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CNS Disease Diminishes the Therapeutic Functionality of

Mesenchymal Stem Cells

Abstract
By

ALEX GREGORY SARGENT

Mesenchymal stem cells (MSCs) have recently emerged as a potentially
powerful cellular therapy for both inflammatory and neurological diseases such as
multiple sclerosis (MS). Studies in animal models of MS, particularly experimental
autoimmune encephalomyelitis (EAE), have demonstrated a remarkable ability of
systemically delivered MSCs to suppress inflammation and improve neurological
and functional recovery. Based on these preclinical studies, over twenty clinical
trials have been initiated to evaluate the potential of MSCs to treat MS. Most of these
trials use autologous MSCs (from the MS patients), in contrast to previous work
done in the EAE model that used MSCs from healthy animals or donors. This raises a
serious and unresolved issue about whether autologous MSCs are equivalent to
healthy MSCs in their potential to treat diseases like MS.

To determine if and how inflammatory diseases like MS affect MSC
functionality, we cultured MSCs from the bone marrow of MOGss-ss induced EAE
mice at different phases of disease and compared them to naive MSCs derived from
healthy donors in their therapeutic potential. We found that EAE-MSCs have less

therapeutic efficacy compared to naive MSCs in their ability to ameliorate EAE. The



lack of therapeutic efficacy in EAE-MSCs reflected changes in their secretion of
paracrine inflammatory cytokines, which EAE-MSCs up regulate at both the protein
and gene level. Co-culture studies showed that conditioned medium from EAE-MSCs
has differential effects on immune cell activation and neural cell development
compared to naive MSCs. Furthermore, we found that bone marrow MSCs derived
from MS patients show similar changes to EAE-MSCs and also lack therapeutic
efficacy in treating EAE. Collectively, our data shows that disease diminishes the
therapeutic functionality of MSCs, raising concern about the continued use of

autologous MSCs as a potential therapy for MS.
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Chapter I:

General Introduction

Sections reprinted with permission from Sargent and Miller

Current Stem Cell Reports, Copyright 2016



1.1: Mesenchymal stem cells (MSCs)

The term “mesenchymal stem cell” was proposed by Arnold Caplan in 1991
to describe a unique class of bone marrow stem cell biologically distinct from the
hematopoietic stem cells (HSCs) that also reside in this nichel. Mesenchymal stem
cells (MSCs) are unlike HSCs in that they did not differentiate into red or white
blood cells, but rather into other types of connective tissue such as bone, fat, and
cartilage?. Since their initial isolation and characterization from human and murine
bone marrow samples over twenty-five years ago, other terms of have been
proposed to describe this specialized stem cell, including “mesenchymal stromal
cell” and “multipotent stem cell,” but “mesenchymal stem cell” remains the common
terminology in the published literature3. MSCs are defined by a specific set of
functional criteria established by a consensus statement from the International
Society for Stem Cell Research (ISSCR)*. These criteria apply to MSCs isolated from
different tissues and across different species, including humans (Homo sapiens) and

research animals such as mice (Mus musculus) and rats (Rattus novicus).

Defining and culturing MSCs

One defining characteristic of MSCs provides the basis for their isolation and
purification from other cell types. MSCs are strongly plastic adherent, and must
adhere to common plastic surfaces (such as polystyrene) in-vitro to be classified as
MSCs* The fact that MSCs readily adhere to plastic whereas other bone marrow
cells (particularly HSCs) do not is commonly exploited as a means of isolating MSCs

from other cell populations>.



Currently plastic adherence is one of the most common methods for selecting
and purifying MSCs from the bone marrow®. When primary cultures of bone marrow
cells are seeded into plastic culture dishes, MSCs will strongly adhere to the bottom
of the dish, whereas HSCs and other bone marrow cells remain in suspension or
only weakly attach and can be removed with successive washes. Adherent MSCs
generally have a spindle-shaped, fibroblast-like morphology, and grow in small
colonies on the bottom of the dish until reaching confluency as an adherent
monolayer of cells’. The adherent properties of MSCs can vary considerably
between species. For example, human and rat MSCs usually adhere much more
strongly and are easier to purify than mouse MSCs, but over one or two passages
and subsequent washings a purified population of murine MSCs can be readily
obtained8®.

The second criterion that defines MSCs is their expression or lack thereof of
specific cellular markers. MSCs are a non-hematopoietic type of stem cell thought to
comprise a distinct lineage from HSCs210, Thus when analyzed via flow cytometry or
immunocytochemistry, MSCs must lack expression of HSC lineage markers,
including CD11b, CD34, and CD45%11, Furthermore, MSCs should express certain
stem cell or mesenchyme tissue markers, including but not limited to: STRO-1, Sca-
1, CD105, CD90, and CD4412. It is important to note that lack of expression of any
one of these markers does not exclude a cell from being an MSC. Expression of each
of these markers can vary in MSCs depending on culture conditions or, in the case of
murine MSCs, what strain of animal the MSCs are derived from1213. Currently there

is no reliable or specific cellular marker for MSCs12. Instead MSCs are identified by



their lack of expression of specific HSC markers, and by their common expression of
a panel of non-specific mesenchyme markers13.

The third defining characteristic of MSCs is their ability to differentiate into
different types of stromal cells and tissue, including osteocytes (bone), adipocytes
(fat), and chondrocytes (cartilage)*. MSCs readily differentiate into each of these cell
types in-vitro under suitable culture conditions14. It's unclear though whether MSCs
give rise to these cell types in-vivo during tissue development or repair, as there is
currently no specific cellular marker that can be used for fate mapping MSCs1415,
Although MSCs must be able to differentiate into the above mentioned stromal cell
types to be classified as MSCs, they also have the potential to give rise to other cell
types in-vitrolé. For example, MSCs can differentiate into other connective tissue
cells under appropriate culture conditions, including tendinocytes and myocytes317.
MSCs can also differentiate in-vitro into vasculature cells such as endothelial cells
and pericytes!819, It has been proposed that pericytes may even represent a
specialized subpopulation of MSCs20.21, as these two cell types share many
similarities in-vitro, although direct in-vivo evidence for this is lacking?22.

Cultured MSCs can also give rise to different types of neural cells. Several
independent laboratories have shown MSCs can differentiate into glial cells and
functional neurons under specific culture conditions?23-25, It is not known whether
MSCs directly differentiate into glial cells and/or neurons, or first de-differentiate
into a more primitive, multipotent cell type that can then give rise to neural cells23.

Thus it is unclear whether MSCs have an intrinsic capacity to give rise to neural



cells, or if their differentiation into neural cells is a consequence of special in-vitro

manipulations?e,

Sources of MSCs

Although first isolated from the bone marrow, MSCs can be cultured from
other tissues and organs. In particular, MSCs can be derived and cultured in large
numbers from tissues including adipose (fat), skeletal muscle, dental pulp, the
umbilical cord, and the placenta?’. Although these MSCs share the defining
characteristics of bone marrow MSCs (BM-MSCs) and are commonly isolated by
their plastic adherent properties?’, studies comparing BM-MSCs to MSCs derived
adipose tissue, dental pulp, and umbilical cord suggests there are key differences
between these cell types in gene expression and cellular characteristics such as their
proliferative capacity?28-30. It is not clearly understood how MSCs from other sources
may differ from each other on a functional level, particularly in regards to which
type of MSCs may be best suited for therapeutic applications31.

MSCs can be isolated in much smaller numbers from most other postnatal
organs and tissues, including the heart, lungs, liver, kidney, blood, brain, and spinal
cord32. While low numbers of MSCs can be cultured from each of these tissues, it is
unclear if MSCs actually reside in any of these tissues in-vivo!>. MSCs derived from
these tissues may in fact represent de-differentiated stromal cells20. For example,
MSCs derived from the CNS and peripheral organs may actually be pericytes that

have de-differentiated back into MSCs in-vitro.



It is also unclear if MSCs derived from different tissues have different
development origins. MSCs arise from at least two different primary germ layers:
the ectoderm and mesoderm, however it is not known if these different populations
of MSCs come to reside in different tissues or serve different functions33-35. Because
MSCs are only defined by broad characteristics in-vitro, it is possible that MSCs
comprise a heterogeneous population of stem cells indistinguishable from each
other by current criteria 3¢. Due to the lack of specific cellular markers for MSCs, our
understanding of the origin, fate, and functionality of MSCs in-vivo remains largely

incomplete3s.

MSCs as a cellular therapy for disease

Although the biology of endogenous MSCs is still not clearly understood,
MSCs have moved rapidly in recent years from the laboratory to the clinic as a novel
therapy for disease. Mesenchymal stem cells possess unique properties that make
them well suited as a potential cellular therapy. MSCs are relatively easy to obtain,
purify, and grow in large numbers from sources like the bone marrow from human
donors37. Also, MSCs express relatively low levels of major histocompatibility
antigens (MHC) and are hypo-immunogenic38; when MSCs are transplanted into a
host they have a very low risk of rejection compared to other cell types37. To
minimize the risk of rejection even further, autologous MSCs can be derived from
sources such as the bone marrow, expanded in-vitro, and transplanted back into the

donor for therapeutic purposes.



Perhaps most importantly, MSCs have innate immunomodulatory and pro-
regenerative properties that make them a potentially powerful cellular therapy for
disease. MSCs exhibit strong immunosuppressive functionality both in-vitro and in-
vivo when transplanted into different inflammatory disease settings3°. Although the
precise mechanisms by which MSCs influence immune cells are still incompletely
understood, it is becoming increasingly clear that MSCs possess an intrinsic capacity

to modulate the immune response at the cellular and molecular level.

1.2: Immunomodulatory properties of MSCs
How MSCs regulate immune cells

Multiple in-vitro studies have demonstrated the ability of MSCs to directly
regulate the activation and function of different types of immune cells. For example,
MSCs suppress the proliferation and activation of T-cells stimulated by allogeneic
cells (mixed lymphocyte cultures) or various mitogens and antigens#9-42. MSCs also
affect T-cell survival, inducing apoptosis of activated T-cells and enhancing the
survival of immature or naive T-cells in-vitro 4344, In addition, MSCs can also bias T-
cell polarization, as they inhibit the differentiation of naive T-cells into pro-
inflammatory Th1 or Th17 cells and promote their differentiation into anti-
inflammatory Th2 or regulatory T-cells*>46,

MSCs similarly affect the activation and maturation of other types of adaptive
immune cells, including B-cells, dendritic cells, and macrophages. MSCs suppress B-
cell proliferation, IgG antibody secretion, and B-cell differentiation into mature

plasma cells#748, MSCs also inhibit the maturation of dendritic cells in-vitro and



induce mature dendritic cells into a regulatory phenotype with lowered
immunogenicity4°9. Mesenchymal stem cells influence monocyte proliferation and
macrophage polarization, biasing macrophages away from a pro-inflammatory (M1)
phenotype and towards a more anti-inflammatory (M2) phenotype>152,

The immunomodulatory capacity of MSCs is derived in large part from their
secretion of a spectrum of anti-inflammatory cytokines, chemokines, and growth
factors that act on a diverse array of cellular targets>354. Proteomic analysis of
conditioned medium (CM) from cultured MSCs shows that they secrete hundreds to
thousands of different soluble factors>>56. This has led to MSCs being described as
cellular “drug stores”, with the prevailing concept emerging that the
immunosuppressive and therapeutic potential of MSCs stems from the multitude of
factors they secrete3557.58,

Evidence that secreted factors mediate MSC immunomodulation comes from
studies showing conditioned medium (CM) from MSCs inhibits the activation of T-
cells, B-cells, and macrophages*54859, To date, multiple paracrine factors have been
implicated in mediating the immunosuppressive effects of MSCs. For example, MSCs
secrete prototypical anti-inflammatory cytokines including transforming growth
factor beta 1 (TGFB1), interleukin 4 (IL-4), and interleukin 10 (IL-10)%0. TGFB1
partially mediates the inhibitory effects of MSCs and MSC CM on T-cell proliferation
in-vitro61.62, whereas IL-10 mediates MSC-induced differentiation of naive T-cells
into Th2 and T-regulatory cells*>. Another important effector molecule in MSC
immunomodulation is prostaglandin E2 (PGE2). MSC-secreted PGE2 inhibits T-cell

proliferation in-vitro®263, and PGE2 also inhibits the differentiation of naive T-cells



into pro-inflammatory Th1 or Th17 cells®4. Furthermore, PGE2 mediates MSC-
induced inhibition of dendritic cells®>, and plays a role in MSC-induced polarization
of macrophages into an anti-inflammatory (M2) phenotype>°.

Other secreted factors, including indoleamine 2,3 dioxygenase (IDO), human
leukocyte antigen G (HLA-G), tumor necrosis factor inducible gene protein 6 (TSG6),
interleukin 1 (IL-1) receptor antagonist and an antagonistic variant of CCL2 have
also been associated with the immunosuppressive functionality of MSCs66-70. It is
important to note though that all of these factors currently identified as having a
role in MSC immunomodulation represent only a small fraction of the hundreds to
thousands of proteins MSCs secrete. Thus a complete understanding of the
molecules and mechanisms mediating MSC immunomodulation is lacking 71.
Nevertheless, MSCs consistently display strong immunosuppressive properties in-
vitro, providing a rationale for their use as a cellular therapy to treat chronic

inflammation in-vivo.

MSCs as a therapy for inflammatory disease

Many of the insights into the immunosuppressive functionality of MSCs have
come from analyses of their ability to modulate inflammatory disease. MSCs are
currently being evaluated in clinical trials as a cellular therapy for a number of
different inflammatory conditions, including graft versus host disease, Crohn’s
disease, rheumatoid arthritis, diabetes mellitus (type 1 and 2), lupus, and multiple
sclerosis’273, While BM-MSCs are currently more widely used in clinical trials and

studied more in preclinical animal models, it should be noted that MSCs derived



from other tissues have similar anti-inflammatory functionality when transplanted-
vivo3274, To illustrate the immunosuppressive and therapeutic functions of
transplanted MSCs, their use in two different inflammatory conditions, graft versus

host disease and rheumatoid arthritis, will be briefly discussed.

MSCs in the treatment of graft versus host disease

Acute graft versus host disease (GVHD) is an inflammatory condition that
follows allogeneic tissue transplantation. GVHD is most commonly associated with
allogeneic bone marrow transplantation, especially hematopoietic stem cell
transplantation (HSCT), but it can also occur following blood transfusion and solid
organ transplantation’>. Because allogeneic bone marrow transplantation is widely
used to treat malignant cancers such as leukemia, lymphoma, and multiple
myeloma, there is a crucial need for therapies that reduce or eliminate the risk of
GVHD7>. While HLA matching between donors and transplant patients and the use of
immunosuppressant drugs can help reduce the risk of GVHD, the disease remains a
common complication following allogeneic bone marrow transplantation, with an
incidence rate of between 30%-50% and a mortality rate between 20%-40%?76.

GVHD is an immune-mediated disease in which the transplanted tissue graft
rejects the host”7. GVHD is triggered by the activation of immune cells present in the
transplant graft, especially donor T-cells which up-regulate pro-inflammatory
cytokines and mediate destruction of host tissues’8. Both donor and host antigen
presenting cells (APCs) recognize and present host antigens, including HLA proteins

(MHC proteins in mice) to donor T-cells, thereby stimulating their proliferation and
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differentiation into pro-inflammatory subtypes??. While HLA antigens are thought to
be a crucial trigger, GVHD can also occur in HLA-identical donors, suggesting other
antigens play a role in disease etiology®0.

GVHD is one of the first diseases in which MSCs were tested in clinical
trials®l. Multiple clinical trials have reported that transplantation of allogeneic bone
marrow MSCs into patients with acute GVHD improves disease symptoms and
increases patient survival82-85. MSC transplantation into patients with GVHD is
associated with immunosuppressive effects, such as decreased levels of activated
lymphocytes and pro-inflammatory cytokines in blood serum 8s.

Insight into how MSCs mediate recovery in GVHD has come from studies of
MSC transplantation into animal models of the disease. In mice or rats with acute
GVHD, systemic infusion of human bone marrow MSCs attenuates disease severity
and reduces blood serum levels of pro-inflammatory cytokines86-88, MSCs are
observed in peripheral immune organs such as the spleen up to 5 days post-
transplantation, with MSC-treated mice having lower numbers of activated T-cells in
their spleen and lymph nodes®7:88. Proliferation of T-cells derived from GVHD
animals is inhibited by co-culture with MSCs or MSC CM87.88, Inhibitors to PGE2
reduce this effect, suggesting a role for soluble PGE2 in mediating MSC

immunosuppression in GVHD88,

MSCs in the treatment of rheumatoid arthritis
Rheumatoid arthritis (RA) is a chronic inflammatory disease that affects the

joints89. This inflammatory response results in tissue damage and secondary
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progressive inflammation that result in damage or loss to different tissues including
cartilage and bone®. The stimulus that initiates the immune attack in RA is not well
defined and may be antigenically restricted, however there is evidence that as the
disease progresses the spectrum of immunogenic epitopes spreads or increases and
the exposure to additional epitopes contributes to ongoing disease®?. While multiple
cell types including neutrophils, macrophages, and fibroblast-like synoviocytes
(FLS) contribute to tissue damage, several lines of evidence suggest that T-cells are
the major effectors of disease in RA%. Large numbers of T-cells, of which the
majority have a Th1 phenotype, are found in inflamed joints, and are recruited
through the local expression of an array of cytokines and chemokines®l. The
infiltrating T-cells are thought to stimulate other immune cells including
mononuclear cells, macrophages and FLS that contribute to further tissue damage.

Multiple pro-inflammatory cytokines are elevated in RA%, including tumor
necrosis factor alpha (TNFa), which plays a major role in disease pathogenesis?3.
Indeed, anti-TNFa treatments have demonstrated significant benefit in reducing
inflammation in RA patients and neutralizing TNFo with humanized antibodies
reduces disease progression?49>,

Rheumatoid arthritis represents an interesting target for the application of
MSCs. MSCs are highly immunomodulatory, and can inhibit the proliferation and
activation of a variety of immune cells including T-cells, which are thought to be
major drivers of tissue damage and disease pathology in RA%. Several studies have
shown that MSCs can modulate T- cells in animal models of RA and can improve

clinical recovery?6-98, Systemically transplanting MSCs into rodents with the
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collagen-induced arthritic (CIA) model of RA leads to a decrease in the number of
circulating Th1-polarized T-cells and an increase in the number of Th2-polarized
regulatory T-cells?6-98. This modulation of T-cells by MSCs in CIA mice is paralleled
by improvements in tissue integrity and clinical recovery?®7.98. How MSCs might
influence other types of immune cells such as macrophages or FLS in CIA is unclear,
but these studies demonstrate that MSCs can improve recovery in animal models of
RA by apparently modulating T-cells and the immune response.

Not only are MSCs immunoregulatory and thus able to influence the
pathogenic process in RA, but they may also be capable of differentiating into cells of
the tissues damaged by the disease (such as bone and cartilage) and could thereby
directly contribute to tissue regeneration. As a result, several studies have
attempted to deliver MSCs directly into the damaged area with the hope that they
will directly facilitate repair. It seems likely that in order for such an approach to be
effective the transplanted MSCs have to be retained in the location of the inflamed
joint. One approach that has been effective in animal models is to use a scaffold
composed of biodegradable nanofibers to localize MSCs?%100, Such an approach
results in greater retention of the cells in the target joint and reduction in the
inflammatory response, but evidence for a direct contribution of the transplanted

MSCs or their progeny in tissue repair is still lacking100.
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1.3: Regenerative Properties of MSCs
The trophic potential of MSCs

Beyond their immunosuppressive properties, MSCs also have the capacity to
promote cell survival and tissue regeneration. The regenerative potential of MSCs
seems to be derived from their ability to secrete a large number of different trophic
molecules and growth factors>’. These include pro-angiogenic factors such as
endothelial growth factor (EGF) and vascular endothelial growth factor (VEGF)101,
as well as factors that promote cell survival and differentiation, including fibroblast
growth factors (FGFs), Insulin-like growth factor 1 (IGF-1) and stromal cell-derived
factor 1 (SDF1) 102-104,

By secreting a diverse array of growth factors and trophic molecules, MSCs
can influence cell survival and regeneration in many different tissues5?. Notably,
MSCs are a potential cellular therapy to augment neuroprotection and nerve
regeneration in the CNS after injury or disease0>. MSCs secrete a variety of
neurotrophic factors including brain derived neurotrophic factor (BDNF), nerve
growth factor (NGF), and ciliary neurotrophic factor (CNTF) 106-108, These in turn
can act with other growth factors secreted by MSCs to influence the proliferation,

fate, and survival of both neurons and glial cells.

How MSCs regulate neural cells
Multiple in-vitro studies have shown that MSCs have strong neuroprotective
properties. For example, MSCs and MSC CM enhances neuron survival and neurite

outgrowth in human neural cell lines and primary cultures of rodent neural cells109-
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112, MSCs and MSC CM also enhances the survival of neural stem cells (NSCs) and
their differentiation into neurons in-vitro113114, and MSC CM enhances axon growth
in cultured neurons!?>, Multiple factors have been implicated in contributing to the
neuromodulatory effects of MSCs in-vitro, including BDNF, NGF, IGF1 and
CNTF106,110,115,

MSCs can also influence the development and maturation of glial cells. For
example, MSC CM biases NSCs away from astroglial fate and promotes their
differentiation into oligodendrocytes and/or neurons!16.117. MSC CM also enhances
the differentiation of oligodendrocyte precursor cells (OPCs) into mature
oligodendrocytes in-vitrol18, and MSCs promote oligodendrocyte differentiation and
myelination in hippocampal slice cultures!1?. Hepatocyte growth factor (HGF)
appears to be an important mediator of MSC induced oligodendrogenesis114,
although it is likely other secreted factors contribute to the ability of MSCs to

modulate glial cells120.

MSCs as a cellular therapy for neurodegenerative disease

Based on their demonstrated safety and success in treating inflammatory
diseases and their capacity to modulate neural cells in-vitro, MSCs have rapidly
emerged as a possible cellular therapy for neurodegenerative disease!21. Currently
MSCs are in clinical trials as a potential therapy for neurological conditions such as
stroke, spinal cord injury, amyotrophic lateral sclerosis (ALS), Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, and multiple sclerosis195122, To illustrate

the therapeutic function of MSCs and how they might modulate neural cells when
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transplanted in-vivo, their use as a treatment for spinal cord injury (SCI) will be

briefly discussed.

