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Abstract Mesenchymal stem cells (MSCs) are described as undifferentiated cells with high capacity for self-
renewal and differentiation ability in different tissues. MSCs are found in various locations in the adult organism as
bone marrow, adipose tissue; and in fetal tissues as umbilical cord, placenta and amniotic fluid. They are able to
produce and secrete a number of bioactive molecules with different effects: anti-fibrotic, angiogenic and mitogen.
These cells also present a great immunomodulatory and anti-inflammatory potential described in experimental and
human models. Several studies have demonstrated the ability of MSCs to suppress the proliferation and activation of
T, B and NK cells in vitro and in vivo. Its low immunogenic action causes are not recognized by HLA mismatched
receptor complex because they express low levels of MHC-I do not express MHC-II and costimulatory molecules
CD40, CD80 and CD86. Because of these unique characteristics, MSCs arouse great interest in possible clinical
applications in the therapy of diseases that affect the immune system. Although depending on the tissue
microenvironment, the MSCs can also trigger inflammatory events. In this work, we described the main factors and
another structures involved in MSCs immunoregulation.
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1. Introduction

Mesenchymal stem cells (MSCs) are considered adult
multipotent cells with self-renewal and differentiation into
mesenchymal tissues properties [1]. Therefore, MSC are
an attractive cell-based therapy tool for developmental
defects, degenerating diseases and bone, cartilage, muscle
and other mesodermal tissues injuries. MSCs were
initially isolated from bone marrow but can be found in
almost every type of connective tissue. According to the
International Society for Cellular Therapy a cell
population is classified as mesenchymal stem cell when
present three key features:

1) Must be plastic-adherent when cultured in standard
protocols.

2) Phenotypically, ex vivo expanded MSCs, express a
number of nonspecific markers, including CD105 (SH2 or
endoglin), CD73 (SH3 or SH4), CD90, CD166, CD44,
and CD29. MSC do not exhibit hematopoietic and
endothelial markers, such as CD11b, CD14, CD31 and
CD45.

3) Can be differentiated into bone, fat and cartilage
tissue after appropriate stimulation [2].

MSCs have immunomodulatory properties and play
important roles in modulating tolerance to transplants,
autoimmune syndromes, tumor infiltration and maternal-

fetal tolerance. However, the mechanisms involved in
these actions are not fully understood [3]. Homing ability
is another important characteristic of MSCs because it
allows these cells migrate in response to biochemical
signals. MSCs express several receptors and cell adhesion
molecules that aid in migration and homing to target
tissues (e.g. inflammation and injuries  sites).
Immunomodulatory effects and homing potential of MSCs
may be used to treat autoimmune diseases and prevent
rejection of organ transplants [4].

Human MSCs express low levels of major
histocompatibility complex (MHC) class | antigens (A, B,
C, E, F and G) and not present MHC class Il (DP, DQ and
DR types) and co-stimulatory molecules CD40, CD80,
and CD86 [5]. Studies have shown the inhibitory effect of
MSC on human lymphocytes in vitro and in vivo [6].
Early studies reported that MSC were able to suppress the
activation and proliferation of T lymphocytes induced by
mitogens and alloantigen as well as CD3 and CD8
antibodies [7]. MSCs also decrease differentiation,
maturation and function of dendritic cells (DCs). DCs
perform antigen presentation and have a key role in
immunity and tolerance induction [8]. After co-cultive
with MSCs, DCs did not express costimulatory molecules
and decreased their ability to activate T lymphocytes. DCs
cytokines secretion was also changed: TNF-alpha and
interferon gamma production decreased and anti-
inflammatory, IL-10, was increased [9]. These immune
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properties explain the fact that MSCs do not have
immunological restriction; so, demonstrate the same
effects in cells of autologous and allogeneic origin [5].
There are a large number of studies demonstrating
xenogenic transplantation of human MSC without athymic
animal models use and/or immunosuppressive therapy
[10,11].

MSCs immunomodulatory potential can range
depending on the source from which it was obtained.
Roelen, 2009 [12] showed that MSCs obtained from fetal
tissues, such as umbilical cord and amnion, showed a
higher immunomodulatory effect than the adult stem cells
from bone marrow and adipose tissue. Another factor that
can influence in MSCs immunologic properties is the
differentiation/maturation process. Yuan et al. [13]
demonstrated that MSCs derived from human bone
marrow  enhanced  their  immunogenicity  after
chondrogenic tissue differentiation in vitro.

