
ISSN 2234-3806 • eISSN 2234-3814 

https://doi.org/10.3343/alm.2022.42.4.457 www.annlabmed.org    457

Ann Lab Med 2022;42:457-466
https://doi.org/10.3343/alm.2022.42.4.457

Original Article
Transfusion and Cell Therapy

Erythroid Differentiation of Induced Pluripotent Stem 
Cells Co-cultured with OP9 Cells for Diagnostic 
Purposes
Juhye Roh , M.D., Ph.D.1, Sinyoung Kim , M.D., Ph.D.2, June-Won Cheong , M.D., Ph.D.3, Su-Hee Jeon , M.S.2,  
Hyun-Kyung Kim , M.S.2, Moon Jung Kim , M.D., Ph.D.4, and Hyun Ok Kim , M.D., Ph.D.2

1Department of Laboratory Medicine, Hallym University Sacred Heart Hospital, Anyang, Korea; Departments of 2Laboratory Medicine and 3Internal Medicine, 
Yonsei University College of Medicine, Seoul, Korea; 4Department of Laboratory Medicine, Myongji Hospital, Goyang, Korea

Background: Reagent red blood cells (RBCs) are prepared from donated whole blood, re-
sulting in various combinations of blood group antigens. This inconsistency can be re-
solved by producing RBCs with uniform antigen expression. Induced pluripotent stem 
cells (iPSCs) generated directly from mature cells constitute an unlimited source for RBC 
production. We aimed to produce erythroid cells from iPSCs for diagnostic purposes. We 
hypothesized that cultured erythroid cells express surface antigens that can be recognized 
by blood group antibodies.

Methods: iPSCs were co-cultured with OP9 stromal cells to stimulate differentiation into 
the erythroid lineage. Cell differentiation was examined using microscopy and flow cytom-
etry. Hemoglobin electrophoresis and oxygen-binding capacity testing were performed to 
verify that the cultured erythroid cells functioned normally. The agglutination reactions of 
the cultured erythroid cells to antibodies were investigated to confirm that the cells ex-
pressed blood group antigens.

Results: The generated iPSCs showed stemness characteristics and could differentiate 
into the erythroid lineage. As differentiation progressed, the proportion of nucleated RBCs 
increased. Hemoglobin electrophoresis revealed a sharp peak in the hemoglobin F region. 
The oxygen-binding capacity test results were similar between normal RBCs and cultured 
nucleated RBCs. ABO and Rh-Hr blood grouping confirmed similar antigen expression 
between the donor RBCs and cultured nucleated RBCs.

Conclusions: We generated blood group antigen-expressing nucleated RBCs from iPSCs 
co-cultured with OP9 cells that can be used for diagnostic purposes. iPSCs from rare 
blood group donors could serve as an unlimited source for reagent production.
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INTRODUCTION

Providing compatible blood products to patients is essential for 

safe transfusion. In blood banks, pretransfusion testing is per-

formed to determine the ABO and Rh types of red blood cells 

(RBCs) from patients and to screen serum for alloantibodies [1]. 

Pretransfusion testing not only ensures ABO compatibility be-

tween a donor and a patient but also detects clinically important 
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alloantibodies that react with the donor RBC antigens [2, 3]. 

Reagent RBCs for pretransfusion testing, known as panel cells, 

are donated by healthy volunteers and are selected based on 

whether they carry the blood antigens necessary to detect the 

most clinically significant RBC alloantibodies. RBCs of different 

donors express different blood group antigens, resulting in in-

consistencies in blood group antigens among reagent RBCs. 

Finding a suitable donor is especially difficult in the case of rare 

blood groups, and there is an insufficient supply of panel cells 

for rare blood group antigens. In vitro production of panel RBCs 

would improve the consistency of blood bank test results.

