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Normal hematopoiesis can be disrupted by the leukemic bone mar-
row microenvironment, which leads to cytopenia-associated
symptoms including anemia, hemorrhage and infection.

Thrombocytopenia is a major and sometimes fatal complication in
patients with acute leukemia. However, the mechanisms underlying
defective thrombopoiesis in leukemia have not been fully elucidated. In
the steady state, platelets are continuously produced by megakaryocytes.
Using an MLL-AF9-induced acute myeloid leukemia mouse model, we
demonstrated a preserved number and proportion of megakaryo cyte-
primed hematopoietic stem cell subsets, but weakened megakaryo cytic
differentiation via both canonical and non-canonical routes. This prima-
rily accounted for the dramatic reduction of megakaryocytic progenitors
observed in acute myeloid leukemia bone marrow and a severe disrup-
tion of the maturation of megakaryocytes. Additionally, we discovered
overproduction of interleukin-4 from bone marrow endothelial cells in
acute myeloid leukemia and observed inhibitory effects of interleukin-4
throughout the process of megakaryopoiesis in vivo. Furthermore, we
observed that inhibition of interleukin-4 in combination with induction
chemotherapy not only promoted recovery of platelet counts, but also
prolonged the duration of remission in our acute myeloid leukemia
mouse model. Our study elucidates a new link between interleukin-4 sig-
naling and defective megakaryopoiesis in acute myeloid leukemia bone
marrow, thereby offering a potential therapeutic target in acute myeloid
leukemia.
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ABSTRACT

Introduction

Historical data have revealed that the majority of patients with leukemia die of
cytopenia-associated complications including infection and hemorrhage.1,2

Progressive suppression of normal hematopoiesis is the major cause of cytopenias
in leukemias and other malignancies.3 Normal hematopoiesis is more seriously
compromised than leukemic hematopoiesis in acute myeloid leukemia (AML),
even with a low leukemia cell burden.4 Maintenance of normal hematopoietic
homeostasis depends on the bone marrow (BM) microenvironment, which is the
site where hematopoietic stem cells (HSC) reside and are regulated through inter-
cellular contacts and signaling molecules.5 Interactions between leukemic cells and
the BM microenvironment are attracting intense attention. Studies have shown
that leukemia causes significant changes in a variety of cells and cytokines in the
BM microenvironment, which impair the function of supporting normal



hematopoiesis.3,6-9 Utilizing a congenic AML mouse
model, we recently investigated dynamic changes in nor-
mal hematopoietic stem and progenitor cell (HSPC) num-
bers and cell cycling.10 Our findings suggested that the
AML microenvironment suppressed proliferation and dif-
ferentiation of normal HSPC, in line with conclusions
from another study based on a xenograft AML model.11

Notably, from among all the HSPC subpopulations inves-
tigated, megakaryocytic-erythroid progenitors were the
most affected. Subsequently, we observed the inhibitory
effects of CCL3 from the AML microenvironment on ery-
thropoiesis.12 Strikingly, CCL3 acted on megakaryocytic-
erythroid progenitors rather than HSC, and specifically
suppressed erythropoiesis without affecting megakaryo -
poiesis.12 How the path from HSC to megakaryocytes
(MK) was influenced by the AML BM microenvironment
remains to be defined. 

Thrombocytopenia is a major and sometimes even
fatal complication of acute leukemia.3,13 It has been esti-
mated that thrombocytopenia occurs in approximately
75% of all leukemia patients, with one-third of them
having clinically significant bleeding.14,15 In healthy indi-
viduals, functional platelets are produced on a daily basis
by mature MK, which originate from multipotent HSPC.
Thrombopoietin is recognized as the principal regulatory
cytokine throughout the process of megakaryopoiesis.16

An elegant study by Rauch et al.17 attributed thrombocy-
topenia in AML patients to thrombopoietin scavenging
by MPLhi leukemic blasts and proposed the MPLhi state as
an indicator for more severe thrombocytopenia at diag-
nosis. However, despite its demonstrated effects in alle-
viating chemotherapy-associated thrombocytopenia in
patients with solid tumors, thrombopoietin did not work
well for acute leukemia patients who underwent
chemotherapy or hematopoietic stem cell transplanta-
tion.18 These phenomena suggest that the mechanism of
thrombocytopenia is much more complicated in AML,
and cannot be simply explained by chemotherapy-
induced injury or a paucity of thrombopoietin.
Thrombocytopenia may be a prolonged state due to the
profound influence of leukemia on the process of
megakaryopoiesis and thrombopoiesis, and on the BM
microenvironment which tightly regulates
hematopoiesis. In fact, recent studies have indicated that
the perturbation of the BM microenvironment of
leukemic hosts cannot be completely cured by current
therapies, even if the leukemic burden is substantially
reduced.7,19 Thus, a thorough analysis of megakaryo -
poiesis and thrombopoiesis during leukemia develop-
ment is required to search for detrimental factors in the
leukemic microenvironment that could serve as potential
therapeutic targets for these processes. In the classical
hierarchical model of hematopoiesis, MK and erythro-
cytes share common progenitors.20 However, recent stud-
ies suggest that MK can be generated directly by an
upstream HSC subpopulation, independently of other
lineage fates.21,22 The alterations along the path from HSC
to MK in AML are still unknown. 

