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Abstract: Red blood cell (RBC) transfusion is a lifesaving medical procedure that can treat pa-
tients with anemia and hemoglobin disorders. However, the shortage of blood supply and risks of
transfusion-transmitted infection and immune incompatibility present a challenge for transfusion.
The in vitro generation of RBCs or erythrocytes holds great promise for transfusion medicine and
novel cell-based therapies. While hematopoietic stem cells and progenitors derived from peripheral
blood, cord blood, and bone marrow can give rise to erythrocytes, the use of human pluripotent
stem cells (hPSCs) has also provided an important opportunity to obtain erythrocytes. These hPSCs
include both human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiP-
SCs). As hESCs carry ethical and political controversies, hiPSCs can be a more universal source for
RBC generation. In this review, we first discuss the key concepts and mechanisms of erythropoiesis.
Thereafter, we summarize different methodologies to differentiate hPSCs into erythrocytes with an
emphasis on the key features of human definitive erythroid lineage cells. Finally, we address the
current limitations and future directions of clinical applications using hiPSC-derived erythrocytes.

Keywords: human pluripotent stem cell; erythroid cell; red blood cell; hematopoietic stem cell;
primitive erythropoiesis; definitive erythropoiesis; enucleation

1. Introduction

Red blood cell (RBC) transfusion is crucial not only for patients suffering from RBC
inefficiency, including anemia and hemoglobin disorders, but also for modern medical
practices, such as surgeries and cancer treatments [1]. However, blood donor shortages
and risks associated with transfusions remain a key challenge. The in vitro generation
of RBCs or erythrocytes has been proposed as a viable alternative. Several studies used
hematopoietic stem cells and/or progenitor cells (HSCs and/or HSPCs) from adult and
cord blood to derive RBCs [2,3]. However, adult- and cord blood-derived HSCs and/or
HSPCs are a limited source, and adult- and cord blood-derived RBCs are unsustainable.

Human pluripotent stem cells (hPSCs), including embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs), offer hope for an unlimited supply of RBCs, owing
to their self-renewal capacity [4–6]. The derivation of RBCs from hPSCs recapitulates
the defining events of erythropoiesis, a developmental process in which HSCs and/or
HSPCs are committed to the erythroid lineage cells [7]. Accordingly, many have attempted
to develop stepwise protocols that first differentiate hPSCs into HSCs and/or HSPCs,
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into erythroid progenitor cells, and into erythrocytes [8,9]. These steps are regulated
by providing a suitable microenvironment or niche and sequential treatments of growth
factors, cytokines, and small molecules pertaining to the cellular and molecular mechanisms
underlying the process of erythropoiesis [10]. While the resulting hPSC-derived RBCs
exhibit certain characteristics of human erythrocytes, much remains to be done to effectively
assess their therapeutic potential at the clinical level.

In this review, we first describe the developmental biology of erythropoiesis and
cellular and molecular mechanisms regulating its process. Thereafter, we discuss protocols
for the generation of erythroid lineage cells from hPSCs. In particular, we list different
combinations of growth factors and cytokines for each culture system and assessments for
the molecular and functional characterization of hPSC-derived RBCs. We then highlight
the key features that hPSC-derived RBCs should possess prior to their clinical translation.
Lastly, we discuss the current limitations and future directions of hPSC-derived RBCs for
potential clinical implementations (Figure 1).

Healthy donors Human iPSCs RBCs Transfusion using 
hiPSC-RBCs

Generation Differentiation
& expansion

Figure 1. Proposed scheme for generation of clinically suitable hiPSC-derived RBCs for transfusion.
Human iPSCs can be generated from somatic cells, such as skin fibroblasts and blood cells. Human
iPSCs can then be differentiated into RBCs. After expansion, the resulting RBCs can be used for
transfusion. Solid arrow indicates a verified and validated step. Dashed arrow indicates a step yet to
be determined.

2. Erythropoiesis

Erythropoiesis is the process of generating RBCs in the bone marrow (BM). Like
hematopoiesis, erythropoiesis occurs in two sequential stages or “waves”, which are
dependent on the timing and anatomical sites [11,12]. They are primitive erythropoiesis
and definitive erythropoiesis (Figure 2).

Primitive erythropoiesis refers to the transient presence of RBCs within the yolk sac,
while definitive erythropoiesis refers to the presence of RBCs in the fetal liver and postna-
tal BM [11]. In both primitive and definitive erythropoiesis, the status of erythrocytes is
transitioned through three compartments: erythroid progenitor cell, erythroblast precursor
cell, and RBCs. In primitive erythropoiesis, primitive erythroid (EryP) progenitors tran-
siently appear and give rise to erythroid precursor cells, while in definitive erythropoiesis,
definitive erythroid progenitors that include burst-forming unit erythroid (BFU-E) cells
and colony-forming unit erythroid (CFU-E) cells, give rise to erythroid precursor cells.
These precursor cells include proerythroblasts (ProEs), basophilic erythroblasts (BasoEs),
polychromatophilic erythroblasts (PolyEs), and orthochromatic erythroblasts (OrthoEs). In
general, erythroid precursor cells are erythroblasts as well as reticulocytes, and enucleated
RBCs are classified as erythrocytes. The erythroid lineage cells represent erythroblasts to
erythrocytes. These cells express transferrin receptor (TFRC; CD71), solute carrier family
4 member 1 (SLC4A1; BND3), and glycophorin A (GYPA; CD235A) [13] (Figure 3). In
addition to these conventional RBC markers, CD36 and CD44 have been also used to
distinguish erythroblasts from TFRC+ cells in different developmental stages [14]. In the
case of hPSC-derived erythroid lineage cells, sialophorin (SPN; CD43) and protein tyro-
sine phosphatase receptor type C (PTPRC; CD45) are used as markers for identifying the
committed hematopoietic lineage cells from hPSCs.
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Figure 2. Overview of primitive and definitive erythropoiesis. Primitive erythropoiesis occurs within
the yolk sac, while definitive erythropoiesis occurs in the fetal liver and postnatal BM. The transition
to erythrocytes is identical in primitive and definitive erythropoiesis. Erythroid progenitors are
EryP in primitive erythropoiesis, while BFU-E and CFU-E cells are definitive erythroid progenitors.
Erythroblasts include ProE, BasoE, PolyE, and OrthoE. After enucleation, OrthoE becomes either
pyrenocyte or reticulocyte. While pyrenocytes are often engulfed and removed by macrophages,
reticulocytes further mature into erythrocytes or RBCs.

CD44

GYPA (CD235A)

SLC4A1 (BND3)

PTPRC (CD45)

TFRC (CD71)

CD36

OrthoE RBCReticProE BasoE PolyEBFU-E
CFU-E

Figure 3. Key markers of the erythroid lineage cells. Surface markers that define the erythroid
lineage cells are listed. In general, BFU-E and CFU-E cells express CD36, CD44, PTPRC, and TFRC.
Erythroblasts, including reticulocytes express CD44, GYPA, SLC4A1, and TFRC. Erythrocytes or
RBCs express GYPA and SLC4A1. The expression levels are relative.

2.1. Primitive Erythropoiesis

Primitive erythropoiesis originates in the yolk sac. Specifically, the primitive erythroid
cells first appear in “blood islands” and complete their maturation into erythrocytes in the
bloodstream [15]. These blood islands arise from mesodermal cells between embryonic
days 7 and 7.5, and quickly give rise to a cluster of inner blood cells surrounded by an outer
endothelial lining by E9.5 [16]. Primitive erythroblasts then undergo progressive maturation
towards primitive RBCs, characterized by erythroblast expansion and proliferation, fetal
globin accumulation, and decreased cell size. Furthermore, primitive RBCs are not fully
mature cells because they possess nuclei and are enriched with ε- and γ-globins rather
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than β-globin [17,18]. Interestingly, these erythroblasts also lose vimentin, intermediate
filaments, and microtubules prior to entering the bloodstream [19,20].

