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ABSTRACT 

Red Blood Cell Generation for Diagnostic Reagents Using Induced 

Pluripotent Stem Cells Co-cultured with the OP9 Cell Line 

 

Juhye Roh 

 

Department of Medicine 

The Graduate School, Yonsei University 

(Directed by Professor Hyun Ok Kim) 

 

There are many blood group antigens on the surface of red blood cells 

(RBCs). The antibodies against these blood group antigens which are 

called unexpected antibodies can cause acute and delayed hemolytic 

transfusion reactions. Therefore, it is important to detect unexpected 

antibodies before transfusion and prepare the appropriate blood products. 

However, reagent RBCs used during the unexpected antibody tests are 

made from donated whole blood, so the surface antigens of the reagent 

RBCs change with the donor. This change causes an inconsistency in the 

reagent RBCs’ blood group antigens. In vitro RBC production of reagents 

is emerging as an alternative method of acquiring RBCs to produce more 

consistent antigen test results.  

Several different methods have been developed to produce human 

RBCs. One source of RBCs is stem cells. Induced pluripotent stem cells 

(iPSCs) are a type of pluripotent stem cell that can be generated directly 

from adult mature cells. The iPSCs are considered to be an unlimited 

source because they can reproduce. 
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This study was conducted to test a method of generating RBCs from 

iPSCs. It was hypothesized that in vitro cultured RBCs would express 

blood group antigens on the surface which would react with antibodies. 

The iPSCs for this study were obtained from peripheral blood 

mononuclear cells through reprogramming using five transcription factors. 

The iPSCs were differentiated by co-culturing with the OP9 cell line to 

produce erythrocytes. During the differentiation process, differentiation 

trends were observed through microscopic analysis and flow cytometry 

analysis. On the last day of differentiation, hemoglobin electrophoresis and 

oxygen-binding capacity assay were conducted to verify that the generated 

RBCs were functioning. Then, the reactions of the generated RBCs to 

antibodies were tested to confirm that the RBCs expressed blood group 

antigens. 

Cells received from six donors are well produced into iPSC showing 

stemness characteristics and iPSCs were able to differentiate into the 

erythroid lineage. Hemoglobin electrophoresis was performed on cultured 

RBCs and showed a high peak in the hemoglobin F region. No significant 

difference was observed in oxygen binding capacity assay between normal 

RBCs and cultured RBCs. In the case of blood group antigen test, it was 

confirmed that the same expression was observed between the donors’ 

RBCs and cultured RBCs. 

The blood group antigens of cultured RBCs reacted well with 

antibodies, which indicates that RBCs can be made from iPSCs for 

diagnostic purposes. 

Keywords: induced pluripotent stem cell, blood group antigen, unexpected 

antibody test, bone marrow stromal cell co-culture 
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 INTRODUCTION 

There are many blood group antigens on the surface of red blood cell(RBC)s. 

The antibodies against these blood group antigens may occur spontaneously, but 

most of them are immune antibodies that are exposed to other person’s antigens 

through pregnancy, previous blood transfusions, transplantations, or injection of 

immunogenic materials.1,2 These antibodies are called unexpected antibodies 

because the presence of antibody cannot be determined before testing. When 

recipients’ unexpected antibody reacts with transfused RBC antigens, they form 

an immune complex, resulting in hemolysis. The clinically significant 

unexpected antibodies against blood group antigens such as Duffy, Kell, Kidd, 

and certain Rh types can cause acute and delayed hemolytic transfusion 

reactions.3,4 

For safe blood transfusion, unexpected antibody test is important to prevent 

the hemolytic transfusion reaction and allow the transfused RBCs to survive 

normally. The reagent RBCs used in the unexpected antibody test, known as panel 

cells, are donated by healthy volunteers. Each donor produces different panel cell 

antigens. The supply of panel cells is unpredictable because it depends only on 
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donations. The variability of panel cell antigen reduces the consistency of 

unexpected antibody tests. In vitro RBC production of panel cells would improve 

the consistency of the test. 

Over the past decade, there have been significant efforts to artificially produce 

human RBCs.5 Bone marrow and cord blood have been used to obtain 

hematopoietic stem and progenitor cells (HSPCs) to generate RBCs.6 However, 

somatic cell from HSPCs are difficult to produce on a large scale. To overcome 

this problem, granulocyte colony-stimulating factor is used to increase the 

number of circulating HSPCs by stimulating bone marrow.7 

Another source for generating RBCs is stem cells. There are three types of 

stem cells: embryonic stem cells, adult stem cells, and induced pluripotent stem 

cells (iPSCs). Embryonic stem cells are derived from the inner cell mass of 

blastocysts, an early stage pre-implantation embryo. This mass has pluripotency, 

meaning that it can differentiate into any necessary cell but cannot become a 

complete organ. However, embryonic stem cells are difficult to use because of 

ethical issues8 and they have the potential to cause oncogenesis. Adult stem cells 

are extracted from various sources, including bone marrow, umbilical cord blood, 

placenta, blood, skin, adipose tissue, nervous tissue, liver, and pancreatic ducts. 

Adult stem cells, have less ability to differentiate than embryonic stem cells.9 The 

iPSCs are better than these other two stem cells, because iPSCs are free from 

ethical issues and have ability to differentiate into any necessary cells.    

In 2006, Yamanaka first generated the iPSCs from adult fibroblast by 

transfection.10 The iPSCs are a pluripotent stem cells that can be produced 

directly from adult cells. They are an unlimited source of necessary cells because 

they can reproduce.11,12 These characteristics have facilitated iPSC research. 

