
Erythropoietic properties of human induced pluripotent stem 
cells-derived red blood cells in immunodeficient mice

Jiusheng Deng1, Moira Lancelot1, Ryan Jajosky1,2, Qiaomei Deng1, Kristin Deeb4, Natia 
Saakadze1, Yongxing Gao3, David Jaye4, Senquan Liu3, Sean R. Stowell1,2, Linzhao 
Cheng3, John D. Roback1

1Center for Transfusion and Cellular Therapies, Department of Pathology and Laboratory 
Medicine, Emory University School of Medicine, Atlanta, Georgia, USA

2Joint Program in Transfusion Medicine, Department of Pathology, Brigham and Women’s 
Hospital, Harvard Medical School, Boston, Massachusetts, USA

3Division of Hematology, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA

4Department of Pathology and Laboratory Medicine, Emory University School of Medicine, 
Atlanta, Georgia, USA

Abstract

Transfusion of red blood cells (RBCs) is a life-saving intervention for anemic patients. Human 

induced pluripotent stem cells (iPSC) have the capability to expand and differentiate into RBCs 

(iPSC-RBCs). Here we developed a murine model to investigate the in vivo properties of human 

iPSC-RBCs. iPSC lines were produced from human peripheral blood mononuclear cells by 

transient expression of plasmids containing OCT4, SOX2, MYC, KLF4, and BCL-XL genes. 

Human iPSC-RBCs were generated in culture supplemented with human platelet lysate, and 

were CD34−CD235a+ CD233+ CD49dlow CD71low; about 13% of iPSC-RBCs were enucleated 

before transfusion. Systemic administration of clodronate liposomes (CL) and cobra venom factor 

(CVF) to NOD scid gamma (NSG) mice markedly promoted the circulatory survival of human 

iPSC-RBCs following transfusion. While iPSC-RBCs progressively decreased with time, 90% 

of circulating iPSC-RBCs were enucleated 1 day after transfusion (CD235a+ CD233+ CD49d− 

CD71−). Surprisingly, human iPSC-RBCs reappeared in the peripheral circulation at 3 weeks after 

transfusion at levels more than 8-fold higher than at 1 h after transfusion. Moreover, a substantial 

portion of the transfused nucleated iPSC-RBCs preferentially homed to the bone marrow, and 

were detectable at 24 days after transfusion. These results suggest that nucleated human iPSC-

derived cells that homed to the bone marrow of NSG mice retained the capability to complete 

differentiation into enucleated erythrocytes and egress the bone marrow into peripheral blood. The 

Correspondence John D. Roback, Center for Transfusion and Cellular Therapies, Department of Pathology and Laboratory Medicine, 
Emory University School of Medicine, 1364 Clifton Rd. NE, Atlanta, GA 30322, USA, jroback@emory.edu.
AUTHOR CONTRIBUTIONS
Concept and design: Jiusheng Deng, John D. Roback. Acquisition of data (performed experiments, provided animals, facilities, and 
material etc.): Jiusheng Deng, Moira Lancelot, Ryan Jajosky, Qiaomei Deng, Kristin Deeb, Natia Saakadze, Yongxing Gao, David 
Jaye, Senquan Liu, Sean R. Stowell, Linzhao Cheng. Data Analysis and interpretation: Jiusheng Deng, John D. Roback. Writing, 
review, and revision of the manuscript: Jiusheng Deng, John D. Roback.

SUPPORTING INFORMATION
Additional supporting information may be found in the online version of the article at the publisher’s website.

HHS Public Access
Author manuscript
Am J Hematol. Author manuscript; available in PMC 2022 February 01.

Published in final edited form as:
Am J Hematol. 2022 February 01; 97(2): 194–202. doi:10.1002/ajh.26410.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



results offer a new model using human peripheral blood-derived iPSC and CL/CVF-treated NSG 

mice to investigate the development and circulation of human erythroid cells in vivo.