2.2. Definitive Erythropoiesis

Definitive erythropoiesis, on the other hand, occurs later in the developmental stage
and continues throughout the postnatal life. It is driven by HSCs and/or HSPCs in the fetal
liver and postnatal BM [11]. Like primitive erythroid cells from primitive erythropoiesis,
HSCs and/or HSPCs undergo the transition to definitive erythrocytes. First, HSCs and
BFU-E and CFU-E cells are first found and transiently expand their cell numbers in the
fetal liver [21–25]. These cells then become erythroblasts transitioning from ProE, to
BasoE, to PolyE, to OrthoE, and ultimately to reticulocytes. Definitive erythroblasts exhibit
progressive characteristics similar to their primitive counterparts. However, these RBCs in
the fetal liver are not functional due to the non-conversion of γ-globin to β-globin. Cellular
maturation next occurs in the BM during the stages of postnatal life. Definitive RBCs
derived from definitive erythropoiesis can function physiologically to transport oxygen,
with a lifespan of approximately 120 days [26]. These definitive RBCs are essential for
clinical application in transfusion medicine.

3. Mechanisms of Erythropoiesis
3.1. Paracrine Mechanisms of Erythropoiesis

There are several cytokines and growth factors involved in and critical for erythro-
poiesis. Among them, erythropoietin (EPO), which is mainly produced in the kidney, is the
most well-known and studied cytokine. Earlier studies revealed that EPO expression was
induced by hypoxia-inducible factor (HIF), and in erythroid progenitor cells, such as BFU-E
and CFU-E cells, EPO and its receptor (EPOR) trigger canonical Janus kinase 2/signal
transducer and activator of transcription 5 (JAK2/STAT5), rat sarcoma/mitogen-activated
protein kinase/extracellular signal-regulated kinase (RAS/MEK/ERK), and phosphatidyli-
nositol 3-kinase (PI3K) pathways [27]. Several studies suggested that EPO signaling is
expendable for the development and specification of primitive erythroid progenitor cells in
the yolk sac, although it is required for the survival of erythroid progenitor cells in in vitro
cell culture [28,29]. However, EPO signaling is essential for definitive erythropoiesis by
promoting the survival, proliferation, and apposite timing of the terminal maturation of
primitive erythroid progenitor cells [28,30]. Because EPO instead of iron is required for cell
proliferation in the steps up to BasoE, the kidney immediately produces EPO to deliver to
BM, when erythrocytes have low iron levels. Stem cell factor (SCF) is another well-known
growth factor and a ligand of KIT proto-oncogene, receptor tyrosine kinase (KIT). The
failure of SCF signaling in c-kit mutant mice reduced the number of mature CFU-E cells in
the fetal liver, whereas the number of BFU-E cells was maintained, suggesting that SCF
promotes erythropoiesis [31]. Furthermore, another study suggested that SCF rapidly in-
duced tyrosine phosphorylation of the EPOR through KIT, which was physically associated
with the cytoplasmic domain of EPOR. Thus, SCF activates EPOR via KIT to induce the
proliferation and maturation of CFU-E cells [32]. Additionally, the synergistic regulation
by SCF together with IL3 and EPO has been demonstrated in early erythropoiesis [33,34].
In addition to SCF, insulin, insulin-like growth factor (IGF), activin A, and angiotensin
II also positively regulate erythropoiesis, whereas transforming growth factor-β (TGFβ)
signaling, growth differentiation factor 11 (GDF11; BMP11), γ-interferon, and tumor necro-
sis factor-α (TNFα) inhibit terminal erythroid maturation in vitro, although their roles in
in vivo erythropoiesis remain to be confirmed [35,36].

3.2. Erythroblastic Islands

Cellular interaction within erythroblastic islands (EBIs) is pivotal to mature the ery-
throid lineage cells. In mammals, EBIs represent a specialized niche in which erythroid
precursor cells proliferate, differentiate, and enucleate to become functional RBCs. These
EBIs are mostly found in BM during steady-state erythropoiesis but extend to the fetal liver
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and adult spleen for erythropoiesis in stress conditions [37–40]. For example, in response
to inflammation and anemia, this extension of EBIs to the fetal liver and adult spleen
accelerates erythrocyte production. During the differentiation of erythroid progenitor
cells, the process of deriving nucleated precursor cells from ProE to OrthoE occurs within
EBIs [39]. These EBIs consist of a specialized macrophage on the center encompassed by
developing erythroblasts [39,41]. Cell-to-cell contact in EBIs is critical for erythroblast differ-
entiation. The communications between central macrophages and erythroblasts orchestrate
proliferation and differentiation of various erythroblasts [14,42]. Central macrophages
not only provide molecular cues for differentiation and proliferation but also clear out
discharged nucleases and organelles by phagocytosis during enucleation of OrthoE and
during terminal differentiation from reticulocytes into erythrocytes [43,44].

3.3. Molecular Mechanisms of Erythropoiesis

In erythroid differentiation, core transcriptional networks play crucial roles, which
include gata binding protein 1 (GATA1), T-cell acute lymphoblastic leukemia/stem cell
leukemia (TAL1/SCL), Krüppel-Like Factor 1 (KLF1), LIM domain only 2 (LMO2), and
LIM domain binding protein 1 (LDB1) (Figure 4).

GATA1

IRP1 and 2

LDB1

KLF1

SOX6

LMO1 and 2

BCL11A

MYB

TAL1

OrthoE RBCReticProE BasoE PolyEBFU-E
CFU-E

Figure 4. Key transcription factors involved in erythropoiesis. Transcription factors that play
important roles in erythropoiesis.