Recently, many efforts have begun to generate iPSC-derived RBCs.13-15  

Current iPSC production methods rely on immature RBC types, including 

fetal RBCs, which may be a cause of low yield and difficulty in differentiating 
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into mature RBCs.16 iPSC-derived erythropoiesis does not reach the final stage 

for adult RBCs, but it does produce a mixture of fetal and adult cells.15,17 

Conventional methods of maturing end-stage iPSC-derived RBCs into enucleated 

reticulocytes is inefficient.16 

The OP9 cell line was derived from mouse bone marrow stromal cells which 

have hematopoietic supportive capacity.18 It has been used as a feeder layer to 

support the in vitro differentiation of pluripotent stem cells into various 

hematopoietic lineage cells19,20 and to increase the expansion potential of adult 

erythroid cells.21 Co-culturing with OP9 cell lines increases the efficiency of 

hematopoietic stem cell production.22  

There are currently no methods for artificially producing RBCs for the 

unexpected antibody test. Making RBCs from iPSCs means that the same 

antigen-expressing RBCs can be obtained at any time because iPSC can 

reproduce.  

This study tested a method for generating mature RBCs express blood group 

antigens from iPSCs. The iPSC-derived RBCs were expected to have similar 

morphologies and functions as mature RBCs. Therefore, it was hypothesized that 

iPSC-derived RBCs can express antigens on the surface like normal RBCs and 

so would be able to react to antibodies.    

 

 MATERIALS AND METHODS 

After receiving informed consent, healthy six volunteers for O blood type 

donation enrolled in this study under the authorization of the Institutional Review 

Board of Severance Hospital (IRB No. 4-2016-0762). We created iPSCs from the 

mononuclear cell of the donor's peripheral blood, then, we differentiated iPSCs 

to mature RBCs (Figure 1). To characterize the iPSC-derived RBCs, we examined 

peripheral blood smear, blood group antigen phenotype testing, flow cytometry 

analysis and oxygen binding capacity assay. Finally, we reacted the iPSC-derived 
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RBC with monoclonal RBC antibody reagents (Ortho-Clinical Diagnostics, 

Raritan, NJ, USA). Data were shown for the H9 (WiCell, Madison, WI, USA) as 

a control, five newly derived iPSC lines from blood group O D-positive donors, 

and one newly derived iPSC lines from O D-negative donor. 
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Figure 1. The schematic of iPSC production and RBC differentiation  

Human iPSCs were generated from peripheral blood mononuclear cells (PBMNCs) by transfection with OCT4, SOX2, LIN28, 

L-MYC, and KLF4 reprogramming factors. RBC differentiation was initiated after 8 to 10 passages of iPSC. The process 

proceeded in three stages. First, embryoid bodies (EBs) were formed to increase eruption efficiency. Second, the bone marrow 

stromal OP9 cell line was co-cultured with iPSC embryoid bodies. Third, RBC differentiation was performed using erythroid 

basal media with various cytokines.  
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1. Materials 

The materials used in the experiments are listed in the Table 1. 

 

Table 1. List of materials used in this study. 

Category Name Company 

Media 
Alpha MEM  

and deoxyribonucleosides 
Gibco 

 100% FBS Gibco 

 AggreWell EB formation media Stem Cell 

 DMEM/F12 Gibco 

 Stem line II Sigma-Aldrich 

 ReproTeSR™ basal media Stem Cell 

 mTESR™ media Stem Cell 

Cytokine 
Bone morphogenetic proteins 4  

(BMP-4) 
Peprotech 

 Vascular endothelial growth factor 

 

Peprotech 

 Basic fibroblast growth factor Peprotech 

 Stem cell factor Peprotech 

 Erythropoietin Stem Cell 
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 Interleukin-3 Peprotech 

Small 

chemicals 

Monothioglycerol (MTG) Sigma-Aldrich 

WNT3a peprotech 

 Activin A peprotech 

 hydrocortisone Sigma-Aldrich 

 F68 Sigma-Aldrich 

 Transferrin human (TF) Sigma-Aldrich 

 Insulin Sigma-Aldrich 

 ferric nitrate (FN) Sigma-Aldrich 

 heparin  Stem Cell 

Kit 
Nuclon™ Multidishes 

Thermo Fisher 

Scientific 

 Matrigel®  Matrix Stem Cell 

 P3 primary cell 4D-Nucleofactor 

kit 
Lonza 

 

Episomal iPSC Reprogramming kit 

Thermo Fisher 

Scientific 

 RNeasy Plus Mini Kit  Qiagen 

 SuperScript III First Strand Invitrogen 
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 CAPILLARYS HEMOGLOBIN(E)  Sebia 

Others Human plasma Donation 

 EDTA/Trypsin  Gibco 

 collagenase Type VI Gibco 

 Gelatin solution (0.1%, wt/vol) GenDEPOT 

 RevitacellTM supplement  Gibco 

 Rinsing solution  Stem Cell 

 Vitronectin XF™ Stem Cell 

 CellAdhere™ Dilution Buffer Stem Cell 

 DPBS Gibco 

 PS (Penicillin streptomycin) Gibco 

 Trypan Blue Gibco 

 HEMOXTM-Solution TSC Scientifics  

 
 Anti-foaming agent TSC Scientifics  

 
 BSA-20 Additive A TSC Scientifics 

 Ficoll-Paque GE healthcare 

 Gentle cell dissociation solution Stem Cell 
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2. Generation of induced pluripotent stem cells 

A. Isolation of peripheral blood mononuclear cells 

To produce iPSCs, 10mL of whole blood was drawn peripherally from the 

healthy donors. Five donors were O D-positive blood type and one donor was O 

D-negative blood type. Their RBC antigenic phenotypes were determined by 

using the monoclonal RBC antibody reagents (Ortho-Clinical Diagnostics). The 

blood was collected into a tube coated with anticoagulant sodium heparin. Putting 

10 mL of Ficoll-Paque (GE Healthcare, Uppsala, Sweden) into 50 mL conical 

tube first, then the donated blood was added gently over the Ficoll-paque layer. 

