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Abstract

Mesenchymal stem cells (MSCs) are multi-faceted cells capable
of tissue regeneration, wound healing, and immunosuppression.
Their immunosuppressive actions extend to most innate and
adaptive immune cells, including T,,17 cells, which have recently
been discovered to be important pathogenic cells in a variety of
disease settings, including many autoimmune diseases. As various
long-standing treatments and therapies in autoimmune disease
may face limitations and result in dangerous side effects, the field
has searched for safer immunosuppressive therapies, and MSC-
based therapy may hold great potential in controlling chronic T ,17-
based inflammatory conditions.
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Mesenchymal stem cells compose a heterogeneous stem cell
population of the mesenchyme that exhibit multiple functions that
make them appealing to different fields of biomedical and clinical
research and application. Despite heterogeneity, they have some
distinctive, shared features including phenotypic characteristics such
as the lack of key hematopoietic molecular markers but expression
of cluster of differentiation (CD) 90, CD105, CD44, CD73, CD9
and low levels of CD80 [1-3]. They were initially identified as self-
renewing cells with fibroblastic appearance found in various organs
and tissues, especially in the bone marrow, where they are thought
to function physiologically as regulators of hematopoietic stem cell
proliferation and differentiation [4-6]. These cells produce numerous
growth factors and promote wound healing and angiogenesis [1,7]. In
the presence of different molecular milieus, MSCs may differentiate
into adipocytes, chondrocytes and osteoblasts.

In the 1970s, Friedenstein and colleagues described the ability of
splenic fibroblasts to support hematopoietic microenvironments in
transplantation experiments [8], suggesting some overlap between
fibroblasts and MSCs. Fibroblast cells (which express vimentin,
collagen prolyl 4-hydroxylase, and fibronectin) derived from
human adult bronchi strongly express the MSC markers CD73,
CD105 and CD166, lack expression of CD31, CD34, and CD45, and

remarkably were able to undergo adipogenesis, chondrogenesis and
osteogenesis under inducible conditions in culture [9]. Furthermore
dermal skin-derived fibroblasts display similar MSC marker surface
antigen phenotypes, can differentiate into bone, cartilage, and fat,
and have high proliferation potential [10]. Other reports have since
shown many similarities and very few differences between the two
cell populations [11-13]. Covas and colleagues even revealed that
fibroblasts and MSCs share a global gene expression pattern [14]. Thus
there is still controversy concerning whether MSCs and fibroblasts
are the same cell population, are derived from a common or similar
progenitor, or represent a diverse continuum of different cells along
a differentiation pathway that retain fundamental phenotypic and
functional characteristics. For the purpose of this review, we will
focus on primary literature based on investigation with cells with
MSC nomenclature.

MSCs were initially evaluated for their potential to stimulate
regenerative cellular and molecular pathways in degenerative
disorders of mesenchymal origin [15]. Early studies demonstrated that
the presence of MSCs greatly improved bone marrow transplantation
and engraftment, and revealed another action of MSCs which
contributed to decreased graft rejection-immunosuppression [16,17].
The basis of MSC immunosuppression stems from their physiological
role of maintaining homeostasis of the hematopoietic stem cell
(HSC)niche in the bone marrow, as inflammatory events may cause
unsuspected HSC activation, differentiation, and depletion of HSC
reservoirs [1]. In the HSC niche, MSC-derived fibroblasts have been
shown to eliminate survival factors important for immune cells and
to re-calibrate chemokine gradients, which may limit the presence of
T cells, when studied in fibroblast dysfunction in the autoimmune
disease rheumatoid arthritis [18]. MSCs also migrate from their
normal anatomical sites to areas of inflammation to suppress
activated T cell proliferation and cytokine production [19,20].
In line with the ultimate MSC physiological goal of maintaining
homeostasis, suppression of inflammation permits the proliferation
of tissue-resident stromal and stem cells of parenchymal tissue,
production of extracellular matrix molecules for extracellular tissue
reconstruction, and wound healing.