DNA-binding transcription factors, such as GATA1, TAL1, and KLF1, are the master
regulators that cooperatively bind to active enhancers, form core complexes with LMO1 and
2 and LDB1 proteins, and impart their regulatory functions by the dynamic recruitment
of additional transcription cofactors in a lineage- and stage-specific manner [45]. For
example, the GATA1/TAL1/LMO2/LDB1 complex recruits stage-specific coregulators,
such as iron responsive element 2 and 6 (IRF2 and 6) and myeloblastosis oncogene (MYB),
and controls the differential expression of erythroid genes for the adult-stage transcriptional
program [46]. The importance of such transcription factors of the core network can be
found in human diseases. Diamond-Blackfan anemia (DBA) is a hypoplastic anemia
characterized by the impaired production of RBCs, and some of the pathogenic mutations
were mapped to a splice site of the GATA1 gene, causing the impairment of full-length
protein production [47]. Furthermore, the mutations in the KLF1 gene result in multiple
anemia phenotypes and sometimes elevated levels of fetal hemoglobin (HbF) [48]. In
addition, a knockout of these transcription factors—GATA1 and KLF1—causes severe
defects in erythropoiesis and lethality before gestation [49–52]. Interestingly, Spi-1 proto-
oncogene (SPI1; PU.1), a master regulator of myeloid-lymphoid differentiation, represses
the expression of the core transcriptional network genes, including GATA1 cofactors, and
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negatively regulates terminal erythroid differentiation. Conversely, GATA1 binds to and
represses many SPI1 target genes in erythroid progenitors [53]. Besides core transcription
factors, other transcriptional cofactors also play important roles in erythropoiesis. BCL11
transcription factor A (BCL11A) is a key regulator of the hemoglobin switch from a fetal to
an adult form, silencing HbF expression. Sankaran et al. demonstrated that the full-length
forms of BCL11A are almost exclusively in adult-stage erythroblasts, and that BCL11A
binds to the nucleosome remodeling and histone deacetylase (NuRD)–repressive complex;
and, to GATA1 and a GATA1 cofactor, zinc finger protein, FOG family member 1 (ZFPM1;
FOG1) in erythroid cells [54]. Another transcription factor, MYB, has been known to be a
key regulator of hematopoiesis and erythropoiesis and a negative regulator of HbF levels.
In a recent study, MYB is specifically expressed only in erythroid cells and its expression is
modulated through the binding of transcriptional complex of core factors, such as GATA1,
TAL1, LDB1, and KLF1, to a long-range enhancer of MYB [55]. Additionally, Cantu et al.
showed that SRY-box transcription factor 6 (SOX6) enhances erythroid differentiation in
human erythroid progenitors by inducing the expression of B-cell lymphoma-extra larger
(Bcl-xL), which has been known to increase in late erythroid differentiation [56]. Another
study proposed the involvement of BMP and Wnt signaling pathways in erythropoiesis
through their responsive transcription factors—SMAD family member 1 (SMAD1) and
transcription factor 7 like 2 (TCF7L2), respectively [57]. In this study, Trompouki et al.
demonstrated that the co-occupancy of the cis elements of genes by SMAD1 and TCF7L2,
together with a master lineage regulator, such as GATA2 for HSPCs, CCAAT enhancer
binding protein alpha (CEBPA) for myeloid lineage and GATA1 for erythroid lineage, was
directed by the binding of predominant lineage regulator. GATA1 induction directed the
loss of SMAD1/TCF7L2 occupancy on nonerythroid targets and shifted it to enhancers
near key erythroid genes in erythroblasts. Translational regulation has been implicated in
erythropoiesis. As previously described, DBA is a human anemic disease resulting from
the impaired production of full-length GATA1 by pathogenic mutations [47]. Interestingly,
in about 50% of DBA patients, the mutations in genes encoding ribosomal proteins (RPs),
such as RPL5 and 11, have been found, indicating that altered protein translation, especially
GATA1 translation, may be involved in the reduction and defective maturation of erythroid
progenitor cells [58]. The mutations in RPS19 caused the decline of GATA1 activity in DBA
patients without any change in the mRNA level, indicating that the GATA1 translation
has been reduced [59]. Another example can be found in cellular iron metabolism during
the later stages of erythropoiesis. When erythroblasts experience iron deficiency, iron
regulatory proteins (IRPs) regulate heme biosynthesis and iron uptake by binding to iron
responsive elements (IREs) with a stem-loop structure of mRNA UTRs [60].

4. Human PSC-Derived Erythroid Lineage Cells
4.1. Generation of RBCs from CD34+ HSCs and/or HSPCs

Research on the generation of human cultured RBCs has been under way since the end
of the 1980s [61–63]. The introduction of a liquid culture system has allowed us to promote
the proliferation and differentiation of stem cells derived from peripheral blood (PB),
umbilical cord blood (CB), and BM into erythrocytes. More-specific and -defined methods
of differentiation were subsequently developed using CD34+ HSPCs [64,65] (reviewed
in detail by [66]). For example, Neildez-Nguyen et al. proposed a culture system that
utilized CD34+ HSPCs from human CB and yielded a 200,000-fold expansion of pure
erythroid precursor cells [67]. While they were not further differentiated into mature RBCs
in vitro, these precursor cells infused into a mouse model achieved complete maturation
into functional enucleated RBCs, suggesting the importance of microenvironmental factors
for full maturation into RBCs. Similarly, Giarratana et al. isolated CD34+ HSPCs from
human BM, CB, and PB, and induced their proliferation [68]. This study showed a much
more potent commitment to the erythroid lineage cells, in which approximately 90% of
the CD34+ HSPCs exhibited RBC-like characteristics in their maturity and functionality.
Notably, these differentiated RBCs were able to transport and release oxygen. In contrast
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to previous studies [67,68], Miharada et al. developed a method that efficiently produced
enucleated RBCs from human CB in the absence of feeder cells [69]. It has been thought that
the enucleation of erythroblasts depends on EBIs or niches, such as cell-to-cell and cell-to-
extracellular matrix adhesion [70–72]. However, their findings suggested that the feeder cell
layer is not necessary and that the paracrine factors from EBIs are sufficient for the efficient
enucleation of erythroblasts. Lastly, Fujimi et al. combined these approaches to generate
RBCs from CD34+ HSPCs from human CB [73]. They first cultured CD34+ HSPCs on
telomerase gene-transduced human stromal cells (hTERT stroma). Using an hTERT stroma,
which is of human origin, is safer than using a murine stroma, as the use of animal-derived
feeder cells precludes clinical applications. A liquid culture system was next selected to
eliminate the hTERT stroma, and erythroblasts were then co-cultured with macrophages to
complete the enucleation process [71,74,75]. The removal of macrophages clearly showed a
higher enucleation rate [73] than in Miharada et al. [69]. While this has proven to be efficient
for producing RBCs from CD34+ HSPCs of diverse origin in vitro [67–69,73], there are some
major shortcomings. This method depends on donations and dedicated blood banks [76].
Since donation-based collection has a limited number of cell sources, it is imperative to find
a permanent source of cells to generate RBCs. There are also risks with any donated blood
product. A donation-based collection is a system of production in batches, resulting in the
problem of batch-to-batch variability and quality of CD34+ HSPCs. The last concern is the
incompletion of β-globin switching using this method.

4.2. Generation of RBCs from hPSCs

The advent of hPSCs has provided a unique opportunity to overcome these shortcom-
ings [5,6]. This unlimited cell source that includes ESCs and iPSCs is capable of self-renewal
and differentiation into various cell types. Particularly, many have attempted to obtain
hPSC-derived RBCs to lessen the dependence on blood donation (Table 1).

Table 1. Summary on differentiation of hPSCs into erythrocytes.

Culture System
Source

Cell
Type

Differenti-
ated Cell
Type(s)

Factor(s) Culture
Duration

Molecular
Characteriza-

tion

Functional
Assess-
ment

Note Reference

Feeder
cell

MS5 hESC Early ery-
throblast

Insulin,
transferrin,
IL3, BMP4,

FLT3 ligand,
SCF, EPO,

IGF1, hemin

24 days
(+15 days for

HSC
differentiation)

CD34+GYPA+

TFRC+,
orthochro-

matic,
embryonic
and fetal

globin

Hemoglobin
production

Large-scale
production

of RBCs
[77]

mFLSC hESC RBC
SCF, IL3, IL6,

EPO, TPO,
CSF3

18 days

GYPA+TFRC+,
clonogenic,
embryonic,
fetal, and

adult globin

Oxygen
dissocia-

tion
curve

Adapted
from [78] [79]

MS5 hiPSC,
hESC RBC

Dex, insulin,
SCF, EPO,

TPO, IL3, IL6

40–45 days
(+7–8 days for

HSC
differentiation)

CD34+SPN+

GYPA+TFRC+,
embryonic
and fetal

globin

N/A [80]

OP9 hiPSC,
hESC RBC

SCF, FLT3
ligand, EPO,

TPO, IL3,
BMP4; VEGF

15 days
(+15 days for

sac
differentiation)

CD34+

PTPRC+GYPA+,
clonogenic,
embryonic,
fetal, and

adult globin

N/A

Gene
correction
in patient-
iPSC from

[81]

[82]

VEGF,
BMP4, SCF,

FLT3
ligand, IL3,
IL6, CSF3,

EPO

hESC

Erythroid
precursor,
early ery-
throblast

VEGF, BMP4,
SCF, FLT3
ligand, IL3,
IL6, CSF3

15 days
(+15 days for
EB formation)

CD34+PTPRC+

KDR+GYPA+,
embryonic

globin,
clonogenic,

self-renewal

N/A Importance
of VEGF [83]
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Table 1. Cont.

