
Mesenchymal stem cells

510

npg

 Cell Research | Vol 20 No 5 | May 2010 

REVIEW

Correspondence: Yufang Shi

Tel: +86-21-63848329; Fax: +86-21-63852655

E-mail: shiyufang2@gmail.com

npg
Cell Research (2010) 20:510-518.
© 2010 IBCB, SIBS, CAS    All rights reserved 1001-0602/10  $ 32.00 
www.nature.com/cr

Mesenchymal stem cells: a new strategy for
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Mesenchymal stem cells (MSCs) have great potential for treating various diseases, especially those related to tissue 

damage involving immune reactions. Various studies have demonstrated that MSCs are strongly immunosuppressive 

in vitro and in vivo. Our recent studies have shown that un-stimulated MSCs are indeed incapable of immunosup-

pression; they become potently immunosuppressive upon stimulation with the supernatant of activated lymphocytes, 

or with combinations of IFN-γ with TNF-α, IL-1α or IL-1β. This observation revealed that under certain circum-

stances, inflammatory cytokines can actually become immunosuppressive. We showed that there is a species varia-

tion in the mechanisms of MSC-mediated immunosuppression: immunosuppression by cytokine-primed mouse 
MSCs is mediated by nitric oxide (NO), whereas immunosuppression by cytokine-primed human MSCs is executed 
through indoleamine 2, 3-dioxygenase (IDO). Additionally, upon stimulation with the inflammatory cytokines, both 
mouse and human MSCs secrete several leukocyte chemokines that apparently serve to attract immune cells into the 
proximity with MSCs, where NO or IDO is predicted to be most active. Therefore, immunosuppression by inflam-

matory cytokine-stimulated MSCs occurs via the concerted action of chemokines and immune-inhibitory NO or IDO 
produced by MSCs. Thus, our results provide novel information about the mechanisms of MSC-mediated immuno-

suppression and for better application of MSCs in treating tissue injuries induced by immune responses.
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Mesenchymal stem cells

Tissue mesenchymal stem cells (MSCs) or MSC-like 

cells exist in almost all tissues, such as bone marrow, 

muscle, fat, hair follicles, tooth root, placenta, brain 

periosteum, dermis, perichondrium, umbilical cord, 

Wharton’s jelly, lung, liver and spleen [1]. They were ini-

tially identified by their potential of induced differentia-

tion into several mesenchymal lineages: bone, cartilage, 

adipose tissue, muscle and tendon [2]. However, recently 

it is shown that some types of MSC-like cells isolated 

from both human and mouse can be induced into cells of 

endodermal and neuroectodermal lineages, including en-

dothelium, neurons and hepatocytes [3-7]. Intravenously 

infused MSCs immigrate to a variety of organs, with the 

priority to injured or inflammatory tissues [8, 9].
Bone marrow stem cells can be classified as either 

CD34
+
 or CD34

−
; CD34

+
 cells give rise to blood cells 

while CD34
−
 cells (and even CD34

+ 
cells) are believed 

to be more primitive and can differentiate into many 

cell types. The most intensely studied MSCs are those 

derived from the adult bone marrow [10]. MSCs are low 

in frequency in the bone marrow; plating studies indi-

cated that MSCs represented perhaps 0.001-0.01% of 

the nucleated cells, which is approximately 10-fold less 

abundant than hematopoietic stem cells (HSCs). Human 

bone marrow-derived MSCs can be cloned and expanded 

in vitro more than a million-fold and still retain the abil-

ity to differentiate into several cell lineages. Thus, it is 
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possible to produce sufficiently large numbers of MSCs 
for cell therapy from a single modest bone marrow as-

pirate. The most important properties of MSCs are their 

readiness to grow in culture and their ability to suppress 

the immune system. In fact, cultured MSCs have already 

been infused into human subjects for safety studies and 

for early clinical testing to support bone marrow trans-

plantation, and for the treatment of diseases like graft-

versus-host diseases (GvHD), osteogenesis imperfecta, 

and glycogen storage disease, demonstrating great 

promise clinically. In a recent study in monkeys, MSCs 

expanded ex vivo were found to redistribute into many 

different tissues following transfusion and were identi-

fiable after 9-21 months following transfusion. MSCs 

settled mostly in tissues with a high turnover rate, such 

as gastrointestinal tissues, kidney, lung, liver, thymus and 

skin [11]. Both autologous and allogeneic MSCs became 

similarly distributed. It has also been reported that MSCs 

preferentially localize to the wounded or damaged tissue 

sites.

