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Abstract—Human adult mesenchymal stem or stromal cells
(h-MSC) therapy has gained considerable attention due to
the potential to treat or cure diseases given their immuno-
suppressive properties and tissue regeneration capabilities.
Researchers have explored diverse strategies to promote high
h-MSC production without losing functional characteristics
or properties. Physical stimulus including stiffness, geometry,
and topography, chemical stimulus, like varying the surface
chemistry, and biochemical stimuli such as cytokines, hor-
mones, small molecules, and herbal extracts have been
studied but have yet to be translated to industrial manufac-
turing practice. In this review, we describe the role of those
stimuli on h-MSC manufacturing, and how these stimuli
positively promote h-MSC properties, impacting the cell
manufacturing field for cell-based therapies. In addition, we
discuss other process considerations such as bioreactor
design, good manufacturing practice, and the importance
of the cell donor and ethics factors for manufacturing potent
h-MSC.

Keywords—Human adult mesenchymal stem or stromal cells,

Cell manufacturing, Cell therapy.

INTRODUCTION

The demand for human adult mesenchymal stem or
stromal cells (h-MSC) has increased in the past 20
years.91 The tissue regenerative capacity and
immunosuppressive potential94 along with the self-re-
newing and clonogenic characteristics make them un-
iquely suited for a myriad of clinical applications and

cell-based therapies.30,40,57,59 h-MSC have the ability to
differentiate into 3 main lineages: adipocytes, osteo-
blasts, and chondroblasts.1 h-MSC therapies have been
proposed as treatment for Alzheimer’s disease using
174 million cells per patient (M-Cells/P), amyotrophic
lateral sclerosis (126 M-cells/p), orthopedic diseases
(bone and cartilage)(101 M-cells/p), cancer (132
M-cells/p), cardiovascular disease (120 M-cells/p),
Crohn’s disease (1508 M-cells/p), diabetes (375
M-cells/p), erectile dysfunction (15 M-cells/p), graft vs.
host disease (578 M-cells/p), hematological disease
(192 M-cells/p), kidney disease (261 M-cells/p), liver
disease (420 M-cells/p), lung disease (451 M-cells/p),
lupus (70 M-cells/p), multiple sclerosis (190 M-cells/p),
Parkinson’s disease (168 M-cells/p), psoriasis (420
M-cells/p), and spinal cord injury (109 M-cells/p).91

In the year 2000, the consumption of h-MSC for
clinical and academic/preclinical work was about
1 9 1011 total cells. Recent reports have shown higher
consumption values up to 7 9 1012 total cells, which
indicate an exponential increase in the coming years.91

Jon A. Rowley and colleagues have indicated that by
2040 the h-MSC consumption will be focused on five
applications:

(1) Therapeutic products with a demand of at least
300 trillion cells;

(2) Tissue engineering with 33,600 transplants and
185,000 limb amputations per year in the USA
(278 trillion cells only for bone tissue engineering);

(3) Products derived from h-MSC like raw materials
for clinical trials, extracellular vesicles, pro-
tein/cytokine production (300 trillion cells);
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(4) Systems and synthetic biology where h-MSC will
be used in gene silencing, potency, targeting,
molecular engineering, and biodistribution;

(5) And Emerging industries, like cosmeceuticals
and engineered biomaterials.91

Therefore, the demand for h-MSC could become a
big problem if the cell manufacturing field cannot
accommodate the production line to supply future
needs. Given the high number of patients and the
millions of cells per patient required, it is necessary to
explore ways in which processes can improve to meet
the demand. Expansion methods and technologies
employed in the cell manufacturing process, like planar
and 3D bioreactors, have been essential to produce
higher amounts of h-MSC. However, such methods
still fall short to meet the high demand for cells with
the expected potency. Thus, there is room to explore
new strategies that enhance and support the manu-
facture chain process to obtain not only large quanti-
ties but also high potency in the final cell-based
product.

This review, as illustrated in Fig. 1, describes the
role of different stimuli on h-MSC behavior for more
efficient manufacturing processes by increasing pro-
ductivity and retaining desired properties of h-MSC
will positively impact cell-based therapies. The effect of
surface chemistry and physical stimulus in cultures
including the type of culture substrates, substrate
stiffness, and other aspects of geometry and topogra-
phy of materials on h-MSC expansion and potency are
discussed within the cell manufacturing perspective.
Also, the influence of culture parameters and bio-

chemical stimuli such as cytokines, hormones, small
molecules, and herbal extracts are discussed as poten-
tial strategies to promote cell growth, the reduction in
consumption of culture components derived from
animal sources, and the refinement of potent
immunosuppressive properties expressed in manufac-
tured h-MSC. Finally, ethics factors, sustainable banks
for the future, issues, and challenges of good manu-
facturing practices are briefly discussed.

RESPONSE TO PHYSICAL, CHEMICAL,

AND BIOLOGICAL STIMULI

Culture Substrates

h-MSC respond to physical and chemical signals
presented by the local microenvironment, such as
surface chemistry, substrate stiffness, topography, and
3D materials including nanofibers or hydro-
gels.30,40,79,81 Culture substrates composed of either
synthetic or natural polymers together with biophysi-
cal cues are a promising strategy for supporting and
enhancing the cell manufacturing process. In recent
years, natural and synthetic biomaterials have been
created, which are capable of mimicking the native
extracellular matrix (ECM) through cell organization,
mechanical forces, and bioactive molecule deliv-
ery.47,115 Interactions with different physical cues re-
quire a broad understanding of how h-MSC could be
affected by the phenomena mentioned above. For
example, mechanical properties of substrates, such as
stiffness and elasticity, modulate the behavior of h-

FIGURE 1. This review article focuses on the role of different stimuli on h-MSC behavior that could lead to more efficient
manufacturing processes.
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MSC during culture and those effects persisted after
several rounds of cell expansion.72 This ‘‘mechanical
memory’’ state will likely impact cell safety and po-
tency in tissues.42,46 In the next sections, we summarize
recent advances and limitations of culture substrates
for cell manufacturing applications.

Tissue Culture-Treated Plastic (TCP)

Cell isolation and expansion processes are per-
formed on traditional tissue culture-treated plastic
(TCP). TCP has been the preferred choice for cell
culture due to its excellent cell adhesive properties,
optical transparency, and biocompatibility. Although
for most cells high-fold cell expansion is facilitated,
TCP substrates have a stiffness and are incapable of
supporting matrix-mediated signaling. Several studies
have shown that when h-MSC are cultured for ex-
tended times on TCP they lose their proliferative
capacity and multi-lineage differentiation poten-
tial.3,13,47,71,81,94,135 Moreover, after several passages,
h-MSC enter into a ‘‘senescence’’ state, which leads to
permanent cell cycle arrest. Work by Yang and col-
leagues shows that h-MSC can develop mechanical
memory if expanded on TCP, meaning that cells can
store past signals of a culture microenvironment. This
behavior was monitored through the activation (nu-
cleus location) or deactivation (cytoplasmic location)
of the transcriptional coactivator YAP/TAZ and
RUNX2 genes on TCP and soft hydrogels, which af-
fected cell potency after in vivo transplantation.71,135 In
addition to transcriptional activity, changes in cell
behavior can also be perceived by the loss of the
elongated morphology and the appearance of abun-
dant large and flat cell clusters in a culture, both
indicators of cell differentiation. For example, Dolley
and collaborators studied the expansion of human
bone marrow MSCs (h-BMMSC) cultured using a
serum-free defined medium on Corning Synthemax
surface, TCP, and ECM coatings and compared it to
standard culture conditions supplemented with
serum.31 Their findings showed that cells seeded in
Corning Synthemax surface and ECM coatings pre-
sented similar cumulative cell number for all sixty days
of testing.31 Both surfaces with serum-free medium
reported a production of approximately 1 9 1014 cells
in sixty days. However, TCP with serum only yielded
1 9 109 cells in the same time period. Additionally,
cells maintained the normal elongated and spindle-like
morphology on the different substrates except on TCP.
Such changes in cell behavior associated with the use
of TCP as the main culture surface limits its continued
use in the propagation of h-MSC and has been the
main motivation for the engineering of culture sub-
strates. Potential alternative substrates for h-MSC

cultures are summarized in the next sections and are
grouped based on the physical properties examined.

