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Abstract

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS) in which autoimmune
inflammation destroys the protective myelin sheath that insulates axons. This leads to many symptoms
including paralysis, it causes severe morbidity and is one of the most common neurological diseases affecting
young adults. New treatments are urgently required for MS patients as none of the currently available disease-
modifying therapies support repair of the damaged CNS. Ideally, future treatments for MS would encompass
both suppression of autoimmunity and facilitate repair of the damaged CNS. Mesenchymal stem cells (MSCs)
have the potential to fill both these criteria and therefore represent an attractive therapy for MS. Human dental
pulp stem cells (DPSCs) are a type of MSC originating from neural crest cells and therefore more closely
related to neuronal cell types than MSCs from other anatomical sources. Thus, DPSCs are potentially a more
suitable therapeutic candidate than other MSCs for treatment of CNS disorders including MS.

In this study the suitability of DPSCs as a therapeutic for MS was tested in a mouse model, experimental
autoimmune encephalomyelitis (EAE). DPSCs were isolated from the third molars of different donors and
characterised in vitro. All DPSCs obtained adhered to MSC classification criteria and could be maintained
continuously in culture for several weeks. Effects of DPSCs on the clinical course of EAE was thoroughly
tested. Donor-to-donor variability was apparent with regard to the suppressive effect of these treatments on
clinical EAE. Some donor’s DPSCs were potently inhibitory to clinical EAE while DPSCs from other donors
showed no significant suppression of disease. No evidence was found to support DPSC recruitment to the CNS
or long-term engraftment. DPSCs that inhibited EAE impaired generation of Th17 cell responses and increased
the ratio of Th1:Th17 cells in the spleen and CNS. DPSC treatment of EAE mice also resulted in significantly
fewer lymphocytes, infiltrating myeloid cells and fewer microglia in the CNS. Secreted factors from DPSCs
were implicated in this as conditioned medium from DPSCs was able to suppress differentiation of Th17 cells
in vitro. DPSCs also suppressed the activation of B cells and their differentiation to antibody-secreting
plasmablasts in vitro. Collectively, the data in this study reveals some potential for DPSCs to be therapeutic
for neuroinflammatory disorders, although the donor-to-donor variability in these effects warrants further
investigation. Key cells of the immune system involved in MS pathogenesis have been identified to be
modulated by DPSC treatment in EAE, although further investigation is required to elucidate the molecular

mechanisms by which DPSCs suppress those cell subsets in EAE.
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CHAPTER 1: INTRODUCTION

1. Introduction

The research in this project aimed to assess the potential of mesenchymal stem cells (MSCs) from human
dental pulp as a potential therapy in multiple sclerosis (MS) using animal models, and to understand the
mechanisms that underpinned their mode of action. Therefore, in this introduction a detailed overview of the
molecular and cellular pathogenesis of MS and the animal models relevant to this thesis are described. In
addition, the currently available MS therapies are outlined along with their proposed modes of action.
Following that, current understanding of the biology of MSCs will be discussed, with particular reference to

their use in inflammatory diseases.
2. Multiple Sclerosis

MS is an autoimmune disease of the central nervous system (CNS) in which inflammation destroys the
protective myelin sheath surrounding neurons in a process called demyelination. Myelin is a cholesterol-rich
extension of the plasma membrane of oligodendrocytes and Schwann cells which is essential for proper
structural organisation and maintenance of the axonal membrane into distinct nodes to reduce energy
consumption while allowing rapid signal transmission®. Demyelinated neurons lose the ability to function
efficiently, leading to loss of function symptoms in MS patients including loss of motor control or vision, gait
disturbance, paralysis and more?. MS causes severe morbidity and is one of the most common neurological
diseases affecting young adults®, affecting more than 25,600 Australians and incurring an economic cost of
$1.75 billion per annum®. Furthermore the prevalence of this disease worldwide is rising® and in Australia
alone the number of people living with MS increased 20% between 2010 and 20174. The mean onset of MS is
30 years of age® where patients typically present with episodic neurological symptoms interspersed with
periods of full or partial remission, a form of MS called relapsing-remitting MS (RRMS). RRMS generally
transforms to secondary-progressive MS (SPMS) in which symptoms accumulate and remissions are absent.
About 10% of patients present directly with chronic progressive disease lacking remission which is known as

primary progressive MS (PPMS)>,

Both genetic and environmental factors clearly have roles in initiating MS. The precise mechanisms of how
these factors interact to contribute to MS susceptibility are unclear, although both genetic and environmental
factors have been linked to inflammation’. Several environmental risk factors which predispose to MS have
been identified and include smoking, vitamin D deficiency, Epstein-Barr Virus (EBV) or cytomegalovirus
(CMV) infections and adolescent obesity. The incidence of MS is also markedly higher at extreme latitudes
compared to equatorial regions in both the northern and southern hemispheres and migration from high-risk
areas to low-risk areas before puberty reduces the risk of developing MS, underscoring the importance of

environmental factors in MS incidence’®.

The importance of genetic factors for MS susceptibility is apparent from a growing body of evidence. For

example, twins have an MS disease concordance of 25.3% for monozygotic or 5.4% for dizygotic twins?,
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highlighting the genetic component of the disease. MS is also three times more prevalent in females than
males®. Genetic risk factors for MS include both HLA- and non-HLA-associated genes, and HLA-associated
genes have been calculated to account for approximately 21.4% of the heritability of MS*. The class Il
DRB1*15:01 allele, for example, increases risk of MS with an odds ratio (OR) of 3.92*. Additionally, genome-
wide association studies (GWAS) have identified more than 200 non-HLA-associated single nucleotide
polymorphisms (SNPs) conveying moderate risk to developing MS, in which there is significant enrichment
for genes that are linked to immune system'. Significantly, there is an enrichment for SNPs in regions
associated with both CD4"and CD8* T cells, B cells, NK cells and microglia.

MS is diagnosed by the presence of macroscopic lesions in the CNS which can be detected by magnetic
resonance imaging (MRI) and are most commonly seen in the spinal cord, optic nerves, brainstem/cerebellum
and periventricular white matter®. Active MS lesions contain infiltrating inflammatory cells and show areas of
tissue injury with centres devoid of myelin with or without signs of remyelination, and are sometimes
accompanied by loss of axons'?. By contrast, inactive lesions lack inflammatory infiltrates as well as myelin

and any signs of remyelination and no further demyelination occurs at the lesion border.

Animal models have been crucial for the development of several treatments for MS and have furthered our
understanding of some of the underlying causes of the illness. One of the commonly used models for the

autoimmune aspects of MS is discussed below.

2.1 Experimental Autoimmune Encephalomyelitis (EAE)

An MS-like pathology can be induced in rodents by subcutaneous immunisation with neuropeptides emulsified
in complete Freund’s adjuvant (CFA) together with systemic administration of pertussis toxin (PTx)%.
Immunisation with CNS peptides causes activation of autoreactive T cells to initiate disease, and the symptoms
diverge depending on the peptides used and genetic background. Immunisation of C57BI/6 mice with the
myelin oligodendrocyte protein (MOG) peptide MOGss.ss causes chronic paralysis progressing from the tail
tip to hind limbs and then fore limbs. Similar symptoms are induced in SJL/J mice by immunisation with the
proteolipid protein (PLP) peptide PLP139.15: but mice recover from paralysis for a short period before relapsing.
These two forms of EAE are widely used to mimic autoimmune aspects of chronic and relapsing MS

respectively.

Strong evidence points to a major role for autoimmunity in MS pathogenesis, and EAE has been used
extensively for studying these immunological aspects of MS. Demyelination is also observed in the CNS of
rodents with EAE as well as acute axonal damage, although lesions predominantly occur in the spinal cord in
contrast to MS where lesions are often in the brain as well as the spinal cord*. Multiple therapies currently
used for MS were first tested in these models which have been invaluable to our understanding of the primary
immunological events which might initiate MS, especially relapsing MS*®. Despite this, there are some aspects

of MS that are not modelled by EAE. Diffuse white matter injury and grey matter injury are two other lesion



CHAPTER 1: INTRODUCTION

types which occur in MS and progress independently of inflammation®. These neurodegenerative processes

may underpin progressive MS in which treatments targeting inflammation are ineffective?®.

2.2 Immunopathology of EAE

A prevalence of risk factors associated with immune system function and the inflammation which can be
observed in active demyelinating lesions in the CNS point to an autoimmune component to MS pathology.
The immunopathology of MS is complex and only partially understood and appears to be driven by multiple
cell types including autoreactive T cells. Much of the current understanding of the immunopathology of MS
has been based on studies in EAE which was thought to have many similarities to MS. In this section, a

description of the major molecular and cellular drivers of the pathogenesis of EAE will be outlined.

Figure 1.1 depicts a simplified version of the current understanding of some of the main immunological events
that occur in the pathogenesis of MOGss.ss-induced EAE in C57BI1/6 mice. Immunisation with CNS antigen
with appropriate adjuvant results in antigen presentation by dendritic cells (DCs) in secondary lymphoid organs
(SLOs). DCs activate CD4* T cells which migrate to the CNS and initiate an inflammatory cascade there, and
B cells, CD8* T cells and regulatory T cells (Tregs) are also activated and recruited to the CNS. There is
activation of local CNS antigen-presenting cells (APCs) called microglia and secondary recruitment of large
numbers of infiltrating myeloid cells including monocytes, macrophages and neutrophils to the CNS
whereupon downstream damage the CNS occurs including loss of oligodendrocytes and axons. The precise
role of each of these infiltrating cells in the pathology of EAE is still being elucidated but our current
understanding of their contributions is described in more detail in the remainder of this section.

Initially, EAE was thought to be driven by the T helper 1 (Th1) subset of CD4* T cells. The canonical role of
Th1 cells is orchestrating cell-mediated immune responses against intracellular bacterial and viral infections.
Adoptive transfer of MOGsas.ss -reactive Thl cells restimulated in vitro confers clinical signs of EAE to naive
mice'’. In order to differentiate from naive precursors, Thl cells require the cytokine IL-12, which is a
heterodimer of two subunits 1L-12p35 and IL-12p40, while the main effector cytokine of Thl cells is interferon
gamma (IFNy)8. However, 1112rb2” mice, which cannot make Th1 cells, are still susceptible to EAE™, as are
Ifng” and Ifngr”™ mice?®#, demonstrating that canonical Thl cells are actually dispensable for disease.
Confusion arose from the discovery that while 1112p35” mice are susceptible to EAE, 1112p40™ mice were
protected from disease?#?. This was clarified when Oppmann et al. discovered in 2000 that the I1L-12p40
subunit also dimerises with 1L-23p19 to form the pro-inflammatory cytokine 1L-23%, Cua et al.,?” subsequently
showed that 1L-23, not IL-12, is critical for EAE. They also went on to find that IL-23 promoted expansion of
a subset of CD4" T cells that produced IL-17 (now called Th17 cells)?.

Following the discovery of Th17 cells, there was a shift in focus to the disease-initiating effects of these cells
in EAE. Like Th1 cells, adoptive transfer of myelin-specific Th17 cells induces EAEY while 1123r" mice are
protected from disease?’. Also, the ratio of Th1:Th17 cells can affect Th17 cell infiltration of the CNS and



CHAPTER 1: INTRODUCTION

severity of EAE. Stromnes et al.,?® found that Th17 cells can infiltrate the spinal cord of EAE mice at a range
of Th1:Th17 ratios, yet at low Th1:Th17 cell ratios (<1) Th17 cells can also enter the brain and cause severe
EAE. The effector molecule of Th17 cells, IL-17, exists as several variants including IL-17A and IL-17F, and
treatment with an 1L-17A-neutralising antibody suppresses EAE%%, although IL-17-deficient mice are only
partially protected from EAE indicating that IL-17A has a partially redundant role in disease pathogenesis®'2,
More recently, it has been found that Th17 cells also produce the pro-inflammatory cytokine granulocyte-
macrophage colony-stimulating factor (GM-CSF) and mice deficient for the gene for GM-CSF (Csf2™) are
protected from EAE® indicating that GM-CSF is critical for development of the disease. T cells that come
through a Th17 developmental pathway are major producers of GM-CSF in EAE, and IL-23 signalling is

required for these cells to express GM-CSF334,

Current understanding of Th cell subsets and lineage stability in immunology is evolving rapidly through use
of fate-mapping and cytokine reporter models, and it is clear now that Thl and Thl7 phenotypes are not
necessarily stable end-differentiation states. Rather, it appears a degree of fluidity exists between these subsets
and in EAE, Th17 have been shown to convert to a Thl-like “ex-Th17” phenotype in the CNS**2®. Hirota et
al.,*® used an IL-17A fate reporter mouse to show that the vast majority of IFN-y-secreting cells in the CNS of
EAE mice are in fact ex-Thl7 cells. This transition is accomplished by down-regulation of the Thl7
transcription factor RAR-related orphan receptor gamma t (RORyt) and up-regulation of the Th1 transcription
factor T-box protein expressed by T cells (T-bet). These ex-Th17 cells produce large quantities of GM-CSF to
drive CNS pathogenesis. T-bet-deficient Th17 cells are also encephalitogenic, however, demonstrating that
they do not need to transition to a Th1-like phenotype to cause disease®”8. The fact that both Th1 and Th17
cells acquire expression of GM-CSF, which is a critical factor for EAE, might also explain how both are able
to independently induce EAE3*34,

CD8* T cells also play a role in EAE pathogenesis although they are not strictly required for disease since
C57BI/6 mice lacking CD8* T cells still develop EAE®. The role of CD8* T cells in EAE is debated with both
pathogenic and regulatory described®. Adoptive transfer of MOG-reactive CD8* T cells into naive C57BI/6
mice can induce EAE*%4! as can CD8* T cells that are reactive to a peptide of myelin basic protein (MBP7s.57)
in C3H mice*2. Although transgenic systems have demonstrated an ability of CD8" T cells to elicit cytotoxicity
to neurons or astrocytes expressing their cognate antigens in vitro and in vivo*, this has not been definitively
shown to be a mechanism of CD8* T cell pathogenicity in EAE. Transfer of haemagglutinin (HA)-specific
CD8" T cells into mice expressing HA specifically in oligodendrocytes also led to an MS-like pathology with
inflammation of the CNS and demyelination in which the CD8" T cells were shown to localise next to
oligodendrocytes*. Mice with CD8" T cells that express a transgenic glial fibrillary acidic protein (GFAP)-
specific T cell receptor (TCR) also develop spontaneous CNS autoimmunity*. Conversely, CD8-deficient
mice have exacerbated EAE symptoms suggesting that CD8* T cells can also have regulatory functions in

EAE*. Supporting this, Qa-1-restricted CD8" T cells are suppressive in EAE*" and can kill MBP-reactive
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CD4* T cells®. Suppressing CD4* T cell proliferation is another way in which CD8* T cells may regulate

inflammation in EAE?.

A role for B cells in EAE is also demonstrated by the observation that B cell-specific MHC-1I-deficient mice
are resistant to EAE induced by immunisation with whole MOG protein®, highlighting the importance of B
cells for processing and presenting MOG protein to T cells for disease in that model. However, uyMT mice,
which lack B cells, are susceptible to MOGgs.ss peptide-induced EAE on a C57BI/6 background®® and to
MBP Acl-11 peptide-induced EAE on a B10.PL background®, indicating B cells are not required for
presenting some CNS peptides. Although B cells produce antibodies in EAE, this also does not appear to be
important for disease and does not correlate with severity of symptoms®. Secretion of cytokines may be an
important function of B cells in EAE instead. B cell-derived 1L-6 also contributes to EAE pathogenesis and
the disease is less severe with a diminished Th17 cell response in mice which lack IL-6 specifically in B cells®.
On the other hand, some regulatory functions have also been ascribed to subsets of B cells in EAE®. Anti-
inflammatory 1L-35" B cells and I1L-10* B cells may be important for limiting CNS inflammation®’. Mice
lacking IL-10 specifically in B cells develop more severe EAE®, while transfer of purified 1L-10-secreting
regulatory B cells into EAE mice limits pathology®®. B cells can also produce TGF-B1 to limit CNS
inflammation in EAE and mice lacking TGF-B1 specifically in B cells show an earlier onset of disease®. Thus,

the role of B cells in EAE depends on the subset and the immunisation protocol that is used.

Microglia are CNS-resident antigen-presenting cells with similarities to macrophages and, amongst other
functions, are important for regulating inflammation in the brain. Like macrophages, microglia can become
polarised toward M1 or M2 phenotypes which are generally considered to be pro-inflammatory and anti-
inflammatory respectively®. Ablation of microglia in EAE mice suppressed disease, indicating a pro-
inflammatory role for these cells in EAE pathogenesis®. M1 microglia secrete pro-inflammatory cytokines,
present antigen to lymphocytes and can be cytotoxic®. Pro-inflammatory microglia can also impede
oligodendrogenesis in vitro and this can be rectified by treatment of the microglia with IL-4 which promotes
an M2 phenotype®2. M2 microglia, on the other hand, are important for phagocytosis and clearance of myelin
debris that inhibits oligodendrocyte progenitor cell (OPC) differentiation and maturation and the production
of anti-inflammatory cytokines such as IL-10 in mice®®, A switch from M1 to M2 occurs during
remyelination in mice, where M2 microglia support differentiation and maturation of OPCs into myelinating
oligodendrocytes®. In that study, secretory factors were found to be important for M2 function as supernatants
from cultured M2 microglia enhanced differentiation of OPCs in vitro. The role of microglia in EAE is

therefore multifactorial and may depend on the stage of disease.

Cytokines are important signalling molecules which orchestrate immune responses and can have pro-
inflammatory or anti-inflammatory effects. Cytokines which have a predominantly pro-inflammatory role in
MS or EAE include the aforementioned GM-CSF, IL-17A and IL-23 as well as IL-6 and IL-1p. IL-6 and

IL-1P contribute to Th17 development among other effects and deficiency in either of these cytokines confers
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resistance to EAE®8 while IL-1B increases the encephalitogenicity of T cells®®7 and activates CNS
endothelial cells. Although IFNy and tumour necrosis factor alpha (TNFa) are generally classed as
pro-inflammatory cytokines, their role in EAE and MS is less clear and they appear to have both
pro-inflammatory and anti-inflammatory effects which may depend on the stage of disease and the cell types
producing or receptive to them™. Delivery of IFNy before onset of EAE exacerbated symptoms while treatment
after onset reduced the severity of disease, suggesting the effects of IFNy in EAE are dependent on the stage
of disease®. TNFa is produced by macrophages, Thl cells and microglia in EAE">"® and while early TNFa
blockade partially protected rats from EAE™, mice deficient for TNFo, or one of its receptors, TNFR1, exhibit
delayed but ultimately worse symptoms of EAE™. Therefore like IFNy, TNFo may have pro-inflammatory
functions in the early stage of EAE but anti-inflammatory functions in the later stages of disease™ ", In
contrast, the cytokine IL-10 plays an anti-inflammatory role in EAE, suppressing production of
pro-inflammatory cytokines and promoting regulatory immune responses’2. 1L-27 is also anti-inflammatory

and suppresses Th17 cell development’” and increases production of IL-10 by Tregs’®.

To summarise, autoimmune Th17 cells in EAE infiltrate the CNS and produce GM-CSF among other pro-
inflammatory cytokines. These cytokines recruit monocytes into the CNS and they mediate damage to
oligodendrocytes. While other leukocytes including CD8* T cells and B cells have also been implicated in
EAE pathogenesis their roles in the pathogenic cascade are less clear. There are other cell types which are also
involved in the pathogenesis of EAE including Tregs, innate lymphoid cells (ILCs) and T follicular cells which
are not discussed in detail here. Next, evidence for roles of these different leukocytes in MS is discussed.

2.3 Immunopathology of MS

Research into understanding of the immunopathology of MS is limited by the difficulty in studying the human
brain and so derives from MRI analysis, and study of peripheral blood, CSF and autopsy material as well as
the responses of patients to different treatments. An autoimmune aspect to MS is strongly suggested by the
heavy infiltration of lesions with leukocytes, primarily myeloid cells and T cells™. Furthermore, the high
degree of genetic risk for MS associated with immune system function®, particularly HLA-DR, suggests that
the role of inflammation may be causative of MS rather than a consequence of neurodegeneration that occurs
in the disease®®. It is thought that early in MS disease development, an inflammatory insult triggers
demyelinating events from which patients can recover through spontaneous remyelination (Figure 1.2, parts
1-3)™. Further inflammation and demyelination causes symptom relapse, and then in later stages of disease
exhaustion of remyelinating mechanisms as well as axonal transection may result in irreversible functional
damage and progressive disease (Figure 1.2, parts 4, 5). Evidence implicating various subsets of leukocytes in

the pathogenesis of MS is given below along with possible mechanisms of action.

Genes conferring the highest risk for MS include several MHC-II alleles, pointing to a role for CD4" T cells
in MS pathogenesis®. Similar to EAE, Th17 cells are thought to play a pro-inflammatory role in MS. The
blood of MS patients has a higher frequency of Th17 than healthy controls®®® suggesting that, like in EAE,

8
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Th17 cells may be important in MS pathogenesis. IL-17 is additionally more abundant in the blood of MS
patients® although it is produced by CD8* T cells and astrocytes in MS as well as CD4* T cells®. A
longitudinal analysis showed increased Th17 cells but not Th1 cells during active phases of MS compared with
inactive MS within the same patients®.

In MS patients, GM-CSF expression is more abundant in Th1l cells than Th17 cells, but it is actually mostly
expressed by a third subset of CD4* T cells which do not produce IL-17A or IFNy and rather co-express other
highly pro-inflammatory cytokines TNFa and IL-6%”. GM-CSF activates and expands myeloid cells and DCs,
which are also abundant in MS lesions®®. Antigen presentation, expression of co-stimulatory molecules, and
secretion of pro-inflammatory cytokines by myeloid cells and DCs are also all increased by GM-CSF®, and
microglia and astrocytes in acute and chronic MS lesions have increased expression of its receptor®®®®, The
frequency of total GM-CSF-producing CD4* T cells is increased in the blood of RRMS patients compared
with healthy controls®, and GM-CSF-expressing CD4*CD45RO* memory T cells have also been found to be
more frequent in the CSF of patients with MS compared with other neurological diseases®®. Of note, CD4* T
cells were identified to have the most significant increase in expression of GM-CSF associated with MS
compared with other cellular sources of this cytokine®, highlighting CD4* T cells as an important source of

pro-inflammatory molecules in MS.

The frequencies of Treg cells do not appear to be altered in MS patients compared to healthy controls, unlike
other CD4* T cell subsets that have been studied®. However, there is evidence that Tregs from MS patients
are functionally defective. FoxP3 expression is reduced in RRMS® and Tregs isolated from MS patients are
less capable of suppressing CD4* T cell proliferation in vitro®. FoxP3 expression and suppressive capacity of
Tregs is restored with treatment with glatiramer acetate (GA) and IFN-B%%. Interestingly, the deficit in Treg
suppressive capacity in RRMS appears to return to normal by SPMS stage®. Furthermore, the ratio of
Treg/Th17 in peripheral blood of RRMS patients negatively correlates with expanded disability status scale
(EDSS), suggesting Treg control of Th17 cell responses may be an important protective mechanism against
MS®.

Like in EAE, the role of CD8" T cells in MS is controversial, with both pro- and anti-inflammatory subsets
being described. CD8* T cells outhumber CD4* T cells in the perivascular cuffs of active MS lesions by up to
50:1%, and they have been found to be clonally expanded in cerebrospinal fluid (CSF), peripheral blood and
some MS lesions®. Despite these observations, it is unknown if these clonally expanded CD8* T cells are
aggressors of CNS inflammation of if they are protective. A pro-inflammatory role for CD8* T cells is
suggested by a doubling in MS risk with possession of the HLA-A*0301 allele for MHC Class 1*%, Also,
perforin-expressing CD8" T cells are more abundant in the blood of MS patients than healthy controls and this
is even more apparent during relapse'®:. The CSF of MS patients is enriched for the cytotoxic molecules
granzymes A and B*%? and a greater frequency of granzyme B-expressing CD8" T cells are present there, also

evidence that pathological CD8* T cell subsets may be important in MS%, On the other hand, presence of the

9
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HLA-A*0201 allele is associated with a 50% decrease in risk for MS!. CD8" T cells with specificity for
neuroantigens have been found in the blood of MS patients but these are also present in healthy controls®,
Those CD8* T cells from MS patients responded to stimulation with neuropeptides ex vivo by producing more
IFNy and IL-10 than healthy controls. Human CD8* T cells are capable of killing oligodendrocytes loaded with
MBP peptide in a MHC Class I-dependent manner in vitro'®. HLA-E-restricted CD8* T cells, which are the
human equivalent of regulatory Qal-restricted CD8" T cells that are found in mice and which can suppress
CD4" effector T cells, may be impaired in MS patients. Compared with HLA-E-restricted CD8* T cells in
healthy controls, those in MS patients expressed less anti-inflammatory CD122 and FoxP3 but more IFNy,
IL-17A and granzyme B, which may be indicative of a shift from a regulatory phenotype to a more

inflammatory one°,

The success of B cell-targeting monoclonal antibody therapies in MS has highlighted an important role for
these cells in the pathogenesis of MS7. Treatment of MS patients with anti-CD20 antibodies (Rituximab and
Ocrelizumab), which target CD20 which is a marker expressed by >95% of B cells, significantly reduces the
frequency of new MS relapsesi®1® although the exact role of B cells in MS pathogenesis is not clear.
Oligoclonal bands caused by antibody deposits can be found in the CSF of almost 90% of MS patients and
these have been an important immunological diagnostic marker for MS°, However, Rituximab does not
deplete plasma cells and it has been shown that oligoclonal bands persist in the CSF after Rituximab therapy?*!*,
suggesting the production of autoantibodies by B cells does not play a dominant role in MS pathology. An
antibody-independent role for B cells in MS pathogenesis is also supported by evidence that secretory products
from B cells of RRMS patients and not healthy controls are toxic to oligodendrocytes and neurons in vitro
even when immunoglobulin has been depleted!*2. Secretion of cytokines by B cells including TNFa,
lymphotoxin-alpha (LTa) and IL-6 are important for inflammatory T cells in MS and these are also reduced
by Rituximab treatment!3. Additionally, B cells are another source of GM-CSF in MS and the frequency of
GM-CSF-expressing B cells is increased in MS patient’s blood®”**4, B cells are also antigen-presenting cells,
but it is not clear if this is an important function of B cells in MS. Further complicating the picture is the finding
that in addition to B cells, Rituximab also depletes a small subset of CD20* T cells!!®. CD20* T cells comprise
of both CD4* and CD8* T cells and express pro-inflammatory cytokines including TNFa, IL-17A and IFNy
although their function and possible contribution to MS pathogenesis is not yet known''®17  Therefore,
B cell-depleting therapies have effects extending beyond the direct function of B cells themselves, and it is not
clear to what degree the beneficial effects of B cell depletion are directly caused by reduction of cells versus
other indirect effects. Interestingly, Atacicept which is a small fusion protein that targets B Lymphocyte
Stimulator (BLyS) and A Proliferation-Inducing Ligand (APRIL) expressed by B cells to inhibit their
maturation and survival after activation and is effective against systemic lupus erythematosus (SLE) failed in
clinical trials for MS after it increased relapses in RRMS patients, perhaps due to inhibition of regulatory B
cells!*®11° Thus, although there appears to be an important role for B cells in MS pathogenesis, the mechanisms

are unclear.
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Another way in which B cells may contribute to MS pathogenesis is that they are a reservoir for latent EBV.
EBV infects naive B cells which then mature into memory B cells and while T cells are able to control the
infection, latency is established in the memory B cell pool*?°. Approximately 90% of the general population
are seropositive for EBV infection, but virtually 100% of MS npatients are seropositive?. In fact,
EBV-seronegativity has an OR for MS development of only 0.18'22, whereas seropositivity for EBV compared
with EBV-seronegativity has an OR for MS of 13.5'%%, Although early childhood contraction of EBV is
asymptomatic, acquiring EBV in puberty or later leads to infectious mononucleosis (IM) with fever, sore throat
and fatigue®. A history of IM increases a person’s risk for MS by 2.3 times, indicating that the stage in life
in which EBV is contracted can increase MS risk'?. In fact, EBV is one of the strongest environmental risk
factors for MS!%, A reduction in EBV-specific CD8" T cell responses has been observed in blood of MS
patients, suggesting they may fail to control EBV infection!?’. Despite this, it is not known how EBV infection
may cause or contribute to MS pathogenesis; there may be replication of EBV in B cells in the CNS or cross-
reactive T cell responses may be elicited although evidence for these is weak!?12 Qverall, B cell and EBV

contributions to MS pathogenesis require further clarification.

Microglia are also thought to play a role in MS. MHC-I1I expression is up-regulated in microglia in MS
lesions!®, suggesting they may be involved in antigen-presentation to T cells there. Like in EAE, a switch
from M1 to M2 phenotype occurs with remyelination in brain lesions of MS patients'®. Pro-inflammatory
microglia dominate active and expanding lesions while anti-inflammatory microglia are observed at the lesion
core where remyelination is attempted. In progressive MS, there is an absence of
anti-inflammatory/neuroprotective microglia in the lesions which may contribute to failure to remyelinate®,
Additionally, in that study, more activated pro-inflammatory microglia are present in normal white matter of
MS patients compared with healthy controls, suggesting abnormal microglial activation may inherently
contribute to MS pathology. Microglia are also thought to contribute to MS pathogenesis by the production of
reactive oxygen species (ROS) which are cytotoxic to oligodendrocytes®?.

In patients with chronic progressive MS, levels of TNFa are elevated in CSF and correlates with disability*®,
which initially suggested a pro-inflammatory role for TNFa for MS progression. Despite this, inhibiting TNFa
in MS in two separate clinical trials exacerbated disease®*****, Together with mixed roles discovered in EAE
(described in section 1.1.2), it appears that TNFa may play both pro- and anti-inflammatory roles in the
pathogenesis of MS. After rodent studies suggested that IFNy was protective in EAE?*??, a clinical trial
commenced to treat RRMS patients with IFNy. However, IFNy treatment exacerbated MS**, and therefore

IFNy appears to be pro-inflammatory in MS.

Overall, it can be appreciated that EAE and MS are unlikely to be caused by a single cell type and the path to
neuroinflammation and CNS damage can be varied. Multiple compensatory mechanisms exist which can each

independently contribute to disease and the roles of various cell subsets can adapt depending on what other
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signalling events are occurring. The migration of leukocytes into the CNS is also an important factor in MS

pathogenesis and the chemokine signalling pathways which may be implicated in this are discussed below.

2.4 Chemokines and chemokine receptors in MS and EAE

Leukocyte trafficking is important for bringing cells into close proximity to facilitate signalling events that
regulate cell activation, survival, proliferation and function. In the immune system, cell trafficking is spatially
and temporally regulated by chemokines, or chemoattractant cytokines, and their receptors together with

integrins and other adhesion molecules. Chemokine receptors are 7-transmembrane G protein-coupled
receptors which are classified into four families based on the spacing of conserved N-terminal cysteine residues
(C, CC, CXC and CX3C). Chemokine signalling directs cell trafficking with specificity by directional

migration of chemokine receptor-expressing cells toward sources of their cognate chemokine ligands.

Early in EAE, autoreactive Th17 cells have been shown to enter the CNS parenchyma via the choroid plexus
using the chemokine receptor CCR6™® (Figure 1.1A-C). Chemokine receptors bind small chemotactic
cytokines (chemokines) to guide cell migration. Onset of EAE is delayed in Ccr6” mice but has been reported
to eventually be more severe than in wild-type (WT), perhaps since Tregs also utilise CCR6 for entry to the
CNS®7138_Once inthe CNS, Th17 cells initiate an inflammatory cascade which disrupts the blood brain barrier
(BBB) and facilitates secondary recruitment of other leukocytes®*®. A second wave of highly inflammatory
Th17 cells then enters the CNS via expression of CCR2%® (Figure 1D). These highly inflammatory
CCR2'CCR6 Th17 cells require 1L-23 for development and produce large quantities of the pro-inflammatory
cytokine GM-CSF. Mice with a deficiency of CCR2 in T cells develop less severe EAE with fewer GM-CSF-
expressing Th17 cells entering the CNS!®, GM-CSF is important for recruitment and activation of
CCR2*Ly6C" pro-inflammatory monocytes from the blood to the CNS®, whereupon infiltration of the CNS

with myeloid cells results in downstream damage to the myelin sheath Figure IE-G).

There is evidence that CCR2 and CCR6 may be implicated in the pathogenesis of MS also. The sole ligand for
CCR6, CCL20, is constitutively expressed by the epithelium of the choroid plexus. In MS patients and in other
neuroinflammatory diseases, CCL20 is up-regulated which may increase recruitment of CCR6-expressing
cells, and this is supported by the fact that T cells in the CSF of MS patients have been shown to express
CCR6™, CCL20 has also been shown to be produced by astrocytes in MS lesions where it may direct CCR6*
cells to the site of inflammation“. In mice, also, astrocytes produce CCL20 in response to IL-9 and this attracts
CCR6-expressing cells in EAE'!. CCR2, which was shown to be important for Th17 cell recruitment to the
CNS of EAE mice'®® may also be important in MS. The major ligand for CCR2, CCL2, is expressed by glial

cells and may recruit CCR2-expressing macrophages, DCs and T cells from the blood to active lesions*.

CCR1 and CCR5 may also be important recruiting cells of the immune system to the CNS in MS or EAE
pathogenesis. Relapsing MS patients have elevated levels of the CCR1 and CCR5 ligand CCL5 in the CSF

compared with stable MS patients!#3, CCL5 has been shown to be required for the recruitment of peripheral
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blood monocytes across the BBB during inflammation and deletion of CCR1 in mice prevents EAE#4145,
Another of the CCR1 ligands, CCL3, has also been implicated in this process, attracting CCR1* APCs and T
cells.

CCRY7 and its ligands CCL19 and CCL21 have also been implicated in MS and EAE. The chemokine CCL19
is constitutively expressed at low levels in the CNS of naive mice and healthy humans#6147 but increases with
disease progression in both chronic and relapsing EAE models!*6, and is similarly increased in MS lesions and
at the BBB of MS patients**’. Another study showed no CCL19 or CCL21 protein is present in non-lesioned
white matter'“®, Astrocytes and microglia in the parenchyma as well as infiltrating leukocytes accumulated in
the meninges have all been shown to be sources of CCL19 in the CNS in EAE*®, Moreover, encephalitogenic
T cells have been shown to express the receptor for CCL19, CCR7, suggesting that elevated CCL19 levels
may contribute to recruitment of these cells to the CNS**°. Large numbers of CCR7* cells (T cells or maturing

DCs) can be found in lesions in brain autopsy material from MS patients as well as in samples of the CSF48,

Other chemokines and chemokine receptors which are involved in recruitment of leukocytes to the CNS
include CCR5, CXCR2, and CXCR3. The T cells in the CSF of MS patients are enriched for expression of
CCR5 and CXCR3™°. CXCR3 is also used by T cells to enter the CNS during immune surveillance, leading
to an enrichment of CXCR3" T cells in the CSF under steady-state conditions!®!. CXCR2, however, is
important for trafficking of polymorphonuclear cells to the CNS, where the CXCR2 ligands CXCL1 and
CXCL2 are induced in the spinal cord in EAE by encephalitogenic Th17 cells's2, CXCR2 blockade inhibits
EAE dependent on the trafficking of polymorphonuclear cells. As well as CCR6, CXCR3 recruits Tregs to the

brain, which has been shown to be important for limiting inflammation in the perivascular space®®.

