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A B S T R A C T   

A shortage of blood during the pandemic outbreak of COVID-19 is a typical example in which the maintenance of 
a safe and adequate blood supply becomes difficult and highly demanding. So far, human RBCs have been 
produced in vitro using diverse sources: hematopoietic stem cells (SCs), embryonic SCs and induced pluripotent 
SCs. The existing, even safest core of conventional cellular bioproducts destined for transfusion have some 
shortcoming in respects to: donor –dependency variability in terms of hematological /immunological and pro
cess/ storage period issues. SCs–derived transfusable RBC bioproducts, as one blood group type for all, were 
highly complex to work out. Moreover, the strategies for their successful production are often dependent upon 
the right selection of starting source materials and the composition and the stability of the right expansion media 
and the strict compliance to GMP regulatory processes. In this mini-review we highlight some model studies, 
which showed that the efficiency and the functionality of RBCs that could be produced by the various types of 
SCs, in relation to the in-vitro culture procedures are such that they may, potentially, be used at an industrial 
level. However, all cultured products do not have an unlimited life due to the critical metabolic pathways or the 
metabolites produced. New bioreactors are needed to remove these shortcomings and the development of a new 
mouse model is required. Modern clinical trials based on the employment of regenerative medicine approaches in 
combination with novel large-scale bioengineering tools, could overcome the current obstacles in artificial RBC 
substitution, possibly allowing an efficient RBC industrial production.   

1. The choice of starting source materials and the contributing 
role of non-hematopoietic cell types 

The main source materials for the production of RBCs in vitro are: 
a) Haematopoietic stem cells (HSCs) obtained from the bone marrow 

(BM) [[1,2],[1,2]] 
b)Umbilical cord blood (UCB)-derived SC [2,3] 
c)Peripheral blood (PB)-derived SC (either steady state or mobilized) 

(3) 
d) Pluripotent stem cells (PSCs) (3) 
e) Embryonic stem cells (ESCs) (3) 
f) Induced pluripotent stem cells (iPSCs) [3,4]. 
These types of SCs can, differentiate into RBCs via culture protocols 

consisting of three main stages: commitment, expansion and maturation 
[[1–5],[1–5]].The RBCs produced should be evaluated in vivo for sur
vival, functionality, and safety [6]. The reported studies, so far, have 
been performed in mouse models. To ensure survival of the cultured 

RBCs, the animal should be a cross-species permissive host. This is 
achieved by inducing a state of immunodeficiency. The most common 
and novel animal models used are the chronically anemic SCID, the 
NOD/LtSz-SCID and the IL-2Rγc null (NSG) mouse a strain of a 
NOD/SCID derived line that is among the most immunodeficient animal 
models described to date. These are used for evaluating whether the 
ex-vivo generated RBCs are able to recapitulate the conditions of clinical 
transfusion settings. For example, an anemic mouse is most appropriate 
to study the oxygen delivery of cultured RBCs, whereas a deeply 
immunodeficient mouse is better suited for studies that question the 
survival of transplanted cells [7]. Clearly, human trials are far more 
complicated, and to date, there is only one report of testing manufac
tured RBCs on a single human recipient [8–13]. 

1.1. Ex- vivo generation of RBCs from HSCs 

One of the most well-characterized somatic SC in adult humans is the 
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HSC, which resides in the bone marrow [5]. Somatic SCs are present in 
most tissues of the adult body and they control the continuous produc
tion of differentiated cell types in highly regenerative tissues. The 
self-renewal and maturation characteristic of SCs is controlled by their 
surrounding microenvironment, which is composed of various cell types 
including MSCs as well as stromal cells which contribute to the forma
tion of the HSC niche [14]. From an immunophenotypic point of view, 
HSCs express the CD34 antigen. CD34+ cells can also be isolated in 
smaller amounts from peripheral blood (PB), and cord blood (CB) [5]. 
The ability of those cells to promote ex-vivo erythropoiesis has been 
studied by many research teams. The protocols include addition of 
specific combinations of growth factors to the cell culture medium in a 
sequential fashion [9,10,15].The role played by MSCs and other cell 
types from the BM microenvironment has been investigated in several 
reports [14]. 

