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Abstract Mesenchymal stem cells (MSCs), multipotent stromal cells, have attracted exten-
sive attention in the field of regenerative medicine and cell therapy due to the capacity of
self-renewal, multilineage differentiation, and immune regulation. MSCs have different
cellular effects in different diseases, and even have markedly different curative effects with
different tissue sources, indicating the plasticity of MSCs. The phenotypes, secreted factors,
and proliferative, migratory, differentiating, and immunomodulatory effects of MSCs depend
on certain mediators present in their microenvironment. Understanding microenvironmental
factors and their internal mechanisms in MSC responses may help in subsequent prediction
and improvement of clinical benefits. This review highlighted the recent advances in MSC plas-
ticity in the physiological and pathological microenvironment and multiple microenviron-
mental factors regulating MSC plasticity. It also highlighted some progress in the underlying
molecular mechanisms of MSC remodeling in the microenvironment. It might provide refer-
ences for the improvement in vitro culture of MSCs, clinical application, and in vivo induction.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Introduction

Mesenchymal stem cells (MSCs) have been widely studied
since their discovery in the late 1960s.1 As adult stem cells,
they have high potential in the field of regenerative med-
icine and disease treatment due to their multiple differ-
entiation potential, immunomodulatory function, and
characteristics of promoting tissue and organ repair. Boada
et al found that the volume of MSCs increases and the
number of branches decreases in myelodysplastic syndrome
(MDS), while producing higher levels of interleukin (IL)-6,
IL-17, interferon (IFN)-g, and tumor necrosis factor (TNF)-
a.2 A study on colitis also reported anti-inflammatory re-
sponses mediated by chemokine (CeC motif) ligand (CCL)-2
and chemokine (C-X-C motif) ligand (CXCL)-12 derived from
adoptively transferred MSCs.3 Numerous studies have
shown the changes and differences in the phenotype and
functions of MSCs under pathological or physiological con-
ditions, suggesting the plasticity of MSCs, namely the ability
to change. The plasticity of MSCs is the foundation of
clinical applications, making it play different therapeutic
roles in different diseases.

The factors regulating the plasticity of MSCs and their
mechanism of action have triggered further explorations. In
view of the physiological structure of MSCs as stromal cells,
the complexity of the microenvironment may be one of the
important reasons for MSCs to have a variety of stem cell
characteristics, so that they can adapt to the microenvi-
ronment and change their phenotype and functions. Based
on this concept, various studies were performed on the
influencing factors in the microenvironment acting on
MSCs. A study on the osteogenic differentiation of MSCs by
Wan showed that higher matrix rigidity induced the osteo-
genic bias of MSCs, while IL-b inhibited osteogenic differ-
entiation.4 Liu found that the production of miR-126 in MSC
exosomes increased during hypoxia treatment.5 These re-
sults confirmed the significance of the influence of the
microenvironment on the plasticity of MSCs. Different
intrinsic factors comprehensively induce changes in MSCs
through different mechanisms. Therefore, the plasticity
manifestations of MSCs (phenotype, proliferation,
apoptosis, migration, differentiation, paracrine, etc.),
microenvironmental factors (physical, chemical, and bio-
logical factors) that affect plasticity, and molecular
mechanisms related to MSC plasticity were reviewed. The
review might provide an important reference for the se-
lection of MSC tissue sources, clinical function prediction,
optimization of characteristics and functions in vitro,
in vivo effect induction, and other clinical practical
applications.

Plasticity of MSCs

Many recent studies explored and demonstrated the
changes in various characteristics and functions of MSCs in
different contexts, including cell phenotype, proliferation,
differentiation, migration, apoptosis, factor secretion, and
so forth. The ability of MSCs to change is called plasticity.
The findings on MSC plasticity in recent years are summa-
rized in the following sections.
Variations in morphology and phenotype

Changes in MSC morphology and surface marker expression
are the most intuitive plasticity phenomena. Studies
related to aging showed an increase in the volume of MSCs,6

reduction in the expression of TNF receptor (TNFR), IFN
gamma receptor (IFNGR), and chemokine receptor (CCR)-
7.7 MSCs are biased toward senescence-like phenotypes in
various diseases. In systemic lupus erythematosus (SLE),
the expansion, distortion, and swelling of MSCs, cytoskel-
etal tissue disorder, and abnormal F-actin skeleton have
been observed.8 In obesity, the bone marrow-derived MSC
(BM-MSC) molecular phenotype shifts to specific adipocyte
progenitor cells, the abundance of insulin
receptorepositive (IRþ) and leptin receptorepositive
(LEPRþ) cells increases, and the overactivated metabolic
state is accompanied by accelerated aging.9 In multiple
myeloma (MM), a transition from MSCs to an aging-like
phenotype is also observed.10

The supporting or inhibitory role of MSCs in tumor
therapy is closely related to the type of tumor.11 El-Badawy
found that soluble factors of cancer cells induced a series
of phenotypic changes in BM-MSCs, and their cytoskeleton
shows greater variability. The surface of the cell produces
many protrusions in the form of microbuds as well as
obvious microvilli, which is similar to the surface of HeLa
cancer cells. It is possible that CD44þCD24þ are trans-
formed into the CD44þCD24low phenotype.12 However, a
study on acute lymphoblastic leukemia (ALL) demonstrated
that the upregulation of the specific T cell receptor (TCR)
expression of MSCs promoted the anti-cancer effect of the
body.13 In addition, in acute lung injury, MSCs and alveolar
epithelium formed a gap junction channel of LX43.14 In a
long-term in vitro culture, the expression of MSC markers
reduced, and the morphology changed to fibroblasts with
reduced proliferation.15

