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Abstract
Multipotent mesenchymal stromal cells [also known as
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mesenchymal stem cells (MSCs)] are currently being
studied as a cell-based treatment for inflammatory
disorders. Experimental animal models of human
immune-mediated diseases have been instrumental in
establishing their immunosuppressive properties. In
this review, we summarize recent studies examining
the effectiveness of MSCs as immunotherapy in several
widely-studied animal models, including type 1 diabetes,
experimental autoimmune arthritis, experimental
autoimmune encephalomyelitis, inflammatory bowel
disease, graft-vs-host disease, and systemic lupus
erythematosus. In addition, we discuss mechanisms
identified by which MSCs mediate immune suppression
in specific disease models, and potential sources of
functional variability of MSCs between studies.

Key words: Mesenchymal stromal cells; Mesenchymal
stem cells; Autoimmunity; Animal models; Inflammation;
Immunotherapy
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Core tip: In this review, we summarize recent studies
examining the effectiveness of mesenchymal stromal
cells (MSCs) as immunotherapy in several widely-studied
animal models, including type 1 diabetes, experimental
autoimmune arthritis, experimental autoimmune ence-
phalomyelitis, inflammatory bowel disease, graft-vs-
host disease, and systemic lupus erythematosus. In
addition, we discuss mechanisms identified by which
MSCs mediate immune suppression /7 vivo and potential
sources of functional variability of MSCs between
studies.
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INTRODUCTION

Multipotent mesenchymal stromal cells [also known
as mesenchymal stem cells (MSCs)] are currently
being studied as a cell-based treatment for a variety of
human diseases. MSCs initially received attention for
their somewhat restricted multipotency, as MSCs can
differentiate in vitro into cells of the mesoderm lineage
such as adipocytes, chondrocytes, and osteocytes, but
not cells of other lineages such as hematopoietic cells™.
In addition to multipotency, MSCs have demonstrated
capacity for immunosuppression, suggesting that MSCs
may be useful for the treatment of immune-mediated
disorders™®. Importantly, several attributes of MSCs
contribute to their practicality as a source for cell-
based therapies. First, MSCs have a wide anatomical
distribution and can be isolated from several human
tissues such as bone marrow, adipose tissue, and
dental pulp®®. Second, although MSCs are relatively
rare within these tissues, their great capacity for self-
renewal allows for the efficient expansion of these cells
in vitro using simple cell culture methods'. Thirdly,
MSCs are non-immunogenic due to their low expression
of antigen-presenting molecules®®. This allows MSCs
to avoid generating an allogeneic response when
transferred into an un-matched recipient, and therefore
donor and recipients do not need to be well-matched
for histocompatibility. Due in part to the efficiency with
which MSCs can be prepared for clinical use, they have
received much attention from the medical research
community and their utility for use in regenerative
medicine and immunotherapy has been tested in more
than 100 clinical trials worldwide™'.

Despite this intense interest, important questions
regarding MSCs remain unanswered. Notably, clinical trials
testing the effectiveness of MSC-based immunotherapy
in treating inflammatory disorders and autoimmune
diseases have produced mixed results™®*, In some
trials administration of MSCs helped to alleviate
symptoms, while in others no effects relative to placebo
were detected. These discrepant results may be due
to variability in the immunosuppressive capacity
among MSCs obtained from different tissue sources
or expanded under different conditions in vitro prior
to their injection into subjects™?. Understanding the
source of this functional variability and finding ways to
predict or alter the activity of a given lot of MSCs is an
essential step toward achieving consistent clinical results
from MSC-based therapies. Additionally, while multiple
mechanisms have been identified as the means by
which MSCs can mediate immune suppression, those
most important for suppression in vivo are not well-
characterized. Indeed the mechanisms most important
for clinical efficacy may differ between diseases, and
identifying those which are most important for a
given disease will allow for more effective MSC-based
therapies, and potentially give important insights into
the disease itself.

Pre-clinical animal models of human diseases
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have already been instrumental in the study of MSCs,
and are likely to be useful tools for answering these
remaining questions. Mouse studies were first used to
demonstrate that MSCs possessed immunosuppressive
function in vivo, and subsequently have helped to
identify some mechanisms used by MSCs to mediate
these effects. Importantly, MSC-mediated immune
suppression is cross reactive between species in
many animal models, allowing the effectiveness of
human MSCs in suppressing inflammatory disorders
to be evaluated experimentally in animal models. In
this review article, we summarize what is currently
known about the therapeutic effectiveness of MSCs
in vivo in several widely-studied animal models of
immune-mediated diseases. Additionally, we discuss
mechanisms identified by which MSCs mediate immune
suppression in specific disease models, and highlight
important areas of research in the general field of MSC-
related immunotherapy research. To avoid confusion,
this review focuses exclusively on results obtained from
animal studies, with an emphasis on MSC-mediated
effects that have been demonstrated in vivo. A thorough
and informative review of clinical studies using MSC-
based cellular therapies has recently been published
elsewhere!*?,

