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Mesenchymal stromal cells (MSCs) have attracted scientific and medical interest due to their self-renewing properties,
pluripotency, and paracrine function. However, one of the main limitations to the clinical application of MSCs is their
loss of efficacy after transplantation i viwo. Various bioengineering technologies to provide stem cell niche-like con-
ditions have the potential to overcome this limitation. Here, focusing on the stem cell niche microenvironment, studies
to maximize the immunomodulatory potential of MSCs by controlling biomechanical stimuli, including shear stress,
hydrostatic pressure, stretch, and biophysical cues, such as extracellular matrix mimetic substrates, are discussed. The
application of biomechanical forces or biophysical cues to the stem cell microenvironment will be beneficial for enhanc-
ing the immunomodulatory function of MSCs during cultivation and overcoming the current limitations of MSC therapy.
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Introduction

Multipotent mesenchymal stromal cells (MSCs) are ob-
tained from various adult tissues, such as bone marrow
(BM), adipose tissue, umbilical cord blood, Wharton’s jel-
ly, dental pulp, and skin (1). MSCs have been investigated
as an attractive option for regenerative medicine and im-
mune-mediated disorders due to their self-renewal ability,
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multilineage differentiation, and anti-inflammatory and
immunomodulatory functions, which involve both para-
crine and cell-to-cell contact mechanisms (2). Several
studies have shown that the potent immunomodulatory
properties of MSCs are due to the production of im-
mune-modulating factors, such as indoleamine 2,3-dioxy-
genase (IDO), heme oxygenase-1 (HO-1), transforming
growth factor-beta (TGF-3), tumor necrosis factor-alpha
(ITNF- a)-stimulated gene protein-6 (TSG-6), cyclooxyge-
nase-2 (COX-2), and prostaglandin E2 (PGE,), which tar-
get various components of the immune system (3). These
properties support the use of MSCs for cellular ther-
apeutics, and accordingly, various tissue regeneration
treatments with MSCs have been evaluated in clinical
trials. Nonetheless, their clinical applications have not
been satisfactory (4) due to poor engraftment, in vitro sen-
escence, functional quiescence after transplantation in vivo,
and the heterogeneity of MSC properties, which can be
attributed to an incomplete understanding of the mecha-
nisms regulating MSCs. Elucidating the anatomical and
functional features of MSC niches in their native tissues
and the interactions of MSCs with the extracellular matrix
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(ECM) and surrounding cells is crucial to understanding
the behavior of MSCs and to harnessing this knowledge
for clinical applications.

The MSC niche has been defined as all of the elements
immediately surrounding the stem cells when they are in
their naive state (5). These elements include the non-stem
cells in direct contact with the MSCs as well as the ECM
and physical cues found in that locale (6, 7). As MSCs move
away from this nurturing niche, they may encounter differ-
ent environments, such as fewer cell-cell interactions and
more ECM interactions, which regulate MSCs differentially.
Features of the surrounding environment of MSCs, such as
the microarchitecture, substrate rigidity, or oxygen level, af-
fect and regulate MSC function and property. Maintaining
the in vivo niche or enforcing this condition is considered
to provide greater therapeutic potential and efficacy. Therefore,
to better mimic i vivo conditions, nature-inspired platforms
for cell culture have come to the fore (8). The extracellular
microenvironment that controls the ability of MSCs includes
its biological, chemical, and physical aspects. Although many
studies have focused mainly on biological and chemical cues,
the physical cues of the extracellular microenvironment are
receiving increasing attention. The physical properties of the
extracellular microenvironment include biomechanical forces
and the intrinsic ECM.

Therefore, in this review, we summarize the application
of nature-inspired platforms that mimic the biomecha-
nical forces and the biophysical cues in the MSC niche.
Additionally, the effects of the interaction between MSCs
and their microenvironment on MSC immunomodulatory
potential will be discussed.

