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Abstract

Background Platelet transfusion therapy has made a great breakthrough in clinical practice, and the differentia-
tion of human embryonic stem cells (hESCs) to produce functional platelets has become a new potential approach,
however, efficient generation of functional platelets still faces great challenges. Here, we presented a novel approach
to highly and efficiently generate mature megakaryocytes (MKs) and functional platelets from hESCs.

Methods In hypoxic conditions, we successfully replicated the maturation process of MKs and platelets in a con-
trolled in vitro environment by introducing an optimal combination of cytokines at various stages of development.
This method led to the generation of MKs and platelets derived from hESCs. Subsequently, mature MKs and functional
platelets were further comprehensively investigated and characterized using a variety of methodologies, includ-

ing flow cytometry analysis, RT-qPCR validation, Giemsa-Wright's staining, immunofluorescent staining, RNA transcrip-
tome analysis, and DNA ploidy analysis. Additionally, the in vivo function of platelets was evaluated through the trans-
plantation using thrombocytopenia model mice.

Results Under our 3D differentiation conditions with four sequential stages, hESCs could be efficiently induced

into mature MKs, with 95% expressing CD41aCD42a or 90% expressing CD41aCD42b, and those MKs exhibited
polyploid properties, produced filamentous proplatelet structures and further generated platelets. Furthermore, 95%
of platelets showed CD42b™CD62p™ phenotype upon the stimulation with ADP and TRAP-6, while 50% of platelets
exhibited the ability to bind PAC-1, indicating that hESC-derived platelets possessed the in vitro functionality. In

mice models of thrombocytopenia, hESC-derived platelets effectively restored hemostasis in a manner comparable
to human blood-derived platelets. Further investigation on the mechanism of this sequential differentiation revealed
that cellular differentiation and molecular interactions during the generation of hESC-derived MKs and platelets reca-
pitulated the developmental trajectory of the megakaryopoiesis and thrombopoiesis.

Conclusions Thus, our results demonstrated that we successfully established a highly efficient differentiation
of hESCs into mature MKs and functional platelets in vitro. The in vivo functionality of hESC-derived platelets closely
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resembles that of natural human platelets, thus offering a promising avenue for the development of functional plate-

lets suitable for future clinical applications.

Keywords Human embryonic stem cells, Mesoderm, Hematopoietic stem/progenitor cells, Megakaryocytes,

Platelets, Directed differentiation

Introduction

Platelets play a central role in the thrombosis and hemo-
stasis, thus platelet transfusion provides an important
therapeutic intervention in the treatment or prevention
of thrombocytopenia or platelet dysfunction [1-6]. With
the increasing demand for transfusion, however, donor-
dependent platelet transfusions are associated with prac-
tical problems, such as limited supply [7]. To overcome
this problem, much efforts have been made to generate
in vitro-based platelets. Human pluripotent stem cells
(hPSCs) may serve as an alternative source of platelets
for replacement transfusion. Mature megakaryocytes
and functional platelets in vitro were successfully gener-
ated in vivo using hESCs co-cultured with stromal cells
[8]. Similarly, by enforcing the expressions of C-MYC,
BMI1, and BCL-XL transcription factors [9], or GATAL,
FLI1, and TAL1 transcription factors [10], induced pluri-
potent stem cells (iPSCs) were successfully induced into
mature megakaryocytes and obtained functional plate-
lets. However, the introduction of exogenous stromal
cells and the accuracy of gene editing remain a concern
for clinical applications. Therefore, efficient generation
of functional platelets with clinical potential from hPSCs
faces a great challenge.

The megakaryopoiesis is a highly complex process
that requires synergy between a wide range of cell types.
Megakaryocytes (MKs) are produced in bone marrow
by sequential differentiation from hematopoietic stem
cells (HSCs), under the control of a variety of growth
factors and transcription factors. Hematopoietic stem/
progenitor cells (HSPCs) first directly differentiate into
common lymphoid progenitors (CLPs) or common mye-
loid progenitors (CMPs), the latter of which give rise to
MK-erythrocyte progenitors (MEPs), which show bipo-
tent cells that bifurcate to lineage-committed MKs and
erythroid cells [11-14]. Previous studies have shown
that the development of MKs is tightly regulated by both
cell-intrinsic and cell-extrinsic mechanisms involving
cytokines and transcription factors as well as epigenetic
regulation. For instance, thrombopoietin (TPO) is a criti-
cal regulator of the megakaryopoiesis, which signals via
its receptor MPL (TPO-R) to promote the proliferation
of megakaryocyte progenitors (MKPs) and the matura-
tion of MKs. As for other factors, such as transcription
factor FLI1, it has been implicated in the terminal matu-
ration of MKs, and its overexpression inhibits erythroid

development, driving cell lines to develop megakaryo-
cytic features. According to the current model of the
megakaryopoiesis, terminal maturation of MKs is coor-
dinated with localization at vascular sinusoidal niches
within bone marrow, through which they extend and
sequentially release platelets into the circulation. In terms
of MK fates, a range of cell surface markers, including
CD41a and CD61 [15], are characterized during early-
phase megakaryocytopoiesis. The sequential increased
the expression of cell surface molecules CD42a, CD42b
and CD42d, are accompanied, all of those markers are the
most abundant as MKs are matured [16]. At least three
distinct developmental types of mature MK have been
identified in the human body, which respectively regulate
the maintenance of HSCs, immune response, and plate-
let production [17, 18]. Among them, thrombocytogenic
MKs are terminally large polyploidy cells derived from
hematopoietic cells, whose nucleus becomes multilobed
by the endomitosis, together with an enlargement of the
cytoplasm, which becomes filled with platelet-specific
granules and thereby responsible for platelet production
[19, 20]. Nowadays, expandable MK lines derived from
hPSCs are considered suitable as master cells for produc-
ing platelets, since they offer the advantages of unlim-
ited expansion in culture and are amenable to genetic
manipulation [21]. While effective, however, it is difficult
to produce large-scale quantities of MKs and platelets for
clinical use via this method [22, 23].

Consequently, we presented a novel, stepwise, com-
pletely xeno-free and defined culture method which
enabled robust generation of MKs from hESCs by utiliz-
ing 3D differentiation system. Compared with previous
methods using a 2D culture system or relying on gene
editing and heterogeneous cell co-culture, our 3D cul-
ture method was closer to natural environment of MKs
in vivo, which not only improves the generation efficiency
of MKs, but also reduces the safety concerns associated
with exogenous gene manipulation and heterogeneous
cell co-culture. These properties make the method more
advantageous for potential clinical applications. Here, 3D
induction mode involved generating spheroids under the
hypoxia conditions (5% O,), followed by culture in spe-
cific in vitro conditions to induce further differentiation
of MKs and platelets. By strictly mimicking the in vivo
development of MKs and platelets, we presented that
the sequential differentiation of hESCs were induced
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at different stages. This led to the generation of imma-
ture MKs, which further matured with unique features
such as large size and polyploidism. These characteris-
tics potentially indicated a propensity for more efficient
platelet production and release. Then the in vitro func-
tion of these hESC-derived platelets was evaluated by
the activation with ADP and TRAP-6. Furthermore, the
restoration of hemostasis in vivo was determined by the
infusion of hESC-derived platelets into the developed
thrombocytopenic mice, finally the mechanism by which
the megakaryopoiesis and thrombopoiesis were fur-
ther investigated during the sequential differentiation of
hESCs towards MKs and platelets.

Methods
Detail methods and materials are provided in the Supple-
mentary Materials.

