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ABSTRACT

Mesenchymal stem cells (MSCs) are emerging as a promising therapeutic approach of cell-based
therapy for a wide range of autoimmune disorders and degenerative diseases. In preclinical and
clinical studies, MSCs have been shown to be highly efficient in treating graft-versus-host disease,
systemic lupus erythematosus, multiple sclerosis, type 1 diabetes, myocardial infarction, liver cir-
rhosis, inflammatory bowel disease, and other disorders. The underlying therapeuticmechanisms of
MSCs include their homing efficiency to the tissue injury sites, their differentiation potential, their
capability to produce a large amount of trophic factors, and their immunomodulatory effect. Be-
cause tissue damage sites are complicated milieus with distinct types of inflammatory cells and
factors, available data have demonstrated that the properties of MSCs could be fundamentally
influenced by the inflammatory elements. Thus, an understanding of the interaction betweenMSCs
and the inflammatory microenvironment will provide critical information in revealing the precise in
vivo mechanisms of MSC-mediated therapeutic effects and designing more practical protocols for
clinical use of these cells. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:51–58

INTRODUCTION

Stem cells are considered the master cells, capa-
ble of both self-renewal and multilineage differ-
entiation. Recent investigations have identified
them as a potentially novel cell therapy for re-
generativemedicine largely because of their abil-
ity to differentiate into many functional cell
types. It is anticipated that stem cell therapy
could solve many medical challenges facing hu-
manity, increase our knowledge of pathogenesis,
allow us to screen for new drugs for safety and
effectiveness, and treat a variety of diseases. It is
highly expected that detailed investigations of
stem cell biology and clinical applicability will re-
sult in revolutions in medical technologies.

Most early work on stem cells was carried
out with pluripotent embryonic stem (ES) cells
derived from inner cell mass of blastocyst em-
bryo, which, however, introduced a series of eth-
ical problems in clinical applications. To avoid
such ethical issues and create histocompatibility,
new technologies have enabled tissue cells to be-
come induced pluripotent stem (iPS) cells [1].
One characteristic of ES cells and iPS cells is their
ability to form teratomas, which, in turn, is a ma-
jor concern for future clinical application [2, 3].
Moreover, it is likely that iPS cells are more tu-
morigenic than ES cells [4]. The teratoma-form-
ing property of stem cells is considered a major

obstacle for biomedicine by the U.S. Food and
Drug Administration (FDA) [5].

In almost all tissues, there are mesenchymal
stem cells (MSCs) that are responsible for regen-
eration and cellular homeostasis. These cells
were first isolated and characterized by Frieden-
stein et al. in 1974 [6]. MSCs are spindle-shaped,
fibroblast-like multipotent stem cells. In the last
decade, MSCs were successfully isolated from
various tissues. Themost intensely studiedMSCs
are those derived from bone marrow (BM). The
BM-MSCs are nearly 10% of the hematopoietic
stem cells (HSCs) in number, and they are always
regarded as a component of the HSC niche. In
addition to BM-MSCs, MSCs from other sources,
such as umbilical cord and adipose tissue, are
also able to be expanded in vitro rapidlywith sus-
tained stable phenotype and differentiation po-
tential toward several mesenchymal lineages,
such as fat, cartilage, and bone [7].

The physiological role of MSCs is elusive be-
cause of their low frequency in tissues and lack of
specific surface markers for identification. In the
last few years, several studies have demon-
strated the in vivo characteristics of MSCs. Sac-
chetti et al. and Crisan et al. revealed that MSCs
are likely linked to CD146� CD45� perivascular
pericytes, which are capable of producing angio-
poietin-1, an important molecule in HSC mi-
croenvironment [8, 9]. Additionally, MSCs have
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also been identified as nestin� cells in bone marrow, which play
a critical role in constructing the HSC microenvironment [10].

MSCs hold great potential for the treatment of various de-
generative diseases and immune disorders, largely because of
their differentiation potential and immunoregulatory capacity.
In vitro expanded MSCs have already been administered in vivo
in both animals in preclinical models and patients in clinical set-
tings, demonstrating promising clinical utilities. Unlike ES or iPS
cells, MSCs have no ethical issues and have a low risk of forming
teratomas; however, they are not completely free from malig-
nancy potentials [11]. Nevertheless, pilot studies have demon-
strated that MSCs are largely safe in vivo, and they are currently
the most widely used stem cells in clinical settings.

Preclinical Studies with MSCs
A remarkable property of MSCs is their powerful capacity for
regulating immune responses. As a result, current MSC-based

therapy has mainly been applied to alleviating immune disor-
ders. Various studies have evaluated the therapeutic effect of
MSCs in preclinical animal models and demonstrated great
clinical potential (Table 1). Some examples are discussed
below.