Immunomodulatory Function of MSCs by
Mechanical Force: Sensing and Reaction

MSCs have served as an archetypal model for under-
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standing the properties of mechanical forces on cellular
potential largely because of their ubiquitous nature, ease
of ex vivo culture, and multipotentiality as bone progeni-
tors (9). For example, BM-derived MSCs experience many
mechanical forces, such as shear stress, hydrostatic pres-
sure, and tensile forces, in their MSC niche (10, 11). These
biomechanical forces can be transduced into internal bio-
chemical signals in MSCs through their mechanosensors
or responsive microdomains (12, 13). In the following sec-
tion, we describe the immunomodulatory functions of MSCs
in terms of their response to biomechanical forces, includ-
ing shear stress, tensile stress, and hydrostatic pressure
(Fig. 1).

Shear stress, tensile forces, and hydrostatic pressure
as biomechanical forces

As a force tending to cause deformation of an object by
slippage along a plane or planes parallel to the imposed
stress, shear stress is known to exist in the blood vessel,
lymphatic vessel, or lacunar-canalicular network of bone
due to the fluid movement (Fig. 1) (14). These fluid flow
patterns are not uniform in the biological system because
shear stress depends on the velocity gradient between
these layers and the viscosity of the liquid (15). Diaz et
al. (9) demonstrated that vascular lumen mimicking fluid
frictional forces (15 dyne/cmz) elevated antioxidant and
anti-inflammatory mediators from BM-derived MSCs, sug-
gesting that biomechanical forces can improve the im-
munomodulatory function of MSCs by providing critical
cues to MSCs residing at the vascular interface. Shear
stress facilitates the opening of the stretch-activated cal-
cium ion channels on the surface of MSCs, inducing an
influx of intracellular calcium ions and activation of the
focal adhesion kinase (FAK)-Akt signaling axis, including
upregulation of COX-2, HO-1, and PGE; and down-
regulation of TNF-«@ secretion (16). This signaling ele-

) Fig. 1. Biomechanical forces in the
MSC niche. Different types of bio-
mechanical forces existing in the
MSC niche are shown. (A) As blood
vessels generate pulsatile flow, shear
stress as a frictional force, hydro-

pee, Static pressure, and tensile force can
be applied to the cells in the blood
vessels or nearby. (B) Mechanose-
nsors translate the biomechanical
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vates the immunomodulatory function of MSCs to sup-
press an inflammatory response (16). Santos et al. (17)
demonstrated the increased secretion of interleukin (IL)-6
by MSC spheroids exposed to spinner vessels equipped
with ball impellers at 80 rpm, whereas a spinner flask at
40~50 rpm elevated the immunomodulatory properties of
MSCs, which suppressed T cell proliferation (18). Further,
artificial lymph node mimicking reactor enhanced anti-in-
flammatory cytokines (IL-1 and IL-12) and inhibited pro-
inflammatory cytokines (TNF-«¢ and IFN-7) in rat
MSCs (19). These findings indicate that an appropriate
range of shear stress can trigger a cascade of inflammatory
mediators critical in MSC immunomodulatory function.

As another biomechanical force, tensile stress is known
to affect cell biology and gap junction intracellular com-
munication (20). The blood vessel wall structure is built
to withstand and propagate the forces applied by blood
flow, pressure, and the surrounding tissues (Fig. 1A).
Blood pressure measures the cyclic tensile forces acting ra-
dially and longitudinally on the vascular wall (21). Thus,
vascular endothelial and smooth muscle cells are subject
to tensile stress under pulsatile flow conditions (Fig. 1B).
In addition, tensile forces are important physical cues that
regulate MSCs within the stem cell niche (22). Intracellu-
lar tensile forces resulting from cytoskeletal reorganization
play a critical role in regulating morphogenesis during de-
velopment and enhancing the immunomodulatory proper-
ties of MSCs. When MSCs were cultivated on a cus-
tom-made polydimethylsiloxane (PDMS) membrane of 150
#m in thickness that was deflected to obtain a circum-
ferential stretch of about 20% at a frequency of 0.2 Hz,
the IL-6 and TNF- @ levels were decreased, thus suggest-
ing that the secretome from MSCs had changed (23). This
secretion profile increased the anti-inflammatory and im-
munosuppressive outcomes of MSCs (23). By contrast,
10% or 12% uniaxial tensile strain on BM-derived MSCs
increased IL-6 or IL-8 secretion as inflammatory cyto-
Kkines, initiating osteogenic differentiation (24), which sug-
gested that biomimetic forces modulate the autocrine sig-
nals of MSCs, such as IL-6 or IL-8. In summary, tensile
stress differentially affects the function of MSCs depend-
ent on the magnitude of the force or type of material to
modulate MSC function.