Initially, Neildez-Nguyen et al. reported the generation of RBCs from 
HSPCs isolated from CB. The culture method involved the cytokines Flt3 
ligand, thrombopoietin, stem cell factor, erythropoietin, and insulin like 
growth factor I, added at three sequential culturing steps. The produc
tion of erythroid precursors was characterized by low enucleation effi
ciency (4 %) and expression of foetal haemoglobin (HbF). The cells 
could further differentiate into enucleated RBCs in vivo by injection into 
NOD/SCID mice [16]. Three years later, Giarratana et al. used a similar 
three-step culture protocol that included feeder stromal cells of murine 
origin (MS-5 cell line) in an attempt to recapitulate the BM milieu. Under 
these conditions, either CB or PB HSPCs produced enucleated RBCs at 
high rates (up to 100 %), which survived normally post infusion in 
NOD/SCID mice. The amplification was tenfold higher for CB HSCPs 
(106) compared to PB HSPCs (105). However, this promising method is 
not clinically applicable due to the enormous demand in culture area 
(approximately 150 km2) and the consequent lack of cost-effectiveness 
[8,15]. In 2011 the same group reported the proof of principle for 
transfusion of ex- vivo manufactured RBCs starting from PB 
CD34+HSPCs in a human. Their survival in- vivo was comparable to that 
of native RBCs (half-life of 26 days versus 28 ± 2 days for the native 
RBCs). Despite the small number of RBCs produced by this method 
(equivalent to 2 mL of packed RBCs), the study remains a major step 
forward since it was the first case of a clinical grade cultured product 
that was tested successfully in human [8]. Satisfactory RBCs expansion 
from CB HSPCs has also been shown following co-culture with BM- or 
CB-derived MSCs. The enucleation levels were approximately 64 %. 
Despite the fact that the feeder cell co-culture system provided high 
expansion and enucleation rates in cultured cells, it has many drawbacks 
such as difficulties in isolating pure, non-contaminated RBCs, the pres
ence of xenogeneic cell types (when cells of murine origin are used), 
variability in CD34+ expansion and issues of allogenicity when human 
MSCs are used. Undoubtedly, the adaptation of feeder-free protocols 
could reduce both cost and the complexity involved. Towards that end, 
many protocols have been developed and optimized, with a production 
level of up to 2 × 108 RBC in bioreactors. Moreover, high-yield results 
were recapitulated by using an FBS-containing culture medium in a 
roller bottle culture system. By similar robust expansion processes, it 
could be feasible to produce over 500 units of RBCs starting from one CB 
unit (5 × 106 CD34+cells). Finally, in an attempt to develop a feeder 
layer- and FBS-free culture process, Poloxamer 188 (a polymer with 
cytoprotective function against hydrodynamic stress) has been applied, 
which showed a high enucleation rate (95 %) and enhanced survival of 
mature RBCs [17]. What has become clear from those studies was that 
CD34+from different sources exhibit different erythropoietic potential. 
Interestingly, coculture with stromal cells proved to stimulate the pro
liferation of HSCs, as well as to improve the efficiency of RBC 
maturation. 

The utilization of circulating HSCs from the PB is challenging, since it 
is easier and less labor intensive than BM. HSC can be collected either in 
a steady state condition or after G-CSF priming [10–12]. Researchers 
have developed an in-vitro RBCs production protocol from PB and 

proved the therapeutic potential of generated RBCs both in the pre
clinical and clinical settings [18]. 

However, although PB CD34+would be an ideal source for 
manufacturing autologous RBCs (especially in cases with alloimmuni
zation or rare blood groups) the low number of circulating HSPCs 
(without GSCF mobilization) and their lower expansion potential pose 
limitations for routine clinical adaptation. 

1.2. Ex- vivo generated RBCs from ESCs 

Embryonic stem cells (ESCs) are derived from the inner cell mass of 
blastocysts, namely, of mammalian embryos at an early developmental 
stage [3]. ESCs, when kept in culture under certain conditions, have the 
potential of indefinite self-renewal without differentiation. However, 
when allowed to differentiate back into a host blastocyst, they maintain 
the ability to generate cells of all three germ layers. ESCs from human 
sources (hESCs) are generated after in-vitro fertilization; the major 
disadvantage of using these ESCs is the ethical issues that arise from 
their origin, and hence, limitations of integrating them into clinical 
applications. HESCs have the advantage of being able to divide 
approximately 300 times while retaining their normal karyotype, plu
ripotency and full-length telomeres [3]. Differentiation of ESCs begins 
when factors that specifically contribute to the maintenance of the SC 
state, are withdrawn. Three basic methods are used to trigger differen
tiation: (i) formation of three-dimensional colonies, the embryoid bodies 
(EBs), (ii) co-culturing with stromal feeder cells and (iii) culturing on a 
layer of extracellular matrix proteins [3]. 