Chemokines therefore have been implicated in key aspects of MS and EAE initiation and progression,
highlighting their potential as a therapeutic target for regulation or as a method for directing regulatory cells
into the CNS. One mechanism by which chemokine signalling is regulated is through atypical chemokine
receptors. Atypical chemokine receptors do not contain the canonical DRYLAIV motif of typical chemokine
receptors that facilitates G-protein coupling and, as such, binding of chemokines to atypical chemokine
receptors does not result in downstream G-protein signaling'®. Instead, the main function of atypical
chemokine receptors appears to be scavenging, sequestering, degrading or transporting their ligands in order
to regulate abundance of chemokines in their biological niches!*>%¢. Furthermore, the atypical chemokine
receptors ACKR2 and ACKR4 have been shown to have roles in EAE"1%8,

ACKR?2 has 14 ligands in the CC chemokine family, all of which are inflammatory chemokines meaning
expression is induced or upregulated in inflammatory contexts®®®. These 14 chemokines encompass most of
the ligands for the receptors CCR1-5 which are expressed by leukocytes including T cells, neutrophils,
monocytes, macrophages, DCs and NK cells'®®. ACKR2 is itself expressed by lymphatic endothelial cells
(LECs), trophoblasts of the placenta and some B cell subsets!®-163, Expression of ACKR2 is important for

regulating abundance and clearance of inflammatory chemokines in order to control leukocyte trafficking into
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dLNs'®. Failure of Ackr2” mice to control chemokine abundance leads to increased leukocyte entrapment in
the draining lymph nodes (dLNs) and subsequent congestion of the flow of lymph and impaired leukocyte
priming?®®. Subcutaneous immunisation with MOG peptide in EAE leads to formation of DC aggregates in the
skin which persist there likely due to disruption of an optimal chemokine gradient for migration out of the skin
to the dLN™815_ Additionally, T cell priming can be impaired by ACKR2-deficiency in MOG-3s.5s EAE and
transfer of encephalitogenic cells from Ackr2”- mice into WT hosts leads to less severe disease than transfer of
WT cells®™’. Interestingly, immunisation with full MOG protein instead of peptide increases the severity of
EAE in Ackr2” mice due to increased GM-CSF-expressing B cells generated in the spleen and a more potent
T cell response’®8, On the other hand, ACKR?2 also has important anti-inflammatory roles and ACKR2 deletion
in mice abolishes their ability to control inflammation due to accumulated inflammatory CC
chemokines!®1%8, Infection of Ackr2” mice with Mycobacterium tuberculosis leads to an exacerbated
inflammatory response which can be reversed with blocking antibodies to the CC chemokines®®’. Also, treating
the skin of Ackr2” mice with phorbol ester in a model which produces psoriasis-like lesions resulted in more
aggravated inflammation than in WT mice due to a lack of clearance of inflammatory chemokines®®. Some
ACKR2 ligands are also important for entry of leukocytes to the CNS including CCR1 and CCR2 ligands as

described above.

ACKR4 binds the homeostatic chemokines CCL19, CCL21, CCL25, and it also weakly binds human
CXCL13%®, therefore potentially regulating CCR7, CCR9 and human CXCR5 respectively. ACKR4 is
expressed in many tissues including the lymph node, epidermis, thymus, intestine, heart, testis and liver’o1",
Its ligands are constitutively expressed in the SLOs, where they are important for homeostatic trafficking of
naive T cells, DCs, and B cells!®. ACKR4 is also postulated to be important for the regulation of lymphocyte
and DC trafficking in inflammatory and autoimmune responses!®®12, ACKR4 appears to have a protective role
in EAE as Ackr4™ mice succumb to EAE more rapidly than WT mice'”. This is coupled with a more rapid,
pathological immune response, associated with an accumulation of CCL21 in the CNS. Therefore, ACKR4

may be important for limiting excessive inflammation in EAE.
2.5 MS treatments

Different treatment options are available to people living with MS and the type and stage of disease can
influence which treatments are chosen. There are more than a dozen US FDA-approved and off-label
treatments available for RRMS patients while no treatments were available for PPMS until March 2017 when
the humanised monoclonal antibody (mAb) Ocrelizumab became the first drug to receive US FDA approval
for treating PPMS'74. Outcomes of treatment in MS are typically measured by disability status, MRI lesion
activity or relapse rate. Although most current treatments produce positive outcomes in these three areas, repair
of the CNS and induction of tolerance to self-antigens is lacking and these are the primary foci for recent

research. Treatments for MS have focussed predominantly on reducing the inflammation which causes
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demyelination, including molecules which target specific lymphocytes for depletion, inhibit T cell activation

or block leukocyte infiltration of the CNS.

A schematic showing the relative safety and efficacy of the most common MS therapies is depicted in Figure
1.3. First-line therapies include subcutaneously-delivered IFN-B or GA, or orally-available dimethyl fumarate
(DMF) or Teriflunomide!™. Although treatments classed as first-line interventions are associated with fewer
side effects or are more easily delivered to the patient they are also less effective than some of the other
therapies available. Second-line therapies comprise many of the monoclonal antibodies which deplete certain
leukocytes or target their activity or migration, as well as the orally-available Fingolimod which also targets
leukocyte migration. While these therapies are more effective at treating MS, they are associated with a slightly
higher risk of side effects. When first or second-line treatments have failed, third-line treatments are used.
However, the side effects and risks associated with third-line therapies are significant and thus they are
reserved for particularly aggressive MS. The mechanisms of action (Figure 1.4) and efficacy of some of these

treatments are discussed in more detail below.

Two recombinant forms of IFN-p are available for treatment of MS; IFN-f1a and IFN-B1b. IFN-B1b was the
first treatment approved by the FDA for MS in 1993. It reduces the annual rate of relapses by approximately
34%17® and a 21-year long-term study revealed reduced mortality in MS patients that were treated with IFN-
B1b early”’. IFN-B1a also reduces the annual rate of relapses by up to 33%*7® and is associated with reduction
in T2 lesion activity by MRIY®. IFN-B increases the production of anti-inflammatory cytokines IL-4 and
IL-10 by MBP-stimulated peripheral blood mononuclear cells (PBMCs) from MS patients!® and expands
IL-10-producing CD56P9" natural killer (NK) cells and naive Tregs®®. It also suppress IFN-y-induced up-
regulation of some MHC-II molecules on antigen-presenting cells, reduce T cell migration into the CNS and
increase apoptosis of activated T cells, although the full mechanisms of action of IFN-B in MS are not
known!8218 |EN-B therapy is often associated with flu-like symptoms as a side effect although serious adverse

events are rarel®,

Another first-line therapy, GA, is a mixture of short polypeptides of four amino acids that resemble MBP and
induces proliferation of GA-specific lymphocytes including Tregs® (Figure 1.4 A) and Th2 cells which
accumulate in the CNS and thus deviate the immune system reaction toward a less inflammatory Type 2
response there!®, There is evidence that GA also modulates B cell responses in MS including increasing 1gG4
antibodies!®-18  reduced LTa'®, IL-6 and TNF-a!*® and increased IL-10'® production by B cells, and a
reduction in CD19* B cells in the blood*®*, although the significance of these to the clinical action of GA is not
known'®®. DMF and Teriflunomide are also first-line small molecule treatments. DMF appears to increase
antioxidant production through a nuclear factor (erythroid-derived 2)-like 2 (Nrf2)-dependent pathway!%?
(Figure 1.4 E) and protects human astrocytes and rat cortical neurons against oxidative stress in vitro!®3, Taken
twice daily, DMF reduced annual relapse rate by 53% in a phase 11 trial and also reduced lesion activity by

MRI*, whereas Teriflunomide, which suppresses proliferation of pro-inflammatory lymphocytes by
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inhibiting pyrimidine synthesis (Figure 1.4 C) reduces annual relapse rate by approximately 31% and also
reduces lesion activity measured by MRI'®®. These first-line therapies have many side effects and must be
taken regularly. Although GA is similarly as effective as IFN-B therapy, it must be administered
subcutaneously every day and is associated with pain and swelling at the injection site and lipoatrophy as well
as chest-tightness, palpitations and anxiety in approximately 15% of patients'®. Common side effects to DMF
and teriflunomide, on the other hand, include nausea and diarrhoea, hair loss, infections of the respiratory tract
and urinary tract, and liver function can also be affected,

The first mAb to receive FDA approval in 2004 was Natalizumab which binds o4-integrin, a component of
very late antigen 4 (VLA-4), and blocks extravasation of leukocytes thus restricting the access of pathogenic
cells to the CNS (Figure 1.4 J). A series of other mAbs have since been generated targeting T or B cells, NK
cells and monocytes'®®1% (Figure 1.4 F, G, H). They are generally classed as second or even third-line therapies
since they can be associated with infusion-related adverse effects and many are immunogenic which limits the
number of treatments a patient receives®®. Although mAbs do not readily cross the blood-brain barrier, thus
limiting their action primarily to SLOs or peripheral sites outside of the CNS, they have demonstrated good
efficacy in improving disability and slowing the progression of MS. In a phase Il clinical trial, Natalizumab
reduced the annual relapse rate of MS by 68% and sustained progressive disability by 42% over 2 years?®.
Like Rituximab, Ocrelizumab and Ofatumumab target CD20 and thus deplete B cells. Rituximab reduced
annual relapse rate by 43% over placebo in a phase Il study whereas Ocrelizumab reduced the annual relapse
rate by approximately 46% over IFN-Bla in two phase III clinical trials'®. Ocrelizumab is also effective at
reducing the risk for sustained progressive disability in PPMS patients by 24%2%. The high degree of efficacy
achieved with CD20-targeted monoclonal antibodies in MS have highlighted a significant role for B cells in
the pathogenesis of the disease which was previously under-appreciated from rodent models. Alemtuzumab,
directed against CD52 expressed by mature lymphocytes and monocytes causing their lysis after
administration, is also effective in reducing annual relapse rate by 54.9% over IFN-B1a?°2, However it is also
associated with significant side effects including immunosuppression and reactivation of dormant CMV
infections or emergence of autoimmune conditions following off-target depletion of suppressor lymphocyte

subsets?°1-2%3 Thus, Alemtuzumab is reserved for third-line treatment of MS.

The orally available sphingosine-1-phosphate (S1P) antagonist fingolimod prevents egress of lymphocytes
from LNSs and thus limits the traffic of immune effector cells to the CNS?** (Figure 1.4 D). Fingolimod reduces
the rate of relapse in MS patients?® and is a second-line treatment for MS, although it has also been associated
with increased skin cancers and herpes infections likely due to the lymphopenia which is induced in the blood
of treated individuals®®. Mitoxantrone, by contrast, is a third-line treatment for MS along with the
aforementioned Alemtuzumab and autologous haematopoietic stem cell (HSC) transplant. Mitoxantrone
targets DNA synthesis and repair mechanisms and suppresses lymphocyte proliferation®®, It is highly effective
in limiting the annual relapse rate of MS (63-68%) and significantly reduces EDSS deterioration?®, although

cardiotoxicity has emerged as a significant side effect post-marketing?” and it is therefore reserved for treating
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patients in which several other types of therapy have failed?®. Radiation and HSC transplant is also used to
treat MS patients in which other treatment options have been exhausted?®. Although radiation is effective in
removing autoimmune cells from MS patients, HSC transfer is a highly invasive procedure exposing patients
to complete immunosuppression prior to reconstitution of the immune system and is associated with a mortality
risk of 2.8%2%°.

Most MS patients try several different therapies over the course of their illness. Current treatments are
associated with significant side effects including nausea, vomiting, alopecia, increased susceptibility to
infection and certain cancers, cardiotoxicity, lymphopenia or leukopenia, infertility and many more?. Poor
treatment response as well as needle fatigue, poor tolerability and convenience can all prompt patients to switch
therapies and are also significant contributors to patients failing to adhere to treatment regimes. In fact,

approximately 50% of patients on injectable therapies discontinue their treatment in the first year®',

While current MS therapeutics have demonstrated efficacy in preventing relapses or delaying the progression
of disease in RRMS, it is important to note that only a single treatment has been formally approved for
progressive forms of MS. Furthermore, not all patients respond to the treatments available for relapsing MS.
More importantly, no treatments are capable of reversing myelin damage in established lesions and they are
therefore unable to improve accrued disability. It is clear that therapies which target inflammation only are
insufficient and a therapy which combines suppression of the inflammation which causes myelin damage
together with repair of the CNS is required. MSCs are promising therapeutic candidates for MS since they
have demonstrated potential for both suppressing inflammation and facilitating CNS repair, possibly even

regenerating new neurons or glial cells themselves.
3. MSCs

3.1 What are MSCs?

Stem cells are long-lived cells which can self-renew and differentiate into multiple different cell types?2. Table
1.1 summarises different types of stem cells and their therapeutic advantages and limitations. MSCs have
attracted a lot of interest as a source of stem cells for therapeutic uses since they are not plagued with the
ethical concerns of embryonic stem (ES) cells and can be sourced directly from the patient, modified for gene
delivery and have potent immunosuppressive and regenerative properties?'?2%3, While pluripotent stem cells
which include ES cells and induced pluripotent stem (iPS) cells have the capacity to differentiate into any cell
type, multi-potent stem cells such as MSCs are more restricted in their differentiation capacity. Although this
may restrict their use in some settings, MSCs are thus associated with a far lower risk of teratoma formation

or ectopic tissue expression after transplantation?*,

MSC:s are a reservoir of undifferentiated cells in most adult tissues which are thought to function to participate

in and augment tissue renewal and repair. MSCs were first identified in bone by Friedenstein et al.,?'* in the
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1960s as plastic-adherent colony-forming cells. Pittenger et al., later showed MSCs have adipogenic,
osteogenic and chondrogenic potential?®®. The identification of similar plastic-adherent cells with clonogenic
and multi-potent properties in most vascularised tissues since then has led to the now accepted concept that
MSCs are ubiquitous within tissues?6?t”, MSCs are currently defined as multi-potent, plastic-adherent cells
which express the surface markers CD105, CD73 and CD90, and lack expression of CD45, CD34, CD14 or
CD11b, CD790. or CD19 and HLA-DR?, However, many of these markers are also shared by fibroblasts and
other cell types and there are currently no unique markers to identify MSCs.

MSCs in culture represent a heterogeneous population of cells putatively consisting of bona fide stem cells,
their progeny and probably some senescent cells?°22, The stem cell progeny is thought to be important for
the survival and stemness of the “true” stem cells. Stemness here is defined as an undifferentiated, multi-potent
state?!®, Efforts to isolate a single, unique type of stem cell from heterogeneous MSC cultures have been
hampered by the absence of unique markers, artefacts introduced by culturing MSCs in vitro and the finding
that MSCs in different tissues actually appear to be phenotypically and functionally distinct from one
another?2%22L_ Qverall, it has been difficult to hone in on a single MSC population within the plastic-adherent

stromal fraction which can be efficiently isolated and expanded ex vivo??,

As previously mentioned, MSCs from different tissues may not have equivalent functional properties. A recent
study by Sacchetti et al.,??2 challenges the perspective that MSCs in different anatomical niches are equitable
sources of therapeutic value. Despite having similar in vitro multi-potent capacities, MSCs from different
tissues proved to be highly restricted in their differentiation potential in vivo. Thus, the anatomical source of
MSCs should be carefully considered to achieve the desired therapeutic outcome. The requirement for
considering the anatomical source of MSCs for therapy is further supported by extensive research revealing
that MSCs obtained from different tissues also vary in other biological characteristics. Proliferation rate,
expansion potential, immunosuppressive capacity, production of growth factors and trophic molecules,
migratory properties and response to pro-inflammatory stimuli are all factors which can vary with the
anatomical source of MSCs?19220223224 |n fact, even from the same donor, MSCs from dental pulp and
periodontal ligament have been reported to have different multi-potencies, immunomodulatory parameters and

responses to pro-inflammatory cytokines??,

The following sections will describe the in vivo MSC niche in tissues and the role of MSCs in tissue renewal
and response to injury and inflammation. The immunomodulatory functions and trophic and regenerative
properties of MSCs are also discussed. An overview of MSC potential as a therapeutic agent in
neurodegenerative diseases is presented including evidence from both animal studies and clinical trials.

Finally, dental pulp stem cells (DPSCs) are introduced as a potential source of CNS-healing cells.

3.2 The MSC niche in tissues
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In most adult tissues, MSCs reside within a perivascular niche that supports maintenance of “stemness” and
quiescence??5-228, Evidence suggests that MSCs associate with blood vessels where they are positioned to
respond to both local cues and distant cues carried by the nervous system and blood (Figure 1.5)?16227-22% |
fact, due to the expression of similar surface markers and multi-potency by both MSCs and pericytes, there is
debate whether these two cell types are distinct from one another??72%02%! Fate-mapping has revealed MSCs
in vivo are derived from both pericytes and adventitial cells?*> and a separate study revealed that MSCs as

isolated in culture may be ex vivo counterparts of pericytes?®,

In stem cell niches in vivo, cells which support the maintenance of MSCs include endothelial cells, fibroblasts
and nerves?$23, Direct membrane protein interactions between these other cells and MSCs as well as secreted
factors and insoluble extracellular matrix (ECM) proteins collectively contribute to MSC survival, quiescence
and maintenance of stemness?®. For example, fibroblast growth factor-2 (FGF-2) and leukaemia inhibitory
factor (LIF) maintain MSC stemness while Whnt signalling has been shown to be important for maintaining
MSCs in a quiescent state?®. Other signalling molecules required for MSC maintenance are still under

investigation.

MSCs can be activated and respond to inflammatory cues including cytokines, growth factors and changes to
the ECM?216:2%6  After activation they are thought to migrate to sites of tissue damage where they can
differentiate into new cell types, secrete factors which recruit and promote differentiation of other precursors,
and interact with inflammatory cells to promote immune responses which facilitate tissue repair?'®. The in vivo
cues for activation are not well known and studying the role of MSCs in vivo has been hampered by the lack
of unique markers to identify them.

In addition to their role in providing trophic support to tissues, participating in and orchestrating repair, MSCs
can also regulate inflammation in tissues. MSCs appear to functionally repress highly inflammatory immune
responses and steer the response toward repair and resolution of inflammation. These immunomodulatory
properties of MSCs have received a lot of attention as therapeutic devices and will be discussed in more detail

below.

3.3 MSC immunomodulatory properties

MSCs have demonstrated a wide range of immunomodulatory effects on a number of cells in both innate and
adaptive arms of the immune system (summarised in Figure 1.6). Several surface molecules and secreted
factors have been identified as participants in MSC-dependent regulation of leukocyte function. The specific
mechanisms used to modulate immune responses vary according to the species?*®2%, anatomical source of the

MSCs, disease model and whether they are exposed to pro-inflammatory cytokines?3%2%,

The expression of surface molecules and secreted factors by MSCs from different tissues under different

stimulatory or non-stimulatory conditions are listed in Tables 1.2 and 1.3 for human and mouse-derived MSCs
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respectively. MSCs from both humans and mice have been shown to constitutively express IL-10. Indoleamine
oxidase (IDO) has been shown to be expressed at basal levels by MSCs in some studies but can be up-regulated
upon stimulation with IFNy or TNFa. Whereas TGF-B1 is expressed constitutively by murine BM-MSCs and
is unaffected by stimulation with IFNy or TNFa, in humans those cytokines suppress expression of TGFf1.

In autoimmune diseases such as MS, several hierarchical opportunities exist for potential MSC immuno-
regulation. Broadly, these are priming of naive lymphocytes, suppressing proliferation or inducing apoptosis
of pro-inflammatory cells, inhibiting differentiation of effector cells or promoting differentiation of regulatory
cell subsets, and suppressing effector cell function. Following are several immune cell subsets which can be
modulated by MSCs with brief discussion of the mechanisms and outcomes of MSC interactions with those

cells.
1.1.1.1 MSC effects on APCs

MSC regulation of APCs can influence both priming of naive lymphocytes and reactivation of mature effector
subsets at the site of inflammation. MSCs can inhibit the differentiation of monocytes into immature DCs and
the maturation of DCs after antigen encounter?? including reducing their expression of co-stimulatory
molecules including CD40, CD80, CD83 and CD86 as well as MHC-I1 which impairs their ability to stimulate
allogeneic T cells?*-244 When matured in the presence of MSCs, DCs also secrete more anti-inflammatory

IL-10 and reduced levels of pro-inflammatory cytokines such as IL-12 and TNF240:244.245,

MSCs can also suppress maturation of macrophages and microglia to a pro-inflammatory M1 phenotype and
promoting differentiation to a neuroprotective M2 phenotype, which is one way in which MSCs might suppress
CNS inflammation and promote remyelination. MSCs skew polarisation of macrophages and microglia in this
way via production of prostaglandin E2 (PGE.) or TNF-stimulated gene-6 (TSG-6)%*. MSCs also suppress the
up-regulation of activation markers on macrophages including CD80, CD86 and MHC-I1. Macrophages also
demonstrate increased phagocytic activity after activation in the presence of MSCs which is associated with a
regulatory M2 phenotype. Microglia stimulated with LPS in the presence of MSCs secrete lower levels of the
highly inflammatory cytokines TNFa, IL-1B and IL-6%*. Overall the suppressive capacity of MSCs toward

macrophages and microglia can both promote regeneration of the CNS and disarm the inflammatory response.
1.1.1.2 MSC effectson T cells

In addition to their impact on lymphocyte priming through modifications to APCs, MSCs have been shown to
directly inhibit T cell activation in vitro. Proliferation of both CD4* and CD8" T cells in MLRs or following
stimulation with mitogens or anti-CD3 is inhibited by MSCs?37-2%248-254 Differentiation of CD4" T cells to
effector or regulatory subsets can also be regulated by MSCs. MSCs have been shown to inhibit CD4* T cell

differentiation into pro-inflammatory Th1%4%% and Th17 cells®® and promote differentiation of
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anti-inflammatory Th2 cells®" and Tregs?%%2%8-260, MSCs have also been demonstrated in some conditions to

promote apoptosis of T cells??,

A number of molecules have been shown to mediate MSC effects on T cells. Production of PGE, by
cyclooxygenase 2 (COX2)-expressing MSCs suppresses Th17 cell differentiation®®26? and y§ T cell
proliferation, cytokine production and cytotoxicity?. PGE; and TGF-B1 expression by MSCs have conversely
been shown to promote Treg expansion?®2%°, Furthermore, apoptosis of T cells is induced by Fas/Fas ligand
(FasL) interactions or production of nitric oxide (NO) by murine BM-MSCs (mBM-MSCs)?%.264,

In disease settings, MSCs have been shown to induce a switch from Th1 to Th2 cells in EAE which abrogated
EAE symptoms®’. In another study of EAE, mBM-MSCs suppressed Th17 cells but induced Tregs thus
attenuating disease?®®. MSCs also modulate T cells in experimental colitis. In DSS-induced colitis, mBM-
MSCs produced the chemokine CCL2 to bring T cells into proximity of the MSCs for FasL-mediated
apoptosis®®*. The resulting apoptotic bodies induced TGF-B expression in macrophages which promoted the
expansion of Tregs. mBM-MSCs also induced apoptosis of activated T cells via production of NO in the LNs
of mice with delayed-type hypersensitivity (DTH) which limited infiltration of the ears with T cells and
reduced swelling®4. From these examples it can be seen that the potential for MSCs to modulate T cell
responses has been clearly identified in vitro and demonstrated to be important for their anti-inflammatory

effects in several disease settings in vivo.
1.1.1.3 MSC effects on B cells

Several studies have investigated the effects of BM-MSCs on B cells in vitro. mBM-MSCs inhibited
proliferation and differentiation of mouse B cells activated by lipopolysaccharide (LPS) via the PD-1/PD-L1
pathway?®®. In that study, expression of PD-L1 was dependent on pre-activation of the BM-MSCs with IFN-y,
while pre-activation was not required for PD-L1-mediated suppression of B cell proliferation in another
study?®’. Soluble factors have also been shown to be important for MSC suppression of B cell proliferation or
differentiation?2%° Secretion of immunoglobulin (Ig) by ovalbumin (OVA)-specific plasma cells was
inhibited by secretion of a truncated form of CCL2 from BM-MSCs?®. In contrast, increased survival and
IgG-secretion by OVA-specific plasma cells was reported after co-culture with mBM-MSCs?"°. Rasmusson et
al. also reported increased Ig production by human B cells co-cultured with MSCs but only under conditions
of low stimulation. Under strong stimulation Ig production by B cells was conversely inhibited by the presence
of MSCs?™, Tabera et al. similarly reported that the outcome of co-culturing B cells and MSCs was dependent
on the strength of the stimulus. MSCs inhibited proliferation of human B cells only under highly proliferative

conditions, whereas weaker stimuli resulted in promotion of B cell proliferation by the MSCs?"2,

In SLE models in mice, allogeneic BM-MSCs appear to worsen disease?’®, while conditioned medium from
syngeneic mBM-MSCs attenuated the secretion of antigen-specific IgM and IgG1 through T cell-dependent

and —independent mechanisms?’3. Early treatment of SLE with fortnightly injections of human adipose-derived
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MSCs (hAd-MSCs) improved survival and reduced circulating anti-dsDNA antibodies?™, and hBM-MSCs co-
administered with cyclophosphamide also reduced serum anti-dsDNA antibodies?™. In a heart allograft model,
mBM-MSCs inhibited alloreactive antibody levels and tolerance was achieved when the MSCs were

co-administered with rapamycin?’e,

The potential for MSCs to affect B cell proliferation, differentiation and Ig production has been clearly
demonstrated in vitro. The outcome of interactions between MSCs and B cells appear to depend on the stimulus
or model, and both contact-dependent and contact-independent mechanisms have been shown to be employed
by MSCs to exert their effects. MSC effects on B cells in vivo are less clear although they improve disease

outcome in certain circumstances such as human MSCs suppress SLE but allogeneic mouse MSCs do not.
1.1.1.4 Factors affecting the immunomodulatory properties of MSCs

In some settings the immunomodulatory capacity of MSCs has reportedly increased after stimulation with
pro-inflammatory factors such as IFNy, TNFa and IL-17A. Some studies show constitutive expression of
immunomodulatory molecules by MSCs while in others pre-activation of the MSCs with pro-inflammatory
cytokines is required for beneficial effects (see Tables 1.2 and 1.3). In one study, heterogeneity in expression
of several immunomodulatory molecules between BM-MSC clones derived from a single mouse was abolished
by treatment with IFNy and TNFa?2, This suggests that not all MSCs are equally immunosuppressive. Some
of the variation between studies in immunosuppressive potential of MSCs or their expression of
immunomodulatory molecules may also arise from different isolation and culturing methods which could

affect the activation status of the MSCs.

3.4 MSCs in treatment of MS

MSCs have demonstrated good potential as a treatment for a wide range of injuries and diseases including
degenerative disorders of the CNS (Figure 1.7). In MS, several studies have demonstrated marked
improvement to disability after MSC treatment for a proportion of patients?’-2%, In one case study which
combined intrathecal and intravenous treatment with umbilical cord-derived MSCs (UC-MSCs), improved
sensory impairment and muscle strength was observed within days and was associated with reduced MS lesion
load?!. In many patients who don’t show marked improvement after MSC treatment in trials, no changes in

disability status or lesion activity are observed suggesting stabilisation of disease?’"?8,

A summary of outcomes of MS clinical trials testing MSC treatments is given in Table 1.4. Autologous
BM-MSCs delivered to MS patients intrathecally improved the mean EDSS in 3 separate clinical trials?’7-2"
and in another when the BM-MSCs were delivered intravenously?®, UC-MSCs that were administered
intrathecally and intravenously also improved mean EDSS and this was also associated with reduced lesion
load?®. In contrast, one study found that patients that received intrathecal BM-MSCs showed new or enhanced

lesions by MRI despite having improved EDSS?”. In a small clinical trial using placenta-derived MSCs in MS
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patients, no improvements were found but there was also no worsening of disease??2. Mohajeri et al. measured
FOXP3 expression in the blood of MS patients that received intrathecal autologous BM-MSC transfers and
found increased transcript by gPCR, indicating that MSC therapy may increase regulatory lymphocytes in the
blood?3.

While MSC clinical trials for MS and other neurodegenerative disorders have demonstrated clear therapeutic
promise, questions remain over the best route of delivery, mode of action and optimal source of MSCs for
treatment. Most clinical trials to date have used BM-MSCs despite animal studies showing other sources such
as adipose tissue or placenta may be more effective for healing the CNS. The mode of action of MSCs in
humans is relatively unknown, although some clinical trials have measured changes in PBMCs during
follow-up. Studies have reported increased Tregs?'"? reduced activated myeloid DCs?”’, fewer activated
CD40" cells?’” and a reduction in IL-6 production by PBMCs?’®, Together, these observations suggest MSC

treatment dampens inflammation in MS patients.

3.5 Modifying MSCs to improve therapy

MSCs are proposed cellular vehicles for delivery of transgenes to patients. MSCs have been widely reported
to be readily transduced and maintain long-term expression of transgenes while preserving their multi-potency,
immunomodulatory and regenerative capabilities?®+2¢°, Their homing to inflamed sites or specific organs can
be enhanced by overexpressing chemokine receptors or adhesion molecules. For example, overexpression of
CCRY7 in Ad-MSCs which lacked basal expression of this receptor improved homing of these cells to SLOs in
mice where CCL19 and CCL21 are constitutively expressed at homeostasis?®¢. CXCR5 overexpression
significantly enhanced the homing of hBM-MSCs to injured tissue in a mouse model of contact
hypersensitivity and improved their localisation with T cells which potentiated their suppression of the T cell
function®®. Immunomodulatory functions of MSCs can also be enhanced by overexpression of cytokines or
other regulatory molecules. As an example, hBM-MSCs transduced to over-express ICOSL more effectively
induced Treg differentiation than control hBM-MSCs in vitro®’. Overexpression of TGF-B1 in rat BM-MSCs
enhanced their induction of Tregs and suppression of Th17 cells and thus increased long-term survival of rats
which received liver transplants?®. Additionally, neuroprotective or reparative effects of MSCSs can be
enhanced by overexpression of growth factors or neurotrophic molecules. hUC-MSCs expressing soluble
intercellular adhesion molecule-1 (SICAM-1) reduced amyloid-p plaques in a transgenic mouse model of
Alzheimer’s disease after transplantation into the hippocampus?®. Lastly, brain-derived neurotrophic factor
(BDNF) overexpression has improved repair mechanisms in animal models of brain, spinal cord or nerve
injury, stroke and Huntington’s disease®*>?®®, Periodontal ligament stem cells (PDLSCs) transduced with
CXCL12 could significantly promote bone tissue repair and angiogenesis in a rat critical-sized calvarial bone
defect model®” while mAd-MSCs overexpressing FGF-2 accelerated healing of bone fractures in mice?®,

Thus, the therapeutic capacity of MSCs can readily be enhanced or tailored for specific outcomes.

3.6 Dental pulp stem cells (DPSCs)
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DPSCs were first isolated more than a decade ago®® and are of an ecto-mesenchymal lineage thought to be
derived from the neural crest*® or glial cells®. They have been shown to express markers of MSCs and can
differentiate into adipocytes, osteocytes and chondrocytes*2%, To date, studies using DPSCs are relatively
limited, though they are rapidly attracting interest as potential therapeutic agents like other MSCs. Research
has largely focussed on their odontogenic properties although their neurogenic properties have more recently
been recognised.

DPSCs readily differentiate into cells of the neural lineage including neurons®#3%" and astrocytes®®. In
addition to studies showing that DPSCs can differentiate into functional neurons in vitrg3%:306.309310 Gronthos
et al. showed that DPSCs expressed neural morphology and markers after transplantation into the
mesencephalon of chicken embryos®®. Furthermore, in a rat model of stroke DPSCs injected into the brain
migrated to lesions and took on astrocyte and neuronal morphologies®!*. Although only 2.3% of transplanted
cells were reported to survive after 4 weeks, DPSC treatment was associated with improved neurobehavioural

recovery. Thus, DPSCs have demonstrated good neurogenic potential both in vitro and in vivo.

Like other MSCs, DPSCs may also promote tissue repair through recruitment of precursors and other cells.
After injection into the developing hindbrain of chicken embryos, DPSCs secrete CXCL12 causing
chemoattraction of nearby axons3'?. DPSCs also have immunomodulatory properties and have been shown to
inhibit proliferation and induce apoptosis of T cells in vitro through (FasL)®, although other potential

immunomodulatory properties remain undefined.
4. The research project

MSCs from dental pulp have strong potential for treatment of neurodegenerative disorders. DPSCs may have
advantages over other stem cell populations for use as a therapy for MS. They can be isolated from the teeth
of patients of many ages,**3!® which is a less invasive procedure than harvesting bone marrow. Moreover, the
origin of DPSCs from the neural crest infers they may be more suited than other types of MSCs for treatment

of neural pathologies such as MS if the desired mode of action is cell replacement.

The use of DPSCs in treatment of neurodegenerative disorders is a relatively new concept with studies thus
far focussing mostly on their potential for CNS repair in models of stroke. They remain poorly characterised
in terms of their immunomodulatory function while their ability to treat neurodegenerative diseases of an
autoimmune nature including MS is essentially unknown. Thus, whether DPSCs are suppressive in models of
MS is an important question that this study aims to address. Also, whether DPSCs can modulate the immune

system and have anti-inflammatory effects that can be harnessed in therapeutic settings is yet to be investigated.

Another goal of this study was to determine whether DPSCs can be manipulated to overexpress
anti-inflammatory molecules and if this would affect their therapeutic properties. Anti-inflammatory molecules

that were chosen to be overexpressed on DPSCs were the atypical chemokine receptors ACKR2 and ACKR4
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described in Section 1.1.4. Additionally, development of a novel IL-23 antagonist was undertaken to target the
generation of pathogenic Th17 cells in EAE and it was anticipated that this antagonist could also be expressed
on DPSCs. Another objective of genetically modifying DPSCs in this study was to insert a reporter to facilitate
tracking them in vivo, since it is not known if DPSCs can enter and persist the CNS after they are administered
systemically.