In the past decade, there have been extensive efforts to artifi-

cially produce human RBCs [4-9]. Hematopoietic stem and 

progenitor cells from the bone marrow and cord blood are used 

for RBC generation [10, 11]. However, these sources are sub-

optimal for large-scale production. Stem cells are another 

source for RBC generation. There are three types of stem cells: 

embryonic stem cells, adult stem cells, and induced pluripotent 

stem cells (iPSCs) [12]. Embryonic stem cells are pluripotent, 

meaning that they can differentiate into any cell type, but can-

not generate a complete organ. Embryonic stem cells are diffi-

cult to obtain and use because of ethical issues, and they have 

the potential to differentiate into malignant tumor cells [13]. The 

differentiation ability of adult stem cells is lower than that of em-

bryonic stem cells [14]. By contrast, iPSCs have the advantages 

of not being associated with ethical issues and capable of differ-

entiating into any cell type. Once an iPSC line for a rare blood 

group is established and stored, it can be continuously used for 

cell culture.

The OP9 cell line, derived from mouse bone marrow stromal 

cells through a macrophage colony-stimulating factor gene mu-

tation, has hematopoietic supporting capacity [15]. OP9 cells 

have been used as a feeder layer to support the in vitro differen-

tiation of PSCs into various hematopoietic lineage cells and to 

increase the expansion potential of adult erythroid cells [16-18]. 

The efficiency of hematopoietic stem cell production can be in-

creased via co-culture with OP9 cells, which may reduce the 

cost of in vitro RBC synthesis [19].

We aimed to generate blood group antigen-expressing ery-

throid cells from iPSCs co-cultured with OP9 cells. To the best 

of our knowledge, this is the first study to generate iPSC-derived 

erythroid cells for diagnostic purposes. We hypothesized that 

iPSC-derived erythroid cells have similar morphologies and 

functions as mature RBCs and express similar surface antigens 

capable of interacting with blood group antibodies.

MATERIALS AND METHODS

Study design
Three healthy volunteers with blood type O, who provided in-

formed consent, were enrolled in this study under authorization 

of the Institutional Review Board of Severance Hospital, Seoul, 

Korea (IRB number: 4-2018-0890). The study was conducted 

from March 2019 to June 2020. We generated iPSCs from pe-

ripheral blood mononuclear cells (PBMNCs) from the donors 

and differentiated them into erythroid cells (Fig. 1). To charac-

terize the erythroid cells, we performed peripheral blood smear 

testing, blood group antigen phenotype testing, flow cytometry, 

and oxygen-binding capacity testing. The erythroid cells were 

treated with monoclonal RBC antibody reagents (Ortho Clinical 

Diagnostics, Raritan, NJ, USA). Data were collected for the hu-

man embryonic stem cell line H9 (WiCell, Madison, WI, USA) as 

a control, two newly derived iPSC lines from blood group O D-

positive donors, and one newly derived iPSC line from an O D-

negative donor.

Generation of iPSCs
To produce iPSCs, 10 mL of whole blood was drawn peripher-

ally from the healthy donors. The antigen phenotype of the do-

nor RBCs was determined using monoclonal RBC antibody re-

agents (Ortho Clinical Diagnostics). Ficoll–Paque (GE Health-

care, Uppsala, Sweden) was used to isolate mononuclear cells. 

Viable PBMNCs were counted using the trypan blue exclusion 

method (0.4% trypan blue stain, Gibco by Life Technologies, 

Carlsbad, CA, USA) and a hemocytometer [20]. The cells were 

resuspended and seeded in erythroid expansion medium and 

cultured until the proportion of erythroid progenitor cells among 

total cells reached 80%; this was assessed using microscopy.