After centrifugation (800 × g, 20 min, and room temperature) the conical tube, 

mononuclear layer was separated from plasma, granulocyte, and RBCs. Viable 

peripheral blood mononuclear cells (PBMNCs) were counted by trypan blue 

exclusion method23 (Trypan Blue Stain 0.4%, Gibco by Life Technologies, CA, 

USA) with hemocytometer.  

 

B. Expansion of erythroid progenitors 

The cell density of 1 × 106 cells/mL were resuspended and plated onto 

erythroid expansion media which is consisted of basal media and erythroid 

cytokines. The composition of the basal media was prepared by adding transferrin 

(TF) 150 μg/mL (Sigma-Aldrich, Gillingham, U.K.), insulin 50 μg/mL (Sigma-

Aldrich), ferrous nitrate (FN) 90 ng/mL (Sigma-Aldrich), monothioglycerol 160 

μM (Sigma-Aldrich), and 1% Penicillin-Streptomycin (PS, Gibco) in Stemline II 

media (Sigma-Aldrich). The erythroid expansion media was prepared by adding 

hydrocortisone (HC) 10 μg/mL (Sigma-Aldrich), stem cell factor (SCF) 10 

μg/mL (Sigma-Aldrich), erythropoietin (EPO) 10 μg/mL (Stem Cell), and 

interleukin 3 (IL-3) 1 μg/mL (Peprotech EC Ltd., London, U.K.) to the basal 

media.  

The total 10 mL of 1 × 107 cells in 25T flask were incubated at 37 °C in a 
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humidified environment containing 5% CO2 for 3 days. On the day 3, whole cells 

were collected to 15 mL conical tube and centrifuged (200 × g, 5 min). Then 

supernatant was removed and the cells were resuspended at a density of 1 × 106 

cells/mL in fresh erythrocyte expansion media. From the day 7, microscopic 

examination has been performed daily until the proportion of erythroid progenitor 

cells reached to 80% of the total cells. 

 

C. Reprogramming of expanded erythroid progenitors 

Prior to transfection, each well in the 6-well Nuclon™ Multidishes (Thermo 

Fisher Scientific, Waltham, MA, USA) was coated with a mixture of 14.5 μL of 

Matrigel® Matrix (Stem Cell Technologies, Vancouver, Canada) and 985.5 μL of 

DMEM/F12 (1X) (Gibco) for 1 hour at room temperature. 1 × 106 erythroid cells 

were centrifuged (200 × g, 5 min) and the supernatant was removed as remaining 

media may cause over current. The pallet is resuspended in 104 μL media (18 μL 

of Supplement, 82 μL of Nucleofector solution (both from P3 primary cell 4D-

Nucleofactor kit, Lonza, Koln, Germany), 2 μL of Epi5™ Episomal 

Reprogramming Vectors, and 2 μL of Epi5™ p53 and EBNA vectors (both from 

Epi5™ Episomal iPSC Reprogramming Kit, Thermo Fisher Scientific)) at room 

temperature for 10 minutes. The mixture was transferred to 100 μL 

Nucleocuvette™ Vessel (Lonza) and was loaded in the 4D-Nucleofector™ 

System (Lonza). The electrotransfection under the ‘CD34 cell, human cell type’ 

program was performed following manufacturer’s instructions. After taking out 

the cuvette, 1 mL erythroid expansion media was added into the cuvette and 

transferred to 15 mL tube containing 5 mL erythroid expansion media. The 2 mL 

of mixture was plated with the density of 3.3 × 105 of cells/well each into the well 

of matrix gel pre-coated plate. The Plate was incubated at 37 °C in a humidified 

environment containing 5% CO2. Two days after transfection 1 mL of erythroid 

expansion media was added and 1 mL of ReproTeSR™ Basal Media (Stem Cell 
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Technologies) on day 3 and day 5 after transfection. On the day 7, 2 mL of 

ReproTeSR™ Basal Media (Stem Cell Technologies) was added to each well. 

While changing the media every day with ReproTeSR™ Basal Media (Stem Cell 

Technologies) and we observed colony as early as 12 days or as late as 24 days. 

The colonies were manually picked based on their morphology between day 12 

to day 24. In the manual picking procedure, the end of the pipette was heated with 

an alcohol lamp to make a loop, and the iPSC colony was divided into several 

parts using the polarizing microscope. 

 

D. Maintenance of induced pluripotent stem cells 

Human iPSC cultures were maintained in plates coated with 40 μL Vitronectin 

XF™ (Stem Cell Technologies) and 1 mL CellAdhere™ Dilution Buffer (Stem 

Cell Technologies) for 1 hour in 2 mL of mTESR™1media (mTeSR™15X 

Supplement 1:4 mTeSR™ Basal media, Stem Cell Technologies, USA). All cells 

were incubated at 37 ℃ containing 5% CO2 while daily feeding mTESR™1 

media (Stem Cell Technologies) until the cells reached 80-90% of total cell 

population.  

 

3. Co-culture of induced pluripotent stem cells with OP9 cell line 

A. OP9 cell line culture 

5 mL of 0.1 % gelatin was added to a 10 cm cell culture dish for 20 minutes 

in a 37 °C CO2 incubator. Then gelatin solution (GenDEPOT, TX, USA) was 

removed and 10 mL of OP9 media was added. OP9 media was consisted of 400 

mL of α-MEM (Gibco) and 100 mL of FBS (Gibco).  

For thawing process, 10 mL of OP9 media was added to a 15 mL tube and 

warmed in a 37 °C water bath for 10 minutes. The OP9 cells of 2 to 3 passages 

were taken out, shaken until little ice remained in the water bath. One milliliter 

of the prepared 10 mL media was added to the melted cryotubes to release the 
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cells, and the DMSO was diluted in the prepared media again. Centrifugation was 

performed at 1,400 rpm for 5 minutes. The supernatant was removed, the cell 

pellet was taken from a 10 cm plate, 1 mL of media, the cells were released, and 

the plate was sprayed again. When the cell density was about 70 % (observation 

for 3-5 days were required), the colony was passaged. 