Stiffness

Mechanical properties impact h-MSC proliferation,
maintenance of phenotype, and differentiation.137,140

The stiffness of the culture substrate is one of the sig-
nificant properties impacting the differentiation
potential and phenotype of h-MSC. Stiffness is a
measure of stretchability and rigidity of the materials16

and it is typically obtained from the slope of the linear
region of the stress-strain curve, ‘‘Young’s modulus’’,
where stress and strain are representing strength and
ductility, respectively.12 Cells can exert traction forces
generated from cytoskeleton’s tension on the substrate
due to its stiffness42 leading to the activation of me-
chano-transductive signaling that modulates cellular
activities.36,93 Thus, the substrate stiffness influences
the cell’s adhesion strength and surface spreading.136

The differentiation of h-MSC into different cell
lineages is one of the main cellular functions impacted
by substrates stiffness. For example, stiff surfaces in-
duce osteogenesis, whereas softer substrates supports
adipogenesis and decreases the proliferation rate.75

Therefore, it is vital to consider the mechanical prop-
erties of the substrates to avoid undesired changes in
cell differentiation during the expansion process.36 Li’s
team evaluated different ranges of stiffness to examine
the impact on fibrotic cell behavior, which has a direct
relationship with the preservation of stem cells char-
acteristics.71 They found that surfaces of low stiffness
(2–5 KPa), which fell in the range of those reported for
soft tissues, inhibited fibrogenesis as compared to TCP
(2 GPA). Moreover, substrates of high stiffness (50–
100 kPa) induced cell fibrogenesis71,120 suggesting the
potential of soft substrates to preserve the stem cells
characteristics. Kureel and colleagues also examined
the impact of stiffness in stemness and growth by
measuring cell doubling times and differentiation po-
tency in polyacrylamide-based substrates of variable
stiffness. The cumulative doubling time of umbilical-
cord and bone-marrow derived h-MSC seeded onto a
polyacrylamide gel of Young’s modulus of 5 kPa
showed an increase of nine times higher population
doubling in comparison to h-MSC seeded on TCP.
Also, the adipogenic differentiation potential was
limited in TCP,65 further supporting the mechano-
sensorial capability of h-MSC. Thus, soft substrates
represent a good alternative to maintain the differen-
tiation capability and enhanced growth rates; however,
the stiffness of the culture substrate needs to be tai-
lored early during the cell expansion process to meet
the desired therapeutic application.
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Fibrous Scaffolds

Scaffolds represent an ideal structure as a substrate
for cell growth, mimicking their environment. Several
scaffolds have been created with a fibrous or flat
organization, where the mechanical properties in
combination with changes in surface morphol-
ogy/chemistry provide a set of biophysical cues to
guide cell behavior through cell-material interac-
tions.119 Fibrous substrates are typically fabricated by
phase separation, melt spinning, self-assembly, twist-
ing, braiding, knitting and electrospinning methods.110

Electrospinning is a promising technique where ultra-
fine fibers are obtained by electrically charging a
polymer solution droplet.70 This technique enables the
generation of fibrous substrates and controls over the
physical parameters including fiber diameter, density,
and anisotropy, to generate substrates that mimic the
natural fibrous structure and architecture of the native
extracellular matrix.6,109,119 Fibrous substrates have
been shown to modulate important cellular processes
such as cell growth and migration, but little is known
about how fibrous substrate could help in the expan-
sion and manufacturing process of h-MSC, since many
of the studies have been made with non-human cells.
Li and colleagues reported using PLGA electrospun
fibers to observe if h-BMMSC had good interactions
with the engineered microenvironment. They reported
that cells seeded onto electrospun fibers maintain their
phenotype, have good adhesion and proliferation, and
had a fivefold increment in the total cell number by day
ten.70 Similar results were reported by Baker and co-
workers using synthetic fibrous material and hydrogels
with different stiffness levels composed of methacry-
lated dextran. Cell proliferation of h-MSC on the stiff
hydrogel substrates resulted in a 15% higher return
than h-MSC seeded on soft hydrogels, while the soft
fibers showed a 10% increase over h-MSC on stiff fi-
bers networks.6 Thus, the alterations observed in the
behavior of h-MSC as a consequence of the fibrous or
flat state of the substrate indicate that the structure of
the material is also an important property to consider
in the design of culture substrates for cell manufacture
applications.

Topography

Physical cues of the cellular microenvironment are
considered important factors in cell function. These
cues directly affect the cells mechano-sensitivity due to
the cell-substrate interactions. The substrate topogra-
phy, including geometry, is based on surface modifi-
cations with different shapes to generate mechanical
stress in the cells, therefore affecting cell behavior.52

Research performed by Lee J and colleagues showed
that geometric cues (different shape and size) on hy-

drazine-modified polyacrylamide (PA) hydrogels are
more favorable to the activation of stemness markers.
They evaluated the role of substrate stiffness, such as
0.5 KPa (soft) and 30 KPa (stiff), combined with dif-
ferent geometries, i.e., circle, oval and star, on the
maintenance of the h-MSC phenotype. They con-
cluded that soft substrates and micro-patterns can
regulate the spreading and cytoskeletal tension,
enhancing the expression of h-MSC multipotency
markers.69 On the other hand, Seunghan Oh and col-
leagues were interested in controlling the expansion of
undifferentiated h-MSC, as well as regulating their
differentiation using variation in surface geometry.
They found that TiO2 nanotubes with a specific
diameter of 30 nm promotes adhesion without differ-
entiation and strongly enhances cellular activities
compared to smooth TiO2 surfaces; however, larger
diameters between 70 and 100 nm induce selective
differentiation to osteoblast. Therefore, there is a way
to enhance cell adhesion during cell expansion, con-
trolling h-MSC fate.88 In addition to geometries,
topographical characteristics are perceived by h-MSC
and shown to influence behavior by altering gene
expression patterns that directly impact cell growth,
adhesion, and differentiation.69 McMurray and co-
workers examined the impact of nanotopographies as
an easy-to-use and easy-to-manufacture surface to
maintain multipotent characteristics on bone marrow
and adipose-derived h-MSC. They found that poly-
caprolactone (PCL)-based nanotopographies with 120
nm pits in a square arrangement with a center-center
spacing of 300 nm were supportive of cell expansion
for up to 8 weeks without losing stem-cell phenotype h-
MSC.81 These findings suggest that both geometry and
topography can be incorporated into culture surfaces
to stimulate a desired phenotype of h-MSC. Additional
studies, including a broader pool of h-MSC sources
and mechanistic evaluation, are needed to determine
its potential applicability to achieve reproducible
alterations in the therapeutic potency of h-MSC.

Surface Chemistry

Surface chemistry modification has been studied as
a potential option to retain h-MSC expansion without
affecting functional characteristics. These modifica-
tions include the immobilization of polymers and small
molecules on the surface through covalent bonding,
electrostatic interaction, and hydrophobic bond
methods. These alterations have demonstrated mod-
erate cell adhesion and prevent undesired changes in
the phenotype and potency of h-MSC.118,122

However, studies have reported issues about surface
chemistry and the effect on h-MSC behavior. For in-
stance, the instability of surface modifications is a
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significant problem. Cell adhesion is directly related to
surface hydrophobicity due to the interaction with
serum proteins.26 Curran and co-workers performed a
comprehensive study of the impact of functional
groups on h-BMMSC behavior. Main functional
groups found in biological systems, including methyl
(–CH3), hydroxyl (–OH), carboxyl (–COOH), amino
(–NH2) and silane (–SH), were evaluated. Results
showed that these modifications could enhance or
commit the cell to a specific lineage. For example, the –
NH2 and –SH-modified surfaces promoted and main-
tained osteogenesis while the –OH and –COOH-mod-
ified surfaces promoted and maintained
chondrogenesis. Thus, functional groups can be used
to complement traditional cell differentiation methods
using culture media preparations to either reduce or
replace the need for cytokines and growth factors.26–28

Even though the functional chemistries showed good
results for promoting cell differentiation, they are not
appropriate for h-MSC expansion from a manufac-
turing standpoint because of the inability to maintain
an undifferentiated state in the bulk population.