Physiological functions of MSC from different
sources

MSCs from different tissues in the normal body have obvious
differences in their physiological functions (proliferation,
growth, migration, differentiation, paracrine, etc.). In
terms of proliferation and growth characteristics, Calle
compared MSCs derived from skin, abdomen, and subcu-
taneous adipose tissue, and found that the population
doubling time and growth rate were different even if all
MSCs originated from adipose tissue.16 The comparative
studies on BM-MSCs and adipose tissue-derived MSCs (AD-
MSCs) showed that the proliferation rate of AD-MSCs was 40
times that of BM-MSCs.17 Compared with adult BM-MSCs and
AD-MSCs, MSCs derived from Wharton’s jelly of the umbili-
cal cord (WJ-MSCs) had higher proliferation potential and
faster growth rate, with more passaging potential
in vitro.18

In terms of differentiation, MSCs preferentially differ-
entiate into the cell lineage of the source tissue.19 The
comparative studies on BM-MSCs and AD-MSCs revealed that
BM-MSCs had a higher ability to differentiate into chon-
drocytes, while AD-MSC differentiated into adipocytes.20
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The studies also found that MSCs derived from the human
umbilical cord (UC-MSCs) and the human amniotic fluid
(hAF-MSCs) had a wider differentiation potential,17 while
MSCs derived from the placenta had a lower potential for
fat formation.7 Nguyen compared BM-MSCs with MSCs
derived from the acetabulum and femur, and found that
the bone marrow and femur had more calcium deposits
under osteogenic differentiation conditions, while BM-MSCs
had the main differentiation ability under cartilaginous and
adipogenic differentiation conditions.21 Moreover, MSCs
derived from the ilium and vertebral bone marrow had a
stronger response to cartilage induction than those isolated
from femoral heads.22

In addition, AD-MSCs had a stronger immunosuppressive
effect and lower immunogenicity compared with BM-
MSCs,20 while BM-MSCs had higher expression levels of
transforming growth factor (TGF)-b1, prostaglandin E
(PGE)-2, and IL-6.23 The mRNA expression in their secreted
extracellular vesicles was less than 3%,7 while more than
1400 genes were differentially expressed.24 Compared with
AD-MSCs and BM-MSCs, WJ-MSCs inhibited the mitogen-
induced T-cell response to a greater extent,25 and MSCs
derived from the umbilical cord matrix had the highest
angiogenic capacity in vitro.26 UC-MSCs and MSCs derived
from embryos had lower immunogenicity.17 In addition, the
differential secretion of milk fat globule epidermal-growth
Table 1 Comparison of MSC functions from different tissue sou

English
abbreviations

MSC source Functional characteristics

BM-MSC The bone marrow Higher ability to differentia
The secretion group is rich
and IL-6 than AD-MSC.

AD-MSC The adipose tissue The proliferation rate is hig
Higher ability to differentia
Immunosuppression is stron
The immunogenicity is lowe
VEGF, HGF, Nestin and neur

WJ-MSC Wharton’s jelly of
umbilical cord

Compared with BM-MSC and
rate are higher, more passag
cell response is inhibited to

UC-MSC Human umbilical
cord

Wider differentiation poten
Lower immunogenicity.
The secreted group is rich i
related fibroblast phenotyp
It has stronger angiogenic c
expression of PGE2 and IL-6

Human embryo Low immunogenicity.
Not involved in proliferatio
The secreted group do not

hAF-MSC Human Amniotic
fluid

Higher proliferation rate th
The ability to differentiate
Compared with MSC separat
but is significantly different

The placenta Less fat-forming potential.
Good migration ability.

SHED Human exfoliated
deciduous teeth

Higher proliferation capacit
Secretion group is rich in M
factor (MFGE)-8 was found in BM-MSCs, UC-MSCs, and MSCs
derived from embryos and teeth.27 Table 1 shows the
functional differences in MSCs from different tissue
sources.

Furthermore, extracellular matrix (ECM) is a complex
noncellular network in all tissues and organs in which cells
reside. Cell surface receptors transduce signals into cells
from the ECM, which control diverse cellular functions and
differentiation. BM-MSC- and AD-MSC-derived ECM can
induce changes in the quantity, morphology, and function
of MSCs.28 The proliferation is enhanced when the tissue
origin of MSC matches the tissue origin of cultured ECM.29

Compared with the three-dimensional scaffold cultured
MSCs, the combination of ECM and three-dimensional
scaffold promoted the proliferation and growth of MSCs
and better maintained the stemness.30

In addition to tissue origin, based on the practical limi-
tations such as isolation and culture of natural MSCs, it has
been extensively studied to induce differentiation of other
types of stem cells to produce MSCs with sufficient quantity
and better quality. At present, MSCs have been successfully
obtained from induced pluripotent stem cells (iPSCs)31 and
human embryonic stem cells (hESCs).32 It overcomes the
limitations of adult MSC in practical applications, including
MSC aging,33 batch differences,34 etc., and because of the
difference in gene expression regulation between it and
rces.
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natural MSC, it may mediate a more effective therapeutic
effect in the treatment of diseases.35 Recently, there have
been reports of clinical application of iPSC-MSCs.36

Changes in secreted factors and differentiating,
proliferative, migratory, and apoptotic abilities of
MSCs

The effects of MSC-mediated immunosuppression or
immunostimulation are closely related to the type and
amount of inflammatory factors secreted. These factors
control the migration, differentiation, and functions of
immune cells by mediating the formation of anti-
inflammatory or pro-inflammatory microenvironment.
Some studies detected an induced increase in the levels of
MSC anti-inflammatory factors. For example, an increase in
the levels of anti-inflammatory cytokines was found in
diabetes mellitus (DM)37 and experimental autoimmune
encephalomyelitis (EAE).38 MSCs secreted indoleamine 2,3-
dioxygenase (IDO), inhaled nitric oxide (iNO), PGE2, and IL-
10 in lung injury.39 The immunosuppressive effects of MSCs
have been reported in a variety of diseases such as neuro-
degenerative diseases,40 traumatic brain injury (TBI),41

