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Abstract Type 1 diabetes mellitus (T1DM) is an autoimmune
disease characterized by lack of insulin and irreversible de-
struction of islet β cells. In order to alleviate the symptoms,
lifelong exogenous insulin administration has been the prima-
ry treatment of T1DM. In recent years, as a novel promising
therapy, the transplantation of mesenchymal stem cells
(MSCs) with or without pancreatic islets has achieved great
therapeutic effects in animal models due to their multipotency
along with their secretion of cytokines, angiogenic factors and
immunomodulatory substances. There is plenty of evidence
showing that MSCs can delay T1DM onset, reverse hypergly-
cemia after onset and increase insulin production. To date, the
immunoregulation and immunosuppression of MSCs have
been widely proved but the exact mechanisms are still not
clear enough. Therefore, in this review, we mainly discuss
the immunologic mechanism of MSCs in moderating the im-
mune response of T1DM.

Keywords Mesenchymal stemcells . Tcells . Type 1 diabetes
mellitus . Immunomodulation .Mechanism

Introduction

Type 1 diabetes mellitus (T1DM) is a chronic, multifactorial
autoimmune disease characterized by the irreversible destruc-
tion of insulin-secreting β cells. T1DM is induced by the
activation of the specific autoimmunity and ultimately results
in the loss of insulin production and secretion (Figliuzzi
2014). The morbidity and mortality of T1DM have been in-
creasing in recent these years (Group 2015). Lifelong exoge-
nous insulin administration by insulin pump or multiple daily
injections is nowadays the primary treatment of T1DM. But it
is difficult to maintain physiological insulin levels and is
therefore not very effective in reducing complications such
as retinopathy, nephropathy and neuropathy. Much work has
been carried out to search for a new effective treatment.

Islet transplantation emerges as a promising treatment to
cure T1DM. However, the long-term outcome is still poor
because of the shortage of transplant donors, immunological
rejection, long-time immunosuppression and some other
problems (Gruessner and Gruessner 2016; Jamiolkowski
2012). In recent years, mesenchymal stem cells (MSCs) have
been highlighted as a novel regenerative therapy for their
multipotency, self-renewal, low immunogenicity and high im-
munomodulatory properties. They can be derived from many
different kinds of tissues and organs such as bone marrow,
umbilical cord blood, placenta, cartilage and adipose tissue
(Dominguez-Bendala 2012). Considering the abundant re-
source, there are no ethical problems in clinical trials such as
with embryonic stem cells.MSCs are distinguished from other
pluripotent stem cells for their great immunomodulatory func-
tions, whichmakes them promising in treating T1DM. Several
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in vitro co-culture studies have shown that MSCs can inhibit
the proliferation of splenocytes of T1DM mice (Abdi et al.
2015). And in vivo, the function of MSCs has also been dem-
onstrated (Hu et al. 2015). They can delay the onset of T1DM
and reduce hyperglycemia in diabetes mice (Hu et al. 2015).
And it has also been demonstrated that MSCs combined with
pancreatic islets are able, when injected, to affect both survival
and function of pancreatic islets in T1DM models due to their
immunosuppressive properties (American Diabetes 2013).
MSCs also have the ability to regulate immune cells, especial-
ly T cells that play a significant role in T1DM.

Through a variety of research, we can infer that the thera-
peutic value of MSCs for T1DM have logical potential but
that the exact mechanisms are still not clear enough for clinical
application. Therefore, in this review, we mainly discuss the
immunologic mechanism ofMSCs in moderating the immune
response of T1DM. The immunomodulatory function of
MSCs to effector T cells, Tregs and APCs is examined in
detail.

Pathogenesis of T1DM

A combination of environmental risk factors, genetic predis-
position and autoimmune-mediated processes contribute to
T1DM etiology. During the progression of T1DM, autoim-
mune reaction is the key step, in which T cells play an impor-
tant role. T cells can be divided into at least three groups based
on their function, including T helper cells (subsets Th1, Th2,
and Th17 cells), cytotoxic T lymphocytes (CTLs) and regula-
tory T cells (Tregs). Under normal circumstances, these sub-
sets of T cells interact with each other and maintain immune
response homeostasis by cell-to-cell contact, cytokines and
soluble molecules.

