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EDITORIALS

1

Centenary of Haematologica
Carlo L. Balduini

Ferrata-Storti Foundation, Pavia, Italy

E-mail: CARLO L. BALDUINI, - carlo.balduini@unipv.it

doi:10.3324/haematol.2019.244939

Figure 2. The Haematologica Atlas.Figure 1. Cover of the Centenary issue.

The first issue of Haematologica was printed in
January 1920. Today, therefore, the journal is 100
years old and represents the oldest hematology jour-

nal. The cover of this issue aims to synthesize the 100-
years history of Haematologica (Figure 1).
As illustrated by Paolo Mazzarello in the Centenary

Review in this issue, Haematologica has played an impor-
tant role in the dissemination of knowledge on the subject
of hematology and has hosted articles that have con-
tributed to writing the history of this branch of medicine. 
This was possible thanks to the work of the many gener-

ations of editors who, after the founders Adolfo Ferrata and
Carlo Moreschi, succeeded one another in the direction of
the journal and were able to keep it alive even in dark peri-
ods of our recent history characterized by economic crises
and a war that devastated the whole world.
The journal, despite its one hundred years, is in excellent

health, as demonstrated by the over two thousand papers
submitted each year, by the 10 million visits that its website
receives and by more than 1 million articles downloaded
annually. Moreover, the articles published in Haematologica
are among the most cited in the field of hematology.
The Ferrata Storti-Foundation, which owns and publish-

es Haematologica, is a non-profit organization, and this

allows us to keep the costs for the authors low and every-
thing published is available online for free.  
The way in which the Foundation intends to celebrate

the centenary is in line with this idea of a scientific journal:
from January of this year the Haematologica website hosts
a new, online Hematology Atlas (Figure 2) that is available
for free to all readers. Being involved in this initiative as an
editor, I am not allowed to say that it is a good atlas, but I
can only report that it has nearly 300 pages and contains
800 images with detailed captions distributed in 35 chap-
ters, each with a brief introduction explaining the diagnos-
tic utility of evaluating peripheral blood and marrow
smears. Rosangela Inverizzi, the lead author of the Atlas,
and the editor have made every effort to ensure that the
images appearing on the screen faithfully reproduce what
is seen under the microscope. A printed version is available
for those who want to have the atlas next to the micro-
scope.
I believe that the Haematologica centenary is an appro-

priate occasion to thank all those who have contributed to
the success of the journal: authors, editors, associated edi-
tors, and reviewers, as well as all members of the editorial
staff. Thanks above all to Haematologica readers, who
have contributed decisively to its achievements.
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Defining niche interactions to target chronic myeloid leukemia stem cells
Rebecca Mitchell and Mhairi Copland 

Paul O’Gorman Leukaemia Research Centre, Institute of Cancer Sciences, University of Glasgow, Glasgow, UK

E-mail: MHAIRI COPLAND - mhairi.copland@glasgow.ac.uk

doi:10.3324/haematol.2019.234898

In this issue of Haematologica, Godavarthy et al.1 describe
how the expression of CD44 on the surface of leukemic
stem cells (LSC) and E-selectin on bone marrow (BM)

endothelium are essential for the engraftment of LSC with-
in the BM niche. They show how this interaction can pro-
vide the LSC with protection from imatinib treatment.
Importantly, disruption of this axis using an E-selectin
inhibitor in combination with imatinib prevents LSC bind-
ing to the endothelium and demonstrates superior eradica-
tion of LSC in chronic myeloid leukemia (CML) compared
with imatinib alone. 
CML has been well characterized for a number of years,

since the discovery of the Philadelphia chromosome and
associated aberrant BCR-ABL signaling. This led to the rev-
olutionary development of BCR-ABL-specific tyrosine
kinase inhibitors such as imatinib. Tyrosine kinase
inhibitors are highly effective at reducing the leukemic bur-
den and disease progression, inducing remission and pro-
longing survival of patients with chronic phase CML.2

Although very good control over the disease is gained in
most chronic phase CML patients with tyrosine kinase
inhibitor treatment, eradication of the LSC population,
which sustains and repopulates the disease in patients,
remains elusive.3

It has been established that the BM niche provides a sanc-
tuary for LSC in which to thrive and avoid pharmacological
interventions. There have been many studies showing how
the niche adapts and is exploited during leukemic transfor-
mation.4-6 By gaining, a better understanding of the interac-
tions between LSC and their microenvironment, it may be
possible to distinguish factors that favor survival of the
leukemic cells and identify targets for improved drug ther-
apy. One such strategy is to inhibit the homing and engraft-
ment of LSC within the BM niche, without affecting nor-
mal hematopoietic stem cells (HSC).7

The BM microenvironment is complex, due to the array
of different cell types which reside there, including osteo-
lineage cells, mesenchymal stem cells, endothelial cells,
neurons and hematopoietic cells.8 In order to control and
maintain homeostasis of the healthy BM niche, a multitude
of cytokines and chemokines help determine HSC fate.8 In
normal hematopoiesis homing and engraftment of HSC
within the BM is a highly coordinated multistep process
that requires activation of different adhesion receptors to
maintain tight regulation. Selectins and integrins are very
important within this process.9,10 Expression of integrins
allows HSC to bind to vascular cell adhesion molecule-1 on
BM endothelium and fibronectin on the extracellular
matrix. Integrins, such as VLA4, also interact with E- and P-
selectins, which are found constitutively expressed on the
BM endothelium, and this interaction mediates HSC rolling
and homing.10 Another important factor within this process
is CXCL12; this chemkine functions as an HSC chemoat-
tractant through its receptor CXCR4, which through

crosstalk with β1 and β2 integrins, mediates HSC homing
and is required for stable engraftment.9 CD44 has also been
linked to HSC homing; however, HSC that do not express
CD44 can still home and engraft normally.11

In studies comparing the homing and engraftment of
CML LSC to normal HSC, it has been shown that patients
with CML have several adhesion abnormalities.12,13 LSC
have defective β1 integrin function, despite normal expres-
sion of VLA4 and VLA5, which decreases LSC adhesion to
BM stroma.13 It has also been shown that primary CML
progenitor cells have reduced CXCR4 expression and
impaired chemotaxis towards CXCL12, as well as reduced
CXCL12-mediated integrin adhesion.12 Despite these func-
tional defects, LSC can still home and engraft within the
BM and therefore must use alternative mechanisms. 
Godavarthy et al.1 demonstrate a novel reciprocal link

between the external cues from the BM microenvironment
and BCR-ABL-specific LSC-intrinsic pathways. They show
how this leads to modulation of the expression of LSC
adhesion molecules and alters interactions with the vascu-
lar niche. The authors confirm the interaction of BCR-ABL+

cells and the vascular endothelium by using very sophisti-
cated in vivo microscopy of the calvarium of mice injected
with human CML leukocytes. Using time-lapse imaging,
they found that the contact time of the leukemic cells to the
BM endothelium was reduced in mice treated with an E-
selectin inhibitor (GMI-1271). 
The authors replicated these findings in a transgenic

model, showing that BCR-ABL+ cells were situated signifi-
cantly further away from the endothelium if treated with
GMI-1271 and imatinib. Furthermore, after treatment with
GMI-1271 and imatinib, mice had improved survival, and
demonstrated reduced numbers of CML-initiating clones,
impaired short-term homing to the spleen and the BM,
reduced leukocyte counts, BCR-ABL+ myeloid cell counts
and spleen size. Further studies showed that inhibition of E-
selectin led to non-adhesion and an increase of Scl/Tal1
expression in BCR-ABL+ leukemia-initiating cells (LIC) in
vitro. Additionally, Scl/Tal1 negatively regulated the expres-
sion of CD44 on LIC, and overexpression of Scl/Tal1 on LIC
led to prolongation of survival in a murine model of CML,
similar to the improved survival with CD44-deficient
CML-initiating cells previously demonstrated by Krause et
al.14

In vitro experiments demonstrated that CD44 was highly
expressed in BCR-ABL+ cells compared to BCR-ABL– cells,
and that when BCR-ABL+ cells were treated with GMI-
1271 alone or in combination with imatinib there was an
increase in cells in G2-S-M phase and a decrease in the G0
phase of the cell cycle. This coincided with an increase in
cell cycle promoter CDK6 and decreased expression of cell
cycle inhibitor p16. Furthermore, BCR-ABL1 phosphorylat-
ed SCL/TAL1 via the AKT signaling pathway. SCL/TAL1
regulated the activity of the CD44 regulatory element by
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acting as a transcriptional repressor leading to decreased
expression of CD44, decreased adhesion to the vascular
niche and an increase in cycling LSC.
Interestingly, higher expression of CD44 was demon-

strated in BCR-ABL cells specifically harboring the T315I
mutation, which correlated with increased binding to E-
selectin, with a larger amount of adherent cells in G0. The
authors suggest that the increased expression of CD44 and
increased binding to E-selectin may contribute to LSC dor-
mancy and resistance to tyrosine kinase inhibitors. 
Finally, relevance to human CML was established as

leukocytes from patients with CML had higher transcrip-
tional expression of SCL/TAL1 and lower CD44 expression
compared to those from healthy individuals. Analyses of
published datasets suggest a trend that expression of
SCL/TAL1 and CD44 may correlate with disease stage and
survival in CML patients; however, larger cohorts and fur-
ther experimental data are required to confirm this. 
The important experiments presented by Godavarthy et

al. establish the mechanism of increased expression of

CD44 on BCR-ABL1+ cells. They further showed that dislo-
cation of BCR-ABL1+ cells from the niche, via inhibition of
E-selectin binding, increased BCR-ABL+ cell cycle progres-
sion and increased responsiveness to imatinib therapy.1

Inhibition of E-selectin has been shown to have therapeu-
tic utility in other cancer types, such as acute myeloid
leukemia and solid tumors in which it is thought to have a
role in metastasis.15 In acute myeloid leukemia, the
leukemic blast cells bind to E-selectin on the endothelium
and this activates leukemic pathways that contribute to
chemotherapy resistance.16 Currently, GMI-1271 is in a
phase I/II clinical trial to treat acute myeloid leukemia in
combination with chemotherapy to disrupt leukemia sur-
vival pathways and sensitize the leukemic cells to
chemotherapy (ClinicalTrials.gov Identifier: NCT02306291)  
E-selectin has also been implicated in the development of

metastasis to the lungs from primary solid tumors, such as
breast17 and colon18 cancer. It is hypothesized that, during
the premetastatic stage, the primary tumors secrete soluble
factors, which induce an inflammatory response in the

Figure 1. This schematic demonstrates the effects of E-selectin inhibition within the bone marrow microenvironment and the impact upon chronic myeloid
leukemia stem cells and mechanistically how this is controlled by the  SCL/TAL1 – CD44 axis. HPC: hematopoietic progenitor cell; HSC; hematopoietic stem cell;
LSC: leukemic stem cell.
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blood vessels and activate E-selectin on the endothelium,
allowing engraftment of immune progenitor cells. This ini-
tial binding of E-selectin to its ligand confers firm adhesion,
and triggers signaling that leads to permabilization of the
endothelium through the dissociation of VE-cadherin/β-
catenin. In an attempt to counteract metastasis, the E-
selectin inhibitor GMI-1271 is currently being tested in pre-
clinical models and is showing high efficacy.17 As well as
being a therapeutic target, E-selectin is also being screened
as a potential biomarker for disease progression and metas-
tasis.19

The BM microenvironment is a developing research
focus which is showing great importance in disease patho-
physiology. Advances in technology, such as the time-lapse
intra-vital imaging used in the study by Godavarthy et al.,1

are enabling a greater understanding of the interactions and
mechanisms involved in cellular microenvironments This
type of pioneering microscopy allows us to see interactions
between leukemic cells and the niche, and is providing
powerful data, as exemplified by this study as well as many
others.13 Enriching these data, single-cell RNA-sequencing
allows for the analysis of the different cell types within the
niche, evaluation of their transcriptional regulation and a
view of how they may contribute to disease progression,
providing important information which may have been
masked using bulk sequencing approaches.20 Through these
studies, we continue to build upon our knowledge of the
pathophysiology of CML and come ever closer to finding a
way of eradicating quiescent LSC. 
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Mast cell disorders (mastocytosis) are a hemato-
logic neoplasm defined by abnormal expansion
and dense accumulation of clonally altered mast

cells in various organ systems.1-5 The disease exhibits a
complex pathology and an equally complex pattern of
clinical presentations.1-5 The classification of the World
Health Organization (WHO) splits mast cell disorders into
cutaneous entities, systemic variants, and localized mast
cell tumors.2-5 In more than 80% of all cases with systemic
mastocytosis (SM), a somatic point mutation in KIT at
codon 816 is detected.3-6 Whereas patients with indolent
forms of the disease have a normal or close-to-normal life
expectancy, patients with advanced mast cell neoplasms,
including aggressive SM (ASM) and mast cell leukemia
(MCL), have an unfavorable prognosis with clearly
reduced survival times.2-5 In a majority of these patients,
multiple somatic mutations and/or an associated hemato-
logic neoplasm, such as a myeloid leukemia, can be
detected. Regardless of the category of mastocytosis and
the serum tryptase level, patients with mast cell disorders
may suffer from (more or less severe) mediator-related
symptoms and/or osteopathy.1-5 Depending on co-mor-
bidities, the symptoms in such patients require anti-medi-
ator-type therapy and may be mild, more severe, or even
life-threatening.5

A number of different mediators and cytokines are pro-
duced by mast cells and are involved in the clinical symp-
toms and pathological features that can be recorded in
patients with mastocytosis.7-12 Histamine is considered
one of the most relevant mediators released from activat-
ed mast cells in patients with mastocytosis.1-5,9 In fact,
many of the symptoms reported by patients with SM can
be kept under control by applying histamine receptor
(HR)1 and HR2-targeting drugs.5 However, mast cells also
produce other clinically relevant mediators, such as
prostaglandin D2, leukotrienes, heparin and
tryptases.1,9,13,14 In addition, activated mast cells can pro-
duce and release a number of functional cytokines, such as
tumor necrosis factor (TNF), oncostatin M (OSM), or
interleukin-6 (IL-6).7-14 So far little is known about the
mechanisms underlying the production and release of
these cytokines in neoplastic mast cells in patients with
SM. In many instances, activation of KIT and/or the IgE
receptor may play a role in cytokine secretion.7,9

Correspondingly, most of these cytokines are measurable
in the sera of patients with SM and, in several instances,
cytokine levels correlate with the variant of SM and with
prognosis.7-12 For example, a clear correlation between the
variant of SM and IL-6 levels has been described.11,12 In
addition, in SM, elevated IL-6 levels are regarded as an
indicator of a poor prognosis.11,12

In this issue of the Journal, Tobío et al. report that the
D816V-mutated KIT receptor triggers expression and

release of IL-6 in neoplastic mast cells.15 In particular, they
were able to show that bone marrow mast cells in
patients with KIT D816V+ SM express and release IL-6,
and that the levels of IL-6 in cultured mononuclear cells in
these patients correlate with the D816V KIT allele burden
and with the percentage of mast cells in these samples.15

In addition, they found that human mast cell lines
expressing KIT D816V produce and secrete IL-6. Finally,
they deciphered the KIT D816V-dependent signaling
machinery that triggers IL-6 production in neoplastic mast
cells. It is worth noting that these signaling molecules, like
PI3K, AKT, TOR or JAK2-STAT5, represent druggable
therapeutic targets.15 An overview of the concept pro-
posed by Tobío et al. is shown in Figure 1. 
IL-6 is a multi-functional cytokine that plays a role in

various biological and pathological processes. In particu-
lar, IL-6 has been implicated as a regulator of inflammato-
ry reactions, infectious diseases and host defense, stromal
reactions, and bone metabolism. In various neoplastic
states, elevated levels of IL-6 have been reported, and in
most disease models, higher IL-6 levels are associated
with a poor prognosis.11,12,16-18 Based on these observations,
IL-6 has also been discussed as a new potential therapeu-
tic target in chronic inflammatory and neoplastic disor-
ders.19

In mastocytosis, IL-6 has been implicated as a potential
mediator of mast cell development and activation, accu-
mulation and function of lymphocytes, bone marrow
remodeling, and bone pathology (ostesclerosis, osteope-
nia/osteoporosis). In addition, high IL-6 levels have been
implicated as a prognostic parameter in SM.11,12 In this
regard, it is noteworthy that IL-6 may also act as an
autocrine growth factor for neoplastic mast cells (Figure
1).
The observation by Tobío et al. confirms the impact of

IL-6 in SM and suggests that IL-6 production in neoplastic
mast cells is triggered by the oncogenic signaling machin-
ery activated by KIT D816V (Figure 1).15 This observation
may have clinical implications and may lead to the devel-
opment of new treatment concepts. For example, high IL-
6 levels may already be detected in indolent SM (ISM)
before the disease progresses to ASM or MCL.11,12 In these
cases, high IL-6 levels may serve as a biomarker of “high
risk ISM” where a closer follow up or early interventional
therapy may be considered. 
There may be several ways to interfere with KIT

D816V-dependent signaling in neoplastic mast cells in SM.
One is to apply strong inhibitors of KIT D816V, such as
midostaurin or avapritinib.20-23 It will be of great interest to
learn whether IL-6 levels decrease during therapy with
these KIT-targeting drugs. Another possibility may be to
block KIT-downstream signaling molecules involved in IL-
6 production, such as JAK2 or PI3K. Indeed, the data of
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Tobío et al. suggest that signaling through these target
molecules leads to IL-6 production in neoplastic mast cells
(Figure 1).15 Finally, IL-6 effects can directly be blocked by
applying antibodies against IL-6 or the IL-6 receptor.24

However, it remains unclear whether these drugs can
block the symptoms and pathologies in patients with SM.
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Figure 1. An overview of the con-
cept proposed by Tobío et al.15 of
the KIT D816V-dependent signal-
ing machinery that involves PI3K,
AKT, TOR, and JAK2-STAT5 and
triggers IL-6 production in neo-
plastic mast cells. In most
patients with systemic mastocyto-
sis, the transforming KIT mutation
D816V is expressed in neoplastic
mast cells. The KIT mutant form
induces oncogenic signaling path-
ways which in turn leads to an
abnormal production of various
effector molecules, including
cytokines. One such cytokine is
interleukin-6 (IL-6). In contrast to
normal mast cells, KIT D816V-
transformed mast cells express
and release substantial amounts
of this cytokine (red arrows). Once
released, IL-6 acts as an autocrine
growth stimulator as well as a trig-
ger of cell activation and inflam-
mation. The effects of IL-6 on vari-
ous target cells are exerted via
specific IL-6 receptors (IL-6R).  
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Treatment for acute myeloid leukemia (AML) has
not changed substantially in the past 40 years. We
still largely rely on the substances (antimetabolites

and topoisomerase inhibitors) that were introduced for
AML treatment in the 1970s. Although treatment out-
comes for AML, other than acute promyelocytic
leukemia (APM), have improved over the years, these
improvements have been slow and incremental and been
largely achieved by optimizing dosing schedules and bet-
ter supportive care.1 However, substantial improvements
in treatment, with high cure rates, have been achieved in
genetically well defined subgroups of leukemia like acute
promyelocytic leukemia (driven by the PML/RARA
fusion)2 and chronic myeloid leukemia (driven by the
BCR/ABL fusion).3 AML, however, is a different beast. It
is not a single disease but a genetically highly heteroge-
neous group of malignant diseases of the hematopoietic
stem cell that have similar phenotypes. The great genetic
heterogeneity of AML, which was recognizable even in
the early cytogenetic studies, has become very apparent
with the advent of next-generation sequencing which has
allowed the analysis of AML genomes at base pair reso-
lution.4,5

Considering that AML is a highly heterogeneous group
of malignant diseases, it is not surprising that a 'one size
fits all' standard treatment approach can not achieve sat-
isfactory cure rates. One critical question is: how het-
erogenous is AML? How many different diseases are we
dealing with? If we simply looked at the number of genes
that have been shown to harbor somatic mutation in
AML and the number of somatic mutations in each AML
sample, the number of potential combinations, and thus
AML subgroups, would be astronomical. However, this is
most likely an overestimate of the heterogeneity and
complexity of AML, and there is likely only a much
smaller number of crucial pathways that are disrupted in
AML pathogenesis. Identifying and targeting these cru-
cial pathways should greatly improve AML therapy.
In their report in this issue of the Journal, Chen et al.

present convincing evidence that homoharringtonine
(HHT) (omacetaxine mepesuccinate), an alkaloid found
in the Hainan plum yew,6 is targeting such a critical path-
way in AML pathogenesis.7 HHT has been used in China
for several years for the treatment of AML8,9 and was
approved in 2012 by the US Food and Drug
Administration (FDA) for the treatment of chronic
myeloid leukemia (CML) with resistance to tyrosine
kinase inhibitors.10 The mode of action of HHT in CML
was reported to be through the inhibition of protein syn-
thesis by binding to the A site of the ribosome.11

Building on the success of HHT in the treatment of
AML patients in China, where a remission rate of 83%

was achieved when HHT was used in combination with
cytarabine and aclarubicin to treat de novo AML patients,9

Chen et al. explored the mechanism of HHT efficacy in
murine and human AML cell lines as well as in murine
and xenotransplant AML models. HHT treatment led to
apoptosis and differentiation in cell lines and resulted in
increased survival in murine AML transplantation models
and in human AML xenograft models. Then the group set
out to elucidate the molecular mechanism responsible for
the observed effects of HHT treatment. 
In a series of elegant experiments, Chen et al. showed

that HHT binds to the transcription factor SP1, thereby
inhibiting the binding of SP1 to its cognate DNA
sequences. However, the route to this discovery was not
straightforward. Initially, the group examined global 5-
hydroxymethylcytosine (5hmC) levels in cells treated
with HHT and noticed a remarkable reduction in global
5hmC levels. 5hmC is generated by the oxidation of
methylcytosine groups in DNA through the action of the
three dioxygenase enzymes TET1, 2 and 3.12 As only the
expression of the TET1 gene, and not of TET2 or TET3,
was significantly down-regulated after HHT treatment,
the authors concluded that the reduction in TET1 expres-
sion, and hence a reduced TET1 enzymatic activity, was
probably the cause of the reduced 5hmC levels.
Examining the promoter region of TET1, they found mul-
tiple binding motifs for the transcription factor SP1 and
reasoned that SP1 might be important for the HHT-
induced downregulation of TET1 expression. And
indeed, they could show that HHT treatment reduced
binding of SP1 to its binding motifs in the TET1 promoter
region. Furthermore, a drug affinity responsive target sta-
bility assay and a cellular thermal shift assay provided
strong evidence that HHT is indeed binding to the SP1
protein and preventing SP1 from binding to its recogni-
tion sites in the TET1 promoter region.
What are the consequences of the HHT-induced reduc-

tion in TET1 transcription and, consequently, the global
reduction in 5hmC levels? The 5hmC mark is associated
with active transcription. Thus, the reduction in 5hmC
levels was accompanied by a genome-wide reduction in
gene transcription. More than 1,600 genes showed
reduced expression. Very interestingly, one of the most
strongly repressed genes was FLT3, which codes for the
tyrosine kinase receptor FLT3. The authors confirmed
that the FLT3 gene was one of the direct targets of TET1
action with chromatin immunoprecipiation-quantitative
polymerase chain reaction (ChIP-qPCR). FLT3 signaling is
critical in the maintenance of the leukemic phenotype
and activates a number of genes, including HOXA9 and
MEIS1, which are highly expressed in hematopoietic
stem and progenitor cells. There is a positive feed-back
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loop between FLT3 and HOXA9 / MEIS1 expression.
Enforced FLT3 expression leads to upregulation of
HOXA9 and MEIS1, and enforced expression of HOXA9
and MEIS1 in turn results in upregulation of FLT3. In
addition, looking at all of the genes that had reduced
expression after HHT administration, the authors found a
significant enrichment of MYC target genes. They were
then able to confirm that MYC expression itself was
reduced after HHT treatment. Myc is one of the master
regulators of cellular growth, increasing ribosome biogen-
esis and protein synthesis.13

SP1 is a transcription factor which has many cognate
binding sites in the promoter region of many genes. So
what is the evidence that the HHT-mediated inhibition of
SP1 binding to the TET1 promoter is critical for the phe-
notype observed in AML cells after HHT treatment and
not the repression of a number of other genes? Very ele-
gantly, the authors showed that repression of TET1 phe-
nocopies the effect of HHT treatment.

In summary,  by binding to the transcription factor SP1,
HHT affects one of the core pathways that are responsi-
ble for growth (MYC and targets) and impaired differen-
tiation (HOXA9 and MEIS1) of AML cells. The central
players in this pathway are the dioxygenase TET1 and
the receptor tyrosine kinase FLT3. FLT3-activating muta-
tions are found in about 40% of AML cases and it is over-
expressed in an even larger proportion of AML. Thus,
HHT promises to be effective in the majority of AML
cases. HHT might thus be efficacious in a larger number
of AML patients than several of the more recently intro-
duced targeted AML drugs like FLT3 inhibitors (e.g.
midostaurin, gilteritinib), IDH1/2 inhibitors (enasidenib,
evosidenib), or hedgehog pathway inhibitors (glasdeg-
ib).14 At the same time, one would hope that it is more
specific for AML than conventional chemotherapeutic
agents such as nucleoside analogs or anthracyclines,
which affect very basic cellular functions like DNA
metabolism and are thus highly toxic to normal cells.

Figure 1. Diagram of the pathways affected by homoharringtonine (HHT). (A) Status of the pathways in the leukemic cells in the absence of HHT. (B) When HHT is
present, it binds to SP1 which leads to a reduction of the activity of downstream pathways. 
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However, as HHT has been shown to bind to SP1, and
SP1 is a widely expressed transcription factor whose
expression is not restricted to AML cells, it is not surpris-
ing that HHT treatment can have considerable side
effects, including myelosuppression. Another unan-
swered question is whether HHT only binds to SP1 or
whether it also binds to other cellular proteins which,
again, could cause side effects and adverse reactions.
Although it is unlikely that HHT will provide a cure for

AML, it could become an important component of ever
more diversified and targeted treatment strategies in this
disease. The effectiveness of HHT and its therapeutic
window need to be assessed rigorously in controlled clin-
ical trials. These should be accompanied by a detailed
genetic work up to identify those AML subgroups that
are especially responsive to HHT therapy.

References

1. Burnett A, Wetzler M, and Löwenberg B. Therapeutic advances in
acute myeloid leukemia. J Clin Oncol. 2011;29(5):487-494.

2. Platzbecker U, Avvisati G, Cicconi L, et al. Improved Outcomes
With Retinoic Acid and Arsenic Trioxide Compared With Retinoic
Acid and Chemotherapy in Non-High-Risk Acute Promyelocytic
Leukemia: Final Results of the Randomized Italian-German APL0406
Trial. J Clin Oncol. 2017;35(6):605-612.

3. Bower H, Björkholm M, Dickman PW, Höglund M, Lambert PC,
Andersson TM. Life Expectancy of Patients With Chronic Myeloid
Leukemia Approaches the Life Expectancy of the General
Population. J Clin Oncol. 2016;34(24):2851-2857.

4. Cancer Genome Atlas Research Network. Genomic and epigenomic
landscapes of adult de novo acute myeloid leukemia. N Engl J Med.
2013;368(22):2059-2074.

5. Papaemmanuil E, Gerstung M, Bullinger L, et al. Genomic
Classification and Prognosis in Acute Myeloid Leukemia. N Engl J
Med. 2016;374(23):2209-2221.

6. Powell RG, Weisleder D, and Smith CR. Antitumor alkaloids for
Cephalataxus harringtonia: structure and activity. J Pharm Sci.
1972;61(8):1227-1230.

7. Li C, Dong L, Su R, et al. Homoharringtonine exhibits potent anti-
tumr effect and modulates DNA epigenome n acute myeloid
leukemia by targeting SP1/TET1/5hmC. Haematologica. 2020;
105(1):148-160.

8. Jin J, Jiang DZ, Mai WY, et al. Homoharringtonine in combination
with cytarabine and aclarubicin resulted in high complete remission
rate after the first induction therapy in patients with de novo acute
myeloid leukemia. Leukemia. 2006;20(8):1361-1367.

9. Jin J, Wang JX, Chen FF, et al. Homoharringtonine-based induction
regimens for patients with de-novo acute myeloid leukaemia: a mul-
ticentre, open-label, randomised, controlled phase 3 trial. Lancet
Oncol. 2013;14(7):599-608.

10. Nazha A, Kantarjian H, Cortes J, and Quintás-Cardama A.
Omacetaxine mepesuccinate (synribo) - newly launched in chronic
myeloid leukemia. Expert Opin Pharmacother. 2013;14(14):1977-
1986.

11. Gürel G, Blaha G, Moore PB, and Steitz TA. U2504 determines the
species specificity of the A-site cleft antibiotics: the structures of tia-
mulin, homoharringtonine, and bruceantin bound to the ribosome. J
Mol Biol. 2009;389(1):146-156.

12. Wu X and Zhang Y. TET-mediated active DNA demethylation: mech-
anism, function and beyond. Nat Rev Genet. 2017;18(9):517-534.

13. van Riggelen J, Yetil A and Felsher DW. MYC as a regulator of ribo-
some biogenesis and protein synthesis. Nat Rev Cancer.
2010;10(4):301-309.

14. Tiong IS and Wei AH. New drugs creating new challenges in acute
myeloid leukemia. Genes Chromosomes Cancer. 2019;58(12):903-
914.



Editorials

10 haematologica | 2020; 105(1)

Therapeutic targeting of mutated p53 in acute lymphoblastic leukemia 
Frank N. van Leeuwen

Princess Máxima Center for Pediatric Oncology, Utrecht, the Netherlands 

E-mail: FRANK N. VAN LEEUWEN - F.N.vanleeuwen@prinsesmaximacentrum.nl

doi:10.3324/haematol.2019.234872

In this issue of Haematologica, Demir and colleagues
describe a potential novel therapy for TP53-mutated
acute lymphoblastic leukemia (ALL).1 TP53, the gene

encoding p53, is probably the most studied tumor sup-
pressor in cancer biology. In about 50% of all human can-
cers, a mutation or deletion of TP53 is observed at some
point during tumor development or progression. The
high incidence of TP53 loss of function across human
tumors relates to its central role as a transcription factor
controlling cell cycle regulation in response to DNA dam-
age, DNA repair, metabolic regulation, stem cell develop-
ment and cell senescence.2 In most hematologic malig-
nancies, loss of p53 function is a harbinger of a poor
response to therapy, particularly at relapse.3 In ALL,
genetic alterations affecting TP53 are surprisingly uncom-
mon at diagnosis, with their incidence being less than
5%.4 A notable exception is a rare ALL subtype known
as low hypodiploid ALL (32–39 chromosomes), in which
there are almost invariably mutations or deletions affect-
ing TP53. In about 50% of patients with low hypodiploid
ALL, TP53 alterations are also present in somatic cells,
suggesting that Li-Fraumeni syndrome, an autosomal
dominant disorder involving loss of TP53, somehow
favors the development of low hypodiploid ALL in chil-
dren.4

In relapsed ALL, the frequency of TP53 mutations or
deletions rises to about 10% and represents a strong and
independent predictor of treatment failure.5 TP53 alter-
ations result in either a loss of protein expression or the
generation of protein variants with (partly) impaired
function. About 80% of these TP53 variants are the result
of missense mutations that affect DNA binding.3 In most
cancers, the TP53 gene behaves as a classical tumor sup-
pressor, which means that after mutation of one allele,
the second allele is lost at a later stage of the disease.
However, such a biallelic loss of function is not always
observed in ALL, suggesting that dominant-negative
effects or haploinsufficiency contribute to leukemogene-
sis or resistance to therapy.5 Regardless of whether a
wildtype allele is still present, TP53 mutations or dele-
tions in relapsed ALL predict a highly unfavorable
response to therapy. Consequently, the International
study for treatment of childhood relapsed ALL
(IntReALL), a pan-European study group, now recognizes
TP53-aberrant  ALL relapse as a rare but very high-risk
subtype that requires international collaboration in order
to design and test novel treatment protocols, which may
include drugs targeting p53.
In the absence of cellular stress signals, expression of

the p53 protein is strictly controlled by MDM2 and its

Figure 1. Proposed mechanism of action of APR-246 in TP53-mutated acute lymphoblastic leukemia. Acute lymphoblastic leukemia  (ALL) cells expressing mutant
p53 are refractory to doxorubicin-induced apoptosis. APR-246 is taken up by cells and metabolized into the reactive electrophile methylene quinuclidinone (MQ). By
refolding p53 into an active conformation, MQ restores the apoptosis-inducing effects of doxorubicin. In addition, an increase in oxidative stress brought about by
MQ  may further enhance apoptosis induction.



homolog MDMX, which together form an E3 ubiquitin
ligase complex that targets p53, resulting in nuclear
export and subsequent degradation. Small molecule
antagonists of MDM2 such as nutlins and related com-
pounds, are under clinical evaluation in a variety of can-
cers expressing wildtype p53.6 However, these drugs are
ineffective in TP53-mutated or -deleted tumors. To target
mutant p53, small molecules have been developed that
are predicted to correct p53 protein folding, and thereby
restore activity, which would re-enable TP53-mutated
tumor cells to undergo apoptosis in response to
(chemo)therapy. For instance, cell-based screening of
compound libraries has led to the identification of the
alkylating compound “p53 reactivation and induction of
massive apoptosis” (PRIMA-1) and its methylated deriva-
tive PRIMA-1Met, also known as APR-246. When taken up
by cells, APR-246 is converted to the reactive electrophile
methylene quinuclidinone (MQ), which is thought to
reactivate conformationally unstable p53 mutants by
binding to critical cysteine residues in the p53 DNA bind-
ing domain.7 Consistent with such a mechanism of
action, expression of p53 target genes is restored by these
drugs while strongly promoting the induction of apopto-
sis. However, since the first descriptions of the proposed
mechanism of action of this drug,7,8 alternative mecha-
nisms of action have been put forward. For instance, it
was shown that APR-246 induces apoptosis by increasing
intracellular levels of reactive oxygen species (ROS), even
in fully p53-deficient cells, a mechanism involving glu-
tathione depletion and MQ-mediated inactivation of the
enzyme thioredoxin reductase.9 Tumor cells expressing
only wildtype p53 would be less responsive to these
effects, due to the protective role of p53 against oxidative
stress.10 Therefore, irrespective of its precise mechanism
of action, APR-246 appears to selectively target cancers
with deficient p53 and for this reason it is under clinical
evaluation in a number of TP53-mutated cancers, includ-
ing myeloid malignancies such as myelodysplastic syn-
dromes and acute myeloid leukemia.
The paper by Demir and colleagues in this issue of the

journal describes the potential clinical use of APR-246 in
pediatric TP53-mutated ALL.1 Using both established ALL
cell line models and patient-derived xenografts, the authors
compared the effects of this drug in wildtype vs. TP53-
mutated cells. They observed that the presence of TP53
mutations selectively enhanced resistance to the DNA
damaging drug doxorubicin, while increasing sensitivity to
APR-246. The induction of apoptosis, seen in TP53-mutat-
ed ALL in response to APR-246, was directly correlated
with the upregulation of p53 target genes such as p21,
PUMA and NOXA, which is at least consistent with pP53
reactivation contributing to these effects.  Moreover, when
mutant TP53 expression was reduced by shRNA-mediated
knockdown, the apoptosis-inducing effects of APR-246
were no longer seen, indicating that in these leukemia
models, the response to this drug requires the presence of
mutant p53. Given the uncertainties pertaining to the pre-
cise mechanism of action of APR-246, the authors exam-
ined to what extent intracellular ROS levels may con-
tribute to APR-246-induced apoptosis. Indeed, neutraliza-

tion of ROS using MnTBAP, a synthetic metalloporphyrin
with antioxidant activity, was able to partially inhibit the
apoptosis-inducing activity of APR-246, suggesting a more
complex mode of action for this compound than simply
restoring p53 target gene expression.
Since doxorubicin is part of the armamentarium used to

treat (relapsed) ALL, in vivo synergy between doxorubicin
and APR-246 was examined using a TP53-mutated ALL
xenograft model. Whereas doxorubicin was ineffective as
a single agent in prolonging survival, a clear therapeutic
benefit was seen from the treatment with APR-246 alone.
In addition, and consistent with the observed ex-vivo syn-
ergy between doxorubicin and APR-246, this drug combi-
nation further extended leukemia-free survival in the
mice studied. Taken together, the work by Demir and col-
leagues suggests that ALL patients suffering from relapsed
TP53-mutated ALL could benefit from the use of APR-246
or similar p53-refolding agents, when used in addition to
the current chemotherapy protocol. However, clinical
implementation will require a more rigorous characteri-
zation of resistance profiles and therapy responses in
TP53-mutated ALL, such as the inclusion of more patient-
derived xenografts and examining potential interactions
between APR-246 and other components of the treat-
ment regimen for relapsed ALL. With respect to potential
toxicities related to the use of APR-246, it will be impor-
tant to follow the results of ongoing (phase II/III) trials in
acute myeloid leukemia/myelodysplastic syndrome with
this drug, either as a single agent or in combination with
azacitidine.11
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The historical-scientific background

Hematology as a separate specialty, with its own
methodology and hospital wards, only began to
emerge between the nineteenth and the twentieth

centuries. Before then, the pathophysiology and the clinical
practice of hematologic diseases were mainly considered to
be simply a part of internal medicine. However, the use of
the term ‘hematology’ was, in fact, much older. In 1743,
Thomas Schwencke (1694-1767), professor at the Faculty of
Medicine of the University of The Hague, and also a physi-
cian to Wolfgang Amadeus Mozart during his concert tour in
the Netherlands in 1765, published a volume entitled
Haematologia, sive sanguinis historia. A book written by Martin
Schurig (1656-1733), a doctor from Dresden, was published
in 1744 which bore the term ‘hematology’ in the title:
Haematologia historico-medica, hoc est sanguinis consideratio
physico-medico-curiosa etc.
The turning point that brought hematology into the mod-

ern age was the introduction of cell theory in the mid-nine-
teenth century, according to which all body organs and parts
of living beings, including the blood, were composed of
many elementary ‘bricks’, the cells, and by what they pro-
duced through their different functions.1 Although this rep-
resents the theoretical prerequisite for the development of
this field of medicine, along with biology, its real founda-
tions could only be laid, on the one hand, by the develop-
ment of modern microscopy (and related cytological staining
techniques) and, on the other, by the development of chem-
ical methods to study the blood. The invention of the achro-
matic microscope by Giovanni Battista Amici (1786-1863) in
1824 and the development of staining procedure in histology
based on aniline dyes by Paul Ehrlich (1854-1915) were par-
ticularly important.  
The second half of the nineteenth century was certainly a

crucial period for the investigation of blood components.
Although the erythrocytes had been observed by the Italian
Marcello Malpighi (1628-1694) in 1665, and clearly described
by the Dutch Antoni van Leeuwenhoek (1632-1723) in
1674,2 they became a subject of functional study in relation
to pathological conditions only in the second half of the
nineteenth century. An important scientific step in the histo-
ry of hematology was the discovery of the hematopoietic
function of bone marrow by Ernst Neumann (1834-1918)
and Giulio Bizzozero (1846-1901) in 1868.3 Another impor-
tant development in this field of medicine was the descrip-
tion by Paul Ehrlich (who used the aniline staining technique
in his degree thesis) of various types of leukocytes on the
basis of their affinity for specific dyes. Although there had
been some earlier vague descriptions of platelets, they were
clearly observed almost simultaneously by various authors
from 1878 to 1882, in particular by Georges Hayem (1841-

1933), Ernst Neumann and Giulio Bizzozero. Only the latter,
however, was able to consider them as distinct elements
unrelated to erythrocytes and leukocytes, and to clarify their
fundamental role in the formation of the white thrombus
capable of blocking hemorrhage. Moreover, as early as 1869,
Bizzozero in Pavia had described  the megakaryocytes as
“giant cells”.4 However, it was not until 1906 that James
Homer Wright (1869-1928) hypothesized that platelets
derive from bone marrow megakaryocytes.5

Thus, it was during the second half of the nineteenth cen-
tury that the fundamental cognitive elements from which
hematology could develop as an autonomous discipline
were laid down. The subsequent explosion of clinical and
pathophysiological studies of blood disorders led to the need
for specific publishing tools aimed at disseminating the
results of the research. And so the first specialized journals
for hematologic studies in normal and pathological condi-
tions were founded. One of these that quickly became a
focus of attention was Folia haematologica founded by Artur
Pappenheim (1870-1916), one of the leaders of the emerging
field of blood studies in physiology and pathology. Working
on the development of erythrocytes in Rudolf Virchow's
(1821-1902) Pathological Institute in Berlin, he became the

Figure 1. Guido Bizzozero.



pioneer of the line of inquiry that saw the origin of the
erythroid and lymphoid lineages in a common ancestral
element: a stem cell (Stammzelle). This was the “unicist”
theory of the origin of blood cells, and the journal that
Pappenheim had founded became an important means to
spread his ideas.

The first two architects of Haematologica

An Italian physician, Adolfo Ferrata (1880-1946), joined
Artur Pappenheim in 1909 to carry forward his specializa-
tion studies in hematology. Ferrata was born in Brescia
and studied medicine at the University of Parma.  He had
very early on shown a marked aptitude for investigating
new fields of medical-biological sciences.6-8 By the time he
graduated in 1904, he had already acquired a remarkable
mastery of laboratory methods. This was further refined
during a first period of study in Germany, in 1907, at the
Institute of Pathology under the direction of Julius
Morgenroth (1871-1924) who, with his teacher Paul
Ehrlich, had introduced the concept of "complement" to
indicate that fraction of the blood that favors the immune
response. Shortly after his arrival, Adolfo Ferrata was able
to demonstrate, through dialysis, the existence of two
fractions of the complement (one soluble and the other
part of the seroglobulins) that were inactive if taken indi-
vidually but which reactivated if joined together. Ferrata
spent 1908 in Italy but then returned to Germany, this
time to the Pappenheim laboratory where he worked on
the genesis of the morphological elements of the blood.
The result of one year of hard work and intense study
was a 130-page monograph, illustrated with four splendid
color plates, published in collaboration with his German

mentor on Folia haematologica. Pappenheim and Ferrata
provided persuasive morphological evidence to show
that the elements of blood had a unitary origin. This fun-
damental study began to impose a taxonomic order in a
field of study that had become increasingly complex. 
In 1912, back in Italy, Ferrata published Morfologia del

sangue normale e patologico,9 a book that can be considered
to represent the birth of Italian hematology. In Italy,
Ferrata very soon became the leader in his field. At the
same time, he started his university career, although this
was interrupted during the First World War when he
became the Director of a military hospital in Brescia. By
the beginning of the 1920s, Ferrata was working in
Naples at the II Medical Clinic of the University, and very
quickly showed he was ready to take a university chair.
After other temporary positions, he taught at the
University of Pavia between 1924 and 1925, and, he
became full professor there in 1926. It was a position he
was to hold until his death.
By this time, it had been clearly recognized that what

was needed was an Italian journal dedicated to hematol-
ogy. To help in this, Ferrata found another young scientist
who, like him, had spent some of his most important
formative years training in Germany: Carlo Moreschi
(1876-1921).10 Born in Cermenate, near Como, Moreschi
had studied medicine at the University of Pavia as a
member of the Borromeo College. During that time, he
regularly attended the General Pathology Laboratory
directed by Camillo Golgi (1843-1926). Moreschi quickly
adopted the rigorous experimental approach promoted
by Golgi and this is clearly evident in his first works, pub-
lished in 1900, the year he graduated. Moreschi worked
as an assistant to the Chair of Medical Pathology in Pavia,
but in 1904 began a long scientific collaboration with the
prestigious Institute of Hygiene of Königsberg, which
continued until 1907. Partnerships with the bacteriologist
Richard Pfeiffer (1858-1945), who had isolated
Haemophilus influenzae in 1892, and the immunologist-
hygienist Ernst Friedberger (1875-1932) were both
extremely productive. After a brief period of work in Italy
in 1907, he returned to Germany and worked in Frankfurt
in the laboratory of Paul Ehrlich who, a year later, would
receive the Nobel Prize for Medicine. Meanwhile, in 1907
and in 1908, Moreschi published the report of his impor-
tant scientific discovery, the antiglobulin test. This was
rediscovered by Robert (known as Robin) Coombs (1921-
2006), Arthur Mourant (1904-1994), and Robert Russell
Rice (1907-1984) in 1945. It is now generally referred to
as the Coombs test (or the Moreschi-Coombs test). In
1998, recalling this research, Coombs wrote that, when
the substantial paper about the rediscovery was ready,
“Arthur Mourant, a considerable linguist, came across a
paper in the German literature from 1908 by a certain
Carlo Moreschi which described enhancement of red cell
agglutination with an ‘antiserum to serum’. An acknowl-
edgement was added to the proofs as an addendum”.11-13

Back in Italy, Moreschi obtained a position as assistant
professor at the University of Pavia, then, as we said
before, he worked as a military doctor during the First
World War. At the same time, his university career was
also progressing. In 1916, he obtained a position as
Associate Professor (“Professore Incaricato”) of Clinical
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and Medical Pathology at the University of Sassari,
Sardinia, and later the chair of the Medical Clinic in
Messina, Sicily.
In 1921, while in Pavia, Moreschi showed the very seri-

ous symptoms of hemorrhagic smallpox, probably con-
tracted in Messina while he was visiting a patient, and
died on May 24th.
The year before, Ferrata and Moreschi had met in the

historic Neapolitan café, the “Gambrinus”, and during
their discussion, Haematologica was founded. It was ini-
tially printed in Naples by the publisher “N. Jovene &
Co.” and then, from 1924, it was edited in Pavia.14 The
two founders became editorial managers of the journal,
and from 1922, after the death of Moreschi, Ferrata con-
tinued in this role alone. It is evident how the model that
inspired them was the journal founded by Pappenheim,
Folia haematologica.

Haematologica: the beginning of a long story
Haematologica was founded in January 1920 under the

best auspices. In fact, the first article had as its author the
greatest living revolutionary of Italian medicine and biol-
ogy, Camillo Golgi, Nobel prize winner in 1906 for his
investigation of the structure of the central nervous sys-
tem. During his life-time, Golgi made an enormous con-
tribution to hematology and clinical pathology. In 1885-
1892, he had described with great precision the various
stages of development of the malarial parasites in the
blood (which became known as the Golgi cycle), identi-
fying the correspondence between the moment of their
reproduction with the periodic febrile bouts (Golgi law).15

So, the first series of articles in Haematologica were pub-
lished under the most authoritative and prestigious name
of Italian medicine, and the man who had taught

Moreschi. It was a way to guarantee and certify the sci-
entific credibility of the periodical, but also a sign of
respect for the old pathologist. Golgi’s article was based
on a new gold chloride staining method and described the
appearance of a central body resembling a kind of nucle-
us.16 He immediately distanced himself from those
researchers who supported the thesis of a persistence of a
real, functionally active nucleus in red blood cells. Among
these was Angelo Petrone, who had been defending this
concept since 1897 on the basis of experiments conducted
using his own particular method. However, Petrone’s
conclusion had been refuted by work carried out in
Golgi’s laboratory by Adelchi Negri (1876-1912) in 1899.15

Petrone subsequently presented new observations that
apparently seemed to confirm his old theory. The
hypothesis of the existence of a nucleus in the red blood
cells of mammals was, therefore, once again of some
interest in Italian scientific circles. But Golgi pointed out
that his investigations did not support this hypothesis,
although he did not provide any alternative functional
interpretation of his observation. These findings were
subsequently interpreted as artifacts due to the technique
used rather than to morphological peculiarities that actu-
ally existed in the cell cytoplasm.17,18 In the same article,
Golgi described the presence of the centrosome in white
blood cells, while in a subsequent note he addressed the
problem of the possible existence of the centrosome in
erythrocytes.19

Immediately after the authoritative opening of the old
master, whose studies were continued by his pupil
Costanza Boccadoro (1893-1983),20,21 the first issue of
Haematologica contained contributions by some of the
exponents of Italian medicine and, in particular, hematol-
ogy. The pathologist Pio Foà (1848-1923) investigated the
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nosographic problem of lymphogranuloma and its differ-
entiation from tuberculous granuloma,22 and another
pathologist, Antonio Cesaris-Demel (1866-1938), pub-
lished a paper on the stages of the diapedesis process.23

There was also a very important paper by Ferrata on the
pathogenesis of pernicious anemia.24 Ferrata reported the
complete disappearance of the megaloblastic erythro-
poiesis of the embryonic period as soon as the
hematopoietic function of the liver begins. Ferrata's paper
was a preliminary work which hinted at the therapeutic
turning point that occurred a few years later with the
introduction of hepatic treatment of pernicious anemia,
which results in the rapid disappearance of megaloblastic
erythropoiesis; as in the normal embryo, the liver’s initial
embryonic function makes the megaloblasts disappear. A
few years later, Ferrata reviewed this treatment in the
light of his 1920 observation in Haematologica.* Ferrata
probably also made some attempts to treat patients with
animal liver, but unfortunately he used cooked tissue, and
did not observe any tangible effect.25 The problem of
treating pernicious anemia was taken up in a new way in
subsequent works. Enrico Greppi (1896-1969) of the
Medical Clinic of the University of Milan reported the

case of a young man suffering from pernicious anemia
and dyspeptic disorders of a probably infectious nature
who was completely cured by transfusion.26 Another
remarkable work on the subject, published in
Haematologica in German, came from Zoltan Alexander
Leitner (1899-1981)27 of the “Charité” Hospital in Berlin.
He discussed the studies of George Richards Minot (1885-
1950), George Hoyt Whipple (1878-1976), and William
Parry Murphy (1892-1987) on the treatment of pernicious
anemia with uncooked liver and with intramuscular liver
extracts, which would earn them the Nobel Prize for
Medicine in 1934.28 Leitner suggested that extremely
debilitated patients who required urgent intervention, or
those in whom the gastro-enteric tract was seriously
compromised, thus preventing adequate digestion, need-
ed to receive a blood transfusion.
One of the most hotly debated hematologic arguments

at the beginning of the 1920s was the origin of platelets
from megakaryocytes. As many as 5 of the 31 articles
published in the first volume of Haematologica dealt with
the genesis of these corpuscles. In Ferrata’s 1918 book Le
Emopatie29 (The Hemopathies), specific chapters were
devoted to the various hypotheses: 
− “Are platelets living and independent cells?”
− “Are platelets elements of variable and multiple ori-

gin, from erythrocytes, leukocytes and possibly from the
vasal endothelium?” 
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− “Are platelets derived from leukocytes?” 
− “Are platelets derived from erythrocytes?”  
− “Are platelets derived from megakaryocytes?”
Although Ferrata openly inclined towards the hypothe-

sis that platelets are the third cellular element of blood
and are produced by megakaryocytes, the topic remains a
subject of discussion. Some articles published in
Haematologica in 1920 were particularly relevant. The first
written by Giuseppe Pianese (1864-1933) who worked at
the Institute of Pathological Anatomy and Histology of
Naples, concluded that platelets were not stable elements
of blood and did not derive from megakaryocytes, but
were formed in particular conditions, just as fibrin is
formed from fibrinogen.30 Golgi’s pupil, Aldo Perroncito
(1882-1929), who taught General Pathology at the
University of Cagliari, Sardinia, had his doubts as to
whether platelets where derived from megakaryocytes.31-
34 In fact, he suggested that the morphological evidence
that supported this hypothesis was the consequence of
experimental artifacts, since the medullary megakary-
ocytes ingested the platelets. So, since the megakary-
ocytes contained these corpuscles in their cytoplasm, it
seemed that they produced them. In addition, platelets
adhere to megakaryocytes and therefore the latter may
seem to release them. The origin of the platelets was,
therefore, according to Perroncito, still unknown. A pre-
cise and determined position in favor of the theory of the
origin of platelets from megakaryocytes was taken by
Giovanni Di Guglielmo (1886-1961) from Naples in a
work performed under the direction of Ferrata.35 Di
Guglielmo observed how megakaryocytes could be pres-
ent in the blood in some pathological conditions (chronic
granulocytic leukemia) and were able to form platelets.
He made a very accurate morphological description of
this process, demonstrating that Perroncito's critical
observations were wrong. In some beautiful color illustra-
tions he showed the formation and release of platelets
from megakaryocytes both through the fragmentation of
their cytoplasm and via the emission of long cytoplasmic
extroflexions. 
In the years immediately following its foundation,

Haematologica published numerous other works on the
genesis of platelets.36-41 Their derivation from megakary-
ocytes received increasing accreditation, although there
was still room for alternative hypotheses. In the end, it
was again Di Guglielmo who wrote the most lucid work
on the origin of these corpuscles, reaffirming the correct
thesis of their derivation from megakaryocytes.42 He also
confirmed his previous observations that these cells can
enter peripheral blood in pathological conditions. The
theory that megakaryocytes are present in the circulatory
system (not only in pathological conditions but also in
healthy subjects) and contribute to the formation of
platelets has been definitively confirmed very recently
with the documentation, in the mouse, of the release of
platelets by the megakaryocytes migrated through the cir-
culatory stream in the lung.43

From the start, serology and serodiagnosis of infectious
diseases have always found a place in Haematologica.44-50

But topics of a more hematologic nature continued to be
at the center of the interests of the researchers who con-
tributed to the journal. Following the cytological study of

Golgi, some works published in the journal dealt with
speculative (and sometime bizarre) hypotheses about the
structure and shape of red blood cells.51-54 Other investiga-
tions sparked a controversy over the priority of identify-
ing the granule-filamentous substance in erythrocytes.55

Haematologica has always published studies aimed at the
chemical-physical characteristics of blood and hemoglo-
bin.56 One of the most important was a long article writ-
ten by the physiologist Mario Camis (1878-1946) dedicat-
ed to the aggregating properties of hemoglobin that were
rigorously studied under different conditions;57 he also
published a paper on the ultramicroscopic aspect of pure
colloidal hemoglobin solutions studied, once again, under
different conditions by means of the Zeiss microscope
model which had been developed by Richard Adolf
Zsigmondy (1865-1929) and Henry Siedentopf (1872-
1940).58

However, the nature of megakaryocytes and their role
in the production of platelets continued to be at the cen-
ter of interest. The particular “budding” shape of the
nucleus of megakaryocytes had opened up a specific
question. Some cytologists/hematologists, like Ferrata
and Pappenheim, believed that this aspect was the conse-
quence of nuclear divisions not followed by cell separa-
tion. Other authors thought that megakaryocytes derived
from the fusion of several cells. This was one of the most
important topics of study at the Medical Clinic of Pavia.
In the mid-20s, immediately following the arrival of
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Ferrata as director and of his assistant Di Guglielmo, the
Clinic had immediately become the most important  cen-
ter of hematology in the whole of Italy. The liberal envi-
ronment assured by Ferrata’s honest scientific attitude
promoted the cultivation of very different ideas (although
these were not always shared by the boss!). Thus, Di
Guglielmo was able to argue that megakaryocytes
derived from a process of cell fusion that eventually gave
rise to their multi-nuclear appearance;59 an idea shared by
others.60 There were also those who, playing devil’s advo-
cate, proposed the hypothesis of the dual origin of
megakaryocytes, both by fusion and by nuclear “bud-
ding”.61,62

From its first volume, Haematologica continued to pub-
lish many works dedicated to the clinical practice and
clinical pathology of hematologic diseases. Of course, the
founder of the journal, Ferrata, contributed works that
resulted from his collaboration with members of the sci-
entific school that was being formed around him (first in
Naples, and then in Siena and Pavia), in particular with
his most brilliant pupil at that time, Di Guglielmo. In
addition to articles on pernicious anemia, studies
appeared on the histogenesis of granulocytic leukemia.63,64

on cytological changes in the malarial spleen,65 and on his-
tiocytic syndromes.66 Di Guglielmo wrote an important
work on erythremia for Haematologica, a field of study he
personally introduced.67 The paper described in depth
two cases of acute erythremia (Di Guglielmo’s disease)
that had already been presented to the Medical-Surgical
Society of Pavia in 1926, variously studied from different
clinical, hematologic, and anatomical-pathological points
of view. Many other areas of clinical hematology and
related fields of study were also touched on, including:
paroxysmal hemoglobinuria, the clinical and biological
significance of Bence-Jones proteinuria, the pathogenesis
of Gaucher disease, studies on leukemia, investigation of
the forensic applications of hematology, and so on.

Haematologica has also always provided a means of
making research performed outside Italy available to a
wider readership, with works published in French,
German and English. Thanks to the credibility and high
professional profile of the director, Ferrata, the prestige
of the journal immediately attracted the publication of
studies produced by illustrious European names in the
medical sciences. In 1924, Otto Lubarsch (1860-1933),
director of the Institute of Pathology of the University of
Berlin (known for defining carcinoid tumors) published a
paper on the pathogenesis of thrombosis and
embolism.68 Shortly afterwards, the well-known pathol-
ogist Felix Marchand (1846-1928), who worked in
Leipzig, published an article on the histology of the
omentum.69 An important paper was published in 1922
by Hal Downey (1877-1959) of the Department of
Animal Biology of the University of Minnesota, in the
US, a researcher who would become known the follow-
ing year for the description of reactive lymphocytes (also
known as "Downey cells"). The paper dealt with the
structure and origin of lymph sinuses of mammalian
lymph nodes.70 In its first ten years, other studies were
sent for publication in Haematologica from France,71

Hungary,72 Switzerland,73,74 Austria,75 Romania,76,77

Belgium,78 Russia,79 Czechoslovakia,80 and Brazil.81

Ups and downs 
In ten years, Ferrata's management of Haematologica

had allowed it to gain a position of great international
prestige in the study of the physiology and pathology of
the blood. Between the end of the 1920s and the begin-
ning of the following decade, Ferrata’s pupils from Pavia
began to publish regularly in the journal. Many were des-
tined to have important careers in Italian Hematology and
Medical Clinic departments. Aminta Fieschi (1904-1991)
was an active contributor to both clinical research and in
cytological studies. Besides working at the Medical Clinic
of Pavia, he also worked at the hospital in Cremona and,
from 1930, at the Pavia Institute of Anatomy and
Comparative Physiology.82-87 Another important pupil of
Ferrata was Paolo Introzzi (1898-1990), who worked for
a time in Berlin with Zoltan Alexander Leitner and started
to publish in Haematologica in the mid-'20s.** In one arti-
cle, he proposed spleen puncture as a diagnostic proce-
dure for pernicious anemia instead of bone marrow biop-
sy, a method that he proposed also applied to malignant
granuloma.88,89 The spleen remained his particular focus of
interest and with Ferrata he proposed splenectomy to
treat a case of primitive follicle-hyperplastic
splenomegaly; the patient recovered.90 In Haematologica he
published studies in collaboration with Caterina
Dessylla91 of the Pediatric Clinic of Bologna and, above
all, with Jörgen Nilsen Schaumann (1879-1953) of the
Finsen-Institutet of Stockholm (who would give his name
to Besnier-Boeck-Schaumann disease), with whom he
studied the alterations of hematopoietic organs in acute
lupus erythematosus.92

In 1931, Edoardo Storti (1909-2006) made his debut for
Haematologica with a work on experimental anemia dur-
ing an infection with Botriocephalus.93 At the time he was
a student of the Ghislieri College at the University of
Pavia and attended the Institute of Anatomy and
Comparative Physiology to prepare his degree thesis. A
few years later he would become one of the main collab-
orators of Ferrata94-96 and his last scientific heir.97 At the
same Institute of Anatomy and Comparative Physiology,
his fellow student at the Ghislieri College, Vittorio
Erspamer (1909-1999), also took his first steps in scientific
research. In 1934, Haematologica published his study on
schistosomiasis anemia in Libyan patients who he had
examined during a scientific expedition.98 Three years
later he discovered serotonin in the intestines of experi-
mental animals.99,100

Important works were published in the journal by the
principal Italian hematologists of the day. Among them
was Ferdinando Micheli (1872-1937), director of the
Medical Clinic of the University of Turin, whose contri-
bution was a paper on hemolytic anemia with hemoglo-
binuria and hemosiderinuria101 (at the time called
Marchiafava disease, but later to be known as
Marchiafava-Micheli disease) and Giovanni De Toni
(1895-1973), from the Pediatric Clinic of Bologna (whose
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name is linked to De Toni-Fanconi-Debré syndrome),
who investigated the possible relationship between
Jennerian vaccination and the alterations of hema -
topoiesis.102

In the '30s, Haematologica continued to host articles also
from various foreign countries, including the United
States (Harvard University and Jefferson Medical College
of Philadelphia).103-110 The journal was at that time the fun-
damental forum for activities related to hematology in
Italy and in 1935 became the official journal of the Italian
Society of Hematology, publishing its acts, statutes and
regulatory guidelines. 
In 1940, with Europe thrown into the turmoil of the

Second World War, Haematologica celebrated its twenti-
eth anniversary with an impressive volume in honor of
the founder Adolfo Ferrata, promoted by his most illus-
trious pupil Di Guglielmo. Di Guglielmo undersigned the
introduction, dedicated with great affection to his
teacher, and was himself the author of an extensive
study of the pathology of the spleen.111 Of course, the
war completely interrupted the flow of scientific contri-
butions from abroad. Among the many works that came
from Italy, one stood out clearly and was signed by
Edoardo Storti with his collaborator Mario Brotto (who
had graduated just two years before).112 It was a statisti-
cal and clinical-pathological study of 157 cases of
leukemias which clearly took a position in favor of the
old hypothesis, sustained between the nineteenth and
the twentieth centuries by Hugo Ribbert (1855-1920),
Guido Banti (1852-1925) and other pathologists, that
leukemias were neoplastic diseases, in stark contrast to
the view presented by Ferrata, Otto Naegeli (1871-1938),
and other clinicians who instead claimed them to be
hyperplastic illnesses. This testifies to the liberal atmos-

phere that so characterized the Pavia Medical Clinic and
the original raison d'être of Haematologica directed by
Ferrata, who, in honor of the freedom of research,
allowed one of his pupils to advocate ideas diametrically
opposed to those he himself supported. The topic was
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Figure 7. Edoardo Storti.

Table 1. Haematologica Impact Factor for the years 1982-2018.



immediately discussed in the following months,113 and
very soon the idea of the neoplastic origin of leukemias
became a fact adopted by the international community
of hematologists. 
In the following years, the journal continued to publish

significant works on many areas of blood morphology and
pathology, for example, on the relationship between pul-
monary tuberculosis and hematopoiesis,114,115 in  splenecto-
my in aplastic myelosis,116 on a form of familial leukemia,117

on chronic erythremic myelosis,118 and others. The number
of articles was, however, drastically reduced, and there
were no published contributions from foreign research
centers. 
Ferrata died suddenly in 1946, and the direction of

Haematologica was assigned to Giovanni Di Guglielmo
(from 1946 to 1960) and then to Paolo Introzzi (from 1961
to 1973). However, the negative trend steadily continued
and the decline also affected the other traditional European
hematologic journals, like Blut, Folia haematologica, Le sang,
that stopped publishing and disappeared from the scene.
At the beginning of the '70s, Haematologica had only about
a hundred subscribers divided between libraries and Italian
hematologists, mostly related to the Ferrata school. This
was the editorial situation in 1973 when Edoardo Storti
became president of the Italian Society of Haematology
and director of the journal.

A second beginning
Storti decided that it was worth attempting to revive

the magazine and co-opted his pupils Sergio Perugini
(1925-1979) as Assistant Editor and Edoardo Ascari as
Scientific Secretary.119 With a respected publisher, "Il
Pensiero Scientifico Editore", which could ensure the con-
tinuity and regularity of publication, the new adventure
began. From the beginning, Storti decided to promote the
diffusion of the journal on the national and international
stage, trying to increase the number of articles published
in English, or, at least, to always provide a summary of
the work in English. The journal management selected
some Italian and foreign hematologists to ensure a rigor-
ous and proper peer review of the articles submitted.
Having taken these first steps, and seeing the credibility
of the journal subsequently increase, from 1978,
Haematologica was placed under an observation procedure
by the Institute of Scientific Information. Its bibliometric
impact, however, was initially very low.
In 1983, Storti, in agreement with the heirs of Ferrata,

gave birth to the “Ferrata Storti Foundation”, becoming its
first president, and providing it with a substantial finan-
cial endowment. Its purpose was “to promote and
encourage studies and research on blood diseases and
their treatment”.120,121 One of the aims of the Foundation
was “the support and the strengthening of Haematologica”,
which in the meantime had become the oldest surviving
journal on blood diseases. Meanwhile, the number of arti-
cles coming from abroad was steadily increasing. Ferrata’s
heirs, who were the owners of Haematologica, donated it
to the Ferrata Storti Foundation, and from 1985, the jour-
nal began to be published completely in English. In 1990,
Storti passed the role of Editor to Edoardo Ascari with
Mario Cazzola as Assistant Editor. At the same time, the
journal was elected as the official organ of the Italian

Society of Hematology and, since 1997, also of the
Spanish Society of Hematology and Hemotherapy. Mario
Cazzola became Editor of the journal in 2002 and, thanks
to the endeavors of Emili Montserrat and Robin Foà, in
2005, Haematologica became the official organ of the
European Hematology Association.122 In that same year,
Robin Foà became co-editor of the journal with Cazzola,
joined by a team of 12 Associate Editors.
Ever since Haematologica has been published online, the

management of the magazine and the Ferrata Storti
Foundation have adopted the Open Access publishing
mode. In the '80s and '90s, the Impact Factor (IF), which
by the first evaluations was very low (in 1982 it was
0.409), grew slowly but steadily,123 then to increase
strongly in the first decade of the new century, thanks
also to the commitment of Cazzola during the period of
his management of the journal between 2002 and the end
of 2011. 
From the first of January 2012, Jan Cools was appointed

Editor-in-Chief of Haematologica with Luca Malcovati as
Deputy Editor. The Ferrata Storti Foundation has contin-
ued to promote and financially support the journal under
the presidency of Edoardo Ascari (since 2002) and subse-
quently of Carlo Balduini. The last change in manage-
ment of Haematologica came in 2018, when Luca
Malcovati became Editor-in-Chief.
The last twenty years have seen a major transformation

of the journal and it has become a reference point for
studies in every field of hematology. All those who have
contributed to making Haematologica great in the past
hundred years, thanks to the scientific contributions they
have made to the journal, have laid the foundations for an
equally radiant second centenary.
A great past is the hope for an equally great future.
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Hematopoietic stem cells (HSC) sustain blood production over the
entire life-span of an organism. It is of extreme importance that
these cells maintain self-renewal and differentiation potential

over time in order to preserve homeostasis of the hematopoietic system.
Many of the intrinsic aspects of HSC are affected by the aging process
resulting in a deterioration in their potential, independently of their
microenvironment. Here we review recent findings characterizing most
of the intrinsic aspects of aged HSC, ranging from phenotypic to molec-
ular alterations. Historically, DNA damage was thought to be the main
cause of HSC aging. However, over recent years, many new findings
have defined an increasing number of biological processes that intrinsi-
cally change with age in HSC. Epigenetics and chromatin architecture,
together with autophagy, proteostasis and metabolic changes, and how
they are interconnected,  are acquiring growing importance for under-
standing the intrinsic aging of stem cells. Given the increase in popula-
tions of older subjects worldwide, and considering that aging is the pri-
mary risk factor for most diseases, understanding HSC aging becomes
particularly relevant also in the context of hematologic disorders, such as
myelodysplastic syndromes and acute myeloid leukemia. Research on
intrinsic mechanisms responsible for HSC aging is providing, and will
continue to provide, new potential molecular targets to possibly amelio-
rate or delay aging of the hematopoietic system and consequently
improve the outcome of hematologic disorders in the elderly. The niche-
dependent contributions to hematopoietic aging are discussed in another
review in this same issue of the Journal. 
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ABSTRACT

Introduction

Aging is the largest risk factor for many chronic diseases and disabilities. Not sur-
prisingly, aging is also the major risk factor for several hematologic syndromes and
malignancies, such as myelodysplastic syndromes (MDS) and acute myeloid
leukemia (AML).1 Moreover, aging has a negative impact on HSC regenerative
capacity, and for this reason, cell-intrinsic mechanisms of aging are important puta-
tive targets for therapeutic interventions in order to ameliorate the consequences of
aging on HSC and on the hematopoietic system.2 Understanding the mechanisms
of HSC aging will provide the scientific community with new tools to improve the
regenerative capacity of healthy HSC and thus the function of the hematopoietic
system in the elderly. 
The elderly population is growing rapidly worldwide. In addition, hematologic

disorders and leukemia are exponentially growing with aging, without an equiva-
lent acceptable growth in the therapeutic management of these diseases in the eld-
erly; this is in sharp contrast to the increase in successful therapies for leukemia in
younger patients. So far, with conventional induction therapy, many elderly
patients experience a very poor overall survival rate, while requiring substantial
social and medical assistance during their few remaining months of life, at a signif-
icant cost to the health service.3,4



A focussed understanding of the biology of aging in
HSC and new therapeutic approaches is, therefore,
mandatory.

Intrinsic aging drivers

Hematopoietic stem cells are the cornerstone of the
hematopoietic system. Like other adult stem cells, they
need to be localized in special niches that support and con-
trol the main stem cell functions: self-renewal and differen-
tiation. Since HSC are so critical to the hematopoietic sys-
tem and have to be functional during the entire life-span of
the organism to maintain blood homeostasis, it is logical to
think that somehow they require special protection from
aging. Several studies have been trying to address how
HSC can endure the effects of aging. However, investigat-
ing HSC function in living organisms is extremely challeng-
ing, since HSC constitute a rare cell population that, for
most of the time, remain quiescent, undergoing very few
divisions during the life-span of the organism (reviewed by
Chandel et al.5 and Singh et al.6). During aging, changes
occur both in the niche, defined as extrinsic, and within the
HSC, therefore dependent exclusively on the stem cell
itself and, by definition, transplantable. 
Working on human aging, especially in the hematopoi-

etic system, has important experimental limitations and
for this reason most of the research has been performed in
model systems, particularly mouse models. Although
some aging characteristics can be translated from mice
into the human system, some phenotypes and their mech-
anistic investigation do not find a parallel in humans.
Therefore, the development and establishment of possible
new therapies must involve research on humans, or at
least on models more similar to humans, such as non-
human primates. Throughout this review, we discuss
findings obtained in murine studies and we highlight
some results obtained from studies carried out also in non-
human primates and humans.
In general terms, a set of phenotypic and functional

alterations have been consistently reported to characterize
aged HSC (Figure 1).

Increase in phenotypic HSC number and decrease
regenerative capacity 
The number and frequency of HSC in the bone marrow

of mice and humans increase with aging, while their
regenerative capacity measured in transplantation assays
is clearly reduced. It is accepted among researchers that
this phenotype is caused primarily by cell-intrinsic mech-
anisms,7-9 even though an aged microenvironment can fur-
ther aggravate it.10-12

Myeloid skewing
Aged HSC show an increased differentiation potential

to the myeloid lineage and a decrease in the potential to
differentiate into the lymphoid lineage.9,13,14 Moreover,
even though the number of myeloid cells is higher, their
quality is compromised.15,16 Interestingly, experiments
dealing with single cell transplantations in mice17 and
scRNA-sequencing (scRNA-seq) profiling18 have shown
that HSC differentiation potential is not as homogenous
as it was thought. In particular, “myeloid-restricted repop-
ulating progenitors” (MyRP) have been characterized
within the young HSC compartment.17 This MyRP sub-
population increases dramatically with age, in contrast

with the moderate increase in the amount of multipotent
HSC.17,18 Intriguingly, within this MyRP subpopulation, a
subset of cells called “latent-HSC” can revert to the multi-
potent HSC state upon secondary transplants only in the
aged samples.17 Consequently, it would be interesting to
know if this subpopulation exists, and if it has the same
behavior and features in the human bone marrow as in
mice, in order to optimize transplantation therapies
involving aged patients. These results highlight the poten-
tial importance of single cell profiling, at the molecular and
at the cellular level, in order to better characterize also the
human HSC compartment.

DNA damage
Accumulation of DNA damage is a common feature of

aging in different tissues in many organisms, including
humans.19 Although HSC have many mechanisms that
enhance their capacity for protecting their genome from
DNA alterations,20,21 some specific mutations have been
shown to be highly recurrent in HSC.10 In addition, upon
aging, some of these somatic mutations are fixed and
expand within the aged HSC compartment and are
thought to be causally involved in the emergency of spe-
cific clones, which are the biggest contributors  to replen-
ishing the hematopoietic system.22 It is possible that some
of these mutated clones could eventually progress to
blood malignancies such as MDS or AML, although this is
not necessarily the case.23

Clonality
In a young individual, hematopoiesis is normally sup-

ported by different HSC clones with similar potential.
This has been demonstrated by limiting-dilution trans-
plantation experiments.10 However, in the elderly, even
though there is an increase in the number of HSC in the
bone marrow niche,8 there is a smaller number of HSC
clones that disproportionally contribute to the peripheral
blood production (reviewed by Akunuru and Geiger2).
This phenomenon is termed Clonal Hematopoiesis of
Indeterminate Potential (CHIP)24 and is frequently detect-
ed in individuals over 55-60 years of age, being associated
with an increased risk of hematopoietic malignancies and
enhanced cardiovascular risk.25 In recent years, there has
been increasing interest in studying how CHIP develops
over time and eventually evolves into hematopoietic
malignancies, given that this might prove useful in devel-
oping therapeutic approaches.23,26

Epigenetic drift
Specific changes occur in the epigenome and chromatin

organization of aged HSC compared to young HSC. These
changes include DNA methylation,27 specific histone post-
translational modifications, and chromatin reorga -
nization.28

Cell polarity
Several molecules appear to be polar within the cell and

the nucleus in young HSC when compared with aged
HSC. For some of these molecules, both their polarity fea-
ture and the functional relevance are conserved from
Drosophila to humans. In recent years, a few studies have
demonstrated that the impairment in the function and
stem potential of HSC upon aging are directly related to
the loss of polarity of selected biomolecules within the
cell.12,15,29,30
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Figure 1. Intrinsic hallmarks of hematopoietic stem cells (HSC) aging. (A) Representative features of young HSC. (B) Representative features of aged HSC. K16ac:
H4K16ac; met: DNA methylated; green me3: H3K4me3; red me3: H3K27me3. ROS: Reactive oxidative species; PRC2: Polycomb Repressive Complex 2.



Metabolic alterations and impaired autophagy 
Hematopoietic stem cells are characterized by having a

low metabolic rate, being essentially glycolytic while qui-
escent.5,31 Upon activation, young HSC change towards a
more oxidative metabolism that can be reverted when
they return to quiescence (reviewed by Verovskaya et al.32).
However, in aged HSC, basal metabolism is shifted to a
higher level of oxidative metabolism (reviewed by
Verovskaya et al.32), which increases reactive oxidative
species (ROS) leading to oxygen related-stress, accompa-
nied by impaired regenerative potential (reviewed by
Chandel et al.5). Metabolic stress can fire autophagy in the
cell, which is a “housekeeping" mechanism involved in
self-degrading components of the cell in response to a spe-
cific stress.33 The process consists of enclosing organelles or
portions of the cytosol within double membrane vesicles,
which later fuse with the lysosome, where the degradation
takes place.33,34 Autophagy deregulation has been related
with aging and with age-related diseases such as cancer.34,35

Altered proteostasis
Proteostasis or protein homeostasis is described as the

situation of balanced levels of protein biogenesis and
degradation.36 Proteostasis is regulated by several mecha-
nisms such as autophagy, the ubiquitination proteasome
system (UPS), the unfolded protein control system (UPR),
and the proper levels of protein translation.37 As men-
tioned above, autophagy is impaired with age, but also
UPS and UPR levels are reduced leading to a situation of
protein stress that contributes to loss of regenerative
potential of aged HSC.36,38,39

Alterations in intrinsic signaling pathways
Signaling pathways such as TGF1-β, Notch, NF-kB or

Wnt have an essential role in modulating the response of
the hematopoietic system within the hematopoietic
niche, tightly regulating the balance between quiescence
and differentiation.40-43 These pathways are intrinsically
altered in aged HSC, with a consequent effect on their
function.15,28,44,45
The hallmarks of intrinsic HSC aging cover a very

diverse group of biological characteristics that might nev-
ertheless be all interconnected. Here, we will focus on
some of these intrinsic molecular aspects, that are implied
in driving functional and phenotypical alterations of HSC
upon aging. 

Is DNA damage a driver of HSC aging?

DNA damage and genomic instability are thought to be
primary causes of mutation accumulation upon aging,
leading to cancer or premature aging of tissues.19
Here we summarize what is known about the effects of

DNA damage on aging of HSC under a different perspec-
tive, with consideration of new data generated by state-
of-the-art techniques.

From DNA damage to hematopoietic clonality
There are premature aging syndromes, such as Werner

or Bloom syndrome, in which the cause of the disease is
the accumulation of mutations due to an inefficient DNA
damage repair. The accumulated mutations in these syn-
dromes lead to different kinds of cancer to arise at early
age together with some premature aging phenotypes such

as immunosenescence, skin fragility and osteoporosis.
However, these syndromes recapitulate only some physi-
ological aging characteristics, but not all.46
In the case of HSC, work performed on mice deficient

in DNA repair proteins shows an expected reduction in
HSC repopulation potential together with a decrease in
their self-renewal capacity, driving a reduction of the
whole HSC pool.31,47,48 As one of the most evident pheno-
types occurring upon chronological aging is the expansion
of HSC, the phenotype observed in mice deficient in DNA
repair proteins sharply contrast with physiological HSC
aging. More recently, it was elegantly shown by genetic
barcoding and clonal functional evaluation of young and
aged HSC followed by induced pluripotent stem cells
(iPSC) generations and re-differentiation that, despite the
heterogeneity of the aged HSC pool, several functional
aspects of HSC aging could be reversed to a young-like
state. These data strongly support the view that accumu-
lations of DNA mutations in genes critical for
hematopoiesis would not be the principal mechanism for
the aged-dependent functional decline of HSC,49 although
they might contribute to clonality.22,23
Still, mutations occur in every tissue and they are shown

to accumulate with age. It has been calculated that somat-
ic mutations in human HPSC occur and accumulate in life
in a linear rate of 14bp base substitutions per year, which
is similar to or even lower than other tissues.50

γH2A has been historically interpreted as being a marker
of DNA damage in general, and in HSC in particular, since
it is one of the first signals occurring at the damaged site
and it is needed for subsequent DNA repair.48,51 Aged HSC
present with increased numbers of γH2A foci compared to
young HSC.48 Therefore, it was logical to conclude that
there is deficiency in DNA repair in old HSC because of
the persistence of γH2A. Interestingly, γH2A foci have
been demonstrated to be not only markers of double
strand breaks (DSB). γH2A  also signals DNA replication
stress (i.e. replication fork collapse) and it accumulates at
rDNA in old quiescent HSC. Furthermore, in aged murine
HSC, γH2A cannot be removed by the specific phos-
phatase (PP4c) as efficiently as it is removed in young HSC
because PP4c is mis-localized.21
Moreover, murine young and old HSC have been

demonstrated to be equally efficient in repairing DNA
under induced DNA damage.20,21,52 HSC make this possible
by having the main DNA repair pathways attenuated
while quiescent and reactivating them once they re-enter
the cell cycle.20 In addition, when young and old HSC are
subjected to DNA damage, they lack G1-S arrest and their
apoptosis rate increases in order to minimize the acquisi-
tion of mutations.52
In spite of the ability of HSC to avoid mutation accumu-

lation through age, a series of point mutations have been
found in humans to be predominant with age, as is the
case of mutations in the epigenetic regulators DNMT3,
TET2 and ASXL1, among others.53-56 These mutations
appear frequently in healthy older individuals and they are
also found over-represented in MDS and AML patients.23
It can be hypothesized that these mutations confer a com-
petitive advantage that leads to clonal hematopoiesis. This
is supported by some studies in the murine hematopoietic
system in which the loss of Dnmt3a or Tet2 enhances the
self-renewal potential of HSC.57 DNMT3a and TET2 are
epigenetic modifiers: DNMT3s catalyze DNA methyla-
tion (mC) and TET2 oxidizes mC to hydroximethyl-C,
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which leads to de-methylation of DNA (reviewed by
Zhang et al.58). As has been demonstrated in mouse mod-
els, TET2 seems to contribute to both differentiation and
self-renewal through gene activation and repression, and
DNMT3a might contribute to the same functions by
repressing HSC genes and generating substrates for TET2
action.58 The overall result is that both DNMT3 and TET2
co-operate to prevent activation of lineage-specific tran-
scription factors in HSC.58 As for ASXL1, it seems that by
binding to chromatin when mutated it can alter the
epigenome, increasing the tendency towards CHIP or
even leukemic transformation in mice.59 Mutations in the
human homologs of these genes have also been found to
be related to clonal hematopoiesis and MDS.60,61
However, these mutations in humans do not necessarily

involve the development of malignancy (although this
might occur), probably in combination with other
unknown events.23,62 In addition, MDS does not necessari-
ly always lead to the development of AML. The combina-
tion of different mutations might be critical to allow the
development of sub-clones with higher competitive
advantage implied in the final establishment of MDS or
AML.23
Telomere shortening is a special kind of DNA damage in

which the low activity of telomerase or its absence makes
the length of telomeres shorter after every division cycle
and leaves the DNA ends unprotected, activating the
DNA damage response and DNA repair pathways
(reviewed by Behrens et al.63). Since telomeres become
shorter every cycle, their length is intimately related to the
life-span of a cell. Based on this assumption, there have
been many attempts to understand if and how telomere
length is related to life-span of the entire organism.
Experimental observations indicate that the lower the rate
of telomere shortening, the higher the life expectancy.64,65
As for HSC, it has long been known that they can only be
serially transplanted 4-6 times in mice before they start
showing loss of multi-lineage reconstitution capacity.66
This outcome was linked to limited replicative potential
due to telomere shortening. However, it has been reported
that HSC telomere length does not decrease in serial trans-
plantation assays,67,68 and the overexpression of telomerase
in mice does not lead to prolonged HSC transplantation
capacity.67 The difference between mice and humans is
remarkable in how the hematopoiesis system is affected
by telomere attrition. For example, only the fifth genera-
tion on a Tert-/- mouse background develops anemia.69 This
might be due to the elevated tolerance of murine HSC to
accumulate alterations in their genome upon telomere
shortening, either by entering in a senescence state or by
undergoing apoptosis.70 In contrast, human patients of
telomeropathies like Dyskeratosis congenita or adults with
telomere gene mutations display very early bone marrow
failure and severe aplastic anemia,71 which make the
patients dependent on transplantation therapy.
Interestingly, a recent study with mice has shown that

the loss of expression of Pot1a, a ssDNA binding protein
part of the shelterin complex that binds telomeres, dimin-
ishes the potential of LT-HSC in vitro and in vivo, and its
overexpression increases the contribution of LT-HSC to
peripheral blood and bone marrow after secondary trans-
plant, even rescuing the myeloid skewing in aged mice.72
Importantly, Hosokawa et al. included data showing that
also the human homolog, POT1, improved ex vivo cultur-
ing of human cord blood HSC.72

Clonal hematopoiesis seems to stem out as a conse-
quence of HSC mutation accumulation during aging
(Figure 2). As has been shown in mice, the HSC compart-
ment has a clonal dynamic nature that changes over time,
with individual clones that expand or shrink, disappear or
appear.26 However, there are differences between the
results obtained in mice and those obtained in other
model organisms, such as non-human primates. An exten-
sive study dealing with the impact of aging on non-human
primate hematopoiesis was recently published. It was
demonstrated by lentiviral barcoding and high-throughput
sequencing that aged macaques show a delay in the emer-
gence of hematopoietic contribution in transplantations of
autologous HSPC compared to mice, together with a per-
sistent output from both B-cell and myeloid-biased
clones.73 These results on clonal behavior of aged non-
human primate HSC is of special importance for diagnosis
and therapy in humans, since it is unfeasible to clonal-
track HSC in healthy patients. Mainly, information on
human clonality and its progression upon aging comes
from studies of “end-point” clonal population in healthy
aged patients62 or by tracking existing clones from MDS
patients to monitor their progression to AML over time.23
Importantly, a very interesting simulation tool has been
recently reported in order to understand clonal contribu-
tion to hematopoiesis that can be applied to different
species, from mice to humans.74
Under the premise that clonality is the result of specific

mutations that give rise to “fitter” hematopoietic clones
which are more successful after the selective process, one
last question continues to be asked: does clonality result
from intrinsic changes in aged HSC, or is it rather that
clones are selected by the microenvironment?75 Still, it is
possible that the impairment of hematopoiesis upon aging
might be the result simply of fewer contributing fit HSC
which did not undergo intrinsic changes and which some-
how resist microenvironment pressure.
In order to address clonal hematopoiesis and the predis-

position to develop blood malignancies with age, many
laboratories have tried to engineer AML mouse models. It
has been shown that, for example, the deletion of Tet2, in
mice leads to deregulated hematopoiesis and subsequent
development of blood malignancies;76 however, the phe-
notype that is observed in aged human patients is not
recapitulated completely in the murine models, either
because of the onset of the disease, its penetrance, or the
malignancy of the developed disease.76,77 New molecular
biology approaches and a deeper understanding of the
HSC aging process might be critical to improve the tools
that are currently available.77

Epigenetic changes: DNA methylation, histone
marks and chromatin architecture

Genome-wide expression profiling of murine young
and aged HSC has shown that there are transcriptional
alterations associated with aging in HSC which affect
myeloid and lymphoid differentiation.7,28,43,78 Single-cell
RNA sequencing (scRNAseq) has become a powerful tool
to identify variations in transcriptional profiling between
different cells from the same compartment, as in the case
of HSC in the murine bone marrow. The information
retrieved from scRNAseq from young and aged murine
HSC has revealed that there is a molecular bias priming
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platelet genes expression at the expense of lymphopoietic
genes, confirming the well-known myeloid skewing fea-
ture of aged HSC.18,79
The suggested mechanisms underlying such a genome-

wide transcriptional change are related to the epigenomic
regulation. Indeed, there is much evidence to support this
hypothesis. For example, by reprogramming young and
aged murine hematopoietic progenitors, the repopulation
potential is indistinguishable between young and aged
derived iPS into all hematopoietic lineages in chimera indi-
viduals and in HSC transplantations.49,78 These data imply
that reprogramming is resetting the epigenetic state of the
HSC regardless of the age at which the cells are repro-
grammed. Moreover, these data also suggest that epige-
netic alterations that occur upon aging are reversible.80,81
The epigenomic landscape of HSC has been shown to

change with respect to DNA methylation, histone modifi-
cations and chromatin architecture (Figure 2).

DNA methylation changes from young to aged
hematopoietic stem cells 
Global hypomethylation occurs in most somatic cells

and in primary cells during aging.19,81 In contrast, the major-

ity of DNA methylation signatures during HSC aging in
mice are highly conserved.27,28,82 However, the overall
methylation change of aged HSC compared with young
HSC is different depending on the study. The studies per-
formed using reduce-representation bisulfite sequencing
(RRBS)27,28 showed a slight tendency to hypermethylation
with aging. In contrast Taiwo et al. reported a slight but
significant (5%) global loss of DNA methylation by Me-
DIP-seq. Taiwo et al. argue that the difference could be
explained by the difference in coverage of each technique.
Bisulfite-sequencing provides generally 5-10% genome
coverage, in contrast with 60% provided by MeDIP-seq.82
Interestingly, independently from the overall hypo- or

hypermethylation detected, all studies so far report high
similarities in the alterations at specific loci that gained or
lost methylation. One of the clearest examples involves
polycomb repressive complex (PRC2) target genes, which
are hypermethylated in aged HSC.27,82 It has been demon-
strated in a human cell line that PRC2 cannot bind to chro-
matin if the DNA is hypermethylated.83 Moreover, some
PRC2 complex subunits in aged and proliferative stressed
HSC resulted in being down-regulated as measured by
RT-qPCR27 and RNA sequencing.28 These observations
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Figure 2. The nuclear compartment in hematopoietic stem cells (HSC) during aging. The nuclear compartment undergoes several changes through aging, ranging
from changes in histone post-translational modifications and DNA methylation to alterations of epi-polarity and chromatin architecture. Although the DNA damage
repair (DDR) machinery is functional when entering in cycle from quiescence, DNA mutation and hematopoietic clonality can be detected and increase in frequency
over time. CASIN treatment of aged HSC restores epi-polarity of H4K16ac, a nuclear hallmark of young HSC. K16ac:  H4K16ac; met: DNA methylated; green me3:
H3K4me3; red me3: H3K27me3. DDR: DNA damage repair.



might suggest that the methylation machinery in old HSC
might access PRC2 target sites merely as a consequence of
the reduced levels of PCR2 itself, which normally occupies
these specific targets inducing their transcriptional down-
regulation. However, this hypothesis has yet to be
demonstrated.
A possible explanation for the limitation to a more glob-

al and prominent hypomethylation on HSC during aging
is linked to their quiescence during adult life. When
murine young or old HSC are transplanted, and are there-
fore subjected to an induced proliferative stress, global
hypomethylation occurs.27 This observation agrees with
reports for aging in human somatic cells and tissues
(reviewed by Gonzalo81 and Jones et al.84). However, even
in this case, the hypermethylation of PRC2 targets is still
detectable in mice, suggesting that aging and exhaustion
promote distinct alterations on the DNA methylation
landscape.27
It is worth noting that differentially methylated genes in

aged HSC compared to young HSC are expressed or high-
ly expressed in progenitor cells downstream in murine
hematopoietic differentiation.27 This observation suggests
that the impact of alterations in DNA methylation during
aging is not probably manifested until HSC differentiate,
and never in HSC themselves. This aspect is also demon-
strated by the work of Scadden’s team, who elegantly
showed in mice that the differences in enhancer methyla-
tion between distinct HSC clones in the same individual
has no effect on gene expression until stem cells differen-
tiate into subsequent hematopoietic sub-compartments.26

Histone post-translational modifications upon
hematopoietic stem cell aging 
A number of histone tail modifiers have been involved

in HSC function and also have a role in chromatin remod-
eling, which supports the concept that changes in the
chromatin state within the HSC compartment are impor-
tant for blood homeostasis in both mice and human sys-
tems. Among them, we can find PRC2 subunits such as
Ezh2, Suz12 and Eed,85-87 histone specific lysine-demethy-
lases such as Jarid1b/KDM5b,88 UTX/KDM6a89 or
Lsd1/KDM1a,90 or histone methyltransferases such as
SUV39H1.91
Moreover, it is known that the expression levels of

some of these proteins  change upon aging,27,28,43,91 suggest-
ing that histone modifications are different in old HSC
when compared to young HSC. 
Goodell’s group performed one of the most accurate

studies of epigenomic modifications in murine HSC upon
aging. Some of the principal regulatory histone marks were
profiled by ChIP-seq in HSCs from 4-month old and 24-
month old mice. Although the dataset revealed only mod-
erate changes, some interesting unique features were
reported. For example, regarding H3K4me3, there was
only an increment of 6.3% in peak deposition in old versus
young HSC, but most of the peaks were generally broader.
As for H3K27me3, peak counts remained similar but an

increase in the length of coverage by 29% was detected
upon HSC aging. Moreover, the intensity of the signal
increased by 50%. In relation to H3K36me3, the peaks
moved from the TSS to the transcription termination site,
and H3K36me3 and H3K27me3 behaved in a mutually
exclusive manner. A strong positive correlation between
transcriptome changes and the three histone marks ana-
lyzed in the study was also reported.28

Regarding other histone marks, H4K16ac levels and
localization have been demonstrated to change with age
in murine HSC. H4K16ac shows a prominent distribution
in one pole of the nucleus in young HSC by single cell 3-
dimensional (3D) immunofluorescence analysis. This
characteristic is defined as “epigenetic polarity” or “epipo-
larity”. Old HSC show reduced levels of H4K16ac, which
also displays apolarity and localizes evenly all over the
nucleus.14,15,29 The polarity and levels of several other his-
tone marks such as H3K4me1, H3K4me3, H4K8ac,
H3K27ac and H4K5ac showed no aged-dependent
changes in murine HSC and ST-HSC.29 Interestingly, the
loss of epipolarity and the reduction of global H4K16ac
deposition upon aging in HSC did not primarily correlate
with global changes in gene expression.15 H4K16ac was
associated to the modulation of higher-order chromatin
and protein interactions between chromatin and non-his-
tone proteins,92 and was shown to be targeted by inhibit-
ing Cdc42 activity and LaminA/C expression. H4K16ac
role in chromatin architecture in HSC will be further dis-
cussed below.
In the context of human AML, H4K16ac levels seem to

be linked to the nuclear localization of PAK4, a target of
the orphan gene C3orf54/INKA1, which promotes self-
renewal by inhibiting differentiation of cord blood HSC.93
C3orf54/INKA1 seems to be up-regulated in leukemic stem
cells in AML patients, while PAK4 is an effector of Cdc42
in humans.94
Altogether, the results obtained over the last decade sug-

gest that aging has an effect on histone mark landscape in
HSC. However, the specific alteration of histone marks
upon aging not always correlates with global change on
gene expression in HSC themselves, but it rather affects
the expression of genes in downstream progeny during
the differentiation program, as we stated above also for
the methylation profile.15,26,27 Altogether, this makes epige-
netic studies extremely cumbersome in HSC and subtle
differences within this cell population might indeed make
a functional impact visible only under specific challenges.

Chromatin architecture changes 
Over recent years, chromatin architecture has become

more important for gene expression, cell division, fate
determination, growth and development, disease and
even genome evolution (reviewed by Kong and Zhang95).
Recent studies have proposed the existence of two differ-
ent but related ways of 3D chromatin organization: the
cohesin-dependent CTCF loops and the small compart-
mental domains that are formed as a consequence of tran-
scription and chromatin state (reviewed by Rowley and
Corces96). In this regard, and in relation to HSC biology,
some disease-associated mutations in humans that affect
proteins involved in establishing or preserving chromatin
architecture have been described, for example, proteins
belonging to the cohesin complex, such as Stag2, Rad21
and Smc3, which have been associated with AML and
MDS particularly in the elderly.97,98 
Chromatin accessibility changes upon HSC aging have

just started to be investigated. Recently, we performed sin-
gle-cell ATAC-seq on HSC daughter pairs from young and
old mice. The results showed that there was a greater dif-
ference between young pairs, more “asymmetrical”, as
based on quantity of ATAC-seq peaks, than those coming
from aged pairs, which were, therefore, more “symmetri-
cal”. This observation was correlated to H4K16ac distribu-
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tion in daughter cells that was more asymmetric in young
compared to old pairs. Signature-based, daughter stem
cells were in general associated to an overall lower
amount of ATAC-seq peaks, suggesting a progressive
increase in chromatin accessibility upon differentiation.15
Interestingly, both young and aged daughter stem cells
preserved open chromatin regions linked to glycolysis and
small RhoGTPases signatures. Aging was found to impact
prominently on the specific signature of open regions
associated to critical signaling pathways in HSC (Wnt sig-
naling was associated with aged HSC, while young cells
were enriched for VEGF, TGFβ and EGF signaling). In
addition, daughter progenitors maintained signatures
linked to lipid metabolism and platelet homeostasis in
both young and aged cells, while mostly they differed
again for open regions linked to specific signaling path-
ways (interferon, IFG1 and IL2 were characterizing young
cells and TNF was enriched in aged cells).15
Specific chromatin architectural alterations affecting

broader alterations have also been detected in aged
murine HSC, such as the relative position of chromo-
somes. We have observed that chromosome 11 homolog
proximity changes upon aging specifically in HSC. This
chromosomal rearrangement is dependent on LaminA/C
expression and Cdc42 activity.29 Indeed, we demonstrat-
ed that upon aging and in chronologically young
LaminA/C knock-out HSC, chromosome 11 homolog
proximity was altered and this correlated with the func-
tional impairment of stem cells. Inhibiting Cdc42 activity
could restore LaminA/C expression and localization, and
also chromosome 11 homolog proximity. Overall, these
findings support the functional relevance of chromatin
architecture also for HSC aging and, most importantly,
show for the first time that is possible to pharmacologi-
cally target the chromatin architecture to rejuvenate aged
HSC function.29

Aging and the epigenetic drift
Epigenetic drift is the term that covers all changes that

have a general effect on the epigenome and the chromatin
architecture.99,100 Recently, an exciting report of the epige-
netic drift in murine aging across tissues has been pub-
lished. Benayoun et al. showed that the aged-related alter-
ations observed in the epigenome and transcriptome land-
scape lead to induction of inflammatory responses, mainly
interferon related, across different tissues upon aging.100 In
humans, the epigenetic drift has been studied at the sin-
gle-cell level on peripheral blood mononuclear cells from
subjects of different ages.101 In agreement with previous
studies performed on bulked murine HSC,27,28 they
observed an increment of H3K4me3 and H3K27me3 with
age. These variations were reflected in transcriptional
alterations and an association of H3K4me3 with DNA
breakage and translocation was also observed.102
The fact that the observed epigenetic drift is consistent

between mice and humans suggests that it is a conserved
phenomenon in mammals. However, its ultimate manifes-
tation seems very heterogeneous, even within cells and
tissues of the same individual. This has been demonstrat-
ed using different approaches such as the generation of a
multi-color Hue mouse model as a clonal tracking tool26
and single-cell transcriptomics to study the transcriptional
behavior of each clone.26,103 These two studies agreed in
identifying (based on transcriptome analysis) distinct
clones in aged individuals that have different regulatory

states as a consequence of the epigenetic drift occurred
upon aging.26,103

Metabolism and hematopoietic stem cell aging

Hematopoietic stem cells are quiescent during most of
their lifespan and their metabolic needs are relatively low.
However, one of the aging hallmarks is the dysregulation
of metabolic pathways, and this aspect might indeed be
critical for HSC function, too. Here we detail some of the
key metabolic aspects related to HSC aging (Figure 3).

Effects of oxidative stress and mitochondria homeosta-
sis in hematopoietic stem cell aging 
It has been shown that artificially altering mitochondrial

function can lead to acquiring aging phenotypes in HSC,
such as loss of self-renewal and lymphoid/myeloid skew-
ing. Sometimes these mitochondrial-related aging pheno-
types can be reverted by the addition of redox scavenger
compounds [N-acetylcysteine (NAC), rapamycin or
MAPK inhibitors]. Normally, rapamycin and calorie
restriction can only partially rescue the effects of aging
due to intrinsic deteriorated mitochondrial activity
(reviewed by Chandel et al.5).
Reactive oxygen species (ROS) are the natural side-

product of oxygen-based metabolism and are produced
mainly by mitochondria. The effect of ROS in aging has
been historically attributed only to the oxidation of DNA,
RNA and proteins, but it has an important role in cell sig-
naling, too. ROS can be detected by redox sensors that
ultimately fire oxidative stress response such as enzymes
and transcription factors (reviewed by Bigarella et al.104).
In HSC, high levels of ROS can generate oxidative stress

and lead to loss of quiescence in the cells; therefore, ROS
levels have to be tightly controlled (reviewed by Bigarella
et al.104). Quiescent HSC have a low metabolic rate, which
involves low levels of reactive oxygen species (ROS).105 It
has been shown in mice that the frequency of HSC with
low levels of ROS decreases with age, suggesting that
ROS generation/accumulation is a distinctive characteris-
tic of aging.106 Increments of ROS levels in adult HSC have
consequences that are somewhat similar to the aging phe-
notype such as myeloid lineage skewing and defective
long-term repopulation activity, as has been demonstrated
in the case of FoxO transcription factors depletion in
mice.107,108 It is very interesting that high levels of ROS in
the FoxO depleted HSC can be rescued by the addition of
the antioxidant NAC,108 but only for some weeks.107 The
importance of FoxO3 in LT-HSC function goes beyond
regulation of ROS levels since it is essential for activation
of the autophagy gene program.109
Reactive oxygen species are also augmented in HSC of

aged SIRT3 knockout (KO) mice, negatively affecting their
function, but not in young SIRT3 KO mice. Intriguingly,
overexpression of SIRT3 rescues functional aged-related
defects in HSC. SIRT3 is a deacetylase that regulates mito-
chondrial protein acetylation in mammalian cells and it is
enriched in young compared to aged HSC. Therefore, the
role of SIRT3 in the maintenance of proper ROS levels in
HSC is essential during aging.110
Mitochondrial homeostasis refers to the correct regula-

tion of the mitochondria function within the cell. Studies
using “mutator mice” (proof reading mutant for PolγA, the
catalytic subunit of mtDNA polymerase that is encoded in
the nuclear genome) showed phenotypes indicative of

Intrinsic HSC aging

haematologica | 2020; 105(1) 29



premature aging,111 including features of MDS.112
Trifunovic et al. concluded that there might be a causative
link between mtDNA mutations in these mice and the
aging phenotype.111 However, deep insights in the pheno-
type and molecular signatures of aged HSC demonstrated
that they are different from this ‘mutator’ strain, conclud-
ing that aging is primarily independent of the accumula-
tion of mitochondrial mutations.105 What is, indeed,
observed is that aged HSC show deregulation that deteri-
orates mitochondrial activity (reviewed by Oh et al.113). 
Maintenance of mitochondrial homeostasis within the

cell is also dependent on the regulation of nuclear mito-
chondrial gene expression. For example, Mohrin et al.
showed that SIRT7, a histone deacetylase, is normally
located at the proximal promoters of ribosomal proteins
and mitochondrial transcription factors within the nuclear
genome. It also binds directly to NRF1, the master tran-
scription factor of mitochondria. Eventually, SIRT7 leads
to the inhibition of the expression of mitochondrial pro-
teins in young HSC.114 Aged HSC have lower levels of
SIRT7, thus allowing an increment in the expression of
mitochondrial proteins. This, in turn, activates the PFSmt

(mitochondrial protein folding stress), a metabolic check-
point that reduces HSC quiescence. Therefore, overex-
pression of SIRT7 in aged murine HSC was shown to
decrease the levels of mitochondrial protein expression
associated with mitochondrial stress and to improve aged
HSC function.114

Autophagy
Autophagy is a major regulator of mitochondria home-

ostasis and a suppressor of the metabolism. It is regulated
by nutrient-sensing pathways like mTOR or AMPK,
which inhibit and activate autophagy, respectively. In gen-
eral, autophagy decreases with aging, due to either the
downregulation or the upregulation of critical autophagy
proteins. In HSC, the age-related decrease in autophagy
has been associated with lower capacity of glucose intake;
mitochondrial autophagy would be attenuated in order to
maintain necessary energy levels in old HSC and is rapidly
induced by FoxO3 transcription factor when HSC are
under metabolic stress.109
Genetic tools were instrumental in revealing the critical

role of autophagy upon HSC aging.115 For example, in
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Figure 3. Metabolic homeostasis and proteostasis during aging in hematopoietic stem cells (HSC). Young HSC fine-tune several biological processes: they maintain
a low metabolic rate, control protein degradation and regulate autophagy. Aged HSC show an unbalanced scenario where these processes  lose their metabolic home-
ostasis and proteostasis, converging into a status of metabolic and protein stress. Fasting is able to restore at least partially the activity of the UPRER and proteostasis
in aged HSC. ROS: reactive oxygen species; UPR: unfolded protein response.