For transfection, the cells were suspended in medium com-

prising Nucleofector Solution (Lonza, Köln, Germany) and Epi5 

Episomal iPSC Reprogramming Kit reagents (Thermo Fisher 

Scientific, Waltham, MA, USA) at room temperature (20–22°C) 

for 10 minutes, per the manufacturer’s instructions. The mix-

ture was transferred into a Nucleocuvette vessel (Lonza) and 

loaded onto the 4D-Nucleofector system (Lonza). Electrotrans-

fection was performed using the “CD34 cell, human cell type” 

program per the manufacturer’s instructions. Human iPSCs 

were generated using a combination of reprogramming factors 

(OCT4, SOX2, KLF4, L-MYC, and LIN28). After transfection, the 

medium was changed to ReproTeSR Basal Medium (Stem Cell 

Technologies, Vancouver, Canada) and refreshed daily until 

iPSC colonies were observed.
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Karyotyping
Genomic DNA was isolated from human iPSCs using the DNeasy 

Blood and Tissue kit (Qiagen, Hilden, Germany) per the manu-

facturer’s instructions. Karyotypes were determined using the 

quantitative (q)PCR-based hPSC Genetic Analysis Kit (StemCell 

Technologies), which comprises primers for the eight most com-

mon karyotypic abnormalities observed in human iPSCs, and 

analyzed using the manufacturer’s online genetic analysis appli-

cation [21].

Detection of pluripotent germ layer markers in the established 
iPSCs
The iPSCs were maintained on 10-cm culture plates coated 

with 0.1% gelatin solution (GenDEPOT, Katy, TX, USA) in 10 mL 

of three-germ-layer differentiation medium (DMEM, 10% fetal 

bovine serum; Gibco). The cells were cultured for two weeks, 

and the medium was refreshed once every 2–3 days. Total RNA 

was isolated from the cultured cells using the RNeasy Plus Mini 

Kit (Qiagen). cDNA was generated using the iScript cDNA Syn-

thesis Kit (Bio-Rad, Hercules, CA, USA) and analyzed by re-

verse transcription (RT)-qPCR using the TaqMan Gene Expres-

sion Master Mix (Applied Biosystems, Foster City, CA, USA) on 

StepOnePlus Real-Time PCR System (Applied Biosystems). The 

following TaqMan probes (Applied Biosystems) were used: 

Brachyury, Hs00610080_m1_FAM; Sox17, Hs00751752_s1_

FAM; Nestin, Hs04187831_g1_FAM; and GAPDH, Hs02758991_ 

g1_VIC. GAPDH expression was used to normalize the data, 

and relative expression was calculated using the ΔΔCT method. 

The significance of differences in expression between samples 

was determined using Student’s t-test.

iPSC differentiation into the erythroid lineage
An embryoid body was induced using AggreWell EB formation 

medium (StemCell Technologies). Three days after incubation 

in AggreWell, the embryoid body was placed on a layer of con-

fluent adherent OP9 cells. After microscopically confirming the 

wheel shape of cells co-cultured for eight days, the cells were 

collected using collagenase IV and trypsin/EDTA.

On day 1 of differentiation to the erythroid lineage, a single-

cell suspension of eight-day-co-cultured cells was prepared in 

erythroid basal medium containing Stemline II, 150 μg/mL hu-

man transferrin, 50 μg/mL insulin, 90 ng/mL ferric nitrate nona-

hydrate, and 160 μM monothioglycerol solution (all from Sigma-

Aldrich, St. Louis, MO, USA). The medium was refreshed once 

every 2–3 days. Cell morphology was evaluated using cytocen-

trifugation (Cytospin 4, Thermo Fisher Scientific; 700 rpm for 7 

Fig. 1. Schematic representation of iPSC production and RBC differentiation. Human iPSCs were generated from PBMNCs via transfection 
with OCT4, SOX2, LIN28, L-MYC, and KLF4 (reprogramming factors). Erythroid differentiation was initiated after 8–10 passages. The pro-
cess proceeded in three stages. First, embryoid bodies were formed to increase the differentiation efficiency. Second, the iPSC embryoid 
bodies were co-cultured with OP9 bone marrow stromal cells. Third, RBC differentiation was achieved using erythroid basal medium con-
taining various cytokines.
Abbreviations: iPSC, induced pluripotent stem cell; PBMNC, peripheral blood mononuclear cell; RBC, red blood cell; BMP4, bone morphogenetic protein 4; 
WNT3a, wingless type 3a; βFGF, basic fibroblast growth factor; VEGF, vascular endothelial growth factor; HC, hydrocortisone; SCF, stem cell factor; IL-3, in-
terleukin-3; EPO, erythropoietin. 



