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Abstract

Red blood cells (RBCs) and platelets derived from stem cells are possible solutions to the

increasing demand for blood transfusion. Based on the availability of stem cells, their rela-

tively defined differentiation mechanisms, and the massive exploration of induction sys-

tems, the generation of RBCs or platelets in vitro from cord blood hematopoietic stem/

progenitor cells (CB-HSPCs) has potential for clinical applications. However, information

on the clinical translation of stem cell-derived RBCs and platelets in the literature and at

the ClinicalTrials.gov website is very limited. The only clinical trial on cultured RBCs, which

aimed to assess the lifespan of RBCs cultured in vivo, was reported by Luc Douay and col-

leagues. Of note, the cultured RBCs they used were derived from autologous peripheral

blood HSPCs, and no cultured platelets have been applied clinically to date. However, CB-

HSPC-derived megakaryocytes, platelet precursors, have been used in the treatment of

thrombocytopenia. A successful phase I trial was reported, followed by phase II and III clin-

ical trials conducted in China. In this review, the gap between the many basic studies and

limited clinical trials on stem cell-derived RBCs and platelets is summarized. The possible

reasons and solutions for this gap are discussed. Further technological improvements for

blood cell expansion and maturation ex vivo and the establishment of biological standards

for stem cell derivatives might help to facilitate the therapeutic applications of cultured

RBCs and platelets derived from CB-HSPCs in the near future.
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Significance statement

This article reviews the progress in producing red blood cells (RBCs) and platelets from human

cord blood hematopoietic stem/progenitor cells (HSPCs) and relatively limited reports on the

clinical trials with cultured RBCs and megakaryocytic progenitors. The goal is to figure out the

hurdles in clinical translation of CB-HSPC-derived RBCs and platelets, as well as to propose bio-

logical standards for these stem cell derivations in clinical applications. Technical improvement

together with the establishment of biological standards might help to achieve therapeutic appli-

cations of cultured RBCs and platelets.
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1 | INTRODUCTION

Cord blood hematopoietic stem/progenitor cells (CB-HSPCs) have

been utilized in hematological disease management and malignant

cancer therapies. Transplanted HSPCs can develop into all kinds of

blood cells, including red blood cells (RBCs), platelets and immune

cells. Correspondingly, blood cells derived from HSPCs in vitro may be

an alternative to blood donation when regular blood supplies are low

due to numerous reasons.

The major limitation of standard blood transfusion is inadequate

blood resources. According to an investigation of global blood safety

and availability, the unmet need for transfusion in 2017 was 102 mil-

lion blood product units.1 Standard blood product transfusions are

also susceptible to infectious pathogens and leucocyte transfer, caus-

ing a series of refractory reactions.2 Immunologic incompatibility,

owing to ambiguous phenotype identification, is another factor under-

lying the adverse reactions to standard transfusion. Therefore, innova-

tive blood resources, such as CB-HSPC-derived functional blood cells,

are needed to further improve transfusion therapies.

As a specific type of stem cell that has been indicated to produce

blood cells for therapeutic use, CB-HSPCs hold some advantages in

blood cell manufacturing over other types of stem cells. (a) The hema-

topoietic hierarchy is clear, and the factors that dominate the lineage

differentiation of these stem cells are largely well defined after

decades of research, thereby making lineage-specific induction easily

accessible. (b) CB is relatively rich in HSPCs (approximately 1% of

CD34+ cells can be obtained from CB MNCs), and the convenient

and noninvasive harvesting of CB makes CB-HSPCs readily available.3

(c) Extensive CB banking makes seed cells with matched special blood

types or human leukocyte antigens (HLAs) available. Of note, their

limited proliferation ability and remaining bloodborne pathogens

should be considered when CB-HSPCs are utilized as a blood cell

source.

In this review, we discuss the clinical application of RBCs and

platelets derived from human CB stem cells; we specifically discuss

the development of criteria for promoting the translation of these

cultured blood cells.