Many studies report an effector role of soluble
substances (paracrine factors) in MSCs immunoregulation,
since the separation of these cells and mononuclear blood
cells by a semipermeable membrane does not affect the
immunomodulatory activity [14]. These factors are
released into exosomes (Figure 1), which are small
membranous vesicles secreted by most cell types that
participate in cell-cell communication [15]. There are no
differences in terms of morphological features, isolation,
and storage conditions between exosomes derived from
MSCs and other sources [16]. In according to this idea,
previous studies have demonstrated that the
immunomodulatory capacity of MSCs against NK cells,
cytotoxic T lymphocytes, gamma delta T cells and
dendritic cells is mediated by a paracrine mechanism.

Once released into the extracellular environment,
exosomes may interact with recipient cells via adhesion to
the cell membrane mediated by lipid-ligand receptor
interactions, internalization via endocytic uptake, or by
direct fusion of the vesicles and cell membrane, which

leads to the release of exosome content into the target cells.

EXO50MES
o0 0] e —
—— - ANTIFIBROTIC
— — ANGIOGENIC
e . [ mrrogenic |
—— " IMMUNOMODULATOR
Mesenchymal stem cells Secreted vesicles Biological functions

Figure 1. exosomes secreted by MSCs can promote several biological
functions: antifibrotic, mitogenic, angiogenic and immunomodulatory
effects

This paper aims to describe the main soluble substances
secreted by human MSCs in the form of exosomes as well
as showing another structures (receptors) involved in
immunoregulation process.

2. Prostaglandin E2 (PGE2)

Prostaglandins are small-molecule derivatives of
arachidonic acid, produced by cyclooxygenases (COX)

and PG synthases, with a relatively contribution of the
isoprostane pathway [18,19]. COX1 is constitutively
expressed from virtually all tissues, while COX2 is
induced under inflammatory conditions [20]. Several
studies suggest that PGE2 subtype is responsible for
immunosuppressive effects of MSCs.

PGE2 is constitutively secreted by MSCs and this
production is increased when cocultived with T
lymphocytes [21]. LPS as well as cytokines like IFN-y,
TNFo, IL-1p are mediators directly regulating PGE2
production from MSCs [22]. PGE2 selectively suppresses
effector functions of macrophages and neutrophils and
Thl-, CTL-, and NK cell-mediated type 1 immunity, but it
promotes Th2, Thl7, and regulatory T cell responses.
PGE2 modulates chemokine production, inhibiting the
attraction of proinflammatory cells while enhancing local
accumulation of regulatory T cells [23]. Particularly, the
cellular targets of PGE2 are PBMCs, NK cells, monocytes,
macrophages and the transitional processes of monocytes
into immature DCs differentiation [24].

3. Indoleamine-2, 3-dioxygenase (IDO)

The enzyme IDO that catabolizes tryptophan into N-
formyl-kynurenine via cleavage of tryptophan’s pyrrole
ring and addition of an oxygen molecule is also described
as suppressive molecule on T-cell proliferation by the
MSCs. IDO is present in various tissues and its expression
could be induced by certain infectious agents,
lipopolysaccharides, and cytokines such as interferon-y. In
its normal physiologic action, IDO is important in
modulating immune activation to antigenic challenges at
mucosal surfaces in the digestive tract and lungs [25].

Not activated MSCs express low levels of IDO, but on
stimulation with inflammatory cytokines, mainly interferon-y,
the IDO mRNA levels are found to be elevated [26]. The
metabolites produced by IDO action are responsible for
blocking T cells cycle [21]. This enzyme is also involved
in the maintenance of maternal-fetal tolerance as a potent
regulator of cell function in the immune system.

Induction of regulatory T cells is another indirect
mechanism for immunoregulation explored by MSCs.
IDO expression is responsible for induction of IL-
10+/IFNy+/CD4+ regulatory T type 1 cells by MSC [27].
Evidence suggests that dendritic cells expressing IDO
interact with  regulatory T cells creating a
microenvironment that favors tolerance induction [28].

4. Human Leukocyte Antigen-G5 (HLA-Gb5)

HLA-G molecules are classified as non-classical HLA-I
proteins due to the following characteristics: limited
allelic  polymorphism; peculiar expression pattern
characterized by the generation of seven protein isoforms
which include four membrane bound (G1, G2, G3, and G4)
and three soluble (G5, G6, G7) proteins; and restricted
tissue distribution [29].

Under physiological circumstances, the expression of
HLA-G molecules is mainly detected in placental
trophoblast cells, but also in thymus, cornea, nail matrix,
pancreas and erythroid and endothelial precursors [30].
HLA-G expression can be upregulated in various tissues
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under “pathological” conditions, such as in tumors, as
well as after solid organ transplantation [31].

