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Erythropoiesis is a vital process governed through various factors.There is extreme unavailability of suitable donor due to rare phe-
notypic blood groups and other related complications like hemoglobinopathies, polytransfusion patients, and polyimmunization.
Looking at the worldwide scarcity of blood, especially in low income countries and the battlefield, mimicking erythropoiesis using
ex vivo methods can provide an efficient answer to various problems associated with present donor derived blood supply system.
Fortunately, there are many ex vivo erythropoiesis methodologies being developed by various research groups using stem cells as
the major source material for large scale blood production. Most of these ex vivo protocols use a cocktail of similar growth factors
under overlapping growth conditions. Erythropoietin (EPO) is a key regulator in most ex vivo protocols along with other growth
factors such as SCF, IL-3, IGF-1, and Flt-3. Now transfusable units of blood can be produced by using these protocols with their
set of own limitations. The present paper focuses on the molecular mechanism and significance of various growth factors in these
protocols that shall remain helpful for large scale production.

1. Introduction

According to a report by the World Health Organization
(WHO), blood donation rate in high-income countries is 39.2
donations per 1000 population, whereas it is just 12.6 dona-
tions in middle-income and 4.0 donations in low-income
countries out of which more than 50% of blood is being
supplied by either family/replacement or paid donors. In con-
trast, just 34% of low- and middle-income countries have
a provision of a national haemovigilance system which
monitors and improves the safety of the transfusion process
indicating that in such countries safe blood availability is a
major concern [1]. To overcome the shortage of blood, ex
vivo production of mature human red blood cells (RBCs)
from stem cells of diverse origins has been demonstrated by
various research groups [2].While differing in initial material
and methodology used by different research groups, they all
converse at a single point in using EPO as a key regulator

in the ex vivo RBC generation measures. In general, all the
methods described so far mimic the marrow microenviron-
ment through the application of cytokines and/or coculture
on stromal cells, coupled with substantial amplification of
stem cells with 100% terminal differentiation into fully
mature, functional RBCs [2]. Neildez-Nguyen et al., 2002, in
their studies demonstrated amethod to amplify/expandhem-
atopoietic stem cells (HSCs) from cord blood in a serum free
culture medium. Human nucleated erythroid cells produced
by this method when injected into nonobese diabetic, severe
combined immunodeficient (NOD/SCID) mice showed pro-
liferation and terminal differentiated into mature enucleated
red blood cells (RBCs) [3]. As per their findings, sequential
supply of specific combinations of cytokines in a stepwise
manner helped them to obtain large scale ex vivo differen-
tiated enucleated RBCs. In first step Flt3-L, SCF, and TPO
stimulated proliferation of HSCs, which was then followed by
SCF, EPO, and IGF-1 aiding in the proliferation of erythroid
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progenitors and finally terminal erythroid differentiation was
promoted by EPO and IGF-1. Later, Giarratana et al. 2005,
described an ex vivomethodology for producing fully mature
human RBCs from hematopoietic stem/progenitor cells by
applying G-CSF, IL-3, SCF, and EPO [4]. In 2008, Baek et al.
demonstrated a method in which they cultured CD34+cells
in a serum freemedium supplemented with two cytokine sets
SCF+ IL-3+ EPO and SCF + IL-3+ EPO+ TPO+ Flt3 for one
week, followed by coculture uponmesenchymal cells derived
from cord blood for two weeks to generate an almost pure
clinical grade [5].The same group in 2009 reported up to 95%
of enucleation of in vitro generated RBCs by the addition of
Poloxamer 188 as an RBC survival enhancer. This enhancer
increases the stability of the RBC membrane and decreases
the fragility [6]. Therefore, it can be assumed that ex vivo
erythropoiesis can be carried out utilizing various sources,
namely, embryonic stem cells (ESCs), induced pluripotent
stem cells (iPSCs), and hematopoietic stem cells (HSCs),
from various sources, for example, embryo, bone marrow,
peripheral blood, or umbilical cord blood.While ESCs are the
most promising source but have ethical issues associated with
themon the other hand, iPSCs andHSCs are next to ESCs but
their isolation and maintenance increase the cost of overall
ex vivo culturing process. Many groups have reported use
of mononuclear cells directly enriched with specific growth
factors to overcome this issue but a specific protocol is the
need of the hour. Till date most suitable method in terms
of yield available for ex vivo erythropoiesis is presented by
Giarratana et al. in which they used CD34+ cells (from
bone marrow, umbilical cord blood, and peripheral blood
mobilized with G-CSF to isolate) to culture them inmodified
serum free media in the presence of SCF, IL-3, and erythro-
poietin [4]. Fujimi et al. 2008 demonstrated a method with
100% enucleated RBCs by employing SCF, Flt-3/Flk-2+ TPO
in first phase followed by SCF, IL-3+ EPO in the second phase
[7]. NE Timmins et al. in 2011 developed a robust method to
obtain ultra-high-yield of erythrocytes, with the expansion
process having the capability of producing over 500 units of
erythrocytes per umbilical cord blood donation using fully
defined culture medium with the help of bioreactor [8].