Results

Early hematopoietic lineage commitment from hESCs
Hypoxia is considered to be a significant promoter to
drive the hematopoiesis [24, 25]. Since MKs are origi-
nated from HSC-derived bipotent MEPs during the
hematopoiesis, thus, in the present study, hypoxic con-
dition was used as the culture condition, which would
promote hematopoietic commitment and definitive
hematopoiesis, in turn facilitate the production of mega-
karyocytic cells. To explore the regulatory process of the
differentiation of hESCs towards MKs, we developed a
four-stage differentiation approaches under 3D culture
conditions, which strictly mimicked the in vivo devel-
opment of MKs and platelets (Fig. 1A). Briefly, hESCs
underwent a two-day differentiation into mesodermal
progenitor cell (MPC) spheroids in a 3D state, followed
by an additional four days of differentiation to form
hematopoietic endothelial cell (HEC) spheroids. These
HEC spheroids generated early hematopoietic cells,
and on the ninth day of the differentiation, MEPs were

(See figure on next page.)
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produced as individual suspension cells (Fig. 1A, Figure
S1). Afterward, these MEPs entered the MK differentia-
tion stage (the first day of MK differentiation was defined
as day 9+0), and differentiated into early MKs at day
9+ 2, further developed into mature MKs at day 9+ 6, and
eventually produced platelets (Fig. 1A, Figure S1). Since
both waves of the hematopoiesis were originated from
the lateral plate mesoderm and endothelial lineages [26],
in our study, we induced mesoderm differentiation with
BMP4, Activin A and WNT inhibitor CHIR99021 under
serum-free conditions over a 2-day period (Fig. 1A), thus,
we first analyzed the relative expression of mesodermal
genes and pluripotent genes. The results indicated that
the Brachyury was highly expressed at day 2 and down-
regulated overtime while pluripotent genes OCT4 and
SOX2 were dramatically decreased in both the deriva-
tives of H9 and H1 cells (Fig. 1B, Figure S2, S3), mimick-
ing the process of in vivo mesodermal development. In
subsequent stage, cells with mesoderm lineage cultured
in the presence of VEGF and bFGF acquired the expres-
sion of transcription factor KDR (Fig. 1B, C), indicat-
ing the emergence of HECs. Then, the developing HEC
spheroids led to hematopoietic fate by highly expressing
the hematopoietic endothelium genes (VE-Cadherin/
CD144, CD34, SOX17 and CD31), early hematopoietic
transcription factors (ERG and TIE1), and hematopoietic
genes (CD43 and CD45) (Fig. 1B, C, Figure S2). Moreo-
ver, these results were also independently verified by flow
cytometry. Over 40% CD31*CD34" HECs and a very
small number of CD43* hematopoietic cells were recog-
nized at day 6 (Fig. 1C, Figure S4). Consistently, immuno-
fluorescence staining also showed CD43 positive cells in
the HEC spheroids at day 6 (Fig. 1D), which represented
the production of early hematopoietic cells [27].

To analyze genes involved in the differentiation of
hESCs into hematopoietic cells at different stages, H9
hESCs, MPC spheroids at day 2 and HEC spheroids at
day 6 were collected and a whole-genome transcriptome

Fig. 1 Identification of hematopoietic specification during the differentiation of hESCs. A Differentiation scheme of MKs and platelets derived
from hESCs. B RT-gPCR analysis for the expression of mesodermal genes (Brachyury and KDR), endothelial gene (VE-Cadherin, SOX17, CD31)
and hematopoietic genes (CD34, ERG, TIET, CD43 and CD45) in different cell populations during the hematopoietic specification of H9 hESCs
(n=3). Data represent the means+SD. *p <0.05, **p <0.01, ***p <0.001 and ns (no significance). C Flow cytometry was performed to determine
the generations of KDR™ hematopoietic mesoderm, CD317CD34" hematopoietic endothelial cells and CD43* early hematopoietic cells from H9
hESCs at days 0, 2, 4 and 6 employing hematopoietic differentiation protocol. D CLSM images of co-immunostaining for a-tubulin and CD43

in the differentiated cells at day 6 after the differentiation of H9 hESCs. The colors of green, red and blue represented the staining for a-tubulin,
CD43 and nuclei, respectively. (Original magnification, 40x, Scale bar, 100 um). E The volcano plot showed the distribution trends for DEGs
between the cells from H9 hESCs at days 0 and 2 (Red spots represented up-regulated genes; blue spots represented down-regulated genes)
and non-DEGs (gray spots). F GO terms were enriched in the up-regulated genes at day 2 after the differentiation of H9 hESCs. G The volcano
plot showed the distribution trends for DEGs between the cells from H9 hESCs at days 2 and 6 (Red spots represented up-regulated genes;
blue spots represented down-regulated genes) and non-DEGs (gray spots). H GO terms were enriched in the up-regulated genes at day 6

after the differentiation of H9 hESCs
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analysis was performed. The results showed that the
expression level of the genes among them was signifi-
cantly different (Figure S5). Compared with undiffer-
entiated H9 hESCs, 1763 differentially expressed genes
(DEGs) were upregulated and 2536 DEGs were down-
regulated in MPC spheroids at day 2 (Fig. 1E). Among
them, MIXL1 (related to mesoderm), LEF1 and SP5
(related to WNT signaling pathway), FST (related to
Activin signaling pathway) were up-regulated, droving
them to acquire mesodermal properties (Fig. 1E). Gene
enrichment analysis of those 1763 up-regulated DEGs
revealed the involvement of embryonic organ develop-
ment, mesoderm development and mesoderm morpho-
genesis at day 2 (Fig. 1F). Compared with MPC spheroids
at day 2, we further identified 2942 up-regulated DEGs
and 2235 down-regulated DEGs in HEC spheroids at day
6, including FOXH1 and TBX6 (down-regulated) related
to mesoderm development and TIE1 and GJA5 related to
endothelial development and angiogenesis (Fig. 1G). To
explore the biological function of DEGs, gene ontology
(GO) enrichment analysis was performed and showed
that HEC spheroids at day 6 were mainly involved in
the biological processes of regulation of angiogenesis,
endothelial cell development and differentiation as well
as regulation of hemopoiesis (Fig. 1H). In summary, these
results indicated that under our 3D culture conditions,
hESCs successfully differentiated into HEC spheroids,
and these HECs possessed the ability to transform into
hematopoietic cells.

Differentiation of early hematopoietic cells

towards MK-erythrocyte progenitors (MEPs)

Erythropoietic growth factor EPO plays an impor-
tant role in the development of MEPs, CD31*CD34*
HECs can indeed be diverted towards CD235a*CD41a*
MEPs fate in vitro upon EPO-stimulation [14]. A num-
ber of studies have shown that the TGF-p signaling
pathway is essential for the development of MPCs, but
negatively regulate the endotheliogenesis and endothe-
lium-hematopoietic transformation (EHT) during the
embryonic hematopoiesis [28]. The inhibitor SB431542

(See figure on next page.)
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can significantly increase the number of CD31*CD34"
HECs and contribute to effective hematopoiesis after
the induction of mesoderm by blocking TGF-p signaling
pathway [28-31]. Accordingly, we established two dif-
ferentiation approaches with different conditions (desig-
nated as I-M4 and I-M5 conditions respectively) to drive
the megakaryopoiesis (Fig. 2A). Under these two condi-
tions, there were more MEP suspended cells generated
from the HEC spherioids after 3 days’ culture (Figure
S6). In order to verify the induction efficiency of I-M4
or I-M5 conditions, we first quantified the proportions
of CD43* cells and CD235a*CD41a™ cells in HEC sphe-
roids at day 9 by flow cytometry. Under I-M4 condition,
the proportion of CD43* cells (about 10%) and CD235a*
CD41a" cells (about 2%) was small; under I-M5 condi-
tion, the proportion of CD43" cells and CD235a*CD41a*
cells (about 15% and 3%) was also low (Fig. 2B), suggest-
ing no significant difference between the two conditions
at this stage. However, we observed higher expression
level of erythroid-related gene (KLF1) in I-M5 condi-
tions than those in I-M4 conditions (Fig. 2C). Interest-
ingly, the expression levels of MK-related genes, such as
GATA1, RUNX1 and FLI1, were also highly expressed
in HEC spheroids cultured in I-M5 condition (Fig. 2C).
Since MEP suspension cells were generated from HEC
spheroids at high efficiency, we thus also tested their
characteristics. Flow cytometry analysis showed that the
proportions of CD43" cells in MEP suspension cells at
day 9+ 0 produced under both I-M4 and I-M5 conditions
were similar (over 95%), meanwhile the proportion of
CD235a"CD41a* cells under I-M4 conditions was higher
than that under I-M5 conditions (Fig. 2D). Moreover, RT-
qPCR analyses showed the expression levels of KLF1 and
GATA1 in MEP suspended cells at day 9+ 0 under I-M5
conditions was lower, but the expression levels of RUNX1
and FLI1 were higher (Fig. 2E). Therefore, those results
showed that I-M4 was more conducive to the production
of CD41a*MEPs (Fig. 2BE).

