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Abstract

Platelets (PLTs) are small anucleate blood cells that release from polyploidy megakaryocytes(MKs). PLT transfusion is
standard therapy to prevent hemorrhage. PLT transfusion is donor-dependent way which have limitations including the
inadequate donor blood supply, poor quality, and issues related to infection and immunity. Overcoming these obstacles is
possible with in vitro production of human PLTs. Currently several cells have been considered as source to in vitro production
of PLTs such as hematopoietic stem cells (HSCs), embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs).
However, HSCs are a limited source for PLT production and large-scale expansion of HSC-derived PLT remains difficult.
Alternative sources can be ESCs which have unlimited expansion capacity. But ESCs have ethical issues related to destroying
human embryos. iPSCs are considered as an ideal unlimited source for PLT production. They are able to differentiate into
any cells and have the capacity of self-renewal. Moreover, iPSCs can be acquired from any donor and easily manipulated.
Due to new advances in development of MK cell lines, bioreactors, feeder cell-free production and the ability of large scale
generation, iPSC-based PLTs are moving toward clinical applicability and considering the minimal risk of alloimmunization
and tumorigenesis of these products, there is great hopefulness they will become the standard source for blood transfusions
in the future. This review will focus on how to progress of in vitro generation of PLT from stem cell especially iPSCs and
some of the successful strategies that can be easily used in clinic will be described.
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Introduction

Platelets (PLTs) which were constantly derived from the
polyploidy megakaryocytes (MKs) in the bone marrow
(BM) are small non-nucleated blood cells of about 2-4 um
in diameter [1]. PLTs that circulate in the bloodstream are
generally implicated in maintaining hemostasis, thrombo-
sis, inflammatory responses and vascular integrity through
a blood clotting mechanism [2]. In human, the normal
PLT count is approximately 1.5 to 4 x 10" in each uL of
blood and almost 1x 10'! PLTs are produced each day [3].
Although typically, the healthy human body is programmed
to preserve an adequate PLT count, clinically many severe
disorders may be developed through abnormal change in
PLT level. Thrombocytopenia (decreased PLT production
less than 150,000/uL or impaired PLT function) may occur
because of BM failure, drug treatment, repeated-chemother-
apy, autoimmune disease, and invasive surgery that result in
risk of uncontrolled bleeding, thrombocythemia (increased
PLT production more than 450,000/puL) and stroke [4].

Since the 1950s, following the progress in methods of
PLT isolation from blood [5], allotransfusion of PLTs has
been standard therapy in patients with low PLT in order to
prevent or treat hemorrhages [6]. On the other hand, platelet-
rich plasma (PRP) which is obtained after centrifugal con-
centration of whole blood has received widespread attention
in the medical and cosmetic fields. Overall, in recent years
PLT-based treatment has gradually become an important
treatment approach in hemostasis management, regenera-
tive medicine and tissue engineering [7, 8].

Nevertheless, there is a serious shortage in PLT supply in
clinic. PLT availability is completely dependent on donat-
ing blood [4]. PLT products cannot be frozen because of
once transfused they are rapidly cleared from the circulation
[9], storage at room temperature significantly preserved the
viability but due to PLT function instability and susceptibil-
ity to bacterial flourish, PLT lifespan is restricted to just 4
or 5 days [9, 10], consequently, stocks must be constantly

replaced [4]. Even if there is enough available supply, PLT
transfusion cannot be appropriate strategy because PLT
transfusion refractoriness (PTR) can result in an allograft
rejection through human leukocyte antigen (HLA) or human
PLT antigen (HPA) mismatching [2, 11]. Also, PTR can be
developed due to cytokines and other bioactive ingredients
of PLT product that can result in shortened PLTs survival
and causing complications such as fever, allergic symptoms,
and transfusion-related acute lung injury (TRALI) [12].

A considerable potential strategy that may help to over-
come restriction of PLT sources is the in vitro PLT produc-
tion. To establish a successful protocol for PLT generation,
the key point is choosing the best cell as a starting source.

MKs as unipotent progenitors of PLT are expandable
cells, but they are a rare population in BM [4, 12], further-
more, using MKs as the starting source is simply not feasible
[4]. The upstream multipotent progenitor of MKs, hemat-
opoietic stem cells (HSCs), can self-renew and differentia-
tion to MK lineage. HSCs can be collected from umbilical
cord blood, BM, and mobilized peripheral blood (PB) but
their amounts are low (one unit of UCB include 1 million
HSCs) and HSC expansion is not efficient to produce enough
PLTs for clinical use [13].