ANIMAL MODELS AND TREATMENT
WITH MSC

Type 1 diabetes

Type 1 diabetes (T1D) is the result of an immune-
mediated response against insulin-producing pancreatic
B-cells™. The autoimmune attack is largely mediated
by T cells and in most patients will result in the
complete loss of p-cell function. Individuals with T1D
are therefore unable to produce insulin in response to
increasing blood glucose levels and dependent upon
exogenous insulin treatment for the remainder of their
lives. Even with insulin replacement therapy, individuals
with T1D are at risk of long-term complication arising
from improperly-regulated blood glucose levels, such
as retinopathy, kidney damage, and heart disease.
Several animal models of T1D exist that are used to
study both the immunological pathogenesis of the
disease as well as the long-term consequences of p-cell
loss'™*. The non-obese diabetic (NOD) mouse strain is
used as an animal model for spontaneous autoimmune
diabetes, and disease in these animals appears to
share many features with T1D in humans. Alternatively,
autoimmune diabetes can be induced in several strains
of mice and rats by treatment with a compound
toxic to p-cells. Iterative treatment with low doses of
streptozotocin (STZ) damages p-cells, and this damage
attracts immune cells to the islet leading to insulitis and
eventually immune-mediated B-cell destruction. In all
models of T1D disease progression can be monitored
by measuring glucose levels in the blood or urine,
with increases in glucose levels being associated with
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progressive loss of p-cell function. Disease severity
between groups can also be compared by histological
examination of the pancreas of experimental animals
for immune cell infiltration.

MSC-based treatment has been largely successful
in treating the symptoms of autoimmune diabetes in
animal models. In NOD mice, treatment with MSCs
has been reported to protect mice if administered
before disease onset!***®, and to reverse disease when
administered after the onset of hyperglycemia!*”.
Interestingly, MSCs derived from NOD mice were
unable to suppress disease in recipients, but those
derived from BALB/c mice or the non-obese diabetes
resistant strain were able to do so, suggesting
that MSCs in the NOD mouse may have a defect
in their ability to suppress immune responses!*®.
In these studies, MSC treatment was associated
with a reduction in the frequency of inflammatory
CD4* T cells!*®'! and an increase in the frequency
of regulatory T cells™® "), Similar results have been
reported using an STZ-induced model in C57BL/6
mice, with syngeneic bone marrow-derived MSCs
again reverting hyperglycemic animals to normal blood
glucose levels™., In a rat model of STZ-induced T1D,
autologous bone marrow-derived MSCs treatment
led to increased insulin secretion and sustained
normoglycemia, with a shift in T cell cytokine production
toward that of Tu2 cells™™®. There is also evidence
that MSC treatment can aid in tissue repair after the
onset of disease, as human-derived MSCs homed to
the pancreatic islets and led to an increase in islet
frequency and insulin production in NOD/scid mice
treated with STZP, Mouse-derived MSCs displayed
similar behavior, homing to both the pancreas and
kidney when injected into STZ-treated mice, and were
associated with an increase in renal function relative to
diabetic mice not receiving MSCs!*®. The mechanisms
used by MSCs to mediate these anti-inflammatory and
tissue repair effects in vivo have yet to be determined.

The transplantation of allogeneic islets has been
suggested as a treatment for patients with T1D, but the
long term engraftment of these transplanted tissues has
been difficult to achieve™. Here the immunosuppressive
capacity of MSCs may prove useful for preventing the
rejection of transplanted islets as well as mediating islet
repair immediately after transplantation. In STZ-induced
diabetes models in rats® and mice®, the long-term
survival of islet allografts was significantly enhanced
by co-transfer with MSCs. Notably, in a model of non-
human primates (cynomolgus monkey), co-transplant
of allogeneic bone marrow-derived MSCs intraportally
with islets significantly enhanced islet engraftment and
function, which was associated with increased number
of regulatory T cells®. In rats, MSC co-transfer led to a
reduction in THl-associated cytokines and an increase in
IL-10-producing regulatory T cells®?. In contrast, mouse
MSCs reportedly mediated their immunosuppressive
effects by the production of metalloproteinases that
cleave the alpha chain of the IL-2 receptor (CD25)
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from the surface of activated T cells, leaving these T
cells hyporesponsive to IL-2'*!. Collectively, MSC-based
therapy has performed well in treating mouse models
of T1D, both in suppressing the autoimmune attack of
endogenous B-cells and in improving the maintenance
of allogeneic islet allografts.