DM,42 liver43/lung39/kidney44 injury, colitis,45 acute
pancreatitis,46 MDS47 and other tissue injuries,48 primary
Sjögren’s syndrome,49 SLE50 and other autoimmune dis-
eases, and allogeneic transplantation.51 In contrast, the
upregulation of MSC pro-inflammatory factors has also been
detected. For example, MSCs are induced to increase the
expression of IL-1b, IL-6, and IL-32 in acute myeloid leu-
kemia (AML).52 MSCs produce high levels of IL-6, IL-17, IFN-
g, and TNF-a in MDS,2 and the expression of IL-6 and IL-8 is
also upregulated in MM.53 Pro-inflammatory phenotypic
changes in MSCs were detected in the head and neck
squamous cell carcinoma,54 MM,10 and other diseases. Kim
concluded that acute inflammation induced the immuno-
suppressive effect of MSCs, while chronic inflammation
caused inflammatory exacerbation.55 Studies on damaged
MSCs, such as SLE8 and atherosclerosis,56 also demonstrated
the induction of pro-inflammatory effects.

MSCs secrete several factors including growth factors,
chemokines, angiogenesis factors, and other cytokines,
which are also closely related to tissue repair and disease
treatment. A general upregulation of vascular endothelial
growth factor (VEGF) secreted by MSCs was observed in
diseases with tissue and organ damage, such as muscle
necrosis,57 superficial wounds,58 liver fibrosis,59 multiple-
system atrophy (MSA),60 and nervous system diseases,61

while VEGF was significantly downregulated in tumors.62

MSCs also secreted many important neuromodulators such
as neurotrophic factors in a variety of nerve-damaging
diseases, such as amyotrophic lateral sclerosis, TBI,41

EAE,38 and MSA.60 They secreted high levels of anti-
apoptotic factors in cardiovascular diseases, liver/lung
injury,63 liver fibrosis,59 primary ovarian insufficiencies,64

and other diseases. They had high expression of different
chemokines in AML,65 MM,53 and other diseases. Recent
studies have reported on the use of engineered MSCs to
produce therapeutic factors to mediate more effective
therapeutic effects.66,67 In addition, the levels of miR-10a,
miR-15a, and other miRNAs increased in MSC-secreted
exosomes in MDS68; however, the levels of miR-15a in MSC
exosomes were lower in MM, but the levels of oncogene
proteins, cytokines, and adhesion molecules were higher.69

Mitochondrial metastasis in MSCs was observed in acute
respiratory distress syndrome, cardiomyopathy, corneal
epithelial cell damage, and infectious diseases.70

MSCs can perform the function of tissue repair by
differentiating into cells of different lineages, although the
percentage of MSCs differentiated into tissue cells during
treatment is very limited and the therapeutic effect of
MSCs is mainly realized through paracrine rather than cell
differentiation.71e73 The differentiation of MSCs into oste-
oblasts14 or cartilage74 is observed in bone damage. In
neurological diseases, MSC can differentiate into neuron-
like cells and glial cells.61 In retinal degenerative dis-
eases, MSC can differentiate into retinal pigment epithelial
cells and photoreceptor cells.75 However, abnormal or even
impaired regulation of MSC differentiation has been
detected in abnormal conditions such as diseases. MSCs are
induced to differentiate into cancer-associated fibroblasts
in cancer.76 The differentiation ability of MSCs is impaired
to varying degrees in aging,77 obesity,20 SLE,8 and liver
injury.59 An increase in adipogenesis and the inhibition of
osteogenesis in MSCs have been found in MM and osteopo-
rosis,10 but some studies showed an overall decline in the
differentiation potential of MSCs in MM.78 Short-term
inflammation can induce MSCs to increase bone forma-
tion, while the effect of long-term inflammation is
opposite.79

Different pathological environments have different ef-
fects on the physiological functions of MSCs, such as
growth, proliferation, migration, and even apoptosis, which
also depends on the type and severity of the disease. The
proliferation of MSCs is significantly downregulated in MM,75

AML,80 SLE,8 and senescence,74 while the proliferation of
MSCs increases in obesity.81 The expression of MSC surface
chemokine receptor is upregulated and the migration
ability increases in tumors,82 DM,42 lung39/liver83 damage,
and other pathological conditions, but the migration ability
of MSCs is impaired in acute kidney injury (AKI), chronic
kidney disease,84 and aging.20 An increase in the proportion
of apoptosis of MSCs is found in patients with SLE.8 Col-
megna found an increase in apoptosis and a decreased
ability of MSCs to cope with stress in their study on
atherosclerosis.56 In addition, MSC metabolic pathways and
endocytosis are dysregulated in AML,85 and MSC chemo-
resistance is achieved in experiments related to cancer cell
soluble factors.12 MSCs have plasticity under different
pathological conditions. Thus, the possible functional
changes in MSCs under different disease backgrounds
should be explored and clarified before the clinical appli-
cation of MSCs.

Mechanisms of the effect of microenvironment
on MSC plasticity

The complexity of the microenvironment in which MSC is
located may be one of the important reasons for its plas-
ticity. The changes in the characteristics and functions of
MSCs cannot be separated from the induction of the
microenvironment. Hence, further analysis of the reasons



300 L. Tan et al.
affecting the plasticity of MSCs from the perspective of the
microenvironment, understanding of specific factors acting
on them in the microenvironment, and investigation of
their effects and internal mechanisms can facilitate more
accurate regulation of MSCs and help predict the effects of
complex microenvironment on them.

