immunohistochemical marker to distinguish clear cell
renal cell carcinoma from other renal tumors.45 In addition,
serum CA9 levels are associated with tumor size, grade,
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Figure 6.  CA9 as a candidate biomarker in breast implant-associated anaplas-
tic large cell lymphoma. (A) TLBR-1, -2, and -3 cell lines secrete CA9 into culture
supernatant proportionally to their cellular expression, as determined by west-
ern blot (cf. Figure 3A). Data represent three replicates measured by CA9
enzyme-linked immunosorbent assay. (C) Peri-implant seroma samples involved
by breast implant-associated (BIA) anaplastic large cell lymphoma (ALCL) have
significantly higher CA9 concentrations than those not involved by BIA-ALCL.  (C)
Serum samples obtained from mice bearing 1000 mm3 subcutaneous TLBR-1, -
2, and -3 tumors have significantly higher CA9 concentrations than those from
non-tumor-bearing mice. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001
(Mann-Whitney test). PBS: phosphate-buffered saline.
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and metastatic status of clear cell renal cell carcinoma and
high preoperative levels are associated with postoperative
recurrence.26 We demonstrated that CA9 is readily secret-
ed by BIA-ALCL cells in vitro and that significantly elevat-
ed CA9 concentrations are present in peri-implant sero-
mas involved by BIA-ALCL. Various inflammatory condi-
tions can cause peri-implant seromas,46,47 and the diagnosis
of BIA-ALCL in seroma fluid can be a significant challenge
if neoplastic cells are rare. Hanson et al. recently reported
specificity of an enzyme-linked immunosorbent assay for
CD30 in seroma specimens involved by BIA-ALCL,48

while Kadin et al. reported that BIA-ALCL cell lines secrete
a unique cytokine profile that includes interleukin-13.7 A
multi-analyte approach incorporating CA9 that evaluates
these proteins in seroma fluid could greatly facilitate the
diagnosis of BIA-ALCL when few atypical cells are pres-
ent and could potentially guide the decision regarding
implant removal in suspicious cases in which definite neo-
plastic cells cannot be identified. This prospect should
encourage international collaboration and standardized
seroma collection protocols to facilitate progress given the
rarity of BIA-ALCL. The role of serum CA9 measurement
in BIA-ALCL remains unclear because limited samples
were available for analysis. However, we identified elevat-
ed CA9 concentrations in serum samples from BIA-ALCL
xenograft-bearing mice, and the role of serum CA9 as a
possible biomarker to predict or monitor disease activity
should be evaluated in larger human studies.
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Intravenous daratumumab is approved for the treatment of multiple
myeloma. In part 1 of the PAVO study, a mix-and-deliver subcutaneous
formulation of daratumumab with recombinant human hyaluronidase

PH20 (rHuPH20) was well tolerated, with low rates of infusion-related reac-
tions and an efficacy similar to that of intravenous daratumumab. Part 2 of
PAVO evaluated a concentrated, pre-mixed co-formulation of daratumum-
ab and rHuPH20 (DARA SC). Patients who had received two or more prior
lines of therapy, including a proteasome inhibitor and an immunomodula-
tory drug, were given daratumumab (1,800 mg) and rHuPH20 (30,000 U)
in 15 mL subcutaneously over 3 to 5 minutes as per the approved intra-
venous monotherapy dosing schedule. Primary endpoints were daratu-
mumab trough concentration at the end of weekly dosing (just prior to the
day 1 dose of cycle 3) and safety. Twenty-five patients were enrolled in
PAVO part 2. DARA SC achieved daratumumab trough concentrations
similar to or greater than those achieved with intravenous daratumumab
16 mg/kg. The adverse event profile of DARA SC was consistent with that
of intravenous daratumumab, with no new safety concerns and a lower
infusion-related reaction rate. At a median follow-up of 14.2 months, the
overall response rate was 52%, the median duration of response was 15.7
months, and the median progression-free survival was 12.0 months.
DARA SC 1,800 mg was well tolerated in relapsed/refractory multiple
myeloma, with a low infusion-related reaction rate and reduced adminis-
tration time. Daratumumab serum concentrations following DARA SC
were consistent with those following intravenous dosing, and deep and
durable responses were observed. Based on these results, ongoing studies
are investigating DARA SC in the treatment of multiple myeloma and
other conditions. (ClinicalTrials.gov identifier: NCT02519452).  
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ABSTRACT

Introduction

Daratumumab is a human IgGκ monoclonal antibody targeting CD38 with a
direct on-tumor1-4 and immunomodulatory5-7 mechanism of action. The direct on-
tumor actions of daratumumab are mediated by complement-dependent cytotoxi-



city, antibody-dependent cell-mediated cytotoxicity, anti-
body-dependent cellular phagocytosis, and apoptosis.1-4

The immunomodulatory actions of daratumumab lead to
modulation of the tumor microenvironment, including the
depletion of CD38+ immunosuppressive cells, which may
explain the clonal expansion of cytotoxic T cells, increase
in helper T cells, and increase in granzyme B+ CD8+ T cells
observed following exposure to this drug.5-7

Intravenous (IV) daratumumab 16 mg/kg is approved as
a monotherapy and in combination with bortezomib/dex-
amethasone, lenalidomide/dexamethasone, or pomalido-
mide/dexamethasone (in the USA) in patients with
relapsed or refractory (RR) multiple myeloma (MM).8,9

Daratumumab 16 mg/kg IV is also approved in combina-
tion with bortezomib/melphalan/prednisone or lenalido-
mide/dexamethasone (in the USA) for the treatment of
patients with newly diagnosed MM who are ineligible for
autologous stem cell transplantation, and in combination
with bortezomib/thalidomide/dexamethasone (in the
USA) for patients with newly diagnosed MM who are eli-
gible for autologous stem cell transplantation.8,9 In clinical
studies of daratumumab, the median durations of the first,
second, and subsequent daratumumab IV infusions were
7.0, 4.3, and 3.4 hours (h), respectively.8 For the conven-
ience of patients and healthcare providers, the first daratu-
mumab 16 mg/kg IV dose may be split over 2 days
(8 mg/kg administered on days 1 and 2 of cycle 1), which
is associated with a shorter median infusion duration of
4.2 h on day 1 of cycle 1.8,10,11 In addition to split-dose
administration of daratumumab, alternative approaches to
reducing the duration of the first daratumumab infusion
include administering a low priming dose on day 1 of
cycle 1 and the remainder of the 16 mg/kg IV dose on
day 2, or giving an 8 mg/kg IV dose on day 1 of cycle 1
before proceeding with the 16 mg/kg IV dose from day 8
of cycle 1 onwards.12 Furthermore, a shorter, 90-minute
(min) infusion for subsequent (day 15 of cycle 1 and
beyond) 16 mg/kg IV administrations of daratumumab
was shown to be well tolerated.13 Infusion-related reac-
tions (IRR) occur in approximately 50% of patients treated
with IV daratumumab; these reactions are manageable
and occur primarily during the first infusion.8

Given the infusion time required for IV administration
and the incidence of IRR associated with daratumumab, a
subcutaneous (SC) delivery method is in development,
with the goal of shortening the duration of infusion with-
out compromising the safety or efficacy of the drug. SC
administration of daratumumab may be associated with a
lower risk of IRR, improved tolerability due to a more
gradual systemic absorption of the drug, and greater con-
venience for both patients and healthcare providers by
reducing infusion times.

Recombinant human hyaluronidase PH20 (rHuPH20;
ENHANZE® drug delivery technology, Halozyme, Inc.,
San Diego, CA, USA) depolymerizes hyaluronan in the SC
space, allowing rapid administration of large volumes of
injected drugs, thus facilitating SC delivery.14 A mix-and-
deliver formulation of daratumumab (20 mg/mL) and
rHuPH20 (DARA-MD), given SC by means of a syringe
pump at two dose levels (DARA-MD 1,200 mg and
DARA-MD 1,800 mg) over 20 to 30 min, was evaluated in
part 1 of PAVO, a phase Ib study in patients with RRMM.15

Results from part 1 showed that SC administration of
daratumumab is feasible in patients with MM. DARA-
MD was well tolerated, with low rates of IRR (23%). The

serum concentrations achieved with the 1,800 mg dose of
DARA-MD were consistent with those observed for dara-
tumumab 16 mg/kg IV in patients with RRMM.
Moreover, the efficacy of the 1,800 mg dose of DARA-
MD was comparable to that of daratumumab 16 mg/kg IV
in a similar population of patients.16 At the 1,800 mg dose
level of DARA-MD, the overall response rate (ORR) was
42%, and responses were deep and durable, with four
(9%) patients achieving a stringent complete response.15

Based on the results from part 1 of the PAVO study, a
concentrated, pre-mixed co-formulation of daratumumab
1,800 mg (120 mg/mL) and rHuPH20 (DARA SC) with a
smaller injection volume (15 mL for DARA SC vs. 60 mL
for DARA-MD 1,200 mg and 90 mL for DARA-MD
1,800 mg) and shorter injection time was developed,
enabling manual SC injection into the abdomen.17 This
report describes part 2 of PAVO, which investigated the
safety, pharmacokinetics (PK), and efficacy of DARA SC
in patients with RRMM.

Methods

Study design and patients
PAVO (MMY1004) is a phase Ib, open-label, multicenter, dose-

finding, proof-of-concept study. Detailed eligibility criteria have
already been published.15 Briefly, patients were ≥18 years of age,
had RRMM and had received two or more prior lines of treatment,
including a proteasome inhibitor (PI) and an immunomodulatory
drug (IMiD), and were naïve to anti-CD38 therapy. In part 1,
DARA-MD was administered by SC infusion over 20 to 30 min
through a syringe pump to determine the recommended dose for
part 2. In part 2, a concentrated co-formulation of the selected
daratumumab dose (1,800 mg) and rHuPH20 concentration
(30,000 U; in 15 mL) in a single, pre-mixed vial was administered
over 3 to 5 min by manual SC injection (DARA SC) at alternating
locations in the periumbilical area of the abdominal wall.
Treatment was given in 28-day cycles: once weekly during
cycles 1 and 2, every 2 weeks during cycles 3 through 6, and every
4 weeks thereafter until disease progression or unacceptable toxi-
city. All patients remained in the hospital for observation for at
least 24 h after the end of the SC injection on day 1 of cycle 1.
Inpatient observation after subsequent doses was implemented if
deemed necessary based on safety observations.

Endpoints and assessments
The primary endpoints were daratumumab trough concentra-

tion (Ctrough) at the end of weekly dosing (just prior to administra-
tion of the day 1 dose of cycle 3) and safety. Secondary endpoints
included ORR and complete response rate.  

Blood samples for PK analysis were collected on days 1, 2, 3, 4,
8, 15, and 22 of cycle 1; days 1, 8, 15, 22, 23, and 25 of cycle 2;
day 1 of cycles 3, 4, 6, and 8; and 4 and 8 weeks after the final dose
of study medication. Blood samples collected prior to dosing on
days 1 and 15 of cycle 1, day 22 of cycle 2, and day 1 of cycle 4 as
well as 4 and 8 weeks after the end of treatment were assessed for
anti-daratumumab antibodies and anti-rHuPH20 antibodies.

Safety assessments included adverse-event monitoring, physical
examinations, electrocardiograms, injection-site evaluations, clini-
cal laboratory parameters, vital sign measurements, and Eastern
Cooperative Oncology Group Performance Status. Adverse events
were assessed using National Cancer Institute Common
Terminology Criteria for Adverse Events Version 4.03.18

Responses were assessed according to International Myeloma
Working Group consensus recommendations19,20 at the beginning
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of each cycle. Disease evaluations were performed by a central
laboratory until disease progression or end of treatment.

Statistical analyses
The primary endpoint of Ctrough at the end of weekly dosing

(prior to the day 1 dose of cycle 3) was evaluated in patients who
received all eight weekly doses of DARA SC and provided a pre-
dose PK sample on day 1 of cycle 3 (PK-evaluable population). All
other PK analyses were performed on the PK-analysis population,
which included patients who received at least one dose of study
drug and provided one or more post-infusion PK samples. The
safety population included all patients who received at least one
dose of study drug. 

The study protocol was approved by the clinical study sites’
institutional review boards or ethics committees. Additional
details on the study design, statistical analyses, and study supervi-
sion are provided in the Online Supplementary Appendix. 

Results

Patients and treatment
At the clinical cutoff date of December 14, 2018,

25 patients had been enrolled in part 2 of the study and
had received DARA SC 1,800 mg. The patients’ median
age was 68 (range, 51-85) years, and 24% of patients were
≥75 years of age (Table 1). The median number of prior
lines of therapy was three (range, 2-9); 96% and 92% of
patients had received prior treatment with bortezomib
and lenalidomide, respectively. Fifty-six percent of
patients were refractory to both a PI and an IMiD, and
76% of patients were refractory to the last line of therapy.
Of the 16 patients with available cytogenetic data, four
(25%) had a high-risk cytogenetic abnormality at baseline:
two had del17p, one had t(4;14), and one had t(14;16).

Of the 25 patients treated with DARA SC during part 2
of the study, 19 (76%) discontinued treatment: 17 (68%)
due to progressive disease and two (8%) due to physi-
cians’ decision (both had unconfirmed progressive dis-
ease). At the clinical cutoff date, the median duration of
follow-up was 14.2 (range, 2.4-18.5) months. 

Pharmacokinetics and immunogenicity
PK results for Ctrough on day 1 of cycle 3 are presented for

the PK-evaluable population (n=22); all other PK data are
presented based on the PK-analysis population (n=25).
The linear mean daratumumab serum concentration pro-
files after cycle 1 (first dose) and after the last weekly dose
(eighth dose) are shown in Figure 1. Daratumumab serum
concentrations after SC administration were sustained
from 48 h post-dose onwards until the end of the dosing
interval (Figure 1A). SC administration of daratumumab
was followed by slow systemic absorption as opposed to
the immediate systemic availability following IV adminis-
tration (Figure 1A). However, the maximum Ctrough was
similar or higher following DARA SC 1,800 mg than after
the 16 mg/kg IV dosing of daratumumab (Figure 1B and
Table 2).

Simulation of mean concentration-time profiles of dara-
tumumab following SC and IV dosing revealed that the
Ctrough following DARA SC 1,800 mg dosing remained
higher than after 16 mg/kg IV dosing throughout the dos-
ing regimen (Figure 2). For SC dosing, the mean maximum
concentration (Cmax) was lower during early weekly dos-
ing but was higher at the end of weekly dosing and during

every-2-week dosing (Figure 2). After reaching every-4-
week dosing, the Cmax for DARA SC 1,800 mg was similar
to that for the 16 mg/kg IV dosing of daratumumab overall
(Figure 2). The mean and median Ctrough values for end of
weekly dosing (day 1 of cycle 3) in PAVO part 2, as well as
in patients receiving daratumumab 16 mg/kg IV as
monotherapy in the GEN501 part 2 and SIRIUS studies,
are summarized in Table 2.

Of the 25 patients, one (4%) patient was positive for
anti-daratumumab antibodies; the antibodies were neu-
tralizing and transient (detected only at week 4 after treat-
ment). This patient experienced no IRR and had a best
response of stable disease. One (4%) patient was positive
for anti-rHuPH20 antibodies at baseline, and four (16%)
patients were positive for anti-rHuPH20 antibodies during
treatment; all the antibodies were non-neutralizing.
Among the four patients who were positive for anti-

Table 1. Baseline demographics and clinical characteristics of the all-treated
population.
Characteristic                                                     DARA SC 1,800 mg
                                                                                    (n=25)

Age, years
Median (range)                                                                  68 (51-85)
≥75, n (%)                                                                              6 (24.0)

Median (range) weight, kg                                             70.9 (52.0-104.8)
Baseline ECOG Performance Status, n (%)

0                                                                                               11 (44.0)
1                                                                                               13 (52.0)
2                                                                                                 1 (4.0)

ISS stage, na                                                                                                                                             24
I, n (%)                                                                                   13 (54.2)
II, n (%)                                                                                  5 (20.8)
III, n (%)                                                                                 6 (25.0)

Median (range) time from diagnosis, years                 5.9 (2.1-12.8)
Type of myeloma, n                                                                        24

IgG, n (%)                                                                              13 (54.2)
Cytogenetic risk, nb                                                                        16

Standard risk, n (%)                                                           12 (75.0)
High risk, n (%)                                                                    4 (25.0)c

t(4;14)                                                                                   1 (6.3)
t(14;16)                                                                                 1 (6.3)
del17p                                                                                   2 (12.5)

Prior lines of therapy, n (%)
Median (range)                                                                     3 (2-9)
≤3                                                                                            17 (68.0)
>3                                                                                             8 (32.0)

Prior ASCT, n (%)                                                                     17 (68.0)
Prior PI, n (%)                                                                           25 (100)

Bortezomib                                                                           24 (96.0)
Prior IMiD, n (%)                                                                      25 (100)

Lenalidomide                                                                        23 (92.0)
Refractory to, n (%)

Bortezomib                                                                           16 (64.0)
Lenalidomide                                                                        14 (56.0)
Both PI and IMiD                                                                 14 (56.0)
Last line of therapy                                                             19 (76.0)

DARA: daratumumab; SC: subcutaneous; ECOG: Eastern Cooperative Oncology Group; ISS:
International Staging System; ASCT: autologous stem cell transplantation; PI: proteasome
inhibitor; IMiD: immunomodulatory drug. aISS stage is derived based on the combination of
serum b2-microglobulin and albumin. bAssessed by fluorescence in situ hybridization or kary-
otyping. cConsists of two patients with del17p, one patient with t(4;14), and one patient with
t(14;16).
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rHuPH20 antibodies during treatment, one patient experi-
enced a mild IRR on day 1 of cycle 1, and best responses
were partial response (1 patient), stable disease
(2 patients), and progressive disease (1 patient).

Safety
The adverse event profile of DARA SC was consistent

with the known safety and tolerability profile of IV daratu-
mumab. The most frequently reported treatment-emergent
adverse events (TEAE) were lymphopenia (32%), arthralgia
(28%), back pain (28%), and thrombocytopenia, diarrhea,
and nasopharyngitis (24% each) (Table 3). The most com-
mon grade 3/4 TEAE was lymphopenia (20%) (Table 3). No
treatment discontinuations due to TEAE were observed.
Serious TEAE were reported in six (24%) patients who
received DARA SC but were not considered related to the
study drug. One patient died during part 2 of the study due
to disease progression in the context of MM-related amy-
loid light chain (AL) amyloidosis (clinically significant car-
diac involvement was not present); this death was not con-
sidered related to DARA SC. A secondary primary malig-
nancy was observed in one patient (metastatic adenocarci-
noma of prostate). There were no reports of tumor lysis
syndrome or intravascular hemolysis. 

The incidence and severity of IRR was low with DARA
SC 1,800 mg. Among the 25 patients who received DARA
SC 1,800 mg, four (16%) reported IRR, the majority of
which occurred on day 1 of cycle 1. The median time to
onset of an IRR was 70 (range, 9-80) min. Patient 1 experi-
enced grade 3 hypertension, grade 2 chills, and grade 2 dys-

pnea. Patient 2 experienced grade 1 allergic rhinitis, patient
3 experienced grade 1 sneezing, and patient 4 experienced
grade 3 hypertension. Patients 1, 2, and 3 experienced their
IRR following the first injection (day 1 of cycle 1), whereas
patient 4 experienced the IRR following the ninth injection
(day 1 of cycle 3). The IRR of grade 3 hypertension were
reversible, and both occurred in patients with a medical his-
tory of hypertension. There were no grade 4 IRR and no
discontinuations due to IRR.

Injection-site TEAE were observed in three (12%)
patients; these included injection-site induration, injection-
site discoloration, erythema, and hematoma (n=1 each; all
grade 1 severity). Erythema and induration were objectively
measured for all injections, regardless of attribution as a
TEAE. Measurable erythema (24%) and measurable indura-
tion (4%) at the injection site resolved within 1 h.

Efficacy
At a median follow-up of 14.2 months, the ORR with

DARA SC 1,800 mg was 52%, which included a complete
response in one (4%) patient, very good partial responses in
seven (28%) patients, and partial responses in five (20%)
patients (Figure 3A). The median time to best response was
1.02 (range, 1.0-12.1) months, and the median duration of
response was 15.7 (range, 4.6-not estimable) months.
Among 13 responders, three responses deepened over time
(Figure 3B); one patient with an initial partial response at
month 2 went on to achieve a complete response at month
12, and two patients who achieved initial partial responses
at month 1 went on to achieve very good partial responses
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Table 2. Ctrough for end of weekly daratumumab dosing (day 1 of cycle 3) for DARA SC 1,800 mg and historical data for daratumumab 16 mg/kg IV.  
                                                                                                                                                  Daratumumab cycle 3, day 1 Ctrough (mg/mL)
Study                                    Dose/route                                      n                                Mean                                Median                            CV%
PAVOa                                            1,800 mg SC                                             22                                        932                                             860                                      42%
GEN501 part 2                            16 mg/kg IV                                              27                                        617                                             714                                      51%
SIRIUS                                          16 mg/kg IV                                              73                                        573b                                             560                                      58%

Ctrough: trough concentration; DARA: daratumumab; SC: subcutaneous; IV: intravenous; CV: coefficient of variation. aBased on the pharmacokinetic-evaluable population.
bAs reported by Clemens et al.22

A B

Figure 1. Serum concentrations of daratumumab over time. The mean (± standard deviation) serum concentrations of daratumumab over time (A) after the first
dose and (B) after the last weekly dose (eighth dose). DARA: daratumumab; Ctrough: trough concentration; C3D1: day 1 of cycle 3; IV: intravenous; SC: subcutaneous.
aFrom the GEN501 study.16



at month 2. At the clinical cutoff, the median progression-
free survival was 12.0 (range, 5.6-16.6) months among all-
treated patients and 11.7 (range, 2.8-13.8) months among
patients refractory to both PI and IMiD. 

Discussion

PAVO is the first clinical study to evaluate the safety, PK,
and efficacy of SC administration of daratumumab in com-
bination with rHuPH20. The results from this study
demonstrate that daratumumab co-formulated with
rHuPH20 is well tolerated, has an acceptable PK profile, and
achieves deep and durable responses in patients with
RRMM. In part 1 of the study, dose escalation of a first-gen-
eration mix-and-deliver formulation of daratumumab and
rHuPH20 (DARA-MD) showed that daratumumab SC
administration is feasible in patients with RRMM.15 DARA-
MD 1,800 mg had a PK profile and produced clinical
responses that were consistent with those of IV infusion of
daratumumab 16 mg/kg and was well tolerated, with a low
rate of IRR. Based on the promising safety and efficacy
observed with DARA-MD during part 1 of PAVO, a pre-
mixed co-formulation of daratumumab 1,800 mg with
rHuPH20 (DARA SC), which has a smaller injection volume
and is administered over 3 to 5 min, was investigated in
part 2 of the study.  