Experimental autoimmune arthritis

Rheumatoid arthritis (RA) is a common autoimmune
disease characterized by chronic joint inflammation. It is
thought that the disease is initiated when autoreactive T
cells infiltrate the synovial tissue and secrete cytokines
and chemokines, recruiting other immune cells to the
joint'>!, The resulting inflammatory milieu progressively
damages the joint and surrounding tissues, a process
that can be extremely painful and debilitating. The
most commonly used animal model for the study of
RA is the collagen-induced arthritis (CIA) model™®®. In
this model, a susceptible strain of mouse is injected
subcutaneously at the base of the tail with an emulsion
of complete Freund’s adjuvant and type II collagen.
This injection produces a potent T cell-mediated
immune response to type II collagen that eventually
leads to inflammation in the joints of the paws. In some
cases a second booster immunization is given several
weeks after the initial injection to increase disease
incidence. The severity of disease can be quantified by
scoring each paw on a scale from 0 (no inflammation)
to 3 (severe inflammation), or by directly measuring
any increase in paw width using a caliper. CIA shares
many similarities with RA such as the presence of
autoantibodies, the involvement of Tl and Tnl7 cells in
disease progression, and a strong link between disease
susceptibility and the genomic region encoding for class
II MHC molecules®®.

Several groups have studied the efficacy of MSC
immunotherapy in mouse models for RA and have
generally found that MSCs can reduce both the incidence
and severity of disease. In the CIA mouse model,
intraperitoneal injection of allogeneic bone marrow-derived
MSCs at the time of initial immunization significantly
reduced incidence of disease, and administration of MSCs
after disease onset had a therapeutic effect as well®®”.
A study using adipose-derived MSCs reported similar
results, as mice receiving multiple doses of MSCs were
less likely to show signs of joint inflammation and
overall had a milder form of arthritis than those animals
not receiving MSCs™®, Notably, this study also found
that both human and murine MSCs could suppress
autoimmunity in the CIA model. These results, along
with another study showing that MSCs derived from
rat bone marrow are effective as well®!, suggests
that at least some immunosuppressive mechanisms
employed by MSCs are cross-reactive between species.
Human MSCs derived from umbilical blood suppress
CIA as well®®., Additionally, murine MSCs injected
directly into inflamed joints reduced inflammation in
an antigen-induced arthritis model®®". These results
are in contrast with an earlier report which instead
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found that administering MSCs after disease onset
exacerbated disease rather than ameliorating it"?.
It should be noted, however, that these experiments
used an immortalized MSC-derived cell line rather than
conventional MSCs. Additionally, this study and another
using conventional murine MSCs found that despite
their failure to suppress CIA in vivo, MSCs did suppress
immune responses in vitro®***,

The mechanisms through which MSCs inhibit expe-
rimental arthritis are still in question. Several groups
have reported a decrease in levels of pro-inflammatory
cytokine such as TNFa®***% or IL-6"%, and increases
in the anti-inflammatory cytokine IL-10%°?%, MSCs
may also modulate the nature of the T cell response
in CIA by reducing the frequency of Tul and Tul7
cells®®*% and/or increasing the frequency of Tx2
cells’®®**, MSCs appear to promote regulatory T cells
as well, as several studies have observed an increase
in regulatory T cell frequency after administration of
MSCs?7?%* While T cells from MSC-treated mice are
generally hyporesponsive, MSC treatment does not
appear to effect T cell priming, suggesting that the
immunosuppressive effects of MSCs occur after the
autoimmune response is initiated®”. MSCs from mice
deficient in IL-6 or iNOS production have partially
impaired immunosuppressive function®". IL-6-deficient
MSCs released significantly lower levels of prostaglandin
E2, suggesting that autocrine IL-6 may induce the
production of anti-inflammatory lipid mediators by
MSCsPY. Although MSC treatment clearly modulates
the T cell response in CIA, it is currently not known
if this effect is directly attributable to MSCs or rather
an indirect effect of MSCs acting on other cells of the
immune system.