1 | INTRODUCTION

Transfusion of human red blood cells (RBCs) is the oldest form of cell therapy, and an 

irreplaceable life-saving medical treatment. Each year, more than 5 million patients in the 

US require over 13 million units of RBCs for transfusion due to major surgery, severe injury 

and bleeding, anemia, blood disorders, or cancer treatments.1,2

The supply of RBC units from volunteer blood donors is generally adequate and safe, but 

not always. For example, there are often shortages of specific blood units required in special 

situations3: group O Rh-negative RBCs are preferred for emergent transfusions of women of 

child-bearing potential; RBCs lacking erythroid allo-antigens (e.g., C-, E-, K-) are required 

for transfusion of many sickle cell patients.4 However, even when alloantigen-matching 

protocols are employed, transfusion-dependent patients can still generate alloantibodies that 

can make it difficult to find compatible RBC for future transfusion.4–8 Recent studies 

highlight this challenge and demonstrate that alloantibody formation against non-ABO(H) 

antigens can significantly increase transfusion complications,6,9 with a pronounced impact 

on mortality in patients with sickle cell disease in particular.10,11 While recent efforts are 

underway to reduce the deleterious sequalae of RBC alloantibodies in transfusion-dependent 

patients,12–15 alternative approaches that facilitate the availability of compatible RBCs for 

difficult to transfuse patients would be predicted to significantly improve outcomes.16

Additionally, while RBC transfusions are considered to be relatively safe procedures, 

adverse events continue to occur. Although rare, ABO-incompatible transfusions can be 

life-threatening.17 While the risk of ABO-incompatible transfusions can be abrogated by 

using group O units, these universal donor red cells are often in short supply. Other 

more common, and generally less serious, adverse reactions include febrile nonhemolytic, 

TRALI, and allergic transfusion reactions.18 These reactions can be largely eliminated by 

removing the causative non-RBC constituents from blood products, including cytokines, 

antibodies, and other plasma proteins.19 Furthermore, while current screening methods 

to mitigate risks of transfusion-transmitted viral infections have produced an extremely 

safe blood supply, RBC transfusions are not yet “zero-risk” with respect to infectious 

diseases.20 In addition, infectious disease outbreaks such as COVID-19 pandemic caused 

nationwide blood shortages. For these reasons, the production of cultured, group O RBCs 

of specified phenotypes promises to further improve the availability, efficacy, and safety of 

RBC transfusion therapies.

Human induced pluripotent stem cells (iPSC) can be produced by reprogramming adult 

peripheral blood mononuclear cells via transfection of OCT4, SOX2, KLF4, MYC, or 

LIN28 genes.21,22 The resulting iPSC, similar to embryonic stem cells, retain the capacity 

to self-renew, expand, and differentiate into all types of mature blood elements including 

RBCs.23–26 From a basic research perspective, iPSC provides a powerful model to dissect 

mechanisms of cell differentiation.
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Clinically, the virtually unlimited growth potential of iPSC could facilitate a pipeline 

for large-scale production of iPSC-derived RBCs (iPSC-RBCs) in vitro. Furthermore, the 

appropriate selections of donors and/or application of genome-editing technologies make 

it feasible to create iPSC-RBCs of defined phenotypes (eg, group O, RhD-, C-, E-, K-

negative),27 thus directly facilitating the transfusion management of difficult to transfuse 

patients. The use of defined culture media eliminates soluble factors implicated in the most 

common transfusion reactions. In the proper therapeutic niche, iPSC-RBCs would be high-

value products due to their unique characteristics and the potential to alleviate shortages of 

specific RBC products.28

Here, we tested the effect of human platelet lysate (hPL) on the maturation of iPSC-RBCs, 

and investigated the in vivo behavior of the resulting iPSC-RBCs in the immunodeficient 

NOD scid gamma (NSG) mouse model. We also showed that iPSC homed to the bone 

marrow and continue development to mature RBCs, suggesting that this may represent 

a useful in vivo model to better understand the mechanisms directing erythroblasts to 

differentiate into mature RBCs.

2 | METHODS

2.1 | iPSC generation

Peripheral blood mononuclear cells were isolated from blood of healthy donors (n = 5). 

Erythroblasts were expanded in SFEM II medium (StemCell Technologies) containing 

human erythropoietin (EPO), holo-transferrin, stem cell factor (SCF) (R&D Systems), 

interleukin (IL)-3, and insulin-like growth factor-1 (PeproTech), as described.29 Expanded 

erythroblasts were reprogrammed to iPSC using three reprogramming plasmids (MOS, 

MMK and MBX containing OCT4, SOX2, MYC, KLF4, and BCL-XL genes) (Addgene), as 

described.29 iPSC were expanded in E8 medium (StemCell Technologies) containing ROCK 

inhibitor Y27632 (1:1000; Sigma), and immunophenotyped by flow cytometry, or stained by 

Giemsa banding for karyotype analyses.30 The use of human peripheral blood was approved 

by the Institutional Review Board of Emory University.

