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Abstract

In the brain, axons are wrapped by myelin sheaths which ensure fast saltatory conduction of
impulses and provide metabolic support. In multiple sclerosis (MS), the myelin sheaths are lost
which leaves the axon denuded. This not only results in slower conduction of action poten-
tials, but if prolonged, can also lead to axon death due to the loss of metabolic support. This
neurodegeneration is the main cause of permanent disability in multiple sclerosis patients.

The axon death and disability which stem from it could be prevented by restoring the myelin
wrap before axon damage has occurred. This remyelination process is carried out by oligo-
dendrocyte precursor cells which are present throughout life. To remyelinate, OPCs migrate to
the area of damage and differentiate into myelinating oligodendrocytes which ensheathe axons
with new myelin. In multiple sclerosis, this process occurs but is insufficient to overcome the
damage.

Therefore, central to the therapeutic efforts in multiple sclerosis is the aim to improve endoge-
nous remyelination. Enhancing recruitment of oligodendrocyte precursor cells (OPCs) to the
areas of damage is a clinically unexplored target. To investigate the therapeutic potential of OPC
recruitment modulators, I have looked at 2 different targets involved in migration NDST1/HS
and Sema3A/NP1.

The first target, heparan sulfate (HS) is a proteoglycan which is important to OPC migration,
investigated by Pascale Durbec’s group in France. In a demyelinating mouse model, its key
synthesising enzyme, NDST1, is upregulated by oligodendroglia in a belt around the lesion to
aid OPC recruitment. Loss of NDST1 in oligodendrocytes was found to impair remyelination
and reduce OPC migration in mice. In collaboration with them, I investigated the relevance of
this molecule in post-mortem MS human tissue.

I found that in human as well as mouse, NDST1 was primarily expressed by oligodendroglia.
The protein level and the proportion of oligodendroglia expressing NDST1 was increased in
MS compared to control indicating NDST1 upregulation as a disease response in human. We
also found that low numbers of NDST1+ oligodendroglia correlate with bigger sizes of lesions
and chronic lesion types that fail to repair, highlighting its importance in repair. Moreover,
high numbers of NDST1+ cells in a patient correlated with increased remyelination potential.
This indicates that in human, intra-patient variation in NDST1 level may explain differences in
potential for endogenous repair.

Secondly, I looked at Sema3A, a chemorepulsive molecule which is upregulated in demyeli-
nated injury rodent models as well as multiple sclerosis lesions, particularly in OPC-depopulated
chronic active lesions. Research has consistently found that the level of Sema3A negatively cor-

relates to remyelination because Sema3A hinders OPC migration. This has highlighted Sema3A

v



Abstract

as a potential target to improve OPC recruitment in MS however the size and shape of the
molecule make it hard to design therapeutics against it.

Therefore, I looked at its druggable receptor, Neuropilin 1 (NP1), to see whether inhibition
of NP1 had the same positive effect on OPC recruitment and remyelination as lowering the level
of Sema3A. NP1 is a tyrosine kinase receptor for both Sema3A and vascular endothelial growth
factor (VEGF) and is found in many cell types.

To check if NP1 inhibition is beneficial, I assessed remyelination in a mouse where the
Sema3A binding site of NP1 has been mutated to prevent Sema3A binding and exerting its
effect. This is a proxy for a (currently unavailable) ideal NP1 inhibitor of the Sema3A site only.
Contrary to my expectations, OPC recruitment and remyelination in the mutant mice were not
improved. However, the NP1 mutation resulted in an altered immune response.

To exclude the possibility that no improvement in the OPC recruitment and remyelination
of those mice was seen because it was negated by the altered immune response, I explored a
cell specific mutant mouse in which NP1 was deleted in oligodendroglia only. In this mutant
as well, I did not see improvement of OPC recruitment and remyelination. I therefore propose
that Neuropilin 1 is not imperative for Sema3As action in remyelination and is not suitable as a
therapeutic target in multiple sclerosis.

Loss of the whole NP1, but not loss of the Sema3 A site also resulted in bigger myelinated and
unmyelinated axons as well as a different myelin thickness post remyelination. This showed that
VEGF and the VEGF site on NP1 in oligodendroglia have a previously unknown but important
role in determining axon size and myelin thickness which should be further investigated.

To further elucidate those results in a simple system, I looked at how Sema3A, NP1-Sema3A
inhibitors, VEGF and NP1-VEGF inhibitor affect OPC behaviour. I confirmed Sema3As chemore-
pulsive effect but also showed that at different concentrations it can improve proliferation and
survival of OPCs. Inhibiting the Sema3A site and the VEGEF site of NP1 by specific blocking
antibodies also affects OPC proliferation and maturation. This suggested that NP1s ligands are
involved in more than just OPC migration.

In summary, this work supports the relevance of the mouse findings that NDST1 is upregu-
lated in demyelination and important for repair for human illustrating that it might be a suitable
therapeutic target to investigate. However, despite the importance of Sema3A in MS models,
its only reported receptor, NP1, is not essential for Sema3As action. Therefore, it is an un-
suitable therapeutic target. The fact that NP1 is an inappropriate drug target for MS is further
demonstrated by the involvement of its ligands in multiple OPC behaviours both in positive and
negative aspects.
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Lay abstract

Multiple sclerosis results from our own immune system damaging the protective myelin sheet
of neurons. Since neurons are the cells responsible for transmitting all signals in the brain
and removing the protective sheet is akin to stripping the insulation of a cable, this results in
the neurons malfunction and eventually death. Currently, there are drugs which dampen the
immune system and aid in the very early stage of the disease. Despite their usefulness, those
drugs cannot do anything after the protective sheet has been lost. Our body has capacity to
repair by placing new myelin sheets on the neurons which have lost them, restoring normal
function. This is done by oligodendrocyte precursor cells, a small migratory cell type capable
of producing myelin sheaths. This repair process occurs in multiple sclerosis however it is
insufficient to overcome the damage. Therefore, a lot of effort is currently placed at aiding our
body to replace the myelin sheets on the neurons by recruiting more cells that do the repairs.

The oligodendrocyte precursor cell recruitment is a complex process with many factors and
cells involved in it. In my PhD, I have investigated 2 targets with therapeutic potential. The
first one, NDST1, has been proven to be important for repair in a mouse model of multiple
sclerosis. I have found that the same is true for human multiple sclerosis. Secondly, I investi-
gated Semaphorin3A, a free floating molecule which increases in areas of damage and repels
oligodendrocyte precursor cells. Research has repeatedly and consistently shown that because
it prevents recruitment of the cells which repair the damage, it is bad in multiple sclerosis. How-
ever, targeting Semaphorin3A with a drug would be extremely challenging because it is like a
football which has no sides or edges for the drug to bind.

Luckily, semaphorin3A exerts its action by binding to Neuropilin 1 which is found on oligo-
dendrocyte precursor cells. Neuropilin 1 has a pocket in which Semaphorin3A binds. This
pocket can be occupied by a drug which would prevent Semaphorin3A to take up its place. My
research is focused on determining if blocking the pocket of Neuropilin 1 would have the same
beneficial effects as reducing the level of Sema3A. To test this, I used genetically modified mice
which have the pocket of Neuropilin 1 altered so it no longer fits Semaphorin3A and mice which
do not have Neuropilin 1 in oligodendrocytes. When I assessed how well they repair after mul-
tiple sclerosis-like lesion, I expected that they would repair better because the harmful effect of
Sema3A is removed. However, they did not repair any better. This means that Neuropilin 1 is
not essential for Sema3As negative action in multiple sclerosis and it is therefore not a suitable

therapeutic target for multiple sclerosis.
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1 Introduction

1.1 Multiple Sclerosis-introduction

In the brain, oligodendrocytes wrap axons to create protective myelin sheaths. Each oligoden-
drocyte wraps many axons and each axon has multiple myelin segments (internodes) separated
by nodes of Ranvier where sodium channels cluster. This clustering of sodium channels because
of the myelin sheath ensures fast saltatory conduction of impulses from node to node [126]. In
addition to this, the oligodendrocyte provides metabolic support to the axon [170] [100].

In multiple sclerosis (MS), there are focal areas of inflammation-driven destruction of myelin
and oligodendrocytes which leave the axon denuded. This results in conduction block or slower
conduction of action potentials, longer refraction period and thus impairment in high frequency
signal transmission [193]. If the loss of myelin is prolonged, the loss of metabolic support
together with the increased energy demand and vulnerability of the denuded axon can result
in axon death. This neurodegeneration is the main cause of permanent disability in multiple
sclerosis patients [69].

Multiple sclerosis is a chronic disease with a heterogeneous clinical presentation and com-
plex pathology. Around 80% of the patients exhibit relapsing-remitting MS which is initially
characterised by appearance of neurological deficit (relapse) and complete recovery (remis-
sion), then partial recovery following relapses, and finally secondary progressive stage with
irreversible accumulation of disability in spite of relapses [23]. The functional deficit (relapse)
is due to episodic autoimmune-driven inflammation and demyelination in different areas of the
central nervous system (CNS) while the functional recovery (remission) results from resolution
of inflammation, remyelination as well as brain compensation [129]. The other 20% present
with primary progressive MS which is characterised by only the progressive stage with accu-
mulation of disability without relapses caused again by inflammation, demyelination and axon
degeneration [56] [23].

The disease is both inflammatory and neurodegenerative. The relapsing-remitting stage of the
disease shows the hallmarks of inflammatory disease and demyelination while the the progres-
sive stage of the disease with gradual accumulation of disability is reminiscent of degenerative
diseases [31]. Those different disease processes which occur separately as well as simultane-
ously make it particularly hard to treat. Even though life expectancy from disease onset is only
slightly shortened [56], the disease can be highly debilitating and considerably reduce quality
of life.
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1.1.1 MS in numbers

Multiple sclerosis is the most common cause of nontraumatic neurological disability in young
adults [56] and affects 0.1% of the world population [50]. Multiple sclerosis affects twice as
many women as men and has a life time risk of 1 in 400 or 0.25% [56].

The prevalence of MS increases with increasing distance from the equator [295]. For exam-
ple, the prevalence rate in Spain is 54 per 100000 [254] increasing to 63 per 100000 in south
England, 203 per 100000 in the Lothians (Edinburgh area) [266] and peaking at Orkney with
258 per 100000 [295]. Overall, the highest prevalence in the world is in Scotland [254].

Due to the chronic character of the disease and the fact that it affects adults in their prime often
making them unable to work, MS has a considerable economic impact. It has been estimated to
affect 380000 individuals in the 28 European countries and the total annual cost was estimated
at 12.5 billion euro [283]. This comes at 27 euro per European inhabitant per year and around

400000 euro per MS patient a year.

1.1.2 Symptoms and diagnosis of MS

The symptomatic presentation of MS is variable between patients as symptoms depend on the
areas of the brain affected. Sensory disturbances, fatigue, recurring episodes of neurological
dysfunction, motor and coordination deficit, and cognitive impairment are observed with vary-
ing severity in the disease [212] [226].

MS was diagnosed clinically by having evidence of at least 2 time separated CNS neuro-
logical symptoms and at least one neurological dysfunction demonstrated by neurological ex-
amination [248]. The repeated exacerbations of symptoms (relapsing-remitting MS) or their
progressive worsening (primary progressive MS) is essential to allow any one-off reasons for a
CNS neurological deficit to be separated from chronic multiple sclerosis. Magnetic resonance
imaging can now be used to define a second CNS neurological event, monitor lesion load in the
brain and lesion progression which aids diagnosis [203]. However, the heterogeneous presen-

tation and severity of the disease can still pose a challenge for clinical diagnosis.

1.2 Pathology of MS

Even though it can be hard to diagnose MS in patients, MS has very clear characteristics on post-
mortem examination of the central nervous system (CNS) from MS patients. The demyelination
and immune infiltration can be clearly observed using histological stains and be used to describe
classify the different types of MS lesions based on how much immune response and repair is

present.

Lesion types

The classic classification of MS lesions places them into 4 distinct types: active, chronic active,

chronic inactive and remyelinated. Active lesions can either remyelinate or turn into chronic ac-
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tive and then chronic inactive lesions (shown in figure 2.8). In pathology, active lesions are de-
scribed as having indistinct borders between normal myelinated tissue and the demyelinated le-
sion using myelin staining and macrophages/microglia throughout the lesion. Chronic active le-
sions also lack myelin staining (they are demyelinated) but have a ring of macrophages/microglia
around the lesion with a core devoid of immune cells. Chronic inactive lesions have a distinct
borders between normal myelinated tissue and the demyelinated lesion using myelin staining
and very few immune cells. Finally, remyelinated lesions or shadow plaques have less intense
myelin staining throughout.

Remyelinated lesions (shadow plaques) have reduced myelin stain because of the reduced
myelin thickness, shortened internodes and widened nodes of Ranvier [242] and also some
reduction in axon density ( [155]).There has been much debate about whether those lesions are
truly remyelinated or just not completely demyelinated. Actively demyelinating lesions which
have not completed demyelination do show a similar reduction in myelin stain however those
are infiltrated with phagocytic macrophages with myelin containing lysosomes and the myelin
sheaths in the lesion are the same thickness as NAWM [242]. Alternatively, reduction of myelin
staining could be observed because of loss of axons with the remaining axons having the same
thickness of myelin as the NAWM [242]. Both of those alternative reasons for reduction of
myelin staining are easily distinguished by immunohistochemistry from remyelinated lesions

There are also grey matter demyelinated lesions which tend to have less immune cell infiltra-
tion possibly because there is less myelin to be stripped of axons and cleared by phagocytes [56]
leading to an attenuated immune response. Clearly, such a classification is an oversimplifica-
tion of an enormously complex disease process and in light of recent changes to MS lesion
classifications, it does not account for whether demyelination has just started, is still ongoing or
has been completed [164]. However, in order to study study a disease so complex and heteroge-
neous, simplification can be helpful. Most of these classifications are also based on pathological
examination of post-mortem tissue, therefore are not able to examine the same MS lesion over
time. We can only postulate their pathological course.

The clear cut pathological description of MS lesions is in clear contrast to the overall unclear
cause of MS. An enormous number of studies has been done on the subject to disappointingly

conclude that an unclear combination of genetic and environmental factors are responsible.

1.2.1 Cause

The classical view is that MS is an autoimmune disease in which environmental factors trigger
the auto-reactive immune system (possibly via epigenetic changes) in genetically-susceptible
people [254]. Those result in focal areas of demyelination in the CNS characterised by inflam-
mation, oligodendrocyte and axonal damage, and subsequent death. An alternative hypothesis
is that neurodegeneration is the primary cause of the disease with the immune response being
secondary [310]. However, what exactly causes the autoimmune response or the neurodegen-

eration is unknown.
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Genetic

There is a genetic susceptibility to multiple sclerosis. Although the general population lifetime
chance to get multiple sclerosis is 0.25% [56], it is more than 10 times higher if a sibling has
MS (2.9%) and 100 times higher if a twin has MS (25.3%) [329]. On the other hand, the chance
for a spouse of MS patient is same as the general population [79] implying that the higher
lifetime risk is due to genetic and not environmental factors. However, MS has a complex
genetic predisposition with many genetic risk alleles making a small contribution to the overall
risk [346]. Major histocompatibility complex (MHC) has the strongest genetic association with
many of the risk genes in the complex being involved in regulation of the immune system [346],
However, another 110 risk alleles not associated with MHC have also been found [346] making
the genetic pool of susceptibility heterogenous and diverse. One of the genes involved in MS
risk is a heparan sulfate proteoglycan called GPC5 [15]. GPC5 which is found on the outer
plasma membrane and is possibly involved in sequestering pro-inflammatory chemokines [15].
Moreover, it has been associated with different patient responses to interferonf [33]. Although

genetics obviously play a role in MS, they are not the sole determinant.

Environmental and lifestyle

In addition to genetics, many environmental and lifestyle factors have been associated with MS;
however, each of them is probably only responsible for a small contribution. Factors associated
with increased risk of MS include high latitude, smoking, low vitamin D, Epstein-Barr Virus
infection, and adolescent obesity [231]. Some of those (e.g. obesity and smoking) can directly
upregulate or downregulate MS risk genes and therefore contribute to the the genetic predispo-
sition by modulating adaptive immunity [231]. This indicates the complex interplay between
the extraneous and genetic factors in the pathology of MS; however, it does not bring us any
closer to finding an preventable cause.

Although the causes of MS are still elusive and likely to multiple and combinatorial, there
are two hypothesis about the sequence of events leading to demyelination placing inflammation

or neurodegeneration as the primary event.

Inflammation-caused demyelination

As discussed above, it is well known that the action of the immune system destroys the myelin
and oligodendrocytes; however, it is overall unknown what causes the immune system to be
tricked into seeing those as ’foreign’ [310]. One of the possible reasons is molecular mimicry.
This is when a molecule (e.g Epstein-Barr virus mentioned in section 1.2.1) is presented to
MHC II (MHC variants increase genetic risk [98] as discussed in section 1.2.1) is sufficiently
similar to myelin or oligodendrogial proteins to cause auto-reactive T cells [56] [50]. To support
this hypothesis, microglia have been shown to be able to present oligodendroglial proteins in

combination with MHC class II and activate T cells in vitro [39].
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Even though this hypothesis could explain MS development in a simple way — there does not
seem to be a single or even a few antigens involved and the contribution of this mechanism to
the disease is unknown. Regardless of the cause, it is the autoimmune T cells that are believed
to be the primary pathogenic cell type in MS and they have been found in much higher num-
bers in active than in chronic human MS lesions [313]. Lymphocytes from MS patients’ blood
samples have shown reactivity towards MOG, MBP, PLP (myelin components), or combination
of those [67]. Reactivity towards at least one of those tested myelin components was detected
in the majority of patients (15/25)[67]. This supports the idea that MS lesion are caused by
autoimmune reactivity to myelin. It is possible that many causes converge on this triggering of
the autoimmune response. Similarly, cerebrospinal fluid of relapsing-remitting MS patients was
found to contain antibodies against OPC surface proteins in two independent studies [11] [224].
This means that autoimmunity against OPCs could contribute to the pathology of MS as well.
Of course, other cells of the immune system are involved in MS pathogenicity with B cells be-
ing involved in regulation of self-antigens [5] and macrophages being involved in maintaining
ongoing demyelination [313].

Activated immune cells can enhance BBB permeability by secretion of numerous cytokines,
soluble factors as well as reactive oxygen species and enter the CNS [168]. Upon meeting with
myelin components, the autoimmune T cells would be further activated to produce additional
pro-inflammatory cytokines (e.g. TNFa), soluble factors as well as reactive oxygen and nitric
oxide species. This results in an inflammatory loop which leads to further BBB permeability
and recruitment of further immune cells [56] which ultimately results in demyelination, oligo-
dendrocyte death [17], block in axonal conduction, and axon death.

In the initial relapsing-remitting part of the disease, the inflammation subsides, remyelination
occurs, and the brain compensates for the lost axons which results in clinical recovery [310].
However, with time and in the primary progressive disease, instead of resolving, inflamma-
tion turns chronic, which limits remyelination and ultimately results in accumulation of axonal
damage for which the brain is unable to compensate, correlating with the irreversible accu-
mulation of disability in the patients [310]. Therefore, it is reasonable to speculate that the
disease transitions from relapsing-remitting to secondary progressive when the brain can no
longer compensate for the axonal loss [310]. Even though the brain is not very good at repair,
it is amazing at compensating for damage. In the EAE model of demyelination, up to 30% of
the axons can be lost before impairment and as many as between 45% and 84% of the axons are
lost in paralysed MS patients [25].

The alternative hypothesis about the events leading to MS is that the autoimmune reaction

follows primary neurodegeneration.

Neurodegeneration-driven inflammation

Since axonal loss is much better correlated to disease progression than the extent of demyelina-
tion and grey matter lesions have limited immune infiltration, it has been suggested that axonal

pathology is primary and inflammation and demyelination secondary [310]. This is further
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supported by the widespread axonal loss found in regions which are not in a lesion [155] [304].
However, these can be explained by loss of axons in a network having a secondary effect on a
different area of the network which is distant from the initial damage.

Regardless of whether inflammation or neurodegeneration are primary, the disease results in
demyelination and oligodendrocyte and axonal death by numerous possible mechanisms briefly

discussed below.

1.2.2 Demyelination:Oligodendrocyte and myelin damage
Inflammation-driven oligodendrocyte death

In a study of 51 biopsies and 32 autopsies containing active lesions with short disease dura-
tion, 4 distinct patterns of demyelination were found [180]. The first 2 types, I and II, were
characterised by macrophage and T lymphocyte infiltration, close proximity to a blood vessel
and were differed only in the Type II’s deposition of antibodies and complement antigens [180].
Therefore, both those active lesion types were reminiscent of an autoimmune disease with the
damage in type I probably caused by immune cells products and the damage in type II caused
by antibody and complement dependent mechanisms [180].

To support type I oligodendrocyte cell death and demyelination, multiple immune cell prod-
ucts were found to induce oligodendrocyte-specific cell death. For example, fas ligand is up-
regulated in immune cells, fas receptor is upregulated in oligodendrocytes in MS and fas ligand
can induce oligodendrocyte death in vitro [77]. Similarly, TNF, a pro-inflammatory cytokine,
was found to kill oligodendrocytes on in vitro spinal cord explants [272]. On the other hand,
secreted factors from immune cells might not be enough to cause demyelination and oligoden-
drocyte death. Injection of supernatant from activated immune cells was not enough to cause
demyelination when injected into a myelinated tract; however, injection of CNS-directed anti-
bodies together with activated immune cells caused demyelination [30] similarly to the type 2

demyelination described above.

Oligodendrocyte dystrophy

Conversely, the other two types of demyelination, type III and I'V, were reminiscent of oligoden-
drocyte dystrophy. They were not centred around a blood vessel and did not show any deposition
of antibodies and complement [180]. Instead, type III lesions were characterised by loss of the
myelin protein MAG and oligodendrocyte apoptosis and are believed to be caused by a virus or
toxin which impairs the oligodendrocytes functionally [180]. Similar lesions were observed in
rare but very severe cases of relapsing-remitting MS which resulted in the patient’s death during
or shortly after a relapse [17]. Finally, type IV active lesions were characterised by loss of all
myelin proteins and extensive non-apoptotic oligodendrocyte death with unknown mechanism
for the oligodendrocyte damage [180]. This oligodendrocyte damage and death could be caused
by metabolic strain due to hypoxia [169].
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Overall, the demyelination type was thought to be different between patients but the same
within different lesions of the same patient [180]. Although this system of classification of MS
lesions on the basis of their possible mechanistic cause is somewhat controversial, it was an im-
portant step in trying to understand the heteregenous nature of MS lesions and the mechanisms
causing them. There is extensive heterogeneity and interplay between immunity and degenera-
tion in MS which is not only true in the progression of the disease [31] but also between different
patients [180]. This complexity begs the question about the usefulness of animal models which
we use to study MS as they can only approximately represent a single one of those numerous
stages and demyelination types. Moreover, the heterogeneity in the mechanism of demyelina-
tion and oligodendrocyte death indicates that the MS causes could be highly diverse between
patients and require different treatment.

How demyelination and oligodendrocyte death correlates with disease presentation and course
is controversial in the literature. One study found that lesion locations observed in MRI are re-
lated to symptomatic presentation in a cohort of 452 MS patients with some lesion locations
being much more likely to induce disability than others ansd some being ’silent’ [49]. This
indicates the significant consequences of demyelination and the subsequent conduction impair-
ment. However, this study has the inevitable caveat that the lesions observed in MRI could be
just demyelinated or the demyelination could have lead to axonal damage and death which is

the reason for the symptoms [56].

1.2.3 Axonal damage
Inflammation

It is widely accepted that demyelinated axons can get new myelin sheaths and oligodendrocytes
can be replenished; however, axonal death is irreversible and is the factor that correlates best
with disease progression [32] [69]. There are multiple possible mechanisms for the axon damage
which could cause or contribute in combination with axon death as discussed below.

It is easy to speculate that the rogue immune system which is responsible for myelin and
oligodendrocyte damage is also responsible for axon damage. Indeed, it was found that acute
axonal damage (measured by accumulation of amyloid precursor protein accumulation (APP)
whose axonal transport is ceased by transection or damage to the axon) directly correlates to
inflammatory infiltration of the lesion [163] [88]. Similarly, axonal transection measured by ter-
minal axonal ovoids was found to correlate with the degree of inflammation of the lesion [311].
All of those studies indicate that inflammation is likely to be the reason for the axonal damage
however it is unclear whether this is direct or secondary to a toxic environment or a loss of
myelin.

There are some indications that immune cells could be directly responsible for the axonal
damage. Namely, T cells have been found in close proximity to axons in multiple sclerosis [222]
and have been shown to attack and transect neuronal neurites in vitro [194]. Alternatively, sig-
nalling molecules from activated immune cells could be responsible. For example, nitric oxide

from macrophages could contribute to the degeneration of electrically active axons [282]. It has
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been found that nitric oxide reversibly blocks action potentials in CNS neurones by blocking
ATP production and that demyelinated axons are more susceptible to this block than myelinated
axons [256]. Reactive oxygen and nitrogen species can also cause mitochondrial damage and
oxidative damage has been found in oligodendrocytes and neurones in active MS lesions [119]
giving another possible explanation for the observed axonal and oligodendroglial damage and
death.

In addition to the immune-mediated mechanisms, it is possible that the chronic demyelination

of the axons is due to loss of metabolic support from the oligodendrocyte.

Metabolic strain

The direct effect of the immune infiltrate cannot be the only mechanism of axonal damage
since axonal damage is also evident (but to a lesser extent) in normal appearing white matter
(NAWM) and chronic lesions both of which lack immune infiltration [155]. Demyelination leads
to loss of metabolic support from the oligodendrocyte to the axon (discusssed in section 1.5.3)
and also leads to higher energy demand on action potential conductance in the denuded axon.
Normally clustered at the node of Ranvier, upon demyelination, sodium channels redistribute
along the axon [82] which allows impaired impulse propagation at high energy cost [325]. This
leaves the axon with less metabolic support and increased metabolic need in a state that is
referred to as virtual hypoxia [312]. In vitro, demyelinated axons were shown to respond to this
increased energy demand by increasing the size of mitochondria as well as their transport [151].
Similarly, in chronic multiple sclerosis lesions, mitochondrial mass is increased in demyelinated
axons compared to myelinated axons [35] in an effort to compensate for the energy mismatch.
However, when energy deficit is prolonged, compensation fails and a cascade of pathological

events similar to the ones described in the next section ( 1.2.3) [312] lead to axonal death.

Convergence on axonal damage

Numerous factors from immune cells, increased energy need in the demyelinated axon, mito-
chondrial dysfunction, hypoxia, free radicals, and loss of trophic support [92] all converge on in-
sufficient energy production (ATP) [292]. This in turn impairs the action of the sodium/potassium
ATPase which normally exchanges 3 sodium ions from the cell for 2 potassium ions extracel-
lularly [282] [122]. This results in very high intracellular sodium which is further amplified by
upregulation of sodium conductance due to sodium channel reorganisation in the demyelinated
axons [91]. This can lead to reversal of the sodium/calcium exchanger which normally takes
calcium ions out and sodium ions in [291] [281]. Finally, this would lead to high intracellular
calcium concentration which could kill the axon [282]. Therefore, myelin could be a protective
coat for such toxic substances.

Furthermore, it has been observed that axonal degeneration can also occur in areas which have
normal myelin [24] indicating that axonal damage can happen without demyelination. Contrary
to this, selective loss of oligodendrocytes leads to myelin damage and axonal damage in the

absence of T-cell and B-cell immune response [246] probably due to loss of metabolic support



1 Introduction

discussed in section 1.2.3. Both of those studies indicate that axonal damage could occur by
vastly distinct mechanisms. The exact interplay between inflammation, axonal degeneration,
and myelin and oligodendrocyte loss and their relative contribution is still unclear and may be

heterogeneous between patients.

Axonal death causes clinical deterioration

Acute axonal damage is most prominent in the early stage of the disease (<1 year) when active
demyelination happens but persists throughout the disease when the lesions are often chronic
[163] [155]. Moreover, comparison of magnetic resonance spectroscopy imaging and clinical
disability and progression in 88 MS patients revealed that axonal damage happens before symp-
toms manifest clinically and contributes significantly to disability [68]. The continuous axonal
damage has been proved to be directly correlated to multiple sclerosis disability by many differ-
ent groups using different techniques [155] [69] [64] [311] [304]. This is one of the few cellular
events that have been found to significantly contribute to clinical presentation and course [90].
In fact, axonal loss is so well correlated to disease progression, it has lead to the idea that MS
is primarily a neurodegenerative disease discussed in section 1.2.1 [310].

Since axonal damage and death are so linked to disease symptoms and progression, it is
natural that current therapies aim to prevent that. Therapies are mainly aimed at modulating the
immune response to decrease its involvement in disease pathology and in managing the already

existent symptoms.

1.3 Current MS therapies

1.3.1 Relapse treatment and treatment of symptoms

During a relapse, corticosteroids can be used to shorten the duration of a relapse and to speed
recovery. They diffuse into the cell and bind cytoplasmic glucocorticoid receptors which then
modulating gene expression by inducing expression of anti-inflammatory cytokines and in-
hibiting expression of pro-inflammatory cytokines [279]. Although corticosteroids reduce the
chance of worsening or non-improvement of relapse 5 weeks after it has started, they do not
influence the relapse frequency [54] and cannot be used long-term due to their side effects.
Moreover, numerous therapies exist to aid specific multiple sclerosis symptoms. Although
those are important to improve the quality of life for the patients, they do not have long term

benefits on the disease course [56] which is what the next class of drugs aims to do.

1.3.2 Disease-modifying therapies

Another, very promising class of drugs is aiming to modify the disease course via suppressing
inflammation and thus further immune infiltration as well as BBB permeability [230]. De-

creasing the autoimmune attacks has the potential to be beneficial in the early stages of the
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relapsing-remitting form of multiple sclerosis. There are numerous immunomodulatory ther-
apies including interferonp, glatiramer acetate, fingolimod, dimethyl fumarate, teriflunomide,
natalizumab and alemtuzumab which all aim to dampen the inflammation using a variety of
mechanisms. While they improve the disease course and reduce disability, the drugs are con-
stantly superceded by more effective treatments making all the available literature out of date
and therefore are are out of the scope of this thesis.

The emerging theme is that although those drugs are effective in the initial inflammation-
dominated stage of the relapsing-remitting disease, they are not effective in the progressive
stage or the primary progressive form of the disease. Therefore, what is really missing is a
neuroprotective treatment for the progressive part of the disease which could limit the axonal
damage and therefore halt the accumulation of disability (discussed in subsection 1.2.3). En-
sheathing the axons with new myelin sheaths, called remyelination, is believed to have the great
potential to limit their damage and restore normal function.

The only immunomodulatory therapy which might have pro-remyelination properties is fin-
golimod. In LPC-demyelinated cerebellar slice cultures, it was found that fingolimod increased
remyelination and process extension of oligodendroglia [207]. The same effect on process ex-
tension was observed in human OPCs and fingolimod also modulated their survival [206]. How-
ever, other articles have not found an improve in remyelination in animal models [7] [128] and
it remains to be seen if this is true in humans.

Nonetheless, there are some oligodendrocyte maturation promoting drugs currently in clin-
ical trials (anti-Lingo-1, clemastine) which have the potential to fill the existing gap for pro-
remyelination therapies. The logic behind the development of these pro-remyelination drugs

will be described in the next section.

1.4 Remyelination

The axon dysfunction and subsequent death as well as the disability which stem from it could
be prevented by restoring the myelin wrap before axon damage has occurred. An extended
research debate culminated in the recognition that the remyelination process is carried out by
newly formed oligodendrocytes from oligodendrocyte precursor cells [324] and not by mature
oligodendrocytes already present producing new sheaths [91]. To remyelinate, OPCs migrate
into the area of damage and differentiate into myelinating oligodendrocytes which contact and
ensheathe axons with new myelin. The occurrence of remyelination after demyelination was
confirmed by electron microscopy study of the cat spinal cord where initially all axons were
demyelinated and after 64 days all had acquired thin new myelin [32] arguing against these
remaining from incomplete demyelination. What is most important about remyelination is that

it protects the axons and restores conductivity and function.
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1.4.1 Remyelination leads to functional recovery

Numerous animal models are used to study remyelination and are discussed in detail in the in-
troduction to chapter 4. In short, they are separated into models which primarily represent the
immune response of MS with some demyelination (EAE, viral) and primarily demyelinating
models with limited immune response (cuprizone and LPC). Using variety of those models,
direct evidence that remyelination restores function has been found. For example, after a LPC-
demyelination in the cat spinal cord [280], remyelination lead to recovery of conduction. More-
over, demyelination was found to produce measurable behaviour effects which were recovered
after remyelination in a rat demyelination model [138] which indicates that upon remyelina-
tion the recovery of conduction leads to behavioural recovery. Similarly, in cats fed irradiated
diet which lead to extensive demyelination and neurological symptoms, endogenous remyeli-
nation resulted in full functional recovery after 3—4 months [78]. Both in demyelination and
in an immune-mediated chronic progressive demyelination mouse models, remyelination was
associated with recovery of motor function which was lost due to demyelination [177] [214]. Fi-
nally, remyelination significantly decreases the enhanced mitochondria content associated with
denuded axons [347] indicating that it can restore the energy imbalance which normally leads
to the death of the axon (section 1.2.3), though admittedly these levels never reach normal.
All of those studies show how remyelination is directly responsible for recovery of function
both at the cellular and at the organism level. However, remyelination does not necessarily
result in complete recovery as cuprizone treated mice which have completely remyelinated af-
ter demyelination still have more acutely damaged axon and decreased locomotor performance
compared to untreated controls 6 months after cuprizone was stopped [189], although cupri-
zone is also known to damage axons directly. Even though it does not offer complete recovery
identical to the undamaged CNS, remyelination is an immense improvement over demyelina-
tion. In addition to functional recovery, remyelination offers physical protection from further

damage to the axon.

Remyelination protects the denuded axons

The evidence that restoring the myelin sheath on denuded axon protects them from death is also
strong. In a cuprizone-demyelination model, OPC depletion by X-ray irradiation resulted in sig-
nificant increase in axonal loss which could be prevented by introduction of neural progenitors
which differentiate into OPCs and remyelinate the axons [133]. Moreover, in human studies,
axonal damage was lower in remyelinated lesions compared to active lesions [163] and chronic
lesions [155]. Similarly, axonal damage in an animal EAE demyelination model is less in re-
myelinated areas than it is in demyelinated areas [155]. Those studies indicate directly and indi-
rectly that remyelination has a protective effect on the axon and this protection might be increas-
ingly more important with age. Following cuprizone-demyelination, adult mice (6—7 months)
exhibited more axonal transections and axonal loss than younger mice (2-3 months) [132] sug-
gesting that once demyelinated, older adult axons are more prone to damage and remyelination

is more important for them. In people, the first evidence that remyelination is associated with
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functional improvement comes from PET scans using a ligand reporting myelin [27]. Here,
patients with higher levels of PET tracer in their MS lesions over time have less disability [27].

Conversely, the number of MS lesions does not correlate with disability [27].

Role of the axon in remyelination

The denuded axon is not an innocent bystander in remyelination. It is known that myelina-
tion can be prevented by inhibition of electrical activity and increased by increase in electrical
activity in animal models [74]. The same might be true for remyelination. Fish studies sug-
gest that before remyelination can happen, connectivity of axons needs to be maintained or
re-established [225] which might also be a requirement in MS. The axons are known to be able
to modulate myelination as learning new tasks in humans creates structural changes in the white
matter [349].

Increasing evidence shows that in addition to the involvement of OPCs and neurones in re-

myelination, various components of the immune system are also required.

1.4.2 The dual role of inflammation in MS

As dicussed in section 1.2.1, the immune system is believed to be primary responsible for the
pathology of MS with T cells, B cells and macrophages/microglia mediating the damage. How-
ever, numerous experiments have shown that the same molecules and cells which induce the
damage are instrumental in repair as well.

Knock down of genes involved in the immune system such as TNF« as well as one of its re-
ceptors, TNFR2, delay remyelination after demyelination because of delayed OPC recruitment
and maturation [12]. This was further supported by a phase II clinical trial of a drug aiming to
neutralise TNFa which unfortunately resulted in increased relapse frequency and severity [171]
which indicates that loss of TNFa is detrimental in MS. Similarly, knock out of interleukin-1p5, a
pro-inflammatory cytokine, in mice results in reduced remyelination following normal demyeli-
nation [190]. Moreover, knock down of the TNFa-controlled MHC II has been shown to retard
remyelination because its loss results in impaired recruitment of oligodendrocytes [13]. Over-
all, knockout of inflammatory cytokines has resulted in impaired OPC recruitment. In line with
this, in a recent transcriptome study it was found that activated OPCs increase transcription of
pro-inflammatory cytokines which play an important role in supporting OPC migration [210].

This means that inflammation is important for repair and losing key components of the in-
flammatory cascade can impede remyelination. To support this, administration of minocycline,
an anti-inflammatory drug, reduced OPC recruitment and remyelination following ethidium
bromide lesions in rodents [175]. Moreover, it is important to note that in genetic studies MHC
has the strongest association with MS, including MHC II [98] (section 1.2.1).

In addition to individual inflammatory molecules being involved in remyelination, different
immune cell types are also essential. For example, knockdown of T cells, the main offenders
in the pathology of MS, reduces remyelination in animal models [22]. This may in part be due

to the importance of the regulatory T cells [348]. Similarly, loss of macrophages/ microglia
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has been shown to impede remyelination [158] because of transient delay in recruitment and
impairment in maturation of OPCs into the lesion [159]. This OPC impairment was because
of less efficient myelin debris clearance [159] which is essential step of the remyelination pro-
cess [28]. Myelin debris is known to negatively impact OPC maturation in vitro [262] and re-
myelination in vivo [157]. In fact, less efficient clearance of myelin debris by old macrophages/
microglia is one of the proposed reasons why remyelination is slower with age [274]. However,
loss of macrophages/ microglia also induced changed in the mRNA levels for different growth
factors [159].

Furthermore, the same cell type can be both beneficial and detrimental in MS depending on
their environment-induced activation state. Some microglia and macrophages/ microglia have
a pro-inflammatory phenotype which is responsible for antigen presentation [39], secretion of
pro-inflamatory cytokines and reactive oxygen and nitrogen species while others have an anti-
inflammatory phenotype and secrete anti-inflammatory cytokines essential for immunomodu-
lation and repair [80] [205]. In a demyelinated lesion, pro-inflammatory cells are predominant
while pro-repair cells take over around the time of initiation of remyelination to create a ben-
eficial remyelination microenvironment [205]. Moreover, remyelinated lesions in MS patients
were observed to have high density of the pro-repair phenotype [205] and to express predomi-
nantly pro-repair markers [243]. It has been shown that repeated insult in a mouse EAE model
leads to disregulation of the pro-repair and pro-inflammatory macrophages/microglia compared
to the inital insult with an impaired pro-repair response [202] which correlates with the lower
chance of repair in a chronic lesion.

Induction of inflammation increases the myelination of transplanted OPCs in the adult retina
compared to normal non-inflamed retina [9]. Similarly, in a chronic rat model of demyelination,
induction of inflammation after failure of remyelination resulted in remyelination [89].

There is some further indication that the same dual role is true in human as well. For example,
in spinal cord MS lesions, the number of immature olidodendrocytes (O4+) in lesions was
positively correlated with the number of debris-containing macrophages [336].

Those studies overwhelmingly indicate that remyelination and inflammation are intertwined
and for remyelination to happen, inflammation has to be present. This can be partly because ’in-
flammation’ covers wide spectrum of helpful and detrimental T cells, B cells, microglia/macrophages
and even perhaps astrocytes. The timing of arrival of these cells and their types may be impor-
tant or detrimental in successful repair. This observation is particularly important because all
current MS therapies are immunomodulatory (as discussed in subsection 1.3.2). If inflamma-
tion is required for remyelination, is an anti-inflammatory therapy impeding remyelination in

humans?