MSCs in the treatment of spinal cord injury (SCI)

Multiple studies have reported MSC transplantation into mice or rats with a
spinal cord injury (SCI) improves functional and neurological recovery!23-127, Most
of these studies directly injected bone marrow MSCs (human or rat) into the lesion
cavity or cerebrospinal fluid (CSF) of animals within 1 week after SCI123-125, although
some studies report functional improvements in SCI animals receiving intravenous
injections of MSCs126.127. MSCs directly injected into the CSF or lesion cavity migrate
into the lesion penumbra and other surrounding spinal cord tissue shortly after
transplantation123.124, Cell tracking studies show MSCs are present in the spinal cord
weeks after transplantation, although the number of cells in the CNS parenchyma
decreases rapidly over time123.124, These MSCs do not appear to differentiate into
neural cells, as evident by their lack of expression of specific neuron or glial cell
markers123.124,127,

The therapeutic benefit of transplanted MSCs in SCI appears to be derived
from the immunosuppressive and potentially neuroprotective properties of
MSCs128, After SCI, axonal dieback and degeneration is mediated by microglia and
pro-inflammatory macrophages2°. Intravenous infusion of MSCs and/or direct
injection into the CNS after SCI reduces the number of activated microglia and
macrophages in the lesion cavity and adjacent spinal cord?2>127, MSCs also seem to

modulate the peripheral immune response in SCI, as intravenous infusion of MSCs
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reduces levels of pro-inflammatory cytokines in blood serum and the number of
proliferating leukocytes in the spleen of SCI animals126.127,

Transplanted MSCs also appear to have a neuroprotective effect in SCI. There
are more axons passing through the lesion in SCI animals treated with MSCs, and a
decrease in the number of apoptotic neurons and oligodendrocytes near the lesion
site123124130 Tt s difficult to assess whether such improvement in neuropathology
are a consequence of MSCs directly enhancing neural repair after SCI or an indirect
effect of MSCs suppressing inflammation that would otherwise damage axons and
neurons!28, Several lines of evidence suggest transplanted MSCs may directly
contribute to neuron survival and axon regeneration after SCI. First, levels of
neurotrophins secreted by MSC, including BDNF and NGF, are significantly elevated
near the lesion in SCI animals treated with MSCs126131, Second, MSCs and MSC CM
significantly improved neuronal survival and axon outgrowth in dorsal root
ganglion explant cultures derived from SCI animals 123.

Distinguishing between the anti-inflammatory versus neuroprotective effects
of MSCs transplanted in-vivo is a common challenge in evaluating how MSCs
mediate recovery in neurodegenerative injury or disease!?1. Although the precise
cellular and molecular mechanisms are not well defined, studies of MSCs in different
inflammatory diseases and neurological conditions have revealed that these cells
possess considerable therapeutic potential. The immunosuppressive and pro-
regenerative functionality of MSCs makes them a particularly attractive cellular
therapy for diseases with both inflammatory and neurodegenerative components,

such as multiple sclerosis.
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1.4: MSCs as a treatment for multiple sclerosis
Overview: pathology of multiple sclerosis

Multiple sclerosis (MS) is a chronic autoimmune disease of the CNS and is a
leading cause of neurological disability in young adults!32. An estimated 2.5 million
people suffer from MS worldwide, with the average age of symptom onset being
between 25-35 years of age133.

Symptoms of MS can be relatively mild, such as numbness or muscle weakness, or
severe, including spasticity, paralysis, and vision loss133. Approximately 80%-90%
of patients with MS begin with a relapsing remitting course of the disease
(relapsing-remitting MS)134. Relapses in the disease are characterized by active
inflammation in CNS white matter and the formation of multiple sclerotic lesions or
plaques?3s, The CNS lesions in MS are characterized by a loss of oligodendrocytes
and their myelin sheaths13¢, Since myelination is required for the rapid and efficient
conduction of information along axons, its loss results in impaired conduction in the
affected axons, leading to functional deficits in MS patients136. The location of the
demyelinated lesions in the CNS correlates with the symptoms in MS. For example,
lesions in the optic nerve or optic tract result in loss of visual acuity, while damage
to the spinal cord white matter results in muscle weakness or paralysis!37.

In relapsing-remitting MS (RRMS), periods of inflammatory demyelination
(relapse) appear to be followed by stages of limited remyelination and recovery
(remittance), where adult OPCs differentiate into new oligodendrocytes to replace
those lost to disease!38139, Unfortunately, remyelination in MS is often insufficient,

and over subsequent relapses and progression of the disease cannot compensate for
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continual loss of oligodendrocytes and myelin140.141, [t is also clear that there is a
chronic neurodegenerative component to MS, as CNS inflammation and
demyelination seems to drive progressive axonal degeneration and neuronal death
during diseasel42,

Although the pathology of MS is relatively well characterized, its underlying
cause is unknown!34, Current therapies for MS broadly target immune system
activation with the aim of reducing CNS inflammation?43. Although these can reduce
the number of relapses and slow the progression of MS, they fail to treat the
underlying cause or neurological symptoms of the disease. Even when treated with
current immunosuppressive therapies, most RRMS patients eventually progress to a
secondary progressive phase of disease that fails to respond to treatment134143,
There is also an unmet need for neuroprotective therapies in MS that can enhance
remyelination and improve functional recovery in patients141.142,

In order to better treat MS, new therapies are needed that provide long term
immunosuppression and/or enhance myelin repair and axonal survival. In this
regard, MSCs represent an attractive cellular therapy for the treatment MS. Studies
in animal models of MS have helped to provide a rationale for using MSCs as

potential cellular therapy to treat inflammation and demyelination in MS patients.

MSCs in animal models of MS: experimental autoimmune encephalomyelitis (EAE)
The most commonly used animal model of MS is experimental autoimmune
encephalomyelitis (EAE)144. In appropriate strains of mice, immunization with

specific peptides of myelin proteins results in a CNS directed inflammatory
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response. For example, immunization of C57/BL6 mice with a peptide of myelin-
oligodendrocyte glycoprotein (MOG peptide containing amino acids 35-55) results
in an inflammatory demyelinating disease with a chronic course, whereas
immunization of SJL mice with a peptide of proteolipid protein 1 (PLP1 peptide
containing peptide of amino acids 139-151) results in inflammatory demyelinating
disease with a relapsing-remitting coursel4>. The demyelination in both models is a
result of infiltration of T-cells targeted against myelin and oligodendrocytes!4>. The
spinal cord is severely affected in these animals and they develop functional motor
deficits that can be easily scored.

Multiple studies have demonstrated that intravenous infusion of MSCs into
chronic MOGss-ss or relapsing-remitting PLP139-151 EAE mice prior to disease onset
blocks disease development and MSC infusion at the peak of disease significantly
reduces disease severity117.146-149 These findings have been replicated by several
independent laboratories and provide compelling evidence that MSC
transplantation can effectively modulate disease progression in EAE. However the
underlying mechanisms that contribute to the MSC-mediated reduction in disease
burden are not clearly defined.

One general finding is that MSC treatment modulates the immune response
in EAE150, EAE mice treated with MSCs have significantly lower numbers of
peripheral immune cells and T-cells in their spinal cord, a reduction in the number
of activated T-cells in their lymph nodes, and reduced expression of pro-
inflammatory cytokines in their blood serum117.146.148 [nfusion of MSCs into EAE

mice seems to bias the immune response from a predominantly pro-inflammatory
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TH1 profile to a more anti-inflammatory TH2 profile117.148, The ability of MSCs to
modulate disease progression in EAE also appears to be a general phenomenon that
crosses species. For example, when human bone marrow derived MSCs are injected
intravenously into mice with EAE there is rapid improvement in functional recovery
and a reduction in CNS inflammation that is sustained for an extended period117.149,

MSCs also attenuate myelin loss and improve neuropathology in EAE mice.
EAE mice treated with MSCs have less demyelination and higher overall numbers of
oligodendrocytes in their spinal cords146.147.149 Infusion of MSCs into EAE mice also
reduces axonal loss and increases the number of myelinated axons117.147 It is
unclear however if this improvement in neuropathology is because MSCs directly
enhance remyelination and/or axonal survival in EAE or if it is an indirect effect of
MSCs suppressing the immune system and CNS inflammation151,

Much of the uncertainty about whether MSCs are directly neuroprotective in
EAE comes from conflicting reports about whether intravenously transplanted MSCs
cross the blood brain barrier and migrate into the CNS. Most studies agree that large
numbers of MSCs migrate into the spleen, lymph nodes, and lungs after intravenous
infusion into EAE mice, although there are differing reports about how long MSC
engraft in these tissues146.148152 Some studies report that a much smaller number of
infused MSCs (labeled with human specific antibodies or fluorescent dyes) cross the
blood brain barrier and engraft into the spinal cords of EAE mice near demyelinated
lesions117.152, However, other studies using MSCs virally transduced with reporter
genes report no MSCs are found in the CNS parenchyma of EAE mice up to one-

month post infusion146.148,153 The different outcomes in these cell-tracking studies
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of MSCs infused into EAE mice can be attributed to many factors. For example,
differences in how MSCs are cultured, the strategy used to label MSCs, differences in
the number of MSCs given, and differences in the induction and severity of EAE
(which can affect blood brain permeability) could all potentially influence where

MSCs engraft into EAE mice.

MSCs in other animal models of MS: the cuprizone model of demyelination

While it is difficult to distinguish between the immunosuppressive and
neuroprotective functions of MSCs in EAE, studies in other animal models of
demyelination suggest MSCs are capable of directly enhancing myelin repair. In the
cuprizone mouse model, chemical demyelination is induced in adult mice by feeding
them food supplemented with a copper-chelating agent (cuprizone) for several
weeks145, In one study, intraventricular injection of bone marrow MSCs increased
the number of oligodendrocytes and enhanced remyelination in the forebrain of
chronically demyelinated cuprizone mice!>4. While very few transplanted MSCs
(labeled with iron nanoparticles) migrated into the CNS parenchyma, MSCs were
observed within and adjacent to the ventricles of cuprizone-fed mice up to three
months post transplantation?>4. In another study where fluorescently labeled MSCs
were intravenously infused into cuprizone-fed mice, MSCs were reported to cross
the blood brain barrier and preferentially home to demyelinated lesions, where they
subsequently increased remyelination and the number of oligodendrocytes while
also decreasing the number of reactive astrocytes and macrophages?>>. These

results parallel other studies reporting MSCs and MSC CM enhances oligodendrocyte
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maturation in-vitro, and promotes developmental myelination in hippocampal slice
cultures!18119,

The ability of MSCs to enhance remyelination in the cuprizone mouse model
and promote oligodendrogenesis in-vivo and in-vitro underscores the capacity of
MSCs to influence neural cell fate and remyelination. Thus MSCs can promote
recovery in EAE by modulating the peripheral immune response and possibly also
by enhancing neural repairl56, While the precise cellular interactions mediating this
phenomenon are poorly defined in-vivo, recent studies have identified several

secreted factors that contribute to the therapeutic effects of MSCs in EAE.

How MSCs mediate recovery in EAE

Many of the effects of MSCs in alleviating disease progression in EAE appear
to be mediated by secreted factors rather than by cell-cell contact. For example,
conditioned medium (CM) collected from bone marrow MSCs is sufficient to reduce
disease burden when injected intravenously into MOG 3s-55 EAE mice14157, As with
cell delivery, the effects of treatment with MSC CM are long lasting, suggesting there
is a physiological change in the host as a consequence of exposure to MSC CM. MSC
CM also inhibits MOG-induced restimulation of leukocytes cultured from EAE mice,
and suppresses the proliferation of MOG-specific T-cells in-vitro146.148, MSC-CM can
also influence the functionality of neural cells, as it promotes oligodendrocyte
differentiation from NSCs and OPCs in-vitro117.118,

To date, several secreted factors are directly associated with MSC-induced

recovery in EAE. The first is an antagonistic variant of the monocyte
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chemoattractant protein CCL2. MSC secretion of this CCL2 variant inhibits
proliferation of MOG specific T-cells in-vitro’%. Bone marrow MSCs derived from
CCL2 null mice fail to secrete this antagonistic CCL2 variant, and have reduced
therapeutic efficacy when transplanted into EAE mice’?. Additionally, the anti-
inflammatory cytokine prostaglandin e2 contributes to MSC-induced recovery in
EAE. Inhibitors to PGE2 block MSC-mediated inhibition of Th1 cells in-vitro®4, and
bone marrow MSCs treated with a PGE2 inhibitor prior to transplantation have less
therapeutic efficacy in EAE micel58,

Another important effector in MSC-induced recovery in EAE is hepatocyte
growth factor (HGF). HGF is present at high levels in MSC CM, and antibodies to the
HGF receptor (C-met) block functional recovery mediated by MSC CM in EAE
micell4, Furthermore, intravenous delivery of HGF into EAE mice recapitulates the
therapeutic benefits of infusing MSCs or MSC CM114, The precise cellular target of
HGF in EAE remains unclear, although HGF has potent immunomodulatory and
neuroprotective properties. For example, HGF inhibits T-cell proliferation and
dendritic cell maturation in-vitro159.160, Qverexpression of HGF in-vivo results in the
induction of regulatory T-cells and tolerogenic dendritic cells that make the animals
refractory to the induction of EAE161. HGF also increase differentiation of NSCs and
OPCs into mature oligodendrocytes, and intravenous infusion of HGF enhances
remyelination in rats whose spinal cords were lesioned with the demyelinating

agent lysolecithin114118,

24



1.5: From bench to bedside: MSCs in clinical trials for MS
Preliminary results from clinical trials

Therapies like MSC infusion that could potentially target both a reduction in
inflammation and an enhancement in myelin repair are an attractive candidate for
the treatment of MS162, The application of MSCs to the clinical treatment of MS has
moved rapidly in recent years and there are multiple ongoing clinical trials162.163,
Most of these trials utilize bone marrow derived MSCs, however adipose derived
MSCs are gaining prevalence in clinical applications for MS163, MSC transplantation
is targeted towards progressive forms of MS (primary or secondary) in a majority of
clinical trials, although several trials are looking at MSCs as a cellular therapy for
RRMS163, While the outcomes of most of these trials are not yet complete, trends are
emerging.

In general, MSC therapy appears safe and there have been few reports
of adverse effects164168 Although some trials have reported modest improvement in
MS patients, compared to the outcomes seen in animal models, the efficacy of MSC
treatment has been somewhat disappointing. For example, a pilot study where
autologous BM-MSCs were intrathecally delivered into progressive MS patients
reported an improvement in EDSS (Expanded Disability Status Scale) in only one
patient!65, By contrast, five patients showed a worsening in EDSS scores, and four
patients showed no changel¢5. Other pilot studies report only transient
improvements in MS patients receiving MSCs. In two studies where autologous BM-
MSCs were intrathecally injected into progressive MS patients, patients showed

improvement in EDSS score and a reduction in the size of brain lesions (assessed by
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MRI) at 3 months post treatment, but no significant improvement 6 months after
MSC transplantation166168, And in a study that measured visual acuity and axonal
conductance in a small cohort of MS patients receiving autologous MSCs, a
significant improvement was detected in patients several months after intravenous
MSC infusion but no improvement was found one-year post treatment64. Although
interpretations of these studies must be guarded as they measure clinical outcomes
in a very small number of patients, overall they suggest current MSC treatment
paradigms may be ineffective at significantly modulating disease progression in

chronic MS patients.

Autologous versus allogeneic MSCs to treat MS

Several reasons may account for the apparent lack of efficacy of MSCs in the
treatment of MS. For example, the route of delivery in human clinical trials
(intrathecal versus intravenous delivery) likely influences the cellular targets and
overall effectiveness of the transplanted MSCs. The capacity of MSCs to promote
functional recovery in EAE animal models appears to reflect their ability to
modulate the peripheral immune response 117,146,148 and intravenous delivery of
MSCs (over intrathecal injections) may allow MSCs to better migrate to peripheral
immune organs162. Other factors that could affect the efficacy of transplanted MSCs
include the source of the cells, conditions of expansion, and dosage162163, Another
important issue is the host the MSCs are derived from. Previous studies evaluating
MSCs in EAE animal models used “naive” MSCs derived from healthy animals or

human donors117.146-149_[n contrast, the majority of clinical trials use autologous
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MSCs (from the MS patient) in order to reduce the risk of adverse reactions or
transplant rejection162163, This raises concern that diseases like MS could alter MSCs
and reduce their therapeutic potential.

While most clinical trials use autologous MSCs, there has been relatively little
investigation into how MS might impact the functionality of MSCs. Two studies
reported cultured bone marrow MSCs from MS patients (MS-MSCs) are similar to
naive MSCs in proliferation, differentiation, and expression of common MSC cell
surface markers, although one these studies did report MS-MSCs secrete higher
levels of the immunomodulatory cytokine CXCL1016%170, By contrast, another more
recent study reported bone marrow MS-MSCs have decreased proliferative capacity
and higher rates of cellular senescence in-vitro when compared to naive MSCs171,
Another study that compared gene expression profiles of bone marrow MS-MSCs to
naive MSCs reported MS-MSCs up-regulate many pro-inflammatory genes!72.
However, there has been no direct comparison of the therapeutic efficacy of MS-
MSCs to naive MSCs when each is transplanted into a disease model like EAE.

Studies analyzing MSCs derived from EAE mice (EAE-MSCs) report
conflicting results about whether inflammatory disease alters MSCs. One study
reported BM-MSCs from MOG-induced EAE mice are similar to naive MSCs in
proliferation and differentiation potential in-vitro, and are just as effective as naive
MSCs in ameliorating disease when infused into EAE micel73. Another more recent
study that isolated BM-MSCs from MOG EAE mice later on in disease, when
symptoms are more severe, found EAE-MSCs are different from naive MSCs in terms

of growth rate, differentiation potential, and expression levels of important histone-
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modifying genes174. Yet this study did not compare EAE-MSCs to naive MSCs in

terms of their therapeutic efficacy.

1.6: Focus of Thesis

To determine if and how inflammatory diseases like MS affect MSC
functionality, we cultured MSCs from the bone marrow of MOGss-ssinduced EAE
mice at different phases of disease and compared them to MSCs derived from
healthy donors (naive MSCs) in their therapeutic potential. We found that EAE-MSCs
lack therapeutic efficacy compared to naive MSCs in their ability to ameliorate EAE.
Our data suggests this lack of therapeutic efficacy is due to differences in paracrine
factors that EAE-MSCs secrete. EAE-MSCs up regulate a spectrum of pro-
inflammatory cytokines at both the protein and gene level, and co-culture studies
show that conditioned medium from EAE-MSCs differentially modulates immune
cell activation and neural cell development. Similarly, bone marrow MSCs derived
from MS patients up regulate secretion of some of the same pro-inflammatory
cytokines and have less therapeutic efficacy than naive MSCs in their ability to treat
EAE. Collectively, our data shows that disease reduces the therapeutic functionality
of MSCs, and raises new concerns about the efficacy of using autologous MSCs to

treat MS.
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2.1: Abstract

Mesenchymal stem cells (MSCs) have emerged as a potentially powerful
cellular therapy for autoimmune diseases including multiple sclerosis (MS). Based
on their success in treating animal models of MS like experimental autoimmune
encephalomyelitis (EAE), MSCs have moved rapidly into clinical trials for MS. The
majority of these trials use autologous MSCs derived from MS patients, although it
remains unclear how CNS disease may affect these cells. Here, we report that bone
marrow MSCs derived from EAE mice lack therapeutic efficacy compared to naive
MSCs in their ability to ameliorate EAE. Treatment with conditioned medium from
EAE-MSCs also fails to modulate EAE, and EAE-MSCs secrete higher levels of many
pro-inflammatory cytokines compared to naive MSCs. Similarly, MSCs derived from
MS patients have less therapeutic efficacy than naive MSCs in treating EAE and
secrete higher levels of some of the same pro-inflammatory cytokines. Thus diseases
like EAE and MS diminish the therapeutic functionality of bone marrow MSCs,
prompting reevaluation about the ongoing use of autologous MSCs as a treatment

for MS.

2.2: Introduction

Transplantation of mesenchymal stem cells (MSCs) has recently emerged as a
promising new therapeutic approach for the treatment of both autoimmune and
neurological diseases including multiple sclerosis (MS)162. MSCs are a multipotent,
non-hematopoietic class of stem cell that can be isolated from a variety of tissues,

including the bone marrow?. MSCs possess strong immunomodulatory and

30



regenerative properties that are derived from their ability to secrete a wide array of
diverse chemokines, cytokines, and trophic factors57.175, and have been shown to be
effective in modulating disease progression in a number of different conditions,
including graft vs host disease and rheumatoid arthritis 176177,

Based on their immunomodulatory properties and success in treating other
diseases, bone marrow-derived MSCs (BM-MSCs) were seen as a strong candidate
for a cell-based therapy for MS15¢, and have been tested in a number of animal
models of MS, including experimental autoimmune encephalomyelitis (EAE).
Several independent laboratories have shown that when transplanted systemically
into mice with ongoing EAE, BM-MSCs rapidly halt disease progression and improve
recovery 117,146,149 BM-MSCs appear to mediate recovery in EAE not by replacing
cells lost to disease but rather by suppressing the immune response and inhibiting
CNS inflammation while also promoting remyelination and neural repair 178, At the
cellular level, transplanted BM-MSCs are thought to modulate disease progression
by secreting multiple factors that inhibit inflammation and/or promote tissue repair
150 including immunomodulatory cytokines like prostaglandin e2 and TGFB and
trophic factors like hepatocyte growth factor (HGF) 114158179,

Due to their success in animal models of MS, BM-MSCs have moved into
clinical trials in MS patients. The majority of these trials utilize autologous MSCs
(derived from MS patients) 189, in contrast to previous work in animal models that
utilized BM-MSCs from healthy animal or human donors. While preliminary clinical
trials using autologous MSCs report good safety data most report limited

therapeutic efficacy 164167, One possible explanation for the limited effects of
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autologous BM-MSCs in clinical trials is that autoimmune diseases like MS alter the
functionality of MSCs and reduce their therapeutic potential.

In order to determine if inflammatory diseases like MS might alter MSC
functionality, we cultured MSCs from the bone marrow of MOGs3s-s5induced EAE
mice at different phases of the disease and compared them to naive MSCs in terms of
their therapeutic efficacy. We found that EAE-MSCs fail to improve recovery when
transplanted into EAE mice, in contrast to the strong therapeutic effect observed
following transplantation of naive MSCs. Our data suggests this lack of therapeutic
functionality of EAE-MSCs stems from differences in the paracrine factors they
secrete relative to naive MSCs, as EAE-MSCs secrete higher levels of many pro-
inflammatory cytokines, including IL-6 and CCL2. Similarly, we found that MSCs
derived from patients with MS (MS-MSCs) also lack therapeutic efficacy in treating
EAE and secrete higher levels of the same pro-inflammatory cytokines. Our results
show that diseases like EAE and MS diminish the therapeutic functionality of BM-
MSCs, raising concern about the continued use of autologous BM-MSCs in the

treatment of MS.

2.3: Methods
EAE induction and scoring

EAE was induced in 10-12 week-old female C57BL/6 mice (Jackson
Laboratory: 000664) using Hooke Labs MOGss-ss EAE Induction kits according to the
manufacturer’s protocol. Briefly, mice were immunized via subcutaneous injection

of 200ul of MOGss-s5 peptide in complete Freund’s adjuvant. Pertussis toxin (250 ng)
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was injected intraperitoneally at 2 and 24 hours post immunization. Animals began
showing signs of paralysis 9-11 days post immunization, and were graded by
blinded observers according to a previously described clinical index 114: 1 = limp
tail, 2 = hind limb weakness, 3 = plegia of one limb, 4 = plegia of two limbs, 5 =

moribund or dead.

MSC culture and treatment protocols

Mouse MSC isolation and culture: Mouse mesenchymal stem cells were
isolated and cultured from the bone marrow of MOGss-s5 - induced EAE mice at
either 14 days (peak EAE-MSCs) or 28 days (chronic EAE-MSCs) after immunization,
with the animals having a clinical score of 4 or higher. Naive MSCs were cultured
from non-immunized, age-matched C57BL/6 mice. Each culture preparation
consisted of MSCs derived from 4-6 mice, and a different culture preparation was
used for each experiment. Growth medium for all mouse cultures consisted of a-
MEM with GLUTAMAX (Gibco) supplemented with 10% MSC-qualified fetal bovine
serum (Gibco) and 1% penicillin/streptomycin (Gibco).