Graft-versus-host disease
Allogeneic hematopoietic stem cell transplantation is
used for the treatment of blood-derived malignancies
and immune deficiencies”™. Graft-versus-host disease
(GVHD), a major complication that occurs after
transplantation, is the result of donor-derived immune
cells mounting an alloreactive response against the
recipient’s tissues or organs. GVHD occurs in up
to 50% of transplant recipients, and therefore is a
significant source of the mortality associated with
these therapies™. Animal models are widely used to
study the GVHD response by depleting endogenous
hematopoietic cells in recipient animals by radiation
or chemotherapy and reconstituting the immune
system in these animals with allogeneic bone marrow
cells®”, The progression of GVHD in animal models
is frequently assessed by weight loss, survival,
and histological examination of organs and tissues
commonly affected by GVHD. It should be noted that
experimental GVHD models can vary greatly, both in
the details of the protocol used and in the degree of
MHC mismatch between donor and recipient strains®®”".
The effects of MSC-based therapies in these animal
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models have been widely-studied, with most reports
observing that MSC infusion was effective in treating
or delaying experimental GVHD. An early study
reported that transfer of bone marrow cells from MRL/
Ipr mice into irradiated recipients resulted in a GVHD-
like wasting disease, but recipient animals survived
much longer when the bone marrow transfer was
accompanied by a bone graft (presumably containing
MSCs)P®. In a MHC-mismatched model (bone marrow
from C3H/He into irradiated BALB/c mice), a single
dose of bone marrow-derived MSCs at the time of
bone marrow infusion allowed recipient mice to survive
much longer than those receiving only bone marrow
cells®, Experiments using these same strains found
that an immortalized MSC cell line could suppress
GVHD in this model as well"*®!. MSCs derived from
adipose tissue were also able to potently extend the
life of animals in a haploidentical GVHD model™". It
should be noted that these authors found that MSC
treatment early in the course of disease was effective,
but when MSCs were administered later little benefit
was observed, suggesting that the timing of MSC
treatments are critical in GVHD models'*". T cell-
derived IFNy may be an important factor as well, as
MSCs treated with IFNy prior to infusion are reportedly
superior to untreated MSCs in increasing survival after
bone marrow transplant*”!, These authors also found
that MSCs were unable to enhance survival if recipients
received a transplant containing IFNy-deficient T cells,
suggesting that activation-induced production of
inflammatory cytokines may be required for maximal
immunosuppression by MSCs in vivo™*.

A xenogeneic model has also been used to investigate
the effects of human-derived MSCs on the progression
of GVHD™**, In this model, human peripheral blood
mononuclear cells (PBMCs) are infused into irradiated
NSG mice*, where they proliferate and initiate a
GVHD-like response against mouse tissues in the
recipient. Three weekly doses of umbilical cord-derived
human MSC starting at the time of PBMC infusion
completely prevented GVHD and strongly reduced T
cell proliferation in vivo™. Timing was again critical, as
treatment started several weeks after PBMC infusion
failed to prevent GVHD™. In other studies using a
similar xenogeneic model, bone marrow-derived human
MSCs™ or cord blood-derived MSCs**'were able to
suppress GVHD as well. Treating MSCs with IFNy prior
to infusion enhanced the immunosuppressive capacity
of MSCs, as IFNy-treated MSC suppressed GVHD even
when far fewer cells were administered™*".,

Other reports failed to observe any positive effect of
MSC treatment in GVHD™*", Although these studies
failed to observe in vivo effects, most reported that
MSC were immunosuppressive in vitro*****1 and one
found that animals receiving MSCs had reduced GVHD-
mediated tissue pathology despite a lack of survival
enhancement™*”. These seemingly conflicting outcomes
are potentially the result of variation in experimental
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design as well as in the immunosuppressive capabilities
of MSCs. As mentioned above, several studies found
that the timing of MSC infusion was crucial for GVHD
suppression'****1, MSCs in general appear to intrinsically
vary in their immunosuppressive capabilities depending
upon the source animal, tissue of origin, isolation
methods, passage number;, and route of infusion. Variation
can exist between MSC lots even when these variables
are held constant, as demonstrated by a report showing
that MSC lines isolated from the same mouse strain
in the same laboratory can have drastically different
immunosuppressive capabilities in vivo™. Interestingly,
these authors found no difference in the in vitro
immunosuppressive capabilities of these independent
MSC lines despite the difference in their effectiveness
in vivo, suggesting that in vitro capabilities do not
necessarily reflect in vivo function®. The specific
GVHD model chosen can also have an impact on
experimental results, as murine MSCs are reportedly
effective in preventing GVHD in a sibling transfer
murine GVHD model, but can only delay disease when
donors and recipients are MHC-mismatched™, While
most studies find that MSCs are capable of suppressing
GVHD in animal models, it is essential to better
understand the source of these discrepant results and
find ways to predict if a given lot of MSCs will have
immunosuppressive function in vivo. Elucidating the
mechanisms MSCs use to mediate immune suppression
in GVHD models should also be the focus of future
work. Several groups have reported that T cells are
inhibited in animals receiving MSCs, but the molecular
mediators responsible for this phenomenon are largely
unknown.