1.4.3 Remyelination occurs in multiple sclerosis

Studies presented so far which excemplify the importance of remyelination have been conducted
in animal models of MS. Studying post-mortem tissue from MS patients has definitively revealed

that remyelination also occurs in MS.
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Remyelination was initially confirmed by electron microscopy in human [244] [251]. It has
the characteristic features of thinner myelin (even after months of remyelination thickness does
not go back to normal [181]), shorter internodes [107], and wider nodes of Ranvier [334].
Moreover, in one histological study, 42% of the investigated 161 human lesions showed signs
of remyelination [16]. A study of 2 MS patients with long lasting disease showed that 22%
of their lesions were fully remyelinated, 73% were partially remyelinated and 5% completely
demyelinated [240] indicating that in the majority of lesions some remyelination happens.

On the contrary, remyelination is dependent on the disease chronicity with patients with early
stage MS remyelinating better (80% of lesions showing signs of remyelination) than patients
with chronic MS (60% of lesions showing signs of remyelination) [109]. Remyelination is
also dependent on the anatomical location of the lesion [242] [109], age [274] and sex [174].
Females remyelinate better [174] while age is negatively correlated with the speed of remyeli-
nation [274].

When remyelination happens in MS, it is in active lesions where there is still a strong immune
reaction [249] and demyelination and remyelination often coexist [250]. This again indicates
the importance of inflammation in remyelination as discussed in section 1.4.2.

However, remyelination is often insufficient to overcome the damage. Moreover, there is
great difference between the remyelination potential of different patients. In a post-mortem
study of 51 patients with relapsing-remitting and progressive MS, it was found that around
20% of them were efficient remyelinators with more than 60% of the total lesion area being
remyelinated [242] while the rest were not. Moreover, the extent of remyelination was posi-
tively correlated with longer disease duration and older age at death [242]. This means that
remyelination happens at any stage of the disease (although the earlier in the disease, the better
the remyelination [109]) and the better a patient is at remyelinating, the higher the chances for
survival.

For remyelination to happen, OPCs need to be recruited into the area of damage, differentiate

and ensheathe the axons.

1.5 OPCs

As discussed in subsection 1.2.2, upon demyelination, oligodendrocytes are killed. For remyeli-
nation to happen, new cells with remyelination potential are required. After extensive debate
in the literature, it was found that those remyelinating cells come from the OPC progenitor

population [104] [324] and not from mature oligodendrocytes that are already present.

1.5.1 OPC recruitment and maturation are recuired for remyelination

For a lesion to remyelinate, OPCs need to be activated and recruited into the area of damage by
migration and proliferation. OPCs that remyelinate axons either come from the lesion or from
the immediately surrounding NAWM. In fact, in rat, it was shown that OPCs can be recruited

only from a 2 mm rimm around the lesion [94]. Furthermore, the OPCs need to mature into
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myelinating oligodendrocytes, engage the axons, ensheathe them, and finally create compact
myelin. Remyelination could be ineffective because of failure of the OPC to carry out any of

those processes.

1.5.2 OPCs: discovery, detection and heterogeneity

OPCs were identified around 50 years ago by their distinct electron microscopy features from
the previously characterised oligodendrocytes, astrocytes and microglia [320] (Figure 1.1),
OPCs are extensively spread throughout the brain and found throughout life [173] and con-
stitute around 5-8% of all the glial cells in the CNS [172].
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Figure 1.1: Electron microscopy image of OPC surrounded by unmyelinated axons in an optic
nerve (postnatal day 1). Cell identification used to be performed by electron mi-
croscopy features of the nucleus and surrounding organelles — a skill which we

have now lost. Magnification is x14800. Image from [320]

OPCs are often labelled by antibodies against the proteoglycan NG2 [289]. When OPCs
start differentiating into immature oligodendrocytes, they express O4 sulfatide [286] and mature
oligodendrocytes express myelin basic protein, MBP.

Origin

Although all OPCs express those markers, they are not all the same. OPCs have distinct posi-

tional (dorsal and verntal neuraxis) and time origin (early vs late development) [316] giving rise
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to a inherently heterogeneous population [307]. OPCs can also arise from the subventricular
zone stem cells both in normal homeostasis and following LPC-lesion in the corpus callosum
and contribute to the remyelinating oligodendrocytes [215] [340] [197]. There is also evidence
that SVZ stem cells are proliferating more in MS than control and were also found in active
lesions next to the SVZ [216] indicating that the same could be true in human. To add to this
heterogeneity, OPCs from young and old animals are different as well.

Young and old

OPCs from adult and neonatal animals appear to be different in terms of their cell cycle as well
as migration, differentiation and myelination capacity with adult OPCs being inferior [352] [48].
The same is true for adult purified human OPCs which have a reduced proliferation rate and
survival and process outgrowth compared to neonatal cells [267]. Comparison of remyelination
between young and old rats revealed that particularly the OPC recruitment but also the matu-
ration into oligodendrocytes was slower in the older animals [277]. This is important in MS
because of its prolonged duration and suggests that human OPCs will be recruited and mature
worse with age as well. However, isolated adult human OPCs can migrate and extensively re-
myelinate brain of shiverer mouse, which completely lacks myelin [333]. This shows that even

in adulthood, OPCs have an impressive potential to repair, but it is less than it has been in youth.

1.5.3 Oligodendroglial roles

Oligodendrocytes are known for their role in myelinating axons during development and OPCs
are known as a dormant cell type in the CNS with the potential to differentiate into oligodendro-
cytes which then can repair. However, this is not the only role for either of those cell types. For
example, OPCs primarily differentiate into oligodendrocytes. However, OPCs are also known
to be have a limited ability to differentiate into astrocytes [255], Schwann cells [350], and con-

troversially neurones [59] [60]. Oligodendrocytes also contribute to the axonal energy supply.

Trophic support

Trophic support has been emerged as a new role for olidogendrocytes in addition to wrapping ax-
ons with myelin sheaths. Loss of myelin sheath protein PLP in mice resulted in overall normally
appearing myelin; however, the mice exhibit axonal degeneration [114]. Similarly, an oligoden-
drocyte phosphodiesterase, CNP1, was also shown to be essential for axon support without
involvement in the myelin formation [167]. Furthermore, knockout of MAG, a minor myelin
constituent, also resulted in axonal degeneration with little effect on the myelin itself [235]. In
the same way, ablation of oligodendrocytes leads to axonal injury without obvious demyelina-
tion [232]. Finally, it has been found that loss of PLP1, a myelin protein, in mouse leads to
axonal degeneration which is length-dependent without evident myelin effects [103] support-

ing the same hypothesis. Similarly, patients with PLP mutations also show overall structurally
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normal appearing myelin but accumulate axonal loss with time [103] indicating that the same
mechanisms are probably active in human.

All of those studies indicate that oligodendrocytes support axons with more than just a myelin
sheath. Therefore, it was proposed that myelinating oligodendrocytes support axons by trophic
support [221] by secreting local factors. Deletion of MCT1, a transporter for lactate, pyruvate,
and ketone bodies, in mature oligodendrocytes resulted in axonal damage and death [170] in-
dicating the importance of the metabolic support of the oligodendrocytes for axonal integrity.
Similarly, BDNF and NT3 neurotrophic factors, produced by oligodendrocytes in vitro and in
vivo were able to enhance neural function [63]. Furthermore, myelinating oligodendrocytes are
proposed to be able to remove organelles from axons [288] in order to help them cope with
stress. Finally, following neuronal activation in vitro, nonmyelinating olidogendroglia were
observed to release supportive exosomes with protein and RNA which are taken up by neu-
rones [96]. Therefore, oligodendrocytes can support neurones by providing metabolic support,
neurotrophic factors as well as transporting organelles, protein and mRNA.

While oligodendrocytes are involved in supporting the axon, axons are believed to be able to

regulate OPCs via electrical signals.

Part of the electrical system

OPC:s were found to receive synaptic input [21] and some OPCs are able to intergrate the synap-
tic input and generate action potentials [145]. In the developing brain, there is evidence that glu-
tametergic synapses regulate OPC proliferation [187] essentially linking experience and elec-
trical activity of neurones to OPC numbers. The synaptic input is lost when the cells transition

to premyelinating oligodendrocytes [65].

Repair

When demyelination happens, oligodendrocytes die and OPCs are responsible for remyelina-
tion. Although OPCs are the major remyelinating cell of the CNS, there have been reports of
Schwann cell remyelination in the human spinal cord lesions [134]. In addition to remyelination,
oligodendrocytes express a wide variety of immunomodulatory molecules and are increasingly
viewed as being able to influence the immune system [351]. This means that they might be
involved not only in remyelination but also in attenuation of the immune attacks.

Even though they are supposed to be the cells maturing into myelinating oligodendrocytes to
repair the damage, it has been found that OPCs are more susceptible to stress and TNF-induced
cell death than oligodendrocytes [61]. The same is true for purified adult human OPCs which
were found to be less able to survive than mature oligodendrocytes [267]. This indicates that
any OPCs which will contribute to the remyelination process likely comes from an area slightly
removed from the area of damage and it needs to migrate to get there.

Even though OPCs have the potential to remyelinate and repair the damage, remyelination in
MS is often insufficient to overcome the constant damage by the immune system and eventually

fails.
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1.6 Why does remyelination fail in MS?

Even thought remyelination eventually fails in all patients, there are multiple reasons for this
failure connected to the processes that an OPC goes through leading to remyelination, discussed
in section 1.5.1 [90].

1.6.1 OPC recruitment failure

One of the reasons remyelination fails in MS is because there are not enough OPCs in the lesion.
To support this, some chronic inactive lesions were found to have significantly fewer OPCs than
the surrounding NAWM [46]. Moreover, in a study of post-mortem tissue from 56 MS patients,
in 30% of patient oligodendrocyte numbers were markedly reduced in chronic lesions [179]
indicating that insufficient numbers due to failure of recruitment could be responsible for the
chronic character of the lesion. This proportion of lesions lacking OPCs as well as chronic
lesions which show failure in OPC recruitment was corroborated by another post-mortem study
of 10 MS patients [29]. In it, 37% of the lesions were found to contain lower numbers of OPCs
than white matter control brain and most chronic active lesions contained very few OPCs [29].

In another series of post mortem MS lesions, in active lesions, oligodendrocytes were con-
firmed to die but the majority of lesions failed to repopulate with OPCs. All 20 active lesions
had reduced oligodendrocyte numbers compared to contol [61] representing the result of the
oligodendrocyte damage and death discussed in section 1.2.2. Some of the lesions (45%) had
an increased OPC number compared to control indicating successful recruitment; however, the
majority (55%) had less OPCs than control [61]. This decrease in OPC numbers is indicative
of death of OPCs and failure of recruitment of new OPCs.

Finally, in a further study of 10 MS patients, 29% of the lesions did not contain pre-myelinating
oligodendrocytes (as defined by antibodies to O4) [47] suggesting that there was not enough
OPC migration into the lesions or that OPCs arrive but do not differentiate even into pre-
myelinating oligodendrocytes. The majority (78%) of those lesions which lack pre-myelinating
oligodendrocytes are from patients which have had the disease for more than 20 years [47] in-
dicating that migration could be more prone to failure with prolonged disease. To support this,
in cortical lesions, OPCs were found to decrease in number with disease progression [263].

Therefore, it is generally accepted that OPC recruitment fails in a third of MS cases/lesions

while insufficient OPC maturation is responsible for the rest.

1.6.2 OPC maturation block

In human, the predominant reason for remyelination failure is believed to be a block in OPC mat-
uration. Analysis of post-mortem tissue from MS patients revealed that in chronic lesions there
were plenty of immature oligodendrocytes (O4+) which were neither dividing nor maturing
into myelinating oligodendrocytes which suggested differentiation block as reason for impaired
remyelination [335]. Mature oligodendrocytes (Olig2+ NogoA+) were rarely found in chronic
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lesions while they were present in more active lesions and NAWM indicating further that re-
myelination could fail because of maturation block [162]. Moreover, in a study of post-mortem
tissue from 56 MS patients, 70% of patients had marked oligodendrocyte destruction in active
lesions but extensive oligodendroglial coverge in chronic lesions [179] indicating a maturation
block of those present OPCs could be responsible. Finally, in a study of 10 MS patients, the ma-
jority of lesions (71%) were found to contain pre-myelinating oligodendrocytes [47] supporting
the differentiation block hypothesis.

Overall, in around 70% of patients/lesions, oligodendroglia were present in the lesion but had
not differentiated into myelinating oligodendrocytes while in the other 30%, oligodendroglia
were absent or reduced in the lesion. These insights into the mechanism of the human disease

are essential to guide development of new therapeutic targets to aid remyelination.

1.6.3 Novel therapeutic targets for MS

There two therapeutic options in promoting remyelination in MS — transplantation of remyeli-
nating cells or enhancement of endogenous remyelination. Even thought transplantation has
been shown to enhance remyelination in animal models and transplanted cells are even proven
to migrate better than endogenous cells [26], it would be extremely difficult to clinically deliver
exogenous cells in a multifocal disease like MS.

Therefore, central to the current therapeutic efforts in multiple sclerosis is the aim to improve
endogenous remyelination. Maturation is the primary reason for remyelination failure and it
has been the focus in remyelination research for a long time. There are numerous compounds
which have been developed to either promote maturation or to inhibit endogenous maturation
blockers. For example, LINGO-1 has been shown to be upregulated in MS and disease models
and inhibition of this Nogo receptor interacting protein has been proven to be beneficial in
variety of animal models [200]. A blocking antibody against LINGO-1 has been tested in a
Phase II clinical trial (AFFINITY) as an add on to disease modifying therapies in relapsing
MS patients to determine if it can slow down accumulation of disability. The results have not
been formally published yet, but the trial did not reach its primary endpoint. There were small
improvements in neurophysiological measures reported in some patients, but clinical benefit
has not yet been seen.

Moreover, even drugs which are already clinically approved for other conditions have been
found to increase maturation of OPCs. For example, anti-muscarinic compounds were found
to induce oligodendrocyte differentiation and thus remyelination in a variety of animal mod-
els [75] [196]. Clinically approved drugs should find their place in the multiple sclerosis clinic
faster as their safety is already established in humans. Furthermore, there are numerous drug
targets in pre-clinical development (e.g. retinoic X receptor 7y, bexarotene, clemestine [112]).
Therefore, we hope that there will be a maturation enhancing drug in the clinic soon.

Even though OPC recruitment is in the developing brain is a carefully regulated and well
studied process involving many secreted and contact dependent cues [66], OPC recruitment in

MS is not as well studied. Moreover, enhancing recruitment of oligodendrocyte precursor cells
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(OPCs) to the areas of damage is a clinically unexplored target and could add another class of
drugs to the multiple sclerosis therapeutics. OPC recruitment will be explored in more detail

before concentrating on the molecules I have modulated to promote OPC migration.

1.6.4 Recruitment and proliferation of OPCs

The repopulation of OPCs in an area of damage involves their activation, proliferation and

migration.

Activation of OPCs

In recent years, the idea that an OPCs have to be activated before they start remyelinating has
emerged. Transcriptome studies of purified mouse OPCs from normal and cuprizone treated
condition have revealed that upon activation, the transcriptome of adult OPCs resembles that
of neonatal OPCs more than non-activated adult OPCs [210]. Numerous factors have been
found to be upregulated in the activated OPCs which will eventually form oligodendrocytes
which remyelinate the denuded axons after demyelination including proliferation markers and
transcription factors such as sonic hedge hog (Shh) [93]. Shh, which is important in neonatal and
adult oligodendrogenesis, is upregulated in oligodendrocytes in demyelinating disease models
and increases survival, proliferation and differentiation of oligodendroglia [87]. Activated OPCs
migrate and differentiate faster than non-activated OPCs [210]. The OPC activation is driven by
the immune response [108] again pointing to the importance of inflammation in repair discussed

in section 1.4.2.

Repopulation of OPCs

OPC migration into the area of damage is a necessary step for remyelination. Using fate tracing
of proliferating NG2+ cells in a demyelination model, OPCs were initially found exclusively at
the lesion periphery (day 2 post lesion) and then decreased from the periphery and increased in
the lesion centre (day 7 post lesion) before they matured into myelinating oligodendrocyte [324].
After OPCs are recruited into the lesion to remyelinate, this leaves the zone around the lesion
with less OPCs than before demyelination for 2 months [148]. Moreover, upon demyelination,
OPCs also undergo extensive proliferation in vivo [37] [257] [148] which aids repopulation of
the demyelinated areas with OPCs.

Normally, in the cuprizone model of demyelination, mice are fed cuprizone for 6 weeks and
then this diet is stopped to allow for repair to happen. When mice are fed cuprizone for longer
than 12 weeks endogenous remyelination fails [191]. OPCs continuosly migrated into the lesion
but then underwent apoptosis and this resulted in progressive depletion of the OPCs in the
lesion [191]. This chronic cuprizone model may be a better representation of the repeated
damage in a chronic disease like MS and recapitulates the remyelination failure of MS which

other models do not. However, it does produce global rather than focal demyeliantion.
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In a different model of repeated cuprizone administration mimicking recurrent demyelination
insults, remyelination was slower and less efficient due to decrease in oligodendrocyte repop-
ulation [140]. Both of those studies indicate that it is possible that recruitment only fails after
certain threshold of repeated insults. This is supported by the observation discussed in section
1.6.1 that OPC depopulated lesions were primarily from patients with disease duration over 20
years [47].

However, this recruitment failure is not true in every chronic/repeated damage model. Four
rounds of experimental demyelination in the subpial cortical region via EAE were not enough
to deplete OPCs [263]. On the other hand, OPCs are depleted in the subpial cortical region
lesions in post-mortem MS tissue [263]. This indicates the great discrepancy between different
animal models as well as animal models and human disease.

The idea that recruitment fails upon chronic/repeated damage is further supported by the com-
parison of two studies involving PDGF-A, a well known chemoattractant and mitogen. PDGF-A
did not improve remyelination in an acute model of demyelination (6 weeks cuprizone) [337]
but it did in a chronic model of demyelination (12 weeks cuprizone) [319]. Therefore promoting
OPC migration is much more important in a chonic/repeated damage than in acute damage. To
further support the effectiveness of pro-recruitment modulators,in a rat LPC-model of demyeli-
nation, PDGF injection improved remyelination 10 fold [6]. While injecting growth factors in
the brain is not a therapeutic option for people, it clearly shows that therapy which improves
recruitment could be highly beneficial.

To further investigate the therapeutic potential of OPC recruitment modulators, I have looked
at 2 different targets involved in OPC migration: NDST1/HS and Sema3A/NP1.

1.7 ECM and NDST1/HS

The extracellular matrix (ECM) was once thought to be a mesh providing mechanical support
but it is now increasingly clear that the heterogeneous molecules in the ECM are involved in a

variety of functions such as signalling, cell behaviour, and pathogenicity.

1.7.1 Role of ECM

ECM consists of a mesh of immobile secreted molecules which surrounds the cells in all tis-
sues and provides the microenvironment in which they thrive. It is secreted by most cells in
the central nervous system and can be remodelled or degraded by matrix metalloproteases
(MMP) [318]. ECM has a structural role such as mainteinance of the BBB but can also be
involved in signalling, primarly via the intergin family of cell surface proteins connecting the
intracellular cytoskeleton with the extracellular tissue architecture. For example, heparan sulfate
proteoglycans on the plasma membrane surface are required to induce an activational conforma-
tion change of fibroblast growth factor-2 (FGF-2) before it can signal via the FGF receptor [102].
FGF-2 is a well known regulator of OPC survival and recruitment which is strongly implicated

in remyelination[ 198] which means that heparan sulfate is involved in OPC behaviour and repair.
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In a disease state the ECM changes and often makes the environment more or less permissive

for repair.

1.7.2 ECM changes in MS

In multiple sclerosis, pro-inflammatory cytokines from activated immune cells have the poten-
tial to regulate the transcription of MMP [186] to modulate the integrity of the BBB but would
also change the ECM composition. ECM changes have been widely observed in MS. Bioin-
formatic analysis of the proteome of active vs chronic active MS lesions revealed that ECM
components (including heparan sulfate proteoglycans) and ECM signalling (primarily via inte-
grins) were part of the molecular pathways responsible for transition into chronic lesions [271].
For example, heparan sulfate proteoglycans, which are normally found only in the basal mem-
brane around blood vessels, are also found accumulated in human active MS lesions without
blood vessel contact [317]. Moreover, TNFa expressing immune cells were in immediate prox-
imity to those areas with ECM disregulation and are believed to be responsible for it [317]. This

is obviously different than heparan sulfate’s normal function.

1.7.3 Heparan sulfate

Heparan sulfate and heparan sulfate proteoglycans are sulfated linear polysaccarides found on
the ECM, basal membrane and cell surface and are part of glycosaminoglycan (GAG) family.
Heparin, which is a highly sulfated form of heparan sulfate, is expressed in mast cells and is used
as an anticoagulant. Heparan sulfate and heparin initially consist of alternating D-glucoronic
acid and N-acetylglucosamine residues [178] as shown in figure 1.2. Those residues are then
extensively modified in a variety of different ways resulting in diverse geometries to execute
different functions [178]. The sulfation pattern is the strongest functional determinant.

In normality, heparan sulfate binds numerous ligands such as growth factors and signalling
molecules including Sema3A and VEGF45 as discussed in section 1.12 and this binding has
functional consequences. Due to those ligand interactions, heparan sulfate is involved in nu-
merous processes including leukocyte development and migration, cytokine and chemokine

function as well as immune processes [278].

Figure 1.2: Heparan sulfate is a polymer of alternating D-glucaronic acid and N-

acetylglucosamine. Figure drawn on ChemDraw by Scott Webster.
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1.7.4 NDST1

N-deacetylase N-sulfotransferasel (Ndstl) is the first enzyme which modifies heparan sulfate
and is part of the 4 NDST enzymes. The human NDST1 was cloned following association of
this region of the genome with Treacher Collins Syndrome, a craniofacial development disor-
der [76]; however, its causative role in this syndrome is under scrutiny [106]. In rat, NDST1
was already identified as the enzyme responsible for the initial and rate limiting steps in heparan

sulfate synthesis — N-deacetylation and N-sulfation [327] shown in figure 1.3.
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Figure 1.3: NDST1 enzyme catalyses the N-deacetylation and N-sulfation of heparan sul-
fate.Figure drawn on ChemDraw by Scott Webster.

As the first step in HS synthesis, NDST1 is a regulator of the subsequent enzymatic reactions
because they depend on NDST1’s modifications. NDST1 and the other HS modifying enzymes
are found in specific parts the Golgi apparatus to ensure proper sequential HS synthesis and
modification [130]. The crystal structure of the sulfotransferase domain of NDST1 has been
solved and revealed a spherical protein with a open cleft (shaped like the packman character)

where the heparan sulfate chain resides [142] and is shown in figure 1.4.

Figure 1.4: NDST1 sulfotransferase domain is spherical with an open cleft [142].
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Heparan sulfate and NDST1 are so important for normal physiology that NDST1 KO mice
have reduced sulfation of HS and die shortly after birth [261].The reason for the lethality is
insufficient surfactant production by their lung epithelial cells [261] but there are many other
abnormalities.

NDSTT1 is also upregulated in femoral artery wire injury model where NDST1 mRNA is up-
regulated 20 times in the damaged blood vessels [4]. NDST1 deletion in vasular smooth muscle
cells revealed that it is involved in their proliferation, vessel size, and vascular remodelling after

injury [3]. This upregulation in injury might be important in disease state such as MS.

1.8 Neuropilin 1 and Semaphorin3A

The other molecular targets to modulate OPC recruitment are Neuropilin 1 and Sema3A. Sema3A
is a soluble chemorepellent for OPCs in development and MS while Neuropilin 1 is its receptor

found on OPCs and many other cells.

1.8.1 Semaphorin3A

Semaphorin3A is part of the semaphorin family. The family consists of secreted and membrane-
bound proteins which contain sema domain (dimerisation and receptor binding) and cysteine-
rich plexin-semaphorin-intergrin (PSI) domain and are involved in cell proliferation, survival,
differentiation as well as chemorepulsion and chemoattraction of cells and neuronal neurites
[141]. Even though NP1 is the primary receptor for Sema3A [330] [245] [29], plexins are the
primary receptor for the majority of semaphorins [141].

Sema3A was the first mamalian semaphorin to be discovered and is therefore a prototype of
the secreted members of the family. Sema3A was isolated and characterised by purification of a
protein with the ability to collapse the tip of the growing axon called the growth cone from chick
brain [182]. The 100kDa glycoprotein was named collapsin and even then it was suggested that
itis a secreted protein with a basic region for binding ECM and an immunoglobulin-like domain
with adhesive properties [182] which we now know is true. It was found to collapse neuronal
growth cones with high potency [182] due to loss of actin polymerisation at the leading edge
of the growth cone [83]. It was later found to also repel axons of dorsal root ganglion neu-
rones [199] and also be able to steer growth cone away from a Sema3A source[84]. Therefore,
Sema3A is able to induce growth cone collapse and steer growth cones away in order to navigate
neurites and it is important for the development of proper nervous system connections.

This was confirmed by genetic knockout of Sema3A which manifested in abnormal projec-
tions in the CNS [20] and PNS [306] as well as bone and cartilage abnormalities and hearth
defects [20]. The phenotype and survival of the KO was dependent on the genetic background
of the mice and one of the mouse KO lines survived well into adulthood [306] while the other one
survived only a few days postnatally [20]. Therefore, Sema3A’s role in the correct connection
pattern for specific neuronal populations was confirmed but also new roles in the cardiovascular

system, bone and cartilage emerged due to the patterns of the defects in the KOs.
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Even though Sema3A is a repellent for cortical axons, Sema3A is a chemoattractant for the
apical dendrites of pyramidal neurones because of different signal transduction machinery in
the dendrites and the axon [247]. Sema3A also promotes the growth of cortical dendrites and
this growth is dependent on MMP-2 [110] indicating the imprtance of ECM remodelling for this
to happen. Moreover, it is involved in cell behaviour of many non-neuronal cells. For example,
Sema3A negatively regulates oligodendrocyte process outgrowth [259], maturation [296] and
migration [287].

Sema3A can be regulated by miRNA and can regulate the translation of its downstream sig-
nalling molecules [141]. Moreover, Sema3A’s downstream signalling response depends on its
concentration — it depends on local protein synthesis at low Sema3A concentrations and does
not depend on local protein synthesis at high Sema3 A concentrations [188]. Sema3A can also be
regulated by post-translational protease cleavage. In the initial study which discovered Sema3A,
it was suggested that collapsin (Sema3A) splice variants exist [182]. Sema3A is expressed as
inactive precursor which is processed by a protease such as furin into its potent isoform (95
kDa) and can be further processed to a much less potent isoform (65 kDa) [2] giving a post-
transcriptional way to regulate Sema3A expression. Moreover, Sema3A dimerises via cysteine-
cysteine disulphide bonds and this dimerisation is necessary for its activity [154]. For exerting

their activity, semaphorins often depend on their receptors and coreceptors [141].

1.8.2 NP1

Neuropilin 1 is a transmembrane tyrosine kinase receptor and the primary receptor for Sema3A.
Neuropilin 1 was identified and characterised in a series of studies due to its recognition by a
monoclonal antibody (A5) in neurones of the Xenopus frog [298]. NP1 is a 140 kDa transmem-
brane protein consisting of al and a2 CUB domain, b1 and b2 (coagulation factor V and VIII
homology domain) and ¢ (MAM) extracellular domain, followed by transmembrane domain
and a short 40 aa cytoplasmic tail with no obvious domains [298]. Those domains are shown in
the recently solved crystal structure of NP1 [136] in figure 2.1. Neuropilin 2 was also identified
by its 44% homology to Neuropilin 1 [153]. NP2 was found not to be a receptor for Sema3A
although it binds other semaphorins [52].

NP1 could be post-translationally modified by O-linked glycosylation [345] but the preva-
lence and importance of this modification is still unknown. There are soluble truncated NP1
variants which consists of the al,a2,b1,b2 domains [264] which could antagonise the full length
receptor by sequestering its ligands without exerting any effects. The expression level of NP1 is
known to be regulated not only by transcription factors but also by faster mechanisms including
control by miRNA and cAMP [141]. NP1 can be regulated by sulfated polysaccharide-induced
internalisation in endothelial cells [219]. Neuropilin 1 is involved in many different processes
and systems.

Neuropilin-1 KO mice have severe abnormalities in the projections of the peripheral neu-
ral system [152] and are embryonic lethal [152] due to vascular defects [147]. Neuropilin-1
KO dorsal root ganglion neurones do not show growth cone collapse by Sema3A [152] which
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strongly suggested that NP1 is indispensable for Sema3A signalling. The abnormality in the
projections in the Sema3A and NP1 KO mice are very similar and stem from the inability of
those two molecules to bind and guide the developing neurites. To support this, in development,
NP1 is upregulated in axons and growth cones during the process of axon development and then
is downregulated upon the completion of neuronal circuitry [299].

NP1 is a receptor for many different factors and it often uses another signalling coreceptors to
transduce its effects [253] because its small intracellular domain does not contain any signalling
motifs. One of the few NP1 dependent effects solely mediated by the intracellular domain of
NP1 is vascular permeability via CendR peptides [265]. The NP1 intracellular domain can often
be involved in modulation of the signalling of other receptors — for example it can promote

kinase activation while in a receptor complex with VEGFR?2 [86].

NP1 is a receptor for Sema3A and other semaphorins

Neuropilin 1 was identified from two independent screens for Sema3A-binding proteins in a
cDNA expression library obtained from mRNA from DRG and spinal cord tissue [153] or
DRG tissue [125]. Neuropilin 1 was found to bind Sema3A directly and with high affinity
(Kp = 1.5nM) [153] and (Kp = 0.3nM) [125]. Sema3A’s repellent effect on DRG axons
could be decreased two fold but not abolished by addition of anti-neuropilin antibodies [153].
Similarly, Sema3A’s repellent effect on DRG axons and growth cone collapse could be decreased
almost completely in a dose-dependent manner by addition of anti-neuropilin antibodies in an
other study [125].

In addition to this direct binding, NP1’s in vivo expression in Sema3A sensitive neurones
and the similarity in the projection and vascular abnormalities in the phenotypes of the NP1
KO [152] and Sema3A KO mouse [306] [20] further strenghtened the view that NP1 is Sema3A’s
endogenous receptor [153] [125]. NP1 was further shown to mediate the Sema3A mediated
growth cone collapse in DRG neurones [188] and symptathetic nervous system neurones [51].
Moreover, there are indications that NP1 mediates Sema3A’s effects in other cells as well. For
example, Sema3A’s negative effect on oligodendrocyte process outgrowth mentioned in sub-
section 1.8.1 was partly inhibited by addition of anti-neuropilinl antibodies [259]. While those
papers clearly show NP1’s involvement in Sema3A signalling, they do not exclude involvement
of other receptors [125].

Neuropilin 1 is also shown to be able to bind other semaphorins [253]. NP1 expressing
COS cells bind to Sema3A, Sema3C and Sema3F in vitro [52]. Similarly, in another study,
NP1-expressing COS cells were found to bind Sema3A, Sema3B, and Sema3C with similar
affinity (Kp = 0.8nM, Kp = 0.6nM and Kp = 1.4nM respectively) [301]. To support
this, Sema3C acts through NP1 in vivo to modulate angiogenesis in the retina [343]. Moreover,
Sema3A and Sema3B compete with Sema3A for NP1 binding and excess of either can reduce
the Sema3A’s repulsive action of DRG axons in vitro [301] indicating that they bind the same
binding site. Finally, regulatory T cells express NP1 which has been found to interact with class

IV of semaphorins, particularly Sema4A, in order to modulate some T cell functions as well as
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their stability [73].
In addition to those semaphorins, NP1 is also a receptor for VEGFgs.

NP1 is a receptor for VEGF45

Neuropilin 1 was later identified as a novel receptor able to bind VEGF¢5 directly and with
high affinity (Kp = 32nM) but also to enhance VEGF;¢5 binding to other VEGF receptors
and their effects by its presence [284].

Sema3A and V EGFj¢s are the classical NP1 ligands but recent research has shown that NP1

is a receptor for increasing amount of other ligands.

Non-classical NP1 ligands

The reason for the numerous ligands of NP1 is the adhesive property of its immunoglobulin-like
extracellular domain [182]. For those ligands, NP1 is not essential but acts as a coreceptor en-
hancing their responses in normal and cancer cells including TGFp, HGF and integrins [253].
This is similar to NP1’s effect of enhancing V EGFy4s5 action via its other VEGF receptors dis-
cussed in the previous section. One of those ligands is PDGF-D which binds directly to NP1 and
NP1 acts as its co-receptor together with PDGFRf [211]. Furthermore, NP1 is also reported to
be able to bind miRNA, short non-coding RNA which regulates genes, and the miRNA binding
protein, AGO2 [252]. NP1 is involved in their internalisation in the cell which allows them
to fulfil their gene regulatory function [252]. The variety of non-classical NP1 ligands further
expands the functional importance of NP1 because it enhances the effect of many signalling

molecules.

NP1 mediates Sema3A and VEGF effects

It has long been debated whether Sema3A and VEGF bind to overlapping or distinct sites on
NPI1. Functional and binding studies have suggested that Sema3A and VEGF;g5 compete for
NP1 binding and therefore have overlapping binding sites [201]. Furthermore, Sema3A’s neg-
ative effect on oligodendrocyte process outgrowth mentioned in subsection 1.8.1 was partly
inhibited by addition of VEGF;g5 [259]. Similar results were found in mutation studies where
the al,a2 and bl,b2 domains were found to be important for Sema3A binding and the bl,b2
domains important for VEGF binding [115].

However, NP1 blocking antibodies specific for Sema3A-NP1 binding and VEGF-NP1 bind-
ing suggest that the binding sites might be separate [236]. The anti-NP1(Sema3A) antibody
disrupted Sema3A’s functional effect on growth cone collapse while anti-NP1(VEGF) antibody
did not and conversely anti-NP1(VEGF) antibody prevented VEGF binding to NP1 while the
anti-NP1(Sema3A) antibody did not [236]. The separate binding sites and the lack of competi-
tion between VEGF and Sema3A was futher confirmed by crystal structure of the al,a2,b1,b2
domains together with the same blocking antibodies [10]. The fact that the 7 amino acid change
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in the al domain in the NP1(Sema3A-) mice only prevents Sema3A binding without affecting
VEGEF binding further corraborates this idea [116].

The observed antagonistic effect of the two NP1 ligands could be because when each ligand
is occupying NP1, its conformation is not permissive for the other ligand to bind. Also, ligand-
induced NP1 internalisation is suggested as functional way to antagonise the other ligand [220]
since the available NP1 receptors are reduced. Finally, in endothelial cells it has been shown that
the functional competition of Sema3A and V EGFy¢;5 is independent of NP1 binding competition
but instead dependent on the downstream signalling cascades from NP1 activation by either
ligand as well as VEGFR activation by VEGF¢5 [118].

Sema3A and V EGFy¢5 mediate different and overlapping signals via NP1. Using the NP1(Sema3A-
) mouse line in which the Sema3A signalling via NP1 is disrupted while the V EGFy¢5 signalling
is intact, it was shown that VEGF-NP1 signalling in endothelial cells is essential for angiogen-
esis while Sema3A-NP1 signalling is required for proper CNS and PNS projections and both
ligands are vital for heart development [116]. Those overlapping signals can also be mediated
in a different ways. For example, the cytoplasmic domain of NP1 is important for VEGF;45-
induced vascular permeability but not for Sema3A-induced vascular permeability [86]. What
is common for both ligands is the overall requirement for coreceptors to mediate signalling
together with NP1.

1.8.3 Coreceptors

Different coreceptors are known to mediate downstream signalling of Sema3A via NP1 includ-
ing Plexins, L1, and Unc-33-like phosphoprotein/collapsin response mediator protein (Ulip/CRMP)
while VEGFjg5 signalling via NP1 is mediated interaction by its VEGF receptors. This section
will focus on the NP1 binding partners mediating Sema3A signalling.

Plexin

Following the discovery of NP1 as a receptor to Sema3A, the transmembrane domain and the
cytoplasmic tail of NP1 were shown not to be important for Sema3 A signalling in vitro [218]. At
the same time, plexins were discovered to be able to bind other semaphorins [332]. The plexin
family has 9 members characerised by an extracellular sema domain and intracellular GTPase-
activating protein (GAP) domain [141]. The dispensable intracellular and transmembrane do-
main indicated that another transmembrane receptor mediates the downstream signalling.
Now it is known that the Plexin-Neuropilin 1 complex forms the functional receptor for which
Sema3A has higher affinity than to Neuropilin-1 only [300] [136]. The crystal structure of the
NP1, Sema3A, and PlexinA2 functional receptor complex was shown to include NP1, Sema3A,
and PlexinA dimers [136] as shown in figure 1.5. Only the al domain of NP1 (refer to full length
NP1 in figure 2.1) was crystalised in the complex because the rest of the receptor was found in
numerous confomations [136]. The al domain of NP1 locks together two molecules which do

not normally interact, Plexin and Sema3A [136].
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PlexinA2
Sema3A

Figure 1.5: Structure of Sema3A, NP1 and Plexin in a complex. Crystal structure of full length
plexin, full length Sema3A and al domain of NP1 (A). Proposed organisation of the
molecules in a complex (B). To get these images, the crystal structure from [136]
was coloured on Pymol. The location of the 7 mutated amino acids in NP1(Sema3A-
) mice at the al domain of NP1 are highlighted on the wild type crystal structure of
NP1. Cartoon of the proposed interaction of Sema3A, Npl, and Plexin from [136]

Sema3A signals are believed to be able to be transduced by NP1 in combination with any of
the PlexA1-4 depending on the cell type. Sema3A’s chemorepellent effect on neonatal OPCs
are primarily mediated via PlexA4 [227]. The mRNA and protein expression of PlexA4 was
validated in OPC cell line as well as OPC and immature oligodendrocytes in brain slices [227].
Cytoplasm truncated PlexinA4 greatly reduced but did not abolish the Sema3A-induced pro-
cess shortening in the OPC cell line. OPCs also express PlexA3 which is important for an-
other semaphorin, Sema3F and this mediated chemoattraction via NP2 [339]. Furthermore,
Sema3A’s rounding effect on transfected cell morphology was observed only if NP1 and full
length Plexin were present but not if NP1 was present on its own or with NP1 and no cyto-
plamic plexin-A1 [300] [305]. Finally, mitral cells from the olfactory bulb express NP1 but are
insensitive to Sema3A; however, expression of Plexin-A4 results in growth cone collapse by
Sema3A [294] indicating that plexin is absolutely required and NP1 is not enough for Sema3A
signalling. Those effects are not due to direct binding as Sema3A does not bind Plexins di-
rectly [300] [136].

The involvement of plexins in Sema3A/NP1 signalling was further confirmed by plexin-A3

KO mice in which the repulsion of dorsal root gandglion axons by Sema3A is partially reduced
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compared to WT [53]. This suggested that plexin is important but other plexins can probaby
compensate for the loss of one. Moreover, the phenotype of the plexin-A3 KO mouse [53] is
similar to the Sema3A KO and the NP1 KO mice which indicates that they are all involved in
the same signalling pathway [239]. Plexin is normally autoinhibited by its sema domain and
binding of NP1 and Sema3A to it releases the inhibition and allows signal transduction [302].

Plexin has been implicated in CNS diseases. PlexinA?2 has been associated with schizophere-
nia susceptibility and Sema3A has been found to be upregulated in schizopherenia patients [184]

as well as amyotrophic lateral sclerosis (ALS) [156].

L1

Another binding partner involved in the Sema3A/NP1 signalling is L1. L1 is a glycoprotein
with 6 immunoglobulin-like domains and 4 fibronectin type 3 domains. Three different L1 KO
models as well as human patients having CRASH syndrome caused by .1 mutations [342] show
abnormal neuronal track development [143] which has suggested that it might be involved in
signalling of neuronal guidance molecules.

Dorsal root ganglion axons and and cortical axons from L1-deficient mice are insentative to
Sema3A [40] even though they still express Npl and Plexins. L1 was shown not to interact with
Sema3A directly but instead is suggested to modulate the Sema3A response via NP1 interaction
as coimmunoprecipitation shows that NP1 and L1 form a stable complex [40]. Both Plexin and
L1 with truncated cytoplasmic domain reduce the response to growth cone collapse by Sema3A
indicating that they are both required and suggesting that signalling cascades from Plexin and
L1 cooperate to induce the growth cone collapse characteristic for Sema3A [19]. To support
this, coimmunoprecipitation with L1 or Plexin finds the other protein as well as NP1 indicating
that they are probably all in a complex together [19]. Therefore, L1 is involved in a complex
with NP1 and Plexin and removal of any of those components abolishes Sema3A signalling.