MSCs were isolated according to a previously published protocol °. Briefly,
bone marrow from the tibias and fibulas was collected by flushing out each bone’s
central canal with a 26 x g syringe containing fresh growth medium. Bone marrow
cells were then seeded in P75 flasks (Corning) at a concentration of 2 X 10”5
cells/cm”2, with cells grown in a 37°C with 5% COZ2. Flasks were washed twice with
media 48 hours later to remove non-adherent cells, with medium changed every 2-3

days. Cells were then passaged using 0.25% Trypsin/EDTA (Gibco) for 2 minutes at
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37°C and re-plated in P75 flasks at a concentration of 1 x 10”4 cells/cm”2. Cells
derived from both naive and EAE mice were identified through immunolabeling as a
purified population of MSCs (Figure 5), and were subsequently expanded with cells
from passages 2-4 (21-30 days in-vitro) used for all experiments. For cell
transplantation experiments, 0.8 x 10*6 MSCs in saline were delivered
intravenously into EAE mice via tail vein injection at 15 days post immunization. In
experiments where MSCs were first labeled with CMTPX (ThermoFisher), cells were
incubated with 20 uM dye for 2 hours immediately prior to infusion according to the
manufacturer’s protocol.

Human MSC isolation and culture: For functional studies, bone marrow
aspirates were obtained from the iliac crest of patients at the Southwest Hospital of
the Third Military Medical University. For molecular studies, marrow aspirates were
obtained from the posterior superior iliac crest of patients at University Hospitals
Case Medical Center. MS-MSCs were obtained from bone marrow aspirates derived
from 3 separate female donors diagnosed with relapsing-remitting MS, while naive
MSCs were obtained from bone marrow aspirates from female age-matched donors.
Both MS-MSCs and naive MSCs were isolated from the bone marrow aspirates and
expanded under identical culture conditions at Case Western Reserve School of
Medicine according to standard protocols used in the Cellular Therapy Laboratory
at Case Western Reserve University 181. Growth medium consisted of low glucose
DMEM (Invitrogen), 10% fetal bovine serum [FBS] (Gibco), 1%
antibiotic/antimycotic, 1% Glutamax (Gibco), and 10 ng/ml fibroblast growth factor

(Peprotech). After being expanded for 2-3 passages, 4 x 106 hMSCs per milliliter
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were frozen in cryovials using Plasma-Lyte A, containing 10% dimethyl sulfoxide
and 5% human serum albumin as the freezing medium.

Prior to transplantation or collection of conditioned medium, hMSCs were
thawed, reseeded into P75 flasks at a concentration of 7.5x10”3 cells / cm”2, and
grown for 1-2 additional passages (4-7 days) in complete growth medium. 1x10"6
hMSCs in saline were then intravenously infused via the tail vein into MOG3ss-55 -

induced EAE mice at 14 days post immunization.

Tissue processing & histopathology

For immunohistochemistry, mice were perfused transcardially, and tissue
was dissected out and processed as previously described 114. Antibodies used
including rat anti-CD45 (BioLegend; 103101) and rat anti-CD3 (BioLegend;
100201).
To assess the amount of myelin loss, sections were also stained for solochrome
cyanine using a previously published protocol 182, Lesion load was calculated from
six serial sections of the lumbar spinal cord by measuring lesion area and dividing it
by the total area of white matter. Observers blinded to sample treatment performed
cell counting and lesion load analysis. For electron microscopy, animals were
perfused with 2.5% glutaraldehyde (Electron Microscopy Sciences). Spinal cords
were then post-fixed in 1% osmium tetroxide (Sigma) for 1 hour, dehydrated and
embedded in epoxy resin. One-micrometer epoxy sections were stained with

toluidine blue and examined by light microscopy.
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Collection and analysis of MSC CM

Conditioned medium was collected from naive or EAE MSCs grown in P75
flasks that contained 1.5 x 1076 cells; medium was collected between 21 and 24
days in-vitro, with unconditioned medium collected as a control. Conditioned
medium was collected from a different culture preparation for each experiment.
Conditioned medium was likewise collected from passage 3 MS-MSCs and DN-MSC
between 21-25 DIV. Analysis of murine MSC conditioned medium was performed
using the RayBio Mouse Inflammation Antibody Array C1 (Raybiotech), while
analysis of human MSC conditioned medium was performed using the RayBio
Human Cytokine Antibody Array C5. Arrays were treated and analyzed according to
the manufacturer’s instructions. Densitometric quantification of spot intensities for
each cytokine was performed using Image], with spot intensity values normalized to
cell number. To account for any signal in the arrays that may have been due to
serum proteins present in the growth medium, arrays of unconditioned medium
were also analyzed and any spot intensity values observed were subtracted from
values obtained for MSC conditioned medium. HGF levels were quantified via ELISA
(R&D Systems).

For experiments where mice were treated with MSC conditioned medium,
aliquots were thawed and the total amount of protein was quantified using a Pierce
Bradford Protein Assay Kit (Thermofisher Scientific) according to the
manufacturer’s instructions. Then 0.5 mg of total protein (approximately 100ul of
medium) was delivered intravenously into EAE mice via tail vein injection at 16

days post immunization.
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Splenocyte culture and recall assay

Mouse splenocytes were cultured from MOGss-ss induced EAE mice at 14 days
post induction using a previous protocol 146, Briefly, spleens were dissected out and
manually dissociated in culture medium (10% FBS, 90% RPMI 1640 medium, 1%
sodium pyruvate, 1%, non-essential amino acids, 1% penicillin/streptomycin), and
passed through a 70 um cell strainer to generate a single cell suspension. After
centrifugation cells were re-suspended in 2 mL BD Pharm Lyse Solution (BD
Biosciences) for 2 minutes to lyse out red blood cells, and the purified splenocytes
were re-suspended in fresh culture medium before being plated in 96 well plates,
2x10"5 cells per well.

To test the effects of MSC CM on MOGss-ss induced recall, cells were cultured
in medium that contained 50ul splenocyte culture medium and 50ul MSC CM or
unconditioned medium (controls). MOGss-s55 peptide dissolved in culture medium
(Hooke Labs) was then added to each well to a final concentration 20uM MOG3s-s55
per well. Twenty-four hours later, BrdU reagent (10uM) was added to each well, and
twenty-four hours after that the plates were fixed and processed according to the
manufacture’ protocol for BrdU Elisa (Abcam). The Stimulation Index (SI) for each
treatment was calculated as SI = (Absorbance value of MOG stimulated cells) /

(Absorbance value of un-stimulated cells). Experiments were replicated three times.

MSC characterization
For characterization of mouse MSCs, cells were stained for surface markers

using a previously described protocol 117. Antibodies used include: anti-CD45
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(Abcam: ab25386), anti-CD44 (Abcam: ab25340), anti-CD90 (BioLegend: 206101),
and anti Sca-1 (BioLegend: 108101). For characterization of human MSCs, cells were
stained and analyzed via flow cytometry as previously described 117, with antibodies
used including anti-CD90 (Abcam: ab11155), anti-CD105 (Abcam: ab2529), and
anti-STRO1 (Abcam: ab190282). Differentiation of MSCs was carried out using a
MSC Functional Identification Kit (R&D Systems) according to the manufacturer’s
instructions. Coverslips were stained with a 0.5% Oil-Red O solution (Sigma) to
assess differentiation into adipocytes or stained with an Alkaline Phosphatase
detection kit (EMD Millipore) to assess differentiation into osteoblasts. To assess
proliferation, MSC treated with 10 uM BrdU (Sigma) for sixteen hours. Coverslips
were then fixed for 10 minutes with 4% PFA and stained for rat anti-BrdU (Abcam:

ab6326) using a previously described protocol 174,

Statistical Analysis

All statistical tests were performed using GraphPad Prism 6. All statistical
tests are indicated in text or figure legends, with Dunnett’s multiple comparison
tests performed post-hoc for one-way ANOVAs. P values of <0.05 were considered

statistically significant.

Study Approval
All animal experiments were approved by Case Western Reserve University
School of Medicine’s IACUC with adherence to the NIH Guide for the Care and Use of

Laboratory Animals. Human bone marrow cells were obtained after informed
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written consent from patients in accordance with a protocol approved by the
institutional review board at the Cleveland Clinic or Third Military Medical

University.

2.4: Results
Transplanted EAE-MSCs fail to significantly improve recovery in EAE

In order to determine if disease affects the therapeutic functionality of BM-
MSCs, and to better model transplantation of autologous MSCs as a therapy for MS,
MSCs were derived from the bone marrow of MOGs3s.55 EAE mice at two distinct
phases of the disease: at 14 days post induction during the peak of the disease
(“peak EAE-MSCs”), and later at 28 days post induction during the chronic phase of
EAE (“chronic EAE-MSCs”). Both peak and chronic EAE-MSCs derived from multiple
donors were then expanded and systemically delivered into cohorts of MOG3s-55 -
induced EAE mice and compared to naive MSCs in their therapeutic efficacy.

While intravenous infusion of naive MSCs improved functional recovery in
EAE mice, infusion of EAE-MSCs produced no significant improvement in clinical
recovery. Infusion of naive MSCs (0.8x1076) into MOGs3s-55 EAE mice 15 days after
EAE induction resulted in a rapid improvement in clinical score. The improvement
in functional recovery in mice treated with naive MSCs was sustained for up to 1
month after infusion (Figure 2.1A). Cumulative disease score after 30 days
(measured as area under the curve) was significantly lower in EAE mice treated
with naive MSCs relative to controls (116 * 6 naive MSCs: 190 * 9 controls; p<0.001,

n =12 mice per group from 3 independent experiments, one-way ANOVA). By
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contrast, infusion of peak or chronic EAE-MSCs (0.8x10”6) into MOGs3s-55 EAE mice
15 days after EAE induction failed to produce comparable improvements in
functional recovery. Though infusion of peak EAE-MSCs resulted in a small
improvement in average clinical score 6 days after treatment (2.8 + 0.28 compared
to 3.3 £ 0.28 for controls), this improvement was transient, as the average clinical
score returned to that of controls within a few days (Figure 2.1A). Consistent with
these observations, mice treated with peak EAE-MSCs showed no significant
difference from controls in cumulative disease score (183 + 13 compared to 190 + 9
for controls; p>0.05, n =12 mice per group from 3 independent experiments, one-
way ANOVA). Infusion of chronic EAE-MSCs failed to produce any improvement in
functional recovery (Figure 2.1A), with mice receiving chronic EAE-MSCs showing
no significant difference from controls in cumulative disease score after 30 days of
treatment (194 + 5 compared to 190 * 9 for controls; p>0.05, n =12 mice per group
from 3 independent experiments, one-way ANOVA).

This lack of functional recovery in mice treated with EAE-MSCs also
correlated with a lack of improvement in CNS histology. Solochrome cyanine
staining of spinal cord sections showed that mice infused with naive MSCs had less
white matter loss at 30 days post treatment compared to saline treated controls,
whereas mice treated with peak or chronic EAE-MSCs had higher levels of myelin
loss similar to controls (Figure 2.1B). Quantification of lesion load from solochrome
cyanine stained spinal cord sections 30 days after treatment demonstrated that
mice treated with naive MSCs had a significantly lower lesion load compared to

controls, while mice treated with peak or chronic EAE-MSCs had no significant

40



difference from controls (Figure 2.1C). Toluidine blue staining of spinal cord
sections from EAE mice 30 days after treatment confirmed that mice treated with
naive MSCs had more myelinated axons and less inflammatory infiltrates compared
to controls, in contrast to mice treated with peak or chronic EAE-MSCs, which
showed no appreciable difference (Figure 2.1D). There was a significant reduction
in the number of CD45 positive immune cells and CD3 positive T-cells in spinal cord
sections of EAE mice treated with naive MSCs, while mice treated with either peak
or chronic EAE-MSCs had higher numbers of inflammatory cells and T-cells similar
to controls (Figure 2.1E).

Overall, mice treated with EAE-MSCs failed to show any substantial or
sustained improvement in clinical recovery or neuropathology, in contrast to mice
treated with naive MSCs. One possible explanation for these results is that EAE-
MSCs might fail to migrate and engraft into their hosts at equivalent levels to naive
MSCs. To test this hypothesis, peak EAE-MSCs, chronic EAE-MSCs, and naive MSCs
were labeled with the fluorescent cell tracking dye CMTPX (Supplemental Figure
2.1A). CMTPX-labeled MSCs were then intravenously infused into MOGss-55 EAE mice
(0.5x1076 cells/animal) at 18 days after EAE induction, to assess if EAE-MSCs were
any different than naive MSCs in where they engrafted. One day after infusion, naive
MSCs and EAE-MSCs had migrated into the liver, spleen, and lungs (Supplemental
Figure 2.1B). No CMTPX-labeled MSCs were observed in the heart, kidney, brain or
spinal cord (data not shown), consistent with previous studies demonstrating that
MSCs do not engraft into the CNS of EAE mice 146148 No difference in the number of

peak or chronic EAE-MSCs compared to the number of naive MSCs was observed in
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any of these tissues at one or seven days after infusion (Supplemental Figure 2.1D),
suggesting the lack of therapeutic efficacy observed in transplanted EAE-MSCs is not

due to lack of cell engraftment or survival.

Conditioned medium from EAE-MSCs fails to ameliorate EAE

Previous studies suggest that naive MSCs mediate recovery in EAE by
secreting various cytokines and growth factors that suppress inflammation and
promote remyelination and neural repair 178. Much of the therapeutic benefits of
transplanting naive MSCs into EAE mice can be recapitulated by treating mice with
conditioned medium (CM) from MSCs 114, To determine if the diminished
therapeutic functionality of EAE-MSCs was due to differences in paracrine factors
they secreted relative to naive MSCs, conditioned medium was collected from naive
MSCs (naive MSC CM), peak EAE-MSCs (peak EAE-MSC CM), and chronic EAE-MSCs
(chronic EAE-MSC CM), and intravenously infused into MOGss-ss - induced EAE mice.

While treatment with conditioned medium from naive MSCs improved
functional recovery in EAE mice, treatment with CM from EAE-MSCs produced little
or no improvement in clinical recovery. Mice treated with naive MSC CM (0.5 mg
total protein, approximately 0.1 mL) at 16 days post EAE induction showed
substantial improvement in clinical score compared to control mice treated with
unconditioned medium (Figure 2.2A). This improvement in functional recovery
persisted for approximately one week, with the cumulative disease score of naive
MSC CM treated mice being significantly lower than controls (61 + 2 compared to 89

* 4 for controls; p<0.01, n=11-12 mice per group from 3 independent experiments,
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one-way ANOVA). By contrast, mice treated with CM from EAE-MSCs failed to show
comparable improvements in functional recovery. While mice treated with peak
EAE-MSC CM did show a small improvement in average clinical score starting at 11
days post treatment (3.0 + 0.23 compared to 3.5 * 0.26 for controls), this persisted
for only a few days (Figure 2.2A), and the cumulative disease score of mice that
received peak EAE-MSC CM was not significantly different from controls (84 + 4
compared to 89 * 4 for controls; p>0.05, n=11-12 mice per group from 3
independent experiments, one-way ANOVA). Mice infused with CM from chronic
EAE-MSCs showed no improvement in clinical score versus controls at any time up
to two weeks post-treatment, and had no significant difference in cumulative
disease score versus controls (92 + 4 compared to 89 * 4 for controls; p>0.05, n=11-
12 mice per group from 3 independent experiments, one-way ANOVA).

The lack of improvement in functional recovery in mice treated with EAE-
MSC CM was paralleled by a lack of improvement in CNS histopathology.
Solochrome cyanine staining of spinal cord sections from mice treated with naive
MSC CM had less white matter loss and a significantly lower lesion load compared to
controls at 14 days post treatment, whereas mice treated with either peak or
chronic EAE-MSC CM had no significant difference in demyelination or lesion load
compared to controls (Figure 2.2B and 2.2C). Likewise the number of CD45-positive
immune cells and CD3-positive T-cells was significantly decreased in spinal cord
sections from mice treated with naive MSC CM compared to controls, but there was
no such reduction in the number of inflammatory cells or T-cells in mice treated

with peak or chronic EAE-MSC CM (Figure 2.2E).
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EAE-MSCs secrete higher levels of pro-inflammatory cytokines

These results suggest the lack of therapeutic functionality observed in EAE-
MSCs relative to naive MSCs is due to differences in their secretion of paracrine
factors. To identify factors that are differentially secreted by EAE-MSCs, an antibody
array was used to detect and compare expression levels of 40 different candidate
inflammatory proteins in the CM of EAE-MSCs versus the CM of naive MSCs. This
array profiles both pro-inflammatory and anti-inflammatory factors important in
immune response and EAE pathogenesis, and many of these factors, including TGFB,
IL-4, IL-6, IL-10, and others, have previously described roles in MSC
immunomodulation in EAE or other diseases 0.

Conditioned medium from EAE-MSCs had considerably higher levels of many
pro-inflammatory cytokines compared to conditioned medium from naive MSCs.
Comparison of spot intensity values on respective arrays showed that peak EAE-
MSCs secreted 2 to 4 fold higher levels of the pro-inflammatory cytokines IL-6,
CCLZ2, and CCL9 compared to naive MSCs (Figure 2.3A and 2.3B). Chronic EAE-MSCs
also secreted higher levels of these three cytokines, but at an even greater
magnitude. Conditioned medium from chronic EAE-MSCs had 16 fold higher levels
of IL-6 and CCLZ2, and nearly 5 hold higher levels of CCL9. Also, chronic EAE-MSC
CM had a 16-fold increase in the pro-inflammatory cytokines CXCL1 and CXCL5
(Figure 2.3A and 2.3B). In total, the antibody array detected 21 out of 40 proteins
profiled in the MSC conditioned medium samples; 4 of these proteins (IL-6, CCL2,
CCL9, and sTNFR1) were higher in peak EAE-MSC CM compared to naive MSC CM

and 8 of these proteins (IL-6, CCL2, CCL9, sTNFR1, sTNFR2, CXCL1, CXCL5, and
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TIMP1) were higher in chronic EAE-MSC CM compared to naive MSC CM. The array
found no proteins that were down regulated in EAE-MSC CM relative to naive MSC
CM.

In a previous study, hepatocyte growth factor (HGF) was found to be an
important mediator of MSC-induced recovery in EAE 114, Because HGF was not
profiled in the antibody arrays, quantitative ELISA was used to compare HGF levels
in naive MSC CM versus EAE-MSC CM. Unexpectedly, peak EAE-MSC CM had
significantly higher levels of HGF (approximately a 2 fold increase) compared to
naive MSC CM (Supplemental Figure 2.2). In contrast, CM from chronic EAE-MSCs
had significantly lower levels of HGF (approximately 50%) compared to CM from

naive MSCs (Supplemental Figure 2.2).

Conditioned medium from chronic EAE-MSCs lacks immunosuppressive
functionality in-vitro

The elevated levels of pro-inflammatory cytokines in EAE-MSC CM suggests
that these cells may no longer have the immunosuppressive, anti-inflammatory
functionality commonly associated with naive MSCs 146, To test this hypothesis, a
splenocyte restimulation assay was employed, in which spleenic lymphocytes were
cultured from MOGss-ss induced EAE mice and subsequently restimulated by 20uM
MOGss-s5 antigen in-vitro, driving lymphocyte activation and increased proliferation.

Consistent with previous studies 146148 conditioned medium from naive
MSCs effectively suppressed MOGss-ss induced restimulation of splenocytes in-vitro.

As measured by BrdU incorporation, proliferation was significantly decreased in
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MOG stimulated splenocytes treated with naive MSC CM compared to control
cultures that were treated with unconditioned medium (Figure 2.4). Surprisingly,
conditioned medium from peak EAE-MSCs significantly reduced proliferation of
MOG restimulated splenocytes (Figure 2.4). By contrast, conditioned medium from
chronic EAE-MSCs failed to suppress splenocyte response to MOG, as MOG
stimulated cultures treated with chronic EAE-MSC CM showed no significant

difference in proliferation compared to controls (Figure 2.4).

EAE-MSCs differ from naive MSCs in differentiation and proliferation

EAE-MSCs had similar cellular characteristics that classically define naive
MSCs. For example, EAE-MSCs had a similar morphology to naive MSCs (Figure
2.5A), and expressed common mesenchyme and stem cell markers used to identify
MSCs in-vitro (Figure 2.5B, Supplemental Figure 2.3). EAE-MSCs could also be
differentiated along common mesenchymal lineages, into adipocytes and
osteoblasts under appropriate culture conditions. However, EAE-MSCs showed
significant differences in differentiation potential compared to naive MSCs (Figure
2.5C). For instance, when cultured under identical conditions, fewer peak EAE-MSCs
differentiated into Oil-Red O positive adipocytes compared to naive MSCs. Also,
significantly more chronic EAE-MSCs differentiated into Alizarin Red positive
osteoblasts/osteocytes compared to naive MSCs, even though all cells were cultured
under identical conditions (Figure 2.5C).

EAE-MSCs proliferated at a significantly higher rate than naive MSCs in-vitro.

As measured by BrdU pulse (10 uM for 16 hours) and subsequent immunolabeling,
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the proportion of both peak and chronic EAE-MSCs that were BrdU positive was
significantly higher versus the percentage of naive MSCs (Figure 2.5D). Collectively,
our data suggests that while EAE-MSCs have the same functional characteristics
used to define naive MSCs in-vitro, they also possess intrinsic differences in
properties like growth rate and differentiation potential, in addition to important

differences in cytokine expression and therapeutic functionality.

MSCs derived from MS patients lack therapeutic efficacy in modulating EAE

We next asked whether the diminished therapeutic functionality observed in
EAE-MSCs was in fact paralleled by human MSCs derived from MS patients (MS-
MSCs). To address this question, BM-MSCs were obtained from 3 different donors
diagnosed with relapsing-remitting MS and expanded in-vitro. These MS-MSCs were
phenotypically similar to naive MSCs in their expression of common MSC markers
(Supplemental Figure 2.4). MS-MSCs were then intravenously infused (1x10"6
cells/animal) into MOGss-ss induced EAE mice 14 days after EAE induction to
compare them against naive MSCs (from age and sex matched healthy donors) in
their therapeutic potential.

For each of the respective donors, MS-MSCs were less effective at improving
functional recovery in MOG - induced EAE mice compared to naive MSCs. Although
differences in therapeutic potential between MS-MSCs derived from different
donors were observed. For instance, EAE mice treated with MS-MSCs derived from
Donor 1 showed a limited improvement (about 1 point) in functional recovery

compared to saline-treated controls for about 7 days after infusion, but this
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improvement rapidly reversed (Figure 2.6A). In contrast, MS-MSCs derived from
Donor 2 promoted a more sustained improvement in functional recovery compared
to the MS-MSCs derived from Donor 1, although these cells were still less effective
than naive MSCs (Figure 2.6A). Overall, only EAE mice treated with naive MSCs
showed a significant reduction in cumulative disease score (Figure 2.6B).

Since MS-MSCs and EAE-MSCs both lacked therapeutic efficacy in treating
EAE, we next asked if MS-MSCs secreted higher levels of pro-inflammatory factors
like EAE-MSCs. An antibody array was used to profile and compare CM from MS-
MSCs to CM from naive MSCs. While these arrays detected a relatively small number
of proteins in human MSC CM (12 factors detected out of 80 targets profiled), this
approach nevertheless identified several pro-inflammatory cytokines that were
elevated in MS-MSC CM. Conditioned medium from MS-MSCs contained higher
levels of both IL-6 and CCL2 compared to CM from naive MSCs (Figure 2.6C),
paralleling the increase observed in CM from EAE-MSCs (Figure 2.3). Additionally,
MS-MSC CM had higher levels of IL-8 and Timp1 compared to naive MSC CM. MS-
MSC CM also had much higher levels of HGF compared to naive MSC CM (Figure
2.6C), although this increase parallels the increase in HGF levels observed in CM

from peak EAE-MSCs.