Culture System
Source

Cell
Type

Differenti-
ated Cell
Type(s)

Factor(s) Culture
Duration

Molecular
Characteriza-

tion

Functional
Assess-
ment

Note Reference

EB

Transferrin,
ascorbic

acid, FGF2,
VEGF

hESC RBC

Dex, EPO,
TPO, SCF,

FLT3 ligand,
IL3, IL6,

CSF3,
transferrin,

FGF2, VEGF

13–29 days
(+14 days for
EB formation)

CD34+GYPA+,
clonogenic,
embryonic
and fetal

globin

N/A [84]

BMP4,
VEGF,

FGF2, SCF,
TPO, FLT3

ligand;
FGF2,
tPTD-

HoxB4

hESC RBC EPO, SCF

21 days
(+3–5 days for
EB formation;
+10 days for
blast colony

formation and
expansion)

TFRC+GYPA+

CD47+,
embryonic
and fetal

globin

Oxygen
dissocia-

tion
curve

Blast
colony

formation;
enucle-

ation on
days 36–42

[85]

SCF, TPO,
FLT3

ligand,
BMP4,

VEGF, IL3,
IL6, EPO

hiPSC,
hESC RBC

Insulin,
heparin, SCF,

IL3, EPO,
human
plasma

25 days
(+20 days for
EB formation)

CD34+PTPRC+

TFRC+GYPA+,
enucleated/

orthochromatic,
fetal globin

Hemoglobin
production,
hemoglobin

allosteric
transition

Adapted
from

[67,68]
[86]

SCF, TPO,
FLT3

ligand, IL3,
IL6, VEGF,
BMP4, EPO

hiPSC,
hESC RBC

Human
plasma,
insulin,

transferrin,
SCF, IL3

25 days
(+20 days for
EB formation)

Enucleated,
embryonic
and fetal

globin

N/A [87]

BMP4,
VEGF,

activin A,
WNT3A,
GSK3βi

VIII, FGF1,
SCF,

β-estradiol

hiPSC,
hESC RBC

BMP4, VEGF,
FGF1, IGF2,

TPO, heparin,
IBMX,

β-estradiol,
hydrocorti-
sone, FLT3
ligand, IL3,
IL11, IGF1

24–31 days
(+2 days for EB

formation)

CD36+GYPA+,
enucleated,
embryonic
and fetal

globin

N/A cGMP-
compatible [88]

BMP4,
VEGF,
FLT3

ligand, IL3,
IL6, SCF,

TOP, EPO

hiPSC RBC IL3, SCF,
EPO

18 days
(+21 days for
EB formation)

CD36+SPN+

GYPA+,
clonogenic,
enucleated,

fetal and
adult globin

N/A [89,90]

ROCKi,
BMP4,
VEGF,

WNT3A,
FGF1, SCF,
activin A,
GSK3βi

VIII,
β-estradiol;

FGF2

hiPSC,
hESC RBC

BMP4, SCF,
VEGF, IGF2,
FGF1, TPO,

heparin, EPO,
IBMX,

β-estradiol,
hydrocorti-
sone, IL3,

ferric nitrate,
poloxamer
188; FGF2,

human
plasma

24 days
(+3 days for EB

formation)

SPN+TFRC+

GYPA+,
enucleated/

orthochromatic,
fetal globin

Oxygen
dissocia-

tion
curve

Further
modified

by [8]
[91]

Monolayer

Matrigel-
coated,
FGF2,

ROCKi

hiPSC RBC

Human
plasma-
mimetic,

FICZ, EPO,
BMP4, VEGF,

WNT3A,
FGF2, SCF,

FLT3 ligand,
TPO, IL6,

ascorbic acid

60 days
(+10–15 days

for HSC
differentiation)

GYPA+,
embryonic
and fetal

globin

Hypoxia

Importance
of aryl hy-
drocarbon
receptor

[92]
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Table 1. Cont.

Culture System
Source

Cell
Type

Differenti-
ated Cell
Type(s)

Factor(s) Culture
Duration

Molecular
Characteriza-

tion

Functional
Assess-
ment

Note Reference

Monolayer

Vitronectin-
coated,
FGF2,

BMP4, SCF,
VEGF,

WNT3A,
WNT5A,
activin A,
GSK3βi

VIII,
β-estradiol

hiPSC RBC

BMP4, SCF,
FGF2, TPO,
VEGF, IGF2,
β-estradiol,
SB431542,
heparin,

IBMX, EPO,
UM171, Dex,

RU486,
Optiferrin

32–46 days
(+7 days for

HSC
differentiation)

CD36+SPN+

TFRC+GYPA+,
enucleated/

orthochromatic,
embryonic,
fetal, and

adult globin

N/A Adapted
from [88] [93]

Matrigel-
coated,
ROCKi

hiPSC RBC

Ascorbic acid,
FGF2,

CHIR990921,
VEGF, SCF,
SB431542,

transferrin,
IL3, EPO

20 days
(+8–12 days of

HSPC
differentiation)

CD34+GYPA+

SLC4A1+,
clonogenic,
embryonic,
fetal, and

adult globin

N/A Adapted
from [94] [95]

ECM-
coated hiPSC RBC

Monothioglycerol,
SCF, ascorbic
acid, FGF2,

WNT3A, IL3,
BMP4, EPO,
VEGF, TPO,
FLT3 ligand,
FICZ, IGF1,

Dex

16–17 days
(+16 days for

HSC
differentiation)

CD34+PTPRC+

GYPA+,
clonogenic,
embryonic
and fetal

globin

N/A

Direct com-
parison of

four
methods

from
[86,92,96,

97]

[98]

Abbreviations—BMP4 = bone morphogenetic protein 4; CSF3 = colony stimulating factor 3; Dex = dexametha-
sone; EB = embryoid body; ECM = extracellular matrix; EPO = erythropoietin; FGF = fibroblast growth factor;
FICZ = 6-formylindolo[3,2-b]-carbazole; FLT3 = fms-related receptor tyrosine kinase 3; GSK3βi VIII = glycogen
synthase kinase 3β inhibitor VIII; GYPA (CD235A) = glycophorin A; hESC = human embryonic stem cell;
hiPSC = human induced pluripotent stem cell; HSC = hematopoietic stem cell; HSPC = hematopoietic
stem/progenitor cell; IBMX = isobutyl methyl xanthine; IGF = insulin like growth factor; IL = interleukin;
KDR = kinase insert domain receptor; mFLSC = mouse fetal liver-derived stromal cell line; MS5 = mouse
bone marrow stromal cell line; N/A = not applicable; OP9 = mouse bone marrow stromal cell line; PTPRC
(CD45) = protein tyrosine phosphatase receptor type 3; RBC = red blood cell; ROCKi = Rho kinase inhibitor;
SCF = stem cell factor; SLC4A1 (AE1, BND3) = solute carrier family 4 member 1; SPN (CD43) = sialophorin;
TFRC (CD71) = transferrin receptor; TPO = thrombopoietin; tPTD-HoxB4 = triple protein transduction domain-
homeobox B4; VEGF = vascular endothelial growth factor; WNT = Wingless-related integration site.