In addition to mediating Sema3A repulsion, L.1 can also convert Sema3A repulsion to an at-
traction depending on the way it binds to NP1 [41]. Moreover, L1 mediates NP1 internalisation
upon Sema3A binding [42] which would render any cell less sensitive to Sema3A and by this
modulates signalling from its other ligands. To make matters even more complicated, Plexin

and L1 are not the only 2 known coreceptors involved in Sema3A signalling.

Other coreceptors

Other coreceptors such as members of the Unc-33-like phosphoprotein/collapsin response me-
diator protein (Ulip/CRMP) are also believed to be involved in Sema3A signalling [260] [259].
The previously reported Sema3A-induced inhibition of OPC process outgrowth [260] was in-
hibited by addition of anti-Ulip2/CRMP2 and anti-Ulip6/CRMP5 blocking antibodies [259].

There are numerous other receptors with which NP1 associates to mediate the signalling
of the non-classical ligands discussed in section 1.8.2 as well as VEGF receptors to mediate
V EGFg5 signalling [252].
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The numerous coreceptors involved in Sema3A signalling and the numerous NP1 ligands

leads to variety of different potential roles in different systems.

1.9 Sema3A and Npl role

Sema3A and NP1 are involved in many processes including injury and repair, and the immune
response as well as in the development of neuronal connections, cartilage and bone as well as
the cardiovascular system. Those different roles will be discussed below with emphasis on their

role in MS models and oligodendroglia.

1.9.1 Sema3A and NP1 in injury, repair and MS models

NP1 and Sema3A KO mice have revealed they have a variety of functions in the developing

CNS; however, they are also involved in adult disease and injury.

Injury

Sema3A and NP1 are upregulated in many injury models and impairs repair. Removal of the
olfactory bulb in rat results in progressive increase of Sema3A mRNA positive cells in the olfac-
tory nerve lesion and contributes to regenerative failure because it repels NP1+ axons away from
the lesion [237]. Similar upregulation of Sema3A and NP1 mRNA was observed in a rat stroke
model [97]. Moreover, following rat spinal cord injury, Sema3A mRNA is highly upregulated
in fibroblasts surrounding the lesion and then downregulated after 56 days [70]. Therefore, the
glial scar after injury consists of many cells including fibroblasts which express Sema3A which
contributes to the glial scar inhibition by inhibiting neurite growth [223].The neurones in the
lesion did not express NP1; however, NP1 upregulation was observed in the motor cortex [70].
Finally, Sema3A can cause the apoptosis of some neurones in vitro [101] [276] via NP1 and
PlexinA3 [326] contibuting to its impairment of repair. Sema3A blocking antibodies were able
to reduce retinal ganglion cell death after axotomy of the rat optic nerve [275] indicating that
Sema3A can induce neuronal death in vivo as well.

Therefore, Sema3A is upregulated in injury and repels NP1+ axons and contributes to neu-

ronal death. Those properties make it a molecule of interest in multiple sclerosis models

MS animal models

The expression of Sema3A and NP1 in normal adult white matter of the NS is very limited
and extensive upregulation is observed in multiple sclerosis animal models. Sema3A mRNA or
protein is not found in the white matter in untreated mice [330]. After LPC lesion in adult
rat spinal cord, Sema3A mRNA was upregulated primarily by astrocytes, followed by mi-
croglia/macrophages and oligodendroglia as well as neuronal cell bodies whose axons were
in the lesion area [123] [330]. 18% of the oligodendroglia express NP1 mRNA which is also

expressed in astrocytes, microglia, and neurones [330]. Overall, in the white matter Sema3A
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mRNA is expressed by glia and its expression is dependent on inflammation while in the grey
matter it is expressed by neurones and believed to be dependent on demyelination and axonal
damage [330]. This Sema3A mRNA upregulation was also seen after adult rat CNS lesion but
not neonatal rat CNS lesion and this correlates with the neonatal ability to fully regenerate ax-
ons in the lesion while the adult fails [238]. Therefore, the mRNA expression of Sema3A and
NP1 in astrocytes, macrophages/microglia and oligodendroglia in lesions suggests that it might
be negatively involved in repair.

Sema3A protein upregulation was later confirmed in an LPC mouse model of spinal cord de-
myelination and peaked at 14 days post demyelination [245]. At that time point, more than 50%
of the OPCs express NP1 and varying proportions of OPCs express PlexinA1-3 but not Plex-
inA4 [245]. After ethidium bromide lesion in rat, Sema3A mRNA and NP1 protein were found
to be upregulated in astrocytes, microglia/macrophages, and OPCs [296]. In LPC-demyelination
corpus callosum mouse model, Sema3A protein is detected at 3 days post lesion but reduces
at 7 days post lesion and dissapears at 14 days post lesion [29]. In this study Sema3A expres-
sion was found on primarily on astrocytes and microglia/macrophages and NP1 was expressed
in astrocytes, OPCs and microglia/macrophages [29]. Therefore 3 independent studies have
confirmed Sema3A overexpression at the protein level in lesions and NP1 upregulation in as-
trocytes, macrophages/microglia, and oligodendroglia.

In an EAE model, Sema3A and NP1 were found in surrounding grey matter neurones [117].
In the damaged area astrocytes expressed Sema3A, microglia/macrophages expressed both Sema3A
and NP1 and T cells and B cells expressed neuropilin 1 [117]. However, contrary to the LPC and
ethidium bromide lesions in the previous paragraph [29] [296] [245], neither oligodendroglial
nor astrocytes in this EAE model expressed NP1 [117]. Upon EAE induction, the expression
of Sema3A, NP1, and plexin decreased in the peripheral immune system and increased in the
resident CNS cells as well as the inflammatory infiltrate [117] suggesting that Sema3A/NP1
might be involved in the immune response.

In addition to the observation of the mRNA and protein level of Sema3A and NP1, modu-
lation of their levels using different techniques and tools helps elucidate their role in MS-like
repair and pathogenicity. Increasing the level of Sema3A by lentivirus or recombinant pro-
tein injection reduced the number of OPCs in the lesion. Lentiviral mediated gene transfer of
Sema3A primarily in astocytes and in some OPCs resulted in less OPCs recruited to the lesion
at 2 days and 7 days after demyelination and this effect was not due to apoptosis and did not
affect remyelination [245]. Similarly, injection of recombinant Sema3A into the lesion 6 days
after demyelination resulted in fewer OPCs in the lesion at 2, 3, and 4 weeks after demyelina-
tion [29]. This resulted in decrease in the numbers of mature cells at the 3 and 4 week time
points [29]. This effect was not due to proliferation or apoptosis [29].

Moreover, this decrease in recruitment translated to a decrease in remyelination at 4 weeks as
the percentage of the myelinated fibres in the Sema3A treated mice was around 3 times lower
than control [29]. The remyelinated myelin in those mice was also thinner than the remyelinated
myelin in control [29]. Therefore, increasing the level of Sema3A in a lesion impairs OPC

migration resulting in less OPCs in the lesion which impairs remyelination.
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Inreverse, decreasing the level of Sema3 A enhances remyelination. In a Sema3A knockdown
mouse, OPC migration and remyelination was improved compared to contol as there was a
higher percentage of myelinated fibres at 2 and 3 weeks after lesion [29]. The remyelinated
myelin in those mice was also slightly thicker (not significant) than the remyelinated myelin in
control [29]. Those studies show that the Sema3A level in a lesion negatively correlates with
OPC migration and remyelination.

Impairing the ability of NP1 to bind Sema3A also modifies OPC migration indicating that
NP1 is the receptor responsible for Sema3A’s effect. In NP1(Sema3A-) mice, in which Sema3A
cannot bind NP1 while VEGF binding is unaffected, there were increased number of OPCs in
the lesion 7 days after demyelination compared to WT mice [245]. Moreover, deletion of NP1
in endothelial cells results in decreased EAE severity because of BBB preservation, altered im-
mune infiltrationa and decreased demyelination [323]. This indicates again that NP1 is involved
in the immune response and that inhibition of NP1 could enahnce OPC migration and remyeli-
nation as well as reduce the immune damage. The effect of Sema3A and NP1 on OPCs and the

immune system will be discussed in further detail.

1.9.2 Sema3A and NP1 on oligodendroglia

OPCs and oligodendrocytes express Sema3a and NP1. Sema3A’s expression is present in the
cell body in OPCs, and is found in the cell body and processes in oligodendrocytes. NP1 ex-
pression is present in the cell body and processes in OPCs but is only found in the cell body in
oligodendrocytes in cultured mouse oligodendroglia [117]. Moreover, OPCs purified from adult
mice express NP1 and PlexinA1-3 but not PlexinA4 [245]. OPCs express NP1 and Sema3A
mRNA in vivo which decreases with their differentiation [55]. In MS disease models, after
demyelination, in vivo, Sema3A and NP1 mRNA is upregulated in oligodendroglia and NP1
was upregulated in OPCs as discussed in section 1.9.1. Sema3A is reported to impair OPC

migration, and inhibit growth of their processes as well as their maturation.

OPC migration

Sema3A was initially found to repel a subtype of glial precursors in the optic nerve [293].
In embryonic development, Sema3A is a chemorepulsive for the OPC population of the optic
nerve [287]. COS cells secreting Sema3A redistribute OPCs in optic nerve explants with more
OPCs found away from the Sema3A source [287]. In development, NP1 was found to be ex-
pressed on OPCs in vitro and in vivo and blocking antibody against NP1 was able to abolish
the Sema3A migratory effect on OPCs in optic nerve explants [287]. In another study, Sema3A
coated on a culture surface was found to be a substrate which OPCs avoid in a stripe assay [55].
Those studies together with the in vivo studies discussed in section 1.9.1 indicate that Sema3A
is a chemorellent for OPCs in development and in disease.

The other classical NP1 ligand that might also be involved in OPC migration is VEGF-A,
the precursor of VEGFjg5 which has been found to increase OPC migration in a scratch assay

without affecting proliferation and differentiation [124].
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OPC process growth

In addition to their migration, Sema3A affects OPC’s process outgrowth. Sema3A released in
solution by transfected HEK cells reversibly inhibits process outgrowth of purified rat oligo-
dendrocytes in a dose dependent manner [260] [259]. However, since this study was done with
transfected HEK cells, the Sema3A concentration which causes this effect is unknown. Simi-
lar inhibition of process formation in vitro was observed in another study where Sema3A was

coated on the bottom of a culture well [296].

OPC maturation

In addition to OPC migration and morphology, Sema3A was also suggested to be an inhibitor
of OPC maturation. Sema3A was found to be an dose-dependent inhibitor of OPC differen-
tiation in vitro. Moreover, addition of 450 nM Sema3A 10 days after ethidium bromide le-
sion resulted in less mature oligodendrocytes and impaired remyelination 28 days after the le-
sion [296]. Sema3A did not affect the macrophages or the OPC present after 28 days [296]. This
discrepancy with previous studies indicating Sema3A’s effect on migration is likely because the
injection time point was after OPC and immune recruitment. Moreover, Sema3A was found not
to significantly affect OPC survival in vitro [296] excluding the possibility that those effects are
mediated by oligodendroglial cell death.

1.9.3 Sema3A and NP1 effects on immune response

Sema3A and NP1 are also involved in controlling the immune response. NP1 is expressed in a

subset of T cells, TReg cells, dendritic cells, and Sema3A is expressed in T cells [166].

Anti-inflammatory

Sema3A suppresses T cell function while NP1 is important in mediating cell contact in a
Sema3A independent manner. Sema3A can suppress T cell proliferation and cytokine pro-
duction [44] and also sensitise T cells to apoptosis [209]. On the other hand, NP1 is essential
for the dendritic cell induced proliferation of T cells independent of Sema3A because it medi-
ates contact between those cell types via homophilic interactions (NP1 on one cell with NP1
on another cell) and a blocking antibody against NP1 on either of those cell types abolished
this response [308]. Dysregulation of Sema3A and NP1 expression in T cells in patients with
rheumatoid arthritis is thought to contribute to the disease chronicity [43]. NP1, Sema3A, and
V EGPF;g5 are overexpressed in arthritic cartilage [228] [297].

On the other hand, Sema3A is involved in promoting the function of helper T cell and Tgeq
cells. Namely, Sema3A is believed to be able to directly act on the CD4+NP1+ (helper or
TReg cells) T cell subset which then suppresses the immune response [43]. Moreover, in a
conditional KO of NP1 in CD4+ Tcells, EAE is more severe indicating that NP1 is important in

preventing autoreactive responses [285]. The same increased sensitivity to EAE was observed
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in Plexin-A4 deficient mice [341] further strengthening the idea that the Sema3A-NP1-PlexinA
complex decreases autoreactive immune responses. As for Tge, NP1 is overall involved in
their stability and interaction with dendritic cells further promoting immune suppression. As
mentioned in section 1.8.2, NP1 is involved in the modulation of their stability and survival [73].
In the absence of pro-inflammatory signals, NP1 on Tg, cells prolongs their interaction with
dendritic cells instead of T cells and promoting suppression of immune response [270].
Sema3A and NP1 influence the immune system in cancer. Sema3A reduces the prolifer-
ation of the protumoral M2 macrophages and promotes proliferation of the antitumoral M1
macrophages [322] and therefore plays important role in the immune suppression of tumor
growth. Moreover, NP1 is also important for macrophage antibody-dependent cellular cytotox-
icity and antitumoral cytokine secretion as NP1 knockdown or use of a NP1 function blocking

antibody suppress both [146].

Pro-inflammatory

On dendritic cells, NP1 and Sema3A have quite the opposite effect as they promote their trans-
migration and pro-inflammatory response which would promote immune activation. Sema3A
promotes the lymphatic system entry and exit of dendritic cells [303] by enhancing their pass-
ing through gaps via binding to NP1 and Plexin-A1 [229]. Plexin-A1 KO in dendritic cells
had impaired transmigration across the lymphatics [229]. Anti-NP1 antibody also blocked the
pro-inflammatory response of dendritic cells to virus or nucleic acids [111]. Finally, Sema3A
promotes the migration of human dendritic cells [62].

Sema3A and NP1 also influence microglia/macrophage/monocyte migration and apoptosis.
In a transwell assay, Sema3A impaired the migration of monocytes [72]. Sema3A, NP1, and
Plexin-As are upregulated during the differentiation of human monocytes into macrophages [139].
Pro-repair macrophage phenotypes have more Sema3A, NP1, and Plexin-As than pro-inflammation
phenotypes and Sema3A induces their apoptosis [139]. To support this, activated microglia
by lipopolysaccaride in vivo upregulate Neuropilin 1 and Plexin-Al, and Sema3A induces
apoptosis in activated microglia in vitro by interferony (pro-repair) [185]. Apoptosis of mi-
croglia/macrophages could promote or suppress inflammation depending on their polarisa-
tion [205]. From the data available so far it appears that NP1 can promote apoptosis of the
pro-repair phenotype better as one study indicates a higher level of Sema3A receptors (and
possibly apoptosis susceptibility) in the pro-repair type [139] and the other showed apoptosis
in the pro-repair type [185].

Overall, Sema3A and NP1 have a variety of pro-inflammatory and anti-inflammatory actions

depending on the context and the cell type they act on.

1.9.4 Other Sema3A and NP1 effects

In addition to their functions in repair, remyelination, immune response, and OPC behaviour,

Sema3A and NP1 are also involved in variety of other processes which are briefly listed here.
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Cardiovascular

NP1 is important for VEGF-induced angiogenesis. Sema3A is an inhibitor of this and both
Sema3A and VEGF induce NP1-dependent vascular permeability [1] and remodelling [236].
Sema3A was shown to modulate cell migration by inhibiting integrin activation and thus cell
adhesion in endothelial cells during vascular development [273]. si-RNA mediated NP1 KO
in enthothelial cells disrupts their cell adhesion [213]. On the other hand, NP1 is involved in

filopodia formation in endothelial cells during blood vessel sprouting [85].

Cancer

Sema3A is known to have pro-tumor and anti-tumor effects in variety of cancers due to an-
giogenic, vascular permeability, metastatic, and immune effects [338]. Sema3A has also been

associated with cancer-induced bone pain [183].

Bone and cartilage

Sema3A regulates the development of sensory innervation of bone and thus is important in bone
remodelling [99] as well as pathological bone loss [268]. In cartilage, Sema3A is believed to

antagonise V EGFg5 induced chondrocyte migration [228].

Neural progenitors

Sema3A repels and induces apoptosis in a neural progenitor cell line via NP1 while VEGF¢5
promotes their survival, proliferation, and migration [14] indicating that the balance of the two

NP1 ligands is important for the fate of neural progenitors.

Regulation of gonadotropin releasing hormone

Sema3A has been shown to be involved in the migration of GnRH releasing cells during animal
development [36] [121]. Moreover, the expression of the 65 kDa isoform of Sema3A is im-
portant for GnRH axon sprouting via NP1 [105]. Blocking antibodies against Sema3A or NP1
disrupt the ovarian cycle probably by changing GnRH secretion [105].

Other

This is by no means an extensive list of all roles of Sema3A and NP1 but it illustrates their
involvement in variety of different developmental and pathological processes. There might be
more roles of semaphorins which we have not discovered yet. For example, Sema3F was found
to modute neuronal excitatory post synaptic potentials (EPSCs) and both NP1 and NP2 have

been shown to be localised to synapses [269].
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1.10 Sema3A and NP1 in human

All of the various roles discussed so far are suggested by animal studies. Studies of post-mortem
human tissue as well as blood samples can give indications whether those obervations are rel-

evant in human.

Sema3A mutations in human

Kallmann syndrome is characterised by insufficient gonadotropin-releasing hormone (GnRH)
and 6.2% of 386 screened patients were shown to have mutations in the Sema3A gene in the
heterozygous state [121]. This indicates that in human, Sema3A might also be involved in the
migration and axon sprouting of GnRH releasing cells as suggested in section 1.9.4. More-
over, there are 2 identified cases of homozygous mutations in the Sema3A gene which leads to
multiple congenital abnormalities [18] indicating its importance in development.

Another similarity between the role of Sema3A and NP1 in animal models and human disease

is their involvement in cancer.

Cancer

In animal models, Sema3A and NP1 appear to be either beneficial or detrimental depending on
the cancer and the cells they act on. In human, Neuropilinl is often found in human cancers and
correlates with severe disease [344] and is believed to mediate metastasis, immune invasion, and
tumor growth [253]. This indicates that Sema3A/NP1 might be predominantly detrrimental in

human cancers.

Disregulation of blood Sema3A level in immune diseases

Sema3A and NP1’s multiple roles in immunity in animal models might be at least in part trans-
lated similarly into in human as disregulation of the blood Sema3A level has been found in
multiple immune diseases in human. Reduced blood Sema3A levels have been observed in pa-
tients with the autoimmune disease systemic lupus erythematosus [315]. Similarly, the Sema3A
serum level is decreased in asthma patients and this is believed to decrease its immunomodula-
tory effect and lead to asthma pathogenesis [58]. On the other hand, Sema3A serum levels are
higher in patients with celiac disease than control [149]. Therefore upregulation or downregu-

lation of Sema3A could be a result or cause of altered immune response.

1.10.1 Sema3A and NP1 in MS

This connection between dysregulation of Sema3A and immune response might also be impor-

tant in an autoimmune disease such as MS.
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Dysregulation of blood Sema3A level in MS

Recently, comparison of blood Sema3A levels in 160 MS and 70 control patients found that
Sema3A levels were significantly higher in MS [135]. Gender separation of all patients showed
that this Sema3 A increase was true for females but not males [135]. Furthermore, blood Sema3A
level in females was correlated with MS progression as measured by the expanded disability sta-
tus scale (EDSS) [135]. Contrary to this, another study found that the Sema3A concentration
in blood of 15 MS patients was much lower than that of 15 control patients [258]. One of the
studies was looking at newly diagnosed relapsing-remitting patients [258] while the other one
was looking at MS patients with disease duration longer than 2 years [135] so this difference
can indicate genuine fluctuation of Sema3A with disease progression. This confirms that dis-

regulation of Sema3A level is found in MS patients’ blood.

Upregulation of Sema3A and NP1 in MS

Sema3A mRNA was not detected in normal white matter in human brain [330] and Sema3A
protein was found only in grey matter neuronal bodies and axons but not in the white matter [29]
indicating that in normality Sema3A is only confined to grey matter neurones and absent from
white matter.

However, in MS, Sema3A mRNA was upregulated in active lesions [330]. Moreover, a higher
proportion of Sema3A mRNA expressing cells was found in less inflammatory active lesions
than more inflammatory active lesions [330] suggesting that Sema3A mRNA expression in the
glial cells of the lesion is negatively correlated to inflammation. Active lesions with strong
immune components had a high proportion of cells containing mRNA for another semaphorin,
Sema3F, which is a chemoattractant for OPCs [330]. Therefore, active lesions with a stronger
immune component are suggested to be more permissive for OPC migration than active lesions
with a less strong immune component.

This was later confirmed at the protein level as Sema3A was primarily expressed in chronic
active lesions followed by chronic inactive lesions, remyelinated lesions, and minimally ex-
pressed in active lesions and NAWM, and Sema3F followed the reverse pattern [29]. Therefore,
the more active/likely to repair a lesion is, the less likely it is to express Sema3A and more likely
to express Sema3F.

Another post-mortem study also correlated Sema3A expression to the immune response;
however, in a positive direction. The Sema3A expression was higher when the immune ac-
tivity in the MS lesion was high [34] indicating that it is either involved in or dependent on
the immune response. It is suggested that the high Sema3A expression in highly active lesions
is an attempt to control the immune response [34]. Regardless of the direction of the corre-
lation, the 3 studies indicate that Sema3A expression is correlated with the immune response
and as mentioned in section 1.4.3, remyelination happens in active lesions with strong immune

reaction [249]. This indicates an indirect connection between Sema3A/NP1 and remyelination.
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Cells expressing Sema3A and NP1

Similarly to the expression in LPC spinal cord lesions described in section 1.9.1, Sema3A
mRNA is expressed primarily in astrocytes, followed by microglia/ macrophages, oligoden-
droglia and rarely neurones in and around the lesion as well as neurones in all grey matter [330].
Another study also detected Sema3A in grey matter neurones, macrophages/microglia, and as-
trocytes in MS; however, it did not find Sema3A in oligodendroglia [34]. This expression pattern
was very similar to an EAE study [117] described in section 1.9.1, indicating that the expression
of Sema3A might depend on the demyelination method in animal models and possibly on the
disease mechanism in humans.

It is possible that this difference, as well as the different association between Sema3A and
immune response between the studies, was due to technical differences in antibody detection
ability in the human tissue.

For NP1 expression, 24% of all oligodendroglia express NP1 mRNA which is also found in
astrocytes, microglia/macrophages, and neurones [330]. The expression of NP1 in OPCs, as-
trocytes, and microglia was also confirmed by staining for NP1 protein in MS lesions [29]. The
NP1 expression was only detected in microglia/macrophages in another study of MS tissue [34].
NP1 is also upregulated in endothelial cells of MS patients [323]. From section 1.9.1, we would
expect that this would lead to worse demyelination, BBB permeability and less favourable im-
mune infiltration.

In human tissue, it is hard to prove that a signal is causative of a cell behaviours because
we see a snapshot in a timeline and we cannot modulate protein levels. Therefore, the best
indication that Sema3A is involved in OPC migration in human is that the number of OPCs
in the lesion negatively correlated with the number of Sema3A+ cells [29]. Therefore further
proof that Sema3A is involved in OPC migration after demyelinating lesion can only sought via

in vitro and in vivo animal studies modulating either protein and examining the effect.

1.11 Inhibitors

Luckily, becacuse of Sema3A’s roles in repair, the immune system and cancer, it is a putative
target for development of inhibitors [331] which means that tools to modulate NP1 and Sema3A

already exist and will be briefly discussed below.

1.11.1 SICHI

From a peptoid library screen for a Sema3A inhibitor, SICHI was identified as potent (ICso =
0.03911g / ml) and specific inhibitor of Sema3A axon repulsion and growth cone collapse [208].
Addition of SICHI increased the number of axons growing into a lesion after axotomy in mouse
brain slices [208]. This effect was proposed to be because SICHI impairs the binding of Sema3A
to its receptor complex Neuropilinl/PlexinAs [208].
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1.11.2 Xanthofulvin

Another Sema3A inhibitor is naturally occuring and was isolated from Penicillium fungus [165].
The structure of xanthofulvin was determined and it was shown that it could inhibit the growth
cone collapse of chick DRG neurones with high potency (ICso = 0.09ug/ml) [165]. In vivo,
Sema3A increased axon regeneration, Schwann cell migration and remyelination, and cell sur-
vival and angiogenesis after spinal cord transcection in rats [144]. This resulted in improved
functional recovery [144]. Xanthofulvin could also increase peripheral nerve regeneration and
functional outcome in corneal transplantation mouse model in vivo [233]. Moreover, nerve
regeneration could be improved by the addition of Xanthofulvin in a rat olfactory nerve axo-
tomy [150]. This indicates that Xanthofulvin can improve nerve regeneration in the peripheral
nervous system as well as central nervous system including spinal cord and olfactory nerve.
Those effects are mediated by direct binding of Xanthofulvin to Sema3A [150] thus preventing
Sema3A binding to NP1.

1.11.3 L1

Another way to modulate the Sema3A effect is through its coreceptors. In vitro, L1 mimetic
peptide blocks Sema3A’s inhibition of axon growth and growth cone collapse by 20% and 50%
respectively [204]. However, it failed to stop Sema3A’s inhibition of axon regrowth into a spinal
cord contusion lesion [204] probably due to limited neuronal responsiveness to Sema3A (Lim-
ited NP1 expression), the limited effect of L1 in this system or the tiny effect of the inhibitor in

Vitro.

1.11.4 anti-NP1 antibodies

An excellent way to study and differentiate the contribution of Sema3A and V EGFy¢5 are the re-
cently developed function blocking antibodies against the Sema3A and V EGFjg5 binding sites
on NP1. A phage library screen for antibodies binding NP1 found two antibodies which specif-
ically bound to the Sema3A binding site of NP1 and the VEGF site of NP1 respectively [176].
The anti-NP1(Sema3A) blocking antibody bound the ala2 NP1 domains and blocked Sema3A’s
mediated DRG growth cone collapse while the anti-NP1(VEGF) blocking antibody bound the
b1b2 NP1 domain and inhibited VEGF;¢5 binding to NP1 [176]. Anti-NP1(VEGF) blocking
antibody further inhibited V EGF;¢5 mediated HUVEC migration in a Boyden chamber [176].
Both antibodies bound to NP1 with high affinity as shown in table 1.1.
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Table 1.1: Affinity of anti-NP1(Sema3A) and anti-NP1(VEGF) blocking antibodies [176].

anti-NP1(Sema3A) [YW63.4] | anti-NP1(VEGF) [YW107.4.87]
Kp 0.9 nM 0.4 nM
human
ICs0 0.5 nM 6 nM
. Kb 7.8 nM 1.3 nM
murine
ICs0 3.4 nM 38 nM

An anti-NP1(VEGF) antibody for the VEGF site of NP1 is currently being tested as treatment
for solid tumors [241] indicating that therapeutic inhibition of NP1 is possible.

1.12 The connection between NDST1, heparan sulfate, and
Sema3A and NP1

The two pairs of OPC migration targets chosen for this study, NDST1/HS and Sema3A/NP1, ap-
pear to not to be associated in any way because a ECM component and its modification enzyme
and a soluble signalling and its signalling receptor have little in common.

However, this is not the case as heparan sulfate binds both of the classical NP1 ligands.
V EGFg5 isoform was shown to be almost entirely bound to heparan sulfate proteoglycans and
to be released by heparinase, heparan sulfate cleaving enzyme [127]. Similarly, removal of
heparan sulfate by heparinase decreased the binding of Sema3A reduced Sema3A binding to
NP1-expressing cells by 40% in vitro [71]. Therefore, both Sema3A and VEGF;g5 bind to
heparan sulfate and removal of HS impairs Sema3A binding to NP1.

Moreover, both ligands also interact with heparin, a highly sulfated form of heparan sul-
fate. Heparin enhances VEGFg5 binding to NP1 expressing cells [284]. Similarly, heparin
potentiates the binding of Sema3A to NP1 as well as its DRG neurones growth cone collapse
activity [71]. Moreover, secreted Sema3A from cells binds to the surface on which the cells
are grown and could be mopped up either by adding heparin or heparan sulfate [71] because
Sema3A binds to them. Therefore heparin enhances binding of Sema3A and VEGFj45 to NP1
and so enhances Sema3A’s activity. Overall, it is suggested that despite Sema3A being a se-
creted factor it heavily interacts with ECM including heparan sulfate and its proteoglycans [71].

In turn, Sema3A and VEGFjg5 can modulate the ECM composition by controlling the ex-
pression of matrix metalloproteases(MMPs). In the study of the effects of VEGF;g5-Sema3A-
NP1 in arthritic cartilage discussed in section 1.9.3, one of the VEGUF;¢5 effects antagonised
by Sema3A is overexpression of matrix metalloproteases(MMPs) [228]. MMPs are involved in
remodelling of the ECM including heparan sulfate and its proteoglycans.

Finally, there are indications that HS/NDST1 and Sema3A/NP1 might be involved together
in development of areas of the CNS. HS deficient mice have defects in the corpus callosum
tracts [131] which is similar to the neuronal tract defects in the Sema3A KD and the corpus

callosum defect in the NP1(Sema3A-) mouse [116]. Therefore, it was suggested that heparan
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sulfate, Sema3A, and NP1 might interact in the development of the corpus callosum [71].

1.13 Rationale for study

The requirement for OPC recruitment modulating drugs is clear in order to aid the 30% of
MS patients in which remyelination fails because of insufficient OPC migration. In addition to
this, a recruitment modulator would provide a different class of drugs to complement existing

immunotherapy drugs and maturation enhancers which will hopefully enter the clinic soon.

Sema3A/NP1

The evidence that Sema3A in negatively regulates OPC migration is overwhelming in animal
models (section 1.9.2 and as strong as it can be in human studies (section 1.10.1). However, the
majority of migration studies have modified Sema3A using lentivirus, genetic KD, or addition of
recombinant protein and those are obviously not suitable for therapeutic intervention in humans.
The ball like shape of Sema3A (see figure 1.5) makes it also very hard to target with a small
drug inhibitor.

Therefore the best therapeutic option may be to inhibit the interaction between Sema3A and
NP1 with a inhibitor of NP1. Blocking NP1 in OPCs suggested has already been suggested as
a therapeutic strategy for increasing remyelination in MS [81]. Moreover, inhibition of NP1 is
expected to further benefit remyelination as it increases OPC maturation (section 1.9.2). How-
ever, only one study has attempted to answer the question whether inhibiting NP1 would have
the same beneficial effect in MS animal models as decreasing the level of Sema3A discussed in
section 1.9.1. The study used NP1(Sema3A-) mice, in which the Sema3A binding site on NP1
is disrupted but VEGF is unaffected and found that there were increased number of OPCs in
the lesion after demyelination compared to WT mice [245]. This suggested that inhibiting NP1
could have the same beneficial effect of increased OPCs migration but its effect on remyelina-
tion is still unclear. This is why we aimed to answer the question of whether impairing Sema3A
signalling via NP1 would have the expected beneficial effect on remyelination in vivo and OPC
behaviour in vitro.

In addition to this, systemic administration of a therapeutic NP1 inhibitor would affect all
NP1 expressing cells in the body. Even though Sema3A’s role in OPC migration in MS ani-
mal models is clear and well studied, Sema3A and NP1’s involvement in a variety of pro- and
anti-inflammatory processes makes it hard to speculate what the immune effect of systemic in-
hibition of NP1 in an adult would be. To illustrate, CD4+ T cells specific NP1 KO mice have
increased severity in an EAE model of MS [285] as discussed in section 1.9.3 while deletion of
NP1 in endothelial cells results in decreased EAE severity [323] as mentioned in section 1.9.1.
Therefore, NP1 inhibition is expected to have immune effects relevant in MS-like pathology

which are currently unclear and require examination.
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NDST1/HS

NDST1 and HS have no published connection to OPC migration and remyelination; however,
unpublished data from our collaborators from Pascale Durbec’s group, which will be detailed
in chapter 3 indicates that they play an important role in those processes in animal models.

Therefore we strove to examine whether they are important in human MS tissue.
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2.1 In vivo methods

All animal experiments were done under Home Office regulations under Elitsa Peeva’s personal
licence (PIL 70/26059) and Anna Williams’ project licence 60/4524. All experimental plans and
procedures were approved by university’s veterinary scientific services before they were carried

out. All animals were housed at the University of Edinburgh under Home Office regulations.

2.1.1 Animal genotype

NP1(Sema3A-) mice have a mutation in the Semaphorin3A binding site of Neuropilin 1 which
prevents Semaphorin3A binding. This is a 7 amino acid mutation in the al domain of Neuropilin
1 which has been previously described and characterised [115] [116]. The NP1(Sema3A-) mice

were extensively characterised [116]:

* NP1 expression remained the same

L]

V EGFyg5 binding remained the same
* Sema3A binding was reduced in the tissue of NP1(Sema3A-) mice

* Sema3A does not induce DRG axon repulsion in DRG neurones from the NP1(Sema3A-)

mice

L]

15% of the mice from homozygous and wt crosses were homozygous at P7

The mice were obtained from Jackson Laboratories with strain name B6.129(C)-Nrp1tm1Ddg/J
and strain ID JAX005245. Those animals were from a mixed background so for control, wild
type (WT) animals from the colony were used. The colony was maintained as heterozygous/heterozygous
or heterozygous/homozygous breeding pairs as homozygous/homozygous breeding pairs rarely
produced offsprings. From heterozygous/heterozygous breeding pairs, only 3.8% of the mice

at P21 were homozygous instead of the expected 25%.
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Figure 2.1: The 7 amino acids which were mutated in the al domain of NP1 are shown in yel-
low (A). Figure adapted from [116]. The location of the mutated amino acids are

highlighted on the wild type crystal structure of NP1 which was discovered by [136]

PDGFRa-Cre x flx-NP1-flx mice have a Cre under the PDGFR« promoter which excises the
floxed exon 2 of the Neuropilin 1 gene. This ensures knock down of Neuropilin 1 in PDGFRa+
cells which are primarily oligodendrocyte precursor cells and the oligodendrocytes they differ-
entiate to. However, PDGFRu is also expressed in pericytes. This line was derived by a cross
of PDGFRa-Cre and flx-NP1-flx lines. The PDGFRa-Cre line was obtained from Jackson lab-
oratories with strain name C57BL/6-Tg(Pdgfra-cre)1Clc/J and strain ID JAX013148. The fix-
NP1-ix line was also obtained from Jackson laboratories with strain name B6.129(SJL)-Nrp1
tm2 Ddg/J and strain ID JAX005247. The PDGFRa-Cre x fix-NP1-fix colony was maintained
as homozygous/ homozygous breeding pairs and C57B1/6]J animals were used as wild type con-
trols.

Ear clips were taken from new born pups at P21 both for identification and genotyping. Geno-

typing was done using TransnetYX’s services.

2.1.2 Animal surgery

Surgery was performed to produce a focal lesion in the corpus callosum of both mutant mice as
well as their respective controls in order to study remyelination and cellular composition of the
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lesions. One previous study has looked into the number of OPCs in lesions of NP1(Sema3A-)
mice compared to control [245]and it was used to estimate the sample size calculation. The

equation below was ( 2.1) used to calculate the sample size [328]:

2
n= z * Cp, power 2.1

Where n is the sample size number, d is the standardised difference and is is a constant de-
pendent on the power of the study and cutoff for statistical significance. Assuming cutoft for
statistical significance (p value) of 0.05 and power of the study of 80%, ¢ =7.9. The standardised

difference is represented by the equation below ( 2.2):

Target dif ference
Standard deviation

Standardized dif ference = (2.2)

In the previous study [245], the difference between the means was around 0.7 and the standard

deviation around 0.3. Standard difference for our experiment is calculated below ( 2.3)

Standardized dif ference = % =23 (2.3)

Therefore the sample size required to detect this difference of the size of the previous study

[245] is 3 per group (refequ:finalpowercalc):

n= % * Cp, power = 22? x*7.9 =299 2.4)
LPC-injected animals sometimes do not exhibit a lesion and any difference in remyelination is
expected to be smaller than this, therefore we were aiming to have 4 or 5 animals per group.
In practice, because of the breeding problems of those mice, we initially struggled to get this
number for LPC-injected and control animals. However, later on both mouse lines needed to be
terminated to keep costs down when I went on maternity leave which allowed for more mice than
originally planned to be used in experiments. Moreover, because of the breeding and survival
problems of the mice, both male and female mice of varied adult age but at least 2 months old
were used.

Anaesthesia was introduced by placing the animal in an induction chamber with 4% isoflu-
rane. Anaesthesia was then maintained by inhalation of 2% isoflurane for the duration of the
surgery via a nose mask. Since isoflurane has no analgesic action, animals were given analgesia
by subcutaneous injection of vetergesic (0.05mg/kg) and rimadyl (4mg/kg). After a incision
was made to expose the skull, a tiny hole in the skull of the mouse was drilled at stereotac-
tic coordinates 1.2 mm posterior, 0.5 mm lateral to the bregma. 2ul of 1% lysophosphatidyl
choline/lysolecithin (LPC) was injected 1.4 mm deep at the same position over 4 minutes. Injec-
tion was controlled by KD scientific Nano pump and done with a 30 gauge needle and Hamilton
syringe. The needle was left for another 4 minutes before removal to prevent LPC backflowing
into the needle tract. The incision was stitched, animals were left to recover on a warm pad and

carefully monitored.
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2.1.3 Animal termination and tissue preparation

For electron microscopy (EM), animals were anaesthetised by intraperitoneal injection of ke-
tamine (75 mg/kg) and medetomidine (1 mg/kg) and terminated by intracardiac perfusion fix-
ation with 4%paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate buffer 17 days after
surgery. The brain was dissected out and postfixed in 1% glutaraldehyde in 0.1 M phosphate
buffer for at least two weeks. The brain was cut in 1-mm thick coronal section samples. The
sections anterior and posterior from the anatomical place of the lesion were further dissected to
only include the cortex and corpus callosum (CC) on the lesion side. Those were processed into
resin blocks using TAAB812 (Epon, TO24/1) resin embedding kit with BDMA as per manu-
facturer’s guidelines.

Blocks were trimmed to expose the tissue and sagittal 1m semi-thin sections were cut. The
sections were stained with toluidine blue in order to determine which had a lesion. The ones
which appeared to have a lesion based on cell accumulation and reduction of myelin staining
were further cut into 60 nm ultra thin sections. Those were stained in uranyl acetate and lead
citrate and imaged at a transmission electron microscope (TEM).

For immunohistochemistry (IHC), animals were anaesthetised by intraperitoneal injection of
of ketamine (75 mg/kg) and medetomidine (1 mg/kg) and terminated by intracardiac perfusion
fixation with 4% paraformaldehyde (PFA) in PBS 10 days after surgery. The brain was dissected
out and postfixed in 4% paraformaldehyde overnight and then incubated with 15% and then 30%
sucrose for 24h each. Brains were embedded in optimal cutting temperature compound (OCT)
and stored at -80°C. Brains were then cut in consecutive 10 ym cryostat sections and stored at
-20°C.