Experimental autoimmune encephalomyelitis

Multiple sclerosis (MS) is a disorder of the central
nervous system (CNS) characterized by the progressive
demyelination of nerves in the spinal cord and brain™".
The resulting loss of neurological function can lead
to a wide variety of symptoms including pain, loss
of sensation, muscle spasms, loss of coordination,
vision problems, ataxia, difficulty of thinking, and
emotional distress. The cause of demyelination in MS
is thought to be an inflammation of the CNS caused
by infiltrating immune cells®". Autoimmunity in the
CD4"* T cell compartment appears to play a central
role in the pathogenesis of MS based upon evidence
from animal studies and genetic association studies
in humans identifying haplotypes of the MHC region
associated with both susceptibility and protection from
disease™!. The most commonly-studied animal model
for MS is experimental autoimmune encephalomyelitis
(EAE), an induced model for CNS inflammation®™**"’,
In these models, mice are immunized to induce an
immune response to CNS associated antigens such
as myelin oligodendrocyte glycoprotein (MOG) or
myelin proteolipid protein (PLP). Alternatively, EAE can
be introduced by the adoptive transfer of activated
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myelin-specific CD4" T cells. EAE can follow distinct
clinical courses depending upon the mouse strain used
and the specific antigen against which the immune
response is raised, each reflecting different aspects
of MS in humans. Immunizing C57BL/6 mice against
MOG results in a progressive disease course, whereas
SJL mice immunized against PLP display a relapsing/
remitting form of the disease™®. The first sign of
disease is usually a limp tail followed by weakness or
paralysis in the hind limbs as demyelination progresses.
Disease severity is often represented by a paralysis
scoring system where individual animals are scored
based upon the level of paralysis observed. Histological
examination of the spinal cord for immune cell
infiltration can also be used to give a quantification of
disease severity.

The impact of MSC-based therapy in EAE has been
extensively studied, with most of studies reporting
a potent immunosuppressive effect. Mice receiving
syngeneic bone marrow-derived MSCs showed
a significantly milder disease course than that of
untreated animals in a progressive EAE model®®. This
effect was evident when MSCs were administered
either before disease onset or at the peak of disease
severity, but not when administered later in the course
of disease. This result suggests that the improvement
in neurological function mediated by MSCs is due to
their immunosuppressive functions rather than their
multipotency. MSCs were effective in suppressing EAE
in a relapsing/remitting model as well®”. Allogeneic
MSCs suppressed EAE with an efficiency similar to
that of syngeneic MSCs™”. Human MSCs are effective
in EAE models as well, as MSCs from both bone
marrow®"** and adipose tissue'® have been reported
to suppress either progressive or relapsing/remitting
forms of disease.

As in other T cell-mediated autoimmune mouse
models, questions still remain as to the mechanisms
of immune suppression mediated by MSCs in EAE.
A reduction in the frequency of T cells secreting
inflammatory cytokines accompanies the reduction in
disease activity™*", and T cells in mice receiving MSCs
appear to be hyporesponsive to antigenic stimulation
or anergic®®®, Murine MSCs appear to mediate
immune suppression at least in part by a novel pathway
inhibiting the CCL2 chemokine axis'®”. MSCs secrete
several matrix metalloproteinases that can cleave
MSC-derived CCL2, resulting in a isoform that inhibits
rather than activates CCR2-expressing immune cells®®.
This mechanism plays a key role in MSC-mediated
inhibition of EAE, as MSCs from CCL2” mice are
unable to suppress disease™, While this mechanism
is clearly important in the EAE model, its role in other
T cell-mediated autoimmune animal models remains
to be tested. CCL2 signaling is especially important for
infiltration of the CNS by inflammatory T cells, but MSCs
may rely on other immunosuppressive mechanisms in
other disease models where the CCL2/CCR2 signaling
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axis is less involved in disease pathogenesis'®®”. Finally,
a defect in MSC function may be important in the
pathogenesis of EAE, as MSCs derived from mice with
ongoing disease are unable to suppress disease upon
transfer to autologous recipients!®®.,

Inflammatory bowel disease

Inflammatory bowel disease (IBD) in humans refers
to a family of disorders characterized by destructive
inflammation of the colon or small intestine®”, Damage
caused by chronic inflammation leads to a host of
gastrointestinal symptoms such as severe cramps
and abdominal pain, diarrhea, and weight loss. In
severe cases affected parts of the intestines are
removed surgically, sometimes requiring a permanent
colostomy. While the causes of IBD are not well
understood, CD4" T cells are thought to play a key
role in the disease®. The most commonly studied
animal models of IBD involve administering an agent
that causes chemical damage to the intestine such as
dextran sulfate sodium (DSS) added to drinking water
or intrarectally-administered trinitrobenzene sulfonic
acid (TNBS)YY. The intestinal injury allows immune
cells of the lamina propria to come in contact with
luminal contents such as enteric bacteria, triggering an
inflammatory cascade that bears some resemblance
to human IBD. Severity of disease can vary depending
upon the strain of mouse used as well as the route
and frequency of administration of the chemical used.
The disease course can be monitored by progressive
weight loss or the appearance of diarrhea and/or
bloody stools, or assessed post mortem by measuring
colon length and histological examination looking for
damage and immune cell infiltrationt”*!.