2.5: Discussion
Here, we demonstrate for the first time that bone marrow MSCs isolated
from EAE mice and MS patients have reduced therapeutic efficacy compared to

naive MSCs in modulating EAE. These results have important clinical implications,
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as most clinical trials evaluating BM-MSCs to treat MS utilize autologous MSCs 180,
Indeed, results from completed trials report good safety but little or no therapeutic
efficacy in systemically transplanting autologous BM-MSCs into MS patients 164-167,
Our results show that autologous EAE-MSCs and MS-MSCs likewise have little
therapeutic effect when transplanted into MOG EAE mice, and are comparatively
worse than naive MSCs in modulating EAE.

Despite the fact that most clinical trials utilize autologous BM-MSCs to treat
MS, few previous studies have compared autologous diseased MSCs to naive cells.
Two studies reported cultured MS-MSCs were similar to naive MSCs in proliferation,
differentiation, and expression of common MSC cell surface markers, although one
of these studies did report MS-MSCs secreted higher levels of immunomodulatory
cytokines including CXCL10169170, A more recent study that compared gene
expression profiles of bone marrow MSCs derived from MS patients compared to
those from healthy controls found that MS-MSCs down-regulated anti-inflammatory
genes like IL-10 and up-regulated pro-inflammatory genes like IL-6 172,

Studies comparing bone marrow EAE-MSCs to naive MSCs report conflicting
results. One study found BM-MSCs isolated from MOG induced EAE mice are no
different than naive MSCs in terms of growth rate or differentiation, and are just as
effective as naive MSCs in ameliorating disease when transplanted systemically into
EAE mice 173, This study isolated MSCs from EAE mice early on in the disease, when
the mice showed clinical symptoms such as tail paralysis or hind limb weakness. In
contrast, a more recent study compared BM-MSCs isolated from MOG EAE mice later

in disease, when symptoms are more severe, and found that these EAE-MSCs were
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different from naive MSCs in terms of growth rate, differentiation potential, and
mRNA expression levels of important histone-modifying genes 174, This later study
did not compare EAE-MSCs to naive MSCs in terms of therapeutic efficacy. Our
results show that EAE-MSCs isolated from mice later in disease when symptoms are
more severe (full hind limb paralysis) lack therapeutic efficacy compared to naive
MSCs and have distinct differences in growth rate and differentiation potential.

While a number of factors, such as differences in MSC isolation protocol or
culture conditions, might explain these conflicting results, one intriguing possibility
for these different findings is that changes in the functionality to BM-MSCs in EAE is
dependent on the severity and stage of the disease. Our data lends support to this
hypothesis, as we found that the progression of disease in EAE seems to correlate to
loss of functionality in BM-MSCs. While both peak EAE-MSCs and chronic EAE-MSCs
lacked therapeutic efficacy in modulating EAE compared to naive MSCs, mice that
received peak EAE-MSCs did show small, albeit temporary, improvements in
functional recovery. Furthermore, while conditioned medium from chronic EAE-
MSCs failed to inhibit proliferation of MOG-stimulated splenocytes in-vitro,
conditioned medium from peak EAE-MSCs effectively suppressed proliferation in a
manner similar to naive MSC CM. Thus, while lacking therapeutic efficacy compared
to naive MSCs, peak EAE-MSCs still seem to have some limited therapeutic effect in-
vivo and immunosuppressive functionality in-vitro.

One of the striking differences observed between peak and chronic EAE-
MSCs was in their secretion of immunomodulatory cytokines and growth factors.

Analysis of conditioned medium from peak EAE-MSCs showed they secrete higher
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levels of IL-6, CCL2, and CCL9 compared to naive MSCs. Chronic EAE-MSCs also
secrete higher levels of the same proteins relative to naive MSCs, but at a much
greater magnitude. For example, peak EAE-MSC CM had an approximately 2.5-fold
increase in IL-6 versus naive MSC CM, while chronic EAE-MSC CM had 16-fold
higher IL-6 levels. In addition, chronic EAE-MSCs also secreted much higher levels of
two other cytokines: CXCL1 and CXCL5. There were also differences between peak
and chronic EAE MSCs in their secretion of HGF, which has anti-inflammatory and
pro-regenerative properties and has been implicated as an important mediator of
MSC-induced recovery in EAE 114 Peak EAE-MSC CM actually had higher levels of
HGF compared to naive MSC CM, whereas chronic EAE-MSC CM had significantly
lower levels of HGF. The findings that peak EAE-MSC CM contains higher levels of
HGF may contribute to its ability to inhibit MOG induced lymphocyte proliferation
in-vitro, whereas chronic EAE-MSC CM has no effect. Independent of HGF, peak EAE-
MSCs secrete higher levels of pro-inflammatory cytokines relative to naive MSCs,
and this might account for their reduced therapeutic efficacy compared to naive
MSCs when transplanted in-vivo.

Results from experiments in which EAE mice were treated with conditioned
medium from naive MSCs or EAE-MSCs suggest the lack of therapeutic efficacy in
EAE-MSCs is due to differences in factors they secrete relative to naive MSCs.
Previous studies have shown naive MSCs mediate recovery in EAE by secreting
various anti-inflammatory cytokines, chemokines, and trophic factors 114.150.158,
These in turn act to suppress auto-reactive immune cells and inhibit inflammation

while also promoting remyelination and neural repair 178. In agreement with these

51



studies, we found that conditioned medium (CM) from naive MSCs improves both
functional recovery and neuropathology in EAE mice, reducing lesion load and the
number of immune and T-cells in the CNS. The improvement in functional recovery
with naive MSC CM seemed more transient than the benefits observed upon directly
injecting the cells, as mice treated with a single injection of naive MSC CM appeared
comparable to controls in disease burden at later time points (unpublished
observations). While infusion of CM from peak EAE-MSCs into EAE mice results in a
small improvement in functional recovery, this effect was very limited and only
temporary, and so overall peak EAE-MSC CM failed to significantly improve clinical
recovery or neuropathology. Similarly, infusion of CM from chronic EAE-MSCs did
not improve functional or histological recovery.

While a number of different cytokines are up regulated in the CM of both
peak and chronic EAE-MSCs, it is unclear which, if any, of these factors might
account for the loss of therapeutic efficacy observed in EAE-MSCs. All of the
cytokines identified have pro-inflammatory functionality and are known mediators
of inflammation in EAE. IL-6 in particular is thought to be an important driver of T-
cell activity in diseases like MS and EAE 183, as it biases the development of
immature or regulatory T-cells into pro-inflammatory Th17 cells 184, Both CCL2 and
CCL9 are known chemokines for monocytes and inflammatory macrophages 185,
with CCL2 recruiting inflammatory immune cells into the CNS of EAE mice 186, Both
CXCL1 and CXCL5 are chemokines important in the recruitment of neutrophils to
sites of inflammation 187.188 and both are systemically up regulated in MS patients

during active lesion formation 18°.

52



Conditioned medium from MS-MSCs had higher levels of some of the same
pro-inflammatory cytokines, including IL-6 and CCL2. MS-MSCs were also similar to
peak EAE-MSCs in that they secreted higher levels of HGF compared to naive MSCs.
One question raised by these findings is whether secretion of HGF or other
immunomodulatory factors by MS-MSCs is affected by severity or duration of
disease. For instance, are BM-MSCs from MS patients different during relapse versus
remittance, or are MSCs from relapsing-remitting MS patients different from MSCs
from progressive MS patients? While MSCs can be isolated from EAE mice at
different phases of disease, it is more challenging to isolate and compare MSCs from
MS patients during specific periods of disease or control for variables like disease
duration, severity of disease, or differences in medications donors were receiving at
the time their bone marrow was collected. Future work including both prospective
and retrospective studies comparing MS-MSCs to naive MSCs are required to better
document the effect of such factors as well as genetic and environmental variables
that could also influence the functionality of bone marrow MSCs. The benefits of
autologous MSC therapy in MS will likely be unrealized until there is a better
understanding of how disease status and severity correlate to loss of therapeutic
functionality in these cells.

The demonstration of differences in the functionality of bone marrow
derived MSCs following CNS inflammation and demyelination is consistent with the
observation of changes in bone physiology in patients with MS. Osteoporosis and
osteopenia are commonly associated with MS, with MS patients having a higher risk

of both conditions, but the mechanisms underlying bone degradation in MS are
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currently unclear 190191, [t has been proposed that various factors contribute to
reduced bone density in patients with MS, including paralysis and musculoskeletal
atrophy, vitamin D deficiency, and inflammation that directly damages bone
structure 192, Qur data shows that diseases like EAE and MS can dramatically alter
the functionality of bone marrow MSCs, including aspects of their proliferation and
differentiation, raising the possibility that changes to bone marrow MSCs in MS

could contribute to changes in bone density observed in MS patients.

2.6: Conclusions

The pronounced lack of therapeutic efficacy of both EAE and MS-MSCs in an
experimental model of MS suggests that autologous MSCs may be a poor candidate
for cell-based therapies to treat MS. The present study thus supports the
advancement of allogeneic MSC therapy over autologous MSC therapy for the
treatment of MS, and raises important concerns over the efficacy of using

autologous BM-MSCs in clinical trials.
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Figure 2.1
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Figure 2.1: Transplanted EAE-MSCs fail to improve functional recovery or CNS
pathology in EAE mice. (A) Infusion of naive MSCs leads to improved functional
recovery in MOGss-ss EAE-mice, while treatment with peak or chronic EAE-MSCs
does not improve functional recovery versus saline-treated controls. 0.8 x 106
MSCs were intravenously injected into mice 15 days after EAE induction (arrow).
Data shown represents mean + SEM, n=12 mice per group, from 3 independent
experiments. (B) Representative images of solochrome cyanine stained spinal cord
sections showing myelin loss in EAE mice 30 days after treatment with naive MSCs
versus peak or chronic EAE-MSCs. (C) EAE mice treated with naive MSCs have less
myelin loss and lower lesion load, while mice treated with EAE-MSCs have a higher
lesion load that is comparable to controls. Data shown = mean + SEM, with lesion
load quantified from 6 solochrome cyanine stained sections per mouse, 3 mice per
group; **P<0.01, One-way ANOVA. (D) Representative images of Toluidine blue
stained spinal cord sections from EAE mice 30 days after treatment confirms that
mice treated with naive MSCs have more myelinated axons and less inflammatory
infiltrates than controls. By contrast, animals treated with peak or chronic EAE-
MSCs show no appreciable difference from controls. (E) EAE-mice treated with
naive MSCs have significantly lower numbers of CD45 positive inflammatory cells
(red) and CD3 positive T-cells (green) in their spinal cords 30 days after treatment,
while mice treated with peak or chronic EAE-MSCs show no significant difference
from controls. Data shown in graph = mean + SEM, quantified from 4 sections per
animal, 3 animals per group. *P<0.05, **P<0.01, One-way ANOVA. Scale bars in

(B) = 500um, (D) = 25 um, (E) = 20um.
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Figure 2.2
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Figure 2.2: Conditioned medium (CM) from EAE-MSCs fails to improve
functional recovery or CNS pathology in EAE mice. (A) Intravenous infusion of
conditioned medium (CM) from naive MSCs leads to improved functional recovery
in MOGss-s5 EAE-mice, while infusion of CM from either peak or chronic EAE-MSCs
does not improve functional recovery relative to controls (EAE mice that received
unconditioned medium). 0.5 mg conditioned medium was given 16 days after EAE
induction (arrow), data shown represents mean + SEM, n=11-12 mice per group,
from 3 independent experiments. (B) Representative images of solochrome cyanine
stained spinal cord sections showing myelin loss in EAE mice 14 days after they
received CM from naive MSCs versus peak or chronic EAE-MSCs. (C) EAE mice
treated with naive MSC CM have less myelin loss and lower lesion load, while mice
treated with EAE-MSC CM have a higher lesion load comparable to controls. Data
shown = mean + SEM, with lesion load quantified from 6 solochrome cyanine
stained sections per mouse, 3 mice per group; *P<0.05, One-way ANOVA. (D)
Toluidine blue staining of spinal cord sections in EAE mice 14 days after treatment
shows more myelinated axons in mice that received naive MSC CM, while mice
receiving EAE-MSC CM have less myelinated axons and more inflammatory
infiltrates similar to controls. (D) EAE-mice treated with naive MSC-CM have
significantly lower numbers of CD45 positive inflammatory cells (red) and CD3
positive T-cells (green) in their spinal cords 14 days after treatment, whereas mice
treated with EAE-MSC CM show no significant difference from controls. Data shown

in graph = mean + SEM, quantified from 5 sections per animal, 3 animals per group.
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**P<0.01, One-way ANOVA. Scale bars in (B) (Top)= 500um, (Bottom) = 25um (D) =

25 um, (E) = 20um.
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Figure 2.3
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Figure 2.3: EAE-MSCs secrete higher levels of pro-inflammatory cytokines.

(A) Representative images of antibody arrays treated with conditioned medium
(CM) from naive MSCs, peak EAE-MSCs, or chronic EAE-MSCs. Cytokines found to be
up-regulated in the arrays are indicated by red boxes and identified in the array
diagram depicted below; CCL2 = MCP-1, CCL9 = MIP-1 gamma, CXCL1 = KC, and
CXCL5 = LIX. (B) Fold changes of proteins increased in conditioned medium from
peak or chronic EAE-MSCs relative to naive MSCs; note conditioned medium from
EAE-MSCs contains higher levels of pro-inflammatory cytokines, including IL6,
CCLZ2, and CCLO9. Fold changes were calculated by densitometric quantification of
spot intensity values from 3 separate antibody arrays per group, n = 3 experiments.
Fold changes were capped at 16, with no fold decreases of any cytokines tested

observed in the arrays.
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Figure 2.4: Effects of EAE versus naive MSC CM on MOG-stimulated
splenocytes. Conditioned medium from naive MSCs or peak EAE-MSCs suppresses
MOG induced restimulation of splenocytes in-vitro, whereas conditioned medium
from chronic EAE-MSCs fails to significantly inhibit splenocyte proliferation.
Proliferation was assessed 48 hours after MOG stimulation (20uM) via BrdU Elisa.
Data shown = mean + SEM, n = 3 experiments, **P<0.01, ***P<0.005, One-way

ANOVA.
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Figure 2.5
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Figure 2.5: Comparison of cultured EAE-MSCs with naive MSCs. (A) Phase
contrast images of passage 3 naive MSCs versus peak and chronic EAE-MSCs
showing cells have similar morphologies. (B) Both peak and chronic EAE-MSCs
express common MSC markers and are CD45 negative like naive MSCs. Data shown
= mean + SEM, n = 3 experiments. (C) (Left) Representative images of naive and
EAE-MSCs differentiated into Oil-Red O positive adipocytes and Alkaline
Phosphatase (ALP) positive osteoblasts. (Right) Slightly fewer peak EAE-MSCs
differentiate into Oil-Red O stained adipocytes compared to naive or chronic EAE
MSCs, whereas differentiation of chronic EAE-MSCs into ALP-positive osteoblasts is
significantly increased. Data shown = mean + SEM, n = 2 experiments. **P<0.01,
*4P<0.005, One-way ANOVA. (D) (Left) Representative images of BrdU labeled
naive MSCs versus peak and chronic EAE-MSCs after a 16 hour BrdU pulse. (Right)
The proportion of cells labeled with BrdU (16 hour pulse) is significantly higher for
peak and chronic EAE-MSCs versus naive MSCs. Data shown = mean + SEM, n = 3
experiments, ***P<0.005, One-way ANOVA. Scale bar in (A) = 50um, (C) and (D) =

20 um.
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Figure 2.6
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Figure 2.6: MS-MSCs lack therapeutic efficacy compared to naive MSCs in
modulating EAE. (A) MSCs derived from MS patients (MS-MSCs) are less effective
at improving functional recovery when transplanted into EAE mice compared to
naive MSCs (DN-MSCs) derived from healthy donors. MOGs3s-s5 induced EAE mice
were infused with 1x10”76 MSCs at 14 days post EAE induction (arrows), with MS-
MSCs derived from 3 separate donors diagnosed with relapsing-remitting MS and
DN-MSCs derived from corresponding sex and age-matched healthy donors.
Experiments were carried out by Lianhua Bai (Case Western Reserve University);
data shown = mean + SEM, n = 11-13 mice per group. (B) EAE mice treated with
DN-MSCs from each of the respective donors show a significant reduction in
cumulative disease scores (area under the curve), whereas EAE mice treated with
MS-MSCs show no significant difference versus saline treated controls. Data shown
= mean + SEM, **P<0.01, One-way ANOVA. (C) Fold changes of proteins increased in
conditioned medium from MS-MSCs relative to naive MSCs; note conditioned
medium from MS-MSCs contains higher levels of pro-inflammatory cytokines,
including IL-6, IL-8, and CCL2. Fold changes were calculated by comparing spot
intensity values from 2 separate antibody arrays per group, with each array treated
with an independent sample. No fold decreases of any cytokine tested were

observed in the arrays.
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Supplemental Figure 2.1
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Supplemental Figure 2.1: EAE-MSCs migrate and engraft into host tissues like
naive MSCs. (A) (Left) MSCs in-vitro 2 days after being labeled with the fluorescent
cell tracking dye CMTPX; (Right) virtually all MSCs are CMTPX positive 2 days after
labeling. Data shown at right = mean+ SEM, n= 2 experiments.

(B) Representative images of CMTPX positive MSCs in different tissues 24 hours
after 0.5 x 10”6 labeled cells were infused into MOGss-s55 EAE mice (control mice
received saline). (C) Higher power images of CMTPX labeled MSCs co-localized with
the nuclear marker DAPI in liver sections of EAE mice 24 hours after infusion. (D)
No difference was found between the number of naive MSCs versus the number of
peak or chronic EAE-MSCs in each tissue either 24 hours or 7 days after infusion
into EAE mice. Data shown = mean + SEM, quantified from 3 sections per mouse, n =
2-3 mice per group from 2 independent experiments. Scale bar in (A) (B) = 50 um,

(C) =20 um.
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Supplemental Figure 2.2
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Supplemental Figure 2.2: EAE-MSCs differ from naive MSCs in HGF secretion.
Compared to naive MSC CM, peak EAE-MSC CM has significantly higher levels of
HGF, while chronic EAE-MSC CM has significantly lower HGF levels. Data shown =
mean + SEM, n = 3 experiments, with HGF levels quantified via ELISA from 3

independent samples per group. **P<0.01, ***P<0.005, One-way ANOVA.
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Supplemental Figure 2.3
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Supplemental Figure 2.3: Imnmunocytochemistry of cultured EAE and naive
MSCs. Cultured EAE MSCs are like naive MSCs in that they express common MSC

markers, including Scal, CD90, and CD44. Scale bar = 50 um.
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Supplemental Figure 2.4
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Supplemental Figure 2.4: MS-MSCs express common MSC markers like naive
MSCs. Expression of common MSC markers (CD90, CD105, and STRO-1) is similar

for DN-MSCs and MS-MSCs. PI= propidium iodide, scale bar = 20um.
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Transcriptional profiling of mesenchymal stem cells identifies distinct
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3.1: Abstract

Bone marrow mesenchymal stem cells (BM-MSCs) are an attractive cell
based therapy in the treatment of CNS demyelinating diseases such as multiple
sclerosis (MS). Preclinical studies in animal models demonstrate that rodent and
human BM-MSCs can be highly effective at reducing clinical burden and enhancing
recovery in experimental allergic encephalitis (EAE), a commonly used model of MS.
Translation to the clinic using autologous BM-MSCs to treat MS patients has been
disappointing however, as a number of recent clinical trials have not shown
significant functional benefit following BM-MSC infusion. One possibility for the
discrepancy between animal and human studies is the source of the cells. Recent
studies suggest that BM-MSCs derived from MS patients or animals with EAE lack
reparative efficacy compared to naive cells. To define the differences between
diseased and naive MSCs, we have utilized RNA Seq to assess changes in gene
expression between BM-MSCs derived from animals with EAE and those derived
from healthy controls. We show that EAE alters the expression of a large number of
genes in BM-MSCs and that changes in gene expression are more pronounced in
chronic versus acute disease. Bioinformatic analysis revealed extensive
perturbations in BM-MSCs in pathways related to inflammation and the regulation
of neural cell development. These changes suggest that signals from EAE derived
BM-MSCs inhibit rather than enhance remyelination, and in-vitro studies showed
that conditioned medium from EAE MSCs fails to support the development of

mature oligodendrocytes, the myelinating cells of the CNS. Together our data
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provide insight into the failure of autologous BM-MSCs to promote recovery in MS

and support the concept of utilizing non-autologous MSCs in future clinical trials.

3.2: Introduction

Mesenchymal stem cells (MSCs) are a multipotent class of stem cell with
potential as a cell-based therapy for both autoimmune and neurological
diseases>#121, While MSCs can be derived from a variety of tissues, one of the most
common and readily available sources of MSCs for clinical applications is the bone
marrow?’. Bone marrow derived MSCs (BM-MSCs) are a non-hematopoietic type of
stem cell that can be collected and expanded in-vitro from both human donors and
experimental animal models2.

BM-MSCs possess a remarkable capacity to modulate the responses of
different immune and neural cell types13. For example, BM-MSCs have strong
immunosuppressive functionality!?7, and can inhibit the proliferation and activation
of a range of immune cells including T-cells, B-cells, and macrophages3>71. These
immunosuppressive capabilities appear to be mediated in large part by the
secretion of a broad spectrum of anti-inflammatory chemokines and cytokines by
BM-MSCs 39175, [n addition to their immunomodulatory capabilities BM-MSCs are
also neuroprotective and may influence the development of distinct classes of
neural cells in the CNS. For example, BM-MSCs as well as conditioned medium from
BM-MSCs biases neural stem cell fate away from an astroglial fate and promotes
neural stem cell differentiation into oligodendrocytes and/or neurons!16117 In

addition, BM-MSCs and BM-MSC conditioned medium enhances differentiation of
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oligodendrocyte precursor cells (OPCs) into mature oligodendrocytes!18. The effects
of BM-MSCs on neural cells also appears to be mediated by secreted factors,
including growth factors like hepatocyte growth factor (HGF)114,

Due to their immunosuppressive and neuromodulatory properties, BM-MSCs
are considered to be a potentially powerful cellular therapy for inflammatory and
neurodegenerative diseases of the CNS such as multiple sclerosis (MS) 156194,
Experimental autoimmune encephalomyelitis (EAE) is a commonly used model of
MS that results in a predictable onset of functional deficits that correlate with
immune mediated CNS demyelination?>. When BM-MSCs are transplanted
intravenously into EAE they rapidly halt disease progression and improve motor
recovery and function117.146.149 Although the mechanisms mediating this functional
improvement are not well defined, transplanted BM-MSCs appear to suppress the
immune response as well as the activation and migration of peripheral immune cells
into the CNS of EAE mice. In addition, BM-MSCs attenuate demyelination and
possibly promote remyelination and axonal survivall17.146147 The therapeutic
benefits of BM-MSCs in EAE appear to be mediated by their secretion of anti-
inflammatory and pro-regenerative factors!14150,

Based on their success in treating animal models of MS like EAE, BM-MSCs
have moved into clinical trials for MS patients. The majority of these trials use
autologous MSCs (derived from MS patients)189, in contrast to most previous studies
in EAE animal models, which used MSCs from healthy human donors or healthy
animals (“naive MSCs”) 117146147149 New evidence suggests however that

inflammatory disease can alter the therapeutic functionality of BM-MSCs58. In our
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recent study, BM-MSCs derived from EAE mice and MS patients were shown to have
reduced therapeutic efficacy compared to naive MSCs in their ability to ameliorate
disease progression in EAE (Chapter II). The MSCs derived from donors with
ongoing disease secreted higher levels of many pro-inflammatory cytokines, and
demonstrated less immunosuppressive potential in-vitro (Chapter II).