2.2 In vitro methods

OPC assays (apart from migration) were performed in optically clear bottomed 384 well plates
(PerkinElmer, 6007460). Cells were seeded by an E1-ClipTip electronic adjustable 8 channel
pipette (Thermo, 467060) while they were at room temperature and were grown in 100 1 media.
Cells were fixed by removing half of the media and replacing it with 8% PFA unless otherwise
stated. Seeding cells at room temperature ensured even distribution of cells and this fixing
protocol minimised loss of cells during fixation. Following fixation, cells were incubated in a
volume of 20 ul which is enough to cover the bottom of the well. All incubation steps were
at room temperature unless otherwise stated. OPCs were grown in flasks and multiwell plates
which were coated with Poly-D-Lysine (PDL) (Sigma Aldrich, P6407) or Poly-L-Lysine (PLL)
(Sigma Aldrich,P4707) by incubation of enough 5ug/ml PDL or PLL in water to cover the
bottom for at least 1 hour at 37°C.
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2.2.1 OPC cultures

Oligodendrocyte precursor cells were obtained by the shake off method of mixed glial cul-
ture [192]. The brain was dissected out of euthanised PO-P2 rat pups. The meninges were
removed and cortices separated from the rest of the brain. The cortices were minced by fine
scissors and digested by mixture of 1.2 units/ml papain enzyme (Worthington Biochemical,
LS003127), 0.1 mg/ml L-cysteine (Sigma Aldritch, C7477-25G) and 0.40 mg/ml DNase I for
1.5hat 37°C. Digestion was stopped by addition of 10% fetal calf serum, 1% penicillin/streptomycin
(Invitrogen 15140-122) in mimimim essential media (MEM) (Gibco, 32360-026). Cells were
collected by centrifugation at 1500 rpm for 5 min and then resuspended in the same media.
A single cell suspension was obtained by passing the resuspended cells via a 19 gauge needle
and then a 23 gauge needle several times. Cells were grown in vented PDL or PLL-coated flat
bottomed flasks (Falcon (Corning), 353110) at 37°C and 7.5% CO?2. Cells were fed new media
every 2 days.

After 11 days microglia were separated from the mixed glial culture by shaking on a orbital
shaker at 250RPM and 37°C for 1 h. After media was replaced, the OPCs were separated from
the mixed glial culture by shaking on a orbital shaker at 250RPM and 37°C for 16 h. The media
which contained the OPCs was removed and incubated on tissue culture untreated bacteriologi-
cal plates at 37°C for 20 min to ensure any remaining microglia attach to the plastic. OPCs were
then collected from the media by centrifugation at 1500 rpm for 5 min and then resuspended in
SATO, 1% penicillin/streptomycin solution, 1% ITS supplement (Sigma Aldrich, 13146-5ml),
0.5% FCS in DMEM. This OPC SATO media which was used for growing OPCs from this
point of the protocol onwards. Cells were counted using a haemocytometer. For proliferation,
maturation, survival, motility and purity assays, 2000 cells in 100 ul were seeded in wells of a
384 well plate. For migration, 12500 cells were seeded in in 100 ul in a PDL-coated transwell
insert of a 24 well plate.

Cells were subjected to the following treatments conditions in the assays:

* 22.5nM, 45 nM and 90 nM Semaphorin3A coated (R&D Systems, 5926-S3) (mixed with
PDL/PLL and coated as normal)

* 22.5nM, 45 nM and 90 nM Semaphorin3A in media (R&D Systems, 5926-S3)

* 5 ug/ml, 10pg/ml, 20pg/ml anti-NP1(Sema3A) blocking antibody against the Sema3A
site of NP1 (Genentech, NRP1:9755)

* 0.001 mM, 0.002mM and 0.004 mM Xanthofulvin (Genzyme)
* 0.1g/ml recombinant human VEGFA 165 (Peprotech, 100-20)

* 10g/ml anti-NP1(VEGF) blocking antibody against the VEGF site of NP1 (Genentech,
NRP-1, 9756)

¢ DMSO control (for Xanthofulvin which is dissolved in 10% DMSO)

* media only (negative) control
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2.2.2 OPC proliferation assay

Proliferation was assessed by click-It EQU imaging kit from Life Technologies (Life Technolo-
gies, C10340). 10 uM thymine analogue, EAU was added 24 h after the cells were plated. EAU
was incubated for another 24 h and if the cells were replicating DNA for cell division, EAU
would be incorporated. The cells were then fixed by 4% PFA for 10 min. Cells were incubated
with 0.5 % Triton (Fisher Scientific, 10541754) in PBS (Sigma Aldrich, 70011-036) for 20 min
and washed in 3% BSA in PBS. Cells were incubated with click-it reaction cocktail for 30 min
as per manufacturer’s guidelines (430 ul Click-it reaction buffer, 20 ul copper sulfate, 1.2 pul
Alexa Fluor 647 azide, 50 il Reaction buffer additive). This allowed the fluorescent azide to co-
valently bind the alkyne tag of EdU creating a fluorescent signal in the nuclei of dividing cells.
Wells were washed, stained with 5pg/ml Hoechst for 1 min and washed again before imaging.

Positive control for this assay was 10ng/ml PDGF-AA (Peprotech, 100-13A) and 10ng/ml
FGF (Peprotech, 100-18B) which showed increase in proliferation.

2.2.3 OPC survival assay

Survival was assessed by Click-iT TUNEL imaging kit from Life Technologies (Life Technolo-
gies, C10247). Cells were fixed by 4% PFA for 10 min 72 h after plating.Cells were perme-
abilised with 0.25 % Triton in PBS for 20 min and washed with distilled water. Wells were
equilibrated with TdT reaction buffer for 10 min and then incubated with TdT reaction cocktail
for 1 h at 37°C as per the manufacturer’s guidelines (97 ul TdT reaction buffer, 1 1 EQUTP nu-
cleotide, 2 ul TdT enzyme). This step allowed the terminal deoxynucleotidyl transferase (TdT)
enzyme to incorporate EQUTP on the edges of double stranded DNA breaks. The wells were
washed in 3% BSA in PBS and then incubated with Click-it Reaction cocktail for 30 min (97.5
pul Click-it reaction buffer and 2.5 ul Click-it reaction buffer additive). This allowed the fluores-
cent azide to covalently bind the alkyne tag of EdU creating a fluorescent signal in the nuclei
of dying cells. The wells were washed in 3% BSA in PBS, stained with 5pg/ml Hoechst for 1
min and washed again before imaging.

Positive control for this assay was the double stranded breaks created by the enzyme DNase
L. Positive control wells were incubated with DNase I cocktail for 1 h as per the manufacturer’s
guidelines (89 ul distilled water, 10 u1 DNase buffer, 1 ul DNase enzyme) after permeabili-
sation. Almost all cells were positive after this treatment. Negative control was achieved by

omitting the TdT reaction buffer step.

2.2.4 OPC motility assay

Motility was assessed by live imaging on the Operetta. Immediately after plating cells in differ-
ent treatment conditions, plate was placed in the live imaging chamber at 37°C and 7.5 % CO2.

Brightfield and digital phase contrast images were taken every 10 min for 19 hours.
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2.2.5 OPC maturation assay

Maturation was assessed by immunohistochemistry staining with known markers for OPCs,
immature oligodendrocytes and mature oligodendrocytes. Cells were fixed by 4% PFA for
10 min 72 h after plating. Wells were then blocked for 1 h with 10% heat inactivated horse
serum (HIHS) (Gibco, 26050) , 0.1% Triton in PBS. Wells were washed in PBS and incubated
overnight at 4°C with primary antibodies ( 1:200 rabbit anti-NG2, 1:1000 mouse IgM anti-O4
and 1:300 rat anti-MBP in 10% HIHS, 0.1% Triton in PBS). Wells were washed with PBS and
incubated with secondary antibodies for 1 h (1:1000 goat anti-rabbit Alexa 488, 1:1000 goat
anti-rat Alexa 555 and 1:1000 goat anti-mouse IgM Alexa 647 in 10% HIHS, 0.1% Triton in
PBS). The wells were washed in PBS, stained with 5zg/ml Hoechst for 1 min and washed again
before imaging.

Positive control for this assay was treatment with 100 units/ml LIF (obtained from in-house

Cos7 transfected cells) which showed increase in MBP+ cell number and cell area.

2.2.6 OPC migration assay

Migration was assessed by quantity of cells which pass through pores on a membrane to reach
the treatment compared to control. Cells were seeded on the top of PDL-coated poly-carbonate
transwell culture inserts (6.5 mm diameter with 8 ym pore size (Corning, 3422) on a 24 well
plate (Costar (Corning), 3524). Different treatments were placed in the media on the bottom of
the transwell (in the 24 well plate wells). Cells were left at 37°C at 7.5% carbon dioxide and
were fixed in 4% PFA after 16.5 h by removing the media on the top and bottom and replacing
it with 4% PFA for 10 min. The wells were washed in PBS, stained with 5pg/ml Hoechst for 1
min and washed again before imaging.

Positive control for this assay was 20ng/ml PDGF-AA (Peprotech, 100-13A) and negative
control was 100 ng/ml netrin-1 (R&D, 1109-N1-025).

2.2.7 Purity of culture assay

Purity was assessed by immunohistochemistry staining with known marker for astrocytes, the
major contaminant cell type. Cells were fixed by 4% PFA for 10 min 48 h after plating. Wells
were then blocked for 1 h with 10% HIHS, 0.1% Triton in PBS. Wells were washed in PBS and
incubated overnight at 4°C with primary antibodies (rabbit anti-GFAP (Covance, PCK591P-
100) at 1:2000 or chick anti-GFAP (DAKO, Z0334)) at 1:3000 in 10% HIHS, 0.1% Triton in
PBS). Wells were washed with PBS and incubated with secondary antibodies for 1 h (1/1000
goat anti-rabbit 647 (Life Technologies,A212444) or 1/1000 goat anti-chick 568 (Life Tech-
nologies, A11041). The wells were washed in PBS, stained with 5pg/ml Hoechst for 1 min
and washed again before imaging. This assay allowed monitoring of quality of culture. Only
cultures with purity of over 90% were used for data analysis. Cultures with purity of less than

90% were excluded.
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2.3 Immunohistochemistry

2.3.1 Fluorescent IHC on fixed frozen mouse brain

Frozen sections were left to air dry for 3-4 minutes and then wax pen was used to mark around
the tissue. This limited the spread of liquid and allowed lower volumes to be used. Slides were
washed in PBS and incubated with 10% HIHS and 0.3% Triton in PBS for 2 h. Primary an-
tibodies were incubated overnight in antibody diluent (Spring Bioscience, ADS-125) at 4¢C.
Primary antibodies used: rat anti-MBP antibody (Bio-Rad, MCA4095) at 1:200, rabbit anti-
IBA1 (Wako, 019-19741) at 1:900, rabbit anti-NG2 antibody (Millipore, A135320) at 1:50,
mouse IgG anti-CC1 (Abcam,ab16794) at 1:20, rat anti-PDGFRa (Biolegend,135902) at 1:50,
mouse IgG anti-NogoA (R&D,MAB3098) at 1:100, mouse IgG anti-iINOS (BD Bioscience,
610329) at 1:50, mouse IgG anti-CD68 (Abcam, ab53004) at 1:50, goat anti-Arginase-1 (Santa
Cruz Biotechnology, sc-18355) at 1:25, mouse IgG anti-NP1 (R&D, MABS5661) at 1:50, rabbit
anti-olig2 (Millipore, AB9610) at 1:50, rabbit anti-NP1 (CST, 3725 (D62C6)) at 1:50. Sec-
ondary antibodies were incubated for 2 h ( anti-rabbit Alexa 488 (Life Technologies,A11008) at
1:1000, anti-rat Alexa 647 (Life Technologies,A21247) at 1:1000, anti-mouse Alexa 568 (Life
Technologies,A11004)at 1:1000). Slides were stained with Hoechst for 1 min and mounted
using fluoromount (Southern Biotech, 0100-01). PBS washes were performed between each
treatment.

Initially, 5 slides from each mouse were stained with antibodies to MBP and IBA1 in order to
determine if there was a lesion and its size. If there was a lesion, further staining was performed
on slides around the slide with the biggest lesion size - assumed to be the centre of the lesion.
Staining was done to identify OPCs, mature oligodendrocytes and macrophages/microglia in the
lesions. For those experiments, control with no primary antibody was used to detect unspecific

staining.

2.3.2 Colorimetric IHC on fixed frozen post-mortem human tissue

Frozen post-mortem human brain tissue was fixed in 4% paraformaldehyde in PBS for 30 min.
Endogenous peroxidase and alkaline phosphatase activity was blocked by 10 min incubation
with Vector Bloxall (Vector laboratories, SP-6000). Slides were blocked with ready-to-use 2.5%
normal horse serum from Vector secondary antibody kits for at least 20 min. Primary antibodies
were incubated overnight in antibody diluent (Spring Bioscience, ADS-125) at 4fC. Primary an-
tibodies used: mouse anti-NDST1 (1/50; Abcam, ab55296), rabbit anti-NeuN (1/500; Abcam,
ab104225), rabbit anti-IBA1 (1/500; Wako chemicals, 019-19741), rabbit anti-Olig2 (1/100;
Sigma, HPA003254). HS staining with the mouse IgM anti-N-sulfated motifs on HS chains
(10E4 antibody, Seikagaku, Japan) did not give any signal on human tissue. NDST1 intensity
was evaluated after a short exposition (exactly 2 min). All other stainings were fully developed.
To ensure antibody specificity, the NDST1 antibody was pre-absorbed with human NDST1

recombinant protein (Abcam, ab116875), and added to tissue sections, with no staining seen

51



2 Materials and Methods

(figure 2.2. Secondary antibodies were incubated at room temperature for 1h. Staining was de-
veloped with a DAB Peroxidase (HRP) Substrate Kit (with Nickel), 3,3-diaminobenzidine (Vec-
tor, SK-4100) and a VECTOR Blue AP Substrate Kit (Vector, SK-5300) as per manufacturers
guidelines. Secondary antibodies used: ImmPRESS-AP Anti-Rabbit IgG Polymer Detection
Kit (Vector, MP-5401) and ImmPRESS HRP Anti-Mouse IgG Polymer Detection Kit, made
in Horse (Vector, MP-7402). PBS washes were performed between each treatment. For those

experiments, control with no primary antibody was used to detect unspecific staining.

A B

NDST1 NDST1 + recombinant NDST1 protein

Figure 2.2: Immunohistochemical staining using antibodies to NDST1 on human tissue is ab-
sent after addition of recombinant NDST1. (A) NDST1 staining of MS WM (B)
NDST]1 staining of MS WM in the presence of recombinant NDST1. Scale bars:
100 ym

2.4 Imaging, analysis and statistics

2.4.1 Imaging

The colorimetric IHC on human post-mortem tissue and the fluorescent IHC on fixed frozen
mouse brain slides were imaged using an Axio Scan.Z1 digital slide scanner(Carl Zeiss) at x20.
OPC maturation, proliferation, survival, motility, purity and neural stem cell binding assays
were imaged on an Operetta high-content imaging system(Perkin Elmer) at x20 with full well
coverage. Migration assays were imaged on a confocal Leica SP8 microscope and images cov-
ered the top (seeded cells), membrane (migrating cells in pores) and bottom (migrated cells) of
the transwell. Electron microscopy samples were imaged on TEM (Philips, CM120) and images
collected on a Gatan Orius CCD camera or TEM (JEOL JEM-1400 Plus) and images collected
on a GATAN OneView camera at x700. After the corpus callosum was identified, 10 images

were taken starting at the centre the lesion area (the most demyelinated area in the CC).

2.4.2 Image analysis

For the human post-mortem tissue analysis, one researcher marked out the lesion sites and nor-
mal appearing white matter (WM) as regions of interest (ROIs), while another counted single
positive (NDST1+ cells) and double positive cells (NDST+ cells and other brain cell markers

combined as above) in these areas of interest (ensuring blinding of counting). If the ROIs were
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small, the whole region was counted. If it was big, 5 smaller areas within the ROI were drawn.
An example of both types of ROI is shown in figure 2.3. This approach was representative of
the whole ROI because comparison between cell counts (per area) in the whole region of in-
terest and the average of the smaller areas showed little difference. Those smaller areas were
equally spaced and covered both the core and the outer edges of the ROI. NDST1+ staining did
not show any spatial bias towards the core or edge of lesions/NAWM - it spanned the lesions in

similar level and quantity (figure 2.3, top).

A « ——— af — —
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— | & Cell counting
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Figure 2.3: After IHC (here LFB staining is used as an example), regions of interest were drawn
by a different researcher(marked here in different colours) (A). Cells were counted
in the ROIs while blinded to the ROI’s identity (different lesion types and NAWM)
as well as the patient (control vs MS). Some ROIs were small and the whole area was
counted such as the active lesion from MS154, A2D7 (B). In bigger ROI, 5 smaller
areas were drawn within the ROI and only those were counted such as the NAWM
from MS122. The cells/area from all 5 areas were then averaged. Red line shows
the ROI outline and red crosses denote counted cells. Note scale bar is different in

both images.

For the mouse tissue, lesions were determined by absence of linear myelin staining (MBP),
presence of nuclei accumulation (Hoechst) and accumulation of immune cells (IBA1). Lesion
outlines were drawn and lesion size measured. Cell counting was performed while blinded to
the genotype of the animals. Cell counts were divided by the area of the lesion to give cell
count/area.

For the mouse tissue electron microscopy analysis, the myelinated and unmyelinated axons
were counted in all 10 fields of view and were averaged per each mouse. To determine the
myelin thickness, the axon as well as the axon together with the myelin sheath were traced

using a graphics tablet (Bamboo pad, Wacom) or (Huion, 1060 plus) on Image J to give axon
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area and axon and myelin area respectively. From this, the diameter of the axon (inner) and
diameter of the axon together with the myelin (outer) were estimated using the equation for
area of circle ( 2.5):

A=rmxr? 2.5)

The g ratio was then calculated for each axon using the formula below ( 2.6)

inner diameter

- 2.6
outer diameter (2.6)

g ratio =

Axons with thick myelin sheath have low g ratio (around 0.6) while axons with thin myelin
sheath have higher g ratio (closer to 1). The g ratios of at least 250 axons were averaged for
the mean g ratio per mouse. For the OPC migration assay, 3D reconstitution of the z-stack was
created using Image J and the cells on the bottom (migrated cells) were counted while blinded
to the treatment condition.

Images acquired on the Operetta were sent to the storage server Columbus which is also used
to set analysis parameters. For all analysis pipelines, nuclei were detected by the Hoechst stain
in the 405 nm channel. Their morphological properties were then calculated and the nuclei
were further selected by area (30-150 ],tmz) and shape (roundness) to exclude any non-nuclear
Hoechst staining artefacts. This selection process was a starting point for each analysis. Further
identification could then be made based on this population of selected nuclei depending on the
assay. Result outputs were defined (such as cell numbers) and automatic batch analysis on the
plate or multiple plates was run. The results file was an excel spreadsheet with the mean values
per well (such as mean number of cells per well).

For proliferation and survival (TUNEL) assays, EQU or EQUTP incorporation was used to
mark the proliferating and dying cells respectively as detailed in section 2.2.2 and 2.2.3. For
both assay the EdU+ cells were visualised in the 647 nm channel. In the population of nuclei
selected, the nuclear stain in the 647 nm channel was identified. The intensity properties were
calculated and the EdU+ nuclei were further selected based on a threshold for the mean and
maximum intensity of fluorescence. The results output was the ratio of EAU+ nuclei divided by
all nuclei which gives the proportion of the proliferating or dying cells. This process is shown

in figure 2.4.
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Figure 2.4: Analysis pipelines for proliferation and survival (TUNEL) assays were identical.
Input image shows one EdU+ nucleus and several other nuclei (A). Nuclei were
found in the 405 nm channel using Hoechst. Their properties were calculated and
nuclei selected based on size and roundness (B). Nuclei which were too small, too
bright or not round enough were excluded to avoid debris. The intensity in the 647
nm channel(EdU for proliferation or EQUTP for TUNEL) was calculated for the
selected nuclei. Those nuclei were selected based on intensity threshold value (C).
Finally, EQU+ cell were correctly identified among the other nuclei. Figure adapted
from GS.

For motility analysis, cells were identified in the digital phase contrast channel. Their proper-
ties were calculated and they were selected based on texture, light intensity and morphology to
exclude any debris. The selected cells were tracked by the software on the 114 subsequent time
frames and tracks of their movement were generated. From those tracks, average velocity and
accumulated distance could be calculated for cells in each well. The software required at least
1% overlap in the position of the cell from 1 time frame to another in order to detect continuous
track. This informed the time between each frame (10 min). The software was able to identify

cell division and exclude this. The Columbus pipeline is shown in figure 2.5.
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Figure 2.5: Analysis pipeline for motility. Input image (A) shows cells as bright objects on a
dark background. Cells were found and their properties calculated. Population of
cells was selected based on identified distinguishing properties (B). Debris is ex-
cluded at this point. Each individual cells was tracked over time (C). Figure adapted

from Gregor Skeldon

For maturation assays, after identification of the selected nuclei, the cytoplasm was identified
based on the NG2(488), O4 (568) and MBP (647) staining. Those 3 populations were further
selected based on properties including: mean intensity of fluorescence, maximum intensity of
fluorescence, intensity of cytoplasmic contrast and cytoplasmic texture to best identify the cells
which were stained in each channel. NG2+ staining was variable and no parameters could detect
NG2+ cells in all plates so those cells were manually counted in 3 fields of view in at least 3 wells
per plate. The columbus pipeline is shown in figure 2.6. The results output was the proportion
of MBP+ and O4+ cells divided by all cells. If a cell is O4+ and MBP+, it was included in both
the MBP+ and O4+ cells proportion.
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Figure 2.6: Analysis pipeline for maturation analysis. Input image shows O4 (purple) positive
and MBP (orange) positive cells. After nuclei were selected, their cytoplasm was
initially identified in the 647 nm channel (MBP). The properties of those cytoplasms
were calculated including cytoplasm size, shape, intensity and the mean values for
many properties were used to define parameters to select the MBP+ cells.The same
process was repeated for O4+ cells. Finally, O4+ and MBP+ cells are correctly
identified. Figure adapted from Gregor Skeldon

For purity analysis, in terms of calculating the number of contaminating astocytes, after iden-
tification of the selected nuclei, the cytoplasm was identified based on GFAP (647) staining. The
properties of the cytoplasm were calculated including size, intensity and morphology and used
to define parameters to select the GFAP+ cells such as mean intensity of fluorescence and cy-
toplasmic morphology. The result output was the proportion of GFAP+ cells. The columbus

pipeline is shown in figure 2.7
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Figure 2.7: Analysis pipeline for purity assay. Input image shows two GFAP+ astrocytes (red).
After nuclei were selected, their cytoplasm was found in the 647 nm channel
(GFAP). The properties of the cytoplasm were calculated and used to define pa-
rameters to select the GFAP+ cells. Finally, GFAP+ cells are correctly identified.
Figure adapted from GS.

2.4.3 Statistics

For all analysis, a d’Agostino and Pearson omnibus normality test was used to test whether the
data fitted a normal distribution and a parametric test was done only if all compared data sets in
an experiment passed the normality test. Otherwise, non parametric tests were performed. All
statistical tests were performed using GraphPad Prism 5.

For human post-mortem staining, NDST1+ cells in control versus multiple sclerosis WM
was compared using a two-tailed Mann Whitney U test. Multiple sclerosis lesions and their
surrounding WM within one patient were compared using a paired two-tailed student’s t test.
The absolute numbers of NDST1+ cells and double positive NDST 1+ OLIG2+ cells in individ-
ual lesions/normal appearing WM were compared by Kruskal-Wallis test. As MS tissue blocks
contained more than one lesion, and we had several blocks from the same patients, we gave
each patient an overall remyelination potential score corresponding to how many lesions in the

blocks from that patient were remyelinated, or likely to remyelinate if the patient had survived.

58



2 Materials and Methods

Remyelinated lesions received an arbitrary 3 points, active lesions 2 points, chronic active le-
sions 1 point and chronic inactive lesions 0 points. This was divided by the number of lesions
counted for each patient, to allow comparisons.

For the IHC on LPC-lesioned mouse brain, an unpaired two-tailed t test was used to compare
between the transgenic animals and their wild type controls.

For the electron microscopy analysis, a two-factor ANOVA was used to identity the effects of
treatment (LPC-surgery vs control) as well as the effects of genotype (transgenic vs wild type).

For the in vitro OPC assays, the Kruskal-Wallis test was used to compare between the different
conditions and control and id significant difference was found, Dunn’s multiple comparison test

was used to identify the difference.

2.5 Materials

2.5.1 Human tissue

Post-mortem unfixed frozen tissues were obtained from the UK Multiple Sclerosis Tissue Bank
via a UK prospective donor scheme with full ethical approval (MREC/02/2/39). Luxol fast blue
(LFB) (staining myelin) and Oil Red O (staining lipids phagocytosed by macrophages) were per-
formed to characterize and classify the lesion types. Active lesions have indistinct borders on
LFB and lipid-laden macrophages/microglia. Chronic active lesions have a ring of lipid-laden
macrophages/microglia and a core with few immune cells. Chronic inactive lesions have a dis-
tinct border on LFB and few immune cells. Finally, remyelinated lesions or shadow plaques
have less intense staining on LFB. Cartoon representation of all lesion types is presented in
figure 2.8. This classification was done by two independent researchers for a previous publica-
tion [29]. In this study, we used active (n=7), chronic active (n=4), chronic inactive (n=14) and
remyelinated (shadow) MS plaques (n=21) from 14 blocks of brain tissue from 9 MS patients
and 4 blocks of brain tissue from 4 controls with no neurological disease. These are summarised
in the table 2.1.

59



2 Materials and Methods
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Figure 2.8: Schematic representation of different MS lesion pathological types and their hy-

pothesised relationship to each other. Active lesions (red line) contain many im-
mune cells (grey cells). Active lesions can repair if axons are ensheathed by new
myelin sheaths (orange). However, if the lesion does not repair it may become a
chronic active lesion. This type of lesion has many immune cells around its edge
but not in the middle. This lesion may also repair to a fully remyelinated lesion
however this is much less likely. Finally, chronic active lesions could in time turn
into chronic inactive lesions which have barely any immune cells and very small
chance of repair. Therefore, we propose that remyelinated lesions have the highest
remyelination potential (already remyelinated), followed by active lesions, chronic
active lesions and then chronic inactive lesions. All lesion types apart from the re-
myelinated lesions lack myelin staining. NAWM is also shown as it was counted

and used as comparison.

Table 2.1: Classification and characteristics of human post-mortem samples

Patient | Sex | Age MS | Disease Time to Number | Active | Chronic | Chronic | Remyelinated

(years) | type | duration post of active | inactive
(years) mortem lesions
(h}
Ms MS100 | M 46 5p 8 7 6 1] 1] 4 2
Ms121 | F 45 5p 14 24 2 1 1] 1 o]
Ms5122 | M 44 5P 10 16 2 1 1 0 o]
M5136 | M 40 5P 9 10 9 1 4] 3 5
M5154 | F 34 5P 21 12 4 2 4] 1 1
M5176 | M 37 PP 27 12 7 o] 4] 2 5
MS187 | F 57 5p 27 13 4 1] 1] 0 4
M5207 F 46 5p 25 10 8 o] 3 3 2
M5230 | F 42 5P 19 31 4 2 4] 0 2
Control | CO14 M b4 - - 26 - - - - -
Co25 M 35 - - 22 - - - - -
Co28 F 60 - - 13 - - - - -
co3s | M 82 - - 21 - - - - -
Total 46 7 4 14 21
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2.5.2 Antibodies list

Table 2.2: List of primary and secondary antibodies used

Primary antibodies

chick anti-GFAP (DAKO, Z0334)) at 1:3000

goat anti-Arginase-1 (Santa Cruz Biotechnology, sc-18355) at 1:25

mouse anti-NDST1 (1/50; Abcam, ab55296)

mouse 1gG anti-CC1 (Abcam,ab16794) at 1:20

mouse 1gG anti-CD68 (Abcam, ab53004) at 1:50

mouse IgG anti-iINOS (BD Bioscience, 610329) at 1:50

mouse IgG anti-NogoA (R&D,MAB3098) at 1:100

mouse IgG anti-NP1 (R&D, MAB5661) at 1:50

mouse IgM anti-O4 antibody (Immuncsoty) at 1:1000

rabbit anti-GFAP (Covance, PCK591P-100) at 1:2000

rabbit anti-IBA1 (Wako, 019-19741) at 1:900

rabbit anti-NeuN (1/500; Abcam, ab104225)

rabbit anti-NG2 antibody (Millipare, A135320) at 1:200 (cells) and 1:50 (tissue)

rabbit anti-NP1 (CST, 3725 (D62C6)) at 1:50

rabbit anti-Olig2 (1/100; Sigma, HPA003254)

rabbit anti-olig2 (Millipore, AB9610) at 1:50

rat anti-MBP antibody (Bio-Rad, MCA4095) at 1:300 (cells) or 1:200 (tissue)

rat anti-PDGFRa (Biolegend,135902) at 1:50

Secondary antibodies

anti-mouse Alexa 568 (Life Technologies, A11004) at 1:1000

anti-rat Alexa 647 (Life Technologies,A21247) at 1:1000

goat anti-chick 568 (Life Technologies, A11041) at 1:1000

goat anti-human |gG Alexa 568 (Life Sciences, A21090) at 1/1000

Goat anti-mouse IgM 647 (Life Technologies 21238) at 1:1000

Goat anti-rabbit 488 (Life Technologies, A11008) at 1:1000

goat anti-rabbit 647 ( Life Technologies,A212444) at 1:1000

Goat anti-rat 555 (Life Technologies, A21434) at 1:1000

IMmMPRESS™ HRP Anti-Mouse 1gG Polymer Detection Kit, made in Horse (Vector, MP-7402)

IMMPRESS™-AP Anti-Rabbit IgG Polymer Detection Kit (Vector, MP-5401)
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3 NDST1 is upregulated in MS and

correlates with remyelination

3.1 Introduction

Even though the importance of heparan sulfate and NDST1 in development is well recognised
in the literature, their involvement in multiple sclerosis is less clear. There is increased risk
of MS associated with a single nucleotide polymorphism in a gene for a heparan sulfate pro-
teoglycan [15] mentioned in section 1.2.1. The same SNP was also associated with inefficient
interferonp therapy in MS patients [33]. Both of those effects are believed to be due to the ability
of heparan sulfate proteoglycans to sequester cytokines. Moreover, heparan sulfate proteogly-
cans are expressed in active lesions and thought to contribute to lesion chronicity (section 1.7.2).
The exact connection between NDST, HS and MS-like pathology and its mechanism were fur-
ther elucidated by our collaborators in Pascale Durbec’s group.

Pascale Durbec’s group in France performed microarrays to compare SVZ progenitor gene
expression between conditions of LPC-demyelination and control in a previous publication [45].
In addition to SVZ progenitors, they also isolated oligodendroglia and found that NDSTT is
significantly upregulated (fold increase of 48.9 and 14.0 in two different trials) in conditions of
demyelination compared to control (unpublished data). This prompted them to investigate the
involvement of NDST1 and HS in vitro and in animal models of demyelination and remyelina-

tion. Their key findings are summarised below:

» After demyelination (caused by LPC injection), NDST1 is upregulated in mature oligo-

dendrocytes in a rim around the lesion

* NDST1 KO in OLIG2+ cells increases demyelinated lesion size (again with LPC lesion)

and delays OPC recruitment in vivo
* Removing heparan sulfate by heparinase impairs OPC migration in vitro

* Heparan sulfate controls the local enrichment of sonic hedgehog (Shh) which is important

for remyelination [87]

* Heparan sulfate secretion by oligodendroglia in culture increases with their maturation

NDST1 and HS are therefore important for OPC migration in vitro and in vivo as well as
prompt remyelination in LPC-demyelination animal models. However, their relevance to MS

is unknown. Therefore, we aimed to investigate the expression of NDST1 and HS in human
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3 NDSTI is upregulated in MS and correlates with remyelination

post-mortem tissue from MS patients in collaboration with Pascale Durbec’s group to find the
relevance of their findings in human pathology.

The post-mortem tissue which was used for this study is summarised in section 2.5.1 and
the staining method in section 2.3.2. In brief, tissue from 9 MS patients was previously char-
acterised and classified into different lesion types: active, chronic active, chronic inactive, re-
myelinated. Normal appearing white matter (NAWM) and tissue from 4 patients which did
not die from neurological disease were used as comparison. HS staining with the mouse IgM
anti-N-sulfated motifs on HS chains which binds to the HS modification created by NDST1
(10E4 antibody, Seikagaku, Japan) did not give any signal on human tissue. On the other hand,
NDST]1 colourimetric staining was successful and allowed characterisation of the expression of

this enzyme in different types of human lesions.

3.2 Results of tissue staining

To examine the relevance of the mouse findings for multiple sclerosis physiopathology, we ex-
amined the expression pattern of the NDST1 protein in human multiple sclerosis (MS) white
matter (WM), ranging from normal appearing WM, remyelinated, active, chronic active or
chronic inactive lesions. Observation that NDST1 staining was fainter in control tissue com-
pared to MS tissue prompted us to investigate the level of expression of the enzyme after a short

(exactly 2 min for each slide), incomplete development of the colorimetric stain.

3.2.1 NDST1 is upregulated in multiple sclerosis tissue

While NDST1 staining was very weak in control WM (no MS), we observed a significant in-
crease of NDST1 labelling in MS patients WM (figure 3.1 A-B). Comparison of healthy con-
trol, MS normal appearing WM and MS lesions showed that there is a significant increase of
NDST]1 staining in multiple sclerosis lesions vs. control as measured by pixel count (Kruskal-
Wallis test, H=13.09, n=4,9,9, p=0.0002) (figure 3.1 C ). Comparison of each MS lesion with
its surrounding normal appearing WM using a paired t test, revealed that there is significantly
more NDST1 labelling in MS lesions compared to their surrounding normal appearing WM
(paired two-tailed t test, £9=3.39,p=0.0095). If staining in control was fully developed, NDST1
positive cells were observed which indicates that NDST1 is expressed in control tissue as well,

but it is over-expressed in MS brain and particularly in lesions.
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Figure 3.1: NDST1 is upregulated in MS. Representative images of NDST1 staining in control
(A) and MS (B) WM. (C) Quantification of NDST1 labeling shows a significant
over-expression of NDST1 in MS lesions compared to control tissue (Kruskal-Wallis
test, H=13.09, n=4,9.9, p=0.0002). The colours represent paired samples from the
same patients. Graph shows means plus standard deviation. There are NDST1+
cells in control brain however NDST1 is overexpressed in MS brain. Scale bar is
100 pum.

3.2.2 NDST1 is primarily expressed in oligodendroglial cells

I then performed double-labelling immunohistochemistry to determine which cells express
NDST1. I characterized NDST1-positive cells in various types of lesions and normal appear-
ing WM, defining their cellular type using the markers OLIG2 for oligodendroglia (figure 3.2
A), GFAP for astrocytes (figure 3.2 B), NEUN for neurons (figure 3.2 C) and IBA1 for mi-
croglia/macrophages (figure 3.2 D). A proportion of all of these cells expressed NDST1 but
quantitative analysis showed that the majority of NDST1+ cells were oligodendroglia in all
types of lesions (remyelinated, active, chronic active, chronic inactive), normal appearing WM
and control tissue (figure 3.3). The NDST1+ cellular composition of control tissue, NAWM
and lesions was slightly different with chronic lesions having more NDST1+ astrocytes and

macrophages/microglia proportionally to control tissue.
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Figure 3.2:

3 NDSTI is upregulated in MS and correlates with remyelination

NDST1 is expressed by oligodendroglia, astocytes, microglia/macrophages and

neurones. Representative images of immunohistochemistry using antibodies
against NDST1 successively co-labelled with antibodies for OLIG2 for oligoden-
droglia (A), GFAP for astrocytes (B), NEUN for neurons (C), and IBA1 for mi-
croglia/macrophages (D). Scale bars represent 50 ym in low magnification and 10

pm in high magnification.
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Figure 3.3: NDST1 is primarily expressed in oligodendroglia. Quantification of the proportions
of different NDST1+ cell types in normal appearing WM and various MS lesions
shows that NDST1 expressing cells are mainly oligodendroglia. This is followed by
expression by astrocytes, microglia/macrophages and finally neurones. NAWM is
normal appearing white matter, CNTRL is control, RM is remyelinated lesions, A

is active lesions, CA is chronic active lesions, CI is chronic inactive lesions.

We also investigated the expression of NDST1 in cultured rat oligodendrocytes to investi-
gate whether the increase in heparan sulfate extracellularly observed by Pascale’s group can
be attributed to increase in NDST1. We observed NDST1 expression in OPCs marked by anti-
body against NG2, immature oligodendrocytes marked by antibody against O4, pre-myelinating
oligodendrocytes and oligodendrocytes with flat myelin sheaths marked with antibody against
MBP (Figure 3.4). However, its expression level was unaffected by the maturity of the cells
in culture. In immature oligodendrocytes and pre-myelinating oligodendrocytes the NDST1
staining was strongest in the perinuclear region consistent with its primary location in the Golgi

apparatus [130] mentioned in section 1.7.4.

66



3 NDSTI is upregulated in MS and correlates with remyelination

Mature oligodendrocyte

Figure 3.4: NDST1 is expressed in isolated rat oligodendroglia in vitro. The expression of

NDST1 appeared independent of the maturation of OPCs. Scale bars represent 10
pm.

3.2.3 The majority of OLIG2+ cells in MS (but not control) are NDST1+

Since the majority of the NDST1+ cells were oligodendroglia, we looked at how many of the
oligodendroglia were NDST1+. While the vast majority of OLIG2+ cells in multiple sclerosis
patients (both the lesions and NAWM) expressed NDST1, less than half of the OLIG2+ cells
in control tissue expressed NDST1 (figure 3.5). Particularly, there was a significantly higher
proportion of NDST1+ oligodendroglia in active lesions compared to control tissue (Kruskal-
Wallis test, H=13.92, n=4,7,21,4,14,14 p=0.0162 and Dunn’s multiple comparison test). This
means that in this disease state NDST1’s level is upregulated and it is expressed by more oligo-

dendroglia.
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Figure 3.5: NDST1 is expressed in around 2 times more oligodendroglia in MS than in control.
Quantification of the proportion of the OLIG2+ cells which are NDST1+ shows
that the percentage significantly increases in active lesions compared to control
(Kruskal-Wallis test, H=13.92, n=7,21,4,14,14 p=0.0162 and Dunn’s multiple com-
parisons test). Overall, the majority of the OLIG+ cells are NDST1+ in MS lesions
and NAWM while this is not true in control brain tissue. Each dot is a lesion or
NAWM/control region. NAWM is normal appearing white matter, CNTRL is con-
trol, RM is remyelinated lesions, A is active lesions, CA is chronic active lesions,

ClI is chronic inactive lesions.

So far, NDST1 was found upregulated in primarily in oligodendroglia in MS which correlates
very well with the animal model findings from Pascale Durbec’s group. We then investigated

whether any correlation exists with the lesion type and the number of NDST1+ oligodendroglia

which appear to be important in repair in mouse.

3.2.4 OLIG2+4 NDST1+ cell numbers are reduced in Cl lesions and

negatively correlate with lesion size

After we looked at the proportional relationships of oligodendroglia and NDST1, we analysed
the the absolute number of double positive OLIG2+ NDST1+ cells in different types of lesion,
NAWM and control tissue. We found a trend towards less absolute OLIG2+ NDST1+ cell
numbers in more chronic lesions shown in figure 3.6. There were significantly less of those cells
in ClI lesions compared to NAWM (Kruskal-Wallis test, H=14.67, n=4,22,21,7,4,14 p=0.012 and

Dunn’s multiple comparisons test).
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Figure 3.6: There are less absolute NDST1+ oligodendroglia numbers in CI lesions compared
to NAWM. There is a trend towards less OLIG2+ NDST1+ cells in chronic active
and chronic inactive lesions compared to control and NAWM. This trend reaches
significance in the comparison of CI lesions and NAWM and there were significantly
less of those cells in CI lesions compared to NAWM (Kruskal-Wallis test, H=14.67,
n=4,22.21,7,4,14 p=0.012 and Dunn’s multiple comparisons test).

Since loss of NDST1 in a mouse model results in increased demyelinated lesion size and
having less NDST1+ OLIG2+ cells is correlated with chronic inactive lesions, we looked at the
relationship between NDST1+ OLIG2+ cell number and lesion size. We found that the number
of NDST1+ oligodendroglia in each lesion inversely correlated with the lesion size (figure 3.7).
This gives an indication that there is similarity in the function of NDST1 between the mouse
model and the human disease with the limitation that in human tissue we are observing a single

time point and could only find correlation but not causation.
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Figure 3.7: The number of oligodendroglia expressing NDSTT is inversely correlated to lesion

size.
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3.2.5 NDST1+ cells correlate with remyelination potential

We found that there was no difference in the average NDST 1+ cell numbers in different lesions,
NAWM and control (Kruskal-Wallis test, H=3.10, n=4 (CTL), n=22 (NAWM), n=21 (RM), n=7

(A), n=4 (CA), n=14 (CI), p=0

between NDST1+ cells and age, sex and disease duration in our small cohort. However, we

noticed that the variation in the

some patients who had many

.54 ) (figure 3.8). Moreover, we did not observe any correlation

NDST1+ cell number between patients was very big. Moreover,

chronic lesions had low NDST1+ numbers while others with

multiple remyelinated lesions had very high NDST1+ cell numbers.