Roh J, et al.
iPSC-derived erythroid cells for reagents

460    www.annlabmed.org https://doi.org/10.3343/alm.2022.42.4.457

min) and Wright–Giemsa staining (Sigma-Aldrich).

Characterization of cultured cells
Flow cytometry was performed using a BD FACSVerse instru-

ment (BD Biosciences, Franklin Lakes, NJ, USA) and data were 

analyzed using FlowJo software (version 10, Becton, Dickinson 

and Company, Ashland, OR, USA) per the manufacturer’s in-

structions. For each sample, at least 100,000 events were ac-

quired.

A Hemox-Analyzer instrument (TCS Medical Products Divi-

sion, Southampton, PA, USA) was used for oxygen-binding ca-

pacity testing. The sample vial was filled with HEMOX-solution, 

additive-A, and anti-foaming agent (all from TCS). Freshly drawn 

blood was added to the vial, which was placed in the sample in-

take tube of the cuvette.

For hemoglobin electrophoresis, erythroid cells (200 μL) in an 

EDTA bottle were prepared using the Capillary 2 system (Sebia, 

Paris, France) per the manufacturer’s instructions. The Capillary 

2 system is based on the principle of capillary electrophoresis, 

in which charged molecules are separated on the basis of their 

electrophoretic mobility, electrolyte pH, and electro-osmotic 

flow. Sample quality was monitored using commercial Hb A2 

and Hb AFSC (Sebia) controls (comprising normal hemoglobins 

A and F and abnormal hemoglobins S and C).

Confirmation of blood group antigen
ABO blood group testing was performed using Ortho BioVue 

cassettes (Ortho Clinical Diagnostics) composed of six columns. 

The first and second columns were coated with anti-A antibody 

and anti-B antibody, respectively. The third column was coated 

with anti-RhD antibody, which is a major component of the Rh-

blood group system. The fourth column was used for the auto 

control. The fifth and sixth columns, which are developed for 

serum typing, were not used as they were not needed for this 

study. To minimize the effect of the erythroid basal medium, 

erythroid cells were washed with 0.9% normal saline.

To confirm Rh-Hr blood group antigen expression by the ery-

throid cells, ~0.3% of the 50 µL erythroid cell sample in normal 

saline was loaded on top of each column of the Ortho BioVue 

System Rh grouping cassette (Ortho Clinical Diagnostics). For 

the Rh-Hr grouping cassette, each column was coated with 

anti-C, anti-E, anti-c, and anti-e, respectively. After loading, the 

cassette was centrifuged (Ortho Biovue Centrifuge, Ortho Clini-

cal Diagnostics; 800 rpm for 2 minutes followed by 1,500 rpm 

for 3 minutes). The results were read according to the position 

of the red line on the column; a red line located near the bottom 

of the column was read as negative, whereas a red line located 

near the top of the column was read as positive [22].

RESULTS

Establishment of iPSCs
A small colony of human iPSCs formed 10 days after transfec-

tion and was cultured for 4–5 passages (Supplemental Data 

Figure S1). RT-qPCR, flow cytometry, and immunocytochemis-

try were used to examine the stemness characteristics of the iP-

SCs, confirming that all generated iPSCs were pluripotent (Fig. 

2A–C). The karyotypes of the three iPSC lines were normal, and 

they all showed pluripotency to differentiate into the three germ 

layers (Fig. 2D, E). RBC differentiation was initiated using iPSCs 

at passages 8–10.

