
Sequential cellular niches control the generation of
enucleated erythrocytes from human pluripotent
stem cells 

Human pluripotent stem cells (hPSC), including human
embryonic stem cells (hESC) and human-induced
pluripotent stem cells (hiPSC), possess a powerful poten-
tial for in vitro generation of red blood cells (RBC) to over-
come blood supply shortages.1,2 Previous studies have
demonstrated that hPSC have the ability to differentiate
into erythroid cells.3-7 However, the generation of enucle-
ated erythrocytes has still been challenging. The goal of
this study is to investigate cellular niche effects on ery-
throblast generation and their enucleation. 

During embryonic development, hemogenic endothe-
lial (HE) cells in the aorta-gonad-mesonephros (AGM)
have been recognized as precursors of hematopoietic
stem cells (HSC) that give rise to multi-lineage
hematopoietic cells.8,9 Therefore, we firstly initiated
hematopoietic differentiation from hPSC by HE genera-
tion in a chemically defined monolayer differentiation
system (Figure 1A). As previously described, hESC-
derived HE cells on day 5 (D5) exhibited previously

described HE phenotypes (CD34+CD144+CD43–CD73–

CD184–)10,11 (Online Supplementary Figure S1A). The
hematopoietic potential of HE cells through endothelial-
to-hematopoietic transition (EHT) was confirmed by cul-
ture of the CD34+ cells isolated from the D5 cells (Online
Supplementary Figure S1B-E). To induce erythroid differ-
entiation, the D5 cells were sub-cultured for eight days in
the presence of erythropoietin (EPO) (Figure 1A).
Immunostaining analysis of the emerged round-cell clus-
ters on day 2 showed that they co-expressed CD235a
erythroid and CD41 megakaryocytic markers (Figure 1B).
Flow cytometry analysis further confirmed that the
majority of the emerged hematopoietic cells on day 2
were CD235a+CD41+ cells (>90%) (Figure 1C) and nearly
all the CD235a+CD41+cells expressed CD31, but not
CD144 (Online Supplementary Figure S2). The
CD235a+CD41+ progenitor cells gradually lost the
expression of CD41 megakaryocytic marker (Figure 1C).
By day 5 of erythroid differentiation (D5+5), less than
50% of the cells were CD235a+CD41+ cells (Figure 1C).
By day 8 (D5+8), the majority of the cells (>90%) were
CD235a+CD71+CD41–CD34–CD45– cells, indicating an
erythroid commitment (Figure 1 C and 1D). Benzidine
staining detected hemoglobin expression in erythroid
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Figure 1. A novel chemically-defined
monolayer differentiation system of
hPSC for effective generation of ery-
throid cells. (A) Schematic diagram
showing the strategy for the develop-
ment of HE cells, and HE-derived ery-
throid differentiation (Stage 1) and
maturation (Stage 2). (B) Visualization
of emerging hematopoietic clusters in
EHT cultures by confocal imaging.
Immunostaining was performed with
antibodies for the endothelial marker
(VE-cadherin in green) and the
hematopoietic markers (CD41 in red
and CD235a in yellow). DAPI in blue
was used for nuclear staining. Scale
bar, 100 μm. (C) Representative flow
cytometric analysis of the frequency
of CD235a+ and CD41+ cells after ery-
throid differentiation of HE cells for
two days (D5+2), five days (D5+5)
and eight days (D5+8). The suspend-
ed and semi-adherent hematopoietic
cells, excluding adherent endothelial
cells, were collected for flow cytome-
try analysis. n=3. (D) Representative
flow cytometric analysis of the fre-
quency of CD235a+, CD45+, CD71+,
CD34+ cells in D5+8 erythroid cells.
The suspended and semi-adherent
hematopoietic cells, excluding adher-
ent endothelial cells, were collected
for flow cytometry analysis. n=3. (E)
Benzidine (brown color) for hemoglo-
bin and Wright-Giemsa (nuclear DNA)
staining of D5+8 erythroid cells. Scale
bar, 20 μm. (F) Wright-Giemsa stain-
ing of D5+8 erythroid cells. Scale bar,
20 μm. (G) Representative flow cyto-
metric analysis of the expression of
band3 in D5+8 erythroid cells. n=3.
(H) Representative flow cytometric
analysis of enucleation of D5+8 ery-
throid cells. n=3. Experiments were
performed on H1 hESC unless other-
wise indicated.
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Figure 2. Promoting effect of endothelial niche on the generation of erythroblasts with high potential of enucleation. (A) Schematic diagram showing the strat-
egy of OP9 cellular niches employed to promote the maturation of erythroblasts. (B) The yield of enucleated erythrocytes generated from 6000 cells of H1 hESC
under the co-culture with or without OP9 cells in the indicated days. n=3. (C) Representative flow cytometric analysis of enucleation of D5+8 erythroid cells fol-
lowing 30 days of co-culture with OP9 cells or without OP9 cells. n=3. (D) Schematic showing the strategy of sequential EC and OP9 cellular niches employed to
promote the maturation of erythroblasts. (E) Representative flow cytometric analysis of band3 and α4 integrin expression in erythroid cells generated by sequen-
tial EC and OP9 co-cultures on the indicated days. n=3. (F) Representative flow cytometric analysis of CD71 and CD235a expression in erythroid cells generated
by sequential EC and OP9 co-cultures on the indicated days. n=3. (G) Representative flow cytometric analysis of gradual enucleation of erythroid cells generated
by sequential EC and OP9 co-cultures on the indicated days. n=3. (H) Progressive morphologic changes of erythroid cells after erythroid differentiation with
sequential EC and OP9 co-cultures in the presence of EPO. Cells were stained with Wright-Giemsa on the indicated days. Scale bars, 20 μm. (I) The percentage
of basophilic erythroblasts (Baso), polychromatic erythroblasts (Poly), orthochromatic normoblasts (Ortho), and enucleated erythrocytes (Enucleated) on the indi-
cated days after erythroid differentiation with sequential EC and OP9 co-cultures in the presence of EPO. n=3. Experiments were performed on H1 hESC unless
otherwise indicated. Data are shown as means ± the standard error of the mean (±SEM).
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cells on D5+8 (Figure 1E). Wright-Giemsa staining indi-
cated that D5+8 cells were morphologically basophilic
erythroblasts (Figure 1F) that were CD235a+band3-
basophilic erythroblasts (Figure 1G) and contained cellu-
lar nuclei (Hoechst33342+CD235a+) (Figure 1H).  

