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Abstract. With the increasing incidence rates in the complex human diseases, e.g., Alzheimer’s disease,
spinal cord injury, and diabetes, there exists an urgent need to search for more effective and efficient
therapies. Cell-based therapy has been considered to be a novel and effective therapeutic approach for
the great potential of stem cells in their self-renewal and multipotential differentiational capacity.
However, a major difficulty with the success of stem cell therapy is the availability of stem cells. The
most serious issue is that only a limited number of stem cells can be extracted from adult tissue due to
the decreasing frequency and differentiation potential with age. In order to achieve successful cell-based
therapy, extensive ex vivo proliferation of stem cells is urgently required. Therefore, approaches to
stimulate proliferation of stem cells are discussed in this article.
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1 Introduction

Recent advances in stem cell research have attracted great attention. Stem cells can be introduced into
tissues or organs to replace diseased or damaged cells with minimal risk of rejection and side effects, and
can therefore be applied for disorders of the bone/cartilage, lung, liver and diabetic diseases [1-3]. A large
number of stem cells should be prepared to achieve satisfactory therapy. A recent consensus indicates that
10® cells total or 1 x 10° cells per kg recipient weight must be administered in mesenchymal stem cells
(MSC) therapies [4]. However, stem cells extracted from tissues or organs are scarce. Furthermore, the
proliferation of stem cells is limited. A number of disorders of stem cells have been observed during
long-term in vitro culture [5, 6]. And stem cells tend to loss properties of stemness after serial passaging.
Wagner et al. [7] found that long-term cultured MSCs exhibit anomalous morphology and decreased
expression of MSCs-specific surface antigens, and the self-renewal potency of MSCs declines. As cells
approach senescence, their proliferation slows down and differentiation potential decreases. Therefore,
approaches for promoting their proliferation in vitro are urgently needed. Here we summarize the common
and effective approaches in stimulating the proliferation of stem cells.

2 Stem Cell Proliferation in Vitro

Stem cells are rare cells that are capable of reproducing themselves and differentiating into a variety of cells,
which reside in a defined anatomical compartment that includes cellular and extracellular components
[8-11]. Cells, blood vessels, matrix proteins, and the three-dimensional space that are formed from this
architecture provide a highly specialized microenvironment for stem cells [10]. Contact and communication
between these elements are critical for stem cell self-renewal and multipotency. Nevertheless, stem cells
culture in vitro is an extremely complex process, in which cells are grown under specific conditions. The
growth of these cells is a highly unnatural process in vitro condition. Cells are removed from tissues and
artificially cultured in various culture vessels. Vitamins, minerals, and growth factors are added to
maintain cell viability. The structure and function between in vitro and in vivo are different. Firstly, living
tissues have highly complex architecture and are three-dimensional (3D) in structure. The interaction
between adjacent cell types is quite distinct from that in vitro cell culture. Furthermore, adipose
tissue-derived stem cells (ASCs) naturally reside in a specific niche with low oxygen tension, where the O,
tension is less than 4% [12, 13]. However, ASCs are normally cultured at normal atmospheric oxygen
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tension (20-21%), which does not represent their normal physiological condition [14]. It has been
demonstrated that hMSC at 20% O, exhibited significantly increased oxidative stress, DNA damage
markers, and telomere shortening rates, compared with cells grown at 3% O, [15]. Conversely, numerous
studies have demonstrated that ASCs under hypoxia showed the greater number of cells and shorter
population doubling time, and oxygen tension as low as 2% had the greatest impact on cell growth [16-18].

For clinical applications, stem cells must be sufficiently expanded. Therefore, external stimulation
applied to improve proliferation of stem cells is essential. Moreover, it has been demonstrated that certain
culture conditions, including the use of specific atmospheric conditions and culture substrates, exert
positive effects on not only the proliferation rate, but also the extent of proliferation. For instance, low
oxygen condition, suitable extracellular matrix (ECM), small molecules compounds have been applied to
stimulate the proliferation of stem cells in vitro [19-21]. Low oxygen condition largely mimics normal
physiological condition of tissues. Small molecules are active compounds reversibly and specifically
modulating signaling pathways. A mass of small molecules have been found to play profound effect on the
maintenance and fate-determination of stem cells [22-24]. Because of the advantages such as
target-specificity, convenience of application, and low cost, they emerge as promising approaches to
improve stem cells therapy [25]. Specific bioactive ECM components determine stem cell fate through the
interactions of ECM with stem cells. However, some disadvantages of these strategies limit the application.
Low oxygen condition was reported to lack standard protocol. It is difficult to ensure the source and
quality of ECM in large-scale cell culture. It remains challenging to preserve the function of stem cells
during long-term passaging by specific small-molecule.