The ability of hESCs to differentiate into haematopoietic cells and 
thus, to the erythroid cell line, was studied with protocols involving EB 
formations and a co-culture system [9–12]. The stromal cells used in 
most experiments were derived from non-human cell lines. The 
EBs-based systems resulted in erythropoiesis that morphologically 
resembled the stage of definitive erythropoiesis, except for Hb that was 
of embryonic or foetal stage. Initially, the authors managed to isolate 
haemangioblasts, namely bipotential precursors of haemopoietic and 
endothelial cells, which could differentiate into multiple haemopoietic 
lineages including erythroid. Two limitations were observed, namely the 
lack of enucleation and the expression of foetal Hb. An improved pro
tocol by the same group led to enucleation of 65 % of cells and 
expression of adult Hb after prolonged culture in a proportion of cells 
(15 %). By applying this protocol, however, only 1010-1011 108 RBC 
were developed, compared to the unit of packed RBCs that contains 
approximately 2 × 1012cells [8,9]. 

Definite erythropoiesis (enucleation along with adult Hb expression) 
and robust RBC expansion remain an issue when ESCs have been used as 
the primary source of cells. According to many studies, culture time 
lengthening or forcing the expression of transcription factors involved in 
erythropoiesis, e.g. RUNX1a or HOXB4, would enhance the expression 
of beta-globin genes [19]. Finally, a more efficient, serum- and 
feeders-free potential system for differentiation has also been validated. 

1.3. Ex- vivo generated RBCs from iPSCs 

Generation of induced pluripotent stem cells (iPSCs) was based on 
the methodology developed by Yamanaka’s laboratory in 2006; iPSCs 
were produced by reprogramming somatic cells back to inner cell mass- 
like cells through forced experimental expression of a set of four genes 
(Oct3/4, Sox2, c-Myc and Klf4) [4]. Human iPSCs may derive from any 
somatic cell and behave similarly to hESCs; they are capable of 
self-renewal, large-scale expansion and differentiation into all cell types 
of the three germ layers in vitro. The major advantage of iPSCs over 
ESCs, however, is that they can be produced from any cell type thus, 
allowing selection of the donor’s phenotype without posing the ethical 
dilemmas related to using ESCs. On the other side, the main disadvan
tage of iPSCs is that in efficient reprogramming may lead to a mix of fully 
and partially reprogrammed cells and thus, to a far from perfect 
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technology to pluripotency. Several iPSC generation protocols that 
involved strategies for avoiding viral transfer of genes have been 
developed, the most recent and encouraging of which refer to entering 
key genes into the cell via episomal carriers, synthetic RNA transcripts 
and through recombinant proteins. Protocols used for ex -vivo expansion 
are similar to those of ESCs and include formation of EBs or use of 
co-cultures with feeder cells. Establishment of iPSCs from dermal fi
broblasts of a Bombay blood type individual was first reported in 2009, 
by applying the Yamanaka’s technique [3]. The pluripotent SC had the 
characteristics of hESCs: they could differentiate into all three haemo
poietic cell lineages and expressed HbF. In 2010 Lapillonne et al. 
designed, for the first time, a two-step cell culture protocol for the direct 
commitment of foetal and adult fibroblast-derived human iPSCs to 
definitive erythropoiesis. Despite success in reprogramming, the 
amplification and enucleation rates differed significantly compared to 
those involving ESCs (10 % vs 66 %). Moreover, Hb synthesis was 
blocked at the stage of HbF, independently of the origin of the reprog
rammed cells [20]. As shown later, iPSCs can achieve terminal matu
ration in terms of enucleation in-vitro, but complete maturation, in 
terms of both enucleation and the Hb switch happens only in-vivo, that 
is, in an adult haematopoietic microenvironment, following injection 
and maturation of progenitors into NOD/SCID mice in situ. Thus, the 
iPSCs can walk all the erythroid way ahead toward full maturation but 
not under the current in vitro differentiation context. Mature RBCs were 
kept in circulation for four days and the total cell number generated 
from 1 × 106iPSCs was 15–28,3 × 108RBCs. To improve enucleation 
rate, inhibition of specific miRNAs (i.e. miR30 A) was proposed. Recent 
advances in the scale-up production include: a) development of a good 
manufacturing practice (GMP)-compatible, feeder-free and serum-free 
method that takes advantage of small molecule effectors to specifically 
promote erythroid differentiation of hPSCs (with a potential to generate 
50.000–200.000 erythroid cells from one HSPC) and, b) application of 
expanded cultures of iPSCs and ESCs in spinner flasks. ESCs seem to be 
superior to iPSCs in terms of expansion and enucleation rate, but still, 
both sources are inferior to the potential of CB and PB CD34+cells, 
posing thus limitations for scale up production necessary for clinical 
applications. 