Defining how diseases like MS affect the functionality of BM-MSCs is crucial
in evaluating whether autologous MSCs represent a viable strategy for treating MS
and other inflammatory diseases. The current study was undertaken to gain insight
into how disease affects BM-MSCs at a transcriptional level though RNA-Sequencing
experiments to compare gene expression profiles between naive MSCs and MSCs
derived from EAE mice (EAE-MSCs). Alternations in the expression levels of a large
number of genes between EAE-MSCs and naive MSCs were detected using this
approach, with bioinformatic analysis revealing significant perturbations in
pathways related to inflammation and immune cell regulation as well as
myelination and neural cell fate. Such changes in gene expression in EAE-MSCs
correlated with important functional consequences, as conditioned medium from
EAE-MSCs failed to promote oligodendrogenesis in vitro and instead favored
astroglial expansion. Collectively, our data underscores how inflammatory diseases
like EAE dramatically alter BM-MSCs at a transcriptional and functional level, raising

concern about the efficacy of using autologous MSCs as a cellular therapy for MS.
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3.3: Methods
EAE induction and scoring

EAE was induced in 10 week-old female C57BL/6 mice (Jackson Laboratory:
000664) using Hooke Labs MOGss-ss EAE Induction kits according to the
manufacturer’s protocol. Briefly, mice were immunized via subcutaneous injection
of 200ul of MOGss-ss peptide in complete Freund’s adjuvant. Pertussis toxin (250 ng)
was injected intraperitoneally at 2 and 24 hours post immunization. Animals began
showing signs of paralysis 9-11 days post immunization, and were graded by
blinded observers according to a previously described clinical index!14: 1 = limp tail,
2 = hind limb weakness, 3 = plegia of one limb, 4 = plegia of two limbs, 5 = moribund

or dead.

MSC culture and RNA isolation

Mesenchymal stem cells were isolated and cultured from the bone marrow of
MOGss-s5 - induced EAE mice at 14 days (peak EAE-MSCs) or 28 days (chronic EAE-
MSCs) after immunization, with the animals having a clinical score of 4. Naive MSCs
were cultured from non-immunized, age-matched C57BL/6 mice. Growth medium
for all cultures consisted of a-MEM with GLUTAMAX (Gibco) supplemented with
10% MSC-qualified fetal bovine serum (Gibco) and 1% penicillin/streptomycin
(Gibco).

BM-MSCs were isolated as previously described (see Methods Chapter II).
Briefly, bone marrow from the tibias and fibulas was collected by flushing the

central canal of the bone with a 26 x g syringe containing fresh growth medium.
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Bone marrow cells were then seeded in P75 flasks (Corning) at a concentration of 2
X 10”5 cells/cm”2 and grown at 37°C with 5% COZ2. Flasks were washed twice with
media 48 hours later to remove non-adherent cells, and the medium was changed
every 2-3 days. Cells were passaged using 0.25% Trypsin/EDTA (Gibco) for 2
minutes at 37°C and re-plated in P75 flasks at a concentration of 1 x 104
cells/cm”2.

At the third passage (21 to 28 days in-vitro), 1 x10"6 MSCs were collected for
RNA extraction using RNeasy Mini kits (Qiagen) according to the manufacturer ‘s
protocol. An independent culture preparation consisting of MSCs derived from 2-3
mice was used for each RNA sample. Conditioned medium (CM) was likewise
collected from passage 3 naive and EAE-MSCs between 21 and 25 days in vitro, with
unconditioned medium collected as a control. All CM samples were filtered through
a 0.22 um filter, centrifuged at 10,000 x g for 10 minutes, then frozen at -80 C.
Conditioned medium was collected from a different culture preparation for each

experiment.

RNA Sequencing

RNA libraries were prepared using TruSeq Stranded Total RNA Library Prep
kits with Ribo-Zero Gold according to the manufacturer’s protocol. Samples were
analyzed for whole-transcriptome analysis using Illumina HiSeq 2500 v2 (RAPID

RUN), with a read length of 1x50 bp for gene expression analysis.
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Mapping of reads and differential expression analysis

Mapping of reads and differential expression analysis was done in BaseSpace
using the RNA Express Legacy application (Version 1.0.0). Reads were mapped to
the Mus musculus - UCSC (build mm10) reference genome. Criteria for differentially
expressed genes included a fold change of 1.5 or greater, q-value < 0.05, and a

normalized mean expression count =2 10.

Gene ontology and pathway analysis

Gene ontology analysis of the top 2000 differentially expressed genes
(ranked by greatest magnitude fold change) was performed using DAVID (Version
6.7). Further gene pathway analysis of all differentially expressed genes was
performed using MetaCore. Heat maps were constructed using OriginLab Pro

(version 2017) with genes mapped according to their respective z-score.

Neural cell culture and immunocytochemistry

Dissociated neural cell cultures were prepared as previously described!17.
Briefly, spinal cords from P3 C57/B6 mice were dissected manually and chemically
dissociated in 0.1% Trypsin/EDTA for 20 minutes and passed through a 30 um cell
strainer to generate single cell suspension of neural cells. These cells were then
plated onto poly-L-lysine coated glass coverslips and grown in neural cell culture
medium (DMEM supplemented with 10% FBS and 1% antibiotic).

To test the effects of MSC CM of neural cell development and differentiation,

cells were cultured in medium that contained 50% neural cell culture media and
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50% MSC CM or unconditioned medium (controls) for 4 days. Coverslips were fixed
for 10 minutes in 4% paraformaldehyde and labeled for respective cell markers
using a previously published protocolll?. Antibodies used include: rat anti-MBP
(Abcam: ab7349 at 1:100), rabbit anti-GFAP (Millipore: ab5804 at 1:800), and rabbit
anti-NG2 (Millipore: ab5320 at 1:200). To quantify the percentage of cells labeled
with each respective marker, 6 fields per coverslip were counted, with 2-3

coverslips per experiment over 2 independent experiments.

Statistical Analysis

For RNA sequencing and expression experiments, statistical analysis was
performed via the RNA express app in BaseSpace, with g-values (multiplicity
adjusted p-values) of < 0.05 considered statistically significant. For cell counting
experiments, statistical tests were performed using GraphPad Prism 6, with
Dunnett’s multiple comparison tests performed post-hoc for one-way ANOVAs and

p-values of < 0.05 considered statistically significant.

3.4: Results

RNA-Seq reveals disease-related gene expression changes in BM-MSCs in EAE
RNA-Seq analysis was conducted on MSCs derived from the bone marrow of

MOGss-ss-induced EAE mice at two distinct phases of disease: at 14 days post

induction during the peak of the disease (“peak EAE-MSCs”) and at 28 days post

induction during the chronic phase of the disease (“chronic EAE-MSCs”). These

specific time points were selected based on a previous study showing BM-MSCs
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derived from MOG-induced EAE mice at these stages of disease have a diminished
capacity to suppress inflammation and ameliorate EAE when compared to MSCs
derived from non-diseased donors (Chapter II). To identify transcriptional changes
underlying the reduced therapeutic functionality in EAE-MSCs, gene expression
profiles of both peak and chronic EAE-MSCs were compared to expression profiles
of naive MSCs derived from healthy, sex-matched littermate controls.

To ensure that control MSCs were appropriately age-matched to their
respective disease counterparts, different cultures of naive MSCs were derived from
healthy littermates at the time of peak EAE and two weeks later for chronic EAE. At
least three biological replicates were used for gene expression comparisons and
analysis. A different primary culture preparation, consisting of 1x10*6 BM-MSCs
expanded for 3 passages (21-28 days in-vitro) and derived from 2-3 mice, was used
for each replicate.

RNA-Seq analysis revealed widespread changes in gene expression patterns
in EAE-MSCs that correlated with disease progression. Differentially expressed
genes (DEGs) between EAE-MSCs and naive MSCs were defined by a magnitude fold
change of 1.5 or greater, g-value < 0.05, and a normalized mean expression count
10. Using these criteria, RNA-Seq analysis identified 2,337 DEGs between peak EAE-
MSCs and naive MSCs (Figure 3.1A). Chronic EAE-MSCs had more pronounced
changes in gene expression, with 5, 837 DEGs between chronic EAE-MSCs and naive
MSCs (Figure 3.1A). The magnitude of individual gene expression changes in chronic
EAE-MSCs also tended to be higher than the magnitude of gene expression changes

in peak EAE-MSCs (Figure 3.1A). For example, when comparing chronic EAE-MSCs
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to naive MSCs, 34% of DEGs showed a fold change of 3 or greater, whereas only 12%
of DEGs showed a fold change of 3 or greater when comparing peak EAE-MSCs to
naive MSCs. Unsupervised hierarchical clustering showed peak EAE-MSC and
chronic EAE-MSC replicates clustered together independently of naive MSC
replicates (Figure 3.1B). Our data indicates that both peak EAE-MSCs and chronic
EAE-MSCs have distinguishable and reproducible changes in gene expression

patterns compared to naive MSCs.

EAE-MSCs up-regulate genes linked to inflammation and immune activation

The immunomodulatory and regenerative capacity of BM-MSCs in models of
MS is derived in large part from their ability to secrete a wide array of diverse
chemokines, cytokines, and trophic factors that may act on a act on a variety of
cellular targets, including adaptive and innate immune cells involved in
inflammation 3°. To identify cellular and biological processes associated with the
gene expression changes in EAE-MSCs, gene ontology (GO) enrichment analysis was
performed on the DEGs found between naive and EAE MSCs.

Gene ontology analysis suggested many DEGs are secreted factors or linked
to the secretory pathway. For example, comparison of the distribution of DEGs
amongst different cellular compartments revealed a large number of DEGs for both
peak and chronic EAE-MSCs were associated with vesicles or the endoplasmic
reticulum (ER) and Golgi apparatus (Figure 3.2). Out of the top five specific cellular
compartments DEGs mapped to, vesicles and the ER/Golgi apparatus were third and

fourth respectively for both peak EAE-MSCs and chronic EAE-MSCs. The only
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compartments with a higher level of associated DEGs were the nucleus and cell
membrane (Figure 3.2).

Gene ontology enrichment analysis revealed many DEGs in EAE-MSCs were
linked to immune activation and inflammation. For example, analysis of the DEGs
for both peak EAE-MSCs and chronic EAE-MSCs showed that the third most
enriched term (ranked by p-value) was “immune response” (Figure 3.3A). Many of
the GO terms associated with DEGs for both peak and chronic EAE-MSCs related to
aspects of cell-mediated immunity or inflammatory response, including terms like
“lymphocyte mediated immunity, “ “leukocyte chemotaxis”, “positive regulation of
immune response” and “activation of immune response,” (Figure 3.3A).

RNA-Seq analysis revealed an up-regulation of many immune and pro-
inflammatory genes in EAE-MSCs compared to naive MSCs. These included a
number of inflammatory chemokines, cytokines, and other factors previously shown
to be important in mediating MSC immunomodulation. For example, peak and
chronic EAE-MSCs showed an up-regulation of multiple pro-inflammatory
chemokines including Cxcl1 and Cxcl5, as well as interleukins important in T-cell
activation such as IL-6 (Figure 3.3B)184, This data is consistent with a previous study
showing that EAE-MSCs have elevated expression of each of these pro-inflammatory
cytokines at the protein level and secrete higher levels of these factors compared to
naive MSCs (Chapter II). Previous studies have demonstrated that MSC-induced
activation of the complement system after transplantation may reduce MSC viability
and compromise their therapeutic efficacy!?¢. RNA-Seq analysis showed higher gene

expression of many complement system factors in EAE-MSCs compared to naive
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MSCs, suggesting enhanced complement activation by EAE-MSCs (Figure 3.3B). The
therapeutic efficacy of BM-MSCs is also influenced by Toll-like receptor (TLR)
signaling that can affect the immunomodulatory characteristics of MSCs197.198, The
expression of many TLR genes was increased in EAE-MSCs compared to naive MSCs
(Figure 3.3B), which may contribute to the functional differences between the two
cell populations.

Further analysis of DEGs was performed using MetaCore to identify
specific biological pathways associated with the gene expression changes observed
in EAE-MSCs. MetaCore analysis revealed many DEGs in EAE-MSCs were associated
with pathways important in immune cell signaling and immune response. For
example, gene expression changes in peak EAE-MSCs and chronic EAE-MSCs were
linked to the regulation of T-cell differentiation and activation, and to signaling
pathways important in T-cell polarization (Figure 3.4A). These results are
consistent with previous findings from GO enrichment analysis of the DEGs in EAE-
MSCs that found immune and inflammatory processes were significantly over-
represented. Together the comparative analysis of gene expression between naive
and EAE BM-MSCs reveals an extensive change in immune associated genes. Such
data is consistent with the notion that EAE-MSCs are more pro-inflammatory than
naive MSCs and have reduced immunosuppressive functionality compared to naive

MSCs both in-vitro and in-vivo after transplantation into EAE mice (Chapter II).
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EAE-MSCs differentially regulate neural cells and oligodendrogenesis

In addition to being immunomodulatory, previous studies have suggested
that naive MSCs have the capacity to influence neural cell fate!?4. Metacore analysis
of the DEGs between EAE-MSCs and naive MSCs identified changes in pathways
important in regulating neural cell development. In both peak and chronic EAE-
MSCs, multiple DEGs were associated with “oligodendrocyte differentiation,” and
expression changes in peak or chronic EAE-MSCs were linked to “neural stem cell

»” «

lineage commitment,” “astrocyte differentiation,” and “neurogenesis” (Figure 3.4A).
Signaling pathways important in neural cell differentiation and development,
including WNT, EGFR, and PDGF signaling°?, were also associated with gene
expression changes in peak and chronic EAE-MSCs (Figure 3.4A).

EAE-MSCs showed changes in gene expression for multiple factors
known to regulate neural cell development and oligodendrocyte differentiation. For
example, both peak EAE-MSCs and chronic EAE-MSCs up-regulated expression of
Fgf and Bmp genes, including Fgf2, Bmp4, and Bmp6 (Figure 3.4B). FGF and BMP
proteins are important in influencing neural cell fate, as they favor the
differentiation of neural stem cells (NSCs) and oligodendrocyte precursor cells
(OPCs) into astrocytes versus their differentiation into oligodendrocytes 200,201,
Chronic EAE-MSCs also down regulated expression of genes like Tgfb1 and Igf1,
which code for growth factors that promote oligodendrocyte maturation and
differentiation202203,

Such changes in gene expression suggest EAE-MSCs may differentially

influence neural cell fate compared to naive MSCs. To test this hypothesis,
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dissociated cultures of spinal cord neural cells were treated with conditioned
medium (CM) from naive MSCs or EAE-MSCs. Cultures were treated for 4 days (with
unconditioned medium used as a control) and the proportion of GFAP+ astrocytes
and MBP+ oligodendrocytes was assayed to determine whether factors secreted by
EAE-MSCs differentially bias neural cell development.

While cultures grown in CM from naive MSCs had increased numbers of
mature oligodendrocyte compared to controls, cultures grown in CM from chronic
EAE-MSCs had reduced numbers of mature oligodendrocytes and increased
numbers of astrocytes (Figure 3.4C). Parallel studies using CM from Peak EAE-MSCs
showed a less significant effect with a slight increase in the number of astrocytes
and no reduction in the number of oligodendrocytes (Figure 3.4C). Changes in the
relative number of oligodendrocytes in cultures treated with CM from chronic EAE-
MSCs appeared to reflect changes in oligodendrocyte maturation since no significant
effect on the number of NG2+ oligodendrocyte precursors was seen compared to
controls (Figure 3.4C). No changes were seen in the relative number of neurons,
which at less than 3% accounted for a very small percentage of cultured cells (data
not shown). Our data suggests that the failure of EAE-MSCs to promote recovery in
animal models of CNS demyelination may be associated in part with their reduced

capacity to promote the development of mature oligodendrocytes.
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Changes in gene expression in BM-MSCs during EAE correlate with disease
progression

RNA-Seq analysis suggests that gene expression changes in BM-MSCs during
EAE evolve with disease progression. For example, the number of DEGs is much
higher when comparing chronic EAE-MSCs to naive MSCs versus comparing peak
EAE-MSCs to naive MSCs. To investigate what genes are differentially expressed
between peak and chronic EAE-MSCs, expression profiles of peak EAE-MSCs and
chronic EAE-MSCs were compared to each other using previous criteria for DEGs:
magnitude fold change of 1.5 or greater, g-value < 0.05, and a normalized mean
expression count = 10.

RNA-Seq analysis revealed BM-MSCs show continual changes in gene
expression patterns throughout EAE progression. There were 3, 736 DEGs between
peak EAE-MSCs and chronic EAE-MSCs (Figure 3.5A). Consistent with comparative
studies between naive and EAE-MSCs, GO analysis identified many of these genes as
being associated with immune or inflammatory processes (Figure 3.5B). Also, GO
analysis suggested many of these DEGs are associated with processes involved in

” «

cell uptake and secretion, as “phagocytosis,” “membrane invagination,” and
“endocytosis” were among top GO terms (Figure 3.5B).

Many of the DEGs found between peak and chronic EAE-MSCs were immune
or inflammatory genes. These include some of the same chemokine and cytokine
genes previously found elevated in EAE-MSCs in comparison to naive MSCs. For

example, chronic EAE-MSCs had elevated levels of expression of pro-inflammatory

cytokine genes such as Cxcl1, Cxcl5, and Cx3cl1 compared to peak EAE-MSCs (Figure
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3.5C). Not all gene expression was elevated in chronic EAE-MScs. Several Toll-like
receptor genes and compliment component genes were down regulated in chronic
EAE-MSCs compared to naive MSCs (Figure 3.5C).

Overall, there was considerable consistency in the genes whose expression
changed in BM-MSCs during EAE. For example, of the 2,337 DEGs identified between
peak EAE-MSCs and naive MSCs, 65% of these (1,498 / 2,337) were also
differentially expressed between chronic EAE-MSCs and naive MSCs (Figure 3.5D).
Furthermore of the 5,837 DEGS found between chronic EAE-MSCs and naive MSCs,
80% of these genes (2,979/3,736) were differentially expressed when comparing
peak EAE-MSCs to chronic EAE-MSCs. In total, there were 988 common DEGs in BM-
MSCs throughout all time points analyzed during EAE (Figure 3.5D).

Bioinformatic analysis revealed a high degree of conservation in the
transcriptional regulators associated with the DEGs identified in EAE-MSCs. For
example, the transcription factor SP1 was most significantly associated with the
DEGs identified in both peak EAE and chronic EAE-MSCs, and both peak EAE-MSCs
and chronic EAE-MSCs showed a high degree of similarity in other transcription
factors linked to their respective DEGs (Figure 3.5E). Overall the current
bioinformatic analysis suggests the changes in gene expression by BM-MSCs during
EAE and the transcriptional regulators associated with these changes are highly

conserved.
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3.5: Discussion

Utilizing RNA-Sequencing, genome-wide expression profiles of BM-MSCs
derived from healthy and EAE mice have been analyzed and compared for the first
time to provide a better understanding of the transcriptional and functional changes
BM-MSCs undergo during inflammatory disease. Widespread gene expression
changes were detected by RNA-Seq analysis in BM-MSCs derived from animals with
EAE compared to naive cells derived from non-diseased animals. The degree of
altered gene expression correlated with disease progression. Many of the most
pronounced increases in gene expression were in genes involved in the regulation of
the immune system and inflammatory processes. Bioinformatic analysis also
identified important changes in EAE-MSCs in genes associated with pathways that
influence neural cell fate and antagonize oligodendrocyte differentiation. Consistent
with these changes in gene expression, conditioned medium from EAE BM-MSCs
reduced the number of mature oligodendrocytes that developed in cultures of
neonatal spinal cord, while conditioned medium from naive BM-MSCs increased the
number of oligodendrocytes in parallel cultures.

Mesenchymal stem cells have many characteristics that make them suitable
for clinical application in a number of diseases2%4, In order to ensure maximal
benefit of such trials it is important that the most appropriate cells are used and the
cells should be well defined as effectively as possibly. The gene expression changes
identified between naive BM-MSCs and MSCs derived from an animal model of
multiple sclerosis (EAE) are potentially important given the majority of clinical

trials for MS patients use autologous MSCs that are likely more equivalent to EAE
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derived MSCs. While preliminary results from these clinical trials report good safety
data in transplanting autologous MSCs into MS patients, most report limited
therapeutic efficacy164166.167.205 prompting questions about whether autologous
MSCs from MS patients (MS-MSCs) are equivalent to allogeneic MSCs from healthy
patients (naive MSCs) in their functional characteristics and therapeutic
potentiall63,

Comparisons of the biological and functional characteristics of naive and MS-
MSCs have failed to reach consensus as to whether MS-MSCs show differences in
characteristics like proliferation or cytokines secretion compared to naive MSCs16%-
171, One recent study reported MS-MSCs have less immunosuppressive functionality
compared to naive MSCs in-vitro, and utilized microarrays to profile and compare
gene expression in MS-MSCs and naive MSCs172. Although there was a significant up-
regulation of inflammatory genes in MS-MSCs, consistent with the RNA-Seq analysis
of EAE-MSCs in the current study, the magnitude of changes was more limited. For
example, less than 700 DEGs were seen in the MS study, compared to the greater
than 2000 DEGs seen in EAE 172, Interpreting genomic or functional data that
compares MS-MSCs to naive MSCs can be complicated as there are a range of
variable that may alter the data and are difficult to control for. Factors such as
genetic background or donor age may influence the functionality of BM-MSCs 206,
Likewise, current or previous medication regimes, disease duration, and disease
severity may affect gene expression levels in autologous BM-MSCs. Together such
variables may make defining significant functional or gene expression changes in

BM-MSCs derived from patients with diseases such as MS difficult. The utilization of
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a mouse model of disease such as EAE eliminates many of these variables, including
genetic traits and prior disease history, and can provide clearer insight into the
effects of disease on BM-MSCs.

Our study comparing BM-MSCs derived from MOG EAE mice to naive MSCs
from healthy, age-matched mice demonstrated that the EAE-MSCs had a reduced
ability to ameliorate functional deficits caused by EAE (Chapter II). This lack of
therapeutic efficacy of EAE-MSCs was correlated with increases in the relative levels
of pro-inflammatory cytokines and decreases in the levels of anti-inflammatory
growth factors EAE-MSCs secreted relative to naive MSCs. This cytokine expression
data is consistent with the present RNA-Seq analysis showing EAE-MSCs up-regulate
a wide variety of inflammatory genes associated with immune response and
immune cell activation. The up regulation of gene expression for Cxcl1, Cxcl5, and
IL-6 correlates directly with the increased expression of these cytokines in
conditioned medium from EAE-MSCs (Chapter II).