Human pluripotent stem cells (hPSCs) including human
embryonic stem cells (hESCs) and human induced pluri-
potent stem cells (hiPSCs) are able to self-renew and have
the capacity to differentiate to all human cell types includ-
ing MK lineage. Since the both hESCs and hiPSCs can be
proliferated and be conserved for longtime in vitro condi-
tion so they can be considered as controllable sources for
PLT production [12]. Due to ethical challenges regarding
hESC about the destruction of human embryos there are
constraints for hESC use.

hiPSCs are freed from the ethical concepts and can be
produced from various types of somatic cells. Moreover,
patient-specific iPSCs can represent a readily available
source for autologous transplantation. Even iPSCs derived
from HLA-incompatible donors would enable escape from
the alloimmune response by manipulation of the HLA or
HPA expression [12, 14]. Due to potential tumorigenic-
ity risk of hPSC, residual of iPSCs should be eliminated
by irradiation before transfusion, that this strategy is effi-
cient for enucleated cells such as PLTs [13]. Nevertheless,
iPSCs can be considered as an ideal resource for in vitro
PLT production.

Generation of PLT Using HSC (CD34"cell)

HSCs, also known as CD34% cells, have the potential self-
renew ability and can differentiate into all hematopoietic
lineage cells. Hence CD34™ cells provide a good approach
for in vitro PLT production. The CD34" cells represent a
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rare population in the BM, accordingly they can be isolated
from BM. Additionally, CD34" cells can be isolated nonin-
vasively from peripheral blood (PB) after the administration
of granulocyte-colony stimulating factor (G-CSF) or from
umbilical cord blood (UCB) [4]. The different reports have
been represented production of functional MKs and PLTs
from CD34*cells. In the first report, it was shown that PLTs
could produce by culturing PBO-derived CD34" cells in
aplastic canine serum [15]. In order to production of MK and
PLT from CD34* cells, various cytokines have been exam-
ined. Thrombopoietin (TPO) a cytokine that also known as
MK growth and development factor has an important role
in MK proliferation and differentiation and also preserving
the CD34% cell population so in the past, it was used in
standard protocols for CD347 cell differentiation into PLTs,
but TPO is not useful for large scale generation because of
low mitotic activity [16]. In 2001, it was shown that addition
of the chemokine stromal cell-derived factor 1a (SDF-1a)
into a serum-free culture supplemented with TPO is able to
generation of CD34%-derived MKs 12 folds more than cul-
ture supplemented with TPO alone. But this amount is not
enough for clinical use [17]. Subsequent study reported that
a combination of TPO with Flt3-ligand (FL), IL-6 and IL-11
in serum-free medium result in generation of a suitable num-
ber of immature MK progenitor cells expressing both CD34
and CD41 antigens that after transfusion they could recover
PLTs [18]. In continue, to promote large scale PLT produc-
tion under serum-free condition, three-phase culture was
defined as a new strategy. Multiphase culture process can
give rise to high expansion of CD34" cell, high ploidy MK
production, and promoting PLT production. However, main-
tenance of CD34" cell activity in long-term culture is a key
problem that co-culture of CD34% cell with human telom-
erase catalytic subunit (W"TERT)-transfected human stromal
cells as an immortalized cell can solve the problem [19].
Matsunaga et al. proved that functional human PLT could
be produced from UCB-derived CD34" cells in three-step
serum-free co-culture system consist of hTERT stroma in
the presence of stem cell factor (SCF), Flt-3/Flk-2 ligand
(FL), TPO and interleukin-11 [20]. In first step, CD34™ cells
were expanded on hTERT stroma with SCF/TPO/FL. In next
step, expanded CD34" cells were co-culture with hTERT
stroma and SCF/TPO/FL/IL-11 that leads to differentiation
and expansion of MKs. In the last step, cells were transferred
to liquid culture medium containing SCF,FL,TPO and IL-11
in order to MK differentiation into PLTs [20]. Results shown
that culture in multiphase condition with diverse conditions
in each phase with effect on in vitro megakaryopoiesis
causes a considerable quantity of PLTs be produced. This
method is suitable for clinical purposes [20].

Several groups have shown that gradients of pH and pO2
enhance Mk maturation in the BM niche with effect on mega-
karyopoiesis [21, 22]. According to this finding in order to
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large-scale CD34%-derived PLT production, Swapna and col-
laborators increased pH and pO2 in a 3-phase culture to mimic
the BM niche gradient. Moreover, different cytokine cocktails
were used for different stages of Mk differentiation. The study
reported that switching from 5% O, and pH 7.2 to 20% O, and
pH 7.4 along with cytokine cocktails can greatly increase pro-
duction of mature Mk [23].

In a fascinated study, Yang et al. showed a rotary three-
dimensional (3D) culture system could promote megakary-
opoiesis and improve efficiency of CD34%-derived PLT gen-
eration compared with static condition [24]. Therefore, using
this physical strategy along with other biochemical strategies
can be helpful for large scale generation of PLTs.