To address these questions, human DPSCs would first be isolated from different donors and characterised in
vitro. Human MSCs are commonly studied in animal models without apparent adverse effects. In the present
study, two main considerations evoked a preference for human DPSCs. The first is that murine DPSCs are
derived from incisors which are continuously growing in contrast to human molars which do not continue to
grow once they are fully developed, and it is not known how these differential growth requirements may affect
the stem cell populations in the teeth. Secondly, the immunomodulatory aspects of the DPSCs were to be the
primary focus of their use in EAE, and species variation exists in the mechanisms of action of some other
MSCs (Section 1.2.3)2%6:237,

The following hypotheses and aims were developed for this study:
Hypothesis 1: Human dental pulp is a source of MSCs that will inhibit EAE.
Aim 1.1: To characterise MSCs isolated from human dental pulp.
Aim 1.2: To determine the effect of DPSC treatment in models of EAE.
Aim 1.3: To determine if DPSCs migrate to the CNS in EAE
Aim 1.4: To examine the immunomodulatory effects of DPSCs in EAE.
Hypothesis 2: DPSCs can be a useful tool for delivery of anti-inflammatory molecules in EAE.
Aim 2.1: To optimise a protocol for lentiviral transduction of DPSCs.
Aim 2.2: To generate DPSCs expressing anti-inflammatory molecules.
Aim 2.3: To determine the effect of lentiviral transduction on the MSC characteristics of DPSCs.

Aim 2.4: To test if expression of anti-inflammatory molecules by DPSCs improves their ability to
suppress EAE.
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Figure 1.1. Pathogenesis of EAE.

D) chemotaxis. Thl7 cells are reactivated the CNS by local APCs and secrete large quantities of
proinflammatory cytokines (E). The secretion of GM-CSF recruits CCR2*Ly6C" pro-inflammatory
monocytes from the blood into the CNS (F). The monocytes differentiate into APCs which further participate
in reactivating and stimulating pathogenic T cells. The precise mechanisms of oligodendrocyte death and,
consequently, demyelination have yet to be determined but evidence suggests products of either infiltrating
myeloid cells or T cells that are reactivated by myeloid infiltrates have cytotoxic effects on oligodendrocytes
(G). Other leukocytes also participate in EAE pathogenesis. CD4* T cells can activate B cells (H) which can
contribute to EAE pathology by secreting autoantibodies or presenting antigen to T cells in the CNS (E). Tregs,
which also enter the CNS via expression of CCR6 (C), can limit inflammation in the SLOs and CNS by
secreting IL-10 which is protective in EAE. Other cells which also contribute to pathogenesis of MS not
depicted in this simplified immunopathological cascade include NK cells, v T cells, Thl cells, CD8* T cells

and neutrophils.
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Figure 1.2. Causes and effects of demyelination in MS.

In a healthy brain, neurons are insulated by cholesterol-rich extensions of oligodendrocytes called myelin.
(1,2) The initial demyelinating event in MS is unclear but is likely to be due to inflammatory insult resulting
in the death of oligodendrocytes. (3) In the initial stages of MS, there are attempts to remyelinate the neurons
which may or may not be successful. A patient may experience a series of demyelination and remyelination
events which may reflect the relapsing and remitting course of the early stages of disease. (4) After some time,
the repair process is exhausted and remyelination fails. Chronic inflammation may hinder the remyelination
process, as may the gradual depletion of progenitors which differentiate into new oligodendrocytes. Since a
bidirectional system exists between neurons and glial cells for nutrient and growth factor support, repeated
rounds of demyelination may also result in the loss of glial cells which are no longer supported by neurons.
(5) Demyelinated neurons are inefficient energy and signal transporters and are susceptible to nutrient
starvation and metabolic toxicity. Eventually, the death of neurons or transection of their axons results in

permanent symptoms and progression of disability.
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Figure 1.3. Safety and efficacy profile of various MS treatments.

Treatment options for MS vary in their efficacy and safety and thus a cost-benefit analysis is usually applied
in decisions regarding which treatments are recommended to each patient. In the US, first-line therapies are
generally associated with fewer side effects or are more easily administered than second and third-line
therapies, although they also tend to be less effective in controlling disease. As MS progresses, patients are
often switched to second or third-line therapies which have a lower safety profile but are more effective in

treating highly active or advanced disease.
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Figure 1.4. Therapeutic targets and modes of action of common treatments for MS.

Regulation of inflammation is the primary target of most current MS therapies. Treatment options include
injectable GA (A), IFN-B (B) and mitoxantrone (C). The mechanisms for GA and IFN-B are not well
understood but they appear to create a more regulatory environment. Fingolimod (D) was the first orally
available treatment for relapsing MS. It is an S1P antagonist which restricts the migration of lymphocytes to
the CNS by preventing their egress from the LN. Other oral treatments for MS include laquinimod (B),
teriflunomide (C) and DMF (E). Since the targets of these molecules are non-specific, a multitude of off-target
effects occur which have led to serious adverse events or side effects for many patients. Several mAbs have
recently been developed targeting CD20 (F), CD52 (G) and o4-integrin (H). These mAbs afford a more
targeted approach to suppressing autoimmunity although they are still associated with side effects including
broad immunosuppression and increased susceptibility to certain cancers and infections. The effects of
antibody-depletion are also transient, with some cell populations replenishing within weeks while the
immunogenicity of many of the mAbs limits how many times they can be readministered. Also, since they

have limited ability to enter the CNS, the effects of mAbs are also restricted to the periphery.
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Type of stem cell

Embryonic stem
(ES) cells

Induced pluritpotent
stem cells (iPSCs)

AN

Mesenchymal stem cells
(MSCs)

Source

Blastocyst

Reprogrammed from
somatic cells

Reservoirs in most adult
tissues

Differentiation
potential

Pluripotent (unrestricted)

Pluripotent (unrestricted)

Multipotent (somewhat
restricted)

Therapeutic
advantages

— Unrestricted potential

for differentiating into
any cell type

— Can be sourced from
the patient and
transplanted
autologously

— Can be sourced from
the patient and
transplanted
autologously

— Low risk of teratoma
formation or ectopic
tissue expression

Therapeutic
disadvantages

— Not sourced from the

patient — risk of
allograft rejection or
GVHD

— High risk of teratoma

formation or ectopic
tissue expression

— High risk of teratoma
formation or ectopic
tissue expression

— Differentiation potential
limited

Table 1.1: Characteristics of different types of stem cells.

Embryonic stem (ES) cells are harvested from embryos at the blastocyst stage of development whereas induced
pluripotent stem (iPS) cells are reprogrammed to a stem-like state from somatic cells. Adult stem cells include
both haematopoietic stem cells, which reside in the bone marrow and as a pool for renewal of immune system
and blood cells, and MSCs which can be found in most adult tissues as a reservoir for cell replacement after
tissue injury, growth or renewal. The advantages and disadvantages for using each type of stem cell depends
on therapy requirements. For example, both iPS cells and MSCs can be sourced from the patient but while iPS
cells have a wider differentiation potential, MSCs carry reduced risk of teratoma and ectopic tissue formation

and so MSCs may be more suitable for certain applications.
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Figure 1.5. The MSC niche in tissues during homeostasis and inflammation.

(A) Homeostasis; MSCs are thought to reside in the perivascular niche. Pericytes, adventitial cells and MSCs
associate closely with blood vessels. It is thought MSCs can arise from either pericytes or adventitial cells
although this likely depends on the tissue?*2. MSC survival, quiescence and stemness are maintained by blood
endothelial cells, fibroblasts, signals through nerves, and interactions with the ECM. (B) Inflammation; MSCs
are activated by proximal signals through changes in the ECM or by factors produced by fibroblasts or
endothelial cells. Distant inflammatory cues are carried via nerves or the blood. After activation, MSCs
mobilise and proliferate and can contribute to tissue repair and regeneration through i) secretion of trophic
molecules which support proliferation and differentiation of local progenitor cells; ii) production of
anti-inflammatory molecules which limit further tissue damage and promote repair by fibroblasts and other

cells or; iii) differentiation to replace lost or damaged cells.
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Figure 1.6. Immunomodulatory effects of MSCs.

MSCs produce a range of soluble and membrane-bound factors which modulate both innate and adaptive

immune responses. MSCs inhibit the maturation of antigen-presenting cells (APCs) including DCs,

macrophages, B cells and the CNS-resident microglia. Alternatively, these APCs can be matured to tolerogenic

or anti-inflammatory phenotypes associated with tissue repair, such as M2 macrophages and microglia and

IL-10-producing DCs. These changes in APC function modulate the activation and differentiation of effector

cell subsets including lymphocytes and innate effectors. Alternatively, MSCs can directly interact with

lymphocytes to inhibit their activation, proliferation and differentiation into pro-inflammatory effector cells

and promote differentiation and expansion of anti-inflammatory cells including Th2 cells and Tregs.
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Table 1.2: Expression of immunomodulatory factors by MSCs from humans.

Immunomodulatory

Anatomical source

Expression

References

factor of MSCs
Adipose tissue Upregulated* (T cell co-culture) 248
Constitutive 249,250,316
COX2/PGE2 Bone marrow Upregulated™ (IL-1B, IFNy, TNFa or ;48552 255256263
T cell contact)
Wharton’s jelly Upregulated™ (T cell co-culture) 248
Induced (IFNy) 239,251
IDO Bone marrow Upregulated* (IFNy or TNFa) 237,311
i Constitutive 249,250,317
TGF-1 Bone marrow (unaffected by IFNy or TNFa)
. .
GM-CSE Bone marrow Upregylated (when trapped in lung 318
emboli)
M-CSF Bone marrow Constitutive 819
Upregulated* (IFNy) 249
HGF Bone marrow Constitutive 220
Bone marrow Constitutive 317
IL-10 (unaffected by IFNy + TNFa)
Bone marrow Constitutive (unaffected by IFNy) 249
IL-6 Bone marrow Constitutive 819
Upregulated* (only by both IFNy + 321
S0D3 Bone marrow TNFa. combined)
i Upregulated* (when trapped in lung 318
TSG-6 Bone marrow emboli, TNFa)
%
iNOS (NO) Bone marrow Upregulated* (IFNy, IFNy+TNFa or 237

IFNy+IL-1a synergistically)

*Upregulated; the molecule is expressed constitutively but upregulated further after pro-inflammatory
stimulation (stimuli in parentheses).
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Table 1.3: Expression of immunomodulatory factors by MSCs from mice.

Immunomodulatory

Anatomical source

factor of MSCs Expression References

Nos2, Ptgs2 Bone marrow Upregulated (IFNy + TNF o) 253
iNOS Bone marrow Induced (IFNy + TNFa synergistically) 287,254

Bone marrow Induced (IFNy + TNFa) 253

Bone marrow Expressed* 259
IDO Induced (IFNy, much less for TNFa, 237

Bone marrow

IL-1P)

Bone marrow Induced (IFNy) 238

PGE2 Bone marrow Upregulated (T cell contact, [FNy or 238,262
TNFo)

FasL Bone marrow Constitutive 261
HGF Bone marrow Upregulated (IFNy or TNFa) 238

Bone marrow Downregulated (IFNy or TNFa) 238
TGF-p1 Upregulated (PHA-stimulated splenocyte

267

Bone marrow secreted factor - transwell)

Bone marrow Induced (IFNy) 238
PD-L1 —

Bone marrow Constitutive 267
PD-L2 Bone marrow Constitutive 267
IL-10 Bone marrow Constitutive 267

Truncated CCL2

Bone marrow

Constitutive

269

*Expressed; functionally determined to be important in model but authors did not investigate whether it is

expressed constitutively or induced in their system.
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Figure 1.7. Neuroprotective and reparative effects of MSCs in neurodegenerative diseases.

MSCs are unique in their potential for both suppressing inflammation and also facilitate tissue repair in MS
and other neurodegenerative diseases. In the SLOs and blood, the immunomodulatory effects of MSCs (Figure
1.5) allows them to target the generation of pro-inflammatory cells or their migration to the CNS, thus reducing
the inflammatory load in the CNS. MSCs can further suppress myelin-damaging inflammation if they enter
the CNS. Here, also, they can facilitate repair of the CNS through two main avenues; by the stimulation of
endogenous repair mechanisms or by directly replacing cells through differentiation. MSCs produce a range
of growth factors and neurotrophic factors which could stimulate endogenous remyelination by recruiting
progenitor cells and supporting their proliferation and differentiation into mature, myelin-producing
oligodendrocytes. Alternatively, growth factors in the CNS might stimulate the differentiation of MSCs to
neurons, oligodendrocytes or other necessary glial cells. Thus, the therapeutic opportunities of MSCs are

multifactorial.
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Table 1.4: MS clinical trials for MSC-based therapy.

Route of s Pos/neg
Authors MSC source administration Main findings outcome
Karussisetal. Bone marrow, Intrathecal +/- :\lrgprggggtrsng:{‘eﬁggé d or showed new v
201077 autologous intravenous patier
brain lesions after 6 months.
Mohajeri et al. Bone marrow, Intrathecal May increase FoxP3* cells in blood v
2011288 autologous (gPCR).
Mohyeddin EDSS improved or unchanged in most
Bone marrow, patients
Bonab et al. Intrathecal . vIX
2012322 autologous Somg had new or enhanced lesions or
deteriorated EDSS
EDSS improved for most patients,
Yamoutetal.  Bone marrow, Intrathecal worsened for 1. /X
201027 autologous MRI showed new/enhanced lesions
despite improved EDSS.
Connick etal.  Bone marrow
' v
201220 autologous Intravenous Improved mean EDSS.
Umbilical EDSS improved.
Liang et al. Intrathecal + Improved sensory impairment and v
281 cord, . o
2009 . intravenous muscle strength within days
allogeneic .
Reduced lesion load.
Mohyeddin Bone marrow EDSS and lesion size/number improved
Bonab et al. autolodous ' Intrathecal for 1 patient but worsened or remained X
200732 g unchanged for most.
Lietal. tJorp dblhcal INtravenous Reduced incidence of relapse, reduced v
20143 Lo EDSS.
allogeneic
Llufriu et al. Bone marrow, Intravenous May reduce gadolinium-enhancing 5
20143 autologous lesions but did not improve EDSS.
Lublin et al. Placenta, Intravenous No worsenin )
2014%2 allogeneic g-

v“indicates patient improvements, X indicates patients worsening, d indicates no significant changes
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CHAPTER 2: MATERIALS AND METHODS

2.1 Reagents and materials
2.1.1 Antibodies
Antibodies used in this study to detect murine or human antigens are listed in Table 2.1.

2.1.2 Peptides and recombinant proteins

Peptides and recombinant proteins used in this study are listed in Table 2.2.

2.1.3 Primers
Primers used in this study are listed in Table 2.3 and were purchased from Sigma-Aldrich (MO, USA) or
Geneworks (SA, Australia). They were reconstituted to 100 uM in nucleic acid-free water (Life Technologies)

and diluted to 20 uM working concentration.

2.1.4 Vectors

The expression plasmid pWPI-IRESeGFP (pWPI) was a kind gift from Dr Natalie Payne and murine ACKR2
or ACKR4 were previously cloned into pWPI by Dr Duncan Mackenzie in our laboratory. The lentiviral
packaging plasmid pMD2G and psPAX2 were purchased from Addgene (MA, USA). The expression plasmid
pLV-IRESmCherry was purchased from VectorBuilder (CA, USA) with inserted 7/23r49 coding sequence
designed as described in results section 3.4.3.1.

2.1.5 Solutions and buffers

2.1.5.1. Basic solutions

Phosphate-buffered saline (PBS), 10X Tris-buffered saline (TBS), and MilliQ water were obtained from the
Technical Services Unit (TSU) at the School of Biological Sciences (SBS; University of Adelaide, SA,

Australia).

2.1.5.2. DPSC complete medium
a-Modified Eagle’s Medium (aMEM; Life Technologies) was supplemented with 10% FBS (Sigma-Aldrich),
100 uM L-ascorbic acid (Sigma-Aldrich) and 0.2 U/mL penicillin/streptomycin (Life Technologies).

2.1.5.3. Ad-MSC complete medium

a-Modified Eagle’s Medium (aMEM; Life Technologies) was supplemented with 5% FBS (Sigma-Aldrich),
0.2 U/mL penicillin/streptomycin (Life Technologies), and 1% Mesenchymal Stem Cell Growth Supplement
(MSCGS; ScienCell, CA, USA).
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Table 2.1: Antibodies and streptavidin conjugates used in this study against murine antigens.

Final working

Antigen Conjugate Species Application Concentration Source
Mouse leukocyte markers
CD3 - Rat In vitro cultures 5 pg/mL In-house
CD3¢ PE-Cy7 Arm ham FC 1.33 pg/mL eBioscience
Alexab47 0.83 pg/mL BD Pharmingen
CD4 BV786 Rat FC 0.67 pg/mL BD Biosciences
FITC 2.08 pg/mL .
BD Pharmingen
CDS8a o Rat FC Digel il BD Pharmingen
SVRLD bloy gL BD Biosciences
BUV395 0.67 pg/mL
CD11b PE-Cy7 Rat FC 0.83 pg/mL BD Pharmingen
CD28 - Hamster  in vitro cultures 1 pg/mL BD Pharmingen
BV450 0.83 pg/mL BD Biosciences
FITC 2.08 pg/mL BD Pharmingen
CDa4 APC-Cy7 Rat FC 0.67 pg/mL BD Biosciences
BVv711 0.67 pg/mL BD Biosciences
BV450 0.83 pg/mL BD Biosciences
SIps S APC NUSTES i 0.67 pg/mL BD Biosciences
CD45R BV510 0.67 pg/mL
(B220) AF700 Rat FC 0.67 pg/mL BD Pharmingen
BUV496 0.67 pg/mL
CD69 PE-Cy7 Armham FC 0.67 pg/mL BD Biosciences
CD86 PE Rat FC 0.83 pg/mL Biolegends
CD138 PE Rat FC 0.83 pg/mL BD Pharmingen
IgM - Goat B cell stimulation 10 pg/mL Jackson
MHC-II APC 0.67 pg/mL o
(IAJIE) . Rat FC 0.67 ug/mL BD Biosciences
Mouse cytokines and intracellular antigens
- ELISA capt. 1 pg/mL BD Pharmingen
IL-17 biotin Rat ELISA det. 500 ng/mL BD Pharmingen
PE FC 1.11 pg/mL BD Pharmingen
Alexa647 FC 1.11 pg/mL BD Biosciences
- in vitro cultures 10 pg/mL BioXcell
- ELISA capt. 1 pg/mL BD Pharmingen
IEN- Biotin Rat ELISA det. 0.5 pg/mL BD Pharmingen
v FITC FC 2.7 ug/mL BD Pharmingen
PE FC 1.11 pg/mL BD Pharmingen
PE-CF594 FC 1.11 pg/mL BD Biosciences
GM-CSF BVv421 Rat FC 1.11 pg/mL BD Biosciences
IL-4 - Rat in vitro cultures 10 pg/mL BioXcell
FITC 1.11 pg/mL .
FoxP3 Alexaba47 Rat FC 1.11 pg/mL eBioscience

Table 2.1 continued
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Working

Antigen Conjugate Species Application Concentration Source

Mouse chemokines

CCL19 - Rat ELISA capt. 200 ng/mL R&D Systems
biotin Goat ELISA det. 200 ng/mL R&D Systems

CCL22 - Rat ELISA capt. 200 ng/mL R&D Systems
biotin Goat ELISA det. 100 ng/mL R&D Systems

Human MSC markers

CD90 FITC Mouse FC 1/6 BD Biosciences

CD73 APC Mouse FC 1/6 BD Biosciences

CD105 PerCP-Cy5.5 Mouse FC 1/6 BD Biosciences

CD45 PE Mouse FC 1/6 BD Biosciences

CD34 PE Mouse FC 1/6 BD Biosciences

CD11b PE Mouse FC 1/6 BD Biosciences

CD19 PE Mouse FC 1/6 BD Biosciences

HLA-DR PE Mouse FC 1/6 BD Biosciences

Other human molecules

LIF - Mouse Neutralisation 5 pug/mL R&D Systems

Isotype controls

IgG1 PE-Cy7 Rat FC 1.11 pg/mL eBioscience

Streptavidin conjugates

- HRP - ELISA 1/10000 Rockland

- BUV395 - FC 1/250 BD Biosciences

- BV510 - FC 1/100 BD Biosciences

- Alexab47 - FC 1/250 Biolegend

Abbreviations: Arm ham: armenian hamster; capt.: capture. det.; detection; FC: flow cytometry; HRP: horse

radish peroxidase.
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Table 2.2: Recombinant mouse proteins used in this study.

Recombinant Application Final working Source

protein/peptide Concentration

IL-1B in vitro cultures 10 ng/mL Miltenyi Biotec

IL-2 in vitro cultures 20 ng/mL Th_e rm_oflsher
Scientific

IL-4 in vitro cultures 10 ng/mL BD Pharmingen

IL-6 in vitro cultures 20 ng/mL R&D Systems

IL-12 in vitro cultures 10 ng/mL Biosource

IL-17A Sandwich ELISA standards 50 ng/mL R&D Systems

IL-23 in vitro cultures 10 ng/mL R&D Systems

TGFp1 in vitro cultures 5 ng/mL R&D Systems

Scavenging assay 1-10 ng/mL
S Sandwich ELISA standards 20 ng/mL READ SBEnE
Scavenging assay 1-10 ng/mL
cCL22 Sandwich ELISA standards 32 ng/mL R&D Systems
L o GM Biochem Ltd.

MOGs3s.55 Immunisation for EAE in vivo 1 mg/mL (Shanhai)
Biomolecular
Resource Facility,

PLP139.151 Immunisation for EAE in vivo 0.5 mg/mL John Curtin School
of Medical

Research, ANU

44



CHAPTER 2: MATERIALS AND METHODS

Table 2.3: Primers used in this study.

Gene Protein name Forward 5’ to 3’ Reverse 5’ to 3’
name

Human genes

RPLPO AATCCTCAGGGGCACCATT CGTTGGCTCCCACTTTGT
Leukaemia

LIF inhibitory factor GAAAGCTTTGGTAGGTTCTTCGTT | CCAGGTCCAGCCATCAGA
(LIF)
Transforming

TGFBL  growth factor  AAGGACCTCGGCTGGAAGTGC  CCGGGTTATGCTGGTTGTA
B1 (TGE-B1)

IL10 Eﬂt_e_rllggjk'n 10 TGAGAACAGCTGCACCCACTT — TCGGAGATCTCGAAGCATGTTA

PTGS?2 g;(/glgyzy)genase AGGGTTGCTGGTGGTAGGAA GGTCAATGGAAGCCTGTGATACT
Vascular
endothelial

VEGFA ATGACGAGGGCCTGGAGTGTG ~ CCTATGTGCTGGCCTTGGTGAG
growth factor A
(VEGFA)

HGF Hepatic growth 0\ - .GAAGAGGAGATGAGA  GGCCATATACCAGCTGGGAAA
factor (HGF)

TNFAIPe | NF-stimulated oo ro o atGaATGGCTAA GGGCCCTGGCTTCACAA
gene-6 (TSG-6)

Mouse genes

Ackr2 Atypical
cnemokine CTGCATGAGCCTGGACAAATAC  AACTGGGCCTTCGGTCTGT
receptor 2
(ACKR2)

Ackra Atypical
chemakine AATGCTAGGTGCACTCCCATCT ~ CCGATTTCCAGCATCTGAATG
receptor 4
(ACKR4)

Other genes
Green

afp fluorescent TGTGATCGCGCTTCTCGTT CTGCTGCCCGACAACCA

protein (GFP)
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2.1.5.4. HEK293FT complete medium
Roswell Park Memorial Institute (RPMI; Life Technologies) was supplemented with 10% FBS (JRH
Biosciences), 2 mM L-glutamine (Life Technologies) and 2 U/mL penicillin/streptomycin (TSU).

2.1.5.5. 2X HEK293FT freezing mix
Complete HEK293FT cell medium (Section 2.5.1.4) containing 20% DMSO and 50% FBS.

2.1.5.6. Complete Iscove’s Modified Dulbecco’s Medium (IMDM)

Powdered IMDM (Life Technologies) was made into solution (incomplete IMDM) according to the
manufacturer’s instructions. Complete IMDM was prepared by adding 10% FBS (Sigma-Aldrich), 0.2 U/mL
penicillin/streptomycin (Life Technologies) 1X Glutamax (Life Technologies) and 54 nM B-mercaptoethanol

to incomplete IMDM (all final concentrations).

2.1.5.7. B cell complete medium

RPMI (Life Technologies) was supplemented with 10% FBS (Sigma-Aldrich), 0.2 U/mL
penicillin/streptomycin (Life Technologies), 1X non-essential amino acids (Life Technologies), 1X Glutamax
(Life Technologies), 54 nM B-mercaptoethanol (Sigma-Aldrich), 1 mM sodium pyruvate (Life Technologies),
and 10 mM HEPES (IMVS).

2.1.5.8. Adipogenic differentiation medium
Complete DPSC medium (Section 2.1.5.2) was supplemented with 0.5 UM dexamethasone (Sigma-Aldrich),
0.5 pM isobutylmethylxanthine (Sigma-Aldrich) and 50 puM indomethacin (Sigma-Aldrich) then filter-

sterilised.

2.1.5.9. Osteogenic differentiation medium
Complete DPSC medium (Section 2.1.5.2) was supplemented with 10 nM dexamethasone (Sigma-Aldrich),
20 mM B-glycerol phosphate (Sigma-Aldrich) and 50 uM L-ascorbic acid 2-phosphate (Sigma-Aldrich) then

filter-sterilised.

2.1.5.10. Incomplete Freund’s Adjuvant (IFA)
1.8 mL of mannide manooleate (Sigma Aldrich) was added to 10.2 mL of mineral oil (Sigma Aldrich) to make

a mixture of 75% mineral oil and 15% mannide manooleate.

2.1.5.11. Complete Freund’s Adjuvant (CFA)

To make CFA for MOG immunisations, 100 mg of non-viable, desiccated M. tuberculosis H37 Ra (Becton,
Dickinson and Company, USA) was mixed to 8.33 mg/mL in 12 mL of IFA (Section 2.1.5.10) and ground
with a mortar and pestle. CFA was stored at 4°C in the dark.
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To make CFA for PLP immunisations, 100 mg of M. tuberculosis H37 Ra (Becton, Dickinson and Company,
USA) and 6 mg of non-viable, desiccated M. butyricum (DIFCO Laboratories, USA) were mixed to 8.33
mg/mL and 0.5 mg/mL respectively in 12 mL of IFA and ground with a mortar and pestle. CFA was stored at
4°C in the dark.

2.1.5.12. Peptide/CFA emulsions

MOGss.ss (GL Biochem, Shanghai) was dissolved to 2 mg/mL in PBS. The MOG/PBS solution was mixed 1:1
with CFA (Section 2.1.5.11) and emulsified by passing back and forth through a stopcock between two 3 or 5
mL syringes and incubating periodically on ice until the emulsion formed stable peaks when spotted onto paper
towel. The emulsion was then loaded into 1 mL luer-lock syringes (BD Biosciences) with 25G needles for

injection.

2.1.5.13. Fluorescence activated cell sorting (FACS) buffer
Bovine serum albumin (BSA; Sigma-Aldrich) and sodium azide (NaNs) (Ajax Finechem) were added to PBS
to a final concentration of 1% BSA (w/v) and 0.04% NaNs3 (w/v) and stored at 4°C.

2.1.5.14. PBS/PFA

4% paraformaldehyde (PFA) solution (w/v) was prepared by dissolving PFA in PBS overnight at 55°C and
stirring. 1% PFA solution (w/v) was prepared by diluting 4% PFA in PBS. These solutions were stored at 4°C
for short term storage or -20°C for long term storage.

2.1.5.15. Isotonic percoll
9 parts percoll (GE Healthcare) was added to 1 part 10X Hank’s Balanced Salt Solution (HBSS) (Life

Technologies) to make isotonic percoll.

2.1.5.16. Normal mouse serum (NMS)
NMS was prepared in-house by harvesting blood from naive C57BI/6 mice and storing in Eppendorf tubes at
4°C overnight to allow coagulation. The following day, blood was centrifuged at 300 x g for 5 min and the

serum was carefully transferred to a fresh tube and stored at -20°C.

2.1.5.17. Mouse Red Cell Lysis Buffer (MRCLB)
155 mM NH4CI (AnalR) and 170 mM Tris-HCI (Biochemicals) solution (pH 7.65) were combined in a 9:1

ratio, the pH was adjusted to 7.2 with HCI and the solution was filter-sterilised before use.

2.1.5.18. Digestion buffer
Dulbecco’s Modified Eagle Medium (DMEM,; Life Technologies, NY, USA) was supplemented with 5% FBS
(Sigma-Aldrich), 2.5 mM CaCl, (BDH Chemicals), 10 mM HEPES (IMVS) and 0.2 U/mL
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penicillin/streptomycin (Life Technologies). For digestion of mouse tissues, 30 U/mL DNase | (Sigma-
Aldrich) and 1 mg/mL collagenase 1A (Sigma-Aldrich) were added immediately before use. For digestion of
human dental pulp, 85 pg/mL Liberase TL (Sigma-Aldrich) and 30 U/mL DNase | (Sigma-Aldrich) were
added immediately before use.

2.1.5.19. Binding buffer for scavenging assay
RPMI-1640 without phenol red (Life Technologies) was supplemented with 4 mM HEPES (IMVS) and 1%
BSA (Sigma-Aldrich).

2.1.5.20. PBS/Tween
Polyoxyethylene-sorbitan monolaurate (Tween 20, Sigma-Aldrich) was added to PBS to a final concentration

of 0.05% (v/v) and the solution was mixed thoroughly.

2.1.5.21. Recombinant protein diluent for sequential ELISA
0.5% skim milk, 0.1% BSA (Sigma-Aldrich) and 0.005% Tween 20 (Sigma-Aldrich) were added to PBS.

2.1.5.22. Diluent for Sequential ELISA
0.01% BSA (Sigma-Aldrich) and 0.005% Tween 20 (Sigma-Aldrich) were added to PBS.

2.1.5.23. DEPC water
Diethylpyrocarbonate (DEPC, Sigma-Aldrich) was diluted in 0.1% (v/v) in MilliQ water, incubated overnight

at room temperature (RT) and then autoclaved.

2.2 Cell culture and generation of genetically modified cells

2.2.1 Isolation of DPSCs from human molars

Unfractured, uninflamed human third molars were obtained with consent from young adults aged 21-27
according to the guidelines and consent of the University of Adelaide Human Ethics Committee (Ethics
approval number H-2015-254). The molars were first sterilised by placing in 70% ethanol for 1 min before
placing between two thick wads of clean paper towel and cracking them open using a hammer. The pulp was
removed with tweezers from the fractured molars inside a tissue culture hood and the rest of the isolation
process was carried out under aseptic conditions. The pulp was placed on the surface of a petri dish in a few
drops of digestion buffer (Section 2.1.5.18). A surgical blade was used to mince the tissue into smaller pieces,
then the tissue in digestion buffer was transferred to a tube containing 5 mL of digestion buffer. The pulp was
digested for 1 h at 37°C, pipetting back and forth every 15 mins. After digestion, the mix was neutralised with
5 mL of complete DPSC medium (Section 2.1.5.2). The dissociated pulp was centrifuged for 5 min at 240 x g
then resuspended in 5 mL of DPSC complete medium and transferred to a 75cm? vented tissue culture flask

(Corning). The cells were cultured at 37°C, 5% CO,. After one week, the supernatant containing dead cells,
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non-adherent cells and debris was removed and replaced with 5 mL of fresh DPSC complete medium. The
culture medium was replaced once a week until the cells reached 50% confluency then changed every 3-4 days
until they reached 90% confluency.

2.2.2 DPSC culture

DPSCs were thawed at 37°C and immediately 1 mL of DPSC complete medium (Section 2.1.5.2) was added
drop-wise to the cells over a period of 1 min. The cells were transferred to a tube containing 8 mL of
pre-warmed DPSC complete medium and were allowed to stand for 10 min before centrifuging at 1000 x g

and transferring to a 75 cm? vented tissue flask (Corning) in 8 mL of DPSC complete medium.

DPSCs were sub-cultured when they reached 90% confluency (every 3-4 days). Briefly, the culture medium
was removed and the cells were rinsed with sterile PBS then incubated with trypsin/EDTA (TSU) for 3 min at
37°C. The sides of the flask were tapped to mechanically displace remaining attached cells and the trypsin was
neutralised with DPSC complete medium. The cells were counted and a new flask was seeded at
5000 cells/cm?,

DPSCs from culture to be cryopreserved were counted and resuspended in 10% DMSO (Sigma-Aldrich) in
FBS (Sigma-Aldrich) at 7.5 x 10° cells/mL and 0.5 mL was aliquoted into each cryovial. The cells were frozen
overnight at -80°C in a cotton wool-lined poly-styrofoam container then transferred to liquid nitrogen for
storage.

2.2.3 Ad-MSC culture

Ad-MSCs used in this study were either obtained from Dr Natalie Payne (Monash University) or purchased
from ScienCell (clone 11537; CA, USA). Vented tissue culture flasks were pre-coated with 15 pg/cm? of
poly-L-lysine (Sigma-Aldrich) in PBS for 1 hour at 37°C then rinsed twice with PBS before use. Ad-MSCs in
freezing medium were thawed at 37°C and transferred to a pre-coated 75 cm? vented tissue culture flask
containing 15 mL of Ad-MSC complete medium (Section 2.1.5.3). The cells were incubated at 37°C, 5% CO
and the culture medium was changed after approximately 16 hours to remove DMSO from the freezing

medium.

Ad-MSCs were sub-cultured in the same manner as DPSCs (Section 2.2.2) using poly-L-lysine coated flasks.
Ad-MSCs from culture to be cryopreserved were counted and resuspended in 5% DMSO (Sigma-Aldrich),
50% FBS (Sigma-Aldrich) and 45% Ad-MSC complete medium (Section 2.5.1.3) at 7.5 x 10° cells/mL and

0.5 mL was aliquoted into each cryovial. The cells were frozen overnight at -80°C in a cotton wool-lined

poly-styrofoam container then transferred to liquid nitrogen for storage.
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2.2.4 HEK293FT cell culture

HEK293FT cells (Invitrogen) were maintained in HEK293FT complete medium (Section 2.1.5.4) at 37°C,
5% CO.. The cells were thawed at 37°C and transferred to a tube containing 10 mL of pre-warmed HEK293FT
complete medium then centrifuged at 240 x g for 5 min. The cells were resuspended in HEK293FT complete
medium and transferred to a 25 cm? vented tissue culture flask (Corning) overnight and transferred to a 75 cm?
vented tissue culture flask in 15 mL of HEK293FT complete medium the following day.

