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Abstract
Purpose of Review Human induced pluripotent stem cells (iPSCs) represent an attractive source to generate in vitro-derived red
blood cells, megakaryocytes, and platelets for transfusion support. We review the progress made and challenges remaining for
generating terminally differentiated red cells and platelets suitable for clinical application.
Recent Findings Human iPSC hematopoietic differentiation protocols primarily recapitulate the primitive stage of hematopoiesis, but a
different hematopoietic progenitor that mimics the second wave of hematopoiesis has been identified that generates definitive blood
cells. Coupled with strategies to improve maturation and expansion, this provides new opportunities to generate red cells and platelets
that can mature, enucleate, and proliferate to clinical scale.
Summary The major challenges of human iPSC-derived transfusion products are terminal differentiation and scalability. Despite
these challenges, iPSCs offer a new source for unlimited generation of red cells and platelets with rare phenotypes for transfusion,
blood bank reagents, and novel drug delivery systems.
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Introduction

Human induced pluripotent stem cells (iPSCs) are renewable,
potentially unlimited cell sources from which red cells and
platelets may be derived. Donor red blood cells (RBCs) and
platelets are anucleate cells and can undergo irradiation, which
mitigate concerns about tumorigenicity of iPSC-derived trans-
fusion products. iPSC-derived RBCs (iRBCs), megakaryocytes

(iMegs), and platelets (iPlts) can complement existing donor-
derived cells and offer new transfusion strategies (Fig. 1), par-
ticularly for patients who are alloimmunized to RBCs or human
leukocyte antigens (HLA). These in vitro-derived cells can also
be developed for blood bank reagent cells and novel drug de-
livery systems. The major challenges for iRBC and iPlt produc-
tion for transfusion purposes include their ability to terminally
differentiate and the need to generate precursors with high pro-
liferative capacity, as 2 × 1012 cells are needed for one RBC unit
and 3 × 1011 cells for one platelet unit.

Human iPSC or embryonic stem cell (ESC) hematopoi-
etic differentiation protocols primarily recapitulate the
primitive or embryonic stage of hematopoiesis [1]. The
red cells primarily express the embryonic globins, are larg-
er in size than adult donor red cells, and achieve minimal
enucleation [2, 3]. Ideally, iRBCs would produce adult- or
fetal-type hemoglobin that appropriately binds and delivers
oxygen. Whether in vitro-derived iPlts, or primitive iMegs
that subsequently shed platelets in vivo once transfused,
have similar properties and functionality of donor-derived
platelets is not well established. Despite these challenges,
human pluripotent stem cells (PSCs) offer an attractive
source for unlimited generation of red cells and platelets
to be used in the laboratory and the clinic.
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Induced Pluripotent Stem Cell-Derived Red
Blood Cells

Clinical Need for New Sources of RBCs

For most developed countries, an adequate and safe volunteer
donor blood supply is available, but there remains a need for
additional sources of RBCs to supplement blood donations,
particularly for RBCs with rare or uncommon combinations of
antigens. Patients who require frequent transfusions, including
those with sickle cell disease and thalassemia, are often
alloimmunized to multiple red cell antigens, which makes
identification of compatible units challenging. Finding com-
patible blood can also be hindered by a lack of reagent red
cells to rapidly and efficiently identify antibody specificities.
Human iPSCs are an attractive source for the generation of
RBCs for transfusion or as reagents since they are renewable,
can be genetically characterized for their extended blood
group antigen profiles, and are amenable to genome-editing
techniques to produce rare phenotypes. One French study
demonstrated that only three human iPSC lines used to gener-
ate RBCs with specific antigen profiles would be sufficient to
match > 99% of 16,486 alloimmunized patients in their study
cohort, and 15 such lines would provide matches for 100% of
patients of European ancestry registered with the French
National Registry of Rare Blood Phenotype or Genotype [4].