In the present study, we used an MLL-AF9-induced
AML mouse model to analyze the dynamic changes of
HSPC with MK potential. We found that thrombocy-
topenia in AML was caused primarily by reduced
megakaryocytic differentiation of CD150+ HSC and
defective maturation of MK. Furthermore, we detected
elevated interleukin-4 (IL-4) levels in AML BM, which

were found to inhibit megakaryopoiesis and throm-
bopoiesis in vivo. Finally, we observed that inhibition of
IL-4 combined with chemotherapy attenuated leukemia
progression as well as thrombocytopenia in our AML
mouse model.

Methods

Mice
C57BL/6-Ly5.1 (Ly5.1) and C57BL/6-Ly5.2 (Ly5.2) mice were

purchased from the State Key Laboratory of Experimental
Hematology (SKLEH). R26-tdTomato mice23 were purchased
from Jackson Laboratory and actin-eGFP mice24 were kindly pro-
vided by Dr. Bing Liu (Academy of Military Medical Sciences,
Beijing, China). Mice experiments were approved by the
Institutional Animal Care and Use Committee of SKLEH.

Flow cytometry
Details of the staining and enrichment procedures for flow

cytometry have been described previously.25 Intracellular von
Willebrand factor (vWF) and Ki67 staining was performed using
a BD IntraSureTM Kit (BD Biosciences, Franklin Lakes, NJ, USA).
Cell surface markers for phenotypic analyses of hematopoietic
and niche cells are listed in Online Supplementary Table S1. The
antibodies used are listed in Online Supplementary Table S2.

Acquisition of bone marrow niche cells
Cells were isolated following a previously described proto-

col.26 Immunophenotyping and antibodies are listed in Online
Supplementary Table S1 and Online Supplementary Table S2,
respectively.

Bone sectioning and immunofluorescence imaging
Femora were fixed in 4% paraformaldehyde and dehydrated

in 30% sucrose at 4°C prior to being embedded in optimal cut-
ting temperature compound and frozen. For two-dimensional
imaging, frozen femora were then cut into 5 µm sections using
a cryostat and stained according to the Kawamoto method.27

Images were acquired using a UltraView VOX confocal micro-
scope (PerkinElmer, Waltham, MA, USA) and analyzed by
Volocity. 

Enzyme-linked immunosorbent assays
BM supernatants were prepared by flushing femora and tibiae

of leukemic and control mice with 0.5 mL phosphate-buffered
saline. Enzyme-linked immunosorbent assays for IL-4 (R&D
Systems, Minneapolis, MN, USA) were performed according to
the manufacturer’s instructions. The concentrations were calcu-
lated using standard curves.

Isolation of bone marrow megakaryocytes 
BM cells were flushed out and incubated with CD41-APC

antibody for 15 min on ice. CD41+ cells were then enriched
using anti-CD41 microbeads and incubated in Dulbecco modi-
fied Eagle medium supplemented with 10% fetal bovine serum
and 10 μg/mL Hoechst 33342 at 37°C for 1 h. MK were sorted
as SSChigh, CD41high, ploidy ≥8N cells through a 100 μm nozzle.

Microarray analysis
The microarray was performed at Cnkingbio Company

(Beijing, China). Gene set enrichment analysis was performed
using GSEA v2.2.0. The microarray data have been deposited in
the NCBI’s Gene Expression Omnibus under accession number
GSE112942. 
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Statistics
Unless otherwise stated, data are expressed as mean or mean

± standard error of the mean as indicated. P values were gener-
ated using an unpaired Student t-test and analysis of variance.
GraphPad Prism and IBM SPSS Statistics software were used for
the statistical analyses.

Results

Megakaryocytic differentiation from hematopoietic
stem cells via both canonical and non-canonical
routes was markedly inhibited in acute myeloid
leukemia bone marrow

To elucidate the perturbation of the orchestrated
process of thrombopoiesis in AML, we used a non-irradi-
ated MLL-AF9-induced AML mouse model (Online
Supplementary Figure S1A).10 AML mice exhibited a pro-
gressive decrease of platelets during leukemia develop-
ment. On day 14, when leukemic infiltration exceeded
80% of the whole BM, platelet counts were reduced to
~14% of the normal level (Online Supplementary Figure
S1B). Meanwhile, we detected simultaneous loss of BM
MK using a flow cytometry gating strategy introduced by
Heazlewood et al.28 (Online Supplementary Figure S1C, D).
These results suggested that our AML mouse model
could mimic the thrombocytopenic process that occurs in
patients with AML. 