3 Approaches to Stimulate Proliferation of Stem Cells in Vitro

3.1 Growth Factors or Cytokines

Most growth factors are pleiotropic, causing multiple biological effects. They bring about changes in
motility, proliferation, morphogenesis and survival. Various growth factors or cytokines, when added to
culture medium, accelerate stem cells proliferation, including basic fibroblast growth factor (b-FGF),
Platelet-derived growth factor (PDGF), and vascular endothelial growth factor (VEGF) [26-30]. For
example, PDGF could stimulate the MSCs proliferation rapidly and promote their secretion to form the
extracellular matrix. Qiu et al. [28] found the proliferative capacity of umbilical cord mesenchymal stem
cells (UCMSCs) has been markedly improved in the presence of PDGF in a dose-dependent manner, and
50 ng/ml PDGF exerted the most profound effects on MSC proliferation. Platelets contain lots of cytokines,
including PDGF, transforming growth factor beta (TGF-B), insulin-like growth factor-1 (IGF-1), and
VEGF in their o-granules. As the concentration of platelets rises in human platelet-rich plasma (hPRP),
the amount of cytokine increases accordingly [29]. Numerous researches had been performed to assess the
effect of hPRP on the viability and proliferation of cells and their results demonstrated that hPRP can
stimulation cell proliferation [31-35]. Tavakolinejad et al. [36] have also found that treatment with hPRP
resulted in a statistically significant increase in cell proliferation of human adipose-derived stem cells. In
addition to human adipose-derived stem cells, increased proliferation rate for other types of stem cells with
hPRP as the cell culture supplement was confirmed [37-40]. And the fastest proliferation was observed
when hPRP was supplemented in a 10% concentration. Furthermore, the use of hPRP avoids both safety
and ethical concerns associated with the use of FBS [41]. However, there are several issues to be defined for
the application of hPRP. First, different hPRP preparations methods are used, eliciting different responses
that cannot be compared, standardization of hPRP preparations is thus urgently needed. Furthermore,
although hPRP increased cell proliferation, divergences were found regarding the stem cell differentiation
capacity [31, 42,43]. There is no exclusive molecule responsible for the effective proliferation of stem cells in
hPRP-supplemented cultures, but is the combination of several molecules. The concrete mechanism is still
under exploration. In general, growth factor is secreted by normal cells without drug toxicity and immune
rejection. In addition, the application of growth factors is universal to promote stem cell proliferation,
which can be used for various stem cell types [28, 44-46]. While individual growth factors have advantages,
combination treatments of growth factors seem to be more beneficial due to their synergistic effect on stem
cells. Composite treatment with PDGF, b-FGF and TGFB1 appears to be a good alternative for MSCs
proliferation in vitro to replace serum [44]. And Salehinejad et al. [46] found combination EGF and FGF
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amplified the proliferation of human umbilical cord mesenchymal stem cells. Therefore, combination
treatments of growth factors may be a good choice for proliferation of stem cells in vitro.

3.2 Co-Culture System

Co-cultures denote the growth of different cell types in a shared medium, where the physical contact
between cell types might have influence on the cellular function, which may be related with cell contact,
paracrine signaling, soluble factors and inherent feedback. Sertoli cells are well known as the “nurse cells,”
which can secrete many kinds of cytokines, including epithelial growth factor (EGF), interleukin-6 (IL-6),
stem cell factor (SCF), glial cell line-derived neurotrophic factor (GDNF), TGF, IGF-1, and so on [47].
Recent investigations have shown that using sertoli cells in co-culture can improve cell growth rates.
Co-culture with Sertoli cells was reported to enhance the proliferation of neural stem cells, bone marrow
mesenchymal stem cells (BMMSCs) and UCMSCs [48-50]. Sertoli cells in co-culture positively affected the
amount of stem cells via upregulation of genes involved in the regulation of cell cycle progression. Tian et
al. [49] found that Sertoli cells stimulated proliferation of BMMSCs in vitro via the PI3K/AKT pathway,
and co-cultured BMMSCs showed a higher proportion of cells in the S phase and a lower proportion of cells
in GO/G1-phase without impacting the apoptosis of BMMSCs. Previous researches have reported that the
PI3K/Akt pathway is a survival pathway that regulates cell proliferation, apoptosis, differentiation, and
migration [51]. The upstream stimulators of the pathway include various growth factors, cytokines, and
foreign molecules. The activation of Akt mediates a cascade of responses of downstream targets that
regulate cellular functions [52-55]. For example, activated Akt increases cell survival via bcl-2, and
promotes cell proliferation via the activation of mammalian target of rapamycin (mTOR) [51, 56]. The
proliferation efficacy of the PI3K/Akt pathway involved in many types of stem cells, including
mesenchymal stem cells, embryonic stem cell, and endothelial progenitor cells [57-59]. In short, the
interaction between adjacent cell types is quite distinct from that in vitro cell culture. Co-culture systems
are effective in promoting the proliferation of stem cells by means of the interactions of two different cell
types. Although co-culture systems have certain limitations, such as low proliferation efficacy, they provide
a more realistic microenvironment and information than the individual cell culture system.