Initial CD4+T cells differentiate into Th1 cells in the pres-
ence of interleukin 12 (IL-12), IL-27 and interferon-γ (IFN-γ)
(Hermann-Kleiter and Baier 2010), which secrete IFN-γ, tu-
mor necrosis factor α (TNF-α), IL-2 and IL-1, mediating cel-
lular immunity. When initial CD4+T cells are activated in the
presence of IL-4, Th2 cells differentiate and secrete IL-4, IL-
10 and IL-13, mediating the humoral immunity. Th17 cells are
differentiated from the initial CD4+T cells by the influence of
transforming growth factor-β (TGF-β) and IL-6, are defined
by the dominant expression of IL-17A and also secrete IL-21,
IL-22 and IL-17F (Awasthi and Kuchroo 2009). Th17 cells
and Th1 cells are both pro-inflammatory phenotypes playing
an important role in the inflammatory responses of the human
body and have been shown to be involved in a variety of
autoimmune diseases.

Tregs are named according to their functional subsets
and their regulation function of the immune response.
Depending on the different sources, CD4+Tregs are di-
vided into two subgroups, natural regulatory T cells
(nTregs) and induced regulatory T cells (iTregs). After

the negative selection in the thymus, the nTregs mature,
gain CD4+CD25+FOXP3+expression and secrete TGF-β
and IL-10, while the iTregs are induced by the CD4+T
cells outside the thymus and gain CD25+ expression. By
intercellular contact, the Tregs produce soluble factors
and make negative regulation of the major subtypes of
Th cells mentioned above, while other immune cells also
make immunosuppressive effects (Wan and Flavell 2009)
and maintain homeostasis and tolerance to self-antigens.

The CD8+CTLs can recognize the major histocompatibility
complex I (MHC-I) and antigenic peptides, then induce apo-
ptosis of target cells via pro-apoptotic surface receptors or
release of cytotoxic granules. CTLs can also release IFN-γ,
TNF-α and TNF-β to inhibit viral replication and recruit mac-
rophages to the infection site.

In the progression of T1DM, genetic predisposition com-
bines with environmental factors and pancreatic β cell
autoantigens are recognized by antigen-presenting cells
(APCs), including dendritic cells (DCs) and macrophages,
which are the first to infiltrate islets followed by CD4+ and
CD8+T lymphocytes, natural killer (NK) cells and B cells
(Waldron-Lynch and Herold 2011). The autoantigens are pre-
sented together with the MHC-II molecules on the surface of
APCs to trigger autoimmune responses. Subsequently, Th1
cells secrete IL-2 and IFN-γ, which promote the cytotoxicity
of CTLs, inhibit Th2 cells and weaken the protective effects of
Th2 cells. Furthermore, Th17 cells also contribute to this pro-
cess (Honkanen et al. 2010) via secreting IL-17 in response to
β-cell autoantigens, which attract inflammatory cell infiltra-
tion and enhances neutrophil function (Glenn and Whartenby
2014), while macrophages are activated and then chemotaxis
to the injury sites. Th1, Th17 and macrophages induce β-cell
apoptosis by secreting cytokines (Arif et al. 2011). IL-17 can
exacerbate the apoptosis induced by the combination of IL-1β
and IFN-γ or TNF-α and IFN-γ (Arif et al. 2011; Yeung et al.
2012). CTLs, which are important T1DM-infiltrating cells,
destroy pancreatic β cells by releasing perforin and cytotoxic
granules as well as Fas-mediated apoptosis (Arif et al. 2011;
Notkins 2002). Ultimately, T cell-mediated cell destruction is
effected by the interplay between receptor-mediated interac-
tions (e.g., Fas-Fas ligand, CD40-CD40 ligand and TNF-TNF
receptor), secretion of pro-inflammatory cytokines and reac-
tive oxygen species (ROS) and the release of granzymes and
perforin from cytotoxic effector T cells (Chhabra and
Brayman 2013) (Fig. 1). Autoantigens are also presented to
B cells, which produce specific autoantibodies to the islet cell,
insulin, GAD (GAD 65) and the tyrosine phosphatases IA-2
and IA-2β (American Diabetes 2013). These autoantibodies
combining with NK cells contribute to the destruction of pan-
creatic β cells. The autoimmune process in T1D is also com-
posed of regulatory components, such as Tregs. The reduction
of Treg frequency could accelerate the onset of autoimmune
diabetes in NOD mice (Salomon et al. 2000).
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Immunomodulatory function of mesenchymal stem cells