Four 0.1 % gelatin coated plates were prepared for subculture. The media of 

the OP9 cell plate of 70 % density was removed. Then 10 mL of DPBS was added 

for plate washing. 5 mL of 0.05 % Trypsin / EDTA (Gibco) was added and treated 

for 3 minutes in a 37 °C CO2 incubator. After confirming that most of the cells 

fell under the microscope, 5 mL of OP9 media was neutralized. After transferring 

to a 15 mL tube, centrifugation was done at 1,400 rpm for 5 minutes. The 

supernatant was removed and the cell pellet was released with 1 mL media. 

Sprinkle 250 μL per 10 cm plate. The media was changed in 37 ℃ CO2 incubator 

once every 2-3 days. On the CD 4, 6 half of the media was changed. 

 

B. Embryoid body formation 

On embryoid body day (ED) 0, the well incubated iPSC in 6 well plates were 

washed with 1 mL DPBS (Gibco). 1 mL of gentle cell dissociation solution (Stem 

Cell Technologies) was added and reacted for 8 minutes in a 37 ℃ CO2 incubator. 

After 8 minutes, the cell condition was confirmed under a microscope and 

pipetting into a single cell. 1 mL of mTeSR was added and neutralized by 

pipetting. After transferring to a 15 mL tube was centrifuged for 5 minutes at 1400 

rpm (400 × g). The supernatant was removed and the cell pellet was released with 

1 mL of EB 0 day media.  

 The number of cells was measured and 1 × 106 cells were released in 3 mL 

of media and sprinkled in 1 well of aggrewell. 2.5 mL of wells were added to 3 

mL of EB 0 day media to a total of 5 mL of BMP4 5 ng / mL. The plate was 

incubated in a 37 ℃ CO2 incubator.  
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On the ED1, the embryoid body was checked whether it was well organized 

together under a microscopy and half of the media was changed with embryoid 

body 1 day media. On the ED2, embryoid body was checked again and 

hiPSC/OP9 co-culture step was prepared.  

 

C. OP9 and induced pluripotent stem cell co-culture 

Co-culture differentiation (CD) 0 day media was prepared in 10 mL per plate. 

EBs were removed from aggrewell, and filtered out with 40 μm strainer. DMEM 

/ F12 media was added to the aggrewell to filter out any remaining EB. After 

removing the media of overgrown OP9 cells, the strainer was inverted on the 

overgrown OP9 cell plate and EB was dropped onto the plate by spraying 10 mL 

CD 0 day media. It was grown in a 37 ℃ O2 incubator. 

After confirming that the co-culture cell was differentiated into a wheel shape 

under a microscope, the supernatant was collected in a 50 mL tube. After 5 mL 

of collagenase IV (1 mg / mL) was added to the co-culture plate for 20 minutes 

in a 37 ℃ CO2 incubator, the supernatant was carefully removed, and 5 mL of 

warmed 0.05% Trypsin / EDTA was added and 37 ℃ CO2 incubator and was 

reacted for 15 minutes. The cells were separated by a microscope, pipetted into 1 

mL pipettes to form single cells, and 5 mL of CD media was added to the 

supernatant, which was transferred to a 50 mL tube. After centrifugation for 5 

minutes at 1500 rpm, pellets were released with 1 mL of erythroid basal media. 

Cell was counted and was taken about 2 × 107 cells. 

 

D. Differentiation to erythroid lineage 

On differentiation to erythroid lineage day (DD) 0, 8 day-co-cultured cells 

were released in a single cell into a 25T flask containing 10 mL of Erythroid basal 

media (EBM) 1st media. The EBM 1st media was changed once every 2-3 days. 

Morphology was confirmed by cytospin on 50 μL media on DD 4. Cytospin was 
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performed under the condition of 700 rpm for 7 minutes and stained with White-

Giemsa stain. 

After 5 days in EBM 1st media, the media was changed to EBM 2nd media. On 

the DD 15, the media was changed to EBM 3rd media. The composition of the 

EBM 3rd media was prepared by adding EPO 6 IU/mL (Stem cell), 0.05 % F68 

(Sigma-Aldrich), heparin 5 IU/mL (Stem cell) and 5 % human plasma (by 

donation). The EBM 3rd media was used until the DD 24. 

 

4. Characterization of cultured cells 

A. Flow cytometry analysis 

Flow cytometry data were obtained by BD FACS Verse™ flow cytometer (BD 

Biosciences, Oxford, U.K.) and analyzed using Kaluza Analysis™ software 

(version 2.1, Beckman Coulter, CA, USA). The instructions were followed as 

manufacturer’s instructions. At least 100,000 events were acquired for each 

samples.  

After the iPSC generation, SSEA4 and TRA-1-60 was used for characterizing 

the stemness factors in the iPSC. At DD0, 7, 14 and 20, differentiated cells were 

analyzed by flow cytometry for expression their hematopoietic and erythroid 

characteristics. CD34, CD43, CD31, CD36, CD235a and CD71 cell markers were 

used. For DD0 flow cytometry, KDR and CD15 markers were additionally 

examined. 

The samples during erythropoiesis were analyzed for expression of cell 

surface markers using Fluorescein isothiocyanate (FITC)-labeled antibodies 

against CD36 and CD31; phycoerythrin (PE)-labeled antibodies against CD34 

and CD235a; allophycocyanin (APC)-labeled antibodies against CD43, CD45 

and CD71. FITC-, PE-, or APC-conjugated isotype-matched antibodies served as 

controls. Compensation beads were used to modify the compensation matrix. 
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All antibodies used were listed in Table 2.  