Population PK and exposure-response analyses of daratu-
mumab IV monotherapy in patients with MM revealed that
the daratumumab maximum Ctrough is strongly related to
ORR.21 In these studies, the maximum Ctrough occurred prior
to daratumumab dosing on day 1 of cycle 3 with daratu-
mumab monotherapy administered with the same dosing

schedule used in the PAVO study.22 Based on these findings,
Ctrough at the end of weekly dosing (just prior to the dose on
day 1 of cycle 3) was selected as the primary PK endpoint
for the PAVO study. DARA SC 1,800 mg achieved similar
or greater maximum Ctrough values compared with those of
standard IV dosing (16 mg/kg) at day 1 of cycle 3 (i.e., at the
end of weekly dosing). The mean Ctrough at day 1 of cycle 3
(pre-dose) was 932 mg/mL after eight weekly doses of
DARA SC 1,800 mg compared with 617 mg/mL (GEN501
part 2) and 573 mg/mL (SIRIUS) after weekly dosing with IV
daratumumab.16,22 Daratumumab serum concentrations
were sustained from 48 h post-dose onwards until the end
of the dosing interval. Although DARA SC is administered
at a fixed dose, while IV daratumumab is administered by
weight-based dosing, interpatient PK variability of the two
dosing methods was comparable.23,24 Due to the small sam-
ple size in part 2 of PAVO, the relationship between the PK
of DARA SC and patients’ body weight could not be
assessed. However, in a body-weight–based subgroup
analysis of the phase III COLUMBA study (NCT03277105),
DARA SC achieved adequate exposure that was consistent
with that of IV daratumumab, regardless of body weight.25

In patients weighing ≤65 kg, the higher mean maximum
Ctrough observed with DARA SC versus IV daratumumab did
not have a clinically relevant effect on safety, and the ORR
in all subgroups were consistent with the overall popula-
tion. These results suggest that dose individualization of
DARA SC on the basis of body weight is not necessary.
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Figure 2. Simulation of mean concentration-time profiles of daratumumab fol-
lowing subcutaneous and intravenous dosing.a,b QW: weekly; Q2W: every 2
weeks; Q4W: every 4 weeks; SC: subcutaneous; IV: intravenous; DARA: daratu-
mumab. aThe dosing schedule is once weekly in cycles 1 and 2, every 2 weeks
in cycles 3 through 6, and every 4 weeks thereafter. bSimulations were conduct-
ed based on a population pharmacokinetic (PK) model developed for daratu-
mumab following SC and IV administration using scheduled dosing and estimat-
ed individual PK parameters. Serum concentration-time data (from the PAVO,
GEN501, and SIRIUS studies) were used for the population PK model develop-
ment using a nonlinear mixed-effects modeling (NONMEM®, version 7.2)
approach with the first-order conditional estimation with interaction method. The
daratumumab SC model was based on a previous population PK model for dara-
tumumab IV21 except for the absorption, which was described by a first-order
process and a relative bioavailability parameter.

Table 3. Treatment-emergent adverse events.
TEAE, n (%)                                             DARA SC 1,800 mg (n=25)
                                                     All grades                       Grade 3 or 4
                                                        >10%                             >1 patient

Hematologic                                                                                                    
Lymphopenia                                     8 (32.0)                                    5 (20.0)
Thrombocytopenia                           6 (24.0)                                     2 (8.0)
Anemia                                                4 (16.0)                                     1 (4.0)
Leukopenia                                        3 (12.0)                                     1 (4.0)
Neutropenia                                       2 (8.0)                                      2 (8.0)

Non-hematologic                                                                                            
Arthralgia                                           7 (28.0)                                          0
Back pain                                            7 (28.0)                                          0
Diarrhea                                             6 (24.0)                                     1 (4.0)
Nasopharyngitis                                6 (24.0)                                          0
Hypertension                                    5 (20.0)                                     2 (8.0)
Fatigue                                                5 (20.0)                                     1 (4.0)
Asthenia                                             5 (20.0)                                     1 (4.0)
Insomnia                                            5 (20.0)                                     1 (4.0)
Nausea                                                5 (20.0)                                          0
Headache                                           5 (20.0)                                          0
Upper RTI                                          5 (20.0)                                          0
Pyrexia                                                5 (20.0)                                          0
Cough                                                  5 (20.0)                                          0
Vomiting                                             4 (16.0)                                          0
Constipation                                      4 (16.0)                                          0
Musculoskeletal pain                      4 (16.0)                                          0
Oropharyngeal pain                         4 (16.0)                                          0
Bone pain                                           3 (12.0)                                     1 (4.0)
Chills                                                   3 (12.0)                                          0
Peripheral edema                            3 (12.0)                                          0
Musculoskeletal chest pain           3 (12.0)                                          0
Musculoskeletal discomfort         3 (12.0)                                          0
Dyspnea                                              3 (12.0)                                          0

TEAE: treatment-emergent adverse event; DARA: daratumumab; SC: subcutaneous;
RTI: respiratory tract infection.



There was a low incidence of anti-daratumumab anti-
bodies with DARA SC, indicating a low risk of daratumum-
ab immunogenicity following SC administration. Few
patients (16%) were positive for treatment-emergent or
treatment-induced anti-rHuPH20 antibodies; this rate is
consistent with the immunogenicity rates reported for
other rHuPH20-containing treatments (SC rituximab [9%],
trastuzumab [20%], and immune globulin infusion
HYQVIA [18%]).26-28

The safety profile of DARA SC was consistent with the
known profile of IV daratumumab; however, the frequency
of IRR was lower with the SC administration than with the
IV administration. The IRR rate with DARA SC was 16%,
while IRR rates for IV administration of daratumumab range
from 45% to 56% in monotherapy and combination regi-
mens for RRMM.29-34 The majority of IRR occurred on day 1
of cycle 1. Only two patients experienced grade 3 IRR, and
no cases of grade 4 IRR were reported. There were no dis-
continuations due to IRR or other TEAE. DARA SC injec-
tions in the periumbilical area were well tolerated; few injec-
tion-site TEAE were observed, and all objectively measured
cases of erythema and induration were fully reversible and
resolved within 1 h after the end of the injection.

Durable clinical responses were observed with DARA SC
during this study, with a median duration of response of
15.7 months. Over time, the ORR improved, increasing
from 44% to 52% after a median follow-up of 4.617 versus
14.2 months, respectively, and responses deepened, with
one patient achieving a complete response with longer fol-
low-up. Despite the sample size of 25 patients, the median
progression-free survival was 12.0 months among all-treat-

ed patients and 11.7 months among patients refractory to
both PI and IMiD. An ORR of 52% is noteworthy in this
population, with patients having received a median of three
(range, 2-9) prior lines of therapy and 56% of patients being
refractory to both PI and IMiD and 76% of patients being
refractory to their last line of therapy. Clinical response
rates achieved with DARA SC 1,800 mg were comparable
to those achieved with daratumumab 16 mg/kg IV.16,35 In a
pooled analysis of 148 patients with RRMM who received
daratumumab 16 mg/kg IV in the monotherapy studies
GEN501 and SIRIUS, the ORR was 31%, with 14% of
patients achieving a very good partial response or better
and 5% achieving a complete response or better.31 After a
median follow-up of 20.7 months, the median progression-
free survival was 4.0 months.31 The pooled patient popula-
tion received a median of five (range, 2-14) prior lines of
therapy, 87% were considered double refractory to a PI and
an IMiD, and 91% were considered refractory to the last
line of therapy.

In part 1 of PAVO, DARA-MD was administered by
means of an infusion pump over a period of approximate-
ly 20 to 30 min.15 Compared with DARA-MD, the DARA
SC formulation contains a higher concentration of daratu-
mumab in a smaller injection volume (15 mL), thus
enabling drug delivery through a single SC injection with
a handheld syringe and needle by manual push into the
abdominal wall over 3 to 5 min. As the median durations
of the first, second, and subsequent daratumumab IV
infusions in clinical studies were 7.0, 4.3, and 3.4 hours,
respectively,8 DARA SC substantially shortens the dura-
tion of administration, thereby reducing the treatment
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Figure 3. Responses to DARA
SC 1,800 mg. (A) Summary of
responses. Responses were
evaluated in the all-treated pop-
ulation, which included all
patients who received at least
one dose of the study drug. (B)
Swim lane plot of responders.
White text indicates the first
response and pink text indi-
cates the best response. ‘X’
indicates disease progression.
DARA: daratumumab; SC: sub-
cutaneous; ORR: overall
response rate; CR: complete
response; VGPR: very good par-
tial response; PR: partial
response.
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burden for patients and healthcare providers.
Findings from PAVO on the safety, PK, and efficacy pro-

file of DARA SC informed four ongoing phase III studies of
DARA SC 1,800 mg.36-39 In the randomized, multicenter,
open-label, non-inferiority study, COLUMBA, DARA SC
demonstrated non-inferiority to DARA 16 mg/kg IV in
terms of ORR and maximum Ctrough on day 1 of cycle 3,
with a similar safety profile and a significantly reduced IRR
rate, in patients with RRMM.36 Patient-reported outcome
data from COLUMBA indicated that patients receiving
DARA SC were more satisfied with their cancer therapy
and had more positive perceptions of their treatment than
patients receiving IV daratumumab.40 The efficacy and safe-
ty of DARA SC are also being investigated in combination
with standard-of-care regimens in the phase II PLEIADES
study, and results from this study demonstrate the feasibil-
ity of administering DARA SC in combination with stan-
dard-of-care regimens containing SC bortezomib. In
PLEIADES, DARA SC in combination with SC bortezomib
plus lenalidomide/dexamethasone and with SC borte-
zomib plus melphalan/prednisone in patients with newly
diagnosed MM demonstrated comparable clinical activity
and safety to the corresponding IV daratumumab regimens,
with lower rates of IRR and shorter durations of adminis-
tration.41 Although the dose of DARA SC on day 1 of cycle 1
should not be given at home, at-home administration of
subsequent doses of DARA SC by a healthcare provider is
a possibility for future consideration; however, additional
safety follow-up is needed, particularly to further confirm
that the risk of severe IRR with administration beyond the
first day of cycle 1 is very low or absent.

Taken together, these findings show that DARA SC is
well tolerated, with a low rate of IRR and a shortened
administration time. No new safety concerns were identi-
fied, and the overall adverse event profile with SC adminis-
tration was comparable to that reported with IV adminis-
tration of daratumumab at the approved dose level
(16 mg/kg).16,35 DARA SC achieved maximum Ctrough values
that were similar to or greater than the maximum Ctrough
observed for the approved 16 mg/kg IV dose following the
same dosing schedule. DARA SC demonstrated robust clin-
ical efficacy, producing deep and durable responses with a
rapid onset. Collectively, these data indicate that, compared
to the current IV formulation, DARA SC reduces adminis-
tration time as well as IRR rates without compromising
safety or efficacy. Based on these results, ongoing studies
are actively investigating DARA SC in MM and other dis-
ease states.
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The survival impact of maintenance lenalidomide: an
analysis of real-world data from the Canadian
Myeloma Research Group national database

Multiple myeloma (MM) is an incurable malignancy of
mature plasma cells. Treatment of MM focuses on
obtaining a deep and durable remission to improve over-
all and progression-free survival (PFS). Patients with good
functional status ≤70 years of age are generally consid-
ered eligible for treatment with bortezomib-based induc-
tion chemotherapy followed by autologous stem cell
transplant (ASCT) which has demonstrated a PFS and
overall survival (OS) benefit in large, randomized con-
trolled trials.1-6 The use of lenalidomide maintenance
(LM) following ASCT is based on four large randomized
control trials and a meta-analysis demonstrating
improvement in both PFS and OS.2,5,7-9

Currently, data validating the use of LM in the real-
world, Canadian landscape, in which LM is publicly
funded, is limited.10-13 An analysis of the survival impact

and adverse effects of LM in large, real-world cohorts is
of considerable importance. In order to address this
knowledge gap, we conducted a retrospective, observa-
tional study of patients meeting International Myeloma
Working Group (IMWG) criteria for MM who were treat-
ed with upfront bortezomib-based induction chemother-
apy followed by ASCT.14 Data was collected from the
Canadian Myeloma Research Group Database (CMRG-
DB), a comprehensive collaborative data-sharing plat-
form that pools data from academic cancer centers across
Canada and includes legacy data dating back to 2007.
The project was approved by Health Research Ethics
Board of Alberta. We included patients receiving either
lenalidomide monotherapy as maintenance or no mainte-
nance (non-LM). Charts were reviewed with regard to
demographics, response and adverse effects. The primary
outcomes of this analysis were PFS, OS and progression-
free survival 2 (PFS2) defined as time from initiation of
second line chemotherapy to death, relapse or last fol-
low-up. Progression was defined as per the IMWG crite-
ria with an additional endpoint of near complete
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Table 1. Baseline characteristics of lenalidomide maintenance and non-lenalidomide maintenance groups.
Characteristic                                                              No maintenance                                 Maintenance                                             P
                                                                                                N                                                     N                                                       

Patients                                                                                                    533                                                              723                                                                 
Age at diagnosis, median (range) in years                         57.9 (32.4 – 71.4)                                     58.1 (30.4 – 72.2)                                                0.711
Male (%)                                                                                            332 (62.3)                                                  443 (61.3)                                                       0.714
Laboratory values at diagnosis, median (range)                                                                                                                                                                       

Hemoglobin (g/L)                                                                      104 (39-169)                                            107.5 (53-173)                                                  0.0012
Platelets (x109/L)                                                                       221 (20-576)                                             219 (10-740)                                                   0.7758
Neutrophils (x109/L)                                                                 3.4 (0.3-15.3)                                            3.3 (0.3-17.3)                                                   0.3659
Calcium (mmol/L)                                                                      2.5 (1.6-4.4)                                              2.4 (1.7-5.7)                                                    0.9322
Creatinine level (mmol/L)                                                      96 (42-2,705)                                            84 (32-2,700)                                                   0.0112

ISS, Median                                                                                               II                                                                  II                                                                   
ISS I (%)                                                                                         122 (26.8)                                                  232 (35.9)                                                           
ISS II (%)                                                                                       167 (36.6)                                                  252 (39.0)                                                           
ISS III (%)                                                                                      167 (36.6)                                                  162 (25.1)                                                    <0.0001
Missing (%)                                                                                          77                                                                77                                                                  

High risk cytogenetics                                                                 56/315 (17.8)                                            137/567 (24.2)                                                   0.028
del 17p* (%)                                                                                26/307 (8.5)                                              76/560 (13.6)                                                    0.026
t(4:14) (%)                                                                                   30/302 (9.9)                                              58/545 (10/6)                                                    0.746
t(14:16) (%)                                                                                  8/176 (4.6)                                                13/451 (2.9)                                                     0.298
Missing (%)                                                                                         218                                                              156                                                                 

Immunoglobulin subtype                                                                                                                                                                                                                 
IgG (%)                                                                                       283/483 (58.6)                                           386/696 (55.5)                                                        
IgA (%)                                                                                        101/483 (20.9)                                           148/696 (21.2)                                                        
IgD (%)                                                                                         1/483 (0.21)                                                 0/696 (0)                                                       0.542‡

IgM (%)                                                                                         1/483 (0.21)                                               2/696 (0.29)                                                          
Light chain (%)                                                                          97/483 (20.1)                                             160/696 (23)                                                         

Induction regimen used                                                                                                                                                                                                                   
CyBor/CyBorD/P  (%)                                                                  646 (89.4)                                                  370 (69.4)                                                     <0.001
RVD / RVDD* / VTD (%)                                                                9 (1.24)                                                     18 (3.38)                                                       0.017‡

VD/P (%)                                                                                          68 (9.41)                                                   135 (25.3)                                                     <0.001
VD-PACE (%)                                                                                     0 (0)                                                         1 (0.19)                                                            -
Bortezomib monotherapy (%)                                                       0 (0)                                                          9 (1.7)                                                       <0.001‡

‡Fisher’s exact test. Ig: immunglobulin; ISS: injury severity score; Cy: cyclophosphamide; V: bortezomid (also abbreviated as Bor in standard combination regime).
P: prednisone; D: dexamethasone; D*: doxil; R: lenalidomide; T: thalidomide; PACE: cisplatin, adriamycin, cyclophosphamide & etoposide. 



response (nCR) in whom complete response (CR) status
was not confirmed by bone marrow biopsy.15 Data was
analyzed using version 9.4 of the SAS system for
Windows with Kaplan-Meier curves to evaluate PFS and
OS. χ2 analysis was used for dichotomous variables. A 
P-value of <0.05 was considered statistically significant.

We included 1,256 patients beginning induction treat-
ment between January 2007 and January 2016. Seven
hundred and twenty-three patients (57.6%) received LM
and 533 (42.4%) did not. All relevant baseline character-
istics of each group are illustrated in Table 1. 

The median follow-up was 49.1 months in the LM
group (range, 8.6–124.8 months) and 45.3 months in the
non-LM group (range, 4.5–141.1 months). At the time of
analysis, 397 (54.9%) of the LM group had not yet pro-
gressed compared to 198 (37.2%) of patients in the non-
LM group. 

The median PFS was 58.2 months (95% Confidence
Interval [CI]: 52.0–64.0) in the LM group compared to
34.6 months in the non-LM group (95%CI: 30.7–37.7,
P<0.0001), Figure 1A. The 5-year OS was 81% in the LM
group compared to 61.5% in the non-LM cohort. The
median OS was 98.3 months in the non-LM cohort
(95%CI: 83.5) but not reached (>124 months) in the LM
group (P<0.0001, Figure 1B). There was no difference in
PFS (P=0.66) or OS (P=0.75) between 21/28 day and
28/28 lenalidomide dosing schedules. Median PFS2 was
NYR in the LM cohort compared to 64.2 months (95%CI:
55.3–74.8, P<0.0001).  Response rates were deeper in the

LM cohort including nCR/CR (52.0% vs. 45.2%, P=0.05)
and ≥VGPR (93.9% vs. 80.7%, P<0.01). The PFS benefit
of lenalidomide persisted in those achieving a nCR/CR
(P<0.0001), VGPR (P=0.0006) and PR (P=0.03). The pres-
ence of high-risk cytogenetics was associated with
reduced PFS and OS in all patients (Table 2). While the
worse outcome could not be overcome entirely with the
use of maintenance both median PFS and OS were
improved regardless of cytogenetic risk (Table 2). 

In further data available for 226 patient in Edmonton,
Alberta common indication for dose reduction or medica-
tion discontinuation were cytopenias (27.7%), rash
(10.8%), infection (9.5%) and fatigue (8.1%). 19.6% dis-
continued therapy prior to relapse. Venous and arterial
thrombosis during frontline treatment was not signifi-
cantly different between the groups at 2.6% in the non-
LM group compared to 5.4% in the LM group (P=0.5).
Rates of secondary primary malignancy (SPM) were
observed in 6.4% of the non-LM group and 3.4% of the
LM patients (P=0.32). Primary sites included skin, lung,
bladder and prostate in the non-LM group and breast,
brain, lung, kidney and one case of CLL in the LM group.

This analysis from the CMRG-DB is the first dataset
analyzing the use of LM following ASCT in the real-
world Canadian landscape. Our data validates findings of
large, phase 3 randomized controlled trials illustrating a
positive impact of LM on PFS and OS in a real-world set-
ting.2,4,7-9 The median PFS data demonstrated a clear
advantage for LM. The median OS data also strongly
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Figure 1. Survival outcomes in patients treated with and without lenalidomide maintenance post autologous stem cell transplant. (A) Progression free survival.
(B) Overall survival. 

Table 2. Survival and response outcomes in lenalidomide maintenance and non-lenalidomide maintenance groups.  
                                                                 No maintenance Group                       Maintenance Group                                       P

Median OS                                                                                                                                                                                                                         
    High risk cytogenetics                                             45.3 months                                                      NYR                                                        <0.0001 
    Standard risk cytogenetics                                            NYR                                                             NYR                                                        <0.0001 
Median PFS                                                                                                                                                                                                                        
    High risk cytogenetics                                             22.0 months                                              53.0 months                                                 <0.0001
    Standard risk cytogenetics                                     38.6 months                                              59.9 months                                                 <0.0001
Response                                                                                                                                                                                                                           
    nCR & CR                                                                    145 (45.2%)                                                297 (52%)                                                       0.05      <0.01
    VGPR                                                                             114 (35.5%)                                               239 (41.9%)                                                     0.06
    PR                                                                                   49 (15.3%)                                                  24 (4.2%)                                                      <0.01
    SD or less                                                                      13 (4.1%)                                                   11 (1.9%)                                                       0.08
NYR: Not yet reached; CR: complete response; nCR: near complete response; VGPR:very good partial response; PR: partial response; SD: stable disease. 
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favored the use of LM. The disease control and survival
advantage of LM persisted in patients with standard- or
high-risk cytogenetics. Interestingly, patients with high-
risk cytogenetics treated with LM had superior PFS and
OS compared with standard-risk patients in the non-LM
cohort, a finding that supports using LM even in patients
anticipated to have the poorer survival outcomes associ-
ated with these cytogenetic abnormalities. Lastly, the
improved PFS2 outcomes in LM patients demonstrates
that non-LM patients do not “catch up” to their mainte-
nance counterparts with second-line therapy. 

LM further improved survival outcomes in each
response category, including those in the nCR/CR group.
This suggests that the impact of LM on PFS and OS goes
beyond simply improving patients’ response criteria and
offers additional survival advantages even in those who
achieve a nCR/CR, perhaps through an immune as well
as a cytotoxic effect. 

Although most patients required a dose reduction or
medication discontinuation at some point during their
treatment, only 19.6% of patients discontinued therapy
prior to relapse. This suggests that LM is well-tolerated. 

Limitations of our study include its retrospective,
observational nature. Patients were enrolled who started
chemotherapy prior to 2016 and significant changes have
emerged in the field of myeloma in recent years, particu-
larly with regards to novel chemotherapeutic agents in
the setting of relapsed disease. These may have influ-
enced the OS data which depends in part on treatment
received for disease recurrence. Given that the non-LM
cohort largely comprises of those starting chemotherapy
prior to 2012, these patients may not have had the same
access to clinical trials or novel combination therapy as
their LM counterparts. On the other hand, patients pro-
gressing on LM might be expected to experience poorer
results with second-line therapy, which was not the case
based on PFS2 data. However, the similarity of our data
when compared to large scale, randomized, controlled
trials suggests that the impact of this temporal relation-
ship between the LM and non-LM groups may not signif-
icantly impact our results. Further, the availability of
additional agents only affects the PFS2 and OS outcomes.
The cohort presented here is still reflective of the impact
of LM on disease control in the post-ASCT setting as
measured by PFS.

Lastly, the recent adoption of LM limits our ability to
see its full impact on survival outcomes as many of LM
patients have not yet experienced their first relapse.
Longer follow-up will allow further assessment of the
impact of maintenance therapy, particularly in the era of
improved therapy for relapsed disease. 

Despite the limitations of retrospective data, large mul-
ticenter datasets have undeniable merits as they allow for
evaluation of the generalizability of new treatments in
patients who would not meet eligibility criteria for a clin-
ical trial. Such datasets also provide lengthy and detailed
follow-up of real-world data beyond the line of treatment
in question, which can be challenging to collect in
prospective randomized control trials.2,5,9-11 Furthermore,
those with early relapse as well as long-term disease-free
survivors are easily identified in these large, retrospective
datasets. Examination of their data will be useful in the
determination of contributing and prognosticating factors
in these, and other, patient subsets. 