70



3 NDSTI is upregulated in MS and correlates with remyelination

ggmoo-
£ Q

5 800 o

5 o

L 600+ o
o P

S 400

hd

b~ 200+ & %

@ o

z o T olo T 9 T

&

Figure 3.8: The number of NDST1+ cells is no different between lesion types, NAWM and
control brain(Kruskal-Wallis test, H=3.10, n=4,22,21,7,4,14 p=0.54 )

We therefore wanted to check if there is any correlation between the lesion types a patient has
and their NDST1+ cell numbers. As blocks of MS tissue had multiple lesions and sometimes
we had multiple blocks from the same patient, we decided to assign an arbitrary score to each
patient, correlating with the proportion of their lesions that were remyelinated (3 pts), active
(2pts), chronic active (1 pt) and chronic inactive (0 pt). Here, we were aiming to see whether
patients considered to be good remyelinators using this score may also have more NDST1+
cells. We showed that NDST1+ cell density positively correlated with patients’ score of re-
myelination (figure 3.9). These data reveal that multiple sclerosis tissues with a higher repair
potential (containing most active and remyelinated lesions) display a high number of NDST1+
cells therefore suggesting that higher numbers of NDST1+ cells in a lesion may provide a pos-

itive environmental support for myelin repair.
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Figure 3.9: NDST1+ cell numbers positively correlate with remyelination score assigned to

each patient, summing all lesions within blocks from the same MS patient.

3.3 Discussion

We have investigated the relevance of in vivo mouse findings to human disease. While post-
mortem human tissue is currently one of the best tools to study human disease, it also has
numerous limitations. The main limitation is that human tissue represents a snap shot of events
at a specific time. Therefore, not only are we unable to track the progress of any process in time
but we are also unaware what time point we are observing. To illustrate, we are unaware whether
the active lesion in a post-mortem section originated a week, a month or a year before the death
of the patient. Similarly, we are unaware if a chronic inactive lesion progressed from active
to chronic active and finally to chronic inactive or not. Another caveat of using post-mortem
human tissue is that we are looking at a small block of tissue in different brain regions in the
different patients. Therefore, the part of the brain we study might not be representative of the
whole brain and also regional differences might influence the results. Finally, the human tissue
I used for my studies has the additional caveat that the MS patient and control cohorts are not
age matched as the age of death of the the majority (3/4) of control patients is much higher than
the age of death of the MS patients 2.1. Since age is known to influence remyelination, this age
difference could influence the results. Regardless of these limitations, studying post-mortem
human tissue is still on of the best way to study relevance to human disease.

Comparison of the NDST1 expression in post-mortem human tissue revealed remarkable but
not complete similarity to the NDST1 expression and function in the LPC-demyelinated animal

model (unpublished data from Pascale Durbec’s lab).
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3.3.1 Upregulation of NDST1 in MS

Investigation of post-mortem human brain for expression of NDST1 revealed that NDST1 is
upregulated at the whole tissue level (figure 3.1) in MS patients compared to control. More-
over, in each patient, the expression of NDST1 was higher in lesions than in normal appearing
white matter. Therefore, NDST1 is upregulated in MS brain compared to control brain and this
upregulation is strongest in the lesions. This is in very good correlation with the upregulation
observed after demyelination in an animal model. In addition to the increasing level of NDST1,
NDST1 is expressed in more oligodendroglial cells in MS than in control (figure 3.5). This indi-
cates that in addition to the increased protein level, NDST1 is expressed de novo in cells which
have not expressed it before. Therefore, both in human and in mouse, NDST1 is upregulated as
a result of demyelination insult.

What was different between our observations in human tissue and the observations of Pascale
Durbec’s laboratory in mouse was the spatial distribution of oligodendroglia (see figure 2.3 B).
While they see NDST1 localised around the rim of the lesion, in human, NDST1+ cells were
evenly spread throughout the lesion and NAWM with no obvious patterns. This difference could
be because of timing of examination of the tissue after the lesion onset. In an animal model,
the lesion is very acute and is examined only a few days/weeks following demyelination. On
the other hand, the time between demyelination and examination in a human lesion is unknown
and overall their repair is much less efficient. Therefore, this spatial rim could be characteristic
only of a very acute lesions in their infancy which are not found in human post-mortem brain.
These very young lesions may only be detected on biopsy of early lesions in CNS tissue from
MS patients where Anna Williams has previously observed a travelling rim of cells at the edge

of the active lesions which are available in some countries.

3.3.2 NDST1 is expressed in oligodendroglia in human

NDST1+ cells are predominantly OLIG2+ with the proportion varying from around 80% in
control tissue to around 50% in CI lesions (Figure 3.3). As oligodendroglial cells were detected
by using antibody against OLIG2, those cells could be OPCs, immature oligodendrocytes or
mature oligodendrocytes. Moreover, our in vitro investigation on the expression of NDST1 in
oligodendroglia during maturation revealed expression in all stages (Figure 3.4) indicating that
the OLIG2+ NDST1+ cells likely consist of oligodendroglia in all stages of maturation. This is
a limitation as no direct comparison is available with mouse data where NDST1 was expressed
almost exclusively by mature oligodendrocytes. Unfortunately, detection of mature oligoden-
drocytes expressing NDST1 could not be performed due to limitations in double labelling using
effective antibodies. In human tissue, mature oligodendrocytes are most commonly identified
by positivity against the combination of antibodies against OLIG2 and NOGOA. However, the
colourimetric detection is limited to two antigens and detection of OLIG2+ NOGOA+ NDST1+
cells is therefore not possible. For future studies, fluorescent detection of those antigens could

be attempted if the problematic autofluorescence of adult human tissue could be overcome.
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3.3.3 High NDST1 cell number is linked to smaller and less chronic lesions

I further showed that normal tissue and NAWM have more OLIG2+ NDST1+ cells than chronic
lesions (figure 3.6). This is not surprising since demyelination selectively destroys the mature
oligodendrocytes which are believed to be the main cell type expressing NDST1 according to
the mouse studies. Overall, chronic lesions have less OPCs [29] which are the other population
marked by antibodies against OLIG2. Therefore, this reduction in OLIG2+ NDST1+ in more
chronic lesions is likely a result of the reduction of oligodendroglia in those lesions. However,
bearing in mind the phenotype of the OLIG2-specific NDST1 KO mice (reduced OPC migra-
tion and remyelination) this reduction of OLIG2+ NDST1+ is also likely to have functional
consequences.

Overall, human post-mortem tissue can have a very limited contribution to functional elu-
cidation because studies on it are purely observational. However, luckily the OLIG2-specific
NDST1 KO mouse gave a phenotype which could also be measured in human tissue - bigger
lesion size. We therefore compared the size of the lesion and the content of OLIG2+NDST1+
cells and found a weak correlation. The more OLIG2+NDST1+ cells were in the lesion, the
smaller the lesion. This data is in correlation with the transient increase of lesion size in the
oligodendroglia-specific NDST1 KO mouse, indicating that OLIG2+NDST 1+ cells are impor-
tant for limiting lesion size. The next question is whether this effect on lesion size could con-

tribute to better remyelination or its failure.

3.3.4 NDST1 and remyelination

Observation of the number of NDST1+ cells revealed that the inter-patient variation was much
higher than the intra-patient variation. Great heterogeneity between patients but not within le-
sions of the same patient has previously been reported in the mechanism of demyelination [180]
indicating that such observations of inter-patient variation are common and posing the question
whether a single therapy can be effective in such a heterogeneous disease. With differences up
to 4 times the number of NDST1+ cells and their possible importance for limiting lesion size,
we could speculate that patients with increased number of NDST1 would be better at repairing.
Although testing this hypothesis is impossible in human, I noticed that the patients which had
higher number of NDST1+ cells tended to have more remyelinated and active lesions while
those with low NDST1+ cell numbers had more chronic lesions. Therefore, we aimed to find
a way to quantify this observation by assigning a score based on likelihood of the lesion to re-
pair and taking the average of all lesions for each patient. Our finding that patients with higher
NDST1+ cells also tended to have higher remyelination potential score indicated that NDST1
might be important in repair.

However, the remyelination potential is estimated in only a small tissue block (or a few blocks)
and also in different brain regions in the different patients. Therefore, the remyelination poten-
tial in a part of the brain might not be representative of the whole brain and the inherent differ-
ences in the different brain regions might also influence the results. Regardless, together with

the mouse data from Pascale Durbec’s group, the correlation between NDST1+ cells and re-
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myelination potential score is strong and indicative of NDST1’s potential importance in human

repair.

3.3.5 Summary

The NDST1 over-expression in human MS brain could be responsible for the previously ob-
served de novo expression of heparan sulfate proteoglycans in active lesions [317] discussed in
section 1.7.2. Even though heparan sulfate proteoglycans have been associated with the tran-
sition from active into chronic lesion [271], their overall function is unknown. Here we show
that:

* NDST1 protein level is upregulated in MS

* NDST1 expression is significantly higher in MS lesions compared to surrounding normal

appearing white matter (NAWM)
* NDST1+ cells are primarily oligodendroglia but do not form a ring around the lesionn

* There is inverse correlation between lesion size and density of NDST 1-expressing oligo-

dendroglia

* NDST1 cell density is positively correlates with a score of potential remyelination ability

in patients

Our data, in combination with Pascale Durbec’s data in mouse, suggests that oligodendroglia
are activated and respond to neighbouring demyelination by upregulation of NDST1. NDST1
and HS and are involved in both limiting the size of the lesion and creating a permissive envi-

ronment for myelin regeneration possibly by sequestering pro-repair signalling molecules.

3.3.6 Model

We postulate that in normal mice, mature NDST1+ oligodendrocytes deposit heparan sulfate in
a rim around the lesion (Figure 3.10). Heparan sulfate deposition contributes to repair by mak-
ing the environment around the lesion more permissive to OPC recruitment from surrounding
tissue to the inside of the lesion.

In the OLIG2-specific NDST1 KO, the oligodendroglia around the lesion does not express
NDST1 and cannot deposit heparan sulfate thus resulting in a bigger lesion, less OPC migration
and less effective remyelination. In human, some patients have many NDST 1+ cells which will
deposit HS in the lesion and contribute to repair. On the other hand, other patients have less
NDST1+ cells which will limit the heparan sulfate deposition and limit OPC recruitment and

result in less effective remyelination.
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Figure 3.10: Comparison of mouse and human results.

The main limitation of our human study is that it only suggests correlation but cannot prove
causation. The observed correlation between NDST1+ cell number and remyelination poten-
tial score as well as NDST1+ oligodendroglia number and lesion size could be just because
another factor has caused these independently of each other. Moreover, human tissue shows us
a snapshot of events [90] but not the transition and connection between those. Bearing those
limitations in mind, our data in combination with the mouse data gives a strong case about the
importance of heparan sulfate in repair.

Currently, HS is believed to be so important because it is a substrate for binding of pro-
repair signalling molecules such as shh [87]. It is interesting to speculate that if the signalling
molecule environment in MS is enriched in signalling molecules which impair repair, heparan
sulfate would be involved in sequestering those as well and thus would have a negative effect.
This hypothesis would have to be tested and the role of NDST1/HS would have to be elucidated
on isolated primary human OPCs [195] or ES-derived human OPCs [217] in remyelination
models before considering NDST1 enhancing as a therapeutic option in MS.

In addition to this, there often are multiple regulatory mechanisms for any signalling molecule
which in turn have multiple downstream effects. To illustrate this complexity, both NDST1/HS
and Sema3A/NP1 are involved in shh signalling with heparan sulfate sequestering it while NP1
is a positive regulator of shh and shh is a positive regulator of NP1 transcription [314]. There-
fore, as discussed in section 1.12 heparan sulfate positively regulates Sema3A signalling via
NP1 while NP1 positively regulates shh. Increasing the heparan sulfate content by enhancing
NDST1 could be very beneficial for shh signalling which is important for remyelination [87]

however it would also enhance Sema3A-mediated OPC repulsion via NP1. Conversely, block-
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ing NP1 would be beneficial for stopping Sema3A-mediated OPC repulsion but would also
negatively impact shh.

77



4 Assessing remyelination in the
NP1(Sema3A-) mice

4.1 Introduction

As summarised in section 1.13, Sema3A is a chemorepulsive molecule which is upregulated in
demyelinated injury rodent models [29] [296] [245] [117] as well as multiple sclerosis lesions,
particularly in OPC-depopulated chronic active lesions [330] [29] [34]. Research has consis-
tently found that the level of Sema3A negatively correlates to remyelination because Sema3A
hinders OPC migration(section 1.9.1). This has highlighted Sema3A as a potential target to
improve OPC recruitment in MS however the size and shape of the molecule make it hard to

design therapeutics against (Figure 1.5).

4.1.1 Does NP1 inhibition aid remyelination?

Sema3A acts via its ’druggable’ receptor, Neuropilin 1, which is a tyrosine kinase receptor for
both Sema3A and vascular endothelial growth factor (VEGF) and is found on OPCs and many
other cell types. Since decreasing the level of Sema3A is beneficial for OPC migration and
remyelination and NP1 is Sema3A’s receptor, we can hypothesise that disruption of Sema3A’s
signalling via NP1 would also be beneficial for OPC migration and remyelination. To support
this, one study has shown that NP1(Sema3A-) mice which have mutations in the Sema3A bind-
ing site of NP1 show increased OPC migration after demyelination [245]. However, this study
did not look at the effect of this increased migration on remyelination.

Therefore, we wanted to determine if inhibition of Sema3A signalling via NP1 had the same
positive effect on remyelination as lowering the level of Sema3A. Embryonic lethality of the
NP1 KO mice due to cardiovascular defects mediated by loss of VEGF signalling via NP1 [152]
prevents using them as to assess adult remyelination. Therefore, we initially assessed remyeli-
nation in the NP1(Sema3A-) mice which have 7 amino acid changes in the Sema3A binding
site on NP1 in all cells (highlighted in purple in Figure 1.5) which are the same mice which
have been shown to exhibit increased OPC recruitment. We thought that this genotype was par-
ticularly suitable because it would mimick the effect of a potential therapeutic inhibitor of the
Sema3A site of NP1 which will act on all cells of the body.
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4.1.2 Animal models

Animals (other than humans) do not spontaneously develop multiple sclerosis. Therefore, nu-
merous animal models exist which represent different parts of the complexity of multiple sclero-
sis. Largely, they are separated into models which primarily represent the immune response of
MS with some demyelination (EAE, viral) and primarily demyelinating models with limited im-
mune response (cuprizone and LPC). Therefore, animal models of the disease tend to represent
only a part of it: EAE and viral mimic the inflammatory mileu while toxin models represent the
demyelination [290]. Since we are interested in studying remyelination and migration of OPCs,
for simplicity, we required a focal model which recapitulates primarily demyelination. A focal
lesion is required to allow OPCs to migrate down a gradient of chemotactic factors between nor-
mal and abnormal tissue. This is why we used the LPC model of demyelination which results
in a focal lesion in the area of injection in the CNS [120].

In this model demyelination and remyelination happen at fairly distinct times allowing sep-
arate investigation of the effect of a factor on either of them [95]. Demyelination is complete
by 3 days post-lesion, followed by OPC migration around days 6-10 post lesion, differentiation
around days 10-14 post lesion and remyelination which is complete by 4 weeks after lesion [29].
LPC-induced demyelination is characterised by myelin degradation, oligodendrocyte death, dis-
ruption of the BBB and immune infiltration by predominantly macrophages and microglia but

also some T cells, neutrophils and monocytes [234].

4.1.3 Method

The methods used to induce demyelination and assess remyelination are detailed in section 2.1.2.
In brief, stereotactic surgery was performed to inject LPC, a demyelinating toxin in the corpus
callosum of adult WT and NP1(Sema3A-) mice (Figure 4.1). Repair was allowed for 17 days
and then the tissue in the lesion was prepared for EM examination. To assess the remyelination
efficiency, I determined the percentage of unmyelinated axons. The smaller the proportion of
unmyelinated axons, the better the remyelination. In addition to this, the myelin thickness was
determined by calculation of the g-ratio, the diameter of the axon over the diameter divided by
the axon together with its myelin (equation 2.6). The smaller the g ratio, the thicker the myelin.
In remyelination, the new myelin sheaths are thinner (section 1.4.3) and have a slightly bigger
mean g ratio (thinner myelin). Therefore, detection of this in lesioned animals compared to

unlesioned animals is evidence that the myelin in this area is remyelinated.
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LPC, demyelination toxin

Remyelination efficiency

% unmyelinated
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Figure 4.1: Summary of the in vivo methods used to assess remyelination. 17 days after LPC
injection in the corpus callosum, the percentage unmyelinated fibres and myelin

thickness were determined from electron microscopy images of the lesion area.

4.2 EM Results

In order to test whether NP1 could be a therapeutic target in multiple sclerosis, we compared the
remyelination between NP1(Sema3A-) mice and their WT controls 17 days after LPC-induced
demyelination in the corpus callosum. From all the extensive Sema3A literature (section 1.9.1),
we expected that the TG mice would remyelinate better than WT because OPCs will not be
chemorepelled by Sema3A, their migration into the lesion will be increased and remyelination
would be enhanced. We thought that this experimental setup is particularly relevant to possible
translation into therapeutics because a mutation in NP1 in all cells mimicks the effect of a
possible NP1 inhibitor on the Sema3A site. The difference here being that in the mutant mouse
this would be present throughout life including development while in a therapeutic setting this

inhibitor would be transient.

4.2.1 NP1(Sema3A-) mice do not remyelinate better than WT mice

To assess remyelination, both TG and WT mice were given 17 days to repair before they were
sacrificed. The number of myelinated and unmyelinated axons in 10 fields of view was counted
and then averaged (methods in section 2.4.2). Representative images of a field from unlesioned
and lesioned mice from the two genotypes are shown in figure 4.3 and it is clear that there
are more unmyelinated axons in the lesioned samples. The quantification of the number of
myelinated and unmyelinated axons was expressed as the proportion of unmyelinated axons by
dividing the number of unmyelinated axons by the number of all axons and is shown in figure 4.3

top.
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WT NP1(Sema3A-)

UNLESIONED

LESIONED

Figure 4.2: Representative EM images of unlesioned corpus callosium and areas of the lesion
17 days after lesion induction in WT and TG mice. Unlesioned WT (A), unlesioned
TG (B), Lesioned WT (C) and lesioned TG (D). There are more unmyelinated axons

in the lesioned animals. Scale bar is 1 um

Comparison of the proportion of unmyelinated axons by a two-factor ANOVA showed that
there was a significant effect of treatment (F(; 14) = 64.83, p< 0.0001) but no significant effect
on genotype (F114) = 1.997, p=0.1794) and no significant interaction between those factors
(F(1,14) = 4.07, p=0.0632). A posteriori Tukey’s multiple comparisons test showed that there
were significantly more unmyelinated axons in lesioned WT and NP1(Sema3A-) animals but no
difference between the genotypes at any treatment (Figure 4.3 top). Therefore, LPC treatment
causes demyelination in both genotypes but despite our expectations that the NP1(Sema3A-)
mice will remyelinate better than W, their remyelination is identical to WT.

We then looked at the total number of axons to ensure that the proportion is not biased by
a different total number of axons. Comparison of the number of axons per field of view by a
two-factor ANOVA showed there was no significant effect of treatment ( Fq 14)=2.866, P=0.11
), genotype ( F(q14)=0.91, P=0.36 ) and no significant interaction (Fy,14)=0.09, P=0.76) (Fig-
ure 4.3 bottom) suggesting that this was not the case. Therefore, mice in which Sema3A cannot
signal via NP1 do not remyelinate better than WT.
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Figure 4.3: There is no difference in proportion of unmyelinated axons between TG and WT
mice. Comparison of the proportion of unmyelinated axons by a two-factor ANOVA
showed that there was a significant effect of treatment (F(q,14) = 64.83, p< 0.0001)
but no significant effect on genotype (F(q,14) = 1.997, p=0.1794) and no significant
interaction between those factors (Fq 14) = 4.07, p=0.0632). A posteriori Tukey’s
multiple comparisons test showed that there were significantly more unmyelinated
axons in lesioned WT and NP1(Sema3A-) animals, as we would expect after a de-
myelinated lesion, but no difference between the genotypes at any treatment (top).
We also looked at the total number of axons to ensure that the proportion is not
biased by a different total number of axons. There is no difference in axon num-
ber. A two-factor ANOVA showed there was no significant effect of lesion treat-
ment (F(q,14)=2.866, P=0.11 ), genotype (F(q,14)=0.91, P=0.36) and no significant
interaction (F(q,14)=0.09, P=0.76). Each dot represents an average of data from an
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To ensure that the lack of better remyelination was not due to an inherent difference in num-
ber of myelinated or unmyelinated axons, we compared the absolute numbers of the myelinated
and unmyelinated axons between treatments and genotypes shown in figure 4.4. Comparing
the absolute number of myelinated axons, a two-factor ANOVA showed there was a signif-
icant effect of demyelinating treatment (F(q14)=13.61, P=0.0024) but no significant effect of
genotype (F1,14)=0.963, P=0.343) and no significant interaction between them(F(; 14)=0.0025,
P=96) (Figure 4.4 top). This means that LPC treatment reduces the number of myelinated axons
which is expected as it is a toxin which causes demyelination. What is important is that it does
not decrease the number of unmyelinated axons which ensures that LPC does not cause axonal
death. For absolute number of unmyelinated axons, a two-factor ANOVA showed there was no
significant effect of treatment (F(y,14)=4.575, P=0.051), genotype (F(1,14)=0.465, P=0.506) and
no interaction between those factors (F(1,14):0.025, p=0.877) (figure 4.4 bottom).
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Figure 4.4: Absolute numbers of myelinated and unmyelinated axons before and after lesion in-
duction in WT and TG mice. Comparison of the absolute number of myelinated
axons by two-factor ANOVA showed that there was a significant effect of treat-
ment (F(q,14)=13.61, P=0.0024) but no significant effect of genotype (F 1 14)=0.963,
P=0.343) and no significant interaction (Fy,14)=0.0025, P=96) (top). Comparison of
absolute number of unmyelinated axon by two-factor ANOVA showed that there was
no significant effect of treatment (F(q 14)=4.575, P=0.051), genotype (F(1,14)=0.465,
P=0.506) and no interaction between those factors (F14)=0.025, p=0.877) (bot-

tom). Each dot represents an average of data from an animal.
After we showed that the NP1(Sema3A-) mice do not remyelinate any better than WT and

ensured that this was not because of inherent difference between the unmyelinated/myelinated

or total axons, we looked at the thickness of the myelin in the unlesioned and lesioned animals.
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4.2.2 No difference between genotypes in myelin thickness and axon
diameter

Comparison between WT and TG mice showed that there is no difference in the myelin thickness
between the genotypes. Comparison of g-ratio by two-factor ANOVA showed there was no
significant effect of treatment (F(q14)=2.18, P=0.16 ), genotype (F(1,14)=0.20, P=0.65) and no
significant interaction between those factors (F(114)=0.13, P=0.73 ). However, there is a slight
increase in g ratio in the lesioned animals in both genotypes which indicates that the myelin
sheath is slightly thinner (figure 4.5 top). This is consistent with a small increase in g ratio
characteristic of remyelination. We also looked at the average diameter of the axons because g
ratio is dependent on axon diameter. A two-factor ANOVA showed there was a significant effect
of treatment (F,14)=7.31 P=0.02 ) but no significant effect of genotype (F1,14)=0.80, P=0.39
) and no significant interaction (F(q,14)=0.74, P=0.40 ). However, this difference was too small
as a posteriori Tukey’s multiple comparisons test showed that there no significant differences
between unlesioned and lesioned WT and NP1(Sema3A-) animals (figure 4.5 bottom). This
change in the diameter of myelinated axons after lesion is because the most predominant small
caliber axons which were once myelinated are no longer myelinated and this results in a bigger

average diameter of the myelinated axons.
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Figure 4.5: There is no difference in the myelin thickness between TG and WT mice. Compar-
ison of myelin thickness by a two-factor ANOVA showed there was no significant
effect of treatment (F(q,14)=2.18, P=0.16 ), genotype (F1,14)=0.20, P=0.65 ) and no
significant interaction (F(1,14)=0.13, P=0.73 ). However, there is a slight increase
in g ratio in the lesioned animals which indicates that the myelin sheath is slightly
thinner (top), as expected after demyelination. We also looked at the average di-
ameter of the axons because g ratio is dependent on axon diameter. Comparison
of myelinated axon diameter by a two-factor ANOVA showed there was a signifi-
cant effect of treatment (F(;,14)=7.31 P= 0.02) but no significant effect of genotype
(F(1,14)=0.80, P=0.39 ) and no significant interaction (F 14)=0.74, P=0.40 ).How-
ever, this difference was too small as a posteriori Tukey’s multiple comparisons test
showed that there no significant differences between unlesioned and lesioned WT
and NP1(Sema3A-) animals.
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This difference in the diameter between treatments is best visualised in the frequency distribu-
tion of the myelinated fibres shown in figure 4.6. Unlesioned WT and TG are almost overlapping
and after lesion the the frequency of myelinated axon diameter are shifted to the right for both

genotypes. This is a result of the demyelination of fibres which used to be myelinated.
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Figure 4.6: Frequency distribution (histogram) of axon diameter of myelinated axons. Lesioned

WT and TG values are shifted to the right compared to unlesioned animals

Finally, we investigated the relationship between g ratio and diameter as myelin thickness
depends on the diameter of the axon (Figure 4.7). G ratio vs diameter plots are often used to
visualise the difference in myelin thickness as a result of remyelination. The data points from
both genotypes in both treatments show good overlap indicating that the myelin thickness and
axonal diameter are not profoundly different in any condition (Figure 4.7 top). Comparison
of the WT axons (Figure 4.7 middle) shows the lesioned animal axons (dark green) are more
prominent on the right which indicates that they are slightly bigger. This is the same shift
in size which we observed in figure 4.6 partly because previously myelinated small fibres are
now unmyelinated/not yet remyelinated. Moreover, the slope of a a best fit line of the data
becomes less steep following demyelination which is consistent with bigger g ratio (thinner
myelin) for each axon diameter which is exactly what we would expect in remyelination. Finally,
comparison of the NP1(Sema3A-) axons before and after lesion (Figure 4.7 bottom) shows
the lesioned animal axons are shifted to the right, again because they appear slightly bigger.
However, in the TG mouse the best fit lines are almost overlapping indicating that the change in
the myelin thickness after remyelination is smaller which can also be observed in the average g
ratio (figure 4.5 top). This is likely due to the slightly bigger shift in myelinated axon diameter
evident in the TG mice which will overall have thicker myelin and would mask the small effect

of remyelination.
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Figure 4.7: The relationship between myelin thickness and axon diameter. The top g ratio vs
diameter plot shows both genotypes and treatments together. For clarity, those were
separated and presented by genotype: WT (middle) and NP1(Sema3A-)(bottom).
Dashed line is best fit line of the data and each dot is an axon
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After we assessed remyelination and showed that the TG mice do not repair better than WT,

we assessed the cellular composition of the lesion by immunohistological staining.

4.3 IHC

The lack of improved remyelination in the NP1(Sema3A-) mice was unexpected as previous
LPC-induced lesions in the same mice have shown almost 2 times increase in OPC numbers [245].
To examine migration in our lesions and to investigate the immune response which might be
affected by loss of Sema3A signalling via NP1 (because of Sema3A’s immune effects discussed
in section 1.9.3), we chose to examine the cellular composition of the lesions 10 days after LPC
injection. At this time point, OPC migration occurs, maturation is starting and the immune
response is extensively characterised in CC LPC-induced lesions [205]. Therefore, 10 days af-
ter LPC injection WT and TG mice were sacrificed and the lesion was examined by IHC on

consecutive 10 ym coronal sections.

4.3.1 Finding lesions

Initial staining with antibodies against IBA1 to find macrophages/microglia and antibody against
MBP for myelin were performed in different regions of the brain in order to determine if each
brain had a lesion and its extent. Representative images of WT and TG lesions are shown in
figure 4.8. Lesions were identified by accumulation of nuclei (Figure 4.8 A, E), macrophages/

microglia (Figure 4.8 B, F) and loss of myelin (Figure 4.8 C, G).
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Figure 4.8: Representative images of initial staining with antibodies against MBP and IBA1

used to find lesions. Lesions are characterised by accumulation of nuclei (A/E),
infiltration of immune cells (B/F) and loss of MBP (C/G). Scale bar is 200 um

Using these criteria to define lesion outlines, we compared the lesion size as well as the con-
tent of macrophages and microglia. We found that the lesions were similar in terms of size and
macrophages/microglia (non-activated and activated) which are marked by IBA1 (figure 4.9).
If remyelination was enhanced in the NP1(Sema-) mice, then we would expect the their lesions
to be smaller than WT. However, since they are similar to WT size, this is another indication
that the NP1(Sema-) mice do not remyelinate better than WT. Even though the numbers of all
macrophages/microglia (non-activated and activated) marked by antibody against IBA1 were
not significantly different, we wanted to look at the numbers of activated macrophages/microglia

and attempt to determine their functional subtype.
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Figure 4.9: Lesions are a similar size between WT and TG mice and they have a similar amount
of IBA1+ cells. Lesion size did not differ between genotypes (Mann-Whitney U
= 5.0, n=5,3, p=0.57, two-tailed) (A). IBA1+ cell density in lesions did not differ
between WT and TG mice (Mann-Whitney U = 6.0, n=5,3, p=0.68, two-tailed) (B)

4.3.2 The innate immune response is different

In order to look at the activated macrophages/microglia and determine if they belong to the pro-
inflammatory or pro-repair subtype, we performed IHC against CD68 (activated macrophages/
microglia), Arginase-1 (pro-repair subtype) and iNOS (pro-inflammatory subtype). At 10 days
post CC LPC-induced lesion we would expect to have predominantly Arginase-1+ (pro-repair
subtype) cells [205]. Representative images of WT and TG lesions are shown in figure 4.10 and
figure 4.11 respectively. CD68+ cells were found extensively in the lesion in both genotypes
however the CD68+ staining was denser in TG compared to WT Lesions (Figure 4.10 B and
figure 4.11 B). In both genotypes, the iNOS+ cells appeared to be predominant compared to
Arginase-1+ although the majority of the cells expressed both markers (Figure 4.10 D,C,E and
figure 4.11 D,C,E). This is in sharp contrast to the expected predominance of pro-repair sub-
type of macrophages/microglia at 10 days and the exclusivity of iNOS or Arginase-1 expres-
sion in macrophages/microglia observed previously [205]. Due to the extensive overlap in sub-
type marker expression, I regarded pro-inflammatory macrophages/microglia as CD68+ iNOS+

(even if Arginase+) and pro-repair macrophages/microglia as CD68+ Arginase-1+ iNOS-.
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Figure 4.10: Representative images of staining using CD68, Arginase-1 and iNOS antibodies
on WT tissue. CD68 (activated macrophages/microglia), Arginase-1 (pro-repair
subtype) and iNOS (pro-inflammatory subtype) staining was extensively present
in the lesions at 10 days after LPC injection. A high magnification of an example
cell is shown in the bottom left panel. Scale bar is 200 um
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NP1(Sema3A-)

Figure 4.11: Representative images of staining using CD68, Arginase-1 and iNOS antibodies
on TG tissue. CD68 (activated macrophages/microglia), Arginase-1 (pro-repair
subtype) and iNOS (pro-inflammatory subtype) staining was extensively present
in the lesions at 10 days after LPC injection. A high magnification of an example

cell is shown in the top right panel. Scale bar is 200 um

Quantification of the activated macrophages/ microglia, pro-inflammatory macrophages/ mi-
croglia and pro-repair macrophages/ microglia is shown in figure 4.12. The number of acti-
vated macrophages/ microglia was found to be significantly increased in the lesions of TG mice
compared to WT (Figure 4.12 A) (Mann-Whitney U = 0.0, n=5,3, p=0.036, two-tailed). This in-
crease was largely because of the increase in the number of pro-inflammatory macrophages/microglia
(Figure 4.12 B) (Mann-Whitney U = 0.0, n=5,3, p=0.036, two-tailed). The number of pro-repair
macrophages/microglia was not significantly different (Figure 4.12 C) (Mann-Whitney U = 3.0,
n=5,3, p=0.25, two-tailed). Therefore, we have found that NP1(Sema3A-) genotype results in
different immune response characterised by increase of activate macrophages/microglia in the

lesions primarily because of increase in the pro-inflammatory phenotype.
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Figure 4.12: NP1(Sema3A-) mice have a different innate immune response. TG mice have sig-
nificantly more activated microglia/macrophages in the lesions (Mann-Whitney U
=0.0, n=5,3, p=0.036, two-tailed) (A). This is because they have significantly more
iNOS+ cells (Mann-Whitney U = 0.0, n=5,3, p=0.036, two-tailed) (B) and a similar
amount of Arginase-1+ cells in the lesions (Mann-Whitney U = 3.0, n=5,3, p=0.25,
two-tailed) (C)

Finally, we aimed to see if we can replicate the published increase in OPC recruitment in this

genotype after LPC-induced lesion [245] in our lesions.

4.3.3 OPC recruitment is similar in WT and TG mice

In order to quantify the amount of OPC migration into the WT and TG lesions, we performed
IHC using antibodies against OPC markers NG2 and PDGFRa. In addition to this, we wanted to
quantify the number of mature oligodendrocytes in the lesion since Sema3A has been reported
to be a maturation inhibitor [296] and because our chosen time point was late in the migra-
tion process and at the start of the maturation process. In order to to this, we performed IHC
with antibodies against the mature oligodendrocyte markers NogoA and CC1. Representative
images of IHC with antibodies against NG2 and CC1, and PDGFR« and NogoA in WT and
TG lesions are shown in figure 4.13 and figure 4.14 respectively. We found that the majority of
lesions contained many OPCs but few mature oligodendrocytes which is exactly what we would
expect at day 10 after LPC-induced demyelination. While PDGFR« antibody worked well in
all sections, the intensity of staining with the NG2 antibody was variable (see figure 4.13 B and
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F). We then quantified the number of OPCs and mature oligodendrocytes present in the lesion

expecting that TG mice will show an increase in the number of OPCs.

Figure 4.13: Representative images of IHC with antibodies against NG2 and CC1 on WT and
TG tissue. A high magnification of an example cell is shown in the small panel.

Scale bar is 200 um
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Figure 4.14: Representative images of IHC using antibodies against PDGFR« and NogoA on
WT and TG tissue.A high magnification of an example cell is shown in the top

right panel. Scale bar is 200 um

Quantification of OPC numbers in the lesions using either NG2+ cells or PDGFRa+ cells
revealed that there was no difference in the number of OPCs in WT and TG mice (NG2:Mann-
Whitney U = 5.0, n=5,3, p=0.57, two-tailed) (PDGFR«a:Mann-Whitney U = 6.0, n=5,3, p=0.79,
two-tailed) (Figure 4.15 A,C). Moreover, comparison of the mature oligodendrocyte numbers
using CC1+ cells or NogoA+ cells in lesions also revealed that there was no difference between
WT and TG mice (CCl:Mann-Whitney U = 2.0, n=5,3, p=0.14, two-tailed) (NogoA:Mann-
Whitney U = 4.0, n=5,3, p=0.39, two-tailed) (Figure 4.15 B,D). Therefore, contrary to previ-
ously published results [245], loss of Sema3A signalling via NP1 did not improve OPC recruit-
ment into the lesion at 10 days and moreover it did not affect the number of mature oligoden-

drocytes.
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Figure 4.15: NP1(Sema3A-) mice do not have more OPCs in lesions. The NG2+ density in
lesions of TG mice was not different to WT (Mann-Whitney U =5.0, n=5,3, p=0.57,
two-tailed) (A). The CC1+ density in lesions of TG mice was not different to WT
(Mann-Whitney U = 2.0, n=5,3, p=0.14, two-tailed) (B). The PDGFRa+ density in
lesions of TG mice was not different to WT (Mann-Whitney U = 6.0, n=5,3, p=0.79,
two-tailed) (C).The NogoA+ density in lesions of TG mice was not different to WT
(Mann-Whitney U = 4.0, n=5,3, p=0.39, two-tailed) (C).

4.3.4 Discussion

In this chapter, we aimed to compare the remyelination and the cellular composition of LPC-
induced lesions between WT and NP1(Sema3A-) mice. Previous findings in the literature
strongly suggested that we should see increase in remyelination and OPC migration in the TG

mice since Sema3A will be unable to repel OPCs away from the lesion.

4.3.5 Remyelination

First, to compare remyelination, we assessed the percentage of unmyelinated axons 17 days af-
ter lesion induction and compared it between the genotypes (Figure 4.3 top). Decrease in the
proportion of unmyelinated axons would indicate better remyelination. Contrary to our expec-
tations, there was no significant difference between genotypes after lesion which means that TG
mice repair as well as WT but not better. Even though we have only compared remyelination at

a single time point, 17 days, this time point is between the two time points which showed sig-
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nificant increase in remyelination in Sema3A KD mice (2 weeks and 3 weeks) [29]. Therefore,
if any difference existed in the remyelination of the transgenic mice, it should have been evident
and persisted at 17 days.

Another indication that NP1(Sema3A-) mice do not repair better is that the lesion size is
not different between the genotypes (Figure 4.9 ). If remyelination was improved in TG mice,
lesions would be smaller. However, due to the breeding problems of the mice and the lim-
ited numbers of animals we had, we have not performed a full reconstruction of the lesion. A
full reconstruction would require staining of serial sections with antibodies against markers for
myelin and macrophages/microglia and then combining the volume of the lesion in all sections.
Instead, we have averaged the area of the lesion in a few equally spaced sections in lesions of
similar span throughout the brain to allow us to perform other IHC labelling on the rest of the
slides. Although this approach can give us an indication that there is no big difference in the
lesion size, a small difference could only be revealed by complete reconstruction of the lesion
volume. Our measurement of lesion volume backed up by the lack of increased remyelination
from our EM data provides strong evidence that NP1(Sema3A-) mice do not remyelinate better
despite expectations.

In order to examine why remyelination was not improved in the TG mice, we examined the
OPC migration into the lesions which has been previously shown to be improved in those mice
after lesion [245].

4.3.6 OPC migration

Previous data on LPC-induced lesions in NP1(Sema3A-) mice has shown a two fold increase
in the OPCs numbers in the lesion as shown in figure 4.16. This is in sharp contrast with our
findings that there was the same number of OPCs in WT and TG lesions (Figure 4.15 A,C).
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Figure 4.16: OPC migration in NP1(Sema3A-) mice has been shown to be increased in a pre-

vious publication [245]

Even though the genotype, the toxin used to induce lesions and the marker identifying OPCs
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were identical between those experiments, our lesions were in the CC and were analysed 10
days after lesion induction while the lesions in the paper were in the spinal cord and were
analysed 7 days after lesion induction. Therefore the difference in OPC migration could be
due to the lesion location or timing of analysis. We have accounted for the different time of
analysis to some extent by analysing the number of mature oligodendrocytes (Figure 4.15 C,D).
Thus, OPCs which have migrated into the lesion before 10 days, would start differentiating and
thus would be counted as mature oligodendrocytes. We did not see a difference in the number
of mature oligodendrocytes in lesions between genotypes indicating that the lack of increased
migration is genuine and not due to the day of analysis.

However, we cannot exclude the possibility that OPCs which have migrated in those lesions
have matured only to immature oligodendrocytes (e.g. O4+) but not mature oligodendrocyte
(e.g. NogoA+/CC1+/MBP+) since we have not counted immature oligodendrocytes in our le-
sions. A possible explanation as to why we are not seeing an increase in OPC migration is that in
the TG lesions OPCs have migrated into lesions before 10 days and differentiated into immature
oligodendrocytes and thus are ’invisible’ for our analysis. While this possibility is unlikely as in
our experience immature oligodendrocytes still express NG2/PDGFRu (but at lower level) and
would be therefore counted in our analysis, in future studies this possibility could be excluded
by staining the lesions with antibodies against O4 to mark the immature oligodendrocytes or
Olig2 to mark all oligodendroglia.