 

Table 2. Primary antibody list for flow cytometry 

Category Antibody Host Manufacturer 

Stem cell 

markers 

TRA-1-60 Mouse 

IgG 

Abcam 

 SSEA4 Mouse 

IgG 

Abcam 

Differentiation KDR Mouse Miltenyi Biotec 

 CD15 Mouse BD Biosciences 

 CD34 Mouse 

IgG 

BD Biosciences 

 CD43 Mouse 

IgG 

BD Biosciences 

 CD31 Mouse 

IgG 

BD Biosciences 

 CD45 Mouse 

IgG 

BD Biosciences 

 CD36 Mouse 

IgG 

BD Biosciences 

 CD235a Mouse 

IgG 

BD Biosciences 

 CD71 Mouse 

IgG 

BD Biosciences 

Isotype control FITC IgG Mouse 

IgG 

BioLegend 

 FITC IgG Mouse 

IgG 

BD Biosciences 

 APC IgG Mouse 

IgG 

BD Biosciences 
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B. Morphologic analysis  

Cells (1 × 105 cells per slide) were centrifuged on slides using cytocentrifuge 

(Cytospin 4, Thermo Scientific, Waltham, MA, USA; 700 RPM, 7 min), stained 

with Wright-Giemsa dye (Sigma-Aldrich) and observed using a microscope 

(BX53; OLYMPUS, Tokyo, Japan) and a camera (DP70; OLYMPUS). 

 

C. Genetic analysis 

For detecting the reprogramming vectors and pluripotent markers, total 

RNA from iPSC was purified isolated using RNeasy Plus Mini Kit (Qiagen, 

Hilden, Germany). 2 μg of total RNA was used using the SuperScript III First 

Strand (Invitrogen, Thermo Scientific, CA, USA) according to the 

manufacturer’s instructions. Quantitative real-time RT-PCR (qRT-PCR) was 

performed by qPCR TaqMan probes (Applied Biosystems) and analyzed with 

the Step One Plus (Applied Biosystems, CA, USA). The glyceraldehyde 3-

phosphate dehydrogenase gene was used to normalize data and relative 

expression was calculated using the ΔΔCT method. 

 

D. Immunocytochemistry assay 

The cells after reprogramming were fixed with 4% paraformalydehyde (Tech 

& Innocation, Gyeonggi-do, Korea) for 20 minutes. Then they were washed 

with DPBS, and permeated with 0.2% Triton X-100 (Sigma-Aldrich) for an 

hour. The primary antibodies used in this experiment were against stage-

specific embryonic antigen 4 (SSEA4), octamer-binding transcription factor 4 

(OCT4), sex-determining region Y-box 2 (SOX2), TRA-1-60, and NANOG 

homeobox (NANOG) (all from Human Embryonic Stem Cell Marker Panel, 

Abcam plc, Cambridge, United Kingdom). The secondary antibodies used were 

Alexa Fluor 594 anti-rabbit or Alexa Fluor 488 anti-rabbit antibodies (Life 

Technologies, Eugene, Or, USA). Cells were visualized under fluorescence 

microscope (OLYMPUS, CKX53, Tokyo, Japan) with Olympus U-RFL-T 
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fluorescence lamp. Image analysis and colocalization studies were carried out 

using the Ocular Image Acquisition Software (OCULAR, version 2.0.1.496, 

Digital Optics Limited, Auckland, New Zealand) 

 

E. Oxygen binding capacity assay 

The oxygen binding capacity of hemoglobin determines how much the 

oxygen is carried in the blood. If RBCs are successfully generated from iPSCs 

(iPSC-derived RBCs), the oxygen binding capacity of iPSC-derived RBCs will 

be comparable to that of regular RBCs. The Hemox-Analyzer (TCS, Medical 

Products Division, Southampton, PA) were used for the experiments. The 

sample vial was filled with 5mL of HEMOX –Solution (TCS), 20 μL of 

Additive-A (TCS) and 10 μL of Anti-Foaming Agent (TCS). Then 50 μL of 

freshly drawn blood was added to the vial. The sample vial was mounted into 

the sample intake tube of the cuvette. The procedures were followed as 

manufacturer’s instructions  

 

F. Hemoglobin electrophoresis 

200 μL of iPSC-derived RBC in the EDTA bottle was prepared. Hemoglobin 

electrophoresis was performed using the Capillary 2 system (Sebia, Paris, 

France), according to the manufacturer's instruction. The Sebia Capillarys 2 

system uses the principle of capillary electrophoresis in which charged 

molecules are separated at alkaline pH by their electrophoretic mobility, 

electrolyte pH and electro-osmotic flow. Quality control was monitored using 

the Hb A2 and Hb AFSC commercial control materials (Sebia). 

5. Serologic phenotyping of cultured red blood cells 

Blood group test was performed using ortho BioVue® cassettes (Ortho 

Clinical Diagnostics). The cassettes were composed of 6 columns. First and 

second column was coated with anti-A antibody and anti-B antibody, 
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respectively. Third column was coated with anti-RhD antibody which is a major 

component of Rh blood group system. Fourth column was for auto control. We 

did not use the fifth and sixth columns created for serum typing because they 

were not needed for our experiments. 

To confirm the antigen expression of iPSC-derived RBC, about 0.3 % of 50 

µL iPSC-derived RBC with normal saline was loaded on the top of each column 

of the Ortho BioVue System Rh grouping cassette (Ortho Clinical Diagnostics). 

For Rh grouping cassette, each column was coated with anti-C, anti-E, Anti-c, 

Anti-e, respectively. For MN and duffy antigen phenotyping, we used ID-

Antigen Profile I and ID-Antigen profile II cassette (Bio-Rad Laboratories, CA, 

USA). each column was coated with anti-M, anti-N, anti-Fya, and anti-Fyb, 

respectively. If there is C antigen on surface of the iPSC-derived RBC, the 

RBC-antibody immune complexes are detected in the upper part of the column 

which cannot go down to the gel in the cassette. After loading the iPSC-derived 

RBC, the cassette was centrifuged (800 rpm for first 2 min and 1,500 rpm for 

next 3 minutes). The results were read according to their position on the column 

of red lines24.  