The developmental landscape of BM MK has not been
fully understood. It was estimated that approximately
half of all MK progenitors (MkP) were from long-term
(LT)-HSC which contributed little to other lineages29 in
native hematopoiesis, and the other half were from mul-
tipotent progenitors (MPP), especially MPP2.21 Thus, we
decided to measure the numbers and proportions of these
MK-primed subpopulations during the progression of
AML (Figure 1A).

For ease of comparison, we normalized the values of
the AML group at indicated time points to that of healthy
controls (day 0). All of these subpopulations decreased
significantly as the leukemia developed, but to different
extents. The changes of pre-megakaryocytic-erythroid
(PreMegE) and MkP were much more dramatic: at the
end stage of AML, the total number of residual PreMegE
was less than 1% of normal level, and ~4.9% of MkP
were left in leukemic BM (Figure 1B and Online
Supplementary Figure S2). In contrast, ~17.2% of MPP2
and ~29.6% of LT-HSC were preserved in AML mice
(Figure 1B and Online Supplementary Figure S2). Regarding
their proportions in CD45.2+ normal hematopoietic cells,
the proportion of PreMegE dropped substantially and
continuously, to about 1/10 of normal level; MkP declined
at a moderate rate, to approximately 56% of that in the
healthy state (Figure 1C). In contrast, the proportions of
MPP2 and LT-HSC increased progressively ~3.4-fold and
~5.9-fold, respectively, as compared to the proportions in
healthy controls at day 14 (Figure 1C). 

We then assessed the apoptosis and cell cycle state of
PreMegE and MkP to determine if the marked decrease of
both subsets resulted from excessive cell death or growth
arrest. We did not find significant changes in the rate of
apoptosis of PreMegE during leukemia progression
(Online Supplementary Figure S3A). In addition, their
cycling was not inhibited in leukemia BM, and even dis-
played slightly active cycling in the mid-phase of disease

(Online Supplementary Figure S3B), suggesting their active
production of downstream populations.
Correspondingly, PreMegE isolated from AML mice at
the late stage yielded equal numbers of CD41+ MK as the
PreMegE isolated from healthy controls (Online
Supplementary Figure S3C, D). As far as concerns MkP,
their rate of apoptosis even declined in AML (Online
Supplementary Figure S3E, F), and no significant alteration
was detected in their cycling state (Online Supplementary
Figure S3G). Additionally, the MK colony-forming capac-
ity of MkP from AML hosts was comparable to that of
MkP from healthy controls when cultured in vitro (Online
Supplementary Figure S3H). Since MkP derived from the
non-canonical pathway, or shortcut, comprised nearly
70% of the total MkP pool,21 the severe reduction of their
number (~95% lost) Figure 1B) and proportion in normal
hematopoietic cells (~44% lost) (Figure 1C) suggests a
major defect with the shortcut, or LT-HSC and MPP2.

We then sought to evaluate the MK differentiation
potential of LT-HSC and MPP2 in AML BM, which was
likely to be reflected by the expression of MK-specific
proteins in these subsets. vWF is a protein involved in
platelet aggregation and is abundant in MK and endothe-
lial cells.30 It has been reported that vWF+ HSC have strik-
ingly higher platelet reconstitution potential than vWF-

HSC.31 We, therefore, evaluated intracellular vWF protein
levels in these subsets by flow cytometry using a verified
antibody. The proportions of vWF+ cells were significant-
ly reduced in both LT-HSC (from ~21.1% to ~13.2%) and
MPP2 (from ~19.1% to ~5.9%) in the late stage of AML
(Figure 2A, B), indicating reduced MK differentiation
from both subsets. Taken together, these data suggest
that the scarcity of residual MkP in AML BM was due to
severe blockade of MK differentiation in both the canon-
ical and non-canonical routes. 

We then investigated whether the decline of vWF
expression indicated a prolonged impairment of the MK
potential of MPP2 and LT-HSC. To do this, we used actin-
eGFP mice as AML recipients and isolated eGFP+ MPP2
and LT-HSC from AML (day 14) or healthy control BM to
transplant into sub-lethally irradiated mice. We tracked
the reconstitution rates of MPP2 and LT-HSC from day 10
to day 20 for maximum exhibition of donor-derived
platelet potential. We observed lower levels of platelet
reconstitution of both LT-HSC and MPP2 subsets from
AML hosts as early as 14 days after transplantation
(Figure 2C). However, the reconstitution of peripheral
blood nucleated cells from AML and control groups at
that time point showed no difference (Figure 2D). These
results suggest that the specific impairment of MK differ-
entiation induced by the AML BM microenvironment
would not easily recover in a leukemia-free niche. 