We next performed differential expression analy-
sis to further investigate the transcriptional differences
between HEC spheroids at day 6 and 9. There were

Fig. 2 Identification of MEP specification of early hematopoietic cells derived from hESCs. A MEPs were produced from early hematopoietic
spheroids employing two different induction mediums (I-M4 and I-M5). B The proportions of CD43*cells and CD235a*CD41%cells

from hematopoietic spheroids from H9 hESCs at day 9 were determined by flow cytometry under I-M4 or I-M5 induction medium (n=3). C
Expression analysis of erythroid-related gene (KLF1) and MK-related genes (GATAT, RUNX1 and FLIT) in hematopoietic spheroids from H9 hESCs

by RT-gPCR (n=3). D The proportions of CD43* hematopoietic cells and CD235a*CD41a* MEPs in suspension cells from H9 hESCs were determined
by flow cytometry under I-M4 or I-M5 induction medium (n=4). E Gene expression analysis for erythroid-related gene (KLF1), and MK-related
genes (GATAT, RUNX1 and FLI1) in suspension cells from H9 hESCs by RT-gPCR (n=3). F The volcano plot showed the distribution trends for DEGs
between the cells at days 9 and 6 (Red spots represented up-regulated genes; blue spots represented down-regulated genes) and non-DEGs (gray
spots). G GO terms were enriched in the up-regulated genes at day 9 after the differentiation of H9 hESCs. All data in B, C, D, E were represented

as means+SD. *p<0.05, **p <0.01, ***p <0.001 and ns (no significance)
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significant differences in gene expression levels between
HEC spheroids at day 6 and day 9 (Figure S7), with 504
down-regulated DEGs and 844 up-regulated DEGs at
day 9 (Fig. 2F). Interestingly, THBS1, a characteristic
of HECs with a bias towards MK lineage differentiation
[32], was also upregulated. Using GO enrichment, we
found that HEC spheroids at day 9 were mainly involved
in biological processes related to cell-cell adhesion via
plasma-membrane adhesion molecules, vascular process
in circulatory system and blood coagulation (Fig. 2G).
In general, these results indicated that the hESC-derived
HEC spheroids could generate early hematopoietic cells
and subsequently differentiated towards MEP suspension
cells.

HEC spheroids could be maintained and continuously
produced MEP suspension cells

Several studies have shown that during the erythropoie-
sis, MEPs could be maturated into erythrocytes with the
continuous stimulation of EPO [33]. However, there was
also obvious evidence that HECs could be differentiated
into CD235a*CD41a* MEPs under short-term induc-
tion (about 2 days) by EPO [14]. Therefore, we explored
whether I-M4 medium supplemented with EPO was still
suitable for the subsequent culture of HEC spheroids. In
our study, HEC spheroids cultured with I-M4 medium
from day 6 to 9 were isolated from MEP suspension
cells, and then cultured with I-M4 or I-M5 mediums for
3 more days respectively (Fig. 3A). After 3 days’ induc-
tion, HEC spheroids could still produce MEP suspended
cells under both I-M4 and I-M5 conditions. Using flow
cytometry, we found that the percentages of CD43™ cells
and CD235a*CD41a™ cells in HEC spheroids at day 12
remained at a low level in both I-M4 and I-M5 condi-
tions, and the percentages of CD235a*CD41a* cells in
[-M5 were slightly higher than that in I-M4 (Fig. 3B).
For the newly-generated MEP suspended cells (at day
12+ 0) induced by I-M5 medium, up to 90% of cells were
positive for CD43, which significantly higher than those
by I-M4 condition (Fig. 3C). Moreover, we found that a
larger proportions of CD235a*CD41a™ cells (more than
65%) were also induced by I-M5 condition, significantly

(See figure on next page.)
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higher than those by I-M4 (about 30%) (Fig. 3C). Con-
sistently, the percentages of CD41a* suspension cells (at
day 12+ 0) in I-M5 induction medium were significantly
higher than those in I-M4 condition (Fig. 3D). Mean-
while, RT-qPCR results showed that the gene expres-
sion levels of erythroid specific transcription factor KLF1
and TAL1 in HEC spheroids at day 12 were significantly
higher in I-M4 medium (Fig. 3E), while MK specific tran-
scription factors FLI1 and GATA1 were highly expressed
in I-M5 medium (Fig. 3E). In addition, compared with
I-M5 medium, the MEP suspension cells (at day 12+0)
induced by I-M4 medium significantly expressed TAL1
and KLF1 at high levels as well (Fig. 3F), though the
expression levels of megakaryocytic specific transcrip-
tion factors RUNX1, FLI1 and GATAL in those two con-
ditions were no significant (Figure S8). Then we further
evaluated the gene expression levels of platelet-specific
transcription factors in the MEP suspension cells (at day
12+ 0) from these two conditions. When compared with
I-M4 medium, the MEP suspension cells (at day 12+0)
induced by I-M5 medium expressed significantly higher
levels of PF4, NFE2, FOG1 and pl-tubulin (Fig. 3F).
Therefore, these results indicated that I-M5 medium was
more suitable to subsequently generate MEP suspended
cells biased toward the megakaryocytic lineage.

In order to further investigate whether HEC sphe-
roids induced by I-M5 medium (after day 9) could be
maintained and continuously produce MEP suspended
cells biased toward the megakaryocytic lineage, which is
essential for mass in vitro platelet production. The HEC
spheroids induced by I-M4 medium from day 6 to 9 and
then by I-M5 medium from day 9 to 12 were isolated, and
subsequently maintained in fresh I-M5 medium. After
9 more days of the cultivation, those HEC spheroids
remained the 3D shape, but their sizes became smaller
(Figure S9), probably due to continuing to produce MEP
suspension cells. Starting at day 9, suspension cells were
collected every 3 days, and the number of newly-gen-
erated suspended cells were gradually increased and
peaked at day 18, then the number began to decrease
subsequently (Figure S10), indicating that HEC sphe-
roids could be maintained and produced MEP suspended

Fig. 3 |-M5 medium condition was more suitable for HEC spheroids to generate MEP suspension cells at high efficiency. A MEP spheroids

could be maintained in both I-M4 and I-M5 induction medium (Day 12 referred to cell spheroids, Day 12 +0 referred to suspension cells). B
Generation of CD43* hematopoietic cells and CD235a*CD41a* MEPs in hematopoietic spheroids from H9 hESCs at day 12 were determined

by flow cytometry under I-M4 or I-M5 medium (n=3). C Representative flow cytometry results showed the populations of CD43" hematopoietic
cells and CD235a*CD41a* MEPs in suspension cells from H9 hESCs at day 12 in I-M4 or I-M5 medium (n=4). D The percentages of CD41a* cells

in suspension cells from H9 hESCs at day 12 in I-M4 or I-M5 under medium were quantitated (n=3). E Expression analysis of erythroid-related
gene (KLF1 and TAL1) and MK-related genes (FLIT and GATA1) in hematopoietic spheroids from H9 hESCs by RT-gPCR (n =3). F Expression analysis
of erythroid-related genes (TAL1 and KLF1) and platelet-specific genes (PF4, NFE2, FOGT and B1-tubulin) in suspension cells from H9 hESCs