 

6. Microscopic examination of Rh-hr subgrouping 

The final matured iPSC-derived RBC was used to test the Rh-hr subgroup 

phenotype test by the slide method. After dropping 25 μL of antisera on a glass 

slide, 50 μL of 0.8% iPSC-derived RBC suspension was dropped on it, and 

mixed for 10 seconds. The cover glass was covered and the degree of 

aggregation was observed under a microscope.  
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 RESULTS 

1. The induced pluripotent stem cell establishment  

Human iPSCs was generated from peripheral mononuclear cells with a 

combination of reprogramming factors consist of OCT4, SOX2, KLF4, L-MYC, 

and LIN28. Human PBMNCs isolated by Ficoll-Paque was amplified and 

cultured for 7-8 days in erythroid media, and transfection was performed when 

the percentage of erythroblasts was over 80% on the microscope examination 

(Figure 2A). A small colony of cells gathered 10 days after transfection was 

formed, and the colony of human iPSCs was cultured until 4-5 passages (Figure 

2B), and then a characteristic test was performed to confirm the stemness of 

iPSCs. RBC differentiation was initiated at 8-10 passages of iPSC colonies.  

The real time PCR was performed to determine whether the colony of 

reprogrammed cells had pluri-potencies (Figure 3A). By flow cytometry, single 

cells were characterized by the presence of pluripotency markers TRA-1-60 and 

SSEA4 (Figure 3B). Red dots indicated that the population expressed the 

pluripotency. The iPSC stemness was also verified using immunocytochemical 

staining (Figure 3C).   
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Figure 2. Generation of iPSCs from PBMNCs 

(A) During the expansion step, the erythroblast cells were counted to determine when transfection should be conducted. On the 

erythroblast expansion day 7, if the erythroblast population was observed to account for less than 80% of total cell population, 

transfection was performed (Wright-Giemsa stain, ×1000, scale bar = 10 µm). (B) The cells gathered after transfection, resulting 

in small iPSC colony. 
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Figure 3. Stemness characterization of iPSCs 

All assay showed that generated iPSCs had the pluripotency (A) quantitative real-time RT-PCR (B) flow cytometry analysis (C) 

immunocytochemical staining



24 

 

2. Characterization of cultured red blood cells 

A. Flow cytometry analysis 

At DD0, 7, 14 and 21, differentiated cells were analyzed by flow cytometry 

for expression their hematopoietic and erythroid characteristics. CD34, CD43, 

CD31, CD36, CD235a, CD71, CD15 and KDR (CD15 and KDR cell markers 

were only used in DD0 flow cytometry analysis) cell markers were used. 

CD34 and CD43 markers indicated hematopoietic stem cells. CD31 and 

CD36 were for early erythroid progenitors, whereas CD235a and CD71 were 

for late erythroid cells. After differentiation, the population shifted from 

hematopoietic stem cells to erythrocyte precursors (Figure 4, 5).
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Figure 4. Characterization of cells after OP9 co-culture 

(A) Microscopic finding of hematopoietic cells after co-culturing with the OP9 cell line. It Showed the arrangement in a wheel 

shape (×40, scale bar = 100 µm). (B) On differentiation day 8, flow cytometry finding of cells immediately before RBC 

differentiation protocol (8 days after co-culturing with the OP9 cell line). There were more than 50% of premature erythroblasts 

cells showing CD71+/CD235a- expression, and at the same time, KDR positive cells, an endothelial progenitor marker, were 

also observed. CD34 and CD43, a hematopoietic stem cell marker, and myeloid marker CD15 were negative. 
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Figure 5. Flow cytometry analysis of erythropoiesis  

(A) As the differentiation progressed, the stem cell marker CD43 expressed at the beginning of differentiation and then 

decreased, and early erythroid progenitor and CD71 also decreased. The late erythroid progenitor, CD235a, expressed with 

differentiation. (B) The histogram dotted according to day by cell markers.  
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B. Morphology of cultured red blood cells 

Wright Giemsa stain slides were prepared and observed under a microscope 

during the erythroid differentiation process (Figure 6). Slide of day 10 showed 

the presence of pro-erythroblasts and basophilic erythroblasts. On the day 19 

slide, RBCs became more mature (Figure 7A), and polychromatic erythroblast 

and orthochromatic erythroblasts were also noticeable. Differential count of 

cell presented in slides were followed. In the early stage, proerythroblasts and 

basophilic erythroblasts were shown. As the incubation period got longer, 

polychromatic erythroblasts and orthochromatic erythroblasts were appeared. 

H9 cells were counted as a control.  

 

C. Hemoglobin electrophoresis 

Hemoglobin electrophoresis was performed on iPSC-derived RBC and 

showed high peak in region 2 (Figure 7B). Region 2 could be estimated as Hb 

F compared to the reference peak. According to the previous literature, high-

performance liquid chromatography revealed that iPSC-derived matured 

erythroid cells expressed mainly HbF (fetal hemoglobin, α2γ2) (50.1%) and 

small amount of HbA2 (adult hemoglobin, α2δ2) (2.1%), indicative of 

definitive fetal erythropoiesis17. 

 

D. Oxygen binding capacity assay 

We draw the oxygen–hemoglobin dissociation curve (Figure 7C). It the 

graph, blue lines indicated the result from normal healthy donor’s blood, and 

green line indicated the result from iPSC-derived RBC. Comparing the two 

curves showed no significant difference in oxygen binding capacity. 
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Figure 6. Morphology of iPSC-derived RBC during erythropoiesis 

Differentiation caused the population to shift from hematopoietic stem cells to 

erythrocyte precursors (Wright-Giemsa stain, ×400, scale bar = 20 µm). 
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Figure 7. Characterization of mature RBCs obtained from iPSCs 

(A) On day 19 of the differentiation protocol, mature RBCs were observed. The phenomenon of RBCs surrounding the 

Macrophages was seen (Wright-Giemsa stain, ×1000, scale bar = 20 µm). (B) Hemoglobin electrophoresis was performed on 

iPSC-derived RBC and showed high peak in region 2, estimated as Hb F compared to the reference peak. (C) No significant 

difference was observed in the oxygen binding capacity between normal RBCs and iPSC-derived RBCs. 
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3. Serologic phenotyping of cultured red blood cells 

ABO and RhD blood group test was performed to confirm the blood type. 