2.2 | iPSC-RBCs production

iPSC was induced to hematopoietic progenitor cells (HPC) using the STEMdiff 

Hematopoietic kit (StemCell Technologies) following company’s instruction. HPC were 

harvested and cultured in SFEM II medium with StemSpan erythroid expansion supplement 

for 14 days to differentiate into erythroblasts. iPSC-derived erythroblasts were cultured 

for 8 days for maturation in SFEM II medium containing human EPO, holo-transferrin, 

heparin, and insulin as described,31 supplemented with either 10% human platelet lysate 

(hPL; produced as described32), human serum (Sigma), or plasma albumin (Grifols); this 

medium was also supplemented with human SCF (100 ng/mL) and IL-3 (10 ng/mL) for the 

first 4 days. Culture medium was refreshed every 2 days.

2.3 | Flow cytometry

iPSC were profiled with phycoerythrin-conjugated (PE) anti-human SSEA4 (Millipore 

Corporation), TRA-1–60 and Nanog antibodies (1:100; BD Pharmingen) on a FACSCalibur 
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Flow Cytometer (BD). iPSC-derived cells were analyzed with: fluorescein isothiocyanate-

conjugated (FITC) anti-human CD235a (1:100; Caprico Biotechnologies); PE anti-

human CD45 (1:100; BioLegend) and CD233 antibodies (1:100; Miltenyi Biotech); 

allophycocyanin-conjugated (APC) anti-human CD34, CD49d (Biolegend) and CD71 

antibodies (1:100; Caprico Biotechnologies); and DNA-binding dye DRAQ5 (1:500; 

BioLegend). Peripheral blood, bone marrow cells, or cells isolated from murine spleen, 

liver, and lung were analyzed with anti-human CD235a (FITC), CD233 (PE), CD49d (APC) 

antibodies, and DRAQ5. Data were analyzed with FlowJo 10.7.1 software.

2.4 | Mouse transfusion model

NSG mice (n = 5 per group, 8 weeks old, body weight >20 g) (The Jackson Laboratory) 

were pretreated with clodronate liposomes (CL) (100 μL/mouse; LIPOSOMA), cobra venom 

factor (CVF) (20 μg/mouse; Quidel Corporation), or combination of CL and CVF at both 1 

day and 1 h before transfusion (50 μL/mouse of CL, 10 μg/mouse of CVF) by intravenous 

injection (IV).31 The mice were transfused by IV with 30 μL/mouse of normal human RBCs 

or 30 million iPSC-RBCs. After transfusion, the mice were continuously treated with CL 

(30 μL/mouse), CVF (10 μg/mouse), or the combination of CL and CVF every 3 days 

until sacrifice. Murine peripheral blood (before or after transfusion), femoral bone marrow, 

spleen, liver, and lung were collected for flow cytometry. The use of mice was approved by 

The Institutional Animal Care and Use Committee of Emory University.

2.5 | Statistical analysis

Data were presented as mean ± SEM. p values were calculated using the one-way analysis of 

variance test. p value less than .05 was considered significant (*p < .05; **p < .01; ***p < 

.001).

3 | RESULTS

3.1 | Human platelet lysate promotes the maturation of iPSC-RBCs

Human peripheral blood-derived iPSC (Figure 1A) were obtained by nucleofection of 

OCT4, SOX2, KLF4, MYC, and BCL-XL genes into primary human erythroblasts (Figure 

S1).29 The resulting iPSC lines expressed the pluripotency markers SSEA4, TRA-1–60, 

and Nanog (Figure 1B).33 The one line evaluated by cytogenetics showed a normal 46,XY 

male karyotype that was maintained for at least 20 passages (Figure S2). After the first 

stage of the differentiation protocol, iPSC-derived cells expressed CD34+ CD45+ consistent 

with an HPC-like phenotype (Figure 1C). We calculated that there was an average 10-fold 

increase in cell numbers during the first (HPC) differentiation phase, and an over 510-fold 

expansion by the end of the second phase (erythroblasts) (Figure 1D). At the start of the 

third culture phase, iPSC-derived erythroblasts were CD34− CD235a+ CD233+ CD49dhigh 