HEK293FT cells were sub-cultured when they were ~90% confluent (every 2 days). Briefly, the adherent cells
were detached by incubating with trypsin/EDTA (TSU) for 3 min at 37°C, gquenching with HEK293FT

complete medium and removing 9/10 of the cells.

For cryopreservation, HEK293FT cells were resuspended in HEK293FT complete medium at 2 x 108 cells/mL.
500 pL of cells was added to 500 pL of 2X HEK293FT freezing mix (Section 2.1.5.5) in cryovials
(ThermoScientific) and frozen in a temperature rate-controlled freezing container (Mr. Frosty™; Stratagene)

overnight at -80°C then transferred to liquid nitrogen for storage.

2.2.5 Transfection of HEK293FT cells

2 x 105 HEK293FT cells were plated in 10 cm-diameter tissue culture dishes (Corning) and the following day,
when cells reached approximately 60% confluency, they were transfected with lentiviral plasmids. Four pg of
each lentiviral packaging plasmid (psPAX2 and pMD2G, Addgene) and 6 g of expression plasmid were
mixed together in 1.5 mL of OptiMEM (Life Technologies). In a separate tube, 50 uL of Lipofectamine 2000
(Life Technologies) was diluted in 1.5 mL of OptiMEM. The two solutions were mixed 1:1 by inverting the
tube several times then incubated at RT for 20 min. The HEK293FT cell medium was replaced with 7 mL of
OptiMEM/5% FBS before adding the 3 mL of transfection mixture and mixing by gently swirling the plates.
The HEK293FT cells were transfected for 6 hrs at 37°C 5% CO- before replacing the medium with HEK293FT
complete medium (Section 2.1.5.4). The transfected cells were cultured for two days to produce virus. The

resulting virus-containing medium was harvested, centrifuged and passed through a 0.4 pum filter before use.

2.2.6 Lentiviral transduction of DPSCs

Transduction medium was prepared by diluting 1 part virus-containing medium (Section 2.2.5) in 4 parts
DPSC complete medium (Section 2.5.1.2) and adding 8 pug/mL protamine sulphate (Sigma-Aldrich). DPSCs
were thawed, centrifuged, resuspended in transduction medium and transferred to a 75cm? vented tissue culture
flask (Corning). The cells were incubated in the transduction medium overnight and the medium was replaced
with fresh complete DPSC medium the following morning. On the third day of culture, when the DPSCs
reached approximately 80% confluency, they were expanded into 3 75 cm? tissue culture flasks (Corning) and

the transduction procedure was repeated upon transferring the cells to the new flasks. When the double-
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transduced cells reached approximately 80% confluency they were harvested and frozen for long-term storage.

Transduction efficiency was measured by flow cytometry for the fluorescent reporters mCherry or eGFP.

2.2.7 Conditioned medium from DPSCs (DPSC-CM)

DPSCs were seeded into 75 cm? vented tissue culture flasks (Corning) at 5000 cells/cm? in 7 mL of complete
DPSC medium and cultured for 3 days at 37°C, 5% CO.. The supernatants were harvested, centrifuged at 1000
X g then passed through a 0.45 uM filter to exclude any cells or debris. The cells were also harvested and
counted and the DPSC-CM was diluted with complete DPSC medium such that each 7 mL aliquot was
representative of media from 2.5 x 10° cells. (i.e. each 50 pL aliquot of DPSC-CM came from approximately
1.8 x 10° cells).

2.3 EAE induction and treatment

2.3.1 Mice

All mice were purchased from Animal Resource Centre (ARC, Western Australia) and were housed at the
University of Adelaide animal house under specific pathogen-free conditions. Experiments used aged-matched
female mice (C57BI6J, 8-12 weeks for MOG-EAE experiments; SJL/J, 7-12 weeks for PLP-EAE
experiments). All experiments were conducted with the approval of the University of Adelaide Animal Ethics
Committee (Ethics approval number S-2013-204).

2.3.2 Immunisation of mice for EAE

Pertussis toxin (List Biological Laboratories inc.) was diluted to 0.8 or 1.2 pg/mL in sterile PBS. 250 pL
(containing either 200 or 300 ng) was injected intraperitoneally on days 0 and 2 post-immunisation using a BD
Ultrafine 0.5 mL insulin syringe (BD Biosciences). The mice were then anaesthetised with isofluorane and
injected with 50 pL of MOGss.ss or PLP13g-151 emulsion (Section 2.1.5.12) in each hind flank (total 100 pg of
MOGss.s5 or 50 pg of PLP13g.151 per mouse). EAE mice were weighed and scored for EAE symptoms daily
after immunisation (Table 2.4). Day of EAE onset was the second consecutive day in which a mouse scored
0.5 or the first day in which it scored 1 or above. For cumulative disease score, the sum of all EAE scores was

calculated for each mouse over time.

2.3.3 Treatment of mice with DPSCs

DPSCs were thawed and passaged once to expand sufficient cells for animal injections. DPSCs at 90%
confluency were harvested from tissue culture flasks as per normal (Section 2.2.2) and rinsed twice with PBS
before resuspending at 5 x 10° cells/mL in PBS. 200 pL (1 x 10° cells) was injected intraperitoneally into mice

with a BD Ultrafine 0.5 mL insulin syringe (BD Biosciences).
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Table 2.4: Clinical disease scoring of EAE.

EAE Score Symptoms

0.5 Weakness when held by tail.

1 Partially flaccid tail.

15 Weakness when held by tail and partially flaccid tail.

2 Fully flaccid tail or difficulty up-righting when placed on back.

2.25 Fully flaccid tail and difficulty up-righting when placed on back.

25 Fully flaccid tail and some hind limb paralysis or troubled gait (ataxia).

3 Hind limb paralysis.

2.75 Fully flaccid tail and one hind limb paralysed.

3.25 Hind limb paralysis and some forelimb weakness.

35 Hipd_ Iim_b paral_ysis and some forelimb paralysis, moving in
unidirectional circle.

4 Hind limb paralysis and (mostly) forelimb paralysis.

4.5 All four limbs paralysed.

5 Moribund.

2.3.4 Labelling DPSCs with tracking dye for in vivo imaging system (IVIS)

DPSCs were harvested from culture and resuspended at 3 x 10° cells/mL in pre-warmed complete DPSC
medium (Section 2.5.1.2). 4 uM Cellbrite™ NIR790 Cytoplasmic Membrane Dye (Biotium) was added to the
cells which were immediately mixed by inverting several times then incubated at 37°C for 20 min, with mixing
every 5 min. The volume was made up to 10 mL with DPSC complete medium and the cells were rinsed twice

with PBS before final resuspension at 5 x 10° cells/mL in sterile PBS for injection.

2.4 In vitro assays

2.4.1 Purification of naive CD4" T cells

Naive CD4* T cells were purified from splenocyte/inguinal LN cell mixtures using the Mouse Naive CD4* T
cell isolation kit (StemCell Technologies) according to the manufacturer’s protocol. Purity was checked by

flow cytometry.

2.4.2 Purification of naive follicular (FO) B cells
Naive follicular B cells were purified from splenocytes using the MACS naive follicular B cell magnetic
separation kit (Miltenyi Biotec) according to the manufacturer’s protocol. Purity was checked by flow

cytometry.
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2.4.3 Invitro T cell cultures

96-well U bottom trays (Corning) were coated with 5 pg/mL anti-CD3e (2F11, purified in-house) in PBS at
37°C for 90 min. The wells were washed twice with PBS before use. 2 x 10° cells were cultured in 200 pL of
complete IMDM (Section 2.1.52.1.5.6. ) containing 1/4 conditioned medium from DPSCs (Section 2.2.7) and
1 pg/mL soluble anti-CD28. The following cytokine and antibody cocktails were used for differentiation of
naive CD4* T cells: ThO differentiating medium: 10 pg/mL anti-IFNy (XMG1.2; BioXcell) and 10 pg/mL
anti-IL-4 (11B11; BioXcell);_Thl differentiating medium: 10 pg/mL anti-1L-4 (11B11; BioXcell) and 10
ng/mL recombinant (r) IL-12 (Biosource); _Th17 differentiating medium: 10 pg/mL anti-IFNy (XMG1.2;
BioXcell), 10 pg/mL anti-1L-4 (11B11; BioXcell), 10 ng/mL rIL-1p (Miltenyi Biotec), 5 ng/mL rTGFp (R&D
Systems), 20 ng/mL rIL-6 (R&D Systems) and 10 ng/mL rIL-23 (R&D Systems); iTreg differentiating
medium: 10 pg/mL anti-IFNy (XMGL1.2; BioXcell), 10 pg/mL anti-IL-4 (11B11; BioXcell), 5 ng/mL rTGFp
(R&D Systems) and 100 U/mL rIL-2 (Corning).

2.4.4 In vitro B cell cultures

Naive FO B cells purified from splenocytes (Section 2.4.2) were cultured in B cell complete medium (Section
2.1.5.7) containing the following stimuli: 5 pg/mL LPS (Sigma-Aldrich-L4130), or LPS and 10 ng/mL riL-4
(BD Pharmingen). For some experiments, the B cells were labelled with eFluor670 proliferation dye
(Biolegend; Section 2.4.5). B cells were stimulated for 2-4 days at 37°C, 5% CO..

2.4.5 eFluor670-labelling of lymphocytes

Single cell suspensions of lymphocytes were resuspended at 2 x 107 cells/mL in PBS for labelling. In a separate
tube, 10 uM Cell Proliferation Dye eFluor670 (eBioscience) was prepared in PBS. The two mixes were
combined 1:1 and immediately vortexed for 1 second before incubating for exactly 10 min at 37°C in the dark.
eFluor670 was quenched by adding 4-5 volumes of cold complete IMDM (Section 2.1.5.5) and incubating for
a further 5 min on ice in the dark. The cells were rinsed 3X in 10 mL of complete IMDM before counting and

resuspending at 2 x 106 cells/mL for plating.

2.4.6 Differentiation of DPSCs to adipocytes and osteocytes

1 x 10° DPSCs were seeded in 2 mL of DPSC complete medium (Section 2.1.5.2) per well in a 6-well tray
(Corning) and the cells were cultured at 37°C, 5% CO,. When the cells became 100% confluent, the medium
was replaced with 2 mL of adipogenic (Section 2.1.5.8) or osteogenic differentiation media (Section 2.1.5.9)
or DPSC complete medium for control. Every 3-4 days thereafter, the medium was changed by carefully
aspirating the old medium, rinsing the wells twice with 2 mL of PBS and replacing with 2 mL of fresh
differentiating medium. After 21 days, the cells were ready for staining. The media was aspirated and the wells
were rinsed twice with PBS before adding 2 mL of 4% PFA (Section 2.1.5.14) and incubating at RT for 1 hr.
The wells were rinsed twice with 2 mL of PBS (for adipogenic wells) or deionised (DI) water (for osteogenic

wells). 2 mL of Oil red O stain (Sigma-Aldrich) (for adipogenic wells) or alizarin red stain (Sigma-Aldrich)
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(for osteogenic wells) were added to the relevant wells. Finally, the wells were rinsed twice with PBS (for

adipogenic wells) or DI water (for osteogenic wells) then stored in 2 mL of DI water or PBS for imaging.

2.4.7 Flow cytometry of DPSCs for MSC markers

2.5 x 10° DPSCs in 50 uL of PBS per well in a 96-well U-bottom tray (Corning) were stained with near-
infrared viability dye (1/1000; Invitrogen) for 20 min at RT. They were rinsed twice with PBS, resuspended
in 50 pL of FACS buffer (Section 2.1.5.13) and stained for MSC markers using the BD Stemflow™ Human
MSC Analysis kit (BD Biosciences). 10 uL of positive cocktail (containing CD44-PE, CD105-PerCP-Cy5.5,
CD73-APC and CD90-FITC) or cocktail of lineage negative markers conjugated to PE was added to the
relevant wells and incubated for 30 min on ice then rinsed twice with PBS and acquired with a BD LSR 11 flow

cytometer (BD Biosciences).

2.4.8 Chemokine scavenging assays

2 x 10° DPSCs in Eppendorf tubes were resuspended in 200 pL of binding buffer (Section 2.1.5.19) containing
recombinant 1-10 ng/mL of recombinant murine CCL19 or CCL22 (0). The cells were incubated at 37°C for
3 hr, inverting the tubes every 30 min to resuspend the cells. After incubation, the tubes were centrifuged to
pellet the cells and 100 pL of the supernatant was transferred to a fresh tube with 1X protease inhibitor cocktail
(Sigma-Aldrich) and stored at -20°C before measuring remaining chemokine content by ELISA (Section
2.4.10).

2.4.9 1L-23 stimulation of splenocytes

A 96-well U-bottom tray (Corning) was coated with 5 pg/mL anti-CD3e (2F11, purified in-house) in 50 ul of
PBS at 37°C for 90 min. The tray was rinsed twice with PBS before adding culture reagents. 2 x 10° splenocytes
were cultured in 200 pL of a mixture of 1/4 conditioned medium from HEK293FT cells or DPSCs (Section
2.2.7) and 3/4 of complete IMDM (Section 2.1.5.6) containing 1 pg/mL anti-CD28 and 10 ng/mL 1L-23 for 6
days at 37°C, 5% CO,. At the end of culture, the plates were centrifuged for 1 min at 400 x g to pellet cells
and the supernatants were transferred to fresh tubes and stored at -20°C with 1X protease inhibitor cocktail
(Sigma-Aldrich) for analysis by ELISA to detect IL-17A the following day. The cells were counted, rinsed

twice with PBS and stained as per normal for flow cytometric analysis (Section 2.5.2).

2.4.10 Sandwich ELISA

96-well Costar high binding trays (Sigma-Aldrich) were coated with 50 pL of capture antibodies (0) diluted
in 100 mM NaHCOs (pH 9.6) overnight at 4°C. The following morning, wells were blocked with 200 pL of
PBS/3% BSA at 37°C for 1 hr before adding 100 pL of samples to each well. Recombinant proteins for
standards (Table 2.2) were prepared in PBS/1% BSA and serially diluted 1 in 2 before adding 100 pL per well.
Samples and standards were incubated at 37°C for 90 min. 100 L of biotinylated detection antibodies (Table

2.1) prepared in PBS were added to each well and incubated for 37°C for 1 hr before rinsing and incubating
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with 100 pL of streptavidin-conjugated horseradish peroxidise (strep-HRP; Table 2.1) diluted in PBS/1% BSA
for 30 min at RT. Finally, 200 pl of 3,3°,5,5’-tetramethylbenzidine (TMB) substrate solution (eBioscience)
was added to all wells and blue colour was allowed to develop in the dark. The reaction was stopped by addition
of 50 pL of 3M HCI to each well and the absorbance at 450 nm was measured with a Biotrak Il Plate
Absorbance Spectrophotometer (GE Healthcare, England, UK). The wells were washed after each incubation
three times with PBS/Tween (Section 2.1.5.20). The absorbance values of the standards were used to generate
a standard curve from which the concentrations of the samples were calculated using GraphPad Prism software
(CA, USA). The total amount of protein in the original sample was calculated by multiplying the determined

concentration by the starting volume.

2.4.11 RNA isolation from frozen tissues or cultured cells

All surfaces and equipment were treated with RNaseZAP (Ambion) at the beginning of the experiment. Tissues
were shap-frozen in liquid nitrogen and stored at -80°C until processing. Frozen tissues were crushed with a
liquid nitrogen-cooled mortar and pestle and 1 mL of TRI Reagent (Ambion) was added immediately after the
tissue thawed and then stored at -80°C. For cultured cells, cells were harvested and centrifuged and 1 mL of
TRI Reagent was added to the cell pellet. RNA was extracted from the samples in TRI Reagent according to
the manufacturer’s instructions. Briefly, 200 uL of chloroform was added for each 1 mL of TRI Reagent and
the upper aqueous phase was transferred to a fresh tube, taking care not to take any phenol. RNA was
precipitated with isopropanol and washed with 75% DEPC ethanol (w/v; DEPC water, Section 2.1.5.23). The
nucleic acid pellet was then resuspended in 20 uLL DEPC water. RNA concentration and purity were determined
by measuring the absorbance at 260 nm and 280 nm using NanoDrop 2000 (Thermo Fisher Scientific, Vic,
Australia) and the samples were stored at -80°C. All samples were treated with DNase before further use, using
a Turbo DNase-free kit (Ambion) according to the manufacturer’s instructions. RNA concentration and purity

were re-determined as described above.

2.4.12 cDNA preparation
cDNA was prepared from DNase-free RNA (Section 2.4.11) using the Transcriptor First Strand cDNA
Synthesis kit (Roche) or High Capacity cDNA Reverse Transcription kit (Applied Biosciences) according to

the manufacturers’ instructions.

2.4.13 Real-time quantitative polymerase chain reaction (QPCR)

gPCR was conducted using SYBR Green | Master Mix (5 pL; Applied Biosciences) in 10 pL reactions
containing 1 pL of cDNA and 0.3 pL of a mix of 20uM forward and reverse primers on a LightCycler-480
instrument (Roche). Relative gene expression for each gene of interest (GOI) was calculated as

2~ (Ce(GonN=C(ref)) where ref is the reference gene Rplp0 and Ct is threshold cycle.

2.5 Ex vivo assays
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2.5.1 Preparation of single cell suspensions for flow cytometry

Mice were humanely killed by CO; asphyxiation and perfused intracardially with PBS. Spleens and iLNs were
homogenised to single cell suspensions in PBS on ice and passed through a 70 pUM pore-sized sieve.
Splenocytes were incubated in 5 mL of MRCLB (Section 2.1.5.17) and incubated for 5 min at 37°C before
rinsing twice with PBS.

Brains and spinal cords were minced in 1 mL of digestion buffer (Section 2.1.5.18) and incubated for 45 min
at 37°C, pipetting every 15 min until the cells had separated. The digestion reaction was neutralised with 1 mL
of RPMI/5% FBS. The resulting suspension was passed through a 70 uM pore-sized sieve and the volume was
made up to 30 mL with RPMI/5% FBS. 20 mL of isotonic percoll (Section 2.1.5.15) was added to each tube
and the solution was mixed by inversion and centrifuged at 1000 x g for 20 min with no brake. The resulting
myelin cake and supernatant were carefully aspirated and the cells were treated with MRCLB as described

above. The cells were finally rinsed twice with PBS before counting in preparation for staining (Section 2.5.2).

2.5.2 Staining cells for flow cytometry

2 x 108 cells were stained in 96-well U-bottom trays (Corning). For intracellular cytokine staining, cells were
first stimulated with 20 ng/mL phorbol 12-myristate 13-acetate (PMA) and 1 UM ionomycin in the presence
of GolgiSTOP (1/1500; BD Biosciences) in complete IMDM (Section 2.1.5.6) for 4 hr at 37°C. The cells were
washed twice with PBS before resuspending in 50 puL of PBS containing near-infrared viability dye (1/1000;
Invitrogen) or 575V viability dye (1/1000; BD Biosciences) and incubated for 20 min at RT. The cells were
washed twice with 200 pL of PBS and resuspended in 50 pL of FACS buffer (Section 2.1.5.13) containing
200 pg/mL mouse y globulin and incubated for 15 min at RT to block Fcy receptors. In some stains, Brilliant
Stain Buffer was included in the FACS buffer during staining (1/10; BD Biosciences). 10 pL of 6X primary
antibody mixtures was added to the relevant wells and incubated for 60 min. During incubation, secondary
antibody was pre-adsorbed with 2% normal mouse serum (Section 2.1.5.16) and 10 pg/mL mouse y globulin
(Rockland,USA) in FACS buffer for at least 30 min. To detect biotinylated antibodies, cells were resuspended

in 50 pL of FACS buffer containing streptavidin-conjugates and incubated for 30 min.

The cells were permeabilised in 80 uL of fixation/permeabilisation solution (BD Biosciences) or 100 pL of
FOXP3 nuclear permeabilisation buffer (BD Biosciences) for 20 min at RT (1 hr at RT or 4°C overnight for
transcription factor staining), washed twice with perm/wash (BD Biosciences) then resuspended in 50 uL of
perm/wash buffer containing antibodies against intracellular antigens. Cells were incubated with antibodies
for 20 min then washed sequentially with perm/wash, PBS/0.04% Azide then finally resuspended in 200 pL
of PBS or fixed in PBS/1% PFA for storage at 4°C until acquisition within a few days. Cells were washed with
200 pL of FACS buffer between each step and incubations were on ice unless otherwise specified.
Centrifugations were performed at 400 x g for 2 min. Acquisition was performed with BD FACS LSR II,
FACSAria Il or BD LSRFortessa X-20 flow cytometers. Cells were gated for analysis as shown in Figure 2.1.
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2.6 Graphical and Statistical Analysis

All graphical and statistical analysis was carried out using GraphPad Prism Software, version 7.00 for
Windows (CA, USA, www.graphpad.com). Flow cytometry data were analysed with FlowJo Software, version
10.4.2 for Windows (BD, USA, flowjo.com).
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Figure 2.1: Strategy used in this study for gating DPSCs and leukocytes in flow cytometry.

For cultured DPSCs, bulk cells were first gated using FSC-A vs SSC-A, then three separate consecutive gates
were used to exclude doublets and include only single cells for analysis. For cells isolated from the spleen,
iLN or CNS of EAE mice, a similar gating strategy to gate bulk cells and then exclude doublets was employed.
After single cells were selected, a further gate was used to include only cells which were negative for viability

dye staining. Thus, all downstream analysis on cells from these organs was on live single cells.
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3.1 Introduction

The first hypothesis in this study is that DPSCs will inhibit EAE. In addition, whether DPSCs can be a useful
tool for delivery of anti-inflammatory molecules in EAE was also to be tested. Therefore, DPSCs were isolated
from several different human donors and characterised extensively in vitro. Their adherence to MSC criteria
was verified followed by a study of the effects of prolonged culture in vitro which included their capacity for
modification by lentiviral transduction and the impact of this on the retention of MSC characteristics by the
DPSCs. It was important to validate that the starting material for our study are indeed bona fide MSCs, and
because MSCs currently require expansion to large enough numbers for therapeutic doses which may require
prolonged culture time in vitro it was also important to ascertain effects this may have on the biology of DPSCs.
Finally, if DPSCs are found to be a suitable vehicle for delivery of anti-inflammatory molecules in vivo,
establishing that there are no negative effects on the MSC characteristics is also important for considering their

therapeutic potential.

3.2 Isolation of human DPSCs and their adherence to MSC criteria

To begin, uninflamed human third molars were sourced from seven healthy male or female donors aged 20-27
(Table 3.1) who were undergoing dental surgery. In each case, the teeth extracted were cavity-free and were
not inflamed or diseased. Informed consent was obtained from each donor prior to surgery and the cell lines
de-identified and classified as DPSC-01-07 (University of Adelaide Human Ethics Approval number
H-2015-254). The attainment of enough samples for this study occurred over a period of approximately three

years and therefore the experiments in this study were performed over an extended period of time.

DPSCs were isolated from the molars by mechanical dissociation and enzymatic digestion of the pulp to a
single cell suspension which was seeded into tissue culture flasks. When colonies of spindle-shaped cells were
observed (typically within 1 week of culture), they were dissociated and scattered using trypsin. All cells
became 70-80% confluent in a 75 cm? tissue culture flask within 2-3 weeks from initial harvest, at which point
they were collected, frozen and stored in liquid nitrogen until further use. The DPSCs grown using this process
were adherent with spindle-shaped mesenchymal cell morphology (Figure 3.1) similar to other MSC types that

have been described?®?6:327,

Isolation of DPSC-03, 05-07 were performed in-house whereas passage 2 (P2) DPSC-01 and
DPSC-02 cells and passage 1 (P1) DPSC-04 were a kind gift from Dr. Karlea Kremer (Koblar laboratory,
SAHMRI, Australia). Following their isolation, a finite number of DPSCs can be generated and stored at each
passage. Therefore fewer DPSC-01 and -02 cells were available for this study due to their being obtained at a

higher passage than the other DPSCs.
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The general method of isolating MSCs from different tissues is to harvest the bulk stromal fraction which
could result in outgrowth of non-MSC cell types. Therefore, it was important to test that DPSCs used in this
study strictly adhered to accepted MSC criteria. The International Society for Cellular Therapy stipulates that
MSCs characteristically express the surface molecules CD90, CD73 and CD105, and do not express CD45 (a
pan haematopoietic lineage marker), CD34 (a haematopoietic stem cell marker), CD14 or CD11b (macrophage
markers), CD790. or CD19 (B cell markers), or HLA-DR (MHC class 11)?8, Therefore, expression of all of
these surface markers was measured on DPSCs isolated from all donors in this study by flow cytometry. In
line with their classification as MSCs, DPSCs from all donors used in this study were shown to uniformly
express the surface molecules CD90, CD73, and CD105 and lacked expression of lineage markers CD34,
CD11b, CD19, CD45 and HLA-DR (Figure 3.2).

Since MSC markers are also expressed by other cells such as fibroblasts, it was important to further
characterise the DPSCs used in this study. Multi-potency is a defining feature of MSCs and the ability of
isolates to differentiate into various mesenchymal lineages such as adipocytes and osteocytes should be
assessed before classification as bona fide MSCs?t8. Hence, DPSCs isolated in this study were also tested for

their adherence to this criterion.

Multi-potency of the DPSCs was assessed by culturing the DPSCs in vitro under conditions which promoted
their differentiation toward adipocytic and osteocytic lineages. Commercially-available Ad-MSCs were
included as a known multipotent positive control. First, Ad-MSCs and DPSCs were induced to differentiate to
adipocytes with a combination of dexamethasone, isobutylxanthine and indomethacin added to their complete
media for 3 weeks. Differentiation was confirmed by staining the monolayer of cells with Oil Red O which
stains lipid deposits. Ad-MSCs cultured in their complete media showed a small degree of Oil Red O staining
which greatly increased in the adipocyte-induced culture, confirming chemically-driven differentiation to
adipocytes. Oil Red O staining was also apparent in DPSCs that were instructed to differentiate to adipocytes,
but not in uninduced control cultures, which demonstrated potency for the adipocytic lineage for DPSCs from
donors 03-07 (Figure 3.3).

DPSCs were then challenged to differentiate to osteocytes with the addition of dexamethasone,
B-glycerophosphate and L-ascorbic acid 2-phosphate to their complete media for 3 weeks. Alizarin Red was
used to stain calcium deposits set down in the cell monolayer of osteocyte-differentiated cells. As expected,
calcium deposits were only detected in cultured AdMSCs when they were induced to undergo osteogenic
differentiation but not in the presence of their complete medium alone (Figure 3.4). Likewise, DPSCs from
donors 03-07 also only contained calcium deposits in wells which were induced to undergo differentiation to

osteocytes.

In sum, based on the data presented above, the DPSCs used in this study clearly meet the established criteria

for classification as MSCs both in surface marker expression and multi-lineage differentiation potential.
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3.3 Stability and growth of human DPSCs in culture

Although self-renewal is normally a defining characteristic of stem cells, MSCs have been described to have
more limited culture potential in vitro®?®-33, Therefore, in this study the long-term culture potential was
assessed for DPSCs isolated from the different donors. Many studies indicate cell passage number to track the
age of cells in culture although this can be greatly affected by differences in cell size between MSCs and
different methods of re-seeding used between laboratories. To more accurately estimate how many times the
DPSCs in this study had replicated the population doubling level (PDL) was calculated each time the cells
were passaged.

To measure PDL, aliquots of DPSCs were thawed and cultured continuously for up to 17 weeks. The cells
were passaged every 2-5 days when confluency reached approximately 90% and the number of cells was
counted and used to calculate PDL based on the number of cells used to seed the flask. DPSCs from donors
01 and 02 were not included in this experiment as cells were not available at the earliest passages for those

lines, thus limiting the ability to directly compare PDL with cells from the other donors.

Replicative potential in vitro was found to vary among DPSCs from different donors (Figure 3.5). Most DPSC
lines were able to be cultured between 38-47 population doublings (17-26 passages) before reaching
senescence, with the exception of cells from one donor, DPSC-06, which reached senescence around 8
doublings. Therefore, DPSC-06 was excluded from further assessment since it was not possible to expand to

large enough numbers of these cells for downstream experiments.

Extended culture has been described to negatively correlate with multi-potency, expression of MSC markers
and rate of proliferation of MSCs®!-3%, In the present study, it was noted that DPSCs cultured long-term
increased in cell size (representative images shown in Figure 3.6). To determine if extended culture also results
in loss of MSC characteristics, the expression of MSC markers and multi-potency were assessed in passage
16-18 DPSCs from each different donor. Most DPSCs retained expression of MSC markers after 16-18
passages (compare Figures 3.1 and 3.7), although in some instances expression of some markers were reduced
in extended culture. This is shown in Figure 3.7 where expression of CD73 and CD105 were lost on a
proportion of DPSC-03 cells after extended culture. This was not a consistent feature every time a particular
DPSC line was cultured for long periods of time but indicates potential for spontaneous loss of MSC

characteristics when DPSCs are cultured ex vivo for an extended period.

As described above, MSC markers are also expressed by a variety of other cell types. Thus, retention of
expression of those markers did not suffice as a measure of maintained MSC characteristics of the DPSCs after
extended culture. In light of this, DPSCs were tested for multi-potency by differentiation in vitro to adipocytes
and osteocytes again after culture for 16 passages. All DPSCs in this study were able to differentiate to
adipocytes as shown by Oil Red O staining in wells that were induced to undergo differentiation (Figure 3.8).

However, the amount of Oil Red O staining was also noticeably less in passage 16 DPSCs than was observed
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for the passage 3 DPSCs. The DPSC-02 uninduced control well also showed some staining for Oil Red O.
Since the lowest passage DPSC-02 cells were not tested for differentiation to adipocytes, the presence of Oil
Red O staining in passage 16 DPSC-02 uninduced cultures indicates either the presence of some adipocytes in
the culture from isolation or some DPSCs may spontaneously differentiate to adipocytes over time in culture.

DPSCs from all donors also retained potential for osteogenic differentiation as measured by Alizarin Red
staining for calcium deposits in induced cultures (Figure 3.9). However, instead of the large, darkly stained
calcium deposits observed in the passage 3 DPSCs, passage 16 DPSCs formed only small deposits. Together
with the reduction in Oil Red O staining seen in higher passage DPSCs, this suggests their differentiation
potential may be reduced with time ex vivo or that the number of multipotent cells in the culture reduces over
time. DPSC-05 uninduced control wells also contained some calcium deposits, again suggesting that some

DPSCs may spontaneously differentiate after extended periods of time in culture.

To summarise, prolonged culture of DPSCs impacted their morphology and reduced their multi-potency, and
in some cases also caused DPSCs to lose expression of surface markers or spontaneously differentiate in
culture. Therefore, the passage number of DPSCs was kept as low as possible for further experiments. After
establishing that our isolated DPSCs fit the current criteria for MSCs which are that they are multipotent cells
and express MSC surface markers, the second aim of this study was addressed by assessing whether DPSCs
retain their MSC characteristics after modification by lentiviral transduction.

3.4 Effects of modifying DPSCs by lentiviral transduction on their MSC
characteristics

MSCs are proposed to have good potential as vehicles for delivery of anti-inflammatory molecules in various
diseases. Whether modifying DPSCs affects their MSC characteristics is an important question in determining
if they are suitable for this purpose. Ideally, DPSCs could act as vehicles for gene therapy without
compromising their own therapeutic potential. Additionally, it was important in this study to generate DPSCs
expressing a reporter which would facilitate tracking their fate in vivo later in this study. Therefore, the
readiness of DPSCs to be modified by lentiviral transduction was tested and the effect of this process on the

MSC characteristics of DPSCs was analysed.

3.4.1 Optimising a lentiviral transduction protocol for DPSCs

In order to generate DPSCs expressing various anti-inflammatory molecules or a reporter, the lentiviral
transduction process required optimisation to find conditions which yield a high efficiency of transduction of

these particular cells. To this end, different seeding densities of the DPSCs, dilutions of lentivirus and single
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versus double transduction were tested using the pWPI-gfp vector and measuring percent of GFP* DPSCs to

determine the best conditions for transduction.

DPSC-02 cells were seeded at three different densities, 4000, 5000 or 6000 cells/cm?, and incubated with
lentivirus made in HEK293FT cells containing pWPI-gfp and diluted 1/2, 1/5 or 1/10 in DPSC medium and
8ng/mL protamine sulfate. DPSCs were transduced overnight at 37°C and 5% CO,. DPSCs that were
transduced twice were rested in complete DPSC medium for 8 hours between transductions of the same
conditions. All of the conditions led to a high proportion of DPSCs being successfully transduced as
determined by flow cytometry for expression of GFP (70.0-94.6%; Figure 3.10). The condition with the highest
transduction efficiency was seeding DPSCs at 4000 cells/cm? and transducing twice at a lentivirus dilution of
1/5. Thus, DPSC-02s expressing GFP were generated to be used for tracking in vivo later and this transduction
protocol facilitated the generation of DPSCs expressing a number of anti-inflammatory molecules as described

in the sections that follow.

3.4.2 Modification of DPSCs to express atypical chemokine receptors

Since ACKR2 scavenges some inflammatory chemokines which play important roles in EAE, and ACKR4
may be important for limiting excessive inflammation in EAE", it was hypothesised that overexpression of
ACKR2 or ACKR4 on DPSCs would enhance the capacity of DPSCs to modulate chemokine gradients that
are important for leukocyte trafficking events in EAE, thereby increasing the immunosuppressive effects and
therapeutic potential of DPSCs in EAE. Here, whether DPSCs can be transduced to overexpress functional
ACKRs and if this affects their MSC characteristics was tested.

3.4.2.1 Transduction of DPSCs to express ACKR2
DPSC-02 cells were first transduced with pWPI-Ackr2-gfp vector to stably express ACKR2. This vector

contains an internal ribosomal entry site (IRES) between the Ackr2 transgene and gfp, resulting in separate
translation of both ACKR2 and eGFP to mark cells which have successfully been transduced with the vector.
At the same time, some DPSC-02 cells were transduced with pWPI-gfp empty vector as controls. Success of
transduction was verified by flow cytometry for expression of the eGFP marker for both the empty vector and
Ackr2-containing vector transduced cell lines. These transductions were both very efficient and approximately
two-thirds of DPSCs were transduced with pWPI-Ackr2-gfp and almost 100% transduction efficiency was
observed for the empty vector (Figure 3.11A and B). Since transduction efficiency was high, the cells were
not sorted or selected to increase the percentage of DPSCs expressing ACKR2 and eGFP in order to spare the
cells from further manipulation and to keep passage or time in culture as low as possible. Next, expression of
the transgene was verified by gPCR. Ackr2 mRNA was not detected by untransduced DPSC-02 cells or DPSCs
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transduced with pWPI-gfp empty vector, but was found to be highly expressed by DPSCs transduced with
pWPI-Ackr2-gfp (Figure 3.11C).