Therapies using MSCs have been largely successful
in treating disease in animal models of IBD. In a DSS-
induced acute colitis model, adipose-derived MSCs
suppressed most measurable disease outcomes and
improved survival”?, This effect was observed when
MSCs derived from either human or mouse tissues
were used, and MSCs from allogeneic donors were as
effective in treating disease as those from syngeneic
donors?., Similar results were obtained when colitis
was induced by intrarectal administration of TNBS'?.,
Human MSCs derived from bone marrow, gingiva or
cord blood were also effective in treating DSS-induced
colitis in mice’*”!, MSCs from rats are capable of
suppressing experimental colitis in both rats'”® and
mice”’.

MSCs appear to suppress disease in IBD models
through multiple mechanisms. Several studies have
reported that MSC infusion increased the frequency of
regulatory T cells accompanied by a reduction in T cells
secreting inflammatory cytokines”?”*”®, In the DSS-
induced colitis model, MSCs from mice deficient in Fas
ligand (FasL) were unable to suppress diseasel’””%,
FasL and its receptor Fas are both essential molecules
for maintaining T cell homeostasis, and signaling

Raishidenge ~ WJSC | www.wjgnet.com

561

Klinker MW et a/. MSCs in animal disease models

downstream of Fas leads to the rapid induction of
apoptosis in susceptible cells, including activated
effector T cells”®. During the course of experimental
colitis MSCs can induce FasL-mediated apoptosis in T
cells, and this increase in the frequency of apoptotic
cells indirectly leads to an increase in regulatory T
cells, as macrophages engulfing the apoptotic T cells
increase their production of TGFB®. Interestingly,
MSCs from Fas-deficient animals were also unable
to suppress colitis despite being able to induce T cell
apoptosis in vitro. The loss of Fas in MSCs disrupted
their ability to produce CCL2, suggesting that non-
apoptotic Fas signaling is required for CCL2 secretion
in MSCs"®. Therefore Fas-deficient MSCs are incapable
of attracting T cells into close proximity for FasL-
mediated killing”®. In this study, CCL2 secreted by
MSCs acted as a chemoattractant, while in the EAE
model MSCs were reported to secrete an isoform of
CCL2 that antagonized CCR2 signaling and inhibited
CCL2-mediated chemotaxis'®”. How MSCs can use two
forms of the same chemokine with opposing activities
to mediate immunosuppression is currently unknown,
as are the conditions that cause MSCs to produce one
form of CCL2 over the other.

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a complex
autoimmune disease that causes progressive and
profound damage to a variety of organs and tissues™®”.
A hallmark of SLE is the presence of antibodies against
nuclear antigens such as DNA or chromatin-associated
proteins®®. Intranuclear antigens are rarely found
in the extracellular space under normal conditions
as dying cells are quickly cleared by phagocytic cells
before intracellular contents are released. In patients
with SLE, however, it is thought that an increase in the
rate of cell death and/or defects in the mechanisms
responsible for the clearance of dying cells results in
the release of intranuclear contents. Once exposed,
free chromatin is bound by autoantibodies resulting in
large immune complexes. These immune complexes
accumulate in certain places in the body and induce
inflammation at these sites. Immune complexes
frequently accumulate in the blood vessels surrounding
glomeruli in the kidney in patients with SLE, leading to
extensive tissue damage and loss of renal function.
Other complications arising from SLE include increased
risk for atherosclerosis, neurological problems, and
inflammation of the heart or lungs.

The most commonly-studied animal models for SLE
are mouse strains in which a lupus-like disease arises
spontaneously. The model thought to best approximate
the disease course seen in humans with SLE uses the
first generation progeny of a breeding pair consisting of
a New Zealand Black (NZB) mouse and a New Zealand
White (NZW) mouse™". The resulting hybrid mice (NZB/
NZW F:) develop anti-nuclear and anti-DNA antibodies
along with a form of glomerulonephritis that resembles
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that seen in patients with SLE. Another model uses
mice with a mutation in the gene encoding Fas (lpr)
on the MRL strain background. The immune cells of
MRL/Ipr mice cannot undergo Fas-mediated apoptosis,
resulting in a pronounced lymphoproliferative disorder
that leads to the development of anti-nuclear antibodies
and subsequent glomerulonephritis®®'. In both of these
spontaneous models of SLE, progression of the disease
can be tracked by assessing renal function and testing for
the presence of anti-nuclear antibodies in the serum.