MSCs are multipotential non-hematopoietic progenitor cells
that can be isolated from a number of adult tissues, including
bone marrow, umbilical cord blood, placenta, cartilage and
adipose tissues. Though they are rare in these tissues, their
great capacity for self-renewal allows for the efficient expan-
sion of these cells in vitro. And they can differentiate in vitro
into cells of the mesoderm lineage such as adipocytes,
chondrocytes and osteocytes. Human MSCs are characteristic
of low immunogenicity and immune tolerance (Majumdar
et al. 2003) because they lack expression of major histocom-
patibility II (MHC-II) (Le Blanc et al. 2003) and co-
stimulatory molecules CD80(B7-1), CD86 (B7-2), CD40
and CD40L (Hematti et a.l 2013; Wang et al. 2014) only
express the MHC-I molecular itself. Thus, MSCs are able to
induce peripheral tolerance and will not lead to proliferation of
allogeneic and autoreactive lymphocytes. In addition, MSCs
exhibit strong immune regulatory function. They have been
shown to inhibit the proliferation and function of major im-
mune cell populations such as T cells, B cells and NK cells,
induce CD4+/CD8+ Foxp3+ Tregs and modulate the activities
of DCs, by cell–cell contact and cytokine secretion both
in vivo and in vitro (Abdi et al. 2008; Fiorina et al. 2011).
Their low immunogenicity and immunomodulatory properties
make them promising in transplantation both alone and in
combination with islets.

Immunological mechanism of MSCs in T1DM therapy

T1DM is an autoimmune disease characterized by a lack of
insulin and irreversible destruction of islet β cells. It has been
widely proved that MSC administration can delay the onset of

T1DM and reduce the hyperglycemia after onset. In some
T1DM model mice experiments, administration of MSCs in-
creased the level of insulin and reduced hyperglycemia (Hu
et al. 2015; Jurewicz et al. 2010; Yaochite et al. 2015). The
supernatant ofMSCs also has an effect but was not as efficient
as MSCs (Aali et al. 2014; Liu et al. 2012). The protection of
MSCs to β cells is via cell-to-cell contact and soluble factors.

After administration, MSCs were able to polarize into two
distinctly phenotypes depending on inflammatory milieu and
changed the microenvironment and the proportion of immune
cells, while the infiltration of inflammatory cells reduced.
MSCs were detected in the pancreatic section (Aali et al.
2014). The regenerative role of MSCs can be mediated by
protective effects on functional islet cells and also differentia-
tion potency to insulin-producing cells in vivo and in vitro
(Rahavi et al. 2015). A direct co-culture of MSCs and islets
also showed thatMSCs lost their fibroblastic-like morphology
and differentiated into insulin-producing cells (Scuteri et al.
2014).The view that MSCs could migrate to the sites has been
accepted but whether or not they can differentiate into insulin-
producing cells is still controversial, some researchers
showing that MSCs could differentiate into insulin-
producing cells (Dong et al. 2008; Xie et al. 2009), while other
studies obtained the opposite results (Dong et al. 2008; Wang
et al. 2014).

Their immunomodulatory function has been proved in
T1DM: both undifferentiated and differentiated MSCs can
inhibit T cell proliferation in autologous and allogeneic lym-
phocyte reactions. To analyze the cytokines of DCs, the initial
and activation of T cells and NK cells after co-culture indicat-
ed that MSCs could increase anti-inflammatory factors and
increase the number of Treg (Le Blanc et al. 2004; Maccario
et al. 2005). Studies have shown that MSCs influence the

Fig. 1 Main pathogenesis of T1DM. B cell autoantigens are presented by
antigen-presenting cells (APCs) to active T cells, including Th1, Th17
and CTLs. Th1 secrete pro-inflammatory mediating autoimmune
response; IFN-γ is a key cytokine. Activated CTLs destroy β cells by
releasing perforin and cytotoxic granules as well as Fas-mediated

apoptosis, while NK cells destroyed β cells directly. Th17 secreted pro-
inflammatory cytokine IL-17, which exacerbated the apoptosis induced
by the combination of IL-1β and IFN-γ or TNF-α and IFN-γ. These
immune cells work together to trigger β cell destruction and reduce in-
sulin levels
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differentiation and maturation of dendritic cells from mono-
cytes and interfere with their ability to activate T cells (Uccelli
et al. 2006) and MSCs can shift from Th1 to Th2.