OP9, a mouse bone marrow stromal cell (BMSC) line,
is often used for supporting hematopoietic differentiation
in vitro.12 Considering the ontogeny route that leads to the
generation of mature RBC from HSC in adult bone mar-
row, we determined erythroid maturation potential of
D5+8 erythroblasts in the presence of OP9 as a BMSC
cellular niche (Figure 2A). Morphologic analysis of the
suspension cells after 14 days indicated that OP9 co-cul-
ture (D5+8+P14) significantly decreased the number of
basophilic erythroblasts and increased the number of
orthochromatic erythroblasts that were smaller cells with
shrunk nucleus, compared to the control group without
OP9 co-culture (D5+8+14) (Online Supplementary Figure
S3A-B). Flow cytometry analysis confirmed that OP9 co-
culture increased the frequency of CD235a+band3+ ery-
throblasts, and decreased the frequency of
CD235a+band3– basophilic erythroblasts (Online
Supplementary Figure S3C), indicating the promoting
effect of BMSC on a transition from basophilic erythrob-
lasts to orthochromatic erythroblasts. Although
Hoechst33342 (H33342) nuclei acid staining indicated
that the number of CD235a+H33342– enucleated erythro-
cytes was significantly increased with OP9 co-culture
(Figure 2B), the generation of enucleated erythrocytes
remained inefficient, resulting in ~8% enucleated ery-
throcytes by 30 days of OP9 co-culture (Figure 2C). 