Hydrostatic pressure is an important cellular cue (Fig.
1A) that regulates cell behaviors, such as differentiation,
migration, apoptosis, and proliferation ¢ vivo and in vitro
(25, 26). The physiological hydrostatic pressure differs sub-
stantially by cell and tissue type. In some cases, changes
in the hydrostatic pressure can be correlated with a patho-
logical condition. For example, high hydrostatic pressure

can induce vesicoureteral reflux and upper urinary tract
deterioration (27). On the microscale, hydrostatic pressure
can affect the cytoskeleton of cells. At sufficient ampli-
tudes, hydrostatic pressure has been shown to induce the
disassembly of the microtubule-based mitotic apparatus,
resulting in cell-cycle arrest (28). Furthermore, hydrostatic
pressure activates the noncanonical Hippo-YAP (Yes-asso-
ciated protein)/TAZ (Transcriptional coactivator with PDZ-
binding motif) pathway, enhancing clathrin-dependent en-
docytosis by regulating the cytoskeleton of cells (29). Tra-
nscriptional factors YAP and TAZ have been recognized
as key mechanotransducers that sense mechanical stimuli
and relay the signals to regulate the transcriptional pro-
grams for cell proliferation, differentiation, and transfor-
mation.

Sugimoto et al. (30) demonstrated that hydrostatic pres-
sure induced Piezo-type mechanosensitive ion channel
component 1 (Piezol) channel activation as a mechano-
sensor, thereby promoting osteogenic differentiation through
extracellular-regulated kinase (ERK) and p38 signaling in
MSCs. Moreover, MSCs increased the expression of COX-2
when MSCs were cultivated in a custom pressure bio-
reactor at 10~300 kPa magnitude, 0.5~2 Hz, and up to
4 h of stimulation (31). Recently, bone mimicking me-
chanical forces drove physiological level of TNF-a secre-
tion from mouse MSCs which was helpful to maintain
stem cell homeostasis (32). Overall, these outcomes indi-
cated that biomechanical forces regulate the differentiation
and immunomodulatory properties of MSCs by stimulating
mechanosensors on their membrane (Fig. 1B). A literature
overview of the control of MSC immunomodulation by bio-
mechanical forces is summarized in Table 1.

Biomimetic ECM

The MSC niche is a specialized microenvironment com-
posed of MSCs, differentiated progenitor cells, non-stem
supporting cells, and a non-cell part, the ECM (33). The
ECM is a complex three-dimensional (3D) network of in-
terlaced fibronectin, collagen, proteoglycans, multiple ma-
trix protein macromolecules, growth factors, and bioactive
factors that provide physical support for cells and modu-
late cell functional activity, proliferation, adhesion, and
migration (34). Thus, various 3D microstructures have
been designed to mimic the ECM of the native MSC
niche. Multiple lines of evidence indicate that 3D aggrega-
tion of MSCs enhances their immunomodulatory proper-
ties. The formation of cell spheroids enhances cell-cell
contact, and the mechanical properties of the extracellu-
lar microenvironment, such as matrix stiffness and elas-
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Table 1. Literature overview of MSC immunomodulatory properties regulated by biomechanical forces