MSCs can inhibit the autoimmune reactions but the
details of therapeutic mechanisms of MSCs are still un-
clear. In recent studies, MSCs pre-activated by immune
cells (Shi et al. 2010) mediated immunosuppression
through the secretion of prostaglandin E2 (PGE2),
indoleamine-2,3-dioxygenase (IDO), nitric oxide (NO),
transforming growth factor-beta (TGF-β) and human
growth factor (HGF), which can widely inhibit the pro-
liferation and activation of T cells (English et al. 2010;
Ren et al. 2010; Yeung et al. 2012) (Fig. 2). Using an-
tibodies to HGF, TGF-β or IL-6, either alone or in com-
bination, T cell proliferation could not be inhibited by
MSCs (Li et al. 2010). MSCs need not be retained in
the damaged pancreas to exert their therapeutic function,
which represents the importance of cytokine secretion in
immunomodulation (Yaochite et al. 2015). In the follow-
ing section, we will mainly discuss the specific function
of cytokines to different types of cells.

The polarization of MSCs

MSCs are able to adopt two distinctly acting phenotypes de-
pending on the inflammatory environment both in vitro and
in vivo. Similar to macrophage polarization into theM1 orM2
phenotypes, MSCs may polarize into proinflammatory MSC1
and antinflammatory MSC2 (Waterman et al. 2010).

Under the stimulation of proinflammatory cytokines
IFN-γ, TNF, IFN-α and IL-1β, MSCs are able to regulate
expression of a subset of TLRs that are expressed on the
surface ofMSCs, thus switching towardMSC1 and increasing

its sensitivity to the inflammatory sites (Raicevic et al. 2010).
In the absence of an inflammatory environment (low levels of
TNF-α and IFN-γ), MSCsmay adopt a proinflammatory phe-
notype (MSC1) and enhance T cell responses by secreting
chemokines (e.g., MIP-1α and MIP-1β, RANTES, CXCL9
and CXCL10), which hinder lymphocytes at inflammatory
sites, while in the presence of an inflammatory environment
(high levels of TNF-α and IFN-γ). MSCs become activated
and adopt an immune-suppressive phenotype (MSC2) by se-
creting high levels of soluble factors [e.g., IDO, PGE2, NO,
TGF-β, HGF and hemoxygenase (HO)] that suppress T cell
proliferation (Li et al. 2012; Ren et al. 2008).

There are many studies about the switch between MSC1
and MSC2. The basis is research exploring the regulatory
mechanism of Toll-like receptors (TLRs), since MSC1 and
MSC2 phenotypes were polarized by downstream TLR sig-
naling (Nemeth et al. 2010; Tomchuck et al. 2008). The re-
search of Waterman et al. (2010) indicated that hMSCs ex-
press several TLRs (e.g., TLR3 and TLR4) and the immuno-
logical characteristics of them are drastically affected by spe-
cific TLR-agonist engagement. TLR4-primed MSCs (MSC2)
mostly elaborate pro-inflammatory mediators, while TLR3-
primed MSCs (MSC2) express mostly immunosuppressive
ones. Mounayar et al. (2015) found that overexpression of
human STAT1 or of a constitutively active PI3Ka mutant
shifted MSCs into a MSC2-like phenotype i.e., it strongly
potentiated IFNγ-mediated IDO production in vitro. And in
the case of STAT1 overexpression, T-cell suppression was also
enhanced by MSCs (Mounayar et al. 2015). This research
suggests that the phenotypic regulatory switching between
MSC1 and MSC2 may be one of the mechanisms enhancing
the immunosuppressive function of MSC for the treatment of
various inflammatory disorders, including type 1 diabetes.