Transduction of cells is a process that can induce cellular stress or have off-target effects. To check that the
transduced DPSCs maintained their multi-potency, they were differentiated to adipocytes of osteocytes. Both
DPSC-gfp cells and DPSC-Ackr2-gfp cells showed potential for adipocytic differentiation as demonstrated by
Oil Red O staining for lipid droplets cells cultured with adipogenic induction medium for 3 weeks (Figure
3.12). Similarly, both cell lines maintained osteogenic differentiation potential (Figure 3.13) as Alizarin Red

staining revealed deposition of calcium in the cell cultures that were induced to differentiate to osteocytes.

After confirming retention of multi-potency, a functional assay was used to verify overexpression of ACKR2
protein and its activity. Since ACKR2 is a chemokine scavenging protein, and reliable monoclonal antibodies
against this receptor are not available, a chemokine scavenging assay was used to test if DPSC-Ackr2-gfp cells
could specifically scavenge CCL22, an ACKR2 ligand. The DPSCs were incubated with 1, 5 or 10 ng/mL
CCL22 at 37°C and remaining CCL22 in the medium after 3 hr was measured by ELISA. In controls which
were incubated without any cells added, there was a reduction in the amount of CCL22 remaining in the
medium which may have resulted from basal degradation of the chemokine during the period of incubation.
Compared with these no cells controls, the addition of DPSC-gfp cells to medium with initial CCL22
concentrations of 1 or 5 ng/mL did not change the amount of CCL22 remaining in the medium. However,
when the starting concentration of CCL22 was 10 ng/mL a small reduction in remaining CCL22 was observed
after incubation with DPSC-gfp cells compared with the no cells control (Figure 3.14). Although DPSC-02
cells did not express Ccr4 by gPCR (data not shown), it is possible that they express another unidentified
receptor for CCL22. On the other hand, DPSC-Ackr2-gfp cells caused the amount of CCL22 to decrease in the
supernatant by approximately 3-fold compared with the control samples containing no cells. Thus, DPSCs

overexpressing ACKR2 functionally scavenged CCL22 in vitro.

3.4.2.2 Transduction of DPSCs to express ACKR4

The second candidate molecule for overexpression by DPSCs was ACKR4. DPSC-02 cells were transduced
with pWPI-Ackr4-gfp and compared with DSPC-02 cells transduced with the pWPI-gfp empty vector.
Transduction efficiency was checked by flow cytometry for GFP which revealed that almost all DPSCs
(98.3%) were successfully transduced with pWPI-Ackr4-gfp, which was a similar efficiency as the empty
vector (Figure 3.15A). gPCR showed Ackr4 mRNA was highly expressed in cells transduced with
pWPI-Ackr4-gfp, but at very low levels in DPSCs transduced with the empty vector (Figure 3.15B).

DPSC-Ackr4-gfp cells were then checked for multi-potency by differentiation to adipocytes and osteocytes.

Adipogenic differentiation potential was maintained after transduction of the DPSC-Ackr4-gfp cells which
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stained positive for Oil Red O lipid-staining after induction of differentiation to adipocytes for 3 weeks (Figure
3.16). DPSC-Ackr4-gfp cells also retained potential for osteogenic differentiation. Induction of osteogenic
differentiation for 3 weeks resulted in positive Alizarin Red staining for calcium deposits confirming
differentiation of the cells (Figure 3.17).

A scavenging assay was used to test the functional activity of overexpressing ACKR4 on the DPSCs. The
ACKR4 ligand CCL19 was added in three different concentrations to media with or without DPSC-Ackr4-gfp
cells or DPSC-gfp cells. For both 5 and 10 ng/mL starting CCL19 concentrations, DPSC-gfp empty vector
cells had reduced CCL19 remaining in the supernatant after 3 hours incubation than controls containing no
cells (Figure 3.18). This may be due to basal expression of a CCL19 receptor by DPSCs. However, when
ACKR4-overexpressing DPSCs were tested, CCL19 was significantly depleted from the medium compared
with DPSC-gfp control cells and thus, ACKR4 functionally scavenged CCL19 when expressed by DPSCs.

3.4.3 Transduction of DPSCs to express an IL-23 antagonist

In addition to overexpressing ACKRs on DPSCs to target leukocyte trafficking, another anti-inflammatory
molecule was expressed in DPSC-03 cells to target the generation of pathogenic cells in EAE. The IL-23
signalling pathway was chosen to target because it is important for the development of highly pathogenic
GM-CSF-expressing Th17 cells in EAE®34 and anti-IL-23p19 antibody treatment of EAE mice suppresses
disease®**. To target this pathway, a novel putative IL-23 antagonist was designed, tested and expressed by
DPSCs.

3.4.3.1  Design of the IL-23 antagonist

A putative IL-23 antagonist was designed using a similar approach to Yu and Gallagher (2010)3%* who
generated a soluble form of the human IL-23R that suppressed IL-23 signalling. The murine 1123r gene is
structurally similar to the human 1123r. Both have 11 exons in which the first 8 exons encode the extracellular
portion of the receptor and the IL-23 binding domain, exon 9 encodes a transmembrane-spanning portion exons
10 and 11 encode the intracellular signalling portion of the receptor. By deleting exon 9, the transmembrane-
coding region of the receptor is removed (Figure 3.19). Furthermore, this deletion causes a frameshift in the
downstream exons 10 and 11 which introduces a new STOP codon early in exon 10. The result of these changes
is a putative truncated IL-23R which lacks the transmembrane and intracellular regions, and thus comprises
only the extracellular IL-23-binding region. Also, there is a sequence change for the first 7 amino acids of exon
10 and the peptide is 270 amino acids shorter than full length 1123r. This putative soluble form of the receptor

was proposed to bind and sequester IL-23 to inhibit cytokine signalling.
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A lentiviral expression vector containing the new ORF of this putative soluble IL-23R, termed 1/23r49, was
designed and purchased from VectorBuilder Inc. (Figure 3.20). This vector, pLV-1/23r49:IRES:mCherry
contains an EFla promoter to drive expression of the //23r49 transgene together with an mCherry reporter
that can be translated separately using an internal ribosome entry site (IRES).

First, it was tested whether IL-23RA9 was indeed an antagonist of 1L-23 signalling. To do this, HEK293FT
cells were transfected with pLV-1123r49:IRES:mCherry then cultured in fresh culture medium for 2 days to
allow the putative protein to be expressed and secreted. Some HEK293FT cells were mock transfected for a
control in which they were treated in the same manner as the true transfected cells including incubation in
OptiMEM containing lipofectamine transfection reagent but did not receive the expression plasmid DNA. The
supernatants from I123rA9-transfected and mock transfected HEK293FT cells were then used in stimulated
splenocytes cultures to test if the cells had secreted a product that inhibits IL-23 signalling. 1L-23 stimulation
of T cells in mixed splenocyte cultures activated with anti-CD3 and anti-CD28 induces IL-17A production®3®,
Splenocytes were stimulated with anti-CD3, anti-CD28 and IL-2 in the presence or absence of IL-23 and the
HEK293FT supernatants and incubated at 37°C in 5% CO,. After 6 days, IL-17A secretion by the stimulated
splenocytes was measured by enzyme-linked immunosorbent assay (ELISA). 1L-23 stimulated the secretion
of IL-17A by splenocytes and this was suppressed by the addition of 1123rA9-transfected HEK293FT cell
supernatants in a dose-dependent manner but not supernatants from mock-transfected cells (Figure 3.21). Thus,
it can be concluded that 1123rA9 encodes a soluble protein that blocks IL-23 signalling. Splenocytes that were
not stimulated with IL-23 also secreted a low level of IL-17A and this was also suppressed by the supernatants
of 1123rA9-transfected cells.

3.43.2  Expression of IL-23RA9 by DPSCs

After establishing that 7123749 encodes a soluble IL-23 antagonist, DPSCs expressing this protein were
generated. To this end, DPSC-03 cells were transduced with lentivirus containing pLV-1123r49:IRES:mCherry
or with no expression plasmid (mock-transduced). Successful transduction of the DPSCs was verified by flow
cytometry. Seventy-two percent of DPSC-03 cells were transduced with pLV-1123r49:IRES:mCherry as

determined by positive expression of the mCherry reporter protein (Figure 3.22).

Next, it was tested if DPSCs expressing 1/23r49 could suppress IL-23 signalling. Mock-transduced DPSCs or
DPSC-1/23rA9 cells were cultured for 3 days in DPSC culture medium to collect their secreted products. The
supernatants were harvested and applied to anti-CD3 and anti-CD28-activated splenocytes that were stimulated
with IL-23 and IL-2. Some of the cultures were not stimulated with IL-23. After 6 days, IL-17A production
by the splenocytes was measured in their supernatants by ELISA. DPSC-conditioned medium (DPSC-CM)
from mock-transduced cells suppressed IL-17A production by IL-23-stimulated splenocytes, suggesting that a
secreted product of DPSCs can inhibit the production of IL-17A. However, in DPSCs which expressed
1123rA9, this ability to suppress IL-17A secretion was abolished. Thus, DPSC-1/23r49 cells appear not to be
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able to suppress IL-23 signalling, which was an unexpected finding as it indicated that the IL-23RA9 in the
context of the DPSC secretome is not capable of blocking IL-23 driven responses.

3.5 Summary

The data presented in this chapter characterised DPSCs isolated from 7 human donors. These all displayed an
MSC-like immunophenotype and were multipotent in vitro. Six of these 7 lines could be cultured continuously
for up to 17 weeks or 38-47 population doublings. However, extended culture modifies the phenotype of some
DPSCs, alters their morphology by increasing cell size and appears to reduce their differentiation potential, all
indications that time in culture should be minimised. DPSCs were amenable to lentiviral transduction showing
high yields of up to 100% transduction efficiency. They retained expression of MSC surface markers following
transduction and retained multipotent capability. DPSCs were successfully generated to overexpress functional
ACKR2 or ACKR4 proteins. DPSCs expressing GFP were also generated which can facilitate tracking of the
cells in vivo. Finally, an IL-23 antagonist was designed, expressed in HEK293FT cells and shown to

functionally inhibit IL-23 signalling, but did not have this effect when expressed by DPSCs.
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Table 3.1: Age and sex of the DPSC donors for this study.

DPSC cell line Donor sex Donor age  Source
DPSC-01 Male 20 Koblar lab
DPSC-02 Male 20 Koblar lab
DPSC-03 Male 22 In-house
DPSC-04 Male 27 Koblar lab
DPSC-05 Female 20 In-house
DPSC-06 Female 21 In-house
DPSC-07 Male 26 In-house
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Figure 3.1: Morphology of DPSCs in culture.

DPSCs were isolated from the pulp of different human donors and cultured in vitro. Phase contrast images at
4X magnification were taken after 2 passages. Representative of two independent experiments.
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Figure 3.2: DPSCs express MSC markers.

DPSCs between passages 2-4 were assessed for expression of MSC markers by flow cytometry. The negative
lineage marker cocktail contains CD34, CD11b, CD19, CD45 and HLA-DR all conjugated to PE. Orange
histograms show isotype controls and blue histograms show antibody-stained samples. Representative of two

independent experiments.
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Figure 3.3: DPSCs differentiate into adipocytes in vitro.

Phase contrast images at 4X magnification of passage 3 DPSCs that were differentiated to adipocytes in vitro.
AdMSCs were included as a positive control for multipotency. For non-induced controls, DPSCs were cultured
for the duration of the experiment in their normal complete medium. Induced samples were cultured with
complete medium supplemented with 0.5 pM dexamethasone, 0.5 uM isobutylmethylxanthine and 50 uM
indomethacin for 21 days. To measure differentiation, Oil Red O was used to stain lipid droplets. 4X

magnification. Representative of three independent experiments.
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Figure 3.4: DPSCs differentiate into osteocytes in vitro.

Phase contrast images at 4X magnification of passage 3 DPSCs that were differentiated to osteocytes in vitro.
AdMSCs were included as a positive control for multipotency. For non-induced controls, DPSCs were cultured
for the duration of the experiment in their normal complete medium. Induced samples were cultured with
complete medium supplemented with 10 nM dexamethasone, 20 mM -glycerol phosphate and 50 puM
L-ascorbic acid 2-phosphate for 21 days. To measure differentiation, Alizarin Red stain was used to identify

calcium deposits. Representative of four independent experiments.
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Figure 3.5: Comparison of the long-term proliferative potential of DPSCs from multiple

donors.

DPSCs were cultured continuously by passaging each time the cells reached approximately 90% confluency.
At each passage, the DPSCs were counted and re-seeded at 5000 cells/cm?. Cumulative population doubling
level (PDL) was calculated using the formula PDL = 3.322(log(y)-log(s)) + X, where x is the number of cells
harvested, s is the number of cells initially seeded into the flask and y is the PDL from the previous passage.
Each data point represents the PDL for each DPSC cell line tested. The dotted lines indicate the point where
DPSCs were determined to reach senescence, which was determined by either failure of the cells to proliferate

thereafter or death of the cells in culture.
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Figure 3.6: Morphology of DPSCs after extended culture.

DPSCs from different human donors (01-05, 07) were cultured continuously by passaging the cells each time
they reached about 70% confluency and reseeding at 5000 cells/cm?. Phase contrast images at 4X
magnification were taken after 18 passages in culture (approximately 13 weeks). Representative of two

independent experiments.
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Figure 3.7: Expression of MSC markers by high-passage DPSCs.

DPSCs harvested after long-term culture (passage 16) were stained for MSC markers using the BD Stemflow™
Human MSC Analysis kit. The negative lineage marker cocktail contains CD34, CD11b, CD19, CD45 and
HLA-DR all conjugated to PE. Orange histograms show isotype controls and blue histograms show antibody-
stained samples. Representative of two independent experiments.
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Figure 3.8: Differentiation of high passage DPSCs into adipocytes

Phase contrast images at 4X magnification of DPSCs that were differentiated to adipocytes in vitro. For non-
induced controls, DPSCs were cultured for the duration of the experiment in their normal complete medium.
Induced samples were cultured with complete medium supplemented with 0.5 UM dexamethasone, 0.5 UM
isobutylmethylxanthine and 50 uM indomethacin for 21 days. To measure differentiation, Oil Red O was used

to stain lipid droplets. Representative of two independent experiments.
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Figure 3.9: Differentiation of high passage DPSCs into osteocytes

Phase contrast images at 4X magnification of DPSCs that were differentiated to adipocytes in vitro. For non-
induced controls, DPSCs were cultured for the duration of the experiment in their normal complete medium.
Induced samples were cultured with complete medium supplemented with 10 nM dexamethasone, 20 mM
B-glycerol phosphate and 50 UM L-ascorbic acid 2-phosphate for 21 days. To measure differentiation, Alizarin
Red stain was used to identify calcium deposits. Representative of two independent experiments.
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Figure 3.10: Optimising lentiviral transduction of DPSCs.

DPSCs were plated at three different seeding densities and transduced 1 or 2 times with three different dilutions
of lentivirus containing pWPI-gfp overnight at 37°C. Cells that were transduced twice were rested for 8 hr in
complete DPSC medium in-between. Transduction efficiency was measured by flow cytometry for DPSCs

which expressed GFP. Columns represent mean + SD of each condition performed in triplicate.

88



CHAPTER 3: RESULTS — CHARACTERISATION OF DPSCS

>
oy
O

. » 1007 8
, 3 5§
" "\'1 S g0 25 6l
[ o Q
| > 3
of il 2 601 =
' . 8 X S 44
40 \ /I " 404 S § 9
x i\ \ a 8| |g Y2
© 1\ { L i ¥ S B 27
e J o 20 ST
“s \ ° < E ND ND
<9 ‘ o 10° 100 100 10 0-06 Q&0 0-(,‘-’ 0 4
GFP > er QO'Q d\{lfg er %QG'Q(}‘TQ
N R
[] Parental DPSC \@0\'6 S coUP &6& ¥ 60}
| | DPSC-gfp RY OQ = OQ

] oPSC-Ackr-gfp

Figure 3.11: Overexpression of ACKR2 on DPSCs.

DPSCs from donor 2 were transduced with empty pWPI or pWPI-ACKR2 and successful uptake of DNA was
assessed by flow cytometry for the GFP reporter contained in pWPI. a) Expression of GFP by transduced
DPSCs (blue or orange) compared with parental DPSCs (red). b) Percentage of cells expressing GFP and thus
successfully transduced with pWPI-gfp or pWPI-Ackr2-gfp. ¢) gPCR for expression of Ackr2 in transduced

DPSCs. The bar represents the mean + SD of 3 technical replicates. ND = not detected.
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Figure 3.12: ACKR2-over-expressing DPSCs differentiate into adipocytes in vitro.

DPSCs transduced with empty vector (DPSC-GFP) or to express ACKR2 (DPSC-ACKR2) were differentiated
to adipocytes in vitro. For non-induced controls, DPSCs were cultured for the duration of the experiment in
their normal complete medium. Induced samples were cultured with complete medium supplemented with 0.5
MM dexamethasone, 0.5 uM isobutylmethylxanthine and 50 uM indomethacin for 21 days. To measure
differentiation, Oil Red O was used to stain lipid droplets. 4X magnification. Representative of two

independent experiments.
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Figure 3.13: ACKR2-over-expressing DPSCs differentiate into osteocytes in vitro.

DPSCs transduced with empty vector (DPSC-GFP) or to express ACKR2 (DPSC-ACKR2) were differentiated
to osteocytes in vitro. For non-induced controls, DPSCs were cultured for the duration of the experiment in
their normal complete medium. Induced samples were cultured with complete medium supplemented with 10
NM dexamethasone, 20 mM [-glycerol phosphate and 50 UM L-ascorbic acid 2-phosphate for 21 days. To
measure differentiation, Alizarin Red stain was used to identify calcium deposits. 4X magnification.
Representative of two independent experiments.
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Figure 3.14: Chemokine scavenging by ACKR2-expressing DPSCs in vitro.

a) Schematic diagram of a chemokine scavenging assay. DPSCs transduced with empty vector (DPSC-gfp) or
to express ACKR2 (DPSC-Ackr2-gfp) were incubated with three different starting concentrations of the
ACKR2 ligand CCL22 for 3 hr at 37°C, mixing every 30 min to resuspend the cells. b) Remaining CCL22 in
the supernatants was measured by ELISA. Each column represents mean + SEM of each cell line performed
in triplicate. *p<0.05, **p<0.01, ****p<0.001 Two-Way ANOVA with Bonferroni’s multiple comparisons

test. Representative of two independent experiments.
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Figure 3.15: Overexpression of ACKR4 in DPSCs.

DPSCs from donor 02 were transduced with pWPI-gfp (empty vector control) or pWPI-Ackr4-gfp and
successful uptake of the vectors was assessed by flow cytometry for the GFP reporter contained in pWPI. a)
Expression of GFP by transduced DPSCs (blue or orange) compared with non-transduced parental DPSCs
(red). b) Percentage of cells expressing GFP and thus successfully transduced with pWPI-gfp or
pWPI-Ackr4-gfp. ¢) gPCR for expression of Ackr4 in transduced DPSCs. **p<0.01 One-Way ANOVA with

Bonferroni’s multiple comparisons test.
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Figure 3.16: ACKR4-over-expressing DPSCs differentiate into adipocytes in vitro.

Phase contrast images at 4X magnification of DPSCs transduced with empty vector (DPSC-GFP) or to express
ACKR4 (DPSC-ACKR4) that were differentiated to adipocytes in vitro. For non-induced controls, DPSCs
were cultured for the duration of the experiment in their normal complete medium. Induced samples were
cultured with complete medium supplemented with 0.5 UM dexamethasone, 0.5 uM isobutylmethylxanthine
and 50 uM indomethacin for 21 days. To measure differentiation, Oil Red O was used to stain lipid droplets.

Representative of two independent experiments.
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Figure 3.17: ACKR4-over-expressing DPSCs differentiate into osteocytes in vitro.

Phase contrast images at 4X magnification of DPSCs transduced with empty vector (DPSC-GFP) or to express
ACKR4 (DPSC-ACKR4) that were differentiated to osteocytes in vitro. For non-induced controls, DPSCs
were cultured for the duration of the experiment in their normal complete medium. Induced samples were
cultured with complete medium supplemented with 10 nM dexamethasone, 20 mM B-glycerol phosphate and
50 UM L-ascorbic acid 2-phosphate for 21 days. To measure differentiation, Alizarin Red stain was used to
identify calcium deposits. Representative of two independent experiments.

95



CHAPTER 3: RESULTS — CHARACTERISATION OF DPSCS

84 kk 1 Nocells
T
1 DPSC-gfp
[ DPSC-Ackr4-gip

[=2]
r

Final CCL19 concentration
(ng/mL)
N N

GMF'?_ = ]

1 ng/mL 5ng/mL 10 ng/mL
Initial CCL19 concentration

Figure 3.18: Chemokine scavenging by ACKR4-expressing DPSCs in vitro.

DPSCs transduced with empty vector (DPSC-gfp) or ACKR4 (DPSC-Ackr4-gfp) were incubated with three
different starting concentrations of CCL19 for 3 hr at 37°C, mixing every 30 min to resuspend the cells as
shown in the schematic in Figure 3.14A. Remaining CCL19 in the supernatants was measured by ELISA. Each
column represents mean + SEM of each cell line performed in triplicate. *p<0.05, ***p<0.005, ****p<0.001
Two-Way ANOVA with Bonferroni’s multiple comparisons test. ns: not significant. Representative of two

independent experiments.
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Score Expect Method Identities Positives Gaps

547 bits(1410) 0.0 Compositional matrix adjust. 262/375(70%) 298/375(79%) 21/375(5%)

Figure 3.19: Design of a soluble IL-23 antagonist 7123rA9.

a) Deletion of exon 9, which encodes a transmembrane region, from murine 1123r mRNA introduces a
premature STOP codon in exon 10 that results in a C-terminal truncation of the product. b) Amino acid
sequence alignment between human 1123rd9 and the putative murine 1123rd9. c) Table of alignment statistics

for the amino acid sequences in B.
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atgaaaagagagagagaaatgagaggcttctactacatttgggacatgagtcaccte
acacttcagctgcatgtggtgatagccctttatgtgctcttcagatggtgtcacgga
ggaatcacaagtataaactgctctggtgacatgtgggttgagcctggtgaaattttt
cagatgggcatgaatgtttctatatattgccaagaagcccttaagcactgecgacca
aggaatctttacttttataaaaatggcttcaaagaagaatttgatatcacaaggatt
aatagaacaacagctcggatttggtataaaggcttttcggaacctcatgcctatatg
cattgcactgctgaatgtcctggtcattttcaagagacactgatttgtgggaaagac
atttcctctggacatccaccggatgcccccagcaatctgacatgtgtcatttatgaa
tactcaggcaacatgacatgcacctggaacactgggaagcctacctacatagatacc
aagtatattgtgcatgtgaagagtttggagacagaagaagaacaacaatatcttgcc
tcaagctatgttaagatctccactgactcactgcaaggcagcaggaagtatttggta
tgggtccaagctgtcaattccctaggcatggagaactcacaacaactacacgtccat
ctggatgatatagtgataccttctgcgtccatcatttccagggctgagactacaaac
gatactgtacccaagaccatagtttactggaaaagcaaaactatgattgagaaagta
ttctgtgagatgagatacaaaacaacaacaaaccaaacgtggagtgttaaagaattt
gacgccaatttcacatatgtacagcagtcagaattctacctggagccagacagcaag
tatgtatttcaagtgcgatgtcaagaaactggtaaaagaaactggcagccttggagt
tcceccctttgteccaccaaacttcccaagaaactggtaaaagaaactggcagecttgg
agttccccctttgtccaccaaacttcccagacagtttcccaggttacagcaaaatca
tcccacgaacctcagaagatggagatgctcagtgctacaatcttcagaggacatect
gcttcagaattaaaagaaaagttttactga

Exon 10 (frameshift) 4
STOP

Figure 3.20: Map of pLV vector containing 7/123r49 ORF.

The 7123r49 ORF sequence was generated by deleting exon 9 from the 1123r mRNA sequence (NCBI
NM_144548.1), thus causing a frameshift in exon 10 that introduces a new STOP codon.
pLV-1I23rA49:IRES:mCherry was purchased from VectorBuilder Inc.. In this vector, expression of the novel
transcript is driven by an EFla promoter and an internal ribosomal entry site (IRES) facilitates simultaneous

translation of mCherry protein to mark cells with the vector.
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Figure 3.21: 1123r49 is a soluble antagonist of 1L-23.

C57BI/6 splenocytes were activated with anti-CD3, anti-CD28 and IL-2 in vitro in the presence or absence of
IL-23 stimulation. Different dilutions of supernatants from mock-transfected or 1/23r49-transfected
HEK293FT cells were added to the cultured splenocytes and after 6 days, IL-17A in the culture supernatants
was measured by ELISA. The supernatants were measured in triplicate in the ELISA and the means were
calculated to determine the concentration of IL-17 for each culture well. Each bar represents the mean + SEM
of three culture wells per condition. ****p<0.001 One-Way ANOVA with Bonferroni’s multiple comparisons

test. Representative of two independent experiments.

99



CHAPTER 3: RESULTS — CHARACTERISATION OF DPSCS

[ Parental DPSC
80 [ DPSC-1123rA9-mCherry

60

0

]

0

0.

% of max ——

103 H]“ 10

mCh‘;arry —_—

Figure 3.22: Generation of DPSCs overexpressing 1123rA49.

DPSCs from donor 03 were transduced with pLV-7123749:IRES:mCherry and successful uptake of the vector
was assessed by flow cytometry for the mCherry reporter contained in pLV. Shown is flow cytometry detection
of mCherry by transduced cells (blue). DPSCs were also mock-transduced, in which they received empty

lentivirus generated with packaging plasmids and no expression plasmid (red).
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Figure 3.23: 1123r49-expressing DPSCs do not suppress I1L-23 activity in vitro.

C57BI/6 splenocytes were activated with anti-CD3, anti-CD28 and IL-2 in vitro and in the presence of absence
of IL-23 stimulation. Supernatants from mock-transduced or 7/23r49-transduced DPSC-03 cells were added
to the cultured splenocytes to 1/4 of the total media volume and after 6 days, IL-17A in the culture supernatants
was measured by ELISA. The supernatants were measured in duplicate in the ELISA and the means were
calculated to determine the concentration of IL-17 for each culture well. Each bar represents the mean + SEM
of three culture wells per condition. ****p<0.001 One-Way ANOVA with Bonferroni’s multiple comparisons

test. ns, not significant; uncond., unconditioned medium. Representative of two independent experiments.
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4.1 Overview

The emerging field of DPSC research has focussed heavily on their utilisation in bone and dentin
regeneration®*’, although their therapeutic potential in settings beyond orthopaedic pathologies is becoming
increasingly recognised*¢3*°. Prior to the commencement of this study, the effect of DPSCs in MS and other
autoimmune diseases was unstudied. It was unknown whether DPSCs have similar anti-inflammatory
properties to other MSCs such as those isolated from bone marrow or adipose tissue. The trafficking of DPSCs
after injection into mice was also completely unknown and the fate of MSCs in vivo in general is poorly
understood. Furthermore, it has been hypothesised that DPSCs may have greater potential than other MSCs in
MS due to their neurologic potential. Consequently, the DPSCs which were isolated from multiple human
donors in the previous chapter were tested for their ability to suppress EAE, then their effects on the immune
response in EAE were studied.

4.2 Effects of DPSCs on the clinical course of EAE

4.2.1 Prophylatic effects of DPSCs on the clinical course of chronic EAE
The principal EAE model chosen for this study was MOGss.ss-induced chronic EAE induced in C57BI/6 mice

since this is an established model of MS with well-characterised immunopathology and is commonly used for
pre-clinical testing of MS therapies®. Since previous studies have shown that the therapeutic potency of some
MSCs can vary from one donor to another®¥, DPSCs from multiple donors were used here to test the
reproducibility of the treatment. This was challenging because not all of the DPSC samples became available
at the same time (indeed, they were obtained over a period of 3 years that coincided with a change in location
of animal facilities and meant that the reagents used to induce EAE in this study came from different batches).
In all of these experiments, C57BI/6 mice were immunised with MOGss.s5/CFA and treated with 3-4
intraperitoneal injections of 1 x 10° DPSCs on alternate days from the first day after immunisation. This regime
was based on a previous study treating EAE with Ad-MSCs®** and the intraperitoneal route was selected as it
has been shown to be a superior route of delivery for MSCs based on disease outcome in EAE compared to

intravenous injection3#,

The development of clinical disease parameters was measured daily after immunisation for EAE and several
features of disease progression were evaluated to deduce the effect of DPSC treatment on the course of disease.
The day of EAE onset and the day of peak disease were assessed to compare the kinetics of the disease between
control mice and DPSC-treated mice. Conversely, effects on the severity of symptoms were summarised by
comparing the mean maximum scores reached by the individual mice in each treatment group. Cumulative
disease score, the sum of all the disease scores exhibited by each individual mouse over the course of the

experiment, was also assessed (which can be affected by both the kinetics and severity of symptoms).
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The effects of treating chronic MOGas ss-induced EAE with DPSCs from donors 01-05 and 07 are shown in
Figures 4.1-4.6. Treatment of EAE with DPSC-01 or DPSC-03 delayed the onset of symptoms and the day of
peak disease by 5.3 and 1.7 days respectively compared with controls, although the maximum clinical score
reached was not significantly different from control mice (Figures 4.1 and 4.3). A trend for a delay in onset of
disease and a reduction in cumulative disease score was also observed for DPSC-05, although this was not
statistically significant (Figure 4.5). For all of these three DPSC lines, however, a statistically significant
reduction in the course of EAE over time was apparent compared with controls when tested by repeated
measures Two-Way ANOVA analysis. In addition to these DPSC lines, DPSC-02 treatment also strongly
inhibited EAE symptoms in mice (Figure 4.2). Half of mice treated with DPSC-02 cells had delayed onset of
symptoms and almost all DPSC-02-treated mice had a significantly reduced maximum disease score compared
with control mice. In fact, 5 of 6 mice tested with these cells showed only a loss of tail tone that did not progress
to hind limb paralysis (disease score of 0.5-2). By contrast, almost all control mice developed hind limb
paralysis in that experiment (disease score 2.5-3). There was also a trend for a delay in time to peak disease in
DPSC-02-treated mice and both the delay in EAE onset and reduction in maximum score contributed to a

significant overall reduction in the cumulative disease score in those mice.

In contrast, DPSCs from donors 04 and 07 did not appear to significantly alter the outcome of disease when
used to treat EAE (Figures 4.4 and 4.6). The onset of disease, maximum EAE score and time to reach peak
disease was similar between mice treated with DPSC-04 or DPSC-07 and mice treated with PBS. As such, the
overall cumulative EAE score for those mice also showed no change.

In those experiments, all DPSCs were at passage 5 at the time they were injected into EAE mice. However,
while DPSC-02 and DPSC-03 both inhibited EAE at passage 5, at passage 7 and 8 these DPSC-02 and
DPSC-03 cells no longer inhibited EAE (Figure 4.7). Thus, it appears there is a loss in therapeutic efficacy
when DPSCs are passaged further in vitro before injection into EAE mice.

In sum, four of the six DPSC lines tested improved clinical disease scores in mice with EAE compared with
controls, which is summarised in Table 4.1. These experiments revealed heterogeneity between DPSCs
isolated from different donors with regard to both ability or not to improve EAE scores and whether disease
was delayed or also reduced in severity. These differences between DPSC lines could not be attributed to any
apparent features of the donors which were of similar age and EAE-inhibiting DPSCs originated from both
males and females. Non EAE-inhibiting DPSCs-04 and -07 were also phenotypically similar to the other
DPSCs in vitro with their regards to multi-potency and expression of surface MSC markers (Sections 3.2 and
3.3). Additionally, it appears that keeping passage number of DPSCs below 7 may be important for therapeutic
effects in EAE.
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4.2.2 Effect of DPSCs on established EAE

The ability of prophylactic treatment of EAE with DPSCs to suppress disease was promising. Clinically,
however, treatments for MS are delivered after the development of disease. Therefore, since DPSC-02 was
most potently able to both delay the onset of EAE and reduce the severity of symptoms, the ability of these
cells to reverse EAE symptoms after disease onset was also tested. C57BI/6 mice were allowed to develop
EAE symptoms after immunisation before treating with either PBS or three intraperitoneal injections of
1 x 10° DPSCs on alternating days.

DPSC treatment after EAE symptoms were established in mice did not significantly alter the course of disease
thereafter (Figure 4.8). The maximum disease score post-treatment was also the same for DPSC-treated mice
as controls. Therefore, despite DPSC-02 being a potent inhibitor of EAE in the pre-symptomatic phase, there
was no evidence that these cells were effective at treating established disease.

4.2.3 Effect of DPSCs on relapsing EAE

The MOGss.ss-induced chronic model of EAE is a useful tool for mimicking chronic CNS inflammation.
However, most MS patients present with relapsing-remitting MS and experience intermittent inflammation of
the CNS. Therefore, a relapsing-remitting model of EAE was additionally used to determine if DPSCs can
prevent disease relapse.

To this end, SJIL/J mice were immunised PLP139.151 peptide in CFA on day 0 together with two intravenous
injections of pertussis toxin on days 0 and 2 to induce EAE with a relapsing-remitting disease course®. The
severity of EAE symptoms was measured daily and after mice had experienced acute paralysis (disease score
> 2) and gone into remission, (disease score returns < 1), they were randomly allocated to receive two
intraperitoneal treatments of either PBS or 1 x 10° DPSCs from donor 02, which showed the most inhibition
in the chronic model of EAE. Mice that received DPSCs were found to have a significant delay in the relapse
of symptoms (as defined as an increase >1 point from the EAE score at the time of treatment) compared with

control mice (Figure 4.9).