As described by different research groups, all the ex
vivo expansion measure would revolve around systemic and
orderly use of different growth factors at various phases of ex
vivo culture. In order to develop an optimal culturing pro-
cedure, a detailed knowledge of the growth factors and their
significance along with mode of action shall be understood.
There have been a large number of publications available
about the structure, function, and significance of various
growth factors in the regular erythropoietic process.

We attempt to discuss the significance of these growth
factors specifically involved in ex vivo expansionmethods for
efficient measure in ex vivo erythropoietic expansion. Since
erythropoietin has been developed as a central regulator of
all the ex vivo RBCs production methods, more attention has
been given to understand the various facets of its impact on
the same.

If we compare ex vivo with in vivo erythropoiesis, it is
regulated by several cytokines and factors.

2. Erythropoiesis

The process of erythropoiesis is initiated from the primitive
pluripotent stem cells, giving rise to mature erythrocyte,
which involves various regulatory factors inducing their
commitment and further maturation of the cells involved
in the red cell lineage. The major growth factors regulating
in vivo erythropoiesis are granulocyte colony-stimulating
factor (G-CSF), granulocyte macrophage colony-stimulating
factor (GM-CSF), interleukin- (IL-) 3, stem cell factor (SCF),
IL-1, IL-6, IL-4, IL-9, IL-11, insulin growth factor-1 (IGF-
1), and erythropoietin (EPO) [9, 10]. Erythropoietin plays
a pivotal role during later stages of erythroid maturation
(Table 1). It acts primarily on colony forming unit erythroid
(CFU-E) inducing the proliferation and maturation through
the stages of proerythroblast followed by reticulocytes and
finally mature erythrocytes [11]. CFU-E remains the pri-
mary target cell in the bone marrow for EPO, but it acts
synergistically with other growth factors, namely, SCF, GM-
CSF, IL-3, IL-4, IL-9, and IGF-1, in order to regulate the
maturation and proliferation starting from the stage of the
burst-forming unit erythroid (BFU-E) followed by CFU-E
to the proerythroblast stage of erythroid cell development
[2, 12]. SCF, IL-1, IL-3, IL-6, and IL-11 stimulate pluripotent
stem cell to differentiate into the CFU granulocyte, erythroid,
monocyte, megakaryocyte (GEMM), and the myeloid stem
cell. The CFU-GEMM then differentiates into the specific
CFU for erythroid, granulocytes, monocytes, macrophages,
eosinophils, and megakaryocytes cell precursors in the pres-
ence of GM-CSF and IL3 [13]. These precursors finally
differentiate into specific cell types.

In order to utilize/exploit these growth factors to copy
or mimic nature in terms of generation of clinical grade
red blood cells, we need to understand their role and how
these growth factors are regulated in vivo. This review briefly
describes the ex vivo expansion of erythrocytes followed
by historical development information about erythropoietin
and other growth factors. It then describes their role in
erythropoiesis followed by our current understating of their
use in ex vivo erythropoiesis and key challenges. Finally, it
discusses the use of these growth factors in the production of
clinical grade red blood cells.