An alternative approach is to use polyelectrolyte
multilayers to functionalized culture surfaces using
natural polymers. Our research group has demon-
strated that it is possible to create bioactive surfaces via
the layer-by-layer assembly method to improve h-MSC
activities and responses.15 Multilayers of heparin and
collagen (HEP/COL) were used to prepare the bioac-
tive surface onto TCP to enhance h-MSC response to
soluble interferon gamma (IFN-gamma). Multilayers
were formed varying the final layer between COL and
HEP and supplemented with IFN-gamma (50 ng/mL)
in the culture medium. Even though IFN-gamma is a
cytokine associated with innate and adaptive immu-
nity, combating viral infections, bacteria, and proto-
zoa,51 it has an antiproliferative effect reported for
many kinds of cells.10,15,73,130 The results showed that
this polymeric system reduces the antiproliferative ef-
fect of IFN-gamma. HEP-ending films supplemented
with IFN-gamma presented a better proliferative effect
compared with COL-ending films and TCP (surface
without HEP/COL multilayers). Furthermore, HEP-
ending films supported the high expression of cytoki-
nes, including interleukin-6 (IL-6), vascular endothelial
growth factor-A (VEGF-A), basic fibroblast growth
factor (FGF-2), and colony stimulating factor 1 (M-
CSF) as compared with the other conditions examined.
Hence, this system may be beneficial in cell manufac-
turing practices because it was able to present a plat-
form (HEP/COL multilayers + Cytokine/IFN-
gamma) which enhanced immunomodulatory proper-
ties and therapeutic potential of h-MSC while elimi-
nating the antiproliferative effect offered by IFN-
gamma.15 The role of cytokines as a biochemical

stimulus on h-MSC manufacturing is further discussed
in the next section.

Biochemical Stimulus on h-MSC Manufacturing

Role of Cytokines

Cytokines have demonstrated their potential to
stimulate changes in the behavior of human stro-
mal cells, including the promotion of migration,117

proliferation or cell survival,25 differentiation,54

osteogenesis,48 enhancing and inhibiting chondrogen-
esis,132 neovascularization,37 mineralization,98 tissue
repair,92 suppressing cellular senescence,53 immuno-
suppressive capacity,62 tumorigenesis and angiogene-
sis,90 along with other effects such as impairing
maintenance and altering hematopoietic support.41

Consequently, several studies have demonstrated that
cytokines are advantageous for cell manufacturing or
h-MSC expansion.

Reduction in Consumption of Culture Components De-
rived from Animal Sources Researchers who have used
cytokines like IFN-gamma,117 FGF-2,41,107 VEGF-
A,38 tumor necrosis factor alpha (TNF)-a,34 and
granulocyte-macrophage colony stimulating factor
(GM-CSF)95 have identified that their use is crucial for
modulating several cellular activities of h-MSC, and
their effect can be regulated by their concentration.38 A
direct advantage of supplementing cytokines on cul-
tures of h-MSCs is the reduction in consumption of
culture components derived from animal sources such
as fetal calf serum.17,107 One of the main issues of good
manufacturing practices (GMP) in the cell manufac-
turing field is associated with the selection of the cul-
ture medium. The culture medium of choice is
generally of a xeno-free source, as animal-derived
products could potentially transmit unpredicted viru-
ses or other pathogens.108 Hence, new media formu-
lations on h-MSC expansion have been focused on
utilizing non-animal derived products to avoid sec-
ondary effects or complications that can compromise
cell production.8,64 Lucas G. Chase and colleagues
achieved h-MSC expansion using a serum-free medium
supplemented with transforming growth factor beta1
(TGF-b1), FGF-2, and recombinant human plate-
let-derived growth factor-BB (PDGF-BB).17 Results
showed that PDGF-BB, FGF-2 individually supple-
mented, as well as combinations of two factors PDGF-
BB/FGF-2, PDGF-BB/TGF-b1, and FGF-2/TGF-b1
enhanced cellular expansion compared with a growth
factor-deficient serum-free medium (SFM) or 10% fe-
tal bovine serum-containing medium (SCM). Although
these combinations produced promising results, the
combination of these three supplements together pro-
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vided an enhancing effect on h-MSC proliferation
showing phenotypic retention.17 Prior studies have also
demonstrated that TGF-b1, FGF-2, and PDGF-BB
are sufficient to support h-MSC growth in serum-free
medium.60,87 Muller examined the proliferative effect
of platelet lysate as a supplement, compared with
media alone or supplemented with 5% serum-free
media containing fresh frozen plasma (FFP) or 10%
fetal calf serum (FCS) (standard condition).86 Several
concentrations (1–100 Million-platelets/mL) of platelet
lysate were evaluated in combination with 2.5% FFP.
Results showed that media supplemented with 10%
FCS duplicated the proliferative effect compared with
media containing 5% FFP. However, platelet lysate
supplemented in 2.5% FFP showed a significant
advantage in cell proliferation. A concentration of 10
Million-platelets/mL added to 2.5% FFP demon-
strated the same proliferative effect as that of h-MSC
in 5% FFP. Concentrations of 50 and 100 Million-
platelets/mL presented a similar effect compared with
h-MSC in 10% FCS. Therefore, it is possible to say
that platelet lysate promotes a positive effect on h-
MSC proliferation, and additionally minimizes the use
of fetal calf serum to maintain the cellular culture.
These studies demonstrate how a combination of dif-
ferent cytokines could be useful to significantly reduce
or eliminate the use of animal-derived products, while
maintaining or enhancing h-MSC properties. The main
limitation of current xeno-free media is its cost. Opti-
mization of recombinant cytokine production, as well
as the evaluation of multiple cytokine combinations
could lead to xeno-free formulations of reduced costs.
Also, it is imperative to evaluate substitutes for
cytokines such as peptides or other small molecules
that can be produced at lower costs.

Self-renewal of h-MSC and Retention of Multilineage
Differentiation Ability Another advantage of using
cytokines for h-MSC manufacturing is associated with
retention of the multilineage differentiation ability
during the process of proliferation.125 Yukio Kato and
his team worked on identifying a growth factor that
was involved in the self-renewal of h-MSC and the
preservation of multilineage differentiation poten-
tial.125 Their findings demonstrated that FGF-2, which
is a potent mitogen for h-MSC, markedly improved the
growth rate of bone-marrow-derived h-MSC in
monolayer cultures and the multilineage differentiation
ability of h-MSC was maintained throughout numer-
ous mitotic divisions.125 Similarly, Sotiropoulou
reported that FGF-2 induces an increase in the pro-
liferation response of h-MSC. However, this cytokine
generates an upregulation of human leukocyte antigen
(HLA-class I) and promotes low human leukocyte
antigen—DR isotype (HLA-DR) expression, which is

involved in the regulation of the immune system in
humans.114 Although their results showed upregula-
tion of HLA, allogeneic immune responses were weak,
compared with the responses provoked by allogeneic
peripheral blood mononuclear cells (PBMCs), which
consist of monocytes and lymphocytes (T cells, B cells,
NK cells). On the other hand, the in vivo immuno-
suppressive ability of h-MSCs was enhanced when
FGF-2 was added at concentrations above 5 ng/mL
supporting the use of FGF-2 to stimulate the growth of
h-MSCs for immunosuppressive applications. The
mechanism of action was further investigated by
Young Do Kwon and collaborators that examined the
effect of the mitogen-activated protein kinase (MAPK)
signaling pathway in the FGF-2 supplemented cul-
tures. MAPKs are known as the main signal trans-
ducers for growth factors, cytokines, and stress. They
also control cell proliferation and apoptosis.2 Results
showed that Jun N-terminal kinase signaling is
involved in the FGF-2 induced proliferation and
preservation of the multilineage differentiation ability
of h-MSC.2 Other cytokines of the same family, such
as fibroblast growth factor receptor 1 (FGFR-1), have
been demonstrated to induce proliferation, as well as
control the maintenance of h-MSC viability.32 The
proliferation effect has been shown by inhibiting the
cyclin-dependent kinase inhibitors P21waf1 and
P27kip.32 Although FGF-2 is known as a potent
mediator of proliferation by itself, the effect of FGF-2
and other members of the FGF family should be
examined in combination with either cytokine of the
same family or other types of cytokines to explore
improvements on h-MSC proliferation.