Graft-versus-host disease (GvHD) is a severe complication fol-
lowing bone marrow and HSC transplantation. It has been shown
that more than 40% recipients with bone marrow transplantation
develop GvHD, and many of them are hard to treat even with ste-
roids [12]. In recent years, MSCs have been successfully applied to
treatingGvHD inmousemodels.Oneor two infusionsofMSCs after
bone marrow transplantation greatly improve the survival rate of
GvHDmice and dramatically reduce immune cell infiltration in var-
iousorgans.Thesestudiesalsodemonstrated thatproinflammatory
cytokines are critical inMSC-mediated immunosuppression in vivo,
as elimination of interferon-� (IFN�) signaling diminishes the thera-
peutic effect of MSCs [13, 14].

Table 1. Treatment of diseases by mesenchymal stem cells in animal models

Disease Species
Administration

route Mechanism of MSC effects Cell source Reference

Systemic lupus
erythematosus

Mouse Tail vein Suppression of Th17 cells and increase of
CD4�CD25�Foxp3� Treg cells

Murine bone marrow-derived
MSCs

�15�

Rheumatoid arthritis Mouse Intraperitoneal Decreased Th1 and Th17 cell expansion and
induction of de novo generation of
CD4�CD25�Foxp3� Treg cells

Human adipose-derived MSCs �97�

Autoimmune type 1
diabetes

Mouse Tail vein Decreased Th1 cell expansion and induction of
de novo generation of CD4�CD25�Foxp3�

Treg cells

Murine bone marrow-derived
MSCs

�18�

Hematopoietic
system defects

Mouse Tail vein Provide critical growth factors and/or adhesion
receptors

Human bone marrow-derived
MSCs

�98�

Graft-versus-host
disease

Mouse Tail vein Decreased expression of inflammatory
cytokines, such as TNF-�, IFN-�, and IL-12

Murine adipose-derived MSCs �99�

Graft-versus-host
disease

Mouse Tail vein Cytokine-induced nitric oxide production by
MSCs Suppressed T cell proliferation

Murine bone marrow-derived
MSCs

�14�

Myocardial
infarction

Rat Monolayered MSC
transplantation

Secretion of a large amount of angiogenic and
antiapoptotic cytokines

Rat adipose-derived MSCs �100�

Myocardial
infarction

Pig Transendocardial Stimulation of endogenous cardiac stem cells Human bone marrow-derived
MSCs

�101�

Parkinson’s disease Rat Intranasal delivery
to brains

Decreased production of inflammatory
cytokines

Rat bone marrow-derived
MSCs

�102�

Spinal cord injury Rat Transplantation of
3D scaffold with
MSCs

Deposition of fibronectin and decreased
expression of TNF-� and IL-1

Rat bone marrow-derived
MSCs

�22�

Inflammatory bowel
disease

Mouse Intraperitoneal Decreased colonic myeloperoxidase activity and
neutrophil infiltration

Human ESC-derived MSCs �19�

Liver fibrosis Mouse Tail vein Increased expression of MMP-9 and MMP-14
and decreased expression of TGF-�1

Murine bone marrow-derived
MSCs

�103�

Lung injury Mouse Jugular vein IL1RN expressed by MSCs antagonized IL-1a
function and release of TNF-� from activated
macrophages

Murine bone marrow-derived
MSCs

�23�

Acute lung injury Mouse Tail vein Inhibition of Th2-mediated allergic airway
inflammation and promotion of a Th1
phenotype in antigen-specific CD4� T
lymphocytes through an IFN-�-dependent
process

Murine bone marrow-derived
MSCs

�24�

Bone fracture Mouse Tail vein Contribution to the callus initiation by
expressing BMP-2, and decreased levels of
TNF-� and IL-1

Murine bone marrow-derived
MSCs

�104�

Corneal abrasion Mouse Intraperitoneal or
intravenous

Secretion of the anti-inflammatory protein
TSG-6

Murine bone marrow-derived
MSCs

�21�

Skin wound Mouse Tail vein Suppression of Th17 cells and increased IL-10
expression

Human gingiva-derived MSCs �105�

Skin wound Mouse Intradermal Immunosuppressive effect and release of tissue
repair cytokines