In summary, our retrospective cohort validates the data
seen in large phase 3 trials demonstrating the positive
impact LM has had on PFS, OS and response in the real-
world setting. This data supports the ongoing use of LM
as a current standard of care. 
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No association between ECSIT germline mutations
and hemophagocytic lymphohistiocytosis in natural
killer/T-cell lymphoma

Hemophagocytic lymphohistiocytosis (HLH) is a clini-
cal syndrome of excessive immune activation with fever,
cytopenia, and organ infiltration by activated
macrophages. Secondary HLH associated with natural
killer (NK)/T-cell lymphoma (NKTCL) has extremely
poor prognosis,1 and biomarkers that may predict
patients who are more likely to develop HLH are lacking.
Wen et al.2 recently showed an association between a
somatic gene mutation in the evolutionarily conserved
signaling intermediate in Toll pathway (ECSIT) gene
(c.T419C; p.V140A) and HLH in NKTCL. The variant
ECSIT protein triggered NF-κB signaling pathway more
potently, leading to aberrant secretion of proinflammato-
ry cytokines by ECSIT-T419C-transfected NKTCL cell
lines. They found that the ECSIT-T419 mutation was sig-
nificantly enriched in individuals with NKTCL-associated
HLH, which developed in nine of 17 patients with and
five of 36 patients without the mutation, respectively.
Patients with ECSIT-T419 had elevated expression of
proinflammatory cytokines and poorer prognosis. While
intriguing, the prevalence of ECSIT-T419 and relation
with HLH has not been assessed in independent cohorts.
We therefore sought to examine whether the 
ECSIT-T419 mutation predisposes to HLH in multiple
cohorts of patients with NKTCL and correlates its pres-
ence with clinical outcomes. 

First, we studied the mutational profile of ECSIT in 25
subjects with sporadic NKTCL from China with available
whole exome sequencing of paired tumour-blood sam-
ples.3 Samples were sequenced with Illumina HiSeq X
and NextSeq 6000, and variant-calling was performed by
Strelka2 using default single-sample settings.4 We found
the ECSIT-T419 mutation in five of 25 subjects, but they
were all germline mutations; heterozygously mutated in
both matching tumour (variant allele frequency [VAF],
mean, 43.8%, 95% Confidence Interval [CI]: 38.8-48.9)
and blood (VAF mean, 53.8%, 95%CI: 51.5-56.2) sam-
ples from these five subjects (Figure 1A). The reported
prevalence of somatic ECSIT-T419 mutation in Wen et
al.’s study was 19.3% (17 of 88), similar to the mutation
frequency of Jiang et al.’s cohort, but were all germline
mutations. 

In order to further verify whether ECSIT-T419 is a
germline or somatic mutation, we studied 67 patients
with NKTCL who provided written informed consent
under respective institutions’ Institutional Review Boards
(IRB) from Singapore local hospitals and Sun Yat-Sen
University Cancer Center in Guangzhou, China. We
Sanger sequenced matched tumor- buccal swab (repre-
sentative Sanger sequence in Figure 1B) or peripheral
blood (representative Sanger sequence in Figure 1C) sam-
ples from NKTCL patients and ECSIT-T419 was validat-
ed in 7.5% (five of 67) of both the tumor and matching
non-tumor samples. Targeted resequencing using next-
generation sequencing method revealed the mean VAF of
ECSIT-T419 to be 52.2%, 95%CI: 42.8-61.6 in the five
tumors, 52.2%, 95%CI: 48.5-56.0 in four matched blood
samples, and 53% in a matched buccal swab sample
(P=0.90, 2-tailed Wilcoxon Rank-sum test, VAF of ECSIT-
T419 between tumors and non-tumoral samples). The
near 50% VAF, and the presence of
ECSIT-T419 mutation observed in all matching tumor,
blood and buccal swab DNA indicate that this is a
germline heterozygous single-nucleotide polymorphism

(SNP), with a report SNP ID of rs145036301. Among the
five patients with ECSIT-T419 mutation, HLH informa-
tion was available for three patients and none developed
HLH, as defined by the HLH 2004 criteria.5

Given the discrepant findings, we re-analyzed the ini-
tial discovery cohort of paired tumor-normal exome data
(n=5) from Wen et al.2 In the sample where ECSIT-T419
mutation was reported as a somatic mutation, VAF was
52% in the tumor (150 of 288; alternate allele depth/ref-
erence allele depth) and 10% (5 of 51) in the matched
normal sample (Figure 1D). Furthermore, the VAF
exceeded the thresholds of 30% in tumor and 5% in
matched normal sample as specified by Wen et al.2 Thus,
this variant should not be considered as a somatic muta-
tion as based on the authors’ analysis criteria. 

Notwithstanding the false somatic call, we wanted to
examine whether the germline ECSIT-T419 mutation is
associated with HLH in two independent cohorts of
patients with NKTCL in Singapore and Taiwan. In
Singapore, the cases were identified using local databases
from two teaching hospitals and all samples and clinical
information were collected after IRB approval. Cases
were reviewed by a central pathologist and HLH was
defined according to the HLH 2004 criteria. Sixty-four
cases of NKTCL were identified between 2007-2017, and
ECSIT-T419 mutations were found in 15.4% (two of 13)
and 5.9% (two of 51) patients with and without HLH
respectively. Out of the 13 patients with HLH, four were
women. Median age was 43 (range, 18-60 years). At time
of the last follow-up in December 2018, all patients had
died. Seven of 12 patients received polychemotherapy,
while one was treated with the HLH-2004 protocol (with
dexamethasone, etoposide, cyclosporin), and two
received steroids. Median survival was only 33 days
(range, 1-389 days). Causes of death were lymphoma
(n=6), HLH (n=6), and infection (n=1). The two individu-
als with ECSIT mutation succumbed at day 1 and day 89.
Within these NKTCL patients with HLH in our Singapore
cohort, there was no significant association of the ECSIT
mutation with them (P=0.18, Fisher’s exact test, Online
Supplementary Table S1).

In the Taiwanese cohort of 85 NKTCL cases with clin-
ical and sequencing data from the Chang Gung Memorial
Hospital, ECSIT-T419 mutation frequency was observed
at 11.8% (ten of 85). Nine cases developed HLH, and
none of these samples harboured the ECSIT-T419C
mutation. When both Singapore and Taiwan cohorts
were combined for analysis, we did not find any statisti-
cal association between ECSIT-T419C mutation and
HLH (OR=1.48, 95%CI: 0.38-5.76, P≈1.0, Fisher’s exact
test, Online Supplementary Table S2). There were also no
significant associations between the ECSIT-T419C muta-
tion with clinical characteristics such as sex, stage,
Eastern Cooperative Oncology Group (ECOG) perform-
ance status and international prognostic index (Figure 1E;
Online Supplementary Table S3). Overall survival (Online
Supplementary Figure S1A) and progression-free survival
(Online Supplementary Figure S1B) were also not signifi-
cantly associated with ECSIT-T419 mutation.  

Given the rarity and fulminant nature of malignancy-
associated HLH hindering the collection of biopsy speci-
mens, we combined data from multiple cohorts to exam-
ine associations between ECSIT-T419 and HLH in
NKTCL in the largest study to date. Strict diagnostic
inclusion criteria were used for both HLH and NKTCL.
Some possible explanations for the discordant results
between Wen et al. and our study need consideration.
Patients in Singapore and Taiwan developed HLH at
around the time of diagnosis or relapse, as opposed to
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Wen et al.’s cohort which developed HLH 3 to 6 months
after diagnosis of NKTCL, during or after treatment. The
onset of HLH might be triggered by the initiation of
chemotherapy that leads to loss of immune homeostasis
and further aggravates T-cell dysfunction which may fur-
ther lower the threshold for triggering HLH in lymphoma

patients.6 It is possible that in the absence of chemother-
apy in our patients, the activating effect of the 
ECSIT-T419 mutation on the NF-κB pathway is not
strong enough to drive HLH. However, there were four
ECSIT wild-type  patients from Singapore who devel-
oped HLH again after chemotherapy initiation.
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Figure 1. ECSIT-T419C is a germline mutation not associated with hemophagocytic lymphohistiocytosis in natural killer/T-cell lymphoma patients. (A) Sanger
sequencing electropherogram profile for tumor-normal paired samples with heterozygous ECSIT-V140A mutation, identified as L12, L14, L20, L21, and L24 in
Jiang et al.3 (B and C) Representative Sanger sequencing electropherogram profile for two tumor- peripheral blood (B) and buccal swab (C) samples for the ECSIT-
V140A mutation from Singapore local hospitals and the Sun Yat-Sen University Cancer Center in Guangzhou, China. (D) Integrative Genomics Viewer (IGV) snap-
shot centered around heterozygous germline ECSIT-T419C mutation of the paired tumor-normal exome sequencing data of sample NKT1 from Wen et al.2 Variant
allele frequencies (VAF) were calculated from the number of variant-supporting/total read-counts at ECSIT-T419C. Aligned reads were colored pink according to
the read-strand that they were aligned with onto the human reference genome. (E) No association between ECSIT mutation and clinical characteristics of natural
killer/T-cell lymphoma patients in Singapore and Taiwan. ECSIT: evolutionarily conserved signaling intermediate in Toll pathway; IPI: international prognostic
index, ECOG: Eastern Cooperative Oncology Group, HLH: hemophagocytic lymphohistiocytosis, Mut: mutant; WT: wild-type. 

A

B

D

C

E



Differences in other patient characteristics may also
explain the discordance (e.g., patients with HLH in
Singapore had stage III or IV disease, while most patients
with HLH in Wen et al.’s cohort had early stage disease). 

In summary, our data from multiple cohorts do not
support the risk effect of ECSIT-T419 mutation (SNP
rs145036301) on HLH in NKTCL. Furthermore, this is a
germline rather than somatic mutation that appears in
SNP database (dbSNP v153) and has now been flagged as
a common polymorphic variant by Catalogue of Somatic
Mutations in Cancer (COSMIC v90) databases.7,8

Additionally, there were no differences in clinical charac-
teristics or prognosis between NKTCL patients with and
without ECSIT-T419 mutation. One limitation of our
study is not being able to examine whether germline vari-
ants in genes associated with familial HLH are enriched
in patients with NKTCL-associated HLH. However,
recent studies have not shown an association of biallelic
pathogenic variants in HLH-associated genes with adult
HLH, albeit in cohorts that comprise a mixture of lym-
phoma and non-lymphoma subtypes.9,10 Ultimately, addi-
tional efforts to define disruptive variants in a larger num-
ber of genes, in expanded cohorts of adults with lym-
phoma associated HLH, may further refine our under-
standing and treatment of this devastating condition.
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Pituitary iron and factors predictive of fertility status
in transfusion-dependent thalassemia

Long-term survival of patients with transfusion-depen-
dent thalassemia (TDT) raises hopes of attaining a decent
quality of life, having a family and maintaining reproduc-
tive potential. However, for many these remain signifi-
cant challenges despite advances in the management of
iron overload. While pregnancies are possible, there is
inadequate information to guide patients on their repro-
ductive ability and on markers that predict when they
will have infertility issues. Preservation of fertility and
timely interventions remain pervasive concerns.
Although the association of iron toxicity with cardiac and
pancreatic dysfunction has been investigated extensively,
the progression of iron deposition in the anterior pitu-
itary leading to hypogonadotropic hypogonadism and
infertility has not been adequately explored.1

To address these issues, we sought to investigate pitu-
itary dysfunction and stratify the risk of infertility utiliz-
ing reproductive data and information on systemic iron
load. We also evaluated the progression of pituitary dys-
function and systemic iron parameters and their effect on
reproductive capacity. Magnetic resonance imaging
(MRI) measurements of anterior pituitary iron (R2) and
volume have established reference data in normal con-
trols and proved an adequate method to predict clinical
hypogonadism in thalassemia.2-4 Identifying risk thresh-
olds could assist in establishing the timing and effective-
ness of intensifying chelation treatment to halt further
damage and potentially restore function. 

The study was approved by institutional review boards
and all patients provided written informed consent to
participation.

Fifty-three TDT patients, 10 years and older, and 12
healthy subjects (age 12-40 years) underwent MRI
(Philips Achieva®, 1.5 T) to determine cardiac iron (T2*),
anterior pituitary iron (R2) and three-dimensional vol-
ume.5 Levels of non-transferrin bound iron, labile plasma
iron (LPI), and ferritin were measured in blood samples,
and liver iron concentration (LIC) and myocardial iron
were quantified by MRI and a superconducting quantum
interference device (SQUID), respectively. In order to
assess fertility, plasma gonadotropins (luteinizing hor-
mone [LH] and follicular-stimulating hormone [FSH]),
estradiol and testosterone levels were assayed. Anti-
Müllerian hormone (AMH) levels were determined in
women in order to evaluate ovarian reserve and inhibin
B levels were measured in men to assess impairment of
spermatogenesis.6,7 In 17 patients these measures were
repeated 2-3 years later to assess for changes over time.
The patients’ pubertal and reproductive history was
recorded. Z scores for anterior pituitary iron accumula-
tion, Z(R2), and volume, Z(V), were calculated for each
patient.3 Parametric statistics were applied to characterize
patients: mean ± standard deviation, t-test, and Pearson
correlation. Associations of Z(R2) and Z(V) with age and
LH and FSH levels were demonstrated by boxplots and
linear regression. Receiver operating characteristic (ROC)
curve analysis was used in patients for categorization
into Z(R2) ≤4 and >4 to examine the sensitivity and
specificity for systemic iron parameters.

Moderate-severe pituitary iron deposition Z(R2) >2,
mean 5.4) was observed in 33 patients (62%, age 26±7
years), a rate comparable to that in the report by Noetzli
et al.4 The rest of the patients (32%, age 23±8 years) had
no iron accumulation (mean Z(R2) of 0.03). Thirty-two
patients (60%) had a Z(V) < -2 (mean -2.8) indicating sig-

nificant gland shrinkage; the remaining 40% had a Z(V)
of -0.7. There was a negative correlation between Z(R2)
and Z(V): r=-0.36, P=0.02 (Figure 1A). We found that a
Z(R2) value >4.0 predicted pituitary volume loss: Z(V) 
< -2.0 was present in 17/20 patients with a Z(R2) >4 and
in only 16/33 with a Z(R2) <4.0 (P<0.009).

Twenty-three patients (43%, 28±6 years) simultane-
ously had Z(R2) >4 and Z(V) <-2, of whom ten (43%)
were splenectomized. Overall, patients who underwent
splenectomy had higher pituitary R2, smaller gland vol-
ume and a significantly higher cardiac iron in comparison
to the non-splenectomized patients (P<0.004) while LIC
was similar (Table 1). This supports the notion that
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Table 1. Patients’ disease characteristics.                  
Characteristics                                           N (%) or mean ± SD

Study patients                                                                  53*
Females:males                                                                     27:26
Age (years)                                                             25±8 (range 10-45)
b0 thalassemia                                                                     34
E/b0 thalassemia                                                                    18
Hb H-Constant Spring                                                           1
Years on regular transfusions                                        18.7±6

b0 thalassemia major (mean age 24±6)           19.7±6
E/b0 thalassemia (mean age 28±6)                    17±5

Chelation treatment                                                               
Mono therapy (DFX)                                            29 (55%)
Combination therapy (DFX & DFO)                 24 (45%)

Systemic iron measures                                               
LIC (mg/g dw)                                                                     15±11
Cardiac T2* (ms)                                                             27.2±10
Mean annual ferritin (mg/L)                                       2620±2332
NTBI (mmol/L)                                                                  1.9±1.3
LPI (mmol/L)                                                                    0.25±0.5
Anterior pituitary                                                              
R2 (s-1)                                                                                 14.5±3
Z score of R2: Z(R2)                                                        3.4±3.6
           Pituitary Z(R2) > 2 (n=33; 62%)                             5.4
           Females’ Z(R2)                                                       3.2±4.4
           Males’ Z(R2)                                                            3.7±4.5
Volume (mm3)                                                                  377±110
Z score of volume: Z(V)                                                 -2.0±1.2
           Pituitary Z(V) < -2 (n=32; 60%)                             -2.8
           Females’ Z(V)                                                         -2.3±1.1
           Males’ Z(V)                                                             -1.7±1.3
Spleen status                                                                       
Group I: splenectomized                                                   17
           Age (years)                                                                31±6
           Age at splenectomy (years)                                   15±8
           Years since splenectomy                                        17±6
           Z(R2) score                                                               5.2±3
           Z(V) score                                                                 -2.7±1
           Cardiac T2*(ms)                                                      21±11
           LIC (mg/g dw)                                                          17±11
           Mean annual ferritin (µg/L)                              2982±2800
Group II: non-splenectomized                                          35

           Age (years)                                                                21±6
           Z(R2) score                                                               2.6±3
           Z(V) score                                                                 -1.6±1
           Cardiac T2* (ms)                                                      30±9
           LIC (mg/g dw)                                                          14±11
           Mean annual ferritin (mg/L)                             2450±2050
*Two individuals died from iron overload complications during the study period.
SD: standard deviation; DFX: deferasirox; DFO: deferoxamine; LIC: liver iron concen-
tration; dw: dry weight; NTBI: non-transferrin bound iron; LPI: labile plasma iron;.
LIC and cardiac iron (T2*) were obtained within 6 months of laboratory studies.
Normal NTBI and LPI: not detectable.



splenectomy accelerates iron loading in the pituitary
gland as previously reported to occur in the
myocardium.8 To assess for a possible confounding effect
of older age (mean 31±6 and 21±6 years in splenec-
tomized versus non-splenectomized patients, respective-
ly) a multivariable general linear model predicting Z(V)
was constructed. It showed that splenectomy was signif-
icant while age was not (P=0.002 and P=0.218, respec-
tively).

Patients in the third decade of age had significantly
higher pituitary iron accumulation than those in their sec-
ond decade (Z(R2) 4.9±3 vs. 1.1±2, P<0.002), paralleled
by a decrease in pituitary volume, most apparent in the
fourth decade of life (Online Supplementary Figure S1).
These findings appear to be a decade later than in a prior
study.4 It is possible that this difference is the conse-
quence of improved adherence to treatment or greater
efficacy of the oral chelation drug, deferasirox, used for
extended periods by most of our patients. Indeed, two
studies have shown stabilization of pre-existing hypogo-
nadism, and a low rate of new endocrine disorders with
long-term (5 and 6.5 years) chelation with deferasirox.9,10

However, further longitudinal study is needed to assess
the effect of chelation regimens on pituitary iron.

Pituitary MRI findings in the 12 control patients were
consistent with the published reference data used in this
study.

The levels of gonadotropins (LH and FSH) were
inversely correlated with pituitary iron load, Z(R2), and
directly correlated with anterior pituitary volume, Z(V);
LH/FSH levels declined with gland shrinkage (Online
Supplementary Figure S2). Ten of 24 post-pubertal women
reported regular menstrual periods (group I) and 14 had
primary or secondary amenorrhea (group II). LH and FSH
concentrations were normal in group I and significantly
lower in group II (P<0.04 and P<0.005, respectively).
Pituitary iron load and pituitary volume also differed sig-
nificantly between the two groups (P<0.03 and P<0.006,
respectively) (Figure 1B). These findings suggest low
reproductive potential among women in group II, as also
indicated by low AMH levels (Table 2), signifying com-
promised oocyte count6 and diminished reproductive
potential. AMH, a key marker of ovarian reserve, has
been reported to be positively associated with pregnancy
and live birth rates after assisted reproduction. Its validity
in TDT women was demonstrated and it serves as a
prognostic factor for the probability of pregnancy when
gonadotropin secretion is compromised.11,12

Men who received testosterone supplementation
(group II) had lower LH and FSH levels compared to men
who did not (group I); P<0.03 and P<0.001, respectively.
Although testosterone treatment could contribute to the
low levels, our findings indicate that the main causes are
pituitary iron toxicity and volume loss since Z(R2) and
Z(V) differed significantly between the two groups
(P<0.02 and P<0.0002, respectively). Such low FSH lev-
els, as observed in group II (1.3 mIU), are associated with
low spermatogenesis as also shown in thalassemic men
with severe iron overload.13 Furthermore, the levels of
inhibin B, a sensitive marker for male infertility, differed
significantly between these two cohorts (P<0.03) and
were lower than the reported mean level in men with
normal fertility parameters. The concentration of inhibin
B was below the 10th percentile in 8/26 men (31%), in a
range that considerably decreases the likelihood of
retrieving testicular spermatozoa.14

Cardiac iron, in addition to strongly correlating with
pituitary iron, had an optimal cutoff for predicting a pitu-
itary iron threshold associated with reduced volume and

loss of function; area under the curve (AUC) = 0.96,
P=0.009 (Figure 1C). The close association between car-
diac and pituitary iron might be caused by the additional
cellular iron uptake through L-type Ca2+ channels.15

Fifteen of 16 patients with a T2* ≤20 ms had a Z(R2) >4.0
while only 5/35 with a T2* >20 ms had a Z(R2) >4.0
(P<0.006). Therefore, adult patients with a T2* <20 ms
are at risk of a decline in fertility potential, but assessing
fertility markers even before this cardiac T2* threshold is
recommended. LIC and ferritin concentration were less
predictive of pituitary iron load; the AUC for these were
0.76 and 0.80, respectively, possibly because of the
greater variation in liver and plasma iron. We found no
correlation of pituitary iron with non-transferrin bound
iron or labile plasma iron.

The effect of chelation over time has not been exam-
ined before. We conducted a second measurement (n=17)
after an interval of 2.6±1 years which demonstrated
decreases in systemic iron: LIC by 46±20%, ferritin by
44±21% and cardiac iron by 34±30% in 11, 10 and 12
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Table 2. Patients’ fertility and hormone data.                       
Characteristics                                                               N (%) or mean
                                                                                              (± SD)

Females^                                                                                                  24
Group I: regular menses                                                          10 (42%)

Age (years)                                                                                       20±5
LH/FSH (mIU/mL)                                                                       8±7;5±2
Estradiol (pg/mL)                                                                          84±75
AMH (ng/mL)                                                                                   4±3.5
Pituitary Z(R2) score                                                                        1.3
Pituitary Z(V) score                                                                         -1.7
Cardiac T2* (ms)                                                                            28±7

Group II: amenorrhea                                                               14 (58%)
Age (years)                                                                                       31±5
LH/FSH (mIU/mL)                                                                      2±2/2.9±3
Estradiol (pg/mL)                                                                          40±47
AMH (ng/mL)                                                                                  1.6± 1
Pituitary Z(R2) score                                                                        5.1
Pituitary Z(V) score                                                                         -2.9
Cardiac T2* (ms)                                                                            20±9

Pregnancies/live children                                                                       5/4
With assistant reproductive therapy                                                  2

Males^                                                                                                      26
Group I: no testosterone treatment                                 16 (62%)

Age (years)                                                                                       22±7
LH/FSH (mIU/mL)                                                                 3.7±2.7/4.5±2.4
Inhibin B (pg/mL)                                                                         140±69
Testosterone (ng/dL)                                                                 385±240
Pituitary Z(R2) score                                                                        2.3 
Pituitary Z(V) score                                                                         -1. 0 
Cardiac T2* (ms)                                                                            30±7

Father of a child                                                                                         3
With assistant reproductive therapy                                                  3

Group II: on testosterone replacement treatment  10 (38%)
Age (years)                                                                                      28 ± 6
LH/FSH (mIU/mL)                                                                 1.5±1.8/1.3±1.6
Inhibin B (pg/mL)                                                                          80±55
Pituitary Z(R2) score                                                                        5.7
Pituitary Z(V) score                                                                         -2.7
Cardiac T2* (ms)                                                                            23±8

^Levels of estradiol and testosterone from patients receiving hormone replacement
were excluded from analysis. LH: luteinizing hormone; FSH: follicular-stimulating
hormone; AMH: anti-Müllerian hormone. Normal ranges: AMH in fertile women, 1.0-
4.0 ng/ml; Inhibin B in adult men, 125-215 pg/mL (both change with age)
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Figure 1. Pituitary iron and
volume, relation to hormonal
status and to systemic iron.
(A) Z scores of pituitary R2
and volume (V) as a function
of age in the 53 chronically
transfused patients. Pituitary
iron and volume are inversely
correlated (r= -0.36; P<0.02).
(B) Distribution by gender and
hormonal/reproductive sta-
tus (based on groups I and II
shown in the Tables). The
majority of group I patients
(men with adequate endoge-
nous testosterone and
women with regular periods,
represented as green trian-
gles and red circles, respec-
tively) have only moderately
elevated pituitary iron accu-
mulation and small changes
in pituitary volume; Z scores 0
to 5.0 and 0 to -3.0, respec-
tively. Men requiring testos-
terone treatment (blue trian-
gles) and women with amen-
orrhea (pink circles) (group II)
had more severe pituitary iron
loading and more notable
gland shrinkage. (C) Receiver-
operating characteristic (ROC)
curves for the prediction of
pituitary iron show that car-
diac T2* correlates strongly
with pituitary iron. Liver iron
and ferritin concentrations
are weakly predictive, the car-
diac T2* is superior to both of
these measures. The point of
cardiac T2* = 20 ms is
shown. This value was the
optimal cutoff for predicting
abnormal pituitary iron; ROC
area = 0.93.
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patients, respectively. Results were stable or worse in the
remaining ones. A parallel improvement in pituitary
Z(R2) was noted in 9/17 (53%) individuals, whose mean
baseline Z(R2) was 6.4 (Figure 2). The change was mod-
est in those with a baseline Z(R2) >8, suggesting chela-
tion failure in severe pituitary iron load. Eight of the nine
patients with improved Z(R2) also had a decrease in car-
diac iron, again showing a good correlation of these two
measures. Pituitary volume remained abnormally low in
subsequent testing. The mean Z(V) was -2.6 at baseline
and -2.4 upon repeat imaging, confirming the irreversible
cell destruction in patients with high iron burden.
LH/FSH concentrations decreased by a mean of 28% at
repeat testing in 7/8 women. AMH levels remained sta-
ble overall, supporting reports on preserved gonadal
function and successful ovulation induction despite low
LH and FSH levels. Longitudinal studies on a larger scale
are needed to further explore these findings.