Megakaryocyte maturation was severely impaired 
in acute myeloid leukemia bone marrow

MkP should experience several cycles of endomitosis
and cytoplasmic maturation before they become giant,
multinucleated, platelet-producing MK.32 Endomitosis
leads to polyploidization of DNA content, which has
been extensively demonstrated to be of vital importance
for efficient platelet production.33 Of note, it was reported
that apoptosis and polyploidization are synchronous and
intimately linked events during MK maturation; inhibi-
tion of apoptosis delays polyploidization and proplatelet
formation.34,35 We questioned whether the decreased
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apoptotic rate of MkP in AML (Online Supplementary
Figure S3F) was linked to a lack of maturation. Thus we
assessed the polyploidization of MK in AML BM, and
found that MK with high ploidy (≥32N) were reduced to
a significantly greater extent than those with low ploidy
(8-16N) (Figure 3A). As with their proportions in normal
hematopoietic cells, the proportion of high-ploidy MK
remained stable whereas the proportions of 8N and 16N
MK progressively increased, especially the proportion of
8N ones (Figure 3B). MK in late-stage AML BM exhibited
a clear left shift of ploidy distribution (Figure 3C). To gain

further insight into the changes of MK function in AML,
we isolated MK from AML and healthy control BM for
microarray assay (Online Supplementary Figure S4A). The
thrombopoietin-Mpl axis is a main regulator of throm-
bopoiesis, including MK maturation and platelet produc-
tion. Our microarray data showed that the levels of Mpl
expression in the two groups were similar (Online
Supplementary Figure S4B). Gene expression data
(GSE112942) showed downregulation of platelet signa-
ture genes and α-granule genes in MK from AML (Figure
3D), implying insufficient cytoplasmic maturation. In
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Figure 1. Dynamic changes of hematopoietic stem and progenitor cells with megakaryocyte potential in acute myeloid leukemia. (A) Left, refined model of native
megakaryocytic differentiation from the canonical and non-canonical routes. Right, representative flow cytometric plots of hematopoietic stem and progenitor cell
subpopulations involved in megakaryocytic differentiation. (B, C) Total numbers (B) and proportions (C) of LT-HSC, MPP2, PreMegE and MkP in normal hematopoietic
cells in mice bone marrow at the indicated time points of AML. Data were normalized to the values in healthy controls and are presented as the percentage (B) or
fold-increase (C) of controls. Four to five mice for each time point, three independent experiments. Error bars represent the standard error of mean. LT-HSC: long-
term hematopoietic stem cells; LKS: Lin-/c-Kit+/Sca-1+; MPP: multipotent progenitor, PreMegE: pre-megakaryocytic-erythroid; MkP: megakaryocyte progenitor; MK:
megakaryocyte; ST-HSC: short-term hematopoietic stem cells.
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addition, apoptosis-associated genes were significantly
negatively enriched in MK from AML BM (Figure 3D).
These data indicated that the maturation of MK was seri-
ously impaired in AML BM.

The maturation of MK and their platelet-releasing
activity have been proven to be dependent on their inter-
action with vascular endothelium.36 We wondered if the
defective maturation of MK in AML BM was caused by
disrupted interaction with BM endothelial cells. As
expected, a variety of genes involved in leukocyte migra-
tion, cell adhesion, cytokine-receptor interactions and
chemokine signaling pathways were downregulated in
MK from AML BM versus control BM (Figure 3E, F), indi-
cating their weakened crosstalk with endothelial cells and
the extracellular matrix. We then determined the location
of MK with respect to blood vessels by in situ immunoflu-
orescence imaging. In AML BM, we observed severe
destruction of normal vasculature, including lack of typi-
cal sinusoid structure and vascular lumens (Figure 3G).
Meanwhile, MK in AML BM were located closer to BM
endothelial cells (Figure 3G, H), as a result of solid stress

applied to them by overgrowing leukemia blasts. The
compression of blood vessels and impaired blood perfu-
sion in these areas might reduce the contribution of adja-
cent MK to the platelet pool.

Interleukin-4 signaling was upregulated in acute
myeloid leukemia bone marrow and exerted inhibitory
effects on multiple stages of megakaryocyte 
differentiation

