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Abstract: Blood transfusions are the mainstay in modern clinical modalities. The worldwide spread blood banks secure the supply of 
various blood components which solely depend upon voluntary paid/unpaid donor.  According to the WHO reports present collections 
and supply of safe/adequate blood is inadequately distributed among economically developed and developing countries.  Further, blood 
transfusions are prone to a number of risks/ adverse reactions that may be imposed due to inefficient blood screening and processing 
methods and put extreme supply constraints, especially in the underdeveloped countries. In past few years stem cells from different 
sources are demonstrated to give rise to the significant amount of functionally mature erythrocytes, platelets and neutrophils by using a 
cocktail of growth factors under standard culture conditions.  Therefore, a logistic approach to ex vivo manufacturing of erythrocytes (& 
other blood components) through modern tissue culture techniques has surfaced in the past few years. Ex vivo expansion of erythrocytes 
to generate transfusable units of clinical grade RBCs from a single dose of starting material (e.g. umbilical cord blood) has been well 
established. More and more information is coming from the various research groups showing the use of other potential sources (e.g. 
embryonic stem cells, induced pluripotent stem cells, and stress induced erythroid progenitors), different cocktails of growth factors, 
methodologies to get optimal yields of the functional RBCs/ blood cells. One can imagine that with the advent of more defined methods 
for large-scale production of blood cells the existing system of donor derived blood supplies could be replaced in future.  However, 
various regulating factors should essentially control the fate of large-scale production of RBCs including issues related to the quantity/ 
quality and per unit cost of these products. These issues would be solved with the invention of more automated culture techniques such 
as the use of bioreactors and identification of more direct molecular agents regulating all phases of their ex vivo generation such as 
stem cell proliferation, differentiation, and maturation  of final products. Recent studies have shown the possibilities of generating 
several hundred units of erythrocytes by using continuously feeding hollow fiber bioreactors along with other types of bioreactors. Even 
more, the functionality and acceptability of ex vivo cultured RBCs is demonstrated by their in-human transfusion which provides 
essential motivation to develop more sophisticated methods/culturing techniques to pave the way for commercial production of blood 
components at a feasible cost. 
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1. Introduction 

Modern clinical modalities revolve around blood bank 
system which is an inevitable part of almost all the surgical 
interventions and support all kinds of blood transfusion
needs [1].  According to the WHO reports about103 million 
blood units are collected across the globe every year [2]. 
However, huge discrepancies occur among economically 
developed and developing countries as their accessibility to 
safe and adequate blood supplies are concerned.  The people 
living in developing countries have limited supplies of safe 
blood as compared to the economical developed countries.   
Developed countries have a small population (15% of the 
global population) but have access to more than 50% of the 
total global blood collection/supplies per annum.  WHO 
reports states a higher rate of blood donations scored 
(>30,000 annual blood donations/per blood center) by ∼8000
blood centers scattered in 159 high-income countries [3]. 
This indicates that safe and sufficient blood units are 
comparatively easily available in the developed countries 
and the blood collection seems to be sufficient for the time 
being at least. While, the situation is not so comfortable in 
economically developing countries where only 3700 blood 
collections per center are reported.  Further, almost~ 80% of 
the world population resides in these countries which reduces 
the per person availability of the adequate blood supplies up 
to a significant level. This is reported by WHO showing that 
there are only 10 donations per 1000 people in the 82 low 

income and middle income countries [4].  The situation is 
worsened due to inefficient screening facilities available in 
most of the underdeveloped countries. It is reported that ~39 
countries lack efficient screening facilities for most severe 
transfusion-transmissible infections (TTIs) viz. HIV, 
hepatitis B, hepatitis C, and syphilis [4]. Further, only 106 
countries are equipped with national blood transfusion 
guidelines and   only 13% of the low-income countries have 
established a national haemovigilance system to monitor the 
quality of the transfusion processes. An important fact is that
the proportion of elderly population is rapidly growing most 
developed countries (>60 years old) and in the absence of 
young donors it would be difficult to meet the demands for 
blood transfusions even in the developed countries by the 
year of 2050 [5]. 