by RT-gPCR (n=3). All data in B, C, D, E, F were represented as means + SD. *p <0.05, **p < 0.01, ***p <0.001 and ns (no significance)
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cells for a short period of time under I-M5 medium. Flow
cytometry analysis at days 12, 15, 18 and 21 showed that
27%—55% of CD317CD34" HECs persisted in HEC sphe-
roids, which peaked at day 15 (Fig. 4A). The percent-
ages of CD43" cells were at a low level (less than 10%)
before day 18, and then increased rapidly (more than
50%) (Fig. 4A). And consistent with the results of HEC
spheroids at day 9, the proportions of CD235a*CD41a*
cells remained at a low level (less than 3%) (Fig. 4A). The
analysis of gene expression pattern also showed that MK-
specific genes FLI1, RUNX1 and GATA1 and erythroid
specific genes KLF1 and TAL1 in HEC spheroids were
dynamically changed and most of them reached the peak
at day 15 (Fig. 4B). Flow cytometry analysis showed that
more than 95% suspension cells (from days 12+0 to
2140) generated from HEC spheroids at days 12 to 21
highly expressed CD43 (Fig. 4C), and the proportions of
CD235a*CD41a* cells were decreased rapidly after day
1240, whereas the proportion of CD41a" cells main-
tained at more than 60% (Fig. 4C, D). This phenomenon
might be due to the accelerated differentiation process
to drive MEP suspension cells into MK lineage under
the consecutive culture with I-M5 medium. The expres-
sion levels of MK-specific genes (RUNX1, GATA1 and
FLI1) and erythroid specific genes (TAL1 and KLF1) as
well as platelet-specific genes (NFE2, PF4, f1-tubulin and
FOG]1) in the MEP suspension cells were further evalu-
ated and their genes expression dynamically changed, in
which, the expressions of RUNX1, GATA1, NFE2, PF4
and B1-tubulin reached the peak at day 15+ 0, while the
expressions of FLI1, TAL1 and KLF1 were decreased
gradually (Fig. 4E). Collectively, the hESC-derived HEC
spheroids could be maintained and continuously pro-
duced MEP suspension cells with MK potential under
specific conditions.

Differentiation of MK progenitors into mature MKs

MEDPs have bidirectional differentiation potentials with
MK lineage and erythroid lineage, and can be labeled
as CD235a*tCD41a% cells [34]. In our differentiation
system, more than 76% CD235a*CD41a™ MEP suspen-
sion cells (at day 9+0) were produced from the HEC

(See figure on next page.)
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spheroids at day 9 after the differentiation in I-M4
medium (Fig. 2D). As shown in Fig. 5A, the MEP sus-
pended cells at day 9+0 were collected and cultured
with SFEM medium supplemented with SCF, TPO,
IL-3, IL-6 and IL-11. During the 6-day differentiation
process at this stage, flow cytometry analysis showed
the percentages of CD235a*CD41a* MEPs with a trend
of first increase and then decrease (Fig. 5B), while a
continuous rise of the proportions of CD4lat MKs
maintained during this differentiation process (Fig. 5C),
indicating that MEPs gradually changed their fate into
MK lineage commitment. Moreover, CD42a (Glyco-
protein IX Platelet, GP IX) and CD42b (Glycoprotein
Ib Platelet Subunit Alpha, GP Iba) is necessary com-
ponents of GP Ib-IX-V complex, which can facilitate
initial platelet adhesion to vascular sub-endothelium
after vascular injury when binding to vWF (Von Wille-
brand Factor), and they are identified as surface mark-
ers for mature MKs [35]. During the induction of MK
maturation, the proportions of CD4la*CD42a* and
CD41a"CD42b" mature MKs were increased rapidly in
the derivatives of both H1 and H9 cells (Fig. 5D, Figure
S11). Notably, light microscopic observation revealed
that filamentous proplatelet structures appeared on
the surface of MKs at day 9+ 6 after MK differentiation
(Figure S12). Since polyploidy is one of the important
characteristics of mature MKs, we then analyzed DNA
content of cells at this stage, and the results showed
that 57%, 34% and 7% cells were at the 2N, 4N and 8N
polyploid stage respectively, and over 1% were at the
>16 N polyploid stage (Fig. 5E). Wright-giemsa stain-
ing further showed that hESC-derived MKs had multi-
nucleated structures (Fig. 5F). Coincident with these
aforementioned results, immunofluorescence staining
further revealed high expression of CD62P in mature
MKs (Fig. 5G), which is essential for platelet adhesion
by binding to its counterpart P-selectin binding protein
on neutrophils and endothelial cells and is considered a
typical MK and platelet marker. Moreover, the expres-
sion of MK lineage specific markers (CD41a, CD42a,
CD42b, CD62p) was increased gradually (Fig. 5H), MK-
specific transcription factors (RUNX1, FEL1, GATA1L,

Fig. 4 HEC spheroids could be maintained and generated single MEP suspended cells at high efficiency. A Generations of CD317CD34" HECs,
CD43" hematopoietic cells and CD235a*CD41a*™ MEPs in cell spheroids from H9 hESCs at days 12, 15, 18 and 21 were analyzed by flow cytometry.
B Expression analysis of MK-related genes (FLIT, RUNX1 and GATA1) and erythroid-related genes (KLF1 and TAL1) in cells spheroids from H9

hESCs at days 12, 15, 18 and 21 by RT-qPCR (n=3). C Generations of CD43* hematopoietic cells and CD235a*CD41a* MEPs in hematopoietic
suspension cells (at days 12+0, 1540, 18+0 and 21 +0) from H9 hESCs were determined by flow cytometry. D The percentages of CD41a* cells
in hematopoietic suspension cells (at days 12+0, 15+0, 1840 and 21+ 0) from H9 hESCs were quantitated (n=3). E Relative gene expressions

of RUNXT, GATA1, FLIT, TAL1, KLF1, NFE2, PF4, 31-tubulin and FOG1 in suspension cells generated from cell spheroids from H9 hESCs at days 9, 12,
15, 18 and 21 were determined by RT-gPCR (n=3). All data in B, D, E were represented as means+SD. *p <0.05, **p < 0.01, ***p <0.001 and ns (no

significance)



Chen et al. Stem Cell Research & Therapy (2024) 15:454 Page 10 of 22

>
oy}

Day 12 Day 15 Day 18 Day 21

. FLI1 RUNX1
55.2 76.85 422 21.88| 30.4
| s . g * *%
3 " o1 *kkk
-« i £ 25 ** s 5
0 .g k-]
6 b 9 209 sxnx 24 ns
5.08 1.6 i i g g.
| ! s s  ses g 15 ’_| g3 |
O ey R AT s bt **
z" z?
£ -]
8 o5 89
[T [}
| 4 14
' ° .
o0 6 & P
] F B o P
&}
I ' KLF1
| 3 3
K] k)
o« 73 3
2. g 3
2 a =Y
X x
o () )
@ o
|- 2 2
= s
o S
] 7]
o 4
> 0 & @ P R
C D & & & & o o o
Day 12H) Day 150 Day 18+0 Day 21+0
. . TAL1

1.33 . 98.7 -1.64 8.4

100+

— Count —

” '—r'
i

Percent of CD41a Positive
Cells (%)
8 8 8 3
1 1 1 1
Relative expression
o - ~N w -

| 1#-9.28 66.7 2.51 8.73
. |
W=
P
a o Y
8, | aeaEs 0- &* Q.,;A oo‘\ 0@* Qe*
. ; S
| B B i Rt
T ' c ds\ 0'53 Q—s\ Qo*
E RUNX1 GATA1 FLI1 TAL1 KLF1
*%
* ns
15 l—\ 15 ns 15
s S s c S
2 ns 2 Kk o 2 ns 2
3 [—I % 1 m 3 1 %% %
2 10 2 10 e 2 10 e
o f=8 o o f=8
3 x x 3 x
@ @ * o @ * @
13 (] o 13 o
> >
g 0s g os - 2 0s Tl £
& K] S 8 —/ S
[} ] ] 3 ]
(4 4 V4 (4 4
0.0 0.0 X 0.0 X
S S S S S S
K R 3 :}9 G '&P m,\x“ * ,’;P N ‘\x ':bx“ & & q:\x“ S ,‘3?5 ,, ? P
N o—s\ & 06\ ovs\ g o@ & o»‘\ o@* & ds\ 0’5‘ Qo‘\ oe* B & o os% F oo‘\ ow* o's\ 06\
NFE2 PF4 B1-tubulin FOG1
Hedekk *k
* HHHK
15 * 25 6 il 25
c < < e
o ok o S o
2 g » 2 2 20
@ 1.0 @ [ 4 * @
[ K ns o e <
s 815 g g 15
@ | @ o @
o o 10 o ® 1.0
> 05 2 ’_| dedede 22 ns 2
- 4 3 -
8 8 5 8 8 05
3 © 7] | 3
(4 « "4 (4
0.0 0 [ 0.0
*g’» ol 63‘ “° “° e" (»’» 6» *q‘» m° .33‘ s‘” & .9, «.;9 K3
* 0** e"’* & o"‘ P o’* o"* * e"* & o’* N o"* & o”*

Fig. 4 (Seelegend on previous page.)