Murine bone marrow-derived
MSCs and fibroblasts

�106�

Abbreviations: 3D, three-dimensional; BMP, bone morphogenetic protein; IFN-�, interferon-�; IL, interleukin; IL1RN, interleukin 1 receptor
antagonist; MMP, matrix metalloproteinase; MSC, mesenchymal stem cell; TGF, transforming growth factor; Th, T helper; TNF-�, tumor necrosis
factor �; Treg, regulatory T cells; TSG-6, tumor necrosis factor-inducible gene 6 protein.
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Systemic lupus erythematosus (SLE) is a generalized autoim-
mune disease that can be mimicked with mice lacking a functional
fas gene. The therapeutic effect of MSCs has been validated in the
mouse model of SLE [15]. MSCs derived from fas�/� mice were
partially deficient in abundance and stemness, as revealed by plat-
ing assay and induced differentiation toward adipocytes. Allogenic
MSC administration largely reduces the production of autoantibod-
ies in the sera and ameliorate renal dysfunction in those mice with
active SLE symptoms [15].

In experimental autoimmune encephalomyelitis (EAE), an
established animal model of multiple sclerosis (MS), MSCs also
exhibited beneficial effects [16, 17]. Decreased immune cell in-
filtration and demyelination in the central nerve system were
observed after systemic MSC infusion. Along with less CD4� T-
cell migration, the plasma level of interleukin-17 (IL-17) was re-
duced. Notably, MSC injection at the peak of pathogenesis is
more effective, whereas no improvement was observed in these
studies if MSCs were injected at the disease-stable stages.

In the treatment of autoimmune type I diabetes, MSCs sig-
nificantly delayed diabetes onset in non-obese diabetic (NOD)
mice [18]. MSC infusion strikingly protected islets from destruc-
tion, as evidenced by insulin staining, lymphocyte infiltration,
and isletmorphology. In addition, hyperglycemiawas reversed in
90% of diabetic mice receiving MSC treatment, and some of the
mice remained normoglycemic for more than 2 months.

Recent studies have shown that humanMSCs were effective
in treating mouse inflammatory bowel disease (IBD) [19]. In this
model, human ES cells were used to derive MSCs. These ES cell-
derived MSCs possessed surface markers, morphology, and im-
munosuppressive capacity similar to those of BM-MSCs. After
treatment with these MSCs, IBD animals exhibited much health-
ier appearance compared with control mice, as shown by signif-
icantly alleviated colon inflammation and body weight loss.

In addition to autoimmune diseases, MSCs are capable of
producing trophic factors to help tissue repair. Investigations by
the Prockop team have shown that human MSCs were effective
in treating myocardial infarction [20] and cornea damage [21]
through secretion of tumor necrosis factor-inducible gene 6 pro-
tein (TSG-6), which served to reduce inflammation and promote
tissue reconstruction. A similar phenomenon has been reported
with MSCs in treating other tissue injuries, such as spinal cord
[22], lung [23, 24], and skin [25, 26]. Therefore, it is possible that
MSC-derived soluble factors could replace MSCs in treating var-
ious diseases to evade the risk of cell-based therapies.

Clinical Applications of MSCs
The success of MSCs in modulating immune responses and pro-
moting tissue repair in preclinical studies have prompted explo-
ration of MSCs in clinical settings [14, 27–29]. Currently, there
are 92 registered clinical trials evaluating the potential of MSC-
based cell therapy worldwide (ClinicalTrials.gov, http://
clinicaltrials.gov/). As shown in Table 2, 30 completed clinical
trials have been announced, including phase III trials. Since 2008,
several clinical trials have been carried out in the United States.
With the advancement of preclinical research, more and more
countries have recognized the good hope of MSC-based thera-
pies and are participating in the expanding number of clinical
trial registrations (35 in Europe, 22 in the United States, 18 in
China, 5 in Korea, 4 in theMiddle East, 3 in Canada, 2 in India, 1 in
Africa, 1 in Japan, and 1 in Australia). It is anticipated that the
completion of these trials will dramatically improve clinical ap-

plications of MSCs to treat various devastating diseases that af-
fect human health.