Atg1scKO mice, autophagy is deregulated and aged HSC
present with reduced quiescence, an increased rate of dif-
ferentiation biased toward the myeloid lineage, and an
increment in OXPHOS rates. In HSC from conditional
knockout Atg12 mice, changes in the methylome of essen-
tial genes for the formation of autophagosomes have been
reported. These changes could be explained by the alter-
ations of metabolite levels caused by the loss of
autophagy, such as reduction of S-adenylmethionine
(SAM), methyl-donor co-substrate for methylases, and an
increment in alpha-ketoglutrate (αKG), a co-factor for
demethylases.35,116
Intriguingly, it was also reported that a fraction of aged

HSC showing high levels of autophagy displayed higher
resistance to exhaustion, as demonstrated by secondary
transplants in mice. These data suggest that, although
aged HSC are apparently phenotypically equal, there
might be a subset that maintains the autophagy levels of
young HSC and are consequently resilient to aging, pre-
serving their stemness and regenerative potential.35
Nowadays, autophagy represents a target for therapeu-

tic interventions in vitro and in vivo, with clinical trials
ongoing for several aged-related hematopoietic disorders,
such as AML.117,118 A number of these autophagy-targeting
approaches are based on the use of different mTOR path-
way inhibitors119 and could offer a potential therapeutic
approach to improve healthy aging as well. 

Proteostasis role in hematopoietic stem 
cell aging 

Homeostasis of proteins, also called proteostasis, indi-
cates a situation in which the proteome within the cell
reaches an equilibrium by balancing the elimination of
misfolded or damaged proteins while preserving at the
same time the necessary levels of properly assembled
proteins.36
Proteostasis relys in part on protein translation, that is,

it is directly dependent on ribosomal levels and biogene-
sis. Transcription of rRNA genes is regulated by the
methylation state of the rRNA genes themselves.
Interestingly, it has been shown that ribosomal biogene-
sis is a target of aging with hypo-methylation of rRNA
genes and higher levels of transcription in aged HSC.28

Cell polarity and aging
Cell polarity is a universal biological feature, and age

seems to be a factor contributing to the loss of cell polar-
ity regulation.120 Polarity can be defined as the asymmet-
ric distribution of cellular components, biomolecules and
structures within the cells. The number of genes linking
polarity and aging is strikingly increasing and, conse-
quently, the number of targets to be investigated in order
to ameliorate aging is growing.121 For instance, in the
baker yeast S. cerevisiae, it has been demonstrated that
damaged and aggregated proteins are retained in the
mother cell establishing an asymmetry that marks which
of the cells is  aged. The lysine deacetylase Sir2p is
responsible for this, since it regulates the ultimate correct
folding of actin in order to keep the protein aggregates in
the mother (aged) cell.122 This mechanism is highly con-
served among organisms, as is shown in Drosophila larval
and adult stem cells (female germline and intestinal stem
cells). Here, proteostasis seems to be, at least in part, reg-

ulated by asymmetric division: the shortest life-span
daughter inherits the majority of damaged proteins leav-
ing the stem cell daughter as damage-free as possible.123
This is particularly important in adult stem cells, since the
accumulation of damaged or misfolded proteins can con-
tribute to aging.36,124 Asymmetry has been described in
HSCs for several proteins such as Cdc42, Dlg, Crumb3,
Scribble, H4K16ac, LaminA/C. Polarity of these proteins
is characteristic of young HSC and apolarity is more
prominent in aged stem cells.14,15,29,44,125 CD71, the transfer-
rin receptor, and CD53 and CD63, endosomal-associated
proteins are also described to be polar and confer asym-
metry during division of HSC, being characteristic of the
most primitive population of HSC when they are togeth-
er with the stem marker CD133.126
In summary, despite the wide experimental evidence

linking loss of cell polarity and the proteostasis decay
upon aging, only a few pharmacological approaches have
been proposed so far. For example, CASIN was success-
fully used to recover HSC cell polarity and rejuvenate
function of aged stem cells in mice.14

Protein degradation systems and folding stress
response
The ubiquitin proteasome system (UPS) is a complex of

factors responsible for tagging proteins for signaling or for
degradation, and is, therefore, implied in regulating pro-
teostasis in eukaryotic cells.39 It has been shown that HSC
function can be affected by the absence or malfunction of
different UPS system factors, such as E3 ligases or deubiq-
uitinases. This happens in an indirect way, affecting the
accumulation of its protein targets, like STAT5, c-myc or
Notch, and promoting exacerbated responses.39
Moreover, the UPS regulates the degradation of histone
modifying enzymes such as HDAC1 and DNMT1.127 This
means that the epigenetic changes observed might be a
consequence of the proteasome decay occurring with
aging.128
Another system controlling proteostasis is the unfolded

protein response that occurs in the endoplasmic reticulum
(UPRER). This system preferentially induces apoptosis
under ER (endoplasmic reticulum) stress in HSPC com-
pared to closely related progenitors. The biological rele-
vance of this mechanism relys on the elimination by
apoptosis of those HSC that are under ER stress due to
accumulation of misfolded proteins.129 Intimately related
with the UPRER, protein chaperones function by enhanc-
ing the correct folding of proteins, and, in turn, protecting
against UPR-induced apoptosis. For example, the overex-
pression of the UPRER factor ATF4 and the co-chaperone
ERFJ4 in HSC isolated from human cord blood samples
confers greater repopulation capacity compared to non-
modified HSC or progenitor cells.129 
UPRER is up-regulated in intestinal stem cells (ISC) in

Drosophila with aging and oxidative stress, which leads to
age-related dysplasia and proliferation,130 although in
other biological organisms, such as C. elegans, it promotes
longevity.131 In mice, UPRER is transiently hyper-activated
after fasting-re-feeding periods as has been observed by
the overexpression of Xbp1, a transcription factor that
activates the expression of the UPRER components.
Furthermore, Xbp1 overexpression leads to hypo-
glycemia due to an improvement in insulin sensitivity
and triggers lipolysis in the liver.132 Adaptation to fasting
is linked to the UPRER system through IRE1α, a protein
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located in the ER that splices Xbp1 mRNA to a form that
activates UPRER.133 Prolonged fasting has a direct effect on
the UPRER system that influences the self-renewal and dif-
ferentiation potential of stem cells.134 However, the effects
of fasting in HSC have so far only been investigated from
a different perspective. Prolonged fasting in mice protects
HSC and progenitors within the bone marrow after
chemotoxicity and promotes balanced hematopoietic
regeneration, also in the absence of chemotherapy treat-
ment. The effect of prolonged fasting on HSC is mediated
by the low levels of expression of IGF1 (insulin-like
growth factor 1) and PKAα in starved mice.135

Signaling pathways influencing intrinsic
hematopoietic stem cell aging

Hematopoietic stem cells are located in a very special
microenvironment: the bone marrow niche.
Communication between the HSC and niche cells is essen-
tial for a correct functioning of the whole hematopoietic
system.136 Hence, it is very important that the signaling
pathways between HSC and the niche are functioning cor-
rectly throughout the life-span of the organisms. Since we
are dealing here with intrinsic alterations of HSC upon
aging, we will focus on some examples of signaling factors
and pathways within stem cells that are particularly com-
pelling in the context of intrinsic aging.

Tgf-β related
Transcriptome data analysis showed reduced TGF-β

signaling upon aging in HSC.15,28 Sun et al. calculated that
TGF-β-regulated genes were five times more likely to be
down-regulated compared to all other genes affected by
age.28 Among the TGF-β downstream genes down-regu-
lated in the study, more than half (63%) are related to bio-
logical functions that somehow sustain
hematopoiesis.43,137 In agreement with these findings,
scATACseq experiments comparing young and old HSC
have shown that TGF-β signaling is specifically enriched
in young HSC, meaning that they are in a more accessible
chromatin context, and consequently, more likely to be
expressed in young when compared to old cells.15 TGF1-
β signaling is also modulated by the regulation of the sta-
bility of its receptor upon aging. Tif1-γ (transcription
intermediary factor 1γ) regulates TGF1-βR turn over via
its ubiquitin ligase activity. Tif1-γ was reported to be
down-regulated in aged HSC, while knock out of Tif1-γ
promoted premature HSC aging. Consequently, the
amount of TGF1-βR is higher in aged HSC, making the
cells more sensitive to TGF1-β.45

Wnt related
Wnt signaling has been described to have an important

role in aging in different stem cell systems such as muscle
stem cells, adult neural stem cells or skin stem cells.138-140
In the case of muscle stem cells, with age, canonical Wnt
signaling is activated, leading to impaired muscle regener-
ation and augmented fibrosis.139 For adult neural stem
cells, it has been shown that aging leads to the overex-
pression of the Wnt antagonist Dickkopf-1 in order to
reduce neurogenesis. When Dickkopf-1 is conditionally
ablated, neurogenesis increases.138 Regarding skin stem
cells, the Wnt antagonist Klotho protects against aging by
blocking Wnt signaling.140 Wnt family members also have

a role in bone marrow function, since different members
are expressed in hematopoietic cells and in non-
hematopoietic stromal cells.141 It has been shown that
Wnt signaling is involved in the maintenance of the bal-
ance between quiescence and activation of HSC in the
bone marrow.40,142 In murine HSC, it has been shown that
there is an intrinsic increased expression of Wnt5a, shift-
ing the signaling from canonical to non-canonical in aged
HSC.44 The non-canonical Wnt pathway resulted in
Cdc42 activation and induced aging-like phenotypes
when Wnt5a was added to young LT-HSC, including apo-
larity and loss of epigenetic asymmetry at division.15,44 In
contrast, the haploinsufficiency of Wnt5 showed attenu-
ation of aging phenotypes in old HSC Wnt5a+/- mice.44
However, Wnt signaling in aging also has an extrinsic role
in the bone marrow since haploinsufficient Wnt5a+/-

recipient mice regenerate dysfunctional HSC upon sec-
ondary transplantation.143 This apparent incongruence
suggests that Wnt5a might exert both an autocrine and a
paracrine effect on HSC.

Notch related
It is known that Notch is important for the mainte-

nance of murine muscle stem cells since loss of Notch sig-
naling pathway causes impairment in regeneration of
muscle.144 In fact, the loss of satellite cells that occurs in
aged mdx mice, a murine model for the Duchenne-
Muscular-Disthropy that involves the downregulation of
the Notch signaling pathway, can be ameliorated when
Notch signaling pathway is restored.145 Recently, it was
also demonstrated in murine muscle stem cells that lig-
ands of Notch activate p53 during normal regeneration,
while this axis is impaired in aged mice leading to cell
death due to mitotic catastrophe.146
There is also evidence of the implication of Notch2,

and not Notch1 in the specific Ventricular-subVentricular
Zone (V-SVZ) adult neural stem cells, where it represses
cell cycle preserving quiescence.147
In the case of the hematopoietic system, there are con-

flicting results from different studies making this a subject
of intense debate (reviewed by Lampreia42 and Weber and
Calvi148). On one hand, the function of Notch signaling in
murine HSC has been reported several times as favoring
HSC self-renewal and expansion by in vitro stimulation of
the Notch pathway, such as the transduction of the active
intracellular portion of Notch1 or its targets, Hes1149,150 and
in vivo by the deletion of a E3 ubiquitin ligase that nega-
tively regulates Notch receptor degradation.151 However,
most studies based on in vivo loss-of-function models
seem to argue against these results, since Notch signaling
pathway is not essential for adult hematopoiesis in
mice.152,153 Notch involvement in human HSC function is
also controversial.42 On one side, inhibition of Notch by
transducing human HSCs with dnMAML1 leads to block-
age of maintenance/expansion and T-cell development in
vitro, while in vivo engraftment seems not to be affected.154
However, by using γ-secretase inhibitor (DAPT) to inhibit
Notch signaling, it has been shown that Notch pathway
is important for the repopulation capacity of human
HSC.155 

NF-kΒ related
Constitutive NF-kB activation has been involved in

aging in several murine tissues, including bone marrow,156
and in age-related myeloid malignancies like AML
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(reviewed by Zhou et al.157). A very interesting integrative
study combining human and mice datasets from young
and aged fibroblasts has revealed that NF-kB enforces the
aging phenotype and it can be targeted, at least in mice,
to revert the aged phenotype.158 Also, NF-kB signaling
seems to be activated in aged tissues and it negatively reg-
ulates autophagy (reviewed by Salminen et al.159).
More recently, NF-kB signaling activation in the

hematopoietic system has been studied under inflamma-
tion stimuli in mice showing that aged LT-HSC present
with an altered myeloid-biased response to inflamma-
tion.18
In another study, carried out in mice, aged HSC were

shown to be failing in down-regulating NF-kB signaling
when an acute inflammatory stimulus occurs,43,160 and that
this is dependent on the levels of Rad21/cohesin.160 
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Table 1. Details of documented connections between different biological processes involved in intrinsic hematopoietic stem cell aging.
Connection              Process                                                                                                                                                                           Reference

        1                            -Change in some metabolite levels affect to the activity of methylases on DNA methylation                                                             (35)
        2                            -SIRT7 overexpression in aged HSC, preserves against mitochondrial stress                                                                                      (114)
        3                            -Specific mutations in epigenetic regulators such as DNMT3, TET2 or ASXL2 tend to appear upon ageing                                (53-56)
        4                            -Accumulation of ROS is related to augmented DNA damage                                                                                                                    (107)
        5                            -Pot1 has a dual role inhibiting ATR-dependent DNA damage repair at telomeres at the same time that it controls                  (72)
                                      the expression of genes involved in ROS reduction and mTOR signaling
        6                            -Wnt non-canonical pathway activates Cdc42 in young HSC inducing ageing-like phenotypes                                                          (12,44)
        7                            -The UPS malfunctions in aged HSC which inhibits the correct degradation of histone modifying enzymes                            (127,128)
                                      such as HDAC1 and DNMT1
        8                            -rRNA genes are hypomethylated in aged HSC which involves increased rRNA transcription, more ribosomal                           (28)
                                     biogenesis and higher levels of protein translation
        9                            -TGF-β signaling-related genes are enriched in young HSC by ATAC-seq and Wnt signaling-related genes are                         (15,28)
                                      enriched in old HSC by ATAC-seq
       10                           -The UPS malfunctions in aged HSC which inhibits the correct degradation of Notch signaling-related factors                       (39,45)
HSC: hematopoietic stem cell; ROS: reactive oxygen species; UPS: ubiquitin proteasome system.

Figure 4. Interconnections between dif-
ferent biological processes involved in
intrinsic hematopoietic stem cell (HSC)
aging. We have defined five biological
processes affected during aging that
cannot be compartmentalized from
each other. They are interconnected
and a change in one of the processes
might affect the others, and all of them
converge in the final outcome of intrin-
sic aging. Specific documented inter-
connections between different biologi-
cal processes involved in intrinsic HSC
aging are numbered (1 to 10). 



Perspectives for rejuvenation and therapeutic
strategies 

In this review, we have summarized some of the most
recent and relevant information about the intrinsic fac-
tors that affect HSC upon aging. In general, we can iden-
tify at least five biological processes, which we would
define as intrinsic HSC aging mechanisms (Table 1 and
Figure 4). DNA damage, metabolism, epigenetics/chro-
matin architecture, proteostasis, and signaling. However,
the cell cannot compartmentalize hermetically each one
of these processes. This is the reason why the intercon-
nections between these biological processes will be a key
aspect in deciphering the extent of the impact of aging
on HSC. For instance, the levels of several metabolites
like SAM or ketoglutharate affect the activity of methy-
lases, which in turn have an effect on the epigenetics of
the cell.35 Investigating and understanding cellular and
molecular mechanisms of HSC aging will increase the

possibility of defining new pharmacological targets to
reduce the negative effects of aging and promote
“healthy aging”.
We are aware that most aging mechanisms that we have

reviewed here have been studied in the murine or in non-
human systems. Nevertheless, we would like to empha-
size the progress achieved so far and the importance of
pursuing an integrative research approach, to connect all
the aspects affecting stem cell aging. A broader view of
this process might indeed be central in bridging the  gap to
translation in the human system. 
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Hematopoietic stem cell (HSC) aging was originally thought to be
essentially an HSC-autonomous process, which is the focus of
another review in the same issue of Haematologica. However, studies

on the microenvironment that maintains and regulates HSC (HSC niche)
over the past 20 years have suggested that microenvironmental aging con-
tributes to declined HSC function over time. The HSC niches comprise a
complex and dynamic molecular network of interactions across multiple
cell types, including endothelial cells, mesenchymal stromal cells,
osteoblasts, adipocytes, neuro-glial cells and mature hematopoietic cells.
Upon aging, functional changes in the HSC niches, such as microenviron-
mental senescence, imbalanced bone marrow mesenchymal stromal cell
differentiation, vascular remodeling, changes in adrenergic signaling and
inflammation, coordinately and dynamically influence the fate of HSC and
their downstream progeny. The end result is lymphoid deficiency and
myeloid skewing. During this process, aged HSC and their derivatives
remodel the niche to favor myeloid expansion. Therefore, the crosstalk
between HSC and the microenvironment is indispensable for the aging of
the hematopoietic system and might represent a therapeutic target in age-
related pathological disorders.

Introduction to hematopoietic stem cell aging

Adult hematopoiesis takes place in the bone marrow (BM), where hematopoietic
stem cells (HSC) can self-renew, proliferate and differentiate to replenish the blood
and immune systems. Given that most HSC are quiescent under homeostasis,
mature blood and immune cell production is believed to derive mainly under
steady state from progenitor cells (rather than HSC), which differentiate to produce
mature blood cells. Cumulative studies have demonstrated that HSC are heteroge-
neous and contain subsets with distinct myeloid, platelet or lymphoid-biased
potentials, although the existence of lymphoid-biased HSC has long been debated
and remains controversial.1-5 Additionally, recent studies have shown that HSC can
bypass the intermediate steps to generate mature progenies under certain condi-
tions, such as chronic inflammation and aging.
Upon aging, HSC increase in number but their functions are impaired, character-

ized by reduced regenerative and homing capacity, loss of cell polarity, and
myeloid-biased differentiation at the expense of lymphopoiesis.6-9 These changes
were initially thought to cause only cell-intrinsic dysregulation,10 such as epigenetic
deregulation,11 replication stress,12 deficient DNA repair,13 and transition from
canonical to non-canonical Wnt signaling.14 Old HSC also suffer metabolic
changes,15,16 impaired autophagy17 and altered protein homeostasis,18 which con-
tribute to the decline of their regenerative potential. However, current studies are
revealing that the BM microenvironment may contribute to HSC aging. This
hypothesis is supported by an elegant study in which old HSC transplanted into
young recipients exhibited reduced myeloid output as compared those transplant-
ed into old recipients, suggesting that the old BM microenvironment contributes to
myeloid skewing.19 This review will cover microenvironmental contributions to
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HSC aging, provide hypotheses for BM niche remodeling
based on current knowledge, and discuss the potential
implications for age-related myeloid malignancies. HSC-
intrinsic aging mechanisms are the focus of a separate
complementary review in this issue of Haematologica and
will not be discussed here.

Evolving views on hematopoietic stem cell 
niches

HSC are surrounded by numerous cell types and the
associated extracellular matrix in the BM, which form a
unique microenvironment known as the “HSC niche’’.
Osteoblasts were the first niche cells found to be involved
in hematopoiesis. Early studies indicated that osteoblasts
differentiate from BM osteoprogenitor cells, secrete
hematopoietic cytokines and can maintain HSC in
culture.20 In 2003, two studies described for the first time
that transplanted HSC localize to the bone surface of BM
and their numbers are regulated by osteoblastic cells.
Long-term HSC were found to adhere to spindle-shaped
N-cadherin+CD45- osteoblastic (SNO) cells, which control
HSC size by BMP signaling.21 A recent study has shown
that N-cadherin+ cells maintain a population of highly qui-
escent reserve HSC,22 suggesting the possibility that differ-
ent BM niches might regulate steady-state vs. stress
hematopoiesis. Another study showed that osteoblasts
activated with parathyroid hormone/parathyroid hor-
mone-related protein receptor produce high levels of
Notch ligand Jagged 1 and increase HSC numbers.23 Later
studies further identified Tie2/angiopoietin-1 signaling
and thrombopoietin/MPL signaling as important regula-

tors of HSC quiescence through interactions with
osteoblasts.24,25 A high calcium concentration in the endos-
teum also plays an indispensable role, maintaining HSC in
the endosteal niche, since calcium-sensing receptor knock-
out HSC fail to migrate to the endosteal BM surface after
transplantation.26 In addition, the endosteal BM area is
enriched in CXCL1227 and stem cell factor,28 two of the
most important molecules supporting hematopoiesis,
strengthening the hypothesis that the endosteum is a
major reservoir for HSC. However, the osteoblastic niche
was thereafter challenged in studies in which osteoblastic-
specific deletion of Cxcl12 or Scf only affected the main-
tenance of early lymphoid progenitors but had little
impact on HSC.29 Furthermore, N-cadherin expression in
osteolineage cells seems to be dispensable for HSC main-
tenance under homeostasis.30 Whereas N-cadherin might
not be essential for HSC, N-cadherin+ cells appear neces-
sary to maintain a reservoir population of quiescent
HSC.22 Studies on these aspects raise the possibility that
different niches might exist for activated/quiescent HSC,
and/or for HSC contributing to steady-state/emergency
hematopoiesis. The BM is highly vascularized, and the
close developmental relationship between hematopoietic
and endothelial lineages together suggest that HSC are
housed and regulated in perivascular regions. To date, at
least two functionally distinct perivascular niches that
highly express Cxcl12 and Scf to dictate HSC cell fate have
been identified in mice: (i) the arteriolar niches, composed
mainly of arterioles (found throughout the BM) or
endosteal transition-zone vessels, both of which are asso-
ciated with sympathetic nerve fibers, Nestin-GFPbright

and/or NG2+ cells; and (ii) the sinusoidal niches, where
sinusoid-associated Cxcl12-abundant reticular cells,
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Figure 1. Schematic model of the interplay between hematopoietic stem cells and the microenvironment during aging. Loss of β3-adrenergic receptor (β3-AR) activ-
ity reduces endosteal niches, pushes hematopoietic stem cells (HSC) away from the endosteum and favors myeloid bias at the expense of lymphopoiesis.
Accumulation of aged HSC in the central bone marrow and increased β2-AR activity causes expansion of central capillaries, myeloid cells and megakaryocytes, which
locate farther from HSC.



Nestin-GFPdim and LepR+ cells are located.31 Recent studies
also reveal that megakaryocytes, which are mostly adja-
cent to sinusoids, regulate HSC quiescence through trans-
forming growth factor-β, thrombopoietin and platelet fac-
tor-4 secretion.32-34 Currently, it remains controversial
which specialized niches predominantly regulate HSC
quiescence. It is possible that HSC quiescence is different-
ly regulated between steady-state and emergency and/or
malignant hematopoiesis. However, lineage commitment
appears to be influenced by the location of HSC and their
derivatives in the BM. Accumulating evidence suggests
that lymphopoiesis preferentially occurs near the endos-
teum, while myelopoiesis/erythropoiesis/megakary-
opoiesis mostly takes place in non-endosteal BM regions.
Supporting this concept, a recent study using Vwf-eGFP to
label different HSC populations demonstrated that Vwf+
platelet/myeloid-biased HSC are associated with
megakaryocytes, whereas Vwf- lymphoid/unbiased HSC
are located close to arterioles.35 Therefore, alterations in
specialized niches might directly affect myeloid/lymphoid
output, and the imbalanced production of mature
hematopoietic cells at specific niches might in turn remod-
el the local microenvironment for these cells.

Hematopoietic stem cells change location 
as niches are remodeled during aging

A growing body of evidence has indicated that HSC
redistribute within the BM upon aging. For instance, aged
HSC locate away from the bone surface (endosteum),
compared with young HSC, upon BM transplantation.36
This abnormal homing behavior correlates with increased
BM HSC numbers and enhanced HSC egress into the cir-
culation.37 Recent studies using whole-mount immunoflu-
orescence staining of murine long bones further revealed
that aged HSC are more distant from the endosteum, arte-
rioles, Nestin-GFPhigh cells and megakaryocytes, but HSC
distance from sinusoids and Nestin-GFPlow cells appears
unchanged, compared with that of young HSC.38-40 These
results strongly suggest that the BM microenvironment is
altered with age, favoring HSC lodging near non-
endosteal (central) niches, over endosteal niches. The fol-
lowing sections will discuss current studies on age-related
BM niche remodeling, the key microenvironmental play-
ers and the associated mechanisms by which HSC local-
ization and function are regulated.

Dysfunction of bone marrow mesenchymal 
stromal cells

Studies regarding the absolute number of BM mes-
enchymal stromal cells (MSC) during aging have yielded
controversial results, with some suggesting an overall
increase,41,42 while others suggest unchanged43,44 or reduced
numbers.45 It is noteworthy that BM MSC are heteroge-
neous, and the heterogeneity in the markers used to
define BM MSC immunophenotypically might explain
some of these controversies. Using Nestin-gfp to label
murine BM MSC, different studies have reported reduced
endosteal Nestin-GFP+ cells in the aged BM,39,40 consistent
with reduced numbers of arteriolar αSMA+, PDGFRβ+ and
NG2+ cells.38 The age-related contraction of endosteal BM
might initiate lymphoid deficiency, since lymphoid niches
have been previously described near bone.29,46-48 However,

this notion has been refined more recently after elucidat-
ing dynamic interactions between B-cell progenitors and
perivascular BM MSC, which provide key signals for B
lymphopoiesis (such as Cxcl12 and Il7), both in endosteal
and central sinusoidal BM niches.49-52 Functionally, old BM
MSC exhibit reduced colony-forming unit-fibroblast
(CFU-F) capacity in vitro and reduced expression of HSC
niche factors.38 In this regard, revitalizing BM MSC to
restore HSC niche factors has been proposed as a strategy
to prevent DNA damage in cultured HSC.53
BM MSC exhibit reduced osteogenesis with age, which

is associated with lower osteopontin secretion to the
extracellular matrix.54 Osteopontin negatively regulates
HSC proliferation,55-57 and its decline might accelerate HSC
divisions during aging. Supporting this idea, treatment
with thrombin-cleaved osteopontin partially reverses the
age-associated phenotype of HSC.54
CC-chemokine ligand 5 (CCL5), a pro-inflammatory

cytokine involved in bone remodeling,58 is reportedly
increased with age. Researchers also reported a direct
contribution to myeloid-biased differentiation at the cost
of T cells by CCL5,19 suggesting that CCL5 is important
for aging of the hematopoietic system and the microenvi-
ronment. In contrast, old BM MSC show adipocyte skew-
ing.59 Adipocytes are a BM niche component that pro-
motes HSC regeneration after irradiation, although their
roles in hematopoiesis under homeostasis seem to be dis-
pensable.60 However, altered functions of adipose tissue,
including ectopic lipid deposition, insulin resistance and
increased inflammation, have been described during
aging.61 Accumulation of BM adipocytes upon aging not
only reduces hematopoietic reconstitution, but also dis-
rupts bone fracture repair.62 The latter likely contributes to
the increased risk of osteoporosis and bone fracture in the
elderly population.63,64
BM aging is also associated with senescence of BM

MSC, evidenced by increased p53/p21-mediated DNA
damage, upregulation of p16(INK4a) and elevated levels of
reactive oxygen species.65-67 An age-dependent shortening
of telomeres was found in telomerase-deficient (Terc-/-) BM
MSC; consequently, lethally-irradiated Terc-/- mice carrying
wildtype BM cells display accelerated myelopoiesis.68
More recently, proteome analyses of human BM have
unraveled nitric oxide synthesis and the urea cycle path-
ways as potential mediators for the crosstalk between old
BM MSC and HSC.69 Murine BM MSC show compara-
tively higher mRNA expression of neuronal nitric oxide
synthase (encoded by the Nos1 gene), as compared with
other nitric oxygen synthase isoforms, and Nos1-/- mice
develop certain features of premature aging, such as
remodeled BM vasculature and myeloid skewing.39 Given
the importance of nitric oxide in vascular biology and bal-
anced inflammatory responses, it is likely that nitric oxide
pathways participate in the aged vascular remodeling and
myeloid expansion partly by modulating inflammation.

Remodeling of bone marrow vasculature and 
endothelial cell functions
During aging, remodeling of the BM endothelial vascu-

lature is notable. Studies using whole-mount confocal
imaging, two-photon intravital microscopy and flow
cytometry analysis demonstrated overall increased vascu-
lar density in aged mice.38,70 Yet distinct vascular beds
show different, or even opposite alterations with age.
Arterioles appear to be decreased, while sinusoids seem
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unchanged upon aging.39 Consistent with these observa-
tions, arteriole segments covered by Nestin-GFPbright cells
appear shortened.38 Transitional zone vessels containing
type-H endomucin (EMNC)-high endothelial cells (which
are enriched in the murine trabecular BM, where they sup-
port developmental bone growth71) are reduced in old
mice.39,70 In contrast, small capillaries (CD31highEMCN- cells
<6 mm in diameter) are notoriously expanded in the cen-
tral marrow.39
The functionality of vascular endothelium declines with

age, as manifested by increased vascular leakiness,
increased levels of reactive oxygen species and decreased
angiogenic potential.72 Poulos et al. previously reported
that HSC purified from young mice and co-cultured with
endothelial cells from old mice lack long-term hematopoi-
etic multilineage reconstitution, while old HSC co-cul-
tured with young endothelial cells maintain their self-
renewal ability.72 Infusion of young endothelial cells into
aged, conditioned mice revives the old hematopoietic sys-
tem. Kusumbe et al. identified high Notch activity in type-
H endothelial cells and their associated
subendothelial/perivascular cells,70 suggesting that con-
traction of endosteal vessels upon aging concomitantly
occurs with impaired Notch signaling. Overexpression of
the Notch ligand Dll4 in vascular endothelial cells can pre-
vent myeloid skewing of hematopoietic progenitors73 but
cannot completely rescue HSC aging,70 perhaps consistent
with the finding of another study in which Dll4 was
unchanged in the aged murine BM.40 A common finding is
reduced endosteal activity of Notch ligand, since the latter
study reported reduced expression of Jagged2 (Jag2) ligand
in aged Nestin-GFPhigh cells. In contrast, Jag2 levels seem

increased in the sinusoids, or their associated Nestin-
GFPlow cells. Moreover, Jag2 blockade induces proliferation
and clustering of aged HSC near the sinusoids. Therefore,
whereas the specific role of Dll4 during aging is not clear,
alterations of Notch signaling do seem to  be important for
hematopoietic aging. Together, these results strongly sug-
gest that altered Notch signaling critically contributes to
HSC aging in different ways depending on the niche: in
the endosteal vessels, Notch signaling appears to regulate
HSC lineage commitment, whereas it is required in the
sinusoids to preserve old HSC (since HSC accumulate in
sinusoidal niches as a function of age).40

Inflammation

Aging of the BM microenvironment is associated with
increased pro-inflammatory cytokines, both in mice and
humans.74 Several lines of evidence have indicated that
these inflammatory cytokines drive myeloid/megakary-
ocytic differentiation. In aged-related myeloid malignan-
cies, such as myeloid proliferative neoplasms and chronic
myelogenous leukemia, serum interleukine (IL)-1β and IL-
6 levels are elevated.75,76 Pietras et al. reported that chronic
IL-1 exposure induces HSC myeloid skewing at the
expense of self-renewal.77 IL-1α/β regulates throm-
bopoiesis in vitro,78,79 possibly explaining high platelet
counts in aged mice.80 Defective phagocytosis of
macrophages during aging induces expansion of platelet-
biased HSC through Il-1β signaling.81 Il-6 promotes throm-
bopoiesis either through a direct effect on BM megakaryo -
cyte differentiation39 or indirectly upregulating hepatic
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Table 1. Microenvironmental players contributing to hematopoietic stem cell aging.
Players                                 Size                                                                              Functions/Mechanisms

Mesenchymal lineages            Decreased endosteal Nestin-GFP+ cells                             Increased adipogenesis
                                                       Increased non-endosteal Nestin-GFP+ cells                      Decreased osteogenic differentiation 
          Decreased αSMA+ cells, NG2+ cells, PDGFβ+ cells         Cellular senescence
                                                                                                  Altered nitric oxide, urea cycle pathways
                                                                                                  Reduced secretion of niche factors
                                                                                                  HSC closer to non-endosteal niches, away from endosteal niches
Endothelial cells                       Increased overall vascular density                                       Increased vascular leakiness
          Decreased arterioles; shortened arteriole segments    Vasodilation
          Unchanged/preserved sinusoids                                          Decreased angiogenic potential
          Decreased transitional zone vessels                                   Decreased Notch activity
          Increased small capillaries                                                    HSC away from arterioles
                                                                                                  HSC preserved in sinusoids
                                                                                                  DLL4 regulating HSC myeloid skewing
                                                                                                  Sinusoidal Jag2 regulating HSC proliferation
Inflammatory cytokines          Increased IL-1, IL-3, IL-6, TNFα, INFγ, TGFβ                    IL-1β regulating HSC myeloid-skewing
                                                                                                  IL-6 regulating megakaryocyte differentiation
                                                                                                  TNFα protecting HSC from necroptosis
                                                                                                  TGF-β regulating megakaryopoiesis
                                                                                                  IFN regulating megakaryocytic bias 
Sympathetic nervous              Increased Th+ nerve fibers                                                    β2-AR activation regulating HSC myeloid-skewing toward  platelet production
system                                                                                                                                               β3-AR inactivation regulating niche remodeling, HSC lymphoid deficiency 
                                                                                                  Functional switch of β adrenergic signaling (β2-AR overriding  β3-AR)
Others                                         Increased megakaryocytes                                                     Megakaryocytes closer to sinusoids
                                                       Accumulation of CXCR4highCD62Llow senescent                   HSC away from megakaryocytes
                                                       neutrophils                                                                                 Macrophages with impaired phagocytosis

GFP: green fluorescent protein; αSMA: alpha smooth muscle actin; PDGFβ: platelet-derived growth factor; HSC: hematopoietic stem cells; IL: interleukin; TNFα: tumor necrosis factor
alpha; INFγ: interferon gamma; TGFβ: transforming growth factor beta; DLL4: delta-like 4; Jag2: Jagged 2; AR: adrenergic receptor.



thrombopoietin levels.82 Yamashita et al. demonstrated
that transient stimulation of tumor necrosis factor-α pre-
vents HSC from necroptosis, and proposed that constitu-
tive activation might lead to hyperproliferation of HSC
and exacerbated myelopoiesis in aging and myeloprolifer-
ative disorders.83 Megakaryocytes express transforming
growth factor-β to regulate HSC quiescence, while
megakaryocyte-derived transforming growth factor-β also
stimulates thrombopoietin synthesis by BM stromal cells
to enhance megakaryopoiesis.84 An elegant study by Haas
et al. found that acute inflammation induces proliferation
of the stem cell-like megakaryocyte progenitor to quickly
replenish platelet loss, and the process is in part mediated
through the interferon family.85
Despite the well-known lymphocyte deficiency associ-

ated with aging, only the frequency and function (but not
the absolute number of lymphoid-biased/balanced HSC)
appear to decline with age.86 In fact, during aging both
platelet/myeloid-biased and lymphoid-biased HSC
expand, but exhibit altered gene expression programs and
myeloid and platelet-skewing.80 These findings suggest a
cell fate change of HSC upon aging, and the net outcome
is an increase of the myeloid/platelet compartment at the
expense of the lymphoid compartment. Two possible
non-mutually exclusive explanations are: (i) different HSC
suffer the same intrinsic abnormalities upon aging and (ii)
microenvironmental alterations specifically influence HSC
and direct their cell fate. In support of the second possibil-
ity, distinct HSC subpopulations respond differently to
inflammatory challenges during aging.87 Moreover, old
lymphoid-biased/balanced HSC seem to retain normal
lymphoid commitment potential when removed from an
old microenvironment.5 Exogenous addition of IL-1 can
block lymphocyte differentiation from old lymphoid-
biased HSC, confirming the indispensable role of IL-1 in
HSC fate decisions. Consistently with this notion, IL-1
blockade seems sufficient to revert the age-dependent
increase of megakaryocytic-biased HSC in vitro.81 IL-1
blockade can also attenuate myeloid expansion and
inflammatory arthritis associated with the elderly.88
However, whether the inflamed BM niche is the cause

or the consequence of HSC aging remains debated. It is
notable that mature myeloid/megakaryocytic cells are a
major source of inflammatory cytokines.89 Therefore,
exacerbated myelopoiesis during aging might induce
myeloid/megakaryocytic HSC skewing through inflam-
matory remodeling of the BM microenvironment. Many
different cytokines directly affecting HSC (e.g., IL-6,
tumor necrosis factor and interferon) increase during
aging. A positive feedback loop between the myeloid cells
and their derived inflammatory cytokines might increase
both myelopoiesis and the cytokine storm. Future studies
are needed to clarify the roles of other inflammatory
cytokines, such as IL-6, in the regulation of HSC during
aging.

Neuronal regulation by sympathetic adrenergic
signaling

It has been reported that BM sympathetic stimulation of
β2 or β3 adrenergic receptors (AR) regulates the egress and
granulocyte – colony-stimulating factor -induced mobi-
lization of HSC.90-92 A recent publication has suggested
that noradrenergic nerve fibers are reduced in old murine

BM.38 The study also indicated that surgical denervation of
young BM induces premature aging of the hematopoietic
system, although the inflammation caused by the surgical
denervation might have had a certain influence. A similar
reduction of nerve fibers was found in a mouse model of
an age-related blood disorder, myeloproliferative neo-
plasm,75 suggesting that BM neuropathy might predispose
to myeloid malignancies with age. However, a recent
study did not find such a reduction of BM noradrenergic
fibers in aged mice.93 Moreover, whole-mount imaging
and three-dimensional reconstruction of different bones
has revealed doubled BM area covered by noradrenergic
nerve fibers in aged mice.39 This result is consistent with
the well-known increase in sympathetic activity in the
elderly, manifested for instance by an increased concentra-
tion of noradrenaline in the human plasma with age.94-97
Increased sympathetic activity causes myeloid skewing of
old HSC through activating β2-AR, since exacerbated
thrombopoiesis is present in old wildtype mice but absent
in old Adrb2-/- mice or Adrb2-/-Adrb3-/- mice.39 A previous
study showed that α-AR directly regulated megakaryo -
cyte migration, adhesion and proplatelet formation under
stress, but α-AR did not affect the earlier commitment of
progenitor cells to the megakaryocyte lineage.98 Therefore,
the age-dependent increase in sympathetic innervation
might activate different AR as hematopoietic progenitor
cells differentiate along the megakaryocyte lineage.
Additionally, the sympathetic nervous system is known to
control inflammation in a context-dependent manner.99
The concentration of catecholamines and the levels of
expression of different AR influence the inflammatory
state of innate immune cells. Increased sympathetic activ-
ity during aging might contribute to the cytokine storm by
activating inflammatory cells, and subsequently affect lin-
eage-bias of HSC.  
Interestingly, β3-AR exhibits opposite effects on lympho-

myeloid skewing, compared with β2-AR. Adult Adrb3-/-

mice show a decreased frequency of endosteal lymphoid-
biased HSC and/or lymphoid multipotent progenitors.38,39
Age-related remodeling of vasculature, such as reduced
transitional zone vessels and expanded small capillaries,
possibly explains the lymphoid deficiency in these mice.39
Altogether, these results suggest that lack of β3-AR in the
microenvironment might accelerate aging of the
hematopoietic system. One study suggested that adminis-
tration of a β3-AR agonist to old mice rejuvenates most fea-
tures of HSC aging, but overall changes of hematopoiesis
in peripheral blood were not reported in this study.38 The
same β3-AR agonist reduced myeloid expansion in a mouse
model of myeloproliferative neoplasm75 and a murine
model of Hutchinson-Gilford progeria syndrome (HGPS).39
However, hematopoietic rejuvenation was not detected in
the peripheral blood of mice treated with this β3-AR ago-
nist over 40 weeks in another study.75 Likewise, elderly
individuals with myeloproliferative neoplasms who
received a β3-AR agonist over 24 weeks did not show reju-
venation in the peripheral blood counts in a human
study.100 Five-month old mice lacking β3-AR reportedly
showed normal peripheral blood counts39 or premature,
lymphoid deficiency and myeloid skewing.38 The discrep-
ancies between these studies suggest that modulating a
single neuronal pathway might not be sufficient to rejuve-
nate overall hematopoiesis. This may be due to the multi-
ple compensatory/adjustment mechanisms of the auto-
nomic nervous system revealed, for instance, in the cardio-
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vascular system.101 It is worth mentioning that myeloid and
lymphoid cells are also a source of catecholamines.102
Adrenal gland-derived adrenaline and immune cell-derived
(nor)adrenaline might contribute to increased levels of
adrenaline and noradrenaline in the circulation of aged
individuals94-97 which, together with the increased BM
noradrenergic innervation, might activate BM AR. We pro-
pose that sympathetic regulation of lympho-myeloid
skewing pivots on activation or inactivation of different
AR. A functional switch of neurotransmission (β2-AR over-
riding β3-AR) with age, rather than a general decline of BM
noradrenergic innervation,38 might initiate BM niche
remodeling and subsequently promote HSC myeloid
skewing toward platelet production. Further investigation
of other adrenergic and/or cholinergic signaling pathways
possibly influencing aging is warranted.

Other players in the bone marrow microenvironment
Emerging data suggest that the progeny of HSC can feed

back to regulate their activity under homeostasis, raising
the possibility that mature hematopoietic cells (or their
interactions with others) also contribute to HSC aging. For
instance, clearance of senescent CD62LlowCXCR4high neu-
trophils by macrophages has been reported to modulate
HSC niches.103 Frisch et al. discovered that aged
macrophages are unable to engulf senescent neutrophils,
leading to expansion of megakaryocytic-biased HSC
through IL-1β signaling.81 Another key player is the
megakaryocyte, reportedly expressing CXCL4, throm-
bopoietin and transforming growth factor-β to control
HSC proliferation/quiescence.32-34 In murine BM, around
20% of HSC are spatially associated with megakaryo -
cytes,32 and depletion of megakaryocytes expands platelet-
biased HSC.35 During aging, megakaryocytes are found in
increased numbers, lodging closer to sinusoids, and abun-
dantly forming pseudopodial extensions (likely to be pro-
platelets).39 Of note, the distance between HSC and
megakaryocytes increases substantially,38,39 suggesting a
remodeling of megakaryocyte niches with age. It is possi-
ble that megakaryocytes with these morphological
changes fail to anchor HSC, inducing HSC hyperprolifera-
tion and lineage bias. However, whether and how age-
related alterations of megakaryocytes regulate HSC aging
is still unknown and requires further investigation.

Premature aging in Hutchinson-Gilford progeria
syndrome

In HGPS, aberrant splicing of the LMNA gene (encoding
lamin A and C) leads to nuclear assembly of the truncated
protein, prelamin A (progerin).104,105 Certain hallmarks of
murine hematopoietic aging, such as increased platelet
counts, have been observed in HGPS.106 Given that cells
aging naturally also express increased levels of progerin,107
it is possible that normal physiological conditions and
progeria might share some aging mechanisms. Grigoryan
et al. recently reported that HSC deficient of LMNA dis-
play a premature aging-like phenotype,108 suggesting a
prominent role of lamin A/C in hematopoiesis at the level
of HSC. The strong impact of progeria on growth and sex-
ual maturation might be paralleled by altered endocrine
regulation of HSC, since growth hormones and sex hor-
mones regulate HSC survival, proliferation and lineage
commitment.109-112 However, it remains unknown whether

premature hematopoietic aging in HGPS is a consequence
of progerin accumulation in HSC, other hematopoietic
cells and/or the microenvironment. Using the
LmnaG609G/G609G mouse model,113 we found that primary
LmnaG609G/G609G mice exhibit features of premature
hematopoietic aging; however, premature hematopoietic
aging is not observed in wildtype recipients carrying
LmnaG609G/G609G hematopoietic cells.39 Microenvironmental
alterations are observed in LmnaG609G/G609G mice, some of
which are shared between normally aged mice, such as
elevated levels of pro-inflammatory cytokines (IL-3, IL-6,
IL-1, interferon-γ), increased megakaryocytes with pro-
platelet-like structure and megakaryocyte apposition to
BM sinusoids. Of note, β3-AR agonism improves exacer-
bated myeloid expansion and restores the apposition of
HSC to megakaryocytes. These results suggest that pre-
mature hematopoietic aging in HGPS is not HSC-
autonomous, and certain aging features can be rejuvenat-
ed by targeting the microenvironment.39

Aged hematopoietic stem cells/
microenvironment: chicken or egg?

One remaining key question relates to whether
microenvironmental alterations initiate HSC aging and/or
whether old HSC cause niche remodeling. It is notewor-
thy that HSC aging is not characterized by a single cellular
feature, and different aging features might emerge individ-
ually at different developmental stages. For instance, in
murine aging, defective lymphopoiesis starts early, at the
age of 8 months old,114 while increased platelet counts do
not seem to be pronounced until 18 months.39 BM nor -
adrenergic nerve fibers appear to be decreased in adult, 8-
month old mice75 (Supplementary Figure 5B in the report
of that study), but these fibers appear increased in aged
(20-month old) mice, when β3-AR signaling is already
strongly reduced.39 A deficiency in β3-AR accelerates the
loss of endosteal lymphoid-biased HSC in 4-month old
mice, but it does not aggravate HSC aging in old mice.39 In
contrast, a deficiency in β2-AR impairs megakaryopoiesis
in young and old mice, and double knockout mice for β2-
AR and β3-AR recapitulate the hematopoietic phenotype
of single β2-AR-deficient mice. These results suggest that
β2-AR overrides β3-AR during aging, and that this adrener-
gic remodeling contributes to imbalanced
lymphoid/myeloid output. We propose that a lack of β3-
AR activity near endosteum initiates the contraction of
endosteal niches, which attenuates lymphopoiesis, favors
myeloid bias and pushes HSC away from the endosteum.
An adrenergic switch from β3-AR to β2-AR could feed back
to worsen the reduction of endosteal niches, since activa-
tion of β2-AR on osteoblasts is known to restrain bone for-
mation.115 However, the cell types expressing β2-AR and/or
β3-AR involved in aged hematopoiesis are still elusive.
Chances are that cells highly expressing β2-AR replace
those with high expression of β3-AR over time, or BM
niche cells ubiquitously increase β2-AR while decreasing
β3-AR upon aging. These and other hypotheses need to be
validated in future studies116 since the experiments were
performed using global knockouts. Tissue-specific dele-
tion of β2-AR and/or β3-AR will provide further insights
into the mechanisms of β-adrenergic switching during
aging. Importantly, β2-AR and β3-AR have different affini-
ties for noradrenaline and adrenaline; whereas β3-AR
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shows higher affinity for noradrenaline over adrenaline,
the opposite is true for β2-AR.117 Another possibility might
be that BM concentrations of both neurotransmitters dif-
fer in aging, leading to imbalanced stimulation of the two
receptors. The observation that old HSC home in the BM
away from endosteal regions suggests that HSC-driven
niche remodeling mainly occurs in non-endosteal
domains. For instance, skewed myelopoiesis leading to
increased numbers of neutrophils and defective phagocy-
tosis of marrow macrophages might modulate the
microenvironment favoring myeloid bias during aging.81
Increased myeloid cells might provide an additional
source of catecholamines in a feed-forward loop promot-
ing megakaryocyte differentiation by activating β2-AR.
We propose that accumulation of old HSC results in
microenvironmental remodeling by reinforcing adrenergic
activity, expansion of non-endosteal niches and enhanced
myeloid/megakaryocyte differentiation. As a secondary
outcome, alteration of megakaryocyte niches (increased
megakaryocyte numbers, proplatelet formation and appo-
sition to sinusoids) might release HSC from their state of
quiescence, further promoting HSC proliferation with age.

Niche alterations might predispose 
to hematologic neoplasms  

The risk of developing myeloid malignancies increases
significantly in individuals harboring clonal
hematopoiesis-related somatic mutations. In fact some of
these mutations are oncogenic drivers of myeloid malig-
nancies.118 However, the factors limiting clonal expansion
or, instead, allowing the mutant clones to become domi-
nant and, in some cases, cause disease, remain unclear.
Interestingly, similar niche alterations are shared between
aging and myeloid disorders associated with age, which is

an important selection pressure to expand aberrant HSC
clones. For instance, a damaged neuro-MSC circuit pro-
motes the development of a cytokine storm created by the
mutant HSC, aggravating the progression of myeloprolif-
erative neoplasms.75 In myelodysplastic syndromes,
abnormal production of cytokines from the microenviron-
ment, dysfunction of MSC and osteolineage cells, and vas-
cular remodeling have been associated with disease initia-
tion and progression.119,120 Targeting the abnormal microen-
vironment could be a promising complementary thera-
peutic approach to treat hematologic cancers in the future,
especially when early diagnosis becomes available.

Conclusive remarks

Aging of the hematopoietic system might result from
both HSC-intrinsic and microenvironmental alterations
with changes in the location, function and regulation of
HSC and their progeny. Future studies will determine the
relative contribution of the aged microenviroment to
altered hematopoiesis and increased incidence of age-
related disorders originating in the BM.
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Donor lymphocyte infusion has been used in the management of
relapsed hematologic malignancies after allogeneic hematopoietic
cell transplantation. It can eradicate minimal residual disease or be

used to rescue a hematologic relapse, being able to induce durable remis-
sions in a subset of patients. With the increased  use of haploidentical
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Introduction

Allogeneic hematopoietic cell transplantation (allo-
HCT) remains an important therapeutic option for a wide
number of both hematologic malignancies and non-
hematologic disorders. With improvements in condition-
ing regimens, graft-versus-host disease (GvHD) prophy-
laxis and supportive care, leading to a reduced risk of
transplant-related mortality, disease relapse has become
the foremost cause of mortality after allo-HCT. The
cumulative incidence of relapse (CIR) after allo-HCT for
acute leukemia can be as high as 40-50% with only 10-
15% long-term survival in patients experiencing leukemia
recurrence.1-3 Strategies aimed at preventing and/or treat-
ing disease relapse have the greatest potential to improve
transplant outcomes. Donor-lymphocyte infusion (DLI)
has an established role in the management of disease
relapse after allo-HCT. Unmanipulated DLI is a form of
immunotherapy, which can induce durable remissions by
enhancing the graft-versus-tumor (GvT) effect.4-6 Efficacy
of DLI varies by type and burden of the disease.7 DLI is
more effective in chronic myeloid leukemia (CML), lead-
ing to complete remission (CR) in 70-80% of patients in
hematologic or cytogenetic CML relapse, whereas less
than 40% of acute leukemia patients respond to DLI.8,9 A
study by Schmid et al. using the European Society for
Blood and Marrow Transplantation (EBMT) registry
showed DLI was associated with improved survival of
patients with AML in the first hematologic relapse after
allo-HCT, but 2-year overall survival (OS) was only 15%
if DLI was given in the setting of active disease.10 Pre-
emptive DLI for mixed chimerism or molecular disease
relapse and prophylactic DLI for high-risk hematologic
malignancies have also been studied with promising
results in the setting of human leukocyte antigen (HLA)-
matched allo-HCT.11-13
Allo-HCT from an HLA-haploidentical related donor

(haplo-HCT) has emerged as a suitable alternative for
those patients who need an allograft but who lack an
HLA-matched related or unrelated donor.14,15 Several T-
cell depleted and T-cell replete haploidentical transplant
strategies are applied today. In T-cell replete haploidenti-
cal stem cell transplantation, the use of post-transplant
cyclophosphamide (PTCy) has rapidly increased across
the globe due to its logistical simplicity and efficacy.2
Another T-cell replete haplo-HCT platform is granulocyte
colony stimulating factor (GCSF)-antithymocyte globulin
(ATG)-based or “GIAC” protocol’ [GCSF-stimulation of
the donor; intensified immunosuppression through post-
transplantation cyclosporine (CSA), mycophenolate
mofetil (MMF), and short-course methotrexate (MTX);
anti-thymocyte globulin (ATG); and combination of
peripheral blood stem cells (PBSC) and bone marrow
(BM) allografts] initially developed at the Peking
University.16 Today’s T-cell depleted strategies derive

from the mega-dose CD34+ protocol developed at the
Perugia University17 and represent a historical standard in
T-cell depletion. From this platform, several other T-cell
depleted strategies have evolved, such as CD3/CD19 cell
depletion18 and α-β-T/CD19-B cell depletion.19 The adop-
tive transfer of selectively allo-depleted20 or gene-modi-
fied T cells with a suicide switch21,22 after T-cell depleted
transplantation  have further optimized this transplant
form and are now being investigated in large randomized
trials in comparison with PTCy.
Haplo-HCT with PTCy has shown comparable clinical

outcomes to matched unrelated donor allo-HCT in retro-
spective analyses with a significantly lower risk of
chronic GvHD in myeloid and lymphoid malignancies,
regardless of whether the graft was obtained from BM or
mobilized PBSC.23-26 There is concern that DLI from a
haploidentical donor (haplo-DLI) may pose an increased
risk for GvHD, given the higher degree of HLA disparity
between the donor and recipient. However, a greater
HLA-disparity may also be beneficial in promoting a
stronger GvT effect.27 Another advantage is that a related
haploidentical donor is, in most cases, readily available
and collection is faster than a registry-based unrelated
donor. While the experience with haplo-DLI is limited,
and there are many uncertainties around its clinical appli-
cation, it can be a powerful tool to manage a disease
relapse after haplo-HCT. Nonetheless, it should be
emphasized that haplo-DLI after T-cell depleted trans-
plantation without full immune reconstitution may have
very different effects than after T-cell replete transplanta-
tion and may require completely different dosing strate-
gies. Therefore,  in the absence of data from prospective
clinical trials, general recommendations cannot be made. 
In this review, we summarize the published experience

with haplo-DLI and provide recommendations regarding
its use in various clinical settings (therapeutic vs. pre-
emptive vs. prophylactic DLI), use of chemotherapy
before DLI, optimal cell dose, and concurrent immuno-
suppression management. Newer strategies using cellu-
lar engineering, donor-derived natural killer (NK) cells
and pharmacological immunomodulation are also dis-
cussed.

Therapeutic haplo-donor-lymphocyte infusion:
hematologic relapse

Previously published retrospective studies have sug-
gested that outcomes of haplo-DLI in patients with
hematologic relapse are comparable to standard DLI from
an HLA-matched donor. The incidence of DLI-associated
GvHD also appears to be similar regardless of donor
type.28-30 Possible explanations, at least when used late
post transplant, are the use of lower cell dose and pres-
ence of donor-derived tolerogenic cells in the recipient,

hematopoietic cell transplantation, there is renewed interest in the use of donor lymphocytes to either treat
or prevent disease relapse post transplant. Published retrospective and small prospective studies have shown
encouraging results with therapeutic donor lymphocyte infusion in different haploidentical transplantation
platforms. In this consensus paper, finalized on behalf of the Acute Leukemia Working Party of the European
Society for Blood and Marrow Transplantation, we summarize the available evidence on the use of donor
lymphocyte infusion from haploidentical donor, and provide recommendations on its therapeutic, pre-emp-
tive and prophylactic use in clinical practice.



which may reduce their alloreactivity and, thus, the risk
of GvHD. The type of haplo-HCT protocol may influ-
ence outcomes of subsequent haplo-DLI. The current
therapeutic haplo-DLI experience is limited to haplo-
HCT/PTCy or a ‘GCSF-ATG-based protocol’. Table 1
summarizes the published studies using DLI from a hap-
loidentical donor.

Therapeutic donor-lymphocyte infusion in T-cell
replete haplo-hematopoietic cell
transplantation

Zeidan et al. retrospectively reported results of haplo-
DLI in 40 patients [minimal residual disease (MRD)/loss
of chimerism (LOC): n=5; hematologic relapse: n=35]
after a haplo-HCT/PTCy with BM graft. At the median
follow up of seven months, CR was achieved in 30% of
patients (CR after a hematologic relapse: 26%) and acute
GvHD (aGvHD) occurred in 25% of them. At time of  last
follow up, six patients were alive in CR for over a year
after the intervention. The cell dose in most DLI was
1x106 CD3+ cells/kg and the majority of patients received
cytoreductive chemotherapy before DLI.28 Subsequently,
two similar reports showed that haplo-DLI after
chemotherapy successfully resulted in CR in approxi-
mately 30% of the patients with a subset of long-term
survivors.29,30 The incidence of grade 2-4 aGvHD was
approximately 30%, and only 5% of patients developed
grade 3-4 aGvHD. No patient (0%) developed extensive
chronic GvHD (cGvHD).29,30 None of these studies used
immunosuppression for GvHD prophylaxis after haplo-
DLI. Disease responses and GvHD rates were comparable
between patients who received BM versus a PBSC graft.30
Patients with relapsed Hodgkin lymphoma appear to
have relatively better disease responses to haplo-DLI
compared to those with acute leukemia (40% vs. 33%).29
In a smaller retrospective study (n=21) published by
Goldsmith et al., the authors showed that patients with
extra-medullary disease relapse had a better relapse-free
survival (RFS) compared to those with marrow relapse (4-
month RFS 43% vs. 8%).30 The group at Peking University
has developed a haplo-DLI protocol using GCSF-primed
peripheral blood progenitor cells (GBPC) with short-term
immunosuppression. They have used a higher cell dose
(1x107 to 1x108 CD3+ cells/kg) than that used in haplo-DLI
in the setting of allo-HCT/PTCy (1x105 to 1x106 CD3+

cells/kg).31-37 An earlier prospective study using GBPC
without immunosuppression resulted in a high incidence
of severe GvHD (grade 3-4 aGvHD 30%, extensive
cGvHD 30%), resulting in 2-year disease-free survival
(DFS) of 40% and non-relapse mortality (NRM) of 25%.38
Subsequent studies used cytoreductive chemotherapy
before GBPC infusion (chemo-DLI) followed by GvHD
prophylaxis with low-dose weekly MTX or CSA for 6-8
weeks. A retrospective report by Yan et al. on 55 patients
with relapsed acute leukemia showed 3-year DFS, NRM,
and OS of 24%,13%, and 25%, respectively. A total of
76% of patients achieved CR (MRD negative CR: 55%).39
Relapse after achieving CR following chemo-DLI was a
major problem, resulting in poor long-term survival. In
spite of the limitations of cross-study comparison, out-
comes of chemo-GBPC infusion with short-course
immunosuppression are comparable to unmanipulated
haplo-DLI after haplo-HCT/PTCy.

Pre-emptive haplo-donor-lymphocyte infusion:
minimal residual disease, mixed-donor
chimerism

Impact of minimal residual disease and mixed-
chimerism on haplo-hematopoietic cell transplantation
outcomes
Strategies are being explored to reliably predict the risk

of disease relapse after an allo-HCT in the hope of imple-
menting pre-emptive treatments. The presence of MRD
before or after allo-HCT is associated with significantly
increased risk of relapse and reduced survival in both
acute lymphoblastic leukemia (ALL) and acute myeloid
leukemia (AML).40,41 Canaani et al. looked at pre-haplo-
HCT MRD positivity in AML patients and showed its
negative correlation with leukemia-free survival.42 Low
donor T-cell chimerism [mixed-chimerism (MC)] after an
allo-HCT is also associated with poor donor-derived
immune reconstitution and increased risk of disease
relapse, especially after myeloablative conditioning. In
patients with AML/MDS who underwent myeloablative
allo-HCT, donor T-cell chimerism <85% at day (d)+90
and d+120 was associated with increased risk of 3-year
disease progression (HR=2.1, P=0.04).43 Koreth et al.
reported that d+100 total donor chimerism <90% was
associated with increased risk of relapse (HR= 2.54,
P<0.001) and lower OS (HR=1.50, P=0.009) in patients
after a reduced-intensity allo-HCT.44 Pre-emptive DLI
from a full matched donor for MRD and MC appears to
be safe and effective in improving disease-specific out-
comes.45,46

Pre-emptive donor-lymphocyte infusion in T-cell replete
haplo-hematopoietic cell transplantation

In the previously mentioned retrospective study by
Zeidan et al., 3 of 4 patients who received haplo-DLI for
MRD entered CR.28 Similarly, other reports showed high-
er response rates in patients who received haplo-DLI for
MRD or MC compared to the administration at the time
of hematologic relapse.29,30 Yan et al. reported comparative
outcomes of prospective studies of standard-risk acute
leukemia and MDS patients with persistent MRD after
allo-HCT (haploidentical donor, n=29; matched donor,
n=27), who received low-dose interleukin-2 (IL-2) or pre-
emptive DLI. The latter was associated with reduced 3-
year CIR compared to IL-2 alone (28% vs. 64%;
P=0.001).31 In another retrospective study by Mo et al.,
101 patients (haplo-HCT, n=56) received chemo-DLI for
persistent MRD after an allo-HCT. Three-year CIR,
NRM, and OS were 40%, 10%, and 52%, respectively.
Patients who cleared their MRD within 30 days after pre-
emptive chemo-DLI had lower relapse rates compared to
those with persistent MRD beyond 30 days (20% vs.
47%; P=0.001).36 It should be noted that the published
data on pre-emptive haplo-DLI for MC is limited to a few
patients28,30 and further studies are needed to establish its
role in preventing disease relapse. 
It is important to monitor for MRD after allo-HCT as

DLI is probably more effective when administered for
MRD only compared overt hematologic relapse.47
Retrospective studies have shown that persistent MRD
post-transplant is associated with high relapse rate and
poor outcomes,48 and the eradication of MRD improves
survival.46 Comparative studies are needed between DLI
and other systemic therapies in order to develop disease-

Donor lymphocyte infusion in haplo-HCT 

haematologica | 2020; 105(1) 49



Table 1. Donor-lymphocyte infusion from a haploidentical donor.
Study                  N. of patients        Diagnosis         Indication      Treatments         CD3+                  N. of DLI     Disease              Rate of                 Survival                 Notes
                          (prospective/                                  for DLI         before DLI      dose/kg     (median)    response             GvHD
                          retrospective)                                        
T-cell depleted 
haplo-HCT                                                                                                                                                                                                                                           

Lewalle et al.                   12                        AML=5       Prophylactic=12       None               1-4x104                                                                   58%                 1-yr RFS=50%,            T-/B-cell 
(2003)65                   (prospective)             ALL=3                                                                                                                                                                                1-yr OS=50%,       depleted graft 
                                                                        CML=1                                                                                                                                                                                   NRM=0%
                                                                       Other=3                     
Dodero et al.                    23                    Lymphoma     Prophylactic-23        None              2-15x104                          2                   NA                aGvHD=26%          2-yr PFS=45%          CD8+ T-cell 
(2009)62                   (prospective)                CLL                                                                                                                                             (grade 3-4=9%)        2-yr OS=44%         depleted DLI
                                                                           ALL                                                                                                                                                 cGvHD=15%             NRM=26%
                                                                           MM                                                                                                                                            (extensive=12%)
                                                                           AML
Martelli et al.                   43                      AML=33       Prophylactic-43        None      Treg=2.5x106±1.1        1                   NA                      aGvHD               CI NRM=40%         Treg on day-4,
(2014)61                               (prospective)            ALL=10                                                             Tcon=1.1x106±0.6                                               (grade ≥2)=15%       46-m relapse          Tcon on day 0
                                                                                                                                                                                                                                   cGvHD=16%                  =5%
                                                                                                                                                                                                                                (extensive=7%)
Gilman et al.                    34                 AML/MDS=13  Prophylactic-34        None               3-5x104                 1                   NA                      aGvHD                2-yr OS=63%       Post-DLI-GvHD
(2018)60                   (prospective)            ALL=10                                                                                                                                          (grade 3-4)=4%      2-yr NRM=25%          ppx=100%
                                                                      Other=11                                                                                                                                           cGvHD=16% 
                                                                                                                                                                                                                                (extensive=7%)

T-cell replete 
haplo-HCT

Or et al.                            28                       AML=12        Prophylactic-6         None        1x102 to 15x108    1-7 (1)        CR=18%                   46%                     NRM=11%                       
(2006)106            (haplo-26,MMUD-2)       ALL=7        Therapeutic- 22             
                                (retrospective)           CML=5
                                                                       Other=3                     
Huang et al.                      20                        AML=7        Therapeutic=20       CT=9         0.07-4.39x108      1-3 (1)        CR=75%           aGvHD=55%          2-yr DFS=40%      Post-DLI-GvHD
(2007)38*                (prospective)            ALL=10                                            TKI=2                                                                                 (grade 3-4=30%)         NRM=25%               ppx=55%
                                                                        CML=3                                                                                                                                             cGvHD=64% 
                                                                                                                                                                                                                               (extensive=30%)
Yan et al.                           56                      AML=32      Pre-emptive=56      CT=32           0.75-2x108              1                   NA                aGvHD=31%          3-yr DFS=56%      Post-DLI-GvHD
(2012)31*           (haplo-29, matched      ALL=21               (MRD)                                                                                                             (grade 3-4=8%)        3-yr OS=58%           ppx=100%
                            related-26, MUD-1)       MDS=3                                                                                                                                             cGvHD=43%         3-yr NRM=14%
                                 (prospective)                                                                                                                                                                   (extensive=34%)
Yan et al.                          124                     AML=49      Prophylactic=74      CT=27        0.13-2.11x108       1-4(1)              NA                aGvHD=53%          2-yr CIR=35%      Post-DLI-GvHD
(2012)69*               (retrospective)          ALL=59          Therapeutic/        (MRD+)                                                                               (grade 3-4=28%)       2-yr OS=47%           ppx=100%
                                                                        MDS=5         pre-emptive=   All relapsed                                                                                                                2-yr NRM=34%
                                                                       CML=11             50(MRD)    pts received CT.                                                                                                         In disease relapse,
                                                                                                                                                                                                                                                                     2-yr CIR=45%
                                                                                                                                                                                                                                                                      2-yr OS=19%
                                                                                                                                                                                                                                                                    2-yr NRM=37%
Wang et al.                        61                      AML=42      Prophylactic=61      CT=0%          0.9-7.2x108              1                   NA                aGvHD=48%          3-yr DFS=22%      Post-DLI-GvHD
(2012)66*               (retrospective)          ALL=19                                                                                                                                         (grade 3-4=10%)       3-yr OS=31%           ppx=100%
                                                                                                                                                                                                                                   cGvHD=39%         2-yr NRM=38%
                                                                                                                                                                                                                               (extensive=31%)                  
Yan et al.                           50                       AML=29       Therapeutic=50    CT=100%      0.11-2.07x108          NA            CR=64%           aGvHD=66%          1-yr DFS=36%      Post-DLI-GvHD
(2013)33*               (retrospective)          ALL=21                                                                                                                                         (grade 3-4=40%)       1-yr OS=36%           ppx=100%
                                                                                                                                                                                                                                   cGvHD=44%         1-yr NRM=14%
                                                                                                                                                                                                                               (extensive=42%)
Yan et al.                           55                      AML=18       Therapeutic=55    CT=100%      0.19-0.74x108          NA            CR=76%           aGvHD=44%          3-yr DFS=24%      Post-DLI-GvHD
(2015)39*               (retrospective)          ALL=23                                                                                                             MRD negative (grade 3-4=11%)       3-yr OS=25%           ppx=100%
                                                                                                                                                                                                        CR=55%           cGvHD=49%         3-yr NRM=13%                   
                                                                                                                                                                                                                               (extensive=42%)
Mo et al.                           101                AML/MDS=69     Pre-emptive       CT=100%        1.7-7.4x107            NA            CR=76%            aGvHD=9%              AML/MDS,         Post-DLI-GvHD 
(2016)36*                  (haplo=58)              ALL=32           =101(MRD)                                                                                                        (grade 3-4=4%)       3-yr DFS=57%          ppx=100%
                                (retrospective)                                                                                                                                                                      cGvHD=59%                   3-yr
                                                                                                                                                                                                                                                                         NRM=7%
                                                                                                                                                                                                                                                                ALL, 3-yr DFS=49%
                                                                                                                                                                                                                                                                              3-yr
                                                                                                                                                                                                                                                                        NRM=11%                       
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Yan et al.                           47                      AML=25      Pre-emptive=47    CT=100%        1.5-6.4x107            1-4                 NA                aGvHD =19%         1-yr DFS=71%      Post-DLI-GvHD
(2016)57*#                 (haplo=31)              ALL=22               (MRD)                                                                                                             (grade 3-4=6%)                1-yr                    ppx=100%
                                 (prospective)                                                                                                                                                                        cGvHD=79%              NRM=9%
                                                                                                                                                                                                                             (≥moderate=66%)             1-yr
                                                                                                                                                                                                                                                                          OS=78%
Yan et al.                          100                     AML=59     Prophylactic=100     CT=0%          1.8-6.6x107            NA                 NA                  Haplo-HCT,              Haplo-HCT,         Post-DLI-GvHD
(2017)32*                  (haplo=62)              ALL=41                                                                                                                                             aGvHD =47%         3-yr DFS=51%          ppx=100%
                                 (prospective)                                                                                                                                                                   (grade 3-4=10%)               3-yr
                                                                                                                                                                                                                                   cGvHD=63%             NRM=18%
                                                                                                                                                                                                                             (≥moderate=59%)             3-yr
                                                                                                                                                                                                                                                                          OS=49%                         
Ma et al.                            36                     AML/ALL/      Therapeutic=36      CT/TKI                 NA                   NA            CR=56%              Grade 3-4            3-yr DFS=11%      Post-DLI-GvHD
(2017)34*               (retrospective)        MDS/CML                                         =100%                                                                                    aGvHD=25%)                  3-yr                    ppx=100%
                                                                                                                                                                                                                                      Extensive                 OS=14%
                                                                                                                                                                                                                                   cGvHD=36%
Gao et al.                          31                      AML=21      Prophylactic=31      CT=0%          0.4-6.9x107              1                   NA                aGvHD=58%          2-yr RFS=32%      Post-DLI-GvHD 
(2018)54*               (retrospective)           ALL=5                                                                                                                                           (Grade 3-4=7%)     2-yr NRM=33%          ppx=100%
                                                                        CML=2                                                                                                                                              cGvHD=39%                   2-yr
                                                                       Other=3                                                                                                                                     (Mod-severe=29%)       OS=40%                         
Zeidan et al.                     40                      AML=16       Therapeutic=35     CT/RT=              1x105             1-4(1)        CR=30%           aGvHD=25%        8/12 responders
(2014)28+                         (retrospective)           ALL=3         Pre-emptive=5          70%               to 1x108                                              (MRD=75%,   (grade 3-4=15%)        (67%) alive,
                                                                        CML=1          (MRD+/MC)                                                                          Relapse=26%)      cGvHD=8%                 in CR at 
                                                                 Lymphoma=11                                                                                                                                  (extensive=5%)        17.5 months
                                                                       Other=9                                                 
Ghiso et al.                       42                       AML=22       Therapeutic=22     CT/RT=              1x103                1-6            CR=36%           aGvHD=33%      Leukemia, median
(2015)29+                         (retrospective)           ALL=9        Pre-emptive=20        100%              to 1x107          (mean-2.5)  CR in MRD      (grade 3-4=5%) response=4m(2-10),
                                                                         HL=10                (MRD)                                                                                        =45%               cGvHD=0%         median survival
                                                                                                                                                                                                                                                                        =7m(1-15)
                                                                         MM=1                                                                                                                                                                         HL, median response
                                                                                                                                                                                                                                                                       =9m(3-28),
                                                                                                                                                                                                                                                                   median survival
                                                                                                                                                                                                                                                                       =18m(4-34)                      
Jaiswal et al.                     21                      AML=21      Prophylactic=21      CT=0%         9.2-110x107           1-3                 NA                Cum incident       1.5-yr PFS=62%    Post-DLI-GvHD 
(2016)56$                  (prospective)                                                                                                                                                                       aGvHD =31%                 1.5-yr                   ppx=100%
                                                                                                                                                                                                                                   cGvHD=41%              CIR=21%
                                                                                                                                                                                                                                                                             1.5-yr
                                                                                                                                                                                                                                                                          OS=71%                         
Goldsmith et al.              21                 AML/MDS=16  Therapeutic=19     CT=76%         0.01-3x107            1-5            CR=32%           aGvHD=33%           Hematologic      PBSC haplo-HCT
(2017)30+                         (retrospective)           ALL=2    Pre-emptive=2(MC)                                                                                                (grade 3-4=5%)            relapse,
                                                                        CML=2                                                                                                                                             cGvHD=26%           4-m RFS=8%
                                                                 Lymphoma=11                                                                                                                                   (extensive=0%)       4-m OS=29%
                                                                       Other=9                                                                                                                                                                               EM relapse,
                                                                                                                                                                                                                                                                     4-m RFS=43%
                                                                                                                                                                                                                                                                      4-m OS=71%                     
Cauchois et al.                 36                 AML/MDS=25 Prophylactic=36      CT=0%          0.1-2.5x106            1-3                 NA        1-yr CI of mod-severe 1-yr PFS=83%       PBSC graft=31
(2018)67+                         (retrospective)           ALL=2                                                                                                                                               GvHD=33%           1-yr NRM=9%
                                                                  Lymphoma=6                                                                                                                                                                                   1-yr
                                                                       Other=3                                                                                                                                                                                   OS=76%                         

N: number; AML: acute myeloid leukemia; ALL: acute lymphoblastic leukemia; CML: chronic myeloid leukemia; MDS: myelodyslastic syndromes; MMUD: mismatched unrelated donor; GvHD ppx:
graft-versus-host disease prophylaxis;  aGvHD: acute GvHD; cGvHD: chronic GvHD; OS: overall survival;  DFS: disease-free survival;  PFS: progression-free survival;  NRM: non-relapse mortality;  CT:
chemotherapy;  TKI: tyrosine kinase inhibitor;  MRD: minimal residual disease;  MC: mixed-chimerism;  NA: not available;  RT: radiation therapy;  PBSC: peripheral blood stem cell;  EM: extra-medullary
relapse; RFS: relapse-free survival;  haplo-HCT: haploidentical-hematopoietic cell transplant;  matched: HLA-matched allo-HCT;  MUD: HLA-matched unrelated donor;  Treg: regulatory T-cell;  Tcon: con-
ventional T-cells;  CI: cumulative incidence; yr: year; m: months; NA: not available. *Granulocyte colony-stimulating factor (GCSF)-anti-thymocyte globulin (ATG)-based protocol and G-CSF-primed
peripheral blood progenitor cell (GBPC). $Haplo-HCT with post-transplant cyclophosphamide (PTCy) and GBPC. +Haplo-HCT with PTCy and standard donor-lymphocyte infusion (DLI). #Patients
had salvage chemotherapy + therapeutic DLI for hematologic relapse, followed by pre-emptive DLI for persistent minimal residual disease (MRD). pt: patient; mod: moderate; cum: cumulative; HL:
Hodgkin lymphoma.

Study                    N of patients       Diagnosis        Indication      Treatments         CD3+                   N. of DLI     Disease              Rate of                 Survival                 Notes
                            (prospective/                                 for DLI         before DLI      dose/kg     (median)    response             GvHD
                            retrospective)                                      
T-cell depleted 
haplo-HCT                                                                                                                                                                                                                                           
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specific MRD management strategies. DLI should not be
used in patients who have converted to host chimerism
due to increased risk of marrow aplasia.49 An alternative
strategy for such patients would be to undergo a second
allo-HCT from the same or from a different donor. It is
important to weigh the risk of GvHD and marrow aplasia
versus the potential benefit of reducing the disease relapse
when considering pre-emptive DLI for MRD or MC.

Prophylactic haplo-donor-lymphocyte infusion 

Prophylactic DLI from a matched donor has been stud-
ied in patients with high-risk myeloid malignancies and
was associated with improved disease-specific outcomes
and low NRM.11,50,51 It can contribute to immune reconsti-
tution and reduce the risk of infection,52 which is a major
challenge after a T-cell depleted haplo-HCT. A matched-
pair analysis by the EBMT showed improved OS in high-
risk AML recipients who received prophylactic DLI from
a matched donor (70% vs. 40% in controls; P=0.027).53
Inclusion criteria differ among published studies in their
definition of high-risk disease. Most reports included
patients with primary induction failure acute leukemia,
high disease risk index, active disease before allo-HCT or
the presence of high-risk mutations (i.e. TP53, ASXL1,
RUNX1) in myeloid malignancies.54-57 One of the first
experiences with prophylactic haplo-DLI was in the set-
ting of autologous-HCT. Nagler et al. reported outcomes
of 26 patients who received multiple haplo-DLI
(with/without IL-2) after an autologous-HCT. This
approach was feasible in inducing GvHD, but higher cell
doses led to increased toxicity.58 The timing of prophylac-
tic-DLI is also important as decreasing the interval

between allo-HCT and DLI will likely increase the risk of
aGvHD.13 The activity of ATG, given as a part of condi-
tioning, may persist for weeks, and residual ATG may
negatively impact prophylactically infused donor lym-
phocytes.59 At the same time, the administration of haplo-
DLI as early as d+45 was feasible in single center stud-
ies.32,56 It may be reasonable to administer prophylactic
haplo-DLI before d+90 given that median time to relapse
after allo-HCT is approximately three months.

Prophylactic donor-lymphocyte infusion in T-cell 
depleted haplo-hematopoietic cell transplantation
Early experience with prophylactic haplo-DLI was with

T-cell-depleted haplo-HCT where donor lymphocytes
were infused after a CD34+ cell-selected graft to enhance
immune reconstitution.60-62 Perruccio et al. showed that
infusion of donor-derived non-alloreactive T cells specific
for cytomegalovirus (CMV) and aspergillus resulted in the
rapid development of T-cell responses against these
pathogens without inducing GvHD.63 Another prospec-
tive study utilized CD8+ T-cell depleted DLI, which
resulted in aGvHD in 26% of patients with 2-year PFS of
45%.62 Donor-derived T regulatory cells (Tregs), co-infused
with conventional T cells (Tcons) were shown to protect
recipients against GvHD.64 In a prospective study,
patients received Tregs (d -4) followed by a megadose of
CD34+cells and Tcons on d0 from a haploidentical donor
without any post-transplant immunosuppression. Only
15% of the patients developed ≥grade 2 aGvHD and DFS
was 56% at 18 months.61 In another prospective study by
Gilman et al., 34 pediatric patients were infused an unma-
nipulated prophylactic haplo-DLI with MTX between
d+30 and d+42 after a T-cell depleted/CD34+ selected
haplo-HCT. The intervention was safe and 2-year NRM
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Figure 1. Proposed treatment algorithm of therapeutic, pre-emptive and prophylactic donor-lymphocyte infusion (DLI) following T-cell replete haploidentical
hematopoietic cell transplantation (HCT). HLA: human leukocyte antigen; MRD: minimal residual disease; GvHD:  graft-versus-host disease; TKI: tyrosine kinase
inhibitor.



and OS were 25% and 63%, respectively.60 Lewalle et al.
reported the outcomes of 12 patients who received pro-
phylactic haplo-DLI starting on d+28 after T-/B-cell
depleted haplo-HCT in a prospective study. One-year
RFS, NRM, and OS were 50%, 0%, and 50%, respective-
ly.65 Despite the encouraging results with prophylactic
infusion of T-cell subset after a T-cell deplete/CD34+

selected haplo-HCT, its widespread adoption has been
challenging as cell selection remains a labor-intensive and
expensive process.

Prophylactic donor-lymphocyte infusion in T-cell replete
haplo-hematopoietic cell transplantation
The Chinese group has led the way by incorporating

prophylactic GBPC in high-risk malignancies after a
haplo-HCT with the GCSF-ATG-based protocol. In a ret-
rospective study by Wang et al., 61 patients with high-risk
leukemia who underwent GBPC infusion were compared
to 27 patients who received routine care after an haplo-
HCT. Prophylactic GBPC was associated with lower
relapse rate (36% vs. 55%; P=0.017) and superior estimat-
ed 3-year survival (31% vs.  11%; P=0.001) compared to
routine care. There was no difference in NRM between
the two groups.66 A prospective study by the same group
enrolled 62 patients with high-risk acute leukemia. All
patients received prophylactic GPBC between d+45 and
d+60 and further DLI were guided by MRD and GvHD
status. Three-year DFS, NRM, and OS were 51%, 18%,
and 49%, respectively. Acute and chronic GvHD were
seen in 47% and 63% patients, respectively. Outcomes
were similar between recipients of haploidentical (n=62)
versus matched donor (n=38) prophylactic DLI.32
Jaiswal et al. reported their prospective experience with

prophylactic GBPC in the T-cell replete haplo-HCT/PTCy
setting. Twenty-one patients with AML (not in remission)
received up to three doses of haplo-GPBC (d+21, d+35
and d+60). They were compared with 20 patients who
received routine monitoring after haplo-HCT. At 18
months, CIR, PFS, and OS were 21% versus 66%; 62%
versus 25% and 71% versus 35% in DLI and routine care
cohorts, respectively. Incidence of aGvHD was 31%,
while incidence of chronic GvHD was 41% after GBPC
infusions. NRM was equivalent between the groups.56
Recently, Cauchios et al. reported outcomes of 36 patients
who received prophylactic haplo-DLI after a haplo-
HCT/PTCy. One-year PFS and OS were 76% and 83%,
respectively. The cumulative incidence of relapse was
16% and the incidence of DLI-associated GvHD was
33%.67

Practical aspects of haplo-donor-lymphocyte
infusion

Cell dose
The CD3+ T-cell dose ranged from 0.01 to 8.8x108

mononuclear cells/kg in reports on therapeutic DLI from
a matched donor.7 A study reported a relatively lower rate
of GvHD with an escalating cell dose regimen versus a sin-
gle bulk infusion of DLI from HLA-matched donors.
Disease responses were similar between the two
approaches.68 There was no dose-response relationship
with GvHD or disease response rates in haplo-DLI in the
setting of T-cell depleted haplo-HCT.28,29 The average
starting dose for therapeutic haplo-DLI in the T-cell

replete haplo-HCT/PTCy setting was 1 or 2 log lower
than the standard DLI dose (1x107 CD3+ cells/kg) from
HLA-matched donors. In a report on 40 patients, a cell
dose of 1x106 CD3+ cells/kg was associated with grade 2-
4 aGvHD in 17% of patients, and a CR rate of 27%.28
Goldsmith et al. used the same dose in 21 patients; only
seven (33%) developed aGvHD (grade 3-4 aGvHD in 1
patient).30 These incidences of aGvHD were lower than
those reported by the Chinese group using haplo-GBPC
at 1 to 2 log higher cell dose with the GCSF-ATG-based
protocol. A starting cell dose of 1x107 to 1x108 CD3+

cells/kg was associated with grade 2-4 aGvHD in 50-60%
(grade 3-4 aGvHD approximately 30%) of patients.31,38,69
Subsequent reports by Yan et al. showed a reduced inci-
dence of aGvHD with the routine use of short-term
GvHD prophylaxis after GBPC infusion.39 Available data
suggest that 1x106 CD3+cells/kg is a reasonable starting
dose with appropriate repeated dose escalation every 4-6
weeks based on disease response and GvHD for thera-
peutic haplo-DLI in T-replete haplo-HCT with PTCy.
Clinical trials are needed to establish the optimal timing
and cell dose in prophylactic and T-cell depleted haplo-
HCT settings. Published studies have used wide-ranging
repeated non-escalating cell doses for pre-emptive or pro-
phylactic DLI.32,37,54

The end point of donor-lymphocyte infusion therapy
It is important to establish the goal of DLI therapy

beforehand as each DLI is associated with increased risk
of GvHD. Patients with DLI-responsive relapse usually
respond within 2-3 months.7 Repeated infusions of esca-
lating doses of therapeutic DLI can be administered until
CR is achieved (ideally an MRD-negative status) or the
patient develops clinically significant GvHD. Patients
should be evaluated for GvHD, donor chimerism and dis-
ease response after each DLI. Pre-emptive DLI for MRD
persistence after allo-HCT may be stopped once the
achievement of MRD negativity, significant GvHD or a
hematologic relapse occurs. Donor chimerism should be
assessed after each pre-emptive DLI for MC. Pre-emptive
DLI may be stopped once ≥90% donor chimerism is
achieved. As noted above, DLI can result in marrow apla-
sia in those patients who have converted to host
chimerism. There is no standard duration of prophylactic
DLI outside a clinical trial. In these circumstances, each
dose of prophylactic haplo-DLI should be used with cau-
tion, balancing the risk of disease relapse and GvHD.

Traditional donor-lymphocyte infusion versus
granulocyte colony-stimulating factor-primed 
peripheral blood progenitor cell infusion
Standard DLI uses freshly collected unmanipulated

donor lymphocytes. This approach privileges tumor
alloreactivity over the risk of GvHD. GCSF promotes T-
cell hypo-responsiveness in marrow grafts by increasing
the number of plasmacytoid dendritic cells and mono-
cytes. It also reduces the expression of co-stimulatory
CD28/B7 on monocytes, B and T cells,70 promotes
macrophage71 and T-cell polarization in the BM graft
towards the more tolerogenic pattern. This property is
maintained even after in vitro mixture of G-CSF primed
BM and PBSC grafts.72,73 The Chinese group has reported
their extensive experience with using GBPC instead of
unmanipulated DLI. Huang et al. reported the outcomes
of 20 patients who received therapeutic GBPC from hap-
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loidentical donors (the majority of whom received sal-
vage therapy prior to GBPC infusion); CR was achieved
in 75% of patients and the rates of acute and chronic
GvHD were 55% and 64%, respectively.38 In another
study of pre-emptive GBPC infusion for MRD after an
allo-HCT (haploidentical related donor: n=29; matched-
related donor: n=26), the incidences of acute and chronic
GvHD were 31% and 43%, respectively. Routine
debulking chemotherapy and short-term immunosup-
pression were used in most studies using GBPC.31 A
prospective observational study by Jaiswal et al. used
prophylactic-GBPC in the setting of T-cell replete haplo-
HCT/PTCy.56 The incidence of aGvHD was comparable
but cGvHD was higher than that  reported with unma-
nipulated haplo-DLI in the PTCy setting.28-30 A recent
report from Mexico showed that administration of G-
CSF-primed whole blood units (median cell count
6.7x106 CD3+ cells/kg) from haploidentical donors is safe,
with disease responses and improvement in MC in a
subset of patients.74 Whole blood units can potentially
reduce the cost associated with haplo-DLI in developing
countries. Long-term immune tolerance after PTCy may
be enough to overcome the immunological barrier of
haplo-DLI, and GCSF priming may not be required in
this setting. Comparative studies between unmanipulat-
ed DLI versus GBPC in the setting of haplo-HCT/PTCy
are needed.

Role of concurrent immunosuppression
Graft-versus-host disease is the main limiting toxicity of

DLI, and short-term immunosuppression with DLI may
improve the safety of DLI. Yan et al. reported aGvHD in
31% of patients after pre-emptive GBPC infusion for
MRD persistence after T-cell replete haplo-HCT.31 All
patients received CSA or low-dose MTX for 6-8 weeks
after GBPC. There was no difference in acute and chronic
GvHD rates between CSA and MTX. MTX was associat-
ed with lower relapse rate (38% vs. 81%; P=0.029) and
better DFS (52% vs. 16%; P=0.06). Patients who received
MTX had higher absolute lymphocyte count compared to
those who received CSA, which may have contributed to
better GvT effect.39 The same group also showed that
patients receiving GvHD prophylaxis for 6-8 weeks had a
lower cumulative incidence of grade 3-4 aGvHD than
patients receiving prophylaxis for 4-6, 2-4, and <2 weeks
(9%, 14%, 32%, and 50%, respectively; P=0.018).69 In a
retrospective study, Mo et al. used pre-emptive chemo-
DLI for MRD persistence along with routine prophylaxis
with CSA or MTX (haploidentical donor 6-8 weeks;
matched donor 4-6 weeks). The incidence of aGvHD was
only 9% (grade 3-4 aGvHD: 4%) in their cohort of 101
patients.36 It is important to note here that haplo-DLI
without concurrent immunosuppression in the T-cell
replete haplo-HCT/PTCy setting has been reported to
have a similar incidence of GvHD compared to the GCSF-
ATG-based haplo-HCT protocol, which routinely uses
prophylactic immunosuppression with DLI.28 The poten-
tial impairment of the DLI-mediated GvT effect by CSA
or MTX is  a concern when managing a hematologic
relapse. It is reasonable to add short-term MTX after a
pre-emptive or prophylactic haplo-DLI, especially in
patients with a history of GvHD.56 There are no data
available on concurrent immunosuppression with thera-
peutic haplo-DLI in the T-cell replete haplo-HCT/PTCy
setting.

Combination of systemic therapies with 
donor-lymphocyte infusion
Administration of salvage therapy before the infusion

of DLI may improve its efficacy by reducing the tumor
burden and supporting in vivo expansion of infused T
cells. In this regard, chemotherapy helps eliminate regula-
tory donor T cells and create a favorable immunological
environment for DLI by increasing serum levels of IL-7
that favors peripheral expansion of T cells.75 In the retro-
spective study by Zeidan et al., patients who received a
cytoreductive therapy had better CR rates compared to
those who received unmanipulated haplo-DLI without
any preceding therapy (39% vs. 8%).28 This beneficial
effect of pre-DLI chemotherapy was not seen in a similar
report by Goldsmith et al.30
The downside of pre-DLI chemotherapy is tissue injury

and inflammatory cytokine surge which may increase the
risk of GvHD, especially when used closer to the allo-
HCT.76 Intensive chemotherapy after an allo-HCT is poor-
ly tolerated, and infectious complications are common.34,76
Recently, hypomethylating agents (i.e. azacitidine,
decitabine) have been used with DLI for relapsed
AML/MDS. Azacitidine can induce allogeneic CD8+ T-
cell response by enhancing the expression of epigenetical-
ly silenced tumor-associated antigens.77 A combination of
a hypomethylating agent and DLI is safe with no appar-
ent increase in GvHD or infection risk compared to DLI-
alone.78,79 In a prospective study using azacitidine with
DLI for relapsed disease after HLA-matched allo-HCT,
the CR rate was 23% and the 2-year OS was 17%.80
Another retrospective study utilizing decitabine followed
by DLI for relapsed myeloid malignancies showed an
overall response rate of 25% with 2-year OS of 11%.81
Drugs targeting specific molecular anomalies (BCR-ABL1,
FLT3-ITD, IDH1, IDH2) are increasingly being incorporat-
ed in the treatment of disease relapse or as maintenance
therapy after allo-HCT.82,83 These drugs are safer com-
pared to traditional salvage chemotherapy and may pro-
vide benefit when administered in combination with
DLI.84

Immune escape after haplo-hematopoietic cell
transplantation
Recent data have shed light on mechanisms of immune

escape causing disease relapse after haplo-HCT. In haplo-
SCT, HLA haplotype mismatched in the donor/recipient
pair was replaced by a shared parent haplotype (uni-
parental disomy) in 5 of 17 patients with relapsed AML
post-haplo-HCT.85 In a subsequent retrospective analysis
of 69 patients who relapsed after haplo-HCT, mis-
matched-HLA haplotype loss accounted for 33% of the
relapses.86 Based on retrospective studies, a second allo-
HCT using a donor with a different mismatched haplo-
type or a mismatched unrelated donor may induce a bet-
ter GvT effect compared to same donor from the first
haplo-HCT.86,87 At present, there is no standardized
method of detecting loss of mismatched HLA haplotype
in leukemic cells. HLA-allele specific quantitative poly-
merase chain reaction is required to quantify recipient-
and donor-specific alleles to confirm uniparental disomy
in low-burden disease relapse.86,88
Historically speaking, most patients receiving therapeu-

tic DLI relapse and succumb to their disease. Close mon-
itoring of MRD and donor chimerism after a successful
therapeutic haplo-DLI is important to identify the
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patients who are at high-risk of subsequent relapses. Mo
et al. reported that patients with persistent MRD after DLI
had increased relapse risk (P=0.001), resulting in poor DFS
(P=0.004).36 In a prospective study of 47 patients (66%
received haplo-HCT), MRD-guided repeated administra-
tion of pre-emptive chemo-DLI was effective in reducing
the risk of subsequent relapse after achieving initial dis-
ease response. The one-year CIR, DFS, and OS were
22%, 71%, and 78%, respectively (Figure 1).57

Future directions

Donor-derived natural killer cells
Natural killer cells may play a role in tumor alloreactiv-

ity in the setting of mismatched or haploidentical trans-
plant. A recent study showed a marked reduction in
donor-derived NK cells in the recipients of PTCy, leading
to blunting of NK-cell alloreactivity.89 In a pilot study, pro-
phylactic infusion of CD56+/CD3+ cells after haplo-
HCT/PTCy in patients with refractory active disease was
safe and associated with rapid immune reconstitution.55
The same group used prophylactic DLI primed with abat-
acept (CTLA4Ig), which selectively suppresses T-cell
alloreactivity without interfering with NK-cell activation.
Abatacept with DLI was associated with reduced inci-
dence of aGvHD (10% vs. 31%) and improved relapse-
free survival compared to prophylactic DLI alone.90 In a
phase I study by Ciurea et al., donor-derived NK cells
expanded ex vivo were infused prophylactically before
and after haplo-HCT in high-risk myeloid malignancies.
The intervention was safe and associated with improved
NK-cell number and function, lower viral infections, and
low relapse rate when compared to a historical control
group.91 Several methods to enhance NK-cell alloreactivi-
ty, including combination with immunomodulatory
drugs,92 use of cytokine-activated NK cells,93 and selection
of alloreactive single KIR+ NK cells,94 are under investiga-
tion.

Engineered donor-lymphocyte infusion 
Different strategies are being explored to modify DLI

composition and reduce the risk of GvHD while main-
taining antitumor activity. ATIR101© is a haplo-DLI prod-
uct with alloreactive T cells depleted by ex vivo photode-
pletion.20 In a pooled analysis of two prospective trials, 37
patients received prophylactic ATIR101© after T-cell
depleted haplo-HCT. One-year relapse rate, NRM and OS
were 8%, 33% and 58%, respectively. Interestingly,
aGvHD (grade 3-4) and severe cGvHD were seen in 5%
and 0% of the patients, respectively.95 Alloanergized DLI
generated ex vivo was infused on d+35 after a CD34+

selected haplo-HCT in a phase I study. These donor lym-
phocytes with the reduced donor-specific alloreactivity
expanded in vivo and contributed to immune reconstitu-
tion.96 Another strategy is to insert an inducible suicide
gene in donor lymphocytes so that they can be selectively
eliminated to treat DLI-associated GvHD.21,97 A recent
analysis on 100 children with acute leukemia given a
titrated number of donor T cells transduced with the
inducible caspase-9 safety switch after haplo-HSCT
showed an 82% probability of relapse-free survival.98
Chimeric antigen receptor T-cell (CAR-T) therapy has

emerged as a potent form of adoptive cellular therapy.
Two CD19 CAR-T-cell therapies have been approved by

the US Food and Drug Administration (FDA) and the
European Medicines Agency (EMA) for relapsed/refracto-
ry high-grade B-cell lymphoma and B-ALL.99,100
Prophylactic infusion of CD19 CAR-T cells from a hap-
loidentical donor was found to be safe with only mild
aGvHD in one report.101 There are reports of therapeutic
or pre-emptive donor-derived CAR-T-cell infusion with a
small number of patients achieving durable remissions.
CAR-T-cell-associated GvHD appears to be rare and of
mild severity.102 Selective depletion of CD3+ αβ-TCR+ T
cells (thought to be the principal mediators of GvHD) to
enrich DLI with CD3+ γδ-TCR+ T cells and CD3− CD56+

NK cells is also an attractive strategy to reduce the risk of
GvHD while maintaining tumor alloreactivity.103
Maschan et al. infused low-dose (1x105 CD3+cells/kg)
CD45RA-depleted DLI (memory T cell) in 25 patients
after TCR α/β-depleted haplo-HCT. The intervention
was safe and associated with the expansion of
cytomegalovirus-specific T cells in the recipients.52

Donor-lymphocyte infusion with immunomodulatory
drugs
Immunomodulation with checkpoint inhibitors and

targeted agents may enhance the efficacy of DLI. This
may allow lower CD3+ cell dose while maintaining tumor
alloreactivity. Blinatumomab (a CD19-CD3 bispecific T-
cell engager) has been used with DLI for relapsed B-ALL.
In a recent report of 14 patients, it appears to be safe with
high response rates.104 In a prospective phase II study, DLI
was administered with azacitidine and lenalidomide in
patients with molecular or hematologic relapse of
myeloid malignancies. The combination was relatively
safe and the CR rates were 67% in MRD and 43% in
hematologic relapse.80 Interferon-γ (IFNγ) induced re-
expression of epigenetically silenced MHC class II anti-
gens in relapsed AML clones after allo-HCT.105 One could
hypothesize that treating a patient with IFNγ before
haplo-DLI may result in better tumor alloreactivity,
although it may also increase the risk of GvHD.

Conclusions

• Unmanipulated DLI from a haploidentical donor
appears to be relatively safe and reasonably effective in
patients who relapse after a T-cell replete haplo-HCT.
Patients given haplo-DLI should be enrolled in a clinical
trial whenever possible, as data regarding optimal cell
dose, timing and role of concurrent systemic therapies
with haplo-DLI are limited. Information about the appli-
cation of unmanipulated DLI after T-cell depleted trans-
plantation is limited, which is why dosing should be
managed with caution. 
• The risk of GvHD after unmanipulated DLI in the

haplo-HCT/PTCy setting is comparable to an unmanipu-
lated DLI from an HLA-matched donor.
• Cytoreductive therapy prior to DLI from a haploiden-

tical donor should be considered in patients with a hema-
tologic relapse after haplo-HCT.
• Pre-emptive haplo-DLI may play a role in reducing

disease relapse in patients with persistent MRD or mixed-
donor chimerism after haplo-HCT; however, more stud-
ies are needed.
• Patients with high-risk myeloid malignancies may

benefit from a prophylactic haplo-DLI, which should ide-
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ally be used in the setting of a clinical trial.
• The administration of manipulated DLI after T-cell

depleted or T-cell replete haploidentical transplantation,
such as allodepleted or gene-modified T cells, should only
be performed in the setting of a clinical trial.
• Patients should be monitored closely with frequent

disease-specific MRD testing and donor-chimerism after
DLI administration.
• Mismatched-HLA allele loss was detected in one-

third of leukemia relapses after a haplo-HCT. Such
patients are unlikely to benefit from DLI from the original
donor. A second allo-HCT from a related donor with a
different mismatched haplotype or a mismatched unrelat-
ed donor may be considered if HLA-loss is confirmed.
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The molecular machinery that regulates the balance between self-
renewal and differentiation properties of hematopoietic stem cells
(HSC) has yet to be characterized in detail. Here we found that the

tetratricopeptide repeat domain 7 A (Ttc7a) protein, a putative scaffold pro-
tein expressed by HSC, acts as an intrinsic regulator of the proliferative
response and the self-renewal potential of murine HSC in vivo. Loss of Ttc7a
consistently enhanced the competitive repopulating ability of HSC and
their intrinsic capacity to replenish the hematopoietic system after serial cell
transplantations, relative to wildtype cells. Ttc7a-deficient HSC exhibit a
different transcriptomic profile for a set of genes controlling the cellular
response to stress, which was associated with increased proliferation in
response to chemically induced stress in vitro and myeloablative stress in
vivo. Our results therefore revealed a previously unrecognized role of Ttc7a
as a critical regulator of HSC stemness. This role is related, at least in part,
to regulation of the endoplasmic reticulum stress response.

