
Vol.:(0123456789)1 3

International Journal of Hematology (2023) 117:349–355 
https://doi.org/10.1007/s12185-022-03512-8

PROGRESS IN HEMATOLOGY

Ex vivo manufacturing of platelets: beyond the first‑in‑human clinical 
trial using autologous iPSC‑platelets

Si Jing Chen1  · Naoshi Sugimoto1 · Koji Eto1,2

Received: 31 October 2022 / Revised: 5 December 2022 / Accepted: 6 December 2022 / Published online: 27 December 2022 
© Japanese Society of Hematology 2022

Abstract
Platelet transfusion is a common clinical approach to providing platelets to patients suffering from thrombocytopenia or 
other ailments that require an additional platelet source. However, a stable supply of platelet products is challenged by aging 
societies, pandemics, and other factors. Many groups have made extensive efforts toward the in vitro generation of platelets 
for clinical application. We established immortalized megakaryocyte progenitor cell lines (imMKCLs) from human induced 
pluripotent stem cells (iPSCs) and achieved clinical-scale manufacturing of iPSC-derived platelets (iPSC-PLTs) from them 
by identifying turbulent flow as a key physical condition. We later completed the iPLAT1 study, the first-in-human clinical 
trial using autologous iPSC-PLTs. This review summarizes current findings on the ex vivo generation of iPSC-PLTs that 
led to the iPLAT1 study and beyond. We also discuss new insights regarding the heterogeneity of megakaryocytes and the 
implications for the ex vivo generation of iPSC-PLTs.
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Introduction

Platelets are anucleate blood cells derived from megakar-
yocytes and play crucial roles in the maintenance of blood 
vessel integrity and also suggested in various immune 
responses and cancer physiology [1]. Platelet transfusions 
are the common clinical approach to providing platelets to 
patients suffering from thrombocytopenia or other ailments 
that require an additional platelet source [2, 3]. These trans-
fusions are entirely reliant on blood donors as the source of 
platelets. However, blood supplies are challenged by recent 
pandemics and aging societies, in which younger donors are 
rarer and therefore less able to meet the demand. In addition, 

the resulting platelet products have a short shelf life and, in 
cases of alloimmune platelet transfusion refractoriness (allo-
PTR), must be compatible for human leukocyte antigen class 
I (HLA-I) or human platelet antigen (HPA) [4]. These limita-
tions have motivated the development of alternative platelet 
sources from human induced pluripotent stem cells (iPSCs).

Given that human iPSCs can be expanded and differenti-
ated into potentially any cell type, extensive efforts have 
been made to differentiate iPSCs to platelets [5, 6]. Theo-
retically, iPSC-derived platelets (iPSC-PLTs) generated 
ex vivo can also address the issues inherent to donor plate-
lets by reducing the risk of recipient exposure to infectious 
pathogens and selecting or engineering the iPSCs to reduce 
immunogenicity.

Based on the establishment of immortalized megakaryo-
cyte progenitor cell lines (imMKCLs) from iPSCs [7] and 
the development of turbulent flow-based bioreactors [8] and 
novel drugs [6], we started the iPLAT1 study, the first-in-
human clinical trial using autologous iPSC-PLTs in 2019 
[9, 10]. This review summarizes current findings on the 
ex vivo generation of iPSC-PLTs that led to the iPLAT1 
trial and also discusses new insights regarding the cellular 
heterogeneity of megakaryocytes and their implications in 
the ex vivo generation of iPSC-PLTs.
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iPLAT1: The first‑in‑human clinical trial using 
autologous iPSC‑PLTs

Allo-PTR, which is caused by alloantibodies against 
HLA-I and HPA, is a serious clinical issue present in about 
5–15% of platelet transfusion patients [4]. These patients 
require HLA-I/HPA-compatible platelet transfusions and 
thus face serious logistical challenges [4]. To provide a 
compatible platelet product for an aplastic anemia patient 
in Japan with allo-PTR due to anti-HPA-1a antibodies and 
without a compatible platelet donor due to a rare HPA-
1b/1b type, we developed an ex vivo production system 
for autologous iPSC-PLTs [9, 10]. We then performed an 
extensive non-clinical evaluation of the master cell bank 
(MCB) and iPSC-PLTs to confirm the safety, quality, and 
efficacy of the cells [9]. Compared with donor platelets, 
iPSC-PLTs were larger but showed comparable function 
[10].