In the absence of sufficient blood inventories, it would be 
hard to find exact match for >30 blood group system with 
308 recognized antigens including ABO & Rh antigens [6].
In addition, there are demands for rare phenotypic blood, 
patients with various hemoglobinopathies, polytransfusion 
patients and polyimmunization which put more constraints 
on the present donor derived blood supply system across the 
globe [4]. Although, there are few reports showing 
procedures to develop universal blood group by using 
antigen masking and/or enzymatic cleavage techniques but 
these methods are not yet developed properly [7]. Apart from 
these supplies related problems, the association of various 
types of adverse reactions with the donor derived blood 
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supplies system has been challenging the clinicians to find 
more suitable alternatives to avoid these problems. Although, 
a number of testing, preclinical precautionary measures are 
taken to avoid any infectious agent   [e.g., HIV-1, HIV-2, 
HTLV-1, HTLV-2, Hepatitis B, Hepatitis C, Syphilis (T
pallidum), Chagas disease (T cruzi), and West Nile Virus, 
Cytomegalovirus (CMV)], but blood transfusions are often 
subjected to cause several complicated situations [1, 3-4].
These adverse reactions/complications are reported to causes 
delayed cure rate with prolonged hospitalization periods and 
may further raise the overall cost of treatment [3]. For the 
last few years, researchers have been trying to find various 
non-donor derived sources such as artificial blood. However, 
the majority of artificial blood molecules such as 
hemoglobin-based oxygen carriers or perfluorocarbon 
solutions remains inefficient oxygen carriers and thus have 
limited functional application [8-12]. 

Another more promising approaches are the ex vivo 
expansion of erythrocytes from stem cells.  As discussed in 
the later sections of the article a number of protocols have 
been derived showing a significant amount of functionally 
matured RBCs by using different types of stem cells. 

Figure 1: Various approaches in use for Ex vivo RBCs 
expansion: Ex vivo generation of transfusable units of RBCs 

can be done through different source materials and 
methodologies as shown above. CD34+ HSPCs (may be 

isolated from CB, PB, and BM), ESCs/IPSCs derived 
erythroid progenitors, and highly expanding erythroid 

progenitors due to stress erythropoiesis are equally potent 
but the overall yield, degree of maturation, methodologies 

used are differently developed by various research groups Ex 
Vivo Erythropoiesis and Different Approaches

The first report came from Nakamura and his colleague who 
demonstrated survival of lethally irradiated mice through 

transfusion of erythroid progenitors/ cells which was 
generated by ex vivo differentiation of Embryonic Stem cell 
line (ESCs) [13].

These findings tempted many researchers who eventually 
developed various protocols to derive functionally matured 
erythrocytes from different types of stem cells viz.  CD34+ 
HSCs, Embryonic stem cells, and IPSCs based methods 
(Figure 1). The clinical utility of cultured RBCs was 
established through proof-of-concept study by Giarratana et 
al, who shown first in-human blood transfusion of ex-vivo 
generated RBCs [14]. These studies indicated that expansion 
of erythrocytes from stem cells could become a powerful 
tool to solve the problems of blood supply shortages and 
other associated issues. With the advent of more suitable 
efficient culturing protocols a regular mass scale production 
could be feasible in near future. However, a number of 
relevant issues need to be defined to ensure the sufficient 
yields of transfusable RBCs units through these protocols. 
Fortunately, people have demonstrated possibilities of 
numerical expansion of erythrocyte/ precursors by using 
similar techniques. Umbilical cord blood-derived CD34+ 
cells can be expanded ~ 2 million fold to give rise to 
enucleated erythroid cells that are equivalent to ∼0.5 
transfusion units of donor derived blood [15]. Similarly, 
UCB derived CD34+ are reported to generate ~10 
transfusion unit equivalents of RBCs by a technically 
complex protocol [16]. Although, these primitive methods 
are not best suitable for the large scale commercial 
production, but their potential up gradation to scale-up the 
overall production would become feasible in near future. 
Another lacuna is the sub-optimal enucleation efficiency of 
RBCs population generated by these protocols indicating 
their incomplete functional maturation.  However, it is 
believed that these nucleated RBCs precursors, cellular 
intermediates/nucleated erythroid precursors generated 
through ex vivo expansion methods may also be of use if 
transfused. It is proposed that these maturing nucleated cells 
along with enucleated erythrocytes can support the cellular 
content at the time of transfusion and may also give rise to 
functionally matured cell by proliferating into 4–64
enucleated RBCs in circulation. This is supported by reports 
showing functional maturation of cellular 
intermediates/nucleated erythroid precursors in vivo on post-
transfusion through their interaction with internal factors 
regulating their maturation. There are further studies both in 
human and animal models showing similar reports [15, 17].
This is also supported by several clinical reports showing 
occasional use of compatible Cord Blood (40-80 ml/4–7
×1010RBCs and 2–8 ×109 erythroblast cells) for transfusion 
in emergency situations [17].