Physical factors

In terms of the characteristics of the culture medium, the
three-dimensional foam with a porous and interconnected
structure (>90%) and a low elastic modulus can support the
survival, quiescence, and basal secretory activity of MSCs.86

Compared with the flat substrate, the porous structure can
not only promote MSC osteogenesis but also upregulate the
expression of stem-like markers.87 A continuous culture
surface can promote the expression of MSC osteogenic
differentiation markers, while a discontinuous culture sur-
face is associated with low expression of osteogenic or
adipogenic differentiation markers.88 The high stiffness
matrix can support MSC bone formation, the soft substrate
promotes neurogenesis, and the medium stiffness helps in
myogenesis.4

External mechanical stimulation, such as hydrostatic
pressure, tension, compression, vibration, pulsed ultra-
sound,89 magnetic field,90 and so forth, can promote
osteogenesis and/or cartilage differentiation; tension can
also promote the myogenic differentiation of MSCs. The
low-frequency magnetic field (7.5 Hz, 0.4 T) can inhibit the
adipogenic differentiation of MSCs. Besides differentiation,
other functional changes in MSCs are also involved. For
example, pulsed focused ultrasound,17 extracorporeal
shock wave, and ultrasound-targeted microbubble
destruction91 can all improve the homing of MSCs, while
heat shock can enhance the survival of MSCs.44

Many recent studies tried to construct MSC 3D culture
scaffolds with various materials, which not only supported
the survival of MSCs,92,93 but also had the ability to improve
cell adhesion91 and maintain cell stemness.94 Some scaf-
folds were involved in the regulation of MSC differentiation
outcome, including the induction of musculoskeletal
lineage.95

Preservation conditions also affect the quality of MSCs.
The cryopreservation of umbilical cord tissue can maintain
the diversity of MSCs. Repeated cryopreservation, with
population doubling time similar to that of initial freeze-
thaw, has no effect.96 However, freeze-thaw had a certain
effect on the whole gene expression profile of MSCs.97

Chemical factors

Studies on the influence of chemical factors in the micro-
environment on MSC plasticity focused on pure substances.
As far as simple substances are concerned, the research on
the oxygen content is the most extensive. As a common
feature in the microenvironment of a variety of diseases or
normal tissues,98 appropriate hypoxic pretreatment (2% and
5% hypoxia treatments are more common) can contribute to
the survival and function of MSCs, which is manifested in
the improvement in proliferation, differentiation, homing,
and paracrine function.99 However, it should not be ignored
that hypoxia-treated MSCs promote the proliferation and
growth of liver cancer cells in the xenotransplantation
model.100 The protein expression in MSCs under hypoxia is
significantly different from that under normoxia,7 and
hypoxia increases the expression of pluripotent markers of
WJ-MSCs.99 Few studies have been performed on hyperoxic
treatment,69 and currently more studies are available on
the synergistic regulation of oxygen environmental treat-
ment combined with other factors.91 In addition, reactive
oxygen species (ROS) cause damage to MSCs, showing
increased apoptosis, osteogenic inhibition, and adipogenic
accumulation.101 Studies also explored elemental metal
elements. For example, magnesium can improve osteo-
genesis and tissue mineralization in a dose-dependent
manner,91 while the lithium treatment of senescent MSCs
can induce an increase in the ectopic expression of b-cat-
enin and promote myogenic differentiation.102

Organic compounds are more extensively studied than
inorganic compounds. Among organic compounds, lipo-
polysaccharide (LPS) is the most commonly studied. It can
reduce hypoxia- and nutrient-induced apoptosis and in-
crease the expression of secreted proteins, including VEGF,
hepatocyte growth factor (HGF), fibroblast growth factor,
insulin-like growth factor (IGF), and so forth.103 Previous
studies showed that the immunosuppressive effect of LPS-
induced MSCs was up-regulated, and miRNA let-7b rich in
exosomes could regulate the polarization of macrophages
to M2.104 However, some studies also demonstrated that
LPS led to immune enhancement by activating MSC Toll-like
receptor (TLR)-4 and produced low levels of NO and IDO.55

In addition, studies related to ketone compounds demon-
strated that ginsenoside Rg1 positively regulated the pro-
liferation and multiple differentiation of MSCs,105 and the
treatment using rapamycin,91 icariside II, and genistein
induced the osteogenic differentiation of MSCs. Iso-
rhamnetin (IsR) can promote the formation of fat, and the
treatment using atractyloides promotes the formation of
cartilage.106 As far as immune regulation is concerned,
chlorzoxazones (CZ) can promote the immunosuppressive
function of MSCs by regulating the phosphorylation of
forkhead box O3 (FOXO3),107 and progesterone can improve
the ability of immune regulation by upregulating the
expression of PGE2 and IL-6.108 A study on organic acids
found that poly-L-lysine increased the proliferation,
growth, differentiation, and adhesion of MSCs,109 valproic
acid significantly increased the migration ability of MSCs,110

and fatty acid (FFA) promoted adipogenic differentiation of
MSCs.101 Atorvastatin treatment upregulated the expres-
sion of lncRNA H19 in MSC exosomes to promote their repair
function.111 As far as the studies on ether compounds are
concerned, sevoflurane can minimize MSC apoptosis during
hypoxia and significantly enhance their migration ability.91

Medicarpin treatment promotes the osteogenesis of
MSCs.106 In addition, compounds such as alcohols, phenols,
alkanes, esters, and so forth, are involved in this process.
For example, sphingosine-1-phosphate can upregulate the
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migration ability of MSCs and increase homing,110 while the
treatment of 2,4-dinitrophenol in vivo renders MSC higher
adhesion and viability.63