CD71high (Figure 1E). Following 8 days of maturation culture in the presence of either hPL, 

human serum, or albumin, iPSC-RBCs were CD34− CD235a+ CD233+ CD49dlow CD71low; 

in contrast, normal human RBCs were CD49d− CD71− (Figure 1E). Approximately, 13% of 

iPSC-RBCs were enucleated by the end of the maturation protocol, and the percentage was 

not affected by the presence of hPL, serum, or albumin (Figure 1F). However, the average 
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fold increase in cell numbers was significantly higher in the presence of hPL or serum (730- 

and 750-fold, respectively) than when albumin was used (560-fold) (Figure 1G).

3.2 | Systemic administration of CL and CVF enhanced the survival of human RBCs and 
iPSC-RBCs in immunodeficient NSG mice

To study the circulation of iPSC-RBCs in vivo, we first needed to validate a mouse 

transfusion model. Similar to prior studies,31,34 we used NSG mice that were treated with 

CL and/or CVF. We first examined the circulation of normal human RBCs, which were 

identified using anti-human CD235a antibodies. Initial flow cytometry studies demonstrated 

that this antibody did not bind to murine RBCs collected from mice prior to transfusion 

(Figure 2A, top panel), but did recognize human RBCs at 10 min after transfusion (Figure 

2A, bottom panel). Flow cytometric analyses further showed that combined administration 

of CL and CVF markedly enhanced the survival of human RBCs starting at 1 h after 

transfusion; the effects were significantly better than when using CL or CVF alone (Figure 

2B). There was no significant difference in the percentage of circulating human RBCs 

among the four groups of NSG mice at 10 min after transfusion (Figure 2B). The percentage 

of circulating human RBCs in CL and CVF-treated mice decreased progressively over the 

first 6 days after transfusion. Nonetheless, human RBCs still persisted at greater than 0.1% 

of total RBCs at day 6 (Figure 2C), representing approximately 20% of the human RBCs 

circulating at 10 min after transfusion.

To follow the survival of human iPSC-RBCs in vivo, we transfused iPSC-RBCs into NSG 

mice pretreated with CL and CVF, as above. At 1 h after transfusion, 0.15% of circulating 

cells were human iPSC-RBCs (Figure 3A,B). Circulating human iPSC-RBCs decreased to 

0.05% 24 h later and persisted at approximately this level through day 15 post transfusion 

(Figure 3B).

3.3 | Human iPSC-RBCs retain potent erythropoietic activity in vivo

Surprisingly, when monitoring the circulation of transfused iPSC-RBCs, we observed that 

levels of CD235a+ cells increased in mice after day 15; circulating iPSC-RBCs were 2-fold 

higher at day 18 than at 1 h after transfusion (Figure 3A,B). The percentage of human 

iPSC-RBCs in murine circulation continued to increase, and reached to 1.2% on day 24 

after transfusion, 8-fold higher than the one at 1 h post transfusion (Figures 3A,B, S3). 

In contrast, normal human RBCs in the circulation of CL- and CVF-treated NSG mice 

continuously decreased, and became undetectable on day 24 after transfusion (Figure S4).

As shown above, only about 13% of human iPSC-RBCs were enucleated at the time of 

transfusion (Figure 1F). However, when the CD235a+ iPSC-RBCs identified in murine 

circulation after transfusion (gated as in Figure 3A) were stained with the DRAQ5 nuclear 

stain, the percentage of enucleated cells reached 70% at 1 h after transfusion (Figure 

3C,D). On day 1 after transfusion, enucleated human iPSC-RBCs increased further to 95% 

of CD235a+ iPSC-RBCs, and persisted in murine circulation at approximately that level 

(Figure 3C,D). The iPSC-RBCs that reappeared in circulation after day 15 were 95%–98% 

enucleated. Additionally, flow cytometry on peripheral blood samples obtained at day 24 

after transfusion showed that CD235a+ DRAQ5− enucleated circulating human iPSC-RBCs 
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in NSG mice were CD233+CD49d−CD71− (Figure 3E), more closely matching the normal 

human RBC phenotype than iPSC-RBCs at the end of the culture period (Figure 1E).