Chen et al. Stem Cell Research & Therapy (2024) 15:454

B1-tubulin) were expressed dynamically (Fig. 5H, Fig-
ure S13), and platelet-specific genes (FOG1, NFE1, PF4,
ARNTL) were up-regulated (Fig. 5H, Figure S13), espe-
cially, ARNTL as a specific surface marker of platelet-
producing MKs [32], in the derivatives of H1 and H9
cells, suggesting that MKs were maturated and pre-
pared to produce platelets at the stage.

In order to further elucidate the differences among
cells at days 9 (HEC spheroids), 9+0 (MEP suspen-
sion cells), 9+2 (early MKs) and 9+ 6 (mature MKs),
whole-genome transcriptome analysis was conducted,
and it revealed significant differences in their gene
expression levels (Figure S14). Compared with the HEC
spheroids at day 9, there were 4355 DEGs were down-
regulated and 2284 DEGs (including TAL1, SELP and
GFI1B, which were related to erythrocyte differentia-
tion, platelet activation and MK differentiation, respec-
tively) were up-regulated in MEP suspension cells at
day 9+0 (Fig. 6A). We further identified 1255 up-reg-
ulated DEGs (including TREML1 and CD9, IL21R and
SPP1, which were related to platelet activation and
aggregation, as well as immune development) and 1917
down-regulated DEGs in cells at day 9+2 compared
with those at day 9+0 (Fig. 6B). Moreover, 2322 DEGs
(including GADD45B, CSF1 and CDKN2B, which were
related to apoptosis, cytoskeleton reorganization and
cell migration, and cell cycle regulation, respectively)
were up-regulated and 1135 DEGs were down-regu-
lated in cells at day 9+ 6 compared with those at day
9+2 (Fig. 6C). To explore the biological function of
up-regulated DEGs, GO enrichment analysis was per-
formed, and the results showed the enriched GO terms
including DNA replication, mitotic nuclear division,
myeloid cell differentiation, erythrocyte differentiation
and MK differentiation at day 9+ 0 (Fig. 6D), and blood
coagulation, platelet activation and platelet aggregation
at day 9+2 (Fig. 6E), and regulation of immune effec-
tor process, regulation of coagulation and regulation
of apoptotic signaling pathway at day 9 +6, separately
(Fig. 6F). In conclusion, these results indicated that

(See figure on next page.)
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hESC-derived MEPs could be differentiated into early
MKs and then maturated into mature MKs in vitro.

Characterization and functional validation of platelets
in vitro and in vivo
Since the cells at day 9+6 showed the characteristics
of mature MKs with the potential to produce platelets,
thus, MKs at day 9+6 were collected and subjected to
induce platelet production (Fig. 7A). CD61 is a specific
marker that serves both as a surface marker for MKs
and as a surface marker for activation-dependent plate-
lets [16]. In our in vitro differentiation system, there was
72.1% of platelets expressed CD61 at day 9+ 6, then the
percentages were increased to over 96% or 93% after
8 more days’ induction in the derivatives of both H9
cells and H1 cells (Fig. 7B, Figure S15A), similar to that
of donor platelets (Figure S16A). To further distinguish
functional platelets from the heterogeneity in vitro-pro-
duced pool, we collected platelets at day 9+ 14 to detect
the expression level of CD62P and the binding ability
of platelets to PAC-1 under the stimulation with ADP
and TRAP-6. The results showed that after the stimula-
tion, CD62P" platelets were significantly increased from
0.68% or 2.06% to 96.5% or 86.7%, and the ability to bind
to PAC-1 was also increased significantly from 0.69% or
5.31% to 51.2% or 57% respectively with ADP/TRAP-6
in the derivatives of both H9 cells and H1 cells (Fig. 7C,
Figure S15B), as was the case with donor platelets (Figure
S16B), indicating that hESC-derived platelets had func-
tion in vitro. Thus, the above results provided the strong
evidence on the development of functional platelets
in vitro, supporting our differentiation approach reca-
pitulated the in vivo development of MKs and platelets.
The major function of platelets is to guarantee primary
hemostasis, followed by participating in the clotting pro-
cess to contribute to the secondary process of hemosta-
sis. Therefore, in order to evaluate the coagulation and
hemostatic function of hESC-derived platelets in vivo,
we developed a mouse model of thrombocytopenia, thus,
the in vivo hemostatic function of hESC-derived platelets
could be evaluated by measuring tail bleeding and the

Fig. 5 Characterization of hESC-derived MKs. A Schematic representation of MEPs developing into mature MKs. B Flow cytometric analysis

for the percentages of CD41a and CD235a in suspension cells from H9 hESCs at days 940, 9+ 2, 9+4 and 9+6 (n=3). CThe percentages of CD41a*
cells in the hematopoietic suspension cells from H9 hESCs at days 940, 9+2, 9+4 and 9+ 6 were quantitated (n=3). D Flow cytometric analysis

for the percentages of CD41a*CD42a* cells, CD41a*CD42b* cells from H9 hESCs at days 9+0, 9+ 2, 9+4 and 9+ 6. E Detection of polyploidy

of suspension cells from H9 hESCs at day 9+6 by flow cytometry. F Giemsa staining was performed at day 9+ 6 after the differentiation of H9 hESCs.
(Original magnification, 100x, Scale bar, 100 um). G Co-immunofluorescent staining for CD62P and a-tubulin at day 9+6 after the differentiation

of H9 hESCs. The colors of green, red and blue represented the staining for CD62P, a-tubulin, and nuclei, respectively. (Original magnification, 40x,
Scale bar, 100 um). H The relative expression levels of CD41a, CD42a, CD42b, CD62p, RUNXT, FLIT, GATAT, 31-tubulin, FOGT, NFE2, PF4 and ARNTL1
in H9 hESCs, cell spheroids at day 9, and the suspension cells from day 9+ 0 to day 9+6, as well as CB CD34* cell-derived MKs (CB-MKs) by RT-qPCR
(n=3). All data in B, C, H were represented as means+SD. *p < 0.05, **p < 0.01, ***p <0.001 and ns (no significance)
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Day 9 vs Day 9+0
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Fig. 6 Analysis of gene expression patterns for the differentiation of MEPs into mature MKs by transcriptional sequencing. A-C Volcano maps

of DEGs between cells from H9 hESCs at day 9+ 0 and day 9 (A), day 9+ 2 and day 9+0 (B), day 9+ 6 and day 9+ 2 (C). Red spots represented
up-regulated genes, blue spots represented down-regulated genes, and gray spots represented non-DEGs. (D-F) GO terms of up-regulated DEGs
between cells from H9 hESCs at day 9+ 0 and day 9 (D), day 9+2 and day 9+0 (E), day 9+6 and day 9+2 (F)

involvement in secondary hemostatic process through
measuring coagulation reactions by rescuing thrombocy-
topenia model. First of all, mice were injected with cyclo-
phosphamide (CTX) for 3 consecutive days to consume
platelets to establish a model of thrombocytopenia, and

the weight of mice was recorded for 7 consecutive days.
As the results shown in Fig. 7D, the weight of normal
mice without treatment and mice injected with HBSS
gradually increased. In contrast, mice injected with CTX
gradually lost weight within 3 days after the injection and
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reached their lowest weight at day 4. The mice began to
re-gain weight when the administration of CTX was ter-
minated. After three days of the induction with CTX, the
platelet contents of the mice were significantly reduced
before the treatment with injecting human platelets, indi-
cating the successful establishment of the thrombocy-
topenia model (Fig. 7E). At the fourth day of modeling,
we examined the coagulation and hemostatic function
of mice. When compared with the normal mice without
treatment by CTX and the mice injected with HBSS, the
clothing time and the bleeding time of the model mice
was significantly prolonged and the coagulation effi-
ciency was significantly decreased using both slide and
capillary approaches (Fig. 7F).