4.3  Effect of overexpressing ACKRs on the prophylactic capacity of DPSCs

in EAE

In the previous chapter, DPSCs which overexpressed ACKR2 and ACKR4 were generated. Therefore, in this
part of the project the effect of overexpressing ACKRs on DPSCs on their therapeutic capacity in
MOGss.ss-induced EAE was tested. To determine if overexpression of ACKR2 improves the therapeutic

capacity of DPSCs in EAE, EAE was induced in mice which were then treated with three intraperitoneal
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injections of DPSC-Ackr2-gfp or DPSC-gfp cells on d1, d3 and d5 post-immunisation. Control DPSC-gfp cells
significantly suppressed the course of EAE, however overexpression of ACKR2 on DPSCs did not improve
their therapeutic capacity (Figure 4.10A). In fact, DPSC-Ackr2-gfp cells did not significantly affect the overall
course of EAE compared with control EAE mice when analysed by Two-Way ANOVA. To further understand
how ACKR2 overexpression by DPSCs modified their effect on EAE clinical parameters, disease statistics
were broken down into day of onset, days to reach peak disease, maximum disease score and cumulative
disease score (Figure 4.10B). DPSC-Ackr2-gfp cells delayed the onset of EAE compared with treatment with
PBS but not DPSC-gfp cells. However, only DPSC-gfp cells significantly reduced the cumulative disease score
of EAE mice suggesting ACKR2 overexpression abolishes, rather than improves, the therapeutic capacity of
DPSCs. Also, despite the observation in a previous experiment that unmodified DPSC-02 cells delay onset of
symptoms and reduce the mean maximum disease score in EAE mice (Figure 4.2), DPSC-gfp control cells did
not significantly affect these parameters in the current experiments. Therefore, despite establishing in the
section 3.4 of the previous chapter that DPSCs retain MSC characteristics after lentiviral transduction, this

process may indeed impact their therapeutic capacity in disease settings.

Next, DPSC-Ackr4-gfp cells were tested for their ability to suppress EAE. Treatment of EAE mice with
DPSC-Ackr4-gfp cells did not lead to any improvement in disease course compared with mice that received
DPSC-gfp control cells (Figure 4.11A). The day of EAE onset was delayed in mice that received
DPSC-Ackr4-gfp cells compared with PBS but not compared with DPSC-gfp treatment (Figure 4.11B). In
contrast, time to reach peak disease as well as maximum and cumulative disease scores were not affected by
treatment with either of the modified DPSCs. Taken together, it was concluded that overexpression of ACKR4
does not significantly improve the capacity of DPSCs to inhibit EAE.

In summary, no evidence was found to support the proposition that overexpression of atypical chemokine
receptors could increase the therapeutic capacity of DPSCs in EAE as suppression of disease was not enhanced
by overexpression of ACKR2 or ACKR4 on DPSCs. However, these experiments also provided evidence that
lentiviral transduction of DPSCs can also interfere with their ability to suppress EAE in vivo despite not

impairing their multi-potency in vitro.

4.4 DPSC distribution after injection into EAE mice

Trafficking of MSCs after injection is poorly characterised and for DPSCs in particular there is very little
known about their in vivo migratory properties. To understand the potential for DPSCs to treat EAE, it is
helpful to know where they localise after injection. Specifically, whether DPSCs enter the CNS after injection
contributes to understanding how they may influence disease outcomes either at the site of inflammation and

demyelination or from distant locations.
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To determine if DPSCs home to organs important in EAE, DPSC-gfp cells (generated in the previous chapter,
section 3.4.1) were used to facilitate tracking of the cells by gPCR for the gfp transgene. Before injection into
EAE mice, the DPSCs were also additionally labelled with an infrared cytoplasmic membrane tracking dye,
which enables them to be visualised by bioluminescence. EAE mice were then treated with three
intraperitoneal injections of 1 x 10° cells on days 1, 3 and 5 post-immunisation and sacrificed 16 h after the

final treatment to determine the fate of the injected DPSCs.

Bioluminescence imaging revealed strong signals in the lungs and spleen, and a small signal in some iLNs
(Figure 4.12A and B). DPSCs presumably accumulate in the lungs following intravasation from the peritoneal
cavity, perhaps by mechanical arrest in the capillaries. The bioluminescence observed in the spleen and iLNs
and suggest DPSCs may migrate to SLOs after injection. In the SLOs, DPSCs may locate themselves in a
prime position for interacting with cells of the immune system. However, the bioluminescent dye is not specific
for live DPSCs; if DPSCs die or are killed after injection, phagocytosis can lead to the labelling of certain
leukocytes including macrophages, monocytes, DCs or neutrophils. To confirm the presence of DPSCs in the
lungs, spleen and iLNs, gPCR was performed to detect eGFP. Using the pWPI-gfp vector and titrating from
107 copies to 1 copy in a gPCR, it was determined that a minimum threshold of 10 copies of the gfp gene could
be detected (Figure 4.12C). qPCR was then performed using cDNA prepared from mRNA isolated from the
brain, spinal cord, lungs, spleen and iLNs which were collected from the bioluminescent imaging experiments.
However, gfp could not be detected in any of these tissues (data not shown). This suggests that DPSCs may
not migrate to or persist in those organs after intraperitoneal injection, and that the DPSCs may die after transfer
and that the bioluminescent signals detected in the spleen, lungs and iLNs, may be carried to these organs by
cells which phagocytose DPSCs. If DPSCs do migrate to those locations, then it is infrequent and below the
level of detection of a sensitive gPCR assay.

Bioluminescence was not visualised in the CNS of mice receiving labelled DPSCs, although there was a trend
that did not reach statistical significance for increased total bioluminescence signal measured for both the brain
and spinal cord of mice that received DPSCs compared with PBS control. Since eGFP also could not be
detected by gPCR in the brain or spinal cord, DPSCs either do not enter the CNS or do so only at levels that
are below the limit of detection by qPCR. Despite this, DPSC-gfp cells suppress the course of EAE (Figure
4.10) which reveals that entry into the CNS is not necessary for DPSCs to modulate the disease. Instead, it is
likely that DPSCs suppress EAE by interacting with cells in the periphery or they may secrete factors which

can cross the BBB. Therefore, whether DPSCs modulate the immune response in EAE was investigated.

4.5 Effects of DPSC treatment on the immune response in EAE

In Chapter 1, immunomodulatory functions were described in detail for MSCs from multiple anatomical

sources. The regulatory effects of various MSCs can extend to almost all types of leukocytes in both innate
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and adaptive arms of the immune system (Figure 1.5). Furthermore, immunomodulation has been linked to
favourable outcomes in a mouse model of Alzheimer’s after treatment with stem cells from human exfoliated
deciduous teeth (SHEDs); an MSC population similar to DPSCs. Thus, it was hypothesised that
DPSC-mediated effects on the immune response in EAE mice may contribute to their disease-suppressing
capability. To this end, the immunomodulatory effects of DPSCs were investigated in vivo and in vitro.

Since there was some variability between DPSCs from different donors in their ability to suppress EAE and
because a limited number of low passage stocks of cells from each donor were available, cells from multiple
donors were used for the enquiry that follows. DPSCs which are capable of suppressing EAE symptoms were
chosen. These were DPSCs from donors 02, 03 and 05. DPSC-01, although suppressive in EAE, was not used
for further study since it was obtained at a higher passage than the other DPSCs and so only few cells from
that donor were available at low passage. DPSC-02 was also a gift from the Koblar laboratory meaning there
were also insufficient low passage cells from this donor to use for all of the experiments in this chapter. Since
DPSC-03 and 05 were isolated in-house, they represented the largest cell stocks and could therefore be used

more extensively in this project.

4.5.1 Effect of DPSC treatment on leukocyte infiltration of the CNS in EAE.

The CNS, being the site of the effector phase of the EAE autoimmune response, was the first site examined
for evidence that DPSCs may affect inflammation in EAE. Activation of microglia and dense infiltration of
the CNS with lymphocytes and mononuclear phagocytes are hallmarks of the inflammatory presentation of
EAE. Microglia also contribute to CNS inflammation through antigen presentation and reactivation of T cells
and production of pro-inflammatory cytokines. The number of microglia increases in inflammatory contexts®*3

and they can thus be used as an indicator of inflammation in the CNS.

To determine if DPSC treatment influences these processes, mice were immunised for EAE and treated with
three intraperitoneal injections of DPSCs on days 1, 3 and 5 following immunisation. Flow cytometry was
performed on the combined brain and spinal cords of the mice at peak disease for the control group. This is a
time that correlates with maximum inflammation of the CNS in EAE. The expansion of microglia was
measured and compared between the control mice and mice which received DPSCs from donors 03 or 05 as
previously mentioned. As previously mentioned, the DPSCs from different donors were not available all at
once at the beginning of the study but were rather sourced over a period of three years. The EAE experiments
were performed as samples became available and in the course of this timespan, changes to the location of the
animal housing facility and different batches of both MOG3s.s5 peptide and pertussis toxin led to some variation
in the kinetics and severity of the disease. Thus, in order to compare across experiments that used DPSCs from

different donors, all data were normalised to the control group in each experiment. Figure 4.13 shows the time
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course of EAE for each experiment used for investigating DPSC effects on the immunopathology of the

disease, and the individual scores of mice at each experimental endpoint.

Using flow cytometry, microglia can be identified by expression of CD11b and low to intermediate expression
of CD45 (Figure 4.14A). The proportion of microglial cells in the CNS was not different between control and
DPSC-treated groups. However, in terms of total cell number, fewer microglia in number were observed in the
CNS of EAE mice which were treated with DPSCs from either donor 03 or 05 as compared with controls
(Figure 4.14B). This indicates that microglia may not be responding and proliferating as strongly in
DPSC-treated mice than in control mice. However, DPSCs were shown not to enter the CNS (Figure 4.10),
suggesting that the effects of DPSC treatment on microglial cell numbers may be indirect, perhaps via the
leukocytes that infiltrate the CNS. Infiltrating leukocytes, which included both lymphocytes and myeloid cells,
were therefore also measured in the combined brains and spinal cords of EAE mice treated with DPSCs or
PBS control. Lymphocytes (CD45*CD11b") were significantly reduced as a proportion of cells in the CNS of
mice that were treated with DPSC-03 cells treatment but not for DPSC-05. However, the total number of
lymphocytes which infiltrated the CNS was reduced after treatment with DPSCs from both of these donors.
Infiltrating myeloid cells (CD45"CD11b*), which encompass DCs, monocytes, macrophages and
granulocytes, were also measured in the CNS. Treatment with DPSCs led to reduced recruitment of myeloid
cells for both DPSC-03 and 05. Furthermore, a positive correlation between number of infiltrating leukocytes
(including both lymphocytes and myeloid cells) and microglia in the CNS for all groups of EAE mice (Figure
4.14C). This suggests that microglia cell numbers are indeed reduced in the CNS of DPSC-treated EAE mice
as a result of DPSC-mediated effects on leukocytes prior to their infiltration of the CNS.

These observations that expansion of microglia appears suppressed and recruitment of both lymphocytes and
myeloid cells is also significantly reduced provide evidence that DPSC treatment reduces the level of
inflammation in the CNS of EAE mice which is most likely to result from effects of DPSCs on leukocytes
outside of the CNS. As such, a more detailed analysis followed on the types of cells in the immune system that
are affected by DPSC treatment in EAE.

4.5.2 Effect of DPSC treatment on CD4" and CD8* T cell responses in EAE.

T cells are a major subset of cells involved in initiating and perpetuating the inflammation that is characteristic
of EAE. CD4* T cells are primed in the draining LN and the spleen after immunisation with MOG/CFA after
which they expand and differentiate into various T helper subsets which contribute in different ways to EAE
pathogenesis. T helper cells then migrate to the CNS whereupon they are reactivated and elicit an autoimmune
response. The significant reduction in lymphocyte recruitment to the CNS of EAE mice that were treated with

DPSCs prompted an investigation into whether CD4" T cells are suppressed in those mice.
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To this end, EAE mice were treated with three injections of PBS or DPSCs and CD4* T cells were measured
in the iLN, spleen and CNS at peak disease by flow cytometry. At that time-point CD4* T cells have densely
infiltrated the CNS. No differences in the proportion or number of CD4* T cells were observed in the SLOs
for any of the three DPSC treatments (Figure 4.15). In the CNS, however, treatment of EAE mice with
DPSC-02 cells led to a significant increase in proportion of CD4" T cells although the total number of CD4*
T cells in the CNS was unchanged. Thus, the increase in proportion of CD4* T cells in the CNS after DPSC
treatment may be a reflection of reductions in other cell populations there including other lymphocytes as well

as microglia and infiltrating myeloid cells which was noted in section 4.5.1.

Next, CD8* T cells were also enumerated in the SLOs and CNS of PBS versus DPSC-treated EAE mice. No
differences were observed in proportion or number of CD8" T cells in the iLN (Figure 4.16). In the spleen,
while CD8* T cells were not changed as a proportion of live cells, the total number of CD8* T cells was
significantly reduced following treatment with DPSCs from one of the donors, DPSC-03. DPSC treatment also
caused a significant reduction in the number of CD8" T cells in the CNS and they were also decreased as a
proportion of the live cells there. Therefore, DPSCs may reduce proliferation or increase apoptosis of CD8" T

cells.

4.5.3 Effect of DPSCs on B cells in EAE

The significance of B cells in MS is strongly implicated by the success of anti-CD20 monoclonal antibody
therapy which depletes B cells and produces a good protective effect against relapse. In the pathogenesis of
MOG-ss.s5-induced EAE, however, the role of B cells is less dominant than other lymphocytes, although they
can still contribute to clinical outcomes. Based on the influential role of B cells in MS, whether DPSCs can

affect the B cell response was tested in EAE.

To this end, EAE mice were treated with DPSCs and B cells were quantified in the SLOs and CNS by flow
cytometry and compared with control mice. The frequency and number of B cells in the SLOs remained
unaffected by treatment with DPSCs from donors 03 or 05. While B cells in the CNS were not changed in
proportion of cells there, the total number of B cells in the CNS was significantly reduced following DPSC
treatment (Figure 4.17). Thus, by reducing infiltration of B cells into the CNS is potentially another way in
which DPSCs may suppress EAE.
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4.5.4 Effect of DPSC treatment on the polarisation of T helper cell responses in
EAE.

As shown above, the effect of DPSC treatment on the magnitude of CD4* T cell responses overall in EAE was
minimal, but it is possible that DPSCs affect the types of CD4* T cells present in EAE since they can be divided
into various functional helper subsets. Both Thl and Th17 subsets of CD4* T cells have well-described
pathogenic roles in EAE although the latter is generally considered more aggressive. Therefore, Thl and Thl17

cell responses were compared in EAE mice treated with PBS or DPSCs.

Th1 cells are defined by expression of IFNy, so to determine if DPSC treatment affects the induction of Thl
cells in EAE, IFNy-expressing CD4* T cells were enumerated in the CNS and SLOs at peak disease following
treatment with PBS or DPSCs. (Figure 4.18). There were statistically significant increases in Thl cell
proportions of activated CD4* T cells in both SLOs for mice that were treated with DPSC-02 cells but not for
DPSCs from donors 03 or 05. Although the total number of Th1 cells was not different in the iLNs of any
DPSC-treated groups, the spleen held a greater total number of Th1l cells after treatment with DPSCs from
both donors 02 and 03 compared with control mice. In fact, the mean increase in Thl cells across all groups
was 2.17-fold over controls. Mice treated with DPSC-05 cells also trended toward this increase in number in
the spleen although this was not statistically significant. No differences in proportion or number of Thl cells
was found in the CNS between control and DPSC-treated mice.

Next, Th17 cells which are defined by expression of the cytokine IL-17A were also enumerated by flow
cytometry of the SLOs and CNS of EAE mice that were treated with DPSCs or PBS. In the iLN, there was no
difference in the proportion or number of Th17 cells after treatment with DPSCs from any of the donors (Figure
4.19A and B). However, in stark contrast to Thl cells, DPSC treatment significantly reduced Th17 cells as a
proportion of activated CD4* T cells in the spleens of DPSC-02 and -05 treated EAE mice, and DPSC-03-
treated mice also showed a non-statistically significant trend toward Th17 suppression. For DPSC-02-treated
mice, but not others, this reduction in the Th17 cell response in the spleen also extended to cell number. In the
CNS, Th17 cells were decreased as a proportion of activated CD4* T cells following DPSC-treatment but there

was no difference in the total number of these cells.

As DPSC treatment generally led to increased Th1l cells and a suppressed Th17 cell response, the ratio of Thl
cells to Th17 cells was compared between all groups to find if there was a bias toward Th1 responses and not
Th17 cell responses in mice that were treated with DPSCs. The skewing of CD4* T helper responses from
Th17 to Thl has been associated with reduced EAE pathology in another study”. The Th1 to Th17 cell ratio
was not altered in the iLNs, however it was significantly increased in favour of Thl cells in the spleens of EAE
mice that were treated with DPSCs from any of the three donors (Figure 4.20). Also, the Th1:Th17 ratio was

significantly increased in the CNS following DPSC-treatment (from all donors). Thus, a bias for differentiation
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of CD4* T cells to Thl instead of Th17 appears to be induced by treatment of EAE mice with DPSCs which
may contribute to their suppressive effects on disease.

To further assess the effects of DPSC treatment on T helper cells in EAE, expression of pro-inflammatory
GM-CSF by Th17 cells and all CD4* effector T cells was also measured by flow cytometry. There was a
significant increase in GM-CSF-expressing CD4*CD44" T cells (Th-GM cells) in the iLNs of DPSC-02-treated
mice but not for other donors, and no difference was observed for any of the donors with respect to total
number of Th-GM cells in the iLN (Figure 4.21). Also, in the spleen there was no difference in the proportion
of Th-GM cells but DPSC-05-treatment significantly increased their number. No differences in Th-GM cell
proportion or number were observed for the CNS. Homing more specifically on GM-CSF* cells from the Th17
population revealed no differences in the proportion of Th17-GM in either of the SLOs or the CNS for DPSCs
from any of the three donors (Figure 4.22). The total number of Th17-GM cells was also unaffected in the
iLNs and CNS although a statistically significant reduction was seen in the spleens of DPSC-02-treated mice
but not DPSC-03 or -05. Thus, DPSC-treatment does not appear to specifically target pathogenic Th17-GM
cells, and the reduction in number of these cells in the spleen after DPSC-02-treatment is likely to be due to

the overall reduction in Th17 cells in those mice which was not seen for the other two donors.

4.5.5 Effect of DPSC treatment on Tregs in EAE

Another subset of CD4* T cells which play a role in EAE are Tregs. Several studies report MSCs from
anatomical sources such as bone marrow can modulate inflammatory responses by expanding Tregs, so it was
rationalised that DPSCs may behave in a similar fashion in EAE. Since Tregs are known to have the capacity
to suppress the course of EAE, an expansion of Tregs could further explain why mice which are treated with

DPSCs have less severe disease.

To this end, Tregs were measured in the SLOs of EAE mice treated with DPSCs or PBS by enumerating
FoxP3-expressing CD4* T cells by flow cytometry. Treatment of EAE mice with DPSC-03 showed no
significant changes in proportion or number of Tregs in the SLOs (Figure 4.23). However, treatment with
DPSC-05 cells showed significantly reduced Tregs as a proportion of CD4* T cells but the total number of

Tregs was unaffected.

In brief, it has been demonstrated thus far that in EAE, DPSCs from some donors increased Thl cells and some
decreased Th17, all consistently increased the Th1:Th17 ratio in the spleen. This Th1:Th17 ratio was also
increased in the CNS. Tregs do not seem to be important for their suppressive effect in EAE and specifically
targeting GM-CSF-expressing T cells also does not seem to be important. After establishing that T cells may
be targeted for immunomodulation by DPSCs to increase Th1 output and reduce Th17 cells, the next question

asked was how DPSCs may mediate their immunomodulatory effects on T cells.
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4.5.6 Effect of DPSCs on CD8" T cell production of IFNy

DPSC treatment reduced CD8" T cells in the spleen and CNS of EAE mice (Section 4.5.2, Figure 4.16). CD8"
T cells are a source of IFNy in EAE and although these CD8"IFNy* T (Tc1) cells can have cytotoxic functions
their role in EAE and MS is controversial with both pathogenic and regulatory functions described3#434
(Chapter 1, Sections 1.1.2 and 1.1.3).

To test if DPSC treatment also affects Tcl cells in EAE, IFNy expression by CD8* T cells was examined by
flow cytometry. Tcl proportions were unchanged in the spleen, iLNs and CNS of DPSC-treated EAE mice
compared with controls (Figure 4.24). The number of Tcl cells was also unchanged. Therefore, while DPSCs
reduce the number of CD8* T cells they do not affect their expression of IFNy.

4.5.7 DPSC modulation of T cell differentiation in vitro

To interrogate the mechanism by which DPSCs increase Th1 cells while suppressing Th17 cells, the ability of
DPSCs to directly signal to T cells and alter their differentiation phenotype was investigated using in vitro

T cell culture systems.

CD4* T cells are activated through recognising their cognate antigens presented on MHC-II by APCs. During
this interaction, APCs deliver secondary signals which influence the fate of the T cell. Engagement of surface
co-stimulatory molecules concurrent with the delivery of specific cytokines can drive T cell proliferation and
differentiation to particular phenotypes which are specialised in their effector functions, giving rise to the
various T helper subsets or inducible Tregs (iTregs). In this way, opportunities for DPSCs to interfere with the
T cell activation and differentiation process are multiple, including signalling directly to T cells or indirectly
by modifying APCs. In both scenarios, the signals may be provided either by cell-cell contact or via soluble
molecules and both modes of signalling have been demonstrated by MSCs from a range of anatomical sources
as described in chapter 1. A role for soluble factors was first tested by harvesting and testing CM from cultured

DPSCs which contains their secreted soluble products.

First, the effect of DPSC-CM on T cell activation in vitro was tested by stimulating purified naive CD4* T
cells with anti-CD3 and anti-CD28 in the presence of unconditioned DPSC medium or CM from DPSCs from
donors 03 or 05. DPSCs themselves were not added to the cultures because they are large adherent cells which
would mask the plate-bound anti-CD3 T cell stimulus. Expression of the T cell activation marker CD44 was
measured by flow cytometry 3 days later. Activation of the CD4* T cells in this culture system was highly
efficient, approximately 95-98% of live T cells were CD44" under all culture conditions (Figure 4.25).

However, the presence of DPSC-CM did not affect the percentage of T cells expressing CD44 or the mean
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fluorescence of the CD44 staining, suggesting DPSCs do not secrete factors which affect the activation

program of CD4* T cells.

To find if a DPSC-secreted factor affects CD4" T cell proliferation, naive CD4" T cells were labelled with a
plasma membrane proliferation dye to track cell divisions. They were activated with anti-CD3 and anti-CD28
and cultured with unconditioned DPSC medium or DPSC-CM from donors 03 or 05 in the presence of IL-2.
After 3 days, dilution of the proliferation dye was measured by flow cytometry. The presence of DPSC-CM
did not affect CD4* T cell proliferation in vitro since it did not change the division index of the T cells (Figure

4.26). Therefore, soluble factors produced by DPSCs do not appear to directly impact CD4* T cell proliferation.

To determine if DPSCs produce soluble factors that directly influence Th1l differentiation, naive CD4* T cells
were purified and stimulated with plate-bound anti-CD3 and soluble anti-CD28 in vitro with the addition of
IL-12 to induce Th1l differentiation (Figure 4.27A). To control for the differentiation process, antibodies
neutralising IFN-y and IL-4 were included in some wells without IL-12 to leave the activated cells in a
non-polarised (ThO) state. Unconditioned DPSC medium or DPSC-CM from donors 03 or 05 were tested for
effects on Thl differentiation. After three days in culture, IFN-y-expressing Th1l cells were quantified by flow
cytometry. DPSC-CM showed no significant effects on Thl differentiation in vitro, indicating membrane
factors or indirect effects such as signalling via APCs are likely required for the increased Thl cells observed
in EAE mice treated with DPSCs (Figure 4.27B and C).

Next, the effect of DPSC-CM on Th17 cell differentiation was tested. Th17 cells were induced in vitro by
addition of anti-IFNy, anti-I1L-4, IL-6, TGF-f1, IL-1p and IL-23 to the anti-CD3 and anti-CD28-activated
CD4* T cells (Figure 4.28A). Unconditioned medium or DPSC-CM was added to the T cells and the generation
of Th17 cells was measured by flow cytometry three days later for cells expressing the signature cytokine
IL-17A. Notably, DPSC-CM from donor 03 potently and selectively inhibited Th17 differentiation in vitro
(Figure 4.28B and C). Both the frequency and number of Th17 cells after 3 days in culture with DPSC-03-CM
were significantly reduced. In contrast, CM from DPSC-05 cells did not affect Th17 cell differentiation. From
this, it was concluded that DPSC-03 produces a soluble molecule which can suppress Th17 cell differentiation.

Other factors may also be required for inhibition of Th17 cells in vivo that is mediated by DPSC-05.

The potential for DPSC-CM to influence Treg differentiation was also tested. Again, naive CD4* T cells were
activated in vitro by stimulation with anti-CD3 and anti-CD28 with neutralisation of IFNy and IL-4, this time
in the presence or absence of Treg-inducing cytokines TGF-§ and IL-2 (Figure 4.29a). CM from DPSC-03 or
DPSC-05 cells was added to the Treg cultures to test if DPSCs produce soluble factors which influence Treg
development. Tregs that were produced in culture after three days were measured by flow cytometry. These

experiments revealed that DPSC-CM does not affect Treg differentiation (Figure 4.29b).
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Taken together, these data indicate that DPSC-CM-does not affect Thl or Treg differentiation in vitro.
However, Th17 differentiation was potently inhibited by a soluble factor produced by DPSCs from one of the
donors tested. Therefore, next, an attempt was made to identify soluble factors produced by DPSC-03 which
inhibited Th17 cell differentiation in vitro.

4.5.8 Expression of secreted immunomodulatory molecules by DPSCs

Several anti-inflammatory molecules have been described in the scientific literature to be expressed by various
types of MSCs (see Tables 1.2 and 1.3). Thus, DPSCs from donors 03 and 05 were screened by gqPCR for
expression of various genes for these MSC anti-inflammatory molecules which have soluble products. cDNA
from Ad-MSCs was included as a reference for another type of MSC that expresses immunomodulatory

molecules®,

DPSCs from both donors expressed all of the immunomodulatory genes that were tested (Figure 4.30A).
Among these genes, LIF, TGFB1, HGF and VEGFA were consistently expressed at higher levels in DPSCs
compared with Ad-MSCs, which may suggest that DPSCs have more immunosuppressive capacity than Ad-
MSCs. PTGS2, TNFAIPG6 and IL10, which encode COX2, TSG-6 and IL-10 respectively, were also found to
be expressed by both DPSCs and Ad-MSCs. The immunomodulatory genes that were expressed at the highest
levels in DPSCs were TGFB1, VEGFA and LIF. Of these three genes, LIF was identified as the most promising
candidate molecule that might be suppressing Th17 cell differentiation. LIF is a member of the interleukin 6
class of cytokines and is classically involved in inhibiting cell differentiation. It is important for maintaining
stem cells in an undifferentiated state but also has anti-inflammatory properties and is known to suppress Th17
cell differentiation®*’. TGFp1, on the other hand, is required for Th17 cell differentiation and therefore is an
unlikely candidate, whereas VEGFA increases IFNy production by CD4* T cells®*® and suppresses their

proliferation®*® but its direct effect on Th17 cell differentiation is unknown.

To test if LIF is important for DPSC-mediated suppression of Th17 differentiation, naive CD4* T cells were
activated and differentiated in vitro with DPSC-03 CM with the inclusion of an antibody to neutralise LIF.
Th17 cells were enumerated in the cultures after 3 days by flow cytometry. Additionally, IL-17A secretion
into the supernatants of the Th17 cultures was measured by ELISA. LIF neutralisation did not affect the
suppression of Thl7 differentiation by DPSC-03-CM, as shown by an equivalent reduction in Th17 cells
between cultures that contained anti-LIF and those that did not (Figure 4.31A and B). Similarly, the Th17
culture supernatants showed no change in the level of IL-17A when anti-LIF was added with DPSC-03-CM
(Figure 4.31C). Therefore, signalling via secretion of LIF is not likely to be a mechanism by which DPSCs
regulate Th17 cells and further investigation is required to identify the secreted factor(s) present in DPSC-03
CM which suppresses Th17 cell differentiation.
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45.9 Effect of DPSCs on B cell activation, maturation and differentiation in
vitro

Based on the changes to B cell abundance detected in vivo, the potential for DPSCs to directly interact with
and modulate B cell biology was investigated in vitro. Other MSC types, Ad-MSCs and BM-MSCs, have been
shown to modulate different aspects of B cell biology including B cell activation, proliferation and plasmablast
differentiation as discussed in Chapter 1. In this study, both contact-dependent and contact-independent

interactions were tested by co-culturing B cells with DPSCs or with isolated CM from DPSCs.

Firstly, the effect of DPSCs on B cell activation and maturation was investigated. B cells upregulate a number
of molecules as they mature following activation including CD69, CD86 and MHC-II. Therefore, to test if
DPSCs or their soluble products affect activation of B cells, naive FO B cells were isolated from the spleens
of C57BI/6 mice then stimulated with LPS and cultured for 2 days before measuring expression of CD69,
CD86 and MHC-II by flow cytometry (Figure 4.32A). The different culture conditions tested were the
inclusion of DPSCs or DPSC-CM. The inclusion of DPSC-03 cells did not affect expression of activation
markers by B cells (Figure 4.32B-D). While CD86 expression increased on B cells co-cultured with DPSC-05
cells after LPS stimulation, the presence of DPSC-05 cells suppressed up-regulation of both MHC-I1 and the
early activation marker CD69. CD69 up-regulation was also suppressed when CM from either DPSC-03 or
DPSC-05 was used in place of DPSCs themselves, indicating DPSCs produce soluble factors which are
sufficient to block early B cell activation and maturation. Since DPSC-03 CM suppressed CD69 expression
by B cells but co-culture of DPSC-03 cells with B cells had no effect, it is possible that the soluble mediator
produced by DPSC-03 cells is expressed at low levels and insufficient quantities were present at the beginning
of the co-culture to robustly suppress CD69 up-regulation. Alternatively, cross-talk with B cells may cause

some DPSCs to switch off expression of certain molecules.

Secondly, an investigation into whether or not DPSCs can directly affect B cell proliferation was prompted by
the increased number of B cells observed in the spleen of EAE mice treated with DPSCs. Naive FO B cells
were first labelled with a membrane proliferation dye. The labelled B cells were then stimulated with LPS in
the presence or absence of DPSCs or DPSC-CM from donors 03 or 05 and proliferation of the B cells was
measured by dilution of the proliferation dye after culturing for 2 days. Co-culture of the B cells with DPSCs
or addition of DPSC-CM did not significantly affect B cell proliferation (Figure 4.33). Thus, DPSCs do not

appear to directly affect B cell proliferation.

The effect of DPSCs on B cell differentiation was also tested. Purified naive FO B cells were induced to
differentiate to plasmablasts by culture with LPS and IL-4 for 4 days and then the number of 1gG1-secreting
B220"°CD138" cells was measured by flow cytometry (Figure 4.34A). Previous reports have cited differences

in the response of B cells to the presence of DPSCs depending on the ratio of DPSC:B cells. Therefore, three
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different ratios of B cells:DPSCs were tested here, ranging from 10:1 to 80:1. B cell differentiation was
significantly inhibited by co-culture with DPSC-03 cells in a dose-dependent manner (Figure 4.34B and C).
Moreover, the addition of DPSC-CM to the cultures was sufficient to mediate the effect, showing soluble
factors are at least one way in which DPSCs can inhibit B cell differentiation.

In conclusion, DPSCs can directly suppress B cell activation and differentiation. Furthermore, production of

soluble factors are at least in part responsible for the effects of DPSCs on B cells in vitro.

4.6 Summary

The data in this study support the hypothesis that dental pulp is a source of MSCs that can inhibit EAE.
However, differences were identified in the therapeutic efficacy of DPSCs isolated from different donors which
do not appear to be due to age, gender, or in vitro characteristics and for which the cause could not be readily
recognised. Importantly, however, 4 of 6 DPSC cell lines were able to significantly suppress the course of
EAE in mice when the cells were administered in the early, pre-symptomatic phase of disease. Although there
was no definitive evidence that DPSCs can reverse symptoms in established disease, DPSCs were found to be
additionally capable of delaying relapse in a relapsing-remitting model of EAE. Overexpression of ACKR2
and ACKR4 by DPSCs were postulated to increase their ability to suppress EAE but this was not supported
by the data.

Tracking of DPSCs in vivo revealed they may localise to lungs, spleen and iLNs after intraperitoneal injection
although live cells did not appear to persist in vivo. The immunomodulatory effects of DPSCs in EAE were
also investigated and DPSC treatment led to reduced infiltration of the CNS with both lymphocytes and
mononuclear phagocytes, and there were fewer microglia which are all indicative of less inflammation.
Although there were some differences in which types of T cells were affected by each DPSC donors, all
increased the Th1:Th17 cell ratio in the spleen which may favour better clinical outcome in EAE. Additionally,
DPSCs reduced the number of B cells that infiltrated the CNS of EAE mice. DPSCs were shown to express
genes for various immunomodulatory factors and in vitro experiments highlighted the production of soluble
immunomodulatory factors to be one way in which some DPSCs can directly influence activation of B cells

and differentiation of Th17 cells and plasmablasts.
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Figure 4.1: Effect of DPSC-01 treatment on course of MOGss-55-EAE.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOGss.s5 emulsified in CFA
on day 0 (d0) and two doses of 300 ng of pertussis toxin intravenously on days 0 and 2. Mice were treated
intraperitoneally with 1 x 10® DPSCs or PBS for control on days 0, 1, 3 and 5. Clinical signs of EAE were
measured daily after immunisation. a) Time-course of severity of EAE clinical signs. b) Graphical summary
of disease parameters from the experiment in (a). For a) each point represents the mean + SEM of each group.
**p<0.01, ***p<0.005, ****p<0.001; asterisks at the end of the time-course indicate time-points that are
statistically significant by Two-Way repeated measures ANOVA whereas asterisks above and below each day
on the graph are indicative of Bonferroni’s multiple comparisons post-test statistics. For b) each point
represents one mouse and columns represent mean £ SEM of each group. n=5-6 mice. *p<0.05, ****p<0.001
Mann-Whitney U test.
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Figure 4.2: Effect of DPSC-02 treatment on course of MOGss-55-EAE.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOGss.s5s emulsified in CFA
on day 0 (d0) and two doses of 300 ng of pertussis toxin intravenously on days 0 and 2. Mice were treated
intraperitoneally with 1 x 10® DPSCs or PBS for control on days 0, 1, 3 and 5. Clinical signs of EAE were
measured daily after immunisation. a) Time-course of severity of EAE clinical signs. b) Graphical summary
of disease parameters from the experiment in (a). For a) each point represents the mean + SEM of each group.
*p<0.05, **p<0.01, ***p<0.005 ****p<0.001; asterisks at the end of the time-course indicate time-points that
are statistically significant by Two-Way repeated measures ANOVA whereas asterisks above and below each
day on the graph are indicative of Bonferroni’s multiple comparisons post-test statistics. For b) each point
represents one mouse and columns represent mean = SEM of each group. n=5-6 mice. *p<0.05, **p<0.01
Mann-Whitney U test.