Hematopoietic Differentiation of iPSCs: Primitive vs.
Definitive

In vitro protocols for the generation of red cells and other
blood lineages recapitulate the hematopoietic programs
that occur in vivo during normal mammalian development.
The first hematopoietic cells to develop both in mouse and
human develop from an extra-embryonic mesodermal pop-
ulation that is specified to the hematopoietic fate in the
yolk sac (reviewed in [5–7]). These yolk sac progenitors
generate the primitive wave of hematopoiesis that is com-
prised of nucleated red cells that express embryonic forms
of globin (ε and ζ), macrophages, and primitive megakar-
yocytes. The second wave of hematopoiesis, termed defin-
itive, is initiated at specific sites in the arterial vasculature
of the developing embryo with the best characterized loca-
tion being the aorta, gonad, and mesonephros (AGM) re-
gion. This program generates all of the hematopoietic lin-
eages including long-term reconstituting hematopoietic
stem cells (HSCs), enucleated red cells that express fetal
hemoglobin (α and γ), myeloid cells, lymphocytes, and
megakaryocytes [8]. Subsequently, definitive hematopoie-
sis occurs in the fetal liver and ultimately transitions to the
bone marrow where most blood cells are generated during
adult life, at which time mature RBCs express adult-type
globins (α and β).
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Fig. 1 iPSC-derived red blood cells and platelets for clinical applications.
With a potentially unlimited capacity for renewal, iPSCs are an attractive
source for in vitro generation of red blood cells, megakaryocytes, and
platelets. Differentiation and expansion of iPSC-derived blood cells to

clinically significant levels may complement donor-derived transfusions
as well as provide rare blood bank reagents, novel strategies for drug
delivery, disease modeling, and drug screening.
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Methods for the Generation of iPSC-Derived Red
Blood Cells

In vitro differentiation of iPSCs into mature blood cell types is
typically based on sequential addition of cytokines at defined
concentrations. Established protocols to generate iRBCs vary
in technical details, but fall into twomajor categories to induce
hematopoietic differentiation: suspension cultures with em-
bryoid body (EB) formation and adherent differentiation with
and without stromal cell co-culture. EB formation is typically
performed by plating small aggregates of iPSCs in ultralow
attachment plates, but forced aggregation of a defined number
of disaggregated single cells can be also be achieved by plat-
ing a defined number of cells in untreated U- or V-bottom 96-
or 384-well plates followed by centrifugation [9, 10].
Different protocols harvest cells from EBs at different time
points for further erythroid differentiation. EBs may be disag-
gregated to form hemangioblasts [11], or the cells may be
subsequently cultured in liquid media with [11] or without
co-culture with stromal cells [12–14]. Alternatively, PSCs
are differentiated via hematopoietic progenitors into erythroid
cells by direct co-culture with the murine stromal cell line OP9
or human stromal cells [15–17].

Globin Expression in iRBCs

Most methods to culture iRBCs mimic the first developmental
wave of hematopoiesis via generation of discrete yolk sac-like
primitive hematopoietic progenitor cells (HPCs). These HPCs
generate primitive red cells that arise prior to the onset of
blood circulation in the embryo and express embryonic glo-
bins with little to no enucleation [2, 3]. The ability to detect
definitive PSC-derived red cells with higher expression of
fetal globins has been demonstrated [18]. However, this re-
quired 1 month of co-culturing PSCs with an immortalized
cell line and an additional 3-week expansion of mixed popu-
lations of primitive and definitive hematopoietic progenitors.
Similarly, others have demonstrated a more adult-like α/ζ
globin ratio with increasing culture duration [19]. Co-culture
with murine fetal liver-derived stromal cells led to a gradual
increase in adult β-globin-containing erythroid cells with
prolonged culture duration, but α and ε globin-containing
cells were detected simultaneously consistent with a mixed
population of primitive and definitive red cells [20].
Recently, a different PSC-derived HPC that mimics the sec-
ond wave of hematopoiesis has been identified that generates
definitive or fetal liver-like red cells [21••, 22]. By using this
new HPC, a relatively pure population of definitive red cells
can be generated that expresses predominantly fetal hemoglo-
bin but their ability to mature, enucleate, and proliferate has
not yet been fully characterized.