3.4 | Human iPSC-RBCs preferentially migrated to murine bone marrow

We reasoned that the increase in iPSC-RBCs in the murine peripheral blood 2–3 weeks after 

transfusion may be due to homing of cells to the bone marrow where they differentiated to 

reseed the peripheral circulation with enucleated iPSC-RBCs. To check the distribution of 

iPSC-RBCs in vivo, we collected bone marrow, spleen, liver, and lung from NSG mice after 

transfusion. Flow cytometric analyses showed that a substantial amount of CD235a+ human 

cells migrated into bone marrow cells on day 1 after transfusion (Figures 4A, S5A). On 

day 24 after transfusion, more than 20% of bone marrow cells were CD235a+ human cells 

(Figures 4A,C, S5A). In contrast, only small population of iPSC-RBCs resided in spleen, 

liver, or lung at the time point (Figure 4B,C). Flow cytometry further revealed that more than 

90% of human iPSC-RBCs in murine bone marrow were nucleated (DRAQ5+) (Figures 4D, 

S5B) and CD49d+ CD233+ (Figure 4E). The control murine bone marrow cells from naïve 

NSG mice were CD49d− CD233− (Figure 4F). There were no detectable human T cells or B 

cells in murine bone marrow of NSG mice transfused with human iPSC-RBCs (Figure 4G).

4 | DISCUSSION

Human iPSC-RBCs represent a potentially attractive alternative to donor-derived RBCs 

for transfusion, especially in niche situations where they could fill the need for products 

with difficult-to-source phenotypes. Additionally, they could represent a safer alternative 

to conventional RBC units, since they could be produced without antigens or soluble 

factors that cause some of the common and/or serious adverse reactions associated with 

RBC transfusion. However, much work remains to be done before iPSC-RBCs can be 

transfused to human recipients, including optimizing culture conditions for cGMP-compliant 

cell production, and confirming the in vivo survival of iPSC-RBCs.

In this study, we demonstrated that hPL promoted the maturation of human iPSC-RBCs 

in vitro. This product is a fibrinogen-depleted, cGMP-compliant cell culture supplement 

derived from plateletpheresis products of healthy donors.32 A freeze/thaw process used 

during manufacturing releases growth factors, cytokines, and other proteins from platelet 

granules.35 While hPL, like human serum, is a mixture of components including growth 

factors and cytokines, the concentrations of some proteins are higher in hPL than human 

serum.32 Furthermore, hPL has been utilized as a substitute of fetal bovine serum for the 

ex vivo growth and expansion under cGMP conditions of human cells such as mesenchymal 

stromal cells and stem cells.32,36 In this study, we examined the effect of cGMP-compliant 

hPL, human serum, or transfusion-grade albumin on the maturation of human iPSC-RBCs. 

There were no significant differences between hPL and human serum on iPSC-RBCs 

maturation, based on phenotype, or cell expansion. Human albumin has been used for 

erythroblast and RBC culture in vitro,37 but in this study it was less effective at promoting 

iPSC-RBCs expansion and maturation. This outcome is likely due to the lack of necessary 

growth factors in albumin preparations.38 These data suggest that hPL, a frequently utilized 
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culture supplement for human cell therapy application, could also serve as a potent media 

supplement for human iPSC-RBCs cultures.

Erythroblasts undergo well-characterized changes as they differentiate into mature RBCs.39 

For example, CD49d and CD71 decrease during latter stages of erythroid differentiation, 

and become undetectable in mature human RBCs.40 During the three-stage differentiation 

protocol used in these studies, we observed that cultured human iPSC-RBCs also lost these 

markers, becoming CD49dlow and CD71low, while maintaining high-level expression of 

CD233 and CD235a. Nonetheless, at the end of the culture period, the residual CD49d and 

CD71 expression contrasted with normal human RBCs that are negative for these markers. 

Interestingly, after transfusion, human iPSC-RBCs underwent further phenotypic change, 

becoming CD49d− and CD71−, while retaining CD233 and CD235a positivity. This result 

suggests that cultured human iPSC-RBCs can continue to mature in vivo beyond what is 

currently possible in culture.