There are a number of small molecules which can be used
to control cell self-renewal, lineage differentiation, regen-
eration and reprogramming. It has been proved that these
chemical molecules can be versatile tools for manipulating
cell fates toward desired cells [25-27]. It can be inferred that
chemical molecules could use also for PLT production from
stem cells including CD34* cells. Huang N et al. reported that
a small chemical molecule inhibitor of transforming growth
factor-beta (TGF-f) pathway (616,452 molecule) is able to
promote polyploidization and shortened maturation of MKs
through TPO-independent pathways. In this method, UCB or
BM-derived CD34" cells were cultured in StemSpan SFEM
media containing SCF, TPO, Flt-3 ligand and IL-3 and were
induced by 616,452 molecule in a dose-dependent fashion.
The results showed that 616,452 molecule is a robust inducer
of MK production and NSG mice transplanted with this small
molecule treated cells were able to MK reconstitution in the
BM and peripheral PLT production [28].

Bhatlekar et al. introduced anti-apoptotic BCL2L2 as a
new candidate that can improve amount of produced PLT in
culture system. In this study, UCB-derived CD34* cells were
cultured in serum free media in the presence of TPO and
SCF. Results showed that Lentviral mediated BCL2L2 over-
expression regulates apoptosis in cultured MKs and pro-
motes pro- PLT formation that is associated with PLT num-
ber [29].

It should be noted, although the idea of producing PLTs
from CD34" stem cells was initially accepted there is the
major drawback in large scale production. Existence of
donor-specific antigens, low expansion power, low efficiency
of megakaryopoiesis and low number of produced PLT are
the other major problems to establishing CD34*-based PLT
production [30].

Generation of PLT Using ESCs

ESCs are pluripotent cells derived from the inner cell mass
of embryos that are able to proliferate and differentiate into
any cell types. Moreover, ESCs can be potential source for
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the large-scale PLT production [31]. Initially Gaur et al.
indicated that ESCs can differentiate into MKs through
two-dimensional “monolayer” system. In this method, undif-
ferentiated hESCs were cultured on OP9 stromal cell mon-
olayer to facilitate hematopoiesis. Although functional PLTs
were produced in this strategy, yield of MKs was low (less
than one MK per ESC) [32].

Takayama et al. promoted generation of MKs from hESCs
through the formation of unique sac-like structures that were
named embryonic stem cell-derived sacs (ES-sacs). In this
study, to increase formation of ES-sacs and improve effi-
ciency, hESCs were cultured on C3H10T1/2 or OP-9 stro-
mal cells as a feeder in the presence of vascular endothelial
growth factor (VEGF). “The ES-sacs were consisted of mul-
tiple cysts demarcated by cellular monolayers with some
of the properties of endothelial cells. The spherical cells
inside sacs expressed primarily CD34 that were able to form
hematopoietic colonies in semi-solid culture to differentiate
into mature MKs in the presence of TPO by day 24.” Since
the ES-sacs can develop an appropriate microenvironment
for creating hematopoietic progenitor cells (HPCs), this
approach could lead to produce functional PLTs. However,
number of produced PLT by this efficiency improvement
strategy were far fewer than produced PLT from BM-derived
cells. In general, since this method requires a conventional
stroma co-culture as feeder, it cannot appropriate for clini-
cal use [33]. Therefore, it seems that feeder free condition
is necessary for clinical-grade production.

Lu et al. reported an efficient approach for large-scale
generation of MKs from hESCs under feeder-free condition
through embryoid bodies (EBs) differentiation. However,
generated PLTs by this condition had function in mice, only
seven PLTs per MK were yielded [34]. As a result, the yield
of PLT production in the feeder-free/serum-free conditions
was lower than feeder-on/serum-on conditions.

In recent years, 3D culture systems have been proven as a
feasible technic for hESC expansion [35, 36]. Based on that,
in order to large-scale generation of MKs, Zhang et al. devel-
oped a 3D suspension induction method with using special
polystyrene CellSTACK culture chamber. In this method
before culture, the hESC colonies were digested into single
cells and transferred onto chamber. In the chamber, single
hESCs began to aggregate to form EBs. EBs gradually pro-
duced many hematopoietic cells that mimicked embryonic
megakaryopoiesis. This 3D suspension induction method
could generate (3.4 +2.5) X 10® CD41a* MKs which was
more than previous reports. Moreover, it was xeno-free/
feeder-free/transgene-free system that can be a good choice
for high efficient and large-scale clinical-grad production of
MKSs and PLTs [37].

Basically, because of ethical concerns about the destruc-
tion of human embryos, using hESCs as a source is ineffec-
tive in clinic.