As thrombopoietin is a key regulator of MK, we exam-
ined its concentration in the serum of control and AML
mice. Thrombopoietin levels were similar in the two
groups (Online Supplementary Figure S5), indicating that
thrombopoietin is not the main cause of thrombocytope-
nia in our AML mouse model. To determine the factors in
the leukemia microenvironment that had a negative
impact on MK differentiation and maturation, we
referred to our cytokine array data of AML versus control
BM plasma.12 Six cytokines (CCL3, CCL27, IL-4, Tnfrsf1a,
Tnfrsf1b and Fcgr1) were upregulated in AML BM plas-
ma. Among them, IL-4 has been reported to inhibit
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Figure 2. Reduced megakaryocyte differentiation of long-term hematopoietic stem cells and MPP2 from acute myeloid leukemia bone marrow. (A) Representative
flow cytometric plots of vWF+ cells in LT-HSC and MPP2 from healthy control and acute myeloid leukemia (AML) bone marrow (day 14). (B) Percentage of vWF+ cells
in LT-HSC and MPP2 from healthy control and AML bone marrow. Five to six mice, three independent experiments. (C, D) Percentage of donor-derived eGFP+ platelets
(C) and nucleated cells (D) in peripheral blood on day 14 after transplantation of 400 LT-HSC and 250 MPP2 isolated from control or AML bone marrow (day 14).
Six mice, two independent experiments. *P<0.05, **P<0.01, ***P<0.001. ns, no significant difference. Error bars represent the standard error of mean. vWF: von
Willebrand factor; LT-HSC: long-term hematopoietic stem cells; Ctrl: control; MPP: multipotent progenitor; eGFP: enhanced green fluorescent protein.
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Figure 3. Insufficient maturation of megakaryocytes in acute myeloid leukemia bone marrow. (A) Total numbers of megakaryocytes (MK) with different ploidy in
mice bone marrow at indicated time points of the development of acute myeloid leukemia (AML). Data were normalized to the values of healthy controls (Ctrl) and
are presented as the percentages of control. Four or five mice for each time point, three independent experiments. (B) Proportions of MK with different ploidy in nor-
mal hematopoietic cells in mice bone marrow at the indicated time points of AML. Data were normalized to the values of healthy control and are presented as the
folds of control. Four or five for each time point, three independent experiments. (C ) Representative flow cytometric plot of MK ploidy distribution in healthy control
and AML mice bone marrow (day 14). (D) Negative enrichment of platelet α-granule genes, platelet signature genes and apoptosis pathway in AML bone marrow-
derived MK. NES: normalized enrichment score; P, family-wise error rate (FWER) P-value. (E) Significantly downregulated (P<0.05) genes encoding adhesion mole-
cules in MK from AML bone marrow. Data are presented as fold-change of gene expression relative to the expression in healthy controls. (F) Significant enrichment
of downregulated genes in cell-cell or cell-matrix interaction associated KEGG pathways in MK from AML bone marrow. (G) Representative confocal images of CD41+

MK (green) and VE-cadherin+ vasculature (red) in control and AML (day 14) mice femora. The scale bar represents 70 μm. (H) Quantification of the distance between
MK (n=182 for controls, n=120 for AML) and endothelium. P values were calculated using a two-sample Kolmogorov–Smirnov test. *P<0.05, **P<0.01,
***P<0.001. Error bars represent the standard error of mean.
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Figure 4. Elevated interleukin-4 level in acute myeloid leukemia bone marrow. (A) Interleukin-4 (IL-4) protein levels in bone marrow (BM) plasma of control (Ctrl)
and acute myeloid leukemia (AML) mice based on enzyme-linked immunosorbent assay measurements. Five mice per group. (B) Number of megakaryocyte colonies
(CFU-MK) formed from 5x104 whole BM cells incubated with mIL-4 at the indicated concentrations. Four mice, two independent experiments. (C) Number of myeloid
and erythroid colonies formed from 1x104 whole BM cells incubated with mIL-4 at the indicated concentrations. Four mice, two independent experiments. CFC:
colony-forming cells; GEMM: granulocyte, erythrocyte, monocyte, megakaryocyte; GM: granulocyte monocyte; G: granulocyte; M: monocyte; E: erythrocyte. (D) Mean
fluorescence intensity (MFI) of phosphorylated Stat6 (pStat6) in FACS-sorted hematopoietic stem and progenitor cells (HSPC) upon exposure to mIL-4 (10 ng/mL)
for 20 min, calculated by subtracting the MFI of non-treated controls. Three mice, two independent experiments.  LKS: Lin-/c-Kit+/Sca-1+; MPP: multipotent progen-
itor, CMP: common myeloid progenitor; MEP, megakaryocyte-erythroid progenitor; MkP: megakaryocyte progenitors. (E) Representative flow cytometric plots of pStat6
in FACS-sorted HSPC upon mIL-4 (10 ng/mL) exposure for 20 min. (F) Relative expression of megakaryocyte (MK)-associated transcription factors in LKS+ cells upon
mIL-4 (10 ng/mL) exposure for 24 h. Four mice, three independent experiments. (G) Positive enrichment of IL-4 signaling genes and Stat6-bound genes in LKS+ cells
from AML bone marrow. NES: normalized enrichment score; P, FWER P-value. (H) Relative expression of IL-4 mRNA in endothelial cells (EC), mesenchymal stem cells
(MSC) and osteoblasts (OBC) isolated from AML and control mice BM. Four or five mice per group, three independent experiments. *P<0.05, **P<0.01,
***P<0.001. ns, no significant difference. Error bars represent the standard error of mean.
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megakaryocytic colony formation of human CD34+ BM
cells37 and to have relevance in the thrombocytopenic
state of idiopathic thrombocytopenic purpura and allo-
geneic hematopoietic stem cell transplantation
patients.38,39 We confirmed the elevated level of IL-4 in the
AML group using enzyme-linked immunosorbent assays
(Figure 4A). Our in vitro colony-forming cell assays
showed that IL-4 imposed a selective inhibitory effect on
colony-forming unit-MK formation from BM cells (Figure
4B) without affecting other myeloid and erythroid lineag-
es (Figure 4C). Interestingly, upon in vitro IL-4 stimulation,
HSC-enriched LKS+ cells exhibited an even more promi-
nent response than myeloid progenitors (Figure 4D), as
indicated by intracellular phosphorylation of Stat6 (Figure
4E) which has been recognized as a downstream trans-
ducer of IL-4 signaling.40 In response to exposure to IL-4,
all MK-associated transcription factors except for Gata2
were universally downregulated in LKS+ cells (Figure 4f),
suggesting the possible effects of this cytokine on MK dif-
ferentiation of primitive hematopoietic cells. We next
analyzed the transcriptome of LKS+ cells from AML BM
(GSE52506)10 and found significant upregulation of IL-4
signaling genes and predicted Stat6-bound genes (Figure
4Gg). As BM immune cells have been reported to be the
main source of IL-4,41 we first quantified the IL-4 mRNA
expression in T lymphocytes, B lymphocytes, mono-
cytes, macrophages, natural killer cells and eosinophils.
However, we did not detect upregulation of IL-4 in these
cells from AML BM (Online Supplementary Figure S6A).
The level of expression of IL-4 by AML blasts was similar
to that by normal hematopoietic cells (Online
Supplementary Figure S6B). We then quantified IL-4
expression in HSC niche cells including mesenchymal
stem cells, endothelial cells and osteoblasts. We detected
reproducible significant upregulation of IL-4 in endothe-
lial cells but not in the other niche cells (Figure 4H). Thus,
BM endothelial cells produced excessive IL-4 in AML to
activate IL-4 signaling in HSC-enriched LKS+ subsets. 