1.4. Immortalized cell lines 

Robust and reproducible erythroid precursor immortalization tech
niques may finally provide efficient numbers of viable and functional 
RBCs for clinical use in-vitro. The first demonstration of the feasibility of 
using immortalized human erythroid progenitor cell lines as an ex -vivo 
source for producing RBCs came in 2013, by using the HPV16-E6/E7 
oncogene and forced expression of the transcription factor TaL-1 that 
is essential for early haemopoiesis. Nakamura’s laboratory developed 
cell lines able to produce enucleated RBCs (though at a low efficiency) 
with functional Hb after differentiation in vitro [21]. An immortalized 
erythrocyte progenitor cell line was also developed by the transduction 
of c-MYC and BCL-XL into multipotent HSPC-derived from pluripotent 
SCs. Differentiation was achieved by turning off the overexpression of 
those factors. The cells expressed HbF and showed high rates of 
enucleation following injection into NOD/SCID mice. 

In 2017, Trakarnsanga et al. generated the first human immortalized 
adult erythroid line (BEL-A) by introducing the HPV16 E6/E7 oncogenes 
into BM CD34+cells [22]. BEL-A RBCs had biochemical and structural 
features of normal erythropoiesis and developmental potential to func
tional, enucleated reticulocytes that survived in vivo expressing mainly 
HbA. In 2020, the first proof of principle for the feasibility of scaling up 
erythroblast expansion in controlled bioreactors by using the ImEry cell 
line was reported [23]. These cells were derived from immortalizing 
CD71+ CD235a+ erythroblasts isolated from adult PB. The generated 
RBCs seemed to share common metabolic and functional characteristics 
with those of adult RBCs [23]. 

2. The obstacles that need to be overcome 

The erythroid cells that are intended for use in clinical applications 
must be produced at a large scale and at a terminal differentiation state. 
It is well established that the culture conditions affect the proliferation 
potential of the cultured progenitor erythroid cells as well as their 
enucleation capability. Conditions such as the kind and the concentra
tion of growth factors or the timing of their administration in the three- 
step culture system mentioned above, seem to have a significant impact 
on the efficiency of enucleation; these conditions need to be optimized 
and further defined. 

Deep knowledge of peptides and molecules that play an integral role 
in definite erythropoiesis and their supply exogenously (or counterpart 
imitators, such as the erythroid macrophage peptide or VCAM-1) could 
induce enucleation through ligand-receptor interactions. Additionally, 
for an optimization of the differentiation process and stable enucleation 
in vitro, mifepristone (an antagonist of glycocorticoid action), or factors 
involved in vesicle trafficking have been applied in the culture systems. 
In the same context, histone acetyltransferases or histone deacetylases 
involved in chromatin remodeling, and caspases involved in apoptosis 
could also serve as possible targets for the in vitro modification of the 
enucleation process. However, chromatin remodeling factors are non- 
specific, affect many genomic regions and might be able to either 
downregulate genes which are vital to cell functions or activate silenced 
oncogenes. The long-term consequences of using such agents require 
further assessment. 

Beyond culture conditions, usage of feeder cells has the potential to 
enhance maturation and optimize cell population expansion, but the 
presence of foreign material sets essential restrictions on clinical appli
cations since (i) the cost is higher due to the huge number of stromal 
cells required, (ii) the technique is more complicated, and (iii) the 
stromal cell lines carry the risk of contamination by xenogeneic patho
gens [7,8,12]. In addition, the common static culture conditions have 
failed to reach the required expansion of ex vivo generated RBCs. A 
major step forward has been materialized with bioreactors that allow 
three-dimension cell growth and consequent increments in production 
yields [24]. It seems that the best way to increase the production of RBCs 
would be the generation of committed cell lines derived from the ideal 
stem cell source, that is, a cell population able to provide unlimited 
proliferation. Genetic manipulation of these cell lines is unlikely to be an 
obstacle to their clinical application, provided that the cells are 
enucleated. This can be ensured by filtration or by irradiation. More
over, in order to maintain genetic and epigenetic stability of the cell 
lines, periodic controls should be performed on their genotype [21]. 