Generating iRBCs that are capable of switching to adult
globin chains is likely advantageous for transfusion products,

but fetal-type hemoglobin may be adequate. The switch from
embryonic to fetal to adult hemoglobin synthesis is a major
mechanism by which the developing fetus adapts from the
relatively hypoxic intrauterine environment to the relatively
oxygen-rich extrauterine environment. Adult globin chains
have a lower affinity for oxygen and thus deliver oxygenmore
readily to the tissues. While high fetal hemoglobin is not typ-
ical for adult donor-derived RBCs, individuals with hereditary
persistence of fetal hemogloblin have high levels of fetal he-
moglobin (20–35% in heterozygotes and 100% for homozy-
gotes) and are typically asymptomatic.

Red cells generated from varied PSC differentiation proto-
cols predominantly demonstrate similar CO binding and O2

dissociation kinetics to that of cord blood [12, 20], but have
also been shown to be comparable to adult red cells when co-
cultured with mesenchymal stem cells (MSCs) [11]. iRBCs
generated by prolonged culture conditions that produced pri-
marily fetal globins exhibited similar oxygen affinity to cord
blood red cells and, as expected, showed significantly higher
oxygen affinity compared to adult red cells [23]. Notably,
iPSC-derived reticulocytes that expressed predominantly fetal
hemoglobin were shown to be capable of further globin
switching in vivo [23]. Three days post-injection into immu-
nodeficient mice, carboxyflouroscein succinimidyl ester
(CSFE)-labeled cells contained over 50% adult β-globin
chains. While the use of an in vivo murine system for matu-
ration remains unrealistic for clinical applications, these stud-
ies suggest that iRBCs are capable of globin switching and
terminal maturation, but may require an adult hematopoietic
microenvironment.

Maturation and Enucleation

Terminal maturation and enucleation of iRBCs remains limit-
ed since most differentiation protocols recapitulate the primi-
tive wave of hematopoiesis [18, 24]. Although RBC units can
be irradiated prior to transfusion, iRBC enucleation is desir-
able to decrease the fear that the cells may be harboring
cancer-inducing mutations. The degree of iRBC enucleation
varies considerably depending on culture conditions, duration,
and type of stromal co-culture. iRBCs may achieve up to 30%
enucleation when derived from hemangioblasts without stro-
mal cell co-culture, 30% enucleation when co-cultured with
MSCs, and 65% enucleation when co-cultured with OP9 cells,
suggesting the role of the stromal cells in facilitating enucle-
ation [11]. However, enucleation has been demonstrated in up
to 66% of human ESC-derived red cells and 26% of iRBCs
without stromal cells by supplementing the culture media with
human plasma, although this requires prolonged culture (up to
52 days) [12, 23]. Manipulating transcription factors is anoth-
er potential strategy to enhance maturation of iRBCs as acti-
vation of KLF1 in iPSC-derived hematopoietic progenitors
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enhanced erythroid commitment and differentiation, including
improved enucleation [25].

The Challenge of iRBC Yield

Large-scale culture of iRBCs would be necessary to produce a
transfusion product, but significantly fewer cells are needed to
generate reagent red cells. Final iRBC yield can be increased
at various stages of hematopoietic differentiation, from HPC
generation to expansion of erythroblasts. Co-culturing undif-
ferentiated human ESCs with mouse fetal liver stromal cells
has been shown to generate 100 erythroid progenitor cells
from a single ESC [20]. Similar yield is achieved with stro-
mal co-culture of iPSC-derived CD34+ progenitor cells
with murine fetal hepatocytes, which generates ~ 80 ortho-
chromatic erythroblasts from each progenitor cell after
24 days of liquid culture [18]. In the absence of stromal
co-culture, EB differentiation and subsequent liquid cul-
ture has demonstrated the potential of each single iPSC to
generate 440 mature erythroid cells at the end of 5 weeks
of culture [12]. Extended cultures (7+ weeks) generated
1500–2830 erythroblasts with ~ 26% enucleation from
each iPSC [23]. Similarly, one iPSC can yield 4000 eryth-
roblasts by culturing CD34+ progenitor cells in suspension
and up to 200,000 erythroblasts by co-culturing with MS5
bone marrow stromal cells [24]. Despite the increased
yield, the long culture time (70–120 days) and dependence
on murine stromal cells for co-culture are obstacles for
clinical application. Recently, a feeder-free and serum-
free multistep protocol that uses a combination of cyto-
kines and small molecules showed that a single human
PSC could generate 150 HPCs to subsequently produce
50,000–200,000 erythroblasts after 31 days of culture [26].