Along with a better understanding of the molecular mecha-
nisms underlying the therapeutic effects of MSCs, more and
more therapeutic utilities of MSCs have been tried for various
human diseases [30]. For instance, MSCs have been successfully
applied to revert GvHD in patients receiving bonemarrow trans-
plantation [31, 32], especially in patients diagnosed with severe
steroid resistance [33–35]. Similarly, in SLE and Crohn’s disease
patients, both autologous and allogeneicMSCswere able to sup-
press inflammation and reduce damage to kidneys and bowel,
supposedly by induction of regulatory T cells in patients [25, 36–
38]. In the cardiovascular system, allogeneic MSCs have been
shown to reverse left ventricle acute myocardial infarction [39,
40]. In hematopoietic stem cell transplantation, MSCs provided
support for the growth and differentiation of hematopoietic pro-
genitor cells in the bone marrow microenvironment [41, 42]. In
the endocrine system, placenta-derivedMSCs increase the levels
of insulin and C-peptide and improve the renal function and car-
diac function after infusion in diabetic patients [43]. Various clin-
ical studies have been carried out with patients suffering from
neurological disorders. It has been reported that BM-MSCs im-
prove multiple system atrophy [44], MS, amyotrophic lateral
sclerosis [45–47], and stroke, likely through immediately immu-
nomodulatory effects [48]. In the digestive system, autologous
BM-MSCs improved clinical indices of liver function in liver cir-
rhosis patients and liver failure patients caused by hepatitis B
[49, 50]. BM-MSCs can also exert strong therapeutic effects on
tissue repair in muscle skeletal and skin diseases, including mus-
cle remodeling, regeneration of periodontal tissue defects, dia-
betic critical limb ischemia, bone damage caused by osteonecro-
sis, and burn-induced skin defects [51–53]. It is noteworthy that
Prochymal, an allogeneic human BM-MSCs-based stem cell
product by Osiris Therapeutics (Baltimore, MD, http://www.
osiristx.com) has passed Phase III clinical trials in treating GvHD
and Crohn’s disease and become the only stem cell-based drug
approved by the FDA [33, 54]. Taken together, these clinical trials
are providing critical information for the development of stem
cell-based clinical application.

Although there is a long way to go before MSCs can be
used as a regular clinical therapy, available clinical informa-
tion is encouraging. It seems that MSC treatments are quite
safe as long as the cells are administered properly. Under
treatment for GvHD, SLE, and liver failure, a few patients de-
veloped fever, chill, liver damage, and other side effects [25,
33, 49, 55]. With the maturation of isolation and culture tech-
nologies, allogeneic MSCs are becoming more popular than
autologous BM-MSCs [36, 38, 56]. Among the allogeneic
MSCs, human umbilical cord- and placenta-derived MSCs are
the most investigated. In last few years, adipose tissue-de-
rived MSCs have attracted great attention as they are easy to
be derived autologously and have been shown to be effective
in treating Hurler syndrome, metachromatic leukodystrophy,
GvHD, and SLE [25, 43, 57]. These clinical trial results demon-
strated thatMSCs derived from various sources exert similarly
therapeutic effects on immune disorders [31, 33]. Notably,
MSCs derived from different sources are also capable of sup-
porting regeneration of damaged tissues in myocardial, kid-
ney, bone, and skin [15, 39, 53]. Moreover, to increase the
number of MSCs at the damaged sites and the efficiency of
differentiation, studies on liver cirrhosis, osteonecrosis, skin
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defects, and spinal cord injury were using local injections in-
stead of systemic administration of MSCs [53]. Nevertheless,
extensive investigations are still needed to determine which
cell sources are the best for the specific diseases.

Therapeutic Mechanisms of MSCs
Asmentionedabove,MSCshavedisplayedagreatpotential in treat-
ing a large number of immune and nonimmune diseases. However,
there are still major questions concerning the optimal dosage of
MSCs, routes of administration, and the fate of the cells after infu-
sion [58]. Thus, it is critical to explore the mechanisms governing
MSC-based therapies. Although a uniform mechanism may have
never been discovered, the available data have revealed several
working models for the beneficial effects of MSCs. On the basis of
the current understanding, we sum up some key mechanisms that
are significant toMSC-mediated therapies. It is noteworthy that for
a given disease,multiple coordinatedmechanisms likely contribute
to the therapeutic effect of MSCs.

Homing Efficiency
MSCs have a tendency to home to damaged tissue sites. When
MSCs are delivered exogenously and systemically administered

into humans and animals, they are always found to migrate spe-
cifically to damaged tissue sites with inflammation [59, 60], al-
though many of the intravenously administered MSCs are
trapped in the lung [20, 61]. The inflammation-directed MSC
homing has been demonstrated to involve several important cell
trafficking-related molecules: chemokines, adhesion molecules,
andmatrixmetalloproteinases (MMPs). Among the chemokines,
the chemokine (C-X-C motif) ligand 12 (CCL-12)-chemokine (C-
X-C motif) receptor 4 (CXCR4) and chemokine (C-C motif) li-
gand-2 (CCL-2)-chemokine (C-Cmotif) receptor 2 (CCR2) axes are
most studied [62, 63]. Accordingly, CXCR4 has been transduced
into MSCs to improve their in vivo engraftment and therapeutic
efficacy in a rat myocardial infarction model [64]. Adhesion mol-
ecule P-selectin and vascular cell adhesion protein 1 (VCAM-1)-
very late antigen-4 interaction have been shown as key media-
tors inMSC rolling and firmadherence to endothelial cells in vitro
and in vivo [65]. Interestingly, in a recent report, VCAM-1 anti-
body-coated MSCs exhibited a higher efficiency in their engraft-
ment into inflamed mesenteric lymph nodes and colon than un-
coated MSCs in a mouse IBD model [66], suggesting that the
modulations on the homing property of MSCs could be a via-
ble approach in enhancing their therapeutic effectiveness. In