Cytokines

Cytokines are roughly divided into six categories according to
their functions. Among them, interleukin-related studies
found that IL-1a,55 IL-1b,112 and IL-2113 induced the immuno-
suppressive phenotype of MSCs. Previous studies showed that
IL-1b increased theexpressionofMSCcyclooxygenase (Cox)-2,
IL-6, and IL-8, which in turn affected the polarization of
macrophages.112However, the resultsof studiesontheeffects
of migration and osteogenic differentiation were not uni-
form.4,16,91 The related studies on IL-363 and IL-17114 showed
that both promoted the osteoinduction of MSCs. Interferon
research found that IFN-g increased the immunosuppressive
activity,115 increased migration, and inhibited proliferation
and differentiation of MSCs.7 TNF-a induced MSC immuno-
suppression and promoted the survival, proliferation,63

migration, and osteogenic differentiation of MSCs,7 but a
few studies suggested that TNF-a induced a decline in MSC
immunomodulatory properties.116 A study on colony-
stimulating factor (CSF) found that G-CSF significantly down-
regulated the secretion of PGE2 by MSCs and promoted their
migration.117 VEGF induced MSC neural differentiation14 and
promoted migration,63 while stromal cellederived factor 1
upregulated MSC migration, survival, proliferation, and
paracrine function.91 In addition, TGF-b, bonemorphogenetic
protein (BMP),91 and epidermal growth factor (EGF)77 have
been shown to effectively enhance the osteogenic induction
ofMSCs. Insulin growth factor-1 (IGF-1) and hypoxia-inducible
factor-1a (HIF-1a) enhanced the migration ability of MSCs by
promoting the expression of chemokine receptors.110 Previous
studies found that TGF-b3 in the decidua of patients with
preeclampsia (PE) induced decidual-derived MSCs (dMSCs) to
reducethe secretionofPGE2andcause immune imbalance.118

The comprehensive effect of multiple cytokines in the
real microenvironment is the trend of research at present.
For example, the combined action of TGF-b3 and BMP12
can induce the generation of the tendon phenotype of
MSCs.119 Pretreatment of TNF-a and IL-1b can enhance the
repairing effect of MSCs on lung epithelium.103 TGF-b1 and
TNF-a can synergistically induce the expression of CCL2,
CXCL8, and Cox-2.120 In addition, the concentration of cy-
tokines is also one of the important factors for exploring
the plasticity of MSCs. For example, the survival and dif-
ferentiation of MSCs are severely impaired under the con-
ditions of CK50/20 (50/20 ng/mL for IFN-g and TNF-a).121

However, under the CK5 condition (5 ng/mL for IFN-g and
TNF-a), MSCs not only maintain their vitality and differen-
tiation but also show enhanced immune-regulatory
characteristics.122

Exosomes and cells

Exosomes are another way of interaction between cells.
Studies have found that exosomes produced by tumor cells
can deliver proteins and genetic material to MSCs and
induce MSCs to transform into tumorigenic MSCs, which
become a producer of factors necessary for tumor growth,
thus directly or indirectly enhancing their tumor-promoting
function.123 For example, exosomes secreted by human
hepatoma HepG2 cells,124 ovarian cancer cells,125 chronic
myeloid leukemia K562 cells,126 and MM cells53 can induce
MSCs to support the proliferative, growth, or migratory and
invasive abilities of tumors in different ways. However, a
previous study also showed that gastric cancer cell line
AGS-derived exosomes enhanced the abilities of MSCs to
activate immune cells and maintain an inflammatory
environment.127

Compared with cytokines and exosomes, the microen-
vironmental factors involved in cell co-cultivation are more
complex but real. The co-cultivation of MSC and cancer
cells is still a research hotspot. In this environment,
changes in the morphology, growth, differentiation, and
other characteristics and functions of MSCs have been
found,128 besides MSC mitochondrial transfer to cancer
cells129 and the fusion of cancer cells and MSCs to form
cancer hybrid cells,130 which are closely related to the type
of cancer cells. The co-culture of osteosarcoma (OS)
cells,131 breast cancer cells,132 leukemia stem cells (LSC)65

with MSCs revealed that MSCs promoted the occurrence and
development of tumors in different ways. Further, bacteria
were shown to increase the absolute number of MSCs and
maintain the plasticity of MSCs. Even the inactivated bac-
teria could increase the proliferation of MSCs, improve the
immune regulation properties, and increase the expression
of anti-inflammatory factors.133

The research on MSCs and autologous normal cells mainly
focuses on immune cells and tissue cells. The co-cultivation
of immune cells has revealed that monocytes/macrophages
can inhibit the osteogenic differentiation of MSCs,134 and
monocytes,135 macrophages M1, Tregs,14 and activated CD4þ

cells136 play an immunosuppressive role by regulating the
secretion of MSC proteins. In vitro co-cultivation experi-
ments also found a dose-dependent transfer of MSC mito-
chondria to peripheral blood mononuclear cells (PBMC)
(especially CD4þT cells), which seems to be able to induce
CD4þT cells to reprogram into a highly inhibitory popula-
tion.137 Co-culture with endothelial cells,14 stromal vascular
fraction cells,138 and human gingival fibroblasts can induce
multiple differentiation of MSCs.139 Amniotic epithelial
cells110 and freeze-dried platelets140 can promote the pro-
liferation of MSCs. At present, it has been found that some
pro-inflammatory factors seem to be able to induce the
occurrence of MSC mitochondrial transfer.141 In diabetic
nephropathy,142 asthma143 and other disease models, mito-
chondrial transfer in MSCs was found in co-culture studies
with damaged epithelial cells, and the phenomenon that
retinal ganglion cells obtained mitochondria from MSCs was
also found in studies related to nervous system diseases.144

Fig. 1 summarizes the specific physical, chemical, and bio-
logical factors that regulate MSC plasticity in the
microenvironment.