Biomechanical

MSC origin Bioreactor Immunomodulation References
force
Shear stress Human Microfluidics devices Upregulated anti-inflammatory mediators (16)
(COX-2, HO-1, PGE,) and downregulated TNF-a
through Ca®*, Akt, MAPK, FAK signaling
Human Spinner vessels Upregulated 1L-6 (17)
Human Spinner flask Suppressed T cell proliferation (18)
Rat ALN-reactor Inhibited inflammatory markers (TNF-a, IFN-7) (19)
and induced other cytokines (IL-1, I1L-6, IL-12)
Tensile stress Human PDMS-based Upregulated inflammatory markers (IL-6, TNF-a) (23)
custom-made device
Human Flexercell FX-4000™ Upregulated pro-inflammatory markers (IL-6, 1L-8) (24)
strain unit
Human Custom-made Upregulated Piezo1 and osteogenic maker (30)
pressure chamber genes expression through ERK, p38 signaling
Mouse Flexcell Fx-4000T TNF-a@ endocytosis-derived MSC homeostasis (32)
tension unit
HP Human Custom pressure Upregulated COX-2, depending on (31
bioreactor HP magnitude and frequency

MSC: mesenchymal stromal cell, COX-2: cyclooxygenase-2, HO-1: heme oxygenase-1, PGE,: prostaglandin E2, TNF-a: tumor necrosis
factor-alpha, MAPK: mitogen-activated protein kinase, FAK: focal adhesion kinase, ALN: artificial lymph node, IFN-7: interferon-gamma,
IL-1: interleukin-1, PDMS: polydimethylsiloxane, IL-6: interleukin-6, IL-8: interleukin-8, IL-12: interleukin-12, Piezo1: Piezo-type mechano-
sensitive ion channel component 1, ERK: extracellular-regulated kinase, HP: hydrostatic pressure.

ticity, also affect MSC biology. The following section dis-
cusses the immunomodulatory properties of MSCs as af-
fected by the ECM, such as stiffness and substrate surface
functionalization, and various 3D culture systems using a
spheroid culture or polymer scaffold (Fig. 2).

Spheroid as a 3D culture

Cell attachment to the ECM and the bidirectional sig-
nal transduction between the ECM and cells is mediated
by a subset of integrins that specifically recognize the
prevalently surface-displayed and evolutionary conserved
arginine-glycine-aspartate (RGD) motif, which is present
in fibronectin, fibrinogen, and various other proteins of
the ECM. Integrin-mediated adhesion leads to the for-
mation of loose masses composed of several cells, which
increases intercellular communication and cadherin expre-
ssion in these cells. Gradual accumulation on the surface
of MSCs leads to increased cell density and multicellular
spheroid formation (8).

Spheroid formation technologies can be divided into
static models, including hanging drop, hydrogel, and con-
cave micro-well aggregation, and dynamic models, includ-
ing suspension cultures and spinner flask bioreactors (8).
In several reports, the 3D spheroid culture enhanced the
secretion of several immunomodulatory factors regardless
of the spheroid formation technique. Bartosh et al. (35)
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Fig. 2. Biophysical cues in the MSC microenvironment for enhanc-
ing immunomodulatory function. The application of a cell culture
platform that mimics the microenvironment of the MSC niche, such
as spheroid formation, scaffold, stiffness, and functionalization of
the substrate surface, plays an important role in strengthening cel-
lular immunomodulation function by secreting various immuno-
modulatory cytokines (IDO-1, PGE,, HO-1, COX-2, TSG-6).
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and others showed that 3D spheroids formed using the
hanging drop technique enhanced the protein expression
of tumor necrosis factor-(TNF)-stimulated gene-6 (TSG-6)
and stanniocalcin-1 (STC-1), which have anti-inflammatory
effects (35-37). Moreover, Camoes et al. (38) showed that
the systemic levels of the pro-inflammatory cytokines IL-6
and TNF-« in the exosomes of spheroids formed using
a spinner flask culture system were reduced in the late
stages of an in vivo wound healing model.