The effectiveness of MSC-based therapy in the
treatment of animal models of SLE is still in question.
Initial studies in the MRL/Ipr model reported positive
results. The infusion of allogeneic bone marrow-derived
MSCs reduced serum levels of anti-DNA antibodies
and improved renal function®®. Clinical improvement
was accompanied by an increase in the frequency of
regulatory T cells and a reduction of IL-17-producing
CD4" T cells®. MSCs from human tissues suppressed
disease in the MRL/Ipr model as well, as infusion of
human MSCs derived from either bone marrow®*
or umblilical cord blood™ led to a reduction in anti-
dsDNA antibodies, proteinuria, and renal pathology.
Results obtained in the NZB/NZW F: model are more
ambiguous, however. Human MSCs from umbilical cord
blood had only a moderate effect on disease parameters
and animal survival, despite markedly reducing serum
levels of pro-inflammatory cytokines (IL-2, TNFa,
and IL-12) and increasing anti-inflammatory cytokine
concentrations®!. Similar results were obtained when
MSCs derived from human embryonic stem cells were
used, although only animal survival was considered
in this study™. In a study using MSCs from murine
bone marrow, however, allogeneic MSCs unexpectedly
exacerbated the disease, increasing titers of anti-DNA
antibodies and deposition of immune complexes in the
kidney™®”. The MSCs used in this study were able to
suppress T cell proliferation in vitro, suggesting that
grossly dysfunctional MSCs are not to blame for this
result®™, Considering these discrepant observations,
it is premature to draw any conclusions regarding the
effectiveness of MSCs in treating animal models of
SLE.

Experimental autoimmune uveitis

Autoimmune uveitis is a group of heterogenous and
complex human eye diseases that are collectively a
major source of vision impairment and blindness®®,
Genetic and experimental studies suggest that
autoimmune uveitis is mediated by a response against
retina-associated antigens, with Thl and Tnl7 cells
playing an especially crucial role® ", Experimental
autoimmune uveitis (EAU), the most commonly-studied
animal model for human uveitis, can be induced in
susceptible animals by immunization with retina antigens
or transfer of retina-specific Tvl or Tu17 cells®!l. Most
studies of MSC-based treatment in EAU have observed
a potent immunosuppressive effect. In a mouse model
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of EAU induced by immunization with a self uveitogenic
peptide derived from the intraphotoreceptor binding
protein, treatment with a single intraperitoneal injection
of syngeneic bone marrow-derived MSCs was able to
significantly attenuate EAU"”. Human-derived MSCs
were effective in preventing EAU in this mouse model
as well®. EAU can be induced in rats using a similar
protocol, and bone marrow-derived MSCs from both
syngeneic and allogeneic donors were able to suppress
EAU in recipient animals®™*®*,

While MSC treatment appears to be effective in
EAU, little is currently known about how MSCs mediate
disease suppression. Most studies report a decrease in
production of pro-inflammatory cytokines accompanied
by an increase in regulatory T cell frequency® ., T cells
from MSC-treated rats showed reduced IFNy and IL-2
production relative to those from untreated animals,
along with a moderate increase in production of IL-10
and TGFB™. Additionally, MSC treatment reduced T17
cell frequency in the eye and the spleen while increasing
the frequency of regulatory T cells in both locations®.
Whether MSCs modulate the T cell response in EAU
directly or indirectly has not yet been conclusively
demonstrated. Importantly, the mechanisms used
to mediate immunosuppression may differ between
species, as murine and rat MSCs induced regulatory T
cells®****3! but human MSCs induced IL-10-producing
B cells while having little effect on regulatory T cell
frequency™?.

UNANSWERED QUESTIONS: FUTURE
PERSPECTIVES

MSCs are currently being studied for use in cellular
immunotherapy, but the performance of MSC-based
therapies in clinical trials has been inconsistent. In
mouse studies MSCs have more frequently shown
an immunosuppressive effect (Table 1), although
several studies found that treatment with MSCs
either had no effect on disease or worsened disease
outcomest®>*47 51871 These exceptions are informative
and, considering the general bias against publishing
negative outcomes, suggest that MSC performance in
mouse models may be just as inconsistent as it has
been in the treatment of human disease. Understanding
the sources of this inconsistency is an essential step
in improving MSC-based therapies, and using mouse
models provides a practical means of doing so.