Intrigued by significant yet insufficient enhancement
through the OP9 co-culture in erythroid maturation, we
hypothesized that the HE-derived erythroblasts lack the
intrinsic ability to reach enucleation, and a specific niche
is required at an early stage to prime the HE cells to gen-
erate erythroblasts with full maturation potential. The
endothelial niche platform of E4EC has been reported to
deliver a promoting effect on the generation of
engraftable hematopoietic stem and progenitor cells
(HSPC) from hPSC.13,14 Considering that HSC emerged
from HE cells is in an endothelial microenvironment in
AGM, we established a sequential niche system, consist-
ing of endothelial cells (EC) on stage 1 and OP9 on stage
2 (Figure 1A and Figure 2D). After co-culture of D5 HE
cells on E4ECs for eight days, the EC-primed erythrob-
lasts (D5+E8) were transferred onto OP9 cells for contin-
uing erythroid maturation. Flow cytometry analysis of
band3 and α4 integrin demonstrated that there was a
decrease in the α4 integrinhiband3low population and a
progressive increase in the α4 integrinlowband3hi popula-
tion during erythroid maturation (Figure 2E), a similar
pattern of terminal erythroid differentiation of human
primary CD34+ cells.15 Along with erythroblast matura-
tion, the expression of CD71 decreased gradually (Figure
2F), whereas the frequency of enucleation increased grad-
ually and most of the cells after co-culture with OP9 for
30 days (D5+E8+P30) were CD235a+H33342– enucleated
erythrocytes (~75%) (Figure 2G). Morphological analysis
by Wright-Giemsa staining indicated a gradual synchro-
nous transition from basophilic erythroblasts (D5+E8) to
polychromatic erythroblasts (D5+E8+P7), to orthochro-
matic normoblasts (D5+E8+P14), and eventually to enu-
cleated erythrocytes (D5+E8+P30) (Figure 2H-I). To test
whether EC-primed erythroblasts continue to undergo
terminal maturation in vivo, we infused CFSE-labeled ery-
throblasts (1x108) into NOG mice, and assessed their
enucleated potential in vivo. Our data demonstrated that
the CFSE+ cells from D5+E8 gradually decreased in the

peripheral blood (PB) of mice, and H33342- enucleated
erythrocytes increased from 30% on day 2 to 80% on
day 4 in CFSE+ population, compared to undetectable of
CFSE+ cells from erythroblasts in the absence of EC
(D5+8) (Online Supplementary Figure S4A-B).

To investigate whether EC and OP9 niches are inter-
changeable, we induced erythroid differentiation from
D5 HE cells with revised orders of EC and OP9. When
the D5 cells were first differentiated on OP9 (stage 1) and
then on EC (stage 2) (D5+P8+E30), only fewer enucleated
erythrocytes were generated (Figure 3A). Furthermore,
prolonged differentiation of HE cells with a single-niche,
either on EC (D5+E8+E30) or on OP9 (D5+P8+P30), was
not permissive to efficiently generate enucleated erythro-
cytes (Figure 3A). To further test the reliability of EC-OP9
sequential cellular niche system, we applied two hiPSC
lines (BC1 and JHU181i) to the sequential platform, and
demonstrated that EC-OP9 sequential cellular niche sys-
tem had the ability to greatly enhance the frequency and
yield of enucleated erythrocytes from both hiPSC lines
(Figure 3B and Online Supplementary Figure S5A-B).
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Figure 3. Generation of enucleated erythroid cells from hiPSCs by sequential
endothelium and OP9 cellular niche induction. (A) The number of erythroid
cells generated by sequential enucleated EC and OP9 co-cultures
(D5+E8+P30), by switching the order of OP9 cells (stage 1) and EC (stage 2)
(D5+P8+E8), or by prolonging differentiation of HE cells with a single-niche
either on EC or OP9 cells (D5+E8+E30 or D5+P8+P30). The total enucleated
erythroid cells were generated from 6000 cells of H1 hESCs under different
culture conditions. N=3. Data are shown as means ±SEM. Statistical analysis
was done by two-tailed Student’s t test. ***P<.001. (B) The percentage of
enucleated erythrocytes generated from hiPSC on the indicated days. BC1-
hiPSC and JHU181i-hiPSC were used and H1-hESC were used as control.
N=3. 
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Interestingly, prolonged OP9 co-culture to 40 days
(D5+E8+P40) was unable to further increase the efficien-
cy of enucleation (Figure 3B), but resulted in a decreased
production of enucleated erythrocytes (Online
Supplementary Figure S5B). Although the total number of
hematopoietic cells reached a plateau by day 21 (Online
Supplementary Figure S5A), the number of enucleated ery-
throcytes continued to increase from day 21 to day 30
(Online Supplementary Figure S5B), indicating that during
this period, erythroid enucleation was still being carried
out efficiently.

In summary, we found that EC had the ability to
endow erythroid progenitors with high enucleation
potential, whereas OP9 BMSC promoted the further mat-
uration of EC-primed erythroblasts to generate enucleat-
ed erythrocytes. Omitting either of the cellular niches or
reversing the temporal order of cellular niches of EC and
BMSC significantly reduced the efficiency of enucleated
erythrocyte generation. Our sequential multi-niche
model not only presents a platform for further investiga-
tion of the molecular and cellular mechanism underline
erythroid differentiation and maturation, but also offers a
new strategy for the generation of functional HSC from
hPSC. 
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