Table 2. Examples of published clinical trials of mesenchymal stem cell-based therapy registered on ClinicalTrials.gov

Disease
Enrollment
number Trial design Effects

Clinical
trial
phase

Cell mass
(hMSCs/kg) MSC source Reference

GvHD 12 Systemic infusion
(peripheral
vein)

Reduced responses; decreased
GvHD stages; no infusional or
other identifiable acute toxicity

Phase II 2.0 � 106;
8.0 � 106

Allogeneic bone
marrow-
derived MSCs
(Prochymal)

�32�

GvHD 32 Systemic infusion
(peripheral
vein)

Reduced responses; no infusional
toxicities or ectopic tissue
formations

Phase II 2.0 � 106;
8.0 � 106

Allogeneic bone
marrow-
derived MSCs
(Prochymal)

�33�

Myocardial
infarction

53 Systemic infusion
(peripheral
vein)

Reduced ventricular tachycardia
episodes and pulmonary
function; better global symptom
score; no adverse events

Phase I 0.5 � 106;
1.6 � 106;
5.0 � 10 6

Allogeneic bone
marrow-
derived MSCs
(Prochymal)

�39�

GvHD 46 Systemic infusion
(peripheral
vein)

Reduced grades of GvHD; well
tolerated without adverse event

Phase I 1.0–5.0 � 106 Allogeneic bone
marrow-
derived MSCs

�107�

Multiple
system
atrophy

29 Systemic or local
infusion
(peripheral or
portal vein)

Glucose metabolism increased
significantly in brain area; no
serious adverse effects related
to MSC therapy

Phase II 4.0 � 107

(total
hMSCs per
time
injection)

Autologous bone
marrow-
derived MSCs

�44�

Liver failure 105 Local infusion
(proper
hepatic artery)

TBIL, PT, and MELD score were
improved; no serious side
effects or complications

Phase I–II Unknown Autologous bone
marrow-
derived MSCs

�49�

Liver cirrhosis 8 Systemic infusion
(peripheral
vein) or local
infusion
(portal vein)

MELD score, prothrombin
complex, and serum creatinine
decreased; serum albumin
increased; no adverse effects

Phase I–II 4.0 � 107

(total
hMSCs per
time
injection)

Autologous bone
marrow-
derived MSCs

�50�

Diabetic critical
limb
ischemia and
foot ulcer

N/A Local infusion
(intramuscular
injection)

Improved painless waking time,
ABI, TcO2 (transcutaneous
oxygen pressure); no serious
adverse events

Phase I Unknown Autologous bone
marrow-
derived MSCs

�51�

Periodontal
tissue defect

1 Local infusion
(root surface
and adjacent
defect space)

Reduced probing depths and
clinical attachment gain;
bleeding and tooth mobility
disappeared; no adverse effects

Phase I Unknown Autologous iliac
crest marrow-
derived MSCs

�52�

Chronic spinal
cord injury

64 Local infusion
(intrathecal
injection)

No significant improvements in
clinical measures; may have side
defects

Phase I–II Unknown Autologous bone
marrow-
derived MSCs

�55�

Abbreviations: ABI, ankle-brachial index; GvHD, graft-versus-host disease; hMSC, human mesenchymal stem cell; MELD, end-stage liver disease;
MSC, mesenchymal stem cell; N/A, not applicable; PT, prothrombin time; TBIL, total bilirubin; TcO2, transcutaneous oxygen pressure.
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addition to chemokines and adhesion molecules, several MMPs,
such asMMP-2 andmembrane type 1MMP, have been shown to
be essential in the invasiveness of MSCs [67, 68]. It is worth
mentioning that all the homing-related molecules are able to be
upregulated by inflammatory cytokines such as tumor necrosis
factor-� (TNF�) and IL-1 [69, 70]. Therefore, different inflamma-
tion status (i.e., different levels of inflammatory cytokines)might
lead to distinct MSC engraftment and therapeutic efficiency.