IPSC Technology

In 2006, it was reported that iPSCs were generated from
murine embryonic fibroblasts (MEFs) by delivery of
pluripotency transcription factors)TF) Oct4, Sox2, Kif4,
and c-Myc (OKSM cocktail) that called Yamanaka fac-
tors (YFs) into the cells by retroviral vector [38]. In 2007,
four TFs were successfully used to generate iPSCs from
human fibroblasts [39]. Like to ESCs, iPSCs have self-
renewal capacity and can differentiate into any cell type,
also have potential to improve personalized medicine
using patient-specific iPSCs [40]. Generation of iPSCs
eliminated some technical and ethical limitations of using
ESCs, and the potential of hiPSCs to generate functional
tissues led to iPSCs technology consider as a powerful tool
for therapeutic applications in regenerative medicine [40,
41]. Obviously, the advent of iPSC technology opened up
a new window in stem cell biology and stem cell-based
therapy, as well as unique opportunities in disease model-
ling, drug discovery, cell availability and immune rejection
studies [40, 41]. Although clinical trials have not been
accompanied using iPSCs derived hematopoietic cells
so far, the possibility of substituting damaged tissues by
iPSC-derived tissue has been represented in treatment
macular degeneration, parkinson’s and heart disease which
some of have successfully toward clinical trials [42—44].
It schematically shows the various strategies to produce
iPSCs and its applications in Fig. 1. At the first, several
integrative viral vectors (e.g. retroviruses and lentiviruses)
were used for transduction of YFs. Although integrative
approaches can strongly induce pluripotency in somatic
cells, insertional mutagenesis in oncogenic genes such
as Klf4 and c-Myc can occur by viral integration which
can leads to malignant tumor formation [45]. Because of
safety concerns, Yu et al. suggested substituting NANOG
and LIN28 with KLF4 and c-Myc and Montserrat et al.
suggested replacing of Oct4 with GATA3 to improve the
safety of iPSCs generation [46, 47].Now days, in order
to iPSC-based cell therapies, new strategies have been
suggested for cell reprogramming without genetic and
epigenetic alterations in the iPSCs. Besides, the use of
non-integrative viruses such as adeno and sendai viruses,
non-viral vectors such as episomal plasmids, microRNAs,
metabolites, small molecules, synthesized RNAs and pro-
teins have been established for iPSC generation for clini-
cal approaches [48—55].Although non-integrative methods
lead to produce integration-free iPSCs, the important dis-
advantage of some of them is low reprogramming effi-
ciency compared to the integrative vectors. Among them,
sendai viruses, episomal plasmids and synthetic mRNAs
are the commonly used in basic and clinical researches
to produce integration-free iPSCs because of their high
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Fig.1 iPSC production and applications. Reprograming somatic
cells into iPSCs can be done by various strategies. Integrative meth-
ods such as retroviruses and lentiviruses have the high reprogram-
ming efficiency with less safety. But non-integrative methods (e.g.,

efficiency and relative simplicity and the episomal plas-
mids and sendai viruses have been the preferred for clini-
cal applications [56]. Interestingly, it was shown that the
gene expression profiles of integration-free iPSCs were
more similar to hESCs than the iPSCs generated by inte-
grating methods [57].

In 2014, the first clinical trial to evaluate the safety of
iPSC-derived cells was launched by Masayo Takahashi
of the RIKEN in Japan [58]. In this study, human iPSC-
derived retinal pigment epithelial (RPE) cells were used
to treat macular degeneration that improvement of the
vision was observed. The trial was subsequently suspended
because of finding the gene abnormality in the iPSCs of
second patient [58].

Generally, iPSC-based therapy is still limited due to
its inherent tumorigenicity. Elimination of remaining of
undifferentiated iPSCs with cell irradiation is one of the
strategies to reduce tumorigenicity risk. However, cell
irradiation is only useful for enucleate cells such as PLTs,
that causes hiPSCs be a considerable source for unlimited
production of this enucleate cell [59].
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sendai virus, mRNA, or episome) have low reprogramming efficiency
with high safety. The generation of iPSCs can be used in drug screen-
ing, cell therapy, and disease modeling

IPSC-derived MK and PLT Productions

Fundamentally, PLTs are produced from iPSCs in three
steps. The first step is the generating iPSCs from the dif-
ferentiated mature cells. The second step is differentiation
of iPSCs into HSCs which can be done by two different
approaches, and the final step is HSCs differentiation into
MKs.

The first approach for differentiation of human iPSCs
into HSCs is co-culture of iPSCs with feeder cells (e.g.
C3H10T1/2 and OP-9 stromal cells) under two-dimen-
sional (2D) culture. Feeder cells consist of important
cellular component that are necessary for iPSCs growth
and differentiation. Moreover, the feeder cells are able to
promote hematopoiesis [60, 61]. The second approach for
differentiation of iPSCs into HSCs is EB formation under
feeder-free 3D culture system [62, 63].