After centrifugation, the results were read according to their position on the 

column of red lines. If the red line was located in the bottom of the column, it 

was read as negative and if in the top of the column, it was read as positive. The 

donor's actual blood type was O positive and iPSC-derived RBC showed O 

positive (A negative and B negative) blood type (Figure 8A). Also, iPSC-derived 

RBC showed the same Rh-hr subgroup phenotype with donor’s actual phenotype 

as CcEe. 

The blood group antigen expression of iPSC-derived RBCs showed the same 

pattern before and after the transfection; the reprogramming process. These 

results indicated that iPSC-derived RBC expressed the blood group antigens 

which can react with blood group antibodies.   

Column agglutinin assay were also performed for duffy and MN antigens to 

determine whether other blood type antigens were also expressed on iPSC-

derived RBCs.  

Donor’s actual phenotype of duffy antigen was Fya positive and Fyb negative. 

For MN antigen, M antigen was positive and N antigen was negative. Antigen 

phenotype test was done for iPSC-derived RBCs. Dual cell population was seen 

both for MN antigen and duffy antigen (Figure 8B). For the column of N antigen 

and Fyb antigen, the amount of RBC at the bottom of the column was observed 

more than that of M antigen and Fya antigen, but it was difficult to quantify. 

Wet smear slides were prepared and checked under a microscope to confirm 

that agglutination of the actual red blood cell antigen and antiserum was achieved. 

The donor's original Rh-hr phenotype was DCEe, with no response to anti-c. As 

for the original phenotype, iPSC-derived RBC showed agglutination in anti-e 

(Figure 9A) and no agglutination in anti-c (Figure 9B). 
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Figure 8. Blood group antigen phenotyping test 

(A) ABO, RhD blood group (B) MN, duffy blood group  

 

 

 

Figure 9. Reaction with anti-sera and iPSC-derived RBCs 

(A) It showed agglutination on reaction with anti-e. (B) There was no 

agglutination with anti-c (×400, scale bar = 20 µm). 
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 DISCUSSION 

Pre-transfusion test are essential giving appropriate blood products to blood 

transfusion patients. Pre-transfusion tests consist of three steps: blood group test, 

unexpected antibody test and cross matching. Reagent RBCs coated with known 

blood group antigens are used during the unexpected antibody test to determine 

whether unexpected antibodies are present in the patient’s serum. However, 

reagent RBCs used for unexpected antibody tests are made from donated whole 

blood, so the surface antigens of the reagent RBCs change with donor, causing 

the reagent RBCs’ blood group antigens to be inconsistent. Accurately detecting 

unexpected antibodies in the patient’s serum is an important part of transfusion 

safety, so it is necessary to maintain the consistency of the reagent RBCs’ antigens. 

Many efforts have been made to make artificial RBCs, such as 

perfluorochemical-based RBC substitutes, hemoglobin-based RBC substitutes, 

and recombinant hemoglobin.25 Bone marrow and cord blood have traditionally 

been used to obtain hematopoietic stem and progenitor cells to culture in vitro 

RBCs.6 However, iPSCs are attracting attention as a possible source for RBCs 

due to the fact that their use is not burdened by ethical issues and self-renewability. 

In this study, it was hypothesized that iPSC-derived RBCs would express blood 

group antigens on the surface of RBCs that would react with unexpected 

antibodies.  

Retroviral, lentiviral, and episomal vector systems are used to produce iPSCs. 

Retroviral and lentiviral vectors form colonies relatively efficiently but are more 

likely to suffer genome changes and cancer. The episomal plasmid vectors do not 

use viruses but are relatively inefficient at forming colonies. In order to increase 

the efficiency of the episomal vector system, in this study iPSC was co-cultured 

with OP9 stromal cell during erythroid differentiation. The OP9 cell line has been 

successfully used to induce mouse embryonic stem cell differentiation into 

myeloid, lymphoid, erythroid, and megakaryocytic lineage cells.19,26,27 Choi 
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employed an OP9 system to differentiate hematopoietic cells from human 

fibroblast-derived iPSC lines.28 

iPSCs were obtained from PBMNCs by reprogramming using five 

transcription factors: OCT4, SOX2, KLF4, L-MYC, and LIN28. Real-time PCR 

and flow cytometry were performed to confirm the stemness characteristics. After 

the iPSCs were produced, they were differentiated into the erythroid lineage. 

During the differentiation process, trends in cells were observed through 

microscopic analysis and flow cytometry. On the last day of differentiation, 

hemoglobin electrophoresis and oxygen-binding capacity assay were conducted 

to understand the function of iPSC-derived RBCs. Then the iPSC-derived RBCs 

were reacted with antibodies to determine whether the RBCs expressed blood 

group antigens. 

In the case of ABO and Rh-hr blood grouping test, it was confirmed that the 

same expression was observed before (donor’s PBMNC) or after transfection 

(iPSC-derived RBC). However, for other antigens, such as duffy or MN, results 

in the form of a double cell population were obtained. This may be because duffy 

or MN antigen is expressed later than ABO or Rh-hr subgroup antigens. 

According to a study by Southcott, ABO and Rh-hr are expressed early in the 

differentiation of relatively cultured RBC, while duffy antigen is expressed late.29 

Since the iPSC-derived RBC used in our experiment was in the form of a 

nucleated RBC, it was possible that it was before the duffy antigen was expressed. 