2.1. Functional issues 

During the ex vivo production of RBCs, additional controls are 
required for testing the multiple physical and biochemical factors that 
characterize the final product. The manufactured RBCs mostly resemble 
the native RBCs that are generated under stress conditions, since they 
are slightly macrocytic and express greater amounts of HbF, a fact that 
clearly affects the oxygen dissociation curve. However, transfusing HbF- 
containing RBCs may not be contraindicated taking into account the fact 
that subjects with hereditary persistence of foetal Hb (HbFH) are 
asymptomatic and moreover, an increase in HbF expression is the aim of 
targeted therapies in patients with haemoglobinopathies, such as sickle 
cell disease. In contrast, the metabolic pathways and the proteome of the 
produced RBCs show a high degree of similarity to the native RBCs, 
indicating that the manufactured cells have a closer affinity with their 
native counterparts at those functional levels. Nevertheless, differences 
have been reported depending on the stem cell sources used. Another 
consideration is the high heterogeneity of the expansion and enucleation 
potentials, as well as of the Hb type that is expressed. Indeed, both hESC- 
and iPSC-derived cells have low enucleation capability and express 
mainly embryonic and foetal globin genes. Additionally, the reported 
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yields from these sources are lower in comparison to those reported from 
HPSCs. 

2.2. Scaling issues 

The use of bioreactor systems has enabled scale up culture of HSCs 
and erythroid cells. The clinical application of RBCs generated ex-vivo 
requires mass production (1012 cells/unit) of a safe and functional 
product at an acceptable cost. The calculated cost ranges from 
8000–15,000 USD if hPSCs serve as a source [25]. Use of low-cost media 
and reagents, replacement of culture media with small molecules, 
omission of the feeder cells and generation of erythropoietic cell lines, 
may result in a more cost-effective product. Safety issues, such as acci
dental transmission of harmful agents and immunogenic reactions, may 
be overcome if the protocols used for the production of ex vivo RBCs 
comply with Good Manufacturing Practice (GMP) [11,12,15]. 

2.3. Clinical applications 

Manufactured RBCs from selected donors are currently applied as 
reagent RBCs for antibody identification in alloimmunized patients, and 
as a vehicle for drug delivery. The design of clinical trials for testing 
transfusion of ex-vivo generated RBCs should be careful since there are 
still several inconsistencies in the procedures and the protocols. In vitro 
generated RBCs should be compatible with ABO and Rhesus antigens (a 
sum of eight antigens), suggesting that eight different erythroid cell lines 
would be sufficient to supply the transfusion demands of the majority of 
the world’s population [22]. It is anticipated that ten clones of human 
iPSCs representing the most common RBC phenotype combinations 
could meet the need for transfusion of 99.43 % of alloimmunized pa
tients [20]. Alternatively, RBCs can be produced by using healthy O Rh 
negative or Bombay blood type donors or by applying innovative tech
niques which omitting blood group antigens (enzymatic cleavage or 
antigen masking), thus providing universal RBCs for all recipients [15]. 
It is a fact that this innovative medical product has stimulated scientific 
interest, and as research continues in this direction, it is anticipated that 
RBCs production ex vivo will definitely become a significant tool in the 
field of transfusion therapy in the near future. The first clinical appli
cation of in vitro generated RBCs would be in rare blood groups and 
chronic transfusion dependent patients. 

3. Concluding remarks 

Major advances in haematopoiesis in general and of erythropoiesis in 
particular, and the continual evolution in the scientific and technolog
ical tools, have made the in-vitro generation of RBCs for transfusion 
feasible in the near future. However, further improvements are still 
necessary in order to achieve this goal in full as a proof-of-principle, ex 
vivo production of RBCs with the functional characteristics of native 
RBCs has been achieved. It is a matter of cost-efficient scaling to allow 
this technology to reach clinical applications, and in this leap forward, 
industrial development will have a major role for successful production 
and therapeutic substitution of transfusable SC- derived RBCs. 

Clearly, clinical trials are far more complicated and to date there is 
only one report of testing manufactured RBCs on a single human recip
ient. With regard to future perspectives, we believe that the functionality/ 
safety aspects of cultured products still need a step by step, in process 
validation of several factors, i.e. the influence of filtration, pathogen 
reduction treatment, closed system centrifugation, and storability of the 
final product. It is conceivable that modern quality tools such as molec
ular (OMICS) may provide further insights, possibly contributing to 
implementing the short- and long-term safety of artificial cultured transfu 
sable cells. It is our hope that artificial intelligence combined with human 
intelligence, may have major impact in big data analysis [26]. Finally, we 
believe that modern clinical trials based on novel regenerative medicine 
approaches in combination with innovative large-scale bioengineering 

tools as a part of an industrial production could overcome the current 
obstacles to artificial RBCs substitution [27]. 
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