2 | ACHIEVEMENTS OF BASIC STUDIES
ON THE IN VITRO DERIVATION OF RBCs
AND PLATELETS FROM CB-HSPCs

2.1 | Cultured RBCs from CB-HSPCs

To generate special blood cells, stepwise induction protocols are com-

monly applied to imitate microenvironment alterations during devel-

opment. For RBC generation, protocols have mostly been developed

from studies reported by Neildez-Nguyen et al in 2002 and include

HSPC expansion, erythroid lineage commitment and full maturation

and enucleation.4 A stepwise cytokine cocktail supplement is the key

feature of the protocol, and feed cells are indispensable for the final

enucleation step. However, Miharada et al utilized a feeder-free

method and successfully obtained enucleated erythrocytes with the

aid of human serum with the AB blood type and mifepristone in the

final step.5 To date, complete enucleation with CB-HSPC-derived

erythrocytes remains difficult without the addition of feeder cells or

serum.6 To improve the outcome of cultured RBCs (cRBCs), pol-

oxamer 188 (Pluronic F-68) was added to protect enucleated cells7;

melanocortins, such as ACTH39, ACTH24 and α-MSH, were proven

to induce efficient erythroid expansion,8 and a roller bottle bioreactor

was reported to yield up to 2.5 � 108 erythrocytes from one CB

CD34+ cell.9

2.2 | Deriving platelets from CB-HSPCs

The strategies for megakaryocyte differentiation are similar to those

for RBC induction. Using a 2-step protocol, as an HSPC expansion

step followed by megakaryocyte induction and maturation, Guan et

al reported that one CB CD34+ cell could produce up to 1 � 104

megakaryocytes.10 The main evolution of platelet derivation in vitro

is the platelet production stage. Ito et al utilized a turbulence-

produced bioreactor to imitate shear stress from sinusoidal blood

vessels, which constitutes the native microenvironment for megakar-

yocyte maturation and platelet release. Approximately 70-80 plate-

lets per megakaryocyte can be generated by this system, which has

thus far yielded the best platelet outcome in vitro. Of note, these

megakaryocytes were derivatives of human induced pluripotent

stem cells (iPSCs).11 Furthermore, optimization of the platelet induc-

tion system also includes an extracellular matrix-mimicking

component-coated scaffold, such as Matrigel, composed of Von Wil-

lebrand factor (VWF) and fibrinogen, which act to capture megakar-

yocytes and produce platelets. However, the quantity and quality of

platelet production must be further improved to meet clinical

requirements. The challenges of separating platelets from megakar-

yocytes and inducing contact platelet activation are additional fac-

tors that must be considered in the future.

2.3 | Lessons learnt from blood cell induction with
pluripotent stem cells

The generation of RBCs and megakaryocytes/platelets in vitro can

also be fulfilled using pluripotent stem cells (PSCs), which include

embryonic stem cells (ESCs) and iPSCs. As it is lined out previously,

compared with CB-HSPCs, PSCs are superior in expansion potential

and gene editing feasibility. The iPSC-derivations can even avoid

immune rejection since these cells are autologous origin. However, to

derive blood cells from PSCs is relatively low efficacy and less

mature.12,13 People are still endeavoring to figure out the best stem

cell source for blood cell induction.14 A parallel compare of the intrin-

sic difference of stem cells and different induction approaches might

help in generation of clinical-scale blood cells. Besides, cord blood
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bank may give benefit to the establishment of iPSCs with defined

genetic profiles and further hematopoietic cell deriving.15

2.4 | Novel strategies for special transfusion
demands

Although CB-HSPCs have substantially more amplification potential

than peripheral blood (PB)-HSPCs, their products still do not meet the

dramatic requirements of transfusion medicine. Numerous approaches

are currently under investigation, including providing a microenviron-

ment for CB-HSPC self-renewal and targeting defined molecules to

achieve ex vivo expansion. Natural conditions for HSPC growth can

be imitated by adding soluble cytokines, culturing feeder cells and

using biomaterials as a matrix.16,17 Gene modification of the key regu-

lators of stem cell self-renewal and cell fate decisions, such as

DUSP16 and HOXB4, has also been utilized in the context of HSPC

expansion.18 Recent progress on the optimization of HSPC expansion

was based on the advantage of small molecules that function in stem

cell self-renewal, such as StemRegenin 1 (SR1) and UM171.19

Researchers are also devoted to generating immortalized erythroid

and megakaryocytic progenitors for continuous blood cell expansion

and generation.20,21

Patients harboring minor blood group antigens or alloimmunity

against HLA class I molecules are usually refractory to standard blood

products. The screening, expansion and direct lineage differentiation

of CB-HSPCs from CB banks might be a solution for these patients.