Other cytokines such as IL-1 beta have also
demonstrated an ability to stimulate h-MSC prolifer-
ation. Alexey E. Bigildeev and his group investigated
the effect of IL-1 beta on h-MSC.9 Specifically, they
studied proliferative potential, immunomodulatory
properties, and the ability to support early
hematopoietic precursor cells of h-MSC cultured in
standard conditions or treated with 4 pg/mL human
recombinant IL-1 beta. Results showed that IL-1 beta
promoted cell expansion and enhanced the potential to
maintain a phenotype.9 Interleukin-17 (IL-17), which
is a cytokine secreted by TH-17 cells,50 was used by Ki
and collaborators to evaluate the effect of supple-
mented IL-17 at a concentration of 50 ng/mL on h-
MSC for up to 8 days.50 Their results suggested that
IL-17 promotes the growth of these cells as compared
to cells without IL-17 supplementation. Their findings
showed that after 2 days of culture, significant differ-
ences were observed. In addition, they revealed that the
production of reactive oxygen species (ROS) is vital to
favor h-MSC proliferation in the presence of IL-17.
Accordingly, cytokines have demonstrated to be not
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only useful to minimize issues in GMP, such as
reducing the use of animal-derived products, but also
useful to stimulate h-MSC proliferation.

Improving Immunosuppressive Properties Manufactur-
ing processes are characterized by quality control of
the specifications of their products. The quality crite-
rion for the immunosuppressive properties of h-MSC
is the cytokine profile and immunomodulatory func-
tion. h-MSC have the potential to treat immune-re-
lated diseases due to their immunosuppressive
properties.62 The interaction of cytokines with h-MSC
has positively impacted the cell manufacturing field of
h-MSC by improving their intrinsic immunosuppres-
sive properties. Many researchers have demonstrated
that the supplementation of IFN-gamma on h-MSC
cultures enhances the immunosuppressive properties of
h-MSCs in different ways. For example, Keon Hee
Yoo and collaborators revealed that IFN-gamma in-
duces indoleamine-2,3-dioxygenase (IDO) expression,
which is a crucial modulator in the immunosuppressive
pathway in h-MSC, through the IFN-gamma-Janus
kinase signal transducer and activator of transcription
pathway.62 Therefore, their results provided a conve-
nient and practical way of obtaining functionally
qualified h-MSC, which can adequately control the
immune response. In addition, their findings recom-
mend that cell therapy based on h-MSC primed with
IFN-gamma can be used for the clinical treatment of
allogeneic conflicts. Similarly, studies by Todd C.
McDevitt also has revealed that IFN-gamma plays a
crucial role in stimulating h-MSC immunomodulatory
activity.141 Their results showed the IFN-gamma in-
duced expression of IDO, resulting in an augmented
and continued suppression of T-cell activation and
proliferation.141 This resulted when his team evaluated
the microparticle delivery of IFN-gamma within h-
MSC spheroids an evaluated their immunomodulatory
activity. Consequently, McDevitt and his group con-
cluded that this microparticle-mediated presentation of
bioactive IFN-gamma offers a potent methodology to
guarantee and maintain immunomodulation of h-
MSC. Comparably, James A. Ankrum reported that
IFN-gamma enhances IDO expression of cryopre-
served h-MSC pretreated at a concentration of 100 ng/
mL.14

Other groups also have suggested that h-MSC
stimulated with IFN-gamma consistently enhance their
immunosuppressive properties.63,101,102,128 Steven R.
Bauer reported that immunosuppressive properties
could be predicted by the morphological features of
IFN-gamma stimulated h-MSC.63 Additionally, Gor-
dana Vunjak-Novakovic reported the influence of
IFN-gamma on the proteome and metabolome of
therapeutic h-MSC.134 Results highlighted that IFN-

gamma at a concentration of 500 U/m encouraged the
expression of antipathogenic proteins as well as in-
duced h-MSC to limit inflammation and fibrosis while
helping h-MSC survival.134 Jacques Galipeau and his
team demonstrated by secretome analysis that IFN-
gamma activated h-MSCs has a similar genetic profile
as h-MSCs activated in co-culture with PBMCs to in-
crease their potency, and that this behavior is associ-
ated with T cell suppression.19

On the other hand, researchers such as S. Jyothi
Prasanna and her team have reported that not only
IFN-gamma but also TNF-a stimulates the immune
properties of human bone marrow (h-BMMSC) and
Wharton jelly mesenchymal stem cells (h-WJMSCs).96

Their discoveries reported that h-BMMSC improved
suppression of mitogen motivated lymphoproliferation
only while h-WJMSCs treated with IFN-gamma were
exceptional suppressors of mixed-lymphocyte reac-
tions. Moreover, h-WJMSCs presented a mayor yield
than h-BMMSC under the presence of both pro-in-
flammatory cytokines treatments.96 Hence, it is possi-
ble to affirm that the interaction of both cytokines
allows the control of the immunosuppressive proper-
ties of h-MSC. Likewise, Patrick T. Coate described
that the enhancement of immunosuppressive proper-
ties of h-MSC could be generated under the influence
of the proinflammatory cytokine interleukin-17A.112

The role of cytokines in h-MSC manufacturing is
mainly related to the reduction in consumption of
abundant culture supplements, enhancement of their
proliferative potential, retention of their multilineage
differentiation ability, and the enhancement of
immunosuppressive properties of h-MSCs. Cytokines
can be used to modulate several cellular activities of h-
MSCs, and their effect can be regulated by their con-
centration. In addition, cytokines contribute to mini-
mizing the use of culture components derived from
animal sources, which lead to better GMP, offering a
safer production. FGF-2 and IFN-gamma have amply
been explored to modulate proliferation and
immunosuppressive properties of h-MSC, respectively.
Hence, it would be interesting to examine the response
of these two cytokines working together as a supple-
ment on h-MSC cultures. Another useful alternative
would be to evaluate a cocktail composed of diverse
cytokines to promote the production of robust h-MSC.
The impact of cytokines on h-MSC culture has mostly
been evaluated on a bench scale. Preliminary trials
must be performed on a larger scale to assess the im-
pact of scalability.