Signaling pathways

Studies on the signaling pathways of the microenvironment
regulating MSC plasticity are relatively extensive and
complex. Several common and widely studied signaling
pathways are introduced in the following text.



Figure 1 Specific factors involved in the regulation of MSC plasticity in microenvironment.
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The classical Wnt signaling pathway is involved in the
osteogenic and chondrogenic differentiation and adipo-
genic inhibition of MSCs, while the nonclassical Wnt path-
ways have a wide range of roles in bone development and
bone metabolism, such as the activation of histone meth-
yltransferase that inhibits peroxisome proliferator-
activated receptors (PPAR)-g transactivation through the
H3K9 methylation of their target genes.145 Benzyl butyl
ester (BBP) in endocrine-disrupting chemicals (EDC) can
reduce H3K9 methylation in the nonclassical Wnt pathway,
inducing MSC adipogenic differentiation and inhibition of
bone formation.79 The accumulation of ROS activates the
redox-sensitive factor FOXO. The transfer of b-catenin to
FOXO-mediated transcription leads to reduced signal
transduction of Wnt/b-catenin.101 SKL2001 increases the
expression level of b-catenin in the cytoplasm and nucleus
by inhibiting b-catenin phosphorylation and hindering its
interaction with the degradation medium b-transducin
repeat-containing protein. The addition of Ginkgo biloba
extract significantly enhances calcium deposition and
alkaline phosphatase (ALP) activity, and can reduce lipid
accumulation and inhibit the expression of fat-forming
genes.106 Previous studies demonstrated that the
extremely low-frequency magnetic field inhibited the adi-
pogenic differentiation of MSCs through the Jun N-terminal
kinase (JNK)-dependent Wnt signaling pathway, and the
activation of the nonclassical Wnt pathway caused the in-
hibition of PPARg2 expression.90 They also found that
CXCL16 induced by Wnt5a-Ror2 signaling in MSC promoted
the migration and proliferation of MKN45 gastric cancer
cells,146 and the Wnt/b-catenin pathway was also involved
in the development of skeletal abnormalities, including
endogenous chondroma and OS.147
The mitogen-activated protein kinases (MAPK) signaling
pathway is involved in regulating various cellular behaviors
of MSCs. It also can regulate the osteogenic and chondro-
genic differentiation of MSCs. Two-dimensional nano-
silicates can activate the MAPK cascade in MSCs, especially
the ERK and p38 pathways. Further, the levels of p-MAPK
and ERK kinase (MEK)-1/2 increase more than sixfold after
nanosilicate treatment, and various genes are expressed
differently, including thousand-and-one amino acid kinases
1 and MEK1/2 upstream and downstream genes and a large
number of genes related to osteogenic and chondrogenic
differentiation.148 Matrix stiffnesseinduced MSC osteo-
genesis is attributed to the high phosphorylation level of
ERK1/2. IL-1b can activate ERK1/2 and p38 signals in hMSCs,
but the inhibition of p38 signal is more significant than the
promotion of ERK1/2 signal during osteogenic differentia-
tion; even under the condition of high matrix stiffness, the
osteogenic effect is almost negligible.4 After icariin (ICA)
treatment, MAPK signaling molecules, including ERK and
JNK, are phosphorylated, and the expression of genes
related to osteogenesis increases in a dose-dependent
manner.149

The TGF-b/Smad signaling pathway is also involved in
the induction of MSC osteogenesis and chondrogenesis, of
which BMP is the most studied. It is also involved in the
regulation of the expression of some cellular molecules of
MSCs. Except for BMP8, a series of BMP (1e7) transcripts
are upregulated after genistein treatment. Also, the
expression of Smad 1 and Smad 5 increases, but the
expression of BMP signaling pathway inhibitors Smad 6 and
Smad 7 decreases. BMP2-dependent Smad5/Runx 2
signaling has been shown to mediate genistein-induced
osteogenic differentiation and maturation of BM-MSCs.
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T63 treatment can upregulate the gene expression levels of
BMP2, BMP4, and BMP7 in the BMP signaling pathway and
increase the phosphorylation of BMP downstream mediator
Smad1/5/8 in a dose-dependent manner. The addition of
T36 in the osteogenic induction medium significantly in-
creases the expression of genes.106 Hypoxia-induced chon-
drogenesis is related to the activation of the TGF-b
pathway (upregulation of TGF-b1 expression) and the
upregulation of the BMP signal inhibitor Gremlin-1. VEGF
blockade inhibits angiogenesis and also indirectly induces
the differentiation of MSCs into cartilage by inducing the
formation of a hypoxic environment.100 TGF-b1 induces
increased expression of Cox-2 and CCL2 by activating Smad
3. Cox-2 induction still mainly depends on Smad3 even
under the synergistic effect of TGF-b1 and TNF-a.120

The phosphatidylinositol-3-kinase (PI3K)/Akt signaling
pathway participates in the regulation of a variety of MSC
cell functions, including the regulation of osteogenesis and
adipogenesis, and as an inhibitor of apoptosis in regulating
cell survival. The treatment with Plastrum testudinis
(PTE)150 or psoralidin151 increases the protein expression of
p-PI3K, p-Akt, p-GSK3b, and various osteogenic genes in
MSCs. Icariside II treatment increases the phosphorylation
level of Akt and S6K1 in BM-MSCs and promotes the osteo-
genic differentiation of MSC through PI3K/Akt/mTOR/S6K1
signaling pathway.152 Risedronate can inhibit the phos-
phorylation of downstream effectors of mTOR and impair
the adipogenic differentiation of MSCs.106 Under hypoxic
preconditioning, HIF-1a-mediated 78 kDa glucose regula-
tory protein (GRP78) regulates the activation of Akt, mTOR,
and p70S6k, and the expression of cell cycleerelated pro-
teins increases through the GRP78eAkt axis. It is vital in
promoting the survival, proliferation, migration, and
secretion of angiogenic cytokines in transplanted MSCs.153