Mesenchymal stem cells in wound repair

The wide tissue distribution and multipotent differen-

tiation of MSCs, together with the observed reparative 

effects of infused MSCs in many clinical and preclinical 

models [10-25], strongly suggest a critical role of MSCs 

in injury healing. Though there has been no direct evi-

dence of migration path of MSCs to the wound site, due 

to the lack of a reliable marker for MSCs, it is reasonable 

to assume that severe tissue damage may mobilize and 

recruit remote MSCs to the injured sites [26]. These re-

cruited and resident MSCs regulate the repair process by 

differentiation into several kinds of stromal and/or dam-

aged cell types, as well as by providing a microenviron-

ment through the interaction with many types of tissue 

and immune cells, such as fibroblasts, endothelial and 

epithelial cells, macrophages, neutrophils and lympho-

cytes (Figure 1). This interaction is believed to be critical 

in providing a microenvironment for tissue regeneration 

and wound repair. This critical research area is expected 

to attract great deal of attention of biologists in the near 

future.

Cell replacement and interaction with fibroblasts, en-

dothelial and epithelial cells

Based on the anatomic sites and etiology, tissue in-

jury can be roughly classified into the following types: 
epithelial-lined organs and non-epithelial-lined organs, 

immunity-mediated and non-immunity-mediated. Epi-
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thelial-lined organs mainly include skin, gut, lung and 

cornea, being characterized by direct contact with the ex-

ternal environment and a myriad of microbes. Immunity-

mediated injury may result from autoimmune diseases 

or infection of pathogens or allogeneic transplantation. 

Physical and chemical factors and ischemia are the com-

mon cause of non-immunity-mediated tissue injury. The 

mechanism underlying the effect of MSCs on injury 

repair may differ for different injury types. As for the 

injury of bone, cartilage, muscle and tendon caused by 

mechanical force and osteogenesis imperfecta, differen-

tiation and replacement of the damaged cells may be the 

main mechanisms.

Fibroblasts and endothelial cells may be the most 

commonly involved cell types during the process of in-

jury repair. Fibroblasts are the main source of extracellu-

lar matrix, and contribute to the remodeling of damaged 

tissues. Expansion of endothelial cells controls the speed 

of angiogenesis. MSCs from close vicinity or bone mar-

row are believed to migrate into the damaged tissue sites 

and release an array of growth factors, such as epidermal 

growth factor (EGF), fibroblast growth factor (FGF), 

platelet-derived growth factor (PDGF), transforming 

growth factor-β (TGF-β), vascular endothelial growth 
factor (VEGF), insulin-like growth factor 1 (IGF-1), an-

giopoietin-1 and stromal cell-derived factor-1 (SDF-1), 

all of which may influence the development of fibroblasts 
and endothelial cells [27]. This may be the fundamental 

mechanisms generally used by the MSCs for enhancing 

repair of all kinds of injury. Indeed, the MSCs disap-

peared shortly after infusion in the injured tissues, and 

the differentiation into damaged cell types is a rare event 

in injuries, like myocardial infarction [28, 29] and acute 

renal failure [15]. In fact, supernatant from MSCs was 

effective in treating skin-excision wound [18, 30].

Inflammatory niche and interaction with immune cells
In a healthy body, pathogenic tissue injury, to a great 

extent, involves activation of certain immune cells. 