These reports support the feasibilities of regular ex vivo 
RBCs expansion to overcome different clinical short-comes 
that exist because of supply constraints. However existing 
technological barriers need development of more automated 
and efficient ex vivo expansion methods for large scale 
production. In order to enhance the present scale of RBCs 
production a more cost-effective and timely automated ex 
vivo culture approaches are required. This is possible if we 
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have an in-depth knowledge of the various regulatory 
elements and their mode of action playing axial role in 
almost all of these methods demonstrated so far. 

The present article focuses on the various approaches 
developed for ex vivo erythrocyte expansion and other 
important regulatory elements to discuss the fate of large-
scale RBCs production. 

During past few decades considerable progress has occurred 
in the understanding and therefore developing methods for 
biological control over the expansion of erythrocytes from 
hematopoietic stem cells. This information is very well 
exploited to generate terminally differentiated, fully 
functional RBCs [18]. There are different types of stem cells 
such as CD34+ HSPCs, Embryonic stem cells/induced 
pluripotent stem cells, and immortalized erythroid precursors 
which can be differentiated into erythroid lineages by using 
almost similar/overlapping protocols (Figure2). The overall 
ex vivo expansion process may be categorized into three 
broad phases Such as phase I: -commitment, phase II: 
expansion, and phase III: maturation or enucleation. Recent 
studies has demonstrated transdifferentiation (directly 
differentiating of human fibroblast cells into erythroblasts) to 
bypass the HSPC state (Figure3) [19]. These reports are 
promising and a detailed technical evaluation of their 
potential to generate large-scale RBCs would be helpful in 
establishing the essential guidelines. 

Figure 2: An overview of the methodologies/protocols: Ex 
vivo RBCs expansion/ manufacturing blood may involve 
various phases such as depicted above. Phase 1deals with 
the initial source material collection from a variety of source 
material(s).these cells grown are on the basis of their 
availability, suitability, and expansion potential in medium 
generally supplemented with growth factors to enhance 
HSCs proliferation: subsequently, phase II entails culture of 
these cells in the presence of Erythropoietin to induce their 
differentiation and maintenance into erythropoietic 
progenitor stage. The final Phase has been described to 
support their maturation. Here, Erythropoietic progenitors 
may be co cultured with murine/human stromal cell line 
support to induce their maturation and enucleation resulting 
into mature RBCs. These RBCs are evaluated for their 
biochemical properties and various antigenic profiles to 
ensure their nativeness.

2. The Fate of Blood Production is Regulated 
by Various Factors 

Efforts are being made develop optimal production methods 
by controlling different variables of ex vivo RBCs expansion 
procedures. There are a number of important factors which 
may be summarized as follow: 

1) Issues related to the initial source material 
2) Quantitative issues 
3) Growth factors and their optimal uses 
4) Biophysical and biochemical parameters 
5) Issues related to the antigenic profiling 
6) Ethnicity-related issues 
7) Issues related to the enucleation efficiency of cultured 

RBCs 
8) Production cost 

The most important factor is the initial source material for 
various methods that are being explored for large scale RBCs 
production. An ideal source material would be a discarded 
material (reducing production cost), available in abundance, 
possess high potential to give rise to final product i.e. 
matured RBCs. and non-immunogenic. Most of these criteria 
fits well with umbilical CB which is easily available and 
have been used to produce sufficient amount of transfusable 
RBCs. 