In summary, our data confirm previous pituitary MRI
findings of iron and volume changes and risk thresholds
for hypogonadism. Our study further highlights the high
prevalence and progressive nature of pituitary iron load-
ing, despite advances in chelation therapy, causing irre-
versible volume loss and deleterious effects on reproduc-
tive status. Splenectomy and older age are risk factors for
these effects.

Our findings also validate cardiac T2*MRI as a proxy
for pituitary R2, which can be used where pituitary MRI
is not available. The findings also have implications for
modifying chelation treatment, which is effective in mild-
moderate cases in preventing or delaying infertility.16

Discussion of reproductive status, utilizing these hor-
monal and MRI findings, and informing patients of high-
er risk of infertility are prudent for proper planning of fer-
tility preservation.
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Antimicrobial resistance is a risk factor for mortality
in adults with sickle cell disease

Sickle cell disease (SCD), an inherited red blood cell
disorder caused by homozygous or compound heterozy-
gous inheritance of mutations in the b-globin gene,
affects 1 in 365 African Americans.1 SCD is considered an
immunodeficient state2 and infectious complications are
a major contributor to the morbidity and mortality.3

Newborn screening, penicillin prophylaxis, and pneumo-
coccal vaccination have led to reductions in sepsis-related
mortality and > 95% of children with SCD living in high-
resource settings now survive into adulthood.4 Despite
these measures, high rates of hospitalizations in SCD
patients are characterized by fevers5 and 14–18% of
deaths are attributed to infectious causes in contempo-
rary SCD cohorts.3 

Antimicrobial-resistant infections are a global public
health crisis associated with high rates of morbidity,
health-related costs, and death in the general population.6

Penicillin prophylaxis may be leading to changes in
antimicrobial resistance patterns in SCD. In a cohort of
SCD children, 71% of whom were receiving penicillin
prophylaxis, nasopharyngeal carriage of penicillin-resis-
tant Streptococcus pneumoniae was observed in 55% of iso-
lates.7 Antimicrobial resistance patterns in SCD adults are
less clear and their impact on survival are not well under-
stood.  

We conducted a longitudinal study to i) identify risk
factors for multidrug resistant (MDR) infections in adults
with SCD, ii) compare antimicrobial resistance patterns
to 16,000 propensity score-matched African Americans,

and iii) determine the association of MDR infections on
survival in SCD adults enrolled in a prospective registry
at the University of Illinois at Chicago (UIC). 

We analyzed 320 SCD patients receiving medical care
at UIC Hospital between January 1, 2017 and April 14,
2020. The protocol was approved by the Institutional
Review Board and all subjects provided written informed
consent.  

Baseline demographic, clinical, and laboratory vari-
ables were obtained at each patient’s first outpatient visit
during the study period from the Cerner Medical
Systems. Central venous catheterizations and diabetes
diagnosis were queried using pertinent 9th and 10th

Procedure Coding system editions of the International
Classification of Disease (ICD-9-PCS and ICD-10-PCS)
during the study period (Online Supplementary Table S1).
Pneumococcal conjugate vaccine (PCV13) and pneumo-
coccal polysaccharide vaccine (PPSV23) administration
were queried during the 5 years prior to and including the
study period. A blood culture contaminant was defined
as a blood culture isolating coagulase-negative
Staphylococcus, Bacillus species, Corynebacterium species,
Propionibacterium species, or Streptococcus viridans group
in less than 50% of simultaneously ordered cultures or in
only one positive culture result.8 Organisms were consid-
ered to be multidrug resistant if the isolate organism was
non-susceptible to three or more categories of antibiotics
according to the European Center for Disease Prevention
and Control (ECDC) and the Centers for Disease Control
and Prevention (CDC) guidelines.9

Between January 1, 2017 and April 14, 2020, 34,612
adults with culture data and race classified as “black” or
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Table 1. Clinical and laboratory values stratified by infection status in patients with sickle cell disease.
                                                                     n                   No or non-MDR Infection                 n                MDR Infection                       P

Age at first encounter (years)                         299                                  37 (29 - 48)                                  21                      36 (31 - 50)                              0.8
Male (%) / Female (%)                                      299                        124 (41%) / 175 (59%)                       21               3 (14%) / 18 (86%)                     0.014
HbSS/SB0-thalassemia genotype                     299                                   225 (75%)                                   21                        18 (86%)                                0.3
Hydroxyurea use (%)                                         299                                   130 (43%)                                   21                         9 (43%)                                 0.9
Diabetes diagnosis (%)                                     299                                     23 (8%)                                     21                         3 (14%)                                 0.3
Leg ulcer diagnosis (%)                                     295                                    35 (12%)                                    21                          1 (5%)                                  0.3

Avascular necrosis diagnosis (%)                    295                                    93 (32%)                                    21                        10 (48%)                                0.1
Pneumococcal vaccinations (%)*

13-valent                                                            299                                   189 (63%)                                   21                        15 (71%)                                0.4
23-valent                                                                                                      179 (60%)                                                                7 (33%)                               0.017

Systolic blood pressure (mmHg)                    274                               124 (113 - 135)                              20                  120 (112 - 131)                           0.4
White blood cell count (x103/mL)                    260                                9.4 (7.0 - 12.3)                               18                  11.2 (9.1 - 12.4)                          0.1
Hemoglobin (g/dL)                                             260                                9.3 (8.1 - 10.6)                               18                    9.0 (8.4 - 9.4)                            0.5
Hemoglobin F (%)                                               165                                5.8 (2.2 - 11.0)                               15                    2.3 (1.9 - 4.2)                           0.05
Platelet count (x103/mL)                                    260                               295 (207 - 374)                              18                  400 (244 - 439)                           0.1
Reticulocyte count (x103/mL)                           250                               174 (120 - 271)                              16                  234 (156 - 354)                         0.07
Lactate dehydrogenase (u/L)                           184                               305 (230 - 405)                              13                  333 (287 - 428)                           0.3
Ferritin (ng/mL)                                                  182                               339 (89 - 1076)                              12                 839 (332 - 2779)                        0.08
eGFR (ml/min/1.73 m2)                                       253                                124 (95 - 141)                               17                   106 (55 - 141)                            0.6
Central venous catheters (n)                           299                                    64 (21%)                                    21                        10 (48%)                              0.006
Vaso-occlusive crises (n/year)                         299                                     2 (0 - 4)                                     21                         3 (1 - 6)                                 0.1
Acute chest syndrome history (%)                 299                                   213 (71%)                                   21                        18 (86%)                                0.2
Heart failure (%)                                                 186                                       6 (3%)                                      13                          0 (0%)                                  0.5

Heart failure was defined as an ejection fraction < 50%: *The prevalence of pneumococcal vaccinations was assessed within the last 5 years of the study period. P<0.003
was considered statistically significant after the Bonferroni correction. MDR: multi-drug resistant; eGFR: estimated glomerular filtration rate.  
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Figure 1. Antibiotic resistance patterns and its effect on survival patterns in patients with sickle cell disease. (A) Antibiotic resistance patterns in patients with
sickle cell disease (SCD); (B) a comparison of antibiotic resistance patterns in patients with SCD versus African Americans without SCD (relative risks are pro-
vided in each box); (C) survival patterns by infection status in patients with SCD.
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“African American” were identified through the UIC
Cerner Medical Systems. Those with an ICD-9/10 code
of SCD were excluded from this cohort. The African
American cohort of 16,000 patients used in our analyses
were chosen by propensity score, matched to the SCD
cohort at a 50:1 ratio for age, sex, and follow-up time
using the Matchit R analytic software package by the
nearest-neighbor matching algorithm.10

Baseline characteristics at the time of study initiation
were compared by MDR status using the Kruskal-Wallis
and Chi-square or Fisher’s exact test for linear and cate-
gorical variables, respectively. Median and interquartile
range (IQR) are provided. A final multivariate logistic
regression model was fit by stepwise variable selection of
variables with P<0.1 in the univariate analysis, adjusting
for the following covariates: age, sex, sickle cell geno-
type, and hydroxyurea use. Fisher’s exact test was used
to compare MDR status between SCD and AA patients
for each specific antimicrobial-organism pair. Relative
risk (RR) was calculated as the ratio of the proportional
resistance between the SCD and AA groups. Survival was
analyzed by MDR status using Kaplan-Meier curves and
Cox Proportional Hazards models, adjusting for the fol-
lowing covariates: age, sex, SCD genotype, and hydrox-
yurea use. For patients lost to follow-up, MDR status and
survival were censored at the date of last known contact.
The survival time was defined as the period between
January 1, 2017 and either the date of patient’s death or
last known encounter up to April 14, 2020. 

Baseline characteristics of the SCD and AA cohort
were similar for age, sex, and follow-up time (Online
Supplementary Table S2). Between January 1, 2017 and
April 14, 2020, we observed 176 non-recurrent positive
cultures, defined as not occurring within 30 days of a pre-
vious culture with an identical organism and source,11 in
77 of 320 (24.1%) SCD patients (Online Supplementary
Table S3). The total infection rate in SCD patients was
205.0 infections per 1,000-person-years. We observed
3,968 non-recurrent positive cultures in 2,075 of 16,000
(13.0%) AA patients, for a total infection rate of 92.8
infections per 1,000-person-years (P<0.001).  

An MDR infection was observed in 27.3% (21 of 77) of
SCD and 33.3% (692 of 2,075) of AA patients (P=0.3)
with an infection. Baseline differences in the SCD
patients by MDR status are provided in Table 1. There
were no SCD adults on penicillin prophylaxis during the
study period. Female sex (OR 5.9, 95% Confidence
Interval [CI]: 1.6–21.7; P=0.007) and central venous
catheter placement (OR 4.3, 95%CI: 1.6–11.5; P=0.004)
were independently associated with an increased MDR
infection risk and PPSV23 vaccination was associated
with a reduced risk (OR 0.2, 95%CI: 0.1–0.6; P=0.003),
adjusting for age, SCD genotype and hydroxyurea use. 

Antimicrobial resistance patterns for antimicrobial-
organism pairs in SCD patients are provided in Figure 1A
and Online Supplementary Table S4. Antimicrobial resist-
ance was observed in 11.4% (135 of 1,050) of unique
Escherichia coli infections, including 26.1% (23 of 88 test-
ed) resistant to levofloxacin, 22.7% (20 of 88 tested) to
sulfamethoxazole-trimethoprim, and 2.4% (2 of 82 test-
ed) to nitrofurantoin. Klebsiella pneumoniae and
Pseudomonas aeruginosa were highly resistant to several
antibiotic groups, with the exception of amikacin and
imipenem for Klebsiella pneumoniae and amikacin for
Pseudomonas aeruginosa. Oxacillin-resistant Staphylococcus
aureus was observed in 53.8% of infections. Both coagu-
lase-negative Staphylococcus epidermidis and
Staphylococcus species were highly resistant to most
antibiotic groups except for vancomycin. We observed

only one Staphylococcus pneumoniae infection, which was
resistant to penicillin.

A comparison of resistance patterns between SCD and
AA patients are provided in Figure 1B. Escherichia coli
infections were less commonly resistant, while Klebsiella
pneumoniae and Pseudomonas aeruginosa infections were
typically more resistant to antibiotics in SCD versus AA
patients. 

During the 3-year study period, 14 of 320 (4.4%) SCD
patients died; ten of 299 (3.3%) without and four of 21
(19.0%) with an. MDR infection (Figure 1C). Sepsis was
a contributing factor to the cause of mortality in eight of
ten deaths with a known etiology. Developing an MDR
infection was an independent risk factor for death
(Hazard Ratio [HR] 4.9, 95%CI: 1.5–16.4; P=0.009),
adjusting for age, sex, SCD genotype and hydroxyurea
use.

In the era of penicillin prophylaxis, we observed higher
rates of infection but a similar prevalence of MDR infec-
tions in SCD adults compared to AA. This suggests that
penicillin prophylaxis may be altering colonization and
infection patterns but not drug resistance patterns for
gram-positive infections in SCD adults. Vaccination with
PPSV23 reduces exposure to antimicrobial drugs and is
associated with less resistance to erythromycin,
trimethoprim-sulfamethoxazole, and cephalosporins in
the general population.12 We observed high rates of resist-
ance to trimethoprim-sulfamethoxazole and erythromy-
cin in gram-positive bacterial infections. Furthermore,
vaccination with PPSV23 was associated with a 5-fold
lower risk of having an MDR infection. In the general
population, approximately 20–67% of central-line associ-
ated infections are MDR infections.13 In our cohort, cen-
tral venous catheter line placement, which is often
required for pain management or for exchange transfu-
sion therapy in SCD, was associated with a 4-fold greater
risk of developing an MDR infection. Alternative strate-
gies for administering pain medications, such as inhaled
routes, and better implementation of protective meas-
ures, such as the use of chlorhexidine for skin prepara-
tion, avoiding femoral vein catheters, and the use of anti-
septic barrier caps,14 may help reduce MDR infection
rates in SCD. The association of female sex with a higher
MDR infection rate may be due to the increased risk for
urinary tract infections in females. Other potential bio-
logical differences, such as the effects of sex hormones
and X-chromosome genes on immune response regula-
tion, may also be contributing to the observed differ-
ences.15

Limitations of our study include being a single-center
study and not taking into account the specific antimicro-
bial therapies used to treat the infections. Investigating
the effects of socioeconomic status and health behavior
may highlight modifiable risk factors to improve vaccina-
tion rates in SCD. Health care utilization is a likely con-
tributor to developing antibiotic resistance, and therapies
that reduce hospitalizations may be another approach to
reduce MDR infections. Future strategies to reduce the
spread of antibiotic resistance, such as greater implemen-
tation of PPSV23 and strategies to reduce central venous
catheter placement, may help decrease the morbidity and
early mortality observed in SCD. 
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Rapid decline in estimated glomerular filtration rate
in sickle cell anemia: results of a multicenter pooled
analysis

Chronic kidney disease (CKD), typically defined as kid-
ney damage or decreased kidney function for 3 or more
months, is common in sickle cell disease (SCD).1

Increasing evidence suggests that the glomerulopathy of
SCD is progressive.2 CKD is associated with increased
mortality in SCD.3 Based on single center studies, we pre-
viously reported on the high prevalence of rapid decline
in kidney function, defined as estimated glomerular filtra-
tion rate (eGFR) loss >3.0 mL/min/1.73 m2 per year, in
SCD.4-6 In the present study, we further examine rapid
eGFR decline in sickle cell anemia, using a pooled analy-
sis of patients to better characterize factors associated
with such decline and its association with mortality.   

Patients from four centers, University of North
Carolina at Chapel Hill (UNC), Duke University Medical
Center (Duke), University of Illinois at Chicago (UIC),
and St. Jude Children’s Research Hospital/Methodist
University Comprehensive Sickle Cell Center
(Methodist) were analyzed.4,5,7,8 Patients, at least 18 years
old, with sickle cell anemia, were evaluated during rou-
tine visits while in “steady state”. Baseline visit was
defined as the first available serum creatinine measure-
ment during the study period. Only patients with two or
more measures of kidney function over the observation
period were included. Mortality during the observation
period was assessed by medical record review and/or by
utilizing the US Social Security Death Index. Approvals
were obtained from Institutional Review Boards at each
institution. 

Estimated GFR was calculated using the creatinine-
based chronic kidney disease epidemiology collaboration
(CKD-EPI) equation.9 Rapid decline of kidney function
was defined as eGFR loss of >3.0 mL/min/1.73 m2 per
year10 or eGFR loss of >5.0 mL/min/1.73 m2 per year.11

Rapid decline of kidney function, using these thresholds,
was ascertained based on the slope in a linear model,
with eGFR as the response and time as the covariate,
using all available observations from a patient. The slope
was defined as the estimate of the regression coefficient
for time. CKD progression was defined as a decline in
eGFR to <90 mL/min/1.73m2 and at least 25% decline
from baseline,11 or eGFR decline to <90 mL/min/1.73m2

and at least 50% decline from baseline or requiring renal
replacement therapy.12

Variables of interest were summarized by median and
interquartile ranges (IQR) if continuous, or by counts and
percentages if categorical. In order to evaluate eGFR
change over time, a linear mixed effects model with sub-
ject level random effects for intercept and slope for time
was fitted, adjusting for baseline age, sex and cohort.
Stratified analyses according to hyperfiltration at baseline
were conducted. Logistic regression analyses were
employed to evaluate variables associated with rapid
decline in eGFR. In multivariable analyses, variables asso-
ciated with rapid decline in eGFR with P-values <0.3 in
individual analyses, but without an excess of missing
data (<20% missing data), were included in the initial
model. Cox regression analyses were employed to evalu-
ate the association of rapid decline in eGFR with mortal-
ity, from the period of first eGFR assessment to the last
assessment.

The analysis included 606 individuals with sickle cell
anemia (HbSS, HbSb0), 236 from UNC (followed from
2004 – 2013), 203 from Duke (followed from 2002 –

2016), 94 from UIC (followed from 2009 – 2017) and 73
from Methodist (followed from 2006 – 2017). The median
observation period was 5.20 years (IQR: 1.56-7.53), with
31,286 patient-years of observation. The median patient
age in the pooled analysis was 27 years (IQR: 20-38) and
327 (54.0%) were female (Table 1). Baseline laboratory
and clinical data in individual cohorts are shown in the
Online Supplementary Table S1. In evaluating the change in
eGFR over time in the pooled analysis, only the main
cohort effect was retained as the time-cohort interaction
was not significant (P=0.19). For all patients, the change in
eGFR over time, adjusted for baseline age, sex and main
cohort effect, was -2.36 mL/min/1.73 m2 per year (95%
Confidence Interval [CI]: -2.68 to -2.04; P<0.0001) (Figure
1A). In patients with hyperfiltration, the time-cohort
interaction was significant (P=0.008), so both main cohort
and interaction effects were retained. The estimated
change in eGFR over time for patients with hyperfiltra-
tion, without consideration of the time-cohort interac-
tion, was -2.09 mL/min/1.73 m2 per year (95% CI: -2.50
to -1.69; P<0.0001). In patients without hyperfiltration,
the time-cohort interaction was not significant (P=0.97),
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Table 1. Baseline demographic, laboratory and clinical variables in
pooled patient cohorts with sickle cell anemia.
Variable                                              Total             Median (IQR)
                                                        Number           /Number (%)

Age (years)                                                   606                     27 (20, 38)
Sex (female)                                                606                      327 (54.0)
Weight (kg)                                                  556                 65·8 (57.7, 75.3)
Height (cm)                                                  246              169·5 (163.0, 175.5)
White Blood Cell Count (x109/L)             564                  10·5 (7.9, 13.0)
Hemoglobin (g/dL)                                     564                    8·8 (7.8, 9.9)   
Hematocrit (%)                                           562                 26·0 (22.8, 29.0)
Reticulocyte Count (x109/L)                     464              258·7 (179.0, 364.6)
Platelet Count (x109/L)                              558               416 (310.7, 523.0)
Baseline eGFR (mL/min/1.73m2)             606              143·9 (120.4, 159.7)
Blood Urea Nitrogen (mg/dL)                 320                   8·0 (6.0, 11.0)
Total Bilirubin (mg/dL)                              530                    2·4 (1.5, 4.0)
Direct Bilirubin (mg/dL)                           214                    0·3 (0.2, 0.5)
Ferritin (ng/mL)                                          328             524·5 (159.5, 1308.0)
Hemoglobinuria (Yes)                               363                       70 (19.3)
Proteinuria* (Yes)                                     305                       73 (23.9)
Albumin-Creatinine Ratio (mcg/mg)       20                 82.5 (23.5, 295.5)
Hemoglobin F (%)                                      370                   7.7 (3.6, 14.2)
H/O Acute Chest Syndrome (Yes)          568                      416 (73.2)
H/O Stroke (Yes)                                        555                      104 (18.7)
H/O Leg Ulcers (Yes)                                533                       88 (16.5)
H/O Priapism** (Yes)                               201                       81 (40.3)
H/O Avascular Necrosis (Yes)                 426                      152 (35.7)
Systolic Blood Pressure (mm Hg)          578                  118 (109, 128)
Diastolic Blood Pressure (mm Hg)        578                     68 (61, 74)
H/O Diabetes (Yes)                                    558                        11 (2.0)
Chronic RBC Transfusion (Yes)              577                       58 (10.1)
Hydroxyurea Therapy (Yes)                     604                      321 (53.2)
RAAS Blocking Agents (Yes)                    329                       38 (11.6)

*Proteinuria – at least 1+ by dipstick urinalysis; **Male patients only. eGFR: estimat-
ed glomerular filtration rate; RAAS: blocking agents: renin-angiotensin-aldosterone
system blocking agents (Angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers); IQR: interquartile range.
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Figure 1. The slope of estimated
glomerular filtration rate (eGFR)
decline in sickle cell anemia
and the association of rapid
eGFR decline with mortality in
the pooled population are
shown. (A) The change in eGFR
over time, adjusted for baseline
age, sex and main cohort effect,
was -2.36 mL/min/1.73 m2 per
year (95% Confidence Interval
[CI]: -2.68 to-2.04; P<0.0001).
(B) Kaplan-Meier estimates of
the survival probabilities for
rapid (>3.0 mL/min/1.73m2 per
year) and non-rapid eGFR
decline groups (log-rank test;
P<0.0001). (C) Kaplan-Meier
estimates of the survival proba-
bilities for rapid (>5.0
mL/min/1.73 m2 per year) and
non-rapid eGFR decline groups
(log-rank test; P<0.0001). The
number of patients at risk at
each time point are shown in (B
) and (C).   

A

B

C



hence only the main cohort effect was retained. The
change in eGFR over time was -2.66 mL/min/1.73 m2 per
year (95%CI: -3.19 to -2·13; P<0.0001). 