Next, mice were injected with hESC-derived platelets
or human donor-derived platelets using the same dose at
the fourth day of modeling, and blood samples were col-
lected at 0.5, 1, 2, 4, 6, 24 and 48 h to detect the changes
in the content of exogenous platelets in mice after the
injections with human platelets or HBSS. After rescu-
ing the model mice with the same dose of hESC-derived
platelets or donor-derived platelets, the platelet contents
of the mice were significantly recovered (Fig. 7E), and
the kinetic process in vivo of the differentiated platelets
was very similar to donor-derived platelets (Fig. 7G).
Afterwards thrombocytopenia model mice were tested
for coagulation and hemostatic function 4 h after injec-
tion. As shown in Fig. 7H, when compared with the
model mice treated with HBSS, the blood coagulation
time of mice injected with hESC-derived platelets or
human donor-derived natural platelets was significantly
shorter, and the rescue effect of human platelets from
the two sources on the process of the blood coagula-
tion efficiency and hemostasis in model mice was highly
similar, indicating the coagulation and hemostatic func-
tion in model mice was significantly improved by human
platelets (Fig. 7H). The coagulation efficiency of hESC-
derived platelets was further evaluated by comparing the

(See figure on next page.)

Page 14 of 22

bleeding time, and the results showed that the hemostatic
efficiency of model mice was significantly improved after
the treatment with two kinds of exogenous platelets, and
the hemostatic effects of the two kinds of platelets were
also similar, even showing no significant difference when
compared to those of normal mice (Fig. 7I). Together,
these results strongly demonstrated that hESC-derived
platelets had similar in vivo coagulation and hemostatic
functions as human donor-derived platelets did, exhib-
iting in vivo function by improving the coagulation and
hemostasis in thrombocytopenia mice.

Mechanism by which hESCs were differentiated

into mature MKs in vitro

To further validate the differentiation approach, tran-
scriptome sequencing was performed to reveal the
expression profiles of cells at day 0 (H9 cells), 2, 6,9, 9+0,
9+2 and 9+6 during the differentiation. To obtain an
overview of the differences of the gene expression among
different cells at various stages of the megakaryopoie-
sis, we first performed correlation analysis and principal
component analysis (PCA) model to realize the visual
representation. The results showed that these samples
clustered by their biological replicates and the expression
level of the genes among most of the groupings was sig-
nificantly different (Fig. 8A—B). However, it also showed
the similarities between cells at day 2 and H9 cells (day
0), at day 6 and day 9, and among cells at day 9+0, day
942 and day 9+ 6 cells (Fig. 8A).

Subsequently, to more intuitively show the differential
genes upon the differentiation, specific genes at different
differentiation stages were selected for analysis. Specifi-
cally, we found that stage-related genes at each stage were
significantly highly expressed. Briefly, transcripts associ-
ated with pluripotency such as SOX2 and NANOG were
highly expressed in hESCs and rapidly downregulated
during the megakaryopoiesis (Fig. 8C). In contrast, genes
associated with primitive mesoderm formation such as

Fig. 7 Characterization of platelet function in vitro and in vivo. A A schematic representation of platelets differentiated from hESC-derived

MKs. B Flow cytometry analysis for CD61 expression of H9 hESC-derived platelets. C Flow cytometry analysis for PAC-1 binding, P-selectin

and CD42b expression of H9 hESC-derived platelets with or without 100 uM ADP and 40 uM TRAP-6 together. D Dynamic changes of body
weights of mice treated with cyclophosphamide (CTX), HBSS or without the treatment (Normal-untreated) respectively for 7 days (n=4). E
Changes in the number of platelets in mice at each group, including before modeling with cyclophosphamide (Pre-CTX), before the treatment
with platelets or HBSS after modeling (Pre-injection), 0.5 h and 4 h after the treatment with HBSS or platelets (Injection 0.5 h, Injection 4 h)

(n=4). F Clotting times and bleeding times of thrombocytopenia model mice and normal mice on the fourth day of developing the model

(n=4). Normal-untreated: normal healthy mice were used as blank control; HBSS: mice induced by HBSS (solvent of cyclophosphamide) that did
not acquire thrombocytopenia; CTX: cyclophosphamide-induced thrombocytopenia model mice. G Proportions of human donor-derived platelets
or H9 hESC-derived platelets in thrombocytopenia model mice were detected by flow cytometry at 0.5, 1, 2, 4, 6, 24 and 48 h after the treatment
with human platelets (n=4). H, | Clotting times (H) and bleeding times (I) of thrombocytopenia model mice and normal mice on the fourth day

of developing the model after the treatment with platelets (n=4). CTX mice + HBSS: injection of HBSS to treat thrombocytopenia model mice,

as placebo group; CTX mice +hESC-Platelet: injection of hESC-derived platelets to treat thrombocytopenia model mice; CTX mice + Donor-Platelet:
injection of Donor-derived platelets to treat thrombocytopenia model mice; Normal-untreated: normal healthy mice, as a control
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SP5, FST and TBXT were highly enriched in MPCs at
day 2 (Fig. 8C). At day 6, cells began to gradually express
endothelium and arterial endothelium related genes,
including vWE, CD44, GJA5, HOXB5, HOXA10, CD34,
VCAM, KGR in early HECs (Fig. 8C). Human endothelial
cells of arterial origin was found to show the great poten-
tial to develop into hematopoietic endothelium in com-
parison with endothelial cells of venous origin, suggesting
that the differences in endothelial surfaces contribute to
identify their hematopoietic potential [36]. Consistent
with aforementioned analysis of Go terms, cells at this
stage were significantly enriched in the biological pro-
cesses of endothelial development and the angiogenesis
(Fig. 1H). Subsequent cell spheroids at day 9 showed high
characteristic expression of hematopoietic endothelial
and early hematopoiesis related genes, including CDH5,
ERG and MECOM in late HECs (Fig. 8C). Therefore, the
above results indicated that the cell spheroids at day 6
had been developed into the endothelial stage and gradu-
ally entered hematopoietic endothelial stage, which was
then transformed into hematopoietic cells, and this pro-
cess was further strengthened at day 9. Interestingly, we
found the gene expression patterns of MEP suspended
cells from HEC spheroids (at day 94 0) were significantly
changed when compared to those of HEC spheroids (at
day 9) (Figs. 8A—C and 6A-C). The cells in HEC sphe-
roids mainly expressed characteristic genes related to
hematopoietic endothelium and early hematopoiesis
mentioned above, while megakaryocytic-erythroid line-
age genes such as GYPA and KLF1 were highly expressed
in MEPs (Fig. 8C). Collectively, these results indicated
that the suspended cells at day 9+0 might be defined
as MEPs. And the flow cytometry analysis results also
provided strong supporting evidence for this conclusion
(Fig. 5B, C). After further induction for MKs, the expres-
sion levels of MK-specific genes such as RUNX1, MPL,
FLI1 and ZFPM1 were gradually increased, while on the
other hand, the expression of erythroid-related genes
such as GYPA and KLF1 was dramatically decreased
in early MKs at day 9+2 (Fig. 8C). Together, these data
suggested that hESC-derived MEPs gradually developed
towards MKs during this step. Finally, GP1BA, GP1BB,
PF4, NFE2, PTPRC, SLEP and CD9, which are related

(See figure on next page.)
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to mature MKs and platelet activation as well as platelet
adhesion, were highly expressed mature MKs at day 9+6
(Fig. 8C). Therefore, it appeared that cells after day 9+2
gradually developed into mature MKs, and began to pos-
sess the capacity to produce platelets at day 9+ 6.