We also looked at the number of mature oligodendrocytes (Figure 4.15 B,D) because Sema3A
has been found to inhibit OPC maturation in vivo [296]. While we did not find a significant
difference between the number of mature oligodendrocytes, the time point we have chosen is
very early in oligodendrocyte maturation (in a previous study maturation was analysed at 21 days
post lesion [296]). Therefore, we cannot exclude loss of Sema3A signalling via NP1 having an
effect on maturation at a later time point. If TG mice numbers were not limited, examination of
the mature oligodendrocyte numbers at a later time point (e.g. 21 days post lesion) could have
been examined to address this.

Comparison of the NP1(Sema3A-) mice and WT mice has shown that TG mice do not re-
myelinate better or have enhanced OPC recruitment. However, comparison between the geno-

types did show a different innate immune response.

4.3.7 Immune response

Since the mutation in the Sema3A binding site of NP1 is present in all cells and Sema3A is
involved in variety of immune processes(section 1.9.3), we also examined the immune response
in the TG and WT mice. Even though we found that the number of all macrophages/microglia,
non-activated and activated, was the same between the genotypes (figure 4.9), comparison of the
activated macrophages showed that they were significantly increased in TG lesions compared to
WT lesions (Figure 4.12). This suggests that loss of Sema3A signalling via NP1 increases the
number of infiltrated immune cells. This finding is in agreement with unpublished finding that

addition of Sema3A decreases the activated macrophages/microglia in lesions from a previous

99



4 Assessing remyelination in the NP1(Sema3A-) mice

MSc student in the lab shown in figure 4.17. Therefore, increasing Sema3A results in a decrease
of activated macrophages/microglia while inhibiting its signals via the NP1 mutation increases

activated macrophages/microglia. We wanted to investigate the mechanism of this effect.
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Figure 4.17: Addition of Sema3A decreases the number of activated macrophages/microglia in
lesions. 10 days after LPC-induced lesion. Data is mean + standard error of the
mean (SEM). Unpublished data from previous MSc student in the lab, Jonathan

Murnane

To do this, we examined the macrophages/ microglia subtype by staining with antibodies
against iNOS and Arginase-1 to differentiate between pro-inflammatory and pro-repair macrophages/
microglia respectively. Despite our expectations to find predominantly pro-repair macrophages
/microglia and for individual macrophages/ microglia to express one of the used markers [205],
we found that the majority of cells expressed both markers (Figure 4.10 E and figure 4.11 E) and
the pro-inflammatory subtype dominated (Figure 4.12). Expression of iNOS and Arginase-1
was correlated to pro-inflammatory and pro-repair function in CC LPC-induced lesions how-
ever iNOS+ Arginase-1+ cells were not seen [205] and therefore their function is unclear. One
possible explanation could be that those cells could be macrophages/ microglia in the process of
switching their phenotype. Previously, intermediate activation state of microglia/macrophages
which express both pro-inflammatory and pro-repair markers has been observed [243].The
quantification we performed was based on data that Arginase-1 is present in all infiltrating
macrophages [113] and this is why we have used iNOS positivity as the differentiating factor
for the pro-inflammatory phenotype. To determine whether the double positive cells truly repre-
sent pro-inflammatory functionality, IHC with further pro-inflammatory and pro-repair markers
should be performed. However, it is clear that NP1(Sema3A-) mice have a different immune
response to WT mice.

This is not unexpected as from the literature, Sema3A is expected to have an effect on macrophages/
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microglia. As discussed in section 1.9.3, Sema3A mediates apoptosis of pro-repair macrophages/
microglia [185] [139] so in the NP1(Sema3A-) mice a reduction in the apoptosis of pro-

repair macrophages/microglia is expected. Moreover, Sema3A is a chemoattractant for tu-

mor associated macrophages [38] which are primarily of the pro-repair phenotype. There-

fore, in the NP1(Sema3A-) mice we would expect to have decrease in the pro-repair subtype of

macrophages/microglia.

In addition to this, unpublished data from Jonathan Murnane on transwell migration of pro-
inflammatory (M1) and pro-repair (M2) in vitro polarised microglia showed that Sema3A is a
repellent for pro-inflammatory (M1) and an attractant for pro-repair (M2) subtype as shown in
figure 4.18. Even though in vitro polarisation of the cells might not be representative of the in
vivo subtypes present in a lesion, this data is in nice correlation with the previously published

chemoattractant effect of Sema3A on pro-repair macrophages/microglia [38].

2.0

— %

1.5+

1.0=

0.0- T T T
C % LOR,
T Y S

Ratio of no. of cells migrating compared to control
-

Microglial subtype and chemokine

Figure 4.18: Sema3A affects the in vitro migration of pro-inflammatory (M1) and pro-repair
(M2) differently. In a transwell, Sema3A is an repellent for pro-inflammatory (M1)
and an attractant for pro-repair (M2) subtype. Recombinant 3A placed in lower
well, microglia placed on the top of transwell and cells counted on the undersurface
of membrane. Data shows as mean + SEM. Unpublished data from previous MSc

student in the lab, Jonathan Murnane

Therefore, we would expect to have more pro-inflammatory cells in the NP1(Sema3A-) le-
sions since the chemorepulsive effect of Sema3A is lost which is exactly what we see our analysis
(Figure 4.12). Moreover, we would expect less migration of pro-repair macrophages/microglia
and but less apoptosis which would cancel each other out. Even though more experiments need

to be performed to assign the iNOS+ Agrinase-1+ macrophages/microglia in our lesions to pro-
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repair or pro-inflammatory function, there is clearly a difference in the innate immune response
in the TG mice and this is most probably because of dysregulation of the proportion of the

pro-repair or pro-inflammatory macrophages/microglia phenotypes.

4.3.8 Summary

This dysregulation of the proportion of the pro-repair or pro-inflammatory macrophages/microglia
phenotypes in the NP1(Sema3A-) mice would have significant impact on the ability of OPCs
to migrate into the lesion and remyelinate [205]. Next, we determined whether knockout of the
NP1 receptor specifically in OPCs would have an effect on OPC migration by using a oligoden-
droglia specific NP1 KO mouse described in chapter 5.
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PDGFRa-Cre x flx-NP1-flx mice

5.1 Introduction

The dysregulation in the proportion of the pro-repair and pro-inflammatory macrophages/ mi-
croglia phenotypes observed in the NP1(Sema3A-) mice discussed in chapter 4 would have
significant impact on the ability of OPCs to migrate into the lesion and remyelinate [205].
Since the mutation of NP1 was present in all cells in the NP1(Sema3A-) mice, we wanted to
look at a cell specific transgenic animal. We crossed PDGFRa-Cre mice with fix-NP1-fix mice
(PDGFRaCre:flxNP1flx by convention) in which Cre is expressed under the PDGFR« promoter
and excises part of the NP1 gene effectively silencing it. This results in knock down of NP1 in
OPCs (PDGFRu +) and the oligodendrocytes they differentiate into as well as other PDGFR« +
cells such as pericytes. As with the NP1(Sema3A-) mice, we expected that the TG mice would
remyelinate better than WT because their OPCs will not be chemorepelled by Sema3A and their
migration into the lesion will be increased. Moreover, unlike the NP1(Sema3A- mice), we ex-
pected the microglia/macrophages response would be the same as WT. Therefore, this genotype
would allow us to isolate the effect of losing NP1 signalling on OPC and we can investigate the
hypothesis that NP1(Sema3A-) mice do not remyelinate better than WT because increased OPC

migration is masked or cancelled out by the different microglia/macrophages response.

5.2 EM Results

The methods used to assess remyelination and the cellular content of the lesion are identical to

the ones used in chapter 4 and are presented in the same way and order.

5.2.1 PDGFRa-Cre x flx-NP1-flx mice do not remyelinate better than WT

Comparison of the representative EM images between the two genotypes and conditions (Fig-
ure 5.1) reveals that there is increasing proportion of unmyelinated axons in the lesioned animals
which is expected after LPC treatment. Moreover, the myelin sheaths in the lesioned TG an-
imals appears thicker than in the lesioned WT animals (Figure 5.1 C and D). Finally, looking
at the myelinated axons in the unlesioned animals, the axons in the TG animals appear slightly
bigger than the WT axons (Figure 5.1 A and B).
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UNLESIONED

LESIONED

Figure 5.1: Representative EM images. Unlesioned WT (A), unlesioned TG (B), lesioned WT
(C) and lesioned TG (D). There are more unmyelinated axons in the lesioned animals

and the myelin in the lesioned TG mice is slightly thicker than WT.

Quantification of the proportion of unmyelinated axons by a two-factor ANOVA showed there
was a significant effect of treatment (F; 29)=26.09, P<0.0001) but no significant effect of geno-
type (F(1,20)=2.153, P=0.158) and no significant interaction between those factors (F{1 59)=0.142,
P=0.711). A posteriori Tukey’s multiple comparisons test showed that there were significantly
more unmyelinated axons in the lesioned counterpart of the each genotype but no difference
between the genotypes (Figure 5.2, top). Therefore, LPC increases the proportion of unmyeli-
nated fibres as we would expect. However, comparison of the proportion of unmyelinated axons
between the lesioned WT and TG mice did not show any difference between the genotypes. This
means that PDGFRa-Cre x flx-NP1-fix mice do not remyelinate better than WT mice despite
our expectations that they would. Moreover, by using oligodendroglia specific KO animals,

we have eliminated the possibility that the inability to repair is due to the dysregulation of the
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immune response which we observed in the NP1(Sema3A-) mice.

As before, we then looked at total axon numbers since the proportion of unmyelinated axons
depends on the amount of axons. Comparison of the number of axons per field of view by a
two-factor ANOVA showed there was a significant effect of genotype (F(q20)=6.733, P=0.017)
but no significant effect of treatment (F(; 59)=0.144, P=0.708) and no significant interaction be-
tween those factors (F(1 29)=0.271, P=0.609). However, this difference was small as a posteriori
Tukey’s multiple comparisons test found no significant differences between the genotypes (Fig-
ure 5.2, bottom). Therefore, PDGFRa-Cre x flx-NP1-flx mice do not remyelinated better than

WT but have less axons per field of view compared to W'T.
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Figure 5.2: There is no difference in proportion of unmyelinated axons between TG and WT
mice. Comparison of the proportion of unmyelinated axons by a two-factor ANOVA
showed there was a significant effect of treatment (F1 9)=26.09, P<0.0001) but no
significant effect of genotype (F(q,209)=2.153, P=0.158) and no significant interaction
(F(1,20)=0.142, P=0.711). A posteriori Tukey’s multiple comparisons test showed
that there were significantly more unmyelinated axons in the lesioned counterpart
of the each genotype but no difference between the genotypes (top). Comparison of
the number of axons per field of view by a two-factor ANOVA showed there was
a significant effect of genotype (F120)=0.733, P=0.017) but no significant effect
of treatment (F(q 29)=0.144, P=0.708) and no significant interaction between those
factors (F(120)=0.271, P=0.609). However, this difference was small as a posteri-
ori Tukey’s multiple comparisons test found no significant differences between the

genotypes (bottom). Each dot represents the average of data from one animal.
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We then looked at the absolute numbers of myelinated and unmyelinated axons per field of
view to investigate where this difference in total axons per field comes from. We found no
significant difference between genotypes in the number of myelinated axons per field of view.
Comparison of absolute number of myelinated axons by a two-factor ANOVA showed there was
a significant effect of treatment (F(y 59)=31.55, P<0.0001) but no significant effect of genotype
(F(1,20=1.262, P=0.275) and no significant interaction (F;70)=0.416, P=0.52). A posteriori
Tukey’s multiple comparisons test showed that there were significantly less myelinated axons
per field of view in the lesioned counterpart of the each genotype but no difference between the
genotypes (Figure 5.3 top). As expected, the number of myelinated axons decreased following
LPC treatment for both genotypes. Although there was no significant difference, there was a
clear trend towards less myelinated axons per field of view in the TG lesioned compared to WT
lesioned animals. Therefore, one of the reasons we see less total axons is that there are slightly
less myelinated axons per field of view.

Looking at the absolute number of unmyelinated axons per field of view we found a small
but significant effect of the genotype on the results. A two-factor ANOVA showed there was
a significant effect of genotype (F(q20)=5.189, P=0.034) but no significant effect of treatment
(F(1,20)=1.72, P=0.204) and no significant interaction of those factors (F; 59)=0.11, P=0.743) on
absolute number of unmyelinated axons (Figure 5.3 bottom). However, this difference was too
small as a posteriori Tukey’s multiple comparisons test found no significant differences between
the genotypes. Overall, there was a clear reduction in the absolute number of unmyelinated
axons per field of view in the TG animals compared to WT. However, there was no significant
effect of LPC treatment on the number of unmyelinated axons per field of view which indicates
that it does not result in axon death.

So far, we have found that the PDGFRa-Cre x flx-NP1-flx mice have less axons per field
of view and this is primarily because they have less unmyelinated axons but also because they
have slightly less myelinated axons per field of view. We then investigated the axon diameter

and myelin thickness in order to find clues as to the apparent reduction in axon numbers.
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Figure 5.3: Absolute numbers of myelinated and unmyelinated axons per field of view are re-
duced in TG animals. Comparison of the absolute number of myelinated axons by a
two-factor ANOVA showed there was a significant effect of treatment (F(1 29)=31.55,
P<0.0001) but no significant effect of genotype (F(1 29)=1.262, P=0.275) and no sig-
nificant interaction between the factors (F(1,20)=0-4167 P=0.52) (top). A posteriori
Tukey’s multiple comparisons test showed that there were significantly less myeli-
nated axons per field of view in the lesioned counterpart of the each genotype but
no difference between the genotypes. Comparison of absolute number of unmyeli-
nated axons by a two-factor ANOVA showed there was a significant effect of geno-
type (F(1,20)=5.189, P=0.034) but no significant effect of treatment (F;50)=1.72,
P=0.204) and no significant interaction of those factors (F(y,59)=0.11, P=0.743) (bot-
tom). However, this difference was too small as a posteriori Tukey’s multiple com-
parisons test found no significant differences between the genotypes. Each dot is an

average of data from one animal. 108
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5.2.2 Myelin thickness and axon diameter

Comparison of the myelin thickness between the TG and WT before and after LPC treatment
showed that there was no significant differences between the genotypes or treatments (Fig-
ure 5.4). Comparison of g ratio by a two-way ANOVA showed there was no significant effect
of treatment (F(1 59)=4.07, P=0.057), genotype (F(1,20)=0.003, P=0.958) and no significant in-
teraction between the factors (F(q29)=4.204, P=0.054). Although not significant, we see the
characteristic bigger g ratio indicating thinner myelin after remyelination in WT mice however
we do not see this after remyelination in the TG mice (Figure 5.4). Since the g-ratio does not
change following remyelination in TG mice, this means that the myelin after remyelination is
as thick as it was before demyelination. This is very interesting and unprecedented finding that
the remyelinated myelin keeps normal thickness in the PDGFRa-Cre x flx-NP1-flx mice. It is
also worth noting that in the unlesioned animals, the TG mice have slightly thinner myelin to

begin with (bigger g ratio).
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Figure 5.4: There is no difference in the myelin thickness between TG and WT mice. Com-
parison of g ratio by a two-way ANOVA showed there was no significant effect of
treatment (F1 59)=4.07, P=0.057), genotype (F(1,20)=0.003, P=0.958) and no signif-
icant interaction between the factors (F(q 29)=4.204, P=0.054). However, myelin is
slightly thinner after remyelination in the WT as expected but in the TG the myelin
does not change its thickness after remyelination. Moreover, the unlesioned TG

animals have slightly thinner myelin than the unlesioned WT animals.

We then looked at the diameter of myelinated axons since the g ratio depends on the axon
diameter. Comparison of average myelinated axon diameter by a two-way ANOVA showed
there is a significant effect of genotype (F(; 29)=4.60, P=0.044) but no significant effect of treat-
ment (F1 50)=1.15, P=0.296) and no significant interaction between the factors (Fy,59)=0.262,
P=0.614) (Figure 5.5, top). However, this difference was small as Tukey’s multiple comparisons

test found no significant differences between the genotypes. The average myelinated axon di-

109



5 Assessing remyelination in the PDGFRw-Cre x flx-NP1-flx mice

ameter in the TG mice is bigger than the WT mice in both unlesioned and lesioned condition.
Therefore, the myelinated axons in the TG mice are bigger than the ones in the WT.

Seeing this difference in the diameter of the myelinated axons in the TG mice, we wanted
to examine if the same is true for the unmyelinated fibres (Figure 5.5, bottom). Comparison
of the average diameter of unmyelinated axons showed that there is a significant effect of treat-
ment (Fq50)=5.19, P=0.034) but no significant effect of genotype (Fy20)=1.74, P=0.20) and
no significant interaction between the factors (F(q 20)=0.19, P=0.67). Therefore, there was no
significant difference in the size of unmyelinated axons between WT and TG mice but after LPC
treatment, the diameter of unmyelinated axons increases. This is because previously myelinated
axons have lost their myelin after LPC treatment which increases the average diameter of un-
myelinated axons. Even though the difference between the genotypes was not significant, there
is clearly a trend towards increased axon diameter in the TG animals compared to control both

in the unlesioned and lesioned condition.
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Figure 5.5: Myelin and unmyelinated axon diameter. Comparison of average myelinated axon
diameter by a two-way ANOVA showed there is a significant effect of genotype
(F(1,20)=4.60, P=0.044) but no significant effect of treatment (F(1 59)=1.15, P=0.296)
and no significant interaction between the factors (Fq 59)=0.262, P=0.614). Com-
parison of the average diameter of unmyelinated axons showed that there is a
significant effect of treatment (F(q50)=5.19, P=0.034) but no significant effect of
genotype (F; 29)=1.74, P=0.20) and no significant interaction between the factors
(F(1,20)=0.19, P=0.67). The name of the PDGFRa-Cre x flx-NP1-flx mice is short-
ened to PDGFRa-NP1— in the graph.

Therefore, the myelinated axons in the TG animals are significantly bigger than in the WT

animals. In addition to this, the unmyelinated axons are slightly bigger. A histogram of myeli-
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nated (Figure 5.6 top) and unmyelinated (Figure 5.6 bottom) axons shows this change in axon
diameter better. In the comparison of the NP1(Sema3A-) mice and WT the genotypes are al-
most overlapping in the unlesioned and the lesioned condition(see Figire 4.6). On the other
hand, comparison of the myelinated (Figure 5.6 top) and unmyelinated (Figure 5.6 bottom) ax-
ons between PDGFRa-Cre x flx-NP1-flx mice and WT mice shows that the lesioned WT and
the unlesioned and lesioned TG axons are shifted to the right with respect to the unlesioned WT.
Shift to the right in the unlesioned TG axon distribution indicates bigger axons.The shift in the
myelinated axons is much bigger than the shift in the unmyelinated axons and this is consistent

with size of the changes in average axon diameter we observed in Figure 5.5.
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Figure 5.6: Frequency distribution (histogram) of axon diameter. Myelinated axons on the top,
unmyelinated at the bottom. Unlesioned TG axons show a shift to the right compared
to unlesioned WT indicating bigger axons which is more pronounced in myelinated
axons than unmyelinated axons. The name of the PDGFRa-Cre x flIx-NP1-flx mice
is shortened to PDGFR«-NP1— in the graph.

Overall, PDGFRa-Cre x flx-NP1-flx mice have bigger axons than WT with the difference in
the size of myelinated axons being much bigger than that of the unmyelinated axons. The bigger
axons in PDGFRa-Cre x flx-NP1-flx mice provide an explanation for the observed decrease in
total axon number per field of view in figure 5.2 (bottom) and figure 5.3.

Finally, we aimed to visualise the difference in myelin thickness as a result of remyelination
in figure 5.7. The data points from both genotypes in both treatments show good overlap even
though the average diameter of axons in the TG mice were shown to be bigger (Figure 5.7, top).

In the WT animals, a slight shift to the right in the axons after LPC treatment (dark green) is
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observed compared to the unlesioned animals (light green) (Figure 5.7, middle). This means
that at any diameter, the g ratio is slightly higher indicating thinner myelin consistent with what
we would expect in remyelination. However, this shift did not change the slope of the best fit
curve at all. In the TG animals, the spread of the axons in the lesioned and unlesioned condition
is undistinguishable which is consistent with the lack of any change in the myelin thickness

observed in figure 5.4.
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Figure 5.7: The relationship between myelin thickness and axon diameter. The top g ratio vs
diameter plot shows both genotypes and treatments together. For clarity, those were
separated and presented by genotype: WT (middle) and PDGFRa-Cre x flx-NP1-flx
(bottom). Dashed line is best fit line of the data and each dot is an axon. The name of
the PDGFRa-Cre x fiIx-NP1-flx mice is shortened to PDGFRa-NP1— in the graph.

So far we have found that:
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PDGFRa-Cre x flx-NP1-flx mice have bigger axons (which is also seen as having less

axons per field).

* Inunlesioned PDGFRa-Cre x flIx-NP1-flx mice, the myelin is slightly thinner even though

their axons are bigger

PDGFRa-Cre x flx-NP1-flx mice do not remyelinate better than WT

In PDGFRa-Cre x fix-NP1-flx mice, after remyelination, the thickness of myelin (g ratio)

18 maintained

Our expectation that PDGFRa-Cre x flx-NP1-fix mice would show improved repair was not
correct and we also observed other unexpected changes in axon diameter and myelin thick-
ness. To find why PDGFRa-Cre x flx-NP1-flx mice do not remyelinate better than WT, we
investigated the cellular composition of the lesion by immunohistological staining. We were

particularly interested to investigate if improved OPC recruitment was present in the TG mice.

5.3 Cryo IHC

As in chapter 4, we initially assessed whether the animals which have undergone LPC lesion

have lesions and their extent.

5.3.1 Finding lesions

Initial staining with antibodies against IBA1 to find macrophages/ microglia and against MBP
for myelin were performed and representative images are shown in figure 5.8. Lesions were
identified by accumulation of nuclei (Figure 5.8 A, E), macrophages/ microglia (Figure 5.8 B,
F) and loss of myelin (Figure 5.8 C, G).
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PDGFRa-Cre x flx-NP1-flx

Figure 5.8: Representative images of initial staining with antibodies against MBP and IBA1
used to find lesions. Lesions are characterised by accumulation of nuclei (A,E),
infiltration of immune cells (B,F) and loss of MBP (D,G). Scale bar is 200 pum

Using these criteria to define lesion outlines, we then quantified and compared the lesion
size between the genotypes and found that the lesions are of similar size (Figure 5.9 A) (Mann-
Whitney U = 5.0, n=3,4, p=0.86, two-tailed). Therefore, based on lesion size, PDGFRa-Cre
x flx-NP1-flx mice do not remyelinate better than WT mice. We then looked at the immune
response and expected it to be identical between gentoypes since the NP1 KO is oligoden-
droglial specific. Comparison of the activated and non-activated macrophages/microglia num-
bers (IBA1+ cells) revealed that there was not significant difference between the genotypes
(Figure 5.9 B) (Mann-Whitney U = 4.0, n=3,4, p=0.63, two-tailed).
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PDGFRa-Cre x flIx-NP1-flx
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Figure 5.9: Lesions are similar size between WT and TG mice and have similar amount of
IBA1+ cells. Lesion size did not differ between genotypes (Mann-Whitney U = 5.0,
n=3,4, p=0.86, two-tailed) (A). IBA1+ density in lesions did not differ between WT
and TG mice (Mann-Whitney U = 4.0, n=3,4, p=0.63, two-tailed) (B)

We then looked at the numbers of activated macrophages/ microglia as well as their subtype

to insure that the immune response in the TG mice does not differ from the WT.

5.3.2 Innate mmune response is the same

IHC with antibodies against CD68 (activated macrophages/ microglia), Arginase-1 (pro-repair
subtype) and iNOS (pro-inflammatory subtype) revealed that in both WT and TG, CD68+ cells
were extensively present throughout the lesions (Figure 5.10 B and figure 5.11 B). As we saw in
the NP1(Sema3A-) mice, the pro-inflamatory subtype marked by iNOS+ cells was predominant
to the pro-repair subtype marked by Arginase-1+ cells but there was some overlap in the expres-
sion of those markers (Figure 5.10 C,D,E and figure 5.11 C,D,E). While in the NP1(Sema3A-)
mice and their WT counterpart the overlap of iNOS+ and Arginase-1+ cells was extensive in
both genotypes, the overlap in the PDGFRa-Cre x flx-NP1-fix mice is much more extensive
than in their WT counterpart (Figure 5.10 E and figure 5.11 E). As before, this predominance
of the pro-inflamatory macrophages/ microglia subtype at 10 days after lesion is in contrast with
previous reports [205] and further characterisation of the iNOS+ Arginase-1+ cells would be

required to truly elucidate their functional phenotype.
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Figure 5.10: Representative images of staining using CD68, Arginase-1 and iNOS antibodies
on WT tissue. CD68 (activated macrophages/microglia), Arginase-1 (pro-repair
subtype) and iNOS (pro-inflammatory subtype) staining was extensively present
in the lesions at 10 days after LPC injection. A high magnification of an example

cell is shown in the bottom left panel. Scale bar is 200 um
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PDGFRa-Cre x fIx-NP1-flx

Figure 5.11: Representative images of staining using CD68, Arginase-1 and iNOS antibodies
on PDGFRa-Cre x flx-NP1-flx tissue. CD68 (activated macrophages/microglia),
Arginase-1 (pro-repair subtype) and iNOS (pro-inflammatory subtype) staining
was extensively present in the lesions at 10 days after LPC injection. A high mag-

nification of an example cell is shown in the bottom left panel. Scale bar is 200

um

Quantification of the number of cells using the same criteria as in chapter 4, revealed that
there was no difference between the genotypes in the number of activated macrophages/ mi-
croglia (CD68+ cells) (Figure 5.12 A) (Mann-Whitney U = 2.0, n=3,4, p=0.23, two-tailed). They
also have a similar amount of pro-inflammatory macrophages/ microglia (iNOS+ cells) (Fig-
ure 5.12 B) (Mann-Whitney U = 1.0, n=3,4, p=0.11, two-tailed) and pro-repair macrophages/
microglia (Arginase-1+ cells) (Figure 5.12 C) (Mann-Whitney U = 2.0, n=3,4, p=0.23, two-
tailed). Therefore, the innate immune response in the PDGFRa-Cre x flx-NP1-flx mice does
not significantly differ from the WT mice. This was expected as in the PDGFRa-Cre x fix-NP1-
flx mice genotype, immune cells do not lose NP1 and therefore should migrate and survive in

a pattern identical to WT cells.
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Figure 5.12: PDGFRa-Cre x flx-NP1-flx mice have a normal immune response. TG mice have
the same amount of activated microglia/macrophages in the lesion as WT mice
(Mann-Whitney U = 2.0, n=3,4, p=0.23, two-tailed) (A). Furthermore, they have
a similar amount of iNOS+ cells (Mann-Whitney U = 1.0, n=3,4, p=0.11, two-
tailed) (B) and a similar amount of Arginase-1+ cells in the lesions compared to
WT (Mann-Whitney U = 2.0, n=3,4, p=0.23, two-tailed) (C)

After we have proven that the PDGFRa-Cre x flx-NP1-flx mice do not have a different re-
sponse compared to WT as their genotype would predict, we compared their OPC and mature
oligodendrocyte numbers in the lesion. Since we have eliminated the different innate immune
response which we saw in the NP1(Sema3A-) mice, there was nothing to prevent the improved
migration of OPCs into the lesions. Therefore, we strongly expected to see increased OPC

numbers in the TG mice compared to WT.

5.3.3 Do not have more OPCs in lesions

As in chapter 4, we quantified OPCs using antibodies against NG2 and PDGFR« to ensure that
the marker we have chosen does not bias our results. We also used antibodies against CC1
and NogoA to quantify the mature oligodendrocytes in the lesions. Representative images of
IHC with those antibodies is shown in figure 5.13 and figure 5.14. The lesions in both TG
and WT mice were extensively but not completely covered by OPCs (Figure 5.13 B, F and
figure 5.14 B, F) and had very few mature oligodendrocytes (Figure 5.13 C, G and figure 5.14
C, G). As discussed in chapter 4, this distribution of OPCs and mature oligodendrocytes is what

is expected at 10 days post lesion.
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PDGFRa-Cre x flx-NP1-flx

Figure 5.13: Representative images of IHC with antibodies against NG2 and CC1 on WT and
TG tissue. A high magnification of an example cell is shown in the bottom left

panel. Scale bar is 200 um
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PDGFRa-Cre x flx-NP1-flx

Figure 5.14: Representative images of IHC using antibodies against PDGFR« and NogoA on
WT and TG tissue.A high magnification of an example cell is shown in the bottom

left panel. Scale bar is 200 pum

Quantification of OPCs as NG2+ cells or PDGFRa+ cells revealed that despite our expec-
tations PDGFRa-Cre x flx-NP1-fix mice do not have significantly more OPCs in the lesions
(Figure 5.15 A, C). In the comparison of NG2+ cell numbers in figure 5.15 A, the OPC num-
bers in the TG animals appear increased because 2 of the analysed mice have more OPCs than
WT but the other 2 analysed mice have identical amount of OPCs to WT. Addition of more TG
animals to the analysis would aid in determining if there was any real difference in the NG2+ cell
numbers between genotypes. However, the quantification of PDGFRa+ cells in figure 5.15 C
indicates that there is no significant difference suggesting that the observed NG2+ cell increase
in the TG mice is due to chance.

Comparison of the mature oligodendrocytes by counting of CC1+ cells revealed that there
was no significant difference between the genotypes (Figure 5.15 B). Despite this, the num-
bers of CC1+ cells in the TG mice were markedly lower than the in the WT. While this could
have been an indication that Sema3A is preventing oligodendroglial maturation as previously

observed [296], the same was not observed in the mature oligodendrocyte numbers counted as
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NogoA+ cells (Figure 5.15 D). We observed that the numbers of NogoA+ cells were similar in
both WT and TG mice. It is worth noting that both OPC and both mature oligodendrocyte mark-
ers give us slightly different results which emphasise the importance of using multiple markers

to define the same cell type.

PDGFRa-Cre x flx-NP1-flx

A ns B
300- 150+
& o <
E —a E ns
© 200- S © 100+
g 00 g
s | == I
o 8
S 100+ 2 50- -
+ +
o 2
= (8]
0 T T 0 r r
wT TG wT TG
< 4007 ns <~ 801 ns
E £
= (=
T 300+ - o 60 o o
® g N
- ° e o
22004 — [ @ 40- S
8 3
L ==
EB 100- ) &o 204
[C) o
o
2 o ' . Z 9 . '
WT TG WT TG

Figure 5.15: PDGFRa-Cre x flx-NP1-flx mice mice do not have more OPCs or mature oligo-
dendrocytes in lesions. The NG2+ density in lesions of TG mice was not different
to WT (Mann-Whitney U = 2.0, n=3,4, p=0.23, two-tailed) (A). The CC1+ density
in lesions of TG mice was not different to WT (Mann-Whitney U = 0.0, n=34,
p=0.057, two-tailed) (B). The PDGFRa+ density in lesions of TG mice was not
different to WT (Mann-Whitney U = 4.0, n=3,4, p=0.63, two-tailed) (C).The No-
goA+ density in lesions of TG mice was not different to WT (Mann-Whitney U =
4.0, n=3,4, p=0.39, two-tailed) (C).

Therefore, despite no different innate immune response in the PDGFRa-Cre x flIx-NP1-flx

mice, we do not see improved migration of NP1 KO OPCs into the lesions or a difference in the

mature oligodendrocyte numbers at 10 days.

5.4 Discussion

In the remyelination and cellular contents of the lesion analysis of PDGFRa-Cre x flIx-NP1-flx

mice we did not find the expected OPC recruitment enhancement or improved remyelination
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but instead found increased axon diameter and dysregulation of myelin thickness. The only
result we expected was the similarity of the innate immune response of the PDGFRa-Cre x
fix-NP1-flx and WT to a LPC lesion.

5.5 Immune response

The failure of NP1(Sema3A-) mice to remyelinate better or exhibit enhanced OPC migration
could be due to the dysregulation of the immune response because of the loss of Sema3A sig-
nalling via NP1 in immune cells. Therefore, we examined remyelination and OPC migration in
the PDGFRa-Cre x flIx-NP1-flx mice which do not have NP1 in oligodendroglia. Since in the
mice the NP1 KO is specifically in oligodendroglia and not in immune cells, we expected the im-
mune response to be unaffected by the genotype. Comparison of the activated and non-activated
macrophage/ microglia numbers (Figure 5.9 B), activated macrophage/ microglia numbers as
well as the pro-repair and pro-inflammation phenotype numbers (Figure 5.12 A, B, C) in the
lesion between the TG and WT revealed that our expectation was indeed correct. Since this
genotype does not affect the immune response but its OPCs do not express NP1, there is noth-
ing to prevent the increase in OPC migration due to loss of Sema3A chemorepulsion. Therefore,

we expected increased OPC migration in the TG compared to the WT lesions.

5.6 OPC recruitment

However, comparison of the OPC numbers at 10 days post lesion showed that the OPCs which
do not have NP1 do not migrate better into the lesions (Figure 5.15). This is in sharp contrast
to other reports which indicate that modulating the level of Sema3A results in a difference in
OPC migration (section 1.9.1). Since the OPCs might have migrated into the lesions and started
differentiating by this time-point, we compared the mature oligodendrocyte numbers between
WT and TG mice and found that the amount of mature oligodendrocytes between both is similar
(Figure 5.15). This excludes the possibility that the OPCs in the TG mice have migrated earlier
and matured into oligodendrocytes since then we would see an increase in the number of mature
oligodendrocytes even if there was no difference in OPC numbers. Although there are other
limitations, those were discussed in section 4.3.6 and since the EM and IHC analysis were
performed in the same way and at the same time points, they will not be repeated here.
Therefore, mice which lack Sema3A signalling via NP1 and mice whose oligodendroglia do
not have NP1 both fail to show enhanced OPC migration after lesion. While increase in OPC
number is transient and could be easily missed, the increase in OPC numbers in Sema3A KD
mouse [29] has previously lead to increase in remyelination so we examined how well the TG

mice remyelinate compared to W'T.
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5.7 Remyelination

Even though we expected an improvement in remyelination in the PDGFRx-Cre x flx-NP1-flx
mice, comparison of the proportion of unmyelinated axons in lesioned WT and TG animals
(Figure 5.2 A) revealed that mice which lack NP1 in oligodendrocytes do not repair any better
than WT. In addition to this, their lesion size is not smaller than the lesion in the WT mice
(Figure 5.9 A) which also suggests that the remyelination of the PDGFR«-Cre x fix-NP1-flx
mice is not improved.

Therefore, both mice which lack Sema3A signalling via NP1 in all cells and mice which do
not have NP1 in oligodendroglia do not show improved remyelination despite the extensively
documented negative effects Sema3A has on remyelination. In addition to this, losing NP1 or
the Sema3A site on NP1 does not result in increased OPC migration.

We have excluded the possibility that this lack of improved remyelination or OPC recruitment
is because of a dysregulation in the immune response by looking at a oligodendroglia specific
KO. Therefore, we aimed to find an explanation why OPCs which cannot signal via NP1 or do
not have NP1 are still chemorepelled by Sema3A.

5.7.1 Is NP1 the only receptor for Sema3A?

A possible explanation for the lack of improved OPC recruitment and remyelination in both
mutant mice is that Sema3A can signal via another receptor if NP1 is unavailable. Although
Sema3A is believed to only bind to NP1 and its coreceptors as discussed in section 1.8, it is
possible that the body can compensate for loss of NP1 since the mutation/loss of NP1 is present
throughout life. This compensation could be upregulation of a protein already present in oligo-
dendroglia, expression of a protein which is not normally found on oligodendroglia or different
post-translational modification.

Although the literature is overwhelmingly convincing that NP1 is Sema3A’s only receptor,
there are indications in different cell types that this might not be the case and those are listed
below:

The Sema3A inhibition of monocyte migration in a transwell assay [72] discussed in sec-
tion 1.9.3 is not mediated via NP1. The monocytes did not express NP1 either on the protein or
the mRNA level [72] indicating that another receptor is mediating this effect.

Moreover, the effect of Sema3A on the gonadotropin-releasing hormone (GnRH) neuron
system mentioned in section 1.10 is mediated redundantly via NP1 or NP2. In vivo, reduced
migration of GnRH cells is observed in NP1(Sema3A-) mice as well as NP2-/- mice. In a double
mutant NP1(Sema3A-)/NP2-/- it was completely abolished [36]. Since Sema3F was shown not
to be important for this process [36], this indicates that the presence of one NP is enough to
mediate Sema3A-driven migration but loss of both results in complete loss of migration. This
study also showed that the Sema3A binding in the NP1(Sema3A-) mutant mice was indeed
reduced but not completely abolished [36]. Finally, sShRNA KD of NP2 in a cell line reduced its
migratory response to Sema3A by about 30% [36] indicating that NP2 plays a role in Sema3A
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signalling. This data indicates in vivo and in vitro that NP2 could be a receptor for Sema3A.

Finally, in tumors, hypoxia induced Sema3A attracts tumor-associated macrophages via NP1/
PlexinA1 or 4 [38]. NP1 KO cells are resistant to the Sema3A induced increase in migration in
vitro [38] suggesting that NP1 is Sema3A’s binding partner. However, in hypoxia, NP1 is down-
regulated by 80% [38] and Sema3A induces a NP1 independent stop of migration. To inves-
tigate the binding partners responsible for this NP1 independent migration blockage, Sema3A
binding was assessed in NP1 KO cells and was found to be present although reduced by about
50% [38]. PlexinA1 or PlexinA4 KO inhibited the Sema3A migration to the same extent as the
NP1 KO [38] indicating their common involvement in Sema3A signalling via NP1. However,
PlexinA1 or PlexinA4 KO in NP1 KO cells resulted in abolishment of the NP1 independent
migration stop [38]. This suggests that Sema3A signals via NP1/Plexin complex to mediate
migration by when NP1 is downregulated in the hypoxic core of the tumor, Sema3A signals via
PlexinA1 or 4 to stop their migration.

Therefore, 3 independent studies with 3 different cell types have indicated that Sema3A can
exert effects on cells without NP1. From these studies, NP2 and PlexinAs are set forward as
possible binding partners of Sema3A which can mediate its signalling in the absence of NP1.
This is in sharp contrast to previous reports that Sema3 A does not bind NP2 [52] and that it does
not bind PlexinAs directly but only in combination with NP1 [300] [136] (section 1.8). While
NP1 might be the Sema3A’s preferred receptor, investigation into Sema3A’s binding partners in
NP1 KO oligodendroglia could allow elucidation of Sema3A’s signal transduction machinery
in the absence of NP1.

To sum up, the OPC recruitment and remyelination studies after lesion in both mice have lead
us to the hypothesis that NP1 is not solely responsible for Sema3A’s effects on OPC recruitment
and remyelination. There might be other receptors responsible for Sema3A’s effects in the ab-
sence of NP1. Although the literature suggests NP1 and PlexinAs as possible receptors, further
studies need to be carried out to confirm or exclude them.

Although we did not find a difference in the remyelination or OPCs migration in the TG mice,
we found differences in the diameter of myelinated axons and that the myelin thickness in those

mice.

5.7.2 Unexpected changes in PDGFRa-Cre x flx-NP1-flx mice

Investigation of the lesions in PDGFRa-Cre x flx-NP1-flx mice using electron microscopy
showed that there were significantly less axons per field of view in the TG mice compared to WT
(Figure 5.2 B). This reduction in total axons is primarily because of reduction in unmyelinated
axons but also because they have slightly less myelinated axons (Figure 5.3). The reduction
in the number of axons per field of view is explained by the observation that the average axon
diameter of the axons was bigger in the TG mice. This was primary true for myelinated axons
but the unmyelinated axons had the same tendency to be bigger in the TG compared to WT
(Figure 5.5 and figure 5.6).