For the first time Takayama et al. reported that func-
tional PLTs can be produced from hiPSCs through repro-
gramming human dermal fibroblasts (HDFs) by OKSM
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cocktail. Briefly, co-culturing hiPSCs on C3H10T1/2 or
OP-9 feeder cells in the presence of VEGF led to gen-
eration of a hematopoietic niche including hematopoietic
progenitors, which was called iPSC-sac-like structure.
iPSC-sac-like structures were cultured in the presence of
human TPO and other cytokines (IL-6, IL-11, and SCF)
to generate mature MKs and release of PLTs. The func-
tion of produced PLTs was confirmed in NOD-SCID- IL-2
yc¢~~ thrombocytopenia mouse model. Although in this
method production efficiency of MKs from hiPSCs was
low (about three MKs per hiPSCs), results showed that the
initial up-regulation of c-Myc expression in the presence
of other TFs effect on reprogramming efficiency of somatic
cells into hiPSCs and number of produced MK. In the
following, down-regulation of c-Myc expression effect on
production efficiency of PLTs. In generally, results showed
that c-Myc plays a key role in the formation of MKs and
PLTs so that initial increase and then decline in c-Myc
expression are critical for megakaryopoiesis and effective
PLT production [60].

Nishimura et al. generated canine induced pluripotent
stem cells (ciPSCs) from canine embryonic fibroblasts.
In continue, ciPSCs differentiated into MKs and PLTs on
OP9 stromal cells supplemented with VEGF. The produced
ciPSCs-drived PLTs were morphologically and function-
ally close to human blood PLTs. Functional PLTs had been
derived from hiPSCs so far and it was the first study about
generating functional PLTs from large-animal models [61].
Result of this study can be helpful to resolve produce iPSCs
derived PLTs in human.

The two above studies have been depended on using
serum and xeno feeder cells. In order to prevent immuno-
genic reactions associated with them, feeder free substitutes
were considered such as CELLstart (Life Technologies),
Matrigel (BD),recombinant proteins [64], synthetic poly-
mers [65] and synthetic materials [66].

Feng et al. defined a method for large scale production
of functional PLTs from hiPSCs under serum/ xeno/feeder-
free conditions through EB strategy. In this study matrigel-
coated surface with mTeSR1 medium were used as feeder
free condition and efficiency of MK differentiation into PLT
was enhanced by the small molecule iBET151 as inhibitor of
c-Myc expression. Results showed that produced PLTs were
morphologically and functionally similar to peripheral PLTs.
Moreover, knockout of the 32 microglobulin gene in iPSCs
could provide a source for universal PLTs that are negative
for HLA class I. Nevertheless, output approximately was six
PLTs per MK that was still very low compared to number of
PLTs produced from BM-derived MKs [62].

Liu et al. tried to make an efficient system for clinical-
grade generation of MK progenitors from hiPSCs in essen-
tial 8 medium (a xeno-free and feeder-free medium) by
replacing TPO and BSA by FDA-approved pharmacological

reagents. These reagents were included romiplostim (Nplate,
a TPO analog), oprelvekin (recombinant IL-11), and plasbu-
min (human albumin). In this system PLT production effi-
ciency was low that may be due to lack of feeder cells [63].

The above studies that were based on using cytokine
cocktails could not be successful to progress the efficiency
production. Therefore, genetic manipulation strategy was
considered. Nakamura et al. tried to produce immortalize
MK progenitor cell line imMKCL) for using as a stock in
cell bank. imMKCL was produced by overexpression of
c-MYC, BMI1, and BCL-XL in hiPSC-derived HPCs which
could be stable for up to 5 months. Due to the proliferation
capacity, it was estimated that imMKCL produce over 10'!
PLTs, but it was obtained only 10 PLTs per MK and func-
tion of produced PLT was not equal to peripheral PLTs [67].

Moreau et al. reported a novel technology for large scale
production of functional MKs from hiPSCs by direct sequen-
tial differentiation of hiPSCs into MKs. This ‘directed dif-
ferentiation method was called MK forward programming
(MK-FOP) and relied on exogenous expression of GATAI,
FLI1, and TAL1 in a chemically-defined condition. Matured
MKs-FOP produced by this method could be cryopre-
served and banked for several months with purity over
90%. Although this approach was suitable for large-scale
production, produced PLTs were less mature than peripheral
PLTs and after transferring into mice had a short half-life
[68].