Tumors can be regarded as wounds that never heal and con-
tinuously generate various inflammatory cytokines [71]. Indeed,
MSCs, either de novo mobilized or exogenously administered,
have been found to migrate to the tumor and adjacent tissue
sites [72]. In view of this property, approaches have been devel-
oped to engineer several tumor-killing agents, such as IFN�,
IFN�, IL-12, and TNF-related apoptosis-inducing ligand, in MSCs
for tumor targeted therapy in animal models [73–77]. More re-
cently, MSCs have also undergone development into vehicles for
delivery of nanoparticles to enhance their tumoricidal effects
[78, 79]. Further investigation in this direction may lead to novel
therapeutic strategies for cancer.

Differentiation Potential and Tissue Engineering
As typical multipotent stem cells, MSCs have been shown to pos-
sess the capability to differentiate into a variety of cell types,
including adipocytes, osteoblasts, chondrocytes, myoblasts, and
neuron-like cells. Although it is currently believed that the ther-
apeutic benefits of MSCs are due to more complicated mecha-
nisms, they have been shown to be able to differentiate into
osteoblasts, cardiomyocytes, and other tissue-specific cells after
their in vivo systemic infusion in the treatment of osteogenesis
imperfecta and myocardial infarction in both animals and hu-
mans [59, 80, 81].

Instead of the systemic delivery, MSCs can be delivered to-
gether with various natural and synthetic biomaterial scaffolds.
Either undifferentiated or differentiated MSCs can be loaded
onto the scaffolds before their implantation into the damaged
tissue sites [82, 83]. Such technologies have been successfully
applied in cartilage repair and long-bone repair with generation
of well-integrated and functional hard tissues [84, 85]. The ad-
vantage of the tissue-engineeredMSC delivery system lies in the
ease of controlling and manipulating the implanted cells and tis-
sues, with reduced side effects on other organs and tissues. The
current improvement in delivery vehicles and compatibility be-
tween the scaffolds and MSCs will help develop a mature tech-
nology for clinical applications.

Production of Trophic Factors
Accumulating evidence has revealed that the therapeutic bene-
fits fromMSCs are largely dependent on their capacity to act as a
trophic factor pool. AfterMSCs home to the damaged tissue sites
for repair, they will closely interact with the local stimuli, such as
inflammatory cytokines, ligands of Toll-like receptors, and the
hypoxia condition, which would stimulate MSCs to produce a
large amount of growth factors performing multiple functions
for tissue regeneration [86, 87].Many of these factors are critical
mediators in angiogenesis and prevention of cell apoptosis, such
as vascular endothelial growth factor, insulin-like growth factor
1, basic fibroblast growth factors, hepatocyte growth factor, IL-6,
and CCL-2 [87, 88]. Interestingly, a recent study found that the
therapeutic effect of neuronal progenitors on EAE was solely
dependent on leukemia inhibitory factor, revealing a similar

trophic function of other tissue progenitors/stem cells [89].
Moreover, many reports have demonstrated that pretreatment
with growth factors or gene modification of MSCs enhances the
therapeutic efficacy for myocardial infarction and other wound
healing processes [90, 91]. Further understanding of the molec-
ular pathways involved in growth factor production will be very
helpful to develop better strategies for MSC-based therapies.

Immunomodulation
In the last few years, MSCs have beenmanifested to be very effec-
tive in treating various immune disorders in human and animal
models. In both in vitro and in vivo studies, MSCs suppress the ex-
cessive immune responses from T cells, B cells, dendritic cells, mac-
rophages, and natural killer cells [29]. It is believed that the under-
lying mechanisms are a combinational effect from many
immunosuppressivemediators.Amongthemediators, amajorityof
them are inducible by inflammatory stimuli, such as nitric oxide,
indoleamine 2,3-dioxygenase, prostaglandin E2, TSG-6, CCL-2, and
programmed death ligand 1 [14, 17, 62, 92–95]. These factors are
minimally expressed in the inactivatedMSCs unless they are stimu-
lated by several inflammatory cytokines, IFN�, TNF�, and IL-1 [14,
96]. Neutralization of either immunosuppressive effectors or in-
flammatory cytokines reverses MSC-mediated immunosuppres-
sion. The concept of inflammation-licensed immunosuppression
will be in favor of a more rational design for clinical use of MSCs.
First, an optimal administration time point should be carefully se-
lected according to the levels and ratios of different cytokines in the
bodyduring thediseaseprogression. Previous reports havedemon-
strated that administration of MSCs after disease onset should be
better than at the same time of disease induction in amouse GvHD
model [13, 14]. Second, cytokine priming should be an attemptable
maneuver to improve the therapeutic effect ofMSCs. Polchert et al.
reported that IFN�-pretreated MSCs protect 100% of mice from
GvHD-induced death [13]. Third, the therapeutic efficacy of MSCs
probablydependsonthenatureofdifferentdiseasesbecauseof the
distinct inflammatory environments existed. Even for one specific
disease, thediversity ofmicroenvironments indifferent tissuesmay
also produce curative effects different from those of MSCs. There-
fore, the precise in vivo mechanism of MSCs should be more com-
plex than what we observed in vitro. Further defining such mecha-
nisms will help us develop more trustworthy strategies for clinical
use ofMSCs.