3. Ex Vivo Expansion of Erythrocytes:
An Overview

It is well understood that there is no substitute available for
red blood cells, but its natural process of production can be
mimicked to generate clinical grade RBCs.Many groups have
shown to produce RBCs utilizing various sources of stem
cells and different approaches in terms ofmedia composition,
growth factors, and so forth. This process of production of
RBCs outside the living organism by providing the required
microenvironment is termed as ex vivo erythropoiesis. The
whole process can be divided into threemain steps as follows:

(1) isolation of mononuclear or CD34+ population of
hematopoietic stem cells;
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Table 1: Various growth factors and their functional implications in erythropoiesis.

Sr. Number Growth factor Protein size Target cells Target receptor Functions

1 Erythropoietin 21.0 kDa CFU-E EPOR
Differentiation and
proliferation of
erythroid

2
Granulocyte
macrophage
colony-stimulating
factor

14.6 kDa
HPP-CFC, CFU-GEMM,
CFU-GM, CFU-Eo, CFU-Baso,
CFU-Mk, BFU-E, CFU-M,
CFU-G, dendritic cells

CD116 White blood cell
growth factor

3 Interleukin-3 17.2 kDa
CFU-GEMM, HPP-CFC,
CFU-GM, CFU-Eo, CFU-Baso,
BFU-E, CFU-Mk

CD123/IL3RA,
CD131/IL3RB

Differentiation and
proliferation of
myeloid progenitor
cells

4 Interleukin-6 20.9 kDa HPP-CFC, CFU-GM, BFU-E CD126/IL6RA,
CD130/IR6RB Differentiation

5 Stem cell factor 42.0 kDa HPP-CFC, CFU-GEMM,
CFU-GM, CFU-Baso, BFU-E CD117 Regulates HSCs in the

bone marrow

6
Granulocyte
colony-stimulating
factor

18.8 kDa HPP-CFC, CFU-GEMM,
CFU-GM, CFU-G CD114

Inducer of HSCs
mobilization from the
bone marrow into the
bloodstream

7 Insulin growth
factor 7.6 kDa Endothelial progenitor cells IGF1R

Inhibits apoptosis in
hematopoietic
progenitor cells

(2) expansion of HSCs and differentiation into erythroid
lineage;

(3) enucleation of reticulocytes to give rise to mature
RBCs.

First and foremost, question arising is what should be the
source of HSCs. To answer this, various groups have used
different sources like umbilical cord blood, peripheral blood,
bone marrow extracts, and induced pluripotent stem cells.
But out of these the most commonly used source is umbilical
cord blood, which has an advantage over other sources
that to a greater extend human leukocyte antigen (HLA)
mismatching is tolerated between donor and recipient and
UCBs have been shown to expandmore as compared to other
sources.

Various research groupswho have reported production of
RBCs concluded that erythropoietin (EPO) the regulator of
erythroid lineage is not sufficient for massive amplification of
HSCs [14, 15]. Therefore, different combinations of cytokines
have been used by different research groups out of which SCF,
IL-3, Flt-3, and TPO have been used most commonly for the
expansion of HSCs [16–18].

For differentiation of erythroid lineages, many groups
have used SCF, IL-3, and EPO with some exceptions who
have added VEGF or TPO or IGF. Some groups have used
coculture techniques and some have added animal or human
sera for better growth, whereas Fujimi et al., 2008, have uti-
lized them both. They later added Poloxamer 188 to increase
the enucleation efficiency. NE Timmins demonstrated first
RBC culture in large scale bioreactor [7]. All these findings
converge at a single point that erythropoietin is the regulator
of erythropoiesis which in the presence of other growth
factors governs the process.