Therefore, loss of NP1 in oligodendroglia has resulted in bigger axons. This effect was not
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seen in the NP1(Sema3A-) in which Sema3A signalling was lost via NP1. It was only seen
in the PDGFR«-Cre x flx-NP1-flx mice in which Sema3A signalling and VEGF signalling via
NP1 are lost in oligodendroglia. Therefore, we could hypothesise that the bigger axon diameter
observed in those mice is due to the loss of VEGF signalling via NP1 as it was not seen when
only Sema3A signalling via NP1 is interrupted.

Despite having bigger myelinated axons, the myelin in the TG mice is slightly thinner than the
myelin in WT before lesion ( Figure 5.4). In addition to this, after lesion, the myelin remains
the same thickness instead of being thinner as we expect after remyelination. Therefore, the
PDGFRa-Cre x fix-NP1-flx mice also exhibit a dysregulation in the myelin thickness. The
myelin is thinner before lesion and thicker after lesion compared to the WT. Since those mice
have bigger myelinated axons and the g ratio is dependent on the axon diameter, it could also
be said that the those mice have the same myelin thickness but on bigger axons (bigger g ratio)
before surgery. After remyelination, the myelin thickness remains the same. Since this effect
was not observed in the NP1(Sema3A-) mouse, it is likely due to the loss of VEGF signalling
via NP1 as well.

To sum up, loss of VEGF signalling via NP1 results in bigger axons and myelin thickness
dysregulation. As discussed in section 1.5.3, loss of myelin proteins, lactate transporters and en-
zymes in the oligodendroglia have previously lead to axonal injury or axonal death. Therefore,
there is precedent for a loss of oligodendroglial protein resulting in axonal changes the same
way that loss of NP1 in oligodendroglia results in bigger axons. In addition to this, Sema3A
(via NP1 and Plexin) is known to promote ERK/MAPK activation which in turn is involved in
myelin thickness [161]. Therefore, NP1 is known to be able to activate a downstream signalling
pathway which has known function in regulation of myelin thickness which could further ex-
plain this unexpected result. However, the exact mechanism of the loss of VEGF signalling
via NP1 resulting in axonal changes is unknown since the only known VEGEF effect on oligo-
dendroglia is in promoting OPC migration [124] (section 1.9.2). It is also unclear whether the
cause of these axonal changes is loss of NP1 in OPCs, mature oligodendrocytes or myelinating
oligodendrocytes since NP1 will be absent in all of those.

Loss of VEGF signalling via NP1 also results in dysregulation in the myelin thickness which
is likely attributable to the loss of NP1 in myelinating oligodendrocytes. However, there is no
known role of NP1 or VEGF in determining myelin thickness. Therefore, both the effect on axon
diameter and myelin thickness should be further investigated and their mechanisms elucidated.
This can be studied by assessing the myelin thickness which NP1 KO oligodendrocytes produce
in vitro. It is worth noting that PDGFR« is not exclusively expressed on oligodendroglia and
NP1 loss on pericytes could be responsible for some of these effects although there is no indi-
cation in the literature that NP1 is involved in pericyte behaviour. What is clear is that VEGF
or the VEGEF binding site of NP1 are involved in more than OPC migration and are regulators

of axonal diameter and myelin thickness.
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5.7.3 Summary

From the in vivo studies on the PDGFRa-Cre x flx-NP1-flx and NP1(Sema3A-) mice we can

conclude that:

PDGFRa-Cre x fix-NP1-fix and NP1(Sema3A-) mice do not remyelinate better than WT

PDGFRa-Cre x fix-NP1-flx and NP1(Sema3A-) mice do not show enahanced OPC mi-

gration into lesions compared to WT

NP1(Sema3A-) mice have different innate immune response compared to WT

PDGFRa-Cre x fix-NP1-flx have bigger axons and dysregulation in the myelin thickness

Therefore, mutation in NP1 or loss of NP1 does not increase OPC migration and remyeli-
nation even though downregulating Sema3A does. This is likely due to Sema3A exerting its
chemorepellent effect on OPC via another unknown receptor. Not only did the mutant mice
not exert the expected increase in OPC recruitment and remyelination but also had ’side’ ef-
fects. Loss of NP1 in immune cells resulted in dysregulation of the proportion of pro-repair
and pro-inflammatory macrophage/ microglia while loss of VEGF signalling via NP1 lead to

bigger axons and dysregulation in the myelin thickness.

5.7.4 Model

We propose a model in which NP1 normally mediates Sema3A’s chemorepulsive effect on OPCs
and therefore remyelination. However, if NP1 is lost, the same negative Sema3A effect on OPC
recruitment and remyelination could be mediated by another receptor. While the aforemen-
tioned another receptor is labelled in the model as *mystery receptor’ as it could be any recep-
tor, the literature suggests that is likely to be NP2 [36] or PlexinA [38]. NP1 is indispensable
for macrophage/ microglia recruitment resulting in the different innate immune response in the
NP1(Sema3A-) mice. Finally, VEGF or another ligand in the VEGEF site of NP1 is responsible
for determining axon diameter and myelin thickness. Therefore, NP1 is indispensable for some

of its roles but could be replaced by other receptors for other roles.

129



5 Assessing remyelination in the PDGFRuw-Cre x flx-NP1-flx mice

O Sema3A
A VEGF

Mystery receptor

¥

Sema3A signalling  VEGF signalling

v >

OPC migration, .I v
remyelination . Myelin thickness,

axon diameter

¥

immune cell recruitment

Figure 5.16: Model of roles of NP1 and its ligands

Moreover, these in vivo results show that modulating the ligand and the receptor is not nec-
essarily identical. While reducing the level of Sema3A increased OPC migration and remyeli-
nation, effectively inhibiting NP1 does not have the same beneficial effect. Therefore, inhibiting
NP1 is not a therapeutic option in humans for pro-remyelination therapies.

In order to get further insight to these in vivo findings, we then studied the effects Sema3A,

VEGEF, and NP1 inhibition exert on OPC behaviour in a simpler in vitro system.
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6.1 Introduction

The in vivo experiments in the two different mutant mice revealed that genetically inhibiting
NP1 does not improve OPC migration into lesions. On the other hand numerous experiments
have shown that Sema3A is a chemorepellent for OPCs (section 1.9.2). Moreover, downregu-
lation of Sema3A improves OPC migration into lesions and upregulation of Sema3A decreases
OPC recruitment (section 1.9.1). To resolve this difference, I decided to use a simple in vitro
migration assay and test the effect of NP1 ligands as well as inhibitors. In addition to this, I
wanted to know if the NP1 ligands or inhibitors would affect other cell behaviours illustrated in

figure 6.1.
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Figure 6.1: Summary of different OPC behaviours tested in the assays. Figure drawn by Gregor
Skeldon.

This is particularly important as if inhibition of NP1 does enhance migration but also impairs
proliferation or survival, this could explain the lack of increased OPC cell numbers or improved
remyelination in the two mutant mice. In order to test the effect of NP1 ligands and inhibitors
on OPC behaviour, w isolated OPCs from PO-P2 rats using the shake off method (Figure 6.2).

The cells were then plated in 384 well plates in order to test proliferation, survival, maturation
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and motility and in transwells in a 24 well plate to test migration.

7 proliferation
. 7/@/ ™~ Operetta
OPC isolation . | Acquisiiion &
Shake off ﬁﬁﬁ){;f surviva > Columbus

method analysis
PO-P2 rat Pure OPC culture

384 well plote maturation

Figure 6.2: In vitro method summary. OPCs were dissected out from PO-P2 rat brain and then
grown in 384 well plate to test different cell behaviours. The only assay which was

not performed in 384 well plates was the migration assay using a transwell.

I'have used different concentrations of VEGF, Sema3A, blocking antibodies against the VEGF
and Sema3A binding sites and Xanthofulvin (Figure 6.3). VEGF binds NP1 but this could be
prevented by anti-NP1(VEGF) blocking antibody binding to NP1. Similarly, Sema3A binds
NP1 and this could be prevented by xanthofulvin which is a Sema3A inhibitor (section 1.11.2) or
by anti-NP1(Sema3A) blocking antibody which binds to the Sema3A site on NP1(section 1.11.4).
We also tested SICHI which was believed to interfere with the binding of Sema3A to NP1 (sec-
tion 1.11.1) but was later found to inhibit Sema3A action by preventing Sema3A’s interaction
with ECM [57]. Initially representative images are shown and then data is presented with each
point being the average of an individual experiment. A representative image for control (no
substance) has been repeated for each set of representative images to ease comparison. All data
was analysed by Kruskal-Wallis test and a posthoc test if significant difference was found (apart

from the first comparison of control and netrin-1 using Mann Whitney test)

VEGF-A .

VEGF binding S
site bl ab

. Semaphorin3a
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auroptlin j $3A binding site

OPC

Figure 6.3: Summary of tools used in in vitro studies. Figure drawn by Gregor Skeldon.
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6.2 Migration assay

Since Sema3A is a chemorepellent for OPCs, we initially investigated migration of OPCs in a
transwell. The OPCs are placed on top of a porous membrane and the factor is diluted in media
on the bottom of the membrane. If OPCs are attracted to the factor in question, more will pass

through the pores while if they are repelled, less will pass through the pores.

6.2.1 Transwell assay can be used to detect chemorepulsion

There has been a lot of controversy about the effectiveness of the gold standard transwell mi-
gration assay. This is why, initially, we tested the rat OPCs in transwells in the presence of
Netrin-1, a well-known chemorepellent at doses known not to be toxic to OPCs from the lit-
erature [137]. Comparison of the migration in the media only control (Figure 6.4 A) and 100
ng/ml Netrin-1 (Figure 6.4 B) conditions showed Netrin-1 significantly decreases the number
of migrated cells (Mann Whitney test, p=0.029) compared to control (Figure 6.4 C). Cells were
counted from the 3D reconstruction of the z stack where a cell appears as a sphere and is easily
to distinguish from cell debris. However, for simplicity representative images shown are the
average projection of the flattened z stack images where a green arrow indicates a cell while a

red arrow indicates cell debris which are excluded in image analysis.
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Figure 6.4: Transwell assays can be used to detect chemorepulsion. In control conditions, some
cells migrate through the pores (A). The number of migrated cells is decreased by
addition of 100 ng/ml Netrin-1 to the bottom of the transwell (B). Comparison of
those 2 conditions showed that there is a significant difference in the number of
migrated cells (Mann Whitney test, p=0.029) (C). White is Hoechst stain. Scale bar
is 10 ym.

We have shown that the transwell assay can be used to detect chemorepulsive effects of
molecules. Therefore, in our hands the transwell assay can be used to detect the chemorepulsive
effects of Sema3A.

6.2.2 Sema3A is a chemorepellent but anti-NP1(Sema3A) antibody and
xanthofulvin does not rescue OPC migration decisively

After establishing that the transwell assay can successfully be used to detect a chemorepulsive

effect in our hands, we tested Semaphorin3A as well as the anti-NP1(S3A) blocking antibody
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and both in combination. Semaphorin3A has been previously shown to have chemorepulsive
action on OPCs (section 1.9.2). However, we wanted to test what effect the anti-NP1(Sema3A)
blocking antibody would have on its own and whether it would be able to prevent Semaphorin3A’s
chemorepulsive effect. When compared to control (Figure 6.5 A), Semaphorin3A addition to
the bottom of the transwell resulted in less cells which have migrated through the pores (Fig-
ure 6.5 B). When we tested the anti-NP1(Sema3A) blocking antibody on its own, we expected
to see no effect on migration or a slight positive effect as it would block the effect of the en-
dogenous Semaphorin3A which the OPCs produce. However, the anti-NP1(Sema3A) blocking
antibody reduced migration alone (Figure 6.5 C) to a similar extent as Semaphorin3A. More-
over, a combination of Semaphorin3A and the anti-NP1(Sema3A) blocking antibody resulted
in similar decrease of migration (Figure 6.5 D). Comparison of those 4 conditions showed that
there is a significant difference in the number of migrated cells (Kruskal-Wallis test, H=8.77,
n=4,4,3,4, p=0.014) and Dunn’s multiple comparison test showed that Sema3A significantly
decreases the number of cells that have migrated through the pores compared to control (Fig-
ure 6.5 E). Since the only significant difference was between Sema3A and control, there was
no significant difference between anti-NP1(Sema3A) blocking antibody or the combination of
inhibitor and Sema3A to control. Despite not being statistically significant, these treatments
seem to reduce the number of cells migrated through the pores by around 50% compared to
control in a similar manner to Sema3A alone. Moreover, the combination of Sema3A and anti-

NP1(Sema3A) blocking antibody does not reverse the Sema3A-induced chemorepulsion.
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Figure 6.5:
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Sema3A is chemorepellent for OPCs but addition of anti-NP1(Sema3A) antibody
does not rescue OPC migration. Compared to control (A), Sema3A addition to
the bottom of the transwell decreased OPC migration (B). Similarly, the anti-
NP1(Sema3A) blocking antibody reduced OPC migration on its own (C). Com-
bination of Semaphorin3A and the anti-NP1(Sema3A) blocking antibody also re-
sulted in fewer OPCs migrating through the pores (D). Comparison of these 4 con-
ditions showed that there is a significant difference in the number of migrated cells
(Kruskal-Wallis test, H=8.77, n=4,4,3,4, p=0.014) and Dunn’s multiple compari-
son test showed that Sema3A significantly decreases the number of cells that have

migrated through the pores compared to control (E). White is Hoechst stain.
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Since this result was unexpected, we conducted a similar experiment with Xanthofulvin be-
cause it is another NP1-Sema3A antagonist which works in a different way. Control (Figure 6.6
A) and Semaphorin3A example images (Figure 6.6 B) are shown again to ease comparison.
Addition of Xanthofulvin also results in fewer migrated cells (Figure 6.6 C) and when Xantho-
fulvin is added together with Sema3A, OPC migration is less (Figure 6.6 D ) than in control
(Figure 6.6 A). Comparison of these 4 conditions showed that there is a significant difference
in the number of migrated cells (Kruskal-Wallis test, H=10.47, n=4,4,3,4, p=0.003) and Dunn’s
multiple comparison test showed that Sema3A significantly decreases the number of cells that
have migrated through the pores compared to control (Figure 6.6 E). Since the only significant
difference was between Sema3A and control, there was no significant difference between xan-
thofulvin or the combination of inhibitor and Sema3A to control. Despite not being statistically
significant, these treatments seem to reduce the number of cells migrated through the pores
compared to control in a similar manner to Sema3A alone with the combination not reversing
the Sema3A-induced chemorepulsion. However, this experiment was really variable, making
it difficult to interpret. If additional experiments were added to the analysis, it is possible that
treatment with xanthofulvin and combination of xanthofulvin and Sema3A would be more sim-
ilar to control which would indicate that xanthofulvin does not impair migration alone and it
can reverse the Sema3A-induced reduction in migration. However, from the 3 conducted ex-
periments, it appears that xanthofulvin reduces the migration of cells by around 40% compared
to control and is unable to decisively reverse the Sema3A-induced chemorepulsion.

Sema3A significantly decreases the number of OPCs migrated through the pores. How-
ever, combination of Sema3A and an inhibitor does not statistically affect migration com-
pared to Sema3A alone indicating that both tested inhibitors of the NP1-Sema3A interaction do
not rescue Semaphorin3A’s chemorepulsive action. The anti-NP1(Sema3A) blocking antibody
and Xanthofulvin do not significantly affect migration compared to control but appear to have

chemorepulsive properties when added alone.
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Figure 6.6:
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Xanthofulvin does not rescue migration. Compared to control (A), Sema3A addition
to the bottom of the transwell resulted in decreased migration (B). Similarly, Xan-
thofulvin reduced migration (C). Combination of Semaphorin3A and Xanthofulvin
also resulted in fewer cells migrated through the pores (D). Comparison of these 4
conditions showed that there is a significant difference in the number of migrated
cells (Kruskal-Wallis test, H=10.47, n=4,4,3.4, p=0.003) and Dunn’s multiple com-
parison test showed that Sema3A significantly decreases the number of cells that

have migrated through the pores compared to control (E). White is Hoechst stain.
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6.2.3 VEGF increases OPC migration and anti-NP1(VEGF) blocking
antibody reverses this

We then wanted to look at the other ligand of NP1, VEGF;¢;. This was particularly impor-
tant because the PDGFRa-Cre x flx-NP1-flx mice have lost the VEGF¢5 signalling via NP1
in oligodendrocytes. It has been previously reported that VEGF-A promotes OPC migration
and VEGF-A is the precursor of V EGF;g5 which binds to NP1 [124]. Therefore, we wanted to
investigate if VEGFy¢5 (which will be referred to as VEGF from now on) influences OPC mi-
gration in a similar way to VEGF-A. Moreover, we wanted to investigate the effect of losing the
VEGEF receptor site on NP1 in OPCs would affect migration (by addition of anti-NP1(VEGF)
blocking antibody). In comparison to control (Figure 6.7 A), addition of VEGF resulted in
increased number of migrated cells (Figure 6.7 B). The anti-NP1(VEGF) blocking antibody
appeared to reduce migration on its own (Figure 6.7 C) and the combination of VEGF and anti-
NP1(VEGF) blocking antibody resulted in a even more pronounced reduction (Figure 6.7 D).
Comparison of these 4 conditions showed that there is a significant difference in the number of
migrated cells (Kruskal-Wallis test, H=11.71, n=4,4,3.4, p=0.0005) and Dunn’s multiple com-
parison test showed that the combination of VEGF and anti-NP1(VEGF) blocking antibody
significantly decreases the number of cells that have migrated through the pores compared to
VEGF (Figure 6.7 E).
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Figure 6.7:
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VEGF increases migration and anti-NP1(Sema3A) antibody reverses it. Compared
to control (A), VEGF increases migration (B). The anti-NP1(VEGF) blocking anti-
body reduces migration (C). VEGF in combination with the anti-NP1(VEGF) block-
ing antibody also resulted in reduced migration (D). Comparison of those 4 condi-
tions showed that there is a significant difference in the number of migrated cells
(Kruskal-Wallis test, H=11.71, n=4,4,3,4, p=0.0005) and Dunn’s multiple compar-
ison test showed that the combination of VEGF and anti-NP1(VEGF) blocking an-
tibody significantly decreases the number of cells that have migrated through the
pores compared to VEGF (E). White is Hoechst stain.
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Therefore, VEGF stimulates OPC migration which can be blocked by addition of anti-NP1(VEGF)
antibody. Since the comparison of VEGF and the anti-NP1(VEGF) blocking antibody is the
only significant difference in this assay, the difference between the anti-NP1(VEGF) blocking
antibody and control is not significant. However, the antibody results in around 20% decrease
in migration on its own. Therefore, the anti-NP1(VEGF) antibody reverses the VEGF-induced

increase in migration but it also apears to affect it on its own.

6.2.4 Migration assay discussion

So far, we have shown that Sema3A is a chemorepellent and VEGF is a chemoattractant. In
addition to this, all the tested Sema3A and VEGEF inhibitors appeared to reduce migration but
these effects were not significant. Despite the fact that these effects were not significant, it will
be discussed because if true, they could contribute to the inability of the inhibitors to reverse
the effects of the NP1 ligands. Therefore, it is essential to consider when aiming to improve
OPC migration.

Xanthofulvin and the anti-NP1(Sema3A) blocking antibody are expected to increase migra-
tion when added to Sema3A, as they would block the Sema3A-mediated chemorepulsion by
inhibiting Sema3A and the Sema3A binding site on NP1 respectively. Regardless of this, the
NP1 inhibitor and the Sema3A inhibitor could decrease migration by themselves. A possible
explanation for this unexpected decrease in migration by adding NP1 blocking antibodies or
Sema3A inhibitors is that they reduce the ability of OPCs to squeeze through a pore.

This could be because their physical interaction with the cell surface makes the cell bigger
and less easy to deform. Alternatively, it could be a functional effect of the inhibitors. In sec-
tion 1.9.3, it was mentioned that Sema3A enhances dendritic cell passing through gaps for entry
or exit to the lymphatics system via binding to NP1 and Plexin-A1 [229]. Since passing into
the lymphatics system would require the same deformation as passing through a pore in the
transwell, we would expect that Sema3A and therefore NP1 is important for this process. This
would explain why blocking endogenous Sema3A and inhibiting the Sema3A site of NP1 would
result in decreased migration. Their inhibition would result in decreased ability of the OPCs to
squeeze through the pores. To support this, another semaphorin, Sema3C, increased the migra-
tion of dendritic cells in a transwell because of increased cell deformability [62]. Therefore, it is
possible that Sema3A and NP1 are involved in cell deformability and their complete inhibition
by Xanthofulvin or anti-NP1(Sema3A) blocking antibody would impair OPC migration.

The anti-NP1(VEGF) blocking antibody could also reduce migration alone. This might be ex-
plained by binding of the anti-NP1(VEGF) blocking antibody to NP1 inducing conformational
change which impairs Sema3A signalling via NP1. This could decrease OPC deformability be-
cause of the possible NP1 and Sema3A importance for cell deformability discussed above and
thus impair migration. However, the anti-NP1(VEGF) blocking antibody has previously been
shown not to impair Sema3A induced growth cone collapse [176].

In the combination of VEGF and the anti-NP1(VEGF) blocking antibody, if the blocking

antibody was indeed antagonising the VEGF-induced migration effect, we would expect mi-
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gration to be restored to approximately control levels. However, this was not the case and the
response was much more similar to the response of the blocking antibody alone. This could
be explained by the mismatch of concentrations of the ligand and the blocking antibody which
we have chosen due to their previously published effectiveness in vitro [176] [284]. In essence,
at these concentrations the blocking antibody is much more likely to occupy NP1 than VEGF
which is shown by the calculated receptor occupancy detailed below. Receptor occupancy is
determined by equation 6.1 where [A] is the concentration of the agonist and K4 is the disso-
ciation constant (affinity) of the agonist and [B] is the concentration of the antagonist and K is

the dissociation constant (affinity) of the antagonist.

PyR = (6.1)

Ka* (1+ &) + (4]

Since we have used 0.2 yg/ml VEGF and its mass is 38.2 kDa (Peprotech,100-20), we can

calculate its concentration in molar (M) as detailed below in equation 6.2:

* —6 —
VEGEF conc = O42101*03 8/1 1x10%¢/I

— _ _9 _
38.2%10%g/mol 382+ 10%g/mol 52 %10 7mol/l =52nM (6.2)

Therefore [A]=5.2 nM. Similarly, we have used 10 yg/ml of the anti-NP1(VEGF) blocking
antibody and the mass of an antibody is roughly 150kDa. Therefore its concentration in molar

(M) is calculated in equation 6.3

10106
. 38/ 1410721
anti — NP1(VEGF) conc = 150+10%g /mol . 150%10°g /mol 6.3)

anti — NP1(VEGF) conc = 4.44 % 10~ "mol /1 = 444nM

Therefore, [B]= 444 nM. Since the dissociation constant of the VEGF for NP1 is 0.32 nM
[284] (K4 = 0.32nM) and the dissociation constant of the anti-NP1(VEGF) blocking antibody
for NP1 is 1.3 nM [176] (Kg = 1.3nM), we can use equation 6.1 to calculate the receptor

occupancy of NP1 with VEGF at those concentrations.

P4R = (4] — 5.2nM
Kax(14+{2)+[4] — 032nMx(1+353)+5.20M (6.4)
PAR = 521M = 22— 0,045 = 4.5% '
AR T 032nM#3425nM)+52nM — 1148nM — VR0 T D0

Therefore at the concentration we have chosen only 4.5% of the receptors will be occupied
by VEGF. Even though this calculation only takes into account the affinity of the ligand and
antagonist and not the efficacy of the ligand, it gives good indication that at those concentrations
the the anti-NP1(VEGF) blocking antibody is surmounting VEGF binding to NP1. A dose
response curve with the same concentration of VEGF but increasing concentration of anti-
NP1(VEGF) blocking antibody peaking at a maximum of 10 yg/ml should be able to answer
whether this inhibitor can gradually reduce VEGF induced migration. This explains why the

effect of the combination of VEGF and its blocking antibody is much more similar to blocking
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antibody alone than to VEGF.

It is interesting to note that all tested inhibitors possibly resulted in reduction of OPC migra-
tion. The same was true for antibodies against PDGFR« (data not shown) which indicates that
there is a possibility that migration could be reduced by physical interaction of inhibitors with
the cell surface making the cell bigger and less easy to deform. This effect was not due to cell

death since neither of the tested conditions significantly decreased OPC survival (Section 6.5).

6.3 Motility

We wanted to test whether the same inhibitors which reduce migration do so because they reduce
motility. In addition to this, since Sema3A is a chemorepellent, we asked whether it affects the
motility of the cells as well. For the motility assay, we plated the cells in 384 well plate and
imaged every 10 min for 19 hours. From the live images, we extracted both mean accumulated
distance and mean velocity per well to determine if the cells moved in a different manner. An
example of a cell moving in the motility assay and the automatic detection of its movement are

shown in figure 6.8.

() .f'.(,

50 pm 50 pm S0 pm 50 um 50 um
0 min 30 min 60 min 90 min 120 min

Figure 6.8: A representative example of a cell in the motility assay. The same cell is shown
every 30 min and highlighted in green and the track it takes for the whole 120 min
is shown as a green arrow.Scalebar is 50 ym

We tested 22.5 nM, 45 nM and 90 nM coated Sema3A, 45 nM Sema3A in solution, 10
ng/ml anti-NP1(Sema3A) blocking antibody, 2 M Xanthofulvin, VEGF and 10 ng/ml anti-
NPI1(VEGF) blocking antibody. None of the treatments significantly affect the accumulated
distance or the velocity and this data is presented in section 6.7.1 of the appendix.

6.3.1 Motility discussion

Therefore, neither the chemorepellent Sema3A, nor the chemoattractant VEGF affect motility
on a flat surface. This excludes one of the possible explanations for observing a different number

of cells on the bottom of a transwell - that cells have different motility. If cells move more, they
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would be more likely to travel to the other side of the pore. Conversely, if they are less mobile,
they are less likely to find a pore and go through it. Therefore, a chemorepellent effect could be
explained by decreased motility and chemoattractant effect by increased motility. Since neither
VEGEF or Sema3A affect motility, this ensures that our transwell assay observations are because
of real chemoattraction or chemorepulsion and not because of motility differences.

In addition to this, none of the inhibitors affected motility even though they appeared to
decrease migration. While this shows that addition of antibodies or big molecules does not
impede motility on a flat surface, it cannot exclude the possibility that they decrease the physical
ability of a cell to squeeze through a pore. The migration and motility assay used together are

very powerful to uncouple motility and migration.

6.3.2 Motility and migration discussion

To sum up, the migration assay showed that Sema3A and VEGF are a chemorepellent and a
chemoattractant respectively as the literature would suggest [287] [55] [124]. However, none
of the tested inhibitors could significantly oppose the action of their ligand and instead appeared
to reduce migration (non significant effect). While this was not because they reduced motility
on a flat surface, it could be because they physically or functionally impair the cell’s ability to
squeeze through a pore. This may suggest that none of the tested inhibitors would be a suitable
therapeutic strategy. Alternatively it may suggest that the transwell system is not the best system
for examining chemotaxis.

Our in vivo studies already suggested that functional inhibition of NP1 via knockdown or mu-
tation does not improve OPC migration and proposed alternative receptors could be mediating
the Sema3A effect. The migration and motility assays described here add another possible ex-
planation for the lack of positive effect on migration in the mutant mice - inhibition of NP1 could
impair the ability of OPCs to pass through pores. This is further supported by the published
observation that Sema3A is important for a dendritic cell’s passing through gaps via binding
to NP1 and Plexin-A1 [229] and that another semaphorin, Sema3C increases the migration of
dendritic cells in a transwell because ot increased cell deformability [62].

Thus, it is possible that a low concentration of Sema3A and thus NP1 activation is important
for OPC deformation and a higher concentration of Sema3A is chemorepulsive for OPCs. In
this case, complete loss of the Sema3A binding to NP1 (in NP1(Sema3A-) mouse) or NP1 KO
(in PDGFRa-Cre x flx-NP1-flx mice) would impair cell deformation and thus the ability of
cells to squeeze through the tissue. Therefore, even though the OPCs would not be repelled
by Sema3A, their ability to migrate through the tissue would be impaired resulting in identical
migration to WT. On the other hand, Sema3A KD which was shown to effectively increase OPC
migration and remyelination [29] only resulted in around 60% knockdown of Sema3A. This
incomplete knockdown as opposed to losing all Sema3A binding sites on NP1 could provide a
low concentration Sema3A which is enough to maintain a cell, deformation ability but not to
cause chemorepulsion.

In addition to suggesting that low level activity of NP1 via Sema3A binding might be im-
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portant for cell deformation ability, our migration and motility assay indicate that none of the
tested modes of inhibition would be beneficial in increasing OPC migration. While this might
not be a surprise for the anti-NP1(Sema3A) blocking antibody after the in vivo effects of the
NP1(Sema3A-) mice which the antibody effectively mimicks, it is unexpected for Xanthofulvin.

Xanthofulvin is an inhibitor of Sema3A and therefore it closely mimicks the Sema3a KD
mouse in vivo experiments [29]. However, instead of having positive effect on OPC migration
as expected based on the improved OPC migration in the Sema3A KD mouse [29], it impairs
OPC migration in vitro. This could be attributed to the complete inhibition of Sema3A-NP1
signalling by Xanthofulvin and the incomplete inhibition of the Sema3A-NP1 signalling in the
Sema3A KD mouse [29]. As discussed above, a low level of NP1 activation by Sema3A might
be important for cell deformation ability which in itself is important for cell migration in a
transwell or in vivo. It is also possible that the the transwell assay is poor and therefore unable
to detect these effects.

After we determined that both NP1 ligands influence migration in opposite directions and

that all tested inhibitors impair migration, we looked at their effect on proliferation.

6.4 Proliferation assay

We then aimed to investigate whether any of the ligands or inhibitors of NP1 influence prolif-
eration. Even though Sema3A has been reported to not affect OPC proliferation in vitro and
in vivo [29] [296], we decided to test this in our assay as a comparison for the NP1-Sema3A
inhibitors’ effect. We aimed to investigate if inhibition of the Sema3A or VEGF site of NP1
affects proliferation.

6.4.1 Sema3A

Initially we looked at different concentrations of Sema3A in solution. We found that in compar-
ison to control (Figure 6.9 A), 90 nM Sema3A in solution increased the proportion of proliferat-
ing cells (Figure 6.9 D ). On the other hand, 22.5 nM and 45 nM Sema3A in solution (Figure 6.9
B and C) did not have a significant effect on the number of proliferating cells. Comparison of the
3 concentrations of Sema3A and control showed that there is a significant difference in the num-
ber of proliferating cells (Kruskal-Wallis test, H=9.21, n=9,3,9,3, p=0.026) and Dunn’s multiple
comparison test showed that 90 nM Sema3A in solution significantly increases the number of

proliferating cells compared to control (Figure 6.9 E).
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Proportion of proliferating cells
normalised to control
n N
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Figure 6.9: High concentration of Sema3A increases proliferation of rat OPCs in vitro. In com-
parison to control (A), 22.5 nM Sema3A in solution (B) and 45 nM Sema3A in so-
lution (C) do not significantly affect OPC migration. However, at the highest tested
concentration, 90 nM Sema3A in solution, there was a significant increase in the
number of proliferating cells (D). Comparison of the 3 concentrations of Sema3A
and control showed that there is a significant difference in the number of prolifer-
ating cells (Kruskal-Wallis test, H=9.21, n=9,3,9,3, p=0.026) and Dunn’s multiple
comparison test showed that 90 nM Sema3A in solution significantly increases the
number of proliferating cells compared to control (E). Each dot is an experiment.
Green and orange dots are experiments performed by two different researchers. Blue
is Hoechst and red is EDU+ cells.
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We also tested the same concentrations of Sema3A coated onto the coverslip, rather than in
solution and found that none of them influences proliferation. Data is shown in section 6.7.2 of

the appendix.

6.4.2 Sema3A-NP1 inhibitors

We then tested proliferation in the presence of different concentrations of the 3 available NP1-
Sema3A inhibitors. We found that in comparison to control (Figure 6.10 A), 5 ug/ml (Fig-
ure 6.10 B) and 20 pg/ml anti-NP1(Sema3A) blocking antibody (Figure 6.10 D) increase the
number of proliferating cells. Contrary to that, the 10 yg/ml anti-NP1(Sema3A) blocking an-
tibody (Figure 6.10 C) did not increase proliferation. Comparison of the 3 concentrations of
anti-NP1(Sema3A) blocking antibody and control showed that there is a significant difference
in the number of proliferating cells (Kruskal-Wallis test, H=12.55, n=9,3,9,3, p=0.006) and
Dunn’s multiple comparison test showed that both 5 yg/ml and 20 pg/ml anti-NP1(Sema3A)
blocking antibody significantly increases the number of proliferating cells compared to control
(Figure 6.10 E)
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Figure 6.10: anti-NP1(Sema3A) blocking antibody increases proliferation at some concentra-
tions. Compared to control (A), 5 ug/ml anti-NP1(Sema3A) blocking antibody
increases the proportion of proliferating cells (B). Similarly, the highest tested con-
centration of anti-NP1(Sema3A) blocking antibody (20 yg/ml) increases prolifer-
ation (D). However, the middle concentration, 10 pg/ml, does not have this effect
(C).Comparison of the 3 concentrations of anti-NP1(Sema3A) blocking antibody
and control showed that there is a significant difference in the number of proliferat-
ing cells (Kruskal-Wallis test, H=12.55, n=9,3,9,3, p=0.006) and Dunn’s multiple
comparison test showed that both 5 y2g/ml and 20 pg/ml anti-NP1(Sema3A) block-
ing antibody significantly increases the number of proliferating cells compared to
control (E).Each dot is an experiment. Green and orange dots are experiments

performed by two different researchers. Blue is Hoechst and red is EDU+ cells.

Therefore, both Sema3A and the anti-NP1(Sema3A) blocking antibody increase proliferation
even though they are supposed to have opposite actions as a ligand and a receptor inhibitor.
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We then tested other NP1-Sema3A inhibitors to check if this effect was true for all of them.
We found that neither Xanthofulvin nor SICHI influence proliferation indicating that the pro-
liferation enhancement effect of the anti-NP1(Sema3A) blocking antibody was specific to it
and not observed with other NP1-Sema3A inhibitors. This data is shown in section 6.7.2 and
section 6.7.2 of the appendix.

Finally, we tested whether VEGF and the anti-NP1(VEGF) antibody influence proliferation
and we found that neither of these changes the proportion of proliferating cells (section 6.7.2

of the appendix).

6.4.3 Proliferation assay discussion

Previous studies have concluded that Sema3A does not influence proliferation as addition of
Sema3A protein into a lesion or Sema3A KD genotype does not result in significantly increased
proliferation after two weeks [29] or because cell counts are not decreased after addition of
Sema3A in vitro [296]. Here we show that addition of 90 nM Sema3A in solution and 5 pg/ml
or 20 ug/ml of the anti-NP1(Sema3A) blocking antibody result in increased proliferation. All
concentrations which have shown significant difference compared to control are two times lower
or two times higher than previously used in publications [296]. This is clearly a concentration
dependent effect as no consistent effect with increased concentration is observed. Therefore,
it is possible that the difference in concentration used in our study and previous studies is the
reason for the different results.

It is also worth noting that the middle concentration of each of the tested conditions has
experiments conducted by two independent researchers and it is not significantly different to
control. Since for the high and the low concentrations only 3 experiments were conducted,
additional experiments could be performed to further ensure that the observed data is real and
not due to chance.

What is most interesting about this observation in proliferation is that both high concentra-
tion of Sema3A in solution and an inhibitor for the Sema3A site of NP1 improve proliferation.
Sema3A and inhibitors of NP1 are expected to have opposing effects. A possible explanation
for this could be that both Sema3A and the blocking antibody result in activation of NP1. While
this is a possibility, previous studies with the anti-NP1(Sema3A) blocking antibody have shown
that it is a potent blocker of Sema3A-induced growth cone collapse in axons [176] indicating
that this is probably not the case.

An alternative explanation is that high concentration of Sema3A and the anti-NP1(Sema3A)
blocking antibody cause internalisation of NP1. NP1 is known to be internalised after binding
a ligand [220] as mentioned in section 1.8.2. It would be expected that the same internalisation
would follow an antibody binding to NP1. Therefore, the effect of increased proliferation could
be due to decrease of NP1 on the surface of OPCs and therefore loss of signalling via any of its
other ligands. This is consistent with the lack of proliferation by the other inhibitors which do
not bind NP1 - Xanthofulvin and SICHI. If the internalisation hypothesis is correct, we would
expect that VEGF and the anti-NP1(VEGF antibody) at low and high concentrations would also
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increase proliferation. Unfortunately, we have only tested the standard middle concentration of
both.

Therefore, both high concentration of Sema3A as well as low and high concentrations of anti-
NP1(Sema3A) blocking antibody promote proliferation. The mechanism of this is unknown but
could be due to NP1 internalisation and loss of signalling of other ligands of NP1. After we
determined this effect on proliferation, we aimed to see if inhibition of NP1 would influence

survival.

6.5 Survival assay

As with proliferation, studies have shown that Sema3A does not influence survival by measuring
apoptosis after Sema3A protein injection or in the Sema3A KD genotype 2 weeks after lesion
induction [29] or by measuring apoptosis after culturing with Sema3A coated on the culture

surface in vitro [296].

6.5.1 Sema3A

When we cultured cells on different concentrations of coated Sema3A, we found that indeed it
does not affect survival (section 6.7.3 in appendix). However, the same was not true for Sema3A
in solution. Compared to control (Figure 6.11 A), 22.5 nM Sema3A in solution (Figure 6.11
B) improved survival. However, 45 nM Sema3A and 90 nM Sema3A in solution did not have a
significant effect on the number of dying cells (Figure 6.11 C, D). Comparison of the number
of dying cells between control and the 3 different concentrations of Sema3A in solution and
control showed that there was a significant difference between the conditions (Kruskal-Wallis
test, H=10.39, n=3,7,3, p=0.015) and Dunn’s multiple comparison test revealed the difference

between 22.5 nM Sema3A in solution and control was significant (Figure 6.11 E).
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Figure 6.11: Low concentration of Sema3A in solution improves survival. Compared to control
(A), 22.5 nM Sema3A in solution (B) reduced the number of dying cells. This ef-
fect was not seen with higher doses — 45 nM Sema3A in solution (C) and 90 nM
Sema3A in solution (D). Comparison of the number of dying cells between con-
trol and the 3 different concentrations of Sema3A in solution and control showed
that there was a significant difference between the conditions (Kruskal-Wallis test,
H=10.39, n=3,7,3, p=0.015) and Dunn’s multiple comparison test revealed the dif-
ference between 22.5 nM Sema3A in solution and control was significant (E). Blue
is Hoechst and white is TUNEL+ cells.
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Therefore, at the lowest concentration of Sema3A, 22.5 nM it has a protective effect on cells

and reduces the cell death.

6.5.2 NP1-Sema3A inhibitors

We also wanted to test whether the NP1-Sema3A inhibitors affect survival as well. Since
Sema3A reduces the proportion of dying cells, inhibition of NP1 is expected to increase cell
death. This is particularly important since it would could contribute to the failure of both mu-
tant mice to remyelinate better than WT and because it would mean that the NP1 inhibitors are
not suitable for therapeutic use.

We initially tested the anti-NP1(Sema3A) blocking antibody at different concentrations and
found that it does not significantly affect survival (section 6.7.3 in appendix). Similarly, SICHI
does not affect survival significantly (Section 6.7.3 in appendix). Finally, we tested Xanthofulvin
which inhibits Sema3A and found that it does not significantly affect survival (Section 6.7.3 in
appendix).

Therefore, all tested inhibitors did not significantly affect the survival of OPCs. We then
went on to test combination of Sema3A and NP1-Sema3A inhibitors and found that neither
combination significantly affects survival (Section 6.7.3 in appendix).

Finally, we tested the effect of VEGF and the anti-NP1(VEGF) blocking antibody on survival

and found that neither of them affects survival (Section 6.7.3 in appendix).