The immunosuppressive properties of both membrane-
bound and soluble HLA-G proteins are probably due to
their ability in:

(1) Inhibiting the activity and mediating apoptosis of
cytotoxic CD8+ T cells and NK cells;

(2) Inhibiting proliferation of CD4+ T cells and driving
them into an immunosuppressive profile;

(3) Inhibiting antigen presenting cells and B cells
differentiation;

(4) Promoting a shift of Th1/Th2 balance toward Th2
polarization;

(5) Inducing regulatory T cells [29].

Secreted HLA-G5 contributes to the immunosuppressive
functions of MSCs. As described previously in maternal-
fetal tolerance and tumor escape, HLA-G5 constitutes a

potent molecule allowing MSCs to induce immunosuppression.

Selmani et al. 2009, [31] demonstrated the expression of
HLA-G5 proteins within the cytoplasm of MSCs, as well
as in the supernatants from MSCs culture media. Other
works reported that HLA-G expression is enhanced in IL-
10-treated monocytes [32]. In turn, HLA-G5 has been
described previously as inducing a Th2 profile consisting
of IL-10 secretion. HLA-G5 secreted by MSCs is also
required for the ability of MSCs to expand functional
CD4+ CD25 highFOXP3+ regulatory T cells [22].

5. Transforming Growth Factor Beta
(TGF-B)

One of the most important immunomodulatory
cytokines produced and constitutively secreted by MSCs
is transforming growth factor beta (TGF-B). Three TGF-§3
isoforms have been described in mammalian species,
including TGF-p1, TGF-B2, and TGF-B3. TGFp regulates
multiple fundamental cellular functions, including
proliferation, differentiation, migration, adhesion and
apoptosis, that affect numerous biological processes such
as development, wound healing, carcinogenesis, angiogenesis
and immune responses [33]. TGF-B1 is the prototype of
TGF-Bs and is the predominant isoform expressed by
immune system cells. Isoforms have different expression
patterns and functional variations in vivo, but have
relatively similar functions in experimental assays.

TGF-B1 can suppress immune response either directly
by inhibiting the function of immune cells, such as T cells,
B cells, NK cells, and macrophages, or indirectly by
inducing regulatory T cells. One pathway by which TGFf
exerts its anti-proliferative effect on T lymphocytes is
through blockade of the production of the T-cell mitogenic
cytokine IL-2 [34]. TGFp also inhibits cell proliferation
through controlling the expression of cell cycle regulators,
including up-regulation of cyclin-dependent kinase
inhibitors (CKIs) p15, p21 and p27 and down-regulation
of cell cycle-promoting factors, such as c-myc, cyclin D2
and cyclin E [35].

6. Tool like Receptors (TLR)

Toll-like receptors (TLR) are a class of molecules first
discovered to play a role in body development and

maintenance. TLR family has been shown to be of
importance in the innate immune system for the
recognition of pathogen associated molecular patterns
(PAMPs) by immune cells, initiating a primary response
toward invading pathogens and recruitment of the
adaptive immune response [36]. Toll-like receptor
activation triggers intracellular signaling pathways that
lead to the induction of inflammatory cytokines, type |
IFNs, and upregulation of co-stimulatory molecules
leading to the activation of the adaptive immune response.

Functional TLR are expressed in adult MSCs and their
activation by specific ligands regulates MSCs functions.
Human MSCs have been reported to express TLR1, 2, 3, 4,
5, and 6 mRNA and TLR2, 3, 4, 7, and 9 proteins. The
effect of TLR3 and TLR4 activation on MSC functions,
including migration, differentiation, and immunomodulation,
has been the particular focus of many recent studies,
sometimes describing contradictory results [36].

Opitz et al. 2009, [37] reported that TLR3 and TLR4
engagement enhances the immunosuppressive properties
of human BM-MSCs through the indirect induction of
IDO1. While TLR3 priming results in production of anti-
inflammatory molecules such as IL4, IDO, or PGE2.
TLR3- activated MSCs maintained the capacity to inhibit
lymphocyte proliferation in vitro, while TLR4-primed
MSCs activated T lymphocytes [38].