Scaffolds, substrate rigidity, and their functionalization
as a biophysical cue

Scaffolds mimicking the properties of the MSC niches
can provide a 3D environment for transplanted cells to sup-
port cell survival, adhesion, growth, and differentiation and
enhance paracrine function, including immunomodulatory
potential. A scaffold based on biodegradable biomaterials
is preferred, except for bone and dental implants, because
of the elimination of triggering a host immune response or
toxic response. For this purpose, various techniques consid-
ering materials and shapes that can provide excellent bio-
compatibility and biomechanical properties have been con-
sidered (39). MSCs are typically delivered to a graft site
using a decellularized ECM scaffold. Li et al. (40) showed
that the MSCs cultured on a porcine decellularized liver
scaffold system secreted more PGE, and less interfer-
on-amma (IFN-7) than traditional monolayer culture. In
terms of biomaterials, highly tunable and biodegradable
natural polymers, such as fibrin, collagen, and hyaluronic
acid, possess biochemical cues or trophic factors that pro-
mote the recruitment of stem cells, suppress inflammation,
and enhance tissue repair (41). Silk fibroin, a natural poly-
mer derived from Bombyx mori, is a biocompatible material
that can be processed into various forms, such as fibers,
gels, films, and porous 3D microstructures. According to
Kim et al. (42, 43), a meshed scaffold comprising silk fi-
broin nanofibers stimulated the expression of immune mod-
ulators, such as indoleamine-pyrrole 2,3-dioxygenase (IDO-1),
COX-2, and PGE,, and promoted the survival rate of the
polymicrobial sepsis-induced mouse model. Synthetic poly-
mers, such as polycaprolactone (PCL), poly (L-lactic-co-
glycolic acid) (PLLA), and poly (lactic-co-glycolic acid)
(PLGA), provide a 3D environment in the form of fibrous
or porous sponges, plates, or membranes, and change the
function of MSCs (44-46). Wan et al. (47) reported that hu-
man adipose-derived MSCs enhanced the expression of
COX-2 and TSG-6 in aligned PLLA electrospun fibrous
scaffolds compared to randomly fibrous scaffolds. In addi-
tion, Li et al. (48) demonstrated that a 3D porous scaffold
using collagen, chitosan, and PLGA improved the stemness

of MSCs compared to two-dimensional culture and upregu-
lated the expression of ILIA, ILIB, IL-1 receptor antagonist
(ILIRN), hepatocyte growth factor (HGF), and epidermal
growth factor (EGF), which are immunomodulation-related
genes.

As another physical cue, substrate stiffness affects not
only the morphology, proliferation, and differentiation of
MSCs but also their immunomodulatory function (48).
However, there are conflicting reports associating stiffness
with enhanced immunomodulatory function. Wong et al.
(49) demonstrated that soft ECM (0.3~2 kPa) maximized
the ability of TNF- @ -primed MSCs to produce paracrine
factors compared to a stiffer ECM (100 kPa). By contrast,
Darnell et al. (50) reported that increasing the hydrogel
stiffness from 3 to 18 kPa stimulated the expression of in-
flammatory modulators, such as IDO-1 and COX-2, in D1
mouse MSCs. Despite the contradictory findings, such
studies indicate that the optimal range of stiffness of bio-
materials can be a promising tool for enhancing the im-
munomodulatory properties of MSCs (51). Further studies
are needed to suggest a range of strengths or structures
that enhance immunomodulation.

Along with spheroids, scaffolds, differences in matrix
stiffness, and different types of biomaterials, the function-
alization of the substrate surface, such as surface chemistry
and biomolecular properties, has been reported to provide
a synergistic effect in improving the immunomodulatory
function of MSCs (3). Roger et al. (52) demonstrated in-
creased secretion of PGE; and interleukin-1 receptor antag-
onist (IL1IRA, a protein encoded by the ILIRN gene) by
MSCs cultured on grid-like thermoplastic polyurethane
(TPU) plates compared to unstructured TPU surfaces. In
addition, an RGD peptide, one of the key peptide se-
quences found in ECM proteins (as mentioned above), can
enhance MSC adhesion when immobilized to a substrate,
ultimately increasing osteogenic differentiation. It has been
reported that RGD peptides can alter macrophage behavior
and function by mediating macrophage adhesion and alle-
viating macrophage inflammation in response to bioma-
terials. Li et al. (53) applied a poly (dopamine) (DOP) coat-
ing to TiO; nanotubes (T/DOP) to functionalize with I1.-4
(T/DOP/IL-4) and an RGD peptide and then covered T/
DOP/IL-4 with a carboxymethyl chitosan hydrogel layer
(T/DOP/IL-4/CG-RGD) to control IL-4 release and RGD
peptide immobilization. This T/DOP/IL-4/CG-RGD sur-
face on macrophages not only induced the conversion of
macrophages to the anti-inflammatory M2 but also in-
creased the expression of IL-10 compared to T/DOP/CG
(53). The immunomodulatory functions of MSCs according
to biomimetic ECM types are summarized in Table 2.
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Table 2. Enhancement of MSC immunomodulation through various cell culture methods for each type of biomimetic ECM