On the other hand, with the aid of gene-editing techniques, blood

group gene knockout for the generation of universal RBCs and HLA I-

related gene modification for better platelet transfusion response

have been achieved in induced pluripotent stem cells (iPSCs) and

immortalized erythroid progenitors, and these might be applicable for

CB-HSPCs.22-24

2.5 | Animal models for preclinical stem cell
product evaluation

The survival, functionality, and safety of cultured RBCs and platelets

should be evaluated in animal models before being investigated in

clinical trials. To date, immunodeficient mouse models, including

chronically anemic SCID, NOD/LtSz-SCID and IL-2Rγc null (NSG)

mice, are commonly used.25 However, achieving long-term survival of

human RBCs and platelets in heterologous models remains difficult,

especially due to rejection from macrophages. Clodronate liposomes

for macrophage depletion were shown to improve the recovery of

human RBCs and platelets in mouse circulation.26,27 A recent study

also reported the establishment of a humanized mouse model, by

knocking in five human cytokine genes into Rag2�/�Il2rg�/� mice,

and replacing mouse liver with human hepatocytes by the aid of

fumarylacetoacetate hydrolase (Fah) gene knock out. The duration

of human RBCs circulation was improved in these MISTRGFah

mice.28

3 | CLINICAL TRANSLATION OF
CULTURED RBCs AND PLATELETS

3.1 | Clinical trial with cRBCs

Blood transfusion is the conventional method for the treatment of

thalassemia, chronic aplastic anemia and radiotherapy- or

chemotherapy-derived anemia. Blood transfusion is also broadly appli-

cable as a supportive treatment for genetic and autoimmune diseases.

Compared with the high demand for RBCs, only one clinical trial on

stem cell-derived RBCs has been reported to date. Considering the

massive concentration of RBCs in the human body [males: (4.5-5.5) �
1012/L; females: (4.0-5.0) � 1012/L], the substantial difficulty of cul-

turing these cells in vitro hampers the application of cRBCs.

A pioneer study was reported in 2011 that indicated the possible

therapeutic usage of cRBCs (registration number NCT0929266 at

ClinicalTrials.gov).29 In this study, the researchers used HSPCs iso-

lated from autologous PB premobilized with granulocyte colony-

stimulating factor (G-CSF). RBCs were developed from HSPCs in the

culture system, which included only basic medium and cytokine cock-

tails, and a 61 500 ± 7600-fold expansion was achieved from CD34+

HSPCs. Subsequently, 1010 cRBCs labeled with 51Cr were transfused

back into the donor and detected in circulation for several weeks. The

half-life of the infused cRBCs was approximately 26 days, which is

very close to the reported half-life of 28 ± 2 days for native RBCs.

HSPCs isolated from mobilized PB were used as the seed cells in

this study. However, the author noted that CB-HSPCs might be better

for manufacturing RBCs since they can generate 5- to 10-fold more

RBCs and proliferate better than PB-HSPCs, while their enucleation

capacities are similar. PB-HSPC-derived RBCs may have been utilized

in the first clinical trial instead of CB-HSPC-derived RBCs because of

the possible rejection risk of CB derivatives during allogenic transplan-

tation. This limitation can be overcome by using fully enucleated

RBCs, from which genetic material has been eliminated for infusion,

and only a regular blood-type matching assay is required under such

circumstances.

3.2 | Clinical trials with cultured megakaryocytes

Thrombocytopenia caused by chemotherapy or radiotherapy com-

monly occurs and is potentially fatal, and platelet transfusion is one of

the only available treatments. Megakaryocytes are progenitors

of platelets and are much easier to handle than platelets at the pro-

genitor cell stage. Using an alteration of the platelet transfusion proto-

col, Xi et al explored the feasibility and safety of CB-HSPC-derived

megakaryocytic progenitor cells (MPs) for the treatment of thrombo-

cytopenia.30 In this phase I study, mononuclear cells (MNCs) were iso-

lated from CB and incubated in cytokine-defined megakaryocytic

differentiation medium. Based on surface marker expression, 8% to

77% CD41+ MPs were obtained from 14 days of culture, and the

median cell number was increased by 73.5-fold. Twenty-four patients

received an infusion of 5.45 � 106 MPs/kg approximately 14 days
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after the completion of chemotherapy, and a positive effect was pre-

liminarily observed, especially in patients who received multiple

rounds of high-dose radiotherapy and chemotherapy. The 1-year

follow-up examinations showed that patients had no adverse effects

after infusion and did not experience acute/chronic graft-vs-host-

disease (GVHD) during the follow-up period, even without ABO blood

group and HLA type matching, suggesting that infusion of CB-derived

MPs is safe and feasible for the treatment of thrombocytopenia.