T, 17 cells

CD4* T cells are principle adaptive immune cells that function
to coordinate and optimize multi-cellular immune responses and are
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activated as a function of events perceived as dangerous by the body.
Antigen-presenting cells (APCs) such as dendritic cells (DCs) express
many classes of pattern recognition receptors that bind endogenous,
usually intracellular molecules released from cells during stress and
necrosis and molecules derived from foreign, non-self-agents such
as viruses, bacteria, and fungi [21]. In response to “dangerous”
molecule-receptor binding and signaling, DCs up-regulate major
histocompatibility complex (MHC) molecules for increased peptide
binding and presentation, enhance T cell co-stimulatory molecule
expression, and produce cytokines that, depending on composition
and concentration, determine the effector function of the cognate
CD4" T cell. However, they may also mount inappropriate responses
against self-tissue, as is the case in autoimmune pathogenesis.
Historically, CD4" T cells were considered to adopt one of two effector
phenotypes that were thought to tailor the ensuing immune response
to eliminate pathogens based on location in relation the very cells
[22]. T,1 cells are generated in the presence of the pro-proliferative
cytokine interleukin (IL)-2 and the inflammatory cytokine IL-12 and
promote immunity to intracellular pathogens such as bacteria or
viruses, while T2 cells develop in the presence of IL-4 and promote
immunity to extracellular pathogens including protozoa and fungi.
The molecules that favor the effector phenotype of each antagonize
the adoption of the other, and this axis was believed to be exclusive
until the discovery of CD4" T cells producing the highly inflammatory
cytokine IL-17A, now known as T ;17 cells [23]. T,,17 cells are distinct
from the aforementioned T cell populations at the transcriptional level
by the expression of the transcription factor retinoic acid receptor
(RAR)-related orphan receptor gamma t (RORyt); the T 1 effector
program is directed by the T-box transcription factor T-bet and that
of T2 by GATA-binding protein 3 (GATA-3). T,;17 cells develop in
the presence of IL-6 and transforming growth factor-beta (TGF-p)
and, in addition to IL-17A, produce the cytokines IL-17F, IL-21, and
IL-22. The T,;17 program is expanded and stabilized by the signaling
of IL-23. Initial deductive studies of cytokines that promoted T 17
development were done with murine CD4* T cells and later studies
have shown that IL-6 in combination with IL-1 and IL-23, but not
with TGF-B, can promote human T, 17 development [24]. The in
vivo role of TGF-B in promoting human T, 17 remains controversial
[25,26]. T,17 cells are important in promoting immunity to highly
pathogenic bacteria and fungi and are found in high frequencies in
the gut to prevent bacterial translocation past the intestinal wall [27].

Since the discovery of T, 1, T2, and T 17, a variety of other
effector CD4" T cell types have been identified based on transcription
factor expression, cytokines they produce, and the molecular milieu
that favor generation of each lineage. IL-4 and TGF-f induce IL-9-
producing T 9 cells in vitro, are marked by PU.1 expression, and
are thought to be important in promoting allergic inflammation,
autoimmune disease, and immunity to tumors [28]. T 22 cells
are distinguished by IL-22 production (lack IFNy and IL-17A
expression), aryl hydrocarbon receptor expression, and develop
in the presence of IL-6 and TNFa; they home to the skin and may
protect against microbial pathogens as well promote tissue repair and
remodeling [29]. These cells may also be involved in inflammatory
conditions of the skin. Follicular helper T cells (Tth) express the
transcription factor Bcl-6 and home to B cell follicles and germinal
centersto provide B cell help [30]. Tth are thought to develop in the
presence of IL-6, IL-21, and IL-12. Interestingly, these cells produce
IL-4, IL-17, and IL-10 [31,32]. Regulatory CD4" T cells (Treg) are
generated physiologically and are induced in the periphery to resolve
inflammation mainly via suppression of immune cell activation and
inflammatory cytokine production. The most recognized lineage is
defined by master Forkhead box transcription factor Foxp3 expression
and production of anti-inflammatory TGF-p expression, which also
promotes its development. However, other Foxp3-negative CD4*
T cell types have been identified, including Tr1 and Tr35 cells. Trl
cells suppress immune responses by high production of IL-10 but to
date have no unique master transcription factor governing lineage
development [33]. Little is known about the development of Tr35
cells though this population powerfully suppresses immune responses

via IL-35 production [34]. Although these cell groups are usually
presented as stable, static effector populations, considerable overlap
in master transcription factor expression and cytokine production
has been demonstrated. Effector populations also exhibit plasticity,
in which one effector population may be converted into another; this
phenomenon has mostly been attributed to epigenetic modifications
that modify gene transcription when T cells are transferred into a
different phenotype-skewing milieu [30].