Introduction

In flaky skin (fsn) mice, the spontaneous insertion of early transposon into the
gene for tetratricopeptide repeat domain 7 A (Ttc7a) is known to impair Ttc7a pro-
tein expression.1,2 Consequently, fsn mice develop a proliferative lymphoid and
myeloid disorder, with hyperplasia of the spleen and lymph nodes, elevated mono-
cyte, granulocyte and lymphoid cell counts,3-6 and severe anemia.7 Moreover, fsn
mice have a reduced lifespan and changes in the skin (epidermal hyperplasia and
inflammation)8,9 and the intestinal tract (gastric papillomas).10 The marked pheno-
typic alterations in fsn mice suggest that Ttc7a protein has one or more major reg-
ulatory roles in the hematopoietic system, and, potentially, in other tissues of
epithelial origin.
Ttc7a is a putative scaffolding protein as it contains nine tetratricopeptide repeats

(TPR) domains that are predicted to interact with proteins containing their own
TPR or other motifs.11 These TPR-containing proteins are involved in a variety of
biological processes, including cell cycle control, protein trafficking, secretion and
protein quality control. Indeed, TPR-containing proteins have been shown to bind
chaperones such as Hsp90 and Hsp70, controlling their activity.12-14 Thus, Ttc7a is
likely to be involved in a broad range of protein complexes and hence functions. In
vitro studies have shown that the loss of Ttc7a causes inappropriate activation of
RhoA-dependent effectors and thus disrupts cytoskeletal dynamics.15,16
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Furthermore, TTC7A reportedly interacts with EFR3
homolog B and phosphatidylinositol 4-kinase alpha,
which is known to catalyze the production of phos-
phatidylinositol 4-phosphate at the plasma membrane in
yeast and human cells.17,18 This observation emphasizes
the conservation, at least in part, of the functions of Ttc7a
during evolution. However, data on TTC7A’s biological
function(s) are still scarce.
Inadequate proliferation of peripheral hematopoietic

lineages has been reported in several modified murine
models; this impairment is ultimately associated with the
exhaustion of the hematopoietic stem cell (HSC) pool.19
Indeed, the production of blood cells requires HSC to
leave their quiescent state and differentiate into functional
progeny. An excessive requirement for hematopoietic cell
production biases HSC function toward differentiation, at
the expense of self-renewal.20 Various intrinsic and extrin-
sic factors influence HSC fate, i.e. quiescence or prolifera-
tion. Endoplasmic reticulum (ER) stress has recently been
highlighted as an important regulator of HSC function.21
This stress is triggered by various stimuli and leads to the
accumulation of unfolded proteins in the lumen of the ER,
and induction of the unfolded protein response (UPR).
The chaperone BIP (Hspa5/GRP78) is the main inducer of
the UPR.22 This response results in enhanced expression of
chaperone proteins (heat shock proteins, Hsp), phospho-
diesterase (Pdi), and other proteins such as calreticulin
that, together with BIP, boost protein folding capacities.
Depending on the intensity of the ER stress, UPR activa-
tion can lead to apoptosis or survival.23
In the present study, we found that Ttc7a regulates

murine HSC self-renewal and hematopoietic reconstitu-
tion potential and controls the sensitivity of these cells to
stress. Loss of Ttc7a consistently enhanced HSC stemness,
since Ttc7a-deficient HSC displayed a greater proliferation
capacity than control counterparts in response to ER stress
in vitro, and after myeloablative stress in vivo. Hence, our
results reveal a new role for Ttc7a as a regulator of self-
renewal and response to stress in HSC.

Methods

Mice
Heterozygous Balb/cByJ fsn (CByJ.A-Ttc7fsn/J) mice and

Balb/cByJ CD45.1 (CByJ.SJL(B6)-Ptprca/J) mice were obtained
from the Jackson Laboratory. All mice were maintained in specific
pathogen-free conditions and handled according to national and
institutional guidelines.

Repopulations assays
Bone marrow (BM) cells were transferred into CD45.1+ control

recipient mice upon irradiation and then 30,000 Lin- Sca1+ cKit+

(LSK) donor cells were injected into the irradiated recipient mice.
For serial transplantations, recipients were reconstituted with 107

BM cells. To perform competitive repopulation assays, 1,000 LSK
cells were injected with 2 x 106 unfractionated CD45.1+ BM cells.
Twelve weeks after transfer, mice were treated with a single dose
of 5-fluorouracil (5-FU, 150 mg/kg).

Flow cytometry and isolation of hematopoietic stem
cells 

Splenocytes and peripheral blood cells were incubated with
conjugated antibodies and viability exclusion dyes. The antibodies
used are listed in Online Supplementary Table S2. Stained cells were

quantified using a Gallios flow cytometer (Beckman Coulter), and
analyzed with FlowJo software (Treestar). HSC and LSK cells
were isolated by depleting Lin+ cells using the Lineage Cell
Depletion Kit according to the manufacturer’s protocol (Miltenyi
Biotec), stained with a Lin- antibody cocktail, and antibodies
against CD117, Sca-1, CD150 and CD48, and sorted with FACS
AriaTM (BD Biosciences).

Cell culture
Lin- cells were cultured in StemSpan medium (StemCell

Technologies) supplemented with 5% fetal bovine serum, 1%
penicillin/streptomycin, recombinant human thrombopoietin (100
mg/mL), recombinant murine stem cell factor (100 mg/mL) and
recombinant murine FLT3 ligand (100 mg/mL). Tunicamycin
(Cayman Chemical) was added (0.6 or 1.2 mg/mL) for 24 or 48 h.

RNA-sequencing
RNA was extracted using the ZR-RNA MicroPrepTM isolation kit

(Proteinegene). cDNA libraries were generated using the Ovation
SoLo RNA-seq system (NuGEN). The libraries were controlled
with a High Sensitivity DNA Analysis Kit and Bioanalyzer
(Agilent). NextSeq 500 (Illumina) was used for sequencing. FASTQ
files were mapped to the ENSEMBL MM38 reference using Hisat2
and counts were produced with feature Counts. Read count nor-
malization and group comparisons were performed by DESeq2,
edgeR, and LimmaVoom. Heatmaps were made with R and
imaged by Java Treeview software. Differentially expressed genes
were examined with gene set enrichment analysis (GSEA) for
functional enrichment in gene ontology (GO) terms using normal-
ized expression values of LimmaVoom. 

Western blot
Lin- cells were cultured for 3 days and HSC were sorted directly

into 10% trichloroacetic acid. Proteins were extracted and solubi-
lized as previously described.24

Statistical analysis
Data were analyzed with GraphPad Prism 6 software. Statistical

analyses were performed using two-tailed Student t-test.
Differences were considered to be statistically significant when
P<0.05 (indicated as *P<0.05, **P<0.01, ***P<0.001 and
****P<0.0001).

Data availability 
The data are available at the Sequence Read Analysis (SRA)

database under accession number SRA139913.

Results

Ttc7a is required for the maintenance of immune
homeostasis
It has previously been shown that adult Ttc7a-deficient

(fsn) mice (aged 8 to 10 weeks) develop an imbalance in
hematopoiesis, characterized by leukocytosis and
anemia.7 To gain insight into the change over time in the
fsn mice’s pathology, we analyzed the different
hematopoietic lineages in the blood and the spleen at 3, 6
and 12 weeks of age. Fsn mice had a considerably higher
circulating leukocyte count than control littermates (ctrl) at
all time points (Figure 1A). The spleen was much larger in
fsn mice than in ctrl mice, twice as large at 3 weeks and ten
times larger at 12 weeks (Figure 1B). The splenic architec-
ture in fsn mice became increasingly disorganized, with an
age-related expansion of red and white pulp (Figure 1C).
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Furthermore, histological assessment of splenic sections
revealed extramedullary hematopoiesis as evidenced by
elevated counts of megakaryocytes (Figure 1C) and of
hematopoietic stem and progenitor cells (HSPC) (Online
Supplementary Figure S1). Relative to ctrl mice, the absolute
splenic T-cell count in fsn mice was slightly lower at 3
weeks of age but higher at 6 and 12 weeks of age (Figure
1D). A large proportion of Ttc7a-deficient T lymphocytes
had an effector memory phenotype (CD44+ CD62L-)
(Figure 1E). Splenic B-cell counts were slightly elevated,
and B cells presented the impaired maturation phenotype
previously described in fsn mice6 (Figure 1F). The lym-
phoid alterations were accompanied by massive myelo-
proliferation, with an increase over time in the numbers of

splenic granulocytes (both neutrophils and eosinophils)
and resident and inflammatory monocytes (Figure 1G, H).
Thus, Ttc7a-deficient mice displayed a number of persist-
ent hematopoietic alterations (i.e., leukocytosis, T-lym-
phocyte activation and anemia) at a very early age, where-
as other manifestations appeared later in life and/or were
exacerbated with age (i.e., myeloproliferation and elevat-
ed T-cell counts). 
Since all the peripheral hematopoietic lineages were

affected in fsn mice, we next looked at whether the HSPC
compartment was also altered. BM cellularity in fsn mice,
in contrast to ctrl mice,  increased between 3 and 12 weeks
of age (Figure 2A). The LSK stem cell population was
slightly higher in fsn mice than in ctrl mice at all the time

Ttc7a controls HSC functions
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Figure 1. Ttc7a-deficiency perturbs homeostasis of all immune populations. Control littermates (ctrl – black bars) and Ttc7a-deficient (fsn – red bars) mice were
analyzed at 3, 6 and 12 weeks of age (mean ± standard error of mean) *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 (two-tailed t-test). (A) White blood cell
count (n≥6). (B) Spleen size determined as percent of body weight (n≥6). (C) Histological sections of spleen stained with hematoxylin and eosin showing megakaryo -
cytes (black arrow) (left panel) and quantification of spleen megakaryocytes (right panel). (D) Total number of T cells in the spleen (n≥7). (E) Flow cytometry repre-
sentative of T-cell activation (according to CD44 and CD62L expression) at 12 weeks (left panel), and activation index of T cells [ratio of effector memory T cells
(CD44+ CD62L-) to naïve T cells (CD44- CD62L+)] (right panel) of fsn and ctrl mice (n≥7). Numbers adjacent to the outlined areas indicate percent cells in the parent
gate (mean). (F) Total number of B cells in the spleen (n=4) (left panel) and flow cytometry representative of B-cell maturation (according to IgM and IgD expression)
(right panel). (G) Representative flow cytometry at 12 weeks (left panel) and total number of neutrophils (CD11b+ Ly6Ghi) and eosinophils (CD11b+ Ly6Gint SSChi). (H)
Total number of inflammatory (CD11b+ Ly6G- Ly6C+) and resident monocytes (CD11b+ Ly6G- Ly6C-) (n≥6). Numbers adjacent to the outlined areas indicate percent
cells among leukocytes in the spleen (mean).  

A

D E F

G H

B C



points analyzed (Online Supplementary Figure S2A). The
proportion of HSC (Lin- Sca1+ cKit+ CD150+ CD48-)25 was
decreased in fsn mice, whereas the proportion of more
mature hematopoietic progenitor cells  (HPC-1: Lin- Sca1+

cKit+ CD150- CD48+) was increased, compared to the pro-
portions in ctrl mice (Figure 2B and Online Supplementary
Figure S2B). At 12 weeks of age, the HSC progenitor
count was significantly lower in fsn mice than in ctrl mice,
while the numbers of multipotent progenitors (MPP: Lin-

Sca1+ cKit+ CD150- CD48-) were unchanged and those of
HPC-2 (Lin- Sca1+ cKit+ CD150+ CD48+) and HPC-1 were
slightly higher (Figure 2C). Within the committed progen-
itor compartment, the numbers of common myeloid pro-
genitors (CMP: Lin- Sca1- cKit+ CD34+ CD16/32low) and
granulocyte-monocyte progenitors (GMP: Lin- Sca1- cKit+
CD34+ CD16/32+) were lower than ctrl values at 3 weeks
of age, although the differences disappeared with time
(Figure 2D, E). There were no significant differences in fsn

vs. ctrl values in the numbers of common lymphoid pro-
genitors (CLP: Lin- Sca1- cKitint) or megakaryocyte-ery-
throcyte progenitors (MEP: Lin- Sca1- cKit+ CD34-

CD16/32-) (Figure 2D, E). We confirmed previous reports
that the profound anemia observed in fsn mice (Online
Supplementary Figure S3A) is peripheral in nature and does
not result from a decreased number of early erythroid
progenitors but rather from a defect in the last step of ery-
thropoiesis (Online Supplementary Figure S3B, C).7
Erythropoiesis and enucleation processes have been
shown to involve chromatin compaction26 and actin
cytoskeleton dynamics.27 Interestingly, we previously
showed that Ttc7a plays a role in actin dynamics15,16 as
well as in chromatin compaction and genomic stability.28
Hence, it is tempting to speculate that altered actin
dynamics and chromatin organization, as a consequence
of Ttc7a-deficiency, contribute to defective erythrocyte
generation in fsn mice. A high splenic erythroblast count
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Figure 2. Ttc7a-deficiency alters the hematopoietic stem and progenitor cell compartment. The hematopoietic stem and progenitor cell compartment was analyzed
in the bone marrow (BM) of 3-, 6-, and 12-week old control (ctrl - black bars) and Ttc7a-deficient (fsn - red bars) mice (mean ± standard error of mean) *P<0.05;
**P<0.01; ****P<0.0001 (two-tailed t-test). (A) Quantification of total femoral BM cells (n≥6). (B) Representative flow cytometry at 12 weeks (left panel) and per-
centage of hematopoietic stem cells (HSC: Lin- Sca1+ cKit+ CD150+ CD48-) among LSK (Lin- Sca1+ cKit+) cells (right panel) (n≥7). (C) Quantification of LSK cell popu-
lations, HSC, multipotent progenitors (MPP: Lin- Sca1+ cKit+ CD150- CD48-), HPC-2 (Lin- Sca1+ cKit+ CD150+ CD48+) and HPC-1 (Lin- Sca1+ cKit+ CD150- CD48+). (D)
Representative flow cytometry at 12 weeks and (E) quantification of common lymphoid progenitors (CLP: Lin- Sca1- cKitint CD127+), common myeloid progenitors (CMP:
Lin- Sca1- cKit+ CD34+ CD16/32-), granulocyte-monocyte progenitors (GMP: Lin- Sca1- cKit+ CD34+ CD16/32+) and megakaryocyte-erythroid progenitors (MEP: Lin-

Sca1- cKit+ CD34- CD16/32-) (n≥7). (B-D) Numbers adjacent to outlined areas indicate percent cells in the parent gate (mean). Numbers in parentheses indicate per-
centage among leukocytes in the BM (mean). 
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suggested the presence of stress erythropoiesis as a possi-
ble attempt to compensate for the peripheral anemia
(Online Supplementary Figure S3B).
Thus, our present results show that the absence of

Ttc7a in fsn mice is associated with deregulation of the
homeostatic balance between hematopoietic lineages,
from the HSC stage onwards, and a tendency of all leuko-
cyte subsets to expand over time. 

Ttc7a has an intrinsic role in the fate of progenitor
cells
Since Ttc7a is broadly expressed, it was not possible to

distinguish the respective involvements of hematopoietic
factors (i.e., HSC) and non-hematopoietic factors (e.g., BM
niches and the thymic epithelium) in the generation of the
fsn phenotype. In a previous study we found that the skin
barrier is impaired in fsn mice;9 this defect may enhance
antigen sensitization and thus induce immune system
activation. Therefore, in order to determine the Ttc7a-
deficient hematopoietic cells’ intrinsic contribution to fsn-
associated hematologic manifestations, we generated
chimeric mice by reconstituting lethally irradiated control
recipients with LSK cells purified from either ctrl or fsn
mice. Hereafter, these chimeric mice are respectively
referred to as Ctrlctrl and Ctrlfsn. Three-week old mice were
chosen as donors so that we could use a similar LSK graft
inoculum in both control and fsn samples, and thus mini-
mize the potential immune consequences caused by the
altered fsn skin barrier. We monitored the hematologic
reconstitution over time by collecting blood samples from
the recipient mice every 2 weeks. As observed in native

fsn mice, white blood cell counts were higher in Ctrlfsn mice
than in Ctrlctrl mice, and a difference was observed as early
as 4 weeks after transplantation (Figure 3A). The Ctrlfsn
mice were also anemic (Figure 3B) and developed
splenomegaly (Figure 3C), although the latter was less
pronounced than in native fsn mice (Figure  1B). The total
body weight of Ctrlctrl and Ctrlfsn mice was not different.
The distribution of the splenic myeloid, T- and B-cell pop-
ulations was the same as in ctrl mice (Figure 3D). As
observed in fsn mice, BM cellularity was higher in Ctrlfsn
mice than in Ctrlctrl mice (Figure 3E), whereas the LSK
counts were slightly increased (Figure 3F). The distribu-
tion of the HSC, MPP, HPC-2 and HPC-1 populations was
similar in Ctrlfsn and Ctrlctrl mice, suggesting that the low
HSC count observed in 12-week old native fsn mice
(Figure 2C) is primarily caused by external (i.e., non-
hematopoietic) factors. Taken as a whole, these data sug-
gest that Ttc7a has an intrinsic role in hematopoietic cells;
the absence of Ttc7a in hematopoietic progenitors results
in the over-proliferation of the various cell lineages as seen
in native fsn mice.

Loss of Ttc7a enhances the reconstitution potential 
of hematopoietic stem cells
Next, we sought to determine the impact of Ttc7a loss

on the reconstitution potential of HSC in a controlled in
vivo environment. Using lethally irradiated congenic recip-
ients, we transferred equal numbers of LSK cells purified
from 3-week old ctrl (LSKctrl)- or fsn (LSKfsn)-(CD45.2+) mice
together with competitor wildtype-(CD45.1+) BM cells
(i.e., Ctrl-LSKctrl or Ctrl-LSKfsn). We then assessed the
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Figure 3. Transferred Ttc7a-deficient LSK cells reproduce fsn manifestations in a control environment. Control irradiated mice were transferred with LSK cells puri-
fied from 3-week old ctrl (Ctrlctrl – black bars) or Ttc7a-deficient mice (Ctrlfsn – red bars). (mean ± standard error of mean) *P<0.05; **P<0.01 (two-tailed t-test). (A,
B) Monitoring of the number of leukocytes (A) and red blood cells, hematocrit and hemoglobin (B) during hematopoietic reconstitution. (C) Spleen size determined
as percent of body weight 10 weeks after bone marrow (BM) transfer. (D) Relative contribution of myeloid compared to T cells and B cells in the spleen. (E, F) BM
cellularity (E) and absolute number of LSK cells (F) 10 weeks after BM transfer. RBC: red blood cells.
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respective contributions of cells originating from ctrl or fsn
LSK donors during hematopoietic reconstitution. As early
as 2 weeks after transfer, the proportion of LSKfsn donor-
derived leukocytes in the recipients’ blood was higher
than that of LSKctrl. These differences persisted 14 weeks
after transfer (Figure 4A). The proportions of cells originat-
ing from donor LSK in the recipients’ organs, particularly
the thymus and BM, were higher in Ctrl-LSKfsn mice than
in Ctrl-LSKctrl mice (Figure 4B). In the spleen, the reconsti-
tution advantage of LSKfsn donor-derived cells led to the
expansion of neutrophil, eosinophil and monocyte lineag-
es and to a lesser extent, T-cell lineages (Figure 4C). To fur-
ther evaluate the effect of Ttc7a loss on long-term recon-
stitution, total BM cells from primary recipient mice were
transplanted into secondary recipients. The competitive
advantage of Ttc7a-deficient LSK donor cells with regards
to reconstitution was maintained and even enhanced
upon secondary and tertiary transplantation (Figure 4D).
Thus, our results show that a defect in Ttc7a improves the
competitive fitness of HSC following transplantation.

Loss of Ttc7a increases the long-term self-renewal
potential of hematopoietic stem cells
In view of the elevated proliferative capacity of Ttc7a-

deficient hematopoietic cells, we next sought to assess the

properties of HSC that could modify their reconstitution
potential (i.e., quiescence and self-renewal capacity). To
evaluate the impact of Ttc7a loss on the quiescence of
reconstituting HSC, we measured bromodeoxyuridine
(BrdU) incorporation in control and Ttc7a-deficient HSPC
before and after BM transplantation. Upon 24 h of BrdU
treatment, we observed similar percentages of BrdU-posi-
tive (BrdU+) HSC, HPC-1 and HPC-2 cells purified from
control and fsn mice (Online Supplementary Figure S4A).
Similar results were obtained when comparing cell cycle
progression in control and Ttc7a-deficient HSC upon
transplantation of irradiated recipients (Online
Supplementary Figure S4B, C). Altogether, these results sug-
gest that the increased repopulation capacity of fsn HSC
was not caused by a disturbed quiescent state.
We then looked at whether the long-term self-renewal

ability of HSC was altered in this context. We therefore
performed serial BM transplants from irradiated mice hav-
ing received whole BM from 3-week old ctrl or fsn mice.
Unexpectedly, Ttc7a-deficient cells successfully sustained
BM reconstitution longer than ctrl cells did. The ctrl HSC
sustained six rounds of transplantation (Figure 5A) but all
the Ctrlctrl mice died during the seventh round of BM trans-
fer (Figure 5A, B). In contrast, most Ctrlfsn mice survived 6
weeks after the seventh round and were able to undergo
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Figure 4. Ttc7a-deficient hematopoietic stem cells have a higher repopulation capacity. (A-C) Lethally irradiated CD45.1 mice were reconstituted with a mix of con-
trol whole bone marrow (BM) and sorted LSK cells purified from ctrl (Ctrl-LSKctrl – black bars and lines) or Ttc7a-deficient mice (Ctrl-LSKfsn – red bars and lines) (mean
± standard error of mean) *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 (two-tailed t-test). These data are representative of three independent experiments.
Proportion of LSK donor-derived leukocytes in the blood over time (A), in lymphoid organs (15 weeks after transfer) (B) and in the spleen for the different types of
leukocytes (C) (n=8). (D) BM cells from first and then second round recipient mice of each group were pulled and transplanted to secondary and tertiary ctrl CD45.1
recipients, respectively. The proportions of LSK donor-derived leukocytes of Ctrl-LSKctrl and Ctrl-LSKfsn mice were determined in each round (n=14 for control and n=16
for Ttc7a-reconstituted mice). 
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an additional round of transplantation before dying after
the eighth round (Figure 5A, B). Similar results were
obtained in experiments with 12-week old donors (Online
Supplementary Figure S5A, B). We next determined the abil-
ity of ctrl and Ttc7a-deficient BM cells from 3-week old
mice to properly reconstitute hematopoiesis over the dif-
ferent rounds of transplantation. During the first five
rounds, the same phenotype was always observed. Ctrlfsn
mice displayed anemia (Figure 5C), together with an ele-
vated leukocyte count up until the third round (Figure 5D).
The spleen was larger in Ctrlfsn mice than in Ctrlctrl mice
until the fifth round (Figure 5E). However, differences
between Ctrlfsn and Ctrlctrl mice were no longer observed in
the sixth round; this was probably caused by exhausted
donor cells that failed to properly reconstitute recipient
mice at the end of the reconstitution process (Figure 5C-
E). Interestingly, the distribution of splenic leukocyte sub-
sets in the Ctrlfsn mice was progressively biased toward
myeloid populations at the expense of B cells, and to a
lesser extent, T cells, as notably observed for the fifth

round (Figure 5F). In Ctrlfsn mice, this bias became
detectable in the third round and persisted until the sev-
enth round (Online Supplementary Figure S5C). In summary,
these data show that Ttc7a-deficient HSC have a greater
ability to self-renew and to induce myeloid cell expansion.

Ttc7a-deficiency perturbs the transcriptomic profile 
of the endoplasmic reticulum stress response in
hematopoietic stem cells
In order to gain further mechanistic insight into the

Ttc7a-related regulation of HSC homeostasis, we carried
out a transcriptomic analysis of HSC isolated from Ttc7a-
deficient and control BM (from 4-week old mice). A two-
way hierarchical clustering analysis of differentially
expressed genes (P value ≤0.05, fold change ≥1.2) revealed
a clear-cut separation between Ttc7a-deficient and control
HSC samples (Figure 6A). We found that 1,103 genes were
significantly upregulated and 928 significantly downregu-
lated in Ttc7a-deficient HSC relative to the expression lev-
els in control HSC (Figure 6B). Among the differentially
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Figure 5. Ttc7a-deficiency promotes self-renewal ability of hematopoietic stem cells. Lethally irradiated mice were serially transplanted with 3-week old ctrl (Ctrlctrl
– black bars, dots and lines) or Ttc7a-deficient (Ctrlfsn – red bars, dots and lines) donor bone marrow (BM) cells (mean ± standard error of mean) *P<0.05; **P<0.01;
***P<0.001; ****P<0.0001 (two-tailed t-test). These data are representative of four independent experiments with at least four mice in each round of transplan-
tation. (A) Percent survival of recipient mice across the seven transplantation cycles. (B) Survival of Ctrlctrl and Ctrlfsn mice during the seventh round and Ctrlfsn mice
during the eighth over time (n=4 for control- and n=10 for Ttc7a-reconstituted mice). (C-F) Red blood cell count, hematocrit, and hemoglobin level (C), leukocytes
count (D) and spleen weight (E) across the transplantation cycles. (F) Relative contribution of myeloid compared to T- and B-lymphoid cells in the spleen of mice
transplanted with BM cells that had undergone five transplantation cycles. RBC: red blood cells; Htc: hematocrit; Hgb: hemoglobin.
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expressed genes, the most statistically significant differ-
ences were observed in the group of downregulated genes
(Figure 6B). To determine the functional profile of the dif-
ferentially expressed genes, we performed GSEA for genes
with a fold change ≥1.5. GO analysis of the identified
gene signature revealed a significant enrichment of genes

in three main categories. Two categories are related to
chromatin organization/modification and DNA damage
repair; this observation fits with our recent finding that
Ttc7a is a chromatin-binding nuclear factor involved in
chromatin compaction and nuclear organization28 (Figure
6C, D). Another category corresponds to genes involved
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Figure 6. Ttc7a deficiency results in reduced expression of endoplasmic reticulum stress response genes in hematopoietic stem cells. RNA sequencing was per-
formed on 3-week old control (ctrl – black bars) and Ttc7a-deficient (fsn – red bars) hematopoietic stem cell (HSC) transcripts. (A) Heatmap of relative expression of
differentially expressed genes (fold change ≥1.2) in Ttc7a-deficient HSC compared to control. (B) Volcano plot of differentially expressed genes (fold change ≥1.2) in
Ttc7a-deficient HSC compared to control HSC showing the adjusted P-value (-log10) vs. fold change (log2). Upregulated and downregulated genes are shown in red and
blue, respectively. Total numbers in each group are indicated in red and blue, respectively. (C-E) Enriched gene sets in Ttc7a-deficient HSC compared to control HSC,
as determined by gene set enrichment analysis of differentially expressed genes (fold change ≥1.5). (F) Normalized expression of endoplasmic reticulum stress
response genes downregulated in Ttc7a-deficient HSC (fold change ≥1,2) *P<0.05; **P<0.01; ****P<0.0001 (LimmaVoom analysis). NES: normalized enrichment
score; FDR: false discovery rate; AU: arbitrary units.
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in cellular response to stress (Figure 6E). Our transcriptom-
ic analysis also highlighted high expression levels of Ttc7a
in HSC (Online Supplementary Figure S6). A growing body
of evidence suggests that ER stress regulates the function
of the HSC pool.21 In particular, a recent study highlighted
a link between ER stress perturbation in HSC and an ele-
vated reconstitution capacity following BM transplanta-
tion.29 Accordingly, we found that several effectors of the
ER stress response were significantly downregulated in
Ttc7a-deficient HSC, including the UPR master regulator
Bip (Hspa5/GRP78), calreticulin, Pdia3, Pdia4, Pdia6, sev-

eral Hsp, as well as Sel1l and Syvn1 which have been
shown to regulate an ER-associated protein degradation
(ERAD) pathway30,31 (Figure 6F and Online Supplementary
Table S1). Overall, our data suggest that Ttc7a loss affects
the cellular response to ER stress in HSC.

Ttc7a controls the response to stress in hematopoietic
stem cells
ER stress is mainly triggered in response to altered pro-

tein homeostasis leading to pro-apoptotic or pro-survival
responses. Notably, Ttc7a-deficient HSC had reduced lev-
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Figure 7. Ttc7a controls the response to stress in hematopoietic stem cells. (A) Representative histograms of protein aggregation level of 3-week old ctrl (black line)
and fsn (red line) hematopoietic stem cells (HSC). (B) Protein expression of Bip in ctrl and fsn HSC after 3 days of in vitro expansion. (C) Proliferation index (calculated
as the ratio between the number of cells at 48 h and 24 h) of HSC after Lin- cells were sorted from ctrl (black bars) and Ttc7a-deficient (fsn – red bars) mice and
cultured for 2 days with or without tunicamycin. **P<0.01 (two-tailed t-test). (D-I) Ctrlctrl (black line and bars) and Ctrlfsn (red line and bars) mice were analyzed after
they had received a single intraperitoneal injection of 150 mg/Kg of 5-fluorouracil (5-FU), 12 weeks after bone marrow transfer. White blood cell count over time (D).
Spleen size (E) and absolute number of lymphoid (F) and myeloid (G) cells in the spleen 15 days after 5-FU injection (n=9). Percentage bromodeoxyuridine (BrdU)
incorporation in LSK subpopulations (H) and representative flow cytometry histograms of BrdU incorporation in LK (Lin- Kit+) populations (I) 7 days after 5-FU injection.
(n=10 for control- and n=12 for Ttc7a-reconstituted mice) *P<0.05; **P<0.01; ***P<0.001 (two-tailed t-test). AU: arbitrary units; LSK: Lin- Sca1+ cKit+ cells; MPP:
multipotent progenitors; HPC: hematopoietic progenitor cells; CMP: common myeloid progenitors; GMP: granulocyte-monocyte progenitors; MEP: megakaryocyte-ery-
throid progenitors; CLP: common lymphoid progenitors.  
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els of protein aggregation compared to control HSC
(Figure 7A). In keeping with this, in vitro-expanded fsn HSC
had an elevated level of BIP protein (Figure 7B). These
results suggest that Ttc7a loss could modify HSC suscep-
tibility to ER stress. Therefore, to determine the impact of
Ttc7a loss in the response of HSC to ER stress, we ana-
lyzed the proliferative capacity of Ttc7a-deficient HSC
and progenitor cells (i.e., HSC, MPP, HPC-2 and HPC-1)
upon chemical induction of ER stress in vitro. To do so, lin-
eage-negative cells from 4-week old fsn and ctrl mice were
cultured for 48 h in the presence or absence of tuni-
camycin, which blocks the synthesis of N-linked glyco-
proteins, leading to an accumulation of unfolded proteins
and the induction of ER stress.32 As expected, on day 2,
tunicamycin treatment reduced the proliferation ability of
control cells in a dose-dependent manner (Figure 7C). In
contrast, at a low dose of tunicamycin, the proliferative
capacity of Ttc7a-deficient HSC was significantly greater
than that of control HSC (Figure 7C). These differences
were particular to HSC, as Ttc7a-deficient MPP, HPC-2
and HPC-1 subsets had a similar response to tunicamycin
as their control counterparts (Online Supplementary Figure
S7A). The alterations in the ER stress response in Ttc7a-
deficient HSC were not due to protein aggregation (Figure
7A and Online Supplementary Figure S7B), nor to low
expression of the ER stress sensors and effectors (Ire1α,
Perk, Atf6, etc.), as no differences were observed in our
transcriptomic analysis (Online Supplementary Figure S7C
and Online Supplementary Table S1). Surprisingly, the
reduction in cell proliferation of ctrl HSC in response to
tunicamycin was independent of apoptosis, in contrast to
that of other progenitor cells. Apoptosis of Ttc7a-deficient
HSC was reduced compared to that of unstimulated ctrl
cells, and remained unchanged upon tunicamycin treat-
ment (Online Supplementary Figure S7D). No differences
were observed in other progenitor populations (Online
Supplementary Figure S7D). Altogether, these data suggest
that ex vivo purified Ttc7a-deficient HSC had a higher level
of ER stress compared to their control counterparts.
Interestingly, we observed that the expression of Hsp70,

a chaperone protein associated with broad cellular stress-
es, was also higher in fsn HSC than in controls (Online
Supplementary Figure S7E). In order to determine whether
Ttc7a regulates the cellular response to stress in vivo, we
monitored the proliferative response of Ttc7a-deficient
cells following the induction of stress by 5-FU. The deple-
tion of cycling cells by 5-FU stimulates HSC to replenish
peripheral leukocytes,33,34 inducing a broad stress response
in HSC, not limited to ER stress (e.g., oxidative stress, pro-
liferative stress). We injected 5-FU into Ctrlfsn and Ctrlctrl
mice 3 months after BM transplantation and monitored
the replenishment of peripheral leukocytes for 19 days.
The Ttc7a-deficient and ctrl leukocyte counts fell until day
9 post-injection, and then increased. On day 15, Ttc7a-
deficient leukocytes were growing significantly more
strongly than ctrl cells, with a peak on day 16 (Figure 7D).
Interestingly, the spleen of Ctrlfsn mice enlarged further
after 5-FU treatment (Figure 7E, compared with Figure
3D), with higher lymphoid and myeloid counts (Figure 7F-
G). To assess the proliferative response of Ttc7a-deficient
HSC following stress injury, we assayed BrdU uptake by
LSK subsets between day 6 and day 7 after 5-FU injection.
The greater BrdU uptake in Ttc7a-deficient HSC, MPP,
HPC-2 and HPC-1 (Figure 7H), suggested that Ttc7a con-
trols the cell cycle progression of HSC under stress condi-

tions. Strikingly, BrdU uptake did not differ in committed
progenitors, CLP, CMP, GMP and MEP (Figure 7I). These
results suggest that Ttc7a is involved in the regulation of
the proliferative response of HSC under stress conditions
but not in that of committed progenitor cells.

Discussion

The present study revealed a previously unrecognized
role for Ttc7a in the negative regulation of HSC function.
Using murine transplantation models and Ttc7a-deficient
HSC, we found that Ttc7a intrinsically regulates the main-
tenance and proliferation of HSC in vivo, and the subse-
quent homeostasis of downstream cell populations. We
also found that Ttc7a expression in HSC is closely associ-
ated with the transcriptional response to ER stress.
HSC are the only cells capable of self-renewing and dif-

ferentiating into all mature blood lineages. The quiescence
of HSC must be tightly regulated in order to control pro-
liferation, maintain normal homeostasis, and prevent stem
cell exhaustion.35,36 Various intrinsic and cell-extrinsic regu-
latory factors of the HSC cell cycle have been described,
such as phosphatase and tensin homologue (Pten) signal-
ing, Wnt signaling and cytokine signaling.37 Indeed, in
mice that lack growth factor independent 1 (Gfi1),38 Pten,
forkhead box proteins 1, 3, 4, or M139 or other proteins,20,36
excessive HSC proliferation is associated with stem cell
exhaustion and the loss of self-renewal. In contrast, we
found that mice reconstituted with Ttc7a-deficient pro-
genitors exhibit a characteristic phenotype with enhanced
HSC function, higher HSC-derived peripheral blood cell
counts and no evidence of stem cell exhaustion when
compared with Ttc7a-proficient HSC. Indeed, Ttc7a-defi-
cient HSC were able to repopulate the hematopoietic sys-
tem better in serial transplantation experiments, indicating
that the self-renewal of Ttc7a-deficient HSC is not com-
promised by repeated rounds of proliferation. Although
this situation clearly differs from the above-mentioned
knock-out mice, a few similar observations have been
reported after the deletion of the cyclin-dependent kinase
4 inhibitor C (CDKN2C),40 the ubiquitin-mediated protein
degradation Cbl41 and Itch,41 and the transcription factors
Hif1a42 and Egr1.43 The loss of these proteins enabled the
maintenance of HSC, despite an increase in the cells’ pro-
liferative capacity. However, the specific mechanisms by
which these proteins regulate HSC function remain large-
ly unknown.
Our findings support a role for the ER stress response in

the enhanced function of Ttc7a-deficient HSC. Since long-
lived HSC are particularly sensitive to stress stimuli, their
response must be tightly controlled in order to prevent
either a loss of function or the clonal persistence of onco-
genic mutations. It has been shown that HSC are enriched
in components of the UPR pathway. Upon exposure to
acute stress in vitro, HSC are more prone to apoptosis, via
upregulation of the canonical UPR genes, than related pro-
genitors that have lost their self-renewal capacity.21,44
Along these lines, the ectopic expression of developmental
pluripotency-associated 5 (Dppa5) was associated with
enhanced HSC function, via suppression of the ER stress
response (by downregulating the expression of ER stress
chaperones) and the subsequent apoptotic signals.29
However, UPR activation can also have an anti-apoptotic
outcome in HSC. It has been shown that stimulation of
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estrogen receptor α (ERα) confers HSC resistance to pro-
teotoxic stress by activating the Ire1α-Xbp1 branch of the
UPR and promoting the cells’ reconstituting potential.24 In
Ttc7a deficient HSC, expression levels of ER stress
response genes were abnormally low, whereas the level of
the Bip chaperone protein was increased. Furthermore,
Ttc7a deficient HSC were less sensitive to stress induction
than Ttc7a-proficient-HSC both in vitro and in vivo. A sim-
ilar phenomenon was observed in mouse liver in which
mild chronic ER stress decreases the mRNA level of Bip
while maintaining its protein level. This response allows
hepatocytes to avoid the overproduction of UPR effectors
that could lead to apoptosis.45 It is, therefore, tempting to
speculate that Ttc7a deficiency could be associated with
mild chronic stress. In this context, the increased resist-
ance of fsn HSC to tunicamycin could be caused by a cel-
lular adaptive response aiming to increase the threshold of
ER stress sensitivity, and ensure cell survival. Interestingly,
HSC exposed to other sources of persistent cellular stress
develop mechanisms of stress resistance resulting in
increased self-renewal capacity and reconstitution poten-
tial.46 Knowing that TTC7A stabilizes several interacting
proteins, the role of additional components, altered as a
consequence of Ttc7a deficiency, cannot be excluded.
Ttc7a could represent a pivotal connection between ER
stress regulation and the maintenance of HSC functions.
Along with an abnormally proliferative hematopoietic

system, fsn mice develop hyperplasia of the epidermis and
the gastric epithelium. Notably, stem cells from other tis-
sues can similarly sense ER stress and activate the UPR

pathway to control self-renewal and differentiation. This
has been shown for the intestinal epithelium in particular,
and several lines of evidences support the concept where-
by ER stress and UPR activity regulate the differentiation
of intestinal stem cells.47 An attractive hypothesis would
be that the other phenotypic manifestations that charac-
terized Ttc7a deficiency might be due to perturbation of
the ER stress response.
In summary, our results show that Ttc7a has a critical

but previously unrecognized role as a regulator of HSC
homeostasis and function through the regulation of the ER
stress response.
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Staining for CD27 and CD201 (endothelial protein C receptor) has been
recently suggested as an alternative to stem cell antigen–1 (Sca1) to
identify hematopoietic stem cells in inbred mouse strains with low or

nil expression of SCA1. However, whether staining for CD27 and CD201
is compatible with low fms-like tyrosine kinase 3 (FLT3) expression and the
“SLAM” code defined by CD48 and CD150 to identify mouse long-term
reconstituting hematopoietic stem cells has not been established. We com-
pared the C57BL/6 strain, which expresses a high level of SCA1 on
hematopoietic stem cells to non-obese diabetic severe combined immune
deficient NOD.CB17-prkdcscid/Sz (NOD-scid) mice and NOD.CB17-prkdcscid

il2rgtm1Wj1/Sz (NSG) mice which both express low to negative levels of SCA1
on hematopoietic stem cells. We demonstrate that hematopoietic stem cells
are enriched within the linage-negative C-KIT+ CD27+ CD201+ FLT3- CD48-

CD150+ population in serial dilution long-term competitive transplantation
assays. We also make the novel observation that CD48 expression is up-
regulated in Lin- KIT+ progenitors from NOD-scid and NSG strains, which
otherwise have very few cells expressing the CD48 ligand CD244. Finally,
we report that unlike hematopoietic stem cells, SCA1 expression is similar
on bone marrow endothelial and mesenchymal progenitor cells in C57BL/6,
NOD-scid and NSG mice. In conclusion, we propose that the combination
of Lineage, KIT, CD27, CD201, FLT3, CD48, and CD150 antigens can be
used to identify long-term reconstituting hematopoietic stem cells from
mouse strains expressing low levels of SCA1 on hematopoietic cells.
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ABSTRACT

Introduction

Blood myeloid and erythroid lineages are short-lived and require continuous
replacement from hematopoietic stem cells (HSC) in the bone marrow (BM).1-6 HSC
are defined by their capacity to clonally reconstitute the hematopoietic system in
lethally irradiated mice upon transplantation. Using cell surface markers, mouse
HSC are comprised within the LSK population of cells, i.e., cells negative for B, T,
myeloid and erythroid lineages (Lin–), positive for c-KIT/CD117 and positive for
stem cell antigen-1 (SCA1 or LY6A/E). Multipotent long-term reconstituting HSC
(LT-HSC) are LSK cells that are negative for fms-like tyrosine kinase 3
(FLT3)/CD135 and CD48 and positive for signaling lymphocytic activation mole-
cule (SLAMF1/CD150).4,5 When transplanted, these HSC can clonally and serially
reconstitute hematopoiesis in lethally irradiated mice.5



Identifying HSC in inbred mouse strains that either do
not or poorly express SCA1, such as BALB/c or non-obese
diabetic (NOD) mice,7,8 or when treatments affect SCA1
expression is challenging. The SCA1 antibody detects
LY6A and LY6E, which are two similar proteins of the LY6
phosphatidylinositol-anchored membrane proteins antigen
family encoded by two different genes.9 LY6E is expressed
by 10-15% of blood leukocytes, whereas LY6A is
expressed by 50-70% of leukocytes.8 Inbred strains with
the LY6.1 haplotype (e.g., BALB/c, C3H, DBA/1, CBA,
FVB/N) do not express LY6A. This causes reduced SCA1
expression, thus compromising the classical method of
identifying the HSC population based on the LSK pheno-
type.3,8 Furthermore, even though the NOD strain and
other immunodeficient strains on the NOD background
are from the LY6.2 haplotype, they also express low levels
of SCA1.10 In addition, SCA1 expression can be affected by
treatments such as irradiation, bacterial infections, and
interferons which cause a transient increase in SCA1
expression in Lin- KIT+ (LK) cells in C57BL/6 mice11,12 fur-
ther questioning the suitability of SCA1 antigen to charac-
terize HSC in challenged mice.
The combination of CD27 and CD201 (endothelial pro-

tein C receptor – EPCR) has been proposed as an alterna-
tive to SCA1/c-kit staining for HSC identification in mouse
strains with low expression of SCA1 or following irradia-
tion.13 It was demonstrated that Lin- CD27+ CD201+ cells
contained all HSC activity tested in a long-term competi-
tive repopulation assay in lethally irradiated recipient mice
and this HSC phenotype remained consistent in several
mouse strains, including BALB/c and NOD, or following
irradiation.13
Several reports suggest that mouse HSC express both

CD27 and CD201.14,15 CD27 is a member of the tumor
necrosis factor receptor family expressed on T, B, and nat-
ural killer (NK) cells, involved in proliferation, differentia-
tion, and IgG production. CD27 was detected on 90% of
LSK cells in C57BL/6 mice.15 Likewise, high expression of
CD201 was also observed on 90% of LSK cells.14 CD201+

cells are multipotent in both colony assays and mouse
transplant reconstitution. CD201 and CD150 are co-
expressed in the embryonic mouse hematopoietic develop-
ment of a long-term reconstituting population of HSC
throughout life.16,17 In addition, CD201 is also expressed on
multipotent human CD34+ HSC,18 showing that the pat-
tern of CD201 expression is conserved between human
and mouse HSC, unlike that of the CD34 antigen.6 As few
HSC markers are shared between both species, this is
becoming a significant cross-species HSC marker. 
Recently, the use of NOD.CB17-prkdcscid il2rgtm1Wj1/Sz

(NSG) mice for human xenografts has increased19-21 relative
to the parental (NOD.CB17-prkdcscid/Sz, NOD-scid) mice.
NSG mice do not express functional interleukin-2 receptor
and therefore lack NK cells in addition to their lack of B and
T cells from the parental NOD-scid strain, resulting in more
profound immunosuppression and making the animals
more amenable to human xenograft engraftment.21
Metastatic cancer cells and human HSC can hijack the

mouse BM HSC niche,22 thus any treatments affecting
xenografts should also be examined for the drugs’ effects
on the host mouse HSC content in order to detect potential
adverse effects of the drugs. However, there are no reliable
flow cytometry methods to assess the impact of human
xenografts or prototype anti-cancer therapies on the host
mouse HSC in these strains.

In this study, we examined CD27 and CD201 expression
on BM cells in NOD-scid and NSG mice. We demonstrate
that staining protocols using CD27 and CD201 with FLT3,
CD48, and CD150 are complementary to enrich functional
HSC in these strains. These antibodies could be combined
to prospectively enrich HSC as validated by serial dilution
transplantations in recipient mice. We also investigated the
overexpression of CD48 in NOD-scid and NSG mice.
Furthermore, we identified that low SCA1 expression was
limited to hematopoietic cells, whereas BM mesenchymal
stromal cells (MSC) and endothelial cells expressed SCA1
at levels similar to those in C57BL/6 mice. 

Methods

Mice
Mouse experiments were approved by both the University of

Queensland and Queensland University of Technology Animal
Ethics Committees. C57BL/6 and NOD-scid mice were purchased
from the Australian Resource Centre (Cannin Vale, WA,
Australia). NSG mice (Jackson Laboratories, Bar Harbor, ME,
USA), were bred at the Translational Research Institute Biological
Research Facility (Brisbane, Australia). Mice were 7-8 weeks old at
the time of the experiments.

Sample isolation
BM was flushed from femurs using phosphate-buffered saline

(PBS) containing 2% fetal bovine serum (FBS). Spleens were har-
vested from mice and processed in PBS and 2% FBS using the
Miltenyi gentleMACS and a C-type tube (Bergisch Gladbach,
Germany). Blood was collected via cardiac puncture into 3.2%
sodium citrate. Each fraction was counted using a Coulter AcT
Diff Analyzer (Beckman Coulter).

To isolate BM stromal/endothelial cells, bones were harvested
from NSG and C57BL/6 mice. BM was flushed and discarded and
the bones were treated with 1 mg/mL collagenase type-1
(Worthington) as previously described.23 Blood cells were depleted
using the EasySep™ Mouse Mesenchymal Stem/Progenitor Cell
Enrichment Kit (Cat. n. 19771 StemCell Technologies) following
the manufacturer’s protocol.

BM-MSC were isolated from NSG femurs using a modification
of a previously described protocol24 (see Online Supplementary
Methods). 

Flow cytometry
All antibodies and stains used are described in Online

Supplementary Table S1. 
HSC stains were applied to 5x106 BM cells, while lineage stains

were applied to 106 BM or spleen cells. Cells were stained in PBS
and 2% FBS containing 0.1 mg/mL purified rat anti-CD16/CD32
(Fc Block) (BD Bioscience), with the appropriate antibody cocktail.
The cells were then washed and resuspended in PBS plus 2% FBS
containing 2 mg/mL dead cell discriminator dye 7-amino-actino-
mycin D (7-AAD) (Invitrogen) and analyzed on a CyAn flow
cytometer (Beckman Coulter). 

Stromal and endothelial cells were stained with an “endosteal”
stain (Online Supplementary Methods and Online Supplementary Table
S1). Samples were analyzed on a Fortessa flow cytometer (BD
Bioscience). 

Flow cytometry data were analyzed with FlowJo v10 software
(FlowJo LLC, Ashland, OR, USA).

Transplantations
Male donor BM cells were enriched for c-KIT by magnetic-acti-
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vated cell sorting. LK CD27+CD201+FLT3-CD48-CD150+ and LK
CD27+CD201+FLT3-CD48±CD150- (NOT GATE) were sorted on a
FACS Aria Fusion sorter (BD Bioscience). Sorted cells were
washed, counted and defined cell doses were resuspended in
saline with 2% heat-inactivated FBS containing 100,000 irradiated
(15 Gy) BM carrier cells. Grafts were then injected retro-orbitally
into female recipients 24 h after 2.5 Gy total-body γ irradiation
(137Cs, Gammacell 40 Exactor, Best Theratronics, Ontario,
Canada).

Engraftment was monitored with regular bleeds. At 18 weeks
after transplantation, BM, spleen, and blood were harvested.
Chimerism by donor male cells was determined by Y-chromo-
some polymerase chain reaction analysis based on previous proto-
cols,6,25 as outlined in the Online Supplementary Methods.
Engraftment was considered positive when female recipients had
>1% male DNA in the blood

Results

Comparison of SCA1, CD48 and CD150 expression 
in LK CD27+ CD201+ cells in C57BL/6, NOD-scid
and NSG mice
BM cells from C57BL/6, NOD-scid, and NSG mice were

stained with a cocktail of antibodies combining the tradi-
tional markers (Lin, c-KIT, SCA1, FLT3, CD48, CD150)26
together with more recently proposed markers CD27 and
CD201.13 After gating live cells, LK cells were examined for
CD27 and CD201 expression (see gating strategy in Online
Supplementary Figure S1). LK cells had a similar profile for
CD27 and CD201 expression as previously reported for
C57BL/6 and NOD strains13 (Figure 1A-C). The LK CD27+

CD201+ population labeled 0.019% ± 0.007% (mean ±
standard deviation) of live BM nucleated cells in C57BL/6
mice, 0.100% ± 0.012% in NOD-scid mice and 0.041% ±
0.014% in NSG mice (Figure 1D). When calculated as cells
per femur, NOD-scid mice had significantly more LK
CD27+ CD201+ cells than had C57BL/6 and NSG mice
(Online Supplementary Table S2 and Figure 1E). When the LK
CD27+ CD201+ were back-gated for SCA1 and c-KIT
expression, SCA1 staining was lower in NOD-scid and
NSG mice than in C57BL/6 mice, which were predomi-
nantly SCA1+ (Figure 1F-I). This resulted in a large propor-
tion of the phenotypic HSC defined by the LK CD27+

CD201+ phenotype13 in NOD-scid and NSG mice falling in
the SCA1- gate compared to the proportion from C57BL/6
mice (Figure 1J). Consequently, any calculation of pheno-
typic HSC numbers using the classic LSK phenotype may
underestimate the actual number of HSC in NOD-scid and
NSG mice when calculated as cells per femur (Figure 1K). 
Next, we investigated whether CD27 and CD201 stain-

ing was compatible or complementary with FLT3-, CD48-

and CD150+ staining to phenotypically identify LT-HSC.
Live LK CD27+ CD201+ cells were gated for FLT3-, CD150,
and CD48 expression analyzed for each mouse strain
(Figure 2A-C). A similar CD150+ and CD48- LT-HSC pro-
file was observed in the three strains. The frequency of LK
CD27+ CD201+ FLT3- CD48- CD150+ cells among live BM
nucleated cells was similar in C57BL/6 and NOD-scid mice
but reduced in NSG mice (Online Supplementary Table S2
and Figure 2D). When calculated as cells per femur,
C57BL/6 and NOD-scid mice had similar levels of pheno-
typic LT-HSC per femur, whereas NSG had a significantly
lower number of phenotypic LT-HSC cells per femur
(Online Supplementary Table S2 and Figure 2E).

As it has been proposed that in the absence of SCA1
staining, the LK FLT3- CD48- CD150+ phenotype is suffi-
cient to quantify mouse HSC,27 we further examined the
expression of CD27 and CD201 in this population. In
C57BL/6 mice, only 17.6% of LK FLT3- CD48- CD150+

cells were positive for both CD27 and CD201 (Online
Supplementary Figure S2). As it has been previously report-
ed that all HSC reconstitution activity is within the Lin-

CD27+ CD201+ population,13 this suggests that it is neces-
sary to add CD27 and CD201 stains in order to further
enrich HSC within the Lin- CD117+ FLT3- CD48- CD150+

population. Likewise, in NOD-scid and NSG mice, only
28.6-32.9% of LK FLT3- CD48- CD150+ cells were positive
for both CD27 and CD201.

High expression of CD48 in NOD-scid and NSG mice
In this analysis of CD48 and CD150 HSC detection

(Figure 2A-C), we noticed that CD48 was more highly
expressed in NOD-scid and NSG mice than in C57BL/6
mice as revealed by CD48 expression overlays of LK
CD27+ CD201+ FLT3- cells from the different mouse
strains (Figure 2F). In addition, the CD48 mean fluores-
cence intensity for the whole LK CD27+ CD201+ FLT3-

population was significantly reduced in C57BL/6 mice
compared to that in the other mouse strains (Figure 2G). 
The ligand for CD48 is CD24428 and is expressed by NK

cells, some T cells, and monocytes.29 As the NOD-scid and
NSG mice are devoid of functionally mature B and T cells,
and NSG lack NK cells (Online Supplementary Figures S3
and S4) we speculated that CD48 upregulation in NSG
and NOD-scid mice may be due to low expression of the
ligand CD244. To assess this, we performed a lineage and
CD244 stain on BM and spleen cells (Figures 3 and 4) to
measure CD244 expression on each cell subset defined in
Online Supplementary Figures S3 and S4. In C57BL/6 mice,
subsets of CD244+ cells were observed on all BM lineages
(Figure 3C, F) but predominantly on NK cells (Online
Supplementary Table S3 and Figure 3F). Within the C57BL/6
spleen (Figure 4), CD244 was highly expressed on a subset
of NK cells as well as on monocytes, macrophages, and
neutrophil/myeloid progenitors. In NOD-scid and NSG
mice, the frequency of CD244+ was less than 1% of all lin-
eages examined (Figures 3 and 4). 
We detected some lymphocyte-type cells that were

B220+ in BM and spleen in both NOD-scid and NSG mouse
BM (Online Supplementary Figures S3 and S4). In addition,
NSG mice had rare NK1.1+ cells whereas both NSG and
NOD-scid had few CD3ε+ cells.

Long-term hematopoietic stem cells are enriched
in the Lin- KIT+ CD27+ CD201+ FLT3- CD48- CD150+

subset in NSG mice
Finally, we tested whether the combination of CD27

and CD201 with FLT3, CD48, and CD150 markers could
identify functional LT-HSC in NSG mice by serial dilution
transplantation assay into non-lethally irradiated syngene-
ic recipients (Figure 5). As it has been previously shown
that the whole competitive repopulation unit (CRU) activ-
ity is contained within the Lin- CD27+ CD201+ fraction of
the BM in NOD mice,13 we further characterized the func-
tional properties of these cells stained additionally with
FLT3, CD48, and CD150 antibodies. We sorted two sub-
sets of the LK CD27+ CD201+ population from the BM of
male NSG mice, namely (i) LK CD27+ CD201+ FLT3-

CD48- CD150+ cells (CD48-CD150+ gate) and (ii) LK

CD27, CD201, FLT3, CD48, and CD150 identify HSC in mice
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Figure 1. CD27 and CD201 expression in Lin- KIT+ bone marrow hematopoietic stem and progenitor cells from different NOD-scid-derived mouse strains. (A-C)
Expression of CD27 and CD201 in viable Lin- KIT+ bone marrow (BM) hematopoietic stem and progenitor cells  from C57BL/6 (A), NOD-scid (B) and NSG (C) mice.
(D) Frequency of Lin- KIT+ CD27+ CD201+ cells within BM leukocytes of the three mouse strains. (E) Absolute number of Lin- KIT+ CD27+ CD201+ cells per femur in
the three strains. (F-H) Comparison of SCA1 and KIT expression in Lin- KIT+ CD27+ CD201+ cells (red overlay) compared to Lin- KIT+ CD27+ CD201- cells (blue overlay)
in C57BL/6 (F), NOD-scid (G) and NSG (H) mice. (I) Overlay of SCA1 expression in Lin- KIT+ CD27+ CD201+ cells from C57BL/6 (black), NOD-scid (blue) and NSG (red)
mice. (J) Percentage of Lin- KIT+ CD27+ CD201+ cells that are SCA1+. (K) Number of Lin- CD27+ CD201+ cells that are SCA1+ per femur. Data are the mean ± standard
deviation of five mice per group. P values were calculated by analysis of variance with Tukey corrections, *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.
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CD27+ CD201+ FLT3- cells that were not in the CD48-

CD150+ gate (NOT GATE) (Figure 5H, isotype controls in
Online Supplementary Figure S5). We transplanted serial
dilutions of these two populations (Figure 5H) into sub-
lethally irradiated (2.5 Gy) female NSG recipient mice
together with 100,000 lethally irradiated whole BM as car-
rier cells. At 8, 12, and 16 weeks a small amount of blood
was lysed for longitudinal analysis of donor engraftment
by genomic quantitative polymerase chain reaction using
primers specific for the Y chromosome Sry gene compared
to biallelic mouse Il6 gene. In preliminary experiments, we
validated this method of quantifying relative male cell

number by mixing a known amount of male vs. female
cells to demonstrate that the assay readout reflected the
linear dilution series (Online Supplementary Figure S6). A
level of >1% donor male cells at the 18-week harvest
point was considered to be a successful reconstitution of
the host (Online Supplementary Table S4).
In transplanted recipients, we measured chimerism

between 8 and 18 weeks. There was robust long-term
male donor chimerism in recipients that received 50 or
150 CD48- CD150+ gated cells whereas there was a very
“low” frequency of long-term chimerism in recipients of
NOT GATE cells (Figure 5I, J). Poisson distribution analysis

CD27, CD201, FLT3, CD48, and CD150 identify HSC in mice
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Figure 2. Complementarity of CD27 and CD201 with FLT3, CD48 and CD150 staining in different mouse strains. The gating strategy is shown in Online
Supplementary Figure S1. (A-C) Lin- KIT+ CD27+ CD201+ FLT3- bone marrow (BM) cells were gated and analyzed for CD150 and CD48 expression in C57BL/6 (A),
NOD-scid (B) and NSG (C) mice. (D, E) Frequency (D) and total number (E) of Lin- KIT+ CD27+ CD201+ FLT3- CD48- CD150+ cells per femur in each strain. (F) Overlay
of CD48 expression in Lin- KIT+ CD27+ CD201+ FLT3- BM cells from C57BL/6 (grey shaded), NOD-scid (blue) and NSG (red) mice. (G) Geometric mean fluorescence
intensity of CD48 on Lin- KIT+ CD27+ CD201+ FLT3- cells in the three mouse strains. Data are the mean ± standard deviation of five mice per group. P values were
calculated by analysis of variance with Tukey corrections for multiple comparisons, *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.
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Figure 3. CD48 ligand CD244 is poorly expressed in the bone marrow of NOD-scid and NSG mice. (A) Viable single cells were gated into lymphoid (CD11b- low side scatter)
and myeloid (CD11b+) cells. (B) Myeloid cells were further separated using CD169 and F4/80 antigens. Monocytes were CD11b+ F4/80+ CD169-; macrophages CD11b+

F4/80+ CD169+; and neutrophils and remaining myeloid progenitors were CD11b+ F4/80- CD169-. (C) CD244 expression was measured in each subset in each mouse
strain and plotted as numbers of CD244+ cells per femur. (D) Lymphoid cells were separated using B220 and NK1.1 antigens to identify B cells (CD11b- B220+ NK1.1-)
and natural killer (NK) cells (CD11b- NK1.1+). (E) The B220- NK1.1- gate was then plotted for CD3ε expression to identify T cells (CD11b- B220- NK1.1- CD3ε+). (F) CD244
expression on lymphoid subsets in each mouse strain. Numbers of CD244+ cells in each subset per femur. Data are mean ± standard deviation of five mice per group. P
values were calculated by analysis of variance with Tukey corrections for multiple comparisons: **P≤0.01, ***P≤0.001, ****P≤0.0001.

A

B C

FD

E



CD27, CD201, FLT3, CD48, and CD150 identify HSC in mice

haematologica | 2020; 105(1) 77

Figure 4. CD48 ligand CD244 is poorly expressed in the spleen of NOD-scid and NSG mice. (A) Viable single cells were gated with CD11b into lymphoid cells (CD11b-
low side scatter) and myeloid cells (CD11b+). (B) Myeloid cells were further separated using CD169 and F4/80 antigens. Monocytes were CD11b+ F4/80+ CD169-;
macrophages CD11b+ F4/80+ CD169+; and neutrophils and remaining myeloid progenitors were in the CD11b+ F4/80- CD169- gate . (C) CD244 expression was meas-
ured in each subset in each mouse strain and plotted as numbers of CD244+ cells per femur. (D) Lymphoid cells were separated using B220 and NK1.1 antigens
to identify B cells (CD11b- B220+ NK1.1-) and natural killer (NK) cells (CD11b- NK1.1+). (E) The B220- NK1.1- gate was then plotted for CD3ε expression to identify T
cells (CD11b- B220- NK1.1- CD3ε+). (F) CD244 expression on lymphoid subsets in each mouse strain. Numbers of CD244+ cells in each subset per femur. Data are
average ± standard deviation of five mice per group. P-values were calculated by analysis of variance with Tukey corrections for multiple comparisons, *P≤0.05,
**P≤0.01, ***P≤0.001, ****P≤0.0001.
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Figure 5. Competitive repopulation unit cells are enriched in the Lin- KIT+ CD27+ CD201+ FLT3- CD48- CD150+ population in NSG mice. (A) Transplantation outline
using sorted male donor cells transplanted into sublethally irradiated (2.5 Gy) female NSG mice to test competitive repopulation unit (CRU) activity. (B-H) Sorting
profile from donor male c-KIT enriched bone marrow into either the Lin- KIT+ CD27+ CD201+ FLT3- CD48- CD150+ gate or the Lin- KIT+ CD27+ CD201+ FLT3- NOT GATE.
(I) Frequencies of donor engraftment in blood at 18 weeks. (J) Time-course of male donor cell engraftment in each transplanted mouse. Warm colors are for dilutions
of sorted Lin- KIT+ CD27+ CD201+ FLT3- CD48- CD150+ cells, cold colors are dilutions of Lin- KIT+ CD27+ CD201+ FLT3- NOT GATE sorted cells. (J) Frequency of donor
engraftment at 18 weeks post-transplantation and Poisson distribution of donor hematopoietic stem cells. tx: transplant.
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(Figure 5K) showed a 32-fold enrichment (P=1.86 x 10-5) in
CRU frequency in the CD48- CD150+ gate (1 in 179 cells)
compared to the NOT GATE cells (1 in 5,786 cells) con-
firming that the FLT3  CD48- CD150+ phenotype comple-
ments the CD27+ CD201+ phenotype for further enrich-
ment in functional LT-HSC. It is also important to note
that the 1/5,786 CRU frequency found in the NOT GATE
was due to a single recipient of the highest donor cell dose
which had a very low level of engraftment (less than 3%)
compared to recipients of CD48- CD150+ cells (Online
Supplementary Table S4). Therefore the CRU frequency in
the NOT GATE could be overestimated. Nevertheless, by
multiplying the CRU frequency obtained from each gate
by the number of cells in each gate, we found that 70% of
the CRU contained within LK CD27+ CD201+ FLT3- cells
were within the CD48- CD150+ subset (Online
Supplementary Table S5). 

SCA1 expression in unaltered in bone marrow 
endothelial and mesenchymal cells in NSG mice
As NSG mice and NOD-scid mice blood cells have low

SCA1 expression in hematopoietic stem and progenitor
cells (HSPC) (Figure 1I), we compared SCA1 expression in
BM endothelial cells and MSC from C57BL/6 mice and
NSG mice (Figure 6). Endosteal cells were collected from
collagenase-treated femurs, magnetically enriched in non-
hematopoietic cells, and stained against CD45, Lin, CD31,
CD51, SCA1, and PDGFRα antibodies (gating strategy in
Figure 6A-D). CD45- Ter119- CD31+ BM endothelial cells
(Figure 6E, F) expressed equivalent levels of SCA1 in
C57BL/6 and NSG mice (Figure 6E, F, I). Likewise, BM
MSC, defined as CD45- Ter119- CD31- CD51+ cells (Figure
6G, H), expressed similar levels of SCA1 in the PDGFRα+

subset which defines the PαS cells30 (Figure 6J).
Finally, we found that plastic-adherent BM MSC

derived from NSG mice also expressed high levels of
SCA1 (Figure 6K).

Discussion

Considering that all the LT-HSC reconstituting activity
resides within the Lin- CD27+ CD201+ population,13 we
sought to determine the expression profile of these cells
for FLT3, CD48 and CD150 antigens, which are classically
used to identified LT-HSC and various subsets of multipo-
tent progenitors.4,5,26 We found that in all three strains, irre-
spective of SCA1 expression levels, only a small subset of
LK CD27+ CD201+ cells was also FLT3- CD48- CD150+, a
phenotype that defines LT-HSC when used in combina-
tion with SCA1 positivity.26 Conversely, only a minority of
LK FLT3- CD48- CD150+ cells were double-positive for
CD27 and CD201. Using a stringent serial dilution long-
term transplantation assay, we demonstrated that CRU
were 32-fold enriched in the small FLT3- CD48- CD150+

subset of the LK CD27+ CD201+ population from NSG
mice despite negative to low levels of SCA1 expression.
This demonstrates that CD27 and CD201 positivity is
complementary to the FLT3- CD48- CD150+ phenotype to
identify functional LT-HSC and can be used to replace
SCA1. This is particularly advantageous in strains that
express low levels of SCA1 in hematopoietic cells such as
NOD-scid and NSG strains, or because of treatments that
increase or decrease SCA1 expression, such as irradiation
and lipopolysaccharide administration.13,27 We also noted a

lower CRU frequency compared to the reported 50%
CRU frequency in LK CD48-CD150+ cells sorted from
C57BL/6 mice.6 Competitive assays in lethally irradiated
recipient mice with congenic whole BM cells as a source
of competing HSC were used in these studies6 whereas in
the present study, we sublethally irradiated our recipient
mice (2.5 Gy) without exogenous competing HSC. This
irradiation dose depresses circulating granulocytes and
monocytes for only 8 days without transplantation (data
not shown) and therefore spares an unknown number of
host HSC. Consequently, this sublethal irradiation of the
hosts creates a competitive assay between the residual
female host HSC and the transplanted male HSC. This
could in part explain the relatively low frequency of recon-
stituting cells that we measured in LK CD27+ CD201+

FLT3- CD48- CD150+ cells from NSG mice. An additional
factor to consider regarding this relatively low frequency
of reconstituting cells in the LK CD27+ CD201+ FLT3-

CD48- CD150+ fraction from NSG mice is the known
engraftment defect of HSC caused by the scid mutation,
which would consequently reduce the reconstitution
potential of the sorted cell populations.31,32
Our flow cytometry data revealed that the expression of

CD48 was unusually higher in LK CD27+ CD201+ FLT3-

cells from the NOD-scid and NSG mice compared to
C57BL/6 mice. We found that the expression of CD244,
the physiological ligand of CD48, was dramatically
reduced in myeloid cells and lymphocytes from NOD-scid
and NSG BM and spleen. Although NOD-scid and NSG
mice have very low frequencies of T and NK cells that
would express CD244, expression of CD244 in all
myeloid lineages was also markedly reduced in the BM
and spleen of NOD-scid and NSG mice. It is, therefore,
tempting to speculate that CD48 upregulation in NOD-
scid-derived strains is caused by the low expression of its
ligand CD244. However, this potential mechanism will
need to be confirmed in C57BL/6 mice with CD244 gene
deficiency. 
Interestingly, NOD-scid mice still contain a NK-cell pop-

ulation33 but we did not detect higher numbers of NK1.1+

cells compared to the numbers in NSG mice. As we did
not perform functional assays, we cannot conclude from
our experiments that NSG mice had less functional NK
cells compared to the NOD-scid mice. The literature indi-
cates that CD3+ and primitive B cells are present in these
mice but do not develop into mature functional lympho-
cytes.33 The scid mutation is known to eliminate B and T
cells at the education stage of development during VDJ
recombination.34 This means that the BM will develop
immature B and T precursors, which migrate into the cir-
culation but cannot fully mature into functional lympho-
cytes. With age, NOD-scid mice are known to have some
‘leakiness’ and develop functional B and T cells while NSG
do not.33 Previous studies on these mice have focused on
the spleen and/or blood,20,33 which are locations of mature
B and T cells, and did not examine the BM in which these
cells develop initially. As we used 8-week old mice, this
small percentage of CD3ε+ and B220+ cells may represent
immature lymphoid cells. The use of markers of more
mature B cells, such as CD19 and surface IgM (sIgM),
could have confirmed the absence of mature CD19+ sIgM+

B cells in these mice.33,35
Beside hematopoietic cells, SCA1 is expressed by vari-

ous cell types such as mesenchymal and endothelial cells
and is considered a progenitor/stem cell marker in many
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adult mouse tissues.36 In particular, SCA1 is known to be
expressed by immature MSC in the BM and skeletal mus-
cle, as well as by BM endothelial cells.30,37,38 The literature
is conflicting as to whether SCA1 expression on stromal
cells is dependent on the mouse strain. For instance, some

groups have identified that cultured plastic-adherent
MSC derived from BALB/c mice39,40 and CBA mice40 are
SCA1+ (both haplotype LY6.1 mice). In contrast, other
groups reported that the SCA1 staining on MSC was
restricted to plastic-adherent cultured MSC from the
C57BL/6 and FVB/N strains whereas DBA1-derived MSC

B. Nowlan  et al.

80 haematologica | 2020; 105(1)

Figure 6. Comparative SCA1 expression in bone marrow endothelial and mesenchymal cells from C57BL/6 and NSG mice. (A-D) Live single cells (A) were gated for
non-hematopoietic CD45- Ter119- cells (B). From these CD45- Ter119- cells, endothelial cells were gated as CD31+ (C). The remaining CD31- non-endothelial cells were
gated for CD51+ mesenchymal cells (D). (E, F, I) SCA1 expression in bone marrow endothelial cells was similar in C57BL/6 (E) and NSG (F) mice as seen in the overlay
histogram (I). (G, H, J) CD45- Ter119- CD31- CD51+ mesenchymal cells were further gated for PDGFRα and SCA1 expression. SCA1 expression in mesenchymal cells
was comparable in C57BL/6 (G) and NSG (H) mice in dot-plots and the overlay histograms (J). (K) SCA1 expression in mesenchymal stromal cells (MSC) cultured
from NSG mice. These plots represent data from four separate mice for each strain.
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expressed low levels and BALB/c-derived MSC were neg-
ative.41 As SCA1 has been recently described as an activa-
tion marker facilitating cell cycling8,42 and mesenchymal
progenitor cell self-renewal in vivo,43 culturing these cells
in vitro could activate SCA1 expression and may explain
this discordance. In our experiments, we found that low
SCA1 expression is restricted to HSPC in NSG mice. Both
freshly isolated BM endothelial cells (Figure 5G) and
primitive mesenchymal progenitor cells (Figure 5H) from
NSG mice expressed high levels of SCA1 similar to
C57BL/6 mice as previously reported.44,45 The high expres-
sion level of SCA1 on mesenchymal cells from NOD-scid
and NSG mice is consistent with the absence of the
osteoporotic phenotype that is observed in SCA1 knock-
out mice.43 Our results therefore suggest that lower SCA1
expression may be limited to hematopoietic cells in NSG
mice and may be a result of the original source of the scid
mutation that was derived from the BALB/c background,
a LY6.1 haplotype mouse or from the NOD back-
ground.20,46
In conclusion, co-staining for CD27 and CD201 can be

used in place of SCA1 to identify HSC in NOD-scid and
NSG mice in circumstances that SCA1 expression is
weak. However, when the Lin- CD27+ and CD201+ phe-
notype is combined with the FLT3- CD48- CD150+ pheno-
type, HSC with long-term engraftment potential are fur-
ther enriched in NOD-scid and NSG mice. Compared to
recent studies that focused only on Lin- CD27+ CD201+

cells,32,47 we show that within this population the small
subset that is FLT3-, CD48- and CD150+ is enriched in LT-
HSC activity in NSG mice in a rigorous serial dilution
long-term competitive transplantation assay. This allevi-
ates the need to stain for SCA1, which is expressed at
very low levels in these mice. In addition, we identified a
non-reported upregulation of CD48 in NOD-scid and
NSG mice possibly due to the low expression of its ligand
CD244. Finally, the low SCA1 expression in NSG mice
seems limited to the hematopoietic compartment as
SCA1 expression remains high in primary BM endothelial
and mesenchymal cells. Overall, our new strategy may
provide a more accurate method to quantify murine HSC

within xenograft models using NOD-scid-derived strains.
For instance, in previous work48,49 humanized scaffolds
seeded with human MSC were transplanted into NOD-
scid mice and once humanized ectopic bone organoid had
been established, were injected with human BM or cord
blood CD34+ cells. The relative quantification of the seed-
ing of humanised ectopic bone scaffolds by human vs.
murine HSC was difficult due to low SCA1 expression by
NOD-scid and NSG HSC. Likewise, in a common xeno-
transplanted model of NSG mice engrafted with human
cold blood CD34+ HSC, we were able to demonstrate
that hypoxia-inducible factor prolyl hydroxylase
inhibitor can rescue a human HSPC mobilization defect
in NSG mice but we were unable to show a similar effect
on murine HSC due to their low SCA1 expression.50
Therefore, this new staining strategy identifying Lin- KIT+

CD27+ CD201+ FLT3- CD48- CD150+ cells as mouse HSC
in NOD-scid-derived strains will enable a more accurate
measurement of the relative colonization or distribution
of mouse bones or ectopic bone organoids by endoge-
nous mouse HSC vs. xenotransplanted human HSC.
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Vaso-occlusive crisis (VOC) is a hallmark of sickle cell disease (SCD)
and occurs when deoxygenated sickled red blood cells occlude the
microvasculature. Any stimulus, such as mental stress, which

decreases microvascular blood flow will increase the likelihood of red cell
entrapment resulting in local vaso-occlusion and progression to VOC.
Neurally mediated vasoconstriction might be the physiological link
between crisis triggers and vaso-occlusion. In this study, we determined the
effect of mental stress on microvascular blood flow and autonomic nervous
system reactivity. Sickle cell patients and controls performed mentally
stressful tasks, including a memory task, conflict test and pain anticipation
test. Blood flow was measured using photoplethysmography, autonomic
reactivity was derived from electrocardiography and perceived stress was
measured by the State-Trait Anxiety Inventory questionnaire. Stress tasks
induced a significant decrease in microvascular blood flow, parasympathet-
ic withdrawal and sympathetic activation in all subjects. Of the various
tests, pain anticipation caused the highest degree of vasoconstriction. The
magnitude of vasoconstriction, sympathetic activation and perceived stress
was greater during the Stroop conflict test than during the N-back memory
test, indicating the relationship between magnitude of experimental stress
and degree of regional vasoconstriction. Baseline anxiety had a significant
effect on the vasoconstrictive response in sickle cell subjects but not in con-
trols. In conclusion, mental stress caused vasoconstriction and autonomic
nervous system reactivity in all subjects. Although the pattern of responses
was not significantly different between the two groups, the consequences
of vasoconstriction can be quite significant in SCD because of the resultant
entrapment of sickle cells in the microvasculature. This suggests that mental
stress can precipitate a VOC in SCD by causing neural-mediated vasocon-
striction.

Introduction

Sickle cell disease (SCD) is a genetic disorder in which polymerization of deoxy-
genated sickle hemoglobin (HbS) leads to decreased deformability of the normally
flexible erythrocytes. These rigid sickle-shaped red blood cells (RBC) can occlude
the microvasculature leading to the sudden onset of painful vaso-occlusive episodes
(VOC).1,2 After HbS deoxygenates in the capillaries, it takes some time (seconds) for
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HbS polymerization and the subsequent flexible-to-rigid
transformation. If the transit time of RBC through the
microvasculature is longer than the polymerization time,
sickled RBC will lodge in the microvasculature.3 Any trig-
ger that decreases microvascular blood flow will prolong
the transit time, promoting the entrapment of sickled
RBC, resulting in vaso-occlusion. This physiology of SCD,
described decades ago,4,5 is fundamental to understanding
the triggering of VOC. Patients report that stress, cold, and
pain itself can trigger the onset of VOC6 but the frequency
of VOC is highly variable. To date, the mechanism of how
such events might trigger regional vaso-occlusion has not
been fully elucidated. 
Psychological stress is an exacerbating factor in many

chronic illnesses, such as SCD,7–10 coronary artery disease
and myocardial ischemia.11,12 Stress is significantly associ-
ated with increased pain intensity, reductions in social and
physical activities and greater health care utilization.8,13,14
Day-to-day stressors have been associated with onset of
pain and the course of VOC in SCD.9,10 Stress is well-
known to modulate autonomic nervous system (ANS)
activity which in turn plays a major role in the regulation
of regional blood flow.15 Interestingly, SCD children with
greater mental-stress-induced autonomic reactivity had
more severe clinical disease.16,17 SCD subjects also have
augmented ANS-mediated vasoconstriction in response to
sighing, hypoxia, and pain.18-20 Therefore, autonomic dys-
regulation in SCD represents a plausible physiological link
between mental stress and sickle RBC retention in the
microvasculature.16,18–21 Further understanding of this pro-
posed mechanism of VOC triggering would not only help
to predict disease manifestations, but would also open up
opportunities for therapeutic intervention in disorders
such as SCD in which preservation of microvascular blood
flow is important.22
To address the role of mental stress in the physiology of

SCD, we objectively quantified microvascular blood flow,
measured by photoplethysmography, in response to stan-
dardized mental stress tasks in subjects with SCD and in
controls. We also assessed cardiac ANS balance by analy-
sis of heart rate variability in response to mental stress. We
correlated photoplethysmogram-derived physiological
indices with subjective indices of perceived stress assessed
from standardized anxiety questionnaires. The aim of this
study was to determine the relationship of peripheral and
cardiac ANS responses with mental stress in SCD. 

Methods

The study was conducted under an institutional review board-
approved protocol at the Children’s Hospital Los Angeles with
approved consent/assent. Twenty SCD subjects with Hb SS, S-β0,
S-β+ or SC genotype and 16 age- and race-matched controls from
the patients’ family and friends were recruited. 

Experimental setup and study protocol
All studies were performed in an ANS laboratory under strictly

controlled settings.18 Neuropsychological stress was assessed at
baseline using the State-Trait Anxiety Inventory (STAI) question-
naire.23 The STAI Y-1 and Y-2 evaluate “anxiety at this moment,
aka state anxiety” and “how people generally feel, aka trait anxiety”,
respectively. 

Following 5 minutes of baseline recording, the stress induction
protocol was presented through psychological software (E-prime

2.0, Psychology Software Tools, USA). The protocol consisted of
a memory task (N-back)24 and a conflict test (Stroop),25,26 presented
in a randomized order, followed by a pain anticipation (PA) test
(Figure 1). During the N-back task, the subjects were asked to
respond when the current letter matched the letter from n steps
(n=zero, one, two, or three back) earlier in the sequence. During
the Stroop task, the participants were asked to identify the font
color of a word, not the written name of the word.  We measured
state anxiety between tasks.  During the PA task, subjects read the
following sentence on their computer screen: “You will receive a
maximum pain stimulus in one minute. When you cannot tolerate
the pain any longer, say STOP and the device will cool down to
normal level immediately”. However, no pain stimulus was actu-
ally applied. 

Physiological measurements and analysis parameters
All the physiological monitoring sensors were attached to the

subjects’ left arm. Microvascular blood flow was measured using
photoplethysmography (Nonin Medical Inc., USA) and laser
Doppler flowmetry (Perimed, Sweden). Respiration (thoracic and
abdominal bands, zRip DuraBelt, Philips), the electrocardiogram
and continuous blood pressure (Nexfin, Amsterdam) were record-
ed. 

Recorded data from all devices were exported for processing
and analysis in MATLAB. The photoplethysmogram amplitude
was normalized to its own 95th percentile value during the full
study. The average microvascular blood flow was calculated over
the 5 min baseline period, the N-back, Stroop and PA tasks. The
percent decrease in the amplitude of the photoplethysmogram or
microvascular perfusion waveforms (Figure 2; 2nd and 3rd signals,
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Figure 1. Time sequence of the study
protocol. The subjects were randomly
assigned to perform the N-back or
Stroop test first. STAI: State-Trait
Anxiety Inventory; Y-1: Sate question-
naire; Y-2 Trait questionnaire.



respectively) from the baseline mean was interpreted as a vaso-
constriction response.18,27

Cardiac autonomic balance was assessed by analysis of the R-
to-R interval and heart rate variability19,28,29 during baseline and
mental stress tasks. The following power spectral indices were cal-
culated: low frequency power, reflecting a combination of cardiac
sympathetic and parasympathetic activity; high frequency power,
reflecting parasympathetic activity;29,30 and the ratio of low fre-
quency power to high frequency power, reflecting sympathovagal
balance.30 

Percent changes in mean microvascular blood flow and mean
spectral indices from baseline to tasks were calculated. The
Student t-test (or Wilcoxon sign rank) or χ2 test was used to test
baseline group differences and task differences. Robust regression
was used to correlate vasoconstriction response and state anxiety
during the PA task. Repeated measures analysis of variance was
used to test differences in N-back and Stroop sublevels and accu-
racy scores. All statistical analyses were performed using
STATA/IC 14.1 (StataCorp LP, TX, USA) with nominal signifi-
cance set at P≤0.05.

The methods are described in detail in the Online Supplementary
Methods S1 .

Results

Data from a total of 20 SCD patients and 16 controls
were analyzed. Transfused and non-transfused subjects
with SCD were grouped together and healthy and sickle
cell trait subjects (controls) were combined after it had
been demonstrated that these factors were not statistically
significant in the analyses. The percentage of HbS (HbS%)
was considered to be zero in patients with sickle cell trait

as the cellular distribution of HbS differs in sickle cell trait
and does not contribute to sickling under the conditions of
the experiments in this study, making the HbS% in sickle
cell trait not comparable to that in transfused or non-trait
sickle phenotypes. The subjects’ characteristics are sum-
marized in Table 1. Nine (45%) SCD subjects were on
chronic transfusion, nine (45%) were being treated with
hydroxyurea and two (10%) were not receiving either
treatment. The characteristics of both groups were bal-
anced except for hemoglobin concentration on the study
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Figure 2. Raw waveform and wave
amplitude signal output from the
Biopac System. Example of a record-
ing from a single subject. The top panel
(Tasks) is the output of the E-prime
software where the height of the bars
represents the difficulty of the task.
The second and third panels are the
photoplethysmography (PPG) signal
and PPG amplitude (PPG Amp), respec-
tively.  The fourth panel is microvascu-
lar perfusion (PU) determinecd by
laser-Doppler. Panel five is the R-to-R
interval from the electrocardiogram
and panel six is the respiratory signal.

Table 1. Population characteristics.
                                          Total             SCD        Controls          P-value
                                          N=36           N=20          N=16                  

Age in years                         20 (0.94)       21 (1.40)     20 (1.24)               0.5¶
Gender, n (%)                                                                                                      
Male                                      19 (47)           11 (55)          8 (50)                 0.77β

Female                                 17 (53)            9 (45)           8 (50)                     
Hemoglobin g/dL              11.4 (0.36)   10.02 (0.37) 13.13(0.32)       <0.0001*¶
Hemoglobin S%§               56.58(5.98)   56.58(5.98)          --                        --
State anxietyD                   28.11(1.18)   28.95(1.61) 27.06(1.75)           0.36 ¶
Trait anxietyD                     33.78(1.51)   35.55(2.40) 31.56(1.52)           0.30 ¶
Immediate anxiety          33.97(1.91)    34.9 (2.99)  32.81(2.19)            0.96¶
after first task◊

¶P-value from the Student t-test. Continuous variables are listed as mean ± standard
error. β P-value from the χ2 test. D State anxiety was assessed by the State-Trait Anxiety
Inventory (STAI) Y-1 questionnaire and Trait anxiety by the STAI Y-2 questionnaire at
the beginning of the experiment. ◊ Immediate anxiety was assessed by STAI Y-1 after
completion of the first task. §  Hemoglobin S% is the percentage of hemoglobin S,
which can contribute to sickling under normal physiological conditions.
*Statistically significant difference (P<0.05).



day. Sixty-one percent of subjects had a level of education
equivalent to high school or superior. Seventy-two per-
cent reported that they had a high level of competitiveness
on the visit screening questionnaire. 

Vasoconstriction due to mental stress
As determined from the photoplethysmogram, there

was a significant drop in microvascular blood flow during
both cognitive tasks (N-back and Stroop, P<0.0001) and
the PA task (P<0.0001) (Figure 3). Figure 2 (signal 2) shows
a typical response of vasoconstriction in one subject. The
drop in microvascular blood flow from baseline was
greater during the PA task than during the cognitive tasks.
A similar vasoconstriction response was observed when
the microvascular blood flow was assessed by laser-
Doppler flowmetry. Subjects had higher anxiety scores

immediately after completing the tasks than at baseline
(STAI Y-1, mean difference=6; P=0.0007). Eighty-five per-
cent of patients with SCD and 75% of controls showed
vasoconstriction compared to baseline during at least one
cognitive task. Eighty-five percent of SCD patients and
87.5% of controls had decreases in mean blood flow dur-
ing the PA task. There was no difference in the magnitude
of responses between individuals with SCD and controls.
Demographic variables such as age, gender, race, number
of days from last menstruation, and laboratory values
were not associated with the magnitude of the vasocon-
striction response. 
The Stroop test caused greater vasoconstriction than the

N-back task, irrespective of the order in which the tests
were presented (P=0.019) (Figure 3). Subjects who were
randomized to perform the Stroop task first had greater
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Figure 3. Microvascular blood flow under mental
stress in all subjects. Significant vasoconstriction
occurred during all mental stress tasks compared to
baseline. Open diamonds represent group median
values. SE: standard error of mean.

Figure 4. Effect of error rate during mental stress tasks on blood flow. (A, B) Mean ± standard error (SE) of microvascular blood flow and accuracy scores in sublevels
of the N-Back (zeroback, oneback, twoback and threeback) task (A) and Stroop (onestroop, twostroop and threestroop) (B).

A B



anxiety responses than did the subjects who performed
the N-back task first (mean difference=10; P=0.03).
Overall the accuracy score was significantly lower for the
Stroop task than for the N-back task in all subjects (mean
score difference=25, P<0.001).
The accuracy score for the Stroop and N-back tasks

decreased as the difficulty increased from zero-back to
three-back in the N-back task and from level one to level
three in the Stroop task (P<0.0001) (Figure 4) but there
was no further change in blood flow with increasing diffi-
culty. Once the subjects manifested vasoconstriction, in
comparison with baseline vascular tone, the vasoconstric-
tion remained throughout the whole task regardless of the
difficulty of the tasks. 

Vasoconstriction response to perceived anxiety during
pain anticipation
On robust regression, the effect of state anxiety on

blood flow response was greater in SCD patients than in
controls (P=0.03 for the interaction), suggesting that high-
er anxiety at baseline (STAI Y-1) in SCD subjects is associ-
ated with less change in blood flow (coefficient = -1.85,
P=0.002) in response to pain anticipation (Figure 5). State
anxiety had no effect on change in blood flow in control
subjects. To understand why SCD subjects would have
less response with high anxiety, we looked at the baseline
blood flow. We found that highly anxious subjects tended
to have a lower mean baseline blood flow (Online
Supplementary Figure S1), meaning they were already vaso-
constricted at baseline, limiting them from further vaso-
constriction. This trend was not seen among controls.
(Online Supplementary Figure S2A, B: high-anxiety SCD
responder and low-anxiety SCD responder).

Cardiac autonomic response
Since the ANS regulates blood flow and SCD subjects

have dysautonomia,15,28,31,32 we explored the effect of men-
tal stress responses on cardiac autonomic balance. In com-

parison to the value at baseline, there was a significant
decrease in R-to-R interval, signifying an increase in heart
rate, during all tasks (P<0.0001) (Figure 6A). As for the
microvascular blood flow response, the R-to-R interval
was less during the Stroop task than during the N-back
task (P=0.002). 
There was significant parasympathetic withdrawal dur-

ing the N-back and Stroop tasks as reflected by the drop in
high frequency power (P=0.002 and P<0.0001, respective-
ly) (Figure 6B) The Stroop task caused stronger parasym-
pathetic withdrawal than the N-back task (P<0.0001).
There was more sympathetic activation during the Stroop
test (low-to-high power ratio: P=0.03), but not during the
N-back task. We did not analyze autonomic reactivity dur-
ing the PA task because the 1-minute test period was not
long enough to derive spectral indices.29

Discussion

VOC is a significant complication of SCD and a major
cause of morbidity and mortality.33 The frequency of VOC
is related in part to hemoglobin-F content, white blood cell
count, inflammatory status and other factors.34-36 However,
there is still significant variability in crisis frequency
among SCD subjects with otherwise similar hematologic
status. Pain crises can be promoted by preceding dehydra-
tion, infection, injury, exposure to cold or emotional
stress.37,38 Much of the research in past decades has focused
on adhesion and processes attributed to occlusion in the
post-capillary venule, and to decreased flow due to nitric
oxide depletion.39 While stress and cold are often men-
tioned, very little attention has been paid to decreased
flow due to neurally induced vasoconstriction.32,40 SCD
patients undergo a tremendous amount of stress not only
due to environmental challenges but also the illness-relat-
ed stress of painful episodes, repeated medical procedures
and life-threatening complications. Stress causes ANS
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Figure 5. Relation between vasoconstriction during
pain anticipation and perceived stress (state anxiety)
in sickle cell disease subjects and controls. State anxi-
ety was determined at baseline by the State-Trait
Anxiety Inventory Y-1 questionnaire (STAI Y-1) and
assessed in response to change in microvascular blood-
flow during pain anticipation (PA) in sickle cell disease
(SCD) subjects (closed circles, —) and controls (open
diamonds, - - -). SCD subjects who were highly anxious
at baseline had a smaller vasoconstriction response
during the PA task than the SCD subjects who were less
anxious (P=0.002); this effect was not seen among con-
trols. MBF: microvascular blood flow.



hyperreactivity by enhancing the sympathetic nervous
system and dampening the parasympathetic system in
SCD subjects compared to non-SCD individuals.16,17
Sympathetic and parasympathetic responses have been
related to clinical vaso-occlusion in SCD, through ANS
modulation of regional blood flow.15,17 SCD is probably the
best example of a disorder in which decreased microvas-
cular perfusion can be directly related to the pathology of
the disorder, because the increase in transit time from
decreased blood flow promotes entrapment of rigid red
cells in small vessels.3,5 To our knowledge, this is the first
study to quantify regional blood flow modulated by ANS
reactivity under mental stress in SCD.
Our data show that experimental mental stress caused a

decrease in regional blood flow in all participants. While
we thought that SCD subjects would exhibit stronger
vasoconstriction because of their hyperresponsiveness to
sympathetically induced stimuli, such as sighing,28 we did
not detect a difference in stress-induced vasoconstriction
between SCD patients and controls. We did find a signifi-
cantly higher anxiety response score (P=0.03) in subjects
who were exposed to the more difficult mental stress test
first (Stroop). We also found that the degree of vasocon-
striction was proportional to the magnitude of the stress.
Subjects reported that overall the Stroop task was more
stressful: accuracy scores were lower and there was also a
greater decrease in blood flow with this cognitive stressor
task. However, different sublevels of difficulty within a
task type did not correlate with levels of vasoconstriction.
This finding suggests that consecutive stressful events
could make SCD patients more vulnerable to vaso-occlu-
sion. We think that variability in the vasoconstriction
response to stress may account in part for differences in
clinical severity among SCD patients who have the same
hemoglobin phenotype. The frequency of VOC and inten-
sity of pain are higher among patients found to have high
anxiety and stress scores on standard psychological assess-
ments.8,41,42 We tried to correlate the vasoconstrictive
response with clinical severity. As our SCD patients were
either on chronic transfusion or hydroxyurea, the number
of VOC was too low to detect differences in this current
relatively small sample. 

Along with a strong vasoconstriction response, signifi-
cant autonomic reactivity was seen in all subjects. The
Stroop test was consistently more stressful, and induced
greater vasoconstriction as well as greater autonomic reac-
tivity. There was both sympathetic activation as well as
parasympathetic withdrawal during this cognitive task.
Mental stressors are known to influence autonomic func-
tion by sympathetic or parasympathetic tone alterations.
Higher anxiety induces atherosclerosis via enhanced sym-
pathetic modulation, increasing the risk of cardiovascular
disease.43 In addition, mental stress and anxiety have been
linked to impaired endothelial function via autonomic
dysfunction.43–45 Endothelial function, quantified by flow
mediated dilation, decreases as a result of mental stress
tasks.46 Similarly, in SCD, a synergistic interaction
between impaired local vascular function and the exagger-
ated neurally mediated vasoconstrictive response could
further reduce peripheral blood flow, setting the stage for
VOC. 
Consistent with the findings of our previous study,18

anticipation of pain caused significant vasoconstriction
and this response was quantitatively greater than that of
the calibrated experimental stress tasks (Figure 3). We do
not have strong evidence to conclude that the presence of
SCD alone influences mental stress-induced vasoconstric-
tion but anxiety seems to be a modifying factor.
Interestingly unlike control subjects, SCD subjects who
were highly anxious had less vasoconstriction during the
PA task and vice versa. We think that this pattern of
response occurred because highly anxious subjects were
already vasoconstricted at baseline and this limited the
magnitude of further vasoconstriction. So the fact that
SCD subjects have less change in the vasoconstriction
response to the stressors than controls actually reflects
their chronically vasoconstricted state. Although not sta-
tistically significant, the trend of lower baseline blood
flow with high anxiety in SCD can be seen in Online
Supplementary Figure S1, which also shows the significant
variability in baseline measures. Photoplethysmogram
and microvascular perfusion signals from Perimed do not
have absolute units, so measurements made as percent
changes from baseline are more reliable, basically correct-
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Figure 6. Autonomic nervous system responses to mental stress.  (A) R-to-R interval (sec) and (B) high frequency power (sec2/Hz, shown on a log scale) in response
to the N-Back and Stroop tasks in all subjects. There is a significant decrease in R-to-R interval and parasympathetic withdrawal during mental stress tasks compared
to baseline. SE: standard error of mean; HFP: high frequency power. 
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ing for baseline variability and allowing detection of the
differences seen in Figure 5. These findings may be related
to pain catastrophization and increased psychophysical
pain sensitivity due to frequent pain episodes.7,47,48 Over
the years, pain catastrophization may increase the fre-
quency of pain and severity of pain crises.47,49 From a
standpoint of neural physiology, repeated acute pain cre-
ates a central neural pathological pain connectome50 that
leads to baseline chronic pain and chronic vasoconstric-
tion. Although baseline blood flow was not statistically
significantly lower, probably due to insufficient study
power, we suspect that the above-described phenomenon
is the explanation for our findings and warrants further
study.
We showed that neurally mediated vasoconstriction is a

biophysical marker of mental stress in SCD patients and
controls. Mental stress has been identified as a trigger for
pain crises in SCD and its connection with a decrease in
microvascular perfusion seems to make a causal link to
VOC. The probability of vaso-occlusion is predicted to be
related to the relation between time to polymerization of
deoxy HbS and microvascular flow.3,5 Obviously, HbS is
the major pathology in SCD. However, neurally mediated
changes in microvascular flow certainly play a significant
and unappreciated role. Individual variation in patterns of
vasoconstriction with different ANS reactivity may offer a
possible biological explanation for the variability in the fre-
quency of VOC in SCD patients with similar hemoglobin
phenotype. Identifying the high-risk individuals who
show a phenotype of chronic vasoconstriction and repeat-
ed pain crises, and targeting them with neuro-modulatory
cognitive-based therapies may improve vascular and neu-
ral physiology in SCD. In the primary stage of a crisis,

implementing these learned cognitive-based therapies or
distraction and relaxation techniques will help to improve
the prognosis during acute pain. Microvascular flow in
response to stress may also serve as an important surrogate
endpoint for therapy in SCD and other diseases in which
small vessel blood flow and reactivity are important. 
Some limitations of this study should be acknowledged.

One limitation was that the small sample size did not
allow us to detect a difference in the magnitude of vaso-
constriction between groups and correlate it with a clinical
outcome such as VOC. Since the concept that mental
stress causes vasoconstriction has not been studied in SCD,
prior effect size was not known to permit sample size cal-
culation. Another reason for lack of difference between
groups is that over 90% of our patients are on hydroxyurea
or chronic transfusion and thus clinical crises are relatively
uncommon. Any real magnitude differences would be
more likely to emerge in studies with larger samples and
untreated patients.  However, the primary aim of this
study was to understand the changes in peripheral and car-
diac responses to mental stress. The fundamental study
design presented here was able to detect changes in phys-
iological signals with millisecond accuracy and clearly
showed vasoconstriction responses and ANS reactivity due
to mental stress in all subjects. We think that the conse-
quences of these findings are mechanistically related to the
pathophysiology of sickle cell vaso-occlusion.
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Allogeneic stem cell transplantation remains the only curative treat-
ment for sickle cell anemia (SCA), but the place of myeloablative
conditioning in the procedure remains to be defined. The aim of the

present study was to analyze long-term outcomes, including chimerism,
SCA-related events and biological data (hemoglobin, reticulocytes,
HbS%), and fertility in a French series of 234 SCA patients under 30 years
of age who, from 1988 to 2012, received a matched-sibling-donor stem cell
transplantation following standardized myeloablative conditioning [busul-
fan, cyclophosphamide and rabbit anti-thymocyte globulin (ATG)]. Since
the first report of the series (1988-2004), 151 new consecutive patients
with SCA have been similarly transplanted. Considering death, non-
engraftment or rejection (donor cells <5%) as events, the 5-year event-free
survival was 97.9% (95% confidence interval: 95.5-100%), confirming,
since the year 2000,  an at least 95% chance of cure. In the overall cohort
(n=234, median follow up 7.9 years), event-free survival was not associat-
ed with age, but chronic-graft-versus-host disease (cGvHD) was independ-
ently associated with recipient’s age >15 years (hazard ratio=4.37;
P=0.002) and lower (5-15 vs. 20 mg/kg) ATG dose (hazard ratio=4.55;
P=0.001). At one year, 44% of patients had mixed chimerism (5-95%
donor cells), but those prepared with ATG had no graft rejection. No
events related to SCA occurred in patients with mixed chimerism, even
those with 15-20% donor cells, but hemolytic anemia stigmata were
observed with donor cells <50%. Myeloablative transplantation with
matched-sibling donor currently has a higher event-free survival (98%) in
patients under 30 years of age than that reported for non-myeloablative
conditioning (88%). Nevertheless, the risk of  cGvHD in older patients and
the need to preserve fertility might be indications for a non-myeloablative
conditioning. 
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ABSTRACT



Introduction 

Sickle cell anemia (SCA) represents a growing global
health problem. Over 300,000 children are born each year
with SCA worldwide, with 85% of these births occurring
in sub-Saharan Africa.1 SCA is a severe recessive genetic
disorder, resulting from a single nucleotide substitution in
codon 6 of the beta-globin gene, producing abnormal
hemoglobin (HbS) that is prone to polymer formation
under deoxygenated conditions. Polymerized HbS leads
to decreased red blood cell deformability and sickling
within end arterioles, resulting in vaso-occlusive crisis and
pain. 
Despite significant progress in the management of SCA,

such as the prevention of pneumococcal infection,2,3 the
introduction of hydroxyurea therapy (HU),4-10 and early
detection of cerebral vasculopathy with transcranial
Doppler,11,12 followed by rapid establishment of transfu-
sion programs for patients at risk of stroke,13,14 SCA
remains a disease with a high risk of morbidity and early
death.15-18
Allogeneic hematopoietic stem cell transplantation

(SCT) is the only curative therapy for SCD19-26 as it can pre-
vent SCA-related organ damage if the erythroid compart-
ment is adequately replaced by donor erythropoiesis.
However, barriers to SCT use include the risks of rejec-
tion, transplant-related mortality (TRM), chronic 
graft-versus-host disease (cGvHD), infertility, and the lack
of matched-sibling donors (MSD). While at least 1,000
MSD-SCT have been performed so far worldwide, the
number of transplanted SCA patients remains very low,23
especially in developing countries that have a large SCA
population. We have previously reported studies in 87
consecutive myeloablative MSD-SCT for SCA patients
performed in France between 1988 and December 2004.22
We showed that the addition of antithymocyte globulin
(ATG)  to the conditioning regimen (CR) allowed a signif-
icant reduction in  the risk of rejection despite a higher
prevalence of mixed chimerism. The myeloablative CR
(MAC), consisting of busulfan, cyclophosphamide and
rabbit ATG was well tolerated by these young patients
(aged 2.2-22 years), as only one death occurred during
aplasia and limited early toxicity was noted. Moreover,
the outcome significantly improved with time, as event-
free survival (EFS) was 95.3% at five years for the 44
patients transplanted between January 2000 and
December 2004.22 These results led us to use the same
MAC in SCA adults under the age of 30 years without
major organ dysfunction and children with less severe
cerebral vasculopathy.
Since that initial report, extremely interesting results

have been obtained in adults using non-myeloablative
(NMA) CR, resulting in 87% EFS with 13% rejection risk,
but with preserved fertility and no GvHD with mixed
chimerism.27-29 It is thus timely and warranted to report the
long-term outcome of chimerism, cGvHD and fertility
after MAC-MSD-SCT in order to provide evidence for
making an informed decision about the use of MAC or
NMA CR for SCA children and young adults. For this rea-
son, we analyzed the results of MAC-MSD-SCT per-
formed in France between 1988 and December 2012 in
234 SCA patients, ranging in age from 2.2 to 28.9 years
with a minimum 5-year follow up for surviving patients,
to evaluate long-term outcomes, especially in the context
of incidence of cGvHD and chimerism.