Other Biochemical Agents

Other soluble factors such as hormones,4,8,21,127,138

small molecules,4 and herbal extracts131 also have been
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linked to the proliferative potential of h-MSC. 17b-
Estradiol (E2) is a steroid hormone characterized for its
role in the modulation of numerous cell functions.138

Ho Jae Han et al studied the role of E2 on proliferation
and the linked signaling pathways using h-MSC. They
incubated h-MSC at a concentration of 1029 M E2.
Their findings showed that E2 increased the cell pop-
ulation by approximately 40% in the S phase com-
pared with the control. Moreover, they conjectured
that E2 induces proliferative activity via estrogen
receptors (ERs) expression in h-MSC. Another hor-
mone, insulin-like growth factor 1 (IGF-1), also has
presented abilities to promote cell proliferation of h-
MSC.21 An interesting finding was reported by Russell
et al who explored the proliferative effect of IGF-1
using a concentration of 100 ng/mL. The results
showed that IGF-1 polypeptide improved the prolif-
eration of small cells (5–9 lm), but not cells with a size
greater than 13 lm.21 On the other hand, small mole-
cules like GSK3b inhibitor 6-bromoindirubin-3¢-oxime
(BIO) also has been employed to induce h-MSC pro-
liferation in vitro.49 In this work, Benoit and collabo-
rators evaluated concentrations of 0, 2, 5, and 10 lM
of BIO. Their results showed that BIO concentrations
in the range of 2–5 lM were the most promising for
inducing a proliferative response of h-MSC. Anything
above 5 lM resulted in cell death and below 2 lM did
not have any significant effect.49 Herbal extracts such
as Dhanwantharam Kashaya (DK), which is an arti-
ficial herbal preparation commonly used in Ayurvedic
medicine,49,131 have been studied on the proliferation
of h-MSC.20,126 Warrier and colleagues examined the
capacity of DK on the proliferation, viability, and
senescence of human Wharton jelly MSCs (h-
WJMSCs) in vitro.131 In this study, they treated med-
ium in the absence and presence of DK at a series of
concentrations 5, 7.5, 10, 20, 40, and 50 lg/mL. The
results showed that DK significantly improved the
proliferation of cells, describing a dose-dependent
behavior. The maximum effect obtained was at 10 lg/
mL.131

Glucocorticoids, which are a class of steroid hor-
mones involved in the metabolism of proteins, carbo-
hydrates, and fats and have anti-inflammatory activity,
have contributed positively to the immunomodulatory
potency of h-MSC.4 Jeffrey M. Karp and his team
reported that it is possible to enhance the performance
of h-MSC via the intracellular delivery of steroids.4

Their findings demonstrated that glucocorticoid ster-
oids increase h-MSC expression and activity of IDO.
They described that h-MSC treated with glucocorti-
coids, budesonide, or dexamethasone have a support-
ive effect on improved IDO expression following IFN-
gamma stimulation as well as the ability to restore
IDO expression in over-passaged h-MSC. Another

alternative that has been used to enhance the
immunomodulatory capacity of h-MSC is linked to
hypoxic pretreatment by improving the secretion of
cytokines and soluble factors associated with
immunosuppression response.103 J. Wang examined
the effects of hypoxia on the immunomodulatory
properties of human gingiva–derived MSCs (h-
GMSCs). They found that hypoxia improves the
immunomodulatory properties of h-GMSCs by stim-
ulating the production of anti-inflammatory
cytokines.55 Numerous other studies reported that
hypoxia upregulated the expression of IDO in human
adipose tissue-derived h-MSC.99

Many researchers worried about the potential risk
of infections as well as immunological reactions that
fetal calf serum (FCS) as a supplement may generate.
For instance, Karen Bieback and her team investigated
the effects of pooled human AB serum (AB-HS) and
thrombin-activated platelet-rich plasma (t-PRP) vs.
FCS as the standard control medium.64 This study was
performed using three separate conditions: 10% FCS,
10% AB-HS, and 10% t-PRP. Results demonstrated
that 10% AB-HS and 10% t-PRP offer a significantly
robust proliferative effect on h-MSC than FCS does.
h-MSC cultured using AB-HS and t-PRP exhibited a 3
times higher expansion compared to cultures with FCS
after the first six passages.64

In summary, physical, chemical, and biochemical
stimuli are crucial during the production of h-MSCs.
One of the most important contributions of biochem-
ical stimulus has been the focus on reducing essential
culture components derived from animal sources,
which is crucial to eliminate the potential risk of
infections that these sources may offer. On the other
hand, even though a range of biochemical stimuli have
been studied, mainly in an individual manner, showing
exceptional results on cell expansion, it is imperative to
study further and evaluate the effect of preparing
cocktails using combinations of these stimuli. A com-
bination of cytokines or other soluble factors, such as
hormones, small molecules, and herbal extracts could
be used to create a supportive and robust supplement
for fast h-MSC production.

SCALING H-MSC MANUFACTURING:

STRATEGIES TO STIMULATE

PROLIFERATION

The increasing clinical demand for h-MSC requires
robust, large-scale production strategies.91 To exten-
sively manufacture cells, two different cell culture
systems have been identified: planar or monolayer
culture system and the 3D system for h-MSC expan-
sion. Planar systems include T-flasks and multi-layered
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flasks. 3D systems comprise various bioreactors (wave
stirred tank, rotating wall vessel, packed-bed, roller
bottle) and microcarrier-based culture systems.59,121

The type of bioreactor has played a significant role in
the scaling of h-MSC manufacturing, where their dif-
ference in size, geometric design, operational parame-
ters, and the material of fabrication impact cell
production. Likewise, cell culture conditions in biore-
actors also exert a significant effect on scaling h-MSC
manufacturing. In this section, the impact of scaling in
h-MSC manufacturing in response to cell culture
conditions, and operational parameters of bioreactors
will be described.

Influence of Cell Culture Conditions in Bioreactors

Multiple systems strategies and technologies geared
towards maximizing cell culture expansion have been
explored. Strategies include the evaluation of culture
parameters such as different types of culture medium,
serum, pH, glucose concentration, agitation rate, and
dissolved oxygen (dO2) concentration.18,35,45,56,66 The
impact of bioreactor design and flow conditions or
shear stress as a biomechanical parameter in regulating
h-MSC proliferation has also been explored.58,85,139

For example, different types of microcarriers with the
main goal of obtaining which one might be more useful
to improve proliferation have been investigated.33,61

Similarly, other teams have studied the effect of
microcarrier concentration.18,56,106 Tristan Lawson
and colleagues used a 50 L single-use stirred tank
bioreactor to examine the influence of various culture
parameters on the proliferation respond.66 First, they
identified the optimal pH and dO2 culture set-points.
Four distinct pH levels (7.2, 7.4, 7.6, and 7.8) and three
dO2 concentrations (20, 50, and 80%) of air saturation
were evaluated in cell cultures for 10 days. Results of a
single cell donor showed that a pH between 7.4 and 7.6
provided optimal proliferation. A total of 5 9 108

cells were obtained using pH between 7.4 and 7.6 vs. 4
9 108 cells at pH 7.2 and 2 9 108 cells at pH 7.8 for 10
days of culture in 3 L bioreactor cultures. Although
dO2 concentrations showed similar growth rates, 80%
dO2 was selected to examine the other parameters.
Two culture mediums in combination with two types
of serums were examined as follows: minimum essen-
tial medium-a-based medium (aMEM) or Dulbecco’s
modified eagle’s medium (DMEM) with 5% human
platelet lysate (h-PL) and aMEM and DMEM sup-
plemented with 10% FBS. Their findings indicate that
using aMEM/h-PL a higher cell growth was achieved
compared to the other conditions.66

Similarly, Christopher J. Hewitt reported that h-PL
containing medium increased the h-MSC growth rate
20% more compared with the FBS supplemented, and

this enhanced proliferation rate was consistent across
all donors examined.45 In other studies, aMEM has
been supported as the preferred media for h-MSC.
Allen Kuan-Liang Chen reported that aMEM sup-
ported faster h-MSC growth than DMEM, addition-
ally a low glucose concentration (1–1.5 g/mL) was a
more favorable condition in which to obtain improved
h-MSC growth yield.18 Glucose concentrations
between 1 and 1.5 g/mL presented similar cell con-
centrations of 4.6 9 104 cells/cm2. Higher glucose
concentrations of 2 and 2.5 g/L yielded lower cell
concentrations of 2 9 104 cells/cm2 and 2.5 9 104

cells/cm2, respectively. Lawson and colleagues used
these optimum conditions and monitored h-MSC
expansion in a 50 L bioreactor. Results showed that
using aMEM/h-PL or DMEM/FBS working at opti-
mum conditions made it possible to achieve between 1
and 1.25 9 1010 cells in 11 days, representing a sig-
nificantly greater difference in growth compared to the
un-optimized conditions, which produced 4 9 109 cells
in 11 days. In other words, the optimized conditions
increased h-MSC production 2.5 times.66 Likewise,
Donghui Jing and collaborators evaluated growth
kinetics of h-MSC in a 3 L single-use, stirred-tank
bioreactor by using different concentrations of lactic
acid, dO2, and pH.56 Results showed that minor con-
centrations of lactic acid at 1.1 g/L were favorable to
promote cell growth. They obtained cell values of
60 9 104 cells for 0 g/L of lactic acid, 70 9 104 cells for
1.1 g/L, and 30 9 104 cells for 1.6 g/L. They noticed
that larger concentrations of lactic acid inhibit h-MSC
growth. Similarly, pH between 7 and 7.5 was advan-
tageous to promote cell proliferation as compared to
low pH (< 6.8) as previously reported by Lawson and
colleagues.66 A dO2 concentration between 5 and 10%
was found superior to 10% for cell growth.56