Type of ECM Method MSC source Immunomodulation References
Spheroid Hanging drop Human bone marrow Increased secretion of TSG-6, STC-1, LIF (35)

Hanging drop Human bone marrow High anti-inflammatory effect through TSG-6, TRAIL, (37)
IL-24 expression and PGE, secretion

Hanging drop Human umbilical cord  Increased expression of IL-6, MCP-1, LIF, G-CSF, (36)
SDF-1a, and decreased levels of TGF-81, TGF-52
in 3D culture conditions compared to 2D culture

Hydrogel Human bone marrow Increased expression of /DO1, GALY, PTGS2, IL1RN, (38)
HGF, IL-70 in hydrogel spheroids compared to 2D

Floating Human bone marrow Increased HO-1, PTGES, COX-2 gene expression (40)
and PGE, secretion

Spinner flask culture Human umbilical cord 3D MSC-derived exosomes reduced the systemic (42, 43)
levels of pro-inflammatory cytokines (IL-6, TNF-a)
/n vivo at late stage of wound healing; increased
secretion of IL-10, TGF-4, TNF-@ or upregulated
IL-1@ and VEGF-a /in vitro compared to 2D
MSC-derived exosome

Scaffold Decellularized liver Human umbilical cord  Increased PGE, secretion by the 3D group (44)
scaffold and decreased IFN-7
Silk fibroin nanofiber Human bone marrow MSC on silk fibroin scaffolds elevated 1DOT, (47)

PCL/SF fibrous scaffold ~ Human bone marrow

PLLA fibrous scaffold Human adipose tissue
(PLLA fibrous
scaffold, aligned fiber)

PCL fibrous scaffold Rat adipose tissue
(PCL fibrous random,
mesh, aligned
like fiber scaffold)

Porous scaffold Human umbilical cord
(collagen, chitosan,
PLGA substrate)

Porous scaffold Human bone marrow
(polystyrene)

Rigidity Stiffness Mouse MSC

Stiffness Human bone marrow

Elasticity Human bone marrow

COX-2, PGE; expression and reduced mortality
in sepsis-induced animal models

M2 macrophage polarization and inhibited expression (45)
of cytokines (IL-1/4, CXCL11, IL-10, IL1R2, TGF-51)
Aligned fiber MSC enhanced the expression and (48)

secretion levels of TSG-6, COX-2 compared to random

fiber MSCs, probably due to increased activation of
YAP/TAZ signaling
Increased gene expression and cytokine secretion of (46)
COX-2, T5G-6, iINOS, PGE; TGF-4 in MSCs from

random, aligned, and mesh-patterned scaffolds

compared to microplates
Increased levels of /L7A, IL1B, ILTIRN, IL6ST, VEGF, (50)
HGF genes and PTGS2, IL1RN, IL-1 3 proteins

MSCs in scaffold decreased IL-6, MCP-1 secretion (49)
and increased PGE,, TSG-6 levels

Increased MSC protein production of inflammatory (51)
modulators (IDO1 and PGE;) when hydrogel stiffness
increased from 3 to 18 kPa

TNF- @ -primed MSCs in soft ECM (~2 kPa) (52)
mimicking bone marrow maximized the ability
of MSCs to produce paracrine factors that induced
chemotaxis upon inflammatory stimulation

More VEGF secreted by MSC in stiffer gels, while (53)
PGE, secretion was highest in more compliant gels