CONCLUSION

AlthoughMSCs have been widely applied in preclinical studies and
clinical trials, with many of them displaying effective outcomes in
prevention and control of a diversity of diseases, the underlying
mechanisms, especially in the in vivo models, still remain largely
undefined. Available data have suggested that MSCs have a close
interactionwith the inflammatorymilieu in the tissuedamage sites.
The therapeutic effects of MSCs should not be simple actions from
themselves but a coordinated process with the local microenviron-
ment. Understanding such interactions will be helpful in choosing
an optimal dose and time points forMSC administration and in pre-
dicting the range of diseases for which MSCs should be effective.
Anothermajorquestion ishowtotranslate the invitro readouts into
clinical applications; this translation will probably also require a
deep understanding of the intricate link between MSCs and the
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inflammatory conditions. Moreover, the above studies on MSC-
based therapies will also have important implications for recogniz-
ing the physiological roles of stromal cells.
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65 Rüster B, Gottig S, Ludwig RJ et al. Mes-

enchymal stem cells display coordinated roll-

ing and adhesion behavior on endothelial cells.
Blood 2006;108:3938–3944.
66 Ko IK, Kim BG, Awadallah A et al. Target-

ing improves MSC treatment of inflammatory
bowel disease. Mol Ther 2010;18:1365–1372.
67 Ries C, Egea V, Karow M et al. MMP-2,

MT1-MMP, and TIMP-2 are essential for the
invasive capacity of humanmesenchymal stem
cells: Differential regulation by inflammatory
cytokines. Blood 2007;109:4055–4063.
68 Ding Y, Xu D, Feng G et al. Mesenchymal

stem cells prevent the rejection of fully allo-
genic islet grafts by the immunosuppressive
activity of matrix metalloproteinase-2 and -9.
Diabetes 2009;58:1797–1806.
69 Shi M, Li J, Liao L et al. Regulation of

CXCR4 expression in human mesenchymal
stem cells by cytokine treatment: Role in hom-
ing efficiency in NOD/SCID mice. Haemato-
logica 2007;92:897–904.
70 Ren G, Zhao X, Zhang L et al. Inflamma-

tory cytokine-induced intercellular adhesion
molecule-1 and vascular cell adhesion mole-
cule-1 in mesenchymal stem cells are critical
for immunosuppression. J Immunol 2010;184:
2321–2328.
71 Dvorak HF. Tumors: Wounds that do not

heal. Similarities between tumor stroma gen-
eration andwound healing. N Engl JMed 1986;
315:1650–1659.
72 Spaeth E, Klopp A, Dembinski J et al. In-

flammation and tumor microenvironments:
Defining the migratory itinerary of mesenchy-
mal stem cells. Gene Ther 2008;15:730–738.
73 StudenyM,Marini FC, Champlin RE et al.

Bonemarrow-derivedmesenchymal stem cells
as vehicles for interferon-� delivery into tu-
mors. Cancer Res 2002;62:3603–3608.
74 Ren C, Kumar S, Chanda D et al. Cancer

gene therapy using mesenchymal stem cells
expressing interferon-� in a mouse prostate
cancer lung metastasis model. Gene Ther
2008;15:1446–1453.
75 Seo SH, Kim KS, Park SH et al. The effects

of mesenchymal stem cells injected via differ-
ent routes on modified IL-12-mediated antitu-
mor activity. Gene Ther 2011;18:488–495.
76 Loebinger MR, Eddaoudi A, Davies D et

al. Mesenchymal stem cell delivery of TRAIL
can eliminate metastatic cancer. Cancer Res
2009;69:4134–4142.
77 Ren C, Kumar S, Chanda D et al. Thera-

peutic potential of mesenchymal stem cells
producing interferon-� in a mouse melanoma
lung metastasis model. STEM CELLS 2008;26:
2332–2338.
78 Roger M, Clavreul A, Venier-JulienneMC

et al. Mesenchymal stem cells as cellular vehi-
cles for delivery of nanoparticles to brain tu-
mors. Biomaterials 2010;31:8393–8401.
79 ChengH, Kastrup CJ, Ramanathan R et al.