To further understand the effects of IL-4 on MK differen-
tiation, we intraperitoneally injected IL-4 into wildtype
mice at 48 h intervals and analyzed the alterations of MK
as well as HSPC with MK potential in mice BM (Figure
5A). In order to prolong the half-life of IL-4 and enhance its
biological activity in vivo, we pre-associated the IL-4 with
its specific monoclonal antibody as previously described42

and injected the IL-4 complex (IL-4cx) into the mice. We
observed a remarkable decrease of platelets in peripheral
blood after the injection of two doses, while erythrocytes
and leukocytes were barely affected (Figure 5B).
Simultaneously, though the total number of BM cells was
not changed (Figure 5C), the number of MK in the BM of
IL-4-treated mice was severely reduced by ~84% (Figure
5D). The ploidy distribution of MK exhibited a left shift
with high-ploidy (≥32N) cells being more severely
decreased (Figure 5E), indicating that IL-4 treatment sup-
pressed MK maturation. Among HSPC with MK potential,
we observed an ~54% loss of PreMegE and ~37% loss of
MkP (Figure 5F), whereas the proportion of LT-HSC was
unaltered, and that of MPPs increased ~4 fold (Figure 5G).
These results suggest that the downward differentiation of
MPP2 was severely hampered by IL-4, especially in the
route via PreMegE. As expected, vWF expression was sig-
nificantly reduced in MPP2 from IL-4-treated mice (Figure
5H, I). Interestingly, we observed a remarkable increase of
vWF+ cells among LT-HSC (Figure 5H, I), indicating that IL-

4 did not have an obvious inhibitory effect on their MK dif-
ferentiation in our setting; on the contrary, LT-HSC gave
rise to MK more actively as compensation for the reduced
contribution of MPP2 to the MK pool, which limited the
loss of MkP to a relatively small extent. Given the smaller
reduction (~37%) of MkP and the considerable decrease of
MK (~84%) (Figure 5D, F), thrombocytopenia induced by
IL-4 administration was largely caused by a drastic inhibi-
tion of MkP maturation. Notably, IL-4 receptor (IL-4Rα)
expression on MPP2 and MkP was higher than that on LT-
HSC and PreMegE subsets (Figure 5J), in accordance with
the more prominent response of MPP2 and MkP to in vivo
IL-4 treatment. 