Influence of Operational Parameters in Bioreactors

In addition to cell culture conditions, shear stress
generated by a fluid flow can also impact cell prolif-
eration response in a biorector.139 Teng Ma and col-
laborators grew h-MSC in a perfusion bioreactor
system to examine the effect of fluid flow. Two flow
rates (0.1 and 1.5 mL/min) were examined on h-MSC
growth. Results showed that significant (p < 0.05)
enhancement in the total amount of cells produced
were obtained using a low flow rate139 suggesting that
low shear stress is best for h-MSC cultures.

On the other hand, the capacity of cell expansion
has been tested by using different cell culture tech-
nologies. Kamilla Swiecha and her team studied the
stimulus capacity of different bioreactor designs on h-
MSC production from 3 different donors.85 They
evaluated a multi-layer vessel (ML), a stirred tank
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bioreactor with microcarriers (STR), a hollow fiber
bioreactor (HF), and a packed-bed bioreactor (PB).
Results demonstrated that bioreactor designs can offer
a positive or negative stimulus for cell expansion.
Notably, poor cell expansion was obtained in HF
(1 9 104 cells/cm2 for 5 days), while STR (4.5 9 104

cells/cm2 for 7 days), ML (4.25 9 104 cells/cm2 for 6
days) and PB (3.4 9 104 cells/cm2 for 7 days) achieved
an analogous level of production with high density
expansion.85

Microcarriers have been demonstrated to be a useful
support matrix to promote cell growth in bioreac-
tors.5,18,33,56,61,106 For this reason, many researchers
have focused on studying the effect on h-MSC pro-
duction. Andrew Ball and colleagues evaluated diverse
microcarrier types to measure their ability to support
h-MSC growth including cytodex 1, cytodex 3, fact III,
collagen, plastic, plastic plus, proecntin F, and hillex in
suspension in a single-use bioreactor.61 Their findings
showed that only cytodex 1, cytodex 3, collagen, and
hillex produced a robust growth.61 Similarly, Françoise
De Longueville and his team studied h-MSC growth
profiles in BioBLU 0.3c Single-Use Vessel used in
suspension with cytodex 1 and cytodex 3 microcarri-
ers.33 Their results revealed that cytodex 1 promoted
cell expansion demonstrating a yield of approximately
42 9 104 cells/mL compared with 15 9 104 cells/mL
using cytodex 3 for 10 culture days.33 Other authors
also have studied the effect of microcarrier concen-
tration on h-MSC expansion,18,56,106 reporting that h-
MSC expansion is dependent on the amount of
microcarriers in the bioreactor. Studies by Allen Kuan-
Liang Chen demonstrated that h-MSC cultured in
spinner flasks at three different concentrations of cy-
todex 3 can generate distinct cell numbers.18 They
examined microcarrier concentrations of 4, 8, and 12
mg/mL, and their results revealed that 8 mg/mL is the
optimum concentration to achieve higher h-MSC
propagation.18 Other studies have shown that the
growth of h-MSC in spinner flasks with proecntin F
microcarrier in suspension is more effective using a
concentration of 10 g/L compared with 5, 7.5, and 15
g/L.106

In summary, the scaling up of h-MSC manufactur-
ing can be controlled by changing the conditional
parameters of the technology used (planar or 3D cul-
ture system), varying culture conditions, and using
additives. Moreover, it is essential to highlight that for
each type of bioreactor there is a different range of
optimal working conditions. Thus, operating condi-
tions should be explored in future research to stan-
dardize cell culture conditions and operational
parameters for each type of bioreactor.

MAKING SUSTAINABLE BANKS

FOR THE FUTURE

Banking is required to help meet the global demand
of the large number of cells required to cover the
health industry. In 2011, Cooper and Viswanathan
demonstrated that umbilical cord MSCs (UCMSCs)
could maintain pluripotency, safety, and efficacy after
a prolonged storage period. They tested 5 different
samples each with different time points of 1, 6,12, 24
and 36 months and their results showed negligible
differences between all the time points in cell count,
viability (> 97%) and immunophenotype (> 98)
analysis.23 Their research demonstrated that high-
quality manufacturing conditions are essential for the
future of cell banks development. Also, they indicate
that UCMSCs collection procedure is more efficient
than other types of h-MSC extraction procedures (e.g.
bone marrow extraction which is an invasive and
painful procedure),29 without ethical concerns and
does not harm mothers nor newborns.22 To ensure
quality and safety, the banking procedure is highly
dependent on an optimum cryopreservation process to
guarantee the long-term storage of cells. The signifi-
cant factors affecting the cryopreservation process are:
(1) optimal cryopreservation media, whether it is nee-
ded to use a low concentration of dimethyl sulfoxide
(DMSO) or non-DMSO133 in the cryopreservation
protocol and, (2) freezing temperature rate123 where
controlled-rate freezers111 were developed, but there is
a non-uniform temperature distribution. Following all
those studies, Lechanteur’s group reported a clinical-
grade large-scale expansion and bank of h-MSC dur-
ing 8 years with 59 validated donors, 464 h-MSC ali-
quots or bags, and 6 clinical trials of h-MSC infusion.
Making sustainable cell banks is time-consuming and
challenging, with major challenges in developing a
bank with GMP, relevant potency assay, and removing
the use of DMSO.68

IMPORTANCE OF THE CELL DONOR

h-MSC studies generate considerable cell-to-cell
variations because of the heterogeneity of cells between
donors, tissue of origin and cell populations.80,82,83

Since donor health and age influence the optimal
function of the h-MSC, donor-to donor variability
represents an essential factor even when working with
the same tissue source. Studies have shown that there
are age-related effects on functional cells97 while others
have shown no effects, even when they focused on
osteoprogenitor cells from h-MSC. In 2003, Stenderup
reported that age is only associated with a decrease in
h-MSC proliferation level without affecting function-
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ality.116 Baxter’s and Mareshi’s groups reported that h-
MSC isolation and in vitro expansion from pediatric
and adult donors generates negligible differences in
cellular functionality except for proliferation rate,
where cells from the youngest donor developed a
higher growth rate, suggesting enhancement on stan-
dard cell expansion protocols for clinical use.7,76 Al-
though there is an apparent effect of donor variability
on h-MSC quality, very few studies have investigated
the impact of physical and chemical cues with regards
to donor variability. Researchers must validate their
results with cells from different donors and sources.

h-MSC-based therapies are classified depending on
the donor: allogeneic (cells from a healthy donor) or
autologous (patient’s own cells).44 Allogeneic therapies
currently represent the highest number of h-MSC
products with marketing authorization, 9 products
from 13 approved.59 The main manufacturing differ-
ences are the number of therapeutic doses in each
batch and the number of patients treated, positioning
allogeneic therapies as the preferred manufacturing
process in the future.74 This shows the importance of
generating better h-MSC expansion processes due to
the required high demand. Current and projected de-
mand does not meet the number of cell donors avail-
able.