Apoptotic cells are silently cleared by the resident mac-

rophages without causing inflammation. However, acute 
tissue damage, even when resulted from non-immune 

or non-infectious factors, is usually followed by inflam-

mation, because certain cell components released from 

the necrotic cells and microvasculature damage always 

lead to enhanced vasopermeability and the infiltration of 
macrophages and neutrophils; phagocytosis of necrotic 

cells by the resident and infiltrated macrophages and 

neutrophils always results in the release of inflammatory 
factors, such as TNF-α, IL-1, chemokines, leukotrienes 
and free radicals. The immunity (or infection)-mediated 

tissue injury may be more complex and involves many 

kinds of immune cells, such as B cells, CD4+
 and CD8

+
 

T cells and natural killer cells (NK cells). Epithelial dam-

age in epithelial-lined organs makes the tissue exposed to 

a myriad of microbes, and the role of immune cells in the 

repair process is essential and regulated more delicately.

Clearance of damaged tissue and invaded pathogens 

make immune cells a non-redundant participator in inju-

ry healing, nevertheless, excessive activation of immune 

cells inevitably interferes with repair, or even aggravates 

injury. The poor immunogenicity and active immunosup-

pressive capacity of MSCs have been well documented. 

Therefore, the reparative function of MSCs observed in 

so many injury models may be, at least partly, attributed 

to the immune inhibitory function. Besides the suppres-

sion on lymphocytes, dendritic cells (DCs) and NK cells 

in immunity-mediated injury, the interaction of MSCs 

with macrophages and neutrophils may be especially im-

portant in certain types of injury [31]. Macrophages nor-

mally reside in almost all tissues, being ready for clearing 

damaged tissue cells or invaded pathogens. Macrophages 

have different activation pathways and functional sta-

tuses. For example, macrophages classically activated by 

IFN-γ plus LPS are featured by respiratory burst, secre-

tion of many pro-inflammatory cytokines and production 
of nitric oxide (NO), thus promoting cellular immunity 

to intracellular pathogens and causing tissue damage. On 

the contrary, alternative activation stimulated by IL-4 or 

IL-13 promotes humoral immunity to parasites and tissue 

repair [32]. MSCs were observed to promote immigra-

tion of macrophages into skin-wound bed [18]. MSCs 

activated by LPS or TNF-α reprogrammed macrophages 
by releasing prostaglandin E-2 (PGE-2), and attenuated 

sepsis [33]. Inhibition of respiratory burst of neutrophils 

may be partially responsible for the beneficial effects 

of MSCs in the model of myocardial infarction, as the 

accumulated neutrophils might release reactive oxygen 

species and proteolytic enzymes, propagating injury to 

surrounding myocytes [34, 35].

The inflammatory cells and factors are commonly 

present in injured sites, and the inflammatory niche may 
be an important prerequisite for MSCs to fulfil the re-

parative function in most cases. This proposal is based 

on two observations: (1) infused MSCs preferentially 

immigrated into inflammatory sites, probably due to the 
inflammatory cell-produced chemokines and inflamma-

tory factor-induced upregulation of chemokine receptors 

on MSCs [36]; (2) the immunosuppression potential 

of MSCs is not natural, and requires the induction by 

inflammatory factors (IFN-γ/TNF-α) [37] (Figure 1). 
Therefore, the fine kinetics of the interactions between 
MSCs and inflammatory and immune factors is critical 
for the outcome of wound healing.
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The microenvironment of MSC-mediated immuno-

suppression

The immunosuppression property of MSCs has at-

tracted much attention of immunologists, stem cell biolo-

gists and clinicians. However, detailed investigations of 

how the microenvironment affects immunosuppression 

of MSCs are still lacking. Microenvironment should be 

carefully considered when using MSCs in the develop-

ment of novel therapeutic strategies for critical diseases 

such as suppression of GvHD in patients post bone mar-

row transplantation. Cell-to-cell contact and soluble 

factors are thought to be key aspects of MSCs-mediated 

immunosuppression.

Cell-cell interaction

MSCs and T cells The PD-1 pathway was shown to be 

involved in MSCs-mediated immunomodulation by cell-

to-cell contact [38], while TGF-α1, hepatocyte growth 
factor (HGF), PGE-2, soluble HLA-G5, heme oxygenase 

(HO)-1, indoleamine 2,3-dioxygenase (IDO) and induc-

ible nitric-oxide synthase (iNOS) [39-42], are molecules 

responsible for the immunomodulation through humoral 

factors. The soluble factors are produced by MSCs con-

stitutively or released after MSCs’ cross-talk with target 

cells. It is important to point out that the factors respon-

sible for suppressing T cells vary depending on the ex-

perimental system and in vivo situations.