4. Growth Factors Involved in Erythropoiesis

The specific lineage of cells is promoted uniquely by chemical
signals also known as cytokines and interleukins. Usually
these substances are glycoproteins, which target specific cell
stages.Theirmajor function is to control replication, followed
by clonal or lineage selection, and they are also responsible
for maturation rate and growth inhibition of stem cells [19].
Now let us discuss each growth factor, first and foremost,
erythropoietin. What makes it so important? And why?
Erythropoietin (EPO) is a 193 amino acid glycoprotein with
a molecular weight of 34 kDa. A functional EPO molecule
comprises carbohydrate chains and sialic acid residues, which
are indispensable for its production and secretion and ful-
filling its biological function. Functionality of EPO depends
on two disulfide bridges between cysteine residues. In case of
adults, 80% of EPO is released by type I renal peritubular cells
present in the renal cortical interstitiumwhile remaining 20%
of EPO is produced in hepatic stellate cells present in liver.
However, in the fetal stage its main source is only the liver.
In human gene encoding EPO is located on chromosome 7
(loci 7q11–q22) and consists of 4 introns and 5 exons. Four key
sequences of EPO gene are promoting, encoding, regulatory,
and the one responsible for tissue specificity [20]. Besides
the role of erythropoiesis EPO also inhibits apoptosis to
decrease the rate of cell death in erythroid progenitor cells
in the bone marrow and neural cells [21, 22]. Second, most
important growth factor/cytokine is IL-3 which is supporting
the proliferation of a broad range of hematopoietic stem
cell types and involved in a variety of other cell activities
such as cell growth, differentiation, and apoptosis followed
by granulocyte macrophage colony-stimulating factor (GM-
CSF) and granulocyte-colony-stimulating factor (G-CSF)
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which have established roles in hematopoiesis and have an
established role as growth factors in clinical practice. G-CSF
and GM-CSF regulate myeloid cell production, differentia-
tion, and activation [23].The addition of these growth factors
is inevitable in ex vivo erythropoiesis as to attain desired
differentiated product correct growth should be deployed
and absence of other growth factors will ensure that the
progenitor cells will differentiate only into the desired type of
cell and make this process more efficient. Besides the media
and growth factors, the bonemarrowniche remains themajor
factor in ex vivo erythropoiesis, and this is also achievable
by using 3D scaffolds. Let us now have a detailed discussion
about each growth factor/cytokine.

Table 1 summarizes the functions of growth factors along
with their protein size, on which receptor they bind, andwhat
are their target cells and their functions.

5. Erythropoietin: A Major Regulator of
Ex Vivo RBC Production Measure

Almost a century ago Carnot and Deflandre postulated a
humoral factor and coined a term “hemopoietine,” that regu-
lates red blood cell production [24]. They carried out these
intriguing experiments on rabbits, in which plasma from
a donor rabbit was removed after a bleeding stimulus, and
observed that when this plasma was injected into a normal
recipient rabbit, it resulted in reticulocytosis. These findings
were confirmed by several investigators; however, the most
convincing confirmation of their work up to that time was
reported by Hjort in 1936. Hjort reported that reticulocytosis
produced normal recipients when erythropoietically active
plasma from bled rabbits was injected into normal recipients
in 18 sets of experiments [25].

So, it is evident that erythropoietin is a glycoprotein hor-
mone produced mainly by peritubular capillary lining cells
in the kidney and in the liver, which circulates in the plasma
acting on target cells present in the bone marrow for the
regulation of proliferation, differentiation, and maturation of
red cells. Its amino acid sequence first mapped out in 1983 has
a stimulating effect on bone marrow erythroid precursors. It
has been demonstrated through structural studies of human
EPO that it is a single polypeptide of 30.4 kD with 193
amino acids residues which are folded into four 𝛼-helices
and contain two disulphide bridges between cysteines (6–161
and 29–33). EPO is also a structure homologue of growth
hormone and other members of the hematopoietic class 1
cytokine super family [26].

The EPO receptor (EPOR) is expressed primarily on
erythroid cells between the stages of CFU-E and the proery-
throblast of erythroid cell development. The fewest number
of EPO receptors is expressed on BFU-E which shows a weak
response to EPO whereas CFU-E and the proerythroblasts
show a higher number of EPOR. The number of EPOR per
cell gradually decreases as the erythroid cell differentiates,
and studies have revealed that the reticulocyte and mature
erythrocyte lack EPO receptors. The EPO receptor is a
protein ranging from 66 to 78 kD in size and each EPO
molecule binds two identical cell-surface receptors to activate
progenitor cells. The EPO molecule consists of 4 helices,

namely, 𝛼A, 𝛼B, 𝛼C, and 𝛼D, which display an up-up-down-
down four-helical bundle topology where 𝛼A and 𝛼D helices
are bound by a disulfide bond and 𝛼B and 𝛼C by a short
loop [26]. EPO receptor exists as a preformed dimer which
has been shown by protein fragment complementation assays
and crystallographic studies. It has also been demonstrated
that one molecule of EPO activates EPO receptors (EPOR)
by dimerization of two EPO receptors and changes the
conformation of the EPO receptor, which is necessary for
Janus kinase- (JAK-) 2 activation by self-dimerization.