Characterization of cultured erythroid cells
Cells co-cultured with OP9 cells were analyzed by flow cytome-

try on days 0, 7, 14, and 21 of differentiation to detect the ex-

pression of hematopoietic and erythroid markers (CD34, CD43, 

CD31, CD36, CD235a, CD71, CD15, and KDR; CD15 and KDR 

were checked only on day 0). On day 0 of differentiation, cells 

positive for KDR, an endothelial progenitor marker, were ob-

served, whereas the cells were negative for the myeloid marker 

CD15. CD34 and CD43 expression indicates a hematopoietic 

stem cell phenotype. CD31 and CD36 are markers of early ery-

throid progenitors, whereas CD235a and CD71 are markers of 

late erythroid cells. After differentiation, the phenotype shifted 

from that of hematopoietic stem cells to that of RBC precursors 

(Fig. 3).

During erythroid differentiation, the cells were subjected to 

Wright–Giemsa staining and observed under a microscope (Fig. 

4). As of day 10 of differentiation, we observed proerythroblasts 

and basophilic erythroblasts. On day 19 of differentiation, the 

erythroid cells became more mature (Fig. 5A), and polychro-

matic and orthochromatic erythroblasts were observed. Differ-

ential cell counts revealed that proerythroblasts and basophilic 

erythroblasts were present in the early stage and were progres-

sively substituted with polychromatic and orthochromatic eryth-

roblasts as differentiation progressed.

Hemoglobin electrophoresis of the erythroid cells revealed a 

sharp peak in region 2 (Fig. 5B). Based on comparison with the 

reference peak, region 2 corresponded to Hb F. Fig. 5C shows 

the oxygen-hemoglobin dissociation curves; there were no sig-

nificant differences in oxygen binding between normal and 

iPSC-derived nucleated RBCs (nRBCs).
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Fig. 2. Stemness characterization of iPSC lines generated from three donors (iPSC_1–iPSC_3). (A) RT-qPCR revealed that reprogramming 
factor genes were successfully transfected. (B) Flow cytometry and (C) immunocytochemistry staining revealed that each iPSC line expressed 
embryonic stem cell markers (scale bar=100 µm). (D) Karyotyping indicated that the three iPSC lines had normal karyotypes at the eight 
most common karyotypic abnormality sites (chr1q, chr4p as a control, chr8q, chr10p, chr12p, chr17q, chr18q, chr20, and chrXp). Error 
bars indicate the range for the calculated copy number of the three replicates for each sample. (E) Detection of markers of the three germ 
layers verified that the iPSC lines showed pluripotency. Each gene expression level was compared before differentiation (UD) and on day 14 
of differentiation (D14) using Student’s t-test. *P <0.05, ***P <0.001.
Abbreviations: iPSC, induced pluripotent stem cell; RT-qPCR, reverse transcription-quantitative PCR; UD, undifferentiated.

A B

Fig. 3. Flow cytometry analysis of erythropoiesis. (A) The stem cell marker CD43 was expressed at the beginning of differentiation, and its 
expression level decreased as differentiation progressed. Similarly, the expression level of the early erythroid progenitor marker CD71 de-
creased. In contrast, the expression level of the late erythroid progenitor marker CD235a increased as differentiation progressed. (B) Ex-
pression of the different markers according to the day of differentiation.
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Blood group testing of cultured erythroid cells
The blood type of the donor with the highest yield of iPSC-de-

rived erythroid cells was O positive, and the iPSC-derived 

nRBCs were also O positive (A negative and B negative) (Fig. 

6A). Moreover, iPSC-derived nRBCs exhibited the same Rh-Hr 

subgroup phenotype as the donor, which was CcEe (Fig. 6B).