Several laboratories have manipulated particular transcrip-
tion factors to increase cell yield. CRISPR/Cas9-mediated
SH2B3 inactivation, a negative regulator of cytokine signal-
ing for which naturally occurring loss-of-function variants in-
crease RBC counts in humans, resulted in a threefold increase
in erythroid cell production while maintaining similar mor-
phology, surface marker, and globin expression as SH2B3WT

ESCs [14]. Ectopic RUNX1a expression in human PSCs also
expands the CD31+34+ hematopoietic progenitor cell popu-
lation while retaining the ability to differentiate into multi-
lineage cells [27].

Novel bioengineering solutions, such as three-dimensional
scaffolds to re-create the bonemarrow niche, will be necessary
to improve the quality and quantity of iRBCs required for
transfusion. The use of bioreactors to culture undifferentiated
human PSCs provides a more efficient system to expand
iPSCs than typical adhesion culture for large-scale use
[28–30]. The use of bioreactors for erythroid differentiation
has been tested with cord blood, suggesting a similar potential
for iRBC generation. Cord blood HPCs can yield 107-fold

expansion by day 21 of culture in 1-L stirred bioreactors with
near pure populations of reticulocytes and > 90% enucleation
frequency [31]. Maturation of cord blood-derived erythro-
blasts in stirred bioreactors also demonstrated higher enucle-
ation (74%) than in static culture (54%) and similar size
(8.3 μm diameter) and morphology to adult donor RBC
(8.5 μm) [32]. Ex vivo large-scale generation of RBCs from
cord blood CD34+ cells using a bottle-turning device system
produced 2 × 108 RBCs from one CD34+ cell, indicating that
one cord blood unit could, in theory, be equivalent to 500
RBC units [33].

Induced Pluripotent Stem Cell-Derived
Megakaryocytes and Platelets

The Clinical Need for New Sources of Platelets
in Clinical Practice

Platelets are circulating cytoplasmic fragments released
from megakaryocytes that are highly differentiated struc-
tures whose main function is to support normal hemostasis.
Isolation of donor-derived functional platelets for transfu-
sion became sufficiently advanced by the early 1980s to
encourage widespread clinical usage. Platelet transfusions
not only support patients with qualitative or quantitative
disorders of platelets, but those with other hemostatic chal-
lenges. Without such platelet transfusions, modern-day, ag-
gressive care of patients with cancer and cardiovascular
dysfunction would not be possible. As the population in
the USA increasingly ages, the number of platelet transfu-
sions administered has been rising despite more stringent
platelet count thresholds for transfusion [34]. Finding a
source of platelets other than donor-based will become in-
creasingly important over the coming years.

An alternative source of platelets is in vitro-generated
platelets from cultured megakaryocytes, the polyploid, termi-
nally differentiated large cells that release platelets. When
thrombopoietin, the primary cytokine for megakaryopoiesis
was identified [35], it became possible to culture megakaryo-
cytes in large numbers. Early studies identified proplatelet
extensions from cultured megakaryocytes, as well as ex
vivo-generated platelet-like particles (EV-PLPs) [36]. By light
and electron microscopy, some of EV-PLPs were similar to
donor-derived platelets and functionally, they responded to
platelet agonists. In vitro-derived platelets offer a number of
potential advantages over donor-derived platelets including
uniform hemostatic quality, decreased risk of known or un-
known transmissible infection, and specific HLA phenotypes.
In vitro-derived platelets can also be developed as a drug
delivery system to release stored proteins during platelet de-
granulation [37, 38].
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Platelet Bioreactors