To explore the signaling pathways which play a vital role
during the megakaryopoiesis, GO and Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis were
performed. The KEGG pathway analysis revealed that
the differentially expressed mesoderm genes were corre-
lated to the pluripotency of stem cells and Wnt signaling
pathway at day 2 (Fig. 8D). Among them, Wnt signaling
pathway is the most investigated and the best character-
ized as a key pathway in mesoderm development [37],
thus indicating here a close transition from hESCs to
MPCs (Fig. 1F). Spheroids at day 6 were developed into
HECs with the potential to generate early hematopoietic
cells (Fig. 1B-C, Fig. 8C). At this stage, we found that
HEC spheroids at day 6 were significantly enriched in
Apelin signaling pathway and Vascular smooth muscle
contraction related to endothelial development [38, 39],
and in PI3K-Akt signaling pathway and MAPK signal-
ing pathway related to cell proliferation (Fig. 8D) [40, 41].
It appeared that Apelin signaling pathway and Vascular
smooth muscle contraction mediated the differentiation
of mesodermal cells into endothelial cells at this stage,
and PI3K-Akt and MAPK signaling pathways promoted
the proliferation of endothelial cells formed at this stage.
On days from 6 to 9, early hematopoietic cells were grad-
ually developed into MEPs which shed from HEC sphe-
roids to the culture medium. KEGG analysis revealed
that this process might be facilitated by the synergistic
effect of three upregulated signaling pathways including
neuroactive ligand-receptor interaction, calcium signal-
ing pathway and cAMP signaling pathway (Fig. 8D), and
it was likely that these three pathways acted in concert to
promote the shedding of individual MEP suspension cells
from the HEC spheroids. Interestingly, MEP suspension
cells at this stage (day 9+ 0) were predominantly enriched
in signaling pathways associated with cell prolifera-
tion, including DNA replication and cell cycle in KEGG
enrichment analysis (Fig. 8E), similar to the results of GO
(Fig. 6E), suggesting that this stage was a period of rapid

Fig. 8 Transcriptome analysis for the mechanism of the differentiation of hESCs into mature MKs in vitro. A Heatmap of correlation and PCA
analyses of H9 hESCs, differentiated cells at days 2, 6,9, 9+0, 942 and 9+6. B Principal component analysis (PCA) of H9 hESCs, differentiated
cellsatdays 2,6,9,9+0,9+2 and 9+6. C Expression analysis of specific high-expressing genes at different stages during H9 hESC-derived
megakaryopoiesis. D, E KEGG enrichment analysis of up-regulated genes (H9 hESCs vs cells at day 2, cells at day 2 vs cells at day 6, cells at day
6 vs cellsatday 9, cells at day 9 vs cells at day 9+0, cells at day 9+ 0 vs cells at day 9+ 2, cells at day 9+ 2 vs cells at day 9+6). (F-H) PPl network
of up-regulated DEGs between cells from H9 hESCs at day 9+0 and day 9 (F), day 942 and day 9+0 (G), day 9+ 6 and day 9+ 2 (H) analyzed

in STRING database. The rank is in descending order from red to yellow



Chen et al. Stem Cell Research & Therapy ~ (2024) 15:454 Page 17 of 22

A E KEGG Adjusted P value
—GmuJ 1 . N
Bay $o8 Iaa DNA replication 653613
Do aroc 18 Cell cycle 2.10E-11
Do Gion 02 Platelet activation 2.86E-06
gg; g:gg :2 D Hematopoietic cell lineage 2.46E-04
O Day 9+B6A | -04 i i
Day 9+6C l KEGG Adjusted P value Mlsmaltfh repair . 9.16E-04
g:; ga G';:Dn Sigr_laling pathways regulating 674505 Nucleoll.de metabo-llsm 3.84E-03
Day 9C Day 2 pluripotency of stem cells Fatty acid metabolism 6.61E-03
_ Day6A Day & —
Da¥ 6B Doy 840 Wht signaling pathway 8.55E-04 Steroid biosynthesis 8.34E-03
g:; s Hbmes PI3K-Akt signaling pathway ~ 5.55E-12 Hematopoietic cell lineage 7.69E-07
g:; gﬁ Rap1 signaling pathway 1.98E-09 Platelet activation 2.59E-05
Day 0C ignali x . .
Daz' et Ras signaling pathway 4.84E-08 ﬁ){;?:g;ﬁytokme receptor 1.57E-04
RS BT %ODSV 0A MAPK signaling pathway 2.87E-07
RESEFNATRS RS TS A Antigen processing and
S Apell | h 10E-f " 1.76E-04
0%%%%%%%’%’%’%%%%@%%‘%% pelin signaling pathway 1.10E-03 presentation
o Vascular smooth muscle -
contraction 1.22E-03 Oxytocin signaling pathway 2.13E-03
B TGF-beta signaling pathway  1.20E-03 Cell adhesion molecules 269E-03
Principal Component Analysis Neuroactive ligand-receptor 4 ge o P::;svf:d'pase D signaling 3.16E-03
150+ Day 98- interaction . P Y
Day géa;'/NOA Calcium signaling pathway 1.15E-03 PISK-Akt signaling pathway 495E-03
100+ Circadian entrainment 4.14E-03 ;‘;}:‘jgga B signaling 5.02E-07
—_ CAMP signaling pathway 5.96E-03 Complement and coagulation 1,
§ 50° Day 9+6A Purine metabolism 8.28E-03 cascades ’
€ leae® . | Apoptosis 3.64E-04
T o — . Day 9+0 | Cell adhesion molecules 3.67E-04
5 Day 8% ZJ’%f : "D[;?ygg‘s%a Fluid shear stress and
_50- Day 9+2C ?’::D: atherosclerosis 4.49E-04
P o Dav2 NOD-like receptor signaling
Day 2c03 2A om pathway 5.97€-04
-100- Day 2B+ D OR T ayaeo FoxO signaling pathy 8.35E-04
Day 0C  moDayse2 g g pathway .
100 B 100 a Daya-6 Chemokine signaling pathway ~ 5.90E-03

Dim1 (23.4%)

Day 9+6

Day 9+2

Day 9+0

Day 9

Day 6

Day 2

Day 0

Pluri MPCs HECs MEPs Early MKs Mature MKs

Fig. 8 (Seelegend on previous page.)



Chen et al. Stem Cell Research & Therapy (2024) 15:454

proliferations of MEPs and early MKs. MKs at day 9+2
were undergoing a rapid maturation phase (Fig. 5D), and
KEGG enrichment analysis showed that these cells at
this stage significantly expressed oxytocin signaling path-
way, phospholipase D signaling pathway and PI3K-Akt
signaling pathway (Fig. 8E), these results suggested that
these three signaling pathway contributed to promote
the maturation of MKs. Moreover, KEGG was conducted
to reveal that MKs at day 9+ 6 enriched signaling path-
ways related to apoptosis, complement and coagulation
cascades as well as fluid shear stress and atherosclerosis
(Fig. 8E), which played vital roles in promoting that MKs
finally were matured and began to possess the capacity to
produce platelets.

In addition, we focused on what genes might play
important roles during the induction phase of MKs. We
analyzed PPI network of differentially expressed genes
in cells at different induction stages in STRING data-
base and screened for potential proteins that regulate
MK differentiation, maturation, and platelet production
(Fig. 8F—H). The results of PPI analysis showed that genes
such as CDK1, MYC, and TOP2A were closely linked at
day 940 of the induction, and were Hub Genes (Highly
Connected Genes). It has been shown that CDK1 plays
a role in the regulation of the mitosis during MK differ-
entiation [42]; MYC, as a regulator of cell growth, pro-
liferation and differentiation, promotes NK proliferation
by facilitating cell growth and polyploidization while
transiently inhibiting cell differentiation (Fig. 8C) [43]; at
the same time, TOP2A participates in the early process
of development and cell proliferation through synergistic
action. In parallel, TOP2A is involved in cell proliferation
during the early development and regulates MK prolifera-
tion through synergistic effects with other key genes [44].
At day 942 of the induction, PPI analysis showed that
TLR4 and EGER were closely linked as Hub Genes at this
stage. It has been shown that TLR4 plays an important
role in the differentiation of hematopoietic progenitor
cells, especially affecting myeloid differentiation [45]. Not
only that, but its co-stimulation with other TLRs affects
MK development [46]. The activation of EGFR leads to
the downstream signaling involving PI3 kinase-depend-
ent AKT phosphorylation and Ca®* transients, which are
critical for platelet function [47]. VEGFR-1 enhances MK
maturation and increases platelet production [48, 49].
Since EGER and VEGER signaling pathways can interfere
with each other, it was hypothesized that EGFR might
regulate MK maturation by affecting VEGFR signaling.
At day 946 of the induction, PPI analysis showed that
genes such as ALB and JUN were closely linked and were
Hub Genes at this stage. It has been shown that ALB has
a significant effect on platelet generation and function,
and that ALB can regulate platelet adhesion through its
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conformational state [50, 51]; JUN is a positive regula-
tor of cell proliferation and differentiation [52], which
contributes to MK maturation and platelet biogenesis by
promoting DNA synthesis and polyploidization [53].