Fig. 2 The immunoregulatory
function of MSCs on immune
cells. MSCs could down-regulate
the proliferation and function of
DCs and subsequently inhibit
their stimulation to Th1 and
CTLs. In addition, MSCs increase
Tregs. Tregs can inhibit the
function of Th1, Th17, CTLs and
NKs, while increase the
protective Th2
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The regulation function of MSCs to T cells

There are a variety of immune cells participating in the path-
ogenesis of T1DM in which the T cells are one of the major
groups, including T helper cells (Th) such as Th1, Th2, Th17,
regulatory T cells (Treg) and cytotoxic T cells (CTLs), which
are mediated by immune regulation factors. Under normal
circumstances, through the secretion of cytokines and other
signaling molecules, T cells restrain and cooperate with each
other, maintaining the balance of the body’s immune response.
In this section, we try to discuss the function of MSCs to
different T cell phenotypes.

The regulation function of MSCs to effector T cells

Th1 cells are the crucial immunity effectors against intracel-
lular bacteria and protozoa. In the progression of T1DM, Th1
cells are the main effector T cells contributing to β cells de-
struction. They are triggered by IL-2 and IL-12 and activated
in the presence of IFN-γ, IL-1, IL-2 and TNF-α. The effector
functions of Th1 cells include activation and recruitment of
macrophages CD8+T cells, IgG-secreting B cells and IFN-γ
CD4+Tcells. IFN-γ can activate macrophages to phagocytose
and activate nitric oxide synthase to produce NOx free radi-
cals to killβ cells, which is a vital pro-inflammatory cytokine.

In contrast to Th1 cells, Th2 cells are protective cells in the
process of the onset of T1DM. MSCs can ameliorate T1DM
by the secretion of IL-4, alter the ratio of Th1/Th2 in vivo with
a Th1 to Th2 shift and promote the maturity of naive T cells
tending to Th2 phenotype (Li et al. 2010). In addition, in the
co-culture system of diabetic peripheral blood mononuclear
cells (PBMCs) with human bone marrow, IL-4 in the
supernate was significantly higher than the control group
(Favaro et al. 2014; Zanone et al. 2010). In addition, MSCs
can promote the secretion of IL-4 and the T cell phenotype
shift to the anti-inflammatory Th2 cells (Zanone et al. 2010).

It has been demonstrated that MSCs have the capacity to
modulate immune reaction in vitro and in vivo where they
polarize the pro-inflammatory state to the anti-inflammatory
state, reduce IFN-γ and increase IL-4. This is mediated by a
shift in the Th1/Th2 cells balance or by inhibition of Th17
differentiation and IL17- production (Rahavi et al. 2015).

Th17 cells contribute to the progress of T1DM with a
higher IL-17 production in patients. Inhibition of Th17 cell-
mediated inflammation and autoimmunity by MSC adminis-
tration has been reported in models of T1DM. In the NOD
mice model, the blockade of IL-17 is protective (Emamaullee
et al. 2009). MSCs can inhibit Th17 cells development
through various ways including inhibition of PGE2, IL-10
and PD-1/PD-L1 ligation (Ghannam et al. 2010; Luz-
Crawford et al. 2012). Ghannam et al. (2010) also found that
human MSCs could yield regulatory effects on Th17 cells in
an inflammatory environment by down-regulating the Th17

cell-specific transcription factor retinoid-acid receptor-related
orphan receptor gamma t (RORγ t) and up-regulating FOXP3.
In addition, human MSCs-derived microvisicles (MVs) may
play a big role during the modulation compared with the ev-
ident reduction of Th17 cells in the control group (Favaro et al.
2014). MVs significantly decreased IFN-γ spots and levels in
glutamic-acid-decarboxylase (GAD) 65-stimulated PBMCs,
and significantly increased TGF-β, IL-10, IL-6 and PGE2
levels (Favaro et al. 2014). Furthermore, MVs decreased the
number of Th17 cells and the levels of IL-17 and increased
FOXP3+ regulatory T cells in GAD65-stimulated PBMCs
(Favaro et al. 2014). And in the co-culture model, MSCs
mainly suppressed immature Th17 cells while there was no
evident suppression of mature Th17 cells (Ait-Oufella et al.
2006).