Mostly, sufficient production of PLTs for clinical require-
ments was unproductive due to the low number of released
PLTs from iPSC-derived MKs. The maturation of MKs, its
differentiation into pro-PLTs and amount of released PLTs
are all really rely on the microenvironment [69]. Therefore,
an important step toward the industrial-scale generation of
PLTs in vitro is the development of bioreactors that physi-
cally mimics the in vivo environment [12]. Initially, in sev-
eral studies microfluidic system was developed to mimicking
in vivo environment. But its laminar flow which was only
based on shear stress and vorticity, was not very successful
in effective thrombopoiesis and industrial-scale generation
of PLT [70, 71]. Ito Y et al. showed turbulent flow with an
optimal level of shear stress and turbulent energy is a cru-
cial physical regulator for PLT release. According to they
developed a turbulent flow-based bioreactor that was able
to generation of 100 billion-order PLTs from hiPSC-MKGs.
The turbulent flow facilitates PLT shedding with promoting
release of IGFBP2, MIF, and Nardilysin from MKs [72].

On the other hand, the discovery of effective substances
that can strikingly improve the efficiency and yield of pro-
duced PLT is another important step toward the industrial-
scale generation. Many studies have been done to finding
these effective substances. The PLT function initiates with
its adhesion to the extracellular matrix (ECM) by interac-
tion between platelet glycoprotein Iba (GPIba) and von
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Willebrand factor (vWF). Matrix metalloproteinase (MMPs)
are involved in shedding of GPIba that lead to decline in
quality of PLT production [73]. Moreover, loss of GPIba
results in rapid PLT loss after transfusion. So high expres-
sion of GPIba is a critical factor in life span of circulating
PLTs. It was demonstrated that GPIba shedding can occur
in iPSCs derived PLT too [60]. Hence, regulation of MMPs
could contribute to maintain PLT function and efficient gen-
eration of hiPSCs-derived PLT. Feng et al. described that
MMP8 inhibitor is able to prevent GPIb shedding during
iPSCs differentiation into PLT [62]. Unfortunately, the safety
of MMPS inhibitor have never been confirmed which is a
drawback for its clinical application. Hirata and colleagues
showed GPIba ectodomain shedding occurs by temperature-
dependent activation of MMP17 (ADAM17) in 37°C. This
study indicated the selective inhibition of MMP17 using
KP-457 could preserve GPIba and generate iPSC-derived
PLTs with improved hemostatic function in vivo in 37°C.
It has been emphasized that KP-457 has low risk of genetic
and systemic toxicities. This strategy can effectively enhance

clinical-grad production of functional hiPSC-derived PLTs
[74].

As an alternative to producing PLT from hiPSCs the
generation of MK-like progenitors by direct conversion
strategies (bypassing the pluripotent state) is a faster way to
generating PLT. Directed differentiation of fibroblasts into
MK:-like progenitors has been done by two different studies
using three factors (NF-E2, MAFG, and MAFK) [75], and
six factors (GATA2, RUNXI1, GATAI, TAL-1, LMO2, and
¢-MYC) [76]. These MK-like progenitors enabled to release
functional PLTs in mice. But directed differentiation strate-
gies have low efficiency and need efficiency improvement.

Summary of different approaches for in vitro generation
of PLT was shown in Fig. 2. In September 2018, Japanese
Ministry of Health, Labor and Welfare approved a plan for
the first world’s clinical trial to treat an aplastic anemia
patient with thrombocytopenia by the infusion of autolo-
gous iPSC-derived PLTs. Center of iPSC research and appli-
cation (CiRA) of kyoto university was responsible for the
cell manufacturing, their non-clinical safety evaluation and
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Fig.2 Schematic of the different methods for in vitro PLT pro-
duction. At the first, iPSC-derived MKs were produced using
cytokines. In the following, iPSC-derived MKs were produced using
transgenes and cytokines. Also. MK-like progenitors can be generated
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by direct differentiation of fibroblasts using several TFs. Industrial-
scale generation of iPSCs-derived PLTs needs to expansion of MK
lines together with the development of bioreactors
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their quality assessment. In this project, autologous iPSC-
derived PLTs were generated from peripheral blood mono-
nuclear cell (PBMCs) of patient using episomal plasmids.
Collected PBMCs were reprogrammed into iPSCs. Then,
iPSCs were differentiated into the imMKCLs by overexpres-
sion of ¢c-MYC, BMI1 and BCL-XL under the doxycycline
control promoter so that the transgenes switching off led
to imMKCL maturation. The imMKCLs were stored as a
master cell line in liquid nitrogen. The master cell line was
proliferated and differentiated into PLT in turbulent flow-
based bioreactors to improve thrombopoiesis. In order to
maintain PLT function, TA-316, a thrombopoietin mimetic
compound, KP-547, an ADAM17 inhibitor were used to
inhibit of GPIba shedding. Finally, the produced PLTs were
purified, concentrated, washed, irradiated and finally trans-
fused into the patient. The patient received PLT in three
doses: at first,1 x 10'9 PLTs, 3 months later 3 x 10'° PLTs
and finally 5 months after the second dose 1x 10'! PLTs.
No significant adverse event was observed during one year
full monitoring after the last dose [77].