In this phase I study, standardized protocols were developed for cell

collection, separation, large-scale preparation, transportation and infusion

to make cultured MPs clinically applicable. In addition, a quality control

protocol was established for cultured MPs that included the evaluation

of apoptosis-related gene expression, telomerase activity, chromosome

karyotypes, cell viability and tumorigenicity. Functional-related items

were also evaluated by the colony forming unit-MK assay, and the MP

content in the injection was determined by surface marker expression.

The MP injection was certified by the Chinese Institute of Phar-

maceutical and Biological Products. The clinical trial was approved by

the State Food and Drug Administration (SFDA, approval number:

2006 l00711), and a supplementary approval document (approval

number: 2009b00528) was obtained in 2009. In accordance with the

new policy requirements, follow-up phase II and III studies were con-

ducted under a multicenter cooperation agreement and with the class

III medical device license issued by the Ministry of Health of the Gen-

eral Logistics Department in 2011. And in 2014, this advanced-stage

trial is registered under NCT02241031 at ClinicalTrials.gov.

4 | HURDLES AND SOLUTIONS
REGARDING THE TRANSLATION OF
CULTURED RBCs AND PLATELETS

By analyzing the progress made on the clinical translation of CB-

HSPC-derived RBCs and platelets (or their progenitors), we found a

gap between benchtop studies and bedside applications that is widely

prevalent throughout the entire field of stem cell translational medi-

cine. To date, nearly 8000 clinical trials on stem cells have been regis-

tered and implemented internationally, but more than 80% of these

trials are still in phase I/II, and only a small portion have entered phase

III/IV. The lack of standards for stem cell and stem cell derivative

sources, isolation, operation, quality control, administration, in vivo

tracing, safety and efficacy evaluation have created technical prob-

lems for stem cell therapies. Reliable stem cell therapies require the

implementation of policies regarding the regulation of stem cell clini-

cal trial management, approval and access.

Cell product quantity and quality are technically the major problems

regarding the culturing of RBCs and platelets. RBCs represent a quarter of

the total body cell count,31 and an RBC transfusion unit contains

2.5 � 1012 cells. Although the protocols for inducing the differentiation of

RBCs from HSPCs are well established, the blood cell culture density does

not exceed 106/mL, and approximately 2500 L of medium are therefore

needed to culture a unit of RBCs.32 The substantial cost and labor required

to produce such a large number of RBCs make their manufacture very

difficult, and technique breakthroughs are required for the final clinical

translation of cRBCs. In fact, the development of hollow-fiber perfusion

systems,33 fed-batch systems34 or WAVE bioreactors35 with enhanced

gas exchange, metabolic waste removal and growth factor supplementa-

tion has shed light on erythrocyte culture at a high density. Additionally,

RBCs are genetically safe because they lack nuclei, and enucleation

enables their flexibility during transport in capillary vessels. Complete

cRBC enucleation is very valuable but difficult to achieve without feeder

cells or serum. A component-defined culture system is required to avoid

unknown antigenicity from the infusion. To this end, an improved culture

system or purification method for enucleated RBCs is required. Alterna-

tively, erythroid progenitors may also be applicable when critical cell qual-

ity control and blood-type matching are performed before transfusion.

The major problem regarding the application of cultured platelets is

the low rate of platelet generation from megakaryocytes cultured in vitro.

A recent study using immortalized megakaryocytic progenitors and biore-

actors that produced turbulent shear stress provided suggested solutions

for large-scale platelet manufacturing.11 As shown in the pioneering MP

injection study, platelet progenitor transfusion is possible in patients who

encounter thrombocytopenia at defined times (eg, after timed chemo-

therapy and radiotherapy). With this process, platelet recovery was

observed after the homing and persistent maturation of infused MPs.

Aside from innovative basic research on cRBC and platelet appli-

cations that resolves technical hurdles, the policies and regulations of

stem cell therapy are lagging. Similar to other stem cell therapies, reg-

ulations of the following aspects should be established: safety (tumor-

igenicity, immune rejection, etc), effectiveness (stem cell source,

indication selection, differentiation protocols, tracing, etc), controlla-

bility (technical standards, quality control standards, process flow,

operator qualification, access management, hardware standards, third-

party quality control, etc) and ethical issues (informed consent for

stem cell therapy, clinical trial grouping, etc). Hopefully, the matura-

tion of stem cell society and improvement of stem cell therapeutic

policies will lead to the generation of stem cell products.