Another important factor is the extremely huge quantity of 
any blood component that would be required to produce. For 
example, RBCs are present in 2×1012 cells/unit (200ml of 
blood) with an expected cell density of 3×106 cells/ml. In 
order to support global population a mammoth amount of 
blood units (e.g. >103 million units) would be an essential 
requirement. Considering the present ex vivo expansion 
technologies an extremely large amount of ingredients and 
adequately skilled manpower would be an inevitable 
requirement. This is hypothesized that a cell density of 5×107

cells/ml should be produced regularly to support this much 
demand. It is estimated that production of single unit of 
blood through present static culture methods will require 660 
liters of culturing medium and 9500 lab scale 175cm2

culturing flasks (70ml medium/flask) [20-22]. This indicates 
the need for more automated 3D culture techniques to ensure 
such high production efficiency. 

Fortunately, use of bioreactors may be helpful in reducing 
both the culturing assets and associated labor. This could 
help researchers achieve required cell density with limited 
efforts. It is reflected from the reports showing production of 
large density of RBCs in a wave bioreactor [22]. 

Similar results are reported (cell density of 107 cells/ml) by 
using a small-scale stirred bioreactor [23]. Further, a massive 
yield of 2×108 cells/ml was produced in a hollow fiber 
bioreactor [24]. The point is that with the advent of the 
technology these 3D bioreactors may be scaled up with to 
produce desired units of RBCs in 3–4 weeks of time. Thus it
seems feasible to produce large amounts of RBCs, but before 
that many factors such as degree of cell maturation and 
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various cultural parameters should be defined in detail. Next, 
there are few reports showing the preliminary data on direct 
transformation of stem cells into the erythropoietic lineages 
which will dramatically reduce both the time and cost of 
production. For example, generation of erythropoietic cell 
lines from ESCs/IPSCs through reprogramming of any 
somatic cells directly into erythroblasts using suitable genes 
is reported by some researchers. Cheng’s group has reported 
in humans that the differentiated erythroid cells obtained 
from human embryo might be used as a potential initial 
source for RBCs production [25-26]. 

In brief, it is conceivable that limited production of RBCs 
may take place in near future. The upcoming advancements 
in the existing tissue/ cell culture technology and 
identification of most efficient source materials would ensure 
sufficient ex vivo expansion of RBCs/ other blood cells in a 
regular fashion. The quality issues of these products may be 
resolved with the development of highly stringent, 
comprehensive quality control, analytical measures.  As 
discussed earlier, all types of stem cells (e.g. CD34+ HSCs, 
hESCs and, iPSCs) have enough potential to support the 
production of clinical grade blood cells in huge quantities 
and invention of more efficient source materials like 
erythropoietic hESC cell lines which can be directly 
transformed/induced to generate erythrocytes,   would  
further ensure the unlimited supply these products. Since a 
number of growth factors are used in these protocols and the 
molecular mechanisms involved in various stages of ex vivo
erythropoiesis governed through these growth factors is not 
precisely defined. The exploration of these fundamental 
processes would be helpful in developing pharmacological 
alternates for the various stages of erythropoietic 
development. 

Next, use of new pharmacological alternates can further 
simplify the production processes for clinical grade blood by 
removing the need for feeder cells and thus may help in 
reducing the unexpected risks associated with their use due 
to undefined immunogenic and infectious exposures. The 
omission of feeder cells from these methods is not only 
essential for the generation of GMP products but is also 
required to simplify the commercial scale production 
methods.  Use of straightforward and simple procedures may 
also be helpful in reducing the cost of production.  
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