During erythropoiesis in vertebrates, EPOacts by binding
to its receptor (EPOR) which is present on the surface of
early erythroid progenitor cells and promotes cell survival,
proliferation, and differentiation in the erythroid lineage
[27, 28]. But the expression of EPOR is upregulated during
erythroid differentiation up to tenfold or more on the
erythroid progenitor cells at the CFU-E stage where EPO
signalling is required as protection against apoptosis. When
EPObinds to erythroid progenitor cells, it upregulates its own
receptor expression, which in turn increases EPO response
along with the expression of erythroid-specific transcription
factors and other erythroid-specific genes [29]. It has been
observed that, during late erythropoiesis, expression of EPOR
is downregulated and also EPO is not required anymore for
cell survival [30]. Later the erythroid precursors give rise to
reticulocytes by enucleation, and these reticulocytes continue
to synthesize hemoglobin and then enter into the circulating
blood to mature into erythrocytes. By the studying EPO
activity in hematopoietic tissue, it has been observed that
productive EPO signalling depends mainly on two factors:
the EPOR expression level on the cell-surface and the local
EPO concentration.

Besides expressing on hematopoietic cells EPOR is also
expressed by certain other tissues like endothelial, muscle,
neural, cardiovascular, and renal tissues [31].The role of EPO
in survival of cells, proliferation, and differentiation of the
colony forming unit-erythrocyte indicates that it has some
role to play in nonhematopoietic cells. EPO also has been
shown to have cytoprotective or proliferative activity in non-
hematopoietic tissues [32]; hence, in addition to increased
red blood cell production, increased cell survival, and/or
progenitor cell proliferation, it may have some contribution
to EPO activity which helps in improving oxygen delivery
through a direct effect on nonhematopoietic tissue as well.
In another study, patients with chronic heart failure when
treated with EPO show increase in cardiac systolic function.
Other beneficial effects of EPO appear to be related to the
proangiogenic properties on endothelial cells, which could
be useful in the treatment of ischemic heart disease. Such
kind of findings indicates that EPO in addition to anemia
correction could provide potential therapeutic benefits in the
management of cardiovascular diseases [33].

The ability of cells to form hemoglobinized erythroid
colonies after adding EPO to bone marrow or spleen cells
in clonal assays helps in identifying target cells for it. The
most primitive erythroid progenitor is the burst-forming
unit erythroid (BFU-E) and has a low sensitivity for EPO;
therefore, it requires additional factors like stem cell factor
(SCF), for survival and proliferation. The more committed
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erythroid colony-forming unit (CFU-E) on the other hand
has comparatively limited proliferative potential compared to
its precursor, the BFU-E, but is highly sensitive to EPO [34].

Interestingly, while EPO values are closely tied to the rate
of red cell production, studies in knockout mice lacking EPO
show that it is not required for development of BFU-E, the
earliest committed red cell progenitors (that express only a
small number of EPOR on their cell surface). As such, the
EPO does not recruit cells to the erythroid lineage nor does
it specify cell fate. Rather, EPO exerts its dynamic control
over red cell formation by supporting the growth, survival,
and differentiation of the progeny of erythroid committed
progenitor cells, with the highest amounts of EPOR being
found on late progenitor cells such as CFU-E.

Once EPO has bound and activated EPOR, a cascade of
events is set in motion, including activation of the dimer-
ized receptor [35] and signal transduction through JAK2,
Stat5, MAP kinase protein kinase, PI3 kinase, and protein
kinase C [36]. The actions of EPO include promotion of
the survival of sensitive progenitors through prevention of
apoptotic processes, stimulation of proliferation [37], and
differentiation into large numbers of hemoglobinized cells.
To maintain homeostasis and supply the necessary number
of erythrocytes, the degree of proliferation required is quite
remarkable and occurs in parallel with the acquisition of
the features of the specialized functions of erythrocytes,
accumulation of hemoglobin and disposal of the cell nucleus.