Recently, we found that the immunosuppressive func-

tion of MSCs was elicited by IFN-γ and the concomi-
tant presence of any of the three other proinflammatory 
cytokines, TNF-α, IL-1α or IL-1β in mice [37]. These 
cytokine combinations provoke the expression of high 

levels of several chemokines and iNOS by MSCs (Figure 

1). Chemokines drive T cell migration into the proximity 

with MSCs, where T cell response was controlled by NO 

(Figure 1). MSCs have already been shown to produce 

several chemokines [43], which may serve to recruit 

lymphocytes. In our experiment, MSCs expressed very 

high levels of several leukocyte chemokines, most nota-

bly CXCL9, CXCL10 and CXCL11, which were ligands 

for the T cell-specific chemokine receptor, CXCR3. 
Cytokine-activated MSCs also attracted bone marrow-

derived DCs, macrophages, as well as B cells [37].

MSCs and B cells MSCs also inhibit B lymphocyte pro-

liferation, which is partially due to the physical contact 

between MSCs and B cells, partially mediated by PD-1/

PD-L1, -L2, and partially due to soluble factors released 

by MSCs in culture supernatants. However, culture con-

ditions could drastically change the immunomodulatory 

effects of MSCs on activation of B lymphocytes [44].

MSCs and NK cells Similar to what was observed in T 

cells, soluble factors such as TGF-β1 and PGE-2 played 
an important role in the MSC-mediated suppression of 

NK cell proliferation [45]. Several studies showed that 

IL-2-activated NK cells (but not freshly isolated NK 

cells) efficiently lysed autologous and allogeneic MSCs. 
The activating NK cell receptors, NKp30, NKG2D and 

DNAM-1 were the major receptors responsible for the 

NK cell-mediated cytotoxicity against MSCs. Mean-

while, MSCs expressed ligands for these activating NK 

receptors: ULBPs, PVR and Nectin-2 [46]. It has been 

demonstrated that human MSCs inhibited IL-2- or IL-15-

driven NK cell proliferation [46].

MSCs and APCs MSCs inhibit the maturation of mono-

cyte-derived myeloid DCs by down-regulation of the 

expression of MHC and costimulatory molecules, such 

as CD40, CD86, and CD83 [47] and the production of 

IL-12 upon Toll-like receptor (TLR)-mediated DC acti-

vation [48]. After interaction with MSCs, myeloid origi-

nated DCs produce a decreased amount of TNF-α, while 
plasmacytoid DCs produce an increased amount of IL-10 

and TNF-α which play important roles in DC maturation, 
migration and presentation of antigen. The mechanism of 

MSCs-induced inhibition of DC maturation, differentia-

tion and function was demonstrated to be mediated by 

soluble factors, such as PGE-2, released upon cell-to-cell 

contact [49].

While human MSCs could promote the superantigen-

induced activation of purified T cells, addition of antigen-
presenting cells (APCs, either monocytes or DCs) to the 

cultures inhibited the T cell responses. This contact- and 

dose-dependent inhibition is accompanied by secretion 

of large quantities of IL-10 and aberrant APC maturation 

[50].

MSCs and soluble factors Recently, soluble factors 

such as chemotactic factors, TNF-α, IL-1β and TGF-α 
have been actively examined for their effects on MSCs.

The migration of MSCs to the sites of injury or in-

flammation is mediated by chemotactic factors produced 
by immune cells. It has been demonstrated that human 

MSCs showed significant chemotaxis responses to sev-

eral factors, including PDGF, VEGF, IGF-1, IL-8, bone 

morphogenetic protein (BMP)-4 and BMP-7 [51].