Strategies applied to generate RBCs from CD34+ HSPCs from PB, BM and CB were
also extended to the differentiation of hPSCs, recapitulating the defining events of erythro-
poiesis [7]. Different combinations of the key factors, including SCF, EPO, thrombopoietin
(TPO), interleukin 3 and 6 (IL3 and IL6), and fms-related receptor tyrosine kinase 3 (FLT3)
ligand, were frequently used and optimized to differentiate into RBCs [99–103]. Moreover,
many developed a stepwise protocol that first differentiates hPSCs into HSCs via the use
of feeder cells, formation of an embryoid body (EB), or monolayer culture system. For
example, Olivier et al. obtained and expanded CD34+ cells from a population of hESCs [77].
A population of CD34+ cells was then cultured in serum-free medium containing insulin,
transferrin, IL3, FLT3 ligand, hemin, BMP4, and IGF1, which were then co-cultured with
MS5 feeder cells of murine origin, displaying similar results to those of early erythroblasts
in 24 days. These hESC-derived erythroblasts were hemoglobinized and expressed a mix-
ture of embryonic and fetal globins, but not adult globins. Dias et al. used the same feeder
cells but simpler combinations of SCF, IL3, IL6, EPO, TPO, and colony-stimulating factor 3
(CSF3) to differentiate hESCs and hiPSCs into RBCs [80]. Ma et al. developed two combi-
nations of the factors in which dexamethasone (Dex), SCF, EPO, TPO, IL3, and IL6 were
all used, but insulin was added to the first and transferrin and FLT3 ligand were added to
the second combination [79]. They then co-cultured hESCs with murine fetal liver-derived
stromal cells to generate functional RBCs, which were not only functional oxygen carriers
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but also expressed GYPA (CD235a) and adult globins, implying a more advanced protocol
to mature RBCs by feeders. The Tisdale group developed a novel protocol that first differ-
entiated hPSCs into human yolk sac-like sacs and into RBCs in medium containing SCF,
EPO, TPO, IL3, FLT3 ligand, BMP4, and vascular endothelial growth factor (VEGF) [81,82].
Similarly, Cerdan, Rouleau, and Bhatia also demonstrated that the addition of VEGF to a
combination of SCF, EPO, IL3, IL6, FLT3 ligand, CSF3, and BMP4 selectively promotes the
differentiation of hESCs into early erythroblasts through EB formation [83]. These early
erythroblasts expressed embryonic globins. Through EB formation, Chang et al. generated
hESC-derived RBCs that expressed both embryonic and fetal globins in the presence of
Dex, SCF, EPO, TPO, IL3, IL6, FLT3 ligand, CSF3, transferrin, VEGF, and fibroblast growth
factor 2 (FGF2) [84]. A four-step protocol established by Lu et al. aimed to generate RBCs
from hESCs [85]. This paper is the first paper comparing the oxygen equilibrium curves of
the PSC-derived RBCs with adult RBCs, demonstrating the normal physiologic function of
hPSC-derived RBCs. They also introduced a specific cytokine cocktail for erythroid lineage
differentiation. The first two steps were the formation and expansion of hematopoietic
cells in serum-free medium containing BMP4, VEGF, FGF2, SCF, TPO, FLT3 ligand, and
triple protein transduction domain-homeobox B4 (tPTD-HoxB4) fusion protein. The third
and last steps were the differentiation and enrichment of RBCs in medium containing
only SCF and EPO. The resulting RBCs were enucleated, expressed adult globins, and
possessed oxygen-transporting capacity after 28 days of culture. Lapillonne et al. devel-
oped a simpler protocol that comprised two steps [86]. In the first step, hPSC-derived EBs
were cultured in liquid culture medium containing human plasma, SCF, TPO, FLT3 ligand,
BMP4, VEGF, IL3, IL6, and EPO for 20 days. In the second step, the dissociated EBs were
treated with human plasma, insulin, heparin, SCF, IL3, and EPO for another 26 days. These
RBCs were enucleated and expressed fetal globins in a functional tetrameric globin form,
consisting of 43% α-form, 29% γ-form and 5% β-form, suggesting their immature status.
Dorn et al. and Olivier et al. developed a protocol for the large-scale production of RBCs
through EB formation [87,88]. While different combinations were utilized, the differen-
tiated RBCs were enucleated and expressed embryonic and fetal globins. Interestingly,
Olivier et al. used isobutyl methyl xanthine (IBMX), a non-selective inhibitor of cyclic
adenosine monophosphate (cAMP) phosphodiesterase, to improve efficiency, as the role
of cAMP in HSC regulation and erythropoiesis has previously been reported [104,105].
The Dorn group established a protocol for the generation of CD34+ hematopoietic cells,
which were further differentiated into GYPA+ enucleated RBCs. SCF, IL3, ad EPO were
mainly used in this study, which turned out to be a representative cytokine combination for
inducing erythropoiesis. Recently, the Kim group differentiated hPSCs into the erythroid
lineage cells through EB formation [8,91]. Interestingly, their combinations varied in their
two studies. Their first study started with a combination of BMP4, VEGF, wingless-related
integration site 3A (WNT3A), activin A, and glycogen synthase kinase 3β inhibitor VIII
(GSK3β inhibitor VIII) to form EBs. They then added FGF1, SCF, and β-estradiol for a day
and utilized a combination of BMP4, VEGF, FGF1, SCF, IGF2, TPO, heparin, β-estradiol,
and IBMX for 11 days to commit EBs to the HSC lineage. They then reduced to a combina-
tion of hydrocortisone, SCF, IL3, and EPO, and eventually to poloxamer 188 [8]. In their
subsequent study [91], the Kim group started with a combination of BMP4, FGF2, activin A
and WNT3A for EB formation, and added VEGF. They then used a combination of hydro-
cortisone, SCF, IL3, EPO, poloxamer 188, heparin, and human plasma to differentiate into
RBCs. While EB-mediated methods of differentiation might provide a microenvironment
or niche for the enucleation of erythroblasts, the disadvantages of these methods are the
culture-to-culture variability and the large degree of labor intensity [106].

Thus, to avoid this complexity and heterogeneity, monolayer culture systems without
EB formation were developed. Particularly, a feeder-free system is indispensable for clini-
cal application. Smith et al. used a two-dimensional (2D) feeder-cell-free culture system
optimized to produce RBCs [92]. They developed different combinations of the factors
to produce a mixed population of cells that express markers of the megakaryocyte and
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erythroid lineages. The first combinations they used were BMP4, VEGF, and WNT3A,
and then they replaced WNT3A with FGF2 for four to five days. They then used a com-
bination of VEGF, FGF2, SCF, and FLT3 ligands, and then added IL6, TPO, EPO, and
6-formylindolo[3,2-b]-carbazole (FICZ). In addition, they demonstrated that the aryl hy-
drocarbon receptor (AhR) agonist, FICZ, not only promotes the expansion of HPCs but
also drives the specification of both the megakaryocyte and erythroid lineages [92]. Studies
showed the AhR plays a critical role in HSC growth and differentiation. To reduce the cost
of methods of differentiation, Olivier et al. developed new albumin-free, low-transferrin,
and chemically defined culture media [93]. Their novel protocol yielded high rates of
enucleation in hiPSC-derived RBCs. The first combination was BMP4, VEGF, WNT3A,
WNT 5A, activin A, GSK3β inhibitor VIII, and FGF2, which was followed by the addition
of SCF and β-estradiol for three days. The third combination was BMP4, VEGF, FGF2,
SCF, TPO, IGF2, β-estradiol, SB431542, IBMX, heparin, and UM171 for hematopoietic
specification. After 10 days of culture, the fourth combination of SCF, EPO, IBMX, and
Dex was applied for erythroid specification. At day 17, hiPSC-derived erythroblasts were
expanded and matured into enucleated RBCs in albumin-free medium containing SCF,
EPO, and mifepristone (RU486). This protocol yielded a population of enucleated RBCs
that expressed both embryonic and fetal globins. Interestingly, a protocol established by
Netsrithong et al. allowed for the differentiation of hiPSCs into a population of multipotent
hematoendothelial progenitors (HEPs) that can be further differentiated into endothelial
cells (ECs), RBCs, and T lymphocytes [95]. The differentiation of hiPSCs into HEPs was
induced by using ascorbic acid, FGF2, VEGF, and CHIR990921 for five days, and hiPSC-
HEPs were further induced toward HSPCs in SB431542-added medium up to day 8 or
12. At day 8, hiPSC-derived HSPCs were then differentiated into RBCs in a liquid cul-
ture system containing transferrin, SCF, EPO, and IL3 for 20 days. The resulting RBCs
expressed GYPA and predominantly produced embryonic and fetal globins with a small
amount of adult globin. Since previously established protocols rely on the use of many
factors and small molecules [86,96,97], Tursky et al. reported an optimized feeder-cell-
and serum-free monolayer culture system by directly comparing with previously estab-
lished protocols [98]. This 2D-multistep protocol first used the protocol established by
Smith et al. to differentiate hiPSCs into CD34+ HSPCs [92]. Both Smith et al. and Tursky et al.
treated hiPSCs with FICZ to improve their differentiation efficacy. These hiPSC-derived
HSPCs were then differentiated into RBCs using a combination of FICZ, BMP4, VEGF,
FGF2, SCF, FLT3 ligand, EPO, TPO, and IL6. While these factors were commonly used,
they added monothioglycerol, ascorbic acid, and WNT3A. The resulting RBCs expressed
embryonic and fetal globins, which were reflective of yolk sac-derived hematopoiesis [107].
While there have been many approaches for the generation of RBCs from hPSCs, additional
optimization is necessary for the efficient production of more mature RBCs suitable for
human RBC transfusion.