As discussed, the EPO does not act alone to stimulate
erythropoiesis in the bonemarrow. A host of other agents has
been shown to affect EPO-driven erythropoiesis. The hier-
archy of cell populations, leading to erythrocyte production,
includes successively more specialized cell types. Among the
primitive acting factors, SCF, the functional ligand for the
c-kit cell-surface receptor, is one of the better understood
factors. In mice anemic because of defects in either SCF
or c-kit, administration of exogenous EPO still increases
hemoglobin concentration [38], although to amodest degree.
This result would suggest that the few CFU-E that survive
functional SCF deficiency in vivo can still respond normally
to exogenous EPO, though their numbers are reduced by
limitations imposed on the cellular pathway atmore primitive
levels. The interaction of SCF and EPO, which is of obvious
significance in these earlier populations, has been elegantly
examined at the molecular level and shown to result from a
subtle interplay of survival, proliferation, and differentiation
signals [39].

EPO can also be used to increase hemoglobin, hematocrit
values and reduce the requirement of RBC transfusions in
ICU patients [40]. Studies inmice suggest that hematopoietic
growth factors such as macrophage colony-stimulating factor
(M-CSF) and granulocyte colony-stimulating factor (G-CSF)
can cause tumor growth by promoting angiogenesis [41, 42],
which supplies blood to solid tumors [43, 44]. To test the
effect of EPO in vivo, Okazaki et al. inoculated Lewis lung car-
cinoma cells (LLCs) into mice subcutaneously on day 0 and
injected EPO or PBS into themice once a week starting at day
1 and observed that erythropoietin significantly accelerated
tumor growth. To test whether it was a direct effect of EPO
on LLCs, an in vitro experiment was performed to examine

the response of LLCs to EPO and it was found that EPO did
not increase LLC proliferation. To avoid any high-growing
background due to some growth factors present in the fetal
calf serum (FCS), the response of LLCs to EPO under low-
FCS culture medium condition was also examined and again
EPO did not increase LLC proliferation under. So it can be
said that the effect of EPO on LLC tumor growth seems to be
indirect [45].

6. GM-CSF

Granulocyte macrophage colony-stimulating factor (GM-
CSF) is a member of the hematopoietic cytokine family and
a 14.6 kDa monomeric protein of 127 amino acids with two
glycosylation sites. Its function is to stimulate the prolifera-
tion of granulocyte and/or macrophage progenitor cells, to
influence differentiation, induce maturation, and stimulate
the functional activity of mature hematopoietic cells [46,
47]. The other name of granulocyte macrophage colony-
stimulating factor receptor is CD116 (cluster of differentiation
116), to which granulocyte macrophage colony-stimulating
factor binds and this receptor is not expressed on any
erythroid or megakaryocytic lineage cells but on myeloblasts
and mature neutrophils [46]. The granulocyte macrophage
colony-stimulating factor receptor or CD116 occurs in the
form of a heterodimer which is composed of at least two
different subunits: an 𝛼 chain and a 𝛽 chain. The binding
site for granulocyte macrophage colony-stimulating factor is
present on the 𝛼 subunit [48], whereas the 𝛽 chain has a role
in signal transduction and finally association of the 𝛼 and 𝛽
subunits activates the receptor [49].

7. IL-3 (Interleukin-3)

Interleukin-3 originally was discovered by Ihle et al. in mice.
In their studies, a T cell derived factor was responsible for
inducing the synthesis of 20-𝛼-hydroxysteroid dehydroge-
nase in hematopoietic cells and termed it as interleukin-3 [50,
51]. Interleukin gene encodes 152-amino acid long sequence,
making a 17 kDa potent growth promoting cytokine. To
determine its function, wide studies have been done like
treating different states of bone marrow failure and mobi-
lizing or expanding hematopoietic progenitor cells for trans-
plantation and last but not easy to support engraftment after
bone marrow transplantation [52].