One of the major cytokines released at sites of injury 

is TNF-α, which is a key regulator of the NF-κB path-

way. NF-κB pathway plays an important role in regulat-
ing genes that influence cell migration, proliferation, 

differentiation and inflammation. Bocker et al. showed 

that TNF-α strongly increased the migratory ability of 
human MSCs through regulating the extracellular ma-
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trix. NF-κB target genes which influence migration, such 
as vascular cell adhesion molecule-1, CD44 and matrix 

metalloproteinase 9 were upregulated by TNF-α. Mean-

while, TNF-α also stimulated the proliferation of human 
MSCs by upregulating expression of the proliferation-

associated gene, cyclin D1 [52].

Osteogenic differentiation from the MSCs was sup-

pressed by IL-1β and TNF-α. Both cytokines inhibited 
the differentiation-associated increase in alkaline phos-

phatase (ALP) activity and the upregulation of gene ex-

pression of ALP, procollagen, runt-related transcription 

factor 2 (Runx2) and osterix. Thus, the potential involve-

ment of inflammatory mediators need to be taken into 

consideration in achieving optimal repair of bone and 

other tissues with MSCs [53].

TGF-α is an important mediator of wound healing and 
the injury response. Human MSCs release VEGF as a 

beneficial paracrine response. It has been demonstrated 
that low-dose TGF-α (500 pg/ml) suppressed the produc-

tion of VEGF by MSCs, while high-dose TGF-α (250 ng/
ml) significantly upregulated the production of VEGF. 

High-dose TGF-α also increased TNF-α-stimulated 
VEGF production by MSCs [54]. Therefore, the con-

certed actions of various cytokines in the microenviron-

ment play critical roles in modulating the physiological 

properties of MSCs.

The application of MSCs in treating immune disor-

ders

Preclinical and clinical models of diseases for MSC ap-

plications

Since Bartholomew and co-worker in 2002, first used 
a baboon model to reveal that injection of allogeneic 

MSCs prolonged skin-graft survival in primates [55] (al-

though the immunosuppressive effect on allogeneic skin 

graft was only brief), more than 12 preclinical animal 

models have been developed to demonstrate the capabili-

ties of MSCs, especially in modulating immune respons-

es during the pathological processes of diseases [56]. 

Recent advancement has focused on the crucial roles of 

MSCs in regulating tolerance against allograft rejection 

and GvHD [57], due to its profound immunomodulatory 

effects such as the inhibition of donor T cell reactivity 

to histocomapatiblity antigens of the normal tissues of 

recipient. Our published data demostrated that IFN and 

NO production were essential for MSC-mediated im-

munosuppression in GvHD model [37], but not TGF-β 
[58], and PGE-2 [49]. MSCs were also shown to have a 

potential therapeutic effect against infiltration of T cells 
in central nervous system (CNS) in experimental autoim-

mune encephalomyelitis (EAE), a model of multiple scle-

rosis (MS) induced by myelin oligodendrocyte glycopro-

tein (MOG) [20]. Furthermore, systemic administration 

of MSCs was found to decrease the in vivo production of 

proteolipid protein (PLP) peptide-specific antibodies in 
the EAE model [59]. In mouse rheumatoid arthritis (RA) 

model, systematically injected-MSCs inhibited specific T 
cell response and also decreased the production of proin-

flammatory cytokines such as IFN, meanwhile regulatory 
T cells were induced by MSCs to suppress the inflamma-

tion [60]. Aside from the immunoregulation of MSCs, 

other important therapeutic effects of MSCs shown in 

some models such as myocardial infarction, diabetes and 

acute renal failure, were mainly to support the regenera-

tion of, or differentiation into specific cells of the injured 
tissues [56, 61].