T,17 are important mediators of inflammation in many
inflammatory diseases, especially chronic autoimmune diseases
such as rheumatoid arthritis, pancreatitis, autoimmune diabetes,
and multiple sclerosis (MS). Pre-clinical models of many of these
autoimmune diseases show that these cells are important in the
pathogenesis. Some of their functions that have been identified include
the mobilization of cells and induction of cytokine and chemokine
production, in large part from cells of the innate immune system,
including neutrophils and monocytes. An additional critical function
for central nervous system (CNS) pathology is their association with
permeabilization of the blood-brain barrier [26]. For example, people
with MS have been shown to have a higher frequency of T ;17 cells in
cerebrospinal fluid than matched counterparts without MS [35,36],
indicating a flow into and/or expansion of these cells within the CNS.
As a further indication of potential pathology the frequency of these
T,17 cells is also higher during relapses than during remissions.
People with other autoimmune diseases such as systemic lupus
erythematosus (SLE) have also been shown to have similar patterns,
with have higher serum levels of IL-17 and T,;17 cells [37]. Circulating
B-cell specific T, 17 cells are also greater in frequency in type-1
diabetes than in healthy controls as well [38]. T 17 cells therefore are
attractive targets for therapy in chronic inflammatory diseases.

MSCs and TH17 modulation

Since the linkage of T ;17 cell appearance in many autoimmune
diseases and proof-of-concept pre-clinical studies demonstrating
their contributions to pathogenesis, biomedical research has been
keen on targeting these cells for therapeutic benefit [1]. Considering
the known strong immunosuppressive actions exerted by MSCs on
T cells and their safety in early clinical disease trials, MSCs were
investigated for their potential modulation of T ;17 development and
improvement of inflammatory disease.

Numerous investigations have now demonstrated that MSCs
potently suppress T, 17 via myriad mechanisms (Figure 1). At an
early stage of the immune response, MSCs can inhibit differentiation
and function of monocyte-derived DCs, thereby inhibiting any
further T cell activation. CD14* human monocytes differentiated into
DCs with granulocyte-macrophage colony stimulation factor (GM-
CSF) and IL-4 in the presence of MSCs maintain CD14 expression,
exhibit decreased endocytic capacity, and do not upregulate the T cell
co-stimulatory markers CD80 and CD86 [39]. MSCs were also shown
to decrease antigen presentation and co-stimulatory markers on fully
differentiated DCs. MSCs may also impart a regulatory phenotype on
DCs. Splenic stromal cells can induce nitric oxide (NO) production
from DCs in a manner dependent on fibronectin [40,41]. These NO-
producing DCs then suppressed T cell proliferation. In a recent study
MSCs and their extracellular vesicles (EVs) were shown to induce
an immature regulatory phenotype on DCs marked by IL-6 and IL-
10 expression in co-culture [42]. MSC and MSC-EV-conditioned
glutamate decarboxylase 65 (GAD65)-pulsed DCs decreased antigen
specific T;17 numbers and IL-17 secretion and promoted Treg
development in the context of type 1 diabetes [42].

In several studies, MSCs have been shown to divert the
development of naive human CD4* T cells away from the IL-17A-
producing program into the development of a regulatory CD4*
T cell phenotype characterized by the expression Foxp3 and IL-10
production. Importantly for disease applications, MSCs could also
induce Treg conversion from fully differentiated T, 17 [43-45].
Reduction of full T cell activation was associated with signaling
through the inhibitory cell surface receptor Programmed Death-1
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MSCs may also inhibit T cell function via PD-1 ligation and PGE2 production.

Figure 1: MSC suppression of TH17 cells-MSCs suppress the polarization of naive CD4+ T cells towards TH17 cells via multiple mechanisms. In mechanism A,
MSCs suppress the maturation of the antigen-presenting DC and also inhibit the presentation process to naive CD4+ T cells in mechanism B, thereby indirectly
preventing TH17 development. In mechanism C, MSC production of IL-10 and TGF- redirects the polarization towards the immunosuppressive Treg cell type.
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(PD-1) on T cells and reduction of IL-17A expression was associated
with increased expression of the immunosuppressive cytokine
IL-10 [46]. MSCs co-cultured with these cells showed heightened
transcription of TGF-B and prostaglandin E-2 (PGE,), with reversion
of MSC suppression of the T ;17 program made possible by a selective
EP4 antagonist [47]. However, it has also been shown that MSCs
are less effective at preventing IL-17A production with more fully
differentiated T ;17 cells, which contradicts the previous observation.
Such differences could be due to a number of factors, including the
conditions under which the T 17 cells were generated that may
influence the stability of the phenotype. For example, T,17 cells
exposed to IL-23 during the expansion phase have been shown to
be more resistant to Tregthan those expanded without this cytokine
[25,43]. While most studies have focused on the CD4' lineage CD8* T
cells may also produce IL-17A and have thus been termed Tc17 cells.
Tcl7 cells likely play a significant role in MS pathogenesis as they are
present in MS lesions. Interestingly, they have been shown to also be
susceptible to MSC suppression, via early enhanced production of
IL-2 [48].