CTLs mediate β cell apoptosis in the process of T1DM.
Despite the expression of MHC I on the MSCs surface, MSCs
were still resistant to CTLs (Rasmusson et al. 2007). The
administration of MSCs has the potential to reduce CTLs
function via direct effects on CTLs as well as through inhibi-
tion of Th cells responses. In addition, the incapacity of MSCs
to induce CTLs to secrete pro-inflammatory cytokines or
CD25 is another reason why MSCs could survive
(Rasmusson et al. 2007). Li et al. (2010) transplanted islets
to T1DM mice and found that the CTL1/CTL2 ratio was al-
tered with a CTL1 to CTL2 shift and that the latter is protec-
tive. As CTLs are the most important immune cells for elim-
inating abnormal cells, inhibition of CTLs may increase the
risk of cancer (Han et al. 2012; Patel et al. 2010). MSCs
enhanced Tregs numbers and Th2 cell-related cytokines as
well as inhibited proliferation and release of granzyme B by
CTLs, all of which result in the protection of cancer cells from
immune-mediated lysis (Patel et al. 2010) (Table 1). What is
more, the suppressive effects ofMSCs were observed not only
in memory CD4+ and memory CD8+T cells but also in naive
CD4+T and naive CD8+T cells (Li et al. 2010). The suppres-
sive effects of memory CD8+T cells were more profound.
MSCs can secret large amounts of C-X-C motif ligand12
(CXCL12), a chemokine that promotes the homing of mem-
ory CD8+T cells (Mazo et al. 2005). In conclusion, MSCs can
modulate effector T cells from pro-inflammatory to anti-in-
flammatory, reducing β cell destruction.

The regulation function of MSCs to Tregs

Tregs that are considered a member of the immune regu-
latory family play an important role in indirect immuno-
suppression of MSCs. A variety of evidence has shown,
both in vitro and in vivo, that MSCs increased Tregs
(Bassi et al. 2012b; Ghannam et al. 2010). For instance,
in NOD mice, an increase of Tregs was found in the islets
after the administration of MSCs, while, in vitro, MSCs
have been proved to be a promoter of the expansion of
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Tregs through a cell-to-cell contact-dependent manner
mediated by PD-L1. Then, CTLA 4, a ligand–protein mo-
lecular on the surface of the Tregs can combine with
CD80/CD86 on the surface of the DCs and lead to the
excitation of IDO in DCs, catalyzing tryptophan into the
urea and reducing the amount of free tryptophan with a
lower level of T cell activation (Meisel et al. 2004).

MSCs are able to enhance Tregs proliferation, which can
secrete IL-10 and TGF-β, mediating the inflammatory reac-
tion of Th1 and Th17 and reduce the cytotoxicity of CTLs,
thus inducing immune tolerance (Luz-Crawford et al. 2013).
MSCs can generate significantly higher numbers of Tregs
compared to the control group both in vitro and in vivo by
expressing TNF-α-stimulated gene 6 (TSG-6), a kind of anti-

inflammatory protein (Kota et al. 2013). In addition, MSCs
can induce CD4+T cells differentiating into Tregs. Tregs
inhibiting the proliferation, activation and differentiation of
Th1 and Th17 cells has become a novel therapy target (Ait-
Oufella et al. 2006). MSCs-derived MVs can recover the bal-
ance between Th1 and Th2 cells and protect Tregs, increasing
the amount of moderating factor IL-10, which is also an anti-
inflammatory molecular (Rasmusson et al. 2007). In some
graft rejection, allergy and immunological disease models,
the protective effects of MSCs administration was reverted
after the depletion of Tregs, which meant that up-moderating
of Tregs is one of the main mechanisms of MSCs-mediated
immunosuppression (English et al. 2010; Ge et al. 2010;
Kavanagh and Mahon 2011).

Table 1 MSCs regulate immune cells through soluble factors and signal pathways in T1DM

Soluble factors Target cell Receptor Signal pathway Effect

IL-4 Th1 cells, Th2 cells IL-4R(α), IL-
2R(CD132)

JAK/STAT6, MAPK Activate Th2 cells, inhibit Th1 cells, decrease
the Th1/Th2 ratioa

IL-6 DCs, macrophages IL-6R transcription (STAT)-3 Promote survival of both resting and activated
neutrophilsb, activate DCs directly

IL-10 Macrophages IL-10R JAK/STAT Inhibit activation of macrophages to secrete
inflammatory cytokines; prevent neutrophils
migratinginto the inflamed tissue and thereby
reduce oxidative damage, indirectly aiding
bacterial clearance due to a resulting higher
number of neutrophils within the bloodc

PGE2 Effector T cells, Tregs,
DCs, macrophages

PGE receptor,
EP1-4

PD-1/PDL-1 Prostaglandin
E2-EP signal

Immunosuppression; stimulate the production
of IL-10. Block monocytes’differentiation
toward dendritic cells (DCs).d,e

Promote immune inflammation through Th1
cell differentiation and Th17 cell expansiond.