Methods 

Considering the better cure rate observed with MSD-SCT after
MAC for SCA patients transplanted after 2000 (95.3%), the
Société Française de Greffe de Moelle et de Thérapie Cellulaire
(SFGM-TC) decided to continue the previously described proto-
col,22 and 151 new consecutive patients were transplanted
between January 2005 and December 2012 for severe SCA. Thus,
a total of 234 SCA patients had received MSD-SCT following
MAC between November 1988 and December 2012. Informed
consent was obtained from recipients, donors and their parents or
guardians before transplantation. The data were obtained in the
context of consensual treatment guidelines among French trans-
plant centers in accordance with the Declaration of Helsinki, and
the French laws and regulations protecting human subjects. To
complement the data from the European Group for Blood and
Marrow Transplantation (EBMT) registry, clinical and biological
data including chimerism, eventual carcinogenic issues and fertili-
ty were recorded in a French database, and its use for this project
was approved by the Créteil Institutional Review Board. 

Patients’ characteristics are presented in Table 1. The overall
median age at transplant was 8.4 years (range: 2.2-28.9) with 32
patients (13.7%) older than 15 years (Figure 1A). All donors were
MSD and genotype, available in 208 of 234 patients, was het-
erozygous AS (n=127), AThal (n=2), AC (n=1), A/DPunjab (n=1),
and homozygous AA (n=77). Median age of donors was 9.6 years
(range 0-33.7), counting the donor’s age for isolated CBT as 0. The
stem cell sources are shown in Table 2. All 234 consecutive
patients were transplanted with an MSD following myeloablative
CR using busulfan, cyclophosphamide at 200 mg/kg and rabbit
ATG at different doses (Table 2 and Figure 1B). 

Chimerism was studied by analyzing various polymorphisms
after polymerase chain reaction (PCR) amplification of DNA
obtained from whole blood at 1, 3, 6, 9 and 12 months after trans-
plantation and every year thereafter. Real-time (RT) quantitative
PCR of insertion/deletion polymorphisms was used when the
minority chimeric fraction was below 10% and short-tandem-
repeat (STR)-PCR was performed when the minority fraction was
over 10%. In both cases, analyses were performed according to
the kit manufacturer’s recommendations (Promega; PowerPlex
16S assay for STR-PCR) and GenDex for Indel RT-PCR (KMRDX
Chimerism Assay). When possible, peripheral-blood CD3+ T cells
and CD3– cells were selected for analysis.

Exact Fisher tests were used to compare proportions and
Wilcoxon rank sum tests for continuous distributions. Patients
were censored on the date of death or last visit for Kaplan-Meier
(KM) estimates of survival and on the date of event (death, non-
engraftment or rejection) or last visit for KM estimates of EFS.
Cumulative incidences of rejections, deaths, acute GvHD
(aGvHD) grade ≥II and cGvHD were also estimated by the KM
method because of the small number of deaths and rejections.
Failure time data curves were compared by the Log rank test.
Risk factors for EFS, acGvHD and cGvHD, were analyzed by
Cox regression with estimated hazards ratio (HR) and 95%
Confidence Interval (CI). Type 1 error was fixed at the 5% level.
All tests were two-tailed. Univariate models were fitted and all
variables associated with the outcome at the 10% level were
retained for introduction into a multivariate model. Statistical
analyses were performed on SPSS version 22, and MedCalc
(Belgium).

Results

The median (range) follow up was of 7.9 years (0.1-27.6

F. Bernaudin et al.

92 haematologica | 2020; 105(1)



years). All survivors had at least five years of follow up
and results are presented in Table 2. 

Engraftment
Two non-engraftments were observed, with rapid

autologous reconstitution, in two patients transplanted
with cord blood (CB) (Table 3). The first one, a patient
who was transplanted 20 years ago, has not experienced
any further SCA-related crisis since transplant, but still has
21% fetal Hb (HbF) (vs. <2% before SCT) and was still
anemic (Hb 7 g/dL) at last visit. The second one, trans-
planted 12 years ago, is currently on HU therapy because
of recurrent crises. For the other 232 patients, the time to
absolute neutrophil count >0.5x109/L was significantly
shorter after bone marrow transplantation (BMT) com-
pared to CB transplantation (CBT) [mean±Standard
Deviation (SD); 20.7±5.7 vs. 32.0±10.0, respectively;
P<0.001]. Similarly, platelets reached 50x109/L sooner after
BMT (day 26.5±12.2) than after CBT (day 44.6±18.3;
P=0.001).

Rejection
Rejection was defined as donor chimerism <5%.

Despite initial successful donor engraftment, six rejections

were observed 0.5, 0.9, 1.2, 2.0, 2.3 and 9-years post trans-
plant in patients transplanted before year 2005, as previ-
ously reported.22 Five of them did not receive ATG as part
of the preparative CR, and only one rejection occurred
despite CR including ATG. Taking into account the two
patients with non-engraftment and the six patients with
rejection, the cumulative incidence of rejection for the
overall cohort was 3.1% (95%CI: 0.7-5.5%) at five years;
this was 20.0% (95%CI: 3.0-37.0%) in patients not pre-
pared with ATG versus only 1.4% (95%CI: 0.0-3.0%) in
those who received ATG (P<0.001). However, the ATG
dose had no impact on the rejection risk (Figure 2A).

Transplant-related mortality
Seven deaths occurred after MSD-SCT. Five occurred in

patients transplanted before year 2005, as previously
reported.22 Two deaths occurred at 0.5 and 2.5 years post
transplant in the second cohort, because of adenoviral
encephalitis30 and GvHD-related obliterans bronchiolitis,
respectively. The cumulative incidence of TRM at five
years was 3.0% (95%CI: 0.8-5.2%) and significantly
decreased with time from 6.0% (95%CI: 0.8-11.2%)
before January 2005 to only 1.4% (95%CI: 0-3.4%) for the
151 patients transplanted since January 2005 (P=0.045).
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Table 1. Characteristics of sickle cell anemia patients transplanted in France with matched-sibling donors and myeloablative conditioning regi-
men. 
Period                                                                       Nov 1988-Dec 2004                    Jan 2005- Dec 2012                          Nov 1988-Dec 2012
                                                                                 Blood Paper 2007                            New cohort                                      Overall cohort 

PATIENTS’ CHARACTERISTICS                                                                                                                                                                                                
Number                                                                                                  83                                                          151                                                                234
Phenotype, n                                                                                81 SS, 2 Sb0                             147 SS, 2 Sb0, 2 SDPunjab                       228 SS, 4 Sb0, 2 SDPunjab
Sex (F/M)                                                                                            37/46                                                      73/78                                                           109/125
Median age (range) years                                                         8.8 (2.2-22)                                         8.1y (3-28.9)                                              8.4y (2.2-28.9)
Age > 15 years, n (%)                                                                  9 (10.8%)                                            23 (15.2%)                                                   32 (13.7%)
Transfusion number: median (range)                                   15 (2-119)                                           16.5 (2-108)                                                   16 (2-61)
Ferritin: median (range) ng/ml                                             462 (13-3820)                                       970 (8-6208)                                               804 (8-6208)
Pre-transplant SCA-complications                                                                                                                                                                                          
Stroke + TIA, n (%)                                                                   30 + 3 (39.8%)                                    20 + 3 (15.2%)                                           50 + 6 (23.9%)
Ischemic lesions, n (%)                                                               48 (57.8%)                                           57  (37.7%)                                                105  (44.9%)
Silent infarcts , n (%)                                                                   16 (19.3%)                                           34 (22.5%)                                                   50 (21.4%)
Stenoses, n (%)                                                                             30 (36.1%)                                           44 (29.1%)                                                   74 (31.6%)
Moya, n (%)                                                                                      9 (10.8%)                                              7 (4.6%)                                                      16 (6.8%)
History of abnormal TCD, n (%)                                                  8 (9.6%)                                             57 (37.7%)                                                   65 (27.8%)
Abnormal TCD at transplant, n (%)                                           10 (12.0%)                                             8 (5.3%)                                                      18 (7.7%)
≥ 3 VOC per year, n (%)                                                               28 (33.7%)                                           46 (30.5%)                                                   74 (31.6%)
≥ 2 ACS, n (%)                                                                                13 (15.7%)                                           36 (23.8%)                                                   49 (20.9%)
Multiple osteonecroses, n (%)                                                  13 (15.7%)                                             5 (3.3%)                                                      18 (7.7%)
Red cell alloimmunization (≥ 2), n (%)                                     2 (2.4%)                                               5 (3.3%)                                                       7 (3.0%)
Rare erythroid group, n (%)                                                          3 (3.6%)                                               3 (2.0%)                                                       6 (2.6%)
TRJV >= 2.7m/s, n (%)                                                                    0 (0%)                                                5 (3.3%)                                                       5 (2.1%)
Severe anemia, n (%)                                                                   10 (12.0%)                                             7 (4.6%)                                                      17 (7.3%)
Priapism, n (%)                                                                                                                                              5 (3.3%)                                                       5 (2.1%)
Splenectomized total/partial, n (%)                                           4 (4.8%)/0                                  12 (7.6%%)/ 6 (4.0%)                                 16 (6.8%) /6 (2.6%)
Seizures, n (%)                                                                                 7 (8.4%)                                               4 (2.6%)                                                      11 (4.7%)
Cytomegalovirus status in recipient at transplant was available in 219 of these patients  and was positive in 167 (76%). Exclusion criteria were not defined in the protocol, but
patients were always discussed in multidisciplinary meetings, and the final decision was left to the physician in charge of the patient. Patients with severe sequelae post-stroke
were excluded, but several patients, for example those with hemiparesis, were transplanted. The main issue  was to evaluate if the child could withstand the 4-6 weeks hospital-
ization in the transplant unit.



There was no significant difference in TRM (P=0.490)
between those prepared with 5-15 mg/kg ATG (5.5%;
95%CI: 0-13.1%) and those prepared with 20 mg/kg ATG
(3.0%; 95%CI: 0.4-5.6%). 

Event-free survival 
Considering deaths (n=7), non-engraftments (n=2), and

rejections (n=5) as events, the overall 5-year EFS was
93.9% (95%CI: 90.7-97.1%), but EFS strongly improved
with time since it was 97.9% (95%CI: 95.5-100%) in the
151 patients of the second cohort versus 86.9% (79.5-
94.3%) in the 83 patients of the first series (Figure 2B).
Among the 190 patients transplanted after year 2000 and
prepared with ATG, 5-year EFS was 97.8% (95%CI: 95.6-
100%). EFS was similar in patients prepared with 5-15
mg/kg or with 20 mg/kg ATG (Figure 2C), in patients
younger or older than 15 years (Figure 2D), and in patients
transplanted from CB alone versus BM (Table 3). Cox
regression analysis showed that EFS was not associated
with the recipient’s or donor’s age or with the cell source,
but was significantly associated (P<0.001) with the period
of transplant (i.e. before or after year 2000) (HR=11.3;
95%CI: 3.9-33.4). 

Graft-versus-host disease 
Acute GvHD was assessable in the 232 successfully

engrafted patients. The overall cumulative incidence of
aGvHD ≥II at day 100 was 20.1% (95%CI: 14.9-25.3%).
The multivariate Cox regression analysis retained sex mis-
match (HR=2.12, 95%CI: 1.15-3.90; P=0.016) and donor’s
cytomegalovirus (CMV) positive status (HR=5.10, 95%CI:
2.15-12.05; P<0.001) as significant and independent risk
factors for aGvHD ≥II (Figure 3A).
Chronic GvHD was assessable in 228 patients, and

occurred in 24 patients. It was mostly mild in 18 patients,
but extensive in six. Organ involvement included resolu-
tive cutaneo-digestive (n=2), and obliterans bronchiolitis
(n=4) which was responsible for death in two patients.

The cumulative incidence of cGVHD at five years was
10.5% (95%CI: 6.5-14.5%), and was significantly lower
(5.4%, 95%CI: 1.8-9.0%) in patients who received the
highest ATG dose (20 mg/kg) than in those prepared with-
out ATG (25%, 95%CI:  5.6-44.4%) and receiving lower
doses (5-15 mg/kg) (27.0%, 95%CI: 12.4-41.6%) (Log
Rank P<0.001). Moreover, 5-year chronic GvHD in chil-
dren under 15 years of age was 7.6% (95%CI: 3.8-11.4%)
versus 29.7% (95%CI: 13.1-46.3%) in those over 15 years
of age. Multivariate Cox regression analysis retained only
the recipient's age (HR=1.098 per 1 year increase, 95%CI:
1.033-1.168; P=0.003) and the ATG dose (HR=0.91 per
mg/kg increase, 95%CI: 0.86-0.96; P=0.001) as independ-
ent risk factors. 

Other post-transplant complications 
The number of seizures, hemorrhagic cystitis, and veno-

occlusive disease are shown in Table 2. The proportion of
patients experiencing seizures and/or posterior reversible
leukoencephalopathy was significantly reduced in the sec-
ond cohort (5.3% vs. 18.1%; P=0.002). CMV replication
occurred in 23.9% of patients. No CMV-related disease
occurred with pre-emptive therapy. Epstein-Barr virus
(EBV) asymptomatic viral replications had not been sys-
tematically assessed in the first cohort, and were observed
in 15 patients (6%) in the second cohort. Six of them
required anti-CD20 treatment, but none developed post-
transplant lymphoproliferative disease. Among the 234
patients, B-lymphoma occurred six years post transplant
in one patient who had received long-term immunosup-
pressive therapy, but no other secondary malignancies
were observed.

Gonadal function
All females who were post-pubertal at the time of trans-

plantation (n=14) developed amenorrhea with low serum
estradiol and elevated LH and FSH levels during the year
following transplant, necessitating hormone replacement
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Figure 1. Matched-sibling donor hematopoietic stem cell transplantation (MSD-SCT) performed in France (1988-2012) after myeloablative conditioning regimen
(n=234). Only 2% of patients were not prepared with anti-thymocyte globulin (ATG)  in the second cohort versus 20.5% in the first cohort. The transplantation proce-
dure and prophylaxis for graft-versus-host disease (GvHD) were as previously reported,22 except that busulfan has been administered intravenously since year 2001
(Busilvex® Pierre Fabre Médicaments, Boulogne-Billancourt, France) from day –10 to day –7 at the total dose of 12.8 mg/kg for patients weighing >34 kg, 15.2
mg/kg for patients weighing 23-34 kg, 17.6 mg/kg for patients weighing 16-23 kg, or 19.2 mg/kg for patients weighing 9-16 kg. Busulfan pharmacokinetics were
not performed for the majority of patients (n=202). In addition, cyclosporine was replaced by mycophenolate mofetil after 2002 in case of GvHD requiring steroid
therapy. (A) Proportion of patients younger or older than 15 years. (B) ATG doses. NP: not precise; these patients received ATG, but the exact dose was not recorded.
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therapy. Thirty-two girls were pre-pubertal at transplanta-
tion, and most required hormonal therapy to develop sec-
ondary sexual characteristics at the bone age of 13 years.
However, 9 of 32 of the pre-pubertal girls at SCT, who had
reported to have spontaneously undergone normal puber-
ty at the last visit, were significantly younger at transplant
than those who required hormonal substitution for puber-
ty induction [mean (SD) age 5.9 (2.6) vs. 10.1 (2.1);
P=0.002]. At last visit, 20 females were older than 25, and
four of them, who had been transplanted between 1988
and 1998 at 5.8, 6.1, 6.6 and 7.7 years of age, respectively,
had had six spontaneous pregnancies and five children at
approximately 20 years after SCT. Pre-transplant ovarian
tissue cryopreservation has been systematically per-
formed since year 1998. Unilateral oophorectomy was
performed by laparoscopy under general anesthesia and
ovarian cortical fragments were cryopreserved at a median
age of 8.0 years (range: 3.0-26.4). Among the 93 girls trans-

planted since 1998, 11 were older than 25 years at the last
visit; two wanted to become pregnant and requested auto-
graft of ovarian fragments. The first of these was trans-
planted at 20 years of age and had received hormone
replacement therapy because of post-transplant ovarian
failure. Orthotopic ovarian fragment autograft was per-
formed by laparoscopy 29 months after SCT, and the first
signs of recovery of ovarian function were observed nine
weeks after ovarian graft. Hormone replacement therapy
was stopped at four months and the patient became preg-
nant six months after ovarian autograft, delivering a
healthy girl at 38 weeks of gestation. She had another
child three years later without requiring a new graft of
ovarian fragments.31 In the second patient, transplanted at
22 years of age, autograft of ovarian fragments was per-
formed 12 years post SCT, and recovery of ovarian func-
tion was observed after four months, but unfortunately no
pregnancy occurred thereafter.
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Figure 2. Rejection probability and event-free-survival (EFS) in sickle cell anemia (SCA) patients transplanted with matched-sibling donor (MSD) after myeloablative
conditioning regimen. (A) Probability of rejection according to the anti-thymocyte globulin (ATG) dose. Overall cumulative incidence of rejection at five years was
20.0% (95%CI: 3.0-37.0%) in patients prepared without ATG and only 1.4% (95%CI: 0.0-3.0%) (P<0.001) in those prepared with ATG. However, the risk of rejection
was not associated with the ATG dose (5-15 mg/kg vs. 20 mg/kg). (B) EFS according to the ATG dose. EFS was similar after bone marrow transplantation (BMT) and
cord blood transplantation (CBT), and in patients prepared with 5-15 mg/kg ATG than in those prepared with 20 mg/kg. (C) EFS in 234 patients depending on the
period of transplant. EFS improved strongly as it was only 73.3% (95%CI: 58.7-87.9%) among the 38 patients transplanted before year 2000 and 97.4% (95%CI: 95.0
-99.8%) in the 196 patients transplanted after year 2000. (D) EFS according to age over or under 15 years. EFS was similar in patients younger or older than 15 at
transplant.
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All the boys who were pre-pubertal at transplant and of
pubertal age at the last visit developed normal puberty
with normal testosterone, FSH and LH levels, in keeping
with their bone age and pubertal status. At last visit, 19
males were over 25 years of age. Three of them who had
been transplanted 11, 12 and 20 years ago fathered spon-
taneously. Pre-transplant sperm cryopreservation was per-
formed in all pubertal males and pre-transplant testicular
tissue cryopreservation has been systematically per-
formed since year 2010 in prepubertal boys (n=25) (medi-
an age: 7.5 years; range: 3.4-10.2). However, so far, no
patient has requested testicular fragment autografting
(median age at last visit: 13.7 years; range: 5.8-21.2).

Chimerism studies
Chimerism was assessable in 208 patients and was cat-

egorized as full donor chimerism (>95% donor cells),
rejection (<5% donor cells), and low (5-50% donor cells)
or high (50-95% donor cells) mixed chimerism.  At one
year, full donor chimerism was present in 112 patients

(54%), while 92 patients (44%) had mixed chimerism (83
high, and 9 low), and 4 (2%) had <5% donor cells (the 2
patients with no-engraftment and 2 who rejected the graft
at 0.5 and 0.9 years). 
Multivariate logistic regression analysis showed that the

ATG dose (OR=1.06 per 1 mg/kg increase, 95%CI:1.01-
1.12;  P=0.017) and recipient’s age (OR=0.94 per year
increase, 95%CI: 0.88-0.99; P=0.041) were independently
inversely associated with the presence of mixed
chimerism at  one year. Moreover, cGvHD was signifi-
cantly more frequent (P=0.018) in patients with full donor
chimerism (18 of 112; 16.1%) than in those with mixed
chimerism (5 of 92; 5.5%), These five patients all had
donor cell% >75%. No significant association was found
between ABO compatibility and chimerism. 
Chimerism on separated populations (CD3+ and CD3–)

was assessed in 103 patients. Whole blood donor cell
chimerism was more significantly correlated with the
CD3– (r=0.917, P<1x10-128) than with the CD3+ (r=0.418,
P<1x10-15) population. During the first two years post
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Table 2. Matched-sibling donor hematopoietic stem cell transplantation (MSD-SCT) procedure and outcome in sickle cell anemia patients trans-
planted in France. 
Period                                                                        Nov 1988-Dec 2004                        Jan 2005- Dec 2012                       Nov 1988-Dec 2012
                                                                                  Blood Paper 2007                                 New cohort                                   Overall cohort 

Number of Patients                                                                                83                                                               151                                                             234
Conditioning regimen                                                    Busulfan/Cyclophosphamide
ATG dose                                                                                        Rabbit ATG 
0 mg/kg, n (%)                                                                                17 (20.5%)                                                   3 (2.0%)                                                  20 (8.5%)
5-15 mg/kg, n (%)                                                                          18 (21.7%)                                                18 (11.9%)                                               36 (15.4%)
20 mg/kg, n (%)                                                                              40 (48.2%)                                               124 (82.1%)                                             164 (70.1%)
not recorded, n (%)                                                                       8 (9.6%)                                                     6 (4.0%)                                                  14 (6.0%)
Stem cell source                                                                                                                                                                                                                           
Bone Marrow (BM), n (%)                                                         70 (84.3%)                                               125 (82.8%)                                             195 (83.3%)
Cord Blood (CB), n (%)                                                              11 (13.3%)                                                19 (12.6%)                                               30 (12.8%)
CB+BM, n (%)                                                                                 1 (1.2%)                                                     7 (4.6%)                                                   8 (3.4%)
PBC, n (%)                                                                                        1 (1.2%)                                                      0 (0%)                                                     1 (0.4%)
Outcome                                                                                                                                                                                                                                         
Median Follow-up (range)                                                 13.8 years (0.1-27.6)                                6.8 years (0.4-13.2)                                7.9 years (0.1-27.6) 
Non-Engraftment, n (%)                                                               1 (1.2%)                                                     1 (0.7%)                                                   2 (0.9%)
Rejection, n (%)                                                                              6 (7.2%)                                                      0 (0%)                                                     6 (2.6%)
Deaths, n (%)                                                                                  5 (6.0%)                                                     2 (1.3%)                                                   7 (3.0%)
Acute GvHD, grade (n)                                              II (n=11), III (n=4), IV (n=2)            II (n=24), III (n=5), IV (n=1)           II (n=35), III (n=9), IV (n=3)
Chronic GvHD,                                                              mild (n=7), extensive (n=2)             mild (n=11), extensive (n=4)           mild (n=18), extensive (n=6)
Cumulative Incidences (95%CI)
Non-Engraftment/Rejection at 5 years                               7.5% (1.5-13.5%)                                        0.7% (0-2.1%)                                        3.1% (0.7-5.5%)
Transplant Related Mortality at 5 years                             6.0% (0.8-11.2%)                                        1.4% (0-3.4%)                                        3.0% (0.8-5.2%)
Event-Free Survival at 5 years                                            86.9% (79.5-94.3%)                                  97.9% (95.5-100%)                                 93.9% (90.7-97.1%)
Acute GVHD ≥ II at Day 100                                                20.4% (11.6-29.2%)                                  20.0% (13.4-26.6%)                                20.1% (14.9-25.3%)
Chronic GVHD at 5 years                                                     11.2% (4.2-18.2%)                                    10.1% (5.1-15.1%)                                  10.5% (6.5-14.5%)  
Other post-SCT complications                                                                                                                                                                                                
Seizures, n (%)                                                                              15 (18.1%)                                                   1 (0.7%)                                                  16 (6.8%)
Hemorrhagic cystitis, n (%)                                                         6 (7.2%)                                                     8 (5.3%)                                                  14 (6.0%)
Veno-occlusive disease, n (%)                                                      0 (0%)                                                      2 (1.3%)                                                   2 (0.9%)
CMV replication                                                                             18 (21.7%)                                                38 (25.2%)                                               56 (23.9%)
Cytomegalovirus (CMV) donor status, available in 217, was positive in 133 patients (61%). ABO compatibility was available in 212 donor-recipient couples, and major and minor
incompatibility was present in 34 (16%) and 36 patients (17%), respectively. There was donor/recipient sex mismatch in 120 cases (FM: 61; MF 59). 



transplant, CD3+ chimerism was significantly lower than
CD3– and whole blood donor cell chimerism, but was
similar thereafter. 

Long-term outcome of chimerism
One-hundred and twelve patients remained stable with

donor chimerism >70% at last visit.  However, one girl
with a rare erythroid group (U-), transplanted in 2000

from her brother's CB (U+), had full donor chimerism at
one and two years that remained stable for five years, but
decreased thereafter with the appearance of hemolytic
anemia. The patient was given donor lymphocyte infu-
sions (DLI), which allowed the reversion to full donor
chimerism along with anemia and hemolysis correction,
but it induced cGvHD which was responsible for chronic
pulmonary disease (currently well under control).
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Figure 3. Relationship of graft-versus-host disease (GvHD)  and donor/recipient (D/R) cytomegalovirus (CMV) status, anti-thymocyte globulin (ATG) dose and recip-
ient age. (A) Acute GvHD according to the D/R CMV status. Cumulative incidence of acute-GvHD at day 100 according to the D/R CMV status. (B) Chronic GvHD
according to the ATG dose. Cumulative incidence of chronic GvHD at five years was significantly lower in the patients having received the high dose of ATG (20 mg/kg)
(5.4%, 95%CI: 1.8-9.0%) versus those not prepared with ATG (25%, 95%CI:  5.6-44.4%) and those having received lower doses (5-15 mg/kg): 27.0%, 95%CI: 12.4-
41.6%) (Log Rank P<0.001). (C) Chronic graft-versus-host disease (GvHD) according to recipient age at transplant. Cumulative incidence of chronic GvHD in children
under 15 years of age was 7.6% (95%CI: 3.8-11.4%) versus 29.7% (95%CI: 13.1-46.3%) in those older than 15.  

Table 3. Rejection, transplant-related mortality, event-free survival as a function of the cell source, bone marrow (BM) versus cord blood (CB)
alone.
                                                                                                                                CB alone (n=30)                         BM (n=195)                         P

Non-engraftment (n)                                                                                                                                   2                                                        0                                     0.017
Late rejection                                                                                                                                                 0                                                        6                                       NS
Cumulative Incidence of rejection at 5 years (including non-engraftment)                       6.7% ± 9.2%                                   2.7% ± 2.4%                             NS
Deaths                                                                                                                                                              0                                                        7                                       NS
Events                                                                                                                                                               2                                                       13                                      NS
EFS at 5 years                                                                                                                                      93.3% ± 9.2%                                 93.7% ± 3.6%                            NS
Cumulative Incidence of acute GVHD ≥ grade II                                                                      13.3% ± 12.4%                                21.1% ± 5.8%                            NS
Cumulative Incidence of chronic-GVHD                                                                                        3.3% ± 6.6%                                    11% ± 4.6%                              NS
EFS chronic-GVHD free at 5 years                                                                                               90.0% ± 10.1%                                84.5% ± 5.2%                            NS

A

B C



Among the 92 patients with mixed chimerism at one
year, four rejected the graft (4.3%) at 1.5, 2, 2.3 and 9 years
post transplant, but none had been prepared with ATG.
Among the other 88 patients, none had rejected the graft
at last visit, nine had switched to full donor chimerism,
and 69 had high and 10 low mixed chimerism (Table 4).
None of those with low mixed chimerism experienced
SCA-related vaso-occlusive crisis (VOC) or acute-chest-
syndrome (ACS), but five had hemoglobin <100 g/L or
reticulocytes >150x109/L, considered as SCA-related
symptoms. Thus, despite the absence of rejection and the
absence of VOC or ACS occurrence, these patients were
deemed as having SCA recurrence, resulting in an overall
disease-free survival (DFS) of 95.5% at five  years (95%CI:
92.7-98.3%). Three of the patients with low mixed
chimerism and hemolytic anemia stigmata received DLI,
which did not induce GvHD, but did not offer improve-
ment of anemia and hemolysis. Figure 4 reports all biolog-
ical data recorded at the same time as chimerism during
the entire follow up. It can be seen that as long as donor
chimerism remains higher than 50%, Hb and reticulocytes
remain normal, resulting in no anemia, no hemolysis and
similar HbS% as donor. 

Discussion

In this report, we confirm that SCA children and young
adults transplanted after year 2000 (n=197) with an MSD
and prepared with myeloablative-CR associating busul-
fan, cyclophosphamide and ATG have at least a 95%
chance of cure. These results compare favorably with
other published series using myeloablative19-26 and non-
myeloablative27-29 CR. 
The TRM < 2% in this series must be interpreted in the

context of mortality risk related to the SCA disease itself,
which was reported to be 6.1% before the age of 18 years
in the Dallas cohort,16 and 1% in the London17 and 2.5%
in the Créteil14 newborn cohorts. Thus, MSD-SCT does
not expose children to a higher risk of death than SCA
itself, but offers improved quality of life. Moreover, it is
important to remember that transition to adulthood car-
ries a high risk of death,32 and that mortality in adults18 has
increased during the last few years, whereas it has signifi-
cantly decreased for children. 
Except for frequent high fever during ATG infusion,

myeloablative conditioning was well tolerated in the 234
young patients, with only one death during aplasia and
two mild veno-occlusive diseases. High doses of ATG are
known to increase the risk of viral complications. The
occurrence of EBV reactivation, however well controlled
with anti-CD20 treatment, and the case of fatal adenoviral
meningoencephalitis30 are of concern, but the risk benefits
between viral infections, which are manageable, and
cGvHD, which is more difficult to control, need to be
taken into account. Seizures and posterior reversible
encephalopathy syndromes (PRES), which were highly
frequent (16 of 83; 19%) before year 2005,22 despite pre-
ventive measures such as anticonvulsant prophylaxis with
clonazepam during busulfan administration and
cyclosporine therapy, strict control of arterial hyperten-
sion, prompt correction of magnesium deficiency, mainte-
nance of the Hb concentration above 9 g/dL and platelet
count above 50x109/L,33 were significantly (P=0.002)  less
frequent after 2005 (8 of 151; 5%), following the SFGM-

TC recommendation to promptly replace cyclosporine
with mycophenolate mofetil in case of GvHD requiring
steroid therapy.22 However, the risk of seizures and PRES
remains an adverse effect of cyclosporine and steroid ther-
apy,34 and may warrant substituting cyclosporine for
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Figure 4. Relationship between % donor cells  and hemoglobin S percentage
(HbS%), hemoglobin (Hb) level, and reticulocyte count. All biological data
(HbS%, Hb and reticulocytes) recorded at the same time as the chimerism dur-
ing the overall follow up were used for these box-plots. (A)  Box-plot of HbS%
according to the donor cell% category. This graph shows that HbS% is similar to
that of the donor (AA or AS) as long as donor cell% is higher than 50%. (B) Box
plot of Hb level according to donor cell% category. Hb  level remains higher than
100g/L as long as donor cell% is higher than 50%. (C) Box plot of reticulocyte
count according to % donor cells. Reticulocyte count remains lower than
100x109/L as long as % donor cells is higher than 50%.



sirolimus27,28 that is less neurotoxic and induces good toler-
ance.35 Hemorrhagic cystitis occurred in 21 of 234 patients
(9%) and was particularly severe in two patients.
Cyclophosphamide is generally considered to be the most
important predisposing factor for occurrence of hemor-
rhagic cystitis.36,37 Despite the absence of prospective ran-
domized trials comparing busulfan-fludarabine to busul-
fan-cyclophosphamide, several reports mention a lower
risk of hemorrhagic cystitis with fludarabine.38,39 This
complication may suggest replacing cyclophosphamide
with fludarabine, as only a 2% risk of hemorrhagic cystitis
was reported in children transplanted for non-malignant
disease following busulfan-fludarabine versus 9% with
busulfan-cyclophosphamide CR.39 
The major long-term concern with busulfan is the ovar-

ian failure observed in post-pubertal females and infertili-
ty risk in both genders.40,41 Despite the occurrence of spon-
taneous puberty in girls transplanted at a younger age and
the birth without treatment of several babies from females
transplanted 20-25 years ago during infancy, demonstrat-
ing some reversibility of ovarian dysfunction, it remains
crucial to maximize the chances of fertility and to recom-
mend pre-transplant cryopreservation of ovarian42-44 and
testis45 tissues before SCT with myeloablative CR. In
France, systematic ovarian and testicular tissue cryopreser-
vation has been established since 1998 and 2010, respec-
tively, and is free of charge. However, CR preserving fer-
tility such as the one proposed by the National Institutes
of Health  (NIH) protocol using 3Gy total body irradiation
with testis shielding in males and alemtuzumab27-29 should
be preferred when gonadal cryopreservation is not easily
accessible and for adults. It is also important to keep in
mind that fertility is also compromised by SCA itself,46 and
that this risk is lower when SCT is performed at a younger
age. 
Event-free survival in this series was similar for patients

younger and older than 15 years, but the risk of cGvHD,
not acceptable in this non-malignant disease, was much
more  frequent in older patients. We show that the high
dose of ATG (20 mg/kg) significantly reduced the risk of
cGvHD independently of the age at transplant by favoring
mixed chimerism occurrence. In the 20 of 234 patients not
prepared with ATG, mixed chimerism was unstable, and
secondary graft failed in 5 of 20. In contrast, only one  sec-
ondary rejection was observed before year-1 among the

214 patients prepared with ATG.
Mixed chimerism was present in 44% of patients at one

year in this series. None of the patients prepared with
ATG rejected the graft and none experienced VOC or
acute chest syndrome. The absence of SCA-related symp-
toms in patients with mixed chimerism has been reported
in other series.22,47-50 Low levels of donor erythroid engraft-
ment were shown to result in donor cell predominance
among erythroblasts and erythrocytes.48 This stimulated
the development of non-myeloablative CR in order to
reduce TRM and preserve fertility, and resulted in the rec-
ommendation of HSCT to older adult patients with organ
dysfunction. While the first results after non-myeloabla-
tive SCT have been disappointing, very encouraging
results were obtained by the NIH team in adults (17-64
years of age)27,28 using as stem cell source granulocyte-
colony stimulating factor (G-CSF)-stimulated peripheral
blood progenitors from HLA-matched sibling donors and
sirolimus for GvHD prophylaxis, which was stopped after
one year in those with >50% donor T-cell chimerism. The
mean duration of immunosuppression was 2.1 years
(range: 1.0-8.4). Among 30 patients transplanted, four
experienced rejection (13%), which was responsible for
one death in a patient with Moya Moya, but no TRM and
no GvHD were observed. Mean donor T cell was 48%,
mean myeloid chimerism was 86%, and 15 patients had
stable chimerism despite sirolimus withdrawal. These
results were reproduced in 13 adult patients by another
team in Chicago.29 Thus, among the 43 patients reported
in both series, 88% were alive, free of SCA and without
GvHD. However, the limitations of the protocol are the
long-term immunosuppression and the 300 cGy TBI that
could favor a secondary malignancy. Other non-myeloab-
lative or reduced intensity CR have been reported by sev-
eral teams and fully described in a review,50 but the most
successful results were obtained with the NIH protocol
described above.
It is to be noted that the excellent results reported here

mostly concern young patients and are less applicable to
older patients with higher morbidities. Moreover, out-
comes of cognitive performances, quality of life, costs and
organ functioning are not reported here. This is an impor-
tant limitation of our study but only prospective trials
comparing MSD-SCT to standard-care would be able to
define the true risk benefit balance for each procedure.
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Table 4. Biological data in patients with low mixed chimerism (5-49% donor cells) at last visit. 
Donor                                          Years                Donor cells %                                                 HbS %                  Hb g/L                       Retic x109/L
genotype                                 post-HSCT                 at 1 year                    at last visit                                         at last visit

AS                                                           15.5                                 24                                       19                                51                              103                                         226
AS                                                            5.1                                  60                                       20                                60                               83                                          230
AS                                                            7.1                                  35                                       21                                70                               69                                          422
AS                                                           14.1                                 46                                       22                                63                               87                                          360
AS                                                           15.4                                 73                                       42                                44                              151                                          79
AA                                                           12.1                                 20                                       12                                36                               73                                          138
AA                                                            9.5                                  30                                       20                                30                              130                                         nd
AA                                                           10.2                                 32                                       22                                 5                               118                                          83
AA                                                            6.2                                  61                                       30                                10                              100                                         101
AA                                                            5.9                                  57                                       38                                 8                               103                                          75
HSCT: hematopoietic stem cell transplantation; HbS: sickle hemoglobin; Retic: reticulocytes.



Furthermore, this study does not allow the chances of fer-
tility after ovarian or testicular reimplantation to be esti-
mated. However, the present study is the first to report
the very long-term outcome in patients with mixed
chimerism and to show that the correction of hemolytic
anemia requires a higher donor cell% than the prevention
of SCA-related crises.
The issue now is to determine whether a protocol offer-

ing an EFS at 87% with no TRM and no GvHD should
also be favored for children. In France, the myeloablative
CR with 98% EFS with a very low risk of cGvHD is still
currently used in children under 15 years of age, but we
recommend the NIH protocol for patients older than 15.

However, we recognize that this is still a matter of debate
and additional prospective studies may result in a change
in course depending on the long-term results of MSD-SCT
with non-myeloablative CR. 
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Immunosuppressive therapy (IST) is one therapy option for treatment of
patients with lower-risk myelodysplastic syndromes (MDS). However,
the use of several different immunosuppressive regimens, the lack of

high-quality studies, and the absence of validated predictive biomarkers
pose important challenges. We conducted a systematic review and meta-
analysis according to the Meta-Analysis of Observational Studies in
Epidemiology (MOOSE) guidelines and searched MEDLINE via PubMed,
Ovid EMBASE, COCHRANE registry of clinical trials (CENTRAL), and the
Web of Science without language restriction from inception through
September 2018, as well as relevant conference proceedings and abstracts,
for prospective cohort studies or clinical trials investigating IST in MDS.
Fixed and Random-effects models were used to pool response rates. We
identified nine prospective cohort studies and 13 clinical trials with a total
of 570 patients. Overall response rate was 42.5% [95% confidence interval
(CI): 36.1-49.2%] including a complete remission rate of 12.5% (95%CI:
9.3-16.6%) and red blood cell transfusion independence rate of 33.4% (95%
CI: 25.1–42.9%). The most commonly used forms of IST were anti-thymo-
cyte globulin alone or in combination with cyclosporin A with a trend
towards higher response rates with combination therapy.  Progression rate
to acute myeloid leukemia was 8.6% per patient year (95%CI:  3.3-13.9%).
Overall survival and adverse events were only inconsistently reported. We
were unable to validate any biomarkers predictive of a therapeutic response
to IST. IST for treatment of lower-risk MDS patients can be successful to
alleviate transfusion burden and associated sequelae. 
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ABSTRACT

Introduction

Myelodysplastic syndromes (MDS) comprise a spectrum of clonal hematopoietic
stem cell disorders that are characterized by peripheral blood cytopenias and dys-
plastic changes due to ineffective hematopoiesis, recurrent cytogenetic abnormali-
ties, and an increased risk of progression to acute myeloid leukemia (AML).1,2 As a
heterogenous group of diseases, treatment regimens for MDS patients need to be
individualized and mainly based on the extent of MDS-associated symptoms and
the risk of progression to AML, as assessed by various risk stratification tools such
as the International Prognostic Scoring System (IPSS) and its revised version (IPSS-
R).3-5 For patients with lower-risk MDS (which is usually defined as patients with
very low, low or intermediate-1 risk based on IPSS and IPSS-R) several treatment
options including lenalidomide, erythropoiesis-stimulating agents, immunosup-
pressive therapy (IST), and hypomethylating agents are available.3,5-7 The rationale
for the use of IST in MDS is based on studies showing that up to 48% of patients
with MDS had evidence of autoimmune disease, but the impact of this finding on
prognosis is controversial.8,9 Additionally, dysregulation of T-cell function has been
linked to impaired hematopoiesis in patients with both aplastic anemia and lower-



risk MDS and can potentially be restored by IST.9-11 Several
forms of IST have been tested in MDS treatment with
varying degrees of success. Previous studies have reported
durable objective responses and transfusion independence
ranging up to 55% and 27%, respectively.12,13 Consensus
guidelines recommend consideration of IST in patients
with low or intermediate-1 risk, non-del(5q-) MDS
patients.3,6,14 The most commonly used of these are anti-
thymocyte globulin (ATG), cyclosporine A (CsA), and
monoclonal antibodies (etanercept, alemtuzumab) which
can be used either as monotherapy or in combination.13,15-
20 Although IST has been used for over two decades in
MDS treatment, response rates are highly heterogeneous

between various patient subpopulations and studies.
While several predictive response markers such as age,
HLA-DR15 positivity, bone marrow cellularity, and dis-
ease duration have been identified in some studies, these
findings could not be reproduced in others.12,16,21-23
Given this large heterogeneity among published studies,

we performed a systematic literature review and meta-
analysis on several forms of IST in MDS to objectively
assess overall response rates (ORR), rates of achieving a
complete remission (CR), erythroid hematologic improve-
ment (HI-E), and red blood cell transfusion independence
(TI) as well as the rate of AML progression per patient-
year for patients receiving IST. 
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Figure 1. Flow chart showing study selection as per the MOOSE guidelines. The search strategy and stepwise process of study selection used in this meta-analysis.
MEDLINE via PubMed, Ovid EMBASE, the COHRANE registry of clinical trials (CENTRAL), and the Web of Science electronic databases were searched with no lan-
guage restriction from inception through September 2018, using the following combination of free-text terms linked by Boolean operators: (“MDS” OR “myelodyspla-
sia” OR “myelodysplastic syndrome”) AND (“IST” OR “immunosuppressive therapy” OR “immunosuppression” OR “ATG” OR “anti-thymocyte globulin” OR “tacrolimus”
OR “cyclosporine” OR “sirolimus” OR “prednisone” OR “prednisolone” OR “steroids” OR “etanercept” OR “alemtuzumbab”). Two authors (MS and JPB) independently
screened the titles and abstracts of all retrieved studies for eligibility and removed any duplicate records. In a second step, full texts of the potentially eligible studies
were reviewed for the final eligibility. Review, basic science articles and articles with insufficient patient number (< 5 patients) as well as preliminary studies and ret-
rospective studies were excluded. 
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Table 1. ATG. 
Author                         Year     Treatment and                          N       IPSS                              FAB/WHO         Outcomes             Adverse                  Ref.
                                               treatment schedule                           risk category                classification                                 events                       

Molldrem JJ et al.          2002      ATG 40mg/kg/d for 4 doses          61        Low: 18%                            RA: 61%                No CRs or PR          Every patient            (28)
                                                                                                                                 Intermediate-1: 67%       RARS: 16%           HI-E: 34%                 with serum                   
                                                                                                                                 Intermediate 2: 5%          RAEB: 23%           TI: 34%                      sickness; no                 
                                                                                                                                 High: 10%                                                                                             CTCAE
                                                                                                                                                                                                                                                grading provided         
Steensma DP et al.        2003      r-ATG 40mg/kg/d for 4 doses        8         Intermediate-1: 63%       RA: 25%                No responses         20 AE, no CTCAE     (33)
                                                                                                                                 Intermediate-2: 37%       RAEB-I: 75%                                           grading provided         
Killick S. et al.                  2003      Lymphoglobuline 15mg/kg/d       30        Not reported                     RA: 43%                CR: 5%                       46 AE, no grading     (34)
                                                         for 5 doses                                                                                                RARS: 10%           PR: 45%                     provided                        
                                                                                                                                                                              RCMD: 33%         HI-E: 45%
                                                                                                                                                                              RAEB-I: 14%  
Stadler et al.                    2004      r-ATG 3.75 mg/kg/d h-ATG:           35        Low: 14%                            RA: 37%                CR: 11%                    AE ≥ grade 3: 66%   (35)
                                                         15 mg/kg/d                                                    Intermediate-1: 57%       RCMD: 37%         PR: 17%
                                                         for 5 doses                                                  Intermediate-2: 26%       CMML: 3%           HI-E: 26%
                                                                                                                                 High: 3%                             RAEB-I: 17%        TI: 20%
                                                                                                                                                                              RAEB-II: 11%                                          
Komrokji R. et al.            2014      r-ATG 10mg/kg/d for 4 doses       27        Low: 30%                            RA: 7%                  No CR or PR            70 AE                          (16)
                                                                                                                                 Intermediate-1: 56%       RCMD: 30%         HI-E: 39%                 9 AE ≥ grade 3 
                                                                                                                                 Intermediate 2: 14%        MDS-U: 19%                                           (4 infectious)
                                                                                                                                                                              MDS/MPN: 4%                                        
                                                                                                                                                                              RAEB: 19%                                              
Yazji S. et al.                     2003      ATG 40mg/d for 4 doses                          Not reported                     RA/RARS: 58%     CR: 13%                    65 AE in                     (30)
                                                         + CsA titrated to 200-400mg/dl                                                           CMML: 3%           PR: 3%                       31 patients; 
                                                         for 6 months + methylprednisolone                                                 RAEB-I/II: 39%    TI: 19%                      7 AEs ≥ grade 3            
                                                         1mg/kg for 4 days followed                                                                                                                                     (0 infectious)               
                                                         by oral taper over 1 month          31        
Saunthararajah Y et al.  2003      ATG 40mg/kg/d for 4 doses +     23        Not reported                     RA: 74%                HI-E: 30%                 Not reported           (21)
                                                         CsA 5-12mg/kg/d for 6 months                                                             RARS: 9%             TI: 30%                      
                                                                                                                                                                              RAEB-I/II: 17%                                                                                
Broliden PA et al            2006      ATG 10-20mg/kg/d for 3 doses;   25        Low: 72%                            RA: 80%                CR: 15%                    6 patients off trial   (36)
                                                         CsA 200ng/ml for 32 weeks                      Intermediate-1: 28%       RAEB-I: 20%        PR: 15%                     due to AE                     
Garg R. et al.                    2009      rATG 3.5 mg/kg/d for 5 doses      15        Not reported                     Not reported      CR: 7%                       79 AE in 15                 (37)
                                                         + Methylprednisolone 1 mg/kg/day IV                                               PR: 20%                                                   patients of which         
                                                         for 5 doses with PO prednisone taper                                                                                                                35 AE ≥grade 3 
                                                         over 3 weeks + CsA 5 mg/kg/d ≥6 months                                                                                                         (6 infectious)
                                                         for trough of 200 and 400 mg/dl + G-CSF 5 
                                                         μg/kg/d s.c. daily for 3 months                                                             
Xiao, L et al.                     2012      CsA 3-5mg/kg/d for 6 months     71        Low: 100%                          RA: 4%                  CR: 16%                    Not reported            (13)
                                                         +/- ATG 4mg/kg/d for 4 doses                                                               RCMD: 92%         HI-E: 77%                 
                                                                                                                                                                              MDS-U: 4%          TI: 64%                                                               
Passweg JR et al.            2011      h-ATG 15mg/kg/d for 5 doses      45        Low: 18%                            RA: 47%                CR: 7%                       16 patients with       (18)
                                                         + CsA for 6 months                                   Intermediate-I: 53%        RARS: 13%           PR: 24%                     SAE (4 infectious)
                                                                                                                                 Intermediate-II: 16%       RAEB-I: 20%
                                                                                                                                 High: 2%                             Hypoplastic MDS: 20%                                                                  
                                                       
Kadia TM et al.                2012      ATG (3.5 mg/kg/day × 5 days       24        Not reported                     Not reported      CR: 8%                       Not reported            (17)
                                                         + CsA 5 mg/kg/d × 6 months                                                                                              HI-E: 17%                 for MDS cohort
                                                         + methylprednisolone 1 mg/kg/d                                                                                       TI: 8%                        independently              
                                                         with 1month taper of prednisone

continued on the next page



Methods

Date sources and search strategy 
This systematic review and meta-analysis was conducted

according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) and Meta-Analysis of Observational
Studies in Epidemiology (MOOSE) guidelines.24 MEDLINE via
PubMed, Ovid EMBASE, the COHRANE registry of clinical trials
(CENTRAL), and the Web of Science electronic databases were
searched without language restriction from inception through
September 2018, using the following combination of free-text
terms linked by Boolean operators: (“MDS” OR “myelodysplasia”
OR “myelodysplastic syndrome”) AND (“IST” OR “immunosup-
pressive therapy” OR “immunosuppression” OR “ATG” OR “anti-
thymocyte globulin” OR “tacrolimus” OR “cyclosporine” OR
“sirolimus” OR “prednisone” OR “prednisolone” OR “steroids”
OR “etanercept” OR “alemtuzumbab”). 

We performed a gray literature search through: 1) manual
search of bibliographies of all identified studies; and 2) conference
proceedings and abstracts of the following annual meetings:
American Society of Hematology, American Society of Clinical
Oncology, European Hematology Association, and European
Society of Medical Oncology. 

Study selection and endpoints
Two reviewers (MS and JPB) independently screened the titles

and abstracts of all retrieved studies for eligibility and removed
duplicates. Subsequently, full texts of the potentially eligible stud-
ies were reviewed for eligibility. We excluded studies that: 1) lack
information on either ORR or CR rate; 2) review articles, editori-
als, and correspondence letters that did not report independent
data; 3) case series and studies reporting outcomes on fewer than
five patients; and 4) retrospective studies. There was no disagree-
ment among the two reviewers regarding the inclusion of any
study. The study selection process is illustrated in a flow diagram
(Figure 1).

Prospective cohort studies or clinical trials investigating the use
of IST for the treatment of MDS were included. IST was defined
as receipt of one or a combination of the following drugs: rabbit
and horse ATG, CsA, sirolimus, mycophenolate mofetil and mon-
oclonal antibodies (etanercept, alemtuzumab). 

The primary outcomes were ORR and CR rate. Secondary out-
comes included rates of HI-E, TI, and AML progression. ORR was
defined based on the 2006 modified International Working Group
(IWG) response criteria for MDS.25

Data extraction
Two investigators (MS and JPB) extracted data using a standard-

ized data-extraction form, and a third investigator (SG) performed
a cross-check for data accuracy. A more detailed description of the
extracted information is provided in the Online Supplementary
Methods.  

Quality assessment
The quality of each study was assessed by two authors (MS and

JPB) using the modified Down and Black checklist.26 Quality
assessments for individual studies are provided in Online
Supplementary Table S1. 

Statistical analysis
Random-effects models were used to pool ORR, rates of CR,

HI-E, TI, and progression to AML. All effect sizes underwent log-
arithmic transformation prior to pooling using an inverse variance
weighting approach. Heterogeneity of studies was determined
using Cochran Q and I2 indices and significant heterogeneity
(defined as I2 > 60%) was further explored with sensitivity analy-
ses.27 Subgroup analyses were planned based on the type of IST
used. All analyses were performed with Comprehensive Meta-
Analysis (CMA 2.2, Biostat). 

Results

Description of included studies
The flow diagram of study selection based on the

MOOSE guidelines is shown in Figure 1. An electronic
search of PubMed, EMBASE, the Cochrane Library, and the
Web of Science plus a manual search retrieved a total of 258
publications after removal of duplicates. Of the 258 articles
reviewed, 156 articles were excluded on the basis of the
title and abstract review if the article was clearly labeled as
a review article, editorial, correspondence letter, case series
or retrospective study in the title or abstract. A total of 102
articles were reviewed in full text. Of these, 80 articles were
excluded because they were reviews, basic science articles,
presented insufficient data (<5 patients), only showed pre-
liminary results, or were retrospective in nature. Of the 22
studies  included, there were 9 prospective cohort stud-
ies13,21,28-32 and 13 clinical trials.16-20,33-40 Patients were treated
with ATG , ATG + CsA , ATG + Etanercept (Table 1), CsA
(Table 2), and other IST regimens (Table 3). 
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Deeg, HJ et al.                 2004      ATG 40 mg/kg/d for four doses  14        Low: 7%                              RA: 64%                CR: 15%                    Not reported            (31)
                                                         + etanercept 25 mg s.c. twice a week  Intermediate-1: 71%       RARS: 7%             HI-E: 39%
                                                         for 8 weeks. If no hematologic              Intermediate-2: 21%       RAEB-I: 7%          TI: 39%
                                                         by week 8, etanercept three times                                                    RAEB-II: 21%      
                                                         per week for additional 8 weeks.
Scott BL et al.                  2010      ATG  40 mg/kg/d for 4 doses +   25        Low: 44%                            RA: 16%                CR: 4%                       Not reported            (38)
                                                         etanercept 25 mg s.c. twice a week      Intermediate-1: 56%       RARS: 8%             HI-E: 62%                 
                                                         for 2 weeks, every month                                                                     RCMD: 72%         
                                                         for 4 months                                                                                             RAEB-I: 4%          
AE: adverse events; ATG: anti-thymocyte globulin; h-ATG: horse anti-thymocyte globulin, r-ATG: rabbit anti-thymocyte globulin, AZA: azacitidine, CMML: chronic myelomonocytic
leukemia; CR: complete remission; CTCAE: Common Terminology Criteria for Adverse Events; HI-E: hematologic improvement-erythroid; IPSS: International Prognostic Scoring
System;  MDS-U: unclassifiable myelodysplastic syndrome; PR: partial remission; RA: refractory anemia; RARS: refractory anemia with ringed sideroblasts; RAEB: refractory anemia
with excess blasts; RCMD: Refractory cytopenia with multilineage dysplasia; TI: transfusion independence.

continued from the previous page



There was a total of 570 patients in the 22 included
studies. The average median age was 62.0 years (range 12-
87 years). Among the studies that reported IPSS scores,
360 (80.9%) patients had IPSS scores of low- or intermedi-
ate-1, while 71 patients (16.0%) had intermediate-2 and
high IPSS scores. The median duration of follow up of
individual studies, where reported, was 16.4 months
(range 0-60 months).

Assessment of study quality
Except for three studies,18,29,35 all studies included in this

meta-analysis used a single-arm design. Study quality was
assessed using the Downs and Black checklist.
Assessments for individual studies are provided in Online
Supplementary Table S1.

Rates of overall response and complete remission 
The ORR was reported by all 22 studies (Figure 2A).

Overall, the ORR was 42.5% (95%CI: 36.1-49.2%). There
was a significant heterogeneity among the various studies,
with a Cochran’s Q statistic of 80% (P<0.001) and an I2
statistic of 74%. 
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Figure 2. Overall and complete response rates to various forms of immunosuppressive therapy (IST). Forest plots of odds ratios (squares, proportional to study
weights used in meta-analysis, 95% confidence intervals) for various forms of IST with the summary measures (center line of diamond) and associated confidence
intervals (lateral tips of diamond) for overall response rate (ORR) and complete response (CR) rate are shown in panel (A) and (B), respectively.

Table 2. Cyclosporine A.
Author                  Year      Treatment and                            N       IPSS risk category         FAB/WHO          Outcomes            Adverse                Ref.
                                         treatment schedule                                                                 classification                                     events                    

Yamada T et al.      2003       Methylprednisolone                        18        Intermediate-1: 72%           RA: 56%                  CR: 6%             Not reported               (29)
                                                  1000mg for 3 doses                                      Intermediate 2: 6%          CMML: 11%              PR: 11%                                                        
                                                  followed by oral taper                                                                              RAEB-I: 33%              TI: 18%                         
                                                  +/- CsA 4-5mg/kg for trough 
                                                  of 100-200 ng/ml                                            
Ogata M et al.         2004       CsA 1.1-6.0 mg/kg until disease     12        Not reported                        RA: 92%           No CRs or PRs      Not reported               (52)
                                                  progression or intolerable                                                                     RAEB-I: 8%            HI-E: 58%
                                                  side effects                                                                                                                                     TI: 64%                         
Ishikawa T et al.    2007       CsA titrated to trough                     20        Low: 10%                               RA: 40%           No CRs or PRs            51 AEs                    (41)
                                                  150-200ng/ml for 32 weeks                          Intermediate-1: 90%         RARS: 5%              HI-E: 42%          in 19 patients, 
                                                                                                                                                                         RCMD: 45%              TI: 40%         AEs ≥ grade 3  in 
                                                                                                                                                                         RAEB-I: 10%                            4 patients (2 infectious)        
AE: adverse events; ATG: anti-thymocyte globulin; AZA: azacitidine;  CMML: chronic myelomonocytic leukemia; CR: complete remission; CTCAE: Common Terminology Criteria
for Adverse Events; HI-E: hematologic improvement-erythroid; IPSS: International Prognostic Scoring System; PR: partial remission; RA: refractory anemia; RARS: refractory ane-
mia with ringed sideroblasts; RAEB: refractory anemia with excess blasts; RCMD: refractory cytopenia with multilineage dysplasia; TI: transfusion independence.
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A pre-specified subgroup analysis showed that the ORR
was highest with ATG + Etanercept at 58.1% (95%CI:
37.8-75.9%; I2=27%), followed by other IST at 52.5%
(95%CI: 30.4-73.7%; I2=76%), CsA at 47.3% (95%CI: 33-
62%; I2=7%), ATG at 37.4% (95%CI: 29.1-46.6%;
I2=11%), and ATG + CsA at 35.2% (95%CI: 18.9-55.9%;
I2=86%), respectively (Figure 2A).  
Complete remission rates were reported by 16 studies

(Figure 2B). Overall, the CR rate was 12.5% (95%CI: 9.3-
16.6%). Heterogeneity among the various studies was
low, with a Cochran’s Q statistic of 17 (P=0.32) and an I2
statistic of 12%. 
A pre-specified subgroup analysis for patients, who

received ATG, ATG + CsA, ATG + Etanercept, CsA and
other IST, showed that the CR was 9.2% (95%CI: 4.0-
19.6%; I2=0%), 12.6% (95%CI: 8.6-18.1%; I2=0%), 10.2%
(95%CI: 3.3-27.8%; I2=2%), 4.9% (95%CI: 1.0-21.1%;
I2=0) and 22.1% (95%CI: 10.6-40.4%; I2=46%), respec-
tively (Figure 2B).  

Hematologic improvement and transfusion 
independence
Erythroid hematologic improvement rates were report-

ed by 16 studies (Figure 3A). Overall, the HI-E rate was
41.8% (95%CI: 33.3-50.8%). Heterogeneity among the
various studies was high, with a Cochran’s Q statistic of
53.1 (P<0.001) and an I2 statistic of 72%. 
A pre-specified subgroup analysis showed that the HI-E

rate was highest with ATG + Etanercept at 51.8%
(95%CI: 29.8-73.1%; I2=42%), followed by CsA at 50%
(95%CI: 32.7-67.3%; I2=0), ATG + CsA at 44.8% (95%CI:
14.3-79.8%; I2=92%), other IST agents at 43.1% (95%CI:
24.0-64.4%; I2=70%), and ATG at 31.7% (95%CI: 20.3-
45.8%; I2=29%), respectively (Figure 3A).
The rates of TI were reported by 14 studies (Figure 3B).

Overall, the TI was 33.4% (95%CI: 25.1-42.9%). There
was a significant heterogeneity among the various studies,
with a Cochran’s Q statistic of 35.1 (P=0.001) and an I2 sta-
tistic of 63%. 
A pre-specified subgroup analysis showed that the TI

rate was highest with CsA at 44.8% (95%CI: 28.8-61.9%;
I2=9%) followed by ATG + Etanercept at 38.5% (95%CI:
17-65.6%; I2=0%), ATG at 25.2% (95%CI: 13.3-42.5%;
I2=50%), ATG + CsA at 28.4% (95%CI: 10.0-58.6%;
I2=86%), and other IST at 25.9% (95%CI: 11.7-48.0;
I2=27%), respectively (Figure 3B).  

Acute myeloid leukemia progression rate and adverse
events 
The rates of progression to AML were reported by 11

studies (Figure 4). Overall, the AML progression rate per
person year of follow up was low (8.6%; 95%CI: 3.3-
13.9%). There was a significant heterogeneity among the
various studies, with a Cochran’s Q statistic of 45.2
(P<0.001) and an I2 statistic of 78%. Pre-specified sub-
group analysis showed an AML transformation rate per
patient year of 13.7% (95%CI: 1.4-25.9%; I2=73%),
13.5% (95%CI: 0-31.3; I2=91%), 7.0% (95%CI: 0-22.4%;
I2=71%), and 6.7% (95%CI: 0-13.5%; I2=0%) for patients
who received ATG, ATG + CsA, CsA and other IST,
respectively.  
Only 10 of the 22 studies reported grade 3/4 side

effects.16,18,19,30,32,35,37,39-41 The data included in these papers
were insufficient to conduct any further meta-analysis on
the safety of IST in LR-MDS.

Sensitivity analysis
Separate sensitivity analyses for ORR, HI, TI and AML

progression rate showed that exclusion of any one study
did not change the overall effect direction but did change
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Figure 3. Rate of hematologic improvement in the erythroid lineage (HI-E) and red blood cell transfusion independence. Forest plots of odds ratios (squares, pro-
portional to study weights used in meta-analysis, 95% confidence intervals) for various forms of immunosuppressive therapy (IST), with the summary measure (center
line of diamond) and associated confidence intervals (lateral tips of diamond) for hematologic improvement in the erythroid lineage (HI-E) and achievement of red
blood cell transfusion independence (TI) are shown in panel (A) and (B), respectively.

A B



the effect size in subgroup analysis, and led to a reduction
in heterogeneity.
For ORR, HI-E and TI, the study with the largest influ-

ence on the heterogeneity of these outcomes was the
study by Xiao et al. examining the use of ATG + CsA.13
Removal of this study changed the ORR by 5.1% (from
42.5% to 37.4%) in the overall analysis and by 6.5% (from
35.2% to 28.7%) in the subgroup analysis of studies
examining ATG + CsA. In addition, removal of this study
led to a loss of heterogeneity in the overall analysis 
(I2=62%, Cochran’s Q statistic = 52.1, P=0.001) and in the
subgroup analysis of studies examining ATG + CsA (I2=
0%, Cochran’s Q statistic = 3.4, P=0.64). Removal of the
study by Xiao et al. also changed the HI-E by 3.9% (from
41.8% to 37.9%) in the overall analysis and 17.1% (from
44.8% to 27.7) in the subgroup analysis of studies exam-
ining ATG + CsA. This led to a loss of heterogeneity in the
overall analysis (I2 = 55%, Cochran’s Q statistic = 31.1,
P=0.005) and in the subgroup analysis of studies examin-
ing ATG + CsA (I2 = 0%, Cochran’s Q statistic = 0.17,
P=0.68). For TI, removal of this study changed the out-
come by 2.8% (from 33.4% to 30.6%) in the overall analy-
sis and by 8.8% (from 28.4% to 19.6%) in the subgroup
analysis of studies examining ATG + CsA. This also led to
a loss of heterogeneity in the overall analysis (I2=35%,
Cochran’s Q statistic = 18.6, P=0.1) and in the subgroup
analysis of studies examining ATG + CsA (I2=40.6,
Cochran’s Q statistic = 3.4, P=0.19).
The study with the largest influence on the AML pro-

gression rate was that reported by Passweg et al.,18 the
removal of which changed the AML progression rate by
0.5% (from 8.6% to 8.1%). In addition, removal of this
study led to a loss of heterogeneity (I2 = 67%, Cochran’s
Q statistic = 27.6, P=0.001).

Discussion

To our knowledge, this is the first systematic review
and meta-analysis on IST in MDS, and included a total of
nine prospective cohort studies and 13 clinical trials. The
meta-analysis of these studies demonstrated an ORR of
42.5% (with a CR rate of 12.5%) and achievement of red
blood cell transfusion independence in one-third of the
patients. 
Previous retrospective studies reported similar ORR and

TI rates among MDS patients with IST. A recent uncon-
trolled large international retrospective study in MDS
patients treated with various different IST regimens
demonstrated results very similar to our meta-analysis,
with an ORR and TI rate of 48% (with 11.2% achieving a
CR) and 30% of patients, respectively. In other large retro-
spective studies, the ORR and TI rates ranged from 30%
to 42% and from 31% to 41%, respectively.22,23,42 In our
meta-analysis, ATG +/- CsA was the most commonly
used IST regimen, similar to the finding in a recent large
retrospective study.12 Importantly, while the National
Comprehensive Cancer Network (NCCN; Version 2.2019)
guidelines suggest the use of ATG +/- CsA as a treatment
option for certain types of MDS,14 they do not suggest
other IST regimens. However, in our meta-analysis, mul-
tiple different IST regimens other than ATG +/- CsA were
included, among them ATG + etanercept, CsA and several
“other IST” regimens including etanercept +/- azacitidine,
sirolimus, mycophenolate mofetil and alemtuzumab. It is

important to point out that these other IST regimens do
not have completely overlapping mechanisms of action,
tolerability, and expected response rates compared to ATG
and CsA. Acknowledging these differences, we included
these IST regimens in our analysis as they all provide an
element of immunosuppression regardless of their specific
mechanism of action.  
While the identification of clinical and molecular mark-

ers to predict response to IST would be of clinical impor-
tance to optimize treatment of individual patients, data
for several of these co-variates that had been proposed,
such as younger age, shorter disease duration, hypocellu-
lar bone marrow, or the presence of HLA DR15 and PNH
clones, are controversial.12,21-23,42,43 Given the heterogeneity
of the studies included in this meta-analysis, we were
unable to address the utility of predictive biomarkers as
they were only reported by a minority of studies.
However, several studies, including the largest study to
date by Stahl et al., were unable to validate any predictive
biomarkers except of bone marrow hypocellularity.42-44 
Based on available prospective data, the current

National Comprehensive Cancer Network guidelines sug-
gest IST with ATG +/- CsA as a treatment option for
symptomatic anemia in low-risk, non-del(5q) MDS espe-
cially for patients younger than 60 years of age, ≤5%
blasts in the bone marrow, or with a hypocellular bone
marrow, PNH clone positivity, or STAT-3 mutant cytotox-
ic T-cell clones.14 However, further prospective studies are
warranted to verify these predictive markers. It also
remains to be shown how the wider availability of genetic
testing, for example, by next generation sequencing, will
impact individualized treatment decisions for MDS
patients. Supporting a potential role in guiding manage-

M. Stahl et al.

108 haematologica | 2020; 105(1)

Figure 4. Rate of acute myeloid leukemia (AML) progression during study dura-
tion. Forest plots of odds ratios (squares, proportional to study weights used in
meta-analysis, 95% confidence intervals) for various forms of immunosuppres-
sive therapy (IST), with the summary measure (center line of diamond) and asso-
ciated confidence intervals (lateral tips of diamond) for rate of transformation to
AML during the study period.  



ment decisions, two recent phase II clinical trials on the
transforming growth factor (TGF)-β pathway inhibitors
luspatercept and sotatercept have shown that the presence
of ≥15% ringed sideroblasts or of a SF3B1 mutation was
predictive of a higher rate of treatment response.45-47
Given the small sample sizes of most studies, the differ-

ent treatment regimens used, and the various diagnostic
techniques employed, there was a high degree of hetero-
geneity among included studies. However, sensitivity
analyses accounting for the type of IST as well as a 'one-
study removed' analysis, found no significant impact of
this heterogeneity on the overall results of the meta-analy-
sis. The study by Xiao et al.13 demonstrated a significantly
higher ORR and rate of HI-E and TI compared to other
studies studying the application of ATG + CsA. This can
be explained by the fact that in the study by Xiao et al.13
patients were strictly selected to have a high chance of
responding to IST. Patients were required to have low risk
MDS (IPSS score equal or less 1.0) and either expression of
the HLA-DR15 allele or a BM cellularity of less than 30%,
or an abnormal immune index of BM T lymphocytes.
Furthermore, patients were excluded if they had >5%
marrow myeloblasts or a poor risk karyotype or a diagno-

sis of concurrent non-hematologic malignancy. By exclud-
ing the study by Xiao et al.,13 from the analysis, hetero-
geneity in the subgroup analysis of studies examining
ATG + CsA decreased significantly. This demonstrates
that by strict selection of MDS patients, who are predicted
to benefit from IST, the response to IST can be significant-
ly increased. 
While a randomized, placebo-controlled, double-blind-

ed design is the gold standard of clinical studies, the het-
erogenous patient population in terms of demographic,
clinical (e.g. prior treatments), and molecular co-factors
makes such a trial design challenging. As expected, this
systematic review and meta-analysis confirmed the lack
of published prospective, randomized controlled trials of
IST in MDS. In this meta-analysis, 20 out of 22 included
studies were single arm clinical trials or prospective cohort
studies. As the Downs and Black checklist had been orig-
inally developed for the evaluation of multi-arm studies,
several of its quality criteria such as randomization, equal
distribution of confounding variables among study
groups, and blinding were not applicable to the majority
of the studies in our meta-analysis. However, when elim-
inating items from the modified Downs and Black check-

Immunosuppressive therapy in myelodysplastic syndromes

haematologica | 2020; 105(1) 109

Table 3. Other immunosuppressive therapy regimens.

Author             Year                       Treatment                        N                 IPSS                   FAB/WHO             Outcomes             Adverse               Ref.
                                                 and treatment                                        risk                 classification                                        events
                                                     schedule                                         category                                                                                                       

Deeg HJ et al.  2002        Etanercept, 25 mg, 2x/ week s.c.         14                Low: 29%                     RA: 43%                No CR or PR       4 infectious AE           (20)
                                         for 16 weeks (increased to 3x/week               Intermediate-1: 36%        RARS: 14%                HI-E: 33%           (2 ≥ grade 3)
                                                if no response at 8 weeks).                      Intermediate-2: 29%       CMML: 14%                   TI: 0%                                                         
                                                                                                                                     High: 7%               RAEB-I/II: 29%
Platzbecker U  2005        Sirolimus PO 6 mg loading dose         19                Low: 11%                      RA: 5%                       PR: 5%         10 AE in 8 patients;        (39)
et al.                             followed by 2 mg once daily adjusted to            Intermediate-1: 68%        RARS: 11%                 HI-E: 5%        1 case of grade IV 
                                              target blood concentration of                     Intermediate-2: 21%       RCMD: 53%                                        thrombocytopenia             
                                                 3–12 ng/ml for ≥ 3 months                                                                    RAEB-I: 26%
                                                                                                                                                                       RAEB-II: 5%
Remacha AF     2010             Mycophenolate mofetil 1 g             10            Not reported               RARS: 60%            No CRs or PRs          5 AE in 10                (40)
et al.                                     twice a day PO + prednisone                                                                  RCMD: 40%               HI-E: 56%                patients 
                                                   0.5 mg/Kg/d PO tapering                                                                                                              TI: 33%    (1 infectious ≥ grade 3)       
                                                    to 10 mg/d for 12 weeks                   
Scott BL            2010                 AZA 75 mg/m2 on days                  20                 Low: 9%                       RA: 6%                     CR: 28%           37 AE ≥ grade 3           (32)
et al.                                                  1-7 every 28 days                                 Intermediate-1: 38%         RARS: 3%                    PR: 6%              in 32 patients                
                                           + Etanercept 25 mg s.c. on days                  Intermediate-2: 31%        CMML: 9%                HI-E: 44%           (3 infectious)
                                                           8, 11, 15, and 18                                            High: 22%                 RCMD: 16%                                                         
                                                                                                                                                                       RAEB-I: 31%
                                                                                                                                                                      RAEB-II: 34%                                                        
Sloand, EM       2010                      Alemtuzumab 10                       31                 Low: 7%                 Not reported               CR: 23%               84 AE in 31               (19)
et al.                                                mg/d IV for 10 days                               Intermediate-1: 71%                                               PR: 3%                   patients
                                                                                                                          Intermediate-2: 23%                                 HI (any cell line): 39%    of which 
                                                                                                                                                                                                               TI: 32%               28 ≥grade 3                   
                                                                                                                                                                                                                             (13 patients with ≥grade 3 
                                                                                                                                                                                                                                         infectious AE)                
AE: adverse events; ATG: anti-thymocyte globulin; AZA: azacitidine;  CMML: chronic myelomonocytic leukemia; CR: complete remission; CTCAE: Common Terminology Criteria
for Adverse Events; HI-E: hematologic improvement-erythroid; IPSS: International Prognostic Scoring System; PR: partial remission; RA: refractory anemia; RARS: refractory anemia
with ringed sideroblasts; RAEB: refractory anemia with excess blasts; RCMD: refractory cytopenia with multilineage dysplasia; TI: transfusion independence.



list that are only applicable to multi-arm studies, 12 out of
22 studies scored at least 15 out of the remaining 20
points. A notable exception in terms of methodological
quality was the phase III trial by Passweg et al. comparing
ATG + CsA to best supportive care.18 Importantly, treat-
ment with ATG + CsA resulted in a hematologic response
in 31% of patients in this trial which is comparable to the
33.7% for ATG + CsA in our meta-analysis. Although the
limitations in terms of study quality must be kept in mind,
the overall comparable results among different studies
suggest that our meta-analysis provides robust evidence
on the effect of IST in the treatment of MDS.
Previous studies have suggested that IST may contribute

to the risk of progression to AML because of a suppression
of immune surveillance. However, this seems to be more
relevant in high-risk MDS subtypes rather than the lower
risk MDS forms that constitute the patients primarily
treated with IST.48,49 In our meta-analysis, we found a rate
of progression to AML of 8.6% per patient year (95%CI:
3.3-13.9%). The risk of progression to AML varies sub-
stantially based on the IPSS risk category as well as the
presence of certain cytogenetic abnormalities.50 The
majority of patients in our meta-analysis had either low
(32.8%) or intermediate-1 (49.2%) risk disease by IPSS
(Tables 1-3). In previous studies, the time of progression to
AML in the absence of treatment for 25% of patients with
IPSS-low and intermediate-1 MDS patients was reported
at 10.8 and 3.2 years, respectively.51 Although comparison
of our data with these historical results is limited, our
meta-analysis does not show a significantly higher AML
transformation rate than expected for IPSS lower and
intermediate-1 risk MDS patients in general. 
Our study has several limitations. In many of these

studies, the patients included were selected and judged by
the investigators to potentially benefit from IST.
Therefore, the efficacy results might be inflated and not
necessarily apply to all lower-risk MDS patients.  In addi-
tion to the heterogeneity of studies and the overall low
methodological quality, there were insufficient data to
assess adverse events in our meta-analysis. While at least
a minimum amount of information on treatment-associat-
ed adverse events was provided in 17 out of 22 studies,
only 5 studies provided CTCAE grading of adverse events
and reported those on a patient level.18,35,39-41 Given the het-
erogeneity of adverse event reporting, we were unable to
conduct a meta-analysis on the side effect profile of IST in
MDS. As IST is most commonly used for lower-risk MDS

patients to alleviate symptom burden resulting from red
blood cell transfusion dependence and to limit the detri-
mental sequelae of resulting iron overload rather than
modifying AML transformation risk, information on treat-
ment-associated adverse events is essential for physicians
to appropriately counsel patients. We were not able to
analyze the effect of IST on platelet transfusion independ-
ence as it was reported in only the minority of studies.
Lastly, publication bias could not be assessed in this meta-
analysis because of the lack of a comparative treatment
arm in the majority of the studies.  
Given that the median overall survival rate among

untreated patients with lower-risk MDS is 5.3 years, a
long duration of follow up would be required to detect
any survival benefit from IST and data on overall survival
were provided in 5 out of 23 studies only. Therefore, we
were unable to assess whether IST provides an actual sur-
vival benefit in MDS.

Conclusions

In summary, our data showed an ORR of 42.5% and a
TI rate of 33.4% for IST in MDS, with ATG-based treat-
ment regimens being the most commonly used option.
Response rates tended to be higher for combination ther-
apy of ATG in conjunction with mostly CsA compared to
ATG monotherapy. While we were unable to assess the
utility of various biomarkers in predicting response to IST,
current guidelines recommend considering IST for symp-
tomatic treatment of lower-risk MDS patients to alleviate
transfusion burden and associated sequelae. However,
given the lack of prospective, randomized, controlled
studies, it is difficult to definitively determine the impact
of IST on response and survival in patients with MDS, and
randomized trials of IST are warranted to confirm our
results. 
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The functional diversity of cells that compose myeloid malignancies,
i.e., the respective roles of genetic and epigenetic heterogeneity in
this diversity, remains poorly understood. This question is addressed

in chronic myelomonocytic leukemia, a myeloid neoplasm in which clinical
diversity contrasts with limited genetic heterogeneity. To generate induced
pluripotent stem cell clones, we reprogrammed CD34+ cells collected from
a patient with a chronic myelomonocytic leukemia in which whole exome
sequencing of peripheral blood monocyte DNA had identified 12 gene
mutations, including a mutation in KDM6A and two heterozygous muta-
tions in TET2 in the founding clone and a secondary KRAS(G12D) muta-
tion. CD34+ cells from an age-matched healthy donor were also repro-
grammed. We captured a part of the genetic heterogeneity observed in the
patient, i.e. we analyzed five clones with two genetic backgrounds, without
and with the KRAS(G12D) mutation. Hematopoietic differentiation of
these clones recapitulated the main features of the patient’s disease, includ-
ing overproduction of granulomonocytes and dysmegakaryopoiesis. These
analyses also disclosed significant discrepancies in the behavior of
hematopoietic cells derived from induced pluripotent stem cell clones with
similar genetic background, correlating with limited epigenetic changes.
These analyses suggest that, beyond the coding mutations, several levels of
intraclonal heterogeneity may participate in the yet unexplained clinical
heterogeneity of the disease.
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ABSTRACT

Introduction

Intratumoral heterogeneity is a major tenet of cancer biology. A tumor clone
emerges from a single cell that has acquired one or several somatic mutations.
Additional driver events that occur in individual daughter cells generate tumor sub-
clones, each being endowed with specific functional properties and fitness.1 This
intraclonal genetic heterogeneity may not explain all the functional heterogeneity
among individual cells within a tumor clone. Epigenetic variation also contributes
to the heterogeneity of cells that form a tumor.2,3

Chronic myelomonocytic leukemia (CMML) is a neoplastic disease whose limit-
ed genetic heterogeneity contrasts with its clinical diversity.4 CMML is defined by
a persistent clonal monocytosis, with or without dysplasia.5 The mutational land-
scape contains a small number of somatic mutations in DNA methylation, histone



Intraclonal heterogeneity in CMML

haematologica | 2020; 105(1) 113

modifier, splicing factor and signaling genes.6 Mapping of
CMML clonal architecture identified early clonal domi-
nance, intratumor heterogeneity in the hematopoietic
stem and progenitor cell compartment in which mutations
accumulate mostly linearly, and growth advantage to the
most mutated cells.7 Hypomethylating agents, which are
commonly used in severe dysplastic forms of the disease,
can restore a balanced hematopoiesis.8 The response to
these drugs, which correlates with DNA demethylation,
can occur in the absence of any decrease in mutation allele
burden measured in circulating monocytes,6 arguing for a
role of epigenetic alterations in disease expression and
outcome.9
One of the main limitations in studying CMML patho-

physiology is the lack of appropriate models, either
patient-derived cell lines or genetically modified animals,
which faithfully reproduce disease features. Currently, the
best available CMML preclinical model is xenotransplan-
tation of CMML cells in immunocompromised mice,
especially those with transgenic expression of human
cytokines including granulocyte-macrophage colony-stim-
ulating factor.10,11 The modeling of myeloid malignancies
by generating patient-derived induced pluripotent stem
cells (iPSC) recently appeared as another opportunity to
model these diseases and, although challenging, capture
their genetic heterogeneity.12–15 In CMML, we previously
demonstrated that intraclonal heterogeneity was rarely
detected in mature cells of the clone as a consequence of a
growth advantage to most mutated cells with differentia-
tion but was preserved in stem and progenitor cells.6,7
Therefore, we sorted CD34+ cells from a CMML patient
and reprogrammed these cells to capture some intraclonal
genetic heterogeneity and characterize hematopoiesis
derived from genetically close but distinct iPSC.  

Methods

Generation, characterization and maintenance of
induced pluripotent stem cells

CD34+ cells collected from a healthy donor and a CMML
patient, with informed consent and approval of the Ethics
Committee (DC-2014-209), were infected with non-integrated
Sendai virus encoding Klf4, Oct4, Sox2 and c-Myc to generate
iPSC. An additional iPSC (Co6) was kindly provided by Dr
Weiss.16 iPSC were passaged once a week to yield a cell suspen-
sion of small colonies (3-10 cells). Intracellular and extracellular
pluripotency markers were detected by flow cytometry and ter-
atoma formation was evaluated by intramuscular injection of iPSC
into NOD/SCID/IL2rγ−/− mice. Karyotyping and comparative
genomic hybridization were performed. The procedures are
detailed in the Online Supplementary Material.  

Hematopoietic cell differentiation 
A two-dimensional monolayer system was used to differentiate

iPSC into CD34+CD43+ hematopoietic progenitor cells (HPC).
Clonogenic assays were performed by mixing HPC in serum-free
medium with MethoCult H4434 classic (Stem Cell Technologies,
Grenoble, France) before plating the cell suspension in 35-mm
dishes. Colonies were scored after 14 days and analyzed on a BD
LSRFortessa X-20. HPC mixed with serum-free fibrin clots were
seeded for 10 days in the presence of thrombopoietin and stem
cell factor before measuring colony-forming unit-megakaryocyte
(CFU-Mk) colonies. HPC were also suspended in serum-free liquid
medium with growth factors for 10 days before flow analysis of

cell surface markers and May-Grünwald-Giemsa staining of
cytospins. More details are provided in the Online Supplementary
Material.

Flow cytometry and cell sorting 
The antibodies used are listed in Online Supplementary Table S1.

Cells were analyzed using a BD LSRFortessa™ X-20 and Kaluza
analysis software. HPC, monocytes and megakaryocytes were
sorted on a BD Influx™ Cell sorter. Details are provided in the
Online Supplementary Material.

Whole exome sequencing
We collected genomic DNA from sorted monocytes and CD3+

T cells and iPSC to perform whole exome sequencing. Raw reads
were aligned to the reference human genome hg19 (Genome
Reference Consortium GRCh37) using BWA 0.5.9 (Burrows–
Wheeler Aligner) backtrack algorithm with default parameters. A
mutation was reported as present if the variant allele frequency
was ≥4%. More details are provided in the Online Supplementary
Material.

Genome-wide DNA methylation detected by enhanced
reduced representation bisulfite sequencing 

High-molecular weight DNA was sequenced on a HiSeq3000
Illumina sequencer and 50 bp reads were aligned against a bisul-
fite-converted human genome (hg19). Differentially methylated
regions (DMR) identified an absolute methylation difference
≥40% with a false discovery rate <5% and were annotated using
the ChIPenrich R package,17 which was also used for gene ontol-
ogy and pathway analysis. For correspondence analysis and hier-
archical clustering, tiles with the highest standard deviation (SD
>0.03) were used. More details are provided in the Online
Supplementary Material.

Statistical analysis
Statistical analysis was performed with GraphPad Prism soft-

ware, using an unpaired t test and Mann-Whitney test, depending
on distribution, similarity of variance, and sample number. The
Kruskal-Wallis test was used for multiple comparisons.

Data availability
Accession numbers for enhanced reduced representation bisul-

fite sequencing, whole exome sequencing and RNA sequencing
data are GSE114115, E-MTAB-7917 and E-MTAB-7850, respec-
tively.

Results

Reprogramming of CD34+ cells from a patient with
chronic monomyelocytic leukemia captures a part 
of the disease’s genetic heterogeneity 
We reprogrammed CD34+ cells collected from a CMML

patient whose monocyte DNA whole exome sequencing
had identified 12 mutations, including two mutations in
TET2 (S1691fs and R1516X) and heterozygous mutations
in KRAS(G12D) and KDM6A(R61X). The clinical and bio-
logical features of the patient’s disease are depicted in the
Online Supplementary Material. Reprogramming of CD34+

cells collected from an age-matched healthy donor gener-
ated control clones (Figure 1A, B). We selected nine clones
(5 from the patient; 4 from the healthy donor) demonstrat-
ing pluripotency features, including morphology (Online
Supplementary Figure S1A), expression of markers (Online
Supplementary Figure S1B) and formation of teratomas in



immunodeficient mice (Online Supplementary Figure S1C),
without reprogramming-induced cytogenetic abnormali-
ties (Online Supplementary Figure S1D). We also used an
additional, independently generated control clone (Figure
1A).16 Whole exome sequencing and Sanger sequencing of
patient-derived iPSC indicated that we had captured a part
of the genetic heterogeneity of her leukemic clone, i.e.,
three clones (A1, A2, A4) recapitulated the founding clone
while the other two (A3, A5) were reprogrammed from a
KRAS(G12D) subclone (Figure 1A, B and Online
Supplementary Figure S1E). In contrast with other studies,18
we did not reprogram any wildtype CD34+ cells, probably
due to the early clonal dominance that characterizes
CMML clonal architecture, with very few residual wild-
type cells in the stem cell compartment.7

Hematopoietic cells derived from chronic 
myelomonocytic leukemia induced pluripotent stem
cells recapitulate the disease features  
iPSC were induced to differentiate into CD34+CD43+

hematopoietic progenitors (Online Supplementary Figure
S2A), which were plated for 10 days in methylcellulose in
the presence of stem cell factor, interleukin-3, erythropoi-
etin, and granulocyte-macrophage colony-stimulating fac-
tor (Figure 2A). The total numbers of colonies generated

by healthy donor- and CMML iPSC-derived hematopoiet-
ic progenitors were similar (Figure 2B and Online
Supplementary Figure S3A). The fraction of clusters
(colonies <50 cells) generated by KRAS wildtype CMML
iPSC was significantly higher than that generated by
KRAS(G12D)-mutated CMML iPSC and control clones
(Figure 2C and Online Supplementary Figure S3B, C).
KRAS(G12D) clones produced larger granulocyte-
macrophage (CFU-GM) and macrophage (CFU-M)
colonies (Figure 2D) as well as a higher proportion of
CFU-M colonies (Figure 2E). Compared to control clones,
CMML-derived clones generated fewer granulocytic and
multipotent progenitor colonies (Figure 2E, F and Online
Supplementary Figure S3D) and more granulocyte-
macrophage colonies (Figure 2E) whereas the proportions
of erythroid colonies were not significantly different
(Figure 2F and Online Supplementary Figure S3D). Colonies
derived from CMML iPSC also demonstrated an increased
fraction of CD14+ cells (Figure 2G) at the expense of
CD33+, CD123+, CD235a+ or CD41+ populations (Online
Supplementary Figure S3E, summary in Figure 2H). 
Cells that formed CFU-M generated by CMML iPSC did

not show the typical, fibroblast-like shape of
macrophages generated by healthy donor-derived iPSC
(Figure 3A, B) and expressed less CD16 and CD163 than
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Figure 1. Generation and genetic characteriza-
tion of chronic myelomonocytic leukemia- and
control-induced pluripotent stem cells. (A)
CD34+ cells from a patient with chronic
myelomonocytic leukemia and an age-matched
healthy donor were reprogrammed through
infection with Sendai virus encoding the tran-
scription factors Sox2, Klf4, Oct4, and c-Myc
(SKOM) before characterization and selection of
indicated induced-pluripotent stem clones
(iPSC). An additional control iPSC (Co6) was
kindly provided by Dr. Weiss. (B) Whole exome
sequencing of DNA collected from sorted periph-
eral blood monocytes (in black) and from five
iPSC selected from patient A (each color indi-
cates a specific clone), showing the detection of
two genotypes with nine and 12 somatic vari-
ants, respectively.
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Figure 2. Hematopoietic cells derived from chronic myelomonocytic leukemia induced pluripotent stem cells are biased toward the monocytic lineage. (A)
CD34+CD43+ hematopoietic stem cells derived from control and chronic myelomonocytic leukemia (CMML) induced pluripotent stem cells (iPSC) were sorted and
plated for 14 days in methylcellulose in the presence of 50 ng/mL stem cell factor (SCF), 10 ng/mL interleukin-3 (IL-3), 1 U/mL erythropoietin (EPO), and 10 ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF) before analyzing the generated colonies (CFU). (B) Total number of colonies generated by plating 5,000
cells in methylcellulose for 14 days. Co and A represent the five control and five patient’s clones respectively. (C) Fraction of clusters, as defined by colonies <50
cells, among total colonies, separating results obtained with KRASv-wildtype (A1, A2, A4) and KRAS-mutated (A3, A5) iPSC; Kruskal-Wallis test. (D) Representative
colony-forming unit – granulocyte-macrophage (CFU-GM) and colony-forming unit – macrophage (CFU-M) generated by the indicated clones and visualized by light
microscopy. Scale bars indicate magnification. (E) Fractions of CFU-M, CFU-GM and colony-forming unit – granulocyte (CFU-G) among colonies; Kruskal-Wallis test.
(F) Fractions of erythroid colonies (CFU-E: colony-forming unit - erythroid; BFU-E: burst-forming unit - erythroid) and CFU-GEMM (colony-forming unit - granulocyte-ery-
throid-monocyte-megakaryocyte) among colonies; Kruskal-Wallis test. (G) Flow cytometry analysis of CD14+ cells in colonies generated by the indicated clones in
methylcellulose; Kruskal-Wallis test. (H) Summary of the colonies generated by hematopoietic progenitors derived from five healthy donor and five CMML patient’s
iPSC. (B, C, E-G) Green dots, control iPSC; blue squares, KRAS wildtype CMML-iPSC; red squares, KRAS(G12D) CMML iPSC; bars, mean ± standard deviation.
*P<0.05; **P<0.01; ***P<0,001 ****P<0.0001.
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Figure 3. Defective maturation of chronic myelomonocytic leukemia induced pluripotent stem cell-derived hematopoietic cells into macrophages and platelet-forming
megakaryocytes. (A) Representative morphology of colony-forming unit – macrophage (CFU-M) generated by hematopoietic cells derived from control (Co6) and chronic
myelomonocytic leukemia (CMML) (clone A5) induced pluripotent stem cells (iPSC) cultured in methylcellulose as described in Figure 2A. Light microscopy visualization;
scale bar indicates magnification. The rectangle is a zoom on the fibroblast-like shape of macrophages in the Co6 culture, which was not observed in A5 colonies. (B)
Fraction of cells with a fibroblast-like shape in CFU-M generated from hematopoietic cells derived from four control and five CMML iPSC; unpaired t test. (C) Flow cytom-
etry analysis of cells expressing both CD16 and CD163 in CD14+ cells collected from colonies generated by the five control iPSC- and the five CMML iPSC-derived
hematopoietic cells plated in methylcellulose or in liquid medium, Kruskal-Wallis test. (D) Control iPSC and CMML iPSC-derived CD34+CD43+ hematopoietic cells were
sorted and plated in coagulum for 10 days in the presence of 50 ng/mL stem cell factor (SCF) and 10 ng/mL thrombopoietin (TPO) to generate colony-forming unit -
megakaryocyte (CFU-Mk). (E) Total number of colonies generated by plating 1,500 hematopoietic cells derived from the indicated iPSC. (F) Representative experiments
showing the differential morphology of CFU-Mk generated by plating healthy donor (Co1 clone) or CMML (A2 clone) iPSC-derived hematopoietic cells (scale bar, 100 mm).
(G) Fractions of large colonies, >50 cells, among the total number of colonies shown in panel E; Kruskal-Wallis test. (H) Fractions of intermediate colonies, 10-50 cells,
among the total number of colonies shown in panel E; Kruskal-Wallis test. (I) Fractions of CD41+ megakaryocytes generated in liquid culture with all cytokines for 10
days and expressing the cell surface marker CD42, as detected by flow cytometry; Kruskal-Wallis test. (J) Upper panels show May-Grünwald-Giemsa-stained cytospins
of CD41+ cells generated in liquid culture, 5 days after cell sorting, with a normal (Co3) or dysplastic (A3) morphology. Lower panels: representative images of platelet-
producing megakaryocytes generated by hematopoietic cells derived from indicated clones; scale bars, 50 mm. (K) Fractions of platelet-producing megakaryocytes in
CD41+ cells sorted from liquid culture of CD34+CD43+ cells with all cytokines for 10 days, then cultured for 6 days with SCF and TPO; Kruskal-Wallis test. Mk: megakary-
ocytes. Colors as in Figure 1. Bars: mean ± standard deviation. *P<0.05; **P<0.01; ****P<0.0001.
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Figure 4. Functional heterogeneity of the patient’s induced pluripotent stem cell-derived hematopoietic cells. (A) Control and chronic myelomonocytic leukemia
(CMML) induced pluripotent stem cell (iPSC)-derived CD34+CD43+ cells were cultured in liquid medium for 10 days in the presence of 50 ng/mL stem cell factor
(SCF), 10 ng/mL Fms-like tyrosine kinase 3 ligand (FLT3L), 10 ng/mL interleukin-3 (IL-3), 10 ng/mL interleukin-6 (IL-6), 50 ng/mL thrombopoietin (TPO), 1 U/mL ery-
thropoietin (EPO), 10 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF), 10 ng/mL granulocyte colony-stimulating factor (G-CSF), and 10 ng/mL
monocyte colony-stimulating factor (M-CSF). (B) Total number of hematopoietic cells generated by 5,000 CD34+CD43+ cells cultured in liquid medium for 10 days.
(C). Fractions of viable, DAPI-negative cells measured on day 10; Kruskal-Wallis test. (D) Representative flow cytometry analysis of CD33+CD14+ cells generated in
liquid culture by the Co3 and A2 clones. (E-I) Fractions of CD33+CD14+ cells (E and insert), CD33+CD14-CD41- cells (F), CD123+CD33-CD235a-CD14-CD41- cells (G),
CD235a+CD14-CD41- cells (H), and CD41+CD14- cells (I) generated in liquid culture by the indicated clones; Kruskal-Wallis test. (J) Radar representation of the dif-
ferentiation potential of CD34+CD43+ hematopoietic cells derived from control iPSC (green), KRAS wildtype CMML iPSC (blue) and KRAS(G12D) CMML iPSC (red).
Bars: mean ± standard deviation. *P<0.05; ***P<0,001 ****P<0.0001
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those from control iPSC-derived CFU-M (Figure 3C). A
similar defect in the generation of CD14+ cells expressing
both CD16 and CD163 was detected when iPSC-derived
hematopoietic cells were induced to differentiate in liquid
culture (Figure 3C).
Since the patient demonstrated megakaryocytic hyper-

plasia and dysplasia, we performed coagulum assays in
the presence of stem cell factor and thrombopoietin to
analyze the generation of megakaryocytes and platelets
(Figure 3D). All iPSC generated a similar number of
colonies (Figure 3E) but those generated by CMML iPSC
were much larger (Figure 3F-H). We observed a decrease in
the fraction of CD42+ cells among CD41+ cells (Figure 3I)
and the fraction of CMML iPSC-derived megakaryocytes
that produced platelets was decreased (Figure 3J, K).
CD34+CD43+ cells generated from iPSC were also cul-

tured in liquid medium in the presence of stem cell factor,
interleukin-3, interleukin-6, erythropoietin, granulocyte-
macrophage colony-stimulating factor, thrombopoietin,
Fms-like tyrosine kinase 3 ligand, granulocyte colony-
stimulating factor and monocyte colony-stimulating factor
for 10 days (Figure 4A). The quantity of cells generated by
each clone and the number of viable cells after 10 days
were not significantly different, except for clone A1 that
demonstrated more dead cells (Figure 4B, C).
Multiparameter flow cytometry analysis was used to
measure each cell population obtained in culture (Online
Supplementary Figure S2B). CMML iPSC generated a major-
ity (~40%) of CD14+ cells (Figure 4D, E). Although they
both had a KRAS(G12D) mutation, the A5 clone generated
more CD14+ cells (~80%) than the A3 clone. In fact,
monocyte production by the A3 clone was not significant-
ly different from that of KRAS wildtype clones (Figure 4E,
insert). Compared to control clones, KRAS(G12D) CMML
iPSC generated fewer CD33+, CD14-, CD41-, CD235a-

cells (Figure 4F) and KRAS wildtype CMML clones gener-
ated fewer CD123+, CD14-, CD41-, CD235a- cells (Figure
4G). The generation of CD235a+ erythroid cells was more
heterogeneous and higher in KRAS wildtype compared to
KRAS(G12D) CMML clones (Figure 4H). The generation
of CD41+ cells was not significantly different between
control and patient-derived iPSC (Figure 4I). These liquid
cultures also revealed the defective differentiation of
monocytes into macrophages (Figure 3C) and the defec-
tive generation of platelets (Figure 3D). 
As expected, patient-derived clones showed a bias in

their differentiation towards monocyte production.
However, hematopoietic differentiation of CMML iPSC
also demonstrated significant intraclonal heterogeneity
that could not be explained by the sole genetic alterations
detected in coding regions. The A1, A2 and A4 clones,
which have the same mutations in coding regions,
showed heterogeneous differentiation into CD235a+ and
CD14+ cells whereas A3 and A5, which are KRAS-mutated
clones, showed a marked difference in their monocytic
differentiation in liquid culture. A summary of this clonal
heterogeneity is shown in Figure 4J. 
While the viability of cells generated by control iPSC

was high in all but one experiment, the viability of CMML
iPSC, especially KRAS wildtype CMML iPSC, was much
more heterogeneous than that of control clones, suggesting
a higher sensitivity to small variations in culture conditions
(Figure 5A). Of note, the number of generated cells (indi-
cated by the diameter of the circles in Figure 5A) could
remain high in cultures in which the cell death rate was

elevated. In contrast, a decrease in cell viability was associ-
ated with an increase in the fraction of CD235a+ cells and
a decrease in the fraction of CD14+ cells generated by
KRAS wildtype CMML iPSC (Figure 5A). By eliminating
this culture condition-related variability in cell production,
using a cut-off of 90% viability, we observed a much more
robust trend in the differentiation of A1, A2 and A4 clones
(Online Supplementary Figure S4). In contrast, even with this
cut-off on viability, the A5 clone consistently produced
more CD14+ cells than the A3 clone (Figure 5B).
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Figure 5. Impact of viability on differentiation pattern analysis. (A) Percentages
of DAPI-negative viable cells (x axis) and numbers of hematopoietic cells gener-
ated (dots size) are plotted against the fraction of CD14+ and CD235a+ cells gen-
erated in liquid culture. The vertical hatched line is an arbitrary cut-off value
established at 90% viable cells; the horizontal hatched line emphasizes the dis-
crepancies between samples with <90% viable cells and the others. (B)
Fractions of CD33+CD14+ cells for the indicated clones after removing experi-
ments in which cell viability was below 90%; Kruskal-Wallis test. *P<0.05.
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Figure 6.  Methylation profile recapitulates features related to the biology of the chronic myelomonocytic leukemia clones. (A) Unsupervised clustering by corre-
spondence analysis showing a clear separation between control, ‘Co’, and chronic myelomonocytic leukemia (CMML) clones ‘A’, using tiles with a standard deviation
(SD)>0.03. (B) Supervised analysis (β binomial model) displayed a clear trend toward hypermethylation in CMML clones compared to Co clones. Arrows, percentage
of methylation required to be considered as a differentially methylated region (DMR). Red dots, tiles that fulfill the criteria [absolute methylation difference ≥40%
and false discovery rate (FDR) <5%]. (C) Heatmap of DMR based on the Euclidean distance matrix. Red, hypomethylation; blue, hypermethylation; gray, DMR that
were not covered by enhanced reduced representation bisulfite sequencing in a specific tile. (D) Annotation to genomic regions of background of all tiles (left) and
DMR (right). Asterisk, significance according to the binomial test (P<0.001). (E) Gene ontology of DMR methylated on CMML clones. Bar chart: processes related to
hematopoiesis with a FDR <0.1. X-axis, -log10 of the FDR. (F) Hierarchical cluster of methylation tiles with the highest SD (SD>0.03). Y-axis, distance metric obtained
from the Euclidean distance matrix.
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Figure 7. Differential methylation profile of KRAS-wildtype and KRAS-mutated chronic myelomonocytic leukemia clones. (A) Hypermethylated regions detected by
enhanced reduced representation bisulfite sequencing in KRAS wildtype (A1, A2, A4) compared to KRAS mutated (A3, A5) chronic myelomonocytic leukemia (CMML)-
derived induced pluripotent stem cells (iPSC). Arrows, percentage of methylation required to be considered as a differentially methylated region (DMR). Red dots,
tiles that fulfill the criteria [absolute methylation difference ≥40% and false discovery rate (FDR) <5%]. (B) Heatmap of DMR based on the Euclidean distance matrix.
Red, hypomethylation; blue, hypermethylation; (C) Repartition of DMR that are hypo- or hyper-methylated in KRAS wildtype compared to KRAS(G12D) clones. Asterisk,
significance according to the binomial test (P<0.001). (D) Gene ontology of DMR methylated on KRAS(G12D) clones. Bar chart: processes related to hematopoiesis
with a FDR <0.1. X-axis, -log10 of the FDR. 
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Epigenetic heterogeneity among induced pluripotent
stem cell clones from the patient with chronic
myelomonocytic leukemia 
Epigenetic intraclonal heterogeneity has been reported

in hematologic malignancies2,19 as well as in solid
tumors,20 and co-dependency between epigenetic and
genetic evolution has been questioned, e.g., in large B-cell
lymphoma21 and acute myeloid leukemia.3 We performed
DNA methylation analysis on CD34+CD43+ cells generat-
ed from iPSC to investigate their epigenetic state.
Unsupervised analysis by correspondence analysis sepa-
rated control- from CMML-derived cells. The latter
showed a much greater diversity (Figure 6A). We then
used a β binomial model implemented in methylSig22 to
perform a supervised analysis of differentially methylated
regions (DMR). We identified 5,651 hypermethylated
DMR in CMML-derived cells compared to controls. In
contrast, only 874 DMR were identified as more methy-
lated in control iPSC-derived cells (Figure 6B, C).
Genomic annotation revealed that, in CMML samples,
DMR were depleted at promoter regions and CpG islands
while being enriched at gene body and intergenic
enhancers (P<0.001 in all cases) (Figure 6D). DMR detect-
ed at CpG islands, gene body enhancers and intergenic
enhancers were significantly more often hypermethylat-
ed regions (P<0.001) (Online Supplementary Figure S5A). In
accordance with changes in DNA methylation affecting
enhancers, we observed significant enrichment of DMR
within enhancers23 compared to background (36.8% at
total DMR vs. 15.2% background, P-value <2.2x10-16).
Motif enrichment analysis suggested that the main
sequences targeted by DMR were motifs recognized by
transcription factors of the ETS family (Online
Supplementary Figure S5B). Gene ontology analysis of bio-
logical processes of DMR hypermethylated in CMML-
derived cells showed enrichment of differentiation and

hematopoietic development categories (Figure 6E), sug-
gesting that DNA methylation differences between
CMML- and control-derived cells may capture an epige-
netic memory related to the biology of the disease, still
present after having been reprogrammed. Finally, focus-
ing on CMML iPSC-derived hematopoietic cells, unsuper-
vised hierarchical clustering based on their DNA methy-
lation profiles revealed high concordance with their phy-
logenetic background (Figure 6F). 
In order to correlate changes in DNA methylation with

those seen at the expression level, we first looked at the
expression status of genes closest to DMR using a nearest
gene annotation approach. Using this approach, only 114
genes showed overlapping changes in expression and
DNA methylation. However, since focusing on DMR-
nearest gene correlations may not correctly capture the
three-dimensional nature of gene regulation, we next
explored the role of DMR within specific topologically
associated domains (TAD) identified using publicly avail-
able coordinates. We thus localized each DMR into a
given TAD. For every gene within a TAD, we correlated
gene expression and methylation levels across the samples
using Pearson correlation. With this method, of 196 DMR
identified in 66 TAD, we detected changes in gene expres-
sion in 72 genes (Online Supplementary Table S2). 
To further explore the epigenetic differences between

subclones of the original disease and the potential contri-
bution of specific mutations to the epigenetic program-
ming, we also compared DNA methylation profiles in
KRAS wildtype (A1, A2, A4) and KRAS(G12D) (A3, A5)
clones (Figure 7). Globally, clones that had acquired
KRAS(G12D) seemed to be relatively hypomethylated
compared to the KRAS wildtype clones (Figure 7A, B).
Acquisition of KRAS(G12D) correlated with a new repar-
tition of DMR, including a significant decrease in methy-
lation at intronic regions (P<0.001), CpG shores (P<0.001),

Figure 8.  Graphical summary of intratumor heterogeneity layers detected by analysis of five patient-derived induced pluripotent stem cells.



gene body (P<2.2 10-16) and intergenic enhancers (P<0.001)
and a significant increase in methylation at promoter
regions (P<0.001) and CpG islands (P<0.001) (Figure 7C).
Importantly, using Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis, KRAS(G12D) acqui-
sition was shown to induce significant changes in Wnt
and Hedgehog signaling pathways, which may indicate a
differential role for these pathways in the malignant trans-
formation of the different clones (Figure 7D).