3.3 Interactions with the Extracellular Matrix (ECM)

Certain cellular interactions with the extracellular matrix (ECM) significantly influence stem cell behavior.
Fascinating data continues to mount on the important influence of ECM has on stem cell fate, with
particular emphasis on the interactions of ECM ligands with cell surface receptors [60]. In addition, it has
been shown that ECM-based control of the cell may occur through multiple physical mechanisms, such as
ECM geometry at the micro- and nanoscale, ECM elasticity, or mechanical signals transmitted from the
ECM to the cells. Li et al. [61] reported that proliferation of synovium-derived stem cells (SDSCs) on the
ECM of fetal SDSCs was superior to proliferation on the ECM of adult SDSCs in promoting cell
proliferation. Meanwhile, the ECM produced by MSCs from 3-month-old mice (young ECM), unlike the
one by MSCs of 18-month-old mice, better-supported self-renewal and bone formation of MSCs isolated
from old mice [62]. In fact, the ECM of young mouse MSCs contains higher amounts of collagen and lower
amounts of phosphate, and the ratio or the amount of calcium phosphate was proposed to affect
proliferation and viability [63]. Furthermore, the proliferative capacity of human MSCs reportedly
increased by eight doublings when cultivated on a plate coated with ECM-gel®, a commercially available
mixture of basement membrane proteins that includes fibronectin, laminin-1, laminin-5, and collagen IV
[64]. In principle, the ECM largely represents the native cellular and tissue microenvironment [65]. And
there is increasing data showing great interest of capitalizing on the innate ability of the ECM to modulate
stem cell fate [66, 67]. However, the composition and activity of the ECM are affected by the culture
conditions of the stem cells [68]. And different combinations of ECM proteins have been shown to result in
variable consequences [69, 70], more ECM proteins or combinations should be explored to fully understand
their roles on stem cells behavior. Above all, it is difficult to ensure the source and quality of ECM in
large-scale cell culture. Future work should focus on identifying and characterizing the chemical and
physical mechanism of action of specific bioactive ECM components on stem cells.
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3.4 Physical Factors

Cooper et al. discovered that animal cells proliferate more rapidly in oxygen concentrations lower than 20%
O, (hypoxia) in 1958 [71]. Since then, the role of hypoxic culture in enhanced proliferation has been
observed in a diversity of stem cell types [72-76]. Yamamoto et al. [76] reported that ASCs cultured in 2%
O, show a 1.5-fold increase in proliferation over 6 weeks of culture. Low oxygen culture conditions have
shown to trigger activation of HIF-1oo known to regulate cell proliferation [77]. The ERK1/2 and Akt
pathway were also involved. Akt was phosphorylated in the hypoxic culture of ASCs. Activated Akt may
stabilize HIF-1a as a survival response in ASCs. And the levels of VEGF and FGF-2 mRNA and protein in
the ASCs were significantly enhanced under hypoxia. Furthermore, hypoxic treatment shows an enhanced
expression of the stemness markers OCT4, NANOG, REX1 and SOX2, supporting cells to maintain their
stemness properties. Collectively, hypoxic culture conditions are favorable for ex vivo stem cell proliferation,
which allows the production of many stem cells from a few donor cells. And it provides a useful culture
method for the large-scale production of stem cells that will be required in regenerative medicine. However,
there are controversies related to proliferation of stem cells under hypoxia [78, 79], and the effect of hypoxia
on the proliferation capacity of dental-derived stem cells is limited [79]. Further studies are required due to
the lack of standardization in cell culture techniques.

Low-level laser irradiation also emerges as an attractive approach to stimulate cell proliferation. Previous
studies have shown that low-level laser irradiation therapy can increase cell proliferation [80, 81].
Wavelengths of 600 to 700 nm were commonly used to stimulate cell proliferation. Mvula et al. [82]
demonstrated that irradiation of human ADSCs using a laser at a wavelength of 635 nm and dose of 5.0
J/em, positively influenced cell proliferation and viability, as well as the expression of proteins, such as
EGF. The proliferative efficacy of laser irradiation on BMSCs and ASCs has also been verified [83].
However, the parameters used for the laser therapy are limited and sometimes conflicting due to lack of
standardization, as the wavelength, power density, the radiation time can influence in the achievement of
the desired biological properties [84]. And the exact molecular mechanism by which LLLT exerts its effects
on cell proliferation is not completely understood. Further studies are needed to standardize the laser
parameters to improve the yield of stem cells in culture.