122



CHAPTER 4: RESULTS — EFFECT OF DPSC TREATMENT ON EAE

A 41« pes

-e- DPSC-03

EAE score

11 Treatment

I

0 +-0—o—o—o—=—0—0—0—0—0 r T \
0 5 10 15 20 25

Days post immunisation

B )
]
y § 25 25, 00 o @ 30
@ o o @ 3
5 8 o 8% % ] o |
o g 20 8 5 < 20 030
< % o @ Ll [}
wi & o 5 [}
= I} foXe] o 2 2
o o 15 oo £ = 10
> S = g
© 0o o £ 1
a w = E
g 10 So . o
P 9 H <] O
© S N
8 & ¢ Y
< <
Q Q

Figure 4.3: Effect of DPSC-03 treatment on course of MOGss-55-EAE.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOGgs.ss emulsified in CFA
on day 0 (d0) and two doses of 300 ng of pertussis toxin intravenously on days 0 and 2. Mice were treated
intraperitoneally with 1 x 106 DPSCs or PBS for control on days 1, 3 and 5. Clinical signs of EAE were
measured daily after immunisation. a) Time-course of severity of EAE clinical signs. b) Graphical summary
of disease parameters from the experiment in (a). For a) each point represents the mean + SEM of each group.
*p<0.05; asterisks at the end of the time-course indicate time-points that are statistically significant by Two-
Way repeated measures ANOVA whereas asterisks above and below each day on the graph are indicative of
Bonferroni’s multiple comparisons post-test statistics. For b) each point represents one mouse and columns
represent mean = SEM of each group. n=10 mice per group, pooled from two independent experiments.
*p<0.05 Mann-Whitney U test.
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Figure 4.4: Effect of DPSC-04 treatment on course of MOGss-55-EAE.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOG3s.ss emulsified in CFA
on day 0 (d0) and two doses of 300 ng of pertussis toxin intravenously on days 0 and 2. Mice were treated
intraperitoneally with 1 x 10 DPSCs or PBS for control on days 1, 3 and 5. Clinical signs of EAE were
measured daily after immunisation. a) Time-course of severity of EAE clinical signs. b) Graphical summary
of disease parameters from the experiment in (2). For a) each point represents the mean + SEM of each group.

For b) each point represents one mouse and columns represent mean + SEM of each group. n=6 mice.
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Figure 4.5: Effect of DPSC-05 treatment on course of MOGss-55-EAE.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 ug of MOGgs.ss emulsified in CFA
on day 0 (d0) and two doses of 200 ng of pertussis toxin intravenously on days 0 and 2. Mice were treated
intraperitoneally with 1 x 10 DPSCs or PBS for control on days 1, 3 and 5. Clinical signs of EAE were
measured daily after immunisation. a) Time-course of severity of EAE clinical signs. b) Graphical summary
of disease parameters from the experiment in (a). For a) Each point represents the mean + SEM of each group.
*p<0.05, **p<0.01; asterisks at the end of the time-course indicate time-points that are statistically significant
by Two-Way repeated measures ANOVA whereas asterisks above and below each day on the graph are
indicative of Bonferroni’s multiple comparisons post-test statistics. For b) each point represents one mouse

and columns represent mean = SEM of each group. n=5-6 mice.
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Figure 4.6: Effect of DPSC-07 treatment on course of MOGs3s-s5-EAE.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOGas.s5s emulsified in CFA
on day 0 (d0) and two doses of 200 ng of pertussis toxin intravenously on days 0 and 2. Mice were treated
intraperitoneally with 1 x 106 DPSCs or PBS for control on days 1, 3 and 5. Clinical signs of EAE were
measured daily after immunisation. a) Time-course of severity of EAE clinical signs. b) Graphical summary
of disease parameters from the experiment in (a). For a) each point represents the mean = SEM of each group.

For b) each point represents one mouse and columns represent mean + SEM of each group. n=6 mice.
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Figure 4.7: Higher passage DPSCs have reduced ability to suppress the course of MOGa3s.s5-
EAE.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOGgs.ss emulsified in CFA
on day 0 (d0) and two doses of 200 ng or 300 ng of pertussis toxin intravenously on days 0 and 2. Mice were
treated intraperitoneally with 1 x 106 DPSCs or PBS for control on days 1, 3 and 5. Clinical signs of EAE were
measured daily after immunisation. Time-course of severity of EAE clinical symptoms. Each point represents

the mean = SEM of 6-7 mice per group. ****p<0.0001 P5 DPSC compared with P7 DPSC, ** p<0.01 P5
DPSC compared with PBS by Two-Way ANOVA. NS; not statistically significant.
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Figure 4.8: Effect of treating MOGs3s-55-EAE with DPSCs after the onset of clinical signs.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOGas.ss emulsified in CFA
on day 0 (d0) and two doses of 300 ng of pertussis toxin intravenously on days 0 and 2. After peak disease was
reached, the mice were split into two treatment groups and treated intraperitoneally with 1 x 10® DPSCs or
PBS for control three times on alternate days (d21, d23 and d25). This graph is representative of two
independent experiments with similar results. Each point represents mean EAE score £ SEM of n=5-6 mice

per group.
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Figure 4.9: Effect of treating relapsing EAE with DPSCs.

SJL/J mice were immunised for EAE by subcutaneous injection of 50 g of PLP13s.151 emulsified in CFA on
day 0 (d0) and two doses of 300 ng of pertussis toxin intravenously on days 0 and 2. Mice were treated with
two intraperitoneal injections of DPSCs (1 x 108 cells) or PBS on an individual basis when EAE went into
remission. a) Time-course of the severity of EAE clinical signs measured daily. Each point represents the mean
+ SEM of each group. b) Time until relapse of clinical signs as determined by an increase >1 point from the
EAE score at the time of treatment. For b) each point represents one mouse and columns represent mean +
SEM of each group of n=4-5 mice. *p<0.05 Mann-Whitney U test.

130



CHAPTER 4: RESULTS — EFFECT OF DPSC TREATMENT ON EAE

1 - PBs
DPSC-gfp
3] - DPSC-Ackr2-gfp

EAE score

{Treatment

0 10 20 30

Days post-immunisation

30+

w
o
I

H O
o o
1 1

20+

N
o
N w S (o)
h 1 " 1
o
w
o
n

-
o
&
N
o
n

10

-
L
-
o
n

o

o

Lo
Maximum disease score
o

Day of EAE onset
S
Day peak disease score reached
Cumulative disease score

Figure 4.10: Effect of ACKR2 expression on DPSC ability to suppress EAE.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOGas.ss emulsified in CFA
on day 0 (d0) and two doses of 200 ng of pertussis toxin intravenously on days 0 and 2. Mice were treated on
days 1, 3 and 5 with intraperitoneal injection of PBS or 1 x 10° DPSCs overexpressing ACKR2 (DPSC-Ackr2-
gfp) or transduced with empty vector (DPSC-gfp). a) Time-course of the severity of EAE clinical signs. b)
Graphical summary of disease parameters for the experiments in (a). For a) each point represents mean + SEM
of the group. Statistics in black compare DPSC-gfp vs DPSC-Ackr2-gfp. Statistics in orange compare PBS vs
DPSC-gfp. Asterisks at the end of the time-course indicate time-points that are statistically significant by Two-
Way repeated measures ANOVA whereas asterisks above and below each day on the graph are indicative of
Bonferroni’s multiple comparisons post-test statistics. *p<0.05, **p<0.01, ***p<0.005, ns: not significant.
For b) each point represents one mouse and columns represent mean £ SEM of each group. *p<0.05 Kruskal-
Wallis test with Dunn’s multiple comparisons post-test. Data are pooled from two independent experiments

with total 7-10 mice per group.

131



CHAPTER 4: RESULTS — EFFECT OF DPSC TREATMENT ON EAE

- PBS
DPSC-gfp
31 - DPSC-Ackrd-gfp

EAE score
¢

14Treatment

0 10 20 30
Days post immunisation

304

B
1
o
o
i

B

o
(89]

%@

8
8

20

W

o

1 1
o0

N

o
1
0|

o
o]

Day of EAE onset
3
o

1 ©
o

Maximum disease score
N
4 o
Cumulative disease score

o

Day peak disease score reached
o =
9% :
0. {000
(=)

Figure 4.11: Effect of ACKR4 expression on DPSC ability to suppress EAE.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOGas.s5s emulsified in CFA
on day 0 (d0) and two doses of 200 ng of pertussis toxin intravenously on days 0 and 2. Mice were treated on
days 1, 3 and 5 with intraperitoneal injections of PBS or 1 x 10° DPSCs overexpressing ACKR4 or DPSCs
transduced with empty vector. a) Time-course of the severity of EAE clinical signs. b) Graphical summary of
disease parameters for the experiments in (a). For a) each point represents mean £ SEM of the group. For b)
each point represents one mouse and columns represent mean £ SEM of each group. *p<0.05 Kruskal-Wallis
test with Dunn’s multiple comparisons post-test. Data are pooled from two independent experiments with total

9-10 mice per group.
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Figure 4.12: Homing of DPSCs after multiple injections in EAE mice.

GFP-expressing DPSCs were labelled with Cellbrite™ NIR790 Cytoplasmic Membrane Dye (Biotium) and
EAE mice received three intraperitoneal injections of 1 x 10 DPSCs or PBS on days 1, 3 and 5 post-
immunisation. Approximately 18 hours after the final injection, mice were humanely killed and perfused
intracardially to remove circulating leukocytes. The organs of interest were excised and imaged whole by in
vivo imaging system (IVIS). a) Organs from three representative DPSC-treated EAE mice showing
bioluminescence imaged by IVIS. b) Quantification of the bioluminescent signal detected in each organ in
PBS or DPSC-treated EAE mice by IVIS. *p<0.05 Mann-Whitney U test. n=3-7 mice pooled from two
independent experiments. c¢) Titration of pWPI-gfp vector from 107 copies to 1 copy and detection of the gfp
gene by gPCR. Each dot represents mean £ SEM of each dilution of pWPI performed in triplicate and is

representative of two independent experiments.
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Figure 4.13: EAE time-courses and endpoint disease scores for experiments investigating
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DPSC effects on the immune response.

C57BI/6 mice were immunised for EAE by subcutaneous injection of 100 pg of MOG3s.ss emulsified in CFA
on day 0 (d0) and two doses of 200 ng® (#1) or 300 ng® of pertussis toxin (#2 and #3) intravenously on days 0
and 2. Mice were treated intraperitoneally with 1 x 10° DPSCs from donors 02, 03 or 05 or PBS for control on
days 1, 3 and 5. Symptoms of EAE were measured daily after immunisation. a) Time-courses of severity of
EAE symptoms. b) EAE disease scores of individual mice from the experiments in (a) at the experimental
endpoint for analysis. For a) each point represents the mean £ SEM of each group. For b) each point represents
one mouse and bars represent mean + SEM of each group. n=5-8 mice. *p<0.05, **p<0.01, ****p<0.001 Two-
Way ANOVA with Bonferroni’s multiple comparisons test.

Spertussis toxin from different lots between experiments led to different amounts required to initiate disease.
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Figure 4.14: Leukocyte populations in the CNS of DPSC-treated EAE mice.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10° DPSCs on days 1, 3 and 5 post-
immunisation. When the control group reached peak disease, microglia and infiltrating leukocytes in the CNS
(brain and spinal cord combined) were quantified by flow cytometry. a) Representative flow cytometry
showing gating for infiltrating lymphocytes (CD45*CD11b"), infiltrating myeloid cells (CD45"CD11b*) and
microglia (CD45'™CD11b*) in PBS- or DPSC-treated mice after pre-gating on live single cells. b) Proportion
and total number of each leukocyte population in the CNS. Each point represents one mouse and bars represent
mean = SEM of each group (n=5-12 mice). c) Correlation between the number of infiltrating leukocytes (sum
of infiltrating lymphocytes and myeloid cells) relative to control and the number of microglia relative to
control. A linear regression was fitted using all of the data points combined. The data for PBS and DPSC-03
for all panels are pooled from two independent experiments and DPSC-05 was performed once. The means of

the PBS group were calculated and set to 100% (for proportion) or 1 cell (for number) and all data points were

Sample %
Mean of PBS group

normalised to these values; proportion (P) was calculated as (P = x 100%); number was

Number in sample

normalised as (N = ). *p<0.05, **p<0.01 Kruskal-Wallis test with multiple comparisons.

Mean number in PBS
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Figure 4.15: CD4* T cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10° DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in the PBS control group, CD4* T cells were
guantified in inguinal LNs (iLNs), spleen (SP) and CNS (brain and spinal cord combined). a) Representative
flow cytometry showing CD4* T cells vs CD8" T cells after pre-gating on B220" cells. b) Proportion (top) and
total number (bottom) of CD4* T cells in each organ. For iLN and SP, the PBS group is pooled while DPSC-
02 and DPSC-03 and -05 were performed in two independent experiments. Each point represents one mouse
and bars represent mean £ SEM of each group (n=4-11 mice). For the CNS, the DPSC data are pooled from
all the donors for both experiments (n=10 mice per group). For all data, the means of the PBS group were

calculated and set to 100% (for proportion) or 1 cell (for number) and all data points were normalised to these

Sample % .
P S ___ x100%); number was normalised as (N =

values; proportion (P) was calculated as (P =
Mean of PBS group

Number i ! .
M;’:nixz::‘zzgs). **p<0.01 Mann-Whitney U test.
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Figure 4.16: CD8"* T cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10° DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in the PBS control group, CD8" T cells were
quantified in inguinal LNs (iLNs), spleen (SP) and CNS (brain and spinal cord combined). Proportion (top)
and total number (bottom) of CD4* T cells in each organ. For iLN and SP, the PBS group is pooled while
DPSC-02 and DPSC-03 and -05 were performed in two independent experiments. Each point represents one
mouse and bars represent mean £ SEM of each group (n=4-11 mice). For the CNS, the DPSC data are pooled
from all the donors for both experiments (n=10 mice per group). For all data, the means of the PBS group were

calculated and set to 100% (for proportion) or 1 cell (for number) and all data points were normalised to these
Sample %

values; proportion (P) was calculated as (P = x 100%); number was normalised as (N =

Mean of PBS group

Number in sample

). *p<0.05, **p<0.01 Kruskal-Wallis test with multiple comparisons (for SP) or Mann-

Mean number in PBS

Whitney U test (for CNS). Representative flow cytometry is shown in Figure 4.15:.
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Figure 4.17: B cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10° DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in the PBS control group, B cells were quantified
in inguinal LNs (iLNs), spleen (SP) and CNS (brain and spinal cord combined). a) Representative flow
cytometry showing B cells after pre-gating on live single cells. b) Proportion (top) and total number (bottom)
of B cells in each organ. For iLN and SP, the data for PBS and DPSC-03 are pooled from two independent
experiments and DPSC-05 was performed once. Each point represents one mouse and bars represent mean +
SEM of each group (n=6-11 mice). For the CNS, the DPSC data are pooled from all the donors for both
experiments (n=10 mice per group). For all data, the means of the PBS group were calculated and set to 100%
(for proportion) or 1 cell (for number) and all data points were normalised to these values; proportion (P) was

Sample %
Mean of PBS group

*p<0.05 Mann-Whitney U test.

Number in sample )

calculated as (P = x 100%); number was normalised as (N =

Mean number in PBS
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Figure 4.18: Th1l cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10° DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in the PBS control group, Thl cells were
guantified in inguinal LNs (iLNs), spleen (SP) and CNS (brain and spinal cord combined). a) Representative
flow cytometry showing IFNy-expressing CD4" T cells (Th1). b) Proportion (top) and total number (bottom)
of Th1l cells in each organ. For iLN and SP, the PBS group is pooled while DPSC-02 and DPSC-03 and -05
were performed in two independent experiments. Each point represents one mouse and bars represent mean +
SEM of each group (n=4-11 mice). For the CNS, the DPSC data are pooled from all the donors for both
experiments (n=10 mice per group). For all data, the means of the PBS group were calculated and set to 100%
(for proportion) or 1 cell (for number) and all data points were normalised to these values; proportion (P) was

Sample %

Number in sample )

calculated as (P = x 100%); number was normalised as (N =

Mean of PBS group Mean number in PBS

*p<0.05, **p<0.01 Kruskal-Wallis test with multiple comparisons.

146



CHAPTER 4: RESULTS — EFFECT OF DPSC TREATMENT ON EAE

Pre-gate: CD4*CD44" cells

A

CNS

55.9

Spleen

13.0

38.9

Lymph node

242

DPSC

n

Z

(&)
o ) =) o o
S B o B
~ - -

o

[2]

4

=

o o ©o 9o o
o o o o
< [} N -

(j0J1u00 0] BAlRjBI
S189 1 +#¥AD+¥AD 10 %) +ANAI

r
2]
ol

|0J1U0d 0] aAle|al S||8d |
F¥AD+¥AD+AN4I JO JaqunN

S||29 J0 uoipodoid

S22 Jo JaquinN

147



CHAPTER 4: RESULTS — EFFECT OF DPSC TREATMENT ON EAE

Figure 4.19: Th17 cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10° DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in the PBS control group, Th17 cells were
guantified in inguinal LNs (iLNs), spleen (SP) and CNS (brain and spinal cord combined). a) Representative
flow cytometry showing IL-17A-expressing CD4* T cells (Th17). b) Proportion (top) and total number
(bottom) of Th1l cells in each organ. For iLN and SP, the PBS group is pooled while DPSC-02 and DPSC-03
and -05 were performed in two independent experiments. Each point represents one mouse and bars represent
mean + SEM of each group (n=4-11 mice). For the CNS, the DPSC data are pooled from all the donors for
both experiments (n=10 mice per group). For all data, the means of the PBS group were calculated and set to

100% (for proportion) or 1 cell (for number) and all data points were normalised to these values; proportion

Sample %

(P) was calculated as (P =
Mean of PBS group

x 100%); number was normalised as (N =

Number in sample

). *p<0.05, **p<0.01 Kruskal-Wallis test with multiple comparisons (for SP) or Mann-

Mean number in PBS

Whitney U test (for CNS).
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Figure 4.20: Th1:Th17 cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10° DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in PBS control group Thl and Th17 cells were
guantified in inguinal LNs (iLN), spleen (SP) and CNS (brain and spinal cord combined) (Refer to Figures 3.4
and 3.5). The number of Thl cells was divided by the number of Th17 cells to obtain Th1:Th17. For iLN and
SP, the PBS group is pooled while DPSC-02 and DPSC-03 and -05 were performed in two independent
experiments. Each point represents one mouse and bars represent mean + SEM of each group (n=4-11 mice).
For the CNS, the DPSC data are pooled from all the donors for both experiments (n=10 mice per group) since
insufficient cells were isolated from some of the samples to stain more than one flow cytometry panel. Each
point represents one mouse and bars represent mean + SEM of each group (n=5-6 mice). *p<0.05, **p<0.01
Kruskall-Wallis test for iLN, SP and Mann-Whitney U test for CNS.
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Figure 4.21: Th-GM cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10° DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in the PBS control group, Th-GM cells were
guantified in inguinal LNs (iLNs), spleen (SP) and CNS (brain and spinal cord combined). a) Representative
flow cytometry showing GM-CSF-expressing CD4* T cells (Th-GM). b) Proportion (top) and total number
(bottom) of Th-GM cells in each organ. For iLN and SP, the PBS group is pooled while DPSC-02 and DPSC-
03 and -05 were performed in two independent experiments. Each point represents one mouse and bars
represent mean + SEM of each group (n=4-11 mice). For the CNS, the DPSC data are pooled from all the
donors for both experiments (n=10 mice per group). For all data, the means of the PBS group were calculated
and set to 100% (for proportion) or 1 cell (for number) and all data points were normalised to these values;

Sample %

proportion (P) was calculated as (P = x 100%); number was normalised as (N =

Mean of PBS group

Number i ! . . . .
UTOET AP Y. *p<0.05 Kruskal-Wallis test with multiple comparisons.
Mean number in PBS
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Figure 4.22: Th17-GM cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10® DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in the PBS control group, Th17-GM cells were
quantified in inguinal LNs (iLNSs), spleen (SP) and CNS (brain and spinal cord combined). a) Representative
flow cytometry showing GM-CSF-expressing Th17 cells (Th17-GM). b) Proportion (top) and total number
(bottom) of Th17-GM cells in each organ. For iLN and SP, the PBS group is pooled while DPSC-02 and
DPSC-03 and -05 were performed in two independent experiments. Each point represents one mouse and bars
represent mean = SEM of each group (n=4-11 mice). For the CNS, the DPSC data are pooled from all the
donors for both experiments (n=10 mice per group). For all data, the means of the PBS group were calculated

and set to 100% (for proportion) or 1 cell (for number) and all data points were normalised to these values;
Sample %

proportion (P) was calculated as (P = x 100%); number was normalised as (N =

Mean of PBS group

Number in sample

. ). *p<0.05 Kruskal-Wallis test with multiple comparisons.
Mean number in PBS
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Figure 4.23: Regulatory T cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10 DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in the PBS control group, Tregs were quantified
in inguinal LNs (iLNs), spleen (SP) and CNS (brain and spinal cord combined). a) Representative flow
cytometry showing FoxP3-expressing CD4* T cells (Treg). b) Proportion (top) and total number (bottom) of
Tregs in each organ. For iLN and SP, the PBS group is pooled while DPSC-02 and DPSC-03 and -05 were
performed in two independent experiments. Each point represents one mouse and bars represent mean + SEM
of each group (n=4-11 mice). For the CNS, the DPSC data are pooled from all the donors for both experiments
(n=10 mice per group). For all data, the means of the PBS group were calculated and set to 100% (for

proportion) or 1 cell (for number) and all data points were normalised to these values; proportion (P) was

Sample % Number in sample )

calculated as (P =

x 100%); number was normalised as (N =

Mean of PBS group Mean number in PBS

*p<0.05, **p<0.01 Kruskal-Wallis test with multiple comparisons.
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Figure 4.24: Tcl cells in EAE mice treated with DPSCs.

EAE mice were treated with three intraperitoneal injections of PBS or 1 x 10° DPSCs on days 1, 3 and 5 post-
immunisation. When mean peak disease scores were reached in the PBS control group, Tcl cells were
quantified in inguinal LNs (iLNs), spleen (SP) and CNS (brain and spinal cord combined). a) Representative
flow cytometry showing IFNy-expressing CD8" T cells (Tcl). b) Proportion (top) and total number (bottom)
of Tcl cells in each organ. For iLN and SP, the PBS group is pooled while DPSC-02 and DPSC-03 and -05
were performed in two independent experiments. Each point represents one mouse and bars represent mean £
SEM of each group (n=4-11 mice). For the CNS, the DPSC data are pooled from all the donors for both
experiments (n=10 mice per group). For all data, the means of the PBS group were calculated and set to 100%
(for proportion) or 1 cell (for number) and all data points were normalised to these values; proportion (P) was

Sample %

Number in sample )

calculated as (P = x 100%); number was normalised as (N =

Mean of PBS group Mean number in PBS

*p<0.05, **p<0.01 Kruskal-Wallis test with multiple comparisons.
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Figure 4.25: Effect of DPSC-conditioned medium on CD4* T cell activation in vitro.

Purified naive CD4* T cells were activated in vitro with anti-CD3 and anti-CD28 in the presence of anti-IFNy
and anti-IL-4. Conditioned medium (CM) from DPSCs from donors 03 and 05 was added to the cultures at 1/4
final volume. Unconditioned DPSC medium (uncond.) was included as a control. a) Representative flow
cytometry and b) frequency and number of CD44* (activated) T cells in the cultures after 3 days culture.
Columns represent mean = SEM of each condition of 6 technical replicates pooled from three independent
experiments. ***p<0.005, ****p<0.001 One-Way ANOVA with Bonferroni’s multiple comparisons test.
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Figure 4.26: Effect of DPSC-conditioned medium on CD4" T cell proliferation in vitro.

Purified naive CD4" T cells were activated in vitro with anti-CD3 and anti-CD28 in the presence of IL-2.
Conditioned medium (CM) from DPSCs from donors 03 and 05 was added to the cultures at 1/4 final volume.
Unconditioned DPSC medium (uncond.) was included as a control. a) Representative flow cytometry and b)
division index of proliferating T cells in the cultures after 3 days culture. Division index is the average number
of divisions across all cells in culture including non-dividing cells. Columns represent mean = SEM of each

condition performed in quadruplicate, pooled from two independent experiments.
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Figure 4.27: Effect of DPSC-conditioned medium on Th1 cell differentiation in vitro.

a) Experimental strategy for testing the effect of soluble factors produced by DPSCs on Th1 cell differentiation.
Briefly, purified naive CD4* T cells were activated in vitro with anti-CD3 and anti-CD28 and polarised to ThO
or Thl cells with neutralising antibodies or cytokines as indicated. Conditioned medium (CM) from DPSCs
from donors 03 or 05 was added to the cultures at 1/4 final volume. Unconditioned DPSC medium (uncond.)
was included as a control. b) Representative flow cytometry showing IFN-y* Thl cells after gating on
CD4*CD44* T cells. c) Frequency and number of Thl cells in the cultures after 3 days. Columns represent

mean £ SEM of each condition performed in triplicate.
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Figure 4.28: Effect of DPSC-conditioned medium on Th17 cell differentiation in vitro.

a) Experimental strategy for testing the effect of soluble factors produced by DPSCs on Thil7 cell
differentiation. Briefly, purified naive CD4" T cells were activated in vitro with anti-CD3 and anti-CD28 and
polarised to ThO or Th17 cells with neutralising antibodies or cytokines as indicated. Conditioned medium
(CM) from DPSCs from donors 03 or 05 was added to the cultures at 1/4 final volume. Unconditioned DPSC
medium (uncond.) was included as a control. b) Representative flow cytometry showing IL-17A* Th17 cells
after gating on CD4*CD44" T cells. ¢) Frequency and number of Th17 cells in the cultures after 3 days.
Columns represent mean + SEM of each condition performed in quadruplicate pooled from two independent
experiments. *p<0.05, **p<0.01, *p<0.005 One-way ANOVA with Bonferroni’s multiple comparisons test
all compared with Th17-induced unconditioned medium control.
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Figure 4.29: Effect of DPSC-conditioned medium on Treg cell differentiation in vitro.

a) Experimental strategy for testing the effect of soluble factors produced by DPSCs on Treg cell
differentiation. Briefly, purified naive CD4" T cells were activated in vitro with anti-CD3 and anti-CD28 and
polarised to ThO or Treg cells with neutralising antibodies or cytokines as indicated. Conditioned medium
(CM) from DPSCs from donors 03 or 05 was added to the cultures at 1/4 final volume. Unconditioned DPSC
medium (uncond.) was included as a control. b) Representative flow cytometry showing FoxP3* Tregs after
gating on CD4" T cells. ¢) Frequency and number of Tregs in the cultures after 3 days. Columns represent
mean + SEM of each condition performed in triplicate. *p<0.05, **p<0.01 One-way ANOVA with

Bonferroni’s multiple comparisons test all compared with Treg-induced unconditioned medium control.
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Figure 4.30: DPSCs express immunomodulatory molecules.

RNA was isolated from passage 3 cultured DPSCs from different donors and converted to cDNA before
measuring the levels of gene expression of various immunomodulatory molecules by real-time gPCR. The
level of MRNA expression for each gene was normalised to the expression of Rplp0. Each column represents
mean = SEM of 3 technical replicates for sample. *p<0.05, **p<0.01, ****p<0.001. One-way ANOVA with

Bonferroni’s multiple comparisons test all compared with Ad-MSC.
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Figure 4.31: Effect of neutralising LIF on suppression of Th17 cell differentiation by DPSC-

conditioned medium.

Purified naive CD4"* T cells were activated in vitro with anti-CD3 and anti-CD28 and polarised to ThO or Th17
cells with neutralising antibodies and cytokines as shown in Figure 4.28:. The T cells were cultured in the
presence or absence of conditioned medium (CM) from DPSCs and a LIF-neutralising antibody. a)
Representative flow cytometry showing the generation of Th17 cells in each culture. b) Number of Th17 cells
in the cultures after 3 days. ¢) IL-17A in the culture supernatants as measured by ELISA. b and c) Columns

represent mean £ SEM of each condition performed in triplicate. **p<0.01 unpaired t-test.
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Figure 4.32: DPSC effects on B cell activation in vitro.

a) Purified naive follicular (FO) B cells were activated in vitro with LPS in the presence or absence of DPSCs
from donors 03 or 05 or DPSC-conditioned medium (CM; 1/4 of final culture volume). b) Representative
histograms and c¢) mean fluorescence index (MFI) of activation markers and MHC-1I measured by flow
cytometry after 2 days in culture. ***p<0.005, ****p<0.001 **p<0.01 One-way ANOVA with Bonferroni’s

multiple comparisons test all compared with stimulated unconditioned medium control.
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Figure 4.33: DPSC effects on B cell proliferation in vitro.

a) Purified naive follicular (FO) B cells were labelled with eFlour-670 proliferation dye (Biolegend) and
activated in vitro with LPS in the presence or absence of DPSCs from different human donors or DPSC-
conditioned medium (CM; 1/4 of final culture volume). After 2 days, eFlour-670 dilution was measured by
flow cytometry. b) Representative histograms showing the dilution of eFlour670. ¢) Graph of the division

index of the proliferating cells.
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Figure 4.34: DPSC effects on B cell differentiation in vitro.

a) Experimental setup for measuring effect of DPSCs on B cell differentiation in vitro. Purified naive follicular
(FO) B cells were activated in vitro with LPS and IL-4 in the presence or absence of DPSCs or DPSC-
conditioned medium (CM; 1/4 of 1/20 of final culture volume) from donor 03. After 4 days, IgG1-secreting
plasmablasts (B220"°CD138*IgG1*) cells were quantified by flow cytometry. b) Representative plots pre-gated
on live cells (left) or B220"°CD138" cells (right) showing effects of DPSC co-culture or DPSC-CM on
plasmablast generation. ¢) Graph of b showing number of 1gG1-secreting plasmablasts at the end of culture.
Tests were performed in triplicate and the data are representative of two independent experiments. ***p<0.005,
****n<0.001 unpaired t test.
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DISCUSSION

5.1 Overview

The main aims of this project were to isolate and characterise MSCs from human third molars and to investigate
their potential as a cell-based therapeutic in MS in models of EAE. Furthermore, the immunomodulatory
effects of DPSCs in vitro and in vivo were investigated in detail. To summarise the main findings of the study,
all of the DPSCs isolated in this study met MSC classification criteria at low passage, although they went on
to exhibit signs of aging in vitro which corroborates with other studies which were published using DPSCs
during the course of this research®%3, Importantly, this study revealed that DPSCs have the capacity to inhibit
EAE, yet also identified that different donors yield DPSCs which vary in their ability to modulate the disease.
Among the main findings were that treatment of EAE with DPSCs consistently caused an increased Th1:Th17
cell ratio and suppressed B cell responses in those mice. This is a significant finding since both Th17 cells and
B cells have pathological roles in EAE and are also implicated in pathogenesis of MS. While the molecular
mechanisms causing these changes in EAE immunopathology remain to be fully elucidated, the production of
soluble factors by DPSCs was identified to modulate both T cells and B cells in vitro.

5.2 Suppression of EAE by treatment with DPSCs

DPSCs have been shown to have therapeutic action in animal models of stroke®!!, spinal cord injury®®?, ocular
diseases®?, oral reconstruction®*, and myocardial infarction®?®, but this current study is one of very few to
address if DPSCs treatment may have beneficial effects in the context of an autoimmune disease. To this end,
MOGss.ss-induced EAE was used as a model for inflammatory MS to find evidence if DPSCs might be a useful
therapeutic tool for suppressing the disease. The data in this study provide evidence that DPSCs suppress
immune responses that are relevant to MS. Significantly, DPSCs suppressed the symptoms of chronic EAE or
delayed the onset of disease and this was associated with a reduction of some indicators of inflammation in
this model. This study also demonstrated that DPSC treatment can suppress re-emergence of symptoms in
relapsing EAE, although this was tested only once and requires future more detailed investigation. Thus, in

two different rodent models of MS with CNS inflammation, DPSCs showed significant therapeutic benefit.

An important question for the development of MSCs as a potential therapy of MS is to identify the source of
MSCs that have the most potent therapeutic effects. Early treatment of EAE with BM-MSCs, Ad-MSCs and
UC-MSCs can all delay the onset or suppress the severity of ensuing disease3#23%63%7, Some studies have
attempted to directly compare MSCs isolated from two or more different tissues, however strong conclusions
are difficult to draw from these studies so far due to using non-age-matched donors®® or using few or only a
single donor for each MSC type®?. In addition, other factors including variable doses of MSCs, different

treatment regimens and routes of administration also make it difficult to compare across studies and conclude
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which source of MSCs best suppress EAE. Payne et al.,**? showed that three 1V injections of 1 x 10® BM-
MSCs or UC-MSCs beginning 3 days before onset of symptoms significantly delayed disease by 3.3-3.4 days,
while Ad-MSCs used in this manner reduced the mean maximum clinical disease score by 20-25%. In that
study, none of the MSCs were able to suppress disease when treatment was administered only after the onset
of symptoms. Constantin et al.,* instead used 2 IV injections of 0.5 x 108 Ad-MSCs prior to symptom onset
which both delayed disease and reduced the maximum score. A single IV dose of 1 x 10¢ BM-MSCs 3 days
post-immunisation was also effective at delaying onset of EAE in a study by Guo et al.,*®%. The maximum
disease score was additionally suppressed in that study and an even greater suppression was achieved when
treatment occurred on the day of symptom onset, although the severity of EAE was less compared with both
the current study and the other studies discussed here. Thus, although some DPSCs tested in this study were
able to prevent development of full hind limb paralysis in EAE mice, which is a similar therapeutic efficacy
as other types of MSCs, a robust comparison is required which ideally compares DPSCs with MSCs from
other tissue sources that are isolated from the same donor. Also, one of the significant potential advantages of
using DPSCs instead of other types of MSCs is that originating from the neural crest may cause them to be
more amenable to regenerating the CNS. Although DPSCs were not found to enter the CNS in the current
study, engraftment and potential cell replacement mechanisms of EAE suppression warrant future
investigation in a more appropriate setting such as isolating and using allogeneic rodent DPSCs to avoid

immune rejection.

During the course of this investigation, three studies from other investigators which explored the use of two
other types of dental-derived MSCs in EAE; PDLSCs and SHEDs. SHEDs, like DPSCs, are derived from
human dental pulp, except that instead of adult third molars, the source of SHEDs are infant molars naturally
shed during early childhood. Rossato et al.*® found that although SHED-treatment did not delay onset of EAE,
the progression of symptoms was slower than in control mice. Since their experiment ended while the
progression of disease was still increasing in SHED-treated mice, it is not known whether SHED-treated mice
would have eventually become as ill as control mice if the experiment were continued longer. This, together
with differences in the number and timing of treatments in their study compared with the present study, make
it difficult to compare the efficacy of SHEDs versus DPSCs in suppressing EAE. A preceding study by
Shimojima et al.,*! showed that a single intravenous dose of SHED-CM alone delivered at peak disease was
effective in reducing the severity of EAE compared with DMEM, and suppression of EAE symptoms was
associated with a reduction in demyelination and leukocyte infiltration of the CNS. In light of this and the
findings in this study that DPSC-CM has potent immunomodulatory properties in vitro, it would be interesting

to test if DPSC-CM delivered to EAE mice also suppresses disease in future.