Discussion

The reprogramming of CD34+ cells from a CMML
patient generated iPSC whose hematopoietic differentia-
tion recapitulated the main features of the disease while
demonstrating functional heterogeneity between clones
(see graphical abstract in Figure 8). 
Discrepancies between the functional properties of

clones sharing a similar genetic background have been
reported in organoids derived from colorectal cancer
cells.24 We cannot exclude an effect of recurrent somatic
mutations in non-coding regions, as described in some
solid tumors,25 but such events have not been identified
yet in CMML cells.6 A role for cell reprogramming26,27 in
this heterogeneity is also unlikely as control iPSC estab-
lished independently from two healthy donors had a sim-
ilar and reproducible behavior, in contrast to the differ-
ences observed between genetically identical CMML
iPSC (Figure 4J). In addition differences sometimes
observed between individual clones derived from the
same genotype were shown to pre-exist in the tissue of
origin rather than being induced by reprogramming.28,29
The distinct behavior of CMML-derived iPSC could also
reflect intrinsic heterogeneity in CD34+ cell-priming for
differentiation.30,31 If such an intrinsic heterogeneity of
CD34+ cell-priming is a general property of CD34+ cells,
discrepancies should also have been observed between
control iPSC. An alternative explanation is that heteroge-
neous priming is a specific feature of CMML progenitor
cells, which could be related to intraclonal epigenetic het-

erogeneity. Our epigenetic analyses indicate that, in
patient-derived clones, the global pattern of DNA methy-
lation correlates with genetic alterations. However, limit-
ed differences in their methylation profiles could possibly
account for their functional heterogeneity.
iPSC allow the combined investigation of all levels of

intratumoral heterogeneity, from genetic, to epigenetic, to
phenotypic and functional properties associated with the
disease, offering unique opportunities to study diseases in
which functional heterogeneity exceeds genetic hetero-
geneity, such as CMML.4 These benefits do, however,
come at a cost. As recently reviewed,15 the derivation of
iPSC from patients with a myeloid malignancy to model
their disease has to face the relative refractoriness of
malignant progenitors to reprogramming, which is in part
related to their genetic background and could preclude the
capture of intraclonal heterogeneity as some subclones
may be reprogrammed more easily than others. The dys-
plastic nature of these cells, which often correlates with an
increased sensitivity to apoptosis, is another challenge to
overcome. Lastly, in the patients, the heterogeneous
behavior of individual cells may be further influenced by
clonal interference and non-cell-autonomous factors,32
contributing to the diversity of CMML phenotypic traits,
and accounting for the current failure of treatments aiming
at eradicating the malignant clone.  
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Persistent dysregulation of IL-6 production and signaling have been
implicated in the pathology of various cancers. In systemic mastocy-
tosis, increased serum levels of IL-6 associate with disease severity and

progression, although the mechanisms involved are not well understood.
Since systemic mastocytosis often associates with the presence in
hematopoietic cells of a somatic gain-of-function variant in KIT, D816V-
KIT, we examined its potential role in IL-6 upregulation. Bone marrow
mononuclear cultures from patients with greater D816V allelic burden
released increased amounts of IL-6 which correlated with the percentage of
mast cells in the cultures. Intracellular IL-6 staining by flow cytometry and
immunofluorescence was primarily associated with mast cells and suggest-
ed a higher percentage of IL-6 positive mast cells in patients with higher
D816V allelic burden. Furthermore, mast cell lines expressing D816V-KIT,
but not those expressing normal KIT or other KIT variants, produced con-
stitutively high IL-6 amounts at the message and protein levels. We further
demonstrate that aberrant KIT activity and signaling are critical for the
induction of IL-6 and involve STAT5 and PI3K pathways but not STAT3 or
STAT4. Activation of STAT5A and STAT5B downstream of D816V-KIT
was mediated by JAK2 but also by MEK/ERK1/2, which not only promoted
STAT5 phosphorylation but also its long-term transcription. Our study thus
supports a role for mast cells and D816V-KIT activity in IL-6 dysregulation
in mastocytosis and provides insights into the intracellular mechanisms.
The findings contribute to a better understanding of the physiopathology
of mastocytosis and suggest the importance of therapeutic targeting of
these pathways.

Oncogenic D816V-KIT signaling in mast cells
causes persistent IL-6 production
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ABSTRACT

Introduction

Mastocytosis defines a group of heterogeneous disorders characterized by the
accumulation of neoplastic/clonal mast cells in the skin, bone marrow (BM) and
other organs.1 Mastocytosis is clinically subdivided into systemic (SM) and cuta-
neous (CM) mastocytosis, both of which are comprised of several variants defined
in accordance with histological and clinical parameters and organ involvement.1

Somatic variants in the receptor for stem cell factor (SCF), KIT, that render it con-
stitutively active often associate with SM, particularly p.(D816V), a missense in the
tyrosine kinase domain of KIT. D816V-KIT may be accompanied by variants in
other genes that further contribute to the oncogenic expansion of mast cells.2-4 

Interleukin-6 (IL-6) is a pleiotropic cytokine produced by several cell types includ-
ing stromal, hematopoietic and tumor cells. In addition to its involvement in nor-
mal inflammatory processes and host immune defense mechanisms, IL-6 may con-
tribute to malignancy in a range of cancers including multiple myeloma, B-cell and
non-B-cell leukemias and lymphomas,5,6 by modulating cellular development,
growth, apoptosis, metastasis and/or cellular resistance to chemotherapy.6 As ele-
vated IL-6 levels in the serum of patients with such malignancies have been associ-
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ated with poor clinical outcomes, blocking IL-6 or its syn-
thesis in these patients is viewed as a potential therapeutic
avenue.7,8  
In SM, the levels of serum IL-6 are higher in patients

with aggressive versus indolent variants of SM and have
been associated with adverse clinical features of mastocy-
tosis such as accumulation of mast cells in the BM,
organomegaly, elevated tryptase levels,9,10 osteoporosis
and/or bone pain.11 Although progression into more
aggressive disease within patients with indolent SM (ISM)
occurs only in a subset of patients, IL-6 plasma levels sig-
nificantly correlate with disease progression and lower
progression-free survival, suggesting that blockade of IL-6
synthesis or function may be beneficial in cases with aber-
rant IL-6 pathways.10 Other studies have shown that IL-6
promotes the differentiation, growth and degranulation of
normal mast cells,12 and induces the production of reactive
oxygen species by malignant mast cells and their accumu-
lation in tissues in a model of mastocytosis.13 Despite the
potential implications for disease pathology, the cell types
and the mechanisms that may contribute to the constitu-
tively elevated IL-6 levels in mastocytosis are not known.
In this study, we test the hypothesis that cells express-

ing gain of function variants of KIT, particularly D816V-
KIT, confer the ability to constitutively produce IL-6. As
will be shown, ex vivo BM mast cells from patients with
SM release IL-6 in correlation with the allelic frequency of
D816V-KIT. We further demonstrate that expression of
D816V-KIT causes persistent IL-6 induction by mecha-
nisms independent of autocrine feed-forward loops
involving IL-6 and signal transducer and activator of tran-
scription 3 (STAT3) described in other malignant cells, but
dependent on oncogenic KIT-derived signals. These sig-
nals include phosphatidylinositide 3-kinase (PI3K) path-
ways and oncogenic STAT5 activation by both janus
kinase 2 (JAK2) and, unexpectedly, by the mitogen-acti-
vated protein kinase MEK/ERK1/2 pathways. These data
expand our understanding of the potential mechanisms
initiating enhanced IL-6 production in mastocytosis and
emphasize targets for therapeutic intervention in cases of
high IL-6 profiles and suspected disease progression.

Methods

A detailed description of the methods used in this study can be
found in Online Supplementary Appendix. 

Study patients
Bone marrow samples were obtained when clinically indicated

from patients with SM classified according to the World Health
Organization (WHO) guidelines1,3,14 (Online Supplementary Table
S1). All human samples were obtained after informed consent, on
clinical protocols approved by the Institutional Review Board of
the National Institute of Allergy and Infectious Diseases (02-I-0277
and 08-I-0184) in agreement with the Declaration of Helsinki.
D816V-KIT mutation analysis and its allele burden in the BM
(D816V-KIT frequency) were determined by allele-specific poly-
merase chain reaction (PCR) from patient blood and BM genomic
DNA.15

Cell lysates
Cell lines were cultured as described in the Online Supplementary

Appendix. To obtain lysates for western blots, 3x106 cells were plat-
ed in 6-well plates and incubated with or without the indicated

inhibitors for 2 hours (h) in serum-free media. Cells were lysed as
previously described.16

IL-6 measurements
Cells (3x106) were plated in 6-well plates for 2 h to overnight in

6 mL of serum-free media to exclude the possibility that any
extrinsic stimulant present in the serum would influence the
results. IL-6 released into the media was measured by ELISA
(R&D Systems). Human colorectal carcinoma HCT116 cells were
stimulated with 20 ng/mL PMA plus 1 mM ionomycin overnight
and the supernatants then collected for IL-6 measurements. 

Mononuclear cells in BM aspirates from patients were cultured
in StemPro-34 medium with human recombinant SCF (100
ng/mL) for 2-4 days. IL-6 released into the media was determined
by ELISA. Alternatively, IL-6 expression in single cells was deter-
mined by flow cytometry using a LSRII flow cytometer. BM cells
were incubated with Brefeldin A for 4 h and stained with an anti-
body cocktail containing anti-CD3-QDOT605, anti-CD34-APC,
anti-KIT-BV605 and anti-FcεRI-FITC, for 30 minutes (min). Cells
were fixed, permeabilized and stained with anti-IL-6-PE for 30
min. Expression of IL-6 in mast cells (CD3–/CD34–/KIT+/FcεRI+)
was analyzed using FlowJo software.

Quantitative real-time polymerase chain reaction
HMC-1.2 cells (3x106) were plated in 6-well plates in 6 mL and

incubated for 2 h in serum-free media. Cellular RNA was extract-
ed and reverse-transcribed into cDNA. cDNA was then amplified
using TaqMan® Gene Expression Master Mix and Taqman® Gene
Expression Assays for IL-6, STAT3, STAT4, STAT5A, STAT5B or
GAPDH as described in the Online Supplementary Appendix.

Knockdown of STAT transcription factors 
Knockdown of STAT3 and STAT4 was performed by lentiviral-

mediated transduction of small hairpin RNA (sh-RNA) (Sigma-
Aldrich, St. Louis, MO, USA) as previously described.17 STAT5
mRNA was silenced by a small interference-RNA (si-RNA) “ON-
TARGET” pool from Dharmacon (Lafayette, CO, USA), intro-
duced into cells by electroporation.  

Statistical analysis
Data were expressed as mean±Standard Error of Mean (SEM).

Values were from at least three independent experiments, each
performed at least in duplicate. Statistically significant differences
were calculated by using the Student t-test (unpaired). Statistical
significance was indicated as follows: *P<0.01; **P<0.01;
***P<0.001; ****P<0.0001.

Results

Release of IL-6 from patient’s bone marrow cells and
its association with D816V-KIT and mast cell 
frequencies
The levels of IL-6 in serum9 as well as the allelic frequen-

cy of D816V-KIT18 correlate with the levels of tryptase, a
surrogate marker of mast cell burden. As mast cells often
accumulate in the BM in SM, we tested the ability of BM
cells to produce IL-6 in short-term cultures. BM mononu-
clear cells isolated from patients with SM showed varied
ability to release IL-6 into the culture media after 2-4 days,
with more release observed in cells from patients with a
higher BM D816V-KIT allelic frequency (Figure 1A).
Although cells other than mature mast cells may express
D816V-KIT,18 the release of IL-6 into the media correlated
with the percentage of mast cells within BM live cells

STAT5 and IL-6 dysregulation in mastocytosis
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(Figure 1B), suggesting a contributory role for mast cells in
IL-6 production. In addition, we analyzed intracellular IL-
6 staining in single BM mast cells by flow cytometry from
three separate patients (see Online Supplementary Table S1
for patients' characteristics). Patient 1 had idiopathic ana-
phylaxis and did not meet criteria for SM and thus was
used as a control. This patient had no detectable D816V-
KIT, 0.098% of BM cells were CD3–/CD34–/KIT+/FcεRI+
(mast cells) and a minor percentage of these were IL-6 pos-
itive (0.063%) (Figure 1C, left panel). However, CD3-
/CD34–/KIT+/FcεRI+ cells from Patients 2 and 3, with BM
D816V frequencies of 2.7% and 5.5%, were 77% and
99% positive for IL-6, respectively (Figure 1C, middle and
right panels, respectively). In this ex vivo experiment,
where BM cells were cultured up to 4 days (d) in the pres-
ence of SCF, cell lineages other than mast cells
(KIT+/FcεRI–, KIT–/FcεRI+ and KIT–/FcεRI–) also showed
positive intracellular IL-6 staining (Online Supplementary
Table S2). However, the highest IL-6 mean fluorescence

intensity (MFI) was associated with KIT+ cells. As SCF in
the media may induce IL-6 directly or through
autocrine/paracrine signals in clonal and non-clonal cells in
these cultures, we examined the expression of IL-6 in BM
biopsies by immunofluorescence (IF). IF images of BM of
patients with SM indicated that IL-6 intracellular content
was mostly associated with mast cells (Online
Supplementary Figure S1). Thus, the combination of ex vivo
and in situ experiments suggests mast cells as the predom-
inant producers of IL-6, with variable participation of
other cell lineages. Data are also consistent with an asso-
ciation between increased IL-6 expression by BM mast
cells and D816V-KIT frequency. 

Expression of D816V-KIT causes IL-6 upregulation and
secretion
Given these associations and that mast cells and their

progenitors often carry somatic D816V-KIT variants in
SM, we investigated the hypothesis that D816V-KIT

A. Tobio et al.
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Figure 1. Production of IL-6 by bone marrow cells and mast cells is enhanced in patients with systemic mastocytosis (SM) in association with the D816V-KIT allelic
burden. (A) IL-6 release from bone marrow mononuclear cells isolated from five patients with SM with D816V-KIT bone marrow allelic frequencies of <5 (Patients 4
and 5 in Online Supplementary Table S1) or >5 (Patients 6, 7, and 10). BM aspirates were cultured for 2-4 days and IL-6 released into the culture media was meas-
ured by ELISA. Data are the mean±Standard Error of Mean (SEM). (B) Correlation between IL-6 released into the media by BM cells and the percentage of mast cells
in those cultures which was determined by flow cytometry. (C) Flow cytometry histograms showing intracellular IL-6 staining in BM mast cells. Mast cells were gated
as CD3–/CD34–/KIT3/FcεRI+ within the BM cells of three patients (Patients 1-3 in Online Supplementary Table S1), with D816V-KIT allelic frequencies in the bone
marrow also indicated in the figure. Patient 1 had idiopathic anaphylaxis and did not meet criteria for SM but was used as a control. The percentage of IL-6 positive
cells within the mast cell population is indicated in the histograms. ISM: indolent SM. 
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expression intrinsically promotes IL-6 production. Thus,
we analyzed the production of IL-6 at the protein and
message levels in various cell lines expressing or not
D816V-KIT. In agreement with our previous observations,
the HMC-1.2 mastocytosis mast cell line which harbors
KIT with D816V plus another missense variant in the
juxta membrane domain of KIT (V560G), showed
markedly higher IL-6 mRNA synthesis13 (Figure 2A, left
panel) and IL-6 release than HMC-1.1 cells, which express
only the monoallelic V560G-KIT variant (Figure 2A, right
panel). 
The mastocytoma mouse mast cell line P815 carrying

the homolog to the D816V-KIT variant (D814Y-KIT), also
released significantly more IL-6 than primary mouse

BMMC (Figure 2B). Furthermore, expression of human
D816V-KIT in an immortalized mouse mast cell line that
lacks KIT,13,19 unlike cells expressing normal KIT or vector
alone, released significant amounts of IL-6 into the media
(Figure 2C). In aggregate, the results using the various
mast cell lines demonstrate an association between
expression of D816V-KIT in mast cells and persistent tran-
scription and release of IL-6. This may not be restricted to
mast cells, since introduction of D816V-KIT by CRISPR in
the colorectal carcinoma cell line HCT116 also promoted
IL-6 transcription and release (Figure 2D, left and right
panels, respectively) when cells were stimulated with
PMA and ionomycin, indicating that in these cells D816V-
KIT primes HCT116 cells for more robust IL-6 production. 
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Figure 2. Cells with D816V-KIT constitu-
tively express and release IL-6. (A) IL-6
mRNA expression (left) and IL-6 released
into the media (right) by the mastocytosis
cell lines HMC-1.1 (with V560G) and HMC-
1.2 (with V560G and D816V) after 2 hours
(h) in serum-free media. (B and C)
Comparison of IL-6 released into the media
by the mouse P815 mastocytoma mast cell
line (with D814Y-KIT) compared to normal
murine bone marrow mononuclear cells
(BMMC) (B), and by the murine mast cell
line MCBS-1 (which lacks c-Kit) transfected
with human KIT or D816V-KIT compared to
MCBS-1 transfected with vector alone (C).
(D) Comparison of IL-6 mRNA expression
(left) and IL-6 released into the media
(right) by the human colorectal carcinoma
cell line HCT116 expressing or not D816V-
KIT. HCT116 cells were stimulated with
phorbol 12-myristate 13-acetate (PMA)
and ionomycin overnight. IL-6 mRNA
expression was determined by quantita-
tive-real-time polymerase chain reaction
(q-RT-PCR) and relative expression was cal-
culated in relationship to the expression of
GAPDH using the DCt method and
expressed as fold change compared to
HMC-1.1 (A, left), or the HCT116 parental
cell line (D). All data (A-D) are the results of
three independent experiments done in
triplicates. *P=0.01; **P<0.01;
***P<0.001 and ****P<0.0001.
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KIT tyrosine kinase activity is required for IL-6 
production in mast cells
Ligand-activated KIT signaling induces IL-6 production

in mast cells and enhances IgE-receptor-driven IL-6 pro-
duction.20 Indeed, stimulation of KIT by SCF in the LAD2
cell line, which expresses normal KIT, induced IL-6
release, albeit the amounts were quantitatively limited
(Figure 3A). HMC-1.1 showed higher production of IL-6
than LAD2 cells, particularly when stimulated with SCF
(Figure 3A). However, not only was IL-6 production
approximately 100-fold higher in unstimulated HMC-1.2
than in LAD2 or HMC-1.1 cells, but ligand-induced stim-
ulation of KIT did not cause any further IL-6 secretion by
HMC-1.2 cells (Figure 3A). These data are consistent with
the conclusion that ligand-independent signals induced by
oncogenic KIT activity, particularly those from D816V-
KIT, are more effective in inducing IL-6 secretion than lig-
and-activated KIT signals.  
We next blocked D816V-KIT activity in HMC-1.2 cells

with dasatinib, a tyrosine kinase inhibitor that effectively

suppresses the activity of the active, open conformation of
D816V-KIT. Dasatinib markedly reduced IL-6 mRNA lev-
els (Figure 3B) and IL-6 secretion (Figure 3C), while con-
centrations of the tyrosine kinase inhibitor imatinib that
are ineffective in blocking D816V-KIT, did not alter IL-6
mRNA levels (Figure 3B), further suggesting an involve-
ment of D816V-KIT signaling. Inhibition by gefitinib of
the epidermal growth factor receptor (EGFR), a tyrosine
kinase receptor that can drive IL-6 production in trans-
formed cells,21 had no significant effects on IL-6 mRNA
levels in HMC-1.2 cells (Figure 3B). Similar to HMC-1.2
cells, dasatinib effectively inhibited IL-6 release in P815
murine mastocytoma cells (Figure 3D). In contrast, persist-
ent IL-6 production in HMC-1.2 cells did not appear to be
mediated via feed-forward loops of activation by other
receptors as those reported for the IL-6 receptor (IL-6R),22
sphingosine-1-phosphate receptors23 or the TGFβ recep-
tor24 in other neoplastic cells, since it was not altered by
specific blockage of these receptors (Online Supplementary
Figure S2A-C). Overall, these data suggest that signals
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Figure 3. D816V-KIT oncogenic activity drives ligand-independent IL-6 induction. (A) IL-6 released to the extracellular media was measured in LAD2, HMC-1.1 and
HMC-1.2 cells incubated for 48 hours (h) (37C, 5%CO2) in serum-free medium in the presence or absence of 100 ng/mL stem cell factor (SCF). (B) IL-6 mRNA levels
were measured in HMC-1.2 after 2 h incubation in serum-free medium in the presence or absence of the KIT inhibitors, dasatinib and imatinib, or the EGFR inhibitor
gefitinib at the indicated concentrations. Relative expression of IL-6 mRNA was obtained by normalizing to the expression of GAPDH using the DCt method and the
results are expressed as fold change compared to untreated cells. The effect of the KIT inhibitor dasatinib (0.5 mM) on the secretion of IL-6 by HMC-1.2 (C) or by
P815 mast cells (D) was determined after 6 h incubation in serum free medium. All data are the mean±Standard Error of Mean of three independent experiments
done in triplicates. SCF: stem cell factor. *P=0.01, **P<0.01  and ****P<0.0001.
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from D816V-KIT can promote ligand-independent IL-6
production without involving some of the most common
autocrine feed-forward loops described in malignant cells. 
The constitutive release of IL-6 by unstimulated HMC-

1.2 was enhanced by stimuli such as complement compo-
nent 5a (C5a), IL-1b, 10% FBS and PMA/ionomycin
(Online Supplementary Figure S3A, left panel) suggesting
that the production and secretion of IL-6 due to D816V-
KIT can synergize with other complementary signals or
environmental cues.  Of interest, the intracellular content
of IL-6 protein was only approximately 10% of the total
IL-6 released (Online Supplementary Figure S3A), and
although dasatinib did not affect this percentage, it also
reduced the total intracellular content. Thus, dasatinib
inhibited the transcription, intracellular content and
release of IL-6 (Figure 3B and C, and Online Supplementary
Figure S3A, right panel), consistent with the conclusion
that D816V-KIT signals cause constitutive de novo produc-
tion and release of IL-6 without regulating storage. In
addition, we demonstrate that IL-6 protein released by
HMC-1.2 cells is biologically active since conditioned
media of these cells caused IL-6R-mediated STAT3 phos-
phorylation in LAD2 cells which express and respond to
IL-6R activation12 (Online Supplementary Figure S3B).

D816V-KIT-induced IL-6 production is dependent on
JAK2, ERK and PI3K pathways
Mitogen-activated protein kinase  (ERK1/2 and p38) and

PI3K pathways are part of the oncogenic signals derived
from D816V-KIT activity.2,25 Since these pathways may
affect IL-6 expression,26-28 we investigated their potential
roles in D816V-KIT-induced IL-6 production. While inhibi-
tion of p38 with SB203580 had minor effects on IL-6 syn-
thesis, inhibition of the ERK1/2 pathway using a MEK1/2
inhibitor (U0126) (Figure 4A) or inhibition of the PI3K
pathway by the PI3Kα/δ/β inhibitor LY294002 (Figure
4B), caused a 50-60% reduction, respectively, in IL-6 pro-
duction at the message (Figure 4B, left panel) and protein
levels (Figure 4B, right panel). 
The JAK/STAT axis is also known to be prominently up-

regulated by D816V-KIT activity.29,30 JAK2 is activated by
SCF31 leading to STAT phosphorylation and translocation
into the nucleus, where it exerts its transcriptional
activity.32 Inhibition of JAK2 by the JAK2 selective
inhibitor fedratinib (TG101348) markedly blocked IL-6
constitutive transcription and cytokine release (Figure 4C,
left and right panels, respectively). Ruxolitinib which
inhibits JAK1 in addition to JAK2, similarly inhibited IL-6
expression, although at higher concentrations than fedra-
tinib (Figure 4D). However, tofacitinib, a pan-JAK
inhibitor preferential for JAK3 and to a lesser extent JAK1,
was less effective (Figure 4D). Similar to HMC-1.2 cells, in
mouse P815 cells inhibition of MEK/ERK1/2, PI3K or JAK2
pathways markedly reduced IL-6 release in mouse P815
cells (Figure 4E). The data thus implicate JAK2 in D816V-
KIT induced IL-6 production.  
Since JAK2 has also been reported in certain cells to acti-

vate PI3K or ERK,32,33 we further investigated the potential
inter-relationships between JAK2 and the ERK and PI3K
pathways. While, as expected,  inhibition of KIT by dasa-
tinib blocked the phosphorylation of JAK2, AKT and
ERK1/2 signaling pathways downstream of the receptor
by 40-80% (Figure 4F), inhibitors of JAK2, PI3K/AKT or
MEK1/2/ERK1/2 reduced phosphorylation of their respec-
tive targets but did not show significant effects on any of

the others, suggesting that these signals are activated inde-
pendently from each other.

D816V-KIT-induced IL-6 production is dependent on
STAT5
JAK phosphorylates STAT, and STAT family members

such as STAT3,34,35 STAT436 and STAT537 have been impli-
cated in the regulation of IL-6 transcription in various cells
and conditions. As the levels of expression or phosphory-
lation of STAT3, STAT4 and STAT5 (Online Supplementary
Figure S4A-C) are increased in HMC-1.2 and other cells
with D816V-KIT30 and STAT4 and STAT5 are up-regulated
in BM mast cells from patients with SM,29,38,39 we investi-
gated their possible involvement in the induction of IL-6
transcription by silencing STAT3-5 expression using sh-
RNA or si-RNA.   
Sh-RNA-mediated STAT3 silencing resulted in >75%

reduction in STAT3 at the messenger and protein levels
(Figure 5A) but did not affect IL-6 production by HMC-1.2
(Figure 5A, red bar). Similarly, a selective small inhibitor
molecule for STAT3, C188-9, at concentrations that
caused >80% reduction in STAT3 phosphorylation (Online
Supplementary Figure S5A, top panel) did not alter constitu-
tive IL-6 production by these cells (Online Supplementary
Figure S5A, bottom panel). Neutralizing antibodies for the
IL-6R, which signals through STAT3, were also ineffective
on IL-6 production (Online Supplementary Figure S2A).
Reduction of STAT4 message and protein by >50% using
sh-RNA knockdown was also inconsequential for IL-6
persistent production by these cells (Figure 5B).  
However, specific reduction in the mRNA for STAT5A

or STAT5B messages by >50% and in protein expression
(Figure 5C) using STAT5-specific si-RNA pools, resulted in
concomitant reductions in IL-6 transcription (Figure 5D).
Simultaneous knockdown of STAT5A and B did not
accomplish significantly greater effects on IL-6 expression
than silencing each individually (Figure 5C and D), sug-
gesting a redundant function for the two isoforms. The
selective STAT5 inhibitor (CAS 285986-31-4), at a concen-
tration that inhibited STAT5 phosphorylation by 50% 
(50 mM) (Online Supplementary Figure S5B, top panel) also
significantly reduced IL-6 transcription and IL-6 protein
synthesis by 50% (Online Supplementary Figure S5B, bottom
panel, and S5C), a result that was also confirmed in P815
cells (Online Supplementary Figure S5D). As STAT5 is over-
expressed and hyperactivated in cells carrying D816V
(Online Supplementary Figure S4C)29,38,39 and STAT5 mRNA
was not depleted even when both STAT5A and B were
silenced (Figure 5C), we treated STAT5-knockdown cells
with the STAT5 inhibitor, which showed a reduction in
IL-6 mRNA expression by 80% (Online Supplementary
Figure S5E) consistent with the reduction observed by
inhibition of JAK2. The results point towards JAK2/STAT5
as a major pathway leading to the constitutive expression
of IL-6 in D816V-KIT expressing cells. 

ERK contributes to STAT5 phosphorylation and 
expression while the effect of the PI3K pathway 
on IL-6 is STAT5-independent
As MAP kinases have been implicated in the phospho-

rylation and the activation of STAT family members,40 we
sought to determine whether ERK1/2 may contribute to
the induction of IL-6 by enhancing STAT5 phosphoryla-
tion. While inhibition of ERK1/2 did not affect JAK2 phos-
phorylation (Figure 4F), it substantially inhibited STAT5
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Figure 4. MEK/ERK-, PI3K- and JAK2-mediated pathways are independently activated by D816V-KIT and contribute to ligand-independent IL-6 induction. (A and B)
Effect of inhibition of MEK/ERK1/2 (U0126), p38 (SB203580) (A) or PI3K pathways (LY294002) (B) on the expression of IL-6 mRNA (left) after treatment for 2 hours
(h)  and the release of IL-6 into the media (right) by HMC-1.2 cells for 16 h. (C) Effect of the JAK2 inhibitor fedratinib at the indicated concentrations on the expression
of IL-6 mRNA (left) and the release of IL-6 into the media (right) by HMC-1.2 cells. (D) Effect of various concentrations of inhibitors for JAK1/2 (ruxolitinib) and JAK3
(tofacitinib) on the expression of IL-6 mRNA by HMC-1.2 cells. (E) Effect of inhibition of MEK/ERK1/2, PI3K or JAK2 on the production of IL-6 by mouse P815 cells
after 6 h of incubation. (F) Effect of inhibitors for KIT (KIT-I: dasatinib; 0.5 mM), JAK2 (JAK2-I: fedratinib; 1 mM), PI3K (PI3K-I: LY294002; 10 mM) and MEK/ERK1/2
(ERK-I: U0126; 10 mM) on the phosphorylation of KIT, JAK2, AKT and ERK1/2 in the indicated amino acid residues.  Inhibitors were incubated for 2 h in serum-free
medium. Numbers under each phosphorylated band are Standard Error of Mean (SEM)  of at least three experiments and represent fold changes in the relative band
fluorescence (normalized to the corresponding total expression) compared to untreated cells. Relative expression of IL-6 mRNA was obtained by comparing to the
expression of GAPDH using the DCt method and the results were expressed as fold change compared to untreated cells. Data represent the mean±SEM  and are
from three independent experiments. **P<0.01, ***P<0.001 and ****P<0.0001.
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tyrosine phosphorylation (Figure 6A) and reduced STAT5
serine (Ser780) phosphorylation (Figure 6B), with the
effects on STAT5 tyrosine phosphorylation being less pro-
nounced than those of the JAK2 and STAT5 inhibitors
(Figure 6A). Simultaneous inhibition of both JAK2 and
ERK1/2 markedly blunted STAT5 phosphorylation (Figure
6B). In addition, inhibition of MEK/ERK also reduced
STAT5A and STAT5B mRNA expression by 16 h, an effect
that was not seen by 2 h (Figure 6C). The results implicate

MEK/ERK1/2 as a dual regulator of STAT5 activity (via
JAK2-independent phosphorylation) and STAT5 transcrip-
tion. In contrast, inhibition of PI3K had no effect on
STAT5 phosphorylation or transcription in HMC-1.2 cells
(Figure 6A and C), indicating the PI3K pathway regulates
IL-6 independently of STAT5.  
Combination treatment of inhibitors for STAT5, ERK1/2

and PI3K markedly suppressed constitutive IL-6 expres-
sion (Figure 6D, left panel) and release (Figure 6D, right
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Figure 5. STAT5A and B are key in mediating D816V-KIT-induced persistent IL-6 production. Effect of STAT3 (A) and STAT4 (B) knockdown by lentiviral sh-RNA on
their respective targets and on the expression of IL-6 mRNA by HMC-1.2 cells. For sh-STAT4, the effect of two different constructs are shown (#1 and #3). Western
blot gels underneath the bar graphs represent the effect of sh-STAT3 (A) or sh-STAT4 (B) constructs on the protein levels of STAT3 and STAT4, respectively. Lysates
from duplicate samples are shown. The numbers under each pair are mean±Standard Error of Mean (SEM)  of at least three separate experiments and represent
fold change in the relative band fluorescence compared to the sh-RNA non-target (control). Actin content was used as loading control. (C and D) Effect of silencing
STAT5A, STAT5B or the combination of both STAT5A&B by si-RNA on the expression of STAT5A and STAT5B mRNA (C) and of IL-6 mRNA (D) in HMC-1.2. The blots under
the bar graph in (C) show the effect of STAT5 silencing in the protein levels of STAT5A/B and the numbers under the blot, the fold change as in (A) and (B). Of note,
the antibody used recognizes both STAT5A and B. *P=0.01, **P<0.01, ***P<0.001 and ****P<0.0001.
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Figure 6. MEK/ERK signaling pathway co-operates with JAK2 in the regulation of STAT5 to induce IL-6 while PI3K regulates IL-6 independently of STAT5. (A) Effect
of inhibitors for KIT (KIT-I: dasatinib; 0.5 mM), JAK2 (JAK2-I: fedratinib; 1 mM), PI3K (PI3K-I: LY294002; 10 mM), MEK/ERK1/2 (ERK-I: U0126; 10 mM), STAT5 (STAT5-
I: CAS285986-31-4; 50 mM), or their combination on the protein and phosphorylation levels of STAT5 in HMC-1.2 cells. (B) Effect of inhibitors of JAK2 and ERK1/2
alone or in combination on STAT5 phosphorylation in HMC-1.2 cells. (A and B) Lysates were obtained after 2 hours (h)  incubation with the indicated inhibitors in
serum-free medium. Data under the blots are the mean±Standard Error of Mean (SEM)  of three independent experiments carried out in duplicates, and represent
fold change in the relative band fluorescence compared to the untreated. STAT5 content was used to normalize the data. (C) Inhibition of MEK/ERK1/2 reduces
STAT5A and STAT5B expression ((left and right, respectively) after 16 h incubation. Relative expression of STAT5 mRNA was obtained by comparison with the expres-
sion of GAPDH using the DCt method and the results are expressed as fold change compared to untreated cells at each time (2 h or 16 h). (D and  E) Inhibitors for
STAT5, PI3K and MEK/ERK1/2 additively prevent IL-6 mRNA induction (D, left) and IL-6 release in HMC-1.2 cells (D, right) and P815 cells (E). The release of IL-6 into
the media was determined after 6 h. (F) Inhibitors for JAK2, PI3K and MEK/ERK1/2 additively prevent IL-6 mRNA induction in HMC-1.2 cells. All data represent
mean±Standard Error of Mean of at least three independent experiments. *P=0.01, **P<0.01, ***P<0.001 and ****P<0.0001.
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panel) in HMC-1.2 cells and in P815 cells (Figure 6E).
Similarly, the JAK2 inhibitor fedratinib, currently in clini-
cal trials, nearly ablated IL-6 production in HMC-1.2 cells
when in combination with either (or both) PI3K and
ERK1/2 inhibitors (Figure 6F), indicating the separate con-
tributions of these pathways to persistent IL-6 induction.  

Discussion

IL-6 plays important roles in host defense, but if pro-
duced in an uncontrolled or persistent manner it may be
detrimental and contribute to the development of inflam-
matory diseases (e.g. rheumatoid arthritis and inflamma-
tory bowel disease) and malignancies.7,8,41 Although little is
known about the exact role of IL-6 in mastocytosis and
how it is dysregulated, the levels of IL-6 in circulation cor-
relate with mast cell burden and tissue involvement,
osteoporosis,9,11 and risk of progression.10 Our data suggest
a contributory role for mast cells in IL-6 production in
mastocytosis and implicate aberrant signaling of D816V-
KIT as an initial event promoting persistent IL-6 transcrip-
tion and consequent protein secretion. Among these aber-
rant signals, we identified increased JAK2 activity and
MEK/ERK- and PI3K-derived signals as drivers of IL-6
transcription, the former two by regulating the activa-
tion/expression of STAT5. The study provides the first
clues into mechanisms leading to persistent IL-6 produc-
tion in mastocytosis and potential target molecules for
therapeutic intervention. 
Increased expression of IL-6 and its signaling through

STAT3 in many malignancies can be driven by overexpres-
sion of IL-6R, co-receptors and regulators (such as JAK and
STAT3), polymorphisms in the IL-6 promoter and/or
oncogenic signaling from tyrosine kinase receptors such as
EGFR/HER, and may occur when negative regulation is
not fully effective.34 Often, in malignant cells, production
of IL-6 and constitutive STAT3 activation drive their own
expression in feed-forward regulatory loops that are key
for tumorigenesis.22,23,34,41 Here, we show that upregulation
of IL-6 in mast cells with the D816V-KIT missense variant
does not involve the IL-6R and co-receptor gp130 (Online
Supplementary Figure S2A) or feedback loops involving
STAT3 (Figure 5). Moreover, STAT4, shown to enhance IL-
6 transcription in human fibroblasts,36 had no role in IL-6
upregulation in HMC-1.2 mast cells. Instead, we demon-
strate that persistent IL-6 production was dependent on
oncogenic D816V-KIT activity and aberrant STAT5 activa-
tion, as it was suppressed by tyrosine kinase inhibitors
that effectively block D816V-KIT tyrosine kinase activity
and by STAT5 silencing or inhibition. In addition, BM
mast cells from patients with mastocytosis produced and
released IL-6 ex vivo in correlation with D816V-KIT allelic
burden (Figure 1). As STAT5 expression and phosphoryla-
tion are also up-regulated in BM mast cells of patients
with SM,29,38,39 our data suggest that oncogenic STAT5 acti-
vation may be a priming event contributing to the elevat-
ed serum IL-6 levels in mastocytosis. This does not
exclude the involvement of other mechanisms such as IL-
6-mediated feed-forward loops on other cell types in the
surrounding tissue, which may drive IL-6 production fur-
ther. In addition, it is important to note that, although
most of the intracellular IL-6 staining was associated with
mast cells in patient’s BM biopsies (Online Supplementary
Figure S1), enhanced production of IL-6 in SM may not be

restricted to mast cells as the presence of D816V-KIT may
also induce or promote IL-6 production in other clonal
cells (Figure 2D and Online Supplementary Table S2).
Furthermore, additional signals in the local environment
could crosstalk with oncogenic KIT signals in mast cells or
other hematopoietic clonal cells in SM with associated
multilineage involvement, further contributing to IL-6
dysregulation. 
Even though canonical binding sites for STAT3, but not

STAT5, are recognized in the IL-6 promoter, stimulation of
STAT5 by the IgE receptor in mast cells was reported to
mediate IL-6 production37 and constitutively active STAT5
mutants to induce IL-6 expression.42 Whether active
STAT5 in D816V-KIT mast cells binds directly to the IL-6
promoter driving transcription, or does so indirectly by
binding other transcription factors42 or by causing chro-
matin remodeling,43 needs further evaluation. Regardless
of this, as STAT5 hyperactivation is critical for neoplastic
D816V-KIT mast cell growth and survival39,44 and for nor-
mal mast cell development,45 our description of a novel
regulatory role for STAT5 on constitutive IL-6 expression
supports targeting STAT5 for treatment of patients with
mastocytosis and high IL-6 levels. This could also be a
potential treatment for patients with other hematologic
malignancies such as chronic myelogenous leukemia
where serum IL-6 levels represent a predictor of out-
come46,47 and pathogenesis is in part driven by constitutive
STAT5 activation.48
The activation of STAT5 by D816V-KIT was complex

and involved an interplay of JAK2- and MEK/ERK1/2-
mediated pathways. JAK2-selective inhibitors such as
fedratinib markedly reduced constitutive IL-6 production,
while the effectiveness of other pan-jakinib correlated
with their relative selectivity for JAK2, suggesting that
JAK1 and 3 have no significant role. The specific involve-
ment of JAK2 agrees with the notion that STAT5 is a
major target for JAK2 in hematopoietic cells29 and that
activation of KIT by SCF causes JAK2 phosphorylation.31
Unlike the known effect on JAK2 inhibition, the effect of
MEK/ERK1/2 inhibition on STAT5 activity and transcript
abundance was unexpected. Phosphorylation in
serine/threonine residues of STAT1/3/4 by MAPK was
reported to affect STAT1/3/4 activity.33,40 Although serine
phosphorylation at the C-terminal tail of STAT5 proteins
is essential for leukemogenesis49 and for growth hor-
mone-induced gene expression,50 the serine/threonine
kinases that mediate this type of phosphorylation or the
exact functional implications are not well understood.
Surprisingly, in cells with D816V-KIT, inhibition of
MEK/ERK1/2 caused a more pronounced effect on STAT5
phosphorylation at tyrosine 694 (a target for JAK2) than
at serine 780 (Figure 6), even though JAK2 activity was
not affected by the ERK inhibitor (Figure 4). A similar
JAK-independent role for ERK in STAT3 tyrosine phos-
phorylation was reported in plasma cells for IL-6,27 but
the mechanism for such regulation, and what potential
kinases or phosphatase may be involved, need further
evaluation.  
We also found a role for PI3K/AKT-dependent path-

ways on IL-6 induction in D816V-KIT mast cells, but in a
STAT5-independent manner, indicating that persistent 
IL-6 expression likely involves multiple transcription fac-
tors. Similar to STAT5,39,44 oncogenic growth and survival
of mast cells with D816V-KIT is also dependent on con-
stitutive activation of AKT.2,30 Thus, combined targeting
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The endosteal bone marrow niche and vascular endothelial cells pro-
vide sanctuaries for leukemic cells. In murine chronic myeloid
leukemia (CML) CD44 on leukemia cells and E-selectin on bone mar-

row endothelium are essential mediators for the engraftment of leukemic
stem cells. We hypothesized that non-adhesion of CML-initiating cells to E-
selectin on the bone marrow endothelium may lead to superior eradication
of leukemic stem cells in CML after treatment with imatinib than imatinib
alone. Indeed, here we show that treatment with the E-selectin inhibitor
GMI-1271 in combination with imatinib prolongs survival of mice with
CML via decreased contact time of leukemia cells with bone marrow
endothelium. Non-adhesion of BCR-ABL1+ cells leads to an increase of cell
cycle progression and an increase of expression of the hematopoietic tran-
scription factor and proto-oncogene Scl/Tal1 in leukemia-initiating cells. We
implicate SCL/TAL1 as an indirect phosphorylation target of BCR-ABL1
and as a negative transcriptional regulator of CD44 expression. We show
that increased SCL/TAL1 expression is associated with improved outcome
in human CML. These data demonstrate the BCR-ABL1-specific, cell-intrin-
sic pathways leading to altered interactions with the vascular niche via the
modulation of adhesion molecules – which could be exploited therapeuti-
cally in the future.
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ABSTRACT

Introduction

The bone marrow (BM) microenvironment and in particular the endosteal BM
niche,1 vascular endothelial cells,2 as well as secreted factors and mesenchymal stro-
mal cells,3,4 protect leukemic stem cells (LSC) from eradication by various therapies,
thereby leading to treatment resistance, disease relapse and disease progression. E-
selectin, an adhesion molecule exclusively expressed on endothelial cells and acti-
vated by cytokines, is an essential component of the vascular niche in the BM
microenvironment, where it promotes the proliferation of normal hematopoietic
stem cells (HSC).5 E-selectin6 and one of its ligands,7 CD44,8 have been shown to be



essential mediators of engraftment of chronic myeloid
leukemia (CML)-initiating cells. However, the mechanism
for overexpression of CD44 on leukemia-initiating cells
(LIC) in CML mediating engraftment, as previously
described by us,8 has not been established. CD44, known
to mediate the transport of acute myeloid leukemia cells
to stem cell-supportive ni ches,9 also acts as an E-selectin
ligand on colon cancer10 and breast cancer cells.11
GMI-1271 is a specific small molecule antagonist of E-

selectin with a dissociation constant of 0.54 mM. Co-
administration of GMI-1271 was recently demonstrated
to overcome resistance to bortezomib in E-selectin li -
gand-enriched multiple myeloma cells,12 and GMI-1271 is
currently being tested in clinical trials in combination
with chemotherapy in patients with acute myeloid
leukemia. It is surmised that - similar to mobilization by
granulocyte colony-stimulating factor13,14 - GMI-1271-
mediated mobilization of LSC may break LSC dormancy
and, thereby, lead to improved eradication by tyrosine
kinase inhibitors or chemotherapy. We had previously
shown that targeting the osteolineage compartment of
the BM microenvironment can lead to successful reduc-
tion of LSC in CML.15 Imatinib, a tyrosine kinase inhibitor
targeting BCR-ABL1, the oncoprotein causing CML, does
not eradicate LSC.16,17 We hypothesized that treatment
with GMI-1271 may lead to non-adhesion of CML-initi-
ating cells to the BM endothelium and in combination
with imatinib may be better at eliminating LSC in CML
than imatinib alone. 
Indeed, in this study we show that inhibition of E-

selectin leads to a dissociation of BCR-ABL1+ cells from
the endothelium. Concomitantly, this leads to increased
leukemic cell proliferation and upregulation of the
hematopoietic transcription factor and proto-oncogene
Scl/Tal1, whose overexpression is frequently found in T-
cell acute lymphoblastic leukemia.18 SCL/TAL1, itself
phosphorylated by pAKT downstream of BCR-ABL1, is
demonstrated to be a negative transcriptional regulator of
CD44. Collectively, these data illustrate the reciprocal link
between external cues from the BM microenvironment
and LSC-intrinsic effects which, in turn, can influence LSC
expression of adhesion molecules essential for interaction
with the BM microenvironment and, thereby, modify
therapy response. This is a concept which could influence
future treatment strategies.

Methods

Additional methods are described in the Online Supplementary
Material.

Mice
BALB/c or FVB mice were purchased from Charles River

Laboratories (Wilmington, MA, USA). Rag-2-/- CD47-/- IL-2
receptor γ-/- (C57/Bl6 background) and Tie2-GFP mice (FVB back-
ground) were bred in our institute. All murine studies were
approved by the local animal care committee
(Regierungspräsidium Darmstadt).

Statistical analysis
Statistical significance between different treatment groups was

assessed by the Student t-test or analysis of variance (ANOVA) test
(with a Tukey test as a post-hoc test) using Prism Version 6 soft-
ware (GraphPad, La Jolla, CA, USA). Differences in survival were

assessed by Kaplan-Meier nonparametric tests (log-rank or
Wilcoxon tests). Data are presented as the mean ± standard devi-
ation and differences are considered statistically significant when
P≤0.05.

Results

GMI-1271 decreases the contact time of human
chronic myeloid leukemia cells with bone marrow
endothelium 
In order to test whether inhibition of E-selectin by GMI-

1271 decreases adhesion of human CML cells to BM
endothelium, we injected leukocytes from five different
human CML patients into Rag-2-/-CD47-/-IL-2 receptor γ-/-

mice19 treated with vehicle or GMI-1271 and imaged the
calvarium of the injected mice by in vivo microscopy
(Figure 1A and Online Supplementary Movie). This revealed
a significantly reduced contact time of leukemia cells from
four out of five patients with BM endothelium in mice
treated with GMI-1271 (P<0.0001, Figure 1B and Online
Supplementary Figure S1A-D). As anticipated, this result
suggested that GMI-1271 leads to non-adhesion of human
cells to the BM endothelium. Furthermore, in an in vitro
adhesion assay of human CML cells plated on E-selectin,
a smaller number of human CML cells adhered to E-
selectin in the presence of GMI-1271 than in the presence
of vehicle (P=0.0013) (Figure 1C).

Inhibition of E-selectin affects survival in mice 
with chronic myeloid leukemia 
Next, we tested the effect of inhibition of E-selectin in

combination with imatinib mesylate, considered the stan-
dard of care for CML, on the survival of mice with CML.
Treatment of murine recipients of BCR-ABL1-transduced
BM in the retroviral transduction/ transplantation model
of CML-like myeloproliferative neoplasia15,20 with vehicle,
imatinib, GMI-1271 or a combination of imatinib and
GMI-1271 (Online Supplementary Figure S2A) revealed a
modest, but significant prolongation of survival in mice
that received the combination therapy compared to mice
that received imatinib alone (P=0.028) (Figure 1D) with all
mice succumbing to BCR-ABL1+ leukemia and pulmonary
infiltration by mature neutrophils, as described
elsewhere.8,15 Leukocyte counts (P=0.0008) (Online
Supplementary Figure S2B), BCR-ABL1+ (GFP+) CD11b+

myeloid cells (P=0.031) (Online Supplementary Figure S2C)
and spleen weights (P=0.024) (Online Supplementary Figure
S2D) were significantly reduced in mice with CML treated
with imatinib plus GMI-1271, when compared to vehicle-
treated mice. However, the direct comparison of treat-
ment with imatinib plus GMI-1271 vs. imatinib alone did
not reveal a statistically significant difference. A signifi-
cant reduction of GFP (BCR-ABL1)+ Lin- c-Kit+ (LK) cells,
which harbor the LSC fraction in this model,21 was
observed in mice treated with imatinib and GMI-1271,
when compared to vehicle-treated mice (P=0.001) (Online
Supplementary Figure S2E). Lin- GFP+ (BCR-ABL1+) cells
from CML mice (P=0.001) (Figure 1E) or BCR-ABL1+ BaF3
cells (P=0.002) (Online Supplementary Figure S2F) injected
into Tie2-GFP mice, which express green fluorescent pro-
tein (GFP) under the TEK receptor tyrosine kinase (Tie2)-
promoter, were found significantly further away from the
endothelium, but not the bone (Online Supplementary
Figure S2G-H), when mice had been treated with GMI-
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Figure 1. Inhibition of E-selectin affects survival in mice with chronic myeloid leukemia. (A) Representative two-photon in vivo microscopy image of the bone marrow (BM)
calvarium of an unirradiated  Rag-2-/-CD47-/-IL-2 receptor γ-/- mouse injected with 200,000-500,000 unsorted human chronic myeloid leukemia (CML) cells [from peripheral
blood  (PB) or BM], labeled with CMTMR (orange; white arrows), 2 h prior to in vivo microscopy. Vessels were visualized via the injection of dextran-FITC (1 mg per injection),
while bones were visualized in blue due to second harmonic generation. The scale bar represents 50 mm. (B) Time of contact (seconds), determined by in vivo microscopy,
between the calvarial endothelium and human unsorted CML cells from the PB of one patient labeled with CMTMR and injected into vehicle- or GMI-1271 (20 mg/kg/dose)-
treated unirradiated Rag-2-/-CD47-/-IL-2 receptor γ-/- mice (P<0.0001, t-test). The mice had been treated with vehicle or GMI-1271 2 h before transplantation. (C) Adhesion
(presented as fold change) of unsorted human CML cells from PB or BM to E-selectin-coated wells (50,000 CML cells/well) in the presence of vehicle vs. GMI-1271
(P=0.001, t-test) (n=5) after incubation for 6 h. Different symbols signify individual patients. The experiment was performed in duplicate. (D) Kaplan-Meier-style survival
curve for Balb/c recipients of BCR-ABL1-transduced BM treated with vehicle (black solid line), 20 mg/kg/dose GMI-1271 intraperitoneally (long gray dashes), 100 mg/kg
imatinib orally (black dots) and the combination of both imatinib and GMI-1271 (short gray dashes) beginning on day 9 after transplantation. Vehicle and imatinib were
administered daily, while GMI-1271 was given twice daily. The difference in survival between mice treated with imatinib or imatinib plus GMI-1271 was statistically signi -
ficant (P=0.028, log-rank test, n=15). (E) Distance (in mm) from endothelium of CMTMR-labeled GFP+ (BCR-ABL1+) Lin- cells (200,000) from FVB mice with established CML-
like disease transplanted by intravenous injection into Tie2-GFP mice (FVB background) and imaged by in vivomicroscopy 19 h after injection [P=0.001, analysis of variance
/(ANOVA); Tukey test]. The imaging analysis was performed by ImageJ. (F) Percentage of GFP+ (BCR-ABL1+) Lin- c-Kit+ Sca-1+ cells of total leukocytes which homed to the
BM (P=0.03, t-test) or spleen (P=0.048, t-test) of vehicle (black)- or GMI-1271 (white)-treated mice 18 h after transplantation (n=4). A total of 2.5 × 106 unsorted, BCR-
ABL1-transduced cells had been injected. (G, H) Southern blot showing distinct proviral integration sites and, consequently, disease clonality in spleens (taken at the time
of death, as shown in Figure 1D) of Balb/c recipients of BCR-ABL1-transduced BM treated with vehicle (lanes 1-4), imatinib (lanes 5-9), GMI-1271 (lanes 10-14) or imatinib
plus GMI-1271 (lanes 15-19) (G) and disease clonality (H). The difference in disease clonality between imatinib- and imatinib plus GMI-1271-treated recipients as a mea -
sure of engraftment of leukemia-initiating clones is statistically significant (P=0.007, ANOVA; Tukey test). Data are expressed as mean ± standard deviation. 
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1271 and imatinib than when they had been treated with
vehicle or imatinib alone. Short-term homing of CML-ini-
tiating cells to BM (P=0.03) (Figure 1F) and spleen
(P=0.048) (Figure 1F) of GMI-1271-treated recipients was
impaired compared to that of vehicle-treated recipients.
Long-term engraftment of CML-initiating clones, as mea -
sured by the enumeration of distinct proviral integration
events in splenic tissue of diseased mice by Southern blot-
ting, was significantly reduced in primary mice treated
with imatinib plus GMI-1271 compared to those treated
with imatinib alone (P=0.007) (Figure 1G, H).
In summary, these data suggest that in comparison to

monotherapy with imatinib, inhibition of E-selectin in
combination with imatinib mildly prolongs survival in
mice with a CML-like myeloproliferative neoplasia via a
reduction of homing and long-term engraftment of CML-
initiating clones. Inhibition of E-selectin also reduces the
number of human CML cells adhering to E-selectin. 

Inhibition of E-selectin leads to an increase of
Scl/Tal1 in BCR-ABL1+ leukemia-initiating cells
In order to explain the prolonged survival of mice trea -

ted with imatinib and GMI-1271, we tested the adhesion
and gene expression of cell cycle-relevant genes and tran-
scription factors in LIC in the presence of GMI-1271. To
do so, we plated BCR-ABL1+ Lin- c-Kit+ BM cells from mice
with CML on E-selectin-coated plates in the presence of
vehicle, GMI-1271,22 imatinib23,24 or the combination of
GMI-1271 plus imatinib (Figure 2A). As expected, this
revealed that treatment with GMI-1271 (P=0.02) or GMI-
1271 plus imatinib (P=0.029) significantly reduced the
number of adherent cells (Figure 2B). In a competitive inhi-
bition assay we plated BCR-ABL1+ BaF3 cells, which were
used because sufficient numbers of LIC can only be
retrieved from a large number of diseased mice, on plates
pre-coated with E-selectin, while adding soluble E-selectin

to the BCR-ABL1+ BaF3 cells treated with GMI-1271. This
reversed the decreased adhesion of leukemia cells in the
presence of GMI-1271 (P=0.021) (Online Supplementary
Figure S3A) suggesting a specific role of E-selectin in this
process. Furthermore, non-adhesion of primary murine
BCR-ABL1+ LIC (P=0.017) (Figure 2C) or K562 cells
(P=0.007) (Online Supplementary Figure S3B), which were
tested in order to show the validity also in a human cell
line, to E-selectin in the presence of GMI-1271 led to an
increase of the transcription factor and cell cycle regula-
tor25 stem cell leukemia/T-cell acute lymphocytic leukemia
protein 1 (Scl/Tal1). Other transcription factors, however,
did not significantly change in K562 cells (Online
Supplementary Figure S3C-G, Online Supplementary Table
S1). Conversely, addition of soluble E-selectin to BCR-
ABL1+ BaF3 cells plated on E-selectin in the presence of
GMI-1271 (as in Online Supplementary Figure S3A)
decreased the expression of Scl/Tal1 (P=0.028) (Online
Supplementary Figure S4A). In summary, these data suggest
that E-selectin is involved in adhesion of CML cells and
that non-adhesion leads to increased expression of
Scl/Tal1.

Scl/Tal1 regulates CD44 expression
As SCL/TAL1 is a known transcriptional regulator

involved in various hematologic malignancies and cell
cycle progression,25 we performed a gene expression
screen after knockdown of SCL/TAL1 in K562 cells (data
deposited in the GEO-Expression database, GSE92251).
This revealed that knockdown of SCL/TAL1 led to an
upregulation of CD4426 (Figure 3A). As we had previously
shown CD448 and its receptor E-selectin6,7 to be important
mediators of the engraftment of LIC in CML, we hypoth-
esized that SCL/TAL1 may regulate the expression of
CD44 on CML cells, where CD44 is known to be overex-
pressed8 – albeit through an unknown mechanism.
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Figure 2. Inhibition of E-selectin leads to an increase of Scl/Tal1 in BCR-ABL1+ leukemia-initiating cells. (A) Schematic of an in vitro adhesion assay, in which 20,000 GFP+

(BCR-ABL1+) Lin- c-Kit+ bone marrow cells from mice with chronic myeloid leukemia treated with vehicle, GMI-1271, imatinib or the combination of GMI-1271 plus imatinib
were plated on recombinant E-selectin in the presence of the respective drugs for 6 h. (B) Percentage of adherent GFP+ (BCR-ABL1+) Lin- c-Kit+ of total cells after 6 h of
incubation on recombinant E-selectin in the presence of vehicle (black), 20 mM GMI-1271 (dark gray), 10 mM imatinib (light gray) or imatinib plus GMI-1271 (white) and
several washing steps, normalized by the number of live cells. Twenty thousand cells per well were plated in triplicate. The percentage of adherent cells was reduced by
treatment with GMI-1271 or imatinib plus GMI-1271 compared to vehicle [P=0.02 or P=0.029, respectively, analysis of variance (ANOVA); Tukey test, n=4]. (C) Relative
expression of Scl/Tal1 in all GFP+ (BCR-ABL1+) Lin- c-Kit+ cells plated on recombinant E-selectin as in (A) and (B) in the presence of vehicle (black), GMI-1271 (dark gray),
imatinib (light gray) or imatinib plus GMI-1271 (white). The expression of Scl/Tal1 in GMI-1271-treated cells was significantly increased compared to that of vehicle-treated
cells  (P=0.017, ANOVA; Tukey test, n=3). BM: bone marrow; CML: chronic myeloid leukemia; qPCR: real-time polymerase chain reaction.
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Figure 3. Scl/Tal1 regulates CD44 expression. (A) Volcano plot showing up- or down-regulated genes in K562 cells after knockdown of SCL/TAL1 relative to knockdown
of lacZ as a control. The x-axis indicates the fold change and the y-axis indicates the −log10 P value. The orange and blue highlighted regions show 2-fold up- and down-re -
gulated genes, respectively, with a P value ≤0.05. CD44 has been circled. (B, C) Relative expression of CD44 in K562 cells after infection with a SCL/TAL1 shRNA-express-
ing or empty vector control (P=0.0001, t-test) (B) or an empty vector control- or a SCL/TAL1-overexpressing lentivirus (P<0.0001, t-test) (C). (D) Relative luminescence units
(RLU) in a luciferase assay of K562 cells transfected with empty vector (control, black) or a plasmid expressing the CD44 regulatory element alone [P=0.039, analysis of
variance (ANOVA); Tukey test], or the same CD44-regulatory element-transfected K562 cells transduced with a SCL/TAL1-overexpressing lentivirus (P=0.02, ANOVA; Tukey
test) or transduced with two different shSCL/TAL1-expressing lentiviruses (P=0.049 and P=0.072, ANOVA; Tukey test, n=4). (E) Binding of SCL/TAL1 to the CD44 regulatory
element in K562 cells treated with vehicle or imatinib as measured by a chromatin immunoprecipitation assay using an anti-SCL/TAL1 (white) or a control IgG (black) anti-
body and four different CD44 primer pairs (P1-P4).  (F) Kaplan-Meier-style survival curve for Balb/c recipients of BCR-ABL1-transduced bone marrow (BM) (solid line) or
BCR-ABL1-transduced BM cotransduced with empty vector (dotted line) or cotransduced with an Scl/Tal1-overexpressing lentivirus (dashed line) (P=0.013, log-rank test,
n=8). (G) Median fluorescence intensity (MFI) of CD44 on BCR-ABL1+ CD11b+ myeloid cells from recipients of BCR-ABL1-transduced BM (black) or BCR-ABL1-transduced
BM cotransduced with empty vector (black) or cotransduced with a Scl/Tal1-overexpressing vector (white) as in (F) (P=0.031, t-test, n=6).
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Indeed, specific knockdown of SCL/TAL1 in K562 cells led
to upregulation of CD44 (P=0.0001) (Figure 3B and Online
Supplementary Figure S5A) and, conversely, overexpression
of SCL/TAL1 in K562 (P<0.0001) (Figure 3C and Online
Supplementary Figure S5B, C) or in human CD34+ cells
(P=0.0001) (Online Supplementary Figure S5D) led to
decreased expression of CD44. We performed luciferase
assays on K562 cells transfected with a control plasmid or
a CD44 regulatory element with SCL/TAL1-binding sites
and transduced with SCL/TAL1 shRNA- or SCL/TAL1-
overexpressing lentivirus, in order to test activity of the
CD44 regulatory element (Online Supplementary Figure
S5E). This revealed decreased activity of the CD44 regula-
tory element when SCL/TAL1 was overexpressed (P=0.02)
(Figure 3D and Online Supplementary Figure S5B, C) and
increased activity when SCL/TAL1 was knocked down
(P=0.049) (Figure 3D and Online Supplementary Figure S5A).
Having shown the influence of SCL/TAL1 on the activity
of the CD44 regulatory element, we tested the depen -
dence of this on BCR-ABL1 in a chromatin immunopreci -
pitation assay using K562 cells treated with vehicle or ima-
tinib. This revealed that imatinib treatment significantly
increased the binding of SCL/TAL1 to the CD44 regulato-
ry element (Figure 3E and Online Supplementary Figure
S6A), but not to a control region (Online Supplementary
Figure S6B). Furthermore, overexpression of SCL/TAL1
(Online Supplementary Figure S7A) in BCR-ABL1+ LIC in vivo
significantly prolonged survival (P=0.013) (Figure 3F), led
to decreased median fluorescence intensity of CD44 on
BCR-ABL1+ CD11b+ myeloid cells (P=0.031) (Figure 3G)
and a trend towards decreased disease clonality (Online
Supplementary Figure S7B) in murine recipients in our CML
model. This resembled what we had observed when using
CD44-deficient BCR-ABL1+ donor BM,8 although the
effect was not as pronounced. Overexpression of
SCL/TAL1 in K562 cells (Online Supplementary Figure S5B)
also decreased the median fluorescence intensity of CD44
(P=0.019) (Online Supplementary Figure S5C). Taken togeth-
er, these data suggest that SCL/TAL1 negatively regulates
the expression of CD44 and that overexpression of
SCL/TAL1 on LIC leads to prolongation of survival in
CML, similar to the effect of CD44 deficiency on CML-
initiating cells.8

Binding of CD44 to E-selectin influences the cell 
cycle of BCR-ABL1+ cells
In order to test the nature of the interaction between

CD44 and the BM endothelium directly, we performed in
vivo imaging of the murine calvarium of live anesthetized
mice as shown in Figure 1A, B and Online Supplementary
Figure S1A-D. Indeed, in vivo imaging of CD44-overex-
pressing BCR-ABL1+ or BCR-ABL1+ BaF3 cells injected into
Tie2-GFP mice revealed an increased contact time with
the endothelium by CD44-overexpressing BCR-ABL1+

compared to BCR-ABL1+ BaF3 cells (P<0.001) (Figure 4A,
B). In recapitulation of our findings with human CML cells
(Figure 1B) treatment of mice with GMI-1271 decreased
the contact time of BCR-ABL1+ BaF3 cells with BM
endothelium (P=0.05) (Online Supplementary Figure S7C).
Testing a possible influence of CD44, a marker for cancer
stem cells,27 and SCL/TAL125 on cell cycle progression via
binding to E-selectin, we plated BaF3 cells coexpressing
BCR-ABL1 and CD44 on E-selectin in the presence of the
four drugs or their combination. This demonstrated that
GMI-1271 (with or without imatinib) did not alter the cell

cycle of the non-adherent fraction, either when the cells
were plated on E-selectin (Figure 4C and Online
Supplementary Figure S8A), or on bovine serum albumin
(Online Supplementary Figure S8B). In contrast, cell cycle
analysis of the non-adherent fraction of BCR-ABL1+ BaF3
cells plated on E-selectin showed an increase of cells in the
G2-S-M phase and a decrease in the G0 phase of the cell
cycle in the presence of GMI-1271 (P=0.03 and P=0.01,
respectively) (Figure 4D and, Online Supplementary Figure
S8A) or GMI-1271 plus imatinib (P=0.02) (Figure 4D). No
such differences were observed in the adherent fraction
(Figure 4E and Online Supplementary Figure S8A) or when
the BCR-ABL1+ BaF3 cells were plated on bovine serum
albumin (Online Supplementary Figure S8C). BCR-ABL1+

BaF3 cells plated on E-selectin in the presence of GMI-
1271 also exhibited increased expression of the cell cycle
promoter cyclin dependent kinase (CDK) 6 (P<0.0001)
(Figure 4F), a possible trend towards increased nuclear
CDK4 (Online Supplementary Figure S8D, E), which has
been associated with cell cycle progression, and decreased
expression of the cell cycle inhibitor p16 (or cyclin
dependent kinase inhibitor 2A) (P<0.0001) (Figure 4G).
Consistently, GFP+ (BCR-ABL1+) Lin- c-Kit+ cells from mice
with CML treated with GMI-1271 or GMI-1271 and ima-
tinib had increased proportions of cells in the G2-S-M
phase of the cell cycle compared to those treated with
vehicle (P=0.01) or imatinib alone (P<0.0001) (Figure 4H).
GFP+ (BCR-ABL1+) Lin- cells also expressed higher levels of
SCL/TAL1 (P=0.04) (Online Supplementary Figure S8F) and
lower levels of p16 (P=0.002) (Online Supplementary Figure
S8G) when derived from CML mice treated with GMI-
1271 compared to vehicle-treated animals. CD44 was sig-
nificantly more highly expressed on most GFP+ (BCR-
ABL1+) progenitor fractions or CD11b+ cells compared to
GFP- (BCR-ABL1-) cells (Online Supplementary Figure S8H),
in line with our previous results.8 Taken together, these
data suggest that CD44 is involved in mediating contact
with BM endothelium. Treatment with GMI-1271 leads to
non-adhesion of BCR-ABL1+ cells to E-selectin, an increase
in cell cycle and a concomitant increase of Scl/Tal1 in BCR-
ABL1+ cells, which leads to downregulation of CD44.
These data suggest a possible role for CD44 in cell cycle
regulation of BCR-ABL1+ cells.

Expression of CD44 is synergistically influenced 
by SCL/TAL1 and BCR-ABL1 
In order to test whether the expression of CD44 and/or

SCL/TAL1 may be BCR-ABL1-dependent, we treated
BaF3 cells transduced with empty vector or BCR-ABL1
with imatinib.23,24 This led to a significant decrease of the
median fluorescence intensity of CD44, specifically on
BCR-ABL1+ compared to empty vector-transduced BaF3
cells (P=0.05) (Figure 5A and Online Supplementary Figure
S9A, B). Furthermore, in the non-adherent, but not the
adherent fraction, of BCR-ABL1+ BaF3 cells plated on E-
selectin the median fluorescence intensity of CD44 was
synergistically reduced by combined treatment with GMI-
1271 and imatinib compared to imatinib alone (P=0.05)
(Figure 5B). Consistently, in non-adherent, but not adhe -
rent, BCR-ABL1+ BaF3 cells plated on E-selectin, expres-
sion of SCL/TAL1 and pSCL/TAL1 was significantly high-
er upon treatment with GMI-1271 or GMI-1271 and ima-
tinib (Online Supplementary Figure S9C). These results sug-
gest that the expression of CD44 is BCR-ABL1-dependent
and that reduction of CD44 expression by GMI-1271 (via
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Figure 4. Binding of CD44 to E-selectin influences the cell cycle of BCR-ABL1+ cells. (A) Representative two-photon in vivo microscopy image of the calvarial bone marrow
of an unirradiated  Tie2-GFP mouse injected with 1×106 sorted BCR-ABL1+ BaF3 cells, labeled with CMTMR (orange), 2 h prior to in vivo microscopy. Bones were visualized
in blue due to second harmonic generation. The scale bar represents 50 mm. (B) Time of contact (seconds), determined by in vivo microscopy as in (A) between the calvarial
endothelium and BCR-ABL1+ or BCR-ABL1+ CD44 overexpressing BaF3 cells labeled with CMTMR and injected into unirradiated Tie2-GFP mice (P<0.001, t-test, n=3). (C)
Cell cycle analysis by Ki67-staining of serum-starved BaF3 cells coexpressing BCR-ABL1 and CD44 plated on E-selectin-coated plates and trea ted with vehicle, GMI-1271,
imatinib or the combination of GMI-1271 plus imatinib. The percentages of GFP+ (BCR-ABL1+) cells of total in the G0, G1 or G2-S-M phases of the cell cycle are shown. The
differences are not statistically significant. (D, E) Cell cycle analysis by Ki67-staining of serum-starved non-adherent (D) or adherent (E) BCR-ABL1+ BaF3 cells plated on E-
selectin-coated plates and treated with vehicle, GMI-1271, imatinib or the combination of GMI-1271 plus imatinib. The percentages of GFP+ (BCR-ABL1+) cells of total in
the different phases of the cell cycle are shown. Seventy thousand cells were plated and allowed to adhere for 6 h (n=3). (F, G) Corrected total cell fluorescence (CTCF) for
CDK6 (F) and p16 (G) in BCR-ABL1+ BaF3 cells plated on E-selectin in the adhesion assay, performed in the presence of vehicle or GMI-1271. Seventy thousand cells were
plated (n=3). (H) Cell cycle analysis by Ki67-staining of GFP+ (BCR-ABL1+) Lin- c-Kit+ cells from Balb/c mice with established chronic myeloid leukemia treated with vehicle,
GMI-1271, imatinib or the combination of GMI-1271 plus imatinib on day 14 after transplantation.  The percentages of GFP+ (BCR-ABL1+) Lin- c-Kit+ cells of total in the G0,
G1 or G2-S-M phases of the cell cycle are shown (P values as indicated, analysis of variance; Tukey test, n=5). 
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an increase in SCL/TAL1) is synergistically enhanced by
cotreatment with imatinib. 

CD44 expression influences adhesion and cell cycle
status in imatinib-resistant chronic myeloid leukemia 
Imatinib-resistance due to the point mutation BCR-

ABL1T315I in CML is associated with worse clinical out-
come28,29 and is due to altered interactions between BCR-
ABL1T315I+ cells and the BM microenvironment.30 In support
of this, the expression of CD44 was higher in BCR-
ABL1T315I+ than in BCR-ABL1+ BaF3 cells (Online
Supplementary Figure S10A, B) and also higher than in cells
resistant to imatinib due to other point mutations
(P=0.034) (Online Supplementary Figure S10B). Consistently,
adhesion of BCR-ABL1T315I+ BaF3 cells to E-selectin was
increased compared to that of BCR-ABL1+ cells (P=0.011)
(Online Supplementary Figure S10C) and a larger percentage
of adherent, but not non-adherent, BCR-ABL1T315I+ BaF3
cells were found in the G0 phase of the cell cycle (P=0.042)
(Online Supplementary Figure S10D). These data support
our findings on the role of CD44 in influencing the cell
cycle in BCR-ABL1+ cells and suggest that increased CD44
expression and increased binding to E-selectin by BCR-
ABL1T315I+ cells may contribute to dormancy and imatinib
resistance. 

BCR-ABL1 modulates SCL/TAL1-binding to the CD44
regulatory element via pAKT
As SCL/TAL1 activity is regulated by phosphorylation

at S122 and T90, we hypothesized that a kinase down-
stream of BCR-ABL1, such as AKT, may be phosphoryla -
ting SCL/TAL1.31 In confirmation of this, we demonstra -
ted that treatment of K562 cells with imatinib, the phos-
phoinositide-3-kinase (PI3K) inhibitor wortmannin, and in
particular the AKT inhibitor MK-2206 reduced the expres-
sion of pTal1S122 and pTal1T90 (Figure 6A). Furthermore,
quantitative mass spectrometry, performed using triple
stable isotope labeling with amino acids in cell culture
(SILAC)-labeling of K562 cells treated with vehicle, ima-
tinib or MK-2206, demonstrated the mass increments
resulting from medium (+6 Da) or heavy (+10 Da) SILAC-
labeling on arginine on the pS122-bearing peptide

“oxMVQLpSPPALAAPAAPGR” of SCL/TAL1 in AKT-
inhibited cells (Figure 6B and Online Supplementary Figure
S11A). More precise quantitative measurements by com-
paring the areas under the extracted ion chromatograms of
individual SILAC triplets revealed the decrease of pTal1
S122 both 2 and 4 h after inhibition with imatinib (Figure
6C) or MK-2206 (Figure 6D). Taken together, these data
suggest that SCL/TAL1 regulates the expression of CD44
via binding to the CD44 regulatory element in a BCR-
ABL1- and AKT-dependent manner. BCR-ABL1 is known
to activate AKT (Figure 6A),32,33 which phosphorylates
SCL/TAL1 at S122 and T90, which in turn regulates the
activity of the CD44 regulatory element by acting as a
transcriptional repressor. Binding of SCL/TAL1 leads to
decreased expression of CD44, decreased adhesion to the
vascular niche in CML and an increase in cell cycling. 

SCL/TAL1 influences outcome in human chronic
myeloid leukemia
Given our observations in murine models and murine or

human CML cells, we correlated levels of CD44 and
SCL/TAL1 in leukocytes from healthy individuals and
patients with CML. This revealed lower delta cycle
threshold values for SCL/TAL1 and higher delta cycle
threshold values for CD44 in healthy individuals
(P<0.0001) (Figure 7A), while this relationship was
reversed in human CML samples (P<0.0001) (Figure 7B),
suggesting that SCL/TAL1 also acts as a transcriptional re -
gulator in human CML cells. In order to test the signifi-
cance of SCL/TAL1 and/or CD44 for phase of CML and
disease course, we examined published datasets of
SCL/TAL1 and CD44 gene expression in human CML
samples34,35 and identified that SCL/TAL1 levels in patients
in chronic phase (P=0.042) (Figure 7C) and – as a trend -
accelerated phase were lower than in normal human
CD34+ cells, as expected.  CD44 expression increased with
progression of CML from chronic to advanced phase CML
with the highest CD44 expression found in samples from
patients in blast crisis (P<0.0001) (Figure 7D).  
As we did not establish a clear inverse relationship

between SCL/TAL1 and CD44 expression in samples from
individual patients from this dataset, we examined expres-
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Figure 5. Expression of CD44
is influenced by BCR-ABL1. (A)
Median fluorescence intensity
(MFI) of CD44 on BaF3 cells
transduced with empty vector
or BCR-ABL1 plated on E-
selectin after treatment with
vehicle or 10 mM imatinib [P
values as indicated, analysis
of variance (ANOVA); Tukey
test, n=3]. (B) MFI of CD44
(fold change) on the non-
adherent and adherent frac-
tions of BCR-ABL1+ BaF3 cells
after treatment with vehicle,
GMI-1271, imatinib or GMI-
1271 and imatinib, normalized
to vehicle (P=0.005 for vehicle
vs. GMI-1271 plus imatinib,
ANOVA; Tukey test, n=4).
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sion of SCL/TAL1 and CD44 in CD34+-sorted samples
from chronic phase CML patients (n=59). We observed a
statistically significant negative correlation (P=0.002, cor-
relation coefficient -0.40) between SCL/TAL1 and CD44
expression in these samples (Figure 7E). Lastly, we ex -
amined the association between SCL/TAL1 expression
and outcomes after allogeneic transplantation in chronic
phase CML patients (n=37),35 although this procedure is
no longer the standard of care in CML. When dichotomi -
zing SCL/TAL1 into high and low expression groups at the
third quartile, we found that low SCL/TAL1 expression
was statistically significantly associated with increased
risk of relapse (P=0.033) (Figure 7F) and inferior relapse-
free survival (P=0.024) (Figure 7G). In summary, these data
suggest that expression of SCL/TAL1 (and, therefore, con-
verse expression of CD44) may correlate with disease
stage and survival in human CML patients, although larger
cohorts would be needed to prove this definitively.

Discussion

In this study we show that inhibition of binding of
BCR-ABL1+ cells to E-selectin in the vascular niche increa -
ses cell cycle progression and response to imatinib thera-
py. Furthermore, our data also imply that SCL/TAL1 is a
regulator of the expression of CD44, whereby SCL/TAL1
is activated by AKT downstream of BCR-ABL1 (Online
Supplementary Figure S12). In turn, CD44 influences the
cell cycle of  BCR-ABL1+ cells via its binding to E-selectin.
The data connect the previously unknown mechanism of
increased expression of CD44, a ligand for E-selectin and
cancer stem cell marker, on BCR-ABL1+ cells with tran-
scriptional regulation by SCL/TAL1, E-selectin in the vas-
cular niche, engraftment in the BM microenvironment,
cell cycle progression and response to therapy. 
Our data on CML LSC contrast with findings in the

normal HSC niche, in which a prominent role for E-

P.S. Godavarthy et al.

144 haematologica | 2020; 105(1)

Figure 6. BCR-ABL1 modulates SCL/TAL1-binding to the CD44 regulatory element via pAKT. (A) Immunoblot of lysates of K562 cells treated with vehicle, imatinib (10
mM), the PI3-kinase inhibitor wortmannin (20 mM) or the AKT-inhibitor MK-2206 (20 mM) and probed with antibodies to SCL/TAL1, pSCL/TAL1 T90, pSCL/TAL1S122, AKT,
pAKT and lamin. Molecular weights are as indicated. The immunoblot is representative of three independent experiments. (B-D) Quantitative mass spectrometry (MS) of
K562 cells treated with vehicle (dimethylsulfoxide, DMSO), imatinib or the AKT inhibitor MK-2206 for 0, 2 or 4 h using triple stable isotope labeling with amino acids in
cell culture (SILAC) and light-, medium- or heavy-labeled cells. After treatment, differently labeled cells were mixed and followed by MS analysis. (B) An averaged MS1 spec-
trum showing the SILAC triplets of the pS122-bearing peptide “oxMVQLpSPPALAAPAAPGR” on SCL/TAL1 in AKT-inhibited cells. The arrows indicate the mass increments
resulting from the medium (+6 Da) or heavy (+10 Da) SILAC-labeling on arginine. The relative intensities of the SILAC triplets revealed the changes of phosphorylation level
on the peptide during the course of AKT inhibition. (C, D) Areas under the extracted ion chromatogram (XIC) after MS by triple SILAC labeling of the cells in (B) showing the
relative abundance of pSCL/TAL1 S122 after inhibition with imatinib (10 mM) (C) and the AKT inhibitor MK-2206 (20 mM) (D). 
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Figure 7. SCL/TAL1 influences outcome in human chronic myeloid leukemia. (A, B) Delta
Ct values for CD44 and SCL/TAL1 in peripheral blood leukocytes of healthy individuals
(n=10) (A) or patients with chronic myeloid leukemia (CML) (n=11) (B). (C, D) Relative
SCL/TAL1 (C) and CD44 (D) expression in unsorted bone marrow cells of patients in chronic
phase (CP) (circles), accelerated phase (AP) (squares) or blast crisis (BC) (triangles) of CML
vs. normal human CD34+ cells (upside down triangles). Gene expression for each individual
sample is normalized to mean expression in CP samples and is shown on a log10 scale. The
expression of SCL/TAL1 in CP CML is significantly lower than that in human CD34+ cells from
healthy individuals [P=0.042, analysis of variance (ANOVA); Tukey test]. (C) and the expres-
sion of CD44 is significantly higher in BC than in CP CML (P<0.0001, ANOVA; Tukey test. CP,
n=42; AP, n=17; BC, n=31; normal CD34+ cells, n=6) (D). (E) Negative correlation between
SCL/TAL1 and CD44 expression in CD34+ sorted samples from CP CML patients (n=59)
from the study by McWeeney et al.34 (P=0.002, correlation coefficient -0.40). Normalized
log2-transformed expression is shown. (F, G) Kaplan-Meier-style curve of the probability of
relapse (P=0.033, log-rank test) (F) or relapse-free survival (P=0.024, log-rank test) (G) of CP
CML patients grouped by low or high expression of SCL/TAL1 (n=37).  
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selectin in promoting HSC proliferation has been
described.5 This could be explained by our previous work
demonstrating that interactions with the BM microenvi-
ronment differ drastically between normal HSC8 and LSC
and even between oncogenes.15 However, in their study,
Winkler et al. used GMI-1070, a pan-selectin antagonist
and precursor to GMI-1271.5 In addition, a role for
SCL/TAL1 in impe ding the transition of HSC from G0 to
G1 has been demonstrated,36 which may support the pro-
proliferative effects of E-selectin on normal HSC.5
Additionally, similar to our findings, CD44 inhibited cell
cycle progression of vascular smooth muscle cells in
response to binding of high mole cular weight hyaluro-
nan,37 another CD44 ligand in the extracellular matrix,
and modulated the ERK and AKT pathways upon cell
adhesion via CD44.38 In the present study, it cannot be
excluded that the SCL/TAL1-mediated reduction of
CD44 expression may also have led to decreased binding
to hyaluronan and osteopontin, another extracellular
matrix protein known to bind CD44.39 However, CML
induction did not differ significantly between wildtype
and osteopontin-knockout mice (unpublished data, DSK),
suggesting that, unlike E-selectin, osteopontin is not
essential for the engraftment of LIC in CML.
In agreement with our work it was demonstrated that

inhibition of E- and P-selectin led to reduced rolling of
neutrophils on endothelium, lowering the risk of neu-
trophil-mediated endothelial injury after xenotransplanta-
tion.40 Furthermore, in CML, we previously showed that
deficiency of E-selectin in BM endothelium or deficiency
of L-selectin, P-selectin glycoprotein ligand (PSGL)-1,
enzymes involved in the synthesis of selectin ligands6 or
CD448 on LIC were required for efficient engraftment of
LIC, whereas P-selectin in the BM was not required.6
Therefore, emphasis in this work was laid on E-selectin
and its ligands. Treatment with GMI-1271 also reverted
the insensitivity of multiple myeloma cells overexpressing

E-selectin ligands to bortezomib.12
Normal hematopoietic cells predominantly express the

standard isoform of CD44 (CD44s).41 However, variant
isoforms of CD44 (CD44v) are generated in cancers, inclu -
ding solid tumors42 and acute myeloid leukemia,43 but both
forms, CD44s and CD44v, are cancer stem cell markers
and both influence cancer cell stemness.42,44 In CML we
found that the CD44s isoform has a role in homing and
engraftment of LIC,8 while CD44v3 enhanced the repla -
ting capacity of CML progenitors.45
In summary, regulation of CD44 expression via

SCL/TAL1, the AKT pathway and an oncogene, as well as
the mechanism of cell cycle regulation of LSC upon non-
adhesion to the niche, suggest a concept of how disloca-
tion from the niche may alter LSC proliferation and
response to therapy. This has, similarly, been hypothe-
sized in the case of the concomitant use of granulocyte
colony-stimulating factor46,47 or C-X-C motif chemokine
receptor (CXCR) 4 inhibitors plus tyrosine kinase
inhibitors or chemotherapy in leukemia,48 suggesting that
these therapeutic strategies may be further exploitable in
the future.
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Homoharringtonine, a plant alkaloid, has been reported to suppress
protein synthesis and has been approved by the US Food and Drug
Administration for the treatment of chronic myeloid leukemia. Here

we show that in acute myeloid leukemia (AML), homoharringtonine
potently inhibits cell growth/viability and induces cell cycle arrest and
apoptosis, significantly inhibits disease progression in vivo, and substantially
prolongs survival of mice bearing murine or human AML. Strikingly, homo-
harringtonine treatment dramatically decreases global DNA 5-hydrox-
ymethylcytosine abundance through targeting the SP1/TET1 axis, and
TET1 depletion mimics homoharringtonine's therapeutic effects in AML.
Our further 5hmC-seq and RNA-seq analyses, followed by a series of vali-
dation and functional studies, suggest that FLT3 is a critical down-stream
target of homoharringtonine/SP1/TET1/5hmC signaling, and suppression
of FLT3 and its downstream targets (e.g. MYC) contributes to the high sen-
sitivity of FLT3-mutated AML cells to homoharringtonine. Collectively, our
studies uncover a previously unappreciated DNA epigenome-related mech-
anism underlying the potent antileukemic effect of homoharringtonine,
which involves suppression of the SP1/TET1/5hmC/FLT3/MYC signaling
pathways in AML. Our work also highlights the particular promise of clin-
ical application of homoharringtonine to treat human AML with FLT3
mutations, which accounts for more than 30% of total cases of AML. 

Homoharringtonine exhibits potent anti-tumor
effect and modulates DNA epigenome in acute
myeloid leukemia by targeting
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ABSTRACT

Introduction

Homoharringtonine (HHT, also known as omacetaxine mepesuccinate) is a cyto-
toxic alkaloid originally isolated from the cephalotaxus hainanensis.1 It has been
approved by the US Food and Drug Administration (FDA) for treatment of chronic
myeloid leukemia (CML) with resistance and/or intolerance to imatinib or other



tyrosine kinase inhibitors.2 However, it is still awaiting
approval for use in the treatment of acute myeloid
leukemia (AML). In China, HHT has been used in the
treatment of leukemia for more than 30 years due to its
low price and high efficiency.3 In a pilot clinical trial we
launched in 2006 in Zhejiang Province, China, we used an
HHT-based induction regimen, namely HAA (HHT 4
mg/m2/day, days 1-3; cytarabine 150 mg/m2/day, days 1-7;
aclarubicin 12 mg/day, days 1-7) to treat de novo AML and
achieved a complete remission rate of 83%.4 Afterwards,
a multi-center, open-label, randomized, controlled phase
III trial was carried out in China and confirmed modified
HAA regimen (HHT 2 mg/m2/day, days 1-7; cytarabine
100 mg/m2/day, days 1-7; aclarubicin 20 mg/day, days 1-7)
as an alternative therapeutic strategy in treating de novo
AML, especially for those patients with favorable and
intermediate prognosis.5 A potential mechanism by which
HHT exerts its biological function is through its binding to
the A site of the ribosome,  resulting in the inhibition of
protein synthesis.6 However, it is unclear whether there is
any other mechanism(s) underlying antileukemic effect of
HHT, in particular in AML.  
Acute myeloid leukemia is one of the most common

and fatal forms of hematopoietic malignancies, character-
ized by blockage of myeloid differentiation and malignant
proliferation of immature myeloid blasts.7 With contem-
porary therapies, the vast majority (over 70%) of patients
with AML cannot survive over five years. Despite the
common myeloid background, molecular and cytogenetic
alterations contribute to the heterogeneity of the disease
and the variable responses to treatment. For instance,
mutations in FLT3, including internal-tandem duplications
(ITD) and tyrosine kinase domain (TKD) point mutations,
occur in over 30% of AML cases and are often associated
with poor prognosis.7-9 Meanwhile, overexpression of
FLT3 has also been reported in more than 60% of AML
with a variety of AML subtypes, such as AML carrying
FLT3-ITD or t(11q23) [i.e. chromosome rearrangements
involving the mixed lineage leukemia (MLL) gene].9
FLT3-ITD activates multiple signaling pathways, leading
to the aberrant overexpression of a set of oncogenes
including MYC.10 Despite extensive efforts in developing
and testing various FLT3 tyrosine kinase inhibitors (TKI) in
clinical trials, the long-term therapeutic effects are still not
promising,11,12 indicating that the development of more
effective therapeutics to treat FLT3-mutated AML remains
an unmet need.  
The Ten-eleven translocation (TET) proteins (including

TET1/2/3) are a family of methylcytosine dioxygenases
that convert 5-methylcytosine (5mC) to 5-hydrox-
ymethylcytosine (5hmC), leading to active or passive
DNA demethylation.13 TET1, the founding member of the
TET family, was first identified as a fusion partner of the
MLL gene associated with t(10;11)(q22;q23) in AML.14,15 In
contrast to the frequent loss-of-function mutations and
tumor-suppressor role of TET2 observed in hematopoietic
malignancies,16 we reported recently that TET1 plays a
critical oncogenic role in the pathogenesis of various sub-
types of AML and represents a promising therapeutic tar-
get for AML treatment.17-19 The oncogenic role of Tet1 in
the development of myeloid malignancies was also
observed by others.20
In the present study, we show that HHT exhibits potent

anti-AML effects both in vitro and in vivo, and affects DNA
epigenome by directly targeting SP1 and inhibiting SP1-

mediated transcriptional regulation of TET1 expression,
thereby reducing global 5hmC levels. Moreover, we
demonstrate that FLT3 is a direct target of the
HHT┤SP1/TET1/5hmC axis, and therefore HHT treat-
ment substantially inhibits the FLT3/MYC pathways.
Consistently, human primary FLT3-ITD AML cell samples
display particularly high sensitivity to HHT treatment.
Taken together, our studies reveal a previously unrecog-
nized mechanism involving HHT-induced 5hmC reduc-
tion in treating AML, and suggest that HHT-based regi-
mens hold great therapeutic potential for the treatment of
AML, especially that carrying FLT3 mutations.

Methods

Cell lines and cell culture
MA9.3ITD (MLL-AF9 fusion gene plus FLT3-ITD mutation;

MLL, also known as KMT2A) and MA9.3RAS (MLL-AF9 fusion
gene plus NRASG12D mutation) were established by Dr. James
Mulloy and cultured in IMDM supplemented with 20% FBS.21

MONOMAC 6, MV4-11, MOLM13, Kasumi-1, THP-1, SKNO-1
and ML-2 are obtained and maintained as previously described.22

Homoharringtonine purchased from Sigma-Aldrich was used in
this study.

Mouse model
B6.SJL-Ptprc (CD45.1) mice and NOD/LtSz-scid IL2RG-SGM3

(NSGS) mice were obtained from the Jackson Lab (Bar Harbor,
ME, USA), and bone marrow transplantation (BMT) or xeno-
transplantation assays were carried out as previously
described.17,19,22,23 All mice were maintained in the animal core
facility of the University of Cincinnati. All experiments were con-
ducted according to our research protocol which was approved by
the  Institutional Animal Care and Use Committee. In all mouse
models, HHT (1 mg/kg body weight) or phosphate-buffered saline
(PBS)  was intraperitoneally injected daily for ten consecutive days
from day 11. The mice were euthanized by CO2 inhalation once
typical leukemic symptoms, i.e. paralysis, hunched posture,
labored breathing and decreased activity, had been observed. The
peripheral blood (PB), bone marrow (BM), spleen and liver sam-
ples were harvested for further analysis. 

Patients’ samples
Bone marrow aspirates and PB samples were obtained from

AML patients with their written informed consent. Mononuclear
cells (MNC) were isolated and used for subsequent experiments.
The genetic mutations were tested by the First Affiliated Hospital,
Zhejiang University College of Medicine. The study was
approved by the Ethics Committee of the First Affiliated Hospital,
Zhejiang University College of Medicine.

DNA 5hmC sequencing
DNA samples were collected and sent for 5hmC sequencing.

5hmC library construction and sequencing were performed by Dr.
Chunxiao Song’s lab as previously reported.24 The identification of
5hmC peaks in each sample was performed using MACS2,25 gene
expression was analyzed by RSEM,26 5hmC and expression target
analysis was performed by BETA.27 5hmC sequencing data have
been deposited in the Gene Expression Omnibus (GEO) reposito-
ry with the accession number GSE103144.

RNA sequencing and RNA-sequencing analysis
RNA sequencing was performed with total RNA samples isolat-

ed from MA9.3RAS and MA9.3ITD AML cells with or without
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HHT treatment (5 or 10 ng/mL for 48 hours) by The Genomics,
Epigenomics and Sequencing Core of the University of Cincinnati.
The Gene Set Enrichment Analysis (GSEA)28 was used to analyze
the enriched signaling pathway in PBS or HHT treated cell sam-
ples. The RNA sequencing data have been deposited in the GEO
repository with the accession number GSE103143.

Statistical analysis
Data were analyzed with GraphPad Prism 6 and were present-

ed as mean±Standard Deviation as indicated. Two-tailed Student
t-test was used to compare means between groups as indicated.
P<0.05 was considered significant. The Kaplan-Meier survival
curves were produced with GraphPad Prism 6 and  P-values were
calculated using the log rank test. The densitometric analysis of
the bands from Western blot or dots from dot blot were per-
formed with Gel-Pro analyzer and normalized to the loading con-
trols.

A detailed description of all materials and methods is available
in the Online Supplementary Appendix.

Results

Homoharringtonine potently inhibits cell growth and
viability and promotes cell cycle arrest, apoptosis 
and differentiation in human acute myeloid leukemia
To systematically investigate the therapeutic potential

of HHT in AML, we first analyzed the responses of
human AML cells to HHT in vitro. Three AML cell lines
with various backgrounds, including MONOMAC 6,
MA9.3ITD and MA9.3RAS, were included for the analy-
ses (Figure 1A). Remarkably, we found that all three AML
cell lines were highly sensitive to HHT treatment, with
very low IC50 values (5~20 ng/mL; or 9.2~36.7 nM) (Figure
1A), and HHT significantly inhibited their growth and via-
bility in a dose- and time-dependent manner (Figure 1B
and Online Supplementary Figure S1A). HHT dramatically
induced apoptosis (Figure 1C and D, and  Online
Supplementary Figure S1B and C) and cell cycle arrest in
G0/G1 phase (Figure 1E and F, Online Supplementary Figure
S1D and E) in AML cells. Furthermore, we also assessed
the potential effect of HHT on myeloid differentiation of
MONOMAC 6 and NB4 (carrying t(15;17)/PML-RARA)
AML cells. Notably, HHT also significantly promoted
myeloid differentiation of AML cell as detected by both
flow cytometry and qualitative polymerase chain reaction
(qPCR) (Figure 1G and H, Online Supplementary Figure S1F
and G), including PMA-induced monocytic differentiation
and ATRA-induced granulocytic differentiation. Thus,
HHT exhibits a broad-spectrum antileukemic activity
involving the inhibition of AML cell growth/viability and
the promotion of apoptosis, cell cycle arrest, and myeloid
differentiation.