Medically, MSCs have been used clinically for a de-

cade, mainly in the field of treating life-threatening con-

ditions such as severe, acute GvHD, especially after HSC 

transplantation [57]. Researches into the role that MSCs 

play in clinical applications have focused on their char-

acteristics. Besides the ability to differentiate into special 

tissues of their origins, MSCs can also provide support 

for the growth and differentiation of haemopoietic pro-

genitor cells in the bone marrow microenvironment and 

promote engraftment of haemopoietic cells. Furthermore, 

MSCs suppress proliferation of activated lymphocytes in 

a non-human leukocyte antigen (HLA)-restricted manner 

[62]. Since 2008, a phase II clinical trial using cotrans-

plantation of HLA-identical culture-expanded sibling 

MSCs with HLA-identical sibling HSCs in patients with 

hematologic malignancy have been in process. No pa-

tients had adverse effects during or immediately after 

infusions of MSCs, and nine patients showed improve-

ments, indicating that this therapeutic strategy could 

be promising clinically [63]. It was exciting that in the 

phase I clinical studies in 2007, partial liver cirrhosis 

patients infused with MSCs from peripheral vein showed 

improvement, and in 2008, USA Food and Drugs Ad-

ministration (FDA) gave green light on clinical trials for 

application of MSCs in MS and articular cartilage repair, 

which could become potential clinical strategies in the 

future [64, 65].

Engraftment of MSCs

It is of note that in all of these preclinical and clini-

cal studies, the engraftment of MSCs into damaged 

tissues via migration to enhance tissue repair/regenera-

tion is a crucial process for clinical efficacy, regardless 
of the types of organs with specific diseases. Earlier, in 

vivo studies with MSCs focused mainly on their abil-

ity to facilitate the engraftment of transplanted HSCs 

[66]. As more and more clinical studies are performed, 
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the engraftment properties of MSCs were gradually 

evaluated in many models and clinical trials. In 2000, a 

study using human MSCs transplanted in utero in sheep 

demonstrated that there was long-term engraftment as 

long as 13 months after transplantation even when cells 

were transplanted after the expected development of im-

munocompetence, and transplanted human MSCs could 

undergo site-specific differentiation into chondrocytes, 

adipocytes, myocytes and cardiomyocytes, bone mar-

row stromal cells and thymic stroma [67]. To date, in 

preclinical models, wound sites and proinflammatory en-

vironments were found capable of enhancing the engraft-

ment of MSCs such as in lung fibrosis in mice induced 
by bleomycin [68]. However, the overwhelming majority 

of MSCs were found in lung after systemic administra-

tion in normal recipients, and after a while, these MSCs 

disappeared gradually [69]. The mechanisms of these 

phenomena are still unclear. Recent studies suggested 

that the allogenicity of MSCs had no significant effect on 
the engraftment of MSCs in wound healing [30], which 

could probably solve the problem of MSC sources in 

clinical applications.

The site of delivery probably affects the trafficking 

of MSCs to target organs. Generally, two approaches of 

systemic administration have been used for MSC appli-

cations. One is intravenous (IV) injection such as injec-

tion from peripheral vein (tail vein in mice), utilizing the 

capabilities of MSCs to migrate to specific inflammatory 
tissues in vivo including cartilage, liver, lung and so on 

[70, 71]. The engraftment was demonstrated in animal 

models and capable of persisting as long as 13 months 

after transplantation [67]. The other is local intraarterial 

(IA) injection which can enhance the accumulation and 

increase the dose of MSCs in injured tissues. In a 2007 

phase I study of application of MSCs for treatment of 

liver cirrhosis, patients were injected with human MSCs 

from liver arteries [65]. Besides the different methods 

of administration, the timing of delivery and number of 

cells delivered are also very important. Both higher num-

bers of MSCs and early phase delivery have been found 

to improve engraftment rates after the presentation of 

ischemia [72], and the protocol had been optimized [73].

Factors and molecules which play very important 

roles in MSCs engraftment in vivo have been discovered. 

For instance, integrin-β1 was shown to be necessary for 
MSC myocardial migration and engraftment [74]. Fur-

thermore, the Wnt modulator Sfrp2 could also enhance 

MSC engraftment [75]. It is well known that clinical use 

requires the delivery of adequate numbers of MSCs to 

specific sites for a therapeutic effect, so further studies 
are necessary for enhancing the engraftment of MSCs in 

specific diseases. For example, due to the low expression 

of CXCR4 on MSCs, CXCR4 transduction with retrovi-

rus has been used to enhance the engraftment of MSCs 

via increasing cell invasion in response to SDF-1, which 

is typically present in inflammatory environments as the 
ligand for CXCR4 [76]. Another approach involved the 

conjugation of antibodies to the cell surface through pro-

tein G or protein A, which increased the rates of migra-

tion via antibodies bearing an accessible Fc region [77]. 