The double cell population may have been due to the fact that the antigen-

expressing red blood cells and the antigen-free red blood cells were mixed during 

the expression of the duffy antigen. Otherwise, it is possible that only the RBC 

reacted, and the non-RBC cells (granulocytes, histiocytes) did not react, so it 

appeared to be a double cell population. 

Although blood group antigen-expressing RBCs from iPSCs were 

successfully produced from iPSCs, the production process can be improved. 
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Hemoglobin electrophoresis showed that fetal hemoglobin was present in iPSC-

derived RBCs. Studies on iPSC-derived RBCs have mostly examined immature 

red blood cell types, including fetal RBCs or mixture of fetal and adult cells.15-17 

These electrophoresis results may have result from the fact that the iPSC-derived 

RBCs stayed in the nucleated RBC state. Macrophages are involved in the RBC 

enucleation process. Co-culturing iPSC-derived RBCs with macrophages may 

promote the enucleation of nucleated RBCs, resulting in mature RBC.30  

To produce pure and reliable diagnostic reagents, it is necessary to improve 

RBC purity and cell viability. The fluorescence-activated cell sorting method can 

be applied to improve cell purity. Fluorescence-activated cell sorting is a highly 

sophisticated technique for purifying a population of cells of interest, and can 

achieve 95-100% purity of the sorted population.31 However, fluorescence-

activated cell sorting requires the use of expensive equipment and skilled 

technicians which would increase RBC production costs. The oxyhemoglobin 

dissociation curve was drawn more neatly on differentiation day 19 and the cell 

hemolysis was observed on slides after differentiation day 19. Thus, cell viability 

would be expected to be the best on the differentiation day 19. It would be useful 

to monitor hemolysis pattern by measuring free hemoglobin levels.32   

The cost of producing iPSC-derived RBC must be brought down before the 

solution test in this can be commercially deployed. The OP9 co-culture system 

can would cost 30-50% less than the serum-free, feeder-free condition. Although 

the OP9 cell line co-culturing reduced production costs, artificial RBC production 

is still more expensive than obtaining RBCs through blood donation. Lowering 

production costs will be a major factor in increasing the competitiveness of in 

vitro RBC production.  
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 CONCLUSION 

This study established the RBC differentiation protocol from iPSC co-cultured 

with OP9 cell line. The result of this study showed that produced RBCs expressed 

blood group antigens on their surface which reacted will with antibodies, and that 

the produced RBCs had a similar oxygen-binding capacity to donated RBCs. This 

characteristic of the artificially produced RBCs indicates that they can be used to 

make new RBC reagents for diagnostic purposes. 
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ABSTRACT (IN KOREAN) 

OP9 세포주 공배양을 통한 역분화줄기세포 유래 

진단시약용 적혈구 생산 

 

<지도교수 김 현 옥> 

 

연세대학교 대학원 의학과 

노 주 혜 

 

적혈구 표면에는 수많은 혈액형 항원이 존재한다. 환자의 

체내에는 다양한 혈역형 항원에 대한 비예기항체가 생성될 수 

있는데, 특히 임상적으로 중요한 비예기항체는 급성 및 지연성 

용혈성 수혈부작용의 원인이 된다. 따라서 수혈전 비예기항체를 

검출하고 이에 따라 적절한 혈액제제를 준비하는 것이 중요하다. 

비예기항체 검사를 위한 시약 적혈구는 헌혈을 통해 

공급되는데 제조 때마다 공혈자가 바뀜에 따라 시약 적혈구의 

항원도 매번 바뀌는 결과를 초래한다. 이는 비예기항체 검사 

결과의 일관성을 저해하는 요인으로서 진단시약을 위한 체외 

적혈구 생산기술을 통해 검사 결과의 일관성을 유지할 수 

있다면 적혈구 체외생산은 효과적인 대안으로 생각될 수 있다.  

체외에서 적혈구를 생산할 수 있는 원료 중 줄기세포가 

있다. 그 중 역분화줄기세포는 성인세포로부터 얻을 수 있는 

줄기세포로, 자기 재생능력으로 인해 적혈구를 무한정 생산할 

수 있는 잠재력이 있다. 
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본 연구에서 역분화줄기세포로부터 적혈구를 분화시켜 

진단용 적혈구 시약을 생산하고자 하였으며, 체외에서 생산된 

적혈구에서 비예기항체와 반응 가능한 혈액형 항원을 표현할 

것이라는 가설을 수립하였다. 말초혈액단핵구로부터 5개 

전사인자의 형질도입을 통해 역분화줄기세포를 제작하였고, OP9 

세포주와 공배양을 통해 적혈구로 분화시켰다. 분화과정을 

확인하기 위해 주기적으로 현미경검사와 유세포검사를 하였으며, 

마지막에 헤모글로빈 전기영동시험과 산소결합능 검사를 

시행하였다. 혈액형 항원 발현을 혈청학적 방법으로 검사하였다. 

연구 결과, 6명 기증자로부터 기증받은 말초혈액에서 

역분화줄기세포를 생산하였으며, 적혈구로의 분화를 성공하였다. 

체외생산적혈구는 헤모글로빈 전기영동시험 결과 F 영역에서 

피크를 보였으며, 정상적혈구와 체외생산적혈구의 산소결합능은 

유의미한 차이를 보이지 않았다. 혈액형 항원을 검사한 결과 

체외생산적혈구는 기증자의 원 적혈구의 항원과 동일한 혈액형 

항원을 표현하고 있었다. 

이번 연구를 통해 체외생산적혈구가 비예기항체와 반응 

가능한 혈액형 항원을 발현하고 있음을 확인하였으며, 

역분화줄기세포 유래 적혈구 진단시약의 제작 가능성을 

제시하였다.  

 

핵심되는 말: 역분화줄기세포, 혈액형 항원, 비예기항체 검사, 

OP9 세포주 공배양 