Homoharringtonine substantially inhibits murine and
human acute myeloid leukemia progression in vivo
We next examined the effect of HHT on survival and

proliferation of primary mouse AML cells via colony form-
ing assays. Leukemic BM blast cells collected from pri-
mary BMT recipient mice carrying MLL-AF9- or
NRAS+AE9a (AML1-ETO9a fusion gene29 plus NRASG12D)-
induced full-blown AML were seeded into semi-solid
medium containing PBS or HHT (5 ng/mL or 10 ng/mL)
for serial plating. After three rounds of plating, HHT sig-
nificantly suppressed colony-forming activity and

decreased cell proliferation of primary AML cells in a
dose-dependent manner (Figure 2A). HHT treatment also
markedly reduced the colony size (Figure 2B). 
We then utilized leukemic mouse BMT model to assess

the effect of HHT on AML progression in vivo. Briefly, pri-
mary mouse MLL-AF9 AML cells (CD45.2) were injected
via tail vein (i.v.) into semi-lethally irradiated recipient
mice (CD45.1). Ten days post transplantation, the recipi-
ents were treated with either HHT (1 mg/kg body weight)
or PBS once daily for ten consecutive days (Figure 2C). As
expected, HHT treatment significantly inhibited AML
progression and substantially prolonged survival in the
AML mice (102 days vs. 63 days; P=0.0007) (Figure 2D).
Compared to the PBS-treated control group, HHT treat-
ment dramatically reduced leukemic burden in PB, BM,
spleen and liver in mice (Figure 2E-G and Online
Supplementary Figure S2A and B). 
We also employed "human-in-mouse" xenograft models

to further evaluate the effect of HHT on human AML pro-
gression in vivo. Human MA9.3ITD AML cells were i.v.
injected into NSGS mice and ten days post xenotransplan-
tation, the mice were treated with PBS or HHT (1 mg/kg
body weight) for ten days (Figure 2H). HHT substantially
delayed leukemia progression and prolonged survival of
treated mice, associated with significantly inhibited
engraftment of human AML cells and remarkably reduced
leukemia burden in recipient mice (Figure 2I and Online
Supplementary Figure S2C-F). Pathological morphologies
also identified a significant decrease of leukemia blasts in
PB, BM, liver, and spleen tissues in HHT-treated group
compared with the control group (Figure 2J). Similar
effects of HHT treatment were also observed in NSGS
mice xeno-transplanted with human MONOMAC 6 AML
cells (Online Supplementary Figure S2G-I). Collectively,
HHT treatment can substantially inhibit leukemia pro-
gression and prolong survival of mice carrying human or
murine AML, demonstrating the potent therapeutic effica-
cy of HHT in treating AML. 

Homoharringtonine down-regulates global 5hmC level
by targeting SP1/TET1 in acute myeloid leukemia cells
Altered epigenetic modification at DNA levels is a well-

known feature of AML and displays critical effects during
AML initiation, progression, and prognosis.30,31 Strikingly,
we found that HHT treatment significantly reduced global
5hmC level, but not 5mC level, both in MA9.3RAS and
MA9.3ITD AML cells (Figure 3A and B). Notably, amongst
the genes encoding methylcytosine dioxygenase TET pro-
teins (including TET1, TET2, and TET3) that convert 5mC
to 5hmC,13 we found that only TET1, but not TET2 or
TET3, was significantly down-regulated upon HHT treat-
ment (in a dose-dependent manner) in AML cells as
detected by qPCR (Online Supplementary Figure S3A).
Furthermore, we also confirmed HHT-induced suppres-
sion of TET1 expression through our RNA-seq data analy-
sis and Western blotting assay (Figure 3C). Notably, our
qPCR results indicated that the significant downregulation
of TET1 started as early as at 18 hours and continued after-
wards in MA9.3ITD upon HHT treatment (Figure 3E).
Thus, HHT-induced decrease of 5hmC level is owing to
the downregulation of TET1. To further determine
whether HHT-mediated TET1 inhibition is due to tran-
scriptional inhibition, we employed nuclear run-on
assay,32 with biotin-labeled uridine 5'-triphosphate (UTP)
(Online Supplementary Figure S3B) and showed that HHT
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Figure 1. Acute myeloid leukemia (AML) cells display high sensitivity to homoharringtonine (HHT) treatment in vitro. (A) (Left) Genetic information of MA9.3RAS,
MA9.3ITD and MONOMAC 6  and (right) the inhibitory concentration of 50% (IC50) values with HHT treatment at 48 hours (h) for these three AML cell lines. (B) Effects
of HHT treatment on cell growth/proliferation in MA9.3RAS, MA9.3ITD and MONOMAC 6 at different time points (0, 24, 48, 72 and 96 h). The colors represent dif-
ferent HHT concentrations (0, 5, 10, 20 ng/mL; or, 0, 9.2, 18.3, 36.7 nM). (C) Effect of HHT on apoptosis in AML cells. All the cells were treated with HHT for 48 h
and representative flow cytometric plots and percentages of cell apoptosis are shown. (D) Statistical apoptosis analysis from three independent experiments deter-
mined by flow cytometry. (E) Function of HHT on cell cycle arrest in AML cells. All the cells were treated with HHT for 48 h and representative flow cytometric per-
centages of cell cycle phases are shown. (F) Statistical analysis of cell cycle assays from three independent experiments determined by flow cytometry. (G) Staining
of CD11b and CD14 in MONOMAC 6 cells upon HHT treatment for 96 h during PMA-induced monocytic differentiation (left panel), along with statistical analysis of
cell proportions of CD11b+CD14+ and CD11b–CD14– in MONOMAC 6 (right panel). (H) Staining of CD11b and CD15 in NB4 cells [carrying t(15;17)/PML-RARA; AML-
M3] upon treatment with HHT for 96 h during ATRA-induced granulocytic differentiation (left panel), along with statistical analysis of cell proportions of CD11b+CD15+

and CD11b–CD15– in NB4 (right panel). Red boxes in (G) and (H) represent the differentiated cell population with double positive markers. *P<0.05; **P<0.01;
***P<0.001; t-test. Error bar, mean±Standard Deviation.
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treatment significantly decreased the transcriptional rate
of TET1 (Figure 3D), suggesting transcriptional inhibition
largely contributes to HHT-induced downregulation of
TET1. To elucidate the molecular mechanism by which
HHT inhibits the transcription of TET1, we examined the
potential binding of transcription factors (TF) on the pro-
moter region of TET1 (-530 to +10 bp) and identified mul-

tiple putative binding sites of SP1 (Figure 3F, top panel, and
Online Supplementary Figure S3C). SP1 is an important TF
in AML and mediates drug resistance to chemotherapy.33,34
Our ChIP-qPCR confirmed the direct binding of SP1 on
TET1 promoter region and such binding was remarkably
decreased upon HHT treatment in AML cells (Figure 3F,
bottom panel). Furthermore, we conducted drug affinity
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Figure 2. Homoharringtonine (HHT) inhibits the progression of acute myeloid leukemia (AML) in vivo. (A) Effects of HHT on colony forming activity of mouse
hematopoietic stem/progenitor cells (HSPC) transformed by MLL-AF9 or NRAS plus AML-ETO9a (AE9a). Colony numbers (left panel) and cell counts (right panel) from
colony forming assay (CFA) were displayed. (B) Representative images of the 3rd generation of colonies under treatment with different HHT concentrations (0, 5 and
10 ng/mL) (5× microscope). (C) Schematic illustration of secondary MLL-AF9 AML transplantation mouse model coupled with HHT or phosphate-buffered saline
(PBS)  treatment. (D) Kaplan-Meier curves of PBS- and HHT-treated mice that were transplanted with mouse MLL-AF9 AML cells. (E-G) White blood cell (WBC) count
(E), spleen (SP) weight (F), and the engraftment ratio of leukemic cells into SP (G) at the end point of the PBS- or HHT-treated MLL-AF9 AML mice. (H) Schematic illus-
tration of the MA9.3ITD AML xenograft NOD/LtSz-scid IL2RG-SGM3 (NSGS) model coupled with HHT or PBS treatment. (I) Kaplan-Meier curves of PBS- and HHT-treat-
ed NSGS mice that were xenotransplanted with human MA9.3ITD AML cells. (J) Wright-Giemsa staining of mouse peripheral blood (PB) and bone marrow (BM), and
Hematoxylin and Eosin (H&E) staining of liver and spleen (SP) from PBS- or HHT-treated MA9.3ITD leukemic mice. Bars represent 50 mM for PB, SP and liver; 30 mM
for BM. *P<0.05; **P<0.01; ***P<0.001; t-test. Error bar, mean±Standard Deviation. For Kaplan-Meier curve, P-values were calculated by log-rank test. 
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Figure 3. Homoharringtonine (HHT) substantially reduces global 5hmC abundance via targeting SP1/TET1 in acute myeloid leukemia (AML). (A and B) Effects of
HHT on global 5mC (A) and 5hmC (B) abundance in MA9.3RAS and MA9.3ITD AML cells upon treatment with 5 ng/mL HHT for 48 hours (h).  (C) Relative expression
of TET1 in HHT-treated MA9.3ITD at different time points, including 0, 12, 18, 24 and 48 h. (D) Heat map showing gene expression of the individual TET family mem-
bers in MA9.3RAS and MA9.3ITD AML cells treated with phosphate-buffered saline (PBS) or HHT (5 or 10 ng/mL) for 48 h as detected by RNA-sequencing (RNA-seq)
(top panel), along with western blotting result of TET1 in MA9.3RAS and MA9.3ITD AML cells treated with PBS or HHT (5 ng/mL) for 48 h (bottom panel). (E) RNA
levels of TET1 and ACTB in Total RNA (in black) and Run-on RNA (in red) were determined by reverse transcription polymerase chain reaction (RT-PCR) (left panel, M,
Marker). Qualitative PCR (qPCR) analysis of relative TET1 abundance in Total RNA and Run-on RNA isolated from PBS- or HHT-treated MA9.3ITD cells (right panel).
(F) Schematic presentation of SP1 binding sites within the promoter region of TET1 (top panel). Chromatin immune-precipitation (ChIP)-qPCR assay was used to deter-
mine the binding of SP1 to the TET1 promoter in MA9.3ITD treated with PBS or 5 ng/mL HHT for 48 h. IgG was used as a negative control. (G) Identification of direct
binding between HHT and SP1 via DARTS assay in MA9.3ITD cells. Western blot analysis of the DARTS samples. (H) Identification of direct binding between HHT and
SP1 via CETSA assay in MA9.3ITD cells. Western blot analysis of the CETSA samples. (I) Western blotting analysis of SP1 knockdown efficacy and effects of SP1
knockdown on the growth/proliferation of MA9.3RAS and MONOMAC 6 AML cells. (J) Relative expression of TET1 in MA9.3RAS and MONOMAC 6 AML cells with or
without SP1 knockdown. *P<0.05; **P<0.01; ***P<0.001; t-test. Error bar, mean±Standard Deviation. 
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responsive target stability (DARTS) assay and cellular
thermal shift assay (CETSA) to clarify whether SP1 is a
potential direct binding target of HHT.35,36 Indeed, the
DARTS result suggests that HHT directly binds with SP1
protein and confers drug-induced pronase-resistance for
SP1 (Figure 3G). Moreover, the CETSA result confirms the
direct association of HHT to SP1 and leads to the shift

thermal stability of SP1 protein (Figure 3H). Finally, we
showed that depletion of SP1 expression significantly
inhibited AML cell growth and suppressed TET1 expres-
sion (Figure 3I and J), recapitulating the effects of HHT
treatment (Figures 1B and  3C, and  Online Supplementary
Figure S3A). Thus, by inhibiting the binding of SP1 on
TET1 promoter, HHT negatively regulates transcription of
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Figure 4. Knockdown of TET1 expression recapitulates effects of homoharringtonine (HHT) treatment in acute myeloid leukemia (AML)  cells. (A) Qualitative poly-
merase chain reaction (qPCR) analysis of TET1 knockdown efficacy in MONOMAC 6, MA9.3ITD and MA9.3RAS cells. (B) Effects of TET1 knockdown on cell
growth/proliferation of these three AML cell lines at different time points [0, 24, 48, 72 and 96 hours (h)]. (C) Effects of TET1 knockdown on apoptosis in MA9.3ITD
and MA9.3RAS AML cells. (D) Statistical analysis of apoptosis assay in AML cells from three independent experiments determined by flow cytometry. (E) Effects of
TET1 knockdown on cell cycle arrest in AML cells. (F) Statistical analysis of cell cycle assays from three independent experiments determined by flow cytometry. (G)
Statistical analysis of cell proportions of CD11b+CD14+ and CD11b–CD14– in TET1 knockdown or control MONOMAC 6 cells. (H) HHT IC50 in MA9.3ITD and MA9.3RAS
cells with or without TET1 knockdown. These cells were exposed to HHT for 72 h. *P<0.05; **P<0.01; ***P<0.001; t-test. Error bar, mean±Standard Deviation.
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TET1. Collectively, our data reveal a previously unrecog-
nized signal pathway involving HHT, SP1 and TET1, and
identify a novel mechanism by which HHT inhibits TET1
expression and thereby reduces global 5hmC modification
in AML cells. 

TET1 is a functionally important target of 
homoharringtonine that mediates homoharringtonine
effects in acute myeloid leukemia
We next investigated whether knockdown of TET1 can

mimic the effects of HHT (TET1 inhibition) and whether
the treatment efficacy of HHT is dependent on its inhibi-
tion on TET1 expression in AML. As expected, depletion of

TET1 expression by shRNA (Figure 4A) could largely
mimic the effects of HHT treatment in AML cells, includ-
ing inhibiting cell growth, inducing apoptosis, blocking cell
cycle, and promoting myeloid differentiation (Figure 4B-G,
and Online Supplementary Figure S4A-C). Furthermore,
knockdown of TET1 dramatically reduced the sensitivity
of AML cells to HHT treatment, with IC50 values increased
to more than 2-fold (Figure 4H), suggesting that TET1 is a
critical target of HHT that mediates the effects of HHT
treatment in AML cells. Together, our data indicate that
HHT induced cell growth inhibition, cell apoptosis, cell
cycle arrest, and cell differentiation largely owing to its
inhibition on TET1 expression/function in AML.

Therapeutic effect and mechanism of homoharringtonine in AML
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Figure 5. FLT3 is a critical target of the homoharringtonine (HHT) SP1/TET1/5hmC axis. (A) Scheme of identification of response targets of the
HHT⊣SP1/TET1/5hmC axis by 5hmC-sequencing (5hmC-seq) and RNA-seq of MA9.3 RAS and MA9.3ITD acute myeloid leukemia (AML)  cells treated with phos-
phate-buffered saline (PBS) or HHT (10 ng/mL for 5hmC-seq samples) for 48 hours (h). Responsive targets refer to genes with downregulation in both 5hmC abun-
dance and RNA level upon HHT treatment. (B) Potential HHT⊣SP1/TET1/5hmC targets found by overlap analysis of the responsive targets and putative TET1 targets
(top panel). Top ten target genes were shown (bottom panel). (C) The view of 5hmC abundance across FLT3 genomic locus in MA9.3ITD cells with PBS or HHT (10
ng/mL) treatment. (D) The verification of decreased 5hmC abundance on FLT3 via Chromatin immune-precipitation (ChIP)-qPCR analysis with different primers cov-
ering corresponding 5hmC peaks shown in boxes in (C). (E) ChIP-qPCR analysis of the binding of TET1, as well as MLL-fusion proteins, to the loci of FLT3 in MONOMAC
6 cells. Green bar represents the CpG island and purple bar represents exons of FLT3. Both MLL and H3K79me2 were used as positive controls. (F and  G) The
effects of knockdown of Tet1 on expression of Flt3 in MLL-AF9 transformed colony cells (F) and in leukemic bone marrow (BM) blast cells of bone marrow transplan-
tation (BMT) recipient mice that developed MLL-AF9-induced AML (G). *P<0.05; **P<0.01; ***P<0.001; t-test. Error bar, mean±Standard Deviation. 
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FLT3 is a direct target of TET1 and is suppressed by
the homoharringtonine⊣TET1/5hmC/ axis
We next performed 5hmC-seq and RNA-seq of AML

cells with or without HHT treatment to identify down-
stream targets that are regulated by the
HHT⊣TET1/5hmC axis. As TET1 has been reported to
positively regulate expression of many target genes
through a 5hmC-dependent mechanism,17,37 we sought to

identify responsive targets that exhibit reduced 5hmC
level and downregulation in expression upon HHT treat-
ment (Figure 5A). By overlapping such responsive targets
with the list of TET1 potential direct targets as detected
by ChIP-on-chip or ChIP-seq in the mammalian
genome,37-39 we identified 1,687 potential TET1 targets
that showed significant decreases in 5hmC level and sig-
nificant downregulation in expression (Figure 5B, top
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Figure 6. Pathways affected by the homoharringtonine (HHT)-SP1/TET1/5hmC axis. (A) Integrative analysis of our HHT-treatment RNA-sequencing (RNA-seq) data
with published Tet1 knockout RNA-seq data42 to identify pathways or gene sets that were commonly affected by both HHT treatment and Tet1 knockout. RNA-seq
data from MA9.3RAS and MA9.3ITD AML cells treated with phosphate-buffered saline (PBS) or HHT (10 ng/mL) for 48 hours (h), along with RNA-seq data from mouse
BM Lin–/c-Kit+/Sca1+ (LSK) and multipotent progenitor (MPP) cells with or without Tet1 knockout,42 were used in the analysis. Six gene sets were identified to be
affected by both HHT treatment and Tet1 knockout in all four conditions. (B) Normalized enrichment score (NES) of the six gene sets. (C) Among the six signaling
pathways, MYC targets V1, MYC targets V2, E2F targets, and G2M checkpoints gene sets were significantly suppressed upon both HHT treatment and Tet1 knockout.
(D) Decreased relative expression levels of genes of the MYC targets V1/V2 gene sets in MA9.3ITD and MA9.3RAS upon HHT treatment. The dot inside represents
the median expression levels of the gene sets. (E) Western blot analysis of TET1, FLT3, and MYC in PBS- or HHT-treated MA9.3ITD and MONOMAC-6 cells and in
MONOMAC-6 cells with or without TET1 knockdown. ACTIN was used as an endogenous control. 
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panel, and Online Supplementary Table S3). Across the
genomic locus of these potential targets, the top ten tar-
geted genes with the most significant decreases in 5hmC
levels were listed (Figure 5B, bottom panel). Notably,
FLT3, a well-recognized oncogene related to leukemogen-
esis,7,9 is in the top list, associated with substantially
decreased 5hmC abundance and significant downregula-
tion in expression after HHT treatment (Figure 5C and
Online Supplementary Figure S5A). Our ChIP-qPCR further
confirmed the decreased 5hmC abundance on FLT3 gene
locus upon HHT treatment in AML cells (Figure 5D). 
The ChIP-seq data reported previously38 showed that

Flt3 is a direct target gene of Tet1 in mouse embryonic
stem cells (Online Supplementary Figure S5B). To validate
whether FLT3 is also a direct target of TET1 in human
AML cells, we performed ChIP-qPCR in MONOMAC 6
cells and showed that TET1 was especially enriched at the
CpG area (Site 1) rather than the distal upstream area (Site
2) of FLT3 (in Figure 5E MLL and H3K79me2 are included
as positive controls). Moreover, we showed that knock-
down of Tet1 resulted in decreased expression of Flt3 in
MLL-AF9 transformed colony cells (Figure 5F) and in BM
cells of MLL-AF9 leukemia mice (Figure 5G). Conversely,
forced expression of wild-type Tet1 (but not catalytically
inactive mutant Tet1) in non-MLL rearranged human AML
cells, such as Kasumi-1 cells (carrying t(8;21)/AML1-ETO),
results in a significantly elevated expression of FLT3
(Online Supplementary Figure S5C). Similarly, in human
CD34+ hematopoietic stem/progenitor cells (HSPC), we

observed a strong positive correlation between FLT3 and
TET1 in expression during both granulocytic and mono-
cytic differentiation models (Online Supplementary Figure
S5D). Furthermore, both HHT treatment and TET1
knockdown suppressed FLT3 expression in human AML
cells (Online Supplementary Figure S5E). Taken together, our
results suggest that FLT3 is a direct target of TET1 and
HHT treatment-induced TET1 inhibition or knockdown
of TET1 suppresses FLT3 expression through a 5hmC-
related mechanism. 
We previously reported that HOXA9 and MEIS1 were

directly targeted by TET1 in AML cells.17 Consistently,
here we showed that HHT treatment could also decrease
expression of HOXA9 and MEIS1 in human AML cells
(Online Supplementary Figure S5F). Interestingly, we and
others have also reported previously that HOXA9/MEIS1
and FLT3 may each positively regulate the expression of
the other.23,40,41 Indeed, here we showed that forced expres-
sion of either wild-type FLT3 or FLT3-ITD could signifi-
cantly up-regulate expression of HOXA9 and MEIS1 in
human 293T cells (Online Supplementary Figure S5G) in a
manner similar to FLT3-ITD-mediated upregulation of
HOXA9 and MEIS1 in human MONOMAC 6 AML cells,
as we had reported previously.23 Conversely, we also
showed that forced expression of HOXA9 and MEIS1
could substantially increase FLT3 level in mouse bone
marrow progenitor cells (Online Supplementary Figure S6A).
Thus, there may be a reciprocal positive regulatory loop
between TET1 targets, such as FLT3 and HOXA9/MEIS1. 
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Figure 7. Acute myeloid leukemia (AML)  with FLT3 mutations are highly sensitive to homoharringtonine (HHT) treatment. (A) The sensitivity of AML cells with and
without FLT3 mutations to HHT treatment. The AML cells were treated with a series of concentrations of HHT for 48 hours.  (B) The HHT-based treatment regimen
used for seven relapsed/refractory FLT3-ITD AML patients in clinic. HA: HHT plus cytarabine; HAA: HHT plus cytarabine and aclarubicin. (C) The IC50 values of HHT and
sorafenib in primary FLT3-ITD AML patients' samples.(C) The HHT-based treatment regimen used for seven relapsed/refractory FLT3-ITD AML patients in clinic. HA:
HHT plus cytarabine; HAA: HHT plus cytarabine and aclarubicin. (D) Schematic illustration of the molecular mechanism underlying the anti-tumor effects of HHT main-
ly through suppression of the SP1/TET1/5hmC/FLT3-HOXA9-MEIS1/MYC axis. 
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Notably, MA9.3ITD cell line was established from
human cord blood CD34+ cells virally transduced with
MLL-AF9 and FLT3-ITD.21 Thus, one may expect that
ectopic expression of FLT3-ITD in this cell line would not
be suppressed by HHT/TET1 and thereby should show
resistance to HHT, which is somewhat opposite to what
we observed (e.g. Figure 1A and B). We presumed that
such a discrepancy might be due to the possibility that
virally transduced FLT3-ITD in MA9.3ITD cells was by
chance integrated to a locus that is also under control of
TET1. Actually, there are a total of 11,632 genes that are
associated with Tet1 enrichment in their promoter regions
[-2kb to +2kb relative to annotated transcription start sites
(TSS)] as detected by at least 2 out of 3 genome-wide
ChIP-on-chip or ChIP-seq analyses in mouse embryonic
stem cells (mESC).37-39 Therefore, although many of such
putative targets identified from mESC might not be gen-
uine targets of TET1 in human AML cells, there is still a
good chance that the virally transduced FLT3-ITD in
MA9.3ITD cell line was integrated, by chance, to a locus
that is also under control of TET1. Indeed, HHT treatment
could dramatically decrease the overall FLT3 (including
FLT3-ITD) protein level, suggesting that is highly likely
that FLT3-ITD expression in MA9.3ITD cell line is also
under control of HHT/TET1 (Figure 6E). To determine
whether non-TET1-controlled ectopic expression of FLT3
or FLT3-ITD can cause resistance to HHT in transduced
AML cells, we virally transduced human Kasumi-1 AML
cells with a high titer of FLT3 or FLT3-ITD viruses. In this
way, each transduced cell had multiple copies of FLT3 or
FLT3-ITD, and thus there would be a good chance that at
least one copy was integrated into a locus not controlled
by TET1. We sorted transduction-positive cells (i.e. RFP+

cells) 48 hours post transduction and then treated the cells
with HHT or PBS for 24 hours. Forced expression of FLT3
or FLT3-ITD conferred at least partial resistance in trans-
duced Kasumi-1 cells to HHT, while TET1 expression was
still suppressed by HHT (Online Supplementary Figure 5H-
J). Taken together, our data suggest that FLT3 is a down-
stream target of HHT/TET1 and mediates the sensitivity
of AML cells to HHT.

MYC signaling is a major downstream pathway 
affected by the homoharringtonine⊣SP1/TET1/5hmC
axis
To further identify downstream pathways affected by

the HHT⊣TET1/5hmC axis, we conducted an integrative
analysis of our RNA-seq data of HHT-induced TET1 inhi-
bition in AML cells and RNA-seq data of Tet1 knockout in
mouse HSPCs [Lin–/c-Kit+/Sca1+ (LSK) and multipotent
progenitor (MPP) cells] reported by Cimmino et al.42
Through gene set enrichment analysis (GSEA), we identi-
fied six gene sets strongly enriched in both HHT-induced
TET1 inhibition and Tet1 knockout, including MYC targets
V1, MYC targets V2, E2F targets, G2M checkpoints,
MTORC1 signaling, and DNA repair (Figure 6A). The nor-
malized enrichment score (NES) of the six co-enriched sig-
naling pathways in all four pairs of samples are shown in
Figure 6B. Among the six gene sets, MYC targets V1,
MYC targets V2, E2F targets, and G2M checkpoints were
significantly suppressed upon HHT treatment and Tet1
knockout (Figure 6C). The violin plots showed the down-
regulated expression of the clustering genes in MYC tar-
gets V1 and MYC targets V2 after HHT treatment in AML
cell lines (Figure 6D). Among these suppressed signal path-

ways, MYC functions as universal transcriptional amplifi-
er and directly and indirectly regulates expression of mul-
tiple core enriched genes.43 More interestingly, MYC was
reported as a downstream target of FLT3, and was signifi-
cantly enriched in FLT3 constitutively activated cells and
largely suppressed with the treatment of FLT3
inhibitor.10,12 Indeed, we showed that forced expression of
either FLT3 or FLT3-ITD can substantially increase expres-
sion of MYC (Online Supplementary Figure S6B). In addi-
tion, consistent with previous studies showing that
HOXA9/MEIS1 can up-regulate expression of MYC,44 we
found that forced expression of HOXA9 and MEIS1 could
also substantially increase MYC level (Online
Supplementary Figure S6A). Our Western blot results also
confirmed the decreased expression of TET1, FLT3 and
MYC in HHT-treated or TET1-knockdown human 
MLL-rearranged or non-MLL-rearranged AML cells (Figure
6E and Online Supplementary Figure S6C). These findings
suggest that MYC is an essential downstream target of the
HHT⊣SP1/TET1/5hmC/FLT3-HOXA9-MEIS1 axis and
MYC signaling is a major pathway inhibited by HHT
treatment in AML.

Homoharringtonine treatment represents a promising
therapeutic strategy for the treatment of acute
myeloid leukemia with FLT3 mutations
In line with the above discoveries, we found that

human AML cell lines with FLT3 mutations are indeed
much more sensitive to HHT than those without (Figure
7A). Next, we collected four primary AML samples from
de novo or relapse/refractory patients with FLT3-ITD muta-
tion (Online Supplementary Table S4). Notably, all the pri-
mary AML samples are highly sensitive to HHT treat-
ment, with IC50 values < 30 nM; in contrast, these AML
samples are relatively resistant to sorafenib, a tyrosine
kinase inhibitor that was usually recommended to
patients with FLT3-ITD mutation in clinic,45 with IC50 val-
ues >2.7 mM (Figure 7C). The superior effect of HHT, rel-
ative to sorafenib, might be owing to the fact that HHT
can suppress expression of not only FLT3 but also other
critical oncogenic targets of TET1 (e.g. HOXA9 and
MEIS1), as mentioned above. Furthermore, we have suc-
cessfully applied the HHT-based salvage chemotherapy in
treating relapse/refractory patients in Zhejiang, China,
and some of them were successfully bridged to BMT
(Figure 7B and Jie et al., unpublished data). Together with
our mechanistic studies described above, our data suggest
that the high sensitivity of HHT in AML with FLT3 muta-
tions is largely attributed to the HHT-induced inhibition
of FLT3/HOXA9/MEIS1 expression/function through the
HHT⊣SP1/TET1/5hmC axis (Figure 7D).

Discussion

Previous studies have reported that HHT-based
chemotherapy exhibited a high efficiency in treating de
novo AML patients,4,5 but the underlying mechanism has
not been well elucidated. In the present study, we showed
that HHT treatment alone caused potent inhibition of
AML cell growth/survival in vitro and substantial suppres-
sion of AML progression in vivo, and such inhibitory
effects are likely attributed to HHT-induced cell cycle
blockage and apoptosis, as well as enhanced myeloid dif-
ferentiation. Mechanistically, we showed that, by target-
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ing SP1/TET1, HHT treatment causes a substantial
decrease in global 5hmC abundance and thereby marked-
ly changes DNA epigenome and reprograms the down-
stream pathways. We demonstrated that SP1 is a direct
drug target of HHT and a positive transcriptional regulator
of TET1, and HHT competitively inhibits the binding of
SP1 to the promoter region of TET1 and thereby suppress-
es SP1-mediated TET1 transcription; knockdown of either
SP1 or TET1 can largely recapitulate the effects of HHT in
AML. In addition, we have previously showed that deple-
tion or suppression of TET1 expression dramatically inhib-
ited AML progression and substantially prolonged survival
in AML mice,17-19 recapitulating the potent in vivo anti-AML
effect of HHT. Moreover, depletion of TET1 expression
could make AML cells much less sensitive to HHT, further
suggesting that the anti-AML activity of HHT relies on the
suppression of the SP1/TET1/5hmC axis. However, fur-
ther systematical studies are warranted to determine
which particular sites/domains of SP1 are bound by HHT;
such information would help us better understand how
HHT disrupts the transcription-factor activity of SP1.
Interestingly, SP1 has also been reported to positively reg-
ulate expression of BCR-ABL in chronic myeloid leukemia
(CML) cells.46 Thus, the antileukemic effect of HHT in
CML might not be solely due to its binding to ribosome,6
but likely also through targeting SP1 directly and thereby
suppressing SP1-mediated activation of the BCR-ABL and
TET1 signaling pathways.    
Furthermore, our 5hmC-seq and RNA-seq analyses

identified FLT3 as a critical target of the
HHT⊣SP1/TET1/5hmC axis; HHT treatment or TET1
knockdown markedly reduced 5hmC abundance on FLT3
locus and decreased FLT3 expression in AML cells, and our
ChIP-qPCR assay confirmed that FLT3 is a direct target of
TET1. Interestingly, consistent with previous reports,23,40,41
here we showed that FLT3 exhibits a positive reciprocal
regulation relationship with HOXA9/MEIS1, two known
targets of TET1.17 Thus, our data suggest that, by suppres-
sion of TET1 expression, HHT simultaneously inhibits
expression of multiple target genes of TET1 (which may
form a reciprocal positive regulatory loop) in AML cells
and thereby displays a potent antileukemic effect.

FLT3 encodes a class III receptor tyrosine kinase that
regulates hematopoiesis and the mutation of FLT3 is the
most common driven mutation found in more than 30%
of AML patients.47 Both ITD and tyrosine kinase domain
mutation of FLT3 result in its constitutive activation and
thus lead to leukemogenesis by promoting expression of a
number of critical oncogenic downstream targets such as
MYC.10-12,48 Despite the extensive efforts in developing and
testing FLT3 inhibitors in the clinic, AML patients with
high allelic ratio FLT3-ITD are still classified as adverse
risk category in 2017 European LeukemiaNet recommen-
dation due to the high relapse rate and poor overall sur-
vival.7,11,12 Thus, the development of  improved therapeu-
tics for treating FLT3-ITD AML is still an unmet need.
Here we also showed that primary AML patients with

FLT3 mutations, including both newly diagnosed and
relapsed patients, exhibit a high sensitivity to HHT treat-
ment (with IC50 <30 nM). Consistent with our findings,
another group also reported recently that HHT exhibited
preferential antileukemic effect against AML carrying
FLT3-ITD as detected by an in vitro drug screening on
patients' samples.49 In addition, they conducted a phase II

clinical trial in relapsed/refractory FLT3-ITD AML
patients, in which 20 out of 24 patients achieved complete
remission with sorafenib and HHT combination treat-
ment (median leukemia-free survival and overall survival:
12 and 33 weeks, respectively).49 While they showed
sorafenib alone reduced the amount of pFLT3 protein, and
HHT alone reduced the amount of both FLT3 and pFLT3
protein in FLT3-ITD AML cell lines, no further mechanis-
tic studies were carried out.49 Our studies elucidated the
molecular mechanism underlying the high sensitivity of
FLT3-mutated AML to HHT treatment. This mechanism
involves HHT-induced reprogramming of DNA
epigenome by targeting the SP1/TET1/5hmC axis and
thereby inhibition of transcription of a set of critical onco-
genic targets, especially FLT3, which in turn leads to the
suppression of FLT3 downstream pathways, such as MYC
signaling. Notably, it is well known that FLT3-ITD muta-
tion patients under therapy often develop secondary FLT3
mutations which result in drug resistance. Interestingly,
we found that MONOMAC 6, which carries the FLT3
V592A mutation,50 was also sensitive to HHT. Moreover,
the relapsed/refractory FLT3-ITD AML patient also
showed sensitivity to HHT treatment and could be
bridged to transplantation in subsequent treatment49
(Figure 7B). Therefore, HHT-based therapeutics (i.e. HHT
plus other therapeutic agents such as FLT3 inhibitors
and/or standard chemotherapy) represent effective novel
treatments for de novo or relapsed/refractory FLT3-mutated
AML patients. 
In summary, here we show that HHT, approved by the

FDA for CML treatment, also exhibits potent therapeutic
efficacy in AML and decreases global 5hmC abundance by
targeting the SP1/TET1/5hmC axis. Although other mech-
anisms, such as inhibition of protein synthesis,6 may also
contribute to the overall antileukemic effects of HHT in
AML, which warrant further systematical studies in the
future, our work reveals a novel mechanism involving
suppression of the SP1/TET1/5hmC/FLT3-HOXA9-
MEIS1/MYC signaling through which HHT exhibits
potent therapeutic activity in treating AML. Since AML is
characterized by cytogenetic and molecular heterogeneity,
targeted therapy is a growing trend for selected subtypes
of AML, especially for those with adverse prognosis. Here
we provide compelling functional and mechanistic data
suggesting that an HHT-based therapeutic approach repre-
sents effective target therapeutics to treat AML carrying
FLT3 mutations and/or with overexpression of endoge-
nous TET1/FLT3/HOXA9/MEIS1, which accounts for
more than 40% of total human AML cases.7
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Acute myeloid leukemia (AML) with t(6;9)(p22;q34) is a distinct entity
accounting for 1-2% of AML cases. A substantial proportion of these
patients have a concomitant FLT3-ITD. While outcomes are dismal

with intensive chemotherapy, limited evidence suggests allogeneic
hematopoietic cell transplantation (allo-HCT) may improve survival if per-
formed early during first complete remission. We report on a cohort of 178
patients with t(6;9)(p22;q34) within an international, multicenter collabora-
tion. Median age was 46 years (range: 16-76), AML was de novo in 88%,
FLT3-ITD was present in 62%, and additional cytogenetic abnormalities in
21%. Complete remission was achieved in 81% (n=144), including 14
patients who received high-dose cytarabine after initial induction failure.
With a median follow up of 5.43 years, estimated overall survival at five
years was 38% (95%CI: 31-47%). Allo-HCT was performed in 117 (66%)
patients, including 89 in first complete remission. Allo-HCT in first com-
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plete remission was associated with higher 5-year relapse-free and overall survival as compared to consoli-
dation chemotherapy: 45% (95%CI: 35-59%) and 53% (95%CI: 42-66%) versus 7% (95%CI: 3-19%) and
23% (95%CI: 13-38%), respectively. For patients undergoing allo-HCT, there was no difference in overall
survival rates at five years according to whether it was performed in first [53% (95%CI: 42-66%)], or second
[58% (95%CI: 31-100%); n=10] complete remission or with active disease/relapse [54% (95%CI: 34-84%);
n=18] (P=0.67). Neither FLT3-ITD nor additional chromosomal abnormalities impacted survival. In conclu-
sion, outcomes of t(6;9)(p22;q34) AML are poor with chemotherapy, and can be substantially improved with
allo-HCT.  

Introduction

Acute myeloid leukemia (AML) with t(6;9)(p22;q34) has
been listed as a distinct entity in the World Health
Organization classification since 2008 and accounts for a
small group (1-2%) of AML patients.1,2 The translocation
t(6;9), first described in AML in 1976,3 results in formation
of the DEK-NUP214 chimeric fusion gene, where DEK at
6p223 is fused to NUP214 (formerly known as CAN),
located at 9q34.4 This fusion gene acts as an aberrant tran-
scription factor and alters nuclear transport by binding sol-
uble transport factors.5 In addition, DEK-NUP214 has
been reported to enhance protein synthesis in myeloid
cells.6,7 In a murine model, DEK-NUP214 induced
leukemia when transduced to long-term repopulating
stem cells.8
Acute myeloid leukemia with t(6;9) occurs in children

and adults, as reported in a retrospective cohort analysis of
69 patients (31 children and 38 adults) with a median age
of 23 years, most of whom presented with de novo AML.2
Of note, 42-69% of pediatric and 73-90% of adult AML
patients with t(6;9) are described to harbor a concomitant
internal tandem duplication of the FLT3 gene (FLT3-
ITD),2,9-13 while secondary cytogenetic abnormalities are
observed in 12-19% of pediatric and adult patients.2,13
Clinically, t(6;9) AML has been associated with a poor

prognosis in children and adults,2,12-15 with reported 5-year
overall survival (OS) rates of 28% and 9%, respectively.2
With this, adult patients with this translocation are catego-
rized into the adverse risk group according to the National
Comprehensive Cancer Network guidelines.16 Allogeneic
hematopoietic cell transplantation (allo-HCT) may
improve survival if performed during first complete remis-
sion (CR1).2,17 However, the results were hampered by the
small number of patients. Even results derived from a large
registry data base were inconclusive on this issue due to
missing data on allo-HCT.15 Additionally, results on AML
patients with t(6;9)(p22;q34) are rarely reported, although
these patients were included in a recent large randomized
trial.18 Thus, international multicenter cohort studies are
the only opportunity to better describe characteristics and
evaluate outcome according to treatment strategies.  
The objectives of our study were to characterize a large

cohort of AML patients with t(6;9)(p22;q34) in an interna-
tional, multicenter cohort and to evaluate outcomes
according to treatment.

Methods

Patients and treatment
Information on 178 patients with AML and t(6;9)(p22;q34)

diagnosed between 1989 and 2016 was collected from fourteen

study groups/institutions in the US and Europe. Participating cen-
ters were chosen upon network relationships of the first and last
author. Detailed case report forms (including information on
baseline characteristics, chemotherapy, allo-HCT, response, and
survival) were collected from all participating centers. Inclusion
criteria were adult patients with t(6;9)(p22;q34), eligible for inten-
sive therapy (ECOG 0-2), including (but not limited to) allo-HCT.
All patients who fulfilled these criteria were included by the par-
ticipating groups/institutions, respectively. Diagnosis of AML
was based on French-American-British Cooperative Group crite-
ria19 and, after 2003, on revised International Working Group cri-
teria.20 Chromosome banding was performed using standard
techniques, and karyotypes were described according to the
International System for Human Cytogenetic Nomenclature.21

FLT3 mutation screening for internal tandem duplications (ITD)
and point mutations within the tyrosine kinase domain (TKD)
was carried out at each institution per local practice.10,22 Data col-
lection and analysis were approved by the Institutional Review
Boards of the participating centers.

Treatment
One-hundred and seventy-six of the 178 patients (99%)

received intensive induction treatment either within clinical trials
(n=116) or according to local institutional standards (n=62).
Treatment protocols included the Study Alliance Leukemia (SAL)
AML9623 and AML200324 trials, the United Kingdom AML10,15

AML11,25 AML12,15 AML14,25 AML15,15 AML1626 and AML1727

protocols, as well as the ALFA 9801,28 980229 and 070230 trials.
Induction therapy according to local standard most frequently
consisted of the 7+3 regimen of anthracycline plus cytarabine
(n=53). Two patients (1%) received either azacitidine or
decitabine as induction therapy and both went on to allo-HCT.
Response was assessed according to International Working
Group recommendations.20 All studies were approved by the
institutional review boards of the participating centers. All
patients provided written informed consent for participation in
one of the treatment trials or for therapy according to local stan-
dards. 

Statistical analysis
Survival end points including OS, relapse-free survival (RFS),

cumulative incidence of relapse (CIR), and cumulative incidence
of death in CR (CID) were defined according to the revised rec-
ommendations of the International Working Group.20

Comparisons of patients' characteristics were performed with
the Kruskal-Wallis rank sum test for continuous variables and
Fisher’s exact test for categorical variables. The median follow-up
time was computed using the reverse Kaplan-Meier estimate.31

The Kaplan-Meier method was used to estimate the distribution
of RFS and OS.32 Confidence interval (CI) estimation for survival
curves was based on the cumulative hazard function using
Greenwood’s formula for variance estimation. Log rank tests
were employed to compare survival curves between groups. A
Cox proportional hazards regression model was used to identify



prognostic variables for OS.33 The following variables were
included in the Cox models: age at diagnosis, gender, logarithm
of white blood cells, platelet count, FLT3-ITD mutational status,
and detection of additional cytogenetic abnormalities. The effect
of allo-HCT on OS as a time-dependent intervening event was
tested by using the Mantel-Byar method34 for univariable and
Andersen-Gill model for multivariable analyses.35 The method of
Simon and Makuch was used to estimate survival distributions
with respect to time-dependent interventions.36

The individuals at risk were initially all represented in the
chemotherapy group. If patients received an allo-HCT, they were
censored at this time point in the chemotherapy group and fur-
ther followed up within the allo-HCT group.  

Cumulative incidence of relapse and CID and their standard
errors were computed according to the method described by
Gray37 and included only patients attaining CR. Missing data
were replaced by 50 imputations using multivariate imputations
by chained equations applying predictive mean matching.38

Backward selection applying a stopping rule based on P-values
was used in multivariable regression models to exclude redun-
dant or unnecessary variables. All statistical analyses were per-
formed with the  R statistical software environment, version
3.3.1, using the R packages prodlim, version 1.5.7, and survival,
version 2.39-5.39

Results

Study cohort
Overall demographic and clinical data were collected

from 178 patients (MRC, n=75; SAL, n=27; Fred
Hutchinson Cancer Research Center, Seattle, n=12; ALFA,
n=12; Dana-Faber Cancer Institute and Massachusetts
General Hospital, Boston, n=12; Johns Hopkins
University, Baltimore, n=8; Charité-University Medical
Center Berlin, n=7; University of Maryland Greenebaum
Comprehensive Cancer Center, n=6; Memorial Sloan
Kettering Cancer Center, New York, n=6; Perelman School
of Medicine at the University of Pennsylvania, n=4; Mayo
Clinic Rochester, n=4; Czech Leukemia Centers, n=4;
University Hospital Bonn, n=1) diagnosed with
t(6;9)(p22;q34) AML between 1989 and 2016. Baseline
characteristics are summarized in Table 1; median age was
46 years (range: 16-76) and 82 patients (46%) were female.
Type of AML was de novo in 157 (88%), therapy-related in
4 (2%), and secondary after previous myelodysplastic syn-
drome (MDS)/myeloproliferative neoplasm in 12 (7%)
patients. In addition, five (3%) patients with MDS treated
intensively according to AML protocols were included in
this analysis. Median white blood cell (WBC) count was
16.6x109/L (range: 0.5-274) and was significantly higher in
patients with, compared to without, FLT3-ITD (P=0.02). 

Cytogenetic and molecular analyses
The balanced translocation t(6;9)(p22;q34) was the sole

abnormality in 140 (79%) patients, while additional cyto-
genetic abnormalities were present in 38 (21%). Of note,
trisomy 13 was present in ten patients, either as a sole
additional abnormality (n=1), in combination with tri-
somy 8 (n=2) or with another balanced translocation
(n=2), or within a complex karyotype characterized by
gains only (n=5). FLT3-ITD molecular testing was avail-
able in 127 (71%) patients and 79 (62%) had FLT3-ITD.
FLT3-TKD mutational status was available in 76 (43%)
and 4 (5%) were mutated (Table 1). 

Response to induction therapy
Data on response to induction therapy were available in

all patients. Early death (ED) occurred in two (1%)
patients. Overall, CR was achieved in 144 patients (81%).
Thirty-five patients with initial induction failure received
a salvage therapy [high-dose cytarabine (HiDAC-)-based,
n=23; other intensive, n=3; not intensive, n=4; unknown,
n=5)] and 23 of them achieved a CR (66%), including 14
after HiDAC. The CR rate in patients with FLT3-ITD was
81% (64 of 79 patients) as compared to 77% (37 of 48
patients) in patients without FLT3-ITD (P=0.65). No prog-
nostic factors for CR achievement were identified within
the available baseline characteristics. Two of five patients
with MDS achieved a CR according to AML criteria. In six
patients with FLT3-ITD treated on the AML15 (n=2) or
AML17 (n=4) trials, lestaurtinib40 was added to induction
therapy and all patients achieved a CR.

Further therapy including intensive consolidation and
allogeneic hematopoietic stem cell transplantation
Fifty-five (38%) of 144 patients in CR1 received inten-

sive consolidation chemotherapy without transplantation,
whereas 89 (62%) proceeded to allo-HCT. The majority of
the patients (n=52 of 89, 58%) who went on to allo-HCT
received a consolidation therapy prior to transplant.
Relapses occurred in 47 (85%) patients after consolida-

tion chemotherapy and in 28 (31%) after allo-HCT in
CR1. Relapsed patients without allo-HCT died after in
median 5.4 months (range: 1-31.6 months). Twenty-one
patients who relapsed after allo-HCT died. 
Three patients died after consolidation chemotherapy

and seventeen in CR after allo-HCT in CR1, mainly due to
graft-versus-host disease (GvHD; n=5) or infections (n=4).
Tyrosine kinase inhibitors (TKI) were given after relapse

in seven patients with FLT3-ITD, either as single agents
(n=6) or in combination with chemotherapy (n=1) (post
allo-HCT, n=4; post chemotherapy, n=3). A CR2 was
achieved in one patient after treatment with gilteritinib41

and a second patient achieved CR2 with incomplete
hematologic recovery (CRi) after treatment with lestaur-
tinib in combination with mitoxantrone/etoposide/cytara-
bine. The first patient died in CR one month after 
initiation of gilteritinib due to a perforated intestine and
sepsis. The second patient relapsed six months after
achieving CR2 and received donor lymphocytes, but died
six months later due to progressive disease. Another
patient was salvaged with quizartinib and achieved a par-
tial remission (9% blast cells in bone marrow). The patient
then went on to allo-HCT, but died one month later due
to GvHD. Treatment with either gilteritinib or sorafenib
was not successful in the other four patients.

Allogeneic hematopoietic stem cell transplantation in
second complete remission 
Among patients not proceeding to allo-HCT in CR1, ten

patients were transplanted in CR2. Of those, six have died
at a median of 16.5 months after allo-HCT. Causes of
death in CR were infection (n=2), graft failure (n=1),
multi-organ failure (n=1), and unknown (n=1). One
patient relapsed and died due to AML. 

Allogeneic hematopoietic stem cell transplantation
with residual disease
In 34 patients not achieving a CR after intensive induc-

tion therapy, 15 (44%) proceeded to allo-HCT with active
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disease. Of those, six patients are still in CR after a median
follow up of 66.5 months (range: 11.8-110.8 months) and
two patients achieved CR2 after relapse and are still in CR,
whereas seven patients died (transplant-related mortality,
n=4; refractory AML after relapse, n=2; pulmonary
embolism 7.9 years after transplant, n=1). 

Allogeneic hematopoietic stem cell transplantation
after relapse
Three patients proceeded to allo-HCT with active dis-

ease after relapse and all of these patients died. Causes of
death included infection after 56 days in one and GvHD

15 days after transplant in another patient. One patient
died due to refractory AML after relapse.

Characteristics of patients undergoing allogeneic
hematopoietic stem cell transplantation
Overall, an allo-HCT was performed in 117 of the 178

patients (66%), either in CR1 (n=89) or CR2 (n=10), with
refractory disease (n=15) or after relapse (n=3) with no
differences in baseline characteristics between groups
(Table 1).
The majority of patients (n=76) received myeloablative

conditioning, including total body irradiation (TBI) in 39
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Table 1. Baseline characteristics of patients with acute myeloid leukemia and t(6;9)(p22;q34).
                                                                               All patients                                Subset of patients                            Subset of patients 
                                                                                  (n=178)                            undergoing allo-HCT in CR               undergoing allo-HCT with
                                                                                                                                          (n=99)                          active disease/ relapse (n=18)

Median age (years) (Range)                                                     46                                                               43                                                                46 
                                                                                                     (16-76)                                                      (16-71)                                                       (19-69)
Male gender, n (%)                                                                 96 (54)                                                      57 (58)                                                        9 (50)
Median WBC, x109/L (Range)                                                   16.6                                                            13.1                                                            16.3 
                                                                                                   (0.5-274)                                                   (0.5-274)                                                  (1.5-200.4)
Missing                                                                                            12                                                                 8                                                                   1
Median hemoglobin, g/dL (Range)                                          8.6                                                              8.6                                                                 9 
                                                                                                   (3.2-14.2)                                                  (3.2-14.2)                                                   (4.6-13.1)
Missing                                                                                            29                                                                18                                                                  2
Median platelets, x109/L (Range)                                             53                                                               53                                                                59 
                                                                                                     (7-451)                                                      (7-451)                                                      (10-229)
Missing                                                                                            21                                                                13                                                                  2
Median BM blasts, % (Range)                                                  60                                                               55                                                                60 
                                                                                                     (7-100)                                                     (10-100)                                                       (7-90)
Missing                                                                                            22                                                                12                                                                  1
Cytogenetics, n (%)                                                                                                                                                                                                         
As sole aberration                                                                140 (79)                                                     79 (80)                                                       14 (78)
Including +13*                                                                        10 (6)                                                          6 (6)                                                               -
Sole +13                                                                                      1                                                                 -                                                                  -
+ 8, +13                                                                                       2                                                                  1                                                                  -
Other complex**                                                                   11 (6)                                                          6 (6)                                                           1 (6)
Nullisomy X/Y                                                                            4 (2)                                                              -                                                              2 (11)
Other+                                                                                       13 (7)                                                          7 (7)                                                           1 (6)

Disease type, n (%)                                                                                                                                                                                                         
De novo AML                                                                         157 (88)                                                     88 (89)                                                       15 (83)
s-AML                                                                                      12 (7)                                                          7 (7)                                                           1 (6)    
t-AML                                                                                        4 (2)                                                           3 (3)                                                               -
MDS                                                                                          5 (3)                                                           1 (1)                                                          2 (11)

FLT3-ITD                                                                                                                                                                                                                              
n (%)                                                                                      79 (62)                                                      43 (57)                                                        9 (60)
Missing                                                                                       51                                                                25                                                                  3

FLT3-TKD                                                                                                                                                                                                                              
n (%)                                                                                        4 (5)                                                           4 (8)                                                               -
Missing                                                                                      102                                                               48                                                                  9

allo; allogeneic; AML:  acute myeloid leukemia; BM:  bone marrow; CR:  complete remission; FLT3:  fms-related tyrosine kinase 3; HCT:  hematopoietic cell transplantation; ITD:
internal tandem duplication; s-AML:  AML after previous myelodysplastic syndrome / myeloproliferative neoplasm; t-AML: therapy-related AML; TKD: tyrosine kinase domain;
WBC: white blood cell count. *Within a complex karyotype characterized by gains only (n=5). **Within a complex karyotype characterized by losses and unbalanced translo-
cations. +Other than +8/+13/nullisomy X/Y. Results may not add-up to 100 due to rounding.



patients. Forty-one patients received reduced-intensity
conditioning. Source of donor was matched related in 46,
matched unrelated in 54, haplo-identical in 11, cord blood
in five, and unknown in one of the 117 patients. 

Cumulative incidence of relapse, cumulative incidence
of death in complete remission and survival
The median follow up of the entire cohort was 5.43

years (95%CI: 3.93-6.53 years). Median and 5-year OS of
the entire cohort were 2.25 years (95%CI: 1.56-3.70
years) and 38% (95%CI: 31-47%). Five-year RFS and OS
were 45% (95%CI: 35-59%) and 53% (95%CI: 42-66%)
in patients proceeding to allo-HCT in CR1 after induction
therapy (n=89), as compared to 7% (95%CI: 3-19%;) and
23% (95%CI: 13-38%), respectively, in those who
received consolidation chemotherapy alone (n=55) (Table
2). In subgroup analysis, presence of FLT3-ITD had no
prognostic impact on OS, either in the total analyzed
cohort (P=0.093), or in those patients proceeding to allo-
HCT (P=0.39). Similarly, additional chromosomal abnor-
malities had no prognostic impact on OS in the men-
tioned cohorts (P=0.49; P=0.86; respectively). A Cox
regression analysis revealed, after limited backward selec-
tion, higher WBC [hazard ratio (HR) for log10, 1.62;
95%CI: 1.12-2.29; P=0.005] and age (HR for a difference
of 10 years, 1.29; 95%CI: 1.12-1.50; P=0.001) as unfavor-
able variables, whereas platelet count, type of AML (de
novo vs. therapy-related/secondary after previous
MDS/myeloproliferative neoplasm), presence of FLT3-
ITD, and additional cytogenetic aberrations had no
impact on prognosis. 

In 144 patients achieving CR1, CIR was significantly
lower in patients proceeding to allo-HCT (n=89) as com-
pared to those who were treated with consolidation
chemotherapy (n=55; P<0.001). As expected, CID tended
to be higher in patients proceeding to allo-HCT as com-
pared to those receiving consolidation chemotherapy
(P=0.08) (Figure 1). 
One hundred and seventeen patients proceeded to allo-

HCT in CR1 (n=89) or CR2 (n=10), or with refractory
(n=15) or relapsed (n=3) disease. The influence of allo-
HCT assessed as a time-dependent co-variable as post
remission therapy on OS is illustrated by a Simon
Makuch plot (Figure 2). In addition, Figure 3 shows a
Kaplan Meier plot illustrating the influence of allo-HCT
performed in CR1 on RFS. The Mantel-Byar tests
revealed a significantly better OS (P=0.001) and RFS
(P<0.0001) for patients proceeding to allo-HCT in CR1 as
compared to consolidation with chemotherapy only.
Neither type of conditioning (P=0.90) nor donor type
(matched related donor versus matched unrelated/hap-
loidentical/cord blood donor; P=0.30) had an impact on
outcome. There was no difference in OS measured from
date of transplant in patients transplanted in CR1 or CR2
as compared to those with active disease  (P=0.66) (Figure
4). An Andersen-Gill model including allo-HCT as a time-
dependent variable revealed higher WBC and older age as
unfavorable variables, whereas allo-HCT performed
either in CR or with active disease was associated with a
favorable prognosis. Decade of treatment, additional
chromosomal abnormalities or FLT3-ITD had no prog-
nostic impact (Table 3).

Outcome of adult t(6;9) AML

haematologica | 2020; 105(1) 165

Figure 1. Cumulative incidence of relapse (CIR)
and cumulative incidence of death (CID) according
to treatment strategy. CIR and CID included only
patients achieving complete remission. 

Table 2. Relapse-free and overall survival according to treatment strategy in first complete remission.
                                                                                       5-years RFS %                        95%-CI                      5-year OS %                    95%-CI

Allo-HCT (n=89)                                                                                       45                                          35-59                                      53                                   42-66
Consolidation chemotherapy                                                                  7                                            3-19                                       23                                   13-38 
(n=55)                                                                                                           
allo-HCT: allogeneic hematopoietic cell transplantation; CI: confidence interval; OS: overall survival; RFS: relapse-free survival. Median follow up was 5.43 years (95%CI: 3.93-6.53
years). 



Discussion

The focus of our study was to characterize adult AML
patients with t(6;9) in an international cohort study and
compare outcomes according to treatment strategies, with
a specific focus on the impact of FLT3 mutations as well as
the impact of allo-HCT as compared to conventional
chemotherapy on survival. 
We studied 178 patients (AML, n=173; MDS, n=5), all

harboring the balanced translocation t(6;9)(p22;q34). A
concomitant FLT3-ITD has been described in 42-69% of
pediatric and 62-90% of adult AML patients with t(6;9),2,9-
13,42 but these reports were hampered by the availability of
mutational status in only a subset of patients2,9,42 and/or
analysis of a low patient number.9-12 In our large cohort,
with available mutational status in 71% of patients, a con-
comitant FLT3-ITD was detected in 62% and was signifi-
cantly associated with higher WBC at diagnosis, which
adds to previously published data.2,9-13,42 Preliminary data
suggest that FLT3-ITD promotes leukemia induction by
DEK-NUP214 in a murine model.43 However, a synergistic
effect to explain the high coincidence of the two muta-
tions has yet to be demonstrated. In contrast, FLT3-TKD
mutations were uncommon in our cohort and were slight-
ly less frequent than those reported in AML with normal
cytogenetics.44 In addition, secondary cytogenetic abnor-
malities were present in 21% of our patients, most com-
monly including trisomy 13, and/or trisomy 8, or a com-
plex karyotype. To date, there are still conflicting data
regarding the impact of FLT3-ITD on outcome in AML
patients with t(6;9).13,14,45 While results of a meta-analysis in
50 adult patients indicated an association between 
FLT3-ITD mutations and an inferior outcome in t(6;9)
AML,45 others were inconclusive due to the low number
of patients without FLT3-ITD,2 or did not find a significant
adverse impact in pediatric AML patients,13,14 which may
be due to an already very dismal prognosis.14 In our large
cohort, neither a concurrent FLT3-ITD nor the presence of
additional cytogenetic abnormalities had an impact on the
achievement of CR or OS, which adds to the recent eval-

uation by the European Society for Blood and Marrow
Transplantation (EBMT).42 
Previous publications in adult AML patients with t(6;9)

reported a fairly low CR rate of 33-58% in adult
patients.2,46 In contrast to these reports, we observed a
high CR rate of 81%. The favorable CR rate in our cohort
after intensive chemotherapy was in part due to a high
response rate of 66% after intensive salvage chemothera-
py in patients with failure after standard induction thera-
py. Intensive combination chemotherapy that incorpo-
rates higher doses of cytarabine is frequently used in
patients with relapsed/refractory AML, but no specific sal-
vage regimen has emerged as standard. While CR/CRi
rates with intensive combination chemotherapy were
overall below 40% and nearly similar in refractory (36%)
and relapsed AML (36.8%),47,48 the observed CR rate of
66% in our cohort points to a high sensitivity towards
higher doses of cytarabine in patients with initial induc-
tion failure. Particularly patients with adverse-risk cytoge-
netics or FLT3-ITD were shown to benefit from HiDAC
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Table 3. Multivariable Andersen-Gill model on overall survival.
                                                          HR (95%-CI)                   P

FLT3-ITD*                                                  1.35 (0.80-2.27)                   0.26
Log10(WBC)*                                           1.69 (1.14-2.51)                  0.009
Platelets (10x109/L difference)            1.00 (0.95-1.04)                   0.92
Female gender                                         1.43 (0.96-2.13)                   0.08
Age (10 years difference)                     1.22 (1.05-1.42)                   0.01
Type of AML#                                             0.83 (0.44-1.56)                   0.55
Additional abnormalities                        1.09 (0.67-1.77)                   0.74
Decade**                                                   0.81 (0.58-1.13)                   0.22
Transplant status                                     0.55 (0.33-0.90)                   0.02
AML: acute myeloid leukemia; CI: confidence interval; HR: hazard ratio; ITD: internal
tandem duplication; OS: overall survival; WBC: white blood cell count. *Sensitivity
analysis revealed no significant interaction between transplant status and FLT3-ITD
(P=0.44) or WBC (P=0.12) **Decade, 1989-1999, 2000-2009, 2010-2016. #Type of AML
denotes: de novo versus therapy-related/secondary after previous myelodysplastic syn-
drome/myeloproliferative neoplasm.

Figure 2. Simon Makuch plot evaluating the impact of allogeneic 
hematopoietic cell transplantation (allo-HCT) assessed as a time-dependent
co-variable in comparison with chemotherapy consolidation on overall survival.

Figure 3. Kaplan Meier plot illustrating the influence of allogeneic hematopoi-
etic cell transplantation (allo-HCT) performed in first complete remission on
relapse-free survival.



therapy.49 Therefore, the HiDAC approach might be 
beneficial in patients with t(6;9) and should be addressed
further. 
In addition, anthracycline dose intensification during

induction therapy with daunorubicin at 90 mg/m² has
been shown to have a beneficial impact,27 not only in
patients with core-binding factor leukemia,50 but also in
patients with FLT3-ITD.27,51 Although our analysis includ-
ed patients from the AML17 trial (n=22), which studied
high-dose daunorubicin, no meaningful analysis could be
made due to the low number of patients. 
In our analysis, we found that allo-HCT resulted in an

excellent RFS and OS, which is in line with the data of
Ishiyama et al.17 In a matched-pair analysis of de novo AML
using data from the Japanese allo-HCT data registry, they
compared outcome of 57 patients with t(6;9) to that of 171
patients with normal karyotype.17 All patients received an
allo-HCT between 1996 and 2007, either in CR1 or CR2
(n=116), or with active disease (n=112). In patients with
t(6;9), the 5-year OS (45% vs. 40%), disease-free survival
(42% vs. 33%), CIR (42 vs. 45%), and non-relapse mortal-
ity (16 vs. 22%) did not differ from those observed in AML
with normal karyotype.17 Nevertheless, the results were
hampered by a lack of molecular profile in the group of
AML with normal karyotype, as well as lack of data on
FLT3-ITD mutational status in AML with t(6;9). Our data
are particularly impressive when compared to the dismal
survival of patients with t(6;9) disease treated with
chemotherapy alone. Thus, allo-HCT seems to ameliorate
outcome in patients with t(6;9), with outcomes compara-
ble to those of patients with intermediate-risk cytogenet-
ics.52 As expected, CIR was significantly reduced in our
cohort after allo-HCT performed in CR1 as compared to
intensive consolidation chemotherapy. 
Since supportive care might have impacted outcome,

we have included the decade of treatment in multivariable
analysis. However, this had no impact on overall survival.
In addition, neither type of conditioning nor donor type
had any impact on outcome. Outcome after allo-HCT was
also favorable if performed in CR2, or even with active
disease. Overall, this suggests the existence of a specific
and very strong graft-versus-leukemia effect in this molec-
ular context. Of note, recently presented data by Beya et
al. on behalf of the EBMT demonstrated similar efficacy of
allo-HCT in AML with t(6;9) transplanted in CR2 or active
(relapsed/refractory) disease.42 Although this partly sup-
ports the finding from our cohort, we would like to
emphasize that retrospectively collected data have serious
limitations since the factors for allocating patients to allo-
HCT, such as co-morbidities, individual assessment of the
treating physician, choice of conditioning, and availability
of a donor, remain unknown, and this needs to be taken
into account when evaluating the value of allo-HCT in our
series.
Despite the large number of patients with FLT3-ITD,

only thirteen patients were treated with TKI, either front-
line with lestaurtinib (n=6) in combination with intensive
induction chemotherapy,40 or after relapse either with sin-
gle-agent gilteritinib41 or sorafenib (n=6), or with lestaur-
tinib in combination with intensive chemotherapy (n=1).
Interestingly, all six patients who received front-line
lestaurtinib + chemotherapy achieved a CR, whereas TKI
treatment ± chemotherapy in relapsed patients showed
limited efficacy, with only two patients achieving CR2.
Currently, midostaurin is the only approved TKI in de novo

AML with FLT3 mutations, based on the positive results
from the large, international randomized phase III trial.18
The combination of midostaurin with intensive
chemotherapy significantly improved OS in younger
adults with FLT3-mutated AML, as compared to the place-
bo arm. In that study, patients receiving an allo-HCT in
CR1 had a better outcome if they were treated with
midostaurin during induction therapy, suggesting that the
optimal treatment strategy in FLT3-mutated AML would
be to move on to allo-HCT early in CR1.18 Unfortunately,
no data were presented either in the manuscript or in the
supplement for the small subgroup of patients character-
ized by t(6;9).18 Thus, the impact of adding TKI to induc-
tion chemotherapy in t(6;9) AML is currently unknown. 

Conclusions
Our cohort of AML patients with t(6;9)(p22;q34)

showed a high CR rate after intensive induction therapy,
suggesting that these patients should be candidates for
intensive induction therapy whenever possible. Despite
the initial high chemo-sensitivity of the disease, treatment
with consolidation chemotherapy alone resulted in dismal
survival outcomes. Thus, based on our encouraging results
with allo-HCT, this should be standard of care whenever
possible for these patients.
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Figure 4. Overall survival after allogeneic hematopoietic cell transplantation
according to remission status.
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Alterations of the tumor suppressor gene TP53 are found in different
cancers, in particular in carcinomas of adults. In pediatric acute lym-
phoblastic leukemia (ALL), TP53 mutations are infrequent but

enriched at relapse. As in most cancers, mainly DNA-binding domain mis-
sense mutations are found, resulting in accumulation of mutant p53, poor
therapy response, and inferior outcome. Different strategies to target
mutant p53 have been developed including reactivation of p53’s wildtype
function by the small molecule APR-246. We investigated TP53 mutations
in cell lines and 62 B-cell precursor ALL samples and evaluated the activity
of APR-246 in TP53-mutated or wildtype ALL. We identified cases with
TP53 missense mutations, high (mutant) p53 expression and insensitivity to
the DNA-damaging agent doxorubicin. In TP53-mutated ALL, APR-246
induced apoptosis showing strong anti-leukemia activity. APR-246 restored
mutant p53 to its wildtype conformation, leading to pathway activation
with induction of transcriptional targets and re-sensitization to genotoxic
therapy in vitro and in vivo. In addition, induction of oxidative stress con-
tributed to APR-246-mediated cell death. In a preclinical model of patient-
derived TP53-mutant ALL, APR-246 reduced leukemia burden and syner-
gized strongly with the genotoxic agent doxorubicin, leading to superior
leukemia-free survival in vivo. Thus, targeting mutant p53 by APR-246,
restoring its tumor suppressive function, seems to be an effective therapeu-
tic strategy for this high-risk group of TP53-mutant ALL. 

Introduction

Although most pediatric patients diagnosed with acute lymphoblastic leukemia
(ALL) have a favorable prognosis, achievement of long-term survival remains a
major clinical challenge, particularly at relapse.1 Alterations of cell death programs
cause treatment failure and resistance in many cancers including leukemia. The
nuclear phosphoprotein p53 is a transcription factor that controls cellular respons-
es to stress, including DNA damage. Originally identified more than three decades
ago,2,3 p53 was characterized as a tumor suppressor negatively regulating cell cycle
and growth, inhibiting the cancer cell’s oncogenic potential.4,5 The gene coding for
p53 (TP53) is localized on the short arm of chromosome 17 (17p13) and it is the
most frequently mutated gene across different cancers.6,7 Both deletions and point
mutations have been described and mutations often co-occur with loss of the cor-
responding wildtype allele.8,9 The majority are TP53 missense mutations found
within the DNA-binding domain coding region (codons 100-300, exons 5-8) and
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affect the structural integrity and DNA-binding ability of
p53, leading to accumulation of dysfunctional p53 protein
and increased oncogenic potential.10-13 

TP53 mutations are found frequently, in up to 95% of
carcinomas, typically in older patients.7,8 In ALL, recent
studies identified alterations of TP53 in subsets of up to
16%, with higher rates in T-ALL, at relapse, and in elderly
patients.14-18 Moreover, more than 90% of ALL cases with
a low hypodiploid karyotype (including loss of chromo-
some 17) carry somatic TP53 alterations19,20 and TP53
germline mutations confer a high risk for hypodiploid
ALL.21 In pediatric ALL, TP53 alterations are associated
with poor response to chemotherapy and an inferior out-
come, particularly at relapse, identifying TP53-mutant B-
cell precursor (BCP)-ALL patients as a high-risk subgroup
with a particular need for alternative therapies.14,16-18,22 
Different strategies to interfere with the p53 pathway

have been evaluated. Inhibition of the interaction of p53
and its negative regulator, mouse double minute 2
(MDM2), leads to sustained p53 transcriptional activity,
but requires the presence of wildtype p53.23 Therefore,
direct targeting of mutant p53 has been investigated,
identifying small molecules that reactivate p53 function.24
In line, anti-tumor activity has been observed in murine
lymphoma and liver cancer models upon genetic restora-
tion of p53, supporting the principle of p53 reactivation as
a therapeutic strategy.25,26 APR-246 (PRIMA-1Met), the
structural analog of PRIMA-1 (p53 reactivation and induc-
tion of massive apoptosis) is a small molecule, identified
in a screen for mutant p53-dependent growth suppression
in sarcoma cells, showing activity on both structural and
DNA-binding mutants.27 APR-246 is a prodrug that is con-
verted into methylene quinuclidinone, which binds cova-
lently to the core domain of mutant p53 interacting with
thiol groups of cysteines, restoring p53 wildtype confor-
mation and function.28,29 In addition, induction of oxida-
tive stress has been reported as a second activity of APR-
246, deriving from glutathione depletion, thioredoxin
reductase inhibition and other effects.30-33
APR-246 demonstrated preclinical antitumor activity

and synergism with DNA-damaging drugs in different
cancers32,34-39 and showed very moderate side effect pro-
files in a first-in-human phase I/IIa clinical trial in patients
with refractory prostate cancer, acute myeloid leukemia,
chronic lymphocytic leukemia, multiple myeloma and
lymphoma.40 Accordingly, APR-246 is currently being
investigated in ovarian and esophageal cancer, myeloid
neoplasms and melanoma in phase II clinical trials
(ClinicalTrials.gov).41 However, mutant p53 has so far not
been addressed as a target for therapeutic intervention in
ALL. 
In this study, we investigated a large cohort of patient-

derived pediatric BCP-ALL primograft samples identify-
ing TP53-mutated cases and analyzed the effects of APR-
246 in TP53-mutated (TP53mut) and TP53-wildtype
(TP53wt) BCP-ALL. We identified strong and selective
antileukemia activity of APR-246 in TP53mut ALL pro-
viding the basis to develop personalized therapy regi-
mens for this high-risk subgroup of ALL.  

Methods 

Additional detailed information is provided in the Online
Supplementary Data.

Sixty-two patient-derived xenograft samples established by
transplantation of patients’ ALL cells onto NOD.CB17-Prkdcscid/J
mice42 and six BCP-ALL cell lines were studied. Leukemia samples
were obtained from pediatric BCP-ALL patients at diagnosis or
relapse upon informed consent from the children and/or their legal
guardians in accordance with the institution’s ethical review
boards. All animal experiments were approved by the appropriate
authority (Regierungspräsidium Tübingen) and carried out follow-
ing the national animal welfare guidelines. TP53 mutations were
analyzed by denaturing high-performance liquid chromatography
and confirmed by Sanger sequencing, 17p deletions were assessed
by fluorescence in situ hybridization. Mutation information was
matched to the IARC-TP53 database.43 The sensitivity of leukemia
samples to doxorubicin, APR-246 (kindly provided by Aprea
Therapeutics, Stockholm, Sweden) or the combination was
assessed after incubation of ALL cells with increasing drug concen-
trations, analyzing cell death by flow-cytometry according to for-
ward- and side-scatter criteria. Data from three independent exper-
iments performed in triplicate (cell lines) or of one experiment per-
formed in triplicate (primografts) were analyzed by t-test, and dif-
ferences of half maximal inhibitory concentrations (IC50) titrations
by F-test. P values ≤0.05 were considered statistically significant.
Synergies of drug combinations were assessed calculating combi-
nation indices (CI), indicating strong synergism (CI 0.1-0.3), syner-
gism (CI <1), an additive effect (CI=1) or antagonism (CI>1).
Apoptosis was analyzed assessing annexin-V-FLUOS positivity
and caspase-3 activity. Proteins (p53, PUMA, p21, NOXA,
GAPDH) were detected by western blot analysis using the respec-
tive antibodies. The wildtype conformation of p53 was detected
by immunoprecipitation using a conformation-specific anti-p53
wildtype antibody (PAb1620) followed by western blot analysis
with an anti-p53 (total) antibody (DO-7). An immunoglobulin
light chain-specific peroxidase conjugated binding protein was
used for western blot analyses carried out following immuno-pre-
cipitation. Depletion of p53 was achieved by lentiviral shRNA-
mediated knockdown or siRNA-mediated downregulation in
TP53mut or TP53wt ALL cells. For in vivo treatment, transplanted
recipients showing >5% human ALL cells in peripheral blood were
randomized and treated (for 3 weeks) with solvent, APR-246 (days
1-5), doxorubicin (day 1), or the combination (APR-246 days 1-5,
doxorubicin day 5) and sacrificed at the end of treatment for analy-
sis of leukemia loads. For survival analyses, recipients were fol-
lowed up after treatment until onset of leukemia-related morbidity
and sacrificed. High loads of human ALL cells were detected in
bone marrow and spleen in all cases, confirming reoccurrence of
manifest leukemia. 

Results

Identification of TP53 mutations in B-cell precursor
acute lymphoblastic leukemia 
We investigated 62 patient-derived pediatric BCP-ALL

samples, which were established in our NOD/SCID/huALL
xenograft model from patients at diagnosis (n=53) or
relapse (n=9). TP53mut cases were identified by denaturing
high-performance liquid chromatography and confirmed
by Sanger sequencing (exons 4-10). Four TP53mut cases
were found, one derived from a patient at second relapse
(TP53mut-1) and three at diagnosis (TP53mut-2, -3, -4)
(Online Supplementary Table S1). In parallel, we character-
ized six BCP-ALL cell lines and identified two TP53mut
(RS4;11, KOPN-8) and four TP53wt (MUTZ-5, EU-3,
UoCB-6 and NALM-6) lines. All samples carried missense
mutations previously described (p53.iarc.fr),15,43 localized
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within the region encoding the DNA-binding domain, sug-
gesting loss of p53’s tumor suppressive function (Figure 1A,
Table 1). In the TP53mut samples, the second allele carried
a nonsense mutation (TP53mut-1), was absent (loss of 17p,
TP53mut-2, -3), or carried the same missense mutation
(TP53mut-4) (Table 1). Somatic and germline TP53mut are

associated with (low) hypodiploid ALL.15,19-21 One primo-
graft sample (TP53mut-3) showed a hypodiploid karyotype
with 44 chromosomes (Table 1). In line with disrupted
degradation and accumulation of mutant p53 protein,
TP53mut cases showed higher p53 protein levels compared
to TP53wt leukemias (Figure 1B). 

S. Demir et al.
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Figure 1. TP53-mutated acute lymphoblastic leukemias are DNA-damage resistant but sensitive to APR-246. (A) All TP53mut B-cell precursor (BCP) acute lym-
phoblastic leukemia (ALL) primograft and cell lines harbor missense mutations (filled circles) localized in the DNA-binding domain of TP53. The primograft sample
TP53mut-1 carries an additional stop mutation (R213X, open circle). See also Table 1. (B) Increased p53 protein expression in TP53mut compared to TP53wt ALL
in primograft (left) and cell line (right) leukemia samples. Western blot, anti-p53 antibody (total, clone DO-7) with GAPDH as a loading control. (C-F) Significantly high-
er half maximal inhibitory concentrations (IC50) for doxorubicin in TP53mut (red curves) primograft (C) and cell line (D) BCP-ALL, and significantly lower IC50 values
for APR-246 in TP53mut primograft (E) and cell line (F) samples, indicating insensitivity to the DNA-damaging agent doxorubicin but sensitivity to APR-246 in
TP53mut BCP-ALL. Dose-response curves reflect cell death induction in response to increasing concentrations summarizing one (primografts, 24 h; C, E) or three
(cell lines, 48 h; D, F) independent experiments, each performed in triplicate. Comparison of sensitivities of TP53wt and TP53mut leukemias, F-test, ***P<0.001.
See also Online Supplementary Table S2. 

A B

DC

E F



TP53-mutated leukemias are sensitive to APR-246 but
not to genotoxic therapy
In response to genotoxic agents and stress, wildtype p53

suppresses cellular viability and proliferation. However,
dysfunctional, mutant p53 fails to mediate tumor-suppres-
sive functions such as induction of cell death. Therefore,
we analyzed cell death in TP53mut and TP53wt ALL pri-
mografts (TP53mut n=4, TP53wt n=4) and cell lines
(TP53mut n=2, TP53wt n=4) in response to increasing
concentrations of the DNA-damaging agent doxorubicin,
a standard genotoxic drug regularly used in ALL treatment
protocols, and to APR-246. All TP53mut primografts and
cell lines showed, as expected, insensitivity to doxorubicin
indicated by significantly higher IC50 values, in contrast to
doxorubicin-sensitive TP53wt leukemias (Figure 1C, D;
Online Supplementary Table S2A, B). An opposite effect was
observed upon exposure to APR-246 with high sensitivity
and cell death induction in all TP53mut leukemias, but
low APR-246 sensitivity in TP53wt ALL (Figure 1E, F;
Online Supplementary Table S2C, D). Interestingly, diagno-
sis- (TP53mut-2, -3, -4) or relapse-derived (TP53mut-1) pri-
mograft samples did not show differences in APR-246 or
doxorubicin sensitivity. 
Activation of the p53 pathway results in apoptosis

induction. Along with cell death, APR-246 led to annexin-
V/propidium iodide positivity and caspase-3 activation
indicating apoptosis induction in TP53mut ALL. In con-
trast, apoptosis was induced by doxorubicin but not APR-
246 in TP53wt cells (Figure 2 and Online Supplementary
Figure S1). 
Thus, all identified TP53mut leukemias carried missense

mutations in the DNA-binding domain, showed accumu-
lation of p53 indicative of dysfunctional mutant p53,
resistance to the genotoxic agent doxorubicin, and were
highly sensitive to APR-246-induced apoptosis.  

APR-246 restores p53’s wildtype conformation 
reactivating tumor suppressive functions 
We further addressed the mode of action of APR-246 in

TP53mut ALL and examined the conformation of p53 and
activation of the pathway in response to APR-246. Using
a p53 wildtype conformation-specific antibody
(PAb1620), larger amounts of p53 with wildtype confor-
mation were immunoprecipitated from lysates of
TP53mut ALL cells exposed to APR-246, indicating recon-
stitution of p53 wildtype conformation in TP53mut ALL
by APR-246 (Figure 3A). However, this effect was not
observed in TP53wt leukemia cells (Online Supplementary
Figure S2). Next, we assessed expression of the p53 tran-
scriptional targets PUMA (P53-Upregulated Modulator of
Apoptosis), p21 (Cyclin Dependent Kinase Inhibitor 1A,
CDKN1), and NOXA upon APR-246 or doxorubicin treat-
ment in TP53mut (KOPN-8, RS4;11) and TP53wt (NALM-
6, UoCB-6) ALL lines. In TP53mut ALL, APR-246 led to
induction of all p53 targets (Figure 3B, C and Online
Supplementary Figure S3). In contrast, an opposite picture of
activation of p53 transcriptional targets in TP53wt but not
in TP53mut leukemias was observed upon incubation
with doxorubicin (Figure 3D, E and Online Supplementary
Figure S3). Thus, APR-246 induces restoration of mutant
p53 to wildtype conformation, transcriptional target
expression, and apoptosis in TP53mut ALL. 

Induction of oxidative stress contributes 
to APR-246-mediated cellular death
Induction of oxidative stress has been described as a sec-

ond activity of APR-246 in different cancers.30-32 APR-246
was reported to interfere with different regulators of the
cellular redox system, such as thioredoxin reductase,
thioredoxin and glutathione, and with the transcription
factor NRF2, leading to induction of reactive oxygen
species (ROS).28,30-33,44-47 Given the activity of APR-246 in
TP53mut ALL, we addressed whether TP53mut and
TP53wt ALL display distinct sensitivities in response to
ROS generation. Upon treatment with 3-morpholinosyd-
nonimine, a spontaneous generator of reactive oxygen and
nitrogen species, and the oxidant tert-butyl hydroxyper-
oxide, increased ROS levels were observed in both
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Table 1. TP53 mutations in acute lymphoblastic leukemia cell lines and primograft samples.
Sample                          Exon                     Mut. (bp)                   Mut. (aa)           Region         Mut. type       del (17p)        Genotype       Number of chr.s. 

TP53mut-1                        exon 6                        c.637C>T                        p.R213X                  DBD                  stop                     -              heterozygous                   47
                                            exon 7                        c.743G>A                        p.R248Q                                       missense
TP53mut-2                        exon 8                        c.844C>G                        p.R282G                 DBD             missense              del             hemizygous                    47
TP53mut-3                        exon 8                        c.818G>A                        p.R273H                 DBD             missense              del             hemizygous                    44
TP53mut-4                        exon 5                        c.524G>A                        p.R175H                 DBD             missense                -               homozygous                    46
RS4;11                                exon 7                        c.761T>C                         p.I254T                  DBD             missense                -              heterozygous                   47
KOPN-8                             exon 7                        c.743G>A                        p.R248Q                 DBD             missense                -              heterozygous                   46
Mut: mutation; bp: base pair; aa: amino acid; del: deletion; DBD,: DNA-binding domain; Chr.s: chromosomes. 

Table 2. TP53 mutations in primary samples from patients with acute lymphoblastic leukemia. 
Sample                       Exon                      Mut. (bp)                    Mut. (aa)           Region         Mut. type      del (17p)        Genotype              Diploidy

Patient-1                         exon 4                         c.375G>A                         p.T125T                 DBD             splice site             del             hemizygous                diploid
Patient-2                         exon 7                         c.743G>A                         p.R248Q                 DBD             missense                -              heterozygous              diploid
Patient-3                         exon 7                         c.743G>A                         p.R248Q                 DBD             missense                -              heterozygous              diploid
Patient-4                         exon 7                         c.733G>C                         p.G245R                 DBD             missense                -              heterozygous              diploid
Mut: mutation; bp: base pair; aa,: amino acid; del: deletion; DBD: DNA-binding domain.



TP53mut and TP53wt ALL cells, leading to similar cell
death rates (Online Supplementary Figure S4). 
Next, we investigated whether induction of oxidative

stress is involved in APR-246-mediated cell death in
TP53mut ALL. Importantly, methyl quinuclidinone, the
active drug spontaneously formed from APR-246, binds
covalently to cysteine residues in the core domain of p53,
but also to cysteines in the widely used antioxidant and
ROS inhibitor N-acetylcysteine (NAC).28,44 Thus, NAC
directly blocks APR-246 activity and cannot be used to
investigate the role of ROS in APR-246-mediated cell
death. Therefore, the synthetic antioxidant compound and
ROS inhibitor superoxide dismutase mimetic Mn (III)
tetrakis (5, 10, 15, 20-benzoic acid) porphyrin (MnTBAP)
was used. Cell death was analyzed together with ROS lev-
els in TP53mut (KOPN-8 and RS4;11) and TP53wt (NALM-
6 and UoCB6) leukemia cells exposed to APR-246 with or
without NAC or MnTBAP. Similar ROS levels were
observed upon APR-246 treatment in both TP53mut and
TP53wt ALL (Online Supplementary Figure S5A, C, E, G),
however induction of cell death was only seen in TP53mut
cells (Online Supplementary Figure S5F, H) but not in TP53wt
cells (Online Supplementary Figure S5B, D). Interestingly,
ROS inhibition by MnTBAP partially inhibited APR-246-
induced cell death in TP53mut ALL, indicating that ROS

contribute to APR-246- induced cell death. It was also
interesting that, even in the presence of MnTBAP, i.e. in the
absence of ROS, APR-246 retained a statistically significant
cytotoxic effect (Online Supplementary Figure S5F, H). In line
with previous reports,44 the activity of APR-246 was com-
pletely blocked by NAC. 
Taken together, these data show that induction of

oxidative stress might contribute to APR-246-mediated
cell death in ALL, in line with previously reported data of
a dual mode of action of APR-246 in other malignan-
cies.28,30-33,44-46 

APR-246 activity depends on mutant p53
Activity of APR-246 was observed in TP53mut but not

TP53wt ALL. Therefore, we analyzed the effect of APR-
246 in TP53mut and TP53wt cell lines upon lentiviral
shRNA-mediated knockdown of p53 (Figure 4A-C). In
both TP53mut lines (KOPN-8 and RS4;11) depletion of
p53 led to APR-246 insensitivity and cell death resistance,
in contrast to dose-dependent cell death induction in con-
trol-transduced cells (Figure 4D, E). However, TP53wt
cells with p53 depletion were unresponsive to APR-246,
like the corresponding control transduced cells (Figure 4F).
A similar result was observed upon siRNA-mediated p53
downregulation with clearly lower cell death induction in
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Figure 2. APR-246 induces apoptosis in TP53-mutated acute lymphoblastic leukemia. (A-F) Induction of cell death (left diagrams, forward/side scatter criteria, flow
cytometry), annexin-V/propidium iodide (PI) positivity (middle diagrams) and caspase-3 activation (right diagrams) by APR-246 in TP53mut cell lines KOPN-8 (A) and
RS4;11 (B), in contrast to cell death and apoptosis induction by doxorubicin in TP53wt lines NALM-6 (C), UoCB-6 (D), EU-3 (E), and MUTZ-5 (F). Proportions of cells
after 48 h exposure to solvent (CTRL), APR-246 (APR, 5 mM), or doxorubicin (DOX, 15 ng/mL). Mean values ± standard deviation of three independent experiments,
each performed in triplicate. Student t-test, ****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; n.s., not significant.
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TP53mut ALL but no effect in TP53wt cells (Figure 4G-J
and Online Supplementary Figure S6). Together with our
observations on APR-246 insensitivity in TP53wt ALL
(Figure 1E, F) and the absence of p53 transcriptional target
expression upon APR-246 treatment in TP53wt ALL
(Figure 3D, E), these findings indicate that the activity of
APR-246 is associated with the presence of mutant p53.
Accordingly, distinct sensitivities to APR-246 were found
in four primary ALL samples obtained from patients with
therapy-resistant disease or relapse carrying different
TP53 mutations (Figure 4L, Table 2). Robust dose-depen-

dent cell death induction was observed in leukemia cells
from patients 2, 3, and 4 carrying missense mutations
resulting in expression of mutant p53 (Figure 4L, N-P),
whereas APR-246 did not induce cell death in ALL cells of
patient 1 carrying a hemizygous splice site mutation with-
out detectable expression of p53 protein (Figure 4L, M). 

APR-246 re-sensitizes TP53-mutated acute 
lymphoblastic leukemia to doxorubicin 

TP53mut cancer cells show resistance to DNA damage.
Therefore, we analyzed whether reactivation of mutant
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Figure 3. Conformational and functional
restoration of mutant p53 by APR-246.
(A) Increased levels of p53 with wildtype
conformation in TP53mut ALL (KOPN-8,
mutation R248Q; RS4;11, mutation
I254T) upon exposure to APR-246 (5 mM,
24 h). Immunoprecipitation (IP, anti-wt
p53 specific antibody PAb1620) and
western blot analysis (WB, anti-p53 anti-
body DO-7, light chain-specific goat anti-
mouse peroxidase conjugated binding
protein), GAPDH expression in input
lysates and absence in precipitates,
NALM-6 serves as a wildtype p53 positive
control. (B-E) Expression of p53 transcrip-
tional targets PUMA, p21 and NOXA in (B,
C) TP53mut ALL upon APR-246 treatment
and in (D, E) TP53wt ALL upon doxoru-
bicin treatment. Western blot, exposure
to solvent (CTRL), doxorubicin (DOX, 15
ng/mL), or APR-246 (APR, 5 mM) for the
indicated times, with GAPDH as a loading
control. The results of one representative
out of two independent experiments are
shown. See also Online Supplementary
Figures S2 and S3. 
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Figure 4. APR-246 activity depends on mutant p53. (A-C) Stable lentiviral shRNA-mediated p53 knockdown in TP53mut (RS4;11 and KOPN-8) and TP53wt (NALM-
6) cell lines. Western blot, anti-p53 antibody DO-7, with GAPDH as a loading control, non-transduced cells (ctrl), cells transduced with scrambled control (scr-ctrl)
and TP53-specific shRNA (sh-p53). (D-F) Increasing cell death (forward/side scatter criteria, flow cytometry) in control transduced cells and abrogated cell death
induction upon p53 knockdown at increasing concentrations of APR-246 (APR, 48 h) in TP53mut but not TP53wt cells. Mean values ± standard deviation (SD) of
three independent experiments, each performed in triplicate. Student t-test, *P<0.05; **P<0.01. (G-J) si-RNA-mediated p53 downregulation in TP53mut (KOPN-8),
(G) and TP53wt (NALM-6), (I) cells leading to clearly lower cell death induction upon p53 downregulation as compared to higher cell death in control cells (H), while
p53 downregulation in TP53wt cells did not affect cell death induction upon APR-246 treatment (J). Mean values ± SD of three independent experiments. Student
t-test, *P<0.05; **P<0.01. (K) TP53 mutations identified in primary samples from patients with acute lymphoblastic leukemia (ALL): the mutations were localized
in the DNA-binding domain with one splice site mutation (open circle, Patient-1) and three missense mutations (filled circles, Patients -2, -3, -4). (L) No detectable
p53 protein in ALL cells from Patient-1 (western blot, anti-p53 antibody DO-7, GAPDH as a loading control), and (M) no APR-246 activity in these cells (Patient-1), in
contrast to cell death induction in cases carrying missense hot spot TP53 mutations (N, O, P; Patients-2, -3, -4). Mean values ± SD, measurements performed in
triplicate. Student t-test, ****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; n.s., not significant.
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p53 re-sensitizes TP53mut ALL to the DNA-damaging
agent doxorubicin, which is also used in treatment of
pediatric ALL. TP53mut and TP53wt ALL cell lines and
primograft samples were exposed to APR-246, doxoru-
bicin, or to combinations of both at increasing concentra-
tions. Strongly increased cell death rates were observed in
all four TP53mut primografts and two cell lines upon com-

bination treatment with APR-246, as compared to APR-
246 or doxorubicin alone, indicating synergistic activity
for APR-246 and doxorubicin in TP53mut ALL (Figure 5A-
F, Online Supplementary Table S3A). In TP53wt leukemias
however, only doxorubicin showed cell death-inducing
activity, which was not increased by adding APR-246
(Figure 5G-L, Online Supplementary Table S3B). 
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Figure 5. APR-246 synergizes with doxorubicin. Synergistic activity of APR-246 in combination with the DNA-damage-inducing agent doxorubicin in TP53mut B-cell
precursor (BCP)-acute lymphoblastic leukemia (ALL) cell lines (A, B) and TP53mut primograft leukemias (C-F) leading to doxorubicin re-sensitization, in contrast to
no increased activity compared to treatment with doxorubicin alone in TP53wt cell lines (G, H) and TP53wt primograft ALL (I-L). Cell death (forward/side scatter cri-
teria, flow cytometry) after exposure (primografts 24 h, cell lines 48 h) at indicated concentrations of APR-246 (APR), doxorubicin (DOX) or the combination (COMBI,
3 h APR-246 pre-incubation). Mean values ± standard deviation (SD) of three independent experiments, each performed in triplicate (cell lines: A, B, G, H). Mean
values ± SD, three measurements (primografts: C-F, I-L). Combination indices (CI) indicating a strong synergistic (CI 0.1-0.3), a synergistic (CI <1), an additive (CI=1)
or an antagonistic effect (CI>1) upon combination.
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We also addressed whether induction of oxidative stress
would increase the antileukemia activity of APR-246. In
contrast to clearly increased cell death upon treatment
with APR-246 together with the DNA-damaging agent
doxorubicin, combining APR-246 with the ROS inducers
3-morpholinosydnonimine and tert-butyl hydroxyperox-
ide did not lead to clearly increased cell death (Online
Supplementary Figure S7). Thus, APR-246 effectively syner-
gizes with doxorubicin and re-sensitizes TP53mut ALL to
DNA-damage-induced cell death, while additional ROS
induction did not increase APR-246-mediated leukemia
cell death. 

Preclinical antileukemia activity of APR-246
and in vivo synergy with genotoxic therapy 
Based on our findings, we investigated the antileukemia

activity of APR-246 in a preclinical setting in vivo. Mice
were transplanted with the TP53mut primograft
(TP53mut-4; R175H). Upon manifestation of leukemia, as
indicated by 5% or more human CD19+ ALL cells in the
recipients’ peripheral blood, mice were treated with APR-
246 (25, 50 or 100 mg/kg) or vehicle until control-treated
animals showed signs of leukemia-related morbidity (3
weeks, days 1-5) (Figure 6A). Upon APR-246 treatment, a
clear dose-dependent reduction of leukemia loads was
observed in all three organ compartments: spleen, bone
marrow and central nervous system (Figure 6B-D).
Moreover, in leukemia cells isolated from these APR-246-
treated animals, dose-dependent increases in mutant p53
with wildtype conformation and expression of PUMA and
p21 were detected (Figure 6E, F), indicating restoration of
wildtype p53 conformation and function in vivo. 
Furthermore, APR-246 demonstrated strong in vivo

antileukemia activity in another TP53mut ALL primograft
sample (TP53mut-1; R248Q/R213X) leading to significant-
ly reduced leukemia loads in the spleen, bone marrow and
central nervous system upon therapy of leukemia-bearing
recipients (Figure 6G-I). 
We also addressed the effects of APR-246 in combina-

tion with doxorubicin in vivo. Recipients with manifest
ALL (TP53mut-1; R248Q/R213X; 5% or more human ALL
cells in the peripheral blood) were treated with APR-246,
doxorubicin, or the combination of both for 3 weeks.
After treatment, the animals were followed up and the
time until onset of ALL-related morbidity was analyzed
for each animal (Figure 6J). Upon sacrifice, high loads of
human ALL were detected in the spleen and bone marrow
of all recipients, confirming recurrence of manifest
leukemia at clinical onset. Importantly, in addition to clear
antileukemia activity as a single agent, leading to
increased post-treatment survival (P<0.0001), APR-246
synergized strongly with doxorubicin and re-sensitized
TP53mut ALL to genotoxic therapy in vivo, resulting in sig-
nificantly prolonged survival as compared to APR-246
alone (P=0.0005) (Figure 6K). In all treatment experiments,
application of APR-246 was well tolerated and no side
effects were observed in the recipients. 
Taken together, our findings in ALL carrying TP53 mis-

sense mutations in the DNA-binding domain, which lead
to accumulation of dysfunctional p53, indicate that target-
ing mutant p53 with APR-246 results in refolding of
mutant p53 into its native wildtype conformation, induc-
tion of p53 transcriptional targets, involvement of oxida-
tive stress, induction of apoptosis, sensitization to DNA
damage and, most importantly, preclinical antileukemia

activity with significant reduction of leukemia loads, re-
sensitization to genotoxic therapy and clearly prolonged
survival in vivo. Thus, application of APR-246 can provide
an effective strategy for directed therapeutic intervention
in the high-risk subtype of TP53mut BCP-ALL. 

Discussion

Investigating a large cohort of 62 patient-derived BCP-
ALL samples, all identified TP53mut cases showed mis-
sense mutations leading to alterations in the DNA-binding
domain of p53, high levels of p53 protein and insensitivity
to doxorubicin. Interestingly, APR-246 demonstrated
robust antileukemia activity in these cases, including
induction of apoptosis, effective reduction of leukemia
loads, and sensitization to doxorubicin in an in vivo model
of TP53mut ALL. Both in vitro and in vivo experiments
showed that treatment with APR-246 led to restored con-
formation and activation of mutant p53, and induction of
transcriptional targets. 
Alterations in TP53 have been described in diverse can-

cers at high frequencies of up to 95%.7 In our cohort, TP53
mutations were identified in four out of 62 cases (6.5%),
in line with reported rates in ALL of 6-16%.14-16,18 All muta-
tions identified in the primograft and cell line samples
were missense mutations localized in the DNA-binding
domain, with additional loss of the second allele in some
of the cases, consistent with mutational patterns reported
throughout different cancer types.10,43 One TP53mut sam-
ple showed hypodiploidy, in line with reported associa-
tions of hypodiploidy with germline and somatic TP53
mutations.19-21
Mutated dysfunctional p53 results in resistance to ther-

apy-induced DNA damage48 and poor patient outcome.14,16-
18,22 Correspondingly, increased numbers of TP53 alter-
ations are seen at ALL relapse16 and all TP53mut leukemias
were insensitive to the DNA-damaging agent doxoru-
bicin. Importantly, these TP53mut leukemias were sensi-
tive to APR-246, likely by reactivation of high levels of
dysfunctional p53 accumulated in the cells. Most impor-
tantly, in line with reports in ovarian cancer,32,39 APR-246
clearly synergized with doxorubicin in vitro, ex vivo and in
vivo, re-sensitizing initially resistant TP53mut ALL to DNA
damage. Therefore, combining functional p53 restoration
with genotoxic therapies triggering the p53-mediated
DNA-damage response would be the rationale to apply
APR-246 together with doxorubicin, a classical DNA-
damage-inducing agent used in ALL treatment regimens.
Importantly, a favorable pharmacological profile and anti-
tumor effects were observed upon first clinical use of
APR-246 in patients with refractory cancers40 and APR-246
is being tested in combination with anticancer agents,
including doxorubicin, in ongoing phase II trials
(ClinicalTrials.gov).41
We addressed the molecular mechanism of action of

APR-246 and demonstrated restoration of p53 wildtype
conformation, p53 pathway activation with induction of
downstream transcriptional targets, and a contribution of
oxidative stress leading to apoptosis of TP53mut BCP-ALL
cells. Importantly, this antileukemia effect was also
observed in vivo in TP53mut ALL, but not in TP53wt ALL,
upon p53 knockdown or in a patient’s sample with a
splice site mutation and loss of p53 protein expression.
High levels of misfolded mutant p53 were described to be
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Figure 6. Anti-leukemia activity of APR-246 and synergy with genotoxic therapy in TP53-mutated acute lymphoblastic leukemia in vivo. (A) Schematic representa-
tion of the experimental procedure: endpoint analysis assessing leukemia loads in differently treated recipients. (B-D) Dose-dependent reduction of leukemia load
in bone marrow (BM) (B), spleen (S) (C) and central nervous system (CNS) (D) upon treatment of mice bearing TP53mut-4 (mutation R175H) acute lymphoblastic
leukemia (ALL) with solvent or increasing doses of APR-246 for 3 weeks as indicated (n=3 recipients per group, except n=2 for BM 100 mg/kg). Student t-test,
*P<0.05; n.s., not significant. (E) Restoration of p53 wildtype conformation upon in vivo APR-246 therapy, immunoprecipitation (IP: anti-wt p53 specific antibody
PAb1620, western blot: anti-p53 antibody DO-7, light chain-specific goat anti-mouse peroxidase conjugated binding protein, GAPDH as a loading control), and (F)
dose-dependent induction of p53 transcriptional targets PUMA and p21 (western blot, GAPDH as a loading control). (G-I) Significant reduction of leukemia load in
bone marrow (BM) (G), spleen (S) (H) and central nervous system (CNS) (I) upon treatment of TP53mut-3 (mutations R248Q, R213X) ALL-bearing mice with APR-246
(APR, 100 mg/kg) or solvent (CTRL) for 3 weeks, n=6 mice per group, Student t-test, *P<0.05. (J) Schematic representation of the experimental procedure: survival
analysis. (K) Superior survival of animals treated with APR-246 (APR, 50 mg/kg, 3 weeks, days 1-5; n=6) as compared to doxorubicin (DOX, 2 mg/kg, 3 weeks, day
1; n=7) or vehicle (CTRL, 3 weeks, days 1-5; n=7) (P<0.0001); and synergy of the combination of APR-246 and doxorubicin (COMBI, APR-246, 50 mg/kg, days 1-5,
and doxorubicin, 2 mg/kg, day 5; n=7) leading to increased survival as compared to APR-246 treatment alone (P=0.0005). Kaplan-Meier analysis, log-rank test. 
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associated with APR-246 sensitivity in cancer cell
lines,38,49,50 consistent with our observation of high APR-
246 activity in TP53mut ALL with high p53 expression.
However, evaluation of larger cohorts of patients together
with outcome data would be required to explore the value
of the level of expression of p53 as an indicator of APR-
246 responsiveness in TP53mut ALL. 
APR-246 activity has been reported to be mediated

independently of p53 by induction of oxidative stress in
other types of cancer, including acute myeloid leukemia
and multiple myeloma.30-33 However, we only observed
cell death in TP53mut ALL, although TP53mut and
TP53wt ALL showed no differences in induction of and
sensitivity to oxidative stress. Interestingly, APR-246
activity in TP53mut ALL was partially inhibited by ROS
neutralization. This suggests that induction of oxidative
stress contributes to APR-246-mediated cell death in ALL,
in line with reports on a dual mode of action of APR-246,30-
32 which might vary between tumor types and cellular con-
text. 
The presence of p53 in a mutated, dysfunctional form,

as typically is the case for missense mutations in the
DNA-binding core domain, enables binding of the active
moiety of APR-246, leading to activity in BCP-ALL.11,28
This is of clinical relevance, since the majority of TP53
mutations in BCP-ALL are missense hot spot mutations in
the DNA-binding domain15,43 resulting in accumulation of
misfolded p53 protein, which is targeted by APR-246.
However, the precise mechanism of activity on DNA con-
tact mutations is not yet known. Importantly, we and oth-
ers 27 have demonstrated antitumor activity on structural
and contact mutants including clear preclinical

antileukemia activity on TP53mut ALL carrying either a
structure (R175H) or contact (R248Q) mutation. 
Taken together, our study shows that the small molecule

APR-246 exhibits profound antileukemia activity in
TP53mut BCP-ALL, targeting non-functional mutant p53
resulting from missense mutations in the DNA-binding
domain of TP53, the most frequent mutation type reported
throughout different malignancies. Mechanistically, we
showed that APR-246 led to restoration of p53’s wildtype
conformation, pathway activation with expression of tran-
scriptional targets and induction of apoptosis in TP53mut
ALL. Moreover, we found a clear synergism between APR-
246 and doxorubicin treatment, strongly suggesting that
the combination of p53 reactivation and DNA-damage
induction could be an effective antileukemia strategy for
BCP-ALL patients with TP53 missense mutations. Hence,
targeting mutant p53 appears to be a promising, directed
treatment for this high-risk subgroup of TP53mut ALL. 
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Chronic lymphocytic leukemia (CLL) is a disease with heterogeneous
clinical and biological characteristics. Differences in Ca2+ levels
among cases, both basal and upon B-cell receptor (BCR) stimulation,

may reflect heterogeneity in the pathogenesis due to cell-intrinsic factors.
Our aim was to elucidate cell-intrinsic differences between BCR-responsive
and -unresponsive cases. We therefore determined BCR responsiveness ex
vivo based on Ca2+ influx upon α-IgM stimulation of purified CLL cell frac-
tions from 52 patients. Phosphorylation levels of various BCR signaling
molecules, and expression of activation markers were assessed by flow
cytometry. Transcription profiling of responsive (n=6) and unresponsive
cases (n=6) was performed by RNA sequencing. Real-time quantitative
polymerase chain reaction analysis was used to validate transcript level dif-
ferences in a larger cohort. In 24 cases an α-IgM response was visible by
Ca2+ influx which was accompanied by higher phosphorylation of PLCγ2
and Akt after α-IgM stimulation in combination with higher surface expres-
sion of IgM, IgD, CD19, CD38 and CD43 compared to the unresponsive
cases (n=28). Based on RNA sequencing analysis several components of the
canonical nuclear factor (NF)-kB pathway, especially those related to NF-kB
inhibition, were expressed more highly in unresponsive cases. Moreover,
upon α-IgM stimulation, the expression of these NF-kB pathway genes
(especially genes coding for NF-kB pathway inhibitors but also NF-kB sub-
unit REL) was upregulated in BCR-responsive cases while the level did not
change, compared to basal level, in the unresponsive cases. These findings
suggest that cells from CLL cases with enhanced NF-kB signaling have a
lesser capacity to respond to BCR stimulation. 