The development of platelet bioreactors advanced the ability
to generate large numbers of EV-PLPs from cultured mega-
karyocytes. The simplest model used gradient fractions to har-
vest EV-PLPs that were released from megakaryocytes in a
stationary culture dish, but the overall yield and purity were
low [36]. An improved platelet yield can be achieved by ex-
posing cultured megakaryocytes to turbulent shear forces
[39••, 40]. A different strategy is to recapitulate the marrow
environment by culturingmegakaryocytes on silk strands with
flow over a scaffold that allows platelet release by mechanical
disruption via the shear of the silk network [41]. A platelet
Bbioreactor-on-a-chip^ was designed for iMegs to traverse
pores between endothelial cells similar to the intramedullary/
vascular interface of the bone marrow, which triggers
proplatelet initiation and platelet production [42, 43].
Although endothelial lined systems likely promote platelet
generation from human iMegs [43], most systems currently
use various polymeric surfaces.

The Quantitative and Qualitative Challenge in In Vitro
Platelet Production

One major challenge of in vitro platelet production has been
the quantitative and qualitative analysis of the final EV-PLP
product. Platelet yield per in vitro-grown megakaryocytes has
been in the 100–2 range, which is substantially less than the
estimated 103 platelets produced per megakaryocyte in vivo
[44]. It is important to note that the yield is sometimes reported
per total largemegakaryocytes rather than all megakaryocytes,
which can artificially increase the number.

The functionality of EV-PLPs or in vitro-derived platelets
should be compared to donor-derived platelets. In some stud-
ies, stored platelets that had reached their allowed shelf life
were used as the control, but fresh donor samples are the gold
standard. EV-PLPs also vary widely in size and lack the
Gaussian-size distribution of donor platelets. Therefore, many
studies focus only on EV-PLPs that are of similar size and
granularity as donor-derived platelets, as determined by flow
cytometry [45]. In our experience, using stationary grown
CD34+-derived human cultures, less than 10% of EV-PLPs
are actually generated from double-positive CD41+42a+ ma-
ture megakaryocytes. Moreover, only 10% of megakaryocyte-
derived EV-PLPs are not apoptotic as measured by annexin V
binding [46]. We demonstrated that these EV-PLPs infused
into immunodeficient mice have a half-life of approximately
2 h compared to donor-derived human platelets that have a 12-
to 24-h half-life [46], consistent with most EV-PLPs that are
non-megakaryocyte-derived particles or are injured platelets.

To improve in vitro platelet production, identifying the site
where platelets are released in vivo by megakaryocytes is
critical. It has been suggested that platelets are released in

the intramedullary bone marrow cavity during Bstress
thrombopoiesis^ [47] or in certain abnormal conditions such
asWiskott-Aldrich syndrome [48].While this is unlikely to be
a major site of platelet formation, this would suggest that a
stationarymegakaryocyte growthmodel may suffice. The pre-
vailing concept is that megakaryocytes migrate from the
intramedullary osteoblastic region to the perivascular niche
during differentiation and subsequently extend proplatelet
processes through inter- or intra-endothelial pores to release
proplatelet and platelet cytoplasmic fragments into the si-
nuses. Multi-photon microscopy of the calvarium medullar
space supports this view [49, 50]. A third mechanism by
which megakaryocytes can release platelets is by migrating
out of the bone marrow and medullary sinuses to the pulmo-
nary beds where they shed their cytoplasm. This concept, first
developed in the 1930s by William Howell [50], has received
recent support from in situ pulmonary vascular studies that
suggest that ~ 50% of all platelets come from shedding by
entrapped megakaryocytes in the lungs [51••].

Infusion of both mouse and human in vitro-grown mega-
karyocytes into recipient mice shows that these cultured
megakaryocytes can shed platelets in vivo over a period of
2–4 h [46, 52]. The released platelets have a near-identical
Gaussian-size distribution as donor-derived platelets with ap-
proximately the same half-life. The shed platelets also dem-
onstrate similar responses to agonists in vitro and in vivo. The
major drawback to these megakaryocyte infusion studies is
that platelet yield per megakaryocyte remains low (101–2).
We have shown that in vitro HPCs differentiate into mature
CD41+42a+ megakaryocytes that can take up coagulation
factor V into their alpha granules. Subsequently, these mega-
karyocytes undergo apoptosis [53]. However, if the megakar-
yocytes are infused into a recipient mouse instead, platelets
are released within 5 min, suggesting that harvesting these
peak megakaryocytes may optimize platelet yield.