7. Nitric Oxide (NO)

Nitric oxide (NO) is an important signaling molecule
and is involved in tissue homeostasis and
immunoregulatory functions. iNOS is expressed by MSCs
as a result of stimulation with IFN-ycombined with TNF-a,
IL-1a, or IL-1B. Immunosuppression is achieved when
high levels of NO are released [39]. The mechanism of
MSC-mediated immunosuppression is different in mice
and humans. While murine MSCs use predominantly
iNOS to control immune responses, human MSCs mainly
utilize indoleamine 2,3-dioxygenase (IDO) [40]. NO
production by MSCs is tightly regulated by
proinflammatory cytokines and iNOS is its sole source.
Two other NOS isoforms were undetectable in MSCs,
with or without proinflammatory cytokine stimulation [41].

Induction of inducible nitric-oxide synthase (iNOS) by
murine MSCs and production of nitric oxide was
suggested to play a major role in T-cell proliferation
inhibition [42]. Nitric oxide is a gaseous bioactive
compound affecting macrophage and T-cell functions.
iNOS is induced in mouse MSCs after activation by IFNy
and TNFa, IL-1a or IL-1pB, and MSCs from iNOS—/— mice
had a reduced ability to suppress T-cell proliferation. The
expression level of INOS mRNA in human MSCs was
minimal, however, and secretion of nitric oxide by human
MSCs was undetectable. Indeed, different mechanisms of
immunosuppression exist in different species since human
MSCs employ IDO as a major effector molecule whereas
nitric oxide plays a critical role in mouse MSCs [43].

8. Galectins (Gal)

The family of human galectins is comprised of 15
members, of which 11 are expressed in human tissues [44].
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All galectins share carbohydrate recognition domains
(CRDs) and preferentially bind to B-galactosides. Within
the immune system, galectins are key players in the
regulation of cellular homeostasis in both the innate and
the adaptive immune system [45].

Within the immune system, galectins are expressed by
virtually all immune cells, either constitutively or in an
inducible fashion [46]. Also, they can be expressed by a
spectrum of normal and tumor cells. As found in this
study, Gal-3 is constitutively expressed by MSCs and
upregulated in response to TLR-2 ligation. Gal-9 can be
induced by IFN-y and interleukin-beta (IL-1B) in various
cell types and thus is upregulated in inflamed tissues. Gal-
9 must be released by cells to exert its immunoregulatory
properties [46].

Sioud et al. [47] showed that Gal-3 can modulate MSCs
immunosuppressive activity on T-lymphocyte
proliferation. High levels of Gal-3 protein are found in
MSCs culture supernatants; thus, it may participate in
extra cellular matrix (ECM)-cell interactions and
modulation of surrounding immune cells.

9. Heat Shock Proteins (HSP)

Heat shock proteins form an ancient, primary system
for “intracellular self-defense”. Most of the HSP are
molecular chaperones. Chaperones have been defined as
proteins that bind to and stabilize an otherwise unstable
conformer of another protein — and, by controlled binding
and release, facilitate its correct fate in vivo: be it folding,
oligomeric assembly, transport to a particular subcellular
compartment, or disposal by degradation [48].

HSP exhibit immunomodulatory functions that further
promote immune responses by acting as pro-inflammatory
cytokines and by mediating regulatory immune responses.
Understanding the mechanisms of HSP involvement in the
balance of autoimmunity versus tolerance is essential for
the establishment of HSP as potential therapeutic tools for
the treatment of different autoimmune diseases [49].
Findings from in vitro studies have shown that HSP,
including Hsp70, Hsp90, gp96 (ER Hsp90), are released
from necrotic cells (although not by apoptotic cells) after
trauma or severe stress, and these HSP act as danger
signals, promoting DCs maturation and exerting
immunostimulatory functions [50].

Recent works on cell exposure to biophysical stimuli
provide potential alternatives for boosting MSCs paracrine
actions. As the Hsp family of molecules has been
implicated in cytoprotection and immunomodulation, laser
preconditioning of stem cells could provide a means of
increasing their paracrine actions [51].

10. Conclusions

MSCs have potential to differentiate into mesenchymal
lineages, homing or migration capacity and
immunoregulatory properties. These characteristics makes
MSCs an effective tool in the treatment of several
pathologies, among them, immune diseases. MSCs have
immunomodulatory  properties, which are directly
mediated by cell—cell contact or through the secretion of
vesicles called exosomes. These lipidic bilayer vesicles

transport various substances, such as TGF-beta, PGE2,
HLA-G, IDO, Gal, among others that have actions on the
immune system.

However many questions remain to be addressed in
order to provide better ways to control and optimize the
immune response for the benefit of the patient. This
implies a better understanding of the underlying
mechanisms of immunoregulation.
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