How to increase the efficiency of engraftment is the key 
for clinical applications of MSCs. Through engineered 

approaches, it is possible that better therapeutic effects 

could be achieved.

Time of MSC administration

Muriel Sudres et al. found in their study that MSCs 

failed to prevent GvHD in mouse, and the failure was not 

due to MSC rejection [78]. However, we have found that 

MSCs can prolong mice survival in GvHD mouse model 

[37]. One difference between these two studies was the 

infusion time of MSCs. Muriel Sudres et al. injected 

MSCs 10-15 min before GvHD induction, whereas we 

injected MSCs 3 days and 7 days after bone marrow 

transplantation. It is possible that the time of MSC ad-

ministration is important for the therapeutic effect. Based 

on the above discussion that the immunosuppression 

ability of MSCs must be induced by inflammatory cytok-

ines, it is conceivable that administration of MSCs at the 

peak of inflammation may improve the treatment effect. 
However, this hypothesis needs to be further tested.

Enhancing the immunosuppression and engraftment of 

MSCs by pretreatment with inflammatory cytokines
Previous studies have suggested that pretreatment 

of MSCs with inflammatory cytokines may enhance 

their immunosuppressive ability as well as engraftment 

in vivo. As mentioned above, MSC-mediated immu-

nosuppression is not innate, but rather it is induced by 

inflammatory cytokines, such as IFN-γ, TNF-α and IL-
1β. When treated with inflammatory cytokines, it was 
confirmed that, both in vitro and in vivo, mouse MSCs 

expressed high levels of iNOS and chemokines, which 

were essential for the immunosuppression effect [37]. 

NO production by treated MSCs lasted for several days 

after treatment withdrawal (unpublished data), which 

implied that treated MSCs could elicit the immunosup-

pression without the requirement for continuous pres-

ence of inflammatory cytokines. We recently found that 
MSCs, when treated with inflammatory cytokines, could 
up-regulate ICAM-1 and VCAM-1, which were impor-

tant for T cell adhesion. Antibodies against ICAM-1 and 

VCAM-1 reduced T cell accumulation around MSCs and 

significantly reversed suppression of proliferation and 
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cytokine production by activated T cells (unpublished 

data). Therefore, their “education” of MSCs with inflam-

matory cytokines before infusion may improve its immu-

nosuppressive function in vivo.

Previous studies have implied that pretreatment of 

MSCs with inflammatory cytokines may enhance MSC 
homing and engraftment, thus improving therapeutic 

effects. Upon treatment with inflammatory cytokines, 

like TNF-α, TGF-β1 and IL-1β, MSCs up-regulate the 
expression of MMP2, MT1-MMP and/or MMP9, which 

promote their directed migration across reconstituted 

human basal membrane in vitro [79]. Another group led 

by Matthias Schieker found that TNF-α could strongly 
augment human MSC migration through extracellular 

matrix and this effect was regulated, at least in part, by 

the NF-κB pathway [52]. CXCR4 was suggested to play 
an important role in the engraftment of MSCs into the 

bone marrow [80], whereas MSCs used integrin-β1 for 
myocardial migration and engraftment [74]. MSCs can 

up-regulate both intracellular and membrane expression 

of CXCR4 after a short pretreatment with cytokines, 

gaining enhanced engraftment ability to the bone marrow 

of irradiated NOD/SCID mice, and transplantation of 

cytokines-treated MSCs results in faster hematological 

recovery [74]. Another recent study showed that TNF-α 
pretreatment before transplantation could increase MSC 

engraftment efficiency and improve recovery of cardiac 
function after cardiac infarction [81].

Thus, cytokine-pretreatment can enhance the immuno-

suppressive effect as well as MSC engraftment in some 

settings. We hypothesize that pretreatment by inflamma-

tory cytokines should be a better strategy for future ap-

plication of MSCs in clinic.
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