5. Current Challenges and Future Directions Using hiPSC-Derived Erythroid
Lineage Cells
5.1. Heme Synthesis during Erythropoiesis

Hemoglobin (Hb) is commonly known as the iron-bound protein in RBCs that is
important to oxygen transfer in humans. RBCs contain Hb, which is a tetrameric protein
composed of two α-globin chains and two β-globin chains (HbA, α2β2) attached to Fe2+-
protoporphyrin [108,109]. Gower1 (ζ2ε2), Gower2 (α2ε2), and Portland (ζ2γ2) are HbF
types present at 4–8 weeks of pregnancy (also referred to as embryonic hemoglobin). At
38 weeks, HbF has α2γ2, which has a strong capacity to bind oxygen compared to HbA [18].
Adult hemoglobin in definitive erythroid cells has three Hb types: HbF (α2γ2, <1%),
HbA2 (α2δ2, 1–2%), and HbA (α2β2, >98%) [110]. In fetal development, HbF is the main
hemoglobin receiving oxygen from the mother’s bloodstream. However, the switch from
HbF to HbA gradually occurs, which is critical for normal physiological function after
birth. If normal hemoglobin synthesis fails during the conversion of γ2 to β2, the globin
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disorder beta-thalassemia anemia occurs. Of note, the development of embryonic-derived
hematopoiesis in humans differs from that of mice. Whereas β-globin completion in mice is
accomplished in the liver stage within 20 days, humans require a longer period for β-globin
completion. Since most erythroid lineages with human β-globin are acquired after several
months in the BM, the completion of β-globin from human definitive erythropoiesis may
differ, compared to that of mice. Additionally, unlike developmental embryogenesis, some
controversy exists regarding the events involved in switching from γ-globin to β-globin
when culturing erythroid lineages from hPSCs in vitro. Umeda and Qiu et al. reported
that the switching from γ-globin to β-globin can occur in both primitive and definitive
erythroid cells such as OP9 stromal cells in a feeder cell co-culture system [111,112], whereas
Peschle et al. showed that asynchronous switching occurred in hPSC-derived erythroid
lineages and that the switching from γ-globin to β-globin can occur by introducing BCL11A-
L, rather than by paracrine effects of OP9 cells [54,113–115]. This process is involved in
transcriptional regulation. The major transcription factors for globin synthesis are GATA1
and KLF1 [116–118]. TAL1 is regarded as an essential transcription factor to induce a full
maturation with the expression of β-globin [119]. While α-globin expression is derived
from primitive erythrocytes, β-globin expression and switching from γ-globin are derived
from definitive erythrocytes [112,120,121]. Heme also stimulates globin gene transcription
and may be involved in promoting erythroid differentiation [122].

5.2. β-Globin Expression in Erythrocytes

One of the biggest challenges in generating functional hPSC-derived RBCs is the stable
expression of β-globin. An understanding of the mechanisms that govern the switching
from γ-globin to β-globin in humans can help to develop functional hiPSC-derived RBCs
as a therapeutic source. Studies of γ-globin suppression have provided insights into how
β-globin activation may lead to full maturation and treatment for anemia by revealing the
relationship between transcription factors and small molecules [123–126]. Embryonic and
fetal globin genes are autonomously repressed in adult-stage erythroid cells. In particular,
MYB, together with SOX6 and GATA1, regulates KLF1 activation, which leads to the
suppression of ε-globin. Activated KLF1 inhibits ε- and γ-globin by activating BCL11A,
which is a negative mediator of ε- and γ-globin [54,124,127]. BCL11A is now regarded
as a crucial activator of HbF silencing in the switch to β-globin [128–130]. In the culture
systems, to differentiate hPSCs into the erythroid cells, β-globin expression is rare, unlike
postnatal erythroid cells, suggesting the status of hPSC-derived erythroid cells as primitive
erythroid cells [114,121,131]. Developmental studies have disclosed what happens in mouse
definitive erythropoiesis; however, human definitive erythropoiesis is still unclear due to
the difficulty of obtaining human samples. It is known that the definitive characteristic
of mature RBCs is an increased β-globin level [115,121,132]. Although many studies have
been conducted to overcome the issues of ontogeny developmental and fundamental
event switching to β-globin from γ-globin [107,133,134], functional β-globin acquisition
under in vitro culture conditions cannot be successful without the application of essential
niches, such as BM [87,134]. Moreover, because multiple erythropoietic steps can coexist
in the differentiation culture conditions, studying the developmental identity of hPSC-
derived erythroid cells with β-globin according to diverse protocols for differentiating
RBCs from iPSCs, such as 3D organoid application, is challenging. Early protocols for
RBC differentiation mainly reported the cell generation to primitive erythroid by using
stromal cells, such as fetal liver cells and OP9 cells, which led to inefficiency in β-globin
expression [80,111]. However, secretory factors from OP9 stromal cells are not enough
to fully differentiate into the erythroid lineage cells, such as adult RBCs [135]. Recent
molecular studies reported technological advances in developing and validating culture
conditions to increase the expression of β-globin [115,134,136]. The establishment of hiPSCs
with gene editing is emerging as a technically advanced tool to treat globin disorders by
the autologous transplantation of gene-edited hiPSC-derived erythroid lineage cells based
on success with mouse iPSC gene editing [137].