Sources of In Vitro-Generated Megakaryocytes

One unit of platelets contains approximately 3 × 1011 platelets
which would require 108–9 starting megakaryocytes or ap-
proximately 106 self-renewing intermediate cells as described
[39]. For the 3 × 107 platelet units transfused per year in the
USA, that would equate to ~ 1013 of such renewing cells.
Thus, isolation of CD34+ HPCs from primary marrow
would require an inordinate number of donors, likely ex-
ceeding the number of present-day platelet donors. Cord
blood samples have been suggested as a primary source of
starting material with the potential for expansion using
valproic acid [54]. The functionality of EV-PLPs or mega-
karyocytes for infusion from cord blood-derived material
needs exploration as neonatal platelets have decreased
functionality compared to adult platelets [55].
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Megakaryocyte-like cells have also been derived from cell
lines and from adipocytes in the presence of thrombopoietin
[56]. This is a very renewable and inexpensive source of cells.
The biggest challenge with these approaches is whether they
can generate primary-like, adult megakaryocytes and whether
released EV-PLPs have similar properties of donor-derived
platelets. Studies to generate megakaryocytes and platelets
beginning with self-replicating endothelial-derived cells have
also been recently reported [57], but the final megakaryocyte
and platelet-like products have yet to be well studied. The
most promising approach has been the use of human
iPSCs. Multiple groups have shown that iPSCs can be
driven into HPCs, yielding 100–1 HPCs per iPSC and per-
haps 100–1 megakaryocytes from each iPSC. The final
yield of EV-PLPs or platelets released in vivo in recipient
mice is also low [46]. An additional concern with iMegs,
EV-PLPs, and platelets is that they may be primitive or
embryonic in nature and be even less functional than neo-
natal platelets, which have decreased agonist responsive-
ness compared to adult platelets [58].

Since the yield is low at each step and costs for cytokines to
carry out differentiation are high, the focus by many groups to
generate iPlts for standard transfusions seems misplaced.
Instead, iPSCs can be manipulated to study and/or alter their
genetics and, ultimately, to modify the final product. The use
of iMegs to study aspects of megakaryocyte biology has
complemented animal studies and CD34+-derived human
megakaryocytes [59]. Additionally, iMegs have been useful
to develop gene correction approaches for inherited platelet
disorders [60]. These efforts both support that the final re-
leased EV-PLPs and/or released iPlts from infused iMegs
may be clinically relevant and offer novel strategies for ad-
dressing the challenges of iMegs. There have been efforts to
find alternative strategies to produce definitive, more adult
megakaryocytes from iPSCs [61]. Others have focused on
creating a late, terminally differentiated, but replicative cell
line that upon appropriate signaling goes on to produce mature
megakaryocytes [62, 63]. For example, using exogenous
overexpression of three transcription factors, GATA1, FLI1,
and TAL1, up to 2 × 105 iMegs can be generated from one
single undifferentiated iPSC [39, 62, 63]. Such a strategy can
reduce the cost of generating sufficient terminally differenti-
ated megakaryocytes and perhaps meet clinical platelet num-
ber needs as well.

Conclusions

The hope to achieve clinically relevant numbers of red cells
and platelets from hematopoietic differentiation of iPSCs is a
reasonable expectation. Studies over the past 20 years have
greatly advanced our understanding of erythropoiesis,
megakaryopoiesis, and thrombopoiesis. They have also

improved our understanding of how to judge success at each
step. The importance of careful comparison to the best donor-
derived cell products as the gold standard is intuitive but has
not been consistently pursued. Studies of select platelet-like
particles within the overall EV-PLP population had led to
over-optimistic expectations. The ability of iRBCs to bind
and release oxygen and iPlts to respond to agonists requires
direct comparison to donor-derived cells. Establishment of
clinically relevant in vivo assays to test functionality is still
needed. Going forward, significant challenges remain at pro-
ducing large numbers of highly functional red cells and plate-
lets at acceptable costs, but likely can be overcome.
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