The second type of dental-derived MSC which was published in the context of EAE during the course of the
present study was PDLSCs, which are MSCs isolated from the periodontal ligament of the tooth instead of the
pulp. Trubiani et al. treated MOGgs.ss-induced EAE mice with a single intravenous injection of 1 x 106 PDLSCs

at the onset of disease symptoms and this suppressed the severity of disease compared with controls which did

176



DISCUSSION

not receive an injection. Like SHEDs, suppression of EAE was associated with reduced demyelination and
leukocyte infiltration of the CNS. The treatment strategy is, again, different from the one employed in this
current study which hinders direct comparison of efficacy. Furthermore, although PDLSCs were isolated from
five separate donors, the mice in Trubiani et al.’s PDLSC-treated EAE group each received randomly allocated
PDLSCs from those different donors. Thus, it is not clear if all PDLSCs were suppressive or if variation was
observed between donors as was noted in this study with DPSCs.

While the protracted nature of this study in terms of obtaining human dental samples over a period of 3 years
caused significant technical challenges, a major strength of the current study is that DPSCs from multiple
different donors were tested for their effects as a therapeutic agent in EAE. The outcome of testing DPSCs
from many donors was that variability in their efficacy for inhibiting EAE was identified. DPSCs from 4 of
the 7 different donors that were tested in this study significantly suppressed the course of MOG3s.ss-induced
EAE by delaying the onset of symptoms or reducing the severity of disease. However, even the DPSCs that
were most potent at inhibition of EAE in prophylactic settings in this study did not reverse disease when
delivered after the onset of symptoms. However, future experimentation should also test if direct delivery of
DPSCs to the CNS via intracerebral injection is more effective in suppressing disease, particularly after the
onset of symptoms when inflammation is established in the CNS. Intracerebral injection of DPSCs may
increase their efficacy through local delivery of DPSC-derived neurotrophic factors and may also facilitate
DPSC engraftment and cell replacement which do not appear to be achieved through IP delivery of the cells.

Currently, one proposed benefit of using MSCs instead of other types of stem cells such as ES cells is the
potential for autologous cell transfer. However, an important factor to consider is whether DPSCs from
different individuals are equally effective in their therapeutic capacity. Comparing DPSCs from different
donors was a challenge in this study because not all of the samples were available at once. Indeed, almost 3
years passed between obtaining the first and last samples. This comparison revealed that even among healthy
individuals in a relatively small age-bracket, there were major differences in the therapeutic efficacy of the
DPSCs that were obtained. The heterogeneity in efficacy that was observed in this present study among healthy
individuals firstly highlights an important requirement for testing the efficacy of each patient’s DPSCs before
use, and secondly suggests that there is room to improve the therapeutic quality of DPSCs from some
individuals. Future studies could compare the transcriptome of DPSCs that suppress EAE with DPSCs that are
not suppressive by RNA sequencing (RNAseq) to identify factors that are required for DPSCs to inhibit EAE,
which could be used to develop a highly potent cellular therapy or to design novel therapies that do not require
cell transplantation. Further experiments with DPSCs from additional donors in the SJL/J relapsing model of
EAE would also be beneficial to establish whether the suppressive capacity of DPSCs displays a similar
heterogeneity amongst donors for relapsing EAE as was observed for the C57BI/6 chronic EAE model in the

present.
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DPSCs have also been proposed to be a more suitable source of MSCs for treatment of CNS injury or disease
because they are derived from the neural crest. DPSCs were not found to enter the CNS in the present study
and also appeared not to persist a day after injection into EAE mice, thus cell replacement mechanisms of EAE
inhibition were not explored. Although the main focus of this study was on the immunosuppressive properties
of DPSCs, it is important for future studies to also test their potential effects on CNS repair. Other investigators

305,306,309.310 and this would need to be

have shown that DPSCs can differentiate into functional neurons in vitro
tested for the DPSCs in the current study before exploring possible engraftment and cell replacement effects
of DPSCs in EAE. In addition to the growth factors VEGFA and LIF which were detected in the current study,
Koblar et al.,**? showed that DPSCs also express BDNF, GDNF, NGF and ANGPT1, suggesting that provision
of neurotrophic support may be another remedial action of DPSCs in EAE. The cuprizone model of chemically-
induced demyelination may be a more suitable model for this, since autoimmune T cell responses are not

required for demyelination in that model3®3,

One potential hurdle for DPSCs as a clinical tool that also presented a significant limitation in this study was
that prolonged culture in vitro appeared to negatively affect the morphology of DPSCs, the degree of
differentiation of the cells to adipocyte and osteocyte lineages and their therapeutic capacity in EAE. The use
of DPSCs was therefore limited in this study because passage humber was kept as low as possible for all of
the in vivo experiments. The effects of aging in vitro are important to consider in the development of MSC
therapies since all MSCs currently require significant expansion to generate large enough numbers of cells for
therapeutic doses. Additional considerations would also need to be made for aging patients for whom DPSC
yield could be negatively affected by mass of dental pulp decreasing with age®* and increased senescent cells
among their DPSC populations, and these factors may contribute to earlier senescence in vitro. Clinical trials
for MSCs in MS have thus far employed doses of >108 total MSCs for treatment?89.282322 |t js possible to
expand DPSCs to these numbers which would require an estimated minimum of 4-5 passages in vitro. This
falls within the limits of passaging that maintain DPSCs that are capable of suppressing EAE, which was <P7
or P8 for DPSC-02 and DPSC-03 cells used in this study. Thus, expanding sufficient DPSCs for use in humans

is feasible.

The effects of aging in vitro are not limited to DPSCs, and Chrisostomo et al.,*®® found that the ability of mBM-
MSCs to improve recovery of myocardial ischemia/reperfusion in rats was lost with increased passaging in
vitro. Salkin et al.,*® transduced DPSCs to express TGF-B1 which increased their proliferation and delayed
senescence in vitro. Although the effect of modifying DPSCs to delay senescence on their therapeutic efficacy

is also yet to be tested, this may facilitate more extensive expansion of DPSCs in vitro for transplantation.

5.3 Effects of DPSCs on the immune system
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Treatment of EAE with DPSCs that inhibited the course of disease led to modified immune responses both in
the CNS and the SLOs. Again, variability was discovered between DPSCs from different donors in terms of
their effects on cells of the immune system both in vitro and in vivo. CD8" T cells, Thl cells, Th17 cells, B
cells, microglia and infiltrating myeloid cells in the CNS were all found to be significantly affected by
treatment with DPSCs from at least one donor, although the effects on each of these cell types was not equal
among DPSCs from different individuals. In addition to the research on MSCs as cellular therapies, there is
increasing interest in MSC-derived products such as CM or purified extracellular vesicles®®’. This study
highlights that in addition to variability amongst responses of EAE mice to whole DPSCs, not all
DPSC-derived soluble products are equal across individuals either. In this section the effect of DPSCs on
various cells of the immune system in the context of EAE will be discussed.

5.3.1 CD4* T cell responses

CD4* T cell polarisation is a critical feature of the autoimmune response in EAE and the production of Th17
cells and T cells that produce GM-CSF is strongly correlated with disease severity3334%8, |n contrast,
production of Tregs in EAE is associated with less severe pathology®®. A consistent feature of DPSC treatment
of EAE mice was that it led to an increased Th1:Th17 cell ratio both in the spleen and CNS, without appearing
to impact on Tregs. The inverse situation of tipping the ratio of Th1:Th17 cells in favour of Th17 cells has
been shown to increase the severity of EAEY. Additionally, Stromnes et al.,® showed that the ratio of
Th1:Th17 cells also affects the migration of Th17 cells into the CNS. At a range of Th1:Th17 cell ratios in
EAE, Th17 cells infiltrated the spinal cord, whereas only low Th1:Th17 cell ratio facilitated the entry of Th17
cells into the brain parenchyma. In that study, low Th1 to Th17 cell ratio was also associated with more severe
EAE. Thus, increasing the ratio of Th1:Th17 cells may contribute to DPSC suppression of EAE, which is the
first time this effect has been noted for any MSC type. IFNy and IL-17A double-producing CD4* T cells were
not independently investigated in the current study and would fall into both Th1 and Th17 cell populations in
the data which have been presented. In future, IFNy*IL-17A* cells could be separated from bulk Thl and Th17
and also be compared between DPSC-treated mice and controls. The mechanisms of how DPSCs may
influence Thl and Th17 frequencies in EAE will next be considered.

Here in the present study DPSCs appear to have a Thl-promoting effect in vivo, whereas some studies have
found MSCs to suppress Th1l cell responses. Luz-Crawford et al.,*”° and Ohshima et al.,*”® showed that mBM-
MSCs and fetal membrane-derived MSCs suppress both Thl and Th17 cell differentiation in vitro and mBM-
MSCs were additionally shown by Luz-Crawford et al., to reduce the percent of Thl and Th17 cells in the LNs
of EAE mice which was associated with suppressed disease scores. Percent of Thl and Th17 cells in the LNs
of mice were also suppressed by gingiva-derived MSCs in collagen-induced arthritis®"*. Despite these findings,
but like in the present study, Goodwin et al.,3"2 found that MSCs can promote Th1l responses in vivo. They

showed increased Thl in allergic airways inflammation after treatment with mBM-MSCs which led to
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increased IFNy production and balanced the Th2 response which was sufficient to ameliorate disease. In
another study, Thl cells were also increased by the addition of cord blood-derived MSCs to alloantigen-
stimulated PBMCs, and these Th1 cells co-expressed the regulatory cytokine IL-10%"%. Although many of these
reports have observed that MSCs can increase Thl cell responses, the ratio of Th1:Th17 cells has not been
looked at in other studies of MSCs, and the increased Th1:Th17 cell ratio seen here using DPSCs merits further

investigation as another potential mechanism of MSC immunomodulation.

One possibility is that DPSCs produce a secreted factor that either promotes Thl cell development or impairs
Th17 cells. However, DPSC-CM did not affect Thl differentiation in vitro, which may indicate that the
increase in Th1l cells that was observed in the spleens of EAE mice is due to direct contact signalling or via
indirect mechanisms such as via APCs. Production of a soluble factor was sufficient, however, for potent
suppression of Th17 cell differentiation in vitro by DPSCs, although this was only seen from one of the donors
tested. As the in vivo alteration in the Th1:Th17 ratio was a consistent feature across all donors tested, together
these findings indicate that the DPSC-mediated influence on Thl and Th17 cells generally involves additional
contact-mediated factors or interactions that occur in the in vivo microenvironment. The nature of any putative
contact-dependent mechanisms used by DPSCs to affect T cell activation, proliferation and differentiation
remains an open question. Co-culture experiments that may have addressed this involving both DPSCs and T
cells proved to be challenging as plate-bound anti-CD3 would be blocked by the adherent DPSCs.
Unfortunately, stimulation of naive CD4* T cells with soluble instead of plate-bound anti-CD3 did not lead to
robust Thl or Th17 generation in this study (data not shown) and therefore direct co-cultures with DPSCs to
interrogate the effect of cell-contact mechanisms of communication between these cells was not able to be

tested, but should be tested in future studies using alternative T cell activation platforms.

The identity of the soluble factor(s) that some DPSCs produce to suppress Thl7 cell production is also an
interesting open question. Previously, PGE2 and IL-10 have been shown to be soluble mediators of MSCs
modulating Th17 cell responses. Qu et al.,3"* used RNA interference to demonstrate that hBM-MSCs suppress
Th17 cell differentiation using 1L-10. Two other studies have implicated PGE,, a product of COX2, in effects
of MSCs on Th17 cell differentiation in vitro although its role in MSC effects on Th17 cells is somewhat
controversial. Duffy et al.,?? found that mBM-MSC production of PGE; inhibited Th17 cell differentiation
from mouse naive CD4* T cells whereas Rozenberg et al.,*® found a pro-Th17 differentiating role using human
PBMCs for hnBM-MSC-derived PGE,. Variation between human and murine MSCs and T cells may contribute
to these discrepancies here. While LIF is an antagonist of Th17 cell differentiation and was expressed by
DPSCs tested in this study, neutralisation of LIF did not affect the ability of DPSCs to suppress Th17 cell
differentiation. While this may appear to rule out LIF as the secreted factor produced by these DPSCs that
inhibits Th17 cells, a positive control for the neutralising activity of the anti-LIF antibody was not available.
Therefore, although a neutralising concentration of antibody to block LIF activity®">%®, it is still possible that
this was insufficient to entirely suppress LIF activity in this assay. Therefore, although it cannot be completely

ruled out that DPSC-derived LIF plays some role in suppressing Th17 cells in the context of EAE, it appears
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that other secreted factors must also be involved. The investigation of other factors is clearly warranted but

was not able to be performed in depth in the present study due to time constraints.

5.3.2 CD8* T cells

Although CD8" T cells are not required for EAE pathogenesis in the C57BI/6 model of EAE®®, they are thought
to be important in MS and do expand and infiltrate the CNS in EAE. The finding in the present study that
CD8*T cells were reduced in the CNS of EAE mice treated with DPSCs concurs with two recently published
studies using other types of dental-derived MSCs. Rossato et al.,** found that SHED-treatment of EAE
reduced total CD8" T cells as well as the number of CD8" T cells that expressed IFNy or IL-4 in the CNS. By
contrast, the number of IFNy-expressing CD8* T cells in the present study were unchanged by DPSC treatment,
suggesting DPSCs may function differently to SHEDs in their effects on CD8* T cell cytokine production.
CD8" T cells were also found to be reduced in the CNS by Trubiani et al. following PD-LSC treatment.
Although these two studies did not quantify CD8* T cells in the SLOs, the fact that the number of CD8* T cells
was reduced in the spleen in the present study suggests that DPSCs may suppress CD8* T cell proliferation or
induce their apoptosis. CD8* T cells may have pro-inflammatory functions in MS due to the increased risk
associated with carrying the MHC Class | HLA-A*0301 allele'®, they are clonally expanded in MS patients®
and can be pathogenic in EAE*, in which case suppressing their proliferation or inducing their apoptosis may
be beneficial in reducing the pathology of MS, although this is controversial®. On the other hand, these studies
contrast with the findings of Glenn et al.,*”” in which mBM-MSCs increased infiltration of the CNS with CD8*
T cells and exacerbated EAE induced with MOGs7.s0 which is an MHC-I-targeted peptide. Whether this
difference is due to the nature of DPSCs versus BM-MSCs or if DPSCs might also promote CD8" T cell
responses in the CNS under different conditions should be tested in future studies.

5.3.3 B cells

In contrast to the findings with CD8* T cells, B cells may actually proliferate more in EAE mice after DPSC
treatment as they were found to be increased in frequency in the spleen of DPSC-treated mice, although
decreased in the CNS. This suggests that DPSCs either alter the migration of B cell recruitment to the CNS or
induce a change in kinetics of B cell proliferation/apoptosis and/or egress from the spleen. Notably, DPSCs
did not affect B cell proliferation in vitro. A report from Tabera et al.,?”? showed that hRBM-MSCs suppressed
B cell proliferation under a strong stimulatory condition using phorbol ester (12-o-tetradodecanoyl-phorbol-
13-acetate; TPA) but when CpG-C and anti-lg were used to activate the B cells instead, which is a weaker
stimulus, hBM-MSCs promoted B cell proliferation. Differences in the B cell stimulus and the use of DPSCs
and murine B cells in the present study versus hBM-MSCs and human B cells by Tabera et al., could help to

explain this difference.
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The present study also revealed complexity and donor-to-donor heterogeneity in respect to the effects on
B cell activation that resulted from either co-culture or exposure to CM in vitro. One donor’s DPSCs apparently
produced a secreted factor that suppressed up-regulation of CD69 on B cells but did not affect CD86
expression. Surprisingly however, co-culture of these same DPSCs did not have the same effect. One possible
explanation for this is that these cells may indeed produce an inhibitory secreted factor but that in the context
of a co-culture it is not produced in sufficient quantities at the appropriate time to inhibit CD69 expression. By
contrast, DPSCs from another donor suppressed up-regulation of CD69 regardless of whether this was tested
in co-culture or using CM. This clearly further indicates that there is heterogeneity in terms of
immunomodulatory gene expression by DPSCs from different donors that results in profoundly distinct effects

on B cells.

The ability of DPSCs to modulate B cells is potentially significant for MS since some of the most successful
treatments for MS to date target B cells, including the anti-CD20 monoclonal antibodies Rituximab and
Ocrelizumab. EAE induced by immunisation with full-length MOG protein is dependent on B cells processing
and presenting MOG antigen to T cells, although they are not required for this function in EAE induced by
immunisation with MOG peptides and thus the full effect of suppressing B cells may be underappreciated in
the MOGss.ss model used in the current study. Testing DPSC treatment of full-length MOG-induced EAE may
reveal further contributions of DPSCs to suppression of the disease through B cells.

5.3.4 Other cell types

Myeloid cells including microglia, monocytes and macrophages play an important role in EAE and are
abundant in MS lesions®-:5%7°, Suppressing the activation and expansion of microglia may be beneficial because
microglia can reactivate T cells in the CNS, and microglia can also have other detrimental functions such as
producing pro-inflammatory cytokines and ROS®. On the other hand, some microglia also dampen
inflammation and promote repair of the CNS including remyelination®. In a study by Ma et al.,?®®, Ad-MSCs
delivered intracerebrally increased activation of microglia but promoted their maturation to a regenerative
phenotype. The microglia expressed less pro-inflammatory TNFo and IL-1f and more IL-4 and ARG1 which
are associated with alternatively activated M2 microglia. M2 microglia have been associated with
remyelination® and therefore, promoting activation of M2 microglia can be a favourable outcome of MSC
treatment. In the present study, however, it appeared that DPSCs may have suppressed the activation of
microglia in EAE as they were less abundant in the CNS compared with controls. Liu et al., found that mBM-
MSCs suppressed expression genes of pro-inflammatory cytokines TNFa, IL-1p, and IL-6 as well as iNOS
which is an M1 marker following stimulation of a microglial cell line in vitro with LPS, and this was mediated
by secretion of TSG-6. It was shown in the present study that DPSCs also express the gene for TSG-6
indicating they might regulate microglial function in a similar manner. Thus, testing if DPSCs have the

potential to regulate microglial functions can be carried out using a microglial cell line or isolating primary
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microglia and culturing them with DPSCs or their CM under LPS-stimulation and using gPCR to measure
gene expression for iNOS and Argl which demarcate M1 and M2 microglia respectively. Additionally, gene
silencing such as the introduction of short interfering RNA (siRNA) to downregulate TSG-6 production in
DPSCs could determine if TSG-6 mediates any potential direct effects of DPSCs on microglia in the same type
of experiment. Also, further characterising the activation status and expression of M1/M2 markers by microglia
in DPSC-treated mice may reveal if suppression of a pro-inflammatory microglial response is a mechanism of
DPSC immunomodulation in EAE. This could be achieved by sorting microglia from DPSC-treated mice and
control mice by FACS and testing for iNOS and Argl expression by gPCR.

Reduced infiltration of the CNS of EAE mice with myeloid cells, which can include monocytes, macrophages
and granulocytes, particularly neutrophils, was another effect of DPSC treatment in the present study. Peron
et al.,®"® also found fewer myeloid infiltrates in EAE mice that were treated with human endometrial-derived
MSCs which was associated with delayed disease. However, there was also a reduction in Thl and Th17 cells
in that study and thus, like in the present study it is difficult to separate the effects of MSCs on T cells versus
myeloid cells and other cells in EAE. It is possible that changing the Th1:Th17 cell ratio and suppressing
B cells by DPSC treatment altered the cytokine milieu in the CNS which could affect myeloid cell activation
and recruitment, and further investigation measuring levels of cytokines and chemokines in the CNS as well
as the expression of chemokine receptors, adhesion molecules and activation markers on the myeloid cells is
warranted to determine if DPSCs dampen inflammation in the CNS overall. Furthermore, whether DPSCs can
directly affect the activation or maturation of myeloid cells is an outstanding question that should be addressed

in future studies.

Overall, several immunomodulatory functions of DPSCs in EAE may be beneficial to MS, including the ability
of some DPSCs to secrete immunomodulatory molecules that suppress production of Th17 cells. However,
variation exists amongst DPSCs from different donors in the ways in which they regulate Th17 cells and
B cells which may impact how they could be used clinically. In particular, some DPSCs may be more suitable
than others for production of soluble factors that could be isolated and harnessed as a therapy in itself.
Identifying sources of variation in DPSCs can be helpful for screening to transplant cells with the most
beneficial features, such as ability to suppress B cell activation or Th17 cell production and may also reveal
ways in which to improve other DPSCs. Since co-cultures of DPSCs with T cells was not able to be explored
in the current study, it is still possible that EAE-supressing DPSCs share common surface molecules that can
modulate changes to Th cell differentiation. RNAseq could be used to compare DPSCs which are capable of
suppressing EAE with those that are not in order to identify surface markers that demarcate suppressive DPSCs
and to potentially elucidate new mechanisms of DPSC immunomodulation. However, it also suggests that the
use of autologous DPSCs for treating MS may not the most beneficial option compared with banking DPSCs

with superior immunomodulatory functions for general use.
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5.4 DPSCs as a tool for delivery of therapeutic molecules

Several strategies to enhance the immunomodulatory capacity of DPSCs were employed in this study. It was
hypothesised that this would boost the capacity of DPSCs to control autoimmune inflammation in EAE and
ultimately lead to the development of novel strategies to treat MS. Other researchers have successfully used
transduction to overexpress immunomodulatory molecules on other types of and did not report any adverse
effects on the MSCs and were able to improve therapeutic benefit of the cellular therapy?®-%, For example,
Payne et al.,*! increased the potency of Ad-MSCs to inhibit the symptoms of EAE by lentiviral expression of
IL-4. Also, Cobo et al.,*® retrovirally-expressed vasoactive intestinal protein (VIP) on mAd-MSCs to improve
their ability to suppress EAE and reduce astrogliosis and neurodegeneration marked by B-amyloid as well as
reducing pro-inflammatory cytokine levels in the CNS. Thus, genetically modifying MSCs to deliver

therapeutic molecules and improve EAE is possible.

Unfortunately, none of the strategies to enhance the immunomodulatory capacity of DPSCs in this study
resulted in the desired outcome. There are a number of potential explanations for this. First, the choice of
molecules used to inhibit encephalitogenic immune responses may need to be refined in future. Expression of
a putative antagonist of mIL-23 (IL-23RA9), of which a human isoform has previously been reported to inhibit
hIL-23 activity®®, in the context of expression by DPSCs did not result in suppression of IL-23-driven
elicitation of IL-17A despite having this effect when expressed by HEK293T cells. The reasons for this have
not been elucidated but are likely to be due to the effect of the IL-23RA9 molecule in the context of the diverse
array of immunomodulatory factors produced by DPSCs. The IL-23RA9 molecule may also act on DPSCs
themselves to repress their secretion of immunomodulatory molecules. gPCR for expression of 1123r by DPSCs
could reveal if this is the case although DPSCs would then require additional modifications if the IL-23RA9
molecule were to remain a candidate for expression. Likewise, while ACKR2 and ACKR4 are scavenging
receptors that mediate effective removal of multiple chemokines relevant for cell migration in EAE, such as
CCL2, CCL3, CCL5 and CCL211%6144.145.156 it now seems unlikely that DPSCs that carry these receptors are
able to reach and persist at the site where they would be required. Inflammatory chemokines that recruit
leukocytes to the CNS are produced locally, so it is likely that DPSCs expressing these atypical chemokine
receptors would only be useful if the DPSCs were able to populate the CNS. It is possible that delivery of the
DPSCs at a later timepoint in the disease course such as immediately prior to the onset of symptoms may
permit their entry to the inflamed CNS which expresses different chemokines. The data in this thesis does not
support the idea that DPSCs have this capacity following intraperitoneal transfer into EAE mice however. In
addition, overexpressing ACKR2 and ACKR4 on DPSCs from donors which did not suppress EAE instead of
using DPSC-02 cells which were capable of inhibiting EAE prior to modification may have more clearly

demonstrated whether these molecules could be of therapeutic benefit.
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While transduction of DPSCs did not affect their multi-potency in vitro, it did negatively affect their
therapeutic capacity in EAE. It is possible that the double transduction that was used in this study to achieve a
highly efficient level of transduction caused changes to immunomodulatory gene expression without affecting
expression of MSC surface markers or multi-potency. Perhaps using a single round of transduction with a low
multiplicity of infection then cell sorting for successfully transduced cells and expanding those may reduce
cellular stress. However, this would also introduce potential problems as the cell sorting process is also likely
to modify the biology of these cells, placing additional stress from shear forces on the cells and also require
increased passaging of the cells to expand them, which the data also suggests negatively affects their
therapeutic capacity. Thus, while DPSCs were not shown in this study to be suitable vehicles for delivery of
immunomodulatory transgenes in EAE, other molecular targets such as antagonising GM-CSF or delivering
anti-inflammatory 1L-10 and alternative methods of gene delivery such as retroviral transduction could be

tested in future.

5.5 The fate of DPSCs in EAE

MSCs have been proposed to be able to engraft in injured tissues and potentially partake in tissue repair there,
perhaps even differentiating and persisting to replace damaged cells®'*%, There are data which both supports
and refutes this possibility. For example, Zhao et al.,*® found that rat BM-MSCs which significantly improved
recovery from lung injury were found to engraft in injured lungs and expressed pan-cytokeratin, indicating
they may have differentiated to alveolar epithelial cells. On the other hand, Togel et al.,*®! located rat BM-
MSCs attached to the peritubular capillaries in the rat kidneys in a model of acute renal failure and although
the BM-MSCs significantly improved renal recovery, the MSCs did not take on endothelial cell morphology.
Ezquer et al.,*? also found no evidence of cell replacement or engraftment in the pancreas of mice with type
1 diabetes treated with mBM-MSCs, but the MSCs were located in the SLOs up to 65 days post-transplantation
in that study and recovery was associated with modulation of Thl and Th2 responses. In the present study, the
data do not strongly support a model whereby DPSCs engraft in the CNS. Although a very low level of
bioluminescence was detected in the brains and spinal cords of EAE mice treated with labelled DPSCs, gPCR
of these organs did not detect the presence of DPSCs and thus suggests that live DPSCs were not present there.
The demonstrated sensitivity of the gPCR assay used suggested that less than 10 copies of the DPSC genetic
material were present in the CNS in the samples tested. It is possible that DPSCs enter the CNS transiently and
then rapidly die or, alternatively but not mutually exclusively, phagocytic cells may carry internalised
bioluminescent membrane dye from the DPSCs to the CNS. Nevertheless, it appears that early intraperitoneal
delivery of DPSCs in EAE does not facilitate engraftment in the CNS. Notwithstanding the capacity of DPSCs
to enter the CNS at all, which would be largely dependent on expression of adhesion molecules and migratory

signals perhaps including chemokine receptors, other factors which may have affected the ability of DPSCs to
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enter the CNS include a lack of long-term survival of DPSCs after delivery, the route of injection and the stage
of EAE. For experiments where DPSCs were tracked in the current study, the DPSCs were delivered during
the priming phase of disease when there is only limited inflammation in the CNS. However, it has been
suggested that MSCs migrate to sites of tissue injury or inflammation®?, and thus delivery of DPSCs at a later
stage of EAE when inflammation in the CNS is at its peak may facilitate their migration into the CNS if

survival after delivery is not an issue.

Whether DPSCs have the potential to engraft and differentiate to replace cells of the damaged CNS would be
better studied in a syngeneic system, such as transplanting murine-derived DPSCs in the same mouse strain to
avoid rejection. Additionally, direct delivery to the CNS via intracerebral injection may enhance the rate of
engraftment and thus more easily facilitate studying its effects. Despite this, Leong et al.,*!! demonstrated that
human DPSCs have the potential to engraft in rodent brains using a rat model of ischemic stroke. In that study,
DPSCs were delivered intracerebrally and the rate of engraftment was low (2.3% after 4 weeks). However, it
has also become increasingly evident in the field of MSC research that perhaps the greatest contribution of
MSCs therapeutically has not been through engraftment but through alternative actions of dampening
inflammation or secretion of molecules that contribute to endogenous repair?1-32038238 Eor example, Akiyama
et al., 2! found that BM-MSCs induced T cell apoptosis in experimental colitis in mice which in turn tolerised
macrophages that phagocytosed the T cells, resulting in secondary expansion of Tregs. Fas/FasL interactions
were found to be important for the ability of the BM-MSCs to induce T cell apoptosis and suppress disease in
that model. Also a study by Bai et al.,*° showed that a single dose of CM from BM-MSCs at peak disease
abrogated EAE, indicating that soluble products of BM-MSCs alone are sufficient for significant therapeutic

benefit and HGF was found to be mediate suppression of disease in that study.

With regard to the long-term persistence of DPSCs in the present study, the fact that the membrane dye which
was used to label DPSCs was detected in the spleens and iLNs of EAE mice, but gPCR did not show the
presence of DPSCs themselves there, suggests that DPSCs may die soon after transfer and either drain to the
SLOs or be carried there by phagocytic cells that may take up dead DPSCs. Recent evidence shows that
long-term survival of MSCs may not be required to induce immunosuppressive effects. De Witte et al.,3*
tracked the fate of IV-infused UC-MSCs in healthy mice and revealed that the cells localised primarily to the
lungs and some (mostly dead cells) to the liver. In that study, the dead MSCs were phagocytosed by monocytes
and neutrophils, and this led to an anti-inflammatory prolife in those monocytes which enabled them to induce
Tregs. Since DPSCs in the current study do not appear to survive in large numbers for a long period of time
after injection into EAE mice, their immunosuppressive effects could be elicited by transient interactions with
leukocytes or secretion of anti-inflammatory molecules before their death. This seems likely given that both
the donor and extent of passaging of DPSCs affects their therapeutic capacity and it is difficult to discern how
these factors could affect EAE outcome in the absence of the DPSCs eliciting signals to other cells before

death. Alternatively, phagocytosis of dead DPSCs may also have immunomodulatory outcomes on APCs.
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Migration of APCs to the SLOs after phagocytosis of DPSCs would place them in a prime location for further

modulating inflammatory responses in those mice.

Another important factor for consideration is the potential immunogenicity of MSCs, which has important
implications for translation of MSC-based therapies to the clinic. Early studies in which MSCs failed to activate
T cells in mixed lymphocytes reactions (MLRs) led to the idea that MSCs are immune-privileged and not
targeted by the adaptive immune system?°2%2, A lack of immunogenicity of MSCs might permit the
development of MSC “banks” where patients can receive MSCs from other donors. MSC banks would greatly
reduce treatment costs, facilitate efficient quality control procedures and allow patients whose own MSCs have
low therapeutic capacity to receive more suitable MSCs from other donors. However, if MSCs are even mildly
immunogenic this may affect treatment outcomes including failure of the cells to engraft efficiently due to

clearance by the recipient’s immune response or generation of an inflammatory environment.

A large proportion of MSC studies, including the present study, utilise xenogeneic systems where human
MSCs are transplanted into other species including rodents and primates. This is important for our
understanding of species-specific effects, such as mechanisms of immunomodulation which can vary between
humans and rodents*%237, However, these systems may not be ideal for studying cell engraftment since more
recent studies have determined that MSCs can indeed elicit immune responses in the host®85-38, MSCs express
ligands that are recognised by NK cells and are susceptible to NK cell-mediated lysis in vitro3163,
Interestingly, treating MSCs with IFNy caused upregulation of MHC-1 and reduced their susceptibility to NK-
mediated lysis®®. Immune responses against transferred MSCs have also been described in vivo. Eliopoulos et
al reported increased NK, NKT and CD8" T cell infiltration of mBM-MSC grafts in allogeneic hosts compared
with syngeneic hosts in mice3®, In another study, Nauta et al primed Balb/c mice with allogeneic C57BI/6
MSCs or syngeneic Balb/c MSCs and then challenged the mice with a transfer of C57BI/6 splenocytes. Mice
which received allogeneic but not syngeneic MSCs rapidly rejected the transferred allogeneic splenocytes,
demonstrating that the host is capable of generating immunological memory against allogeneic MSCs*’. Some
studies also report induction of alloantibodies against MSCs after transplantation®%3% although this is disputed

by other investigators®,

Notably, and as discussed above, in the present study Th1 cells were consistently found to be expanded in the
spleens of DPSC-treated EAE mice. While this may result from DPSC-mediated immunomodulation of
Th1:Th17 differentiation as discussed above, it is also possible that the increase in Thl cells results from an
expansion of these cells in response to the DPSCs. In this case, the increased Thl cells may still contribute to
altering the autoimmune response against the CNS through a bystander effect, producing IFNy that suppresses
disease. It is difficult to study MSC immunogenicity in isolation because of their immunosuppressive effects
but administering DPSCs to otherwise naive mice then measuring changes in the immune system of those mice
may show whether DPSC-specific immune responses occur in C57BI1/6 mice. Overall, despite allogeneic and

xenogeneic MSC transfers having therapeutic benefits in a range of disease models, immunogenicity should
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not be ignored and more research into the immunogenicity of MSCs will inform the future direction of

MSC-based treatment platforms.

5.6 Conclusion

To conclude, DPSCs are shown here in this study to be a possible candidate for development of a future therapy
for MS, since many DPSCs were shown to inhibit the course of EAE and had anti-inflammatory effects in
vitro and in vivo. DPSCs significantly dampened inflammation in the CNS of treated EAE mice and appeared
to target multiple arms of the immune system including increasing the ratio of Th1:Th17 cells, reducing CD8*
T cells, B cells and infiltrating myeloid cells in the CNS and also reducing the number of microglia.

The capacity of DPSCs to modulate immune responses means they may be beneficial for treating MS as well
as other inflammatory conditions. However, the evidence of this study that DPSCs from different donors are
not equally suppressive in EAE and that prolonged culture in vitro negatively affects their therapeutic efficacy
highlight two significant hurdles to bringing DPSCs to the clinic. Further investigations should bring a focus
to identifying differences between suppressive and non-suppressive DPSCs, improving the quality of DPSCs
that are not suppressive in EAE and development of protocols which better maintain DPSCs during expansion
in vitro to ensure their effectiveness in vivo. Since DPSCs did not appear to survive for long after injection
into EAE mice, this may be a limiting factor for MS therapy if long-term engraftment is desired or multiple

rounds of therapy may be required for optimal responses.
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