Cells 2023, 12, 1554 13 of 24

5.3. Iron Supplementation for Erythrocytes

In erythropoiesis, adequate supplies of folate, vitamin B12, and iron are required.
Among them, iron is an indispensable element for living cells. Iron homeostasis in mammals
is mainly regulated by regulatory systems, including iron IRP/IRE in cytoplasmic iron
homeostasis, which is a recently emerging factor; hepcidin ferroportin (SLC40A1; FPN1)
in serum levels; and HIF2α transcriptional regulation [138–140]. SLC40A1 and HIF2α are
well-established factors in iron homeostasis, whereas the involvement of IRPs in cellular
and systemic iron homeostasis was shown more recently [141–144]. IRPs can regulate gene
expression involved in iron metabolism by binding to IRE in the target mRNA, increase
cellular iron absorption, and decrease the storage and export of iron to maintain iron balance.
There are two IRP families: IRP1 and IRP2. Their functional phenotypes were addressed in
knockout mice and are regarded as predominant factors in erythropoiesis as well as iron
homeostasis. Mice with deficiencies of both IRP1 and IRP2 are not viable, but mice with
either IRP1 or IRP2 deficiency are fertile, implying that IRPs can compensate for each other
and are functionally redundant [145,146]. Erythroblasts are the most avid consumers of iron.
They maintain high transferrin receptors, but a deficiency of IRP2 decreases transferrin
receptors, resulting in an insufficient iron cycle. A deficiency of IRP2 leads a reduced
expression of the aminolaevulinic acid synthase (ALAS) enzyme, ultimately inducing
microcytic hypochromic anemia by protoporphyrin IX accumulation [147]. Although the
transferrin amount is high in plasma, iron storage within BM is absent, and erythroid
precursors in IRP2 deficiency display a low number of transferrin receptors, resulting in the
failure of iron homeostasis. IRP proteins can alter their expression and function according
to iron levels. Thus, IRP proteins in erythroblasts should also be confirmed in cultured
hPSC-derived RBCs alongside iron level. When culturing hPSC-derived RBCs, iron is
regarded as a crucial factor for increasing erythroblasts. Most cells, including erythroblasts,
can uptake iron from transferrin. The delivery of iron to erythroblasts mainly occurs by
the binding transferrin to transferrin receptors [80,148]. Transferrin exists in three forms;
holo-transferrin, which is known as transferrin bearing two ferric irons; apo-transferrin,
which maintains non-iron loading status; and partial iron-loaded transferrin, which is
one iron-loaded transferrin. Holo-transferrin can bind to both transferrin receptors 1
and 2 (TfR1 and 2) in erythroid precursors, mediate iron uptake via endocytosis with
TfR1, and stimulate erythropoietic signaling through TfR2. Two ferric irons (FeIII) can be
released from transferrin by the reduction to FeII, facilitated by endosomal ferric reductase
in the cytosol [149]. After releasing iron into the cytosol, transferrin is exported on the
membrane as apo-transferrin and binds to ferric iron again, leading to holo-transferrin. This
in vivo ferric iron and ferrous iron circulation is reversibly governed by numerous proteins.
Erythroblast heme levels regulate the uptake of iron and globin biosynthesis, cooperating
with numerous proteins, including IRP/IRE, SLC11A2, and STEAP3 metalloreductase
(STEAP3), in iron absorption, storage, export, and other functions [141,150,151].

5.4. Enucleation of OrthoE

Enucleation is a key feature that characterizes the terminal maturation of RBCs, cre-
ating reticulocytes and free nuclei. In definitive erythropoiesis, arising in the fetal liver
and in the BM after birth, erythroblasts extrude the nucleus before entering the circulation,
whereas in primitive erythropoiesis, such as cells emerging from the yolk sac during em-
bryonic development, nucleated erythroid cells enter the bloodstream and progressively
mature [152,153]. During erythropoiesis, cells undergo a series of changes, producing
enucleated and functional RBCs [154]. At the end of the maturation process, in OrthoE,
cell cycle arrests and nuclear and chromatin condensation occur, followed by nuclear
polarization and macrophage interactions [155]. The resulting nuclear expulsion from
the OrthoE generates reticulocytes, consisting mostly of the cytoplasm, and pyrenocytes
with the condensed nuclei [153]. Reticulocytes then further develop into functional RBCs,
while pyrenocytes with phosphatidylserine signals on their plasma membrane are rapidly
engulfed by the macrophages of the EBIs [43,156]. Enucleation is a complex process that
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requires fine regulation for terminal maturation in RBC production. Enucleation is tightly
controlled by concomitant mechanisms of cell cycle arrest, chromatin condensation, and
nuclear polarization. Cell cycle arrest is a critical step initiating enucleation. KLF1 directly
targets E2F transcription factor 2 (E2F2) during terminal erythropoiesis and plays a pivotal
role in enucleation by inducing the expression of citron Rho-interacting kinase (CIRK),
which controls microtubule organization and cytokinesis [157–159]. Chromatin and nuclear
condensation is another essential precondition for enucleation and is dependent on histone
acetylation levels. General control non-depressible 5 (GCN5), a histone acetyl transferase
(HAT), is downregulated, and the acetylation of histone H3 lysine 9 (H3K9ac) and histone
H4 lysine 5 (H4K5ac) is decreased during mouse fetal erythropoiesis [160,161]. In addition,
histone deacetylase 2 (HDAC2) affects chromatin condensation and pyknosis, enhancing
contractile actin ring (CAR) formation during enucleation [162]. Major histones are also
released during erythroblast enucleation through a nuclear opening induced by caspase
3 activity-dependent lamin B cleavage and chromatin condensation [158]. Moreover, the
ectopic expression of miR-191 or knockdown of its target genes hampered enucleation
via the inhibition of chromatin condensation [163]. Additionally, nuclear polarization is a
crucial feature that precedes enucleation. It occurs in a similar manner to cytokinesis but in
an asymmetric way during enucleation. It was demonstrated that the downregulation of
Ras-related C3 botulinum toxin substrate 1 (Rac1) GTPase and mDia2 Rho GTPase disrupts
CAR formation and blocks erythroblast enucleation [164]. Moreover, clathrin-mediated
vesicle formation, near the nuclear extrusion site in both murine and human erythroblasts,
is required for a proper enucleation [165]. Survivin also contributes to enucleation through
the interaction of epidermal growth factor receptor substrate 15 (EPS15) and clathrin [166].
Various molecular players have been highlighted in recent years and yet most of them are
not from human erythropoiesis. Thus, studies of the molecular mechanism underlying the
enucleation process in humans are still at their early stage.

5.5. Methods for Enucleation of hPSC-Derived OrthoE

Various studies have demonstrated that hPSC-derived erythroblasts are capable of
enucleation in vitro. Qiu et al. established an hESC-derived RBC differentiation protocol by
co-culturing with immortalized fetal hepatocytes [114]. The average enucleation rate from
their method reached about 6.5% by extending the culture duration to 35 days, whereas
no enucleated cells were detectable at day 14. Moreover, Lu et al. generated erythroid
cells from four hESC lines by EB formation and co-culturing with human mesenchymal
stem cells (MSCs) or OP9 mouse stromal cells [85]. They showed chromatin condensation,
extrusion of the pyknotic nucleus, and a similar diameter of erythrocytes compared to
normal RBCs. They showed that their method is suitable for the large-scale production
of RBCs and improves enucleation efficiency up to 65% on OP9 feeder cell layers. On the
other hand, they obtained 10~30% enucleated erythroblasts using the Matrigel system,
instead of mouse embryonic fibroblasts (MEFs), suggesting that a feeder-free system is
also attainable for enucleation. Lapillonne et al. differentiated RBCs from both hiPSC
and hESC lines [86]. As a result, 4% to 10% and 52% to 66% of enucleated RBCs were
obtained from hiPSC and hESC lines, respectively. Dias et al. also described the erythrocyte
differentiation of hiPSCs and hESCs [80]. With their approach, the enucleation rates
from hiPSC- and hESC-derived erythroid cells were similar, but both were as low as 2%
to 10%. In 2015, Dorn et al. observed that 21% to 29% of enucleated erythrocytes are
differentiated from various hiPSC lines [87]. Erythroid cells were differentiated from CB
cell-derived, neural stem cell-derived, and fibroblast-derived iPSCs in addition to H1-
ESCs. The differential potentials for RBC generation were investigated in association with
the epigenetic memory of source cells before hiPSCs reprogramming. All hiPSC lines
underwent terminal maturation steps, although the growth rate of erythrocytes varied.
More recently, Olivier et al. established a culture system using combinations of growth
factors and small molecules that are compatible for clinical application. They manufactured
hiPSC- and hESC-derived erythroid cells under serum-free and feeder-free conditions in a
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good manufacturing practice (GMP) facility. However, their system is complex, and limited
by low enucleation rates below 10% [88]. In 2019, an updated protocol from the same group
with a higher expansion rate and about a 42% enucleation efficiency was reported [93]. This
protocol, called the “long PSC-RED” protocol, describes chemically defined, albumin-free,
and less-transferrin culture conditions for erythroid differentiation. Moreover, a filtration
step was added to eliminate nucleated cells and the expelled nuclei, which leads to more
than 94% of enucleated cells in the final population. As enucleation is a rate-limiting step
for RBC maturation, achieving efficient differentiation into enucleated functional RBC
populations needs to be more extensively investigated for in-human applications.