Targeting interleukin-4 in conjunction with 
chemotherapy enhances platelet recovery 
in acute myeloid leukemia mice

Lastly, we tested whether targeting IL-4 could ameliorate
thrombocytopenia in AML mice. To do this, AML mice
were treated with anti-mIL-4 on days 7, 9, and 11 after
injection of leukemic cells and were sacrificed on day 13
for analysis (Online Supplementary Figure S7A).
Administration of anti-mIL-4 alone to leukemic mice nei-
ther significantly decreased leukemia load nor increased
platelet count in the peripheral blood (Online Supplementary
Figure S7B, C). Intensive induction chemotherapy is cur-
rently used for patients with AML as a general therapeutic
strategy.43,44 Because cytarabine (AraC) together with an
anthracycline remains the mainstay of induction therapy,44

we set up a treatment protocol in which AML mice were
treated daily with 60 mg/kg of AraC for 1 week (Online
Supplementary Figure S7D). This treatment significantly
reduced the leukemic burden in the peripheral blood
(Online Supplementary Figure S7E) and prolonged the sur-
vival of AML mice (Online Supplementary Figure S7F), but it
was noted that the animals developed severe thrombocy-
topenia (Online Supplementary Figure S7G). To test the
hypothesis that thrombocytopenia may be more mitigated
by anti-IL-4 given during or after AraC treatment (Online
Supplementary Figure S7H), we next established a treatment
protocol in which AML mice were intraperitoneally inject-
ed daily with 10 mg/kg of anti-mIL-4 during AraC
chemotherapy (Figure 6A). Interestingly, this treatment not
only significantly reduced the leukemic burden (Figure 6B)
but also enhanced the recovery of platelets (~4.7-fold
increase) and erythrocytes (~1.9-fold increase). In contrast,
leukocytes (Figure 6C) and serum thrombopoietin concen-
tration (Online Supplementary Figure S7I) were not signifi-
cantly affected. As a result, this new strategy of combining
AraC with anti-IL-4 also significantly extended the dura-
tion of remission of AML mice (Figure 6D). Together, these
data demonstrate that anti-mIL-4 combined with
chemotherapy could improve the therapeutic response
compared to that achieved with standard chemotherapy
for AML.

Discussion

Thrombocytopenia is a frequent complication among
AML patients: It can lead to a strong dependence on
platelet transfusions and even fatal bleeding. Using an
MLL-AF9-induced AML mouse model, we demonstrated
that thrombocytopenia in AML was accompanied by a
progressive loss of mature MK in the BM. A systematic
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Figure 5. Inhibitory effects of interleukin-4 on megakaryopoiesis and thrombopoiesis in vivo. (A) Diagram of the experimental design: each mouse received intraperitoneal
injections of 2 μg murine interleukin-4 (IL-4) complexed (cx) with 10 μg anti-mIL-4 (clone 11B11) or equivalent phosphate-buffered saline (PBS) on day 1 and day 3. Mice
were sacrificed on day 5 for subsequent analyses. (B) Counts of platelets (Plt), erythrocytes (RBC) and leukocytes (WBC) in peripheral blood of mice injected with PBS or
IL-4 complex (IL-4cx). Seven to eight mice per group; three independent experiments. (C) Total number of whole bone marrow cells per femur in mice injected with PBS or
IL-4cx. Five mice per group; three independent experiments. (D) Representative flow cytometric plots (left) and percentage (right) of megakaryocytes (MK) in PBS or IL-4-
treated mice bone marrow. Five mice per group, three independent experiments. (E) Percentages of MK with different ploidy among CD41+ cells in the bone marrow of
mice treated with PBS or IL-4. Five mice per group, three independent experiments. (F, G) Percentages of pre-megakaryocytic-erythroid (PreMegE) (F), megakaryocyte pro-
genitors (MkP) (F), long-term hematopoietic stem cells (LT-HSC) (G) and multipotent progenitors (MPP2) (G) in the bone marrow of mice treated wih PBS or IL-4. Five mice
per group, three independent experiments. (H, I) Representative flow cytometric plots (H) and percentages (I) of von Willebrand factor (vWF)+ cells in LT-HSC and MPP2 in
the bone marrow from mice treated with PBS or IL-4. Five mice per group, three independent experiments. (J) Mean fluorescence intensity (MFI) of IL4Rα on HSPC subsets,
normalized to values in Lin-/c-Kit+/Sca-1+ (LKS+) cells. Four mice per group, two independent experiments. *P<0.05, **P<0.01, ***P<0.001. ns, no significant difference.
Error bars represent the standard error of mean.
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comparison of the megakaryocytic differentiation land-
scape between leukemia and healthy control mice
revealed a marked reduction of MK differentiation from
MPP2 and LT-HSC via both the canonical and non-canon-
ical pathways, which was fundamentally responsible for
the decreased MK in AML BM. Transcriptome analysis of
MK from animals with AML showed severely impaired
maturation and platelet-producing capacity. Additionally,
we discovered an excessive production of IL-4 by BM
endothelial cells and found that this had a striking role in
suppressing MK differentiation from MPP2 and MK mat-
uration in vivo, which might contribute to the thrombocy-
topenia of mice with AML. Finally, our preclinical data
using pharmacological approaches to inhibit IL-4 in com-
bination with AraC treatment showed that targeting IL-4

represents a promising strategy to improve the therapeu-
tic responses in AML.