8. M-CSF

M-CSF is a cytokine, its functional form of the protein is
found extracellularly in disulfide-linked homodimer form,
and it is produced by proteolytic cleavage of membrane-
bound precursors [53]. It is one of the hematopoietic growth
factors that has a major role in the proliferation, differen-
tiation, and survival of monocytes, macrophages, and bone
marrow progenitor cells [54]. M-CSF has several different
ways to affect macrophages and monocytes, which includes
stimulating increased phagocytic and chemotactic activity
and increased tumor cell cytotoxicity [55].
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9. G-CSF

Granulocyte colony-stimulating factor (G-CSF) was first
reported and isolated from mouse in Walter and Eliza
Hall Institute, Australia, in 1983 [56], and later in 1986 the
human form was cloned by research groups from Japan and
the USA/Germany [57, 58]. Granulocyte colony-stimulating
factor (G-CSForGCSF), also called colony-stimulating factor
3 (CSF-3), is a glycoprotein whose major function is to
stimulate the bonemarrow to produce granulocytes and stem
cells and release them into the bloodstream.Therefore, it can
be said that, functionally, it is a cytokine and hormone, a type
of colony-stimulating factor, which is produced by a number
of different tissues. Besides this, it is also known to stimulate
the survival, proliferation, differentiation, and function of
both neutrophil precursors and mature neutrophils.

10. Clinical Use and Limitations of
Hematopoietic Growth Factors

Erythropoietin (EPO) is often used in cancer treatment.
But recent studies have shown that EPO can act on non-
hematopoietic organs including solid tumors. The effect of
EPO on the survival rate of cancer patients seems to be
variable, as it has been observed that EPO decreases the
survival of cancer patients with cancer in head and neck
and metastatic breast, whereas in case of patients with small
cell lung cancer erythropoiesis-stimulating agents (ESAs),
which include EPO, it does not reduce the survival. In a
study on 2,500 cases, which included most chronic renal
failure cases, only two-thirds of patients were found to be
able to predevelop hypertension and seizures as a side effect
of rHuEPO. EPO has also been known to be associated with
worsening of hypertension and hypertensive encephalopathy,
which are less common scenario nowadays. There might be
serious problems due to EPO antibodies such as pure red cell
aplasia, but fortunately it is rare and clinicians are still using
this drug in a new way to monitor closely for adverse side
effects [59–63].

Recombinant GM-CSF has revolutionized the supportive
care of cancer patients through significant contributions,
like enhanced myeloid recovery after cytotoxic chemother-
apy. In 1993 Dranoff et al. used GM-CSF as an important
adjuvant in cancer vaccine trials, utilizing his observations
that, when irradiated tumor cells expressingmurineGM-CSF
were used, they stimulated potent, long-lasting, and tumor-
specific immunity [64]. Similarly Schmidt et al. demonstrated
treatment of solid tumors (breast, renal cell carcinoma,
malignant melanoma and prostate cancer) by utilizing GM-
CSF secreting transformed tumor cells as a potential cure
[65].

However, no condition for the clinical use of IL-3 has
been established so far, despite its theoretical advantages as
an early-acting cytokine and in contrast to erythropoietin
(EPO), G-CSF, or GM-CSF which has been approved for
several clinical modalities.

Macrophage colony-stimulating factor (M-CSF), a
growth factor stimulating the production of leukocytes
including monocytes and neutrophils, has been clinically

used as an agent for leukopenic patients after anticancer
therapy. M-CSF improves a survival rate after bone marrow
transplantation (BMT) through the reduction of mortality
rate associated with BMT such as bleeding, engraftment
failure, and GVHD. M-CSF has been known to accelerate
platelet production when administered after anticancer
therapy to thrombopenic patients with solid tumor. Gran-
ulocyte CSF (G-CSF) is a more powerful agent for various
kinds of neutropenia such as neutropenia after anticancer
therapy, neutropenia after BMT, aplastic anemia, chronic
neutropenia of children, and myelodysplastic syndrome.

11. Conclusion

At present, there are few protocols available for ex vivo gener-
ation, refined enough to meet the demand of blood supply
throughout the globe, especially for low-income countries
and for the soldiers in the battlefield. There are reports of
artificial blood being used for clinical trials. The key issues
that are left unanswered are who will be responsible for the
production and who will have distribution rights. Overall, it
is a great vision of a scientist and is near to reality.
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