Rapid decline of kidney function, defined as eGFR loss
>3.0 mL/min/1.73 m2 per year, was observed in 216
patients (35.6%), and in 149 patients (24.6%) when
defined as eGFR loss >5.0 mL/min/1.73 m2 per year
(Online Supplementary Table S2). CKD progression was
observed in 130 of 606 patients (21.5%), defined as eGFR
decline to <90 mL/min/1.73 m2 and at least 25% decline
from baseline, and in 55 of 606 patients (9.1%) defined as
eGFR decline to <90 mL/min/1.73 m2 and at least 50%
decline from baseline. Using a threshold of >3.0
mL/min/1.73 m2 per year, 96 of 216 patients (44.4%)
with rapid decline had CKD progression defined as ≥25%
eGFR decline from baseline, while 48 of 216 patients
(22.2%) had CKD progression defined as ≥50% eGFR
decline from baseline. Using a threshold of >5.0
mL/min/1.73 m2 per year, 76 of 149 patients (51.0%) with
rapid decline had CKD progression defined as ≥25%
eGFR decline from baseline, while 43 of 149 patients
(28.9%) had CKD progression defined as ≥50% eGFR
decline from baseline.

The association of baseline variables with rapid eGFR
decline (>3.0 mL/min/1.73 m2 per year) in the pooled
population was examined (Table 2). Adjusted for
cohort, we observed significantly increased odds of
rapid decline with increasing age and male sex.
Adjusted for age, sex, and cohort, there were signifi-
cantly lower odds of rapid decline with higher hemoglo-
bin and hematocrit. The odds of rapid decline in kidney
function were significantly increased with higher levels
of direct bilirubin and ferritin, as well as hemoglobin-
uria, history of stroke and use of ACE
inhibitors/angiotensin receptor blockers. 

Adjusted for cohort, we similarly observed signifi-
cantly increased odds of rapid decline, using a threshold
of >5.0 mL/min/1.73 m2 per year, with increasing age
(Table 2). Adjusted for age, sex, and cohort, there were
lower odds of rapid decline with higher hemoglobin and
hematocrit. The odds of rapid decline were significantly
increased with higher baseline blood urea nitrogen,
direct bilirubin and ferritin, as well as hemoglobinuria,
proteinuria, and history of stroke. Associations of
covariates with rapid decline in individual cohorts are
shown in the Online Supplementary Table S3. Using a
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Table 2. Association of clinical and laboratory variables with rapid decline of eGFR in pooled patient cohorts with sickle cell anemia.
Variable*                                                                  Rapid decline based on >3.0                                      Rapid decline based on >5.0
                                                                                  mL/min/1.73 m2 threshold                                       mL/min/1.73 m2 threshold 
                                                                    Odds ratio (95% CI)                          P                          Odds ratio (95% CI)                          P

Age**                                                                            1.03 (1.01, 1.04)                               0.0011                              1·02 (1.003, 1.04)                                0.02
Sex (Male)**                                                              1.40 (1.0, 1.96)                                  0.05                                 1.25 (0.86, 1.82)                                 0.24
White Blood Cell Count                                           0.99 (0.94, 1.03)                                 0.52                                 0.99 (0.95, 1.04)                                 0.80
Hemoglobin                                                               0.89 (0.79, 0.996)                               0.042                                0.80 (0.70, 0.92)                               0.0012
Hematocrit                                                                0.96 (0.92, 0.995)                               0.029                                0.93 (0.89, 0.98)                               0.0029
Reticulocyte Count                                                  1.0 (0.999, 1.001)                                0.99                              1.001 (0.999, 1.002)                              0.39
Platelet Count                                                           0.999 (0.998, 1.0)                                0.14                              0.999 (0.998, 1.001)                              0.36
Baseline eGFR                                                            1.0 (0.99, 1.01)                                  0.91                              0.997 (0.991, 1.004)                              0.44
Blood Urea Nitrogen                                                1.04 (0.99, 1.08)                                0.054                               1.06 (1.01, 1.098)                              0.0089
Total Bilirubin                                                            1.02 (0.95, 1.09)                                 0.58                                 1.05 (0.98, 1.13)                                 0.21
Direct Bilirubin                                                          1.74 (1.01, 2.97)                                0.044                                1.99 (1.15, 3.43)                                0.013
Indirect Bilirubin                                                       1.02 (0.90, 1.16)                                 0.72                                 0.98 (0.85, 1.13)                                 0.79
Ferritinφ                                                                       1.02 (1.01, 1.03)                               0.0037                               1.02 (1.01, 1.03)                               0.0037
Hemoglobinuria                                                         2.16 (1.24, 3.78)                                0.007                                3.20 (1.79, 5.73)                              <0.0001
Proteinuria≠                                                                1.68 (0.94, 2.99)                                 0.08                                 2.48 (1.34, 4.58)                               0.0037
Albumin-Creatinine Ratio≠≠                                    1.0 (0.998, 1.003)                                0.80                                1.0 (0.998, 1.003)                                0.77
Hemoglobin F                                                            0.99 (0.96, 1.02)                                 0.42                                 0.99 (0.96, 1.02)                                 0.48
Weight                                                                           1.0 (0.99, 1.01)                                  0.94                                0.996 (0.98, 1.01)                                0.55
H/O Acute Chest Syndrome                                   1.25 (0.82, 1.92)                                 0.30                                 1.45 (0.90, 2.35)                                 0.13
H/O Stroke                                                                  2.13 (1.36, 3.34)                                0.001                                1.77 (1.09, 2.88)                                0.021
H/O Leg Ulcers                                                          1.29 (0.77, 2.17)                                 0.33                                 1.31 (0.74, 2.32)                                 0.35
H/O Avascular Necrosis                                           0.92 (0.59, 1.43)                                 0.70                                 0.77 (0.47, 1.28)                                 0.32
Systolic Blood Pressure                                           1.01 (0.99, 1.02)                                 0.31                                 1.01 (0.99, 1.02)                                 0.33
Diastolic Blood Pressure                                         1.01 (0.99, 1.02)                                 0.44                                 1.01 (0.99, 1.02)                                 0.60
H/O Diabetes                                                             0.95 (0.26, 3.47)                                 0.94                                 0.65 (0.13, 3.19)                                 0.60
Chronic RBC Transfusion                                        1.47 (0.81, 2.68)                                 0.20                                 1.39 (0.74, 2.64)                                 0.31
Hydroxyurea Therapy                                               1.28 (0.90, 1.83)                                 0.18                                 1.20 (0.81, 1.79)                                 0.37
RAAS Blocking Agents                                               2.17 (1.04, 4.53)                                 0.04                                 1.88 (0.86, 4.09)                                 0.11

*Results adjusted for age, sex and cohort effects, except that **are adjusted only for cohort effects; RAAS blocking agents: renin-angiotensin-aldosterone system blocking
agents (Angiotensin-converting enzyme inhibitors and angiotensin receptor blockers); ≠proteinuria (at least 1+ by dipstick urinalysis); ≠≠available in only the UIC cohort;
φodds ratio is provided for 100 ng/mL increase in ferritin.  



threshold of >3.0 mL/min/1.73 m2 per year, multivari-
able analysis showed significant associations of rapid
decline with age (odds ratio [OR]: 1.03, 95%CI: 1.01-
1.04; P=0.003), male sex (OR: 1.58, 95%CI: 1.09-2.29;
P=0.016), and history of stroke (OR: 1.99, 95%CI: 1.25-
3.15; P=0.004). Using a threshold of >5.0 mL/min/1.73
m2 per year, significant associations were observed
between rapid decline and hemoglobin (OR: 0.83,
95%CI: 0.72-0.96; P=0.009) as well as history of stroke
(OR: 1.72, 95%CI: 1.03-2.86; P=0.038). 

Ninety-eight of 605 patients died during the observa-
tion period. Adjusted for age, sex, white blood cell count,
hemoglobin, baseline eGFR and use of hydroxyurea,
rapid eGFR decline, at thresholds of >3.0 mL/min/1.73 m2

per year and >5.0 mL/min/1.73 m2 per year, was associ-
ated with increased mortality risk (hazard ratio [HR]:
2.41, 95%CI: 1.57-3.69; P<0.0001 and HR: 2.90, 95%CI:
1.87-4.48; P<0.0001, respectively). Kaplan-Meier esti-
mates showed significantly lower survival probabilities
for patients with rapid eGFR decline using both decline
thresholds (log-rank test; P<0.0001) (Figures 1B and C).   

In this multicenter analysis, we confirm accelerated
eGFR loss over time in adults with sickle cell anemia,
with an average eGFR loss of 2.36 mL/min/1.73 m2 per
year, representing a faster kidney function decline than is
reported in African American adults.13 The observed
decline in this pooled cohort is similar to that in patients
with diabetes, who have reported eGFR declines of 2.1
and 2.7 mL/min/1.73 m2 per year, respectively, for
women and men.14 We also confirm the high prevalence
of rapid eGFR decline, as well as its impact on survival.
Regardless of the threshold, >3.0 mL/min/1.73 m2 or >5.0
mL/min/1.73 m2 per year, rapid decline is more frequent
in sickle cell anemia than the reported prevalence of
10.5% after 12 years in the African American
population.13 Much like in patients with diabetes,15 male
sex was a significant risk factor for rapid eGFR decline.
This is consistent with the finding in a multicenter, obser-
vational study, which reported faster kidney function
decline in males with SCD.16 

In age-, sex- and cohort-adjusted analysis, we observed
an association of proteinuria with rapid decline of kidney
function. However, proteinuria was not included in the
multivariable analysis due to severe lack of data.
Albuminuria is a known risk factor for progression of
CKD.2 

Increased hemoglobin was associated with a lower risk
of rapid eGFR decline. Although not evaluated in the
multivariable analysis due to substantial missing data,
hemoglobinuria has previously been shown to be associ-
ated with albuminuria and CKD progression, suggesting
an important role for intravascular hemolysis in the
pathogenesis of SCD-related kidney disease.17 Based on
the role of intravascular hemolysis, drugs that decrease
hemolysis may prevent or slow the progression of kidney
disease in SCD. 

Our study is limited by lack of data for several impor-
tant variables. Approximately 40% of patients had only
two eGFR evaluations, which may have had an impact
on the estimated change in eGFR over time. Most
patients did not have urine albumin-creatinine ratios,
limiting assessment of the role of albuminuria. 

In conclusion, this pooled analysis confirms the high
prevalence of rapid decline in kidney function in adults
with sickle cell anemia. The association of rapid decline
in kidney function with increased mortality highlights
the need for early identification of individuals at risk for
such decline.  
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Serum monoclonal component in chronic 
lymphocytic leukemia: baseline correlations and
prognostic impact

The first report analyzing the presence of a serum
monoclonal component (sMC) in patients with lymphoid
malignancies was published in 1957.1 Since then, the
identification of a sMC in other lymphoid neoplasms has
awakened interest, mainly due to its relationship with B-
cell biology and its adverse prognostic impact in some
entities, such as diffuse large B-cell lymphoma.2–4 To date,
five reports have employed serum immunofixation elec-
trophoresis (sIFE) to study the presence of a sMC in
chronic lymphocytic leukemia (CLL).5–10 In the largest of
these studies, containing 133 patients, Xu and colleagues
reported a prevalence of 20%, and correlated the pres-
ence of a sMC with advanced stage, adverse prognostic
features, and worse overall survival (OS).9 To our knowl-
edge, the present study represents the largest series ana-
lyzing the prevalence and prognostic impact of a sMC in
CLL. Found in 30% of patients at diagnosis, it is associat-
ed with clinical, biological and genetic adverse prognostic
features, and shorter OS and relative survival, with a
comparable time to first treatment (TTFT), risk of Richter
syndrome (RRS), and risk of second malignancies (RSM). 

We studied 548 patients diagnosed with CLL (n=340),
CLL-type monoclonal B-cell lymphocytosis (MBL,
n=108), or small lymphocytic lymphoma (SLL, n=93) at a
single institution between 1997 and 2018, with available
data on sIFE at diagnosis. The study was conducted
according to the Hospital Clínic de Barcelona
Institutional Review Board and in accordance with the
Declaration of Helsinki. Serum protein electrophoresis

(sPEP) and sIFE were performed at diagnosis in all
patients. A non-measurable sMC was defined as a posi-
tive sIFE but normal sPEP. A biclonal sIFE was defined as
the presence of two heavy or light chains on the sIFE.
Immunoparesis was defined as a decreased level of at
least one of the three immunoglobulin (Ig) classes. Light
chains were considered concordant if the light chains of
the sIFE matched the light chain restriction by flow
cytometry of the peripheral blood and/or bone marrow.

In order to estimate TTFT, RRS and RSM, in which
death without the primary event is possible, cumulative
incidence was calculated (cmprsk package, R software,
Vienna, Austria) and compared by use of Gray’s test. In
order to compare the OS observed in our cohort with
that of the general population, patients were matched by
age and sex with Spanish individuals from the Human
Mortality Database,11 which provides an estimate of the
cause-specific survival through relative survival analysis
(relsurv package, R software, Vienna, Austria). Excess
mortality (also called survival reduction), expressed as a
percentage, was calculated with the following formula:
[1–(cohort survival/population survival)] x 100, and was
intended to reflect the reduction in life expectancy with
respect to the general population. Variables that had a
significant impact on OS were used to construct a multi-
variate Cox proportional hazards regression model. 
P-values <0.05 were considered to indicate statistical sig-
nificance.

Baseline characteristics of the patients are shown in
Table 1. One hundred and sixty-five patients (30%) had
a +sIFE at diagnosis. Patients with a +sIFE were signifi-
cantly older (median age 70 years [y] vs. 66 y, P=0.007),
and the prevalence of a +sIFE increased with age. Patients
diagnosed with SLL had a higher prevalence of a +sIFE
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Table 1. Baseline characteristics of the patients
Characteristic                                                                                                                              Serum immunofixation
                                                                           All patients                          Negative                             Positive                                   P
                                                                             (n=548)                         (n=383, 70%)                     (n=165, 30%)                                

Age in years, median (range)                                      67 (30-97)                                66 (30-92)                                70 (32-97)                                    0.007
Male sex, n (%)                                                                324 (59)                                    223 (58)                                    101 (61)                                         NS
ECOG PS ≥1, n (%)                                                           44 (9)                                        19 (5)                                       25 (16)                                      <0.001
Lymphadenopathy (CT), n (%)                                     191 (57)                                    125 (52)                                     66 (70)                                      0.003
B symptoms, n (%)                                                            20 (4)                                        13 (4)                                         7 (5)                                            NS
Binet stage C, n (%)                                                          26 (5)                                        12 (3)                                        14 (9)                                       0.007
Rai stage III-IV, n (%)                                                        30 (6)                                        12 (3)                                       18 (11)                                      <0.001
 b2-microglobulin above ULN, n (%)                          257 (48)                                    158 (42)                                     99 (62)                                      <0.001
FISH [n=493 (90%)]                                                                                                                                                                                                                   0.032

normal, n (%)                                                                145 (29)                                    105 (31)                                     40 (26)                                             
    del(13q), n (%)                                                             203 (41)                                    146 (43)                                     57 (37)                                             
    +12, n (%)                                                                       75 (15)                                      51 (15)                                      24 (16)                                             
    del(11q), n (%)                                                              49 (10)                                      229 (9)                                      20 (13)                                             
    del(17p), n (%)                                                               21 (4)                                         9 (3)                                         12 (8)                                              
Unmutated IGHV genes, n (%) [n=333 (61%)]       139 (42)                                     87 (37)                                      52 (53)                                      0.009
Abnormal ATM gene, n (%) [n=237 (43%)]                17 (7)                                        11 (6)                                         6 (9)                                            NS
Mutated NOTCH1 gene, n (%) [n=288 (53%)]         31 (11)                                       19 (9)                                       12 (15)                                          NS
Mutated SF3B1 gene, n (%) [n=276 (50%)]               26 (9)                                        17 (9)                                        9 (12)                                           NS
Abnormal TP53 gene, n (%) [n=268 (49%)]               20 (8)                                        14 (7)                                         6 (8)                                            NS
Abnormal BIRC3 gene, n (%) [n=102 (19%)]             1 (1)                                          1 (1)                                              0                                                NS
Mutated MYD88 gene, n (%) [n=102 (19%)]              4 (4)                                          3 (4)                                          1 (3)                                            NS

ECOG PS: Eastern Cooperative Oncology Group Performance Status; CT: computed tomography; ULN: upper limit of normal; FISH: fluorescence in situ hybridization; NS: not
statistically significant.



(45% vs. 27% and 25% for CLL and MBL, respectively).
The presence of a +sIFE was associated with a worse
Eastern Cooperative Oncology Group performance status
(ECOG PS), higher frequency of lymphadenopathy, more
advanced Binet and Rai stages, and higher b2-microglob-
ulin (B2M) levels (62 vs. 42%, P<0.001). The distribution
of fluorescence in situ hybridization (FISH) abnormalities
was significantly different according to the sIFE, with a
higher frequency of favorable-risk FISH in –sIFE patients,
and of high-risk abnormalities in +sIFE patients
(P=0.032). Likewise, the proportion of patients with
unmutated immunoglobulin heavy chain gene (IGHV)
genes was significantly higher among patients with a
+sIFE (53 vs. 37%, P=0.009). No significant differences
were seen in the mutation/deletion rate of ATM,
NOTCH1, SF3B1, TP53, MYD88, or BIRC3 according to
the sIFE.

The proportion of patients with immunoparesis did
not differ according to the sIFE. Among the 165 patients
with a +sIFE at diagnosis, IgM-κ was the most common
isotype (25%), followed by IgG-κ (22%), and IgG-l
(21%). The frequency of other isotypes was: IgM-l (8%),
IgA-κ (2%), IgA-l (2%), κ free-light chains (κ-FLC, 1%),
l-FLC (6%), and bi/triclonal (11%). Among the cases in
which the quantification of the sMC was available for
review, most had a non-measurable sMC (positive sIFE
but normal sPEP). In the remaining eight cases, the medi-
an sMC was 4.3 g/L (range, 2−9.8). The information
between the light chain of the serum Ig and the light
chain restriction by flow cytometry was compared in 132
cases with a +sIFE: 72% were concordant and 28% were
discordant. When concordance was further analyzed
considering the sIFE isotype, it was found to be higher for
IgM cases (89%). Protein and immunochemical features
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Table 2. Treatment, response, and outcomes.
Characteristic                                                    All                                                                Serum immunofixation
                                                                      patients                             Negative                             Positive                                   P

10-y probability of requiring treatment,                  49                                               48                                               52                                               NS
% (95% CI)                                                               (44−54)                                    (42−53)                                    (43−60)                                            

Frontline treatment [n=230 (42%)], n (%)                                                                                                                                                                     NS
    Alkylating agents +/- rituximab                          62 (27)                                      44 (29)                                      18 (24)                                             
    Purine analogs                                                        41 (18)                                      27 (18)                                      14 (19)                                             
    Purine analogs + rituximab                                64 (28)                                      42 (28)                                      22 (29)                                             
    Novel agents                                                           26 (11)                                      16 (11)                                      10 (13)                                             
    Others                                                                      35 (15)                                      24 (16)                                      11 (15)                                             
Complete response, n (%)                                   101 (56)                                     67 (55)                                      34 (58)                                          NS
10-y overall survival, % (95% CI)                       52 (47−58)                               57 (51−64)                               42 (34−52)                                    0.003
10-y risk of Richter syndrome, % (95% CI)        3 (2−5)                                     3 (2−6)                                     3 (1−7)                                         NS
10-y risk of second malignancies, % (95% CI)23 (19−28)                             23 (18−28)                               24 (17−32)                                      NS 

CI: confidence interval; NS: not statistically significant. y: years.

Figure 1. Outcomes according to serum immunofixation. (A) Time to first treatment. (B) Overall survival (continuous lines), and survival of the sex- and age-
matched general population (dashed lines).
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of the 165 patients with a +sIFE can be found in the
Online Supplementary Table S1.

Frontline treatment, response, and outcomes are
depicted in Table 2. Two-hundred and thirty (42%)
patients received some treatment during follow-up. The
median TTFT was 10 years, and no significant differ-
ences were seen according to the sIFE (Figure 1A).
Frontline regimens were comparable between patients
with a negative and positive sIFE, as was the proportion
of patients achieving a complete response after treat-
ment.

With a median follow-up of 6.7 years, median OS for
the entire cohort was 10.9 years, being significantly
shorter for +sIFE compared with –sIFE patients (8.5 vs.
11.9 years; 10-year OS: 42 vs. 57%; P=0.003, Figure 1B).
When a two-variable Cox regression, including age (as a
quantitative variable) and sIFE, was performed, we
observed that both parameters retained independent
prognostic impact on OS. Furthermore, despite being sig-
nificantly older, relative survival analysis showed that
excess mortality (survival reduction) with respect to the
sex- and age-matched general population was more
prominent for patients with a +sIFE (50% at 10 years)
compared to that of patients with a −sIFE (33% at 10
years). In a multivariate model for OS, with 286 cases
and 108 events (including age >60 years, ECOG PS ≥1,
elevated B2M, Rai stage III-IV, unmutated IGHV genes,
del(17p), CD38 expression >30%, and a +sIFE), only age,
ECOG PS, B2M, and IGHV status retained prognostic
impact on OS.

When evaluating OS among patients with a +sIFE
according to the heavy chain isotype, no global statisti-
cally significant differences were seen. However, when
pairwise combinations were performed, biclonal cases
had a significantly poorer OS (Online Supplementary Figure
S1A), whereas the light chain isotype did not have a sig-
nificant impact on OS (Online Supplementary Figure S1B).
The presence of immunoparesis was evaluated in
patients with +sIFE and –sIFE, and it was not an adverse
prognostic factor for OS in either of the groups (Online
Supplementary Figure S2). No significant differences were
found between light chain-concordant and discordant
cases with regard to OS. Richter syndrome was seen in
15 patients (3%). For the entire series, the 10-year RRS
was 3% (95% Confidence Interval [CI]: 2−5%), without
significant differences according to the sIFE (Online
Supplementary Figure S3A). A second tumor was identified
in 104 patients (19%), and no patient developed multiple
myeloma. The 10-year risk of developing a SM was of
23% for all patients, with similar rates irrespective of sIFE
(Online Supplementary Figure S3B).

In conclusion, we found a 30% prevalence of a +sIFE in
our cohort of CLL patients, which is in line with previous
studies.5–10 Patients with a +sIFE had a more advanced
stage and clinical, radiological, biochemical, and genetic
poor prognostic markers, as already reported.5,9,10

Contrary to previous data,9,10 however, we observed a
clear relationship between a +sIFE and age. In our series,
IgM-κ constituted the most common isotype, which is in
accordance with the report by Xu and colleagues.9 Eleven
percent of cases were biclonal, a finding that has been
previously interpreted as: i) the malignant transformation
occurring at the time of isotype switching from IgM to
IgG,12 ii) the persistent isotype switching capability of
CLL cells, independently of IGHV mutation,13 iii) the
presence of multiple simultaneous clonal lymphoprolifer-
ative disorders,14 or iv) the emergence of a subclone
secreting a different Ig isotype, due to clonal evolution.
The light chain concordance rate was 72%, pointing to

the fact that, in most cases, the sMC is a product directly
secreted by the tumor population. It had been suggested
that concordance was higher in the case of IgM pro-
teins,15 and we obtained similar findings. Despite compa-
rable TTFT, frontline regimens, and response, we demon-
strated that a +sIFE is a predictor of a poorer OS and rel-
ative survival, irrespective of age. However, due to its
association with other clinical and biological adverse
prognostic features, the sIFE did not retain its negative
impact in the multivariate analysis. Biclonal cases had a
poorer prognosis, possibly reflecting a higher degree of
immunological dysfunction. 