Introduction

Chronic lymphocytic leukemia (CLL) is a lymphoid malignancy that is charac-
terized by a monoclonal expansion of mature B cells with a homogeneous mor-
phology and a characteristic immunophenotype.1 CLL is the most common type
of leukemia in the Western world and mainly affects the elderly.1 Based on the
somatic hypermutation (SHM) status of the immunoglobulin heavy chain (IGHV)
gene, CLL can be divided into unmutated CLL (U-CLL) and mutated CLL (M-CLL),
with U-CLL generally being a more aggressive form of the disease and M-CLL a
more indolent form.2,3 Around 30% of all cases can be grouped into subsets based
on so-called stereotypic B-cell receptors (BCR), which are identified by their
restricted IGHV/IGHD/IGHJ gene usage plus similarities in length and amino acid
sequence of their complementarity-determining region 3 (CDR3). 4
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BCR stereotypy would be indicative of the involve-
ment of similar specific antigens and underlines the
importance of antigenic stimulation and BCR specificity
in the pathogenesis of CLL.4 In general, most U-CLL
express a BCR that is polyreactive and recognizes self-
and non-self-antigens with low-affinity binding.5-8 In
addition, for some stereotypic CLL subsets the antigens
recognized by their BCR have been identified.9-13
However, it was previously shown that the BCR from

CLL cells could also be stimulated independently of exter-
nal antigens, as the CDR3 regions are able to recognize an
internal epitope in framework 2 (FR2) of the IGHV
domain.14 This induces a higher level of antigen-indepen-
dent autonomous BCR signaling, since these cells exhibit
a higher Ca2+ level in their cytoplasm, as demonstrated in
vitro using a triple knockout (TKO) cell system.14
We previously demonstrated that primary CLL cells

generally have higher basal Ca2+ levels compared with
peripheral B cells from healthy individuals.15 Basal Ca2+

levels correlated with IGHV mutational status, as we
found on average higher basal Ca2+ levels in M-CLL than
in U-CLL.14,15 However, our data also showed large varia-
tion within the subgroups, as cases with high and low
basal Ca2+ levels could be found in both M-CLL and U-
CLL groups.15 Since there was no correlation with BCR
characteristics (e.g., Ig expression level, HCDR3 length,
charge and composition) or with cytogenetic aberrations,
it is conceivable that high basal Ca2+ levels are partly
directed by the SHM status and that cell-intrinsic differ-
ences caused by cell anergy could explain the variation.15
Anergy is an immune state in which the cell is silenced

upon low-affinity recognition of self-antigens.16 Anergic
cells remain capable of antigen binding, but have a
reduced ability to respond to BCR-dependent antigenic
stimulation.16 Anergy has been linked to CLL based on
low surface BCR expression, reduced responsive capabil-
ity,17,18 and increased basal Ca2+ levels.15 M-CLL in particu-
lar shows these increased basal Ca2+ levels in combination
with a poorer response to BCR stimulation15 which is in
line with other studies showing that the α-IgM response
is associated with IGHV mutational status and with the
surface expression of markers of prognosis, such as
CD38.18,19 Moreover, a high level of surface IgM is associ-
ated with a clinically aggressive form of the disease,
which has potential implications as a diagnostic parame-
ter for disease progression.20
However, Ca2+ levels, both basal and upon BCR stimu-

lation, vary within the U-CLL and M-CLL groups. We
hypothesized that this heterogeneity in BCR responsive-
ness could reflect a diverse disease pathogenesis involving
cell-intrinsic differences. In this study we aimed to eluci-
date potential cell-intrinsic differences underlying the
observed differences in Ca2+ levels between CLL cases.

Methods

Study population
Fifty-two patients were included of whom 30 (58%) had U-CLL

and 22 (42%) had M-CLL as determined by the IGHV SHM status
(Online Supplementary Methods). The patients’ characteristics are
shown in Online Supplementary Table S1. The majority of the
included patients (n=41, 79%) were treatment-naïve. Purified CLL
cells were isolated (Online Supplementary Methods) upon informed
consent and anonymized for further use, following the guidelines

of the institutional review board (METC-2015-741) and in accor-
dance with the Declarations of Helsinki.

Flow cytometry
Flow cytometry was used to assess the responsive capacity

upon α-IgM stimulation by measuring Ca2+ levels (Online
Supplementary Methods) and to determine the expression of activa-
tion markers by using antibodies listed in Online Supplementary
Table S2.  Phospho-flow analysis was done to study the phospho-
rylation of Spleen tyrosine kinase (Syk), Phopholipase Cγ2 (PLCγ2)
and Protein kinase B (Akt) upon α-IgM stimulation. (Online
Supplementary Methods). 

Cell culture and retroviral transduction of triple 
knockout cells

TKO cells, derived from a signaling-competent mouse pre-B-cell
line lacking the expression of endogenous pre-BCR due to inacti-
vation of RAG2 and λ5 genes,21 and Phoenix cells (ATCC CRL-
3214) were both cultured as described by Meixlsperger et al.21 The
protocol used for the transduction of TKO cells was also docu-
mented before by Meixlsperger et al.21

RNA sequencing
Twelve cases from our cohort were selected based on their

responsiveness to α-IgM stimulation (6 responsive, 6 unrespon-
sive) and their RNA was sequenced. The RNA was extracted using
Allprep DNA/RNA/miRNA Universal (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. RNA sequencing
was performed on a TruSeq platform (Illumina, San Diego, CA,
USA) at the Human Genome Facility (Erasmus Medical Center,
Rotterdam, the Netherlands). Reads were extracted from the raw
sequencing data using CASAVA 1.8.2 (Illumina) and aligned to the
human reference genome (UCSC’s hg19) using the STAR (2.5.0c)
splice aware aligner with gencode v19 transcriptome annotations
as an additional template. The BAM files were processed using
various tools from the picard software suite (v1.90), as well as
tools from the Genome Analysis ToolKit (GATK, v3.5). Quality
control metrics were collected at various steps using picard and
evaluated, along with coverage metrics using GATK. Read counts
per exon/gene were then determined by the featureCounts func-
tion of the subread package (v1.4.6-p1) using the gencode v19
annotation as markers. The raw read counts were normalized
through the fragments per kilobase of exon model per million
reads mapped (FPKM) methodology, normalizing for library yield
and gene size.

For classification analysis, the calculated Spearman correlation
as a distance (1/similarity) measurement and Ward.D2 for the
unsupervised clustering were applied to the samples used. R pack-
ages (version 3.4.4) weres used for differential expression analysis
and to create plots for visualization. We analyzed the sample fit-
ting with edgeR, the gene-wise negative binomial generalized lin-
ear models for contrast. 

To validate transcript level differences in a larger cohort, RNA
was synthesized to cDNA and real-time quantitative polymerase
chain reaction (RQ-PCR) was performed (Online Supplementary
Methods and Online Supplementary Table S2).

Results

Unmutated cases of chronic lymphocytic leukemia 
are generally more responsive than mutated cases 
to α-IgM stimulation
To determine whether high basal Ca2+ levels are BCR-

dependent or caused by cell-intrinsic factors, we selected
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a small series of CLL samples with known high (n=3) or
low (n=6) basal Ca2+ levels from our previous study in
2015,15 and cloned their BCR into TKO cells as described
by Dühren-von Minden et al.14

Even though we could detect Ca2+ signaling by the BCR
in TKO cells for all analyzed CLL-derived BCR expressed
as IgM, we did not detect any correlation (R2=0.014,
P=0.764) between the Ca2+ signal in CLL and that in TKO
cells (Figure 1B) indicating that the high basal Ca2+ levels
seen in some CLL samples would result from cell-intrinsic
changes rather than from BCR-dependent autonomous
signaling.
To determine which cell-intrinsic differences might

cause the heterogeneity in Ca2+ signaling in basal condi-
tions and upon BCR stimulation, we established a new
cohort of patients (n=52, Online Supplementary Table S1).
CLL cells were isolated from peripheral blood and imme-
diately used for further analysis. First, basal Ca2+ levels
were assessed (Figure 1B). Similar to the previous study,
basal Ca2+ levels were heterogeneous in both U-CLL and
M-CLL cases.15
Next, we examined the responsive capacity of the CLL

samples upon BCR stimulation. Figure 1D shows two
flow cytometric examples. In line with our previous
study,15 we found that U-CLL cells in general responded
significantly (P=0.049) better upon α-IgM stimulation
compared with M-CLL cells (Figure 1E). Although no dif-
ferences were found in the response after α-IgD stimula-
tion (Figure 1F), there was a strong correlation between
the relative response to α-IgM and α-IgD stimulation
(R2=0.508, P<0.0001) (Figure 1G). Based on this, we fur-
ther defined CLL subgroups based on BCR responsive-
ness upon α-IgM stimulation. Twenty-four cases were
classified as responsive (median fluorescence intensity
ratio, response/basal signal: 1.1-6.5; n=17 U-CLL and n=7
M-CLL) and 28 cases were unresponsive (median fluores-
cence intensity ratio, response/basal signal: <1.1; n=13 U-
CLL and n=15 M-CLL).

Higher phosphorylation of PLCγ2 and Akt in chronic
lymphocytic leukemia correlated with responsiveness
upon B-cell receptor stimulation
In order to gain a better understanding of BCR respon-

sive capacity, as defined by Ca2+ influx, we examined
phosphorylation of Syk, PLCγ2 and Akt upon α-IgM
stimulation. First, we evaluated differences in basal phos-
phorylation levels of Syk (pSyk), PLCγ2 (pPLCγ2) and Akt
(pAkt) (Figure 2A). The responsive cases showed a signif-
icantly (P=0.0013) higher basal pPLCγ2 level than unre-
sponsive cases but no differences were found in basal
pSyk and pAKT levels (Figure 2B). Next we examined the
relative response of kinase phosphorylation upon BCR
stimulation. Even though no difference in relative
response of pSYK after α-IgM stimulation was found, the
responsive patients had a higher relative response of
pPLCγ2 and pAkt upon α-IgM stimulation (Figure 2C). 
Taken together, the α-IgM response as determined by

Ca2+ influx, is consistent with greater phosphorylation of
pPLCy2 and pAkt upon α-IgM stimulation

Chronic lymphocytic leukemia cases showing good
B-cell receptor responsiveness have a more activated
phenotype 
Next we examined whether the expression of activa-

tion markers is associated with the response to α-IgM. As

expected, CLL cells from responsive cases displayed a sig-
nificantly (P=0.0002) higher expression of surface IgM
compared to the unresponsive cases; likewise, IgD
(P=0.036), CD19 (P=0.029), CD38 (P=0.035), and CD43
(P=0.047) expression levels were also higher in responsive
cases than in unresponsive cases (Figure 3A). No differ-
ences were found in CD20, CD21, CD27, CD69, CD80,
CD86 and CXCR4 expression (Online Supplementary
Figure S1). 
To determine whether the α-IgM responsiveness with-

in the responsive cases correlates with the expression
level of these markers, we compared surface expression
and relative response. The relative response did correlate
with surface IgM (R2=0.322, P=0.0038) and CD21
(R2=0.469, P=0.0002) expression levels (Figure 3B). 

IkB-related genes in particular are differentially
expressed between B-cell receptor-responsive 
and -unresponsive cases
Twelve cases from our cohort were selected to evaluate

cell-intrinsic differences based on RNA sequencing of
total RNA from MACS-purified (>95%) CLL cells. Six
patients were classified based on Ca2+ levels as responders
upon α-IgM stimulation and were compared to another
six patients who were unresponsive. (Online
Supplementary Table S3) First, RNA expression profiles of
the 12 cases were compared to each other via Spearman
correlation (Figure 4A). Based on these results the patients
could be divided into three major clusters, which did not
correlate with BCR responsiveness or SHM status. In
addition, when comparing the variation in total gene
expression levels between the samples, as shown by Z-
scores in a heat map (Online Supplementary Figure S2), no
clear division of responsive and unresponsive cases was
found either, probably reflecting the biological hetero-
geneity of CLL samples, even when classified as BCR-
responsive and -unresponsive. 
Next, we therefore focused on genes involved in BCR

signaling using Qiagen’s Ingenuity Pathway Analysis
(IPA). As illustrated by the volcano plot, responsive cases
demonstrated significantly higher expression of EBF1,
FCGR2A, SYK and FYN (positive logFC values), whereas
the non-responders showed significantly higher expres-
sion of NFKBID, NFKB2, CAM2KA, NFKBIE, RAF1, NFK-
BIB, NFKB1, RPS6K1, PLCG1 and BCL3 (negative logFC

values) (Figure 4B and Online Supplementary Figure S2).
Interestingly, the NFKBIB, NFKBID and NFKBIE genes all
encode inhibitors of NF-kB (IkB), while NFKB1, NFKB2
and BCL3 are genes coding for NF-kB components that
are associated with inhibition.22

B-cell receptor-unresponsive cases have higher 
expression of genes expressing regulatory molecules 
of nuclear factor-kB signaling
Additional samples were selected (n=13 unresponsive,

n=15 responsive) to validate the differences in transcript
levels of NF-kB genes (NFKB1, NFKB2, BCL3, NFKBIB,
NFKBID and NFKBIE) using RQ-PCR. RQ-PCR results
(displayed as 2-deltaCT values) indeed confirmed that
responding cases had significantly lower expression of
NFKB1 and NFKB2 (Figure 5A) NFKBIB and NFKBIE
(Figure 5B). Furthermore, we found a trend towards lower
NFKBID expression, but no difference in BCL3 expres-
sion between the subgroups (Figure 5B). 
In addition, we investigated whether the transcription-
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Figure 1. Ca2+ signaling in chronic lymphocytic leukemia cells. (A) Flow cytometric analysis of Ca2+ flux (ratio Indo-1/Indo-1) after the addition of 4-hydroxytamoxifen
(4-OHT) to triple knockout (TKO) cells expressing the B cell receptor (BCR) from two representative samples of mutated chronic lymphocytic leukemia (M-CLL) (left)
and two unmutated samples (U-CLL) (right). (B) From nine CLL cases (6 U-CLL, black dots and 3 M-CLL, open dots) in whom the basal Ca2+ level (x-axis) had been
assessed earlier, the BCR was cloned into TKO cells to determine the autonomous Ca2+ signal (y-axis). Linear regression was performed and the R2 and P-value are
shown. (C) Basal Ca2+ level [median fluorescence intensity (MFI) ratio FI3/FR] was determined in a new cohort of 52 CLL samples (freshly isolated) consisting of 30
U-CLL and 22 M-CLL cases. (D) Responsive capacity upon BCR stimulation. Flow cytometric analysis of a representative CLL sample showing no Ca2+ influx (ratio
FL3/FR) upon α-IgM stimulation (left) and a representative CLL sample with an increase in Ca2+ influx (ratio FL3/FR) upon α-IgM stimulation (right). Based on this
analysis the responsive capacity upon α-IgM stimulation (E) and α-IgD stimulation (F) was determined in the 30 U-CLL and 22 M-CLL cases. Individual plots and medi-
ans (gray bars) are shown. The Mann-Whitney U-test was performed for statistical analysis between the groups of patients (*P<0.05). (G) Linear regression analysis
between the relative response after α-IgM and α-IgD stimulation: R2 and P values are shown.
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al levels of these NF-kB pathway genes also correlated
with basal Ca2+ levels (Online Supplementary Figure S3). A
significant correlation could only be found between basal
Ca2+ levels and NFKB1 (R2=0.163, P=0.033) and NFKBIE
(R2=0.234, P=0.0091) transcript levels (Online
Supplementary Figure S3).
Since loss of IkBε (encoded by NFKBIE as caused by an

identical 4-bp frameshift deletion in the first exon), has
been associated with a progressive form of CLL,23 we
determined whether patients in our cohort with low
NFKBIE expression carried this identical deletion. Upon
sequencing of the first exon of NFKBIE, this 4-bp deletion
was not observed (data not shown).
Expression levels of genes coding for NF-kB regulators

(NFKB1 and NFKB2) and coding for IkB that were
expressed at lower levels in responsive cases appeared to
correlate with each other (Online Supplementary Figure S4),
implying that unresponsive patients show higher expres-
sion of multiple NF-kB inhibitors. Even though we could

not detect statistically significant differences in expres-
sion levels of genes coding for the NF-kB subunits RELA,
RELB and REL between the two subgroups (data not
shown), we did observe clear correlations between expres-
sion levels of genes associated with NF-kB inhibition and
expression levels of RELA and REL (Online Supplementary
Figure S5), both involved in the canonical NF-kB. No cor-
relations between inhibitor levels and levels of the non-
canonical NF-kB subunit RELB were found (data not
shown).
Besides the IkB genes, we also found a difference in

expression of tumor necrosis factor-α induced protein 3
(TNFAIP3; logFC=-1.70, 10log(Pvalue)=2.24) based on RNA
sequencing analysis. TNFAIP3 encodes for protein A20
that is induced by TNF-α and functions as a negative reg-
ulator through inhibition of NF-kB signaling.24 In addition,
RQ-PCR showed significantly (P=0.017) higher expres-
sion of TNFAIP3 in unresponsive cases than in responsive
ones (Figure 5C). 
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Figure 2. Phosphorylation of Syk, PLCγ2 and Akt. (A) The levels of pSyk, pPLCγ2 and pAkt were determined at baseline and upon stimulation with α-IgM and corre-
lated with the α-IgM response as determined by Ca2+ signaling. Representative examples of the analysis in a case of unresponsive chronic lymphocytic leukemia (CLL)
(upper histograms) and a responsive CLL case (lower histograms) are shown. After single viable cell selection, the levels of pSyk, pPLCγ2 and pAkt were determined,
both at baseline (black line) and upon stimulation with α-IgM (gray line). (B) Differences in basal levels of pSYK, pPLCγ2 and pAKT (x-axis) between α-IgM unrespon-
sive and responsive samples. (C) The relative response after α-IgM stimulation for pSYK, pPLCγ2 and pAKT (x-axis) in the two groups of patients. Individual plots and
medians (gray bars) are shown. The Mann-Whitney U-test was performed for statistical analysis between the groups of patients (**P<0.01).
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Collectively, these results illustrate that unresponsive
cases have higher basal gene expression of several regula-
tory molecules of canonical NF-kB pathway signaling.

Upregulation of nuclear factor-kB pathway genes upon
α-IgM stimulation in B-cell receptor-responsive cases
To further study expression of the NF-kB genes upon

stimulation, frozen peripheral blood mononuclear cells
from 21 cases (unresponsive CLL; n=11 and responsive
CLL; n=10) were thawed, after which CLL cells were
MACS-isolated and stimulated for 2.5 h with α-IgM
(optimal stimulation was defined using normal B cells;
data not shown). The 2-deltaCT values obtained after incuba-
tion (α-IgM-stimulated and -unstimulated) were normal-
ized by subtraction of the basal 2-deltaCT value to calculate
the fold differences in expression between the groups of
patients (Figure 6). BCR-responsive cases showed signifi-
cant upregulation of NFKB2, REL, NFKBID, NFKBIE and
TNFAIP3 after stimulation compared with unresponsive
cases for which the expression of the NF-kB genes
remained roughly equal. 
In summary, α-IgM-unresponsive cases had high basal

transcription of especially NF-kB inhibitory components,
whereas the responsive cases showed clear upregulation

of NF-kB inhibitory components, including TNFAIP3 and
NF-kB subunit REL, upon stimulation.

Discussion

Here we aimed to study cell-intrinsic differences
between unresponsive and responsive CLL, which may
underlie differences in Ca2+ levels upon α-IgM stimula-
tion. Based on RNA sequencing analysis several compo-
nents of the canonical NF-kB pathway, especially related
to NF-kB inhibition, were expressed more highly in unre-
sponsive cases. Besides these inhibitors, the TNFα-
induced NF-kB inhibitor A20 was also significantly more
highly expressed in the BCR-unresponsive cases. Lastly
we showed that upon α-IgM stimulation, the expression
of these NF-kB pathway genes (especially genes coding
for NF-kB pathway inhibitors but also NF-kB component
REL) is upregulated in BCR-responsive cases while for the
unresponsive cases the transcriptional level did not
change compared to basal levels, indicating that NF-kB
signaling is an important pathway for CLL cells in their
ability to respond upon BCR stimulation. 
Based on the lack of correlation between basal Ca2+ lev-
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Figure 3. Surface expression of activation-associated markers. The surface expression of several activation-associated markers was measured in 52 patients with
chronic lymphocytic leukemia (CLL). (A) Surface expression levels (x-axis) of IgM, IgD, CD19, CD38 and CD43 in α-IgM-unresponsive and α-IgM-responsive cases.
Individual plots and medians (gray bars) are shown. The Mann-Whitney U-test was performed for statistical analysis between the groups of patients (*P<0.05). (B)
Relative response upon α-IgM stimulation (x-axis) is plotted against the surface expression [median fluorescence intensity (MFI)] expression level of IgM and CD21.
Linear regression analysis was performed and R2 and P values are shown.
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els and autonomous signaling in TKO cells,14 we aimed to
gain more insight into possible cell-intrinsic differences,
although we cannot formally exclude that  Ca2+ levels
could also (partly) have been high due to previous anti-
genic stimulation in our ex-vivo samples. Using a new
cohort, Ca2+ signaling was determined in freshly isolated
cells instead of thawed cells, which on average resulted in
lower basal Ca2+ levels (data not shown). This might be, in
combination with the heterogeneity in basal Ca2+ levels,
an underlying explanation for the fact that in this cohort
the basal Ca2+ levels were not different between M-CLL
and U-CLL cases. Further building on the study of
Mockridge et al.,18 who also showed differences in
responsiveness to BCR stimulation between CLL cases,

we therefore divided our cohort of patients based on their
responsive capacity to BCR stimulation. In both the M-
CLL and U-CLL groups, there were cases showing a clear
α-IgM response based on Ca2+ influx, while others did not
show such a response, indicating that the level of anergy
is independent of the IGHV SHM status of the BCR. 
The anergic nature of unresponsive CLL was partly

confirmed by the marker profile. IgM responders co-
express higher levels of surface IgM and IgD, which
explains the response to α-IgM as well as α-IgD stimula-
tion. The higher expression of the prognostic marker
CD38 by the responsive cases is also in line with findings
of Mockridge et al.18 suggesting that responsive patients in
general have a poor prognosis.2 The strong correlation

R.W.J. Meijers et al.
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Figure 4. Differential expression analysis based on RNA sequencing data. (A) Results of the Spearman correlation of the RNA expression analysis in different chronic
lymphocytic leukemia (CLL) samples (n=6 responsive vs. n=6 unresponsive CLL cases). The color scale indicates the degree of correlation varying from blue (low
correlation) to red (high correlation). The two panels at the left end indicate the responsiveness (orange = unresponsive, blue = responsive) and the IGHV somatic
hypermutation status [red=mutated (M)-CLL, green=unmutated (U)-CLL] of the selected CLL cases. (B) Volcano plot showing differences in transcript levels of genes
involved in the B-cell receptor signaling pathway as determined using Qiagen’s Ingenuity Pathway Analysis (IPA). A negative logFC value indicates higher expression
of certain genes in unresponsive CLL cases, while a positive logFC value is indicative of higher expression in responsive CLL cases. The logFC value was plotted against
the 10log(Pvalue). False discovery rate (FDR) was calculated and transcriptional differences of genes with a logFC value of 1 or -1 in combination with a 10log(Pvalue)
above the FDR are indicated in red.
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Figure 5. Validation of transcriptional differences of nuclear factor-kB-related
genes. (A-C) Real-time quantitative polymerase chain reaction validation of
NFKB1, NFKB2 (A), NFKBIB, NFKBID, NFKBIE, BCL3 (B) and TNFAIP3 (C) expres-
sion in an extended cohort of unresponsive (n=13) and responsive (n=15) cases
of chronic lymphocytic leukemia (CLL). 2-deltaCT values were determined for each
sample and individual data plots and the medians are shown. The comparisons
between the two groups were done using the Mann-Whitney U-test (*P<0.05,
**P<0.01).
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between CD21 expression and the responsive capacity
upon α-IgM stimulation is striking. In other immune-
related diseases, such as rheumatoid arthritis, common
variable immunodeficiency25 and Sjögren syndrome,26
patients had increased populations of CD21low B cells
compared to healthy individuals.25 These CD21low B cells
were found to represent unresponsive cells expressing
autoreactive BCR which failed to respond, as determined
from Ca2+ levels upon BCR stimulation.25,26 CD21low CLL
cells were not found to be autoreactive and are associated
with a poor prognosis.27 Unfortunately we had no access
to patients’ longitudinal data and we were therefore
unable to evaluate progression of the CLL.
RNA sequencing analysis showed that especially genes

coding for regulatory molecules involved in NF-kB inhibi-
tion are differentially expressed between BCR-responsive
and -unresponsive cases. Several studies have shown that
CLL cells have higher basal NF-kB levels compared to nor-
mal B cells and that they are continuously activated.28 In
addition, it has been shown that NF-kB signaling is
important for preventing apoptosis by multiple mecha-
nisms, including CD40L-mediated signaling.28-30
We found that the unresponsive cases had higher basal

gene expression of several components of the canonical
NF-kB pathway, especially those involved in inhibition.
Genes coding for the p105/p50 (NFKB1) and p100/p52
(NFKB2) subunits were expressed more highly in unre-
sponsive CLL. Both are potential inhibitors and allow
functional NF-kB activation in which p105/p50 is
involved in the canonical NF-kB pathway and p100/p52
in the alternative (non-canonical) NF-kB pathway.31 In
addition, we found that genes coding for IkB were more
highly expressed in unresponsive cases. IkBε (coded by
NFKBIE), which is an important regulator of B-cell prolif-
eration,32 was found to be mutated in patients with
CLL.23,33 In particular, a recurrent 4-basepair frameshift
deletion resulting in functional loss of IkBε and leading to
continuous NF-kB activation was detected in progressive
forms of CLL 23 as well as in other B-cell malignancies.34
However, we could not identify this identical deletion as

a possible cause for the lower NFKBIE gene expression in
the responsive cases.
Besides BCR stimulation, the canonical NF-kB pathway

can be activated by TNF receptor stimulation.31 It might
thus be that NF-kB signaling in BCR-unresponsive cases is
more dependent on TNF-mediated activation. Higher
TNFAIP3 expression, a negative feedback regulator of NF-
kB signaling induced by TNFα, as we noted in unrespon-
sive cases, provides a basis for this theory. From B-cell
lymphoma patients it is known that increased and sus-
tained NF-kB activation of especially the proto-oncogene
c-REL promotes TNFα-induced cell survival.35 Through
this feedback loop mechanism, secretion and uptake of
TNFα might result in NF-kB-induced survival of (anergic)
CLL cells, independently of BCR signaling. Foa et al.36

reported that CLL cells continuously produce TNFα,
especially cells from patients with an indolent form of the
disease compared to patients with a progressive form.36
Genomic aberrations in the TNFAIP3 gene resulting in

the loss of A20 are linked with autoimmune disease with
a humoral component as well as several B-cell lym-
phomas.37 In B cells from aged mice it was demonstrated
that selective loss of A20 increases the activation thresh-
old and enhances proliferation and survival of B cells
causing an inflammatory condition and inducing autoim-
munity.38 Such a loss of A20 caused by genetic aberrations
of TNAIP3 has not been associated with human CLL.39
Even though the focus of our study was mostly on

those genes that were expressed at higher levels in unre-
sponsive cases, multiple genes, including SYK, were
found to be expressed more highly in responsive cases.
Although SYK was differently expressed based on the
RNA sequencing analysis between the two groups of
patients in the extended cohort of patients with CLL, we
did not find a difference in SYK protein level (by phos-
pho-flow analysis; data not shown). Another gene of inter-
est that emerged from our analysis is Early B-cell Factor 1
(EBF1), a transcription factor important in B-cell differen-
tiation, which was expressed at higher levels by the
responsive cases.40 Seifert et al. had earlier shown that
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Figure 6. Transcriptional levels of nuclear factor-kB related genes upon α-IgM stimulation. Upon α-IgM stimulation, real-time quantitative polymerase chain reac-
tions were performed to examine the transcriptional levels of multiple nuclear factor (NF)-kB pathway genes (NFKB1, NFKB2, REL, NFKBIB, NFKBID, NFKBIE and
TNFAIP3) that were differently expressed at baseline between responsive and unresponsive cases of chronic lymphocytic leukemia (CLL). The 2-deltaCT value upon α-
IgM stimulation was subtracted from the 2-deltaCT value at baseline and divided by the 2-deltaCT value of the unstimulated condition corrected by the 2-deltaCT value at baseline
to calculate the net increase or decrease upon α-IgM stimulation. α-IgM unresponsive CLL cases (n=11, white bars) were compared to α-IgM responsive CLL cases
(n=10, black bars) and statistical analysis was performed using the Mann-Whitney U-test (*P<0.05, **P<0.01). 



EBF1 was significantly downregulated in patients with
CLL compared to conventional B cells.41 It was suggested
that the low expression of EBF1 might result in reduced
levels of B-cell signaling and might contribute to an aner-
gic phenotype of CLL cells.41 Our results showing a lower
level of EBF1 transcripts in unresponsive cases would sup-
port this theory. Future studies are required to elucidate
the importance of EBF1 in CLL pathogenesis.
In summary, our results indicate that responsive CLL

cases, irrespective of IGHV SHM status, have a more activat-
ed phenotype and reduced basal expression of several regu-
latory molecules of the canonical NF-kB pathway including
those associated with NF-kB inhibition. Upon α-IgM stimu-
lation these responsive cases showed upregulation of NF-kB,
including NF-kB inhibitors, whereas transcriptional levels of
NF-kB signaling pathway components remained unaltered
in unresponsive cases. Our findings suggest that enhanced
basal NF-kB inhibition may be strongly associated with a
lower capacity of CLL cells to respond to BCR stimulation
and the survival of anergic CLL cells.
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Extramedullary disease is relatively frequent in multiple myeloma, but our
knowledge on the subject is limited and mainly relies on small case series or
single center experiences. Little is known regarding the role of new drugs in

this setting. We performed a meta-analysis of eight trials focused on the descrip-
tion of extramedullary disease characteristics, clinical outcome, and response to
new drugs. A total of 2,332 newly diagnosed myeloma patients have been includ-
ed; 267 (11.4%) had extramedullary disease, defined as paraosseous in 243
(10.4%), extramedullary plasmocytoma in 12 (0.5%), and not classified in 12
(0.5%) patients. Median progression-free survival was 25.3 months and 25.2 in
extramedullary disease and non-extramedullary disease patients, respectively.  In
multivariate analysis the presence of extramedullary disease did not impact on
progression-free survival (hazard ratio 1.15, P=0.06), while other known prognos-
tic factors retained their significance. Patients treated with immunomodulatory
drugs, mainly lenalidomide, or proteasome inhibitors had similar progression-free
survival and progression-free survival-2 regardless of extramedullary disease pres-
ence. Median overall survival was 63.5 months and 79.9 months (P=0.01) in
extramedullary and non-extramedullary disease patients, respectively, and in mul-
tivariate analysis the presence of extramedullary disease was associated with a
reduced overall survival (hazard ratio 1.41, P<0.001), in line with other prognostic
factors. With the limits of the use of low sensitivity imaging techniques, that lead
to an underestimation of extramedullary disease, we conclude that in patients
treated with new drugs the detrimental effect of extramedullary disease at diag-
nosis is limited, that lenalidomide is effective as are proteasome inhibitors, and
that these patients tend to acquire a more aggressive disease in later stages.
(EUDRACT2005-004714-32, NCT01063179. NCT00551928, NCT01091831,
NCT01093196, NCT01190787, NCT01346787, NCT01857115).
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ABSTRACT



Introduction

Multiple myeloma (MM) is a plasma cell neoplasia char-
acterized by a diffuse tumor infiltration of the bone mar-
row, resulting, among others, in anemia, bone damage
with hypercalcemia, and bone lesions. Occasionally,  neo-
plastic plasma cells acquire a different growth pattern gen-
erating tumor masses, that are referred to as extra-
medullary disease (EMD).1 EMD can arise from skeletal
focal lesions, which disrupt the cortical bone and grow as
extra-bone masses, and is referred to as paraosseous plas-
mocytoma (PO), or derive from hematogenous spread as
manifestation in soft tissues, and is called extramedullary
plasmocytomas (EMP).  Incidence of EMD at diagnosis
ranges between 6% and 10%,2-4 while later in the course
of the disease this increases to 13%-26%,2,4 with a 32-35%
peak in case of relapse after allogeneic stem cell transplan-
tation.5,6 In the final stage of the disease, an extraskeletal
involvement is observed in approximately 70% of cases
studied with autopsy,7 with a peculiar involvement of vis-
ceral sites.8 As expected, patients with EMD at diagnosis
tend to maintain the same pattern at relapse.2 
The biological mechanisms behind the acquisition of

the EMD-forming phenotype have not yet been fully elu-
cidated. Increased expression of CXCR4 and CXCL12
plays a major role in promoting a bone marrow-indepen-
dent behavior, favoring dissemination, and homing to dis-
tant and unusual sites.9,10 Other mechanisms are represent-
ed by reduced expression of several adhesion molecules,
in particular VLA-4,  CD44, and CD56, and chemokine
receptors, such as CCR1, and CCR2. Diversely, the cyclin
D1 pathway seems to favor the bone marrow homing,
protecting from extramedullary localizations, as t(11;14) is
not observed in MM patients with EMD.11
Despite its frequency and clinical relevance, EMD has

often been neglected by the medical literature. In fact,
almost all the available data derive from retrospective
series and single center experiences, mainly reported  in
the pre-new drug era, with the limitations of this type of
studies. In order to fill this gap and clarify the role of new
drugs in MM with EMD, we conducted the largest  meta-
analysis so far reported, based on eight prospective trials
by the same sponsors (Fonesa Onlus and Hovon
Foundation). 

Methods

Study design
Patients with newly diagnosed MM enrolled in eight

clinical trials were retrospectively analyzed. Details on tri-
als and treatment regimens are summarized in Table 1.
Briefly, three trials enrolled transplant eligible and five tri-
als transplant ineligible patients. Three trials included an
immunomodulatory (IMiD) drug in the treatment,
lenalidomide in almost all cases, three trials a proteasome
inhibitor (PI), and four trials both. Six out of eight trials
included maintenance. Trials were approved by the
Independent Ethics Committees/Institutional Review
Boards at all participating centers. Patients provided writ-
ten informed consent before entering the study, prepared
in accordance with the Declaration of Helsinki. For the
purpose of this meta-analysis, we considered the sub-
group of patients with EMD, and compared them with
patients without EMD. 

Extramedullary disease definition and assessment
Extramedullary disease  was classified as PO disease,

consisting of tumor masses arising directly from bones, or
EMP, consisting of masses not contiguous to the bones
and derived from hematogenous spread. EMD was identi-
fied at study enrollment with the diagnostic procedure
required by the patient’s study protocol, such as X-ray
skeletal survey, magnetic resonance imaging (MRI), com-
puted tomography (CT), and physical examination.

Statistical analysis
Differences in patients' and disease characteristics for

EMD patients versus non-EMD patients were investigated
using Kruskal Wallis test for continuous variables and
Fisher’s exact test for categorical variables. Data of trials
were pooled together and analyzed. Time-to-event data
were analyzed using the Kaplan-Meier method; EMD and
non-EMD patients were compared with the log-rank test.
The Cox proportional hazards models were used to esti-
mate adjusted hazard ratios (HRs) and the 95% confi-
dence intervals (CI) for the main comparisons, EMD
patients versus non-EMD patients. To account for potential
confounders, the Cox models were adjusted for the age,
sex, International Staging System (ISS) stage (I vs. II; I vs.
III), cytogenetic risk defined by fluorescence in situ
hybridization (FISH) analysis [high, i.e. presence of
del(17p), t(4;14), t(14;16), vs. standard risk; missing vs.
standard risk], and autologous stem cell transplantation
(ASCT) (ASCT vs. non-ASCT; not applicable, i.e. patients
not candidate to ASCT, vs. non-ASCT). Subgroup analyses
were performed to determine the consistency of the over-
all effect in different subgroups using interaction terms for
the comparison between EMD versus non-EMD and each
of the co-variates included in the Cox model plus Revised
ISS stage (RISS) and type of therapies (IMID and PI). All
Hazard Ratios (HR) were estimated with their 95%CI and
two sided P-values. In order to evaluate the impact of dif-
ferent size and types of EMD, further subgroup analyses
were performed: EMD size ≤ 3 > 3 cm; EMD size ≤ 5 vs.
> 5 cm; PO or EMP. Data were analyzed as of December
2018 using and R (Version 3.1.1).

Results

Patients
A total of 2,332 patients were included in this analysis: 267

(11%) had EMD, while 2,065 (89%) had no EMD. Median age of
EMD patients was 68 years (IQ range 60-74), and 69 years (IQ
range 61-74) in patients without EMD. International Staging
System was I in 119 (45%) and 682 (33%), II in 85 (32%) and 782
(38%), and III in 38 (14%) and 509 (25%) patients with or without
EMD, respectively. Clinical trials were based on IMiD in 166
(62%) and 1,279 (62%) patients, on a PI in 66 (25%) and 464
(22%) patients, or both in 35 (13%) and 322 (16%) patients with
or without EMD, respectively. Patients' characteristics are summa-
rized in Table 2. Patients with EMD had PO in 243 (91%), and an
EMP in 12 (4%) cases, while the information was not available for
the other 12 (4%) patients. EMD localizations were single in 195
(73%), and multiple in 60 (22%) patients. Median EMD size was
4.2 cm (IQ range 3-7). EMD characteristics are summarized in
Table 3. No differences were observed in patients with EMD ≤ or
> 3 cm. EMD patients had a lower systemic tumor burden with
respect to patients without EMD, as shown by: plasma cell bone
marrow infiltration 30% (IQ range 15-50%) versus 50%  (IQ range

V. Montefusco et al.

194 haematologica | 2020; 105(1)



30-70%), hemoglobin 12.0 gr/L (IQ range 10.5-13.6) versus 10.7
gr/L (IQ range 9.5-12.1), median creatinine clearance 75 mL/min
per 1.73 m2 (IQ range 48-98) versus 66 (IQ range 41-88), respective-
ly. EMD patients had ISS I stage in 45% of cases, compared to
33% in non-EMD patients (P<0.001).

Efficacy
Progression-free survival. The median follow up was 62

months (IQ range 34-75) in EMD, and 65 months (IQ range 40-77)
in non-EMD patients. Median PFS was 25.3 months (95%CI: 21.7-
28.7) and 25.2 months (95%CI: 24.2-27.0) in EMD and non-EMD
patients, respectively. Five-year PFS was 19% (95%CI: 15-25%)
and 22% (95%CI: 20-24%) (P=0.46) in EMD and non-EMD
patients, respectively (Online Supplementary Figure S1), and there
were no differences between EMP, PO, and non-EMD (Figure 1A).
In multivariate analysis the presence of EMD did not impact on
PFS (HR 1.15, 95%CI: 0.99-1.33; P=0.06), while other known
prognostic factors retained their significance: high risk versus stan-
dard cytogenetic (HR 1.35, 95%CI: 1.20-1.52; P<0.001), and ISS III
versus I (HR 1.74, 95%CI: 1.53-1.98; P<0.001) (Online
Supplementary Figure S2). Type of therapy had no impact on PFS:

IMiD-based therapy (HR 1.14, 95%CI: 0.96-1.35) and no IMiD
(HR 1.18, 95%CI: 0.87-1.59) (interaction P=0.86), PI-based therapy
(HR 1.33, 95%CI: 1.04-1.71) and no PI, (HR 1.04, 95%CI: 0.87-
1.25) (interaction P=0.12), and ASCT in eligible patients (HR 1.10,
95%CI: 0.81-1.50) and non-ASCT (HR 1.04, 95%CI: 0.73-1.47)
(interaction P=0.72). A landmark analysis from maintenance start
showed a median PFS of 23.4 months (95%CI: 19.1-30.1) and 23.5
months (95%CI: 21.8-25.7) (P=0.30) in EMD and non-EMD
patients, respectively. EMD size was not correlated with median
PFS: patients with EMD ≤3 cm 26.0 months (95%CI: 18.5-37.1),
patients with EMD >3 cm 23.7 months (95%CI: 18.8-28.2), and
patients without EMD 25.2 months (95%CI: 24.2-27.0) (Figure 2).
The same results were observed with the EMD size threshold at
5 cm (Online Supplementary Figure S3). Median PFS according to
EMD number was as follows: single EMD localization 26.1
months (95%CI: 22.5-30.1), multiple EMD localizations 19.4
months (95%CI: 14.9-33.1), and no EMD 25.2 months (95%CI:
24.2-27.0). Median PFS was not correlated with EMD site: PO 24.3
months (95%CI: 21.2-28.2), EMP 26.1 months (95%CI: 8.0-NR),
and no EMD 25.2 months (95%CI: 24.2-27.0), PO versus no EMD
(HR 1.14, 95%CI: 0.98-1.33; P=0.10), and EMP versus no EMD (HR
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Table 1. Source studies.
Trial                                  Code         Treatment                                    DrugsMaintenance  N. of         Years            Age       Outcome         Outcome  Pubblication
                                                                                                                                           Patients  enrollement population      PFS                  OS           year(s)

GIMEMA-MM-05-0528  2005-004714-32  4 PAD induction followed by 2      IMiD-PI        Yes            103         2005-2008           ≤75      Median PFS:         5yrs OS:      2010-2013
                                                                      Mel100 intensification followed                                                                                                        48 months              63%
                                                                      by 4 RP consolidation and R 
                                                                      maintenance                                                                                                                                                     
GIMEMA-MM-03-0529    NCT01063179    9 VMP induction or 9 VMPT           IMiD-PI    Random        511         2006-2009           ≥65      Median PFS:         5yrs OS:      2010-2014
                                                                      induction followed by 2 years                          for FDT                                                                     VMPT-VT:      VMPT-VT: 61%
                                                                      VT maintenance                                            or observation                                                              35 months          VMP:51%
                                                                                                                                                                                                                                              VMP:                                             
                                                                                                                                                                                                                                         25 months
RV-MM-PI-20930              NCT00551928    4 Rd induction, mobilization,              PI         Random        402         2007-2009           <65      Median PFS:         4yrs OS:           2014
                                                                      6 MPR or 2 Mel200 intensification        for maintenance                                                      MPR: 22 months    MPR: 65%
                                                                      followed by R maintenance                       or observation                                                        ASCT: 43 months   ASCT: 81%             
                                                                      until PD or observation                                             
RV-MM-EMN-44131         NCT01091831    4 Rd induction, mobilization,           IMiD           Yes             389         2009-2011           <65      Median PFS:         4yrs OS:           2015
                                                                      6 CPR or 2 Mel200 intensification                                                                                                CRD: 29 months    CRD: 73%
                                                                      followed by RP or R maintenance                                                                                               ASCT: 43 months   ASCT: 86%             
                                                                      until PD                                                      
EMN0132                           NCT01093196    9 Rd or MPR or CPR induction        IMiD           Yes             654         2009-2012           ≥65      Median PFS:         4yrs OS:           2016
                                                                      followed by RP or R maintenance                                                                                               MPR: 24 months    MPR: 65%
                                                                      until PD                                                                                                                                               CPR: 20 months    CPR: 68%              
                                                                                                                                                                                                                                      Rd: 21 months       Rd: 58%               
MMY206933                       NCT01190787    9 VP or CVP or VMP induction            PI              Yes             152         2010-2012           ≥65      Median PFS:         2yrs OS:           2016
                                                                      followed by V maintenance                                                                                                             VP: 14 months       VP: 60%
                                                                      until PD                                                                                                                                               VCP: 15 months     VCP: 70%              
                                                                                                                                                                                                                                    VMP: 17 months    VMP: 76%              
IST-CAR-50634                  NCT01346787    9 KCd induction followed                    PI              Yes              58          2011-2012           ≥65    2yrs PFS: 76%,   2yrs OS: 87%      2014
                                                                      by K maintenance until PD                                                                                                                                                                              
IST-CAR-56135                  NCT01857115    9 KCd induction followed                    PI              Yes              63          2013-2015           ≥65    2yrs PFS: 53%,  2yrs OS: 81%      2018
                                                                      by K maintenance until PD                                       
V: bortezomib; M: melphalan; P: prednisone; T: thalidomide; C: cyclophosphamide; K: carfilzomib; R: lenalidomide; d: dexamethasone; Mel200: high-dose melphalan; PAD: bortezomib-pegy-
lated liposomal doxorubicin -dexamethasone; PD: progression disease; IMiD: immunomodulatory drug; PI: proteasome inhibitor; PFS: progression-free survival; OS: overall survival; FDT:
fixed-duration therapy; yrs: years.



1.23, 95%CI: 0.64-2.37; P=0.54) (Figure 1A). Median PFS2 and 5-
year PFS2 were 43.2 months (95%CI: 37.0-52.4) and 38% (95%CI:
31-47%) in PO, 27.9 months (95%CI: 4.9-NR) and NR in EMP, and
46.4 months (95%CI: 44.1-48.9) and 40% (95%CI: 37-43%) in
non-EMD patients (Figure 3). 

Overall survival. Median OS was 63.5 months (95%CI: 48.2-
84.7) and 79.9 months (95%CI: 75.8-88.3; P=0.01) in EMD and
non-EMD patients, respectively. Five-year OS was 51% (95%CI:
45-58%) and 59% (95%CI: 57-61%) (P=0.01) in EMD and non-
EMD patients, respectively (Online Supplementary Figure S4), and
there was a significant difference between PO and non-EMD (HR
1.39, 95%CI: 1.13-1.70; P=0.001) (Figure 1B). In multivariate
analysis the presence of EMD was associated with a reduced OS
(HR 1.41, 95%CI: 1.16-1.71; P<0.001), in line with other known
prognostic factors: high risk versus standard cytogenetic (HR 1.68,
95%CI: 1.44-1.96; P<0.001), ISS III versus I (HR 2.36, 95%CI: 1.98-
2.82; P<0.001) (Online Supplementary Figure S5). Type of therapy
did not impact on OS: IMiD-based therapy (HR 1.38, 95%CI:
1.10-1.73) and no IMiD (HR 1.47, 95%CI: 1.01-2.13) (interaction
P=0.78), PI-based therapy (HR 1.43, 95%CI: 1.04-1.97) and no PI,
(HR 1.39, 95%CI: 1.09-1.76) (interaction P=0.87), and ASCT in eli-
gible patients (HR 1.45, 95%CI: 0.95-2.20) and non-ASCT (HR
1.40, 95%CI: 0.88-2.25) (interaction P=0.99). A landmark analysis
by maintenance start showed a median OS of 69.1 months
(95%CI: 64.6-NR) and 87.8 months (95%CI: 87.8-NR) (P=0.22) in

EMD and non-EMD patients, respectively. EMD size was not cor-
related with median OS: patients with EMD ≤3 cm 58.5 months
(95%CI: 38.4-NR), patients with EMD >3 cm 63.7 months
(95%CI: 48.2-NR), and patients without EMD 79.9 months
(95%CI: 75.8-88.3) (Figure 4). The same analysis was done with
the EMD size threshold at 5 cm (Online Supplementary Figure S6).
Median OS according to EMD number was as follows: single
EMD localization 70.1 months (95%CI: 50.4-NR), multiple EMD
localizations 45 months (95%CI:  38.2-NR), and no EMD 79.9
months (95%CI: 75.8-88.3), single EMD versus no EMD (HR 1.33,
95%CI: 1.07-1.67; P=0.01), and multiple EMD localizations versus
no EMD (HR 1.62, 95%CI: 1.11-2.38; P=0.01). Median OS was
not correlated with EMD site: PO 67.3 months (95%CI: 50.4-NR),
EMP 70.1 months (95%CI: 16.9-NR), and no EMD 79.9 months
(95%CI: 75.8-88.3), PO versus no EMD (HR 1.39, 95%CI: 1.13-
1.70; P=0.001), and EMP versus no EMD (HR 1.24, 95%CI: 0.55-
2.78; P=0.60) (Figure 1B). 

Discussion

To the best of our knowledge, this is the first meta-
analysis of MM clinical trials focusing on patients with
EMD so far reported. We included eight Fonesa Onlus and
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Figure 1. (A) Progression-free survival (PFS) and (B) overall survival (OS) according to extramedullary disease presence and type. EMD: extramedullary disease;
EMP: extramedullary plasmocytoma; PO: paraosseous plasmocytoma.

Figure 2. Progression-free survival (PFS) according to extramedullary disease features. (A) PFS according to extramedullary disease (EMD) presence and size. (B)
PFS according to single or multiple EMD localizations.
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Table 2. Patients’ demographics and clinical characteristics.
Characteristic                           Patients with extra-medullary disease                   Control group                                                     P
                                                                        (N=267)                                             (N=2065)                                                          

Age
Median (IQR)-yr                                                    68 (60-74)                                                     69 (61-74)                                                                  0.21
Distribution – n. (%)                                                     
<65 yr                                                                       108 (40%)                                                     477 (38%)                                                                      
65 to 75                                                                     105 (39%)                                                     795 (38%)
≥ 75                                                                            54 (21%)                                                      493 (24%)                                                                      

ECOG                                                                                    
0                                                                                 107 (40%)                                                     847 (41%)                                                                  0.35
1                                                                                 103 (39%)                                                     862 (42%)
2                                                                                  39 (15%)                                                      235 (11%)
3                                                                                    1 (0%)                                                            7 (0%)                                                                         

ISS
I                                                                                  119 (45%)                                                     682 (33%)                                                                <0.001
II                                                                                 85 (32%)                                                      782 (38%)
III                                                                                38 (14%)                                                      509 (25%)
missing                                                                       25 (9%)                                                          92 (4%)                                                                        

R-ISS
I                                                                                   38 (14%)                                                      294 (14%)                                                                  0.62
II                                                                                125 (47%)                                                    1132 (55%)
III                                                                                 17 (6%)                                                         173 (8%)
missing                                                                      87 (33%)                                                      466 (23%)                                                                      

FISH – n. (%)                                                                                                                                                                                                                          0.72
Standard risk                                                          115 (43%)                                                    1082 (52%)
High risk*                                                                 51 (19%)                                                      446 (22%)
del(17p)                                                                     32                                                                   220 
t(4;14)                                                                         22                                                                   219 
t(14;16)                                                                        6                                                                     69 

Missing                                                                     101 (38%)                                                     537 (26%)                                                                      
LDH – IU/L                                                                                                                                                                                                                               0.30

≤450 201                                                                  201 (75%)                                                    1567 (76%)
>450 201                                                                   29 (11%)                                                       180 (9%)
missing                                                                      37 (14%)                                                      318 (15%)                                                                      

Bone marrow plasma cells, median (IQR)   30% (15% - 50%)                                        50% (30% - 70%)                                                          <0.001
Hemoglobin, median (IQR) – gr/L                 12.0 (10.5 – 13.6)                                          10.7 (9.5 – 12.1)                                                          <0.001
Creatinine clearance                                                                                                                                                                                                             0.01
Median (IQR) – mL/min per 1.73/m2                75 (48-98)                                                     66 (41-88)                                                                      
< 30 mL/min per 1.73/m2                                       45 (17%)                                                      359 (17%)
30 to 60 mL/min per 1.73/m2                                 49 (18%)                                                      544 (26%)
> 60 mL/min per 1.73/m2                                      172 (64%)                                                    1162 (56%)                                                                     

Therapy                                                                                                                                                                                                                                     0.48
IMiD-based                                                             166 (62%)                                                    1279 (62%)
PI-based                                                                    66 (25%)                                                      464 (22%)
IMiD + PI-based                                                     35 (13%)                                                      322 (16%)

Autologous stem cell transplantation                  155 (58%)                                                    1283 (62%)                                                                 0.17
Fixed-duration therapy                                            31 (12%)                                                      243 (12%)                                                                  1.00
Continuous treatment                                             128 (48%)                                                    1007 (49%)
No maintenance                                                        108 (40%)                                                     815 (39%)                                                                      
Imaging technique 
X-ray skeletal survey                                               0 (0 %)                                                        989 (42%)                                                                <0.001
CT-scan                                                                       0 (0 %)                                                       277 (13 %)
MRI                                                                           115 (43 %)                                                       0 (0 %)
Physical examination                                              21 (8 %)                                                          0 (0%)
Spiral CT                                                                    13 (5%)                                                           2 (0%)
Conventional CT                                                      96 (36%)                                                      675 (33%)
Unknown                                                                    22 (8%)                                                        122 (6 %)                                                                      

*More than one fluorescence in situ hybridization (FISH) abnormality may occur in the same patient. NS: not significant; NA:  not assessable; IQR:  interquartile range; IMiD:
immunomodulatory drug; PI:  proteasome inhibitor; CT:  computed tomography; MRI:  magnetic resonance imaging. ECOG: Eastern Cooperative Oncology Group.



Hovon Foundation clinical trials that enrolled 2,332 newly
diagnosed patients. In this population, we observed 267
(11%) patients with one or more EMD localizations,
including 243 PO, 12 EMP, and 12 cases that were not clas-
sified. Since none of the clinical trials considered in this
study had as primary end point the study of EMD, and a
proportion of them were started around ten years ago, the
most common imaging procedure performed at enroll-
ment as screening was X-ray skeletal survey, and, only in
case of a suspect of EMD, MRI or CT scan. X-ray skeletal
survey is clearly suboptimal in detecting extramedullary
asymptomatic disease. Nevertheless, the EMD incidence
we observed is in line with other case series (in the range
of 7-18%),1 suggesting that our patient population is quite
representative of the daily clinical practice. In any case, it
is expected that a wider use of more sensitive imaging
techniques, such as positron emission tomography (PET),
whole-body CT, and MRI will increase EMD detection.12,13
Interestingly, we observed that EMD patients had less dis-
ease burden, as shown by a more favorable ISS, lower
bone marrow plasma cell infiltrate, higher hemoglobin
levels, and a better renal function. This finding has been
observed also by others in the first line setting,2,14 and may
reflect a specific clinical picture, characterized by symp-
toms attributable to the EMD, rather than to larger disease
burden. The presence of EMD at diagnosis did not impair
the first line PFS, since EMD patients had a median PFS of
25.3 months, similar to the 25.2 months observed in
patients without EMD. This finding is quite remarkable,
since presence of EMD has long been recognized as an
unfavorable prognostic factor, both in case of PO and
EMP.4 Varettoni et al. described 76 EMD patients out of
1,003 MM patients at diagnosis, and with a treatment
based on conventional chemotherapy the PFS of EMD
was 18 versus the 30 months of patients without EMD
(P=0.03).2 Only EMD patients who received an ASCT had
a PFS  similar to that of patients without EMD. Likewise,
Wu et al. compared 75 EMD patients at diagnosis with 384
cases without EMD, and observed that EMD patients had
an inferior PFS compared to that of patients without EMD,
but this difference was overcome when EMD patients
received ASCT.14 Hence, the presence of EMD at diagnosis

has been incorporated as an adverse component of the
Durie and Salmon PLUS prognostic score.15 Since we did
not observe any significant difference in PFS between
EMD and non-EMD patients, it is reasonable to speculate
that the incorporation of new drugs in all the regimens
tested in the studies included in this meta-analysis was
able to overcome the unfavorable prognostic significance
of EMD. In this perspective, several case reports, as well
as a few trials, have shown that new drugs are effective in
MM patients with EMD. In particular, Landau et al. have
evaluated, in 42 high-risk MM at diagnosis including 14
patients with EMD, an induction with three cycles of
bortezomib, liposomal doxorubicin and dexamethasone,
followed by ASCT, with an acceptable median time-to-
progression of  39 months.16 In our meta-analysis, 166
EMD patients were treated with IMiD-based therapies
(lenalidomide in almost all cases) and have been compared
with 1,279 non-EMD patients who received the same
treatment. Quite surprisingly, also in this subset there was
no difference in PFS between the two groups, suggesting
that lenalidomide can be active also in this setting, as sug-
gested by very few case reports.17 This is in contrast with
the observation derived from studies involving thalido-
mide, the first-in-class IMiD, which resulted in having no
effect on EMD,18 and this may be accounted for by the
higher direct cytotoxic effect of lenalidomide respect to
thalidomide.19 Interestingly, in our study EMD patients
treated with IMiDs had the same PFS and OS as patients
treated with PI (Online Supplementary Figure S7).
Previous studies showed that increasing the therapy

intensity, i.e. intensifying the treatment with ASCT, over-
came the negative prognostic significance of EMD pres-
ence.20 This has been confirmed in a large European Bone
Marrow Transplantation registry study that considered
3,744 MM patients, including 353 with EMD, who
received ASCT at diagnosis.  This study has shown how
patients with a single EMD had a similar PFS to patients
without EMD.21 Since intensification seems to be the key
to EMD control, it is possible to speculate that new drugs
may offer a higher level of treatment intensity than con-
ventional drugs. In the pre-new drug era, this goal was
obtained only with ASCT.  In order to evaluate whether
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Figure 3. Progression-free survival (PFS2). EMD:
extramedullary disease; EMP: extramedullary
plasmocytoma; PO: paraosseous plasmocytoma.



the high efficacy of new drugs results in a more aggressive
relapse, we analyzed PFS2, and we observed that EMD
patients benefited from a similar disease control when
compared to patients without EMD (42.3 vs. 46.4 months,
respectively). This suggests that patients retain the benefit
beyond the first line. Interestingly, also maintenance
seems to have a similar efficacy in EMD and non-EMD
patients. Median OS of EMD patients was inferior when
compared with the control group (63.5 vs. 79.9 months,
respectively), and this is irrespective of the type of thera-
py. Since PFS2 is similar between the two groups, it is safe
to suggest that MM with EMD may acquire a more
aggressive behavior in later stages of the disease. 
Doubtless, the most sensitive technique for plasmacy-

toma identification is PET, which is able to upgrade
myeloma-related lesion identification in more than half of
patients when compared with X-ray skeletal survey.22
Unfortunately, in our study, PET was not used, since, at
the time the trials were performed, this was not a standard
technique. The recent IMAJEM trial, by the Intergroupe
Francophone du Myelome (IFM), has shown that spine
and pelvis MRI and PET are positive in 95% and 91% of
patients at diagnosis, respectively, and that PET has a
strong prognostic significance in terms of PFS and OS
when evaluated both after the induction phase, represent-
ed by three cycles of lenalidomide plus bortezomib plus
dexamethasone, and before maintenance start.23
Moreover, the IFM trial has shown that patients with
EMD, evaluated with PET at diagnosis, have an increased
risk of EMP relapse, progression or death (HR 3.4, 95%CI:
2.1-5.6; P<0.01). These data reinforce the concept that
EMP has a strong detrimental effect on survival, but a spe-
cific analysis on the clinical significance of PO disease was
not provided.  
Surprisingly, we did not find any significant correlation

between outcome and EMD size. A similar finding has
been reported in the setting of solitary EMD. Eighty-four
patients have been evaluated and no differences in terms
of outcome have been seen between patients with EMD
≤5 cm, >5 and ≤10 cm, and >10 cm.24 Probably, the pres-
ence of a EMD is detrimental for the relevant biological
features that are inherent in this variant of plasma cell neo-
plasm, rather than EMD size.25 Also the presence of single
or multiple EMD localizations was not prognostically sig-
nificant. Unfortunately, in our study, EMD was mainly
represented by PO disease, since many EMP were proba-

bly missed due to the imaging techniques used at the time
of trial design. Our observations are in contrast with the
study by Rasche et al.,26 who evaluated with diffusion-
weighted MRI 404 transplant-eligible patients and
showed that the presence of three or more large focal
lesions, defined as lesions with a product of the perpendi-
cular diameters >5 cm2, were strong independent adverse
prognostic factors. A possible explanation for this incon-
sistency can be attributed to the fact that Rasche et al. con-
sidered all types of focal lesions, including intraosseous
focal lesions, while in our study we only analyzed EMD.
Finally, we did not observe any significant correlation
between EMP and outcome, but this is probably due to
the limited number of cases observed in this study. 
In conclusion, the main limitation of out study  is  an

underestimation of EMD and, in particular, EMP inci-
dence, caused by the low resolution of  the imaging tech-
niques employed at screening. Thus, our findings can be
mainly referable to PO localizations, which are known to
be less aggressive than EMP;27 this limits the value of our
results. On the other hand, we performed the largest
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Figure 4. Overall survival (OS) according to extramedullary disease (EMD) features. (A) OS according to EMD presence and size. (B) OS according to single or multiple
EMD.

Table 3. Extramedullary disease characteristics. 
Characteristic                                                      N. patients=267

Size, median (IQR)-cm                                                         4.2 (3-7)
Para-skeletal                                                                           243 (91%)
Extramedullary plasmocytoma                                           12 (4.5%)
Not classifiable                                                                       12 (4.5%)
Single                                                                                        195 (73%)
Multiple                                                                                     60 (22%)
Not classifiable                                                                         12 (5%)
Involvement sites*§

Pelvis                                                                                             38
Skull                                                                                              10
Spine                                                                                            117
Thorax (excluding dorsal spine)                                           67
Long bones                                                                                  14
Not classifiable                                                                           34

*Sites of extramedullary disease (EMD) localizations were not available. §The sum of
the sites is greater than the total number of EMD patients, since one patient could
present with more than one localization. 

A B



analysis of EMD patients at diagnosis, with the strength of
using solid data derived from prospective trials. We con-
firmed that PI are effective towards EMD, and, for the first
time, we provide evidence that also lenalidomide is effec-
tive in this difficult setting. We hope that our and other
similar studies will draw attention to this unmet clinical

need with trials specifically designed for MM patients
with EMD. 
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Here, we report the outcome of 226 myeloma patients presenting with
extramedullary plasmacytoma or paraosseous involvement in a retro-
spective study conducted in 19 centers from 11 countries.

Extramedullary disease was detected at diagnosis or relapse between January
2010 and November 2017. Extramedullary plasmacytoma and paraosseous
involvement were observed in 130 patients at diagnosis (92 of 38) and in 96 at
relapse (84 of 12). The median time from multiple myeloma diagnosis to the
development of extramedullary disease was 25.1 months (range 3.1-106.3
months) in the relapse group (median follow up: 15 months). Imaging approach
for extramedullary disease was computed tomography (n=133), positron emis-
sion tomography combined with computed tomography (n=50), or magnetic
resonance imaging (n=35). The entire group received a median two lines of treat-
ment and autologous stem cell transplantation (44%) following the diagnosis of
extramedullary disease. Complete response was higher for paraosseous involve-
ment  versus extramedullary plasmacytoma at diagnosis (34.2% vs. 19.3%;
P=NS.) and relapse (54.5% vs. 9%; P=0.001). Also paraosseous involvement
patients had a better progression-free survival (PFS) when recognized at initial
diagnosis of myeloma than at relapse (51.7 vs. 38.9 months). In addition, overall
survival was better for paraosseous involvement compared to extramedullary
plasmacytoma at diagnosis (not reached vs. 46.5 months). Extramedullary plas-
macytoma at relapse had the worst prognosis with a PFS of 13.6 months and
overall survival of 11.4 months. In the multivariate analysis, paraosseous involve-
ment, extramedullary disease at diagnosis, International Staging System (ISS-I),
and undergoing autologous stem cell transplantation improved overall survival
independently. This cohort demonstrated that extramedullary disease benefits
from front-line autologous stem cell transplantation and extramedullary plasma-
cytoma  differs from paraosseous involvement in terms of rate and duration of
response, with even worse outcomes when detected at relapse, constituting an
unmet clinical need.

A real world multicenter retrospective study
on extramedullary disease from Balkan
Myeloma Study Group and Barcelona
University: analysis of parameters that
improve outcome 
Meral Beksac,1 Guldane Cengiz Seval,1 Nicholas Kanellias,2 Daniel Coriu,3

Laura Rosiñol,4 Gulsum Ozet,5 Vesselina Goranova-Marinova,6 Ali Unal,7

Jelena Bila,8 Hayri Ozsan,9 Arben Ivanaj,10 Lejla Ibricevic Balić,11

Efstathios Kastritis,2 Joan Bladé,4 Meletios Athanasios Dimopoulos2

1Department of Hematology, School of Medicine, Ankara University, Ankara, Turkey;
2Department of Clinical Therapeutics, National and Kapodistrian University of Athens,
School of Medicine, Athens, Greece; 3University of Medicine and Pharmacy "Carol Davila",
Fundeni Clinical Institute, Bucharest, Romania; 4Hospital Clinic, IDIBAPS, Barcelona,
Spain; 5Clinic of Hematology, Ankara Numune Education and Research Hospital, Ankara,
Turkey; 6University Hospital “Sv. Georgi” and Medical University Plovdiv, Plovdiv, Bulgaria;
7Department of Hematology, School of Medicine, Erciyes University, Kayseri, Turkey;
8Faculty of Medicine, University of Belgrade, Belgrade, Serbia; 9Department of
Hematology, School of Medicine, Dokuz Eylül University, Izmir, Turkey; 10University of
Medicine Tirana, Tirana, Albania and 11Clinical Center of Sarajevo University, Sarajevo,
Bosnia and Herzegovina  

ABSTRACT

Introduction

Multiple myeloma (MM) originates from the proliferation of clonal malignant
plasma cells (PC) with a strong interaction with the bone marrow microenviron-
ment. Although the disease is considered generally incurable, overall survival (OS)



has improved substantially in the past 15 years and more
than 25% of patients can now expect to live for more than
ten years.1  However, there is still a group of patients pre-
senting with very poor prognostic features whose out-
come has not improved; presentation with disease at
extramedullary sites is included among these.
Once the plasma cells acquire independence from the

cellular microenvironment, plasma cell leukemia or metas-
tasis to soft tissues in the form of plasmacytomas may
occur creating an unmet clinical need, even in the era of
novel agents.2,3 Such an escape is driven by pathophysio-
logical alterations including decreased expression of adhe-
sion molecules, low expression of cytokine receptors or
increased angiogenesis.2  Two types of soft tissue involve-
ment in myeloma have been defined: extramedullary plas-
macytomas (EMP) resulting from hematogenous spread
and involving only soft tissues, and paraskeletal or
paraosseous (PO) plasmacytomas, consisting of tumor
masses adjacent to bones and arising from focal skeletal
lesions.3,4 The incidence of extra-medullary involvement
and paraskeletal plasmacytomas at diagnosis ranges from
1.7% to 3.5% and from 6% to 34.4%, respectively; at
relapse, the presence of extramedullary disease (EMD)
increases up to 10%.3-6 There is no clear evidence that the
incidence of EMD is higher at relapse after allogeneic
transplantation or after exposure to novel anti-myeloma
agents.7,8 At present, there are limited data regarding the
basic features of EMD, such as incidence, prevalence, clin-
ical characteristics, laboratory features, and response to
novel drugs.6-11 Two previous publications reported the
incidence of EMD at diagnosis and relapse to be 15% and
20%, respectively.12,13 In the largest study to date, Varettoni
et al. report the results of 1,003 consecutive MM patients
who presented to the University of Pavia in Italy between
1971 and 2007 with an incidence of 13% (7% EMD at
diagnosis and 6% at relapse). Of note, cytogenetic data
were not available for all patients and were not included
in the analysis.6 
Extramedullary disease both clinically and morphologi-

cally resembles lymphoma transformation in terms of lab-
oratory features, such as frequent association with high
serum levels of lactate dehydrogenase.14 In addition, the
majority of patients presenting with EMD have highly
complex cytogenetic abnormalities and, as found most
recently, high-risk features on gene expression profiling.15
In a classic monoclonal immunoglobulin-secreting tumor,
EMD may present as light chain secretory, hypo-secretory,
or non-secretory disease as a sign of disease de-differenti-
ation and transformation.16 
Moreover, an increase in the incidence is probably due

to the availability of highly sensitive imaging techniques
and the prolongation of survival. Modern imaging tech-
niques, especially 18F-fluorodeoxyglucose (FDG) PET,
have become extremely helpful in documenting suspected
EMP.8  
Except for solitary plasmacytoma, there is no standard

approach for EMD management.17 Neither response to
EMD within the clinical trials nor case reports have been
extensively analyzed and, therefore, no evidence-based
consensus has been reached. Therefore, the objectives of
this study were to determine the demographic and clinical
characteristics of EMD (EMP or PO) among myeloma
patients at initial diagnosis or relapse to evaluate its
impact on treatment outcomes. The response, progres-
sion-free survival (PFS) and overall survival (OS) of this

real-world data based on 226 patients will serve as a refer-
ence for future studies addressing EMD. 

Methods

This is a retrospective, multi-institutional study conducted in 19
centers from 11 countries in Europe. Patients were identified
through a database search at each of the participating institutions.
Adult (≥18 years) patients with MM who had a pathological
and/or radiological diagnosis of extramedullary involvement at
any time of follow up between January 2010 and November 2017
were included. Ethical committee approvals and  consents were
collected from each patient on admission depending on the local
regulations of each country. The diagnosis of EMD was made in
accordance with the International Myeloma Working Group
Guidelines.18 Eligibility criteria included EMD at any time follow-
ing the initial diagnosis of MM excluding plasma cell leukemia or
solitary plasmacytoma. Those patients with pathological or radio-
logical evidence of neoplastic plasma cells in the soft tissues adja-
cent to axial skeleton were considered to have PO involvement of
locally advanced myeloma, but not EMP. On the basis of type of
extramedullary involvement, we defined two groups of myeloma
patients: PO group and extramedullary organ/tissue involvement
(EMP). Cases with both PO and EMP were included in the EMP
group. Disease stage at diagnosis was determined according to the
International Staging System (ISS; I-III). Remission, progression,
and relapse were defined according to standard International
Myeloma Working Group (IMWG) criteria. Progression was calcu-
lated from the date of diagnosis of EMD until the date of progres-
sion of myeloma or isolated EMD, whichever occurred first. 

Clinical data included age at the time of MM diagnosis and at
the time of EMD, ISS stage, cytogenetic abnormalities, radiologi-
cal findings (PET-CT/MRI/CT), number and types of therapies
including chemo/radiotherapy, autologous stem cell transplanta-
tion (ASCT) for EMD, response, PFS and  OS. 

Categorical variables were compared with the use of the
Fisher’s exact test or the χ2 test. Continuous variables were ana-
lyzed using the Kruskal-Wallis test for independent samples.
Survival probabilities were estimated by the Kaplan-Meier
method,19 and the Log-Rank test was used for univariate compar-
ison. Outcomes were determined as response to treatment, PFS
and OS. We also compared the PFS and OS between the time of
EMD diagnosis and PO/EMP cohorts. To assess the multivariate
factors for each end point, we used Cox proportional hazard
model to estimate hazard ratios (HR) with 95% confidence inter-
vals (CI). All tests were two-sided, with the type 1 error rate fixed
at α=0.05. All analyses and graphs were obtained using the statis-
tical software SPSS Statistics 21 (SPSS; IBM Corp., Armonk, NY,
USA).

Results

Clinical characteristics
A total of 226 patients met the predetermined criteria

for inclusion in this study. Baseline clinical characteristics
are summarized in Table 1. Median age at diagnosis of
EMD was 62 years (range 34-87 years). EMP/PO were
observed in 130 patients at the time of initial diagnose (92
of 38) and in 96 during disease relapse (84 of 12).  The
median time from MM diagnosis to the development of
EMD in the relapsed group was 25.1 months (range 3.1-
106.3 months) with relatively faster progression among
the EMP patients (PO: median 9.8 months; EMP: median
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5.7 months; P=NS). Since Jurczyszyn et al.20 have demon-
strated a survival advantage among younger patients, an
age cut-off of 45 years was adopted (Table 1) revealing
younger age for PO (59 years) versus EMP (64 years)
(P=0.01). Median ages of patients presenting with PO
(58.5 years) or EMP (62 years) at diagnosis were not signif-
icantly different. The imaging modalities used for the
diagnosis were CT (n=133), PET-CT (n=50) and MRI

(n=35). The anatomical distribution of EMD is depicted in
Table 1. Most patients with EMP (65%) presented with
one involved site, 16% had two sites, and 11% had three
sites, while involvement in four and five sites was present
in 7% of patients, respectively.
Cytogenetic analysis of clonal plasma cells in the bone

marrow at the time of MM diagnosis was available for 111
of 226 (49.1%) of the patients with EMD (Table 1). 

Improving outcome in MM with EMD 
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Table 1. Baseline characteristics of patients.
Characteristics (n=226)                                                                                                                      Results

Age, years, Median (range)                                                                                                                                        62 (34-87)
Age, years, Median (range)                                                                                                              EMP: 64 (34-87)  PO: 59 (36-83) P=0.01
Age ≤45 vs. >45 (at diagnosis)                                                                                                                   EMP: 13 vs. 79    PO:2 vs. 36
Age ≤45 vs. >45 (at relapse)                                                                                                                       EMP:   3 vs. 81    PO:1 vs. 11
ISS stage (at myeloma diagnosis)
Stage I, n (%)                                                                                                                                                               76 (33.6 %)
Stage II, n (%)                                                                                                                                                             68 (30.1 %)
Stage III, n (%)                                                                                                                                                            76 (33.6 %)
Unknown                                                                                                                                                                          6 (2.7%)
Number of FISH abnormalities
No abnormalities, n (%)                                                                                                                                             57 (51.3 %)
1 abnormality, n (%)                                                                                                                                                     28 (25.2 %) 
2 abnormalities, n (%)                                                                                                                                                 12 (10.8 %)
≥3 abnormalities, n (%)                                                                                                                                              12 (10.8 %)
Del17p, n (%)                                                                                                                                                                   10 (9 %)
Del13q, n (%)                                                                                                                                                                  20 (18 %)
t (4;14), n (%)                                                                                                                                                                 8 (7.2 %)
t (14;16), n (%)                                                                                                                                                               2 (1.8 %)
t (11;14), n (%)                                                                                                                                                               4 (3.6 %)

Anatomical locations of EMP
Soft tissue (muscle/skin) n (%)                                                                                                                             55 (24.3 %)
Lymph nodes, n (%)                                                                                                                                                   23 (10.2 %)
Pleural, n (%)                                                                                                                                                              27 (11.9 %)
Liver, n (%)                                                                                                                                                                    21 (9.3 %)
Central nervous system, n (%)                                                                                                                                14 (6.2 %)
Abdominal, n (%)                                                                                                                                                          9 (4.0 %)
Oropharynx, n (%)                                                                                                                                                        8 (3.5 %)
Lung, n (%)                                                                                                                                                                    7 (3.1 %)
Testis, n (%)                                                                                                                                                                  4 (1.8 %)
Others, n (%)                                                                                                                                                                4 (1.8 %)
Initial therapy for EMD (all patients)                                                      At initial diagnosis                                At relapse
Only radiotherapy, n (%)                                                                                   9 (6.9 %)                                                 -
Systemic chemotherapy (without novel agent)
Thalidomide combinations*, n (%)                                                               34 (26.2%)                                         23 (24%)
PI combinations*, n (%)                                                                                    13 (10%)                                           2 (2.1%)
Len/Pom combinations*, n (%)                                                                      63 (48.5%)                                       40 (41.7%)
PI+IMID combinations:                                                                                      5 (3.8%)                                           8 (8.3%)
VDT, n(%)                                                                                                                  -                                                  4 (4.2%)
VRD, n(%)                                                                                                           6 (4.6%)                                         12 (12.5%)

Monoclonal antibodies, n(%)                                                                                  -                                                  7 (7.3%)

Lines of therapy after EMD diagnosis
1-2 lines, n (%)                                                                                                  121 (53.8 %)
>2 lines, n (%)                                                                                                  104 (46.2 %)
Autologous stem cell transplantation, n (%)                                             100 (44.2 %)                                               
*Thalidomide combinations: thalidomide-dexamethasone/TAD/other thalidomide combinations; PI combinations: Vel-Dex/VCD/VMP/other bortezomib combinations or
Carfilzomib-Dex; Len/Pom combinations: Len-dex/RCD/Pomalidomide-Dex or other Lenalidomide combinations. TAD: thalidomide-adriamycin-dexamethasone; Vel: bortezomib;
dex: dexamethasone;  VCD: bortezomib/cyclophosphamide/dexamethasone; VMP: bortezomib/melphalan/prednisolone; Len: lenalidomide; RCD: lenalidomide/cyclophos-
phamide/dexamethasone; VDT: bortezomib/dexamethasone/thalidomide; VRD: bortezomib/lenalidomide/dexamethasone.   



Therapeutic interventions and response
Treatments of patients are summarized in Table 1. The

most commonly used treatment was combination
chemotherapy with or without radiotherapy followed by
cyclophosphamide/bortezomib/dexamethasone (45.6%).
A total of 100 patients received ASCT, of which 67
(51.5%) with EMD at diagnosis. Median interval from
EMD diagnosis to ASCT was 11.3 months (2-91 months).
Transplant was a more frequent treatment approach
among patients presenting with PO (31 of 38) compared
to  those with EMP (36 of 92)  In addition, 29 patients
(12.8%) had already been transplanted prior to the diagno-
sis of EMD, which developed after a median of 30.8
months post ASCT. Only four EMD patients diagnosed at
relapse underwent ASCT. The entire group received a
median of two lines of treatment following the diagnosis
of EMD. Seventy-five (57.7%) myeloma patients with
EMD at diagnosis went on to receive second line of ther-
apy and 48 (37.2%) received more than two lines of ther-
apy. Among 96 patients with EMD at relapse, 56 (58.3%)
of them received more than two lines therapy.  
As can be seen in Table 2 there were significant differ-

ences in outcomes when EMP was compared with PO.  A
statistically significant difference in complete response
rate (CR) (PO: 38.8% vs. EMP: 14.8%; P=0.001) was
observed following first line of treatment (not shown in
Table 2). Of the 88 newly diagnosed EMP patients, with
response to induction available, 35 had received radiother-
apy without (n=6) or with (n=29) systemic treatment.
These patients achieved a CR rate (11.4 %) that was con-
siderably less than the CR (24.5%) achieved  with
chemotherapy alone. Among those who received ASCT,
there was an improved CR rate of 29% versus 19% (at
diagnosis) 41.7% versus 9.5% (at relapse). However,
regardless of treatment, 51.4% of even those who
achieved CR progressed within median 18.1 months 
versus 12.1 months in PO and EMP groups, respectively
(P=NS). Among the newly diagnosed patients who under-
went ASCT (n=67), the median PFS from diagnosis was 49
months (95%CI: 22.7-75.3) (PO: 51.7 months (95%CI:
18.3-85.1) and EMP: 46.5 months (95%CI: 32.8-60.2);
P=NS). Among those who did not receive ASCT the medi-
an PFS was 28.1 months (95%CI: 20.3-35.9) (P<0.001).
Post-ASCT depth of response (>VGPR vs. <VGPR) did not
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Table 2. Comparison of response, survival outcomes of extramedullary plasmacytomas (EMP) or paraosseous (PO)  patients either at diagnosis
or at  relapse.
                                                                        CR (%)                                         PFS (mos)                                                  OS (mos)

EMP                                                                                      
diagnosis (n=92)                                                           19.3                                                           38.9                                                                        46.5
                                                                                                                                               (95% CI: 23.6-54.2)                                            (95% CI: 25.5-67.5)
relapse (n=84)                                                                 9                                                              13.6                                                                        11.4
                                                                                                                                               (95% CI: 11.6-15.6)                                              (95% CI:*.6-16.2)
PO                                                                                         
diagnosis (n=38)                                                           34.2                                                           51.7                                                                         NR
                                                                                                                                                95% CI: 13.5-89.9)
relapse (n=12)                                                              54.5                                                           20.9                                                                        39.8
                                                                                                                                               (95% CI: 10.3-31.5)                                            (95% CI: 12.7-66.9) 
CR: complete remission; PFS: progression-free survival; OS: overall survival; n: number.

Figure 1. Overall survival (OS) estimates comparing  patients with extramedullary plasmacytomas (EMP) to those with paraosseous (PO) lesions (A) at diagnosis
and (B) at relapse. EMD:  extramedullary disease.
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affect PFS. Type of therapy did not significantly impact
PFS:  immunomodulatory drug (IMID)-based (median 18.4
months, 95%CI: 6-32) or proteasome inhibitors (PI)-based
(median 24.3 months, 95%CI: 20-29). 

Survival analyses and prognostic factors
We did not find any association between EMP, ISS or

age (Table 3). At the time of this report, 118 patients
(52.2%) have died and the median follow up after EMD
diagnosis is 15 months (range: 2-105 months). The esti-
mated median PFS and OS from initial diagnosis of myelo-
ma for the EMP and PO groups with a median follow up
of 24.4 months are summarized (Table 2 and Figure 1). At
initial MM diagnosis, PFS and OS were 38.9 months and
46.5 months for EMP, whereas 51.7 months (P=0.034) and
not reached (P=0.002) for PO, respectively.  However, if
diagnosed at relapse, PFS and OS were 13.6 months and
11.4 months for EMP compared to  20.9 months (P=0.249)
and 39.8 months (P=0.093) for PO, respectively (Table 2
and Figure 1). 
In the group of patients with EMD at initial diagnosis,

the OS was 46.5 months (95%CI: 10.3-31.5) with 2- and
5-year OS rates of 74.1±0.4 % and 47.1±0.6 %, respective-
ly (P<0.001). For the PO group, median OS after ASCT
was not reached versus 43.5 months in the EMP group
(P=0.018). 
In the univariate analysis, ISS staging (II/III vs. I) at the

time of initial MM diagnosis (Figure 2A), time of EMD
diagnosis (relapse vs. initial diagnosis) (Figure 2B), type of
extra-medullary involvement (EMP vs. PO) (Figure 2C),
and not undergoing ASCT (all patients) (Figure 2D) were
associated with a worse OS. In the multivariate analysis,
ISS stage I versus II-III, EMD at diagnosis versus relapse, PO
versus EMP and yes versus no for ASCT were independent-
ly associated with better OS. The univariate and multi-
variate models are shown in Table 3.

Discussion

Extramedullary disease (EMD) is generally considered to
be a poor prognostic factor. This multi-institutional real-
world retrospective analysis on 226 patients has shown
PFS/OS similar to the general myeloma population for
those presenting with PO but not EMP.9 However, EMD at
diagnosis when treated with ASCT was able to reach a
median PFS of 79.5 months (95%CI: 42.4-116.6) versus
30.1 months (95%CI: 11.2-48.9) depending on the depth
of response (≥VGPR). Thus, although deep responses are
reachable they are not sustainable for EMP even with
ASCT. 
In a report from the Spanish PETHEMA group, an

upfront comparison was made of patients treated with
three induction regimens: (i) thalidomide/dexamethasone;
(ii) bortezomib/ thalidomide/dexamethasone; and (iii) vin-
cristine/carmustine/melphalan/cyclophosphamide plus
prednisone/vincristine/carmustine/adriamycin/borte-
zomib with the lowest rate of progressive disease being
observed in the bortezomib/ thalidomide/ dexamethasone
arm.  EMD was reported in 18% of patients across this
study and the response among EMD patients were not
specified.9 There are limited data concerning the efficacy
of novel agents in myeloma patients with EMD. Different
groups reported successful use of bortezomib.21,22,23 The
efficacy of other proteasome inhibitor (PI) (carfilzomib
and ixazomib) is still unknown. The efficacy of IMID is
also limited. Rosinòl et al. reported the data on the lack of
efficacy of thalidomide in myeloma patients with EMD in
different series.24,25 In addition, Anagnostopoulos et al.
recently demonstrated that relapses may occur under
thalidomide maintenance with an increase in bone mar-
row plasma cells and no increase in the M-protein size.26
The efficacy of lenalidomide on plasmacytomas has not
yet been reported. Concerning pomalidomide and dexam-
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Table 3. Univariate and multivariate analysis for overall survival in myeloma patients with extramedullary disease (EMD).
Factors                                           Median OS (months)       Univariate                      P                          Multivariate                            P
                                                                                            HR (95 % CI)                                               HR (95 % CI)                             

Age in years, >45                                                                                             
<45                                                                    68.3 months              0.77 (0.36-1.6)                      NS
>45                                                                    28.4 months                        1.00                                                                                                                              
Extramedullary involvement type
PO                                                                     Not reached             0.44 (0.21-0.93)                   0.032                         0.44 (0.21-0.92)                             0.029
EMP                                                                   19.2 months                        1.00                                                                           1.00
Timing of EMD  
At initial diagnosis                                         59.2 months             0.33 (0.21-0.50)                  <0.001                        0.34 (0.23-0.51)                           <0.001
At relapse                                                         8.4 months                         1.00                                                                           1.00                                            
ISS 
ISS stage I                                                       Not reached             0.45 (0.28-0.72)                   0.001                         0.45 (0.28-0.73)                             0.001
ISS stage II-III                                                16.1 months                        1.00                                                                           1.00
Previous lines of therapy
1-2 previous line                                            33.4 months                        1.00                                NS
2+ previous lines                                           28.6 months             1.26 (0.84-1.89)                                                                    
ASCT (all patients)
Yes                                                                     79.5 months             0.61 (0.39-0.94)                   0.026                         0.58 (0.38-0.89)                             0.013
No                                                                      34.7 months                        1.00                                                                           1.00                                            
PO: paraosseous; OS: overall survival; ISS: International Staging System; ASCT: autologous stem cell transplantation. 



ethasone, different groups have reported conflicting
results.27 
In a retrospective study, a subset of 101 EMD patients (66

at diagnosis and 35 at relapse), were compared to  patients
without any EMD but enrolled in Total Therapy (TT) or
non-TT protocols.28 Regardless of therapy, EMD was asso-
ciated with shorter PFS and OS: EMP at diagnosis was asso-
ciated with poor PFS (TT: 27%, non-TT: 12% after 5 years)
and OS (TT: 35%, non-TT: 34% after 5 years) regardless of
whether or not the patients were treated on TT protocols.14
The PFS and OS in our study is comparable to the survival
durations reported by the Arkansas group. Usmani et al.,
but not Pour et al., found fluorescence in situ hybridization
(FISH) detectable abnormalities to be associated with EMD
and poor outcome.21,24 In our study, FISH analysis was avail-
able in half of the patients and was similar to the experience
of the Czech group revealing results comparable to the gen-
eral myeloma population. In our experience, only 13q del
(18%), was observed less frequently than expected.  
In a recent paper, Kumar et al. have analyzed data of 44

(16.2%) EMD out of 271 consecutive ASCT recipients.
Although they did not discriminate EMP from PO, both

OS and PFS was shorter for patients with EMD; median
OS was 19.2 months (95%CI: 10.6-27.8) with a median
PFS of 19 months (95%CI: 12.6-25.4). Achievement of CR
post transplant was found to be the most important pre-
dictor for OS and PFS in this study.29 In our cohort, 67
myeloma patients with EMD at diagnosis underwent
ASCT within a median of 10.7 months and 39 patients
(66.1%) achieved ≥very good partial response (VGPR) fol-
lowing ASCT. We were also able to demonstrate the
impact of transplant on OS in our newly diagnosed EMD
ASCT cohort in univariate and multivariate analysis.
Although PFS was comparable to the standard myeloma
population, we were not able to see the impact of
response ≥VGPR, which may be attributable to the differ-
ences among the imaging tools used. 
The European Group of Blood and Marrow

Transplantation (EBMT) recently reported on 682 EMD
subjects (EMP/PO: 139/543) who have received ASCT. In
this report, PO (14.5%) involvement was found to be
more frequent compared to EMP (3.7%). They noted a
gradual increase in frequency of EMD from 2005 to 2014.30
Similar to our results, they also report ISS to have a poor
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Figure 2. Overall survival (OS)  estimates comparing  the risk factors in (A) extramedullary disease (EMD) patients at diagnosis according to International Staging
System (ISS) stage, (B) EMD patients according to disease stage, (C) all patients according to paraosseous (PO)  versus extramedullary plasmacytomas (EMP) and
(D) all patients according to autologous stem cell transplantation (ASCT) treatment at diagnosis versus at relapse versus no ASCT.  

A B

C D



prognostic effect on PFS and OS. Organ distributions are
similar between the EBMT report and ours. We have to
consider selection bias in their report, as elderly patients
not transplanted are not included. Our study did not aim
to analyze the frequency of EMD, but rather the response
and survival outcomes. Our results for patients detected at
diagnosis differ from the EBMT report as their median PFS
(PO vs. EMP) values were 36 versus 24 months, compared
to our results,  which were 51.7 versus 38.9 months,
respectively. In our study, ASCT was performed among
44% of our patients. Among the EMD following ASCT
cases, a shorter 3-year PFS: 28.4±1.6% was observed com-
pared to the PFS of those who were transplanted with
EMD at diagnosis (55.8±6.7%; P<0.001). Usmani et al.
have also concluded that even with the Total Therapy
approach EMD is not controllable. In their study, non-
EMD patients were able to improve their PFS from four to
six years, but PFS of patients with EMD were approxi-
mately one year regardless of being included in the TT
programs with a 5-year PFS of 50% versus 21% in no EMD
versus EMD prior to ASCT groups, respectively (P=0.08).28
Pour et al. reported on 55 cases in an extramedullary
relapse setting and the most important finding in their
study was the significant difference in prognosis for PO
and EMP. If the extramedullary myeloma infiltration was
not bone-related, the OS was extremely short and not
longer than four months. They were not able to observe
any association between EMD relapse and novel agents
(thalidomide or bortezomib).31 This multi-national study
includes widely heterogeneous drug approvals and access
to novel agents. In our relapsed EMD cohort, 24% (23 of
96) of patients received initial therapy without any novel
agents. Although there was a trend in favor of PI, we were
not able to observe an effect of novel agents on PFS. In

addition, our cohort of relapsed EMP also had the worst
prognosis with an OS of 11.4 months.
Our study results highlight a lack of an association

between EMD and younger age at diagnosis. In our study,
the age cut-off of 45 years was selected arbitrarily to dis-
tinguish younger patients from the general myeloma pop-
ulation (65+/- 20 years). In general, the outcome of
younger patients is better than that of elderly myeloma
patients because of their better performance status and
treatment tolerability. Median ages of EMP and PO of our
patients were similar to the median value of 59 years
reported in the EBMT study (EMP/PO: 64/59 years).30

A standard approach for EMD has still not been estab-
lished.  Neither response to EMD within the clinical trials
nor case reports have been extensively analyzed in order
to arrive at an evidence-based consensus. The most stan-
dardized modality is to give radiotherapy and treat
patients with multiple agents as if treating lymphoma.
Given the dismal outcome of EMD reported by others and
us, there is an unmet need to improve PFS and OS.
Prospective clinical trials focusing on EMD are needed.
Despite the limitations of a retrospective approach, the
response kinetics reported in our real-world study may
provide guidance in designing future EMD clinical trials.
Since PO versus EMP, EMP at initial diagnosis versus
relapse, ISS I versus II and III, ASCT yes/no are found to
improve OS, these parameters need to be balanced in
future studies comparing novel treatment approaches. 
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Coagulopathy often develops soon after acute traumatic brain injury
and its cause remains poorly understood. We have shown that
injured brains release cellular microvesicles that disrupt the endothe-

lial barrier and induce consumptive coagulopathy. Morphologically intact
extracellular mitochondria accounted for 55.2% of these microvesicles,
leading to the hypothesis that these extracellular mitochondria are metabol-
ically active and serve as a source of oxidative stress that activates platelets
and renders them procoagulant. In testing this hypothesis experimentally,
we found that the extracellular mitochondria purified from brain trauma
mice and those released from brains subjected to freeze-thaw injury
remained metabolically active and produced reactive oxygen species. These
extracellular mitochondria bound platelets through the phospholipid-CD36
interaction and induced α-granule secretion, microvesiculation, and proco-
agulant activity in an oxidant-dependent manner, but failed to induce aggre-
gation. These results define an extracellular mitochondria-induced and
redox-dependent intermediate phenotype of platelets that contribute to the
pathogenesis of traumatic brain injury-induced coagulopathy and inflam-
mation. 
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traumatized brains induced platelet 
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ABSTRACT

Introduction

Traumatic brain injury (TBI) induces coagulopathy that promotes secondary
bleeding and propagates cerebral injury,1 resulting in poor clinical outcomes of the
patients.2-6 Laboratory findings suggest that coagulopathy results from a hypercoag-
ulable state that rapidly develops into consumptive coagulopathy.1,7 This consump-
tive coagulopathy has been recapitulated in animal models of TBI with thrombotic
and hemorrhagic manifestations in the pulmonary and cerebral microvasculature.8,9

Despite strong clinical and laboratory evidence of its presence and association with
poor clinical outcomes, the pathogenesis of TBI-associated coagulopathy remains
poorly understood. 
We have recently shown in mouse models that cellular microvesicles released

from traumatically injured brains disrupt endothelial cell junctions through a syn-
ergistic action with platelets.8 These brain-derived microvesicles are highly proco-
agulant due to the abundant expression of surface-exposed anionic phospholipids
and tissue factor. The sudden and substantial release of brain-derived microvesicles
into the circulation results in a consumptive coagulopathy that is characterized by
progressive fibrinogen depletion from plasma and fibrin deposition in the vascula-
ture.8



We also found that 55.2±12.6% of annexin-V-binding
microvesicles in peripheral blood of TBI mice were mor-
phologically intact extracellular mitochondria (exMT).9
These exMT promoted coagulation through the surface-
exposed anionic phospholipid cardiolipin. The findings
raise an important question: are these exMT metabolical-
ly active and, if so, do they affect platelet function
through redox-dependent mechanisms? The question is
raised because exMT can be viable, transferred between
cells, and influence the function of target cells.10-13 The
influence of mitochondria on target cells has mostly been
reported as protective,10,12,13 likely due to increased energy
supply. However, reactive oxygen species (ROS) are gen-
erated during ATP production in mitochondria14 and are
known to activate platelets.15-17 Several studies have
shown that platelets in patients with TBI are activated
but aggregate poorly.18 This platelet phenotype has also
been reproduced in rat and swine models of TBI, in
which platelets are activated,19,20 accumulate on the pia
mater,21 and contribute to thrombosis in the lesion bound-
ary zone.22 The underlying mechanism for this unique
TBI-associated platelet phenotype remains poorly under-
stood. Here we discuss results from a study that was
designed to investigate the effect of exMT on platelet
activation and procoagulant activity through in vitro
experiments and in mouse models.   

Methods

Mouse models
C57BL/6J male mice (12-20 weeks and 22-25 g), obtained

from the Jackson Laboratory (Bar Harbor, ME, USA) were sub-
jected to fluid percussion injury8 and blood samples were collect-
ed to quantify plasma exMT (Online Supplementary Methods).9

This mouse protocol was approved by the Institutional Animal
Care and Use Committee of the BloodWorks Research Institute.    

Flow cytometry
Platelet activation

We used an LSR II flow cytometer (Beckon Dickinson, San Jose,
CA, USA) to detect platelet activation through several measure-
ments: CD62p expression, the binding of PAC-1 antibody (BD
Biosciences), which recognizes the active conformation of the fib-
rinogen receptor αIIbβ3, annexin V binding,9 platelet-bound fib-
rinogen and coagulation factor V,25,26 and the formation of platelet-
leukocyte complexes (Online Supplementary Methods). 

Calcium influx
We used flow cytometry to measure the exMT-induced calci-

um influx in platelets labeled with 5 mM eFluor 514 Calcium
Sensor Dye (Bioscience, San Diego, CA, USA) for 10 min at 37°C.8

Reactive oxygen species production
ExMT were suspended in Ca2+-free HEPES buffered Tyrode

solution (138 mM NaCl, 5.5 mM glucose, 10 mM HEPES, 12
mM NaHCO3, 2.9 mM KCl, 0.4 mM NaH2PO4, 0.4 mM MgCl2,
and 0.1% BSA; pH 7.2) and incubated for 30 min at 37°C with
10 mM of DCFH-DA dye (ThermoFisher).24 As controls, labeled
exMT were treated with either 50 mM N-acetylcysteine (NAC,
Life Technologies, Grand Island, NY, USA), which is a precursor
of the antioxidant glutathione, or 200 mM tert-butyl hydroperox-
ide (TBHP, Life Technologies), which increases intracellular ROS
production.27 ExMT fixed with 5% paraformaldehyde were also
examined as a control.

Image flow cytometry for the extracellular mitochondria-platelet
interaction

As we previously described,28 platelet-rich plasma was incubat-
ed for 30 min at 37°C with exMT labeled with MitoTracker Green
and an APC-conjugated CD41a antibody (BD Bioscience). The
platelets were washed in phosphate-buffered saline and fixed in
1% paraformaldehyde. Images were acquired at 60 x magnifica-
tion to collect ≥20,000 cells from each sample using the Amnis
ImageStream® X Mk II system (Amnis, Seattle, WA, USA). To dis-
tinguish exMT bound to the platelet surface from those internal-
ized, platelets were digested with 1% trypsin for 10 min at 37°C
after incubation with exMT. Mouse mitochondrial-specific DNA
was then amplified from these exMT-treated and trypsinized
platelets using a protocol modified from our previous study.9

CD36-extracellular mitochondria interaction
For in vitro experiments, platelet-rich plasma was incubated for

30 min at 37°C with a monoclonal CD36 antibody (Abcam,
ab17044, Cambridge, MA, USA) or isotype IgG, followed by incu-
bation with MitoTracker Green-labeled exMT and a PE-CD41a
antibody for 30 min. For in vivo experiments, blood samples from
non-injured mice infused with MitoTracker Green-labeled exMT
were analyzed for exMT-bound platelets (MitoTracker
Green+/CD41a+), platelet counts (CD41a+ platelet counts in 60 s),
platelet CD62p expression, and platelet-leukocyte complexes
(CD41a+/ CD45+). The CD36 antibody used in this study recog-
nizes both mouse and human CD36.29,30

Statistical analysis
Categorical (frequency) variables were expressed as percentages

and continuous variables were expressed as the mean ± standard
error of mean. The quantitative data were analyzed using
SigmaPlot V. 11.2 (SYSTAT Software Inc., San Jose, CA, USA) for
paired t tests, one way or repeated measures analysis of variance
(ANOVA) as specified in each analysis. A P value of ≤0.05 was
considered statistically significant.