Advances in Producing Immune-compatible
IPSCs-derived PLT

It is clearly evident that repeated PLT transfusions cause
serious acute or delayed complications due to HLA or HPA
mismatch [64]. Washing PLT products before transfusion
helps to prevent acute reactions [12]. Moreover, induced
graft-versus-host disease (GVHD) by contaminating lym-
phocytes in the PLT concentrate could be prevented by irra-
diation or leukodepletion of PLT products. But transfusion-
related GVHD is not able to evoke by iPSCs derived PLT
products because of absent of lymphocytes in these products
[12].

A significant clinical problem that complicates the PLT
transfusion is PTR which is caused by expression of alloan-
tigens (e.g., ABO, HLA class I, and HPA). The most fre-
quent immune reason for PTR is the existence of specific
alloantibodies against HLA class I epitopes [78]. Of course,
ABO-compatible PLT transfusion reduces the frequency of
PTR and guidelines often propose fresh and ABO compat-
ible PLT products for transfusion [79, 80]. Overall, using
HLA-matched PLTs or autologous PLTs is essential to pre-
vent immune reactions induced by repeated allogeneic PLT
transfusions, but they have some obstacles such as shortage
of stock and extra cost. To address these concerns, the per-
fect products are autologous PLTs that are generated from
patient-derived iPSCs. Although autologous PLTs do not
induce alloimmune response, they have high costs and varia-
ble quality. To overcome the limitations of autologous PLTs,
the derivation of allogeneic PLTs from allogeneic iPSCs line
bank have considered. Since, allogenic products must be

matched with one of the two class I HLA loci so include a
large population of donors [81]. Currently, the advancement
of genome editing technologies specially CRISPR/Cas has
been created a new perspective for HLA and HPA manipula-
tion of iPSC-derived PLTs Fig. 3. Silencing of HLA class I
or deletion of 2 microglobulin which is required for HLA
Class I assembly, could be completely dismissed PTR [82].
Borger et al. with silencing of HLA class I using shRNA
established a stable HLA-universal iPSCs line under feeder/
animal-free conditions without any effect on the differentia-
tion capacity of the iPSCs line into MKs. These HLA-uni-
versal iPSC-derived MKs were enabled to release functional
PLTs and as well escape alloimmune response related to
antibody-dependent cell-mediated cytotoxicity(ADCC) and
cellular-dependent cytotoxicity(CDC), which can be used
as a source of poorly immunogenic cells. In this regard,
since silencing with shRNA do not completely remove the
B2-microglobulin protein so NK cell cytotoxic activity is
suppressed by the residual HLA class I expression [83].

Feng et al. have generated universal PLTs that are negative
for the HLA class I by knocking out the f2-microglobulin
gene (B2M). These HLA Class I null PLTs can be released
and functional. Although the alloreactivity of NK cells
has not been proved after PLT transfusion, it may occur
after HLA Class I null PLT transfusion due to the “miss-
ing self” response, since p2M ™" cells are sensitive to NK
cells [62]. Thus, in knockout HLA-I dependent studies, fuse
of recombinant non-polymorphic HLA-E or HLA-G into
B2M, or deletion of the HLA-A and HLA-B couple with
retaining HLA-C are required to suppress of NK cell [84].
However, it has been reported that retaining HLA-C leads to
induce of alloimmune response by anti-HLAC [85].

It has recently been shown that knockout (KO) of HLA
class I in iPSCs lines by CRISPR/Cas9 system reduces the
immune response without NK cell activation. Suzuki et al.
successfully produced iPSC-derived HLA class I knock-
out PLTs (HLA-KO iPLATSs) from HLA-KO imMKCLs
using the CRISPR/Cas9 system for KO of B2M. HLA-KO
iPLATs were enabled to evade NK cell-mediated and anti-
HLA T antibody-mediated immune responses in vitro and
in vivo assay [86]. Of course, due to the risk of off-target
in CRISPR/Cas9 evaluation of safety is essential before
clinical trials. Paired CRISPR/Cas9 nickases can reduce
concerns about the risk of off-target [87, 88]. Norbnop et al.
produced HLA-KO functional PLTs from iPSCs using paired
CRISPR/Cas9 nickase [89].