ISSUES AND CHALLENGES ON GOOD

MANUFACTURING PRACTICE OF h-MSC

GMP for h-MSC production involves all the pro-
cesses starting from the donor selection and continuing
until the specific clinical application. Because of the
extended process there are many potential sources of
error. Hence, a relevant issue on GMP is related to the
operational part of cell manufacturing that minimizes
the steps prone to human error (i.e., contamination
issues), which can affect the production and general
assessment of cell potency and safety. For these rea-
sons, process automation is implemented in cell man-
ufacturing as a strategy to control process variables to
minimize variability associated to manual handling.124

An example of automation in cell culture is a closed
automated Quantum� cell expansion system.43,67,100

This system consists of a robust automated hollow fi-
ber bioreactor system and it is used to eliminate
manual cell culture processes such as feeding and
harvesting.57 The system provides a constant and
controlled environment to maintain an adequate
feeding rate of cells, eliminating waste and exchanging
gases until the process finishes.39,67,78 Chantal Le-
chanteur and her team demonstrated that the Quan-
tum� device produces therapeutic h-MSC of high-
quality standards.67 Cells showed excellent immuno-

suppressive and differentiation capacities, and this
device performed an excellent scalable and repro-
ducible production. The total cell yield was increased
by approximately 12 times in 7 days. Although this
automated technology has been proven advantageous
for the manufacturing of h-MSC,43,67,84 still the
amount of cells generated is not sufficient to support
the high demand of h-MSC for clinical studies, which
continues to increase from year to year.43 Thus, other
strategies that further stimulate cell growth must be
combined to increase total cell yields while retaining a
high cell quality.

Another challenge of GMP is the expansion of h-
MSC in xeno-free culture conditions. The use of xeno-
free components minimizes the risks of transmitting
unpredicted pathogens from cell-based products.108 As
previously mentioned, researchers have begun to work
with human blood-derived products to avoid the use of
media supplemented with animal-derived products.
Their results have demonstrated that human blood--
derived products, such as h-PL or t-PRP, produce
larger amounts of cells as compared to FBS or
FCS.8,64,104,105 Expansion of h-MSCs can be achieved
in xeno-free culture conditions, however, xeno-free
culture does not necessarily guarantee production of
high-quality h-MSCs. Novel technologies should be
implemented in each phase of the manufacturing pro-
cess to continuously assess cell quality and segregate
those that do not meet the quality standard to elimi-
nate cells not favorable for clinical applications.
Markers of cell quality must be identified, and detec-
tion strategies for those markers must be placed.
Lastly, manufacturing processes should take advan-
tage of both physical and biochemical cues to enhance
cell quality, potency, and clinical efficacy.

ETHICS FACTORS OF MANUFACTURING

Despite the promising therapeutic potential of h-
MSC,129 the clinical application of h-MSCs raises
some ethical and safety concerns. The un-predictive
nature of h-MSC in response to external stimuli as well
as the lack of methods to track and remove these cells
after delivery have been the main point of discussion in
the clinical field due to the potential long term safety
implications.11,77,113 Within the context of cell manu-
facturing, one of the main challenges of h-MSC studies
is the lack of scientific rigor.24 Published studies in
basic science typically evaluate a limited amount of
h-MSC sources and donors, and thereby do not account
for donor-to-donor variability, interactions associated
to the tissue source, and the potential implications of
demographic data such as age, race, ethnicity, and
gender. This issue impairs the generalizability of the
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study outcomes and could lead to unforeseen changes
in cell behavior during the manufacturing process and
post-cell delivery to patients, compromising cell po-
tency and safety. This problem is further exacerbated
by the lack of regulatory standards for both pre-clini-
cal and clinical interventions using h-MSC. Thus,
while standards for h-MSCs are developed by regula-
tory agencies,77 it is advisable for researchers to in-
crease the scientific rigor of their studies as much as
possible within the constraints of their budget and
design their pre-clinical studies to meet or exceed the
standards established for drug development.

Another safety concern in the cell manufacturing
process is the use of animal-derived products in cell
culture. The supplementation of animal-derived fac-
tors can contain pathogenic entities such as prions that
can be passed to the cell and represents unknown/in-
creased health risks. Several studies have moved to-
wards xeno-free culture conditions,89 but such
approaches are cost-prohibited for basic research and
scale-up processes, decreasing the affordability of
manufactured therapies. This challenge may be ad-
dressed through the design of synthetic substrates with
added capabilities for intrinsic stimulation of cell
adherence and growth in h-MSC cultures.

CONCLUSIONS

Researchers have explored different mechanisms
involved in the manufacturing process in hopes of
increasing the scale of the h-MSC expansion and
production. Because of the implementation of bio-
chemical, chemical, and physical stimulus during the
cell culture, researchers have discovered clear correla-
tions between their use and an increase in the cell’s
productive properties. However, these discoveries have
yet to be translated to larger scales relevant to the
manufacturing process. The impact of culture condi-
tions is relevant at larger scales, and other process
considerations must be considered (such as reactor
design, flow conditions, etc.) when translating these
stimuli. There are many available alternatives to pro-
mote h-MSC expansion, enhance potency, and ulti-
mately produce more clinically relevant cells. These
alternatives include modification of cell culture sub-
strate, the addition of cytokines or small molecules, or
combination of both. However, the effect of these
alternatives must be explored at larger scales. These
processes still need optimization. Moreover, the com-
munity must develop standards in each step of the h-
MSC manufacturing process for cell therapies from the
isolation step to final infusion on the patients, to
guarantee high therapeutic potential.
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108Sensebé, L., M. Gadelorge, and S. Fleury-Cappellesso.
Production of mesenchymal stromal/stem cells according
to good manufacturing practices: a review. Stem Cell Res.
Ther. 4:66, 2013.

109Shao, Z., X. Zhang, Y. Pi, X. Wang, Z. Jia, J. Zhu, L. Dai,
W. Chen, L. Yin, H. Chen, C. Zhou, and Y. Ao. Poly-
caprolactone electrospun mesh conjugated with an MSC
affinity peptide for MSC homing in vivo. Biomaterials
33:3375–3387, 2012.

110Shi, Y., Y. Wang, P. Zhang, and W. Liu. Fibrous scaffolds
for tissue engineering Inflammation and Regeneration.
Biomaterials 34:023–032, 2014.

111Shu, Z., X. Kang, H. Chen, X. Zhou, J. Purtteman, D.
Yadock, S. Heimfeld, and D. Gao. Development of a
reliable low-cost controlled cooling rate instrument for the
cryopreservation of hematopoietic stem cells. Cytotherapy
12:161–169, 2010.

112Sivanathan, K. N., S. Gronthos, D. Rojas-Canales, B.
Thierry, and P. T. Coates. Interferon-gamma modification
of mesenchymal stem cells: implications of autologous and
allogeneic mesenchymal stem cell therapy in allotrans-
plantation. Stem Cell Rev. 10:351–375, 2014.

113Sobel, M. E., and S. R. Wolman. Ethical considerations in
the use of human tissues in research. Cytometry 38:192–
193, 1999.

114Sotiropoulou, P. A., S. A. Perez, M. Salagianni, C. N.
Baxevanis, and M. Papamichail. Characterization of the
optimal culture conditions for clinical scale production of
human mesenchymal stem cells. Stem Cells 24:462–471,
2006.

115Spoliti, M., P. Iudicone, R. Leone, A. De Rosa, F. R.
Rossetti, and L. Pierelli. In vitro release and expansion of
mesenchymal stem cells by a hyaluronic acid scaffold used
in combination with bone marrow. Muscles Ligaments
Tendons J. 2:289–294, 2012.

116Stenderup, K., J. Justesen, C. Clausen, and M. Kassem.
Aging is associated with decreased maximal life span and
accelerated senescence of bone marrow stromal cells. Bone
33:919–926, 2003.

117Strojny, C., M. Boyle, A. Bartholomew, P. Sundivakkam,
and S. Alapati. Interferon gamma-treated dental pulp
stem cells promote human mesenchymal stem cell migra-
tion in vitro. J. Endod. 41:1259–1264, 2015.

118Studeny, M., F. C. Marini, R. E. Champlin, C. Zompetta,
I. J. Fidler, and M. Andreeff. Bone marrow-derived mes-
enchymal stem cells as vehicles for interferon-beta delivery
into tumors. Cancer Res. 62:3603–3608, 2002.