3.5 Three-Dimensional (3D) System

Recently, various attempts have been reported to expand MSC in three-dimensional (3D) environments,
based on suspension culture in the presence of dynamic flow [85, 86], on microcarrier beads [87-89] or on a
rotating bed bioreactor system [90, 91]. Papadimitropoulos et al. [94] developed a system for the
proliferation of MSC which entirely bypasses the use of 2D surfaces by seeding and expanding fresh bone
marrow preparations directly within the pores of 3D scaffolds under perfusion flow. The 3D-perfusion
system generated a stromal tissue that could be enzymatically treated to yield CD45-MSC. As compared
to 2D-expanded MSC, those derived from 3D-perfusion culture after the same time (3 weeks) or a similar
extent of proliferation (7-8 doublings) better maintained their progenitor properties, as assessed by a
4.3-fold higher clonogenicity. Different from the conventional 2D culture system, 3D system largely
mimicked tissue-specific microenvironment or niche, preserved better their early progenitor properties, and
maintained a higher clonogenicity and a superior multilineage differentiation capacity. Above all, 3D
proliferation streamlined conventional labor-intensive processes, was prone to automation and scalability
within closed bioreactor systems [92]. However, it is challenging to obtain a range of materials with
identical geometries. Many parameters are pertinent to the experimental outcome including scaffold
composition, pore size, porosity, and pore interconnectivity [93], which are time-consuming and
troublesome. And 3D culture showed unclear potential for long-term serial culture. Overall, 3D culture
system provides a significantly expanded space for cell growth, which results in effective proliferation and
high yields of cells. As a promising strategy for stem cells proliferation, 3D culture shows unique
advantages and has great potential to achieve large-scale production for cell therapy.

3.6 Genetic Modification

Stem cells are excellent carriers of genes and can be genetically manipulated for gene overexpression.
Genetic modification of stem cells with genes encoding for tissue-specific cytokines can promote
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application of stem cells. Nanog and Oct4d are transcription factors required to maintain the
undifferentiated state and self-renewal of stem cells [94, 95]. In embryonic stem cells, knockout or
knockdown of Nanog abolishes both self-renewal and pluripotency whereas Nanog overexpression enables
their propagation for multiple passages during which the cells remain pluripotent [96]. The effects of Nanog
and Oct4 overexpression on MSCs were also examined. It was shown that Oct4-expressing MSCs displayed
high proliferative capacity [97], and ectopic expression of Nanog increased growth rate of MSCs [98]. It was
expected that Nanog and Oct4 promoted cell proliferation of MSCs by acting as a transcriptional regulator.
Compared with control MSCs, overexpression of Nanog enhanced the proliferation rate of MSCs by average
1.67-fold, and Oct4 overexpression increased proliferation rate of MSCs by average 1.51-fold. During
passage, control MSCs became flat at passage 10 and began to lose MSC morphology, while Nanog or Oct4
overexpressing MSCs still retained the morphology of MSCs, showing Nanog or Oct4 overexpression not
only promoted proliferation rate of MSCs, but also maintained the morphology of MSCs. Overall,
transgene expression to effectively genetically modify stem cells provided an efficient tool for ex vivo
proliferation of stem cells. However, genetic-modulated stem cells possess potential risk of mutation or
malformation [27]. The proliferation efficacy of genetic modification is low, requiring professional skills.
And it is difficult to achieve large-scale production. As the development of molecular biology and cell
biology, it might be a promising strategy for clinical application in the future.

4  Conclusion

In recent years, great leaps have been made in the field of stem cell proliferation. Various microenvironment
factors, 3D culture system, physical factors, genetic modification exert enormous influence on stem cell
proliferation, which lead to changes in proliferation, morphogenesis and survival of stem cells. Relevant
research progress has provided significant criteria in establishing ideal approaches for proliferation of stem
cells in vitro. However, some obvious disadvantages of these approaches can be observed, including low
efficacy of proliferation, complicated procedures involved, and lack of standardization in cell culture
techniques. Hence, the improvement of these approaches remains a haunting issue in the field of cell biology.
From our studies and previous literature, the full realization of obtaining sufficient stem cells in vitro
requires further explorations in these promising research directions: 3D culture system, optimal
combinations and concentrations of various factors, appropriate physical factors.
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