Results

Extracellular mitochondria bound platelets in vivo and
in vitro
Structurally intact (MitoTracker Green+) (Figure 1A) and

cardiolipin-exposed (Figure 1B) exMT were detected in
the peripheral blood of mice with acute TBI. The exMT
formed complexes with approximately 12.3 ± 5.8% of cir-
culating platelets that remained detectable for 6 h after
TBI (Figure 1C). Low levels of exMT-platelet complexes
were also detected in sham-treated mice and likely resuit-
ed from surgery-induced injuries. When co-incubated for
30 min at 37°C in vitro, purified exMT from brains subject-
ed to freeze-thaw injury also formed complexes with
platelets (Figure 1D) in a dose-dependent manner (Figure
1E). Transmission electron microscopy showed that exMT
interacted with the body (Figure 1F) and filopodia (Figure
1G) of platelets. 
The Amnis® imaging flow cytometer detected exMT on

the surface of platelets (Figure 2A, top panel), being endo-
cytosed by platelets (Figure 2A, middle panel) and fused
with platelet membranes (Figure 2A, bottom panel). The
internalization of exMT by platelets was further validated
by co-incubation of human platelets with mouse exMT
for 30 min at 37°C followed by the amplification of mouse
mitochondria-derived DNA from exMT-treated platelets
that were trypsinized to remove surface-bound exMT

Z. Zhao et al.

210 haematologica | 2020; 105(1)



(Figure 2B). Quantitatively, 13.7 ± 9.1% of platelets were
exMT-bound after 30 min co-incubation (Figure 2C),
which was consistent with the level of exMT-bound
platelets found in TBI mice (Figure 1C). This exMT-
platelet interaction was blocked by the phosphatidylser-
ine-binding proteins annexin V and lactadherin (Figure
2C)28,31 and partially by a CD36 antibody (Figure 2D),
which blocks the CD36-mediated binding of endothelial
microvesicles to platelets,29 suggesting that exMT bind
platelets through cardiolipin exposed on the mitochondria
and CD36 expressed on platelets. Furthermore, ATP pro-
duction was dose-dependently increased in the exMT-
treated platelets at levels that were significantly higher
than in platelets activated with ADP (Figure 2E). We were
unable to determine whether the ATP increase was caused
by platelet-bound exMT or by exMT-induced ATP pro-
duction of platelets. Finally, when added to platelets that
had been treated with exMT, FITC-conjugated annexin V
bound 16.2 ± 6.3% of platelets (Figure 2F). 

Extracellular mitochondria were metabolically viable
and activated platelets
We found that exMT from TBI mice stimulated platelets

to express CD62p and this activity was partially blocked
by the antioxidant glutathione (GSH) (Figure 3A). One pit-

fall of this experiment was that exMT purified from plas-
ma of TBI mice were derived from multiple cells. It was
technically challenging to separate brain-derived exMT
from those of other cells, without damaging the viability
of exMT. To address this concern, we tested exMT from
brains subjected to freeze-thaw injury in vitro.9 These
exMT produced ATP (Figure 3B) and ROS (Figure 3C). The
ROS production was blocked by 50 mM of the anti-oxi-
dant NAC and enhanced by 200 mM of the oxidant TBHP.
The two agents have previously been shown to block and
enhance ROS production of mammalian cells, respective-
ly.32;27 This metabolic viability was further validated by the
lack of ROS production from paraformaldehyde-fixed
exMT (Figure 3C). After 30 min of incubation with exMT,
both mouse (Online Supplementary Figure S2) and human
platelets (Figure 3D) expressed CD62p on their surfaces.
The exMT-induced CD62p expression was reduced by the
antioxidants GSH (20 mM), L-cysteine (0.5 mM), and NEM
(2 mM) (Figure 3E). Testing the three thiol-modifying
agents was necessary because GSH and L-cysteine
reversibly interact with extracellular and intracellular oxi-
dants, respectively, whereas NEM forms irreversible sulfur
bonds with thiols. The exMT-treated platelets also
increased calcium influx (Online Supplementary Figure S3),
formed complexes with leukocytes (Figure 3F), and
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Figure 1. Extracellular mitochondria were released from injured cells and bound platelets. (A, B) Extracellular mitochondria (exMT) from mice with traumatic brain
injury (TBI) were detected by MitoTracker Green (# exMT/100 mL plasma) (A) and anti-cardiolipin antibody (n=12, paired t test) (B). (C) Platelet-exMT complexes were
detected in the blood of TBI mice using CD41a and TOM22 antibodies (n=8, paired t test ). (D, E) After co-incubation for 30 min at 37°C, exMT also bound platelets
in vitro, as shown by a representative histogram (D) in a dose-dependent manner (n=30, one-way analysis of variance) (E). (F, G) Transmission electron microscopy
(see Online Supplementary Methods) showed exMT binding to the body (F) and filopodia (G) of platelets (bar = 500 nm; arrow: mitochondria; *: platelet; represen-
tatives of 98 images reviewed). 
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released von Willebrand factor (Figure 3G). The exMT-
induced CD62 expression and platelet-leukocyte aggrega-
tion were detected in 10-23% of platelets, which was con-
sistent with the percentages of exMT-bound platelets
found in TBI mice (Figure 1). We used platelets stimulated
with collagen and thrombin as the control because this
exMT-induced platelet phenotype resembled that of
“coated platelets”.33,34 Together, these data suggested that
exMT from TBI mice and those released from brains sub-
jected to freeze-thaw injury in vitro were metabolically
viable and activated platelets in an oxidant-dependent
manner.
Using hopping probe ion conductance microscopy, we

continuously monitored morphological changes of
platelets adherent to fibrinogen in real-time (Figure 4A,
top panel). After stimulation with exMT, adherent
platelets underwent drastic membrane disintegration as
exemplified in the middle panel of Figure 4A. This exMT-
induced membrane disintegration was prevented by 20
μM GSH (Figure 4A, bottom row). Consistent with the
exMT-induced platelet disruption, CD41a+ platelet-
derived membrane microvesicles were detected in the
supernatant of exMT-treated platelets (Figure 4B) and

platelet counts were reduced after treatment with exMT
(Figure 4C). The production of platelet microvesicles and
the reduction of platelet counts were partially blocked by
the anti-oxidant GSH.
In contrast to their induction of α-granule secretion,

exMT at comparable doses failed to induce platelet aggre-
gation (Figure 4D) and did not enhance the formation of
platelet thrombosis on the collagen matrix under arterial
shear stress (Online Supplementary Figure S4A-C).
Furthermore, the exMT-treated platelets aggregated nor-
mally in response to collagen (Figure 4E) and ADP (Figure
4F), and were moderately primed for activation by sub-
threshold concentrations of ADP and collagen (Online
Supplementary Figure S4D). Neither the binding of PAC-1
antibody (Online Supplementary Figure S5), which recog-
nizes the active conformation of integrin αIIbβ3, nor the
surface density of the integrin αIIbβ3 (Figure 4G) was
changed after exMT treatment, as compared to platelets
stimulated with collagen.

Extracellular mitochondria-treated platelets were 
procoagulant
ExMT-treated platelets also expressed anionic phos-
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Figure 2. Anionic phospholipid and CD36 mediated the extracellular mitochondria-platelet interaction. (A) Amnis® flow cytometric images show extracellular mito-
chondria (exMT) binding a platelet (top panel), endocytosed by a platelet (middle panel), and fused with platelet membrane (bottom panel) after 30 min co-incubation
at 37°C (representative images from 20,000 images randomly selected). (B) Platelets internalized exMT in a dose dependent manner, as determined by the pres-
ence of mouse mitochondrial DNA in mouse exMT-treated human platelets that were trypsinized to remove surface-bound exMT (n=20, one-way analysis of variance,
ANOVA). (C, D) The formation of complexes between platelets and MitoTracker-Green+ exMT (1:1 ratio) was blocked by 20 mg/mL of annexin V or 200 mg/mL of lac-
tadherin (n=56, one-way ANOVA) (C) and by an anti-CD36 antibody (n=20, one-way ANOVA) (D). (E) ATP production was increased in exMT-treated platelets (n=24,
one-way ANOVA). (F) FITC-conjugated annexin V bound platelets that were pretreated with exMT (left: a representative flow cytometric histogram; right: a summary
from 12 experiments; paired Student t test).  



pholipids as indicated by annexin V binding (Figure 2F)
and had elevated levels of fibrinogen (Figure 5A) and
coagulation factor Va on their surfaces (Figure 5B), sug-
gesting that exMT-treated platelets could promote coag-
ulation.33,34 Consistent with this notion, exMT-treated
platelets accelerated clot formation at a level comparable
to that of collagen-activated platelets but lower than that
of purified phosphatidylserine micelles (Figure 5C).
When added to platelet-rich plasma, exMT-treated
platelets significantly accelerated and enhanced throm-
bin-induced clot retraction (Figure 5D), which measures
the integrin αIIbβ3-dependent retraction of platelet-
bound fibrin fibers.35,36 The effect of exMT was compara-
ble to that of collagen-stimulated platelets. This procoag-
ulant activity was independent of tissue factor, which
was not detected on the surface of exMT-treated
platelets (Online Supplementary Figure S6). 

Anti-CD36 antibody blocked extracellular 
mitochondria-induced platelet activation
To measure exMT-induced platelet activation in vivo,

non-injured mice were infused with purified exMT. Thirty
minutes after infusion, platelets became exMT-bound

(Figure 6A), expressed CD62p (Figure 6B), and formed
complexes with leukocytes (Figure 6C). Mice infused with
exMT also developed thrombocytopenia (Figure 6D).
MitoTracker-Green-labeled exMT were detected in
approximately 50% of platelet-leukocyte aggregates
(Figure 6E). These phenotypic changes of platelets were
prevented by infusing mice with exMT, together with a
CD36 antibody but not isotype IgG. 

Discussion

We investigated whether morphologically intact but
cardiolipin-exposed exMT are metabolically active and, if
so, whether they activate platelets through ROS. We have
made several novel observations that define an exMT-
induced and redox-dependent intermediate phenotype of
platelets.
First, despite the cardiolipin translocation,9 exMT found

in TBI mice or released from brains subjected to freeze-
thaw injury produced ATP and ROS (Figure 3B, C).
Because metabolic activity of mitochondria requires a
functional membrane, exMT that interact with platelets
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Figure 3. Extracellular mitochondria induced α-granule secretion of platelets through reactive oxygen species. (A) Extracellular mitochondria (exMT) purified from mice
with traumatic brain injury stimulated platelets to express CD62 and this effect was blocked by 20 mM of glutathione (GSH) (n=45, one-way analysis of variance, ANOVA).
(B, C) ExMT released from brains subjected to freeze-thaw injury produced ATP (n=4, one-way ANOVA) (B) and reactive oxygen species (ROS) (2.5x108/mouse of exMT;
mean fluorescence intensity) at 37°C in vitro. The ROS production was blocked by the antioxidant N-acetylcysteine, enhanced by the oxidant tert-butyl hydroperoxide, and
not detected in paraformaldehyde-fixed exMT (n=18, one-way ANOVA) (C). (D) Platelets incubated with exMT at a ratio of 1:1 or 1:5 for 30 min at 37°C expressed CD62p
(n=24, one-way ANOVA). (E) The CD62p expression was reduced by 20 mM of GSH, 200 mM of L-cysteine, or 2 mM of NEM (n=30, one-way ANOVA). (F, G) ExMT-treated
platelets formed complexes with leukocytes (n=24, one-way ANOVA) (F) and released von Willebrand factor (n=24, one-way ANOVA, Online Supplementary Methods) (G).
For platelet activation, platelets stimulated with 5 mg/mL of collagen or 50 nM of thrombin were used as controls to mimic “coated platelets”.33 NAC: N-acetylcysteine;
TBHP: tert-butyl hydroperoxide; MFI: mean fluorescence intensity;  NEM: N-ethylmaleimide; vWF: von Willebrand factor.
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are likely those with an intact membrane. The metaboli-
cally active exMT formed complexes with platelets
(Figures 1 and 2) which remained detectable in the circu-
lation for at least 6 h after TBI (Figure 1C).9 Cardiolipin on
exMT and CD36 on platelets mediated the exMT-platelet
interaction because: (i) cardiolipin is the dominant anion-
ic phospholipid expressed on exMT9 and (ii) the exMT-
platelet interaction was blocked by the phospholipid
binding proteins annexin V and lactadherin (Figure 2C)
and by an antibody against CD36 (Figure 2D), which is a
phospholipid receptor37 that is expressed on platelets38,39

and promotes phospholipid-mediated endocytosis.40
Second, exMT induced platelets to secrete their α-gran-

ule proteins (Figures 3 and 5) but failed to induce them to
aggregate (Figure 4D) or promote platelet thrombus for-
mation on the collagen matrix under arterial shear stress
(Online Supplementary Figure S4A-C). There are several
possible explanations for this apparent discrepancy. (i)

Platelet-bound exMT may have interfered with the fib-
rinogen coupling of platelets through steric hindrance.
This is unlikely because exMT-bound platelets aggregat-
ed after stimulation with collagen or ADP at levels com-
parable to those of platelets that had not been treated
with exMT (Figure 4E, F). (ii) ExMT only activated 10-
25% of platelets, insufficient to induce platelet aggrega-
tion. A similar effect was observed with platelets simulta-
neously treated with two antibodies against the integrins
αIIb and β3,41 suggesting that α-granule secretion alone is
insufficient to induce platelet aggregation, but may prime
platelets for activation by other agonists. (iii) Some or all
exMT-stimulated platelets underwent drastic membrane
disintegration to produce microvesicles (Figure 4A, B),
thereby becoming unavailable for aggregation. The third
possibility is supported by the reduction of platelet
counts after exMT treatment (Figure 4C). This exMT-
induced intermediate platelet phenotype resembles “coat-
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Figure 4. Extracellular mitochondria induced platelet disintegration, not aggregation. Platelets adherent to immobilized fibrinogen were treated with phosphate-
buffered saline (PBS), extracellular mitochondria (exMT), or exMT + 20 mM of glutathione (GSH) for 30 min at 37°C and repeatedly scanned for up to 80 min by hop-
ping probe ion conductance microscopy. (A) The images show adherent platelets treated with PBS (top panel), exMT at a 1:1 ratio with platelets (middle panel; arrow:
membrane disintegration of an adherent platelet), and GSH-treated exMT (bottom panel). The images are representative of three to six independent experiments.
(B) The supernatants were collected and stained for CD41a+ microvesicles by flow cytometry (n=18, one-way analysis of variance, ANOVA). (C) Platelet counts before
and after exMT treatment either alone or with GSH (n=15, one-way ANOVA). (D-F) ExMT induced minimal platelet aggregation (D) (n=24, one-way ANOVA), but exMT-
treated platelets aggregated normally when stimulated with collagen (E) or ADP (F) (n=54, repeated measures ANOVA). (G) CD61 expression on exMT-treated
platelets was comparable to that on untreated platelets but increased upon stimulation with 5 mg/mL of collagen (n=24, one-way ANOVA). MV: microvesicles; MFI:
mean fluorescence intensity.
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Figure 5. Extracellular mitochondria induced procoagulant activity of platelets and enhanced clot retraction. (A-C) Platelets incubated with extracellular mitochon-
dria (exMT) at a ratio of 1:1 or 1:5 for 30 min at 37°C expressed increased amounts of fibrinogen (A) (n=24, one-way analysis of variance, ANOVA) and coagulation
factor Va (B) (n=24, one-way ANOVA), and had shortened clotting time (C) (n=24, one-way ANOVA). Platelets stimulated with 5 mg/mL of collagen or 50 nM of thrombin
were again used as controls to mimic “coated platelets.” (D) Clot retraction in platelet-rich plasma was induced by 1 U/mL of thrombin in the presence of phosphate-
buffered saline (PBS, left panel), exMT (1:1 ratio to platelets, middle panel), or 5 μg/mL of collagen (right panel). The graph in the right panel summarizes the results
from multiple experiments (n=27, one-way ANOVA, *P<0.05 vs. PBS-treated). FVa: activated factor V; PS: phosphatidylserine.
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Figure 6. CD36 antibody
reduced extracellular mito-
chondria-induced platelet acti-
vation. Non-injured mice were
infused with 2 x 108/mouse of
MitoTracker-Green-labeled
extracellular mitochondria
(exMT), together with CD36
antibody or isotype IgG. (A-F)
Blood samples were collected
30 min after infusion to meas-
ure levels of exMT-bound
platelets (A), CD62p+ platelets
(B), platelet-leukocyte com-
plexes (C), platelet counts (D),
and platelet-leukocyte-exMT
tri-complexes (E) by flow
cytometry (n=16, one-way
analysis of variance). (F)
Schematic summary of the
study. An injured brain releas-
es metabolically active exMT
that interact with platelets.
These exMT induce α-granule
secretion by platelets, but do
not induce platelet aggrega-
tion. As a result, the exMT-
bound platelets and platelet-
derived microvesicles promote
the systemic consumptive
coagulopathy and inflamma-
tion that are consistently
found during the acute phase
of traumatic brain injury. WBC:
white blood cell; ROS: reactive
oxygen species; VWF: von
Willebrand factor; FVa: activat-
ed factor V; MV: microvesicles.  



ed platelets”, which are defined as a subpopulation (12-
30%) of platelets that express procoagulant activity upon
stimulation by collagen and thrombin.25,42 This procoagu-
lant activity was also detected in exMT-treated platelets
(Figure 5).
Third, the metabolic viability of exMT also suggests a

potential role of ROS in the development of this interme-
diate platelet phenotype because ROS are known to acti-
vate platelets.15-17 We have shown that ROS from exMT
activated platelets (Figure 3) and induced platelet
microvesiculation (Figure 4) in an oxidant-dependent
manner. A physical contact between exMT and platelets
appears to be required for the ROS-induced platelet secre-
tion because ROS primarily affect exMT-bound platelets.
This direct exMT-platelet interaction may concentrate
ROS activity on exMT-bound cells or protect the oxidants
from plasma antioxidants.  
In summary, we have shown that exMT-bound platelets

develop an intermediate phenotype using ROS as media-
tors. This intermediate phenotype is characterized by α-
granule secretion, procoagulant activity and poor aggrega-
tion (Figure 6F). As a result, these procoagulant platelets

remain in the circulation to promote non-focal coagula-
tion, similar to the consumptive coagulopathy found in
TBI patients43,44 and mouse models.9 While previous stud-
ies have found protective effects of exMT on target
cells,10,12,13 our study demonstrates that these exMT could
also have detrimental effects by making platelets procoag-
ulant and prothrombotic. The findings from this study
could have much broader implications regarding exMT in
other pathologies in which hypercoagulable and inflam-
matory states develop, such as severe infections, autoim-
mune diseases, and cancer. 
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Pancreatic cancer is associated with a high incidence of venous throm-
boembolism. Neutrophils have been shown to contribute to thrombo-
sis in part by releasing neutrophil extracellular traps (NET). A recent

study showed that increased plasma levels of the NET biomarker, citrulli-
nated histone H3 (H3Cit), are associated with venous thromboembolism in
patients with pancreatic and lung cancer but not in those with other types
of cancer, including breast cancer. In this study, we examined the contribu-
tion of neutrophils and NET to venous thrombosis in nude mice bearing
human pancreatic tumors. We found that tumor-bearing mice had
increased circulating neutrophil counts and levels of granulocyte-colony
stimulating factor, neutrophil elastase, H3Cit and cell-free DNA compared
with controls. In addition, thrombi from tumor-bearing mice contained
increased levels of the neutrophil marker Ly6G, as well as higher levels of
H3Cit and cell-free DNA. Thrombi from tumor-bearing mice also had
denser fibrin with thinner fibers consistent with increased thrombin gener-
ation. Importantly, either neutrophil depletion or administration of DNase
I reduced the thrombus size in tumor-bearing but not in control mice. Our
results, together with clinical data, suggest that neutrophils and NET con-
tribute to venous thrombosis in patients with pancreatic cancer. 

Introduction

Cancer patients have a 4- to 7-fold increased risk of venous thromboembolism
(VTE) compared with the general population.1 However, the rates of VTE vary in
different cancer types. For instance, breast cancer has a low rate whereas pancreatic
cancer has a high rate of VTE.2 This variability suggests that there may be cancer
type-specific mechanisms of VTE.3 For instance, we found an association between
levels of circulating extracellular vesicle tissue factor activity and VTE in pancreatic
cancer in two studies and a borderline significance in a third study.4-6 Circulating
tumor-derived, tissue factor-positive extracellular vesicles are also observed in mice
bearing human pancreatic tumors.7-10 Importantly, we have shown that these tumor-
derived, human tissue factor-positive extracellular vesicles enhance venous throm-
bosis in mice.10

Leukocytosis is often observed in cancer patients, particularly patients with lung
and colorectal cancer.3 Leukocytosis is also associated with VTE in cancer patients,
and is a component of the Khorana Risk Score for predicting chemotherapy-asso-
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ciated thrombosis in ambulatory cancer patients.11-13 In
addition, some patients have increased circulating levels
of hematopoietic cytokines, such as granulocyte-colony
stimulating factor (G-CSF).14 The coagulation cascade is
activated by pathogens as part of the innate immune sys-
tem to limit dissemination of infection.15 Recently, the
term “immunothrombosis” was introduced to describe
the contribution of immune cells to thrombus.16 Activated
monocytes can trigger thrombosis by expressing tissue
factor.17 Activated neutrophils release proteases, such as
neutrophil elastase (NE), which enhance thrombosis by
degrading the anticoagulant protein tissue factor pathway
inhibitor.18 In addition, neutrophils release neutrophil
extracellular traps (NET). NET are composed of extracel-
lular chromatin components and neutrophil granule pro-
teins that enhance thrombosis by capturing platelets and
procoagulant extracellular vesicles.19-22 NET are present in
both arterial and venous thrombi.19,23,24 NET can also
obstruct smaller blood vessels in a coagulation-indepen-
dent manner.25 Interestingly, two studies showed that
neutrophils contribute to thrombosis in the mouse inferi-
or vena cava (IVC) stenosis model, although this was not
observed in a third study.20,26,27 In contrast, neutrophil
depletion did not affect thrombosis in the IVC stasis
model.28
There is a wide range of agonists that can induce NET

formation.29 In neutrophils histone citrullination by pep-
tidylarginine deiminases (PAD), including PAD4, is consid-
ered a driver of chromatin decondensation and subsequent
NET formation.30 PAD4 is also expressed by the human
breast cancer cell line MCF7.31 Citrullinated histones, such
as citrullinated histone H3 (H3Cit), are therefore widely
used as a biomarker of NET formation. In mice, it has been
proposed that PAD4 is required for NET formation.32
Indeed, PAD4-/- mice have smaller thrombi in the IVC
stenosis model.33 However, a recent study found that inhi-
bition of PAD did not affect human neutrophil NET forma-
tion induced by a variety of pathogens,29 suggesting that
certain forms of NET formation can occur without PAD.
Interestingly, a recent study found an association between
plasma levels of H3Cit and VTE in patients with pancreatic
and lung cancer but not in those with other types of cancer,
such as breast cancer.34 In another study plasma levels of
nucleosomes and cell-free DNA (cfDNA) were higher in
cancer patients than in healthy controls, but these are not
NET-specific biomarkers.35
Neutrophilia was observed in mice bearing murine

breast 4T1 tumors and human pancreatic BxPc-3
tumors.10,36-38 In addition, mice bearing 4T1 breast tumors
had increased levels of circulating markers of neutrophil
activation and NET, such as H3Cit and myeloperoxi-
dase.37,38 Furthermore, tumor-bearing mice had more rapid
thrombotic occlusion in a jugular vein Rose Bengal/laser-
induced injury model.38 Interestingly, administration of
DNase I to degrade cfDNA and NET did not affect throm-
botic occlusion in control mice but provided protection
from the enhanced venous thrombosis observed in
tumor-bearing mice.38 These studies suggest that neu-
trophils and NET contribute to venous thrombosis in a
murine breast cancer model. 
In the light of recent clinical data suggesting a role of

NET in VTE in patients with pancreatic cancer,34 we
investigated the contribution of neutrophils and NET to
venous thrombosis in mice bearing human pancreatic
BxPc-3 tumors.

Methods

Cells and the mouse tumor model
We used a human pancreatic cancer cell line BxPc-3 expressing

the firefly luciferase reporter.10 BxPc-3 tumors were grown in the
pancreas of Crl:NU-Foxn1nu male mice (nude mice) and monitored
by measuring luciferase expression.10 We used mice with tumors
weighing from 1.5 to 3.9 grams. All animal studies were approved
by the University of North Carolina at Chapel Hill Animal Care
and Use Committee, and complied with National Institutes of
Health guidelines.

Measurement of blood cells
A Hemavet HV950FS (Drew Scientific, Miami Lakes, FL, USA)

was used to count neutrophils.

Preparation of plasma and measurement of plasma
biomarkers

Blood was collected39 and plasma was prepared by centrifuging
the blood at 4500 x g for 15 min. CfDNA was quantified as
described elsewhere.40 Mouse G-CSF and NE were measured
using commercially available enzyme-linked immunosorbent
assays (R&D systems, Minneapolis, MN, USA). H3Cit was meas-
ured using an in-house enzyme-linked immunosorbent assay.41

Thrombosis model
We used the IVC stasis model of thrombosis.10

Western blot analysis of thrombus samples
Processing of thrombi and detection of primary antibodies is

described in the Online Supplementary Methods. Membranes were
probed with 2 mg/mL anti-Ly6G (BioXCell, West Lebanon, NH,
USA), a 1,000-fold dilution of anti-β-actin (Abgent, San Diego,
CA, USA), a 2,000-fold dilution of anti-PAD4 (Abcam), 1 mg/mL
anti-H3Cit (Abcam) or 0.5 mg/mL anti-histone H3 (Abcam) pri-
mary antibody. 

Immunofluorescence
Analysis of thrombi by immunofluorescence is described in the

Online Supplementary Methods. Areas of different fluorescent sig-
nals were quantified using Image J software. 

Scanning electron microscopy
Analysis of thrombi by scanning electron microscopy is

described in the Online Supplementary Methods.

Neutrophil depletion
Neutrophils were depleted by intravenous administration of 5

mg/kg anti-Ly6G antibody (BioXCell) 24 h and 1 h before IVC sta-
sis. A rat IgG (Sigma-Aldrich) was used as a control. 

DNase I treatment
DNase I (50 U/mouse (Genentech, South San Francisco, CA,

USA) or phosphate-buffered saline was intravenously adminis-
tered to mice 1 h before and 24 h after IVC stasis.

Statistical analysis
Data are shown as mean ± standard error of the means for nor-

mally distributed data or median ± interquartile range for non-nor-
mally distributed data. The Shapiro-Wilk test was used to deter-
mine normality. For the majority of the studies two-group com-
parisons, the unpaired two-tailed Student t-test or the Mann-
Whitney U-test was used depending on the data distribution. For
the ultrasound data, two-way analysis of variance with the Sidak
multiple comparison test was used. These statistical analyses were
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performed with GraphPad PRISM version 7.03 (GraphPad
Software, La Jolla, CA, USA). For immunofluorescence data and
scanning electron microscopy data, bootstrap simulations of the
chosen quantiles of the distribution of the measured values were
performed42 followed by a Bootstrap Kuiper test for identity of the
quantile distributions.43 These statistical analyses are described in
detail in the Online Supplementary Material. P values <0.05 were
considered statistically significant for all experiments.

Results

Measurement of circulating neutrophil counts and dif-
ferent biomarkers in mice bearing human pancreatic
tumors  
We measured the numbers of neutrophils in whole

blood and various circulating biomarkers in the plasma
of mice bearing human BxPc-3 pancreatic tumors (1.5-3.9
grams) and in control mice. We observed significant
increases in neutrophil numbers and mouse G-CSF levels
in tumor-bearing mice compared with those in controls
(Figure 1A, B). We did not observe an increase in human
G-CSF (data not shown). We found a significant correla-
tion between circulating neutrophil count and mouse G-
CSF level (r = 0.83, P=0.02, Spearman test). In addition,
we found significant increases in the neutrophil bio-
marker NE and the NET biomarker H3Cit in tumor-bear-
ing mice compared with controls (Figure 1C, D). Finally,
the amount of cfDNA was significantly greater in tumor-
bearing mice than in controls (Figure 1E). 
The human breast cancer cell line MCF7 expresses

PAD4.31 We therefore determined whether BxPc-3 cells
also express PAD4. Western blotting showed that the
BxPc-3 cells did express PAD4 protein (data not shown).

Tumor cells may, therefore, also contribute to plasma
H3Cit.

Measurement of neutrophils, histone H3 and 
citrullinated histone H3 in thrombi from mice 
bearing human pancreatic tumors 
We generated thrombi in control and tumor-bearing

mice using the IVC stasis model. Using western blotting,
we measured levels of Ly6G (a neutrophil marker), β-
actin (a housekeeping gene), histone H3 (a marker of cel-
lular content), and H3Cit (a NET biomarker) in thrombi
from mice bearing human pancreatic tumors and control
mice (Figure 2A). Thrombi from tumor-bearing mice had
higher levels of Ly6G, β-actin, histone H3, and H3Cit
compared with the levels in thrombi from control mice
(Figure 2 B-E). The H3Cit/H3 ratio for thrombi from con-
trol mice was ~1 (Figure 2F). Interestingly, there was sig-
nificant variation in the H3Cit/H3 ratio in thrombi from
tumor-bearing mice (Figure 2F).
Next, we measured the cfDNA and H3Cit content in

thrombi from mice bearing human pancreatic tumors
and in thrombi from controls using immunofluorescence.
Consistent with the data from the western blot analysis,
thrombi from tumor-bearing mice had increased levels of
cfDNA and H3Cit compared with levels of these bio-
markers in thrombi from control mice (Figure 3). 
Finally, we analyzed the composition of thrombi from

control and tumor-bearing mice by scanning electron
microscopy. Red blood cells were decreased in thrombi
from tumor-bearing mice compared with thrombi from
control mice (Figure 4A). In addition, we observed an
increase in fibrin density and a decrease in fibrin fiber
thickness in thrombi from tumor-bearing mice compared
with thrombi from controls (Figure 4B). Previous studies
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Figure 1. Levels of neutrophils and circulating biomarkers in blood samples. (A-E) Neutrophil counts in whole blood (A) and circulating mouse granulocyte-colony
stimulating factor (G-CSF) (B), neutrophil elastase (C), citrullinated histone H3 (H3Cit) (D), and cell-free (cf) DNA (E) in plasma of control and tumor-bearing mice. Nine
to 20 mice were used for each group. Data were analyzed with either the unpaired t-test or the Mann-Whitney U-test, depending on the type of data distribution.
*P<0.05, **P<0.01, ***P<0.001.   
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Figure 2. Analysis of thrombus constituents. (A) Representative western blot of Ly6G, β-actin, histone H3, and citrullinated histone H3 (H3Cit) in thrombi from control
and tumor-bearing mice. Arrows on the left of the panel indicate the target proteins and the size of the molecular weight markers are shown on the right. (B-E) Levels
of the different markers were quantified by densitometric analysis. (F) The H3Cit/H3 ratio for thrombi from control and tumor-bearing mice are shown. AU: arbitrary
unit. Eight mice were used for each group. Data were analyzed with the unpaired t-test or the Mann-Whitney U-test depending on the type of data distribution.
*P<0.05, **P<0.01, ***P<0.001.

Figure 3. Analysis of thrombi by immunofluorescence. (A, B) Thrombus sections from control (A) and tumor-bearing (B) mice were stained for cell-free DNA (TOTO-3, blue),
citrullinated histone H3 (H3Cit; immunostained, green) and fibrin (immunostained, red) and examined with confocal laser scanning microscopy (Zeiss LSM 710, Carl Zeiss,
Jena, Germany). (C, D) The area occupied by the DNA (C) and H3Cit (D) signal was quantified in 15 randomly selected images from each thrombus shown with the same
color. Lines indicate the median values of the bottom, median and top quartiles calculated from the data of 90 images from six animals of the control group (shown in dif-
ferent colors) and 150 images from ten animals of the tumor group (shown in different colors). The statistical analysis was performed using 90 or 150 input data according
to the two-step procedure described in the Online Supplement (Bootstrap Kuiper test P<0.001 for all three quartiles of the datasets in panels C and D).
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have shown that increased levels of thrombin lead to the
generation of denser fibrin with thinner fibers.44

Effect of neutrophil depletion on thrombus size in mice
bearing human pancreatic tumors 
Thrombi in the group of tumor-bearing mice treated

with IgG weighed significantly more than those in con-
trols [controls vs. tumor-bearing mice (median [range]):
16.4 [13.8-22.4] g vs. 31.9 [29.1-36.5] g; P<0.001, n=4-5].
Next, we investigated the role of neutrophils in thrombus
formation in tumor-bearing mice and control mice by
depleting neutrophils using the anti-Ly6G antibody 1A8.
Administration of 1A8 significantly decreased levels of cir-
culating neutrophils in both control mice [IgG vs. 1A8
(median [range]): 2.9 [1.9-4.4] x 103/mL vs. 0.3 [0.2-1.3] x
103/mL; P<0.05, n=4-5] and mice bearing human pancreatic
tumors [IgG vs. 1A8 (median [range]): 6.7 [3.8-8.5] x 103/mL
vs. 1.1 [1.0-3.7] x 103/mL; P<0.05, n=4-5]. Depletion of neu-
trophils decreased thrombus weight in tumor-bearing
mice but not in control mice (Figure 5).

Effect of DNase I administration on thrombus size 
in mice bearing human pancreatic tumors
Thrombus weight was significantly increased in the vehi-

cle treatment group of tumor-bearing mice compared with
that of control mice [controls vs. tumor-bearing mice (medi-
an [range]): 15.7 [12.1-25.2] g vs. 27.25 [22.8-47.8] g; P<0.05,
n=5-6]. We determined the effect of DNase I administration
on the size of thrombi in mice bearing human pancreatic
tumors. DNase I degrades both cfDNA and NET. We found
that administration of DNase I significantly reduced throm-
bus weight in tumor-bearing mice but did not affect throm-
bus weight in control mice (Figure 6). 

Discussion

We observed a striking increase in neutrophils in the cir-
culation of nude mice bearing human pancreatic tumors
compared with controls. In addition, we found increased
levels of plasma biomarkers that either increase neutrophil
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Figure 4. Analysis of thrombi by scanning electron microscopy. (A, B) The red blood cell (RBC) and fibrin content in thrombi from control and tumor-bearing mice
were assessed by scanning electron microscopy using a SEM EVO40 (Carl Zeiss GmbH, Oberkochen, Germany). Upper panels are representative images of thrombi
from control and tumor-bearing mice. RBC occupancy was quantified in five to seven randomly selected images from each animal (A, data from each thrombus are
shown with the same color in the lower panel). The diameter of 300 fibrin fibers from separate parts of each thrombus was measured (B, every 10th measured value
is plotted in the same color for each thrombus in the lower panel). Lines indicate the median values of the bottom, median and top quartiles calculated from the
data of six animals from each group (shown in different colors) based on 35 images in the control group and 32 images in the tumor group. The statistical analysis
was performed using 35 or 32 input data for RBC occupancy and 1,800 data for fiber diameter according to the two-step procedure described in the Online
Supplement (Bootstrap Kuiper test P<0.001 for all three quartiles of the datasets in the lower panels).
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counts, such as G-CSF, or are biomarkers of activated neu-
trophils and NET, such as NE and H3Cit, in tumor-bearing
mice compared with controls. We also observed increased
levels of the neutrophil biomarker Ly6G and the NET bio-
marker H3Cit in thrombi from tumor-bearing mice.
Finally, depletion of neutrophils reduced thrombus size in
tumor-bearing mice but not in control mice. The lack of
effect on thrombus size in neutrophil-depleted control
mice is consistent with a previous study showing that
neutrophil depletion did not reduce thrombus size in mice
in an IVC stasis model.28 Taken together, these data sug-
gest that neutrophils contribute to increased venous
thrombosis observed in tumor-bearing mice.
We found that tumor-bearing mice have increased levels

of mouse G-CSF and there was a significant positive cor-
relation between levels of mouse G-CSF and neutrophil
numbers. This suggests that increased levels of G-CSF
drive the increase in neutrophil numbers. At present, we

do not know the cellular source of G-CSF in tumor-bear-
ing mice but this cytokine is normally expressed by
endothelial cells, macrophages and immune cells.45 In sup-
port of this, mice with murine breast 4T1 tumors exhibit
increased plasma levels of G-CSF and administration of an
anti-G-CSF antibody reduces neutrophil counts.37 G-CSF
level and neutrophil count may, therefore, represent novel
biomarkers of VTE risk in cancer patients. 
It has been hypothesized that G-CSF primes neutrophils

to undergo NET formation in tumor-bearing mice.37,46 In
one study it was found that the percentage of H3Cit-pos-
itive neutrophils was increased in tumor-bearing mice
compared with controls.37 Furthermore, neutrophils isolat-
ed from mice bearing murine 4T1 tumors treated with an
anti-G-CSF antibody had significantly less NET formation
compared with those from tumor-bearing mice treated
with an isotype control.37 In addition, administration of
recombinant G-CSF to mice bearing murine melanoma
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Figure 5. Effect of neutrophil depletion on venous thrombosis in control and tumor-bearing mice. (A, B) Control and tumor-bearing mice received an anti-mouse
Ly6G antibody (clone: 1A8) or a control IgG (5 mg/kg) 24 h and 1 h before inferior vena cava stasis. Thrombi from control (A) and tumor-bearing mice (B) were col-
lected at 48 h and weighed. Four to five mice were used for each group. Data were analyzed with either the unpaired t-test or the Mann-Whitney U-test depending
on the type of data distribution. *P<0.05.

Figure 6. Effect of DNase I treatment on venous thrombosis in control and tumor-bearing mice. Mice received vehicle or DNase I (50 U/mouse) 1 h before and 24
h after inferior vena cava stasis. Thrombi from control (A) and tumor-bearing mice (B) were collected at 48 h and weighed. Five to seven mice were used for each
group. Data were analyzed with the unpaired t-test. *P<0.05.
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B16 tumors, which do not produce G-CSF, increased
H3Cit in tumors in a PAD4-dependent manner.46,47 We
observed a large variation in the H3Cit/H3 ratio in throm-
bi from tumor-bearing mice which appears to be due to
different levels of H3Cit in the thrombi. At present, we do
not know the reason for this range of H3Cit in thrombi
from tumor-bearing mice but it may reflect differences in
G-CSF levels and the degree of neutrophil priming in the
different tumor-bearing mice. 
Plasma cfDNA and the NET biomarker, H3Cit, were

increased in tumor-bearing mice compared with controls.
Tumors are known to release cfDNA into the blood.48 In
addition, we observed that BxPc-3 cells express PAD4 and
therefore tumors may also contribute to the plasma levels
of H3Cit. Thrombi from tumor-bearing mice also had
increased levels cfDNA and H3Cit compared with throm-
bi from controls. Importantly, administration of DNase I
reduced thrombus size in tumor-bearing mice but not in
control mice. Similarly, a previous study showed that
DNase I did not affect jugular vein occlusion times in con-
trol mice but prolonged the time to occlusion in 4T1
tumor-bearing mice.38 We observed that DNase I reduced
thrombus size more effectively than depletion of neu-
trophils. It is possible that DNase I is more effective than
neutrophil depletion because it digests not only NET but
also cfDNA which may also be released by cancer cells
and may enhance thrombosis by activating factor XII.40,49
In the present study, we observed decreased numbers of

red blood cells in thrombi from tumor-bearing mice com-
pared with controls. This is consistent with our recent
study that showed a decrease in red blood cell-rich areas
and an increase in inflammatory cell-rich areas in thrombi
from tumor-bearing mice compared with controls.10 In the
current study, we did not observe an increase in neu-
trophils in thrombi of tumor-bearing mice because these
cells were not preserved during the preparation of the

samples for scanning electron microscopy. In addition,
thrombi from tumor-bearing mice had a denser fibrin net-
work with thinner fibrin fibers compared with thrombi
from control mice. In vitro experiments showed that higher
thrombin produces thrombi with a denser fibrin network
with thinner fibrin fibers.44 In our model of cancer-associ-
ated thrombosis, it is likely that tumor-derived, tissue fac-
tor-positive extracellular vesicles increase the thrombin
concentration in thrombi and this results in the formation
of a denser fibrin network with thinner fibers. Indeed, in
our previous study,10 we observed that thrombi from
BxPc-3 tumor-bearing mice had increased levels of human
tissue factor activity derived from extracellular vesicles
released from BxPc-3 tumors. In addition, a previous study
showed that extracellular vesicles bind to NET via a phos-
phatidylserine-histone interaction.50
In summary, we have demonstrated a contribution of

neutrophils to venous thrombosis in a mouse model of
pancreatic cancer-associated venous thrombosis. Our
data, taken together with a clinical study showing an
association between circulating H3Cit and VTE in pan-
creatic cancer, support the notion that neutrophils and
NET formation enhance venous thrombosis in pancreatic
cancer.
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Myeloid differentiation factor 88 (MyD88) signaling has a crucial
role in activation of both innate and adoptive immunity.
MyD88 transduces signals via Toll-like receptor and interleukin-

1 receptor superfamily to the NFkB pathway and inflammasome by
forming a molecular complex with interleukin-1 receptor-associated
kinase 4. The MyD88/interleukin-1 receptor-associated kinase 4 path-
way plays an important role, not only in innate immunity, but also T-cell
immunity; however, its role in donor T cells on the pathophysiology of
graft-versus-host disease (GvHD) remains to be elucidated. We addressed
this issue by using MyD88-deficient T cells in a mouse model of allo-
geneic hematopoietic stem cell transplantation (allo-SCT). While
MyD88-deficient and wild-type T cells proliferated equivalently after
transplantation, MyD88-deficient T cells demonstrated impaired survival
and differentiation toward Th1, Tc1, and Th17, and induced less severe
GvHD compared to wild-type T cells. Administration of interleukin-1
receptor-associated kinase 4 inhibitor PF-06650833 significantly amelio-
rated GvHD after allo-SCT. These results thus demonstrate that donor T-
cell MyD88/ interleukin-1 receptor-associated kinase 4 pathway is a
novel therapeutic target against GvHD after allo-SCT.

Myeloid differentiation factor 88 signaling in
donor T cells accelerates graft-versus-host
disease
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ABSTRACT

Introduction

Myeloid differentiation factor 88 (MyD88) is a critical adaptor molecule to trans-
duce the signals through receptors belonging to most of the TLR and IL-1R family
(TLR/IL-1R superfamily) to NFkB pathway and inflammasome by recruiting IL-1R-
associated kinase 4 (IRAK4).1 The TLR/MyD88 pathway in myeloid cells plays an
essential role in innate immunity by recognizing pathogen-associated molecular
patterns (PAMP) released by microbes and damage-associated molecular patterns
(DAMP) produced by stressed or dying cells.2 MyD88 dependent signaling in
myeloid cells plays proinflammatory roles by secreting proinflammatory cytokines
and enhancing antigen presentation, and also homeostatic roles by maintaining reg-
ulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSC).3,4 In addition,
there is growing  evidence to indicate that MyD88 signaling in T cells also plays a
critical role in T-cell proliferation, survival, and differentiation upon TCR-stimula-
tion.5-13 

Graft-versus-host disease (GvHD), the major complication of allogeneic
hematopoietic stem cell transplantation (allo-SCT), is mediated by donor T cells
recognizing host-derived alloantigens expressed on professional or non-profession-
al APC and further accelerated by pre-transplant conditioning-mediated inflamma-
tory milieu and tissue injury.14,15 In particular, damage of the epithelial and mucous
barrier allows translocation of bacteria and its immunostimulatory molecules into
systemic circulation, leading to subsequent activation of innate immune responses



through TLR stimulation towards production of inflam-
matory cytokines such as tumor necrosis factor (TNF)-α
and IL-1 family cytokines.16-19 
In this study, we evaluated the role of MyD88 signaling

in donor T cells by using a well-established mouse model
of allogeneic bone marrow transplantation (allo-BMT), in
which lethally irradiated recipient mice were transplanted
with MyD88-/- T cells and T cell-depleted bone marrow
cells (TCD-BM) from WT mice. We found that lack of
MyD88 signaling in donor T cells directly modulated
adaptive T-cell responses and reduced severity of GvHD
in association with profoundly impaired donor Th1, Tc1,
and Th17 responses. Administration of a pharmacological
IRAK4 inhibitor, PF-06650833, significantly ameliorated
GvHD. MyD88 in donor T cells was not essential for
graft-versus-leukemia (GvL) effects, suggesting that
MyD88 in T cells is a potential therapeutic target of
GvHD, while sparing GvL effects.

Methods

Mice
Female C57BL/6 (B6, H-2b) and B6D2F1 (H-2b/d) mice

were purchased from Charles River Japan (Yokohama,
Japan). TLR2-/- and TLR7-/- mice with a B6 genetic back-
ground were purchased from Oriental Bioservice (Chiba,
Japan). B6-MyD88-/- mice were produced and maintained
as previously described.20 Age of the mice was  8-10
weeks. All animal experiments were performed under the
auspices of the Institutional Animal Care and Research
Advisory Committee (approval n: 12-0106).

Bone marrow transplantation 
Mice were transplanted as previously described.21 In

brief, recipient B6D2F1 mice were intravenously (i.v.)
injected with 5x106 TCD-BM cells form WT B6 donors
plus 1x106 T cells purified from either wild-type (WT) or
MyD88-/- B6 donors on day 0 following lethal total body
irradiation (TBI, 12Gy) delivered in two doses at 3-hour
intervals. BALB/c recipients were transplanted with 5x106

TCD-BM cells from WT B6 donors plus 1x106 T cells puri-
fied from either WT or MyD88-/- B6 donors on day 0 fol-
lowing 6 Gy TBI. Isolation of T cells and TCD were per-
formed using a Pan T cell Isolation kit II and anti-CD90-
MicroBeads, respectively, and the autoMACS Pro system
(Miltenyi Biotec, Bergisch Gladbach, Germany) according
to the manufacturer’s instructions. Mice were housed in
sterilized microisolator cages and received autoclaved
hyperchlorinated drinking water for the first three weeks
after BMT, and filtered water thereafter.

Assessment of graft-versus-host disease and 
graft-versus-leukemia effect
Clinical GvHD scores were assessed as previously

described.22 GvL was assessed by postmortem examina-
tion or on in vivo bioluminescent imaging.23,24 Detailed pro-
tocols are described in the Online Supplementary Methods.

Quantitative-polymerase chain reaction 
RNA extraction and quantitative-polymerase chain

reaction (Q-PCR) were performed as described in the
Online Supplementary Methods. Specific primers and
probes used for Q-PCR are listed in Online Supplementary
Table S1.

Flow cytometric analysis
Flow cytometric analysis was performed as previously

described.21 The cells isolated from the thymus or spleen
were incubated with antibodies (Abs) (listed in Online
Supplementary Table S2) at 4°C for 30 minutes (min).
Detailed protocols are described in the Online
Supplementary Methods.

Cell cultures
All culture media and incubation conditions have been

previously described.21 TCR on purified T cells (5x104 T
cells/well) were stimulated with 5x104 /well of Dynabeads
Mouse T-Activator CD3/CD28 for T-cell expansion and
activation (ThermoFisher Scientific, Waltham, MA, USA)
in the presence or absence of TLR ligands at concentra-
tions listed in Online Supplementary Table S3 or PF-
06650833 (20 mM) for up to 96 hours.

T-cell proliferation 
To assess T-cell proliferation, purified T cells were

labeled using a CellTrace Violet Cell Proliferation Kit
(ThermoFisher Scientific) according to the manufacturer’s
instructions. To measure cellular uptake of BrdU, recipi-
ents were intraperitoneally (i.p.) injected with 1 mg of
BrdU 2 hours before analyses.

Statistical analysis
Mann-Whitney U tests were used to analyze cell counts,

the cytokine data, and the clinical scores. We used the
Kaplan-Meier product limit method to obtain the survival
probability. and the log-rank test was applied to compare
the survival curves. P<0.05 was considered statistically
significant.

Results

Donor T cells lacking MyD88 pathway induce 
attenuated graft-versus-host disease
We investigated whether ablation of MyD88 signaling

in donor cells influenced GvHD in a well-established
mouse model of haploidentical BMT. Lethally irradiated
B6D2F1 mice were i.v. injected with 5x106 BM plus 5x106

splenocytes from either WT or MyD88-/- B6 donors.
Frequencies and absolute numbers of CD4+ T cells, CD8+

T cells, memory T cells, and Foxp3+ Tregs in the spleen
were equivalent in donor WT and MyD88-/- B6 mice
(Online Supplementary Figure S1). While GvHD was severe
in allogeneic controls with 80% mortality by day 50, 67%
of recipients of MyD88-/- donors survived this period
(Figure 1A). Clinical GvHD scores were also significantly
lower in recipients of MyD88-/- graft compared to those of
WT graft (Figure 1B). 
Next, we evaluated if effects of MyD88 signaling in

donor cells on GvHD could reside in the T-cell compart-
ment of the donor graft. Lethally irradiated B6D2F1 mice
were injected with 5x106 TCD-BM from WT B6 mice plus
1x106 T cells from either WT or MyD88-/- B6 mice. MyD88
deficiency in donor T cell alone significantly ameliorated
mortality and morbidity of GvHD (Figure 1C and D).
Histopathological examination of the small intestine and
colon performed 6-8 weeks after BMT confirmed attenu-
ated GvHD pathology in recipients of MyD88-/- T cells.
GvHD pathology in the small intestine, including villous
blunting, epithelial apoptosis, and Paneth-cell loss accom-

MyD88/IRAK4 in donor T cells potentiates GVHD
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panied by inflammatory-cell infiltration, was significantly
less severe in recipients of MyD88-/- T cells (Figure 1E-G),
although liver GvHD was the same as in controls. The
thymic GvHD characterized by the loss of CD4+CD8+

double positive (DP) thymocytes was also less severe in
MyD88-/- T-cell recipients than in controls (Figure 1H-J).
The role of donor T-cell MyD88 signaling in GvHD was
not strain dependent, as MyD88 deficiency in donor T
cells ameliorates GvHD in the B6 into BALB/c model
(Figure 1K). 

Absence of MyD88 signaling impairs donor
Th1/Tc1/Th17 differentiation
Induction of GvHD is primarily dependent on donor 

T-cell reactivity to host alloantigens.14 To evaluate the

effects of MyD88 signaling in donor T-cell activation 
in vivo, donor T-cell expansion was evaluated in the spleen
early after BMT. Numbers of CD8+ T cells were signifi-
cantly less in MyD88-/- T-cell recipients than those in con-
trols seven days after BMT (Figure 2A). Both groups
showed complete donor T-cell chimerism, ruling out
mixed chimerism as a cause of reduced numbers of donor
T cells (Figure 2B). Analysis of cell division using CellTrace
Violet-labeled T cells showed equivalent cell division
between WT and MyD88-/- T cells at both 72 and 96 hours
after BMT (Figure 2C and D). Donor T-cell proliferation
determined by BrdU uptake on day 6 also showed equiv-
alent T-cell uptake of BrdU in both groups (Figure 2E and
F). Proliferative response of WT and MyD88-/- T cells to
CD3/CD28 stimulation in vitro and after allogeneic SCT in
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Figure 1. MyD88 signaling in donor T cells exaggerates graft-versus-host disease (GvHD). (A and B) Lethally irradiated B6D2F1 mice were transplanted with 5x106

bone marrow (BM) cells plus 5x106 splenocytes from wild-type (WT) (n=21) or MyD88-/- (n=21) B6 donors on day 0. Survival (A) and clinical GvHD scores (B) from
four independent experiments are combined. (C-H) Lethally irradiated B6D2F1 mice were transplanted with 5x106 T-cell-depleted bone marrow cells (TCD-BM) cells
from WT B6 mice plus 1x106 purified T cells from WT or MyD88-/- B6 donors. Survival (C) and clinical GvHD scores (D) from five independent experiments are com-
bined (n=25-26 / group). (E) Representative Hematoxylin & Eosin (H&E) images of the small intestine, colon, and liver harvested 6-8 weeks after BM transplantation
(BMT).  (F) Pathological GvHD scores of the liver and total pathological scores in the gut which is the sum of the scores of the small intestine and colon. Data from
three independent experiments are combined and shown as means ± Standard Error (SE) (n=8-14/group). (G) Numbers of Paneth cells morphologically identified
as cells containing eosinophilic granules at crypt base of the small intestines (white arrow heads in Figure 1E) on day +7 after BMT. Data from two similar experi-
ments were combined and shown as means ±  SE (n=12 / group). (H-J) CD4+CD8+ double positive thymocytes were assessed 6-8 weeks after BMT. Representative
dot plots (H), frequencies (I) (means±SE), and absolute numbers (J) (means±SE) of CD4+CD8+ thymocytes from one of two similar experiments were shown (n=5/
group). (K) BALB/c mice recipients were transplanted with 5x106 TCD-BM cells from WT B6 mice plus 1x106 purified T cells from WT or MyD88-/- B6 donors following
total body irradiation on day 0 (n=11/group). Data from two similar experiments were combined. Bar, 50 mm. **P<0.01; ***P<0.005.
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vivo was also equivalent (Figure S2A and B). T-cell prolifer-
ation was much more robust in vivo compared to in vitro,
probably due to the presence of potent inflammatory
milieu induced by TBI. On the other hand, annexin V+
apoptotic donor CD8+ T cells were significantly increased
in the recipients of MyD88-/- T cells on day +7, suggesting
that MyD88 is an intrinsic survival factor of donor T cells
after allo-BMT (Figure 2G). 
To assess the role of MyD88 in donor T-cell differentia-

tion after allo-BMT, cytokine production was evaluated in
donor T cells isolated on day +7 after BMT. MyD88-/- CD4+

T cells produced significantly less IFN-γ and IL-17, and
MyD88-/- donor CD8+ T cells produced less INF-γ than
their WT counterpart, indicating that MyD88 signaling is
critical for Th1, Th17, and Tc1 differentiation (Figure 3A-
D). In contrast, IL-4 production from MyD88-/- donor
CD4+ T cells tend to be greater than that from WT CD4+

T cells (Figure 3E and F). Impaired Th1/Tc1, not Th2, dif-
ferentiation in MyD88-/- T cells was also confirmed in vitro
after CD3/CD28 stimulation (Figure S2C-F). Furthermore,
flow cytometric analysis on day +7 demonstrated that
absolute numbers of donor CD4+ Foxp3+ Tregs and pro-
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Figure 2. MyD88 is not essential for T-cell proliferation and survival after allogeneic bone marrow  transplantation (alloBMT). (A,B,E-H) Mice were transplanted as
in Figure 1C. Absolute numbers of donor CD4+ and CD8+ T cells (A) and donor chimerism (B) in the spleen on day +7. Data from four independent experiments were
combined and shown as means±Standard Error (SE)  (n=17-18/group). (C and D) CellTrace Violet-labeled T cells from WT or MyD88-/-B6 mice were injected and dilu-
tion of CellTrace Violet in donor CD4+ and CD8+ T cells in the spleen were assessed on days 3 and 4. Representative histograms (C) and MFI of Cell Trace Violet (D)
(means±SE) from two experiments were combined (n=4-6 group). (E and F) Recipients were intraperitoneally injected with 1 mg BrdU on day +6 and BrdU taken up
by donor T cells was evaluated two hours later. Representative dot plots (E) and proportions of BrdU positive cells among donor T cells (F) (means±SE). Data from
two experiments were combined (n=10/group). (G) Proportion of Annexin V+ cells among donor T cells in the spleen on day +7. Data from a representative experiment
of two similar experiments were combined and shown as means±SE (n=9-11 / group). *P<0.05; ***P<0.005.
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portions of Foxp3+ cells among donor CD4+ T cells were
significantly greater in the spleen of recipients of MyD88-

/- T cells than those in controls (Figure 3G and H). Taken
together, donor T cells require MyD88 signaling to differ-
entiate into Th1, Th17, and Tc1, while it is dispensable for
Th2 and Treg differentiation after allo-SCT. 

IRAK4 inhibition, but not single TLR deficiency, 
mitigates lethal graft-versus-host disease 
MyD88 transduces signals from both TLR and IL-1 fam-

ily cytokines, such as IL-1, IL-18 and IL-33. Although roles
of IL-1, IL-18, and IL-33 in GvHD have been well studied,
role of T-cell TLR remained to be clarified. First, we exam-
ined expression of MyD88-related TLR and IL-1 family
cytokine receptors on CD4+ and CD8+ T cells. Q-PCR
demonstrated that resting CD4+ and CD8+ T cells
expressed TLR2 and TLR7, but to a lesser extent to the
levels in macrophages (Figure 4A). In addition, CD4+

T cells also expressed IL-1R, IL-18R and IL-33R, and CD8+

T cells did IL-18R. Flow cytometric analysis confirmed
expression of TLR2 and TLR7 both on CD4+ and CD8+

T cells (Figure 4B). Expression of TLR2 and TLR7 on T
cells were functional, such as TLR2 ligand, Pam3CSK4,
and TLR7 ligands, ssRNA40 and R848 enhanced T-cell
proliferative response to CD3/CD28 stimulation in vitro,
indicating that TLR2 and TLR7 on T cells have co-stimu-

latory function in T-cell responses (Figure 4C). In contrast,
LPS, flagellin, or CpG-ODN did not enhance T-cell expan-
sion. Next, we evaluated the role of TLR2 and TLR7 in
GvHD by transplanting TLR2-/- or TLR7-/- T cells plus WT
TCD-BM. Mortality and morbidity of GvHD in recipients
of TLR2-/- or TLR7-/- T cells were identical to those of WT
T cells, suggesting that inhibition of single TLR signaling
was insufficient to ameliorate GvHD (Figure 4D and E). 
Next, we tested if pharmacological inhibition of MyD88

signaling could ameliorate GvHD, using IRAK4 inhibitor
PF-06650833 that inhibits signal transduction through
MyD88. First, we found that addition of PF-06650833 to
culture significantly suppressed T-cell production of IFN-γ
after CD3/CD28 stimulation without affecting T-cell pro-
liferative response in vitro (Figure 5A-D). PF-06650833
administered daily for three weeks after allogeneic BMT
significantly ameliorated morbidity and mortality of
GvHD, indicating that MyD88/IRAK4 is a potential phar-
macological therapeutic target of GvHD (Figure 5E and F). 

MyD88 signaling is dispensable for 
graft-versus-leukemia activity of donor T cells
Considering the significant reduction of GvHD in the

absence of MyD88 signaling in donor T cells, it is of inter-
est to evaluate the impact of MyD88 signaling in donor T
cells on GvL effect after allogeneic BMT. Lethally irradiat-
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Figure 3. MyD88 deficient donor T cells skew from Th1, Tc1 and Th17 toward T regulatory cell (Treg) differentiation after allogeneic bone marrow  transplantation
(alloBMT). Mice were transplanted as in Figure 1C. (A-H) Donor T cells harvested from spleens on day +7 were stimulated with PMA/ionomycin and intracellular 
IFN-γ (A-B), IL-17 (C-D), and IL-4 (E-F) were stained. Representative dot plots (A, C, E), frequencies (B, D, F; top panels) means±Standard Error (SE) and absolute num-
bers (B, H, E; bottom panels) (means±SE) of cytokine producing donor T cells are shown. Data from two similar experiments were combined (n=10/group).
Representative dot plots (G), frequencies (H; top panels) (means±SE), and absolute numbers (H; bottom panels) (means±SE) of donor CD4+Foxp3+ Tregs from a rep-
resentative experiment of three similar experiments are shown (n=5/group). *P<0.05; **P<0.01.
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Figure 4. Single TLR blockade is not sufficient to mitigate lethal graft-versus-host disease (GvHD). (A) mRNA from CD4+ T cells, CD8+ T cells, and macrophages of
naïve WT B6 mice was subjected to quantitative polymerase chain reaction of MyD88-related TLRs and cytokine receptors. Data from three similar experiments were
combined and shown as means±Standard Error (SE). (B) Flow cytometric analysis of TLR2 (top panels) and TLR7 on T cells (bottom panels) were performed.
Representative histograms from one of three similar experiments were shown. (C) 5x104 T cells were stimulated with CD3/28 mAb-coated beads in the presence or
absence of TLR-ligands for three days (n=12/group). Absolute numbers of T cells after stimulation from four similar experiments were combined and shown as
means±SE. (D and E) Lethally irradiated B6D2F1 mice were transplanted with 5x106 T cell-depleted bone marrow cells (TCD-BM) cells from WT B6 mice plus 1x106

purified T cells from WT, TLR2-/-, or TLR7-/- B6 donors. Survivals (D) and clinical GvHD scores (E) from two independent experiments are combined and shown
(n=10/group). 

Figure 5. IRAK4 inhibitor PF-06650833 ameliorates graft-versus-host disease (GvHD). (A and B) Sorted 5x104 T cells from B6 mice were incubated with Dynabeads
coated with anti-CD3/CD28 mAbs in the presence or absence of PF-06650833 at a concentration of 20 mM for 96 hours. Representative dot plots (A) and frequency
(B), means±Standard Error (SE), of IFN-γ producing T cells from two similar experiments are combined (n=8/group).  (C and D) T cells were labeled with CellTrace
Violet and stimulated with Dynabeads coated with anti-CD3/CD28 mAbs for 72 hours. Representative histograms (C) and MFI of CellTrace Violet (D) (means±SE)
from one of two similar experiments were shown (n=4/group). (E and F) Mice were transplanted as in Figure 1C. A group of mice were intravenously injected with
12.0 mg/kg PF-06650833 daily from day 0 to day 20 after BMT. Survival curves (E) and clinical GvHD scores (F) from two independent experiments are combined
(n=10/group). Ctrl: control. 
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ed B6D2F1 mice were injected with 5x106 TCD-BM from
WT B6 plus 1x106 T cells from either WT or MyD88-/- B6
mice, with the addition of 1x103 host-type P815 leukemia
cells to the donor inoculum. All allogeneic TCD-BM recip-
ients died from leukemia within two weeks after BMT,
whereas leukemia mortality was significantly suppressed
in the recipients of both WT and MyD88-/- T cells. While
leukemia mortality was not significantly different
between the allogeneic recipients of WT and MyD88-/-

T cells, overall survival time was significantly prolonged in
recipients of MyD88-/- T cells compared to controls, sug-
gesting that MyD88 signaling in donor T cells is dispensa-
ble for GvL effect and T-cell MyD88 is a therapeutic target
of GvHD without GvL reduction (Figure 6A and B).  To
further assess GvL effects, we have performed in vivo bio-
luminescent imaging (BLI)  to track luciferase-transfected
P815 (P815-luc) cells after BMT. Survivals were again sig-
nificantly prolonged in recipients of MyD88-/- T cells com-
pared to those of WT T cells (Figure 6C). Whole body BLI
clearly demonstrated that growth of P815-luc cells were
suppressed both in the recipients of MyD88-/- T cells and
WT T cells, while P815-luc expanded vigorously in the
recipients of TCD-BM alone (Figure 6D). Taken together,
we concluded that GvL effects were preserved without
donor T-cell MyD88 signaling. 

Discussion

The expanding IL-1R/TLR superfamily now consists of
more than ten TLR and IL-1R, IL-18R, and IL-33R. TLR are
expressed on a wide range of myeloid cells such as
macrophages and dendritic cells. However, emerging evi-
dence demonstrates that TLR are also expressed on T
cells.25 Signaling from TLR2, TLR3, TLR5, TLR7/8, and
TLR9 has co-stimulatory role in T-cell activation, leading
to enhancement of proliferation, survival, and differentia-
tion towards Th1, Th17 and memory CD4+ T cells.8,25-28
TLR2 is required for expansion and differentiation of
virus-specific CD8+ memory T cells.29,30  TLR4 engagement
on CD4+ T cells is required for their effector functions in
experimental autoimmune encephalomyelitis.9 Members
of the IL-1R family including IL-1R, IL-18R, and IL-33R are
also expressed in T cells and regulate various 
T-cell functions.7 IL-1R or IL-18R signaling in T cells is
critical for Th1, Th17 and antigen-specific CD8+ T-cell
responses.12,13,31 A previous study demonstrated an
impaired proliferation of MyD88-deficient T cells upon
antigen stimulation.12 However, in our study, prolifera-
tion of WT T cells and MyD88-deficient T cells were com-
parable early after allogeneic transplantation or in vitro
upon CD3/CD28 stimulation, suggesting that the pres-
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Figure 6.  MyD88 signaling in donor T cells is not essential for significant graft-versus-leukemia (GvL) effects. (A and B) Lethally irradiated B6D2F1 mice were trans-
planted with wild-type  (WT) T-cell-depleted bone marrow cells (TCD-BM) alone (n=5) or in combination with either WT (n=11) or MyD88-/- (n=11) T cells from B6
together with 1x103 P815 leukemia cells (H-2Kd+) on day 0. Cumulative leukemia mortality (A) and overall survival (B) after bone marrow transplantation (BMT) from
two experiments are combined. (C and D) Lethally irradiated B6D2F1 mice were transplanted with WT TCD-BM alone (n=10) or in combination with either WT (n=10)
or MyD88-/- (n=10) T cells from B6 donors together with 5x103 P815-luc cells on day 0. Bioluminescent imaging (BLI) was performed weekly after allogeneic BMT.
(C) Overall survival from two independent experiments were combined. (D) The whole body bioluminescent images from 1 of 2 similar experiments are shown. 
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ence of inflammatory milieu or potent co-stimulation
induced robust T-cell proliferation even without T-cell
MyD88 signaling. Although we detected only TLR2,
TLR7, IL-1R, IL-18R, IL-33R but not TLR4, TLR5, or TLR9
in resting T cells, a diverse combination of expression of
the TLR/IL-1R superfamily in T cells including TLR4 and
TLR5 has been demonstrated, indicating that the range of
TLR/IL-1R expression could be context dependent, such
as differentiation and activation status and subtype of T
cells, as well as environmental milieu, such as type of
inflammation and microbiota. 
Although we demonstrated the T-cell co-stimulatory

functions of both TLR2 and TLR7 signaling in vitro,
absence of TLR2 or TLR7 in donor T cells did not change
the severity of GvHD. Our results are consistent with pre-
vious studies showing that neither TLR2 or TLR7 deficien-
cy in donor cells nor pharmacological inhibition of TLR2
altered morbidity and mortality of GvHD.32,33 These results
suggest that TLR have no role in GvHD. IL-18R and IL-
33R signaling in donor T cells has also conflicting roles in
GvHD, depending on the experimental models used and
the timing of administration of their ligands.34-37 Given this
redundancy and conflicting role of each of IL-1R/TLR
superfamily in T cells, we took advantage of MyD88-/- T
cells that enabled us to block most of the signals from
receptors belonging to the TLR/IL-1R superfamily. We
found that MyD88-/-donor T cells showed significantly
impaired survival and differentiation toward Th1, Tc1,
and Th17 cells, while preserving Foxp3+ Treg expansion
after allo-SCT, resulting in significant improvement of
GvHD. This impairment of MyD88-/- T-cell functions after
allo-SCT was confirmed in in vitro culture.  It has been
shown that impairment of Th1, Tc1, and Th17 results in
mitigated GvHD.38  A recent study by Lim et al. showed
that MyD88 deficiency in donor T cells did not ameliorate
GvHD, but decreased GvL using a similar model of BMT,
even though they also showed impaired Th1 differentia-
tion of MyD88-/- T cells after BMT.39 It should be noted
that GvHD of allogeneic controls was less severe with
30% mortality in that study compared to severe GvHD
with 80% mortality in our study. Thus, the mild experi-
mental condition in that study may compromise our see-
ing a reduction in GvHD. GvL activity determined by
leukemia mortality and in vivo BLI was preserved in the
absence of T-cell MyD88, suggesting that T-cell MyD88
signaling plays a more important role on GvHD than on
GvL effects in our model. However, its contribution to
GvHD and GvL may change in allo-SCT following
reduced intensity conditioning, as shown in the Lim et al.
study.39 
Pharmacological inhibition of TLR/IL-1R has been stud-

ied in murine models and clinical studies. Pharmacological
blockade of IL-1/IL-1R or IL-33/IL-33R interaction amelio-
rates experimental GvHD;40 however, a randomized trial

failed to show any protective effect of the IL-1R antago-
nist Anakinra against clinical GvHD.41-43 MyD88 is an
adopter molecule to recruit IRAK to most of the receptors
belonging to the IL-1R/TLR superfamily to relay signals to
downstream proinflammatory pathways.44,45 Given the
redundant roles of a wide range of TLR/IL-1R, inhibition
of multiple TLR/IL-1R signals by MyD88 or IRAK4
inhibitors would be more effective than a single pathway
blockade. We showed that pharmacological inhibition of
MyD88/IRAK4 pathway using IRAK4 inhibitor ameliorat-
ed experimental GvHD. IRAK4 also plays a critical role in
T-cell activation46 and IRAK4-deficient T cells showed sig-
nificantly delayed allogeneic skin graft rejection.46 The
IRAK4 inhibitor could  not only affect donor T cells, but
also donor accessory cells and recipient cells; however, it
has been reported that MyD88 signaling in the donor BM
cells or recipient cells did not enhance GvHD, thus it is
likely that IRAK4 inhibitor ameliorated GvHD by acting
on donor T cells.4,47 There are several MyD88 or IRAK4
inhibitors that demonstrated anti-inflammatory effects in
pre-clinical models. PF-06650833 is one of IRAK4
inhibitors in clinical development, that was previously
tested in a phase I trial for patients with systemic lupus
erythematosus and phase II clinical study for patients with
rheumatoid arthritis is ongoing (https://clinicaltrials.gov/
ct2/show/NCT02996500?term=06650833&rank=3).48,49
In conclusion, our results demonstrate a previously

unrevealed role of T-cell MyD88 signaling in the develop-
ment of GvHD. Because GvL effects were at least pre-
served in the absence of donor MyD88 signaling, the
IRAK-4 inhibitor PF-06650833 is an ideal agent to amelio-
rate GvHD, likely by inhibiting MyD88/IRAK4 signaling
in donor T cells with sparing. Furthermore, the IRAK4
inhibitor is also under development as a therapeutic
reagent against B-cell neoplasms with MyD88 mutation,
indicating that therapeutic or prophylactic administration
of IRAK4 inhibitor after allo-SCT could ameliorate GvHD
with enhancing tumor control of B-cell neoplasms.50
Signaling molecules such as JAK, MEK, AURKA, and
many other molecules that integrate the signals from mul-
tiple receptors of cytokines or growth factors, are promis-
ing therapeutic targets of GvHD.51,52 Given the critical role
of IRAK4 in activation of human T cells, MyD88 and
IRAK4 inhibitors that could inhibit signaling from more
than ten receptors belonging to the TLR/IL-1R superfami-
ly should be tested in clinical studies to explore their pro-
phylactic and therapeutic potentials against GvHD.53
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Respiratory tract infections due to community-acquired respiratory
viruses including respiratory syncytial virus, Influenza, parainfluenza
virus 3 and human metapneumovirus are detected in up to 40% of

allogeneic hematopoietic stem cell transplant recipients in whom they
cause severe symptoms including pneumonia and bronchiolitis and can be
fatal. Given the lack of effective antivirals and the data from our group
demonstrating that adoptively transferred ex vivo-expanded virus-specific T
cells can be clinically beneficial for the treatment of both latent (Epstein-
Barr virus, cytomegalovirus, BK virus, human herpesvirus 6) and lytic (ade-
novirus) viruses, we investigated the potential for extending this
immunotherapeutic approach to respiratory viruses. We now describe a
system that rapidly generates a single preparation of polyclonal (CD4+ and
CD8+) virus-specific T cells reactive against 12 antigens derived from four
viruses (respiratory syncytial virus, Influenza, parainfluenza virus 3 and
human metapneumovirus) that commonly cause post-transplant morbidity
and mortality. With a single in vitro stimulation we consistently generated
Th1-polarized T-cell lines that produced multiple effector cytokines and
were selectively reactive against viral-expressing targets, with no evidence
of “off target” auto- or allo-reactivity. Finally, we demonstrated the clinical
relevance of these virus-specific T cells by measuring responses in trans-
plant recipients who successfully controlled active infections. These results
support the clinical importance of T-cell immunity in mediating protective
antiviral effects against community-acquired respiratory viruses and
demonstrate the feasibility of utilizing a broad-spectrum immunotherapeu-
tic in immunocompromised patients with uncontrolled infections. 

Rapid generation of multivirus-specific 
T lymphocytes for the prevention and 
treatment of respiratory viral infections
Spyridoula Vasileiou, Anne M. Turney, Manik Kuvalekar, Shivani S. Mukhi,
Ayumi Watanabe, Premal Lulla, Carlos A. Ramos, Swati Naik, Juan F. Vera,
Ifigeneia Tzannou and Ann M. Leen 
Center for Cell and Gene Therapy, Baylor College of Medicine, Texas Children’s Hospital
and Houston Methodist Hospital, Houston, TX, USA

ABSTRACT

Introduction

Acute upper and lower respiratory tract infections (RTI) due to community-
acquired respiratory viruses (CARV) including respiratory syncytial virus (RSV),
influenza, parainfluenza virus (PIV) and human metapneumovirus (hMPV) are a
major public health problem.1 For example, RSV-induced bronchiolitis is the most
common reason for hospital admission in children under one year of age,2-4 while
the Center for Disease Control (CDC) estimates that, annually, Influenza accounts
for up to 35.6 million illnesses worldwide, between 140,000 and 710,000 hospital-
izations, annual costs of approximately $87.1 billion in disease management in the
US alone, and between 12,000 and 56,000 deaths. 
Thus, CARV are a leading cause of morbidity and mortality worldwide, with indi-

viduals whose immune systems are naïve (e.g. young children) or compromised being
the most vulnerable. For example, in allogeneic hematopoietic stem cell transplant
(HSCT) recipients, the incidence of CARV-related respiratory viral diseases is as high
as 40%.5 While most patients initially present with rhinorrhea, cough and fever, in
approximately 50% of cases, infections progress to the lower respiratory tract and are
characterized by severe symptoms including pneumonia and bronchiolitis and mor-
tality rates of 23-50%.6-9 There are neither approved preventative vaccines nor antivi-
ral drugs for hMPV10 and PIV11 and for Influenza the preventative vaccine is not indi-



cated unless patients are at least six months post-HSCT.12
Aerosolized ribavirin (RBV) has been approved by the US
Food and Drug Administration  (FDA) for the treatment of
RSV, but it is extremely costly (5-day course = $149,756) and
logistically difficult to administer, requiring a specialized
nebulization device that connects to an aerosol tent sur-
rounding the patient.13-16  Thus, the lack of approved antiviral
agents for many clinically problematic CARV, and the high
cost and complexity of administering aerosolized RBV,
underscores the need for alternative treatment strategies. 
Our group has previously demonstrated that the adop-

tive transfer of in vitro-expanded virus-specific T cells
(VST) can safely and effectively prevent and treat infec-
tions associated with both latent [Epstein-Barr virus (EBV),
cytomegalovirus (CMV), BK virus (BKV), human her-
pesvirus 6 (HHV6)] and lytic [adenovirus (AdV)] viruses in
allogeneic HSCT recipients.17,18 Given that susceptibility
to CARV is associated with underlying cellular immune
deficiency,1,5,6 in the current study, we explored the feasi-
bility of extending the therapeutic range of VST therapy to
include Influenza, RSV, hMPV and PIV-3. 
We here describe a mechanism by which we can rapidly

generate a single preparation of polyclonal (CD4+ and
CD8+) VST with specificity for 12 immunodominant anti-
gens derived from our four target viruses using Good
Manufacturing Practices (GMP)-compliant manufacturing
methodologies. The viral proteins used for stimulation
were chosen on the basis of both their immunogenicity to
T cells and their sequence conservation.19-21 The expanded
cells are Th1-polarized, polyfunctional and selectively able
to react to and kill, viral antigen-expressing target cells
with no activity against non-infected autologous or allo-
geneic targets, attesting to both their selectivity for viral
targets and their safety for clinical use. We anticipate such
multi-respiratory virus-targeted cells (multi-R-VST) will
provide broad spectrum benefit to immunocompromised
individuals with uncontrolled CARV infections.

Methods 

Donors and cell lines
Peripheral blood mononuclear cells (PBMC) were obtained from

healthy volunteers and HSCT recipients with informed consent
using Baylor College of Medicine institutional review board-
approved protocols (H-7634, H-7666) and were used to generate
phytohemagglutinin (PHA) blasts and multi-R-VST. PHA blasts
were generated as previously reported20 and cultured in VST medi-
um [45% RPMI 1640 (HyClone Laboratories, Logan, UT, USA),
45% Click’s medium (Irvine Scientific, Santa Ana, CA, USA), 2 mM
GlutaMAX TM-I (Life Technologies, Grand Island, New York, NY,
USA), and 10% human AB serum (Valley Biomedical, Winchester,
VA, USA)] supplemented with interleukin 2 (IL2) (100 U/mL; NIH,
Bethesda, MD, USA), which was replenished every two days.

Multi-respiratory virus-targeted cell generation
Pepmixes
Peripheral blood mononuclear cells were stimulated with peptide
libraries (15mers overlapping by 11aa) spanning Influenza A (NP1,
MP1), RSV (N, F), hMPV (F, N, M2-1, M) (JPT Peptide
Technologies, Berlin, Germany) and PIV-3 antigens (M, HN, N, F)
(Genemed Synthesis, San Antonio, TX, USA). Lyophilized pep-
mixes were reconstituted in dimethyl sulfoxide (DMSO) (Sigma-
Aldrich) and stored at -80°C. 

Generation of virus-specific T cells
To generate multi-R-VST, PBMC (2.5x107) were transferred to a G-
Rex10 (Wilson Wolf Manufacturing Corporation, St. Paul, MN,
USA) with 100 mL of VST medium supplemented with IL7 (20
ng/mL), IL4 (800 U/mL) (R&D Systems, Minneapolis, MN, USA)
and pepmixes (2 ng/peptide/mL) and cultured for 10-13 days at
37°C, 5% CO2. 

Flow cytometry
Immunophenotyping

Multi-R-VST were surface-stained with monoclonal antibodies
to: CD3, CD25, CD28, CD45RO, CD279 (PD-1) [Becton
Dickinson (BD), Franklin Lakes, NJ, USA], CD4, CD8, CD16,
CD62L, CD69 (Beckman Coulter, Brea, CA, USA) and CD366
(TIM-3) (BioLegend, San Diego, CA, USA). Cells were acquired on
a Gallios™ Flow Cytometer and analyzed with Kaluza® Flow
Analysis Software (Beckman Coulter). See Online Supplementary
Appendix for details.

Intracellular cytokine staining 
Multi-R-VST were harvested, resuspended in VST medium

(2x106/mL) and 200 mL added per well of a 96-well plate. Cells
were incubated overnight with 200 ng of individual test or control
(irrelevant non-viral, e.g. SURVIVIN, WT1) pepmixes, along with
Brefeldin A (1 mg/mL), monensin (1 mg/mL), CD28 and CD49d (1
mg/mL) (BD). Intracellular cytokine staining (ICS) for IFNγ and
TNFα was performed as described in the Online Supplementary
Appendix. 

FoxP3 staining
FoxP3 staining was performed using the eBioscience FoxP3 kit

(Thermo Fisher Scientific, Waltham, MA, USA), per manufactur-
ers’ instructions and as detailed in the Online Supplementary
Appendix. 

Functional studies

Enzyme-linked immunospot
Enzyme-linked immunospot (ELIspot) analysis was used to

quantitate the frequency of IFNγ and Granzyme B-secreting cells.
PBMC and multi-R-VST were resuspended at 5x106 and 2x106

cells/mL, respectively, in VST medium and 100 mL of cells added
to each ELIspot well. Antigen-specific activity was measured as
previously described after direct stimulation (500 ng/peptide/mL)
with the individual test or control pepmixes. See the Online
Supplementary Appendix for more details.

Multiplex
The multi-R-VST cytokine profile was evaluated using the MIL-

LIPLEX High Sensitivity Human Cytokine Panel (Millipore,
Billerica, MA, USA), per manufacturer’s instructions (see the
Online Supplementary Appendix). 

Chromium release assay
A standard 4-hour chromium (Cr51) release assay was used to

measure the specific cytolytic activity of multi-R-VST with
autologous antigen-loaded PHA blasts as targets (20 ng/pep-
mix/1x106 target cells). Effector:Target (E:T) ratios of 40:1, 20:1,
10:1, and 5:1 were used to analyze specific lysis. The percent-
age of specific lysis was calculated [(experimental release -
spontaneous release)/(maximum release - spontaneous release)]
x 100. In order to measure the autoreactive and alloreactive
potential of multi-R-VST lines, autologous and allogeneic PHA
blasts alone were used as targets.
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Results

Generation of polyclonal multi-respiratory 
virus-targeted cells from healthy donors
To investigate the feasibility of generating VST-specific

T-cell lines containing sub-populations of cells reactive
against Influenza, RSV, hMPV, and PIV-3 we utilized a
pool of overlapping peptide libraries spanning immuno-
genic antigens from each of the target viruses (Influenza –
NP1 and MP1; RSV – N and F; hMPV – F, N, M2-1 and M;
PIV-3 – M, HN, N and F)  to stimulate PBMC before cul-
ture in a G-Rex10 in cytokine-supplemented VST medium
(Figure 1A). Over 10-13 days we achieved an average 8.5-
fold increase in cells (Figure 1B) [increase from 0.25x107

PBMC/cm2 to mean 1.9±0.2x107 cells/cm2 (median:
2.05x107, range: 0.6-2.82x107 cells/cm2; n=12)], which
were comprised almost exclusively of CD3+ T cells
(96.2±0.6%; mean±SEM), with a mixture of cytotoxic
(CD8+; 18.1±1.3%) and helper (CD4+ ; 74.4±1.7%) T cells
(Figure 1C), with no evidence of regulatory T-cell out-
growth, as assessed by CD4/CD25/FoxP3+ staining
(Online Supplementary Figure S1). Furthermore, the expand-
ed cells displayed a phenotype consistent with effector
function and long-term memory as evidenced by upregu-
lation of the activation markers CD25 (50.2±3.8%), CD69
(52.8±6.3%), CD28 (85.8±2%) as well as expression of
central (CD45RO+/CD62L+: 61.4±3%) and effector mem-
ory markers (CD45RO+/CD62L−: 20.3±2.3%), with mini-
mal PD1 (6.9±1.4%) or Tim3 (13.5±2.3%) surface expres-
sion (Figure 1C and D). 

Anti-viral specificity of multi-respiratory virus-targeted
cells 
To next determine whether the expanded populations

were antigen-specific, we performed an IFNγ ELIspot assay
using each of the individual stimulating antigens as an
immunogen. All 12 lines generated proved to be reactive
against all of the target viruses (Table 1 and Online
Supplementary Figure S2). Figure 2A summarizes the magni-
tude of activity against each of the stimulating antigens,
while Online Supplementary Figure S3 shows the response of
our expanded VST to titrated concentrations of viral anti-
gen. Of note, over the 10-13 days in culture we achieved an
enrichment in VST of between 14.6±4.3-fold (PIV-3-HN)
and 50.4±9.9-fold (RSV-N) (Figure 2B). The precursor fre-
quencies of CARV-reactive T cells within donor PBMC are
summarized in Online Supplementary Figures S4 and S5.
Taken together these data suggest that respiratory VST
reside in the memory pool and can be readily amplified ex
vivo using GMP-compliant manufacturing methodologies.
To next evaluate whether viral specificity was contained

within the CD4+ or CD8+ or both T-cell subsets we per-
formed ICS, gating on CD4+ and CD8+ IFNγ-producing
cells. Figure 2C shows representative results from one
donor with activity against all four viruses detected in
both T-cell compartments [(CD4+: Influenza – 5.28%; RSV
– 11%; hMPV – 6.57%; PIV-3 – 3.37%), (CD8+: Influenza
– 2.26%; RSV – 4.36%; hMPV – 2.69%; PIV-3 – 2.16%)]
while Figure 2D shows a summary of results for nine
donors screened, confirming that our multi-R-VST are
polyclonal and poly-specific.
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Figure 1. Generation of polyclonal multi-respiratory virus-targeted cells (multi-R-VST) from healthy donors. (A) A schematic representation of the multi-R-VST gener-
ation protocol. (B) Fold expansion achieved over a 10-13 day period based on cell counting using trypan blue exclusion (n=12).  (C and D) Phenotype of the expanded
cells (mean±Standard Error of Mean, n=12) (SEM).

A

C

B

D



Functional characterization of multi-respiratory 
virus-targeted cells 
The production of multiple proinflammatory cytokines

and expression of effector molecules has been shown to
correlate with enhanced cytolytic function and improved
in vivo T-cell activity. Hence, we next examined the
cytokine profile of our multi-R-VST following antigen
exposure. The majority of IFNγ-producing cells also pro-
duced TNFα (see Figure 3A for detailed ICS results from 1
donor, and Figure 3B, for summary results for 9 donors), in
addition to GM-CSF, as measured by Luminex array
(Figure 3C, left panel) with baseline levels of prototypic
Th2/suppressive cytokines (Figure 3C, right panel).
Furthermore, upon antigenic stimulation our cells pro-
duced the effector molecule Granzyme B, suggesting the
cytolytic potential of these expanded cells (Figure 3D,
n=9). Taken together, these data demonstrate the Th1-
polarized and polyfunctional characteristics of our multi-
R-VST.

Multi-respiratory virus-targeted cells are cytolytic and
kill virus-loaded targets
To investigate the cytolytic potential of these expanded

cells in vitro, we co-cultured multi-R-VST with autologous
Cr51-labeled PHA blasts, which were loaded with viral
pepmixes with unloaded PHA blasts serving as a control.
Viral antigen-loaded targets were specifically recognized
and lysed by our expanded multi-R-VST (40:1 E:T -
Influenza: 13±5%, RSV: 36±8%, hMPV: 26±7%, PIV-3:
22±5%, n=8) (Figure 4A and Online Supplementary Figure
S6). Finally, even though these VST had received only a
single stimulation, there was no evidence of activity
against non-infected autologous targets nor of alloreactiv-
ity (graft-versus-host potential) using HLA-mismatched
PHA blasts as targets (Figure 4B),  an important considera-
tion if these cells are to be administered to allogeneic
HSCT recipients.

Detection of CARV-specific T cells in hematopoietic
stem cell transplant recipients
Finally, to assess the potential clinical relevance of

multi-R-VST we investigated whether allogeneic HSCT
recipients with active/recent CARV infections exhibited
elevated levels of reactive T cells during/following an
active viral episode. Figure 5A shows the results of Patient
#1, a 64-year old male with acute myeloid leukemia
(AML) who received a matched related donor (MRD)
transplant with reduced intensity conditioning. The
patient developed a severe upper respiratory tract infec-
tion (URTI) nine months post-HSCT that was confirmed
to be RSV-related by polymerase chain reaction (PCR)
analysis. He was not on any immunosuppression at the
time of infection but was placed on prednisone the day of
infection diagnosis to control pulmonary inflammation.
Within four weeks his symptoms resolved without spe-
cific antiviral treatment. To assess whether T-cell immu-
nity contributed to viral clearance, we analyzed the circu-
lating frequency of RSV-specific T cells over the course of
his infection. Immediately prior to infection this patient
exhibited a very weak response to the RSV antigens N
and F (6.5 SFC/5x105 PBMC). However, within a month
of viral exposure, RSV-specific T cells had expanded in
vivo (527 SFC/5x105 PBMC), representing an 81-fold
increase in reactive cells  (Figure 5A) which declined
thereafter, coincident with viral clearance. Of note, the
observed RSV-specific responses did not follow the over-
all increase in lymphocyte/CD4+ counts, thus indicating
that T-cell expansion was virus-driven and not due to
general immune reconstitution. Similarly, Patient #2, a 23-
year old male with acute lymphoblastic leukemia (ALL)
who received a matched unrelated donor (MUD) trans-
plant with myeloablative conditioning, and developed a
severe RSV-related URTI five months post HSCT while
on tapering doses of tacrolimus. His infection sympto-
matically resolved within one week, coincident with the
administration of ribavirin. To investigate whether
endogenous immunity also played a role in viral clearance
we monitored reactive T-cell numbers over time. Viral
clearance was accompanied by an increase in the circulat-
ing frequency of RSV-specific T cells (peak 93 SFC/5x105

PBMC) with subsequent return to baseline levels (Figure
5B). The same patient was hospitalized seven months
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Table 1. Reactivity of expanded virus-specific T cells lines against individual stimulating antigens.



post transplant for a subsequent pneumococcal pneumo-
nia with concurrent detection (by PCR) of hMPV in spu-
tum. His pneumonia was treated with antibiotics with
subsequent resolution of disease and viral clearance, coin-
cident with a marked expansion of hMPV-specific T cells
(reactive against F, N, M2-1 and M), which increased from
4 SFC to a peak of 70 SFC and subsequent decline to base-
line levels (Figure 5C). Again, the observed RSV-and
hMPV-specific responses were independent of the overall
increase in lymphocyte/CD4+ counts. 

Online Supplementary Figure S7 shows the results of
three additional HSCT recipients who developed CARV
infections. Patient #3 is a 15-year old female with AML
who received a haplo-identical transplant with reduced
intensity conditioning, and developed an RSV-induced
URTI and LRTI while on tacrolimus five weeks post
transplant. The patient was administered ribavirin and
the infection resolved within four weeks. We monitored
RSV-reactive T cells over time and viral clearance coincid-
ed with a striking increase in the frequency of RSV-specif-
ic T cells (from 0 to 506 SFC/5x105 PBMC) (Online

Supplementary Figure S7A). Similarly, Patient #4, a 10-year
old male patient with ALL who received a MUD trans-
plant with myeloablative conditioning, developed a PIV3-
related URTI and LRTI one month after HSCT while on
tacrolimus. His infection symptomatically resolved with-
in five weeks, coincident with the administration of rib-
avirin. To investigate whether endogenous immunity also
played a role in viral clearance, we monitored PIV3-reac-
tive T-cell numbers over time. Viral clearance was accom-
panied by an increase in the circulating frequency of T
cells specific for the PIV-3 antigens M, HN, N and F (peak
38 SFC/5x105 PBMC) with subsequent decline (Online
Supplementary Figure S7B). Finally, we show Patient #5, a
3-year old male with chronic granulomatous disease who
received a MRD transplant with myeloablative condition-
ing and developed a severe PIV-3-related URTI four
months post HSCT while on cyclosporine. The patient
received ribavirin but (at last timepoint assessed) contin-
ued to exhibit disease symptoms and failed to demon-
strate PIV-3-specific T cells  (Online Supplementary Figure
S7C). Taken together, these data suggest the in vivo rele-
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Figure 2. Specificity and enrichment of multi-res-
piratory virus-targeted cells (multi-R-VST). (A) The
specificity of virus-reactive T cells within the
expanded T-cell lines following exposure to individ-
ual stimulating antigens from each of the target
viruses. Data are presented as mean± Standard
Error of Mean (SEM) SFC/2x105 (n=12). (B)  Fold
enrichment of specificity [peripheral blood
mononuclear cels (PBMC) vs. multi-R-VST; n=12].
(C) IFNγ production, as assessed by ICS from CD4
helper (top) and CD8 cytotoxic T cells (bottom)
after viral stimulation in one representative donor
(dot plots were gated on CD3+ cells). (D) Summary
results for nine donors screened (mean±SEM).
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vance of CARV-specific T cells in the control of viral
infections in immunocompromised patients.

Discussion

In the present study, we explored the feasibility of target-
ing multiple clinically problematic respiratory viruses using
ex vivo expanded T cells. We have now shown that we can
rapidly generate polyclonal, CD4+ and CD8+ T cells with
specificities directed to a total of 12 antigens derived from
four seasonal CARV [Influenza, RSV, hMPV and PIV-3] that
are responsible for upper and lower respiratory tract infec-
tions in the immunocompromised host. These broad spec-

trum VST, generated using GMP-compliant methodologies,
were Th1-polarized, produced multiple effector cytokines
upon stimulation, and killed virus-infected targets without
auto- or allo-reactivity. Finally, the detection of reactive T-
cell populations in the peripheral blood of allogeneic HSCT
recipients who successfully cleared active CARV infections
suggests the potential for clinical benefit following the
adoptive transfer of such multi-R-VST. 
Community-acquired respiratory virus-associated acute

upper and lower RTI are a major public health problem
with young children, the elderly and those with sup-
pressed or compromised immune systems being the most
vulnerable.1-3 These infections are associated with symp-
toms including cough, dyspnea, and wheezing, and

S. Vasileiou et al.

240 haematologica | 2020; 105(1)

Figure 3. Multi-respiratory virus-targeted cells (multi-R-VST) are polyclonal and
polyfunctional. (A)  Dual IFNγ and TNFα production from CD3+ T cells as assessed
by intracellular cytokine staining (ICS) in one representative donor. (B) Summary of
results from nine donors screened [mean±Standard Error of Mean (SEM)]. (C)
Cytokine profile of multi-R-VST as measured by multiplex bead array. (D)
Assessment of the production of Granzyme B by ELIspot assay. Results are reported
as SFC/2x105 input VST (mean±SEM, n=9).
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dual/multiple co-existing infections are common, with fre-
quencies that may exceed 40% among children under 5-
years of age and are associated with increased risk of mor-
bidity and hospitalization.22-26 Among immunocompro-
mised allogeneic HSCT recipients up to 40% experience
CARV infections that can range from mild (associated
symptoms including rhinorrhea, cough and fever) to
severe (bronchiolitis and pneumonia) with associated
mortality rates as high as 50% in those with LRTI.5-9 The
therapeutic options are limited. For hMPV and PIV-3, there
are currently no approved preventative vaccines nor ther-
apeutic antiviral drugs, while the off-label use of the
nucleoside analog RBV and the investigational use of
DAS-181 (a recombinant sialidase fusion protein) have
had limited clinical impact.10,11,27,28 The preventative annual
Influenza vaccine is not recommended for allogeneic
HSCT recipients until at least six months post transplant
(and excluded in recipients of intensive chemotherapy or
anti-B-cell antibodies), while neuraminidase inhibitors are
not always effective for the treatment of active infec-
tions.12 For RSV, aerosolized RBV is FDA-approved for the
treatment of severe bronchiolitis in infants and children,
and it is also used off-label for the prevention of upper or
lower RTI and treatment of RSV pneumonia in HSCT
recipients.13,15,16   However, its widespread use is limited by

the cumbersome nebulization device and ventilation sys-
tem required for drug delivery, as well as the considerable
associated cost. For example, in 2015, aerosolized RBV
cost $29,953 per day, with five days representing a typical
treatment course.14 Thus, the lack of approved treatments
combined with the high cost of antiviral agents led us to
explore the potential for using adoptively-transferred T
cells to prevent and/or treat CARV infections in this
patient population.
The pivotal role of functional T-cell immunity in medi-

ating viral control of CARV has only recently attracted
attention. For example, a retrospective study of 181 HSCT
patients with RSV URTI, reported lymphopenia (defined
as ALC ≤100/mm3) as a key determinant in identifying
patients whose infections would progress to LRTI, while
RSV neutralizing antibody levels were not significantly
associated with disease progression.29 Furthermore, in a
recent retrospective analysis of 154 adult patients with
hematologic malignancies with or without HSCT treated
for RSV LRTI, lymphopenia was significantly associated
with higher mortality rates.30 Both of these studies are sug-
gestive of the importance of cellular immunity in mediat-
ing protective immunity in vivo.
Our group has previously demonstrated the feasibility

and clinical utility of ex vivo-expanded VST to treat a range
of clinically problematic viruses including the latent virus-
es CMV, EBV, BKV, HHV-6 and AdV.17,31-33 Our initial stud-
ies (and those of others)34-37 explored the safety and activi-
ty of donor-derived T-cell lines, but more recently we
have developed an “off the shelf” universal T-cell platform
whereby VST specific for all five viruses (CMV, EBV, BKV,
HHV-6, AdV) were prospectively generated and banked,
thus ensuring their immediate availability for administra-
tion to immunocompromised patients with uncontrolled
infections. Indeed, in our recent phase II clinical trial, we
administered these partially HLA-matched VST to 38
patients with a total of 45 infections that had proven
refractory to conventional antiviral agents and achieved an
overall response rate of 92%, with no significant toxicity.18
This precedent of clinical success using adoptively trans-
ferred T cells, as well as the absence of effective therapies
for a range of CARV, prompted us to explore the potential
for extending the therapeutic scope of VST therapy to
Influenza, RSV, hMPV and PIV-3 infections post HSCT. In
this context, one could consider the option of prophylactic
VST administration seasonally to high-risk patients [e.g.
young (<5 years) and elderly adults, patients with
impaired immune systems]. Alternatively, these cells
could be used therapeutically in patients with URTI who
have failed conventional antiviral medications in order to
prevent LRT progression. 
Thus, using our established, GMP-compliant VST man-

ufacturing methodology, we demonstrated the feasibility
of generating VST reactive against a spectrum of CARV-
derived antigens chosen on the basis of both their
immunogenicity to T cells and their sequence conserva-
tion [Influenza – NP1 and MP1;20,38,39 RSV – N and F;15,16,20
hMPV – F, N, M2-1 and M;21 PIV3 – M, HN, N and F19]
from 12 donors with diverse haplotypes. The expanded
cells were polyclonal (CD4+ and CD8+), Th1-polarized and
polyfunctional, and were able to lyse viral antigen-
expressing targets while sparing non-infected autologous
or allogeneic targets, attesting to both their virus specifici-
ty and their safety for clinical use. Finally, to assess the
clinical significance of these findings we examined the
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Figure 4. Multi-respiratory virus-targeted cells (multi-R-VST) are exclusively
reactive against virus-infected targets. (A)  Cytolytic potential of multi-R-VST
evaluated by standard 4-hour Cr51 release assay using autologous pepmix-
pulsed PHA blasts as targets (E:T 40:1; n=8) with unloaded phytohemagglutinin
(PHA)  blasts as a control.  Results are presented as percentage of specific lysis
(mean±SEM).  (B) Demonstration that multi-R-VST show no activity against
either non-infected autologous or allogeneic PHA blasts, as assessed by Cr51

release assay.
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peripheral blood of five allogeneic HSCT recipients with
active RSV, hMPV and PIV-3 infections. Four of these
patients successfully controlled the viruses within 1-5
weeks, coincident with an amplification of endogenous
reactive T cells and subsequent return to baseline levels
upon viral clearance, while one patient failed to mount an
immune response against the infecting virus and has
equally failed to clear the infection to date. These data
suggests that the adoptive transfer of ex vivo-expanded
cells should be clinically beneficial in patients whose own
cellular immunity is lacking.
In conclusion, we have shown that it is feasible to rap-

idly generate a single preparation of polyclonal multi-res-
piratory (multi-R)-VST with specificities directed to
Influenza, RSV, hMPV and PIV-3 in clinically relevant
numbers using GMP-compliant manufacturing method-

ologies. These data provide the rationale for a future clin-
ical trial of adoptively transferred multi-R-VST for the pre-
vention or treatment of CARV infections in immunocom-
promised patients.
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Figure 5. Detection of respiratory virus-tar-
geted (RSV)- and human metapneumovirus
(hMPV)-specific T cells in the peripheral
blood of hematopoietic stem cell transplant
(HSCT) recipients. Peripheral blood
mononuclear cells (PBMC) isolated from two
HSCT recipients with three infections were
tested for specificity against the infecting
viruses, using IFNγ ELIspot as a readout. (A
and B) Results from two patients with RSV-
associated upper respiratory tract infection
(URTI) which was controlled, coincident with
a detectable rise in endogenous RSV-specif-
ic T cells. (C) Clearance of an hMPV-lower
respiratory tract infection (LRTI) with expan-
sion of endogenous hMPV-specific T cells.
ALC: absolute lymphocyte count. 
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The origin of a name that reflects Europe’s cultural roots.

          aÂma [haima] = blood 
       a·matow [haimatos] = of blood
       lÒgow [logos]= reasoning

       haematologicus (adjective) = related to blood

      haematologica (adjective, plural and neuter,
      used as a noun) = hematological subjects

      The oldest hematology journal, 
      publishing the newest research results. 

                               2018 JCR impact factor = 7.570

Ancient Greek

Scientific Latin

Scientific Latin

Modern English

haematologica
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