The pattern of blood group antigen expression of iPSC-derived 

nRBCs was the same as that of RBCs collected from the donor’s 

blood, indicating that the iPSC-derived nRBCs expressed blood 

group antigens that could interact with blood group antibodies.

DISCUSSION

In vitro reagent RBC production may provide more consistent 

blood group antigen test results compared to direct blood dona-

tion. iPSCs represent an attractive source for RBC production 

because they are self-renewable and ethically acceptable [23]. 

Since iPSCs can be generated from various cell types [24], pe-

ripheral blood can be a useful source for iPSC production in a 

non-invasive manner [25]. We hypothesized that iPSC-derived 

nRBCs express blood group surface antigens capable of inter-

acting with blood group antibodies. We obtained iPSCs from 

PBMNCs through transfection, which were then differentiated 

Fig. 4. (A) Differential counts of H9 cells (human embryonic stem cells) and iPSC cells revealed that differentiation caused a shift from he-
matopoietic stem cells to RBC precursors. (B) Photographs of cytospin preparations at different stages during erythropoiesis showing that 
the proportion of mature RBC precursors increases during the course of differentiation (Wright–Giemsa stain, ×400, scale bar=20 µm).
Abbreviations: iPSC, induced pluripotent stem cell; RBC, red blood cell.
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Fig. 5. Characterization of nRBCs obtained from iPSCs. (A) nRBCs were observed on day 19 of the differentiation protocol. The nRBCs 
(white arrows) were observed to surround macrophages (black arrows); Wright–Giemsa stain, ×1,000; scale bar=20 µm. The human em-
bryonic stem cell line H9 was counted as a control. (B) Hemoglobin electrophoresis analysis of iPSC-derived nRBCs showing a sharp peak 
in region 2, corresponding to Hb F based on comparison with the reference peak. (C) The oxygen-binding capacity did not differ between 
the healthy donor’s RBCs (blue line) and iPSC-derived nRBCs (green line).
Abbreviations: iPSC, induced pluripotent stem cell; nRBC, nucleated red blood cell.
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into the erythroid lineage. On the last day of differentiation, the 

erythroid cells were treated with antibodies for ABO and Rh-Hr 

blood grouping testing. We confirmed the same antigen expres-

sion pattern before (donor’s PBMNCs) and after transfection (fi-

nal product; nRBCs from iPSCs).

Retroviral, lentiviral, and episomal vector systems have been 

used to produce iPSCs [26]. Although retroviral and lentiviral 

vectors are relatively effective in forming colonies, they are more 

likely to undergo genomic mutations and cause cancer. Epi-

somal vectors are not derived from viruses, but are unsuccess-

ful in colony formation. We co-cultured iPSCs with OP9 bone 

marrow stromal cells during erythroid differentiation to improve 

the efficiency of the episomal vector system. The OP9 cell line 

was developed to induce the differentiation of mouse embryonic 

stem cells into myeloid, lymphoid, erythroid, and megakaryo-

cytic lineage cells [16, 23, 27, 28]. Choi, et al. [29] used OP9 

cells to differentiate hematopoietic cells from human fibroblast-

derived iPSC lines.

A major limitation of our study is that the cultured erythroid 

cells remained in the immature RBC state, which may explain 

the hemoglobin electrophoresis results showing the presence of 

fetal hemoglobin. Immature RBCs, including fetal RBCs, have 

been obtained after RBC production from iPSCs in most previ-

Fig. 6. Blood group testing of the nRBCs. The Ortho BioVue Sys-
tem Rh grouping cassette (Ortho Clinical Diagnostics, Raritan, NJ, 
USA) was used. (A) iPSC-derived nRBCs did not react with anti-A 
and anti-B, whereas they reacted with anti-D, indicating that the 
blood group was O RhD-positive. (B) iPSC-derived nRBCs reacted 
with anti-C, anti-E, anti-c, and anti-e, indicating that the Rh-Hr phe-
notype was CcEe.
Abbreviations: iPSC, induced pluripotent stem cell; nRBC, nucleated red 
blood cell.