GM-CSF Macrophages GM-CSF receptor PD-1/PDL-1 Enhance immune cell recruitment and maintenance
of macrophages in an M1 phenotypee

TSG-6 Tregs, DCs, effector
T cells

CD44-R NF-kB signaling Promote the proliferation and function of Tregs;
inhibit the proliferation and maturation of
DCsg,h; inhibit the activation of T-cell h

TGF-β Immune cells, histocytes
(epithelial, endothelial
and homeopathic
cells, etc.)

TGF-βR1, TGF-
βR2

PD-1/PDL-1, SAMD, MKKs
(MAP kinase Kinase),
MEKs (MAPK/ERK Kinase)

Suppress growth and differentiation of most
immune cells; regulate the secretion of
hormone, angiogenesis and promote tissue
regenerationi; induce toerogenic dendritic cellsi

HGF Effector T cells, β cells Tyrosine kinase
receptor c-Met

PD-1/PDL-1 c-PI3K/AKT,
MAPK, PKC

Promote cell division and tissue regenerationj,k

aWang H et al. (2014)
b. Raffaghello et al. (2008)
c Hall et al. (2013)
d Nemeth et al. (2009)
e Spaggiari et al. (2009)
f Su et al. (2011)
g Liu et al. (2014)
h Kota et al. (2013)
iMoustakas et al. (2002)
j Yen et al. (2013)
k Park et al. (2010)
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The regulation function of MSCs to APCs

Besides up-regulation of Tregs, down-regulation of APCs is
another mechanism of immunosuppression. DCs are the most
important among all the APCs. They bridge the innate and
adoptive immune systems. MSCs can directly inhibit both
the maturation of monocytes and CD34+ precursor cells into
DCs and the direct activation of DCs via the secretion of
PGE2, IL-6, TSG-6,M-CSF and Jagged-2-mediated signaling
(Y. Liu et al. 2014; Ramasamy et al. 2007; Su et al. 2011) and
inhibition of up-regulation of CD40, CD86 and CD83 sup-
pressed DC maturation. Furthermore, endocytosis of DCs and
production of IL-12 and TNF-α were alleviated. IL-12 is not
only a key cytokine in Th1 activation but also important in
regulating the maturation and function of DCs. Reduction of
IL-12 would interfere with antigen-presenting (Glenn and
Whartenby 2014). In T1DM mice with combined transplan-
tation of pancreatic islets and MSCs, the expression of CD11c
(monocyte-derived DCs phenotype) and CD83 (mature DCs
phenotype) was markedly reduced (Li et al. 2010). Down-
regulation of MHC II antigen I-Ab and co-stimulatory mole-
cule CD86 was also observed. Impaired antigen-presenting
ability subsequently inhibits the downstream immune re-
sponse (Li et al. 2010).

Macrophages play more as inflammatory cells rather than
APCs in T1DM. There are two types of macrophages: M1
produce pro-inflammatory cytokines, while M2 produce
anti-inflammatory cytokines. MSCs have the ability to modu-
late the phenotype of macrophages by inducing a shift from
M1 to M2, thereby accelerating the recovery process
(Bernardo and Fibbe 2013). MSCs can reduce the expression
of CD86 and MHC II on macrophages that diminished their
stimulatory potency (Glenn and Whartenby 2014). MSCs
have also been reported to directly induce an M2 phenotype.
This directed maturation is partially regulated via direct cell
contact but also by MSCs secretion of PGE2, IL-6 and GM-
CSF (Le Blanc and Davies 2015).