5 | SUGGESTED STANDARDS FOR THE
CLINICAL APPLICATION OF cRBCs AND
PLATELETS

The quality control system for RBCs and platelets generated from

human CB stem cells remains in its infancy, probably due to the lim-

ited consensus, flexible in vitro manufacturing processes, inadequate

characterization of products and lack of a validated quantitative con-

trol assay for these manipulated cell types before they

are administered to patients. Although an approved consensus has

not been reached and quality specifications or standards have not

been established for the regulation of stem cell-based blood cell

products, quality management protocols should be followed regard-

ing donor screening, interprocess monitoring, and comprehensive

quality evaluations of cell products at the end of the manipulation

process to ensure the safety and efficacy of these manufactured cell

products. In principle, the protocol for manufacturing stem cell-
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derived RBCs and platelets for human use should comply with good

manufacturing practice (GMP). Furthermore, as cell therapy products,

RBCs and platelets generated from stem cells should be of sufficient

quality to comply with the general quality control guidelines of cell

and gene therapies,36,37 including those regarding cell identification,

purity, safety and efficacy.

Cell identification and purity: Special attention should be paid to

the flexibility and heterogeneity of stem cell-derived blood cell prod-

ucts. The possible contamination of irrelevant cells during the tissue

culture and purification of CD34+ HSCs should be assessed after

MNC separation and HSC purification, respectively. During the expan-

sion and induction process, cell identification assays, including

polyploidization and phenotyping analysis, are performed to deter-

mine the proportions of cells at different developmental stages at dif-

ferent induction times, which can help to optimize the manufacturing

process. In the final products, in addition to the intended cell type, the

proportions of unintended cell contents, such as HSCs, monocytes,

granulocytes, lymphocytes, erythroid cells (for platelet products) and

megakaryocytic cells, should be defined for RBC products.

Safety: It is strongly recommended that the following critical qual-

ity attributes of product safety be addressed. Microbial contaminants,

including bacteria, fungi, mycoplasma, and exogenous and endoge-

nous viruses of human and nonhuman origin, should be routinely

monitored throughout the manufacturing process. CB should be

screened and subjected to microbiological safety validation before

being separated and purified. MNC separation and HSC purification

and induction are recommended to be conducted in automatic facili-

ties to eliminate the risk of contamination from frequent operations.

Tumorigenicity should be evaluated based on tumor formation in sus-

ceptible animals in vivo and supplemented with several in vitro assays,

such as tumor-related gene screening, colony formation assays and

telomerase activity assays. Owing to the sustained use of recombinant

cytokines and small-molecule chemicals during the stem cell-based

blood cell product manufacturing process, acceptable levels of these

residual cytokines and chemicals, especially additives that pose a risk

to humans, should be quantitatively defined and determined in each

final product lot.

Efficacy: The functional properties of stem cell-derived RBCs and

platelets should be characterized sufficiently in both preclinical stud-

ies and clinical applications. In terms of RBC products, their functions

posttransfusion are affected by the hemoglobin type (HbA or HbF),

hemoglobin concentrations in the recipient, enucleation potential,

and cell maturation level.13 To evaluate the functions of stem

cell-generated megakaryocytic precursors and platelet products, the

platelet-shedding potency of megakaryocytes and the activation and

aggregation capacity of platelets need to be assessed in vitro. The

therapeutic efficacy of stem cell-generated RBCs and platelets should

be validated in relevant animal models.

In the final products of these manipulated cell formulations that

are ready for human use, other quality parameters, including the cell

number, cell viability, components, cytokine and supplement residues,

osmotic pressure, and pH, should be monitored, and endotoxin tests

should be performed.

Preclinical safety assessments should be incorporated that com-

prise evaluations of acute and chronic toxicity, survival/engraftment,

biodistribution and ectopic differentiation, immunogenicity and

immunotoxicity. If the final cell products are intended for allogeneic

applications, HLA matching for platelets and blood-type matching

for RBCs should be considered before clinical use. All the above

quality control strategies will help to further guarantee the safety

and efficacy of stem cell-based blood cell products in clinical

applications.

6 | CONCLUSION

The clinical application of RBCs and platelets derived from CB hema-

topoietic stem progenitor cells is promising for the replacement of

donated blood in the future. Two pioneering clinical trials that

assessed cRBCs and cultured megakaryocytic progenitors uncovered

the translation of stem cell derivatives. However, technical hurdles

remain that must be overcome to ensure the optimal quality and

quantity of cultured RBCs and platelets. Additional policy develop-

ment with regard to stem cell therapy together with strict criteria for

stem cell derivations will further advance the clinical application of

stem cell products.
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