A B
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ous studies [30–33]. Although blood group antigen expression 

has been observed in immature RBCs, mature cells are re-

quired for a robust reagent RBC development protocol [34]. En-

dothelial cells, which have the ability to produce erythroid pro-

genitors with high enucleation potential, may provide a suitable 

microenvironment for erythroblasts to initiate terminal matura-

tion [35]. The enucleation problem may be solved by adopting 

an endothelial cell–OP9 cell sequential cellular niche system. In 

addition to RBCs, macrophages have also been differentiated 

from hematopoietic stem cells, which are involved in RBC mat-

uration by participating in the enucleation process [36]. Cur-

rently, we are developing a method for stimulating RBC matura-

tion via the addition of more macrophages. In this study, iPSCs 

were co-cultured with OP9 mouse bone marrow stromal cells. 

At the beginning of differentiation, we separated the hematopoi-

etic stem cells in the supernatant from the adherent OP9 cells; 

however, there is a possibility that residual OP9 cells may have 

contaminated the final product. The residual OP9 cells can be 

detected by flow cytometry using mouse-specific CD29 antibod-

ies [37].

Improving RBC purity and viability is required for producing 

purer and more reliable diagnostic reagents. Fluorescence-acti-

vated cell sorting can be employed to improve cell purity; how-

ever, this technique requires expensive equipment and skilled 

technicians, which would increase the RBC production cost 

[38]. Cell viability was the highest on day 19 of differentiation, 

as the oxyhemoglobin dissociation curve for that day showed 

the least noise. It would be useful to track hemolysis trends by 

measuring free hemoglobin levels [39]. To enable the commer-

cial application of reagent RBCs, the production process needs 

to be improved. For generating transfusable RBCs from iPSCs, 

they must be cultured in a serum- and feeder-free environment. 

This involves high production costs; specifically, cost-effective-

ness imposes a limitation on the mass production of iPSC-de-

rived RBCs for transfusion purposes. However, the production 

cost can be reduced when producing RBCs for diagnostic pur-

poses.

We have presented a novel method for erythroid cell produc-

tion using an OP9 cell co-culture protocol. This method enables 

producing nRBCs at low cost and is therefore suitable for diag-

nostic purposes. The serum-free, feeder-free culture 2D-multi-

step method proposed by Tursky, et al. [40] for generating 106 

progenitor cells costs $88.64. In comparison, the OP9 co-cul-

ture method used in this study costs $38.29. Although co-cul-

ture with OP9 cells lowers the development cost, artificial RBC 

generation is more expensive than RBC production through 

blood donation. Lowering production costs would be a key fac-

tor in increasing the profitability of RBC production in vitro.

In conclusion, we established a protocol for erythroid differen-

tiation of iPSCs co-cultured with OP9 cells. The produced nRBCs 

expressed blood group surface antigens that interacted well with 

blood group antibodies, and the oxygen-binding capacity of the 

produced nRBCs was similar to that of donated RBCs, indicat-

ing that the artificially generated erythroid cells can be used for 

the production of new RBC reagents for diagnostic purposes. 

Once iPSCs are established from the blood of rare blood group 

donors, iPSC-derived reagent RBCs can be produced when nec-

essary. This study can contribute to obtaining reliable and con-

sistent results in pretransfusion testing.
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Supplemental Data Figure S1. Generation of iPSCs from PBMNCs. (A) During the expansion step, erythroblasts were counted to deter-
mine the optimal time point for transfection. When the erythroblast population reached 80% of the total cell population, which occurred on 
day 7, the cells were transfected (Wright–Giemsa stain, ×1,000; scale bar=10 µm). (B) After transfection, the cells clumped together into 
small iPSC colonies (×40).
Abbreviations: iPSC, induced pluripotent stem cell; PBMNC, peripheral blood mononuclear cell.
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