By performing colony assays on whole BM cells,
Capitano et al.45 recently found that IL-4, in synergy with
transforming growth factor-β1, could inhibit hematopoi-
etic progenitor cell colony formation. Our results further
demonstrated that IL-4 had a unique inhibitory effect on
colony-forming unit-MK formation without affecting
other lineages, which was consistent with a previous
study that assessed human CD34+ cells.37 NF-E2 transcrip-
tion factor has been identified as an essential factor for
terminal MK maturation and normal platelet production.46

It has been shown that IL-4 downmodulated the expres-
sion of NF-E2 transcription factor at both the mRNA and
protein levels in normal maturing megakaryocytic cells
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Figure 6. Targeting interleukin-4 cooperates with chemotherapy to enhance platelet recovery in acute myeloid leukemia mice. (A) Diagram of the experimental
design: mice transplanted with CD45.1+ leukemic cells were treated with cytarabine (AraC) (60 mg/kg/day) for 1 week from day 15, with or without anti-interleukin-
4 (anti-IL-4) (10 mg/kg/day) for 5 days. The peripheral blood (PB) analysis was performed on day 22. (B) Percentage engraftment of CD45.1+ leukemic cells in mice
untreated (AML Ctrl) or treated as in (A): engraftment assessed in the PB. Five mice per group, three independent experiments. (C) Counts of platelets (Plt), erythro-
cytes (RBC) and leukocytes (WBC) in PB of mice injected with AraC alone or combined with anti-mIL-4. Five mice per group, three independent experiments. (D)
Survival curves of recipient mice given different treatments as shown in (A). Five mice per group, three independent experiments. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. ns, no significant difference. Error bars represent the standard error of mean.
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and in megakaryoblastic cell lines.47 This suggests that the
NF-E2 transcription factor might participate in the molec-
ular mechanism of IL-4-induced defective MK differenti-
ation and polyploidization in AML, but this requires fur-
ther investigation. 

Despite the marked response of LKS+ cells to in vitro IL-
4 stimulation, IL-4 appeared to act to a greater degree on
the last step of MK differentiation, rather than on LT-
HSC. Studies showed that MK could originate directly
from an upstream HSC subpopulation, independently of
other lineage fates.21,22 Therefore, the increase of vWF+ LT-
HSC in IL-4-treated mice was more likely to be a com-
pensation for MK reduction. In our AML mouse model,
the number of PreMegE was dramatically reduced, while
the decrease of MkP was less marked, which suggests
that HSC compensated for the deficiency of MkP through
the non-canonical route. In addition, the increase of vWF+

LT-HSC in IL-4-treated mice was consistent with the phe-
nomenon observed in MK-depleted mouse models,48 sug-
gesting the role of vWF+ LT-HSC as MK reserves in native
hematopoiesis and their relative resistance to stimuli.
Thus, the blocked differentiation of LT-HSC in AML BM
appears to result from a complex of factors, rather than
IL-4 alone, including signals from niche cells, which
require intensive research since they cannot be corrected
easily by conventional cytotoxic therapy.

Studies have shown that leukemic cells impair the func-
tion of normal hematopoiesis by causing a significant
change in a variety of niche cells and secreting cytokines
in the BM microenvironment.3,6-9 In our study, the admin-
istration of IL-4 inhibitors alone to leukemic mice did not
increase platelet counts in the peripheral blood, likely due
to the absence of a specific effect of IL-4 inhibitors on
leukemic cells. Currently the standard treatment of
leukemia is primarily chemotherapy.43 It has been reported

that AML patients given induction treatment with high-
dose cytarabine had a considerably longer period of
thrombocytopenia and received significantly more
platelet transfusions in comparison to patients in the inter-
mediate-dose group.49 Thus, it is important to use
hematopoietic growth factors to accelerate platelet recov-
ery. In our study, anti-IL-4 was administered in combina-
tion with chemotherapy, with results suggesting that this
has clinical potential for alleviating thrombocytopenia in
AML. Additionally, anti-IL-4 has been shown to be safe
when administered to patients with asthma,50 implying
that it could be applied in the treatment of AML. In our
current study, all the data were generated based on a spe-
cific AML model and it is unclear whether results obtained
can be generalized to other types of AML. More studies
are, therefore, needed to expand this paradigm to other
types of leukemia and to explore whether our findings in
the mouse model can be translated to human AML. 

In summary, our present study systemically describes
defective megakaryopoiesis from HSC in AML and for
the first time identifies BM endothelial cell-derived IL-4
as a candidate factor responsible for thrombocytopenia
and a potential therapeutic target, in conjunction with
chemotherapy, in patients with AML. 
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