The sIFE is positive in one in three CLL patients at diag-
nosis, and this finding is associated with adverse prog-
nostic baseline features and shorter survival. The study of
the sMC in CLL could be an aid to advance in the under-
standing of B-cell malignancies, anticipate patient out-
comes, and eventually tailor therapy.
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Homozygous Southeast Asian ovalocytosis in five
live-born neonates

Southeast Asian ovalocytosis (SAO) is an autosomal
dominant inherited red blood cell (RBC) membrane dis-
order caused by the heterozygous deletion of codons
400–408 in SLC4A1/band 3/anion exchanger 1 (AE1).1

This deletion leads to misfolding of the protein, creating
an inactive anion-transporter and altering the mechanical
stability of the RBC. Heterozygous SAO is characterized
by the presence of stomatocytes, theta cells (RBC with
two stomas), macro-ovalocytes and ≥25% ovalocytes in
the peripheral blood smears.2 Although heterozygous
SAO carriers are generally asymptomatic, homozygous
SAO was considered to be lethal.3 However, one success-
ful birth of a homozygous SAO individual, born to
asymptomatic heterozygous SAO Comorian parents,
was reported in 2014 showing an association with severe
dyserythropoietic anemia.4 Here, we report the birth of
five unrelated homozygous SAO babies in Malaysia
showing that homozygous SAO is not as rare as previ-
ously thought. These babies belong to an SAO cohort
collected from January 2007 to March 2020 at University
Sains Malaysia (USM), which includes a total of 68
patients. The study was instigated to further understand
the physiological implications of heterozygous SAO
within the Malay population. The detection of numerous
homozygous SAO births has highlighted the need for the
development of good practice to support the survival of
these babies.

SAO has a distinctive geographical distribution, occur-
ring mostly in areas of Southeast Asia including neighbor-
ing regions of the Malay Peninsula, coastal regions of
Papua New Guinea, Thailand, Indonesia, Taiwan and
even Madagascar in the western Indian Ocean.5,6

Investigations into the high incidence of SAO in malari-
ous areas revealed that the SAO mutation confers protec-
tion from severe malaria caused by Plasmodium vivax and
Plasmodium falciparum.7,8

AE1 is the most abundant RBC membrane protein and
mediates the efficient transport of carbon dioxide in the
blood.1 Heterozygous SAO individuals have only 50%
normal RBC anion transport activity and thus less effi-
cient gas transport. The heterozygous expression of the
SAO AE1 in the red cell membrane not only affects the
folding and structure of AE1 but also affects the structure
of other red cell membrane proteins depressing a relative-
ly high number of red cell antigens.9 Neonatal anemia has
also been reported in SAO families.2

A truncated form of AE1 is expressed in the α-interca-
lated cells of the kidneys and is essential for acid secre-
tion in the urine.1 Loss of AE1 anion-transport activity in
the kidney causes distal renal tubular acidosis (dRTA) and
occurs when AE1 expression is severely reduced as in
hereditary spherocytosis (HS)10,11 or when kidney AE1
activity is severely reduced1 or trafficking of kidney AE1
is impeded in the α-intercalated cell.1 Many dRTA muta-
tions are recessive. When SAO AE1 is inherited in trans
to a recessive dRTA AE1 mutation then the compound
heterozygote will completely lack AE1 anion transport
activity. This phenomenon explains the prevalence of
dRTA in South East Asia where there are a number of
recessive dRTA AE1 mutations maintained in the popula-
tion.12

Homozygous SAO individuals, with no functioning
AE1, and homozygous HS individuals, with no AE1, suf-
fer from hemolytic anemia, dRTA and failure to
thrive.3,10,11 An in-depth study of homozygous SAO cells,13

showed expression of SAO AE1 during erythropoiesis (in
vitro) affected trafficking and cytokinesis resulting in
numerous multinucleated erythroblasts and reduced pro-
liferation and enucleation. Unexpectedly, even the in vitro
cultured heterozygous SAO erythroblasts displayed
multinuclearity and reduced enucleation, with an inter-
mediate phenotype part way between the homozygous
and control cells,13 suggesting that heterozygous SAO
individuals may have a mild dyserythropoiesis. Mature
homozygous SAO RBC show signs of altered membrane
composition, oxidative damage, are very large, oval and
unstable.4,13 AE1 null HS individuals sometimes have a
mild dyserythropoiesis10 and their RBC are unstable.11

Extensive clinical management of AE1 null individuals,
including splenectomy, has improved the survival of
these children, some of whom have now reached adoles-
cence. Similarly, the Comorian homozygous SAO child is
now 10 years old and quite well, receiving regular trans-
fusions, iron chelation and acidosis treatment.4,13 From
Malaysia, a live-born homozygous SAO neonate with
dRTA was reported in 2015 but the child failed to thrive
after 2 years.14 

In Malaysia, where the prevalence of SAO is around
4% within the Malay ethnic group,15 SAO diagnostic
tests are performed mostly upon still birth or recurring
miscarriages of the mother. Several heterozygous SAO
mothers in this cohort have a history of past miscarriages
and complications during pregnancy such as hydrops
fetalis as well as intrauterine death (Figure 1).
Furthermore, SAO was identified in 18 of 22 dRTA
patients (81.8%) when the association between SAO and
dRTA was studied in the Malaysian dRTA cohort.15 Here,
we provide an overview of a Malaysian heterozygous
SAO cohort and describe the clinical characteristics of
five live-born homozygous SAO cases in Malaysia. 

This SAO cohort includes a total of 107 patients whose
blood samples were tested for the 27 base pair deletion
of AE1 using polymerase chain reaction (PCR) and blood
smears (Online Supplementary Appendix; Online
Supplementary Table S1). Among the 107 tested patients,
68 cases were positive where 93% (63 of 68 cases) of
SAO positive cases belonged to Malay ethnicity. Within
this Malaysian SAO cohort, 81 cases studied belong to a
total of 28 families. Among these 28, 23 families had at
least one heterozygous SAO family member. The
remaining 26 samples were from individual cases, of
which 15 were heterozygous SAO. The majority of the
SAO positive cases (43%, n=29) are from Penang, fol-
lowed by Kuala Lumpur (22%, n=15), Johor (10%, n=7),
Sabah (9%, n=6), Kedah (9%, n=6), and Melaka (7%,
n=5) (Online Supplementary Figure S3). A variety of RBC
morphologies were observed from peripheral blood film
examinations of the SAO positive cases, which includes
macro-ovalocytes, stomatocytes, theta cells, spherocytes
and target cells (Online Supplementary Table S1; Online
Supplementary Figure S1).

Surprisingly, a total of six homozygous SAO were
found in our cohort, five of whom were live-born (Figure
1, Table 1, Online Supplementary Appendix, and
Homozygous SAO case histories). All parents of live-
born homozygous SAO cases, with the exception of one
(GO 009/16), were confirmed heterozygous for the SAO
AE1 deletion; case GO 012/19 was a homozygous fetus
that suffered intra-uterine death at 29 weeks. All the five
live-born cases were delivered prematurely, at 30 to 35
weeks of gestation. Similar to previous homozygous
SAO live-borns, our five homozygous SAO live-borns
suffered a severe phenotype requiring intra-uterine trans-
fusions, post-delivery transfusions and ventilation sup-
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port. Despite efforts to manage their condition, two of
the five patients reported here died, one during the
neonatal period and one at 2 months. Even though the
other two cases survived during the neonatal period, one
of them (GO 012/13) succumbed during infancy due to
complications of anemia and the other is not traceable
after 2 months. Further details of the obstetric history of

these families are provided in Figure 1 and the Online
Supplementary Table S2.

Among the five live-born homozygous SAO cases,
three of them had severe anemia at birth and two of
them developed it at 26 weeks (GO/01/10) and 25 weeks
(GO 012/13). All except GO 001/14 had hydrops fetalis
and hepatosplenomegaly (Table 1). Physical examination
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Table 1. Comparison of five Malaysian live-born homozygous Southeast Asian ovalocytosis (SAO) cases with a previously reported Comorian homozy-
gous SAO case.
Case                          GO 003/10               GO 010/10                  GO 001/14               GO 009/16                GO 012/1314                   Comorian SAO 
                                                                                                                                                                                                                     homozygote4,13

Gestation (weeks)                34                                     35                                        33                                     30                                       35                                             29
Age at diagnosis               Newborn                      15 days old                      3 months old                    Newborn                      4 months old                              No data
Sex                                          Male                                Male                                   Male                                Male                                 Male                                        Male
Race/nationality                   Malay                              Malay                                  Malay                              Malay                                 Malay                                   Comorian 
Living status                Died at 6 hours                  Died at 2                                 Not                           Died within                       Died at 24                                   Alive, 
                                                of life                        months old                           known                         few hours                      months old                            10 years old 
                                                                                                                                                                               of life                                                                              (2020)
Anemia                          Severe anemia             Severe anemia                        Severe                            Severe                              Severe                             Severe anemia
                                               at birth                       at 26 weeks                           anemia                           anemia                         anemia at 25                          at 22 weeks  
                                          (Hb 4.9 g/dL)                   gestation                           at birth                           at birth                     weeks gestation                         gestation
                                                                                   (Hb 2.4 g/dL)                   (Hb 5.0 g/dL)               (Hb 2.0 g/dL)                 (Hb 3.0 g/dL);                        (Hb 2.9 g/dL)
                                                                                                                                                                                                                   Hb 7.4 g/dL at                                    
                                                                                                                                                                                                                    4 months old                                     
Hydrops fetalis                      Yes                                  Yes                                      No                                   Yes                                    Yes                                           Yes
Hepatosplenomegaly           Yes                                  Yes                                      No                                   Yes                                    Yes                                       No data
Physical examination           Pale                             Bronzed                       Pale, jaundiced                  Very pale,                     Good APGAR,                              No data
                                                                                                                                                                    born not vigorous,                very pale, 
                                                                                                                                                                   poor APGAR score,               jaundiced, 
                                                                                                                                                                    umbilical bleeding               tachypnoiec                                      
Full blood picture   Many elliptocytes,                   Many                         Severe anemia             Spherocytosis                 Hypochromic                        Rich erythroid 
                                         stomatocytes,            spherocytic RBC,                with marked          with polychromasia.         microcytic cells,                     lineage. Large 
                                            and NRBC.                 crenated RBC,                 reticulocytosis,            Severe anemia                 elliptocytes                       ovalocytes, large
                                 Normal platelet count.    fragmented RBC,                 NRBC, many                 with marked                      as well as                            reticulocytes
                                   Leucoerythroblastic            NRBC, and                   spherocytes and           reticulocytosis,               teardrop cells                     and macrocytes. 
                                picture and neutrophilia     reticulocytes.              microspherocytes.                 NRBC,                      were observed.                    Normal myeloid 
                                                                        Slightly reduced platelet           Theta cells              many spherocytes                                                         and megakarytocyte
                                                                      (adequate for hemostasis,     also observed.      and microspherocytes.                                                               lineages.
                                                                            no clumping noted).                                            Theta cells also seen. 
                                                                                                                                                                     Normal platelets.                          
Patient genetics       Homozygous SAO        Homozygous SAO            Homozygous SAO        Homozygous SAO          Homozygous SAO                 Homozygous SAO 
                                              deletion                         deletion                            deletion                        deletion                          deletion                        deletion, b globin 
                                                                                                                                                                                                                                                                   “La De’sirade”, 
                                                                                                                                                                                                                                                                    α thalassemia
Complication and          1. Required                 1. Intrauterine                  1. Ventilated            1. Ventilated after            1. Intrauterine               1. Montly transfusions
management                   intubation              transfusion twice                  after birth.                          birth.                           transfusion                          since birth.      
                                       (ventilatory and        due to fetal anemia              2. Exchange                                                              at 25 weeks               2. dRTA (3 months old)
                                    inotropic support).           at 26 weeks.                      transfusion                                                      due to fetal anemia               treated with oral
                                        2. Packed cell               2. Ventilated               at 5 hours of life.                                                 and hydrops fetalis.             sodium bicarbonate 

                                      transfusion after              after birth.                    3. Six episodes                                               2. 2-weekly transfusions            and potassium 
                                   birth but died within       3. Packed cell                 of hemolysis                                                       from 1 month old.                      gluconate.   
                                      few hours of life.            transfusion at            within 42 days of life                                                3. Developed renal             3. High ferritinemia
                                                                                    day 5 of life.              (all required packed                                                 tubular acidosis                    (6 months old)
                                                                                                                            cell transfusion).                                           type I due to persistent               treated with
                                                                                                                     4. Hematinic prescribed.                                            metabolic acidosis                  deferoxamine
                                                                                                                                                                                                                and hypokalemia.                        mesilate. 
                                                                                                                                                                                                                                                             4. 10 years old (2020): 
                                                                                                                                                                                                                                                            still undergoing regular
                                                                                                                                                                                                                                                                     transfusions,
                                                                                                                                                                                                                                                                iron chelation, and 
                                                                                                                                                                                                                                                                acidosis treatment.
DRTA: distal renal tubular acidosis; Hb: hemoglobin; NRBC: nucleated red blood cell; PCR: polymerase chain reaction; RBC: red blood cell; SAO: Southeast Asian ovalocytosis; APGAR

score: appearance, pulse, grimace, activity, and respiration score.   



revealed pale appearance, distended abdomen due to
hepatosplenomegaly, and jaundice in all five cases. One
of the five cases was reported to have dRTA diagnosed in
the third month14 but the other four were not tested.
Despite medical interventions, all five homozygous SAO
children failed to thrive. This could be due to
hepatosplenomegaly, severe anemia or lack of appropri-
ate clinical management. It is difficult to gain more
insights into the implications of the SAO homozygous
cases as incomplete clinical data of the SAO cohort was
collected, lacking data on hemoglobin abnormalities and
blood group compatibility. It is also not known whether
prenatal diagnosis and termination of pregnancy were
offered. These services are not always available, and/or
not acceptable to parents. It is now evident that careful
clinical management can improve the life of homozygous
SAO individuals.4 The long-standing assumptions that
homozygous SAO is lethal, and that heterozygous SAO
is asymptomatic should be re-assessed. 

Several point mutations in AE1 that result in a wide
range of complications have been reported, many of
them leading to anemia and dRTA.2,12 Hemolytic anemia
is recorded in children with homozygous G701D or com-
pound heterozygous G701D/SAO, V850/SAO,
A858D/SAO and V850/A858D mutations.1 Therefore,
homozygous SAO and other AE1 null individuals, who
show disparity in survival, may be indicating the cumula-
tive result of hemolysis, acidosis and other hematological
abnormalities influenced by the co-occurrence of addi-
tional mutations. 

To our knowledge, this preliminary Malaysian SAO
cohort study, for the first-time reports five homozygous

SAO live-born cases. Since Malaysia and Southeast Asia
have a high prevalence of SAO it would be beneficial to
screen for SAO at antenatal clinics, at least for parents
with a history of hydropic or stillborn fetuses. It is also
essential to investigate the impact of heterozygous
mutant SAO AE1 on other pathological conditions and
ageing. Development of international and national guide-
lines for assessing a number of hematological, renal, and
hepatic conditions in combination with genetic mutation
markers to improve survival of homozygous AE1 null
probands is needed. 
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Figure 1. Family pedigree charts of five homozygous Southeast Asian ovalocytosis cases. Families of each homozygous Southeast Asian ovalocytosis (SAO)
cases are represented: (A) GO 003/10, (B) GO 001/14, (C) GO 010/10, (D) GO 012/19, and (E) GO 012/13. Squares and circles denote male and females,
respectively, with filled ones (grey or black) showing members affected with SAO. The numbered triangle (C) shows number of spontaneous abortions that
occurred in the couple’s past pregnancies. Parents of two SAO homozygous children (GO 012/19 and GO 010/10) had multiple unsuccessful pregnancies. The
mother of GO 012/19 suffered two intra-uterine deaths (including GO 012/19), while the mother of GO 010/10 suffered three spontaneous abortions. None of
these other unsuccessful pregnancies were investigated further. On the other hand, parents of GO 012/13 have two living children among whom one is SAO het-
erozygous, while parents of GO 012/19 have three living children with unknown SAO status (see the Online Supplementary Table S2). d: died; IUD: intra-uterine
death.
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Structural aberrations are associated with poor 
survival in patients with clonal cytopenia of 
undetermined significance

Many patients referred to the hematological depart-
ment with unexplained cytopenia are diagnosed with
idiopathic cytopenia of undetermined significance (ICUS)
when diagnostic bone marrow (BM) morphological find-
ings or cytogenetic abnormalities defining myelodysplas-
tic syndromes (MDS) are absent.1 Approximately half of
ICUS patients harbor MDS-related somatic mutations, a
condition known as clonal cytopenia of undetermined
significance (CCUS), associated with a >13-fold higher
risk of progression to MDS or acute myeloid leukemia
(AML) than ICUS patients without detectable mutations
(i.e., ICUS non-clonal).1,2 Still, the natural history of ICUS
varies considerably; thus, additional prognostic markers
remain to be identified.

Single nucleotide polymorphism-based array analysis
(SNP-A) in patients with myeloid malignancies allows
the identification of chromosomal aberrations beyond
the resolution of metaphase cytogenetics (≤5 Mb), i.e.,
focal copy number aberrations (CNA) and copy-neutral
loss of heterozygosity (CNLOH) (Online Supplementary
Figure S1), that correlate with clinical features and out-
come (reviewed by Kanagal-Shamanna et al.,3 Xu et al.4

and Ronaghy et al5). 
In this study, we investigated whether CNA and

CNLOH were also present in ICUS patients and, if so,
whether they had prognostic impact.

Patients (n=153) diagnosed with ICUS after routine
work-up in Denmark between 2009-2017 were included
upon first visit to the Department of Hematology and fol-
lowed prospectively until death or study cut-off date
(Online Supplementary Methods). 

The study was approved by the Danish Science Ethics
Committee and conducted in accordance with the
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Table 1. Structural aberrations, including relevant genes affected, in the cohort of 153 patients with idiopathic cytopenia that are also recur-
rently detected in myeloid malignancies.
A
Chromosomal Region         Abnormality          Relevant gene(s) (if known)*                No. and disorder                                   Relation*

                                                  type                                                                                    of cases

1p34                                                CNLOH                                        MPL                                                  1 (CCUS)                                  MDS, MDS/MPN, MPN, AML
1q                                                    CNLOH                                                                                         1 (ICUS non-clonal)                                        MDS, MPN
2p23                                               Deletion                                   DNMT3A                                     1 (ICUS non-clonal)                                        MDS, AML
4q12-q24                               CNLOH, Deletion              TET2, PDGFRA, FIP1L1      2, CNLOH (CCUS); 1, Deletion (CCUS)      MDS, MDS/MPN, MPN, AML
7q22                                               Deletion                                      CUX1                                                 1 (CCUS)                                  MDS, MDS/MPN, MPN, AML
11q13-q23                                      CNLOH                                 CBL, CCND1                                           1 (CCUS)                                  MDS, MDS/MPN, MPN, AML
19p13                                              CNLOH                              DNMT1, PRDX2                              1 (ICUS non-clonal)                                             MDS
20q                                                  CNLOH                                                                                                 1 (CCUS)                                                       MDS
B
Gene                Chr            Start, bp                  End, bp                 OMIM                Abnormality      Patient ID†       Disorder of            Relation
                                                                                                                                                                                   patient                     

TET2‡                     4              106,067,032                106,200,973                 612839                       Deletion                   36                      CCUS             MDS, MPN, AML
                                                                                                                                               CNLOH                 22, 34                   CCUS                            

CUX1                      7              101,458,959                101,927,250                 116896                       Deletion                   34                      CCUS             MDS, MPN, AML
DNMT3A‡              2               25,455,845                  25,565,459                  602769                       Deletion                    6             ICUS non-clonal   MDS, MPN, AML
IDH2‡                    15              90,626,277                  90,645,736                 147650                      CNLOH§                   11                      CCUS             MDS, MPN, AML
CALR                     19              13,049,392                  13,055,304                 109091                       CNLOH                    13            ICUS non-clonal              MPN
GNAS                     20              57,414,773                  57,486,250                  139320                        CNLOH                     1                       CCUS                  MDS, AML
CBL‡                      11             119,076,752                119,178,859                 165360                        CNLOH                     1                                               MDS, MPN, AML
MLL                       11             118,307,205                118,397,539                 159555                        CNLOH                     1                                                          AML
SF1                         11              64,532,076                  64,546,316                  601516                        CNLOH                     1                                                    MDS, AML
GNB1                      1                1,716,725                    1,822,526                   139380                        CNLOH                    14                      CCUS                  MDS, AML
MPL                        1               43,803,475                  43,820,135                 159530                       CNLOH                    14                                              MDS, MPN, AML
FBXW7                   4              153,242,410                153,457,253                 606278                        CNLOH                 22, 34                   CCUS                        AML
KIT                          4               55,524,085                  55,606,881                 164920                        CNLOH                    34                      CCUS             MDS, MPN, AML
-Y                                                                                                                                                                               [10 patients]            ICUS             MDS, MPN, AML
                                                                                                                                                                                                                  non-clonal/CCUS                  
(A) List of copy number aberrations (CNA) and copy neutral loss of heterozygosity (CNLOH) in our study cohort of patients with idiopathic cytopenia of undetermined
significance (ICUS), that are also recurrently detected in patients with myeloid malignancies. These include ten CNA and CNLOH in eight chromosomal regions identified
in eight patients (two patients had more than one). The cases listed in this table are all included in (B) except for chromosome 1q abnormality, as the gene(s) at this loca-
tion that is relevant for myeloid malignancies is unknown. (B) List of genes recurrently affected in myelodysplastic syndromes, myeloproliferative neoplasms and/or acute
myeloid leukemia that were involved in CNA and/or CNLOH in the ICUS patients. The cases listed in this table are all included in (A), except for the one marked by a section
sign (§) as CNLOH(15q) is not reported as a recurrent lesion in myeloid malignancies.*From reviews by Kanagal-Shamanna et al.3 and Xu et al.4 †Patient ID in accordance
with Online Supplementary Tables S2, S3. ‡Genes included in the 20-gene panel and sequenced in the study.  §Not included in (A). CNLOH: copy-neutral loss of heterozy-
gosity; CCUS: clonal cytopenia of undetermined significance; ICUS: idiopathic cytopenia of unknown significance; MDS: myelodysplastic syndromes; MPN: myeloprolifera-
tive neoplasms; AML: acute myeloid leukemia; Chr: chromosome; bp: base pairs; OMIM: online Mendelian inheritance in man. 



Helsinki Declaration. All patients provided written
informed consent.

Targeted next-generation sequencing of diagnostic
samples was performed using a custom-designed multi-
plex Ion Ampliseq panel (Thermo Fischer Scientific,
Waltham, MA, USA) including 20 genes recurrently
mutated in MDS (Online Supplementary Appemdix).  SNP-

A was performed on diagnostic samples using the
Infinium CytoSNP-850K v1.1 BeadChip (Illumina, San
Diego, CA, USA). Illumina intensity files (.idat files) were
analyzed visually with the GenomeStudio software ver-
sion 2011.1 (Illumina) (Online Supplementary Appemdix).