Nanoparticulate cellular patches for cell-medi-
ated tumoritropic delivery. ACS Nano 2010;4:
625–631.
80 Liechty KW, MacKenzie TC, Shaaban AF

et al. Human mesenchymal stem cells engraft
and demonstrate site-specific differentiation
after in utero transplantation in sheep. Nat
Med 2000;6:1282–1286.
81 Kawada H, Fujita J, Kinjo K et al. Nonhe-

matopoietic mesenchymal stem cells can be
mobilized and differentiate into cardiomyo-
cytes after myocardial infarction. Blood 2004;
104:3581–3587.

57Ren, Chen, Dong et al.

www.StemCellsTM.com



82 Dennis JE, Konstantakos EK, Arm D et al.
In vivo osteogenesis assay: A rapid method for
quantitative analysis. Biomaterials 1998;19:
1323–1328.
83 Ohgushi H, Kotobuki N, Funaoka H et al.

Tissue engineered ceramic artificial joint–ex
vivo osteogenic differentiation of patient mes-
enchymal cells on total ankle joints for treat-
ment of osteoarthritis. Biomaterials 2005;26:
4654–4661.
84 Kon E, Muraglia A, Corsi A et al. Autol-

ogous bone marrow stromal cells loaded
onto porous hydroxyapatite ceramic acceler-
ate bone repair in critical-size defects of
sheep long bones. J Biomed Mater Res 2000;
49:328–337.
85 Solchaga LA, Temenoff JS, Gao J et al.

Repair of osteochondral defects with hyaluro-
nan- and polyester-based scaffolds. Osteoar-
thritis Cartilage 2005;13:297–309.
86 Crisostomo PR, Wang Y, Markel TA et

al. Human mesenchymal stem cells stimu-
lated by TNF-�, LPS, or hypoxia produce
growth factors by an NF �B- but not JNK-de-
pendent mechanism. Am J Physiol Cell
Physiol 2008;294:C675–C682.
87 Caplan AI, Dennis JE. Mesenchymal stem

cells as trophicmediators. J Cell Biochem2006;
98:1076–1084.
88 Xu G, Zhang Y, Zhang L et al. The role of

IL-6 in inhibition of lymphocyte apoptosis by
mesenchymal stem cells. Biochem Biophys Res
Commun 2007;361:745–750.
89 Cao W, Yang Y, Wang Z et al. Leukemia

inhibitory factor inhibits T helper 17 cell differ-
entiation and confers treatment effects of neu-
ral progenitor cell therapy in autoimmune dis-
ease. Immunity 2011;35:273–284.
90 Hahn JY, Cho HJ, Kang HJ et al. Pre-treat-

ment of mesenchymal stem cells with a combi-
nation of growth factors enhances gap junction
formation, cytoprotective effect on cardiomy-

ocytes, and therapeutic efficacy formyocardial
infarction. J Am Coll Cardiol 2008;51:933–943.
91 Schnabel LV, Lynch ME, van der Meu-

len MC et al. Mesenchymal stem cells and
insulin-like growth factor-I gene-enhanced
mesenchymal stem cells improve structural
aspects of healing in equine flexor digitorum
superficialis tendons. J Orthop Res 2009;27:
1392–1398.
92 KramperaM, Cosmi L, Angeli R et al. Role

for interferon-� in the immunomodulatory ac-
tivity of human bone marrow mesenchymal
stem cells. STEM CELLS 2006;24:386–398.
93 Aggarwal S, Pittenger MF. Human mesen-

chymal stem cells modulate allogeneic immune
cell responses. Blood 2005;105:1815–1822.
94 Augello A, Tasso R, Negrini SMet al. Bone

marrow mesenchymal progenitor cells inhibit
lymphocyte proliferation by activation of the
programmed death 1 pathway. Eur J Immunol
2005;35:1482–1490.
95 Németh K, Leelahavanichkul A, Yuen PS

et al. Bonemarrow stromal cells attenuate sep-
sis via prostaglandin E(2)-dependent repro-
gramming of host macrophages to increase
their interleukin-10 production. Nat Med
2009;15:42–49.
96 Ren G, Su J, Zhang L et al. Species varia-

tion in the mechanisms of mesenchymal stem
cell-mediated immunosuppression. STEM CELLS
2009;27:1954–1962.
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