The Notch signaling pathway participates in the regu-
lation of MSC osteogenic and chondrogenic differentia-
tion, regulates the secretion of cytokines, and is involved
in exerting immunomodulatory effects. The expression of
hairy/enhancer-of-split related with YRPW motif (HEY)-1
is upregulated and the expression of cartilage-specific
markers SRY (sex determining region Y)-box (Sox)-9,
cartilage oligomeric matrix protein (COMP), and collagen
type II alpha 1 chain (Col2a1) is inhibited in MSCs treated
with dihydroartemisinin (DHA).154 The addition of mag-
nesium chloride promotes the nuclear ectopic expression
of Notch intracellular domain (NICD) and HEY2 in MSCs,
activating the Notch 1 signal to enhance MSC proliferation
and induce osteogenic differentiation.155 The transfer of
miR-146a in MM exosomes activates the endogenous Notch
pathway by targeting the 30-UTR of the Notch signal in-
hibitor Numb, which helps induce the secretion of various
cytokines in MSCs and promotes the cell viability and
migration in MM.53 A contact with chronic lymphocytic
leukemia (CLL) cells induces the activation of Notch 2 in
MSCs, which is necessary for Wnt signal activation in ma-
lignant B cells.156 The expression of TLR4 and Jagged 1 in
MSCs derived from ALL significantly increases, and Jagged1
is at least partially involved in the ability of ALL-MSCs to
stimulate the anti-tumor activity of natural killer (NK)
cells during diagnosis.13

As an important nuclear transcription factor in cells, NF-
kB participates in the body’s inflammatory and immune
responses, and can regulate cell apoptosis and stress
response. Studies have found that the paracrine function of
MSC is closely regulated by NF-kB, and down-regulation of
this signaling pathway can reduce the sensitivity of MSC to
stress-induced pro-inflammatory factors and reduce
apoptosis.157,158 ROS stimulation promotes the JNK/Src-
mediated phosphorylation of IkB and enhances the trans-
location of NF-kB from the cytoplasm to the nucleus, finally
contributing to the inflammatory microenvironment. The
secretion of CCL2 and CXCL8 in the synergistic induction of
TNF-a and TGF-b1 is determined by the activation of p65.
Further, p65 can directly bind to the promoter/enhancer
region of these genes to regulate gene expression.120 TNF-a
also mediates the formation of tunneling nanotubes (TNTs)
in MSCs through TNF-a/NF-kB/TNFaIP2, and promotes the
transfer of mitochondria to cardiomyocytes.14 A recent
study demonstrated the involvement of TNF-a-mediated
downstream NF-kB activation in the fusion of cancer cells
and MSCs.132

The AMP-activated protein kinase (AMPK) signaling
pathway is also involved in the regulation of MSC osteogenic
and adipogenic differentiation. During the osteogenic dif-
ferentiation, the expression and phosphorylation of AMPK
increase and the inhibition of the AMPK signaling pathway
can promote adipogenesis. Arctigenin (ARC)-159 and platy-
codi D (PD)-160 induced AMPK phosphorylation significantly
increases in the inhibition of AD-MSC lipogenesis. The JAK/
STAT signaling pathway is involved in the regulation of MSC
immune function. IL-6 deficiency leads to the disorder of
the IL-6/STAT3 signaling pathway, and MSC presents a pro-
inflammatory phenotype.161

Cellular reprogramming

Common epigenetic modification methods include DNA
methylation, histone modification, non-coding RNA
expression changes, and so forth. Existing studies have also
shown that epigenetic mechanisms regulate the changes in
MSC fate and maintain the homeostasis of MSCs in vivo, and
epigenetic disorders may lead to abnormal MSC function.162

Regarding the well-known DNA methylation modification
methods, the downregulation of MSC DNA methyltransfer-
ase 1 is found in lupus bone loss. Also, the coordinated
disorder of epigenetic markers and corresponding enzymes
in BM-MSCs is found in osteoporosis caused by estrogen
deficiency, including reduced 5-hydroxymethylcytosine (5-
hmC) levels and downregulation of DNA hydroxylases and
demethylases Tet 1 and Tet 2. In addition, epigenetic reg-
ulators have become the regulators of MSC self-renewal,
characteristics, and functional homeostasis in vivo,162

confirming the regulation of MSC plasticity using epige-
netic mechanisms. In the case of DNA methyltransferase
inhibitor 5-azacytidine, a significant decrease in the
methylation levels in the chromatin region of Wnt10a leads
to the activation of Wnt10a, thereby downregulating the
expression of fat-forming markers and inhibiting the adi-
pogenic differentiation of MSCs.146 The effect of 5-
azacytidine treatment on the differentiation of MSCs from
different tissue sources is significantly different. For
example, MSCs from dense bone source show enhanced
osteogenic and adipogenic differentiation, while the dif-
ferentiation ability of AD-MSCs is poor.40
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The histone modification methods are complex and
diverse, and common forms include acetylation and
methylation. The increased expression of Gfi1 in MM MSCs
recruits histone deacetylase 1 (HDAC1), enhancer of zeste
homolog 2 (EZH2) and other targeted gene promoters. Of
these, EZH2 partly inhibits several types of osteogenic gene
promoters by generating H3K27me3, can also directly
target Wnt genes to suppress osteogenic signaling, and is
dedicated to adipocyte differentiation.10 EDC can induce a
variety of epigenetic changes in MSCs, including histone
acetylation through changes in oxidative stress ligand signal
transduction, thereby inhibiting osteogenic differentiation
and inducing adipogenic differentiation. For example, BBP
can enhance H3K9 acetylation, increase the expression of
histone acetyltransferases (such as p300 and GCN5), reduce
the expression of histone deacetylase, and decrease the
methylation of H3K9.79 In osteoporosis caused by estrogen
deficiency, H3K4me3 decreases and H3K27me3 increases in
BM-MSCs. The downregulation of lysine acetyltransferase
2 A (KAT2A) and upregulation of histone deacetylase 9
(HDAC9) are observed in periodontitis MSCs.