The duration of disease appears to directly influence BM-MSC gene
expression. For example, the number of DEGs was significantly increased in chronic
EAE-MSCs versus naive MSCs, and the magnitude of the gene expression changes
tended to be higher in chronic EAE-MSCs compared to naive MSCs. Increases in
gene expression were particularly evident with inflammatory genes. These results
are consistent with previous findings that BM-MSCs isolated from MOG-induced EAE
mice during the chronic phase of the disease express elevated levels of
inflammatory cytokines and have less immunosuppressive potential than BM-MSCs

isolated from EAE mice during the peak of the disease (Chapter II).
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In addition to modulating the immune system, MSCs have been suggested to
influence neural cell fate. Several studies demonstrate that naive MSCs have the
capacity to enhance oligodendrocyte differentiation and maturation in-vitro and
remyelination in-vivo in demyelinating animal models114117.118 [t is currently
unclear whether MSCs alter the fate of multipotent neural progenitor cells or
directly promote the differentiation of oligodendrocyte precursors when
transplanted in-vivo. Furthermore, the relative contributions of MSC mediated
recovery in EAE from their capacity to influence neural cell fate and remyelination
versus the ability of MSCs to suppress inflammation and the immune response is
currently unclear178.207, RNA-Seq analysis revealed a significant up regulation in
gene expression of a number of TGF( family members including BMPs in EAE-MSCs.
Developmental studies have defined a central role for BMP signaling in inhibiting
the development of mature oligodendrocytes from their precursors2%8, and here we
show that conditioned medium from EAE-MSCs no longer promotes the appearance
of mature oligodendrocytes. These observations raise the possibility that the
reduced therapeutic functionality of EAE-MSCs may be due in part to the diminished
ability of these cells to promote oligodendrocyte maturation and subsequent
remyelination. Future studies are required to better address how EAE alters the
capacity of BM-MSCs to modulate neural cells and promote myelin repair, and to
determine whether the loss of therapeutic functionality in EAE-MSCs stems from

changes in their immunosuppressive versus neuroprotective potential.
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3.6: Conclusion

RNA-Seq analysis of BM-MSCs in EAE helps to support newly emerging
evidence that disease alters the functional characteristics and therapeutic capacity
of MSCs. EAE-MSCs show clear changes in gene expression patterns relative to naive
MSCs, including up-regulation of inflammatory genes. In addition, EAE-MSCs
differentially modulate neural cell development and fail to promote the formation of
mature oligodendrocytes in-vitro. We show that inflammatory disease dramatically
alters BM-MSCs at both a transcriptional and functional level, raising concern about

the efficacy of using autologous MSCs to treat MS.
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Figure 3.1
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Figure 3.1: RNA-Seq analysis of gene expression changes in BM-MSCs in EAE.
(A) Volcano plots depicting differentially expressed genes (DEGs) measured by
RNA-Seq analysis of peak EAE-MSCs versus naive MSCs (left) or chronic EAE-MSCs
versus naive MSCs (right). DEGs were defined by a magnitude fold change of 1.5 or
greater, q-value < 0.05, and a normalized mean expression count = 10.

(B) Unsupervised hierarchical clustering of samples using Pearson correlation with
average linkage, along with corresponding dendrogram and heatmap of DEGs. Peak
EAE-MSC and chronic EAE-MSC replicates cluster together independently of naive

MSC replicates.
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Figure 3.2
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Figure 3.2: Distribution of DEGs in different cellular locations. Top five specific
cellular locations associated with the DEGs found between peak EAE-MSCs and
naive MSCs (left) or chronic EAE-MSCs and naive MSCs (right). The number of DEGs

associated with that location is given in parenthesis.
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Figure 3.3
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Figure 3.3: EAE-MSCs show changes in genes associated with inflammation
and immune activation. (A) Top 20 gene ontology terms (ranked by p-value) for
DEGs found between peak EAE-MSCs and naive MSCs (left) or chronic EAE-MSCs
and naive MSCs (right). Most GO terms relate to immune processes, particularly
immune activation and immune response. (B) Heatmap showing immune genes
differentially expressed between peak EAE-MSCs and naive MSCs (left) or chronic
EAE-MSCs and naive MSCs (right). Many inflammatory genes, including chemokines,

cytokines and elements of the complement system, are up regulated in EAE-MSCs.
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Figure 3.4
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Figure 3.4: EAE-MSCs differentially regulate neural cell development and
oligodendrocyte formation. (A) Top pathways (ranked by p-value) associated
with the DEGs found between peak EAE-MSCs and naive MSCs (left) or chronic EAE-
MSCs and naive MSCs (right). The number in parenthesis next to the pathway
identifies statistical ranking assigned by MetaCore. Notable immune and neural cell
pathways have been highlighted in green and red respectively. (B) Heatmap
showing expression changes between peak EAE-MSCs and naive MSCs (left) or
chronic EAE-MSCs and naive MSCs (right) for genes important in regulating neural
cell development. (C) Neural cell cultures treated with conditioned medium (CM)
from naive MSCs had significantly higher number of MBP+ oligodendrocytes
compared to control cultures treated with unconditioned medium, whereas cultures
treated with EAE-MSC CM had a higher number of GFAP+ astrocytes relative to
controls. Scale bar = 30 um, data shown in graph = mean + SEM, **P<0.01, One-way

ANOVA.
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Figure 3.5
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Figure 3.5: Changes in gene expression in BM-MSCs throughout EAE.

(A) Volcano plot depicting differentially expressed genes (DEGs) measured by RNA-
Seq analysis of peak EAE-MSCs versus chronic EAE-MSCs. (B) Top 10 gene ontology
(GO) terms ranked by p-value associated with the DEGs found between peak and
chronic EAE-MSCs. (C) Heatmap showing immune genes differentially expressed
between peak EAE-MSCs and chronic EAE-MSCs. Many inflammatory genes are up
regulated in chronic EAE-MSCs compared to peak EAE-MSCs. (D) Three - way Venn
diagram illustrating similarities in DEGs found between naive, peak, and chronic
EAE-MSCs. (E) Top 10 transcription regulators (identified through MetaCore)
associated with the DEGs found between peak EAE-MSCs and naive MSCs (left) or
chronic EAE-MSCs and naive MSCs (right). Transcription factors (TF) are ranked
according to their respective z-score (the level of connectivity of the TF to the DEG

list), with the number of DEGs associated with that TF indicated above each bar.
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ChapterIV:

General Discussion
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4.1: Implications: autologous MSCs for the treatment of MS and other
inflammatory diseases

Over twenty NIH-registered clinical trials are currently underway to evaluate
MSCs as a potential cellular therapy for MS163, These trials follow evidence of MSC
safety and clinical efficacy in a variety of other inflammatory conditions?273, as well
as studies in animal models of MS like EAE that demonstrated MSC infusion
effectively reduces disease burden and improves functional recovery¢3. However,
the majority or previous studies evaluating MSCs in the EAE model utilized naive
MSCs derived from healthy animals or human donors117.146-149 [n contrast, most
clinical trials in MS patients utilize autologous MSCs in order to minimize the risk of
cell rejection or adverse reactions63. This raises a serious question about whether
autologous MS-MSCs are equivalent to naive MSCs in their ability to modulate
disease, or whether disease alter the functionality of these cells and compromise
their therapeutic capacity.

While previous studies have compared MS-MSCs to naive MSCs in-vitro169-171,
no study before ours has looked at how these different cell populations modulate
disease in-vivo when transplanted into an MS animal model such as EAE. Only one
previous study has directly compared the therapeutic efficacy of bone marrow
derived EAE-MSCs to naive MSCs when each is transplanted into EAE micel73. While
this study reported EAE-MSCs are no different than naive MSCs in their cellular
characteristics and ability to ameliorate EAE, it only isolated MSCs from mice early
on in EAE progression when the animals began showing physical signs of diseasel73.
This paradigm does not accurately represent the use of autologous MSCs in most

clinical trials though, as these cells are typically isolated from patients that haven
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diagnosed with MS (usually progressive MS) for many years. A more recent study
reported that bone marrow MSCs isolated from EAE mice later during disease
(when symptoms are more severe) were different than naive MSCs in their
proliferation and differentiation potential, but did not compare these two cell
populations in terms of their therapeutic capacityl74.

Here, we show for the first time that bone marrow MSCs derived from MOG-
induced EAE mice and from patients with relapsing-remitting MS have reduced
therapeutic efficacy compared to naive MSCs derived from healthy donors. Both
EAE-MSCs and MS-MSCs fail to significantly improve functional recovery when
intravenously infused into MOG-induced EAE mice, in contrast to the therapeutic
benefits observed in infusing naive MSCs. There were important differences
however between EAE-MSCs and MS-MSCs in their ability to promote functional
recovery in the MOG EAE model. Infusion of MS-MSCs into EAE mice did cause some
improvement in functional recovery, although this improvement was often transient
and largely donor dependent. For each of the three respective donors overall, MS-
MSCs lacked therapeutic efficacy compared to naive MSCs and failed to significantly
improve cumulative disease score.

There were also functional differences in MSCs derived from MOG-induced
EAE mice during the peak of disease (peak EAE-MSCs) versus those derived from
EAE mice later in disease progression during the chronic phase of EAE (chronic
EAE-MSCs). While both peak and chronic EAE-MSCs lacked therapeutic efficacy
compared to naive MSCs, infusion of peak EAE-MSCs into EAE mice did promote a

small, transient improvement in functional recovery for a few days. However this
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rapidly reversed, and overall mice that received peak EAE-MSCs or chronic EAE-
MSCs showed no significant improvement in cumulative disease score relative to
controls.

Overall, our data suggests that disease compromises the therapeutic capacity
of MSCs. However, changes in the therapeutic functionality of MSCs seem to directly
correlate with progression of disease, at least in the MOG EAE model. Chronic EAE-
MSCs had more pronounced changes in their expression of inflammatory genes and
their secretion of pro-inflammatory factors compared to peak EAE-MSCs. Whereas
conditioned medium (CM) from chronic EAE-MSCs failed to suppress MOG-induced
restimulation of lymphocytes in-vitro, CM from both peak EAE-MSCs and naive
MSCs significantly reduced lymphocyte proliferation. The disparate effects between
naive, peak EAE-MSCs, and chronic EAE-MSCs were also observed in co-culture
experiments with primary mouse neural cells. While CM from naive MSCs
significantly increased the formation of mature oligodendrocytes in neural cell
cultures, CM from peak EAE-MSCs had no effect on oligodendrogenesis, although it
did slightly increase the number of astrocytes. In contrast, CM from chronic EAE-
MSCs decreased the number of mature oligodendrocytes, and significantly increased
the number of astrocytes.

Future studies will need to better examine the association between disease
severity and MSC functionality in different EAE models and in MS patients. For
example, in a relapsing remitting model of EAE, do MSCs derived from mice during
relapse have less therapeutic efficacy than those derived from mice during

remittance? Similarly, are there differences in the therapeutic functionality of MSCs
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from relapsing-remitting MS patients during different periods of disease, or do MSCs
from relapsing-remitting MS patients differ from those derived from progressive MS
patients?

Understanding precisely how disease status and severity correlate to
changes in the therapeutic functionality of MSCs will be critical in better utilizing
MSCs as a cellular therapy for MS. Preliminary data from clinical trials evaluating
autologous bone marrow MSCs as a treatment for MS report good safety but little
overall therapeutic efficacy164-166.168.205 Notably, several pilot trials report
autologous MS-MSCs provide only transient benefit in functional recovery and/or
lesion pathology (assessed by MRI) in MS patients164168205_A]lthough interpretation
of these results must be guarded since these trials evaluate a very small number of
patients, these results parallel our own findings that MS-MSCs and EAE-MSCs lack
therapeutic efficacy compared to naive MSCs, and provide only a small, transient
benefit at most.

These findings have important implications concerning the design of future
clinical trials evaluating MSCs as a treatment for MS and perhaps other
inflammatory diseases. The lack of therapeutic efficacy of both EAE and MS MSCs
compared to naive MSCs in an MS animal model suggests autologous MSCs are a
poor candidate for use in clinical trials and supports the advancement of allogeneic
MSCs in future clinical applications. Although allogeneic cells generally pose a
higher risk of transplant rejection compared to autologous cells, allogeneic MSCs are
considered to be immune privileged or at least hypo-immunogenic and have a very

low risk of rejection299. Multiple clinical trials have reported allogeneic MSCs are
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safe and effective in treating other inflammatory conditions such as graft versus
host disease81.85,

Another possible strategy is to collect autologous MSCs from MS patients
very early on in the disease, as our results suggest the functionality of MSCs
diminishes over time. Thus MSCs derived from MS patients early on in the disease
may still be therapeutically relevant in treating MS once it becomes more severe.
These cells could be frozen down and used as a potential therapy when the disease
advances to a progressive stage or no longer responds to other treatments. Such a
strategy would require a more precise understanding of when the functionality of
MSCs changes during MS. Future studies examining the effectiveness and/or
functionality of MSCs as it relates to disease progression or severity in MS will be
crucial to understanding when autologous MSCs may be better suited for clinical
applications.

One question raised by our results is whether changes in the therapeutic
functionality of MSCs in diseases like EAE and MS extend to other inflammatory
conditions. This question is especially relevant given autologous MSCs are being
used as a potential cellular therapy for a wide range of other inflammatory and
neurological diseases. In one study, bone marrow MSCs derived from the collagen-
induced arthritic (CIA) mouse model of rheumatoid arthritis had significant changes
in their proliferative capacity and differential potential compared to naive MSCsZ210,
MSCs from CIA mice also had less immunosuppressive functionality in-vitro
compared to naive MSCs, and produced higher levels of pro-inflammatory cytokines

such as [L-6211, These changes in MSCs in the CIA model appear to be paralleled in
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patients with rheumatoid arthritis (RA), as one study reported bone marrow MSCs
derived from RA patients fail to inhibit the proliferation and polarization of pro-

inflammatory T-cells as effectively as naive MSCs derived from healthy donors212,

4.2: Potential mechanisms mediating changes in MSC functionality

Although our work and other studies show inflammatory disease can alter
the functionality of bone marrow MSCs, it is unclear if there is a common
mechanism mediating these effects. One important question concerns the identity of
the extracellular signal(s) that alter the functionality of BM-MSCs in EAE and MS and
the source from which those signal(s) arise. Bone marrow is a complex cellular
niche filled with different types of immune cells, making it possible that the loss of
functionality in BM-MSCs might be mediated from cellular signals in their local
environment?13, Alternatively, the signals could be more systemic. For instance,
previous studies have shown that the biology of MSCs is regulated by noradrenergic
innervation to the bone marrow?214215, Also, blood borne factors could possibly
influence the functionality of BM-MSCs35. However, previous studies have shown
that typical pro-inflammatory signals actually promote the immunosuppressive
function of MSCs. Treating bone marrow MSCs with pro-inflammatory factors,
including interferon-gamma (IFN-y), interleukin-17 (IL-17), and tumor necrosis
factor alpha (TNFa), causes them to up-regulate secretion of anti-inflammatory
factors such as HGF and PGE2 and enhances their capacity to inhibit T-cell

proliferation216-219,
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Multiple studies have found that Toll-like receptor (TLR) signaling can affect
the functionality of bone marrow MSCs181.197.220, While treating MSCs with
exogenous ligands to TLR3 enhances their immunosuppressive capacity, treating
MSCs with ligands to TLR4 seems to polarize MSCs to a more pro-inflammatory
phenotypel97.220, MSCs treated with TLR4 ligands down-regulate secretion of PGE2,
VEGF, and HGF, and promote T-cell proliferation in-vitro!81, In a recent study, BM-
MSCs treated with the TLR4 agonist lipopolysaccharide (LPS) immediately prior to
infusion into EAE mice subsequently lacked therapeutic efficacy compared to
untreated MSCs198. Based on these studies, TLR signaling may be an important
effector underlying the diminished the therapeutic functionality of MSCs in EAE.
RNA-Seq analysis revealed many TLR genes are differentially expressed in EAE-
MSCs compared to naive MSCs. TLRs can be activated by a number of endogenous
ligands collectively referred to as DAMPs (Damage-associated molecular patterns)
that are released from dying cells?21. Increased serum levels of multiple DAMPS
have been reported in many inflammatory diseases, including EAE and MS221.222,
Whether such signaling cascades actually mediate the loss of efficacy in autologous
bone marrow MSCs from MS patients or EAE mice is unclear.

Our RNA-Seq analysis revealed that EAE-MSCs differ remarkably from naive
MSCs in their gene expression profiles, consistent with a previous study showing
MS-MSCs have similar changes in gene expression compared to naive MSCs172, This
suggests that the loss of functionality in diseased MSCs is mediated by
transcriptional mechanisms. The fact that there are significant differences in EAE-

MSCs and MS-MSCs after they have been isolated and grown in culture for several
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weeks strongly implies the phenotype observed in diseased MSCs is maintained at a
transcriptional level. Bioinformatic analysis of our RNA-Seq data revealed a high
degree of conservation in the transcriptional regulators associated with the
differentially expressed genes (DEGs) identified in EAE-MSCs. For example, the
transcription factor hypoxia inducible factor 1 alpha (HIF1a) was highly associated
with the DEGs in both peak and chronic EAE-MSCs. Inhibiting HIFa attenuates
inflammation in a variety of biological systems and disease settings, suggesting
HIF1la is key regulator of inflammation and immunity?223, Targeting HIF1a and/or
other transcription factors associated with the gene expression changes observed in
EAE-MSCs may represent one approach to restoring the therapeutic functionality of
diseased BM-MSCs.

Future studies will need to explore both the extracellular signals and
internal transcriptional mechanisms underlying the changes in bone marrow MSCs
in EAE and MS. Until the mechanisms mediating the loss of therapeutic functionality
in diseased MSCs can be better identified and corrected, the benefits of autologous
MSC therapy in MS will likely be unrealized. Understanding how MS alters MSC
functionality as part of disease progression may also reveal new insights into MS
pathogenesis. Although biology and function of endogenous MSCs is poorly
understood, these cells may act as key regulators of immune cells in lymphoid
organs such as the bone marrow3>. Changes to the functionality of MSCs in EAE and
MS may therefore contribute to autoimmunity and inflammation in these diseases. A
recent study found that the number of MSCs in the bone marrow of MOG-induced

EAE mice was inversely correlated with the number of activated T-cells also present
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in the bone marrow?24, Thus these two cell populations may influence each other
during the progression of EAE, and so changes to the immunosuppressive
functionality of bone marrow MSCs may also contribute to the immunopathology of

disease.

4.3: MSCs as a therapeutic in disease: immunomodulation versus
neuroprotection

It is currently unclear whether naive MSCs promote recovery in EAE by
directly influencing neural cells and remyelination, or whether their therapeutic
benefit is derived solely from their ability to suppress inflammation and the immune
responsel?3. Multiple studies have demonstrated that naive MSCs infused into EAE
mice are potently immunosuppressive®?. Transplanted MSCs migrate and engraft
into immune organs such as the spleen and lymph nodes, where they appear to bias
the systemic immune response from a pro-inflammatory (Th1) profile to a more
anti-inflammatory (Th2) profile and inhibit the activation and migration of
peripheral immune cells into the CNS117.146,148 However, MSCs can also influence the
function of neural cells and can promote neural repair. Co-culture studies show
naive MSCs promote the differentiation of neural stem cells (NSCs) and
oligodendrocyte precursor cells (OPCs) into oligodendrocytes and/or neurons 11¢-
118, And in non-immune mediated model of demyelination such as the cuprizone
model, transplanted MSCs can promote oligodendrocyte formation and enhance

myelin repair 154155, Distinguishing between immunosuppression versus enhanced
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remyelination in the EAE model is difficult however, and so it is unclear whether
MSCs have similar effects when infused into EAE mice.

Our results suggest the diminished therapeutic functionality of EAE-MSCs
may stem from differences in both their immunosuppressive and neuroprotective
functionality. Infusion of naive MSCs or naive MSC CM into EAE mice significantly
reduced the number of peripheral immune cells and T-cells in the spinal cord. In
contrast, infusion of peak EAE-MSCs or chronic EAE-MSCs and their respective CM
failed to attenuate the number of inflammatory cells in the spinal cord. In line with
these observations, CM from EAE-MSCs contained higher levels of multiple pro-
inflammatory cytokines. CM from chronic EAE-MSCs also failed to suppress MOG-
induced restimulation of lymphocytes in-vitro in a manner similar to naive MSC CM,
and transcriptional profiling of EAE-MSCs revealed an up regulation of many pro-
inflammatory genes associated with immune cell activation and immune response.
Collectively, our data shows that the immunomodulatory capacity of bone marrow
MSCs is altered during EAE, and this likely contributes to the diminished therapeutic
functionality of EAE-MSCs.

In our cell tracking experiments, we found no evidence that either naive
MSCs or EAE-MSCs migrate and engraft into the CNS of EAE mice within the first
week after transplantation. Our data initially suggested that transplanted MSCs do
not directly modulate remyelination or neural repair in EAE mice, and thus the lack
of therapeutic efficacy of EAE-MSCs is not a consequence of their diminished
neuroprotective potential. However, RNA-Seq analysis revealed a number of genes

and pathways altered in EAE-MSCs that affect oligodendrocyte differentiation and
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neural cell development. Consistent with these observations, CM from EAE MSCs
had differential effects on neural cell development in-vitro. Whereas CM from naive
MSCs promoted the formation of mature oligodendrocytes, CM from peak EAE-MSCs
had no significant effect on oligodendrogenesis, although it did show a trend
towards increasing the number of astrocytes. In contrast, CM from chronic EAE-
MSCs reduced the number of mature oligodendrocytes, and significantly increased
the proportion of astrocytes.

These observations raise the possibility that the reduced therapeutic
functionality of EAE-MSCs may be due in part to the diminished ability of these cells
to promote oligodendrocyte maturation and subsequent remyelination. At first
glance, our current findings that MSCs do not migrate and engraft into the CNS may
seem to contradict this possibility. However, there are several important
considerations to take into account. First, we only examined whether MSCs migrate
and engraft into the CNS with the first week post-transplantation. It is possible that
MSCs may not come to reside in the CNS until later on after infusion. Indeed, in a
study by Zappia et al., GFP expressing MSCs were not found in the CNS of EAE mice
until over one month post infusion146. Second, while transplanted MSCs may not
engraft into the CNS parenchyma, it is possible they may reside in areas like the
subarachnoid space or ventricular system where they could in turn secrete factors
that influence neural cell development and remyelination. In a study where MSCs
were intreventricularly injected into cuprizone demyelinated mice, very few MSCs
actually migrated out of the ventricles and into the brain; however, these MSCs were

found within the ventricles and ventricular wall for up to 3 months after injection>4.
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Transplanted MSCs were associated with an increase in oligodendrocyte
differentiation from neural stem cells in the subventricular zone, as well as
enhanced forebrain remyelination54. Third, our results show that MSC secreted
factors can act in a non-localized, systemic fashion to modulate disease. A single
intravenous injection of CM from naive MSCs is sufficient to promote functional
recovery in MOG-induced EAE mice. Therefore, MSCs that migrate and engraft into
different organs and tissues, such as the liver or lungs, could conceivably secrete
paracrine factors into the blood stream that modulate repair in other tissues.
Collectively, our results highlight a potential dual mechanism by which
disease diminishes the therapeutic capacity of MSCs. One, EAE-MSCs may have less
immunosuppressive potential than naive MSCs, and fail to effectively inhibit the
activation of immune cells such as T-cells. Two, EAE-MSCs have less neuroprotective
potential than naive MSCs, and fail to effectively promote oligodendrocyte
maturation and remyelination. Future studies are required to determine whether
the loss of therapeutic functionality in EAE-MSCs stems from changes in their
immunosuppressive versus neuroprotective potential. For example, examining how
diseased MSCs influence neural repair in other non-immune mediated models of
demyelination may provide insight how these cells differentially modulate neural

cells and remyelination.