5.6. Future Directions of Clinical Applications Using hiPSC-Derived Erythrocytes

To transfuse in-vitro-manufactured RBCs in humans, safety and large-scale production
are the major concerns. Although pioneer studies using hPSCs for the expansion of mature
RBCs struggled with less than 10% enucleation rates on average, studies of RBC generation
from HSCs and HSPCs have focused on the large-scale production and purification of
enucleated erythroid cells. Giarratana et al. developed a liquid culture system of erythroid
cells derived from human CD34+ cells, which were co-cultured with MS5 or MSC lay-
ers [68]. It was the first report of a large-scale expansion of cultured RBCs with more than a
65% enucleation rate. The authors highlighted that the presence of the microenvironment
was essential for the terminal maturation of erythroid cells and hemoglobin synthesis. A
year later, Miharada et al. reported that the in vitro culture of CB-derived RBCs without
a feeder layer was possible in a large-scale system, and nearly 80% of the generated ery-
throcytes were enucleated [69]. Furthermore, Timmins et al. obtained over 500 units of
RBCs in a stirred bioreactor setting, with more than 90% of enucleation in the absence
of SCF and hydrocortisone in the culture [167]. On the other hand, efforts to enhance
the enucleation efficiency of hPSC-derived RBCs are still in progress. According to Dorn
et al., a percentage of enucleated cells from hiPSC-derived erythrocytes were below 29%,
whereas adult CD34+CD45+ HSCs cultured under the same condition resulted in homoge-
neous differentiation, with 85.2% enucleated RBCs [87]. Bernecker et al. also established a
hematopoietic cell-forming complex (HCFC)-based protocol that gives mean enucleation
rates near 40% from both CD34-hiPSCs (CD34+ CB) and PEB-iPSC (CD36+ BasoE) [168]. To
represent biological replicates, the hiPSC lines were generated from CB-derived CD34+ cells
(CD34-hiPSCs) and CD36+ BasoE (PEB-iPSCs) before HCFC formation. To overcome the
hurdle, cultured RBCs were purified on day 18 to remove extruded nuclei and nucleated
erythroblasts, thus reaching ~98% purity of enucleated cells. They conducted a compre-
hensive functional characterization of enucleated hiPSC-derived RBCs in comparison with
native reticulocytes and native RBCs for morphology, biomechanical characteristics, mem-
brane composition, and blood group antigen expression. According to Olivier et al., the
purification of hiPSC-derived cultured RBCs yielded a ~99% population of enucleated
cells [93]. They suggested that an enucleation rate greater than 40% is sufficient to produce
pure populations of enucleated RBCs, to achieve an industrial scale. Altogether, feeder-free,
xenogeneic material-free, and large-scale culturing with highly purified enucleated RBCs is
now available for clinical applications, while some concerns remain.

6. Conclusions

To date, there is no substitute to blood transfusion, despite the substantial efforts
made in the generation of blood using various stem cells. Among hPSCs, hiPSC can be a
more universal source for RBC generation, as hESCs raise ethical and political questions.
For RBC generation, a proper understanding of primitive and definitive erythropoiesis
during development is necessary. This review covers diverse aspects of erythroid lineage
differentiation for regenerative medicine and describes the latest technical advancements
in generating functional RBCs. In an attempt to elucidate the fine-tuning machinery of ery-
throcyte maturation, studies on cellular and molecular mechanisms beyond erythropoiesis
have grown over the last decade. Particularly, the microenvironmental niches, such as EBIs,
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play a crucial role for generating RBCs that exhibit an adult phenotype. More importantly,
various culture systems for the in vitro generation of functional RBCs from hPSCs have
been developed: the use of feeder cells, formation of EB, or a monolayer culture system
using a xeno-free system. While hPSCs are a valuable source for the artificial production of
RBCs, other challenges remain for clinical application of hPSC-derived RBCs, including
efficiency, sustainability, viability, and functionality. For example, differentiation efficiency
varies between the cell lines due to the use of donor specificity and epigenetic influences.
Therefore, an autologous approach may be more difficult than an allogeneic one. The
biggest challenge for clinical application is the efficiency of the differentiation protocols. In
general, most protocols are still short of generating a sufficient number of functional RBCs.
Low efficiency in RBC differentiation is mainly due to the insufficient terminal maturation
of erythroblasts, including stable β-globin expression and enucleation. It is not only the
number of the produced RBCs that matters, but also the function and homogeneity. Thus,
developing more efficient protocols that can also generate functional and homogeneous
RBC populations is necessary. For clinical application, the methods for mass production,
to obtain a sufficient yield of functional RBCs, are mandated. The usage of advanced
engineering technologies, such as bioreactors, may lead to the possibility of large-scale
manufacturing. At the same time, cost-effectiveness needs to be accounted for. The use
of multiple cytokines and growth factors for over 40 days on average, including HSC
differentiation steps (summarized in Table 1), is challenging for industrial application. For
clinical use, the materials should be in GMP grades, which are much more expensive than
research-grade counterparts. Essentially, setting up reliable and recognized quality control
systems and criteria compatible for in-human use is required. Methods for the molecular
characterization and functional assessment, to test the identity, purity, and potency of the
generated cells, must be standardized, in addition to the sterility and stability controls
during and after manufacturing. Notwithstanding, there has been enormous progress in
the generation of hPSC-derived RBCs, and thus, hiPSC-RBCs are at the final stages before
clinical trials.
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Abbreviation Full name
ACVR1B Activin A receptor type 1B
BCL-xL B-cell lymphoma-extra large
BCL11A BCL11 transcription factor A
BMP4, 11 Bone morphogenetic protein 4 and 11
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CEBPA CCAAT enhancer binding protein alpha
EPO, EPOR Erythropoietin, erythropoietin receptor
ERK Extracellular regulated MAP kinase
FOXO3 Forkhead box O3
GATA1 GATA binding protein 1
GYPA (CD235A; GPA) Glycophorin A
IGF1, 2 Insulin like growth factor 1 and 2
IRE Iron responsive elements
IRF2, 6 Interferon regulatory factor 2 and 6
JAK2 Janus kinase 2
KIT KIT proto-oncogene, receptor tyrosine kinase
KLF1 LIM domain binding 1
LDB1 LIM domain binding 1
LMO1, 2 Krüppel-Like Factor 1
MEK MAP kinase-ERK kinase
MYB MYB proto-oncogene, transcription factor
PI3K Phosphatidylinositol 3-kinase
RAS Rat sarcoma
SCF Stem cell factor
SCL Stem cell leukemia protein
SLC4A1 (BND3), 11A2 (DMT1), Solute carrier family 4 member 1, 11 member 2,
40A1 (FPN1) and 40 member 1
SMAD1 SMAD family member 1
SOX6 SRY-box transcription factor 6
SPI1 (PU.1) Spi-1 proto-oncogene
SPN (CD43) Sialophorin
STAT5 Signal transducer and activator of transcription 5
TAL1 TAL bHLH transcription factor 1, erythroid

differentiation factor
TCF7L2 Transcription factor 7 like 2
TFRC (CD71) Transferrin receptor
TGFβ Transforming growth factor B
TNFα Tumor necrosis factor A
VEGF Vascular endothelial growth factor
WNT3A Wnt family member 3A
ZFPM1 (FOG1) Zinc finger protein, FOG family member 1
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