Patient characteristics at baseline are presented in the
Online Supplementary Table S1 and the Online
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Figure 1. Single nucleotide poly-
morphism-based array analysis-
detected structural aberrations
demarcate survival in patients
with idiopathic cytopenia of unde-
termined significance  but are not
an independent adverse prognos-
tic factor. Kaplan-Meier estimates
of (A) overall survival and (B) pro-
gression-free survival of the group
of idiopathic cytopenia of undeter-
mined significance (ICUS) patients
with copy number aberrations
(CNA) or copy neutral loss of het-
erozygosity (CNLOH) (excluding
loss of the Y chromosome; red
curve) and the group of ICUS
patients without CNA or CNLOH
(black curve). (C) Forest plot of
hazard ratios (HR) including 95%
Confidence intervals (CI) for all-
cause mortality in multivariable
analysis in ICUS patients (n=109
with complete data). Overall sur-
vival was measured from first bone
marrow investigation (=inclusion)
to death from any cause.
Progression-free survival was
measured from first bone marrow
investigation to progression to a
myeloid cancer or death from any
cause. Annotated P-values are
from two-sided log-rank tests.
Severe anemia was defined as
hemoglobin <100 g/L. Mutations
were identified by targeted next
generation sequencing using a 20-
gene panel with a lower limit of
detection at 2%. 

A

B
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Supplementary Figure S2 illustrates the workflow. Median
age was 69 years (range, 17-94 years) and two-thirds
were male. Sixty-four patients (42%) had ≥1 mutation(s)
in MDS-related genes with the most commonly affected
genes being TET2, DNMT3A and SRSF2 (Online
Supplementary Table S2).

SNP-A identified a total of 25 structural aberrations
(excluding loss of the Y chromosome [LOY]); 12 dele-
tions, eight CNLOH and five gains, in 23 of 153 patients
(15%) (Online Supplementary Table S3, Online
Supplementary Figure S3). 

Median sizes of the aberrations were deletions: 248 Kb
(range, 131.6-2,867.5 Kb), CNLOH: 82.9 Mb (range, 11.6-
137.1 Mb) and gains: 1.3 Mb (range, 0.6-2.6 Mb) ranging
from minor genomic segments to entire chromosomes.

Mutations in MDS-related genes were present in 12 of

23 patients (52%) with CNA/CNLOH (Online
Supplementary Table S3). Thus, a marker of clonal
hematopoiesis was identified in 11 of 85 ICUS patients
(13%) in whom no abnormalities were detected by con-
ventional cytogenetics or targeted sequencing (Online
Supplementary Figure S4).

The CNA/CNLOH identified in the ICUS patients were
largely overlapping with recurrent CNA/CNLOH of
known or likely clinical significance in patients with
myeloid malignancies (10 of 25 CNA/CNLOH; 40%)
(Table 1A).3,4,6 Correspondingly, many genes frequently
mutated in MDS, myeloproliferative neoplasms and/or
AML were located within the sites of CNA/CNLOH
(Table 1B; Online Supplementary Figure S5).

Mean corpuscular volume (median, 97 vs. 90 fL;
P=0.014) and ferritin level (median, 260 vs. 173 mg/L;
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Figure 2. In patienst with clonal cytopenia of undetermined significance, the presence of additional structural aberrations is associated with an increased haz-
ard of all-cause mortality in univariable and multivariable analysis. (A) Kaplan-Meier estimates of overall survival of the group of clonal cytopenia of undeter-
mined significance (CCUS) patients with copy number aberrations (CNA) or copy neutral loss of heterozygosity (CNLOH) (excluding loss of the Y chromosome;
red curve) and the group of CCUS patients without CNA or CNLOH (black curve). (B) Forest plot of hazard ratios (HR) including 95% Confidence Intervals (CI) for
all-cause mortality in multivariable analysis in CCUS patients (n=51 with complete data). Overall survival was measured from first bone marrow investigation
(=inclusion) to death from any cause. Patients alive at the last date of follow-up were censored at that time. Annotated P-values are from two-sided log-rank
tests. Severe anemia was defined as hemoglobin <100 g/L. 
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P=0.043) were significantly higher in ICUS patients with
CNA/CNLOH, and LOY was more preponderant (29%
vs. 8% of males; P=0.028) than in ICUS patients without
CNA/CNLOH (Online Supplementary Table S4). Notably,
there was no significant correlation between the pres-
ence of CNA/CNLOH and the mutational profile.

Of utmost importance for the clinical relevance is
whether the presence of chromosomal lesions translates
to more precise prognostication in ICUS patients. Median
follow-up time was 25 months (range, 2-114 months).
No patients were lost to follow-up, the only censoring
was administrative at the study cut-off date. Twenty
patients had a follow-up BM investigation performed for
suspected MDS. A total of 15 of 153 patients (10%) pro-
gressed to myeloid malignancy (MDS, n=12; AML, n=2;
chronic myelomonocytic leukemia, n=1), and 35 died
(23%) of any cause. All patients but one who progressed
carried somatic mutation(s). 

Survival of ICUS patients with CNA/CNLOH was sig-
nificantly shorter than of patients without CNA/CNLOH
for overall survival (OS) (median, 67 vs. 104 months;
P=0.039; hazard ratio [HR]=2.26; 95% Confidence
Interval [CI]: 1.04-4.93), and progression-free survival
(PFS) (median, 49 vs. 66 months; P=0.04; HR=2.07;
95%CI: 1.04-4.14) (Figure 1A and B; Online Supplementary
Table S5). In multivariable analysis adjusting for age, sex,
severe anemia, mutational status and smoking,
CNA/CNLOH were not associated with adverse out-
comes in ICUS patients (Figure 1C; Online Supplementary
Figure S6; Online Supplementary Table S5). 

The presence of somatic mutation(s) was significantly
associated with inferior PFS (HR=2.40; 95%CI: 1.30-4.43;
P=0.004), but not OS (HR=1.60; 95%CI: 0.82-3.16;
P=0.2) in univariable analysis. Somatic mutation(s) was a
borderline significant independent factor for inferior PFS
(adjusted HR=2.03; 95%CI: 0.97-4.26; P=0.06) (Online
Supplementary Figure S6). 

When we analyzed CCUS patients (n=64) as a sub-
group the adverse effect of CNA/CNLOH on OS was
more pronounced than in the entire study population of
ICUS non-clonal and CCUS patients. After a median fol-
low-up of 24 months (range, 2-109 months), median OS
was 67 months in the group of CCUS patients with
CNA/CNLOH compared with 104 months in the group
of CCUS patients without CNA/CNLOH (P=0.013)
(Figure 2A). The corresponding HR was 3.22 (95%CI:
1.22-8.51) for all-cause mortality in CCUS patients with
CNA/CNLOH. Notably, also in multivariable analysis the
presence of CNA/CNLOH in CCUS patients conferred a
more than three times higher hazard of death, which was
borderline significant (adjusted HR=3.56; 95%CI: 0.97-
13.15; P=0.056) (Figure 2B). Interestingly, this increased
mortality hazard was not driven by progression to overt
myeloid malignancy as an association with PFS was less
evident (Online Supplementary Figure S7).

On the other hand, in a separate analysis of the
patients with non-clonal ICUS, the presence of
CNA/CNLOH was not associated with shorter survival
(Online Supplementary Figure S8).

CCUS patients with CNA/CNLOH had a significantly
higher variant allele frequency of somatic mutations than
CCUS patients without CNA/CNLOH (median 36% vs.
24%; P=0.039) and were more likely to have LOY
(P=0.035) and macrocytosis (P=0.022) (Online
Supplementary Table S6). There was no significant differ-
ence between the two CCUS groups with respect to age,
sex, adverse mutations, number of mutations, smoking
or hematological parameters.

Multiple studies have demonstrated worse survival of

patients with myeloid malignancies harboring cryptic
chromosomal lesions compared with patients without
cryptic lesions.3,4 Akin to our findings, the impact of
CNA/CNLOH was generally more pronounced on OS
than PFS, and SNP-A improved prognostic stratification
in primarily lower-risk MDS patients including patients
with a normal karyotype.7,8

To our knowledge, only three smaller previous studies
have reported on CNA/CNLOH in patients with
ICUS/pre-MDS with frequencies at 15-32%.9–11 However,
their study designs did not enable distinction between
ICUS non-clonal and CCUS or correlation to clinical out-
comes.

SNP-A in large patient cohorts from genome-wide
association studies including healthy controls showed
that the frequency of mosaic CNA/CNLOH in peripheral
blood increases to approximately 2-3% for age >75
years.12 Even when only considering clonal mosaicism
(Online Supplementary Table S3), the frequency of autoso-
mal mosaic CNA/CNLOH was 2-3-fold higher in our
study population. This suggests that the loss of chromo-
somal integrity found by SNP-A in the ICUS patients was
related to their disorder, rather than their advanced age.

Our study has certain limitations. Firstly, follow-up
was relatively short given the cohort size and the life
expectancy of ICUS/CCUS patients. This may have influ-
enced the lack of statistical significance in multivariable
analysis. Obviously, our findings need validation in an
independent cohort.

Secondly, DNA from BM was not available for SNP-A
in all patients, hence, granulocytes from peripheral blood
were the source of DNA in these cases (Online
Supplementary Methods). We considered this feasible as
previous studies have shown a high concordance (95%)
for SNP-A karyotype between peripheral blood and BM
as also seen for somatic mutations.8,13

Thirdly, germline DNA was not available as matched
DNA reference to allow definitive distinction between
acquired and constitutional aberrations. Some aberra-
tions, especially small CNA, appeared to be fully clonal
(i.e., not mosaic) (Online Supplementary Table S3) and
therefore could be germline variants potentially predis-
posing to disease development. However, extensive
MDS-associated aberrations and LOY were also present
in a fully clonal state, as observed previously.14

Furthermore, it has been demonstrated that large (≥25
Mb) and/or telomeric CNLOH do not require verification
as they do not occur in non‐clonal control DNA.7,15

Finally, due to the scarcity of surplus sample material
we were unable to proceed with sequencing of  myeloid
malignancy-associated genes that were not included in
our 20-gene panel and were found to be affected by dele-
tion or CNLOH in a subset of patients (Table 1B).
Sequencing of these genes was compelling as regions of
acquired CNLOH may pinpoint homozygous loss of
tumor suppressor genes or oncogenes with homozygosi-
ty of mutations.3,15

Besides these limitations, our data document that addi-
tional structural aberrations detected by SNP-A may
influence the variability in the clinical course among
CCUS patients and distinguish patients with a markedly
worse OS. By contrast, in the group of ICUS non-clonal
patients, CNA/CNLOH had no impact on survival.
Newer technologies such as whole-genome sequencing,
capable of simultaneously detecting mutations and CNA,
are increasingly being used in the diagnostic setting. We
believe our study emphasizes the importance of the com-
pound analysis of mutations and structural aberrations in
CCUS patients.
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Minimal residual disease monitoring in acute myeloid
leukemia with non-A/B/D NPM1 mutations by digital
polymerase chain reaction: feasibility and clinical
use

In patients with acute myeloid leukemia (AML), treat-
ment stratification is primarily based on pre-therapeutic
factors, including cytogenetic and molecular aberrations
and measurable/minimal residual disease (MRD) during
treatment.1 Sequential MRD monitoring allows for
assessment of the response to chemotherapy and early
detection of relapses, possibly identifying patients who
need pre-emptive or more intensive therapy.2 In clinical
practice, MRD monitoring is based on molecular real-
time quantitative reverse transcriptase-polymerase chain
reaction (RT-qPCR) and/or flow cytometry.3 Currently
available molecular markers are basically represented by
fusion transcripts (especially CBFB-MYH11, RUNX1-
RUNX1T1 and PML-RARA)4,5 or mutations, mainly NPM1
mutations.6 However, 60 to 70% of AML patients lack
these leukemia-specific MRD targets and their samples
are not informative for MRD detection by RT-qPCR.3

Additionally, RT-qPCR assays require the generation of
standard curves covering the cycling threshold range of
patients’ samples to ensure the linearity of the assay at
the measured MRD level. This implies the maintenance
of plasmid standards for each molecular target, limiting
widespread use of this technique for rare markers in clin-
ical practice. In this context, digital polymerase chain
reaction (dPCR) is a promising approach to validate new
MRD markers in AML patients. dPCR provides absolute
quantification of nucleic acid target sequences with high
sensitivity. Notably, it avoids the absolute quantification
of plasmid standards and the pitfalls associated with vari-
ations in reaction efficiencies (e.g., number of technical
replicates performed, effect of the volume transferred
throughout the dilution series).7 This makes dPCR more
convenient for quantifying rare molecular markers and an

accurate alternative method for monitoring MRD. Briefly,
the sample is divided into thousands of partitions (wells
or droplets depending on the technology) containing
amplification reagents in which the targets are randomly
distributed. Each partition is analyzed and classified in a
positive or negative category depending on the initial
presence of the target. The absolute quantification is then
estimated by modeling the measured number of positive
fractions as a Poisson distribution model that estimates
how many compartments contained one, two or more
targets before amplification.

NPM1 mutations are one of the most frequent genetic
abnormalities in adult AML, being detected in approxi-
mately 35% of all patients with AML and in 50 to 60%
of those with cytogenetically normal AML, in whom
they are a major prognostic factor.1,8 Since their discovery
in 2005, more than 50 different mutations located in
exon 11 of NPM1 have been identified.9 Type A
(c.860_863dupTCTG), B (c.863_864insCATG) and D
(c.863_864insCCTG) mutations predominate in approxi-
mately 90% of NPM1-mutated AML patients.10 While
RT-qPCR could be effectively used to monitor all 
NPM1-mutated transcripts,11,12 in clinical practice, RT-
qPCR analysis is mostly restricted to type A, B and D
mutations for which commercial plasmid standards are
available. Recently, in a study focused on NPM1-type A,
B or D mutation quantification by RT-qPCR, the Acute
Leukemia French Association (ALFA) group supported
the strong prognostic significance of post-induction
NPM1-based MRD on outcome, independently of addi-
tional molecular or cytogenetic aberrations.6 Patients
who did not achieve a 4-log reduction (poor responders)
in NPM1-based MRD in peripheral blood were shown to
have a higher cumulative incidence of relapse and shorter
survival. Additionally, NPM1-based MRD was shown to
be a good predictive factor for the indication of allogeneic
stem cell transplantation in poor responders. 

The purpose of the present study was to define the
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Figure 1. Correlation between the quantification of levels of NPM1 type A mutation transcripts determined by real-time quantitative reverse transcriptase-
polymerase chain reaction and droplet digital polymerase chain reaction. NPM1 type A mutation transcript levels were quantified in samples from 28 patients
with acute myeloid leukemia using both real-time quantitative reverse transcriptase-polymerase chain reaction (RT-qPCR) with a TaqMan chemistry assay and
a droplet digital polymerase chain reaction (ddPCR) assay. The correlation between the ddPCR and RT-qPCR results was assessed using least squares regression
after logarithmic transformation.



ability of droplet dPCR to quantify non-A/B/D NPM1
mutations and to retrospectively evaluate the prognostic
impact of post-induction NPM1-based MRD in AML
patients with a “rare” NPM1 mutation (i.e. non-A/B/D)
enrolled in the ALFA-0702 trial.

From March 2009 to September 2013, 713 patients
aged 18–59 years old with de novo AML were included in
the phase II randomized multicenter ALFA-0702 trial
(Eudra-CT, 2008-000668-18; ClinicalTrials.gov,
NCT00932412).13 The study was approved in December
2008 by the Institutional Review Board of the French
Regulatory Agency and the Ethics Committee Sud-Est IV,
France. All patients gave informed consent for both treat-
ment and genetic analyses, according to the Declaration
of Helsinki. NPM1 mutations and FLT3-internal tandem
duplications (ITD) were determined by fragment analysis
and Sanger sequencing as part of the patients’ care.13

Overall, NPM1-mutated AML accounted for 36% of the
cases of AML (234 patients), of which 13% (31 patients)
had non-A/B/D mutations. Among them, 22 patients
with available RNA-complementary DNA (cDNA)
extracted from peripheral blood after induction therapy
were selected for this study. Additionally, 28 AML
patients with a NPM1-type A mutation were selected to
compare the performance of droplet dPCR versus stan-
dard RT-qPCR performed as previously described.6 

Peripheral blood samples were collected at diagnosis
and after induction (MRD1) for patients in complete
remission. Droplet dPCR was performed on cDNA using
the Bio-Rad QX200™ droplet dPCR system with FAM-
and HEX-labeled probes (Online Supplementary Figure S1,
Online Supplementary Table S1). NPM1 mutations and
ABL1 transcripts were quantified in multiplex. Each sam-
ple was partitioned into 20,000 uniform droplets allow-
ing a random distribution of the target cDNA. End-point
PCR amplification of the nucleic acid target was carried
out within each droplet using the high-performance
T100™ Thermal Cycler (Bio-Rad). PCR products were
then subjected to the QX200 Droplet Reader (Bio-Rad),
which measures the fluorescence of each droplet using a
two-color detection system. Raw data were analyzed
using QuantaSoft™ software (Bio-Rad). Data were
shown as a one-dimension plot with each droplet from a
sample plotted on the graph of fluorescence intensity ver-
sus droplet number. The fraction of positive droplets was
then estimated using a Poisson distribution model.
Assays performed to optimize and validate the quantifi-

cation of NPM1-mutated transcript levels are described in
the Online Supplementary Appendix (Online Supplementary
Methods, Online Supplementary Figures S2-S7, Online
Supplementary Tables S2-S4). For statistical analyses, over-
all survival and disease-free survival were estimated by
the Kaplan-Meier method and compared by cause-specif-
ic hazard Cox models. Overall survival was measured
from the date of diagnosis until death from any cause.
Disease-free survival was measured from the date of
complete remission until the date of relapse. Patients
were censored at the time of allogeneic stem cell trans-
plantation in first remission. A P-value <0.05 was consid-
ered statistically significant.

NPM1-type A mutation transcript levels in 28 AML
samples were quantified using both RT-qPCR and droplet
dPCR and produced concordant results, showing that
dPCR could be considered as an alternative for monitor-
ing type A mutations3 (Figure 1). Subsequently, 22 AML
patients enrolled in the ALFA-0702 trial who achieved
complete remission and harbored 16 different rare NPM1
mutations were studied by droplet dPCR (Online
Supplementary Table S5). Although the number of subjects
was very small, AML patients with rare NPM1 mutations
who did not achieve a 4-log reduction of NPM1-based
MRD in peripheral blood had a significantly shorter dis-
ease-free survival (3-year disease-free survival: 43.8% vs.
100%; P=0.004) (Figure 2A) as described for classical
NPM1-type A, B and D mutations.6 The difference did not
reach statistical significance for overall survival (3-year
overall survival: 71.4% vs. 100%; P=0.065) (Figure 2B),
perhaps due to low numbers. FLT3-ITD was found in one
poor responder (ratio 0.95) and three good responders
(ratios 0.4, 0.4 and 1.0). Interestingly, some studies have
found that rare NPM1 mutations (i.e., non-A/B/D) have
different clinical or biological behaviors compared to clas-
sical NPM1 mutations (i.e., type A, B or D).10,14 This could
result from different amino-acid substitutions or accom-
panying alterations in commonly mutated genes such as
FLT3, DNMT3A or IDH1/IDH2. In current practice, it can
be assumed that the ability to monitor classical NPM1
mutations by RT-qPCR in most laboratories could lead to
earlier detection of relapses, better selection of patients
with an indication for allogeneic stem cell transplanta-
tion, and easier administration of pre-emptive therapy.
Although focused on a small subgroup of patients, our
results extend those previously published by the ALFA
group6 and suggest that a post-induction 
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Figure 2. Outcomes according to NPM1-based minimal residual disease. (A) Disease-free survival and (B) overall survival in acute myeloid leukemia patients
with rare NPM1 mutations according to post-induction log reduction in minimal residual disease in peripheral blood (<4-log reduction or >4-log reduction).
Disease-free and overall survival were censored at allogeneic stem cell transplantation.

 A                                                                              B



NPM1-based MRD log reduction in peripheral blood
greater than 4-logs defines a group of patients with a very
low risk of relapse when treated with chemotherapy
alone whatever the type of NPM1 mutation.
Additionally, this study highlights the robustness and
accuracy of dPCR for detecting MRD in patients for
whom standard MRD markers are not available.15 The
dPCR assay reliably detected five copies of mutated
NPM1 transcript (the limit-of-detection assay was per-
formed with type A, B and D transcripts). The detection
limit was therefore 0.01% for a sample containing 50,000
copies of the housekeeping ABL1 gene, which is equiva-
lent to the RT-qPCR assay used in most laboratories.
Thus, dPCR could be informative for the early detection
of relapses and be used for MRD follow-up in patients.
Considering its sensitivity and ease of use (especially the
absolute quantification without the need for standard
curves), dPCR may represent an alternative method
equivalent to RT-qPCR for MRD monitoring of classical
NPM1-type A, B and D mutations.
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Genome wide association study of silent cerebral
infarction in sickle cell disease (HbSS and HbSC)  

Silent cerebral infarcts (SCI) are common in patients
with sickle cell disease (SCD). Up to 35% of children
with HbSS will have an SCI by the age of 15 years, and
this prevalence has been shown to increase linearly with
age.1 The exact nature of SCI is unknown, although they
are probably small regions of ischemic damage detectable
on magnetic resonance imaging (MRI). By definition,
they do not cause overt neurological deficit. They have,
however, been demonstrated to predict a lower intelli-
gence quotient (IQ) and also carry a higher risk of large
vessel territory ischemic stroke.2 Established risk factors
for SCI in patients with hemoglobin (Hb) SS include a
lower baseline Hb, male sex and relative hypertension,3

but there is no consensus on the effect of HbF levels.3-6

Less is known about SCI in those with HbSC genotype,
however, the prevalence in children has been reported at
between 5.8-13.5%.7,8 We performed a retrospective
analysis of 333 patients with HbSS and 76 patients with
HbSC. We found SCI occurred far younger in HbSS, with
a hazard ratio of 3.01 against HbSC for SCI, however, the
prevalence of SCI in our HbSC cohort was unexpectedly
high at 55%. We also showed that α thalassemia (AT)
and female sex offered protection against SCI in patients
with HbSS, but not HbSC. Additionally, we found no
influence of glucose-6-phosphate dehydrogenase (G6PD)
deficiency on SCI, and no influence of measured HbF lev-
els, or genetic loci known to influence HbF levels, on SCI
outcomes.

Patient data came from the South East London sickle
gene bank (London, UK). Written informed consent was
obtained through three approved study protocols (LREC
01-083, 07/H0606/165, and 12/LO/1610) and research
conducted in accordance with the Helsinki Declaration
(1975, as revised 2008). Genotyping data were estab-
lished for 15 million variants using the Illumina Infinium
MEGA chip and imputation using 1,000genome phase 3
data on the Michigan imputation server as described pre-
viously.9 AT was determined using single tube multiplex
polymerase chain reaction (PCR) according to previously
published methods.9 Clinical notes and neuroimaging
results from the year 2000 onwards were reviewed for all
patients. Evidence of SCI were determined by MRI using
the accepted neuroradiological criteria3 and confirmed to
have no correlating overt clinical event in the clinical
notes. The age at which the first radiological evidence
that an SCI had occurred was recorded. Controls were
determined by MRI confirming the absence of any white
matter hyperintensities. The age was defined by the most
recent neuroimaging scan confirming this absence.
Kaplan-Meier plots and Cox-proportionate hazard
(coxPH) ratios were calculated in R 3.6.1. Linear mixed
modeling was performed using genome-wide complex
trait analysis (GCTA), with a genetic relatedness matrix
to account for population structure. Age, sex, sickle geno-
type and AT were used as covariates. The threshold for
genome wide statistical significance was set at 5x10-8.