119Su, N., P.-L. Gao, K. Wang, J.-Y. Wang, Y. Zhong, and
Y. Luo. Fibrous scaffolds potentiate the paracrine func-
tion of mesenchymal stem cells: a new dimension in cell-
material interaction. Biomaterials 141:74–85, 2017.

120Talele, N. P., J. Fradette, J. E. Davies, A. Kapus, and B.
Hinz. Expression of a-smooth muscle actin determines the
fate of mesenchymal stromal cells. Stem Cell Rep. 4:1016–
1030, 2015.

121Tavassoli, H., S. N. Alhosseini, A. Tay, P. P. Y. Chan, S.
K. W. Oh, and M. E. Warkiani. Large-scale production of
stem cells utilizing microcarriers: a biomaterials engineer-
ing perspective from academic research to commercialized
products. Biomaterials 181:333–346, 2018.

122Teramura, Y., and H. Iwata. Cell surface modification
with polymers for biomedical studies. Soft Matter 6:1081–
1091, 2010.

BIOMEDICAL
ENGINEERING 
SOCIETY

CASTILLA-CASADIEGO et al.534



123Thirumala, S., S. Zvonic, E. Floyd, J. M. Gimble, and R.
V. Devireddy. Effect of various freezing parameters on the
immediate post-thaw membrane integrity of adipose tissue
derived adult stem cells. Biotechnol. Prog. 21:1511–1524,
2005.

124Thomas, R. J., A. D. Hope, P. Hourd, M. Baradez, E. A.
Miljan, J. D. Sinden, and D. J. Williams. Automated,
serum-free production of CTX0E03: a therapeutic clinical
grade human neural stem cell line. Biotechnol. Lett.
31:1167–1172, 2009.

125Tsutsumi, S., A. Shimazu, K. Miyazaki, H. Pan, C. Koike,
E. Yoshida, K. Takagishi, and Y. Kato. Retention of
multilineage differentiation potential of mesenchymal cells
during proliferation in response to FGF. Biochem. Bio-
phys. Res. Commun. 288:413–419, 2001.

126Udalamaththa, V. L., C. D. Jayasinghe, and P. V. Uda-
gama. Potential role of herbal remedies in stem cell ther-
apy: proliferation and differentiation of human
mesenchymal stromal cells. Stem Cell Res. Ther. 7:110,
2016.

127Unger, C., H. Skottman, P. Blomberg, M. S. Dilber, and
O. Hovatta. Good manufacturing practice and clinical-
grade human embryonic stem cell lines. Hum. Mol. Genet.
17:R48–R53, 2008.

128Valencic, E., E. Piscianz, M. Andolina, A. Ventura, and A.
Tommasini. The immunosuppressive effect of Wharton’s
jelly stromal cells depends on the timing of their licensing
and on lymphocyte activation. Cytotherapy 12:154–160,
2010.

129Volarevic, V., B. S. Markovic, M. Gazdic, A. Volarevic,
N. Jovicic, N. Arsenijevic, L. Armstrong, V. Djonov, M.
Lako, and M. Stojkovic. Ethical and safety issues of stem
cell-based therapy. Int. J. Med. Sci. 15:36–45, 2018.

130Wall, L., F. Burke, J. F. Smyth, and F. Balkwill. The anti-
proliferative activity of interferon-c on ovarian cancer:
in vitro and in vivo. Gynecol Oncol 88:S149–S151, 2003.

131Warrier, S. R., N. Haridas, S. Balasubramanian, A. Jal-
isatgi, R. Bhonde, and A. Dharmarajan. A synthetic for-
mulation, Dhanwantharam kashaya, delays senescence in
stem cells. Cell Prolif. 46:283–290, 2013.

132Wehling, N., G. D. Palmer, C. Pilapil, F. Liu, J. W. Wells,
P. E. Müller, C. H. Evans, and R. M. Porter. Interleukin-
1b and tumor necrosis factor a inhibit chondrogenesis by
human mesenchymal stem cells through NF-jB-dependent
pathways. Arthritis Rheum. 60:801–812, 2009.

133Windrum, P., T. C. M. Morris, M. B. Drake, D. Nieder-
wieser, T. Ruutu, and EBMT Chronic Leukaemia Work-
ing Party Complications Subcommittee. Variation in
dimethyl sulfoxide use in stem cell transplantation: a sur-
vey of EBMT centres. Bone Marrow Transpl. 36:601–603,
2005.

134Wobma, H. M., M. A. Tamargo, S. Goeta, L. M. Brown,
R. Duran-Struuck, and G. Vunjak-Novakovic. The influ-
ence of hypoxia and IFN-c on the proteome and meta-
bolome of therapeutic mesenchymal stem cells.
Biomaterials 167:226–234, 2018.

135Yang, C., M. W. Tibbitt, L. Basta, and K. S. Anseth.
Mechanical memory and dosing influence stem cell fate.
Nat. Mater. 13:645–652, 2014.

136Yeung, T., P. C. Georges, L. A. Flanagan, B. Marg, M.
Ortiz, M. Funaki, N. Zahir, W. Ming, V. Weaver, and P.
A. Janmey. Effects of substrate stiffness on cell morphol-
ogy, cytoskeletal structure, and adhesion. Cell Motil. Cy-
toskelet. 60:24–34, 2005.

137Yim, E. K. F., and M. P. Sheetz. Force-dependent cell
signaling in stem cell differentiation. Stem Cell Res. Ther.
3:41, 2012.

138Yun, S. P., M. Y. Lee, J. M. Ryu, C. H. Song, and H. J.
Han. Role of HIF-1a and VEGF in human mesenchymal
stem cell proliferation by 17b-estradiol: involvement of
PKC, PI3K/Akt, and MAPKs. Am. J. Physiol. Cell
Physiol. 296:C317–C326, 2009.

139Zhao, F., R. Chella, and T. Ma. Effects of shear stress on
3-D human mesenchymal stem cell construct development
in a perfusion bioreactor system: experiments and hydro-
dynamic modeling. Biotechnol. Bioeng. 96:584–595, 2007.

140Zhao, W., X. Li, X. Liu, N. Zhang, and X. Wen. Effects of
substrate stiffness on adipogenic and osteogenic differen-
tiation of human mesenchymal stem cells. Mater. Sci. Eng.
C Mater. Biol. Appl. 40:316–323, 2014.

141Zimmermann, J. A., M. H. Hettiaratchi, and T. C.
McDevitt. Enhanced Immunosuppression of T cells by
sustained presentation of bioactive interferon-c within
three-dimensional mesenchymal stem cell constructs. Stem
Cells Transl. Med. 6:223–237, 2017.

Publisher’s Note Springer Nature remains neutral with re-
gard to jurisdictional claims in published maps and institu-
tional affiliations.

BIOMEDICAL
ENGINEERING 
SOCIETY

Effects of Physical, Chemical, and Biological Stimulus 535


	Effects of Physical, Chemical, and Biological Stimulus on h-MSC Expansion and Their Functional Characteristics
	Abstract
	Introduction
	Response to Physical, Chemical, and Biological Stimuli
	Culture Substrates
	Tissue Culture-Treated Plastic (TCP)
	Stiffness
	Fibrous Scaffolds
	Topography
	Surface Chemistry

	Biochemical Stimulus on h-MSC Manufacturing
	Role of Cytokines
	Self-renewal of h-MSC and Retention of Multilineage Differentiation Ability
	Improving Immunosuppressive Properties

	Other Biochemical Agents


	Scaling h-MSC Manufacturing: Strategies to Stimulate Proliferation
	Influence of Cell Culture Conditions in Bioreactors
	Influence of Operational Parameters in Bioreactors

	Making Sustainable Banks for the Future
	Importance of the Cell Donor
	Issues and Challenges on Good Manufacturing Practice of h-MSC
	Ethics Factors of Manufacturing
	Conclusions
	Acknowledgements
	References