Discussion
Here, we developed a novel, stepwise, completely xeno-
free, defined three-dimensional culture system to
robustly generate MKs and platelets from hESCs by rig-
orously modeling the development of MKs and platelets
in vivo. In this system, hESCs were successfully induced
sequentially into MPC spheroids and HEC spheroids,
where HEC spheroids could generate early hematopoietic
cells, and these early hematopoietic cells could develop
into MEP suspension cells. Individual MEP suspension
cells isolated from these spheroids were then induced
and stimulated by different combinations of cytokines
to differentiate into MK lineage and further developed
into mature MKs, which ultimately gave rise to func-
tional platelets. hESC-derived MKs could reach a purity
level over more than 95%, and they possessed character-
istics of mature MKs, such as the expression of CD42a
and CD42b, the formation of multinucleated structures,
and the presence of more than 8N DNA, which could be
used for the development of MEPs and MKs. Moreover,
in vivo functionality of hESC-derived platelets was also
documented in thrombocytopenia mice by evaluating
the thrombus formation in vivo and the haemostasis,
showing a similar blood coagulation time and hemostatic
efficiency when compared with human natural platelets.
Thus, hESC-derived platelets exhibited in vivo function
at the improvement of the coagulation and hemostasis,
which was similar to that of the donor-derived platelets.
Transcriptome sequencing is an effective method to
reveal gene expression profiles and explore important
regulatory pathways during the differentiation. To fur-
ther investigate the transcriptional changes of genes dur-
ing the differentiation, we analyzed their gene expression
and correlation between undifferentiated and various-
differentiated states during the megakaryopoiesis under
our differentiation system. Multiple signaling pathways,
including Wnt and TGEF-B signaling pathways, were
reported to be associated with the generation and func-
tion of MKs. Consistent with the previous studies [28, 29,
36, 54], our results indicated that Wnt signaling domi-
nantly regulated the development of hESCs to the mes-
oderm stage (Fig. 6C), and our results also showed that
TGE-p signaling pathway played an important role in the
development of mesoderm to hematopoietic endothe-
lium stage (Fig. 6C). Furthermore, various metabolic
pathways began to up-regulate, such as purine metabo-
lism, nucleotide metabolism and fat metabolism, dur-
ing the stage of endothelial to hematopoietic transition
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(EHT). Then we further confirmed that short-term
induction of TPO with other cytokines significantly
improved the differentiation of early hematopoietic cells
into MEPs, along with the upregulation of the signaling
pathways such as DNA replication and cell cycle. Subse-
quently those MEPs proliferated rapidly and favored the
development of MK lineage at this phase. Taken together,
these findings demonstrated that short-term induction of
TPO impaired erythroid differentiation capacity and pro-
moted megakaryocytic differentiation of MK/erythroid
progenitors. After further development into more mature
MKs, signaling pathways such as phospholipase D signal-
ing and PI3K-Ark signaling pathing were at high expres-
sion, and platelet activation signaling pathway begin to be
enriched. At this time, immune-related signaling path-
ways, such as Antigen processing and presentation, were
also up-regulated to a certain extent in hESC-derived
MKs.

Upon hESC-derived MKs further maturating into poly-
ploid mature MKs and entering an apoptotic stage, we
observed that platelet-related signaling pathways, such
as Complement and Cascades and Fluid shear stress and
atherosclerosis, were gradually activated. MKs devel-
oped in vivo are heterogeneous, including various MKs
which respectively regulate HSC maintenance, immune
response, and platelet production. Consistent with oth-
ers [32], in our in vitro differentiation system, signaling
pathways related to immunity and inflammation were
significantly enriched from day 9+2, which might be
established by highly mimicking the in vivo differentia-
tion process of MKs, and thus inevitably produced some
MKs with immune characteristics. Therefore, it also
likely be a reason for the low platelet production from
hESC-derived MKs in vitro. Therefore, our study repre-
sents a significant advancement in the fields of stem cell-
based hematopoiesis including the megakaryopoiesis and
thrombopoiesis, regenerative medicine. Further studies
would focus on elucidating the molecular mechanisms
that mediate the formation and function of subpopula-
tion of platelet-producing MKs, which might help cir-
cumvent future bottlenecks in platelet yields for clinical
application.

hPSCs play a key role in regenerative medicine, and
they can serve as a potential alternative source for a wide
range of cells. In this study, hRESCs were selected, mainly
due to in view of the fact that hESCs are widely accepted
in regenerative medicine and clinical applications. In
addition, hESCs have relatively low immunogenicity,
especially in allografts, which may reduce the risk of
the rejection [55]. Human iPSCs can be obtained from
patient’s autologous cells with low immune responses,
avoiding ethical considerations, however, their repro-
gramming process may introduce genetic mutations or
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instability, which may raise the concern on the safety of
the cells in clinical application. Therefore, hESCs show
some advantages in clinical applications.

Recently, immortalized MK progenitor cell lines
(imMKCLs) were derived from human iPSCs through
the transduction with BMI1, ¢-MYC, and BCL-XL or
by co-culture with stromal cells [10, 56]. In addition,
major advancements have been achieved in generating
MKs from a variety of different stem cell sources and the
development of platelet bioreactor systems [21, 56—58],
however, the introduction of exogenous genes or heter-
ologous cells remain suboptimal for clinical use, with
limitations mainly related to immune rejection, genetic
instability, and the complexity of clinical translation.
Exogenous genes may lead to abnormal cell function and
cancer risk, while heterologous cells are easily recognized
and rejected by host immune system after the transplan-
tation. In addition, the high cost of culture and produc-
tion increase the economic burden of clinical application.
At the same time, the integration and implementation of
these technologies are complex and requires strict regu-
latory and ethical scrutiny, further reducing the feasibil-
ity of their translation into actual therapies. Thus, these
factors together may hinder their widespread application
in regenerative medicine.

Since our established hESC-derived platelet system is
compositionally defined and heterologous-free, it holds
great potential for clinical application. However, further
improvement of the purity and yield of platelets, as well
as further reduction of potential immunogenicity issues,
are needed for hESC-derived platelets generated by the
present system to clinical applications. As the current
differentiation system was developed by mimicing the
developmental process of MKs and platelets in vivo, the
generation of MKs is likely to be heterogeneous, and dif-
ferent MK subpopulations have significant differences
in their abilities to produce platelets; at the same time,
our culture system could not fully mimic bone marrow
microenvironment, thus, immature MKs might remain
in the final product, affecting the purity and function
of platelets. In addition, MK development and platelet
production are regulated by a variety of signaling path-
ways, including MAPK, PI3K/Akt and NF-«B, and some
of them are related to immune regulation, which may
contribute to the release of immune factors to affect MK
survival and platelet release, or even activate platelets
prematurely. Thus, inappropriate activation of immune
response-related signaling pathways may lead to poten-
tial safety issues with hESC-derived platelets, such as
excessive activation that may cause unwanted coagula-
tion, inflammatory responses, or immune responses.
Therefore, targeted studies are needed in future research
to address these challenges. For example, the use of
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single-cell RNA sequencing to identify different sub-
populations of MKs and their potential functions to
improve the number of platelet-producing MKs, and
the optimization of culture conditions to promote the
efficient expansion of MKs; the development of culture
systems that more closely mimic bone marrow microen-
vironment to further enhance the maturation of MKs and
the efficient production of platelets with the functional-
ity including their hemostatic function and survival rate
in vivo.

Conclusions

In conclusion, we have developed a four-stage differen-
tiation approach for the efficient generation of mature
MKs and platelets under 3D differentiation conditions.
The in vivo coagulation and hemostasis function of
hESC-derived platelets were found to be similar to that of
human donor-derived platelets, indicating a new emerg-
ing method for the preparation of functional platelets
suitable for future clinical applications.
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