The cohort consisted of 333 patients with HbSS and 76
with HbSC genotypes. The average age was 35.8 years
(yrs) (range, 11.4-78.1 yrs) in the HbSS cohort and 52.3
yrs (range, 17.6-84.2 yrs) in the HbSC cohort.
Heterozygous AT (αα/-α3.7) was detected in 130 (32%) of
the total cohort, and homozygous AT (-α3.7/-α3.7) in 21
(5%). The prevalence of SCI in those with HbSC was
equivalent to that seen in the SCA cohort (53.4% vs.
55%), although, as demonstrated in Figure 1A, these

occurred at a much later age (average age 50.6 yrs vs. 25.7
yrs). CoxPH ratios showed a hazard ratio (HR) of 3.01 for
SCI in patients with HbSS than those with HbSC. 

Our cohort had a slight excess of females (245) to
males (164). The Kaplan-Meier plots (Figure 1B) and
coxPH ratios demonstrate that males carried a higher risk
for SCI (HR=1.54, 95% Confidence Interval [CI]: 1.18-
2.03, P=0.0016). Considering the two sickle genotypes
individually, shown in Figure 2A and B, we found this to
only be a risk factor in patients with HbSS (HR=1.86,
95%CI: 1.24-2.8, P=0.002), but not in those with HbSC
(HR=0.77, 95%CI: 0.38-1.6, P=0.465). G6PD assay
results were available for 321 of our cohort, including 36
with G6PD deficiency. Adding this as a covariate did not
improve the model, and G6PD deficiency was not a sta-
tistically significant variable (HR=1.11, 95%CI: 0.67-1.8,
P=0.69). We further tested this in just the male subgroup
and reached the same conclusion.

AT is a known protective factor with respect to large
vessel cerebrovasculopathy in SCD, however, its effect
on SCI was not known. We report an overall protective
influence (HR=0.77, 95%CI, 0.6-0.99, P=0.038) on SCI
occurrence. Again, we found that this influence was only
seen in those with HbSS (HR=0.74, 95%CI: 0.56-0.96,
P=0.026), but not those with HbSC (HR=0.91, 95% 
CI:0.50-1.7, P=0.774). 

We also considered clinical measurements of HbF%.
Methods of collection are detailed in a separate study.10

Three hundred fifty-nine  patients had validated HbF
measurements. The average HbF% in the HbSS cohort
was 7.2% (n=292), and 1.9% (n=67) in those with HbSC.
We found no association between HbF% and SCI out-
comes, after adjusting for age, sex, and sickle genotype
(overall response [OR]=0.80, 95%CI: 0.51-1.09,
P=0.126). 

We used our variant dataset to perform genome wide
analysis on this patient cohort, using age at defined out-
come, sex, sickle genotype and AT as covariates. We also
included a genetic relatedness matrix to control for pop-
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Table 1. Results from linear mixed modelling on the influence of can-
didate variants reported to associate with silent cerebral infarcts
(SCI) and variants known to significantly influence clinical HbF levels
on SCI outcomes in all patients with sickle cell disease, and in those
with HbSS genotype.
Gene                  RS id                All patients               HbSS only 

VCAM1               rs1041163        OR=1.08, P=0.675       OR=1.19, P=0.413
ADAMTS10        rs4275799        OR=0.91, P=0.563       OR=0.89, P=0.511
NOM1                 rs887614         OR=0.99, P=0.944       OR=1.02, P=0.919
FRMD4A            rs3750882        OR=1.12, P=0.456       OR=1.07, P=0.705
CACNB2            rs2357790        OR=0.79, P=0.081       OR=0.76, P=0.073
BCL11a              rs6545816        OR=1.1, P=0.529         OR=1.04, P=0.791
BCL11a             rs1427407        OR=0.8, P=0.159         OR=0.85, P=0.374
BCL11a            rs11886868       OR=0.83, P=0.215       OR=0.89, P=0.508
HBS1L-MYB      rs9376090        OR=1.88, P=0.347       OR=2.31, P=0.275
HBS1L-MYB    rs66650371       OR=0.87, P=0.674       OR=0.89, P=0.755
HMIP                 rs9399137        OR=0.87, P=0.674       OR=0.89, P=0.755
HMIP                 rs9389269        OR=1.14, P=0.714       OR=1.18, P=0.664
HMIP                 rs9402686        OR=1.2, P=0.592         OR=1.25, P=0.549
HMIP2b             rs9494142        OR=0.91, P=0.684       OR=0.91, P=0.722
HMIP2b             rs9494145        OR=1.01, P=0.98         OR=1.22, P=0.593
g(HbF)                                        OR=1.36, P=0.466       OR=1.08, P=0.487

RS id:  reference single nucleotide polymorphisms identity; HbSS: hemoglobin SS;
OR: overall response.



ulation substructure and cryptic relatedness. The discov-
ery cohort included 403 patients with full phenotype and
covariate datasets. The lGC (0.986) and QQ plot (Online
Supplementary Figure S1A) showed no evidence of genom-
ic inflation. The Manhattan plot (Online Supplementary
Figure S1B) did not show any variants approaching the
threshold of statistical significance. The top five variant
loci from the analysis are shown in the Online
Supplementary Table S1. We used the summary statistics
generated by this analysis to interrogate the association
of five variants previously reported to affect SCI out-
comes.11-13 Additionally, we looked at the variants known
to strongly influence HbF levels in sickle cell
populations.14 No variants demonstrated an association
with SCI at a nominal significance of P<0.05 (Table 1).
Additionally, we evaluated the HbF genetic prediction
score, g(HbF), which combines four markers to form a
composite score of the genetic influence on HbF levels.10

This again did not show an association with SCI out-
comes. We also confirmed all these negative findings in
the HbSS cohort alone.

In this study, we have reviewed prevalence rates of SCI
in patients with sickle cell disease and considered genetic
risk factors that may influence their occurrence. We
found the SCI prevalence in the HbSS cohort similar to
that reported previously,1 but additionally, report that the
HbSC patients have a notably high prevalence, albeit at
an older age. These data add to the rates reported in
childhood studies7,8 and suggests that as with HbSS, there
is a linear increase in prevalence with age. Moreover,
although our HbSC cohort is small in size, our analysis
suggests the risk factors are different to those in HbSS.
We were unable to explore whether older age risk factors
such as diabetes mellitus or hypertension were contribut-
ing to SCI risk in this older cohort.

We report, for the first time, the protective effect of AT
against the development of SCI in patients with HbSS. A
previous study failed to find an association, although this
was a smaller study with less well defined neuroradiolog-
ical criteria.15 This protective effect may be related to the
higher steady state Hb levels associated with AT, which
has previously been shown to confer a 2-fold protective
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Figure 1. Survival analysis of factors affecting silent cerebral infarcts events in patients with sickle cell disease. (A) Kaplan-Meier plot com-
paring outcomes in hemoglobin (Hb) SS and HbSC genotypes. (B) Kaplan-Meier plot comparing outcomes in males and females. (C) Kaplan-
Meier plots comparing outcomes with no α thalassaemia (AT), heterozygous and homozygous deletional AT. (D) Forest plot of Cox-proportion-
ate hazard ratios for the three factors affecting silent cerebral infarcts outcomes in patients with sickle cell disease.  

   A                                                                                             B

   C                                                                                          D
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Figure 2. Survival analysis of factors effecting silent cerebral infarcts events in patients with HbSS and HbSC disease separately. (A) Kaplan-meier plot com-
paring outcomes in males and females in hemoglobin (Hb) SS. (B) Kaplan-meier plot comparing outcomes in males and females in HbSC. (C) Kaplan-meier plot
comparing outcomes with no α thalassaemia (AT), heterozygous and homozygous of deletional α in patients with HbSS. D) Kaplan-meier plot comparing out-
comes with no AT, heterozygous and homozygous of deletional α in patients with HbSS. (E) Forest plot of the Cox-proportionate hazard ratios of the factors affect-
ing silent cerebral infarcts (SCI) outcomes in patients with HbSS. (F) Forest plot of the Cox-proportionate hazard ratios of the factors affecting silent cerebral
infarcts outcomes in patients with HbSC. 

   A                                                                                   B

   C                                                                                   D

   E                                                                                   F



effect (<76 g/L vs. >86 g/L).3 However, there may also be
an additional rheological benefit in the form of improved
red blood cell deformability and reduced hemolysis
reducing microinfarcts. Unfortunately, we did not have
sufficient data on baseline Hb levels in this cohort to
assess the interaction of AT and Hb on SCI.

Our study had some important negative findings. Some
studies have found low HbF levels to be a risk factor4-6 for
SCI, whereas others have not.3,15 In our cohort, we did
not see any association of HbF% with SCI outcomes. We
also did not see an association with the genetic modula-
tors of HbF, nor the composite g(HbF) prediction score,10

suggesting genetic variation of HbF levels in our popula-
tion of predominantly west African and Caribbean
patients does not determine the risk of SCI. However, we
did not consider the possible confounding influence of
concurrent large vessel vasculopathy on SCI, which has
been suggested to represent an alternative pathogenic
mechanism of SCI.4 Additionally, although we confirmed
the increased risk with male sex previously reported,3 we
did not find any association of the X-linked condition
G6PD deficiency. We also did not find a correlation with
candidate variants previously identified. Finally, our own
genome wide analysis also did not generate novel candi-
dates, although it is possible that genetic associations
might be found by larger studies. 

In summary, our key findings are that co-inheritance of
AT and female sex, but not elevated HbF%, provide pro-
tection against development of SCI in patients with
HbSS. SCI are common and under recognised in patients
with HbSC, and further studies are needed to better
understand the prevalence rates and risk factors in this
condition.
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MK2 is a therapeutic target for high-risk multiple
myeloma

Multiple myeloma (MM) is an incurable plasma cell
malignancy characterized by heterogeneous genetic
diversity. Although the development of proteasome
inhibitors and immumodulatory drugs combined with
autologous stem cell transplantation (ASCT) have
achieved advanced improvement for MM treatment, the
majority of MM patients ultimately relapse.1,2 One
hypothesis for relapse is the cytogenetic evolution of
drug-resistant MM cells and the generation of more
aggressively proliferative subclones over the patients’ dis-
ease course. Recent studies support this hypothesis and
demonstrate that the existence of intraclonal heterogene-
ity in MM and genome of high-risk patients with poor
outcome and survival present more changes over the dis-
ease course.3 The progression of modern high-through-
put genomic and proteomic analytical technique such as
gene expression profile (GEP) and whole exome or
genome sequencing combined with bioinformatic and
bio-statistic approaches has aided the investigation of
these MM clinical samples.4,5 Based on GEP analysis of
sequential MM primary samples during the disease
course, characterized by serial cycles of response, remis-
sion, and relapse combined with health donor control,
our group identified a serial of genes inluding NEK2,
RARα2, which induce MM proliferation and  drug-resis-
tance  resulting in MM relapse and poor outcome.6

MAPKAPK2 (MK2), a major substrate of p38, is regu-
lated through direct phosphorylation by p38 MAP kinase,
and participates in many cellular processes such as stress
and inflammatory responses, cell proliferation and gene
expression regulation.7,8 To date, abnormality of MK2 is
associated with a broad range of cancers, including
glioblastoma, lung and bladder cancer.9 Intriguingly, p38-

MK2-Hsp27 signaling maintains survival of cancer stem
cells,10 which is regarded as an obstacle of MM treatment
and the resource for MM relapse in clinics suggesting
MK2 is a promising therapeutic target in MM. However,
MK2 has received little attention in MM. 

In order to explore the role of MK2 in MM, we exam-
ined MK2 expression of normal plasma cells (NP) (n=22),
monoclonal gammopathy of undetermined significance
cells (MGUS) (n=44) and newly diagnosed myeloma
patient plasma cells (n=351) using our GEP database col-
lected from the National Institutes of Health Gene
Expression Omnibus GSE2658 and the result showed sig-
nificantly increased MK2 expression in MM cells com-
pared to NP and MGUS cells (data not shown).11 Following
analysis of array-based comparative genomic hybridiza-
tion (aCGH) data, GSE4452, collected from 67 MM
patients indicated that the MK2 locus was frequently
amplified in MM patient samples relative to normal con-
trol (data not shown).12 We further observed elevation of
MK2 expression in high-risk MM patients compared to
low-risk patients (Figure 1A). The expression of MK2 in
the PR (high proliferation) and MS (MMSET transloca-
tion) groups, the worst two subgroups in MM patients,
was dramatically elevated compared to the other six
groups13 (Figure 1B). Upon correlation analyses of MK2
with clinical characteristics, MK2 expression performed
as an independent factor associated with parameters like
C-reactive protein at least 4.0 mg/L (P<0.05), chromoso-
mal abnormalities (by G-banding) (P<0.05), and magnetic
resonance imaging focal bone lesions, at least three
lesions, which were acknowledged as a poor diagnosed
markers in MM (data not shown). 

We further tested MK2 mRNA expression in MM
patients from APEX trials which evaluated the response
to standard therapies (bortezomib or dexamethasone).14

A pronounced elevation of average MK2 expression was
observed in the no-response treatment group compared
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Figure 1. MK2 is a poor prognostic marker or a high-risk gene in multiple myeloma. (A) MK2 expression in the TT2 high and low group based 70-gene model.
(B) A box-plot exhibited the average MK2 expression in eight multiple myeloma (MM) subgroups of the TT2 cohort. (C) A box-plot showed MK2 expression in
patients categorized by unresponsive (No Response) or responsive (Response) to treatment with dexamethasone and/or bortezomib. (D) Kaplan-Meier analysis
on the MM patients’ survival in APEX cohort divided by different MK2 expression. (E and F) Kaplan-Meier curve on relapsed MM patients’ event free survival
(E) and overall survival (F) in the TT2 cohort divided by MK2 expression.

  A                                                              B                                                              C

  D                                                         E                                                            F



to the response group indicating that MK2 may lead to
drug-resistance in MM (Figure 1C). The distinction of
MM patients with MK2 was clinically relevant and
patients with high-MK2 expression had poor outcomes
in the APEX cohorts (Figure 1D). Since the APEX cohort
was comprised with relapsed MM patients, we also
examined the patients who eventually relapsed in TT2
cohort. The results demonstrated that MM patients with
higher MK2 expression were associated with poor sur-
vival, event free survival and overall survival (Figure 1E
and F). These findings from two independent cohorts
suggest that increased MK2 expression may lead to MM
drug-resistance and relapse. Herein we propose that MK2
is a poor prognostic marker or a high-risk gene in MM.

In order to determine if MK2 plays a role as a high-risk
gene in MM rather than a sequential phenomenon, we
knocked down MK2 expression in MM cells using
lentiviral single hairpin RNA (shRNA) transfection. We
first detected the protein expression levels of MK2 in
MM cells by western blot and found that all the nine MM
cell lines, XG1, CAG, ARP1, U266, OMP2, H929,
MM.1S, 8226 and OCI-MY5, used in this assay ubiqui-
tously expressed MK2 (data not shown). Then we down-
regulated MK2 expression in ARP1 and OCI-MY5 cells
by lentiviral shRNA particles. As shown in Figure 2A,
MK2 expression was remarkably knocked-down in 
MK2-shRNA transfected MM cells (KD) compared to the
control (Ctrl). In order to expose the effect of MK2 on
MM cell growth, KD and Ctrl cells were cultured for 5
days and cell numbers were counted daily. MK2-KD MM
cells exhibited a significantly lower cell growth rate than
the Ctrl cells in both ARP1 and OCI-MY5 cells (Figure
2B)， which was also verified by MTT assay (data not
shown). The growth inhibition effect of MK2-shRNA was
further confirmed by a clonogenecity assay. As shown in
Figure 2C, MK2-KD cells generated ample reduction of

colonies relative to corresponding control cells. The
decreased growth rate of MK2-KD cells was ascribed to
increased apoptotic cell death by MK2 inhibition, and
flow cytometry showed that Annexin V positive cells sig-
nificantly increased after MK2-shRNA transfection for
48h (Figure 2D). These results suggest MK2 expression is
important for MM cell growth in vitro.

We further extended our findings to an in vivo study
and injected both ARP1KD and ARP1Ctrl cells subcutaneous-
ly into the opposite side flanks of each NOD scid gamma
mouse (NSG) mouse (n=4). Tumor diameters were meas-
ured and recorded twice a week to examine the growth
rate of the tumor cells. After 4 weeks, the tumors pro-
duced by ARP1KD cells were visibly smaller than their cor-
responding ARP1Ctrl counterparts. The average weight of
ARP1KD tumors (0.39 g) was 25% lower than the control
tumors (1.55 g; Figure 2E). Time course regression analy-
ses of growth rates exhibited that the ARP1KD tumors vol-
ume significantly fell behind the ARP1Ctrl control tumors
(Figure 2F). These results indicate that genetic knock-
down of MK2 retards myeloma growth in vivo.

Inversely to the knockdown assay, we transfected MM
cells with MK2 CRISPR lentiviral activation particles,15

and verified success of the transfection by western blot
assay which showed a visible elevation of MK2 expres-
sion in the lentiviral-transfected (OE) cells compared
with control cells (WT) (Figure 3A). The trypan blue cell
number counting assay demonstrated that ARP1 and
OCI-MY5 MK2-OE MM cells presented a higher growth
rate than their WT counterpart after 5 days of culture
(data not shown). Next, a colony formation assay was
employed and indicated that regardless of experimental
conditions, MK2-OE cells generated more colonies than
WT cells. Initially, MK2-OE cells formed a higher number
of colonies than WT cells. In addition, compared with
WT cells, the growth capability of MK2-OE cells treated
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Figure 2. Decreased MK2 expression induces multiple myeloma cellular apoptosis and growth inhibition in vitro and in vivo. (A) MK2 expression in ARP1 and
OCI-MY5 cells was measured by western blot after MK2-single hairpin RNA (shRNA) transfection. (B) Cell growth curve was drawn by trypan blue staining after
observing ARP1 and OCI-MY5 MK2-knockdown (KD) and control (Ctrl) cells for 5 days. (C) Clonogenicity evaluation for the Ctrl and MK2-KD ARP1 and OCI-MY5
cells. (D)  Flow cytometry for cellular apoptosis marker Annexin V in MM cells after MK2-shRNA lentivirus transfection for 48 hours. (E) Mean weight tumors
derived from ARP1-Ctrl and ARP1-KD cells on day 30 post injection. (F) Tumor growth time course in NOD/SCID mice xenografted by ARP1-Ctrl and ARP1-KD
cells in each flank respectively (n=4). 

  A                                                          B                                                                   C

  D                                                         E                                                                  F



with bortezomib or doxorubicin was more prominent
than that of MK2-OE cells without treatment (Figure 3B).
Flow cytometric detection for Annexin V, a marker of
apoptosis, illustrated the same trend, as treatment on
cells with bortezomib (8 nM) or doxorubicin (100 nM)
induced less death in the “OE” than “WT” samples (data
not shown). These results support our proposal that MK2
promotes myeloma progression and drug resistance.

In order to analyze how MK2 mediates MM progres-
sion, a co-immunorrecipitation assay was performed to
detect the down-stream target of MK2. We found that
AKT could be immunoprecipitated by MK2 antibody. On
the other hand, MK2 was pulled down using AKT anti-
body in both ARP1 and OCI-MY5 cells (Figure 3C).
Further immunofluorescence study showed that the MK2
signal labeled by red color overlapped with green color
representing the AKT signal (Figure 3D) in both ARP1
and OCI-MY5 cells. Both assays proved that MK2 direct-
ly bound with AKT in MM cells. As MK2 is a Ser/Thr
protein kinase, we investigated whether MK2 could
phosphorylate and activate AKT. Western blot results
confirmed that pAKT(S473), the activated form of AKT,
was up-regulated by MK2 overexpression compared to
WT cells suggesting that MK2 phosphorylated AKT
(Figure 3E). This interpretation was supported by the spe-
cific AKT phosphorylation inhibitor, LY490002, which
overcame the MK2 activation induced MM cellular drug-
resistance and profoundly suppressed clonogenicity in
ARP1 and OCI-MY5 OE cells (Figure 3F). A plausible con-
clusion is, thus, that MK2 promotes MM progression
through directly activating AKT. In addition, we also val-
idated that MK2 inhibitor IV, a selective MK2 inhibitor
had an inhibititory effect on MM cells both in vitro and in
5TGM1 MM mouse model (data not shown). 

In summary, we first evaluated MK2 expression in MM
cells relative to normal control cells, and correlated MK2
with MM patient outcomes in relapsed MM patients. We

also showed that MK2 mediated MM cellular growth and
drug-resistance. Finally, we disclosed that MK2 regulates
MM progression through activating AKT signaling. Our
findings indicate that MK2 acts as a novel clinical marker
for high-risk myeloma. Targeting MK2 in combination
with current therapies may improve effectiveness and
long-term patient response to treatment.
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Figure 3. MK2 interacts with AKT to promote multiple myeloma progression. (A) Western blot assay on MK2 expression in ARP1 and OCI-MY5 wild-type (WT)
and lentiviral-transfected (OE) cells. (B) Colony formation assay of ARP1 and OCI-MY5 MK2-WT and OE cells treated with or without bortezomib or doxorubicin.
(C) Co-immunoprecipitation assay showed that MK2 interacted with AKT in MM cells. (D) Immunofluorescence staining on MK2, AKT and DAPI in ARP1 and OCI-
MY5 cells. (E) Western blot assay on pAKT expression in ARP1 and OCI-MY5 MK2-OE cells treated with or without LY292002. (F) Colony formation of ARP1 and
OCI-MY5 MK2-OE cells fed by medium in absence or presence of LY292002.
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COMMENT

Breast dose matters

This high quality meta-analysis by Tromeur et al.1

imparts great additional value to the recent Cochrane
review on this topic of the evaluation of pulmonary
embolism in pregnancy.2 Specifically, it is quite impres-
sive that both computed tomography pulmonary angiog-
raphy (CTPA) and ventilation-perfusion (VQ) imaging
have a pooled negative predictive value of 100% and the
pooled rates on non-diagnostic results are comparable in
this population.  

We however differ regarding the maternal breast radi-
ation exposure. There is an error in referencing Mitchell
et al.3 in Table 4: the paper does not state the maternal
effective doses at all for pregnant patients and the mean
breast effective doses are incorrect. Mitchell et al.3 were
able to reduce the mean breast dose from 7.64 mGy to
3.65 mGy utilizing a reduced 80 kV monitoring scan prior
to the diagnostic scan. This paper does not give a dose
range, thus approximately 50% of pregnant patients’
breast dose was more than 3.65 mGy.3 Low-dose perfu-
sion imaging as described by Tromeur et al.1 utilizes 25%
of a conventional perfusion dose, thus imparts 25% of
the radiation to the maternal breast, maternal whole
body and fetus: 0.16 mGy, 0.47 mGy and 0.02 mGy
respectively.4 The CTPA maternal breast dose is at least
22 times higher than that of low dose perfusion imaging,
and this is not insignificant given the increased breast
mitotic rate during pregnancy. It is interesting that the
short term breast cancer rate was not increased post
CTPA. However, the majority of the CTPA patients were
postpartum when the mitotic rate is normal, while the
majority of patients who underwent VQ imaging were
pregnant when the mitotic rate is increased.5,6 Limiting
detection, screening has not yet begun for these cohorts.6 

We agree that the fetal dose of both CTPA and VQ are
negligible, but given the at least 22-fold increase in breast
dose for CTPA, low-dose perfusion imaging is preferred
in the setting of a normal chest radiograph.
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