Abnormal expression of noncoding RNA has been found
under various pathological conditions, such as osteoporosis
caused by estrogen deficiency, lupus bone loss, periodontitis,
and so forth. In elderly people and mice, miR-188 is down-
regulated and lncRNA-Bmncr is upregulated in BM-MSCs,
which helps offset the bone mass loss and bone marrow fat
accumulation. The high level of bone marrow TNF-a in the
ovariectomy mouse model can regulate the expression levels
of miR-21, miR-3077e5p, and miR-705. The inhibition of miR-
21 can inhibit osteogenic differentiation through the negative
regulator Spry 1 of osteoblasts, while miR-3077e5p and miR-
705 target Runx 2 and HOXA10, respectively, to inhibit oste-
ogenic differentiation.162 Previous studies found that the
changes in the expression of multiple noncoding RNAs in UC-
MSC and dMSC in patients with PE were involved in the regu-
lation of cell proliferation, migration, angiogenesis, and im-
mune functionerelated pathways.163 For example, miR-
495,164 miR-30a,165 and miR-181a166 are highly expressed in
UC-MSCs, while lncRNA-metastasis-associated lung adeno-
carcinoma transcript (MALAT)-1 is downregulated.167 High
expression of miR-16168 and miR-494118,169 is detected in
dMSCs. IL-1b pretreatment of UC-MSCs can strongly upregu-
late anti-inflammatory miR-146a, while exosome-mediated
miR-146a transfer effectively enhances the immunomodula-
tory properties of UC-MSCs.170 TLR3 activation can enhance
the immunosuppressive and anti-inflammatory effects of MSC
through the downregulation ofmiR-143 in vivo and in vitro.171

LncRNA-highly up-regulated in liver cancer (HULC) has a pos-
itive regulatory effect on MSC proliferation, migration, and
invasion; its expression may be affected by various immune
factors.172 The silencing of CircFOXP1 greatly impairs the
differentiation potential of MSCs. A direct interaction exists
between circFOXP1 and miR-17e3p/miR-127e5p, leading to
the regulation of nonclassical Wnt and other signaling
pathways.173

In addition, ginkgo acid can act as an inhibitor of
SUMOylation to regulate the adipogenic differentiation of
MSCs, which can prevent the formation of the E1-SUMO
thioester complex and act as a sulfonylation inhibitor to
damage SUMOylation.106 SWI/SNF-(BAF) is known to be an
ATP-dependent chromatin remodeling agent involved in
multicellular development. BMP and long-term osteogenic
signals can selectively induce the expression of poly-
bromide BAF (PBAF) components Pbrm1, Arid 2, and Brd 7.
Pbrm1/PBAF deficiency affects the expression of BMP early
response genes by locus-specific epigenome remodeling
(involving Pbrm1 bromodomains) and transcriptional
downregulation of BMPR/TGF-bRII, which impairs Smad 1/
5/8 activation and negatively affects osteogenesis.174

Extensive studies have been conducted on the afore-
mentioned signaling pathways and cell reprogramming in
the exploration of the plasticity mechanism of MSCs, and
also the fundamental way to change gene expression.
However, studies on gene mutations are relatively few. A
study on AML showed the possibility of PLEC gene mutation
in MSCs.85 A recent study showed that hMSCs lacking the
glutathione S-transferase theta 1 (GSTT1) gene showed
increased proliferation rate, clone formation, and longer
telomeres.175

Conclusions

Numerous studies investigated the changes in MSC pheno-
type and functions. Different physiological or pathological
conditions can induce different plasticity phenomena in
MSCs, including changes in morphology, surface markers, and
paracrine, differentiating, proliferative, migratory, and
apoptotic abilities, which may be closely related to the
complex microenvironments of MSCs. Various influencing
factors (physical, chemical, and biological factors) in the
microenvironment can induce phenotypic and functional
changes in MSCs through different mechanisms of action
(including signaling pathways, cell reprogramming, etc.) to
affect or determine the functions of MSCs. Therefore, the
role and mechanism of different microenvironmental factors
inducing MSC plasticity are the focus of MSC clinical appli-
cation, as they are the important factors influencing the
treatment effect and the important parts of exploring the
treatment mechanism. For example, a study on AKI found
that MSCs induced by CZ changed to anti-inflammatory MSCs,
and the significant enhancement of immunosuppressive
ability effectively reduced the inflammatory infiltration and
tissue damage in the rat model of AKI.107 Hypoxia-induced
miR-126 production in MSC exosomes has been demon-
strated to promote effective fracture healing in an in vivo
fracture model.5 In addition, understanding and mastering
the specific induction and internal mechanisms of different
microenvironments on MSCs may help explain or resolve the
potential treatment limitations or safety issues of MSC
treatment. For example, some clinical trials have shown no
therapeutic effects of MSCs; the transplanted MSCs have
poor differentiation. The findings of this study have impor-
tant reference value for predicting the therapeutic effects
of MSCs and artificially regulating the characteristics and
functions of MSCs. Also, they have an important guiding role
for subsequent improvement in their clinical benefits. More
studies on MSC plasticity are still needed.
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