Conclusions

In this review, various cell culture systems were pro-
posed to enhance the immunomodulatory effects of MSCs.
Enhancing the immunomodulatory capacity of MSCs may
be critical in MSC-based cell therapy. However, several

limitations will need to be overcome in order to realize
the full clinical potential of MSCs. Despite various efforts
to enhance the immunomodulatory ability of MSCs, there
is no standardized cell culture system that embodies the
microenvironment of MSCs. In addition, enhanced immu-
nomodulation in the current system can be made through
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Table 2. Continued

Type of ECM Method MSC source Immunomodulation References

Functionali ~ Thermoplastic Human bone marrow Enhanced secretion levels of immune modulators (PGE,, (44)

zation of polyurethane plates IL1RA) by MSCs on grid-like structure
substrate with grid-like cavities
surface or no structure

T/DOP-IL-4/CG-RGD surface induced the conversion of  (45)
macrophages to the M2 and increased the expression
of IL.-10 compared to T/DOP/CG

RGD peptide Human bone marrow

MSC: mesenchymal stromal cell, ECM: extracellular matrix, TSG-6: tumor necrosis factor-alpha (TNF- @)-stimulated gene protein-6, STC-1:
stanniocalcin-1, LIF: leukemia inhibitory factor, TRAIL: tumor necrosis factor-related apoptosis-inducing ligand, 1L-24: interleukin-24, PGE.:
prostaglandin E2, IL-6: interleukin-6, MCP-1: monocyte chemoattractant protein-1, G-CSF: granulocyte-colony stimulating factor, SDF-1 @ :
stromal cell-derived factor 1 alpha, TGF- 5 1: transforming growth factor-beta 1, TGF- 8 2: transforming growth factor-beta 2, 3D: three-di-
mensional, 2D: two-dimensional, IDO1: indoleamine 2,3-dioxygenase, GAL9: galectin-9, PTGS2: prostaglandin-endoperoxide synthase 2/cy-
clooxygenase 2, IL1RN: interleukin-1 receptor antagonist, HGF: hepatocyte growth factor, IL-10: interleukin-10, HO-1: heme oxygenase-1,
PTGES: prostaglandin E synthase, COX-2: cyclooxygenase-2, TNF-a: tumor necrosis factor-alpha, IL-10: interleukin-10, IL-1 @ : interleukin-1
alpha, VEGF-«: vascular endothelial growth factor-alpha, TGF-3: transforming growth factor-beta, IFN-7 : interferon-gamma, PCL: poly
(& -caprolactone), SF: silk fibroin, IL-1 3 interleukin-1 beta, CXCL11: C-X-C motif chemokine ligand 11, IL1R2: interleukin-1 receptor type
2, PLLA: poly (L-lactic acid), YAP: Yes-associated protein, TAZ: transcriptional coactivator with a PDZ-binding domain, iNOS: inducible
nitric oxide synthase, PLGA: poly (lactic-co-glycolic acid), IL6ST: interleukin-6 cytokine family signal transducer, IL1RA: interleukin-1 re-
ceptor antagonist (encoded by the /L7RN gene), RGD: arginine-glycine-aspartate, T: titanium, DOP: poly(dopamine), IL-4: interleukin-4,
CG: carboxymethyl chitosan hydrogel layer, IL1A: interleukin 1 alpha, IL1B: interleukin 1 beta, VEGF: vascular endothelial growth factor.

epigenetic regulation, which does not last long. Thus, it
could cause a need for a stylized MSC culture system for
use as an international standard. In addition, the charac-
teristics of MSCs, which require applying different culture
systems for patient-specific immune therapy, MSCs will
require more stabilization. Furthermore, the secretion of
anti-inflammatory cytokines and other factors may para-
doxically cause pathological immune responses depending
on the situation involved in disease progression. For these
reasons, in some cases, there is still a need for more stand-
ardized monitoring data of MSC transplantation in various
diseases to relieve concerns.

Although further study is needed to tackle these hurdles,
MSCs have considerable potential as alternative treatments
for various diseases. Therefore, a thorough understanding
of the mechanisms of MSCs in a standardized cell culture
platform considering the MSC niche will improve the safe-
ty, efficacy, and results of MSC-based therapy.
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