Beside, Although PTR associated to incompatible HPA
is lower than PTR associated to HLA class I, antiHPA
antibodies can induce critical clinical responses such as
post-transfusion purpura (PTP) and fetal/neonatal alloim-
mune thrombocytopenia (FNAIT). Since single nucleotide
polymorphisms (SNPs) of HPA molecules are responsi-
ble for antiHPA antibodies knockout cannot be useful for

@ Springer



2384 Stem Cell Reviews and Reports (2022) 18:2376-2387
A ‘/,,-__+”‘dﬁ m— Ggﬁp —> AP —> 143&
)\ 09
4 (= iPSC Expandable MK Mature MK Platelet
KX
Patient
T Autologous Transfusion
Allogenic Transfusion
, e —
‘ a L ] . @ -
o .. Gi ﬂ-4—-ﬂgﬁp4__. o‘.oo <— dgp
Platelet Mature MK Master cell bank  Expandable MK HLA matching iPsc
\
-y | ‘ﬂw 4
"~4‘i‘_'“ < | < @mema_g
Donor
Platelet Mature MK  HLA-deficient line  Expandable MK Gene editing iPSC

Fig.3 Summary of the strategies for overcoming alloimmune
responses following PLT transfusion. Autologous iPSCs-derived
PLTs do not induce alloimmune responses but they have high cost
and variable quality. Allogeneic iPSC lines with homologous-type
class I have less immune response because allogenic products must

manipulating of HPA. In this way Zhang et al. modified
HPA by converting SNPs using CRISPR/Cas9 to suppress
the alloimmune response [90].

Conclusion

The increasing demand for PLT products in clinic and low rates
of blood donation have led to remarkable efforts toward manu-
facturing of PLTs in vitro. It is currently possible to generate
PLT from stem cells such as HSCs, ESCs, and iPSCs. HSCs
are a source for in vitro PLT production which could make a
steady source of blood donations. However, this source is still
limited because HSCs cannot be indefinitely expanded and also
have concern about existence of donor-specific antigen and
donor dependency. hESC sources have barriers such as ethical
concerns about the destruction of human embryos, and also
differentiated hESCs express high levels of MHCI that lead to
rejection in mismatched patients. Todays, iPSCs are regarded
as an unlimited universal source for produce of many cells.
Because not only iPSCs have pluripotent potential and self-
renewal ability but also they can be generated from any donor,
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be matched with one of the two locus HLA class I that include a large
population of donors. Currently, advances in genome editing tech-
nologies lead to engineering iPSCs derived PLT by manipulation of
HLAs and HPAs

and easily manipulated. Moreover, iPSCs don’t have ethical
issues. Thus, these cells have more advantageous than HSCs
and ESCs. Many studies have been done for PLT production
from iPSCs. Although numbers of them have been succeeded
in producing functional PLTs, none of them could achieve to
the high efficient and large scale production. So more studies
are needed to find a new strategy to produce enough and effi-
cient functional PLT for clinical purposes. Generally, modifi-
cations in culture systems such as using multiphase culture can
improve cell expansion, production of high-ploidy MKs and
promoting PLT production. Moreover, improvement of physi-
cal strategies along with other biochemical strategies can help
large scale generation. Advances in culture chamber and using
rotary 3D culture system instead of static condition could pro-
mote efficiency of PLT generation. Likewise, development of
turbulent flow-based bioreactors that physically mimics the
in vivo environment help thrombopoiesis that led to increase
quality and quantity of industrial-scale generation. A Key step
toward the industrial-scale generation of iPSC-derived PLTs
is expansion of MK lines that solves the problem of storage.
Moreover, EB formation method that can gradually produce
many hematopoietic cells are a good choice as start point for
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iPSCs differentiation. The discovery of small molecules and
effective substances which can control self-renewal, lineage
differentiation and reprogramming could strikingly improve
the efficiency.

To prevent complications of repeated PLT transfusions
autologous PLT can be helpful, but it has some limitations
that cause consider to allogenic PLT. Of course, using allo-
genic PLT has also the problem about allo-reactivity related
to HLA Class I that producing f2M null iPSCs-universal
PLT and HLA-matched PLT line bank can solve the prob-
lem. Although the alloreactivity of NK cells has not been
proved after PLT transfusion, it may occur after HLA Class
I null PLTs transfusion due to the “missing self” response.
KO of HLA class I using CRISPR/ Cas9 system can reduce
the immune response without NK cell activation and paired
CRISPR/Cas9 nickases can decrease risk of off-targets
related to CRISPR/CAS9 system. Although frequency of
PTR associated to incompatible HPA is lower than HLA
class I, converting SNPs of HPA by CRISPR/ Cas9 system
can suppress alloimmune responses related to incompatible
HPA.

Ultimately, iPSCs can be a safe and unlimited source to
supply the required PLT for clinical applications but efforts
should be continued for high efficient and large scale pro-
duction. iPSC-based PLT products have yet to be confirmed
in humans, but since PLTs are non-proliferating anucleate
cells with minimal genetic aberrations, it is hoped that using
in vitro produced PLTs in clinic will come true soon.
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