4.4: Concluding Remarks
In summary, we show that CNS disease diminishes the therapeutic

functionality of MSCs. Bone marrow MSCs derived from EAE mice and MS patients
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lack therapeutic efficacy compared to naive MSCs in their ability to ameliorate EAE.
Our data suggests that the reduced therapeutic efficacy in diseased MSCs is derived
from differences in the paracrine factors these cells secrete, which differentially
modulate immune cell activation and neural cell development. These results have
important clinical implications, as they raise serious concern about the efficacy of

using autologous MSCs to treat MS and possibly other inflammatory diseases.

121



V. References

1. Caplan, A. I. Mesenchymal stem cells. Journal of Orthopaedic Research 9,
641-650 (1991).
2. Kolf, C. M,, Cho, E. & Tuan, R. S. Mesenchymal stromal cells. Biology of adult

mesenchymal stem cells: regulation of niche, self-renewal and
differentiation. Arthritis Res. Ther. 9, 204 (2007).

3. Charbord, P. Bone Marrow Mesenchymal Stem Cells: Historical Overview
and Concepts. http:www.liebertpub.com/hum 21, 1045-1056 (2010).
4, Dominici, M. et al. Minimal criteria for defining multipotent mesenchymal

stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 8, 315-317 (2006).

5. Secunda, R. et al. Isolation, expansion and characterisation of mesenchymal
stem cells from human bone marrow, adipose tissue, umbilical cord blood
and matrix: a comparative study. Cytotechnology 67, 793-807 (2015).

6. Cordeiro-Spinetti, E. et al. Human bone marrow mesenchymal progenitors:
perspectives on an optimized in vitro manipulation. Frontiers in Cell and
Developmental Biology 2, 127 (2014).

7. Alhadlaq, A. & Mao, J. ]. Mesenchymal Stem Cells: Isolation and Therapeutics.
Stem Cells and Development 13, 436-448 (2004).

8. Nadri, S. et al. An efficient method for isolation of murine bone marrow
mesenchymal stem cells. Int. . Dev. Biol. 51, 723-729 (2002).

0. Soleimani, M. & Nadri, S. A protocol for isolation and culture of mesenchymal

stem cells from mouse bone marrow. Nat Protoc 4, 102-106 (2009).

10. Bonnet, D. Biology of human bone marrow stem cells. Clin. Exp. Med. 3, 140-
149 (2003).

11. Nery, A. A. et al. Human mesenchymal stem cells: From immunophenotyping
by flow cytometry to clinical applications. Cytometry Part A 834, 48-61
(2013).

12. Lin, C.-S,, Xin, Z.-C,, Daj, ]. & Lue, T. F. Commonly used mesenchymal stem cell
markers and tracking labels: Limitations and challenges. Histology and
histopathology 28, 1109-1116 (2013).

13. Lv, F.-],, Tuan, R. S., Cheung, K. M. C. & Leung, V. Y. L. Concise Review: The
Surface Markers and Identity of Human Mesenchymal Stem Cells. Stem Cells
32,1408-1419 (2014).

14. Augello, A. & De Bari, C. The Regulation of Differentiation in Mesenchymal
Stem Cells. http:www.liebertpub.com/hum 21, 1226-1238 (2010).

15. Nombela-Arrieta, C., Ritz, J. & Silberstein, L. E. The elusive nature and
function of mesenchymal stem cells. Nature Reviews. Molecular Cell Biology
12,126-131 (2011).

16. Chagastelles, P. C., Nardi, N. B. & Camassola, M. Biology and applications of
mesenchymal stem cells. sci prog 93, 113-127 (2010).

17. Toma, C., Pittenger, M. F., Cahill, K. S., Byrne, B. ]. & Kessler, P. D. Human
Mesenchymal Stem Cells Differentiate to a Cardiomyocyte Phenotype in the
Adult Murine Heart. Circulation 105, 93-98 (2002).

18. Oswald, J. et al. Mesenchymal Stem Cells Can Be Differentiated Into

122



19.

20.

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Endothelial Cells In Vitro. Stem Cells 22, 377-384 (2004).

Xu, J., Gong, T., Heng, B. C. & Zhang, C. F. A systematic review: differentiation
of stem cells into functional pericytes. FASEBJ. 31, 1775-1786 (2017).
Crisan, M. et al. A Perivascular Origin for Mesenchymal Stem Cells in
Multiple Human Organs. Cell Stem Cell 3,301-313 (2008).

Caplan, A. I. All MSCs Are Pericytes? Cell Stem Cell 3, 229-230 (2008).
Guimaraes-Camboa, N. et al. Pericytes of Multiple Organs Do Not Behave as
Mesenchymal Stem Cells In Vivo. Cell Stem Cell 20, 345-359.e5 (2017).
Jang, S., Cho, H.-H., Cho, Y.-B,, Park, |.-S. & Jeong, H.-S. Functional neural
differentiation of human adipose tissue-derived stem cells using bFGF and
forskolin. BMC Cell Biology 2010 11:1 11, 25 (2010).

Sanchez-Ramos, J. et al. Adult Bone Marrow Stromal Cells Differentiate into
Neural Cells in Vitro. Exp. Neurol. 164, 247-256 (2000).

Woodbury, D., Schwarz, E. ]., Prockop, D. ]. & Black, I. B. Adult rat and human
bone marrow stromal cells differentiate into neurons. J. Neurosci. Res. 61,
364-370 (2000).

Scuteri, A. et al. Mesenchymal Stem Cells Neuronal Differentiation Ability: A
Real Perspective for Nervous System Repair? Curr Stem Cell Res Ther 6, 82-
92 (2011).

Hass, R., Kasper, C., Bohm, S. & Jacobs, R. Different populations and sources
of human mesenchymal stem cells (MSC): A comparison of adult and
neonatal tissue-derived MSC. Cell Commun. Signal 9, 12 (2011).

Lee, R. H. et al. Characterization and expression analysis of mesenchymal
stem cells from human bone marrow and adipose tissue. Cell. Physiol.
Biochem. 14, 311-324 (2004).

Panepucci, R. A. et al. Comparison of Gene Expression of Umbilical Cord Vein
and Bone Marrow-Derived Mesenchymal Stem Cells. Stem Cells 22, 1263~
1278 (2004).

Deepa Ponnaiyan, V. ]. Comparison of phenotype and differentiation marker
gene expression profiles in human dental pulp and bone marrow
mesenchymal stem cells. European Journal of Dentistry 8, 307-313 (2014).
Via, A. G, Frizziero, A. & Oliva, F. Biological properties of mesenchymal Stem
Cells from different sources. Muscles, Ligaments and Tendons Journal 2, 154~
162 (2012).

da Silva Meirelles, L., Chagastelles, P. C. & Nardji, N. B. Mesenchymal stem
cells reside in virtually all post-natal organs and tissues. Journal of Cell
Science 119, 2204-2213 (2006).

Dennis, ]. E. & Charbord, P. Origin and Differentiation of Human and Murine
Stroma. Stem Cells 20, 205-214 (2002).

Takashima, Y. et al. Neuroepithelial Cells Supply an Initial Transient Wave of
MSC Differentiation. Cell 129, 1377-1388 (2007).

Uccelli, A., Moretta, L. & Pistoia, V. Mesenchymal stem cells in health and
disease. Nat. Rev. Immunol. 8, 726-736 (2008).

Pevsner-Fischer, M., Levin, S. & Zipori, D. The Origins of Mesenchymal
Stromal Cell Heterogeneity. Stem Cell Rev and Rep 7, 560-568 (2011).

Le Blanc, K. & Pittenger, M. F. Mesenchymal stem cells: progress toward

123



38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

promise. Cytotherapy 7, 36-45 (2005).

Ankrum, J. A, Ong, J. F. & Karp, ]. M. Mesenchymal stem cells: immune
evasive, not immune privileged. Nature biotechnology 32, 252-260 (2014).
De Miguel, M. P. et al. Imnmunosuppressive properties of mesenchymal stem
cells: advances and applications. Curr. Mol. Med. 12, 574-591 (2012).

Le Blanc, K., Tammik, L., Sundberg, B., Haynesworth, S. E. & Ringdén, O.
Mesenchymal Stem Cells Inhibit and Stimulate Mixed Lymphocyte Cultures
and Mitogenic Responses Independently of the Major Histocompatibility
Complex. Scandinavian Journal of Immunology 57, 11-20 (2003).
Krampera, M. et al. Bone marrow mesenchymal stem cells inhibit the
response of naive and memory antigen-specific T cells to their cognate
peptide. Blood 101, 3722-3729 (2003).

Di Nicola, M. et al. Human bone marrow stromal cells suppress T-
lymphocyte proliferation induced by cellular or nonspecific mitogenic
stimuli. Blood 99, 3838-3843 (2002).

Akiyama, K. et al. Mesenchymal-Stem-Cell-Induced Immunoregulation
Involves FAS-Ligand-/FAS-Mediated T Cell Apoptosis. Cell Stem Cell 10,
544-555 (2012).

Benvenuto, F. et al. Human Mesenchymal Stem Cells Promote Survival of T
Cells in a Quiescent State. Stem Cells 25, 1753-1760 (2007).

Duffy, M. M., Ritter, T., Ceredig, R. & Griffin, M. D. Mesenchymal stem cell
effects on T-cell effector pathways. Stem Cell Res Ther 2, 34 (2011).
Luz-Crawford, P. et al. Mesenchymal stem cells generate a CD4 + CD25 +
Foxp3 + regulatory T cell population during the differentiation process of
Th1 and Th17 cells. Stem Cell Res Ther 4, 65 (2013).

Corcione, A. et al. Human mesenchymal stem cells modulate B-cell functions.
Blood 107, 367-372 (2006).

Franquesa, M., Hoogduijn, M. ]., Bestard, O. & Griny®, ]. M.
Immunomodulatory Effect of Mesenchymal Stem Cells on B Cells. Front
Immunol 3,212 (2012).

Nauta, A. ]., Kruisselbrink, A. B., Lurvink, E., Willemze, R. & Fibbe, W. E.
Mesenchymal Stem Cells Inhibit Generation and Function of Both CD34+-
Derived and Monocyte-Derived Dendritic Cells. The Journal of Immunology
177,2080-2087 (2006).

Bin Zhang et al. Mesenchymal stem cells induce mature dendritic cells into a
novel Jagged-2-dependent regulatory dendritic cell population. Blood 113,
46-57 (2009).

Abumaree, M. H. et al. Human Placental Mesenchymal Stem Cells (pMSCs)
Play a Role as Immune Suppressive Cells by Shifting Macrophage
Differentiation from Inflammatory M1 to Anti-inflammatory M2
Macrophages. Stem Cell Rev and Rep 9, 620-641 (2013).

Kudlik, G. et al. Mesenchymal stem cells promote macrophage polarization
toward M2b-like cells. Experimental Cell Research 348, 36-45 (2016).
Nauta, A. ]. & Fibbe, W. E. Immunomodulatory properties of mesenchymal
stromal cells. Blood 110, 3499-3506 (2007).

Castro-Manrreza, M. E. & Montesinos, . ]. Immunoregulation by

124



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

mesenchymal stem cells: biological aspects and clinical applications. J
Immunol Res 2015, 394917-20 (2015).

Kupcova Skalnikova, H. Proteomic techniques for characterisation of
mesenchymal stem cell secretome. Biochimie 95, 2196-2211 (2013).

Paul, G. & Anisimov, S. V. The secretome of mesenchymal stem cells:
potential implications for neuroregeneration. Biochimie 95, 2246-2256
(2013).

Caplan, A. I. & Dennis, J. E. Mesenchymal stem cells as trophic mediators. J.
Cell. Biochem. 98, 1076-1084 (2006).

Glenn, J. D. & Whartenby, K. A. Mesenchymal stem cells: Emerging
mechanisms of immunomodulation and therapy. World ] Stem Cells 6, 526-
539 (2014).

Vasandan, A. B. et al. Human Mesenchymal stem cells program macrophage
plasticity by altering their metabolic status via a PGE2-dependent
mechanism. Sci Rep 6,99 (2016).

Kyurkchiev, D. et al. Secretion of immunoregulatory cytokines by
mesenchymal stem cells. World ] Stem Cells 6, 552-570 (2014).

Nasef, A. et al. Identification of IL-10 and TGF-beta transcripts involved in
the inhibition of T-lymphocyte proliferation during cell contact with human
mesenchymal stem cells. ge 13, 217-226 (2007).

Li, M. et al. Mesenchymal stem cells suppress CD8+ T cell-mediated
activation by suppressing natural killer group 2, member D protein receptor
expression and secretion of prostaglandin E2, indoleamine 2, 3-dioxygenase
and transforming growth factor-§. Clin. Exp. Immunol. 178, 516-524 (2014).
Spaggiari, G. M. et al. Mesenchymal stem cells inhibit natural killer-cell
proliferation, cytotoxicity, and cytokine production: role of indoleamine 2,3-
dioxygenase and prostaglandin E2. Blood 111, 1327-1333 (2008).
Rozenberg, A. et al. Human Mesenchymal Stem Cells Impact Th17 and Th1
Responses Through a Prostaglandin E2 and Myeloid-Dependent Mechanism.
STEM CELLS Translational Medicine 5, 1506-1514 (2016).

K AB & Lurvink, E. Mesenchymal stem cells inhibit generation and function of
both CD34+-derived and monocyte-derived dendritic cells. (Journal of
immunology, 2006).

Ciccocioppo, R. et al. Ex vivo immunosuppressive effects of mesenchymal
stem cells on Crohn’s disease mucosal T cells are largely dependent on
indoleamine 2,3-dioxygenase activity and cell-cell contact. Stem Cell Res Ther
6,137 (2015).

Selmani, Z. et al. HLA-G is a Crucial Immunosuppressive Molecule Secreted
by Adult Human Mesenchymal Stem Cells. Transplantation 87, S62-S66
(2009).

Um, S, Kim, H. Y, Lee, ].-H., Song, 1.-S. & Seo, B. M. TSG-6 secreted by
mesenchymal stem cells suppresses immune reactions influenced by BMP-2
through p38 and MEK mitogen-activated protein kinase pathway. Cell Tissue
Res 368, 1-11 (2017).

Ortiz, L. A. et al. Interleukin 1 receptor antagonist mediates the
antiinflammatory and antifibrotic effect of mesenchymal stem cells during

125



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

lung injury. Proc. Natl. Acad. Sci. U.S.A. 104, 11002-11007 (2007).

Rafei, M. et al. Mesenchymal stromal cells ameliorate experimental
autoimmune encephalomyelitis by inhibiting CD4 Th17 T cells in a CC
chemokine ligand 2-dependent manner. J. Immunol. 182, 5994-6002
(2009).

Stagg, ]. & Galipeau, ]. Mechanisms of immune modulation by mesenchymal
stromal cells and clinical translation. Curr. Mol. Med. 13, 856-867 (2013).
Wang, L.-T. et al. Human mesenchymal stem cells (MSCs) for treatment
towards immune- and inflammation-mediated diseases: review of current
clinical trials. Journal of Biomedical Science 2016 23:1 23, 76 (2016).

Farini, A, Sitzia, C,, Erratico, S., Meregalli, M. & Torrente, Y. Clinical
Applications of Mesenchymal Stem Cells in Chronic Diseases. Stem Cells Int
2014, 1-11 (2014).

Kean, T.]., Lin, P., Caplan, A. I. & Dennis, J. E. MSCs: Delivery Routes and
Engraftment, Cell-Targeting Strategies, and Immune Modulation. Stem Cells
Int 2013, 732742 (2013).

Nassereddine, S., Rafei, H., Elbahesh, E. & Tabbara, I. Acute Graft Versus Host
Disease: A Comprehensive Review. Anticancer Res 37, 1547-1555 (2017).
Jacobsohn, D. A. & Vogelsang, G. B. Acute graft versus host disease. Orphanet
Journal of Rare Diseases 2007 2:1 2, 35 (2007).

MacDonald, K. P., Shlomchik, W. D. & Reddy, P. Biology of graft-versus-host
responses: Recent Insights. Biology of blood and marrow transplantation :
journal of the American Society for Blood and Marrow Transplantation 19,
S10-S14 (2013).

Zhang, L., Chuy, |, Yu, J. & Wei, W. Cellular and molecular mechanisms in
graft-versus-host disease. J Leukoc Biol 99, 279-287 (2016).

Chakraverty, R. & Sykes, M. The role of antigen-presenting cells in triggering
graft-versus-host disease and graft-versus-leukemia. Blood 110, 9-17
(2007).

Ball, L. M., Egeler, R. M.EBMT Paediatric Working Party. Acute GvHD:
pathogenesis and classification. Bone Marrow Transplant. 41 Suppl 2, S58-
64 (2008).

Amorin, B. et al. Mesenchymal stem cell therapy and acute graft-versus-host
disease: a review. Human Cell 27, 137-150 (2014).

Le Blanc, K. et al. Treatment of severe acute graft-versus-host disease with
third party haploidentical mesenchymal stem cells. The Lancet 363, 1439-
1441 (2004).

Le Blanc, K. et al. Mesenchymal stem cells for treatment of steroid-resistant,
severe, acute graft-versus-host disease: a phase Il study. The Lancet 371,
1579-1586 (2008).

Ringdén, O. et al. Mesenchymal Stem Cells for Treatment of Therapy-
Resistant Graft-versus-Host Disease. Transplantation 81, 1390-1397
(2006).

Sato, K., Ozaki, K., Mori, M., Muroi, K. & Ozawa, K. Mesenchymal Stromal Cells
for Graft-Versus-Host Disease : Basic Aspects and Clinical Outcomes. J Clin
Exp Hematopathol 50, 79-89 (2010).

126



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Zinocker, S. et al. Mesenchymal Stem Cell Therapy in a Rat Model for GvHD.
Blood 112, 4620-4620 (2008).

Christensen, M. E. et al. Mesenchymal stromal cells transiently alter the
inflammatory milieu post-transplant to delay graft-versus-host disease.
Haematologica 95, 2102-2110 (2010).

Auletta, ]. ]. et al. Human Mesenchymal Stromal Cells Attenuate Graft-Versus-
Host Disease and Maintain Graft-Versus-Leukemia Activity Following
Experimental Allogeneic Bone Marrow Transplantation. Stem Cells 33, 601-
614 (2015).

Mclnnes, I. B. & Schett, G. The Pathogenesis of Rheumatoid Arthritis.
http://dx.doi.org/10.1056/NE]Mra1004965 365, 2205-2219 (2011).

Panayi, G. S., Corrigall, V. M. & Pitzalis, C. PATHOGENESIS OF RHEUMATOID
ARTHRITIS. Rheumatic Disease Clinics of North America 27,317-334 (2001).
Pitzalis, C., Kingsley, G., Murphy, ]. & Panayi, G. Abnormal distribution of the
helper-inducer and suppressor-inducer T-lymphocyte subsets in the
rheumatoid joint. Clinical Inmunology and Immunopathology 45, 252-258
(1987).

Feldmann, M. & Maini, S. R. N. Role of cytokines in rheumatoid arthritis: an
education in pathophysiology and therapeutics. Immunological Reviews 223,
7-19 (2008).

VASANTHI, P., NALINI, G. & RAJASEKHAR, G. Role of tumor necrosis factor-
alpha in rheumatoid arthritis: a review. International Journal of Rheumatic
Diseases 10, 270-274 (2007).

Kavanaugh, A. F. ANTI-TUMOR NECROSIS FACTOR-a MONOCLONAL
ANTIBODY THERAPY FOR RHEUMATOID ARTHRITIS. Rheumatic Disease
Clinics of North America 24, 593-614 (1998).

Moreland, L. W. Inhibitors of tumor necrosis factor for rheumatoid arthritis.
J Rheumatol Suppl 57, 7-15 (1999).

Gonzdlez, M. A., Gonzalez-Rey, E., Rico, L., Biischer, D. & Delgado, M.
Treatment of experimental arthritis by inducing immune tolerance with
human adipose-derived mesenchymal stem cells. Arthritis Rheum. 60, 1006-
1019 (2009).

Lopez-Santalla, M. et al. Human Adipose-Derived Mesenchymal Stem Cells
Modulate Experimental Autoimmune Arthritis by Modifying Early Adaptive
T Cell Responses. Stem Cells 33, 3493-3503 (2015).

Gu, J. et al. Human umbilical cord mesenchymal stem cells improve the
immune-associated inflammatory and prothrombotic state in collagen
type-Il-induced arthritic rats. Molecular Medicine Reports 12, 7463-7470
(2015).

Tanaka, Y. Human mesenchymal stem cells as a tool for joint repair in
rheumatoid arthritis. Clin. Exp. Rheumatol. 33, S58-62 (2015).

Zhang, X. et al. Local Delivery of Mesenchymal Stem Cells with Poly-Lactic-
Co-Glycolic Acid Nano-Fiber Scaffold Suppress Arthritis in Rats. PLoS ONE 9,
e114621 (2014).

Burlacu, A, Grigorescu, G., Rosca, A.-M., Preda, M. B. & Simionescu, M.
Factors Secreted by Mesenchymal Stem Cells and Endothelial Progenitor

127



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Cells Have Complementary Effects on Angiogenesis In Vitro.
http://www.liebertpub.com/scd 22, 643-653 (2012).

Kanehira, M. et al. Human marrow stromal cells downsize the stem cell
fraction of lung cancers by fibroblast growth factor 10. Mol. Cell. Biol. 34,
2848-2856 (2014).

Youssef, A., Aboalola, D. & Han, V. K. M. The Roles of Insulin-Like Growth
Factors in Mesenchymal Stem Cell Niche. Stem Cells Int 2017, 1-12 (2017).
Zhang, M. et al. SDF-1 expression by mesenchymal stem cells results in
trophic support of cardiac myocytes after myocardial infarction. FASEB J. 21,
3197-3207 (2007).

Joyce, N. et al. Mesenchymal stem cells for the treatment of
neurodegenerative disease. Regen Med 5, 933-946 (2010).

Wilkins, A. et al. Human bone marrow-derived mesenchymal stem cells
secrete brain-derived neurotrophic factor which promotes neuronal
survival in vitro. Stem Cell Research 3, 63-70 (2009).

Crigler, L., Robey, R. C., Asawachaicharn, A., Gaupp, D. & Phinney, D. G.
Human mesenchymal stem cell subpopulations express a variety of neuro-
regulatory molecules and promote neuronal cell survival and
neuritogenesis. Exp. Neurol. 198, 54-64 (2006).

Razavi, S., Razavi, M. R., Zarkesh Esfahani, H., Kazemi, M. & Mostafavi, F. S.
Comparing brain-derived neurotrophic factor and ciliary neurotrophic
factor secretion of induced neurotrophic factor secreting cells from human
adipose and bone marrow-derived stem cells. Development, Growth &amp;
Differentiation 55, 648-655 (2013).