Conclusions and future directions

MSCs can be readily isolated from plentiful sources without
ethical problems. The properties of weak immunogenicity and
strong immunoregulation make them promising in treating
autoimmune diseases including T1DM. Through many ani-
mal and clinical trials, MSCs have been demonstrated to have
the ability to modulate immune cells and delay the onset of
T1DM mice (Kota et al. 2013) and to reduce hyperglycemia
after onset with or without islets transplantation (Bassi et al.
2012a; Li et al. 2010). The protective efficiency of MSCs in
T1DM requires a long period to reduce blood glucose depend-
ing on its dose (Yaochite et al. 2015). The study of the inter-
action between MSCs and T lymphocytes could build a

theoretical base for clinical application, give prophylactic ther-
apy to high-risk groups and reduce morbidity. Those findings
may also be useful in other auto-immune diseases, such as
systemic lupus erythematous, rheumatoid arthritis and allergic
encephalomyelitis, in which MSCs also show great therapeu-
tic effects.

However, MSCs generally lack homing molecules, hinder-
ing their spreading migration and colonization in an inflam-
matory milieu following intravenous or intra-arterial adminis-
tration and the entrapment of the cells mainly colonizes in the
lungs, which could decrease the number ofMSCsmigrating to
target areas for treatment (Eggenhofer et al. 2012; Plock et al.
2013). Enforced hematopoietic cell E- and L-selectin ligand
(HCELL) expression primes transendothelial migration of
both murine MSC and human MSC and reverses hyperglyce-
mia of autoimmune diabetes in NOD mice (Abdi et al. 2015;
Thankamony and Sackstein 2011). Abdiet al. (2015) found
that administration of HCELL + MSCs resulted in durable
reversal of hyperglycemia, whereas only temporary reversal
was observed following administration of HCELL −MSCs. A
better effect could be obtained through local injection rather
than systemic administration and intrasplenic injection
reverted hyperglycemia in a higher proportion in diabetic-
treated mice comparedwith the intrapancreatic injection route.
Based on the above-mentioned result, we think that it supports
the idea that immunoregulation properties play a more impor-
tant role than the regenerative and repairing properties of
MSCs in T1DM, because the spleen is an immune organ
(Yaochite et al. 2015). Though MSCs have low immunoge-
nicity, allogeneic MSCs can still be recognized and removed
by the receptor’s immune system (Fiorina et al. 2009). Though
MSCs are effective when administrated either locally or sys-
tematically (Longoni et al. 2010), appropriate local adminis-
tration may improve the therapeutic function of MSCs and
reduce side effects.

In recent studies, most researchers used MSCs from
healthy people or animals to study their therapeutic function.
Though there are data from diabetes mice-derived MSCs
(Fiorina et al. 2009), the data of human MSCs from patients
themselves to treatT1DM are lacking. Investigations of clini-
cal trials using hMSCs as a part of treatment to explore the
clinical effect of MSCs are ongoing.

As the studies go deeper, there is a safety problem emerg-
ing that administration of MSCs may increase the risk of tu-
mor induction, either through spontaneous malignant transfor-
mation of MSCs themselves (Miura et al. 2006; Rubio et al.
2005; Tolar et al. 2007) or by the promotion of tumor devel-
opment and growth (Djouad et al. 2003). Although spontane-
ous transformation has not so far been noted in clinical trials
using human MSCs, it has been demonstrated that long-term
in vitro expansion of MSCs increases the risk of accumulating
mutations and consequently enhancing their potential for tu-
mor development in vivo (Miura et al. 2006; Tolar et al. 2007).
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There is evidence showing that use of autologous MSCs in-
duces tumors while use of allogeneic MSCs does not, due to
the recognit ion of al logeneic MSCs by the host
immunosurveillance (Fiorina et al. 2009). This safety problem
should be highlighted and avoided.

To conclude, the therapeutic function of MSCs, either allo-
geneic or isogenic, in T1DM has been proven both in vivo and
in vitro. Great immune-regulatory functions and promotion of
β cell regeneration have been shown but we still have a long
way to go before clinical application. The administration of
MSCs is a promising cellular treatment deserving deeper in-
vestigation. Compared with traditional systemic delivery, lo-
cal injection has shown better therapeutic effects and fewer
side effects and the therapeutic is dose-dependent. We should
minimize the injury of repeating injections as well as obtain an
effective therapeutic dose to find a balance. And when we use
the immunosuppression peculiarity of MSCs, we need to
avoid the risk of cancer. What is more, though there are many
common denominators among different kinds of MSCs, they
also have their own personalities and thus have different ef-
fects on different diseases.
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