In the iPLAT1 study (Table 1), autologous iPSC-PLTs 
were administrated sequentially at three escalating doses 
up to 1 ×  1011 (1/2 the dose of a standard transfusion in 
Japan) [10]. Regarding the primary endpoint of safety, the 
patient did not present any significant clinical symptoms 
[10]. Unexpectedly, no increase in the corrected count 
increment was observed after the transfusions, but the 
existence of larger platelets was confirmed in peripheral 
blood, suggesting their circulation. This outcome could 
be attributed to the difficulty in detecting small increases 
over the high baseline platelet count, the suboptimal 

observation times for detection, less circulation due to 
early coagulation, or some other cause [10]. Nevertheless, 
we believe the iPLAT1 study marks a significant milestone 
for the clinical application of iPSC-PLTs and the regenera-
tive medicine field.

Ex vivo generation of iPSC‑PLTs for clinical 
application

Since the first description of an in vitro culture for the gen-
eration of human platelets and the cloning of human throm-
bopoietin (TPO) and its receptor c-MPL [11], significant 
effort has been spent on developing systems for megakar-
yocyte differentiation, mainly starting from hematopoietic 
stem/progenitor cells (HSPCs) [12–14]. This effort has led 
to research toward the generation of functional platelets from 
human iPSCs, which are potentially an inexhaustible source 
for ex vivo manufacturing [6–8, 15, 16].

Establishing expandable megakaryocyte progenitor 
cell lines from iPSCs

In the direct hematopoietic differentiation of human pluri-
potent stem cells, we found a unique expression pattern of 
c-MYC, in which the gene was expressed at the megakaryo-
cyte proliferation stage but then suppressed at the matura-
tion stage [17]. Accordingly, we established immortalized 
megakaryocyte progenitor cell lines (imMKCLs) by over-
expressing c-MYC together with anti-senescent BMI-1 

Table 1  Outline of the first-in-human clinical trial of autologous iPSC-derived platelets

Contents

Name Clinical study of autologous transfusion of iPSC-derived platelets for thrombocytopenia (iPLAT1)
Purpose To verify the safety of the autologous transfusion of platelets made from the peripheral blood mononu-

clear cells (PBMCs) reprogrammed into iPSCs of a patient with aplastic anemia complicated by platelet 
transfusion refractoriness

Number of patients One
Experimental design Single-center, open-label, uncontrolled dose escalation study

The patient received three dose cohorts
 Cohort 1: 0.5 JPN units (1×1010 platelets, 2019.5.22.)
 Cohort 2: 1.5 JPN units (3×1010  platelets, 2019.8.21.)
 Cohort 3: 5.0 JPN units (1×1011 platelets, 2020.1.22.)

Cell process PBMCs were collected from the patient and reprogrammed into iPSCs. The iPSCs were then differenti-
ated into a megakaryocyte cell line that was stored frozen as a master cell line. The master cell line was 
thawed, proliferated, and differentiated into platelets. The platelets were purified, concentrated, washed, 
irradiated and finally transfused into the patient

Follow-up period One year from the time of the final transfusion 
Endpoints Primary: safety (frequency and extent of adverse events)

Secondary: efficacy (platelet count) 
Outcomes Primary: No significant clinical symptoms or signs were observed

Secondary: No increase in platelet count, but larger platelets (iPSC-PLTs) were detected by flow cytometry
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and anti-apoptotic BCL-XL genes in human iPSC-derived 
HPCs [7]. In this Tet-On inducible expression system, the 
proliferation and maturation stage can be switched by the 
addition and removal of doxycycline (DOX) (Fig. 1) [18]. 
Because imMKCLs are cryopreservable, they are suitable 
as master cells for ex vivo iPSC-PLT production. However, 
only less than 5% of iPSC clone-derived imMKCLs continu-
ously proliferate. By profiling the transcriptional differences 
in several clones, we found that the proliferation arrest is 
correlated with the expression of specific cyclin-dependent 
kinase inhibitors and the silencing of CDKN1A and p53 
improves the stable establishment of imMKCLs [19]. Devel-
oping methods to establish stable imMKCLs should expand 
the application of iPSC-PLTs extensively.

Identification of turbulent flow as a key condition 
for platelet generation

An in vivo imaging study identified shear stress in bone mar-
row blood flow as crucial for platelet release from mega-
karyocytes [20]. Based on this concept, various bioreactors 
were developed to recapitulate flow-dependent shear stress 
in in vitro platelet generation systems [13, 21–23], but the 
production efficiency and platelet quality fell far short of 
realizing clinically applicable levels.