The variable outcomes seen in these studies could
come from many different sources. First, the functional
characteristics of MSCs may differ based upon the
species or tissue or origin. Among mouse studies there
currently exists no evidence that MSCs from a particular
tissue are consistently more effective in suppressing
immune responses, and MSCs from human, mouse,
and rat tissues have all effectively treated disease
in mouse models. Instead, intrinsic variation in MSC
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Table 1 Immunomodulatory effect of mesenchymal stromal cells in animal disease models

Disease model

Anti-inflammatory MSC effects

Negative/neutral studies?

[15-17,19]

Type 1 diabetes 1 Regulatory T cells
| Inflammatory T cells'
Thl — T2l
1 Tissue repair

1 Islet survival®™?!

[18-20]

Pancreatic islet transplantation
1 Regulatory T cells™*!

| Tul cytokines™

| T cell responsiveness

| Inflammatory cytokines

[23]

Experimental autoimmune arthritis
1 Regulatory T cells
| T cell responsiveness
1 IL-10

| Tl /Trl7 cells™*”

1 Tr2 cells™*!

| Auto-antibodies
| Inflammatory cytokines

[27)

Graft-vs-host disease Bl

1 Regulatory T cells*!
| T cell proliferation'!
| Tl cells™

| T cell responsiveness
| CNS infiltration®®*"**%l
| Auto-antibodies™

Experimental autoimmune encephalomyelitis £

| Inflammatory cytokines!

Til — T2
| THl7 cells™

Inflammatory bowel disease | Inflammatory T cells

| Inflammatory cytokines

[16,17]

[27,28,30,34]

[27,2931]

[39,42,44,53]

60,64,65]

[72.73,78]

72-76]

1 Anti-inflammatory cytokines
| Intestinal CD4" T cell infiltration™”!

[7275,78]

1 Regulatory T cells

| Growth factor expression’
1 FasL-mediated T cell apoptosis

| T cell responsiveness”

Systemic lupus erythematosus
1 Regulatory T cells™

| T cell frequency™

| Tul7 cells™

| Plasma cells’®

| Inflammatory cytokines™

[76]

| Anti-DNA antibodies®*"!

1

1 Anti-inflammatory cytokines

Experimental autoimmune uveitis
1 IL-10%%
1 Regulatory T cells

92-95]

| Inflammatory T cells"™

| Tul cells™
| THl7 cells™*!

| Inflammatory cytokines

93-95]

1 IL-10-producing B cells®™

None reported

None reported

No suppression”™ ™"

Prevented disease, but no effect after disease onset*”
No suppression****!}

Reduced pathology but no effect on survival™’

None reported

None reported

[72-75,78]

78]

Worsened disease, increased auto-antibodies!™”!

[85]

Not effective late in disease course, but effective before and

shortly after disease onset™

MSC: Mesenchymal stromal cell.

lots may be the source of functional differences, as
differences in immunosuppressive function can be seen
even between MSC lots derived independently from the
same mouse tissue in the same laboratory™?. This type
of variation is likely to arise stochastically and therefore
identifying biomarkers associated with in vivo MSC
function may be useful in identifying particular lots of
MSCs that are more likely to be effective in vivo. Mouse
models provide a practical means of performing these
experiments as human MSCs have proven effective in
treating disease in many of these models.

While many immunosuppressive mechanisms have
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been reported from in vitro studies of MSC function, far
fewer have been identified using in vivo experiments™.
Several elegant studies reviewed here have shown
that a particular mechanism is important for in vivo
suppression in a particular disease model, but these
mechanisms have yet to be confirmed in additional
models®***%77781 Indeed it may be the case that
different immunosuppressive mechanisms are important
in different disease models, and that MSC lots effective
at suppressing one immune-mediated disorder are
not necessarily effective in other models. Further work
is required to establish if certain immunosuppressive
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mechanisms are essential in multiple disease models,
or if MSC immunosuppression is mediated by unique
mechanisms depending upon the inflammatory context.

Collectively, the studies reviewed above demonstrate
that MSC-based therapies are generally effective in
treating animal models of several inflammatory conditions.
Although most studies observed an immunosuppressive
effect of MSC treatment, a few did not-mirroring the
overall effectiveness seen in clinical trials of human
MSC treatments. Understanding the sources of these
inconsistent results may lead to means of improving
the reliability of MSC-based therapies. Mouse models of
immune-mediated disease provide a practical means
of studying the variability of MSC immunosuppressive
function and identifying general and model-specific
mechanisms of immune suppression essential for effective
MSC-based immunotherapy.
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