While there are numerous investigations supporting a suppressive
role of MSCs in T,,17 development, others have reported conflicting
results. For example, MSC-derived cells, such as fibroblasts, may
actually promote T,17 generation. IL-1f and TNFa derived from
LPS-activated DCs stimulate human fibroblasts to produce PGE,,
which enhances IL-23 production from DCs and increases T,17
cell development as well as IFNy production [49,50]. Discrepancies
in the effects of MSC action involving PGE, may relate to the dose-
dependent effect of PGE, on the indoleamine-2,3-dioxygenase IDO
pathway in DCs. PGE, stimulates IDO activity in DCs and translates
to their stimulation of allogeneic T cell proliferation, but inhibits DC
ability to stimulate these T cells at high concentrations. This impacts
T,1, T2, and T,17 development [51].

In moving towards use of MSCs in therapeutic settings for T, 17-
mediated diseases, some pre-clinical murine experimental models
of disease have shown potential benefit of MSC therapy for T, 17-
mediated diseases. For example, MSCs have been shown to ameliorate
experimental autoimmune encephalomyelitis (EAE), a murine model
of MS, via T,;17 suppression and concomitant Treg induction [43,52].
MSCs were also shown to reverse multi-organ dysfunction in a mouse
model of (SLE) via modulation of the T, 17/Treg axis in favor of Treg
cells [53]. These results indicate the potential for therapy in the future.
However, several factors during the T,17 developmental stage must

be considered. As stated, MSCs more effectively suppress IL-17A
expression if the CD4" T cells are exposed to MSCs during the T cell
polarization phase. The MSCs both indirectly suppress T cells via APC
function and directly by inhibiting T cell activation. In other words,
when T, 17 cells have already been generated, their suppression may
become more difficult. These observations have been made mostly
through the use of in vitro systems and do not account for anatomical
barriers, multi-cellular complexities of tissues that may affect MSCs,
and potential MSC differentiation. For example, MSCs can ameliorate
the severity of MOG,, ., EAE when administered during the T cell
priming phase and peak of disease but fail to alleviate the disease
during stabilization [54]. MSCs in this study homed to lymphoid
organs and the subarachnoid spaces. It may be the case that once
encephalitogenic T cells have invaded the CNS parenchyma, they are
out of reach of administered MSCs. On the contrary, MSCs restored
the Treg/T 17 balance in a murine model of SLE when given in early
and matured states of disease and reversed multi-organ dysfunction.
In this model, MSCs were observed in the spleen and bone marrow
[53]. These scenarios show that the effectiveness of MSC therapy may
depend on stage of disease and anatomical compartmentalization
of T,17 cells. Furthermore, differences in cytokine combinations
and concentrations may affect MSC suppression in any given tissue.
Further, there remains a dearth of knowledge on the fate of MSCs
in various disease contexts. MSCs transdifferentiate into neural stem
cells, mature neurons or glia in injured spinal cord tissue and may
be able to form mature lung, gut epithelial, and muscle cells [55,56].
Transdifferentiation capacity is of utmost importance considering the
T, 17 promoting effect of MSC-derived fibroblasts and stromal cells
and the potential loss of immunosuppression due to parenchymal cell
formation.

MSCs have a large number of appealing features that could be
exploited for therapeutic uses. Numerous studies show their potential
for effective use, and molecular investigations into the mechanisms
underlying MSC suppression of T ;17 have revealed possible routes by
which they might function. Taken together, the results of these studies
provide great hope for the movement of MSCs into clinical trials for
treating chronic inflammatory conditions. The pluripotent nature
of the cells is a double-edged sword, however, and with additional
conflicting studies demonstrating possible adverse outcomes, caution
should be taken regarding the individual usage in both disease-
specific and timing specific scenarios. Ongoing investigations into
these potent cells are likely to reveal further mechanistic information
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that will help in refining their future use to reach their full therapeutic
potential.
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