In our later in vivo live imaging analysis of mouse bone 
marrow megakaryocytes with flow dynamic visualization, 
we found that megakaryocytes actively generating platelets 
were exposed to turbulent flow, leading to the development 
of a novel turbulence-controllable bioreactor [8]. We fur-
ther identified turbulent energy in addition to shear stress as 

determinant hydrodynamic parameters of platelet production 
[8]. By adopting a novel turbulent flow-based system with 
optimal levels of shear stress and turbulent energy produced 
by a vertical reciprocal-motion stirrer, we achieved the clini-
cally required hundred billion-order scale of “healthy” plate-
let manufacturing [8].

Developing drugs to promote ex vivo platelet 
generation

The utilization of recombinant TPO in clinical trials was 
stopped due to the immunogenicity [24]. Accordingly, TPO 
mimetics have been developed for clinical use, and we have 
developed TA-316, a chemically synthesized c-MPL agonist 
that favors megakaryocyte-biased differentiation from bone 
marrow  CD34+ hematopoietic stem cells (HSCs) in vitro 
and promotes the proliferation and maturation of imMKCLs 
comparable to recombinant TPO [25].

Compared with in vivo thrombopoiesis, megakaryocytes 
differentiated in vitro generate far fewer platelets. Thus, 
many groups have searched for chemicals that improve 
megakaryocyte maturity and subsequent platelet release 
[6]. We identified that an aryl hydrocarbon receptor (AhR) 
antagonist combined with a ROCK inhibitor markedly pro-
motes platelet production from imMKCLs under feeder-free 
conditions [8]. AhR antagonists are known to promote HSC 
expansion [26] and increase the number of proplatelet-
generating megakaryocytes [27]. In addition, we developed 
KP-457, which prevents the cleavage activity of a disinteg-
rin and metalloproteinase 17 (ADAM17), blocking CD42b 
(GPIbα) shedding [28]. These achievements enabled the 

Fig. 1  Expansion and platelet production of imMKCLs. The imMK-
CLs are established by the sequential introduction of c-MYC and 
BMI1 genes followed by the BCL-XL gene into human iPSC-derived 
hematopoietic progenitor. These transgenes were under the control 
of a Tet-On system, which allowed doxycycline to switch imMKCLs 
from a self-renewing proliferation phase (DOX-ON) to a platelet-

producing maturation phase (DOX-OFF). In DOX-ON stage, human 
stem cell factor (SCF), TPO receptor agonist (TA-316) and doxycy-
cline are applied, while in subsequent DOX-OFF stage, SCF, TA-316 
along with AhR antagonist, ROCK inhibitor and KP-457, a selective 
ADAM17 inhibitor, are applied for platelet production in feeder-free 
conditions
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development of a feeder-free culture condition with addi-
tive cocktails (Fig. 1) to realize clinical-scale iPSC-PLT 
manufacturing. Meanwhile, we established a fluorescence 
microscopy platform to evaluate megakaryocyte maturity by 
monitoring the expression of β1-tublin, a main cytoskeletal 
component of the cytoplasm in mature megakaryocytes [29]. 
Using this platform, we further identified a series of com-
pounds that may further facilitate megakaryocyte maturation 
and subsequent platelet production from imMKCLs [29].

GMP‑based production and preclinical assessment 
of autologous iPSC‑PLTs

One of the major risks associated with cell therapies is the 
potential emergence of tumors after administration [30]. 
Platelets are considered safe in terms of tumorigenic risk 
since they do not contain a nucleus. However, this assump-
tion is only valid when all nucleated precursor cells have 
been removed from the transfusion product. Therefore, in 

iPLAT1, after iPSC-PLTs were produced based on good 
manufacturing practice (GMP) using certified pathogen-
free imMKCLs as the MCB, they were gamma irradiated 
(25 Gy) to eliminate any tumorigenicity potential [9, 10]. 
The MCB was established from patient iPSCs and, to pro-
duce autologous iPSC-PLTs from the MCB, we set up a 
production system comprised of a 23-day DOX-ON expan-
sion phase, 6-day DOX-OFF platelet production phase, 
and final 1-day purification-washing-packaging phase 
(Fig. 2) [9]. Before the clinical trial took place, the safety 
and quality of the iPSC-PLTs were assessed through mul-
tiple preclinical tests in vitro and animal models follow-
ing consultation with the Japanese Pharmaceuticals and 
Medical Devices Agency (PMDA) [9, 10]. The toxicity 
and mutagenicity of any additives used in the production 
process were also tested. Thus, our study could serve as a 
comprehensive reference for the development of cell prod-
ucts which use iPSC-derived progenitor cells as an MCB.