Another characteristic of RBCs maturation is enucleation.41 Consistent with previous 

investigations,23 this study revealed detectable, but relatively low levels of enucleation for 

iPSC-RBCs at the end of the third culture stage. This inefficient enucleation may be due 

to the low-level expression of enucleation-related proteins on the surface of iPSC-derived 

erythroblasts, or other factors missing in culture.42 Surprisingly, however, cultured human 

iPSC-RBCs underwent rapid enucleation within 24 h after transfusion into CL- and CVF-

treated immunodeficient NSG mice. More than 90% of circulating human iPSC-RBCs were 

enucleated, indicating that factors missing in culture could be provided after transfusion to 

complete the enucleation process. The enucleation of erythroblasts in bone marrow occurs 

in the niche of erythroblastic islands,41 involving the interaction between macrophages and 

erythroblasts, and the phagocytic removal of erythroid nucleus by central macrophages.43,44 

It is likely that the enucleation occurs in bone marrow shortly post transfusion.

In this study, NSG mice were continuously treated with CL by intravenous injection 

before and after transfusion, with the intent of depleting murine phagocytic cells including 

macrophages. Nonetheless, even with repetitive CL dosing, enucleation occurred. This 

may indicate that either the elimination of macrophages was incomplete,45 or that other 

macrophage-independent pathways for the enucleation of human erythroid cells exist in 

vivo.

While NSG mice lack functional mature T cells, B cells, and NK cells,46 these immune 

system defects were insufficient to support significant human RBC circulation. We detected 

few circulating human RBCs in naïve NSG mice on day 1 after transfusion. However, 

consistent with previous publications, we found that combined injection of CL and CVF, a 

complement depleting agent,34 enhanced the percentage of circulating human RBC in NSG 

mice. These results confirmed that depletion of macrophages and complement synergically 

enhanced the survival of human iPSC-RBCs RBCs in murine peripheral circulation.

NSG mice treated with CL and CVF supported high levels of iPSC engraftment, 

preferentially in the bone marrow. The infused iPSCs that took up residence in the 

marrow persisted for at least 3 weeks after transfusion, where they constituted upward 
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of 20% of marrow cells. Additionally, they appeared to retain the capability to complete 

differentiation into enucleated erythrocytes that egressed from the bone marrow into the 

peripheral blood. Bone marrow provides the required molecular and cellular niches for 

erythroid cell development, differentiation, and maturation.43 Phenotyping of marrow cells 

showed that the DRAQ5-positive human iPSCs were CD49 and CD233 double positive, 

bearing the typical surface markers of the late-stage erythroblasts in human bone marrow.47 

Our findings suggest that bone marrow-residing human iPSC-RBCs in NSG mice retained 

the capability to complete differentiation into enucleated erythrocytes and egress from the 

bone marrow into the peripheral blood.

In summary, our data demonstrate that hPL serves as a potent media supplement for the 

GMP-compliant production of iPSC-RBCs. Additionally, iPSC-RBCs differentiated under 

these conditions can survive after transfusion into CL/CVF-treated NSG mice. While mature 

iPSC-RBCs from these cultures circulated comparably to normal human RBCs, nucleated 

cells took up residence in the bone marrow where at least a fraction of the cells were 

able to complete maturation. These findings offer a new model using human peripheral 

blood-derived iPSC and CL/CVF-treated NSG mice to investigate the development and 

circulation of human erythroid cells in vivo.
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FIGURE 1. 
Generation of human induced pluripotent stem cells (iPSC)-derived erythroblasts and iPSC-

red blood cells (RBCs). Human iPSC clones were generated by introduction of OCT4, 

SOX2, KLF4, MYC, and BCL-XL genes into primary erythroblasts from health donors. (A) 

Human iPSC clones were photographed during culture in E8 medium (20X). (B) Human 

iPSC were collected after treatment with accutase, and subjected to flow cytometry analyses 

with anti-human TRA-1–60, SSEA4, and Nanog antibodies, or isotype. (C) Alternatively, 

Human iPSC were seeded and differentiated into hematopoietic progenitor cells (HPC) with 

STEMdiff Hematopoietic kit. After 12-day culture, the cells in suspension were harvested 

and subjected to flow cytometry analysis with anti-human CD45 and CD34 antibodies. 

The resulting dot plot is presented. (D) Human iPSC-derived HPC were continuously 

differentiated into erythroblasts with StemSpan erythroid expansion kit for 14 days. The 

numbers of human iPSC-derived HPC and erythroblasts were counted, and the cell number 

fold increase was calculated based on seeded iPSC number. (E) Human iPSC-RBCs were 

harvested after 8-day maturation culture in the presence of human serum (Serum), human 

platelet lysate (hPL), or human plasma albumin (Albumin). The cells were subjected to flow 

cytometry analyses with anti-human CD34, CD49d, CD71, CD233, and CD235a antibodies. 