Scuteri, A., Cassetti, A. & Tredici, G. Adult mesenchymal stem cells rescue
dorsal root ganglia neurons from dying. Brain Research 1116, 75-81 (2006).
Scheibe, F., Klein, O., Klose, ]. & Priller, ]. Mesenchymal Stromal Cells Rescue
Cortical Neurons from Apoptotic Cell Death in an In Vitro Model of Cerebral
Ischemia. Cell Mol Neurobiol 32,567-576 (2012).

Scuteri, A., Ravasi, M., Pasini, S., Bossi, M. & Tredici, G. Mesenchymal stem
cells support dorsal root ganglion neurons survival by inhibiting the
metalloproteinase pathway. Neuroscience 172, 12-19 (2011).

Lu, S. et al. Adipose-derived mesenchymal stem cells protect PC12 cells from
glutamate excitotoxicity-induced apoptosis by upregulation of XIAP through
PI3-K/Akt activation. Toxicology 279, 189-195 (2011).

Yoo, S.-W. et al. Mesenchymal stem cells promote proliferation of
endogenous neural stem cells and survival of newborn cells in a rat stroke
model. Exp. Mol. Med. 40, 387-397 (2008).

Bai, L. et al. Hepatocyte growth factor mediates mesenchymal stem cell-
induced recovery in multiple sclerosis models. Nat. Neurosci. 15, 862-870
(2012).

Martins, L. F. et al. Mesenchymal stem cells secretome-induced axonal
outgrowth is mediated by BDNF. Sci Rep 7, 677 (2017).

Rivera, F.]. et al. Mesenchymal stem cells instruct oligodendrogenic fate
decision on adult neural stem cells. Stem Cells 24, 2209-2219 (2006).

Bai, L. et al. Human bone marrow-derived mesenchymal stem cells induce

128



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Th2-polarized immune response and promote endogenous repair in animal
models of multiple sclerosis. Glia 57, 1192-1203 (2009).

Jadasz, |. ]. et al. Mesenchymal stem cell conditioning promotes rat
oligodendroglial cell maturation. PLoS ONE 8,e71814 (2013).

Rivera, F. |. et al. Mesenchymal stem cells promote oligodendroglial
differentiation in hippocampal slice cultures. Cell. Physiol. Biochem. 24, 317-
324 (2009).

Rivera, F. ]. & Aigner, L. Adult mesenchymal stem cell therapy for myelin
repair in multiple sclerosis. Biol. Res. 45, 257-268 (2012).

Tanna, T. & Sachan, V. Mesenchymal stem cells: potential in treatment of
neurodegenerative diseases. Curr Stem Cell Res Ther 9, 513-521 (2014).
Squillaro, T., Peluso, G. & Galderisi, U. Clinical Trials With Mesenchymal Stem
Cells: An Update. Cell Transplant 25, 829-848 (2016).

Neuhuber, B., Timothy Himes, B., Shumsky, J. S., Gallo, G. & Fischer, 1. Axon
growth and recovery of function supported by human bone marrow stromal
cells in the injured spinal cord exhibit donor variations. Brain Research
1035, 73-85 (2005).

Himes, B. T. et al. Recovery of Function Following Grafting of Human Bone
Marrow-Derived Stromal Cells into the Injured Spinal Cord.
Neurorehabilitation and Neural Repair 20, 278-296 (2016).

Abrams, M. B. et al. Multipotent mesenchymal stromal cells attenuate
chronic inflammation and injury-induced sensitivity to mechanical stimuli in
experimental spinal cord injury. Restorative Neurology and Neuroscience 27,
307-321 (2009).

Quertainmont, R. et al. Mesenchymal Stem Cell Graft Improves Recovery
after Spinal Cord Injury in Adult Rats through Neurotrophic and Pro-
Angiogenic Actions. PLoS ONE 7, 39500 (2012).

Badner, A. et al. Early Intravenous Delivery of Human Brain Stromal Cells
Modulates Systemic Inflammation and Leads to Vasoprotection in Traumatic
Spinal Cord Injury. STEM CELLS Translational Medicine 5,991-1003 (2016).
Dasari, V. R, Veeravallj, K. K. & Dinh, D. H. Mesenchymal stem cells in the
treatment of spinal cord injuries: A review. World ] Stem Cells 6, 120-133
(2014).

Busch, S. A, Horn, K. P, Silver, D. J. & Silver, ]. Overcoming Macrophage-
Mediated Axonal Dieback Following CNS Injury. Journal of Neuroscience 29,
9967-9976 (2009).

Dasari, V. R. et al. Mesenchymal Stem Cells from Rat Bone Marrow
Downregulate Caspase-3-mediated Apoptotic Pathway After Spinal Cord
Injury in Rats. Neurochem Res 32, 2080-2093 (2007).

Kim, Y.-C,, Kim, Y.-H., Kim, ].-W. & Ha, K.-Y. Transplantation of Mesenchymal
Stem Cells for Acute Spinal Cord Injury in Rats: Comparative Study between
Intralesional Injection and Scaffold Based Transplantation. Journal of Korean
Medical Science 31, 1373-1382 (2016).

Peterson, ]. W. & Trapp, B. D. Neuropathobiology of multiple sclerosis.
Neurol Clin 23, 107-29- vi-vii (2005).

F Runia, T., D van Pelt-Gravesteijn, E. & Q Hintzen, R. Recent Gains in Clinical

129



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Multiple Sclerosis Research. CNSNDDT 11, 497-505 (2012).

Loma, I. & Heyman, R. Multiple Sclerosis: Pathogenesis and Treatment. CN 9,
409-416 (2011).

Steinman, L. Multiple sclerosis: a two-stage disease. Nature immunology 2,
762-764 (2001).

Prineas, ]. C. The neuropathology of multiple sclerosis. InHandbook of Clinical
Neurology, Vol. 3 (edited by Koester, JC) pp. 213-57. (1985).

Frohman, E. M., Racke, M. K. & Raine, C. S. Multiple Sclerosis — The Plaque
and Its Pathogenesis. http://dx.doi.org/10.1056/NEJMra052130 354, 942-
955 (2009).

Prineas, J. W.,, Barnard, R. O., Kwon, E. E., Sharer, L. R. & Cho, E. S. Multiple
sclerosis: Remyelination of nascent lesions: Remyelination of nascent
lesions. Ann. Neurol. 33, 137-151 (1993).

Prineas, ]. W. & Parratt, J. D. E. Oligodendrocytes and the early multiple
sclerosis lesion. Ann. Neurol. 72, 18-31 (2012).

Bramow, S. et al. Demyelination versus remyelination in progressive
multiple sclerosis. Brain 133, 2983-2998 (2010).

Fancy, S. P.]. et al. Overcoming remyelination failure in multiple sclerosis
and other myelin disorders. Exp. Neurol. 225, 18-23 (2010).

Trapp, B. D. & Nave, K.-A. Multiple sclerosis: an immune or
neurodegenerative disorder? Annu. Rev. Neurosci. 31, 247-269 (2008).
Wingerchuk, D. M. & Carter, ]. L. Multiple sclerosis: current and emerging
disease-modifying therapies and treatment strategies. Mayo Clin. Proc. 89,
225-240 (2014).

Furlan, R., Cuomo, C. & Martino, G. in Neural Cell Transplantation 549, 157-
173 (Humana Press, Totowa, NJ, 2009).

Ransohoff, R. M. Animal models of multiple sclerosis: the good, the bad and
the bottom line. Nat. Neurosci. 15, 1074-1077 (2012).

Zappia, E. et al. Mesenchymal stem cells ameliorate experimental
autoimmune encephalomyelitis inducing T-cell anergy. Blood 106, 1755-
1761 (2005).

Zhang, ]. et al. Bone marrow stromal cells reduce axonal loss in experimental
autoimmune encephalomyelitis mice. . Neurosci. Res. 84, 587-595 (2006).
Gerdoni, E. et al. Mesenchymal stem cells effectively modulate pathogenic
immune response in experimental autoimmune encephalomyelitis. Ann.
Neurol. 61, 219-227 (2007).

Zhang, ]. et al. Human bone marrow stromal cell treatment improves
neurological functional recovery in EAE mice. Exp. Neurol. 195, 16-26
(2005).

Jumah, Al, M. A. & Abumaree, M. H. The Imnmunomodulatory and
Neuroprotective Effects of Mesenchymal Stem Cells (MSCs) in Experimental
Autoimmune Encephalomyelitis (EAE): A Model of Multiple Sclerosis (MS).
Int ] Mol Sci 13, 9298-9331 (2012).

Laroni, A.,, Rosbo, N. K. de & Uccelli, A. Mesenchymal stem cells for the
treatment of neurological diseases: Immunoregulation beyond
neuroprotection. Immunol. Lett. 168, 183-190 (2015).

130



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Gordon, D., Pavlovska, G., Uney, J. B., Wraith, D. C. & Scolding, N. J. Human
mesenchymal stem cells infiltrate the spinal cord, reduce demyelination, and
localize to white matter lesions in experimental autoimmune
encephalomyelitis. . Neuropathol. Exp. Neurol. 69, 1087-1095 (2010).
Wang, X. et al. Human ESC-derived MSCs outperform bone marrow MSCs in
the treatment of an EAE model of multiple sclerosis. Stem Cell Reports 3,
115-130 (2014).

Cruz-Martinez, P. et al. Intraventricular injections of mesenchymal stem cells
activate endogenous functional remyelination in a chronic demyelinating
murine model. Cell Death Dis 7, e2223 (2016).

Hedayatpour, A., Ragerdi, I., Pasbakhsh, P. & Kafami, L. Promotion of
remyelination by adipose mesenchymal stem cell in cuprizone model of
demyelination. . Neuroimmunol. 275, 186 (2014).

Miller, R. H., Bai, L., Lennon, D. P. & Caplan, A. I. The potential of
mesenchymal stem cells for neural repair. Discov Med 9, 236-242 (2010).
Yousefi, F., Ebtekar, M., Soudj, S., Soleimani, M. & Hashemi, S. M. In vivo
immunomodulatory effects of adipose-derived mesenchymal stem cells
conditioned medium in experimental autoimmune encephalomyelitis.
Immunol. Lett. 172, 94-105 (2016).

Matysiak, M., Orlowski, W., Fortak-Michalska, M., Jurewicz, A. & Selmaj, K.
Immunoregulatory function of bone marrow mesenchymal stem cells in EAE
depends on their differentiation state and secretion of PGE2. J.
Neuroimmunol. 233, 106-111 (2011).

Molnarfi, N., Benkhoucha, M,, Juillard, C., Bjarnadéttir, K. & Lalive, P. H. The
neurotrophic hepatocyte growth factor induces protolerogenic human
dendritic cells. J. Neuroimmunol. 267, 105-110 (2014).

Benkhoucha, M., Molnarfi, N., Schneiter, G., Walker, P. R. & Lalive, P. H. The
neurotrophic hepatocyte growth factor attenuates CD8+ cytotoxic T-
lymphocyte activity. Journal of Neuroinflammation 10,913 (2013).
Benkhoucha, M. et al. Hepatocyte growth factor inhibits CNS autoimmunity
by inducing tolerogenic dendritic cells and CD25+Foxp3+ regulatory T cells.
Proc. Natl. Acad. Sci. U.S.A. 107, 6424-6429 (2010).

Cohen, ]. A. Mesenchymal stem cell transplantation in multiple sclerosis. J.
Neurol. Sci. 333, 43-49 (2013).

Dulamea, A. Mesenchymal stem cells in multiple sclerosis - translation to
clinical trials. ] Med Life 8, 24-27 (2015).

Connick, P. et al. Autologous mesenchymal stem cells for the treatment of
secondary progressive multiple sclerosis: an open-label phase 2a proof-of-
concept study. Lancet Neurol 11, 150-156 (2012).

Mohyeddin Bonab, M. et al. Does mesenchymal stem cell therapy help
multiple sclerosis patients? Report of a pilot study. Iran ] Immunol 4, 50-57
(2007).

Yamout, B. et al. Bone marrow mesenchymal stem cell transplantation in
patients with multiple sclerosis: a pilot study. J. Neuroimmunol. 227, 185-
189 (2010).

Karussis, D. et al. Safety and immunological effects of mesenchymal stem cell

131



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

transplantation in patients with multiple sclerosis and amyotrophic lateral
sclerosis. Arch. Neurol. 67,1187-1194 (2010).

Llufriu, S. et al. Randomized placebo-controlled phase II trial of autologous
mesenchymal stem cells in multiple sclerosis. PLoS ONE 9, €113936 (2014).
Mallam, E., Kemp, K., Wilkins, A., Rice, C. & Scolding, N. Characterization of in
vitro expanded bone marrow-derived mesenchymal stem cells from patients
with multiple sclerosis. Mult. Scler. 16,909-918 (2010).

Mazzanti, B. et al. Differences in mesenchymal stem cell cytokine profiles
between MS patients and healthy donors: implication for assessment of
disease activity and treatment. . Neuroimmunol. 199, 142-150 (2008).
Redondo, J. et al. Reduced cellularity of bone marrow in multiple sclerosis
with decreased MSC expansion potential and premature ageing in vitro.
Mult. Scler. 78, 1352458517711276 (2017).

de Oliveira, G. L. V. et al. Bone marrow mesenchymal stromal cells isolated
from multiple sclerosis patients have distinct gene expression profile and
decreased suppressive function compared with healthy counterparts. Cell
Transplant 24, 151-165 (2015).

Kassis, L., Petrou, P., Halimi, M. & Karussis, D. Mesenchymal stem cells (MSC)
derived from mice with experimental autoimmune encephalomyelitis (EAE)
suppress EAE and have similar biological properties with MSC from healthy
donors. Immunol. Lett. 154, 70-76 (2013).

Zacharaki, D. et al. Characterization of in vitro expanded bone marrow-
derived mesenchymal stem cells isolated from experimental autoimmune
encephalomyelitis mice. J. Mol. Neurosci. 51, 282-297 (2013).

Chen, X., Armstrong, M. A. & Li, G. Mesenchymal stem cells in
immunoregulation. Immunol. Cell Biol. 84, 413-421 (2006).

English, K., French, A. & Wood, K. ]. Mesenchymal stromal cells: facilitators of
successful transplantation? Cell Stem Cell 7, 431-442 (2010).

Sargent, A. & Miller, R. H. MSC Therapeutics in Chronic Inflammation.
Current Stem Cell Reports 1-6 (2016). doi:10.1007/s40778-016-0044-6
Morando, S. et al. The therapeutic effect of mesenchymal stem cell
transplantation in experimental autoimmune encephalomyelitis is mediated
by peripheral and central mechanisms. Stem Cell Res Ther 3, 3 (2012).

Liu, X. J. et al. Reciprocal effect of mesenchymal stem cell on experimental
autoimmune encephalomyelitis is mediated by transforming growth factor-
beta and interleukin-6. Clin. Exp. Inmunol. 158, 37-44 (2009).

Meamar, R. et al. The role of stem cell therapy in multiple sclerosis: An
overview of the current status of the clinical studies. Adv Biomed Res 5, 46
(2016).

Romieu-Mourez, R. et al. Cytokine modulation of TLR expression and
activation in mesenchymal stromal cells leads to a proinflammatory
phenotype. J. Immunol. 182, 7963-7973 (2009).

DePaul, M. A. et al. Intravenous multipotent adult progenitor cell treatment
decreases inflammation leading to functional recovery following spinal cord
injury. Sci Rep 5, 16795 (2015).

Hunter, C. A. & Jones, S. A. [L-6 as a keystone cytokine in health and disease.

132



184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Nature Immunology 16, 448-457 (2015).

Korn, T. et al. IL-6 controls Th17 immunity in vivo by inhibiting the
conversion of conventional T cells into Foxp3+ regulatory T cells. Proc. Natl.
Acad. Sci. U.S.A. 105, 18460-18465 (2008).

Conductier, G., Blondeau, N., Guyon, A., Nahon, ].-L. & Rovere, C. The role of
monocyte chemoattractant protein MCP1/CCL2 in neuroinflammatory
diseases. J. Neuroimmunol. 224, 93-100 (2010).

Mahad, D. J. & Ransohoff, R. M. The role of MCP-1 (CCL2) and CCR2 in
multiple sclerosis and experimental autoimmune encephalomyelitis (EAE).
Semin. Immunol. 15, 23-32 (2003).

De Filippo, K. et al. Mast cell and macrophage chemokines CXCL1/CXCL2
control the early stage of neutrophil recruitment during tissue
inflammation. Blood 121, 4930-4937 (2013).

Nouailles, G. et al. CXCL5-secreting pulmonary epithelial cells drive
destructive neutrophilic inflammation in tuberculosis. J. Clin. Invest. 124,
1268-1282 (2014).

Rumble, J. M. et al. Neutrophil-related factors as biomarkers in EAE and MS.
J. Exp. Med. 212, 23-35 (2015).

Dobson, R, Ramagopalan, S. & Giovannoni, G. Bone health and multiple
sclerosis. Mult. Scler. 18, 1522-1528 (2012).

Marrie, R. A, Cutter, G., Tyry, T. & Vollmer, T. A cross-sectional study of bone
health in multiple sclerosis. Neurology 73, 1394-1398 (2009).
Dionyssiotis, Y. Bone loss and fractures in multiple sclerosis: focus on
epidemiologic and physiopathological features. Int ] Gen Med 4, 505-509
(2011).

Kassis, 1., Vaknin-Dembinsky, A. & Karussis, D. Bone marrow mesenchymal
stem cells: agents of immunomodulation and neuroprotection. Curr Stem
Cell Res Ther 6, 63-68 (2011).

Uccellj, A., Benvenuto, F., Laroni, A. & Giunti, D. Neuroprotective features of
mesenchymal stem cells. Best Pract Res Clin Haematol 24, 59-64 (2011).
Gold, R, Linington, C. & Lassmann, H. Understanding pathogenesis and
therapy of multiple sclerosis via animal models: 70 years of merits and
culprits in experimental autoimmune encephalomyelitis research. Brain
129, 1953-1971 (2006).

Li, Y. & Lin, F. Mesenchymal stem cells are injured by complement after their
contact with serum. Blood 120, 3436-3443 (2012).

Waterman, R. S., Tomchuck, S. L., Henkle, S. L. & Betancourt, A. M. A new
mesenchymal stem cell (MSC) paradigm: polarization into a pro-
inflammatory MSC1 or an Immunosuppressive MSC2 phenotype. PLoS ONE
5,e10088 (2010).

Vega-Letter, A. M. et al. Differential TLR activation of murine mesenchymal
stem cells generates distinct immunomodulatory effects in EAE. Stem Cell
Res Ther 7,150 (2016).

Wen, S., Li, H. & Liu, ]. Dynamic signaling for neural stem cell fate
determination. Cell Adhesion & Migration 3, 107-117 (2009).

Grinspan, J. B. et al. Stage-specific effects of bone morphogenetic proteins on

133



201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

the oligodendrocyte lineage. Developmental Neurobiology 43, 1-17 (2000).
Stipursky, J. & Gomes, F. C. A. TGF-1/SMAD signaling induces astrocyte fate
commitment in vitro: Implications for radial glia development. Glia 55,
1023-1033 (2007).

Palazuelos, ], Klingener, M. & Aguirre, A. TGF Signaling Regulates the
Timing of CNS Myelination by Modulating Oligodendrocyte Progenitor Cell
Cycle Exit through SMAD3/4/Fox01/Sp1. Journal of Neuroscience 34, 7917-
7930 (2014).

Hsieh, . et al. IGF-I instructs multipotent adult neural progenitor cells to
become oligodendrocytes. The Journal of Cell Biology 164, 111-122 (2004).
Auletta, ]. ]. et al. The potential of mesenchymal stromal cells as a novel
cellular therapy for multiple sclerosis. Immunotherapy 4, 529-547 (2012).
Bonab, M. M. et al. Autologous mesenchymal stem cell therapy in
progressive multiple sclerosis: an open label study. Curr Stem Cell Res Ther
7,407-414 (2012).

Siegel, G. et al. Phenotype, donor age and gender affect function of human
bone marrow-derived mesenchymal stromal cells. BMC Med 11, 146 (2013).
Gharibi, T., Ahmadi, M., Seyfizadeh, N., Jadidi-Niaragh, F. & Yousefi, M.
Immunomodulatory characteristics of mesenchymal stem cells and their
role in the treatment of multiple sclerosis. Cell. Inmunol. 293, 113-121
(2015).

Miller, R. H. Regulation of oligodendrocyte development in the vertebrate
CNS. Progress in Neurobiology 67,451-467 (2002).

Ankrum, J. A, Ong, ]. F. & Karp, ]. M. Mesenchymal stem cells: immune
evasive, not immune privileged. Nature biotechnology (2014).

Mohanty, S. T. et al. Alterations in the self-renewal and differentiation ability
of bone marrow mesenchymal stem cells in a mouse model of rheumatoid
arthritis. Arthritis Res. Ther. 12, R149 (2010).

Djouad, F. et al. Reversal of the immunosuppressive properties of
mesenchymal stem cells by tumor necrosis factor alpha in collagen-induced
arthritis. Arthritis Rheum. 52, 1595-1603 (2005).

Sun, Y. et al. Mesenchymal stem cells from patients with rheumatoid
arthritis display impaired function in inhibiting Th17 cells. ] Immunol Res
2015, 284215-13 (2015).

Ehninger, A. & Trumpp, A. The bone marrow stem cell niche grows up:
mesenchymal stem cells and macrophages move in. J. Exp. Med. 208, 421-
428 (2011).

Méndez-Ferrer, S. et al. Mesenchymal and haematopoietic stem cells form a
unique bone marrow niche. Nature 466, 829-834 (2010).

Jiao, K. et al. B2-Adrenergic signal transduction plays a detrimental role in
subchondral bone loss of temporomandibular joint in osteoarthritis. Sci Rep
5,12593 (2015).

English, K., Barry, F. P., Field-Corbett, C. P. & Mahon, B. P. [IFN-gamma and
TNF-alpha differentially regulate immunomodulation by murine
mesenchymal stem cells. Immunol. Lett. 110,91-100 (2007).

Polchert, D. et al. IFN-y activation of mesenchymal stem cells for treatment

134



218.

219.

220.

221.

222.

223.

224.

and prevention of graft versus host disease. Eur. J. Immunol. 38, 1745-1755
(2008).

Chinnadurai, R., Copland, 1. B, Patel, S. R. & Galipeau, J. IDO-independent
suppression of T cell effector function by IFN-y-licensed human
mesenchymal stromal cells. J. Immunol. 192, 1491-1501 (2014).

Han, X. et al. Interleukin-17 enhances immunosuppression by mesenchymal
stem cells. Cell Death Differ. 21, 1758-1768 (2014).

Pevsner-Fischer, M. et al. Toll-like receptors and their ligands control
mesenchymal stem cell functions. Blood 109, 1422-1432 (2007).

Duffy, L. & O'Reilly, S. C. Toll-like receptors in the pathogenesis of
autoimmune diseases: recent and emerging translational developments.
Immunotargets Ther 5, 69-80 (2016).

Miranda-Hernandez, S. & Baxter, A. G. Role of toll-like receptors in multiple
sclerosis. Am J Clin Exp Immunol 2, 75-93 (2013).

Bartels, K., Grenz, A. & Eltzschig, H. K. Hypoxia and inflammation are two
sides of the same coin. Proc. Natl. Acad. Sci. U.S.A. 110, 18351-18352 (2013).
Koning, |. ]., Kooij, G., de Vries, H. E., Nolte, M. A. & Mebius, R. E. Mesenchymal
stem cells are mobilized from the bone marrow during inflammation. Front
Immunol 4, 49 (2013).

135