Fig. 2  Overview of the GMP-
grade production of iPSC-PLTs. 
iPSCs are reprogramed from 
patient-derived somatic cells, 
then imMKCLs are established 
and stocked frozen as master 
cell bank (MCB). Upon need, 
a vial of MCB is thawed, and 
after sufficient expansion in 
DOX-ON culture, transferred 
to the bioreactor (VerMES) to 
yield platelets in DOX-OFF 
conditions. The platelets includ-
ing media are concentrated, 
separated, washed, and pack-
aged as transfusion products, 
followed by radiation for 
eliminating tumorigenicity of 
remaining imMKCLs
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Heterogeneity of megakaryocytes 
and implications for ex vivo platelet 
generation

MegakaryocyteS exist as a heterogenous population that 
differ in size, ploidy, and location. Classically, megakaryo-
cytes per se were considered as just the source of plate-
lets, but megakaryocytes have several other functions [31, 
32]. Specifically, they regulate HSC function by secreting 
cytokines such as TGF-b, FGF-1, and CXCL4 (PF4) [33]. 
Further, emerging evidence has supported the notion that 
megakaryocytes participate directly in immunity, as they 
express multiple receptors that sense pathogens and pre-
sent antigens, release cytokines, and engage with other 
immune cells [34]. Megakaryocytes also possess antiviral 
immunity by producing interferon (IFN)-induced trans-
membrane protein 3 (IFITM3) to limit viral infections 
[35]. In the COVID-19 pandemic, a megakaryocyte subset 
was associated with the presence of cytokine storms [36] 
and an increased response in IFN-activated megakaryo-
cytes was identified as a hallmark of severe cases [37]. 
Interestingly, the immune function of megakaryocytes 
likely depends on where they reside, as megakaryocytes 
in the lungs exhibit an immune-skewed gene expression 
signature compared with those in the bone marrow, and the 
immune phenotype of mouse lung MKs is similar to that 
of antigen-presenting dendritic cells [38–40].

Recent research has revealed that these diverse func-
tions depend on specialized megakaryocyte subsets. The 
subsets have been characterized by single-cell transcrip-
tome profiling of embryonic megakaryocytes isolated from 
human yolk sacs/fetal livers [41] and adult bone marrow 
[42, 43]. Although distinct morphology and molecular sig-
natures of human megakaryocytes from different develop-
ment sites have been observed [44], both embryonic and 
adult megakaryocytes exhibit similar cellular heterogene-
ity with transcriptionally distinct subpopulations, which 
can be simplified as platelet-generating, HSC niche-sup-
porting, and immune subpopulations [41, 43]. Importantly, 
the embryonic megakaryocyte subpopulation with immune 
properties is likely generated through a distinct trajectory 
[41], suggesting the emergence of megakaryocytes with 
distinct functions following a genetically programmed 
lineage ontogeny. Notably, the cellular heterogeneity of 
megakaryocytes may result in platelet heterogeneity with 
consequences on platelet function [1].

Given that imMKCLs may partially recapitulate the 
heterogeneity of primary megakaryocytes and possess 
immune properties, imMKCLs, the competent source for 
iPSC-PLTs, should be further investigated with regards 
to functional and cellular heterogeneity if they are to be 
considered master cells. Although significant progress has 

been made in understanding the heterogeneity of human 
megakaryocytes, little is known regarding the key molecu-
lar events/pathways that regulate the heterogenous ontol-
ogy. Our established iPSC-derived megakaryocyte pro-
genitor models, including imMKCLs, are useful tools for 
these studies and may inspire the studies on the heterog-
enous ontology of megakaryocytes. The ability to explore 
the immune properties of iPSC-derived megakaryocyte 
models will expand our understanding of megakaryocyte 
cell biology and facilitate the development of therapeutic 
and diagnostic strategies using patient-derived iPSCs.

Conclusions

In this review, we provide an update on the ex vivo genera-
tion of platelets from iPSCs that led to the iPLAT1 study. 
Following this research, in 2022, the first-in-human clinical 
trial using allogenic human iPSC-derived HLA homozygous 
platelets was initiated. Using the same imMKCL system, 
we have also succeeded in generating HLA class I-depleted 
iPSC-PLTs, which can serve as a single off-the-shelf product 
[45]. These advances should greatly contribute to the world-
wide supply of transfusable iPSC-PLTs at low cost. Despite 
these significant advances, however, many challenges remain 
such as the heterogeneity of the imMKCL master cells.
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