Normal human RBCs and iPSC-derived erythroblasts before maturation served as control 

cells. Flow cytometry histograms are presented. (F) iPSC-RBCs were also stained with 

the DRAQ5 dye. Normal human RBCs served as DRAQ5− cells. (G) The cell number 

fold-increase of iPSC-RBCs after 8-day maturation in the presence of human serum, platelet 
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lysate or albumin was calculated based on initial iPSC number. Data were from three 

independent experiments
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FIGURE 2. 
Human red blood cells (RBCs) survival in NOD scid gamma (NSG) mice. (A) Peripheral 

blood of NSG mice was collected before (upper panel) or after (lower panel) transfusion 

of human blood and subjected to flow cytometry analyses with anti-human CD235a 

antibody. (B) Human blood was transfused into naïve NSG mice or mice treated with 

cobra venom factor (CVF) only, clodronate liposomes (CL) only, or combination of CL 

and CVF. Peripheral blood was collected at different time points after transfusion and used 

for flow cytometry analyses. The percentages of circulating human CD235a+ RBCs were 

calculated. Data were from three independent experiments. (C) Flow cytometric dot plots on 

the peripheral blood of NSG mice treated with CL and CVF were presented from one of the 

three independent experiments
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FIGURE 3. 
Human induced pluripotent stem cells-red blood cells (iPSC-RBCs) survival in clodronate 

liposomes (CL)- and cobra venom factor (CVF)-treated NOD scid gamma (NSG) mice. (A) 

Human iPSC-RBCs were transfused into NSG mice treated with the combination of CL and 

CVF before and after transfusion. Murine peripheral blood was collected after transfusion at 

different time points for flow cytometry analyses with anti-human CD235a antibody. Gated 

CD235a+ cells represent transfused human iPSC-RBCs. (B) The percentages of circulating 

human iPSC-RBCs in murine peripheral blood at selected time points were calculated from 

three independent experiments. (C) Murine peripheral blood cells were further stained with 

dye DRAQ5. Nucleated human cells were gated on DRAQ5+ population, and enucleated 
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human iPSC-RBCs were DRAQ5−. Flow cytometry dot plots at different time points were 

representative from three independent experiments. (D) Percentage of circulating enucleated 

human iPSC-RBCs at different time points after transfusion was calculated accordingly. 

(E) Alternatively, murine peripheral blood samples on day 24 after transfusion were also 

stained with anti-human CD235a, CD49d, CD71, CD233 antibodies, or isotype control. 

Flow cytometry histograms were represented from one of three independent experiments
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FIGURE 4. 
Distribution of human induced pluripotent stem cells (iPSC)-red blood cells (RBCs) in NOD 

scid gamma (NSG) mice after transfusion. (A) Bone marrow cells were isolated from naïve 

NSG mice or clodronate liposomes (CL)- and cobra venom factor (CVF)-treated NSG mice 

transfused with human iPSC-RBCs on day 1, 6, 12, or 24 after transfusion. The cells were 

profiled by flow cytometry with anti-human CD235a antibody. Dot plots were represented 

from one of the three independent experiments. (B) Cells were also isolated from spleen, 

liver, or lung of CL- and CVF-treated NSG mice on day 24 after transfusion, and analyzed 

by flow cytometry with anti-human CD235a antibody. Dot plots were representative from 

one of the three independent experiments. (C) The percentages of human CD235a+ iPSC-

RBCs in those tissues on day 24 were calculated. Data were from three independent 

experiments. (D) Bone marrow human CD235a+ cells (on day 24) were further stained 

with DRAQ5 dye, anti-human CD49d and CD233 antibodies. DRAQ5+ cells were gated 

and presented as a dot plot. (E) CD49d and CD233 double positive cells were gated from 

DRAQ5+ nucleated human iPSC-RBCs and presented as a dot plot. (F) Bone marrow cells 

from naïve NSG mice, which served as control cells, were stained with anti-human CD49d 

and CD233 antibodies and subjected to flow cytometry. (G) Alternatively, Bone marrow 
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cells from NSG mice transfused with human iPSC-RBCs were stained with anti-human CD3 

and CD19 antibodies before flow cytometry
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