6.5.3 Survival discussion

Despite the literature indicating that Sema3A does not influence survival in vivo [29] or in
vitro [296], we have found that 22.5 nM Sema3A in solution increases survival. In section 6.3.1,
we hypothesised that a low concentration of Sema3A might be important for the ability of cells
to deform. A low concentration of Sema3A might also be important in promoting survival.
In vivo, such low concentration of Sema3A might be found around the edge of the lesion and
prime cells for survival and better ability to squeeze their way into the lesion. The proliferation
enhancing effect of Sema3A was only seen when Sema3A was in solution instead of coated at
the bottom of the culture plate. Since Sema3A interacts heavily with ECM (Section 1.12), it
is more likely that the condition when Sema3A is coated on the bottom of the culture plate is
more representative of in vivo than Sema3A in solution. Therefore, this proliferation enhancing
effect of Sema3A might not be observed in vivo.

Since low concentration of Sema3A improves survival, the NP1-Sema3A inhibitors would
be expected to decrease it. However, the anti-NP1(Sema3A) blocking antibody, Xanthofulvin,
SICHI or combinations of Sema3A did not significantly affect survival compared to control.
Therefore, the loss of NP1 in the PDGFRa x fix-NP1-flx mice or the NP1 mutations in the

NP1(Sema3A-) mice are not expected to negatively impact OPC survival.

152



6 In vitro work

6.6 Maturation assay

Finally, we wanted to determine if any of the NP1 ligands or their inhibitors influence matura-
tion since it has been previously reported that treatment of OPCs with Sema3A reduced their
maturation into O4+ cells [296]. Therefore, the NP1-Sema3A inhibitors would be expected
to increase OPC maturation. To test maturation, we seeded the cells in 384 well plates and
incubated for 3 days in each condition. After that we performed IHC with antibodies against
NG2 to mark OPCs, O4 to mark immature oligodendrocytes and MBP to mark mature oligo-
dendrocytes. The intensity of the NG2+ staining was very variable throughout the experiments
and therefore NG2+ cells were counted manually. Brightness and contrast of the image were
adjusted to show NG2+ cells as clear as possible without compromising the background and
therefore the visibility of the O4+ and MBP+ cells. However, this resulted in the NG2+ cells
not being clearly visible in some of the images even though they were present. The O4+ and
MBP+ cells were counted automatically by Columbus software which does not change bright-
ness or contrast of the images for analysis. However, to increase clarity of images, brightness
and contrast were adjusted to better show the O4+ and MBP+ cells in the representative images.
Quantification of all cells expressing each of those markers as well as the cytoplasmic size of

MBP+ cells gives an stepwise indication of how well the cells matured.

6.6.1 Sema3A

We initially looked at whether Sema3A in solution influences the maturation of rat OPCs and
we found that neither of the concentrations influence maturation significantly (Section 6.7.4 in
appendix). However, the previously reported reduction in O4+ cells was seen when Sema3A
was coated [296]. Therefore, we performed the same experiment with coated Sema3A (Sec-
tion 6.7.4 in appendix). We found that coated Sema3A changes the morphology of the cell and
causes a small but not statistically significant reduction in OPC maturation ( increased NG2+
cells, decreased O4+ cells and reduced MBP+ cell size) which is in concert with previous re-

port [296] but the effect is much smaller.

6.6.2 NP1-Sema3A Inhibitors

We then moved onto investigation of whether the NP1-Sema3A inhibitors influenced maturation
of OPCs. We expected that they may improve maturation since Sema3A has been reported to
decrease it [296]. We first looked at the anti-NP1(Sema3A) blocking antibody. Compared to
control (Figure 6.12 A), 5 pug/ml anti-NP1(Sema3A) blocking antibody (Figure 6.12 B), 10
pg/ml anti-NP1(Sema3A) blocking antibody (Figure 6.12 C) and 20 pg/ml anti-NP1(Sema3A)
blocking antibody (Figure 6.12 D) did not have obvious effect on maturation.
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Figure 6.12: anti-NP1(Sema3A) blocking antibody has no effect on maturation. Images shown
are control (A), 5 yg/ml anti-NP1(Sema3A) blocking antibody (B), 10 yg/ml anti-
NP1(Sema3A) blocking antibody (C) and 20 pg/ml anti-NP1(Sema3A) blocking
antibody (D).Scale bar is 50ym. Blue is Hoechst, green is NG2+ cells, white is
04+ cells and red is MBP+ cells.

Quantification of the results showed that the anti-NP1(Sema3A) blocking antibody has no sig-
nificant effect on the number of NG2+ cells, O4+ cells or MBP+ cells (Figure 6.13 A,B,C). How-
ever, comparison of the size of mature oligodendrocytes showed that 5 pg/ml anti-NP1(Sema3A)

blocking antibody significantly increases the size of MBP+ cells.
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Figure 6.13: anti-NP1(Sema3A) blocking antibody significantly increases the area of MBP+
cells. Graphs represent quantification of NG2+ cells (A), O4+ cells (B), MBP+
cells (C) and size of MBP+ cells (D). There was a significant difference between
concentrations of anti-NP1(Sema3A) blocking antibody and control in NG2+ cells
(Kruskal-Wallis test, H=7.54, n=6,3,6,3 p=0.04). However, those differences were
small as Dunn’s multiple comparison test revealed no significant differences to
control (A). There is no significant difference in the number of O4+ cells (Kruskal-
Wallis test, H=6.46, n=8,3,8,3 p=0.091) however lower concentrations of the block-
ing antibody show a slight decrease in O4+ cells(B). Similarly, there was no sig-
nificant difference in the number of MBP+ cells (Kruskal-Wallis test, H=5.51,
n=7,3,7,3 p=0.138) (C). However, there was a significant difference in MBP+ cell
area (Kruskal-Wallis test, H=11.78, n=6,3,6,3 p=0.008). Dunn’s multiple compar-
ison test revealed that 5 g/ml anti-NP1(Sema3A) blocking antibody increases the

cytoplasmic area of MBP+ cells compared to control.
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Therefore, the anti-NP1(Sema3A) blocking antibody significantly increases the size of MBP+
cells at 5 pg/ml. This might indicate that these cells are more mature as they are more complex.
To sum up, the anti-NP1(Sema3A) blocking antibody may promote some aspects of maturation.

We then tested Xanthofulvin and found that it does not significantly affect oligodendroglial
maturation (Section 6.7.4 in appendix). We then looked at the effect of SICHI on maturation and
found that it does not significantly affect the maturation of OPCs (Section 6.7.4 of the appendix).

Finally, we looked at the combination of Sema3A and inhibitors on maturation. Comparison
of control (Figure 6.14 A) and 45 nM Sema3A (Figure 6.14 B) to 45 nM Sema3A and 10 pg/ml
anti-NP1(Sema3A) blocking antibody (Figure 6.14 C), 45 nM Sema3A and 2 #M Xanthofulvin
(Figure 6.14 D) and 45 nM Sema3A and 2 ug/ml SICHI (Figure 6.14 E) revealed that the
morphology of the OPCs changes in the presence of Sema3A and antagonist.
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Figure 6.14: Example images of Sema3A and inhibitors on maturation. Images shown are
control (A), 45 nM Sema3A in solution (B), 45 nM Sema3A in solution and
10 p g/ml anti-NP1(Sema3A) blocking antibody (C), 45 nM Sema3A in solution
and 2 p Xanthofulvin (D) and 45 nM Sema3A in solution and 2 ng/ml SICHI (E).
Scale bar is 10 ym. Blue is Hoechst, green is NG2+ cells, white is O4+ cells and
red is MBP+ cells.

Quantification of the data showed that the none of the tested combinations affect the number
of NG2+ cells or MBP+ cells (Figure 6.15 A, C). However, Sema3A in combination with Xan-
thofulvin significantly decreases the proportion of O4+ cells (Figure 6.15 B). Those effects in

combination of the change in morphology observed in all ligand-inhibitor combination might
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indicate that a combination of Sema3A and inhibitors might reduce maturation because it is

toxic to the cells.
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Figure 6.15: Combinations of Sema3A and NP1-Sema3A inhibitors influence maturation.

Comparison of the effect of the Sema3A, the combination of Sema3A and the
inhibitors as well as control showed that there is no significant difference in the
number of NG2+ cells (Kruskal-Wallis test, H=3.75, n=6,6,3,3,3 p=0.441) (A).
Further, comparison of the conditions showed that there is a significant difference
in the number of O4+ cells (Kruskal-Wallis test, H=11.89, n=8,8,3,3,3 p=0.018)
and Dunn’s multiple comparison test showed that there is significantly less O4+
cells when Sema3A is added together with Xanthofulvin compared to control
(B). Conversely, no significant difference was found in the number of MBP+ cells
(Kruskal-Wallis test, H=7.40, n=7,7,3,3,3 p=0.116) (C) and the area of MBP+ cells
(Kruskal-Wallis test, H=9.17, n=7,7,3,3,3 p=0.057) (D). Peptoid refers to SICHI as
it is a peptoid drug.
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6.6.3 VEGF

Finally, we looked at the effect of VEGF and anti-NP1(VEGF) blocking antibody on maturation.
There is no indication that VEGF or blocking the VEGEF site for NP1 should affect maturation
in the literature. Comparison of the control (Figure 6.16 A), 0.1 ug/ml VEGF (Figure 6.16 B)
and 10 ug/ml anti-NP1(VEGF) blocking antibody (Figure 6.16 C) revealed that both VEGF and
the anti-NP1(VEGF) blocking antibody induced a change in morphology.

Figure 6.16: Example images of the effect of VEGF and anti-NP1(VEGF) on maturation. Im-
ages shown are control (A), VEGF (B) and anti-NP1(VEGF) blocking antibody
(C). Blue is Hoechst, green is NG2+ cells, white is O4+ cells and red is MBP+

cells.

Quantification of the data revealed that neither VEGF nor anti-NP1(VEGF) on maturation
influence the proportion of NG2+, MBP+ and the size of MBP+ cells (Figure 6.17 A,C,D). How-
ever, the anti-NP1(VEGF) blocking antibody reduced the proportion of O4+ cells (Figure 6.17
B).
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Figure 6.17: Anti-NP1(VEGF) blocking antibody influenced maturation while VEGF did not.
Comparison of VEGF, anti-NP1 (VEGF) blocking antibody and control showed
that there is no significant difference in the proportion of NG2+ cells (Kruskal-
Wallis test, H=0.64, n=3,3,3 p=0.818) (A). However, there was a significant dif-
ference in the proportion of O4 + cells (Kruskal-Wallis test, H=10.14, n=5,5,5
p=0.001) and Dunn’s multiple comparison test showed that the anti-NP1(VEGF)
blocking antibody significantly reduces the number of O4+ cells compared to con-
trol (B). Furthermore, there was no significant difference in the proportion of
MBP+ cells (Kruskal-Wallis test, H=1.48, n=4,4,4 p=0.509) (C) and the area of
MBP+ cells (Kruskal-Wallis test, H=3.87, n=4,4,4 p=0.152) (D).

6.6.4 Maturation discussion
Sema3A

As discussed in section 1.9.2, Sema3A has been previously found to be inhibitor of OPC mat-
uration on the bottom of the culture well [296]. Culturing rat OPCs on a substrate of PLL and
2.5 uglem?, 5 pglem? and 10 ug/cm? Sema3A resulted in a dose-dependent decrease of the
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proportion of O4+ cells after 4 days [296].

In our hands, culturing OPCs in 2.5 ug/ml (22.5nM), 5 ug/ml (45 nM) and 10 pg/ml (45 nM)
in solution did not affect the number of O4+ cells as shown in figure 6.33 B. Coated Sema3A
together with PDL/PLL did result in a slight decrease in the number of O4+ cells at 2.5 pug/ml
(22.5 nM), 5 pug/ml (45 nM) and 10 ug/ml (45 nM) (figure 6.35 B) in our culture. However,
the effects on O4+ cells (Kruskal-Wallis test, H=6.90, n=4,4,4,4 p=0.061) was not statistically
significant.

Since the area of the bottom of a 384 well plate is 0.0619 c¢m?, our coated concentrations
correspond to 4 pg/cm?, 8 pg/cm? and 16 pg/cm?* Sema3A which is well within the range used
in the previous work [296]. While they see a dose-dependent decrease in O4+ cells peaking at
60% in 10 pg/cm? Sema3A we see a constant 5% decrease in all tested concentrations. Both
studies use rat OPCs and the same recombinant Sema3A and are thus fairly comparable. Over-
all, the effect was similar but less marked and not significant. What is entirely consistent with
the previous report [296] is our observation that OPCs grown on coated Sema3A have a differ-
ent morphology with less branching (Figure 6.34 B,C and D compared to A) while this was not
observed with soluble Sema3A (Figure 6.32).

NP1-Sema3A inhibitors

The anti-NP1(Sema3A) blocking antibody significantly increased the size of MBP+ cells (Fig-
ure 6.13 D) indicating that inhibition of NP1 promotes some aspects of maturation. This is
exactly what we would expect if Sema3A impairs maturation and therefore blocking its sig-
nalling via NP1 would improve it. OPCs secrete Sema3A in culture and the anti-NP1(Sema3A)
blocking antibody may prevent the effects of this Sema3A. However, this effect in improving
maturation is very small. Since the anti-NP1(Sema3A) blocking antibody may have a small
positive effect on maturation, we also expected Xanthofulvin and SICHI to have the same ef-
fect. However, neither Xanthofulvin nor SICHI significantly affect maturation indicating that
the maturation enhancing effect is specific to the anti-NP1(Sema3A) blocking antibody. Inter-
estingly, combinations of Sema3A and NP1 appeared to change the morphology of the cells and
the combination of Sema3A and Xanthofulvin significantly reduced the number of O4+ cells.
In addition to this, this combination appeared to decrease MBP+ cell size (not significant effect)
(Figure 6.15 C, D) suggesting that xanthofulvin and Sema3A reduce maturation. This could be
because this combination is toxic to the cells as they appear to have changed morphology as
well.

Inhibition of the VEGEF site of NP1 lead to a small but statistically significant reduction in
the number of O4+ cells which could be indicate that maturation is improved or decreased de-
pending on the its effect on the proportion of OPCs and mature oligodendrocytes. However,
the anti-NP1(VEGF) blocking antibody did not have any significant effects on the these propor-
tions or the size of mature oligodendrocytes so it is hard to speculate whether it has a positive

or negative effect on maturation.
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6.6.5 In vitro summary

When investigating the effect of NP1 ligands and inhibitors on OPC behaviour, we found that:

» Sema3A is chemorepellent for OPCs as expected (Section 1.9.2)
* VEGEF is a chemoattractant for OPCs as expected (Section 1.9.2)

o All tested NP1-Sema3A inhibitors reduced migration which we hypothesise is because

they physically or functionally impair the cell’s ability to squeeze through a pore
* None of the tested conditions impaired motility on a flat surface

* Some concentrations of Sema3A and anti-NP1(Sema3A) blocking antibody improve pro-

liferation perhaps because both cause internalisation of NP1
» Sema3A slightly increased survival at low concentrations

* Neither Sema3A in solution nor coated Sema3A significantly reduced maturation unlike

previous reports [296]

* anti-NP1(Sema3A) blocking antibody increases maturation of OPCs

For our studies it is clear that coating Sema3A on the surface and adding it in solution is not
necessarily identical. Moreover, sometimes the tested NP1-Sema3A inhibitors had the same
effect on OPC behaviour as Sema3A instead of having opposite effect. This is highly unexpected
as ligand and inhibitors are supposed to have opposite effects. This was true for Sema3A and
anti-NP1(Sema3A) blocking antibody/Xanthofulvin in the migration assay and Sema3A and
anti-NP1(Sema3A) blocking antibody in the proliferation assay. This is particularly interesting
as they act in different ways. The anti-NP1(Sema3A) blocking antibody binds to NP1 while
Xanthofulvin binds to Sema3A and yet both impair migration by themselves and fail to rescue
the Sema3A-induced decrease in migration. It could be explained by a requirement for low
level NP1 activation by Sema3A for cell deformation. Therefore, inhibiting this required low
NP1 activation by any of the NP1-Sema3A inhibitors would impair the ability of the cell to
migrate. In the proliferation assay, high concentration of Sema3A and certain concentrations
of the anti-NP1(Sema3A) blocking antibody increased proliferation. This can be explained by
both Sema3A and the blocking antibodies converging on NP1 internalisation which might be
beneficial for proliferation.

Although sometimes Sema3A and the inhibitors show identical effects, this was not the case
in the maturation assay. In the maturation assay, coated Sema3A has been reported to decrease
maturation [296] (similar but smaller and non significant effect in our assay) while the anti-
NP1(Sema3A) blocking antibody slightly increased maturation as it made the MBP+ cells big-
ger (more complex). Therefore, the anti-NP1(Sema3A) blocking antibody had an opposing
effect (increases maturation) to the Sema3A effect (decreased maturation). Interestingly, com-

bination of Sema3A and Xanthofulvin significantly reduced maturation and also resulted in
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change of morphology indicating that a combination of Sema3A and inhibitor might be toxic
to the cells (without affecting survival).

In all of the assays it was clear that concentration of the ligands and inhibitors played a major
role in the observed effect. Sometimes increasing or decreasing the ligand/inhibitor concen-
tration even two fold changed its effect on OPC behaviour. It is possible that optimal levels
of Sema3A-NP1 signalling are required for certain OPC behaviours and either increasing or
decreasing these levels has identical effect.

One of the inhibitors, SICHI, showed no effects in any of the assays. SICHI was believed
to be direct inhibitor of Sema3A’s binding to NP1 as mentioned in section 1.11.1. However,
further studies revealed that SICHI does not bind NP1 or Sema3A directly but instead binds
ECM components including heparin and therefore prevents Sema3A’s interaction with those
ECM components [57]. This means that this function blocking inhibitor is not an inhibitor of
NP1 as previously thought but instead impairs the Sema3A-ECM interaction. Since there will
be little ECM in our assays, it is not surprising that SICHI did not have any effects.

What is clear is that at certain concentrations Sema3A can induce OPC proliferation and
increase survival in addition to its chemorepulsive properties. Therefore, even though Sema3A
is extensively well studied, there are unexplored effects on OPCs. However, the concentrations
used in this study might not be present in vivo thus questioning the in vivo relevance of these
newly found positive effects of Sema3A on proliferation and survival.

On the other hand, inhibition of the Sema3A site of NP1 by the anti-NP1(Sema3A) blocking
antibody slightly improves OPC proliferation, maturation and survival but also impairs their
migration in a transwell assay. It is worth noting that all of those beneficial effects on prolifera-
tion, maturation and survival are very small while the negative effect on OPC migration is more
than two fold. Therefore in the NP1(Sema3A-) mice we could expect to have slightly increased
OPC proliferation, maturation and survival but those OPCs might have impaired ability to de-
form and squeeze their way through. Moreover, in the PDGFRa-Cre x flx-NP1-flx mice, the
chemoattraction of VEGF on OPCs will be decreased. Therefore, inhibition of NP1 might be
beneficial for certain OPC behaviours but not for others which makes it as unsuitable therapeutic
target as all OPC cell behaviours tested above are important for the process of remyelination.

It is important to increase the number of experiments in this study as for some of the con-
ditions we only have 3 independent experiments. In addition to this, a toxicity assay could be
performed to ensure that none of the concentrations and particularly combinations are toxic to
the cells. While they do not increase cell death, they could put a metabolic strain on the OPCs
making them less healthy and impact OPC behaviour that way.

6.7 Appendix

This appendix contains in vitro data on the effects on OPC behaviour of various conditions
which were not presented in the main text of this chapter as they were not statistically significant.

Initially representative images are shown and then data is presented with each point being the
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average of an individual experiment. All data was analysed by one way ANOVA and a posthoc

test if significant difference was found.

6.7.1 Motility

Due to the observed migration effects of the NP1 ligands and inhibitors, we then looked at motil-
ity. Initially, we coated Sema3A at different concentrations on the bottom of the well together
with PDL/PLL. Although the accumulated distance at 45 nM Sema3A appeared to be increased,
this change was not significant compared to control (Kruskal-Wallis test, H=5.07, n=3,3,3,3,
p=0.172)(Figure 6.18 A). Similarly, when we compared velocity, we found that neither concen-
tration of coated Sema3A changed the speed with which the cells moved (Kruskal-Wallis test,
H=1.17, n=3,3,3,3, p=0.80)(Figure 6.18 B).
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Figure 6.18: Coated Sema3A did not influence motility. Comparison of accumulated distance
between control and different concentrations of coated Sema3A showed that there
was no significant difference (Kruskal-Wallis test, H=5.07, n=3,3,3,3, p=0.172)
(A). Similarly, comparison of velocity between control and different concentrations
of coated Sema3A showed that there was no significant difference (Kruskal-Wallis
test, H=1.17, n=3,3,3,3, p=0.80) (B)

We also looked at the effect 45 nM Sema3A in solution and 10 yg/ml anti-NP1(Sema3A)
blocking antibody have on accumulated distance) and velocity (Figure 6.19). We found that
neither Sema3A nor the anti-NP1(Sema3A) blocking antibody affected accumulated distance
significantly (Kruskal-Wallis test, H=3.36, n=6,6,5, p=0.193) (Figure 6.19 A). When we looked
at velocity, both Sema3A and the anti-NP1(Sema3A) blocking antibody seemed to increase
velocity (Figure 6.19 B). However, this increase in velocity was not significant compared to
control (Kruskal-Wallis test, H=5.51, n=6,6,5, p=0.057) (Figure 6.19 B).

We did not observe an obvious difference in oligodendrocyte process outgrowth as reported
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before [259] and discussed in section 1.8.1.
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Figure 6.19: Sema3A and anti-NP1(S3A) do not influence motility significantly. Comparison
of accumulated distance between control, Sema3a and anti-NP1(Sema3A) block-
ing antibody showed that there was no significant difference (Kruskal-Wallis test,
H=3.36, n=6,6,5, p=0.193) (A). Comparison of accumulated distance revealed
that both Sema3A and anti-NP1(Sema3A) blocking antibody induced a little in-
crease in velocity. However, this difference was not significant compared to control
(Kruskal-Wallis test, H=5.51, n=6,6,5, p=0.057) (B).

We further looked at the effect of Xanthofulvin and its DMSO control on the motility of
cells (Figure 6.20). Comparison of accumulated distance of control, DMSO and Xanthoful-
vin showed that there was no significant difference of those treatments (Kruskal-Wallis test,
H=0.819, n=6,5,6, p=0.681) (Figure 6.20 A).Similarly, comparison of velocity showed that
there was no significant difference between the conditions (Kruskal-Wallis test, H=0.45, n=6,4,6,
p=0.812) (Figure 6.20 B).
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Figure 6.20: Xanthofulvin did not influence motility. Comparison of accumulated distance be-
tween control, DMSO and Xanthofulvin showed that there was no significant dif-
ference between the conditions (Kruskal-Wallis test, H=0.819, n=6,5,6, p=0.681)
(A). Comparison of velocity between control, DMSO and Xanthofulvin showed
that there was no significant difference between the conditions (Kruskal-Wallis
test, H=0.45, n=6,4,6, p=0.812) (B)

VEGF

Finally, we looked at VEGF and anti-NP1(VEGF) blocking antibody since VEGF promotes
migration and anti-NP1(VEGF) blocking antibody reduces migration. We found that neither
VEGF nor anti-NP1(VEGF) blocking antibody affect accumulated distance (Kruskal-Wallis
test, H=0.359, n=4,4,4, p=0.872) (Figure 6.21 A) and velocity (Kruskal-Wallis test, H=1.12,
n=4,4,4, p=0.601) (Figure 6.21 B).
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Figure 6.21: VEGF and anti-NP1(VEGF) blocking antibody do not influence motility. Compar-
ison of control, VEGF and anti-NP1(VEGF) blocking antibody showed that those
conditions did not affect accumulated distance (Kruskal-Wallis test, H=0.359,
n=4,4,4, p=0.872) (A) or velocity (Kruskal-Wallis test, H=1.12, n=4,4.4, p=0.601)
(B)

Therefore, none of the tested conditions altered cell motility on a flat surface.

6.7.2 Proliferation

Coated Sema3A

Since Sema3A normally binds to extracellular matrix and is therefore not free floating, we
tested the effect of Sema3A coated together with PDL/PLL after we observed the positive ef-
fect of soluble Sema3A on proliferation. We found out that the proliferation level in control
(Figure 6.22 A) was very similar to the 22.5 nM coated Sema3A (Figure 6.22 B), 45 nM coated
Sema3A (Figure 6.22 C) and 90 nM coated Sema3A (Figure 6.22 D). Comparison of those 4
conditions showed that there was no significant difference in the number of proliferating cells
(Kruskal-Wallis test, H=1.16, n=4.,4,4,4, p=0.789) (Figure 6.22 E).
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Figure 6.22: Semaphorin3A coated on the surface does not influence proliferation. The pro-
portion of proliferating cells in control (A), 22.5 nM coated Sema3A (B), 45 nM
coated Sema3A (C) and 90 nM coated Sema3A (D) was not different (Kruskal-
Wallis test, H=1.16, n=4,4,4,4, p=0.789) (E). Blue is Hoechst and red is EDU+
cells.
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Xanthofulvin

We then tested Xanthofulvin and found that compared to DMSO (Figure 6.23 A), Xanthoful-
vin did not change the proportion of proliferating cells at 1 M (Figure 6.23 B), 2 uM (Fig-
ure 6.23 C)or 4 uM (Figure 6.23 D). Comparison of the 3 Xanthofulvin concentrations and
DMSO showed that that there was no significant difference in the number of proliferating cells
(Kruskal-Wallis test, H=3.79, n=9,3,9,3, p=0.285) (Figure 6.23 E)

170



6 In vitro work

o

h)
o
u—
o0
£
5%
)
o ©
£
2
S o
w2
S E
K==
=]
52
o
g
o

s
“by
%
A
Y

o
7
P
Y

+
+
+

Figure 6.23: Xanthofulvin did not influence proliferation. Compared to DMSO (A), 1 uM Xan-
thofulvin (B), 2 uM Xanthofulvin (C) and 4 uM Xanthofulvin (D) did not change
the proportion of proliferating cells. Comparison of the 3 Xanthofulvin concentra-
tions and DMSO showed that that there was no significant difference in the number
of proliferating cells (Kruskal-Wallis test, H=3.79, n=9,3,9,3, p=0.285) (E). Blue
is Hoechst and red is EDU+ cells.

SICHI

Similarly, compared to contol (Figure 6.24 A), 1 ng/ml SICHI (Figure 6.24 B), 2 ng/ml SICHI
(Figure 6.24 C) and 4 ng/ml SICHI (Figure 6.24 D) did not change the proportion of prolif-
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erating cells. Comparison of the 3 SICHI concentrations and control showed that that there
was no significant difference in the number of proliferating cells (Kruskal-Wallis test, H=0.44,
n=3,3,3,3, p=0.957) (Figure 6.24 E).
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Figure 6.24: SICHI did not influence proliferation. Compared to control (A), 1 ng/ml SICHI
(B), 2 ng/ml SICHI (C) and 4 ng/ml SICHI (D) did not change the proportion of
proliferating cells. Comparison of the 3 SICHI concentrations and control showed
that that there was no significant difference in the number of proliferating cells
(Kruskal-Wallis test, H=0.44, n=3,3,3,3, p=0.957) (E). Blue is Hoechst and red is
EDU+ cells.
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We found that neither Xanthofulvin, nor SICHI increased the proportion of proliferating cells.
This was in sharp contrast to both 90 nM Sema3A and the low and high concentrations of anti-
NP1(Sema3A) blocking antibody.

VEGF

VEGEF has been reported to not affect proliferation [124]. Compared to control (Figure 6.25 A),
neither VEGF (Figure 6.25 B) nor anti-NP1(VEGF) blocking antibody (Figure 6.25 C) influ-
enced the proportion of proliferating cells. Comparison of VEGF, anti-NP1(VEGF) blocking

antibody and control showed that there is no significant difference in the number of proliferating
cells (Kruskal-Wallis test, H=1.21, n=6,6,6, p=0.566) (Figure 6.25 D).
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Figure 6.25: VEGF and anti-NP1(VEGF) blocking ab did not influence proliferation. Com-
pared to control (A), VEGF (B) and anti-NP1(VEGF) blocking antibody (C)
did not change the number of proliferating cells. Comparison of VEGF, anti-
NP1(VEGF) blocking antibody and control showed that there is no significant dif-
ference in the number of proliferating cells (Kruskal-Wallis test, H=1.21, n=6,6,6,
p=0.566) (D). Blue is Hoechst and red is EDU+ cells.

Therefore VEGF and blocking the VEGEF site of NP1 does not affect proliferation.

173



6 In vitro work

6.7.3 Survival

We then looked at the effect of NP1 ligands and inhibitors on survival.

Coated Sema3A

Bearing in mind this concentration dependent effect of soluble Sema3A on survival, we also
performed this experiment with coated Sema3A. Compared to control (Figure 6.26 A), 22.5 nM
coated Sema3A (Figure 6.26 B), 45 nM coated Sema3A (Figure 6.26 C) and 90 nM Sema3A
(Figure 6.26 D) all appeared to increase the proportion of dying cells. However, this effect was
not statistically significant (Kruskal-Wallis test, H=6.78, n=4,4,4,4, p=0.066)(Figure 6.26 E).
There is a change in the morphology of OPCs in figure 6.34 and might indicate that coated
Sema3A is toxic to the cells without causing significant change in survival.
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Figure 6.26: Coated Sema3A slightly decreases survival. Compared to control (A), coated 22.5
nM Sema3A (B), coated 45 nM Sema3A (C) and coated 90 nM Sema3A (D) all
slightly increased the proportion of dying cells. However, this effect was not sta-
tistically significant (Kruskal-Wallis test, H=6.78, n=4,4,4,4, p=0.066) (E). Blue is
Hoechst and white is TUNEL+ cells.

175



6 In vitro work

anti-NP1(Sema3A-) blocking antibody

We then tested the NP1-Sema3A inhibitors. Initially, we tested the anti-NP1(Sema3A) blocking
antibody. Compared to control (Figure 6.27 A), 5 ug/ml anti-NP1(Sema3A) blocking antibody
(Figure 6.27 B), 10 pug/ml anti-NP1(Sema3A) blocking antibody (Figure 6.27 C) and 20 pg/ml
anti-NP1(Sema3A) blocking antibody (Figure 6.27 D) did not affect the proportion of dying
cells in any consistent way. Comparison of the 3 concentrations of anti-NP1(Sema3A) block-
ing antibody and control showed that there was no significant difference (Kruskal-Wallis test,
H=1.85, n=3,7.3, p=0.603) (Figure 6.27 E).
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E

Proportion of dying cells
normalised to control

Figure 6.27: anti-NP1(Sema3A) blocking antibody does not influence survival. Compared to
control (A), 5 ug/ml anti-NP1(Sema3A) blocking antibody (B), 10 pg/ml anti-
NP1(Sema3A) blocking antibody (C) and 20 pg/ml anti-NP1(Sema3A) blocking
antibody (D) did not affect survival consistently. Comparison of the 3 concentra-
tions of anti-NP1(Sema3A) blocking antibody and control showed that there was
no significant difference (Kruskal-Wallis test, H=1.85, n=7,3,7,3, p=0.603) (E).
Blue is Hoechst and white is TUNEL+ cells.

177



6 In vitro work

SICHI

We then tested SICHI. Compared to the control (Figure 6.28 A), 1 ug/ml SICHI (Figure 6.28
B), 2 ug/ml SICHI (Figure 6.28 C) and 4 pg/ml SICHI (Figure 6.28 D) did not influence sur-
vival. Comparing the 3 SICHI concentrations and control showed that there was no significant
difference in the proportion of dying cells (Kruskal-Wallis test, H=2.31, n=3,3,3,3, p=0.56)
(Figure 6.28 E).
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Proportion of dying cells
normalised to control

Figure 6.28: SICHI does not influence survival. Compared to control (A), 1 ug/ml SICHI (B),
2 pg/ml SICHI (C) and 4 pg/ml SICHI (C) did not change the proportion of dying
cells. Comparing the 3 SICHI concentrations and control showed that there was no
significant difference in the proportion of dying cells (Kruskal-Wallis test, H=2.31,
n=3,3,3,3, p=0.56) (E). Blue is Hoechst and white is TUNEL+ cells.

Xanthofulvin

We then tested how Xanthofulvin affects survival. Compared to DMSO (Figure 6.29 A), 1 uM
Xanthofulvin (Figure 6.29 B), 2 M Xanthofulvin (Figure 6.29 C) and 4 yM Xanthofulvin (Fig-

ure 6.29 D) did not change the proportion of dying cells. Comparison of the 3 concentrations of
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Xanthofulvin and control showed that there was no significant difference (Kruskal-Wallis test,
H=5.08, n=6,3,6,3, p=0.167) (Figure 6.29 E).
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Proportion of dying cells
normalised to control
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o

Figure 6.29: Xanthofulvin does not influence survival significantly. Compared to control (A), 1
UM Xanthofulvin (B), 2 yM Xanthofulvin (C) and 4 uM Xanthofulvin (D) did not
influence survival. Comparison of the 3 concentrations of Xanthofulvin and con-
trol showed that there was no significant difference (Kruskal-Wallis test, H=5.08,
n=6,3,6,3, p=0.167) (E). Blue is Hoechst and white is TUNEL+ cells.
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Sema3A and inhibitors

Compared to control (Figure 6.30 A), Sema3A (Figure 6.30 B) does not change the proportion
of dying cells. However, combinations of Sema3A and anti-NP1(Sema3A) blocking antibody
(Figure 6.30 C), Xanthofulvin (Figure 6.30 D) and SICHI (Figure 6.30 E) all appear to increase
survival. Comparison of those conditions showed that there was a significant difference in the
number of dying cells (Kruskal-Wallis test, H=10.03, n=7,7,3,3,3, p=0.40. However, this differ-
ence was very small as Dunn’s multiple comparison test did not find any significant comparison.
The small effects of individual inhibitors have reached significance when in combination with

Sema3A which at 22.5 nM significantly increases survival.
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Sema3A together with NP1-Sema3A inhibitors do not significantly influence sur-
vival. Compared to control (A), Sema3A (B) did not influence the number of dying
cells. However, all combinations of Sema3A and anti-NP1(Sema3A) antibody (C),
Xanthofulvin (D), SICHI (E) slightly decreased the number of dying cells. Com-
parison of those conditions showed that there was a significant difference in the
number of dying cells (Kruskal-Wallis test, H=10.03, n=7,7,3,3,3, p=0.40) . How-
ever, this difference was very small as Dunn’s multiple comparison test did not find

any significant comparison. Blue is Hoechst and white is TUNEL+ cells.
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Therefore, low concentrations of Sema3A increases survival. Conversely to expectations,
the tested inhibitors of Sema3A and NP1 also slightly but non-significantly increase survival.
Addition of Sema3A together with inhibitors then results in further decreased OPC death.

VEGF

Finally, we tested VEGF and anti-NP1(VEGF) blocking antibody. Compared to control (Fig-
ure 6.31 A), VEGF (Figure 6.31 B) and anti-NP1(VEGF) blocking antibody (Figure 6.31 C)
did not change the number of dying cells. Comparison of VEGF, nti-NP1(VEGF) blocking
antibody and control showed that there were no significant differences in the number of dying
cells (Kruskal-Wallis test, H=0.0, n=4,4,4 p>0.99) (Figure 6.31 D).
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Figure 6.31: VEGF and anti-NP1(VEGF) blocking antibody do not influence survival. Com-
pared to control (A), neither VEGF (B) nor anti-NP1(VEGF) blocking antibody
(C) influenced the survival of rat OPCs. Comparison of VEGF, nti-NP1(VEGF)
blocking antibody and control showed that there were no significant differences in
the number of dying cells (Kruskal-Wallis test, H=0.0, n=4,4,4 p>0.99) (D). Blue
is Hoechst and white is TUNEL+ cells.
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6.7.4 Maturation

Sema3A in solution

We initially looked at whether Sema3A in solution influences the maturation of rat OPCs. Com-
pared to control ( 6.32 A), 22.5 nM Sema3A in solution (Figure 6.32 B), 45 nM Sema3A in
solution (Figure 6.32 C) and 90 nM Sema3A in solution (Figure 6.32 D) did not change the

maturation of rat OPCs.

Figure 6.32: Sema3A in solution did not influence maturation of rat OPCs. Compared to control
(A), 22.5 nM Sema3A in solution (B), 45 nM Sema3A in solution (C) and 90 nM
Sema3A in solution (D) did not change proportion of NG2+, O4+ and MBP+ cells
or the size of the MBP+ cells. Scale bar is 50um. Blue is Hoechst, green is NG2+
cells, white is O4+ cells and red is MBP+ cells.

Comparison between the 3 concentrations of Sema3A in solution and control showed that
those did not significantly affect the number of NG2+ cells (Kruskal-Wallis test, H=3.26, n=3,3,3,3
p=0.38) (Figure 6.33 A). When we looked at the number of O4+ cells, we expected to see a
reduction in the O4+ cells [296]. However, we found that none of the tested concentrations
affected the number of O4+ cells significantly (Kruskal-Wallis test, H=4.34, n=8,3,8,3 p=0.23)

(Figure 6.33 B). Similarly, none of the concentrations had a significant effect on the number
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of MBP+ cells (Kruskal-Wallis test, H=1.54, n=8,3,8,3 p=0.67) (Figure 6.33 C) or their size
(Kruskal-Wallis test, H=0.97, n=8,3,8,3 p=0.808) (Figure 6.33 D).
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Figure 6.33: Quantification of concentrations of Sema3A in solution and control showed that
they did not influence maturation of rat OPCs. We found that neither concentration
of Sema3A in solution changed the number of NG2+ cells (Kruskal-Wallis test,
H=3.26, n=3,3,3,3 p=0.38) (A), O4+ cells (Kruskal-Wallis test, H=4.34, n=8,3,8,3
p=0.23) (B), MBP+ cells (Kruskal-Wallis test, H=1.54, n=8,3,8,3 p=0.67) (C) and
size of MBP+ cells (Kruskal-Wallis test, H=0.97, n=8,3,8,3 p=0.808) (D) compared

to control.

We then tested Sema3A coated on the surface of the culture plate. Together with control (Fig-
ure 6.34 A), we tested 22.5 nM Sema3A (Figure 6.34 B), 45 nM coated Sema3A (Figure 6.34
C) and 90 nM coated Sema3A coated on the bottom of the culture dish (Figure 6.34 D). 45 nM
Sema3A in solution (Figure 6.34 C) seemed to slightly increase the number of NG2+ cells and
slightly reduce the number of O4+ cells compared to control (Figure 6.34 A). Moreover, the
highest concentration of coated Sema3A, 90 nM, (Figure 6.34 D) appeared to mak the MBP+
cells smaller (Figure 6.34 A).
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Figure 6.34: Coated Sema3A slightly reduces maturation. Images show control (A), 22.5 nM
coated Sema3A (B), 45 nM coated Sema3A (C) and 90 nM coated Sema3A (D).
Notably, there seemed to be a small increase in the number of NG2+ cells and

a small decrease in number of O4+ cells upon treatment by 45 nM Sema3A (C)
compared to control (A). Moreover, 90 nM coated Sema3A (D) also appeared to
result in smaller MBP+ cells compared to control (A). Scale bar is 50um. Blue is
Hoechst, green is NG2+ cells, white is O4+ cells and red is MBP+ cells.

However, when we quantified these results, we found that this apparent difference in NG2+
cells was not significant (Kruskal-Wallis test, H=3.25, n=3,3,3,3 p=0.397) (Figure 6.35 A). The
apparent compensatory decrease in O4+ cells was also not significant (Kruskal-Wallis test,
H=6.90, n=4,4,4,4 p=0.061) (Figure 6.35 B). The concentrations of coated Sema3A did not
influence the number of MBP+ cells (Kruskal-Wallis test, H=3.56, n=4.,4,4,4 p=0.332) (Fig-
ure 6.35 C). The increasing concentration of coated Sema3A resulted in a small decrease in
cytoplasmic area of MBP+ cells however this difference was not significant (Kruskal-Wallis
test, H=6.81, n=4,4,4,4 p=0.065) (Figure 6.35 D).
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Figure 6.35: Quantification of the effect of coated Sema3A on maturation revealed no statisti-
cally significant effect. Graphs represent quantification of NG2+ cells (A), O4+
cells (B), MBP+ cells (C) and size of MBP+ cells (D). Although there is a slight
increase in the number of NG2+ cells at 45 nM coated Sema3A compared to con-
trol, this difference was not significant (Kruskal-Wallis test, H=3.25, n=3,3,3,3
p=0.397) (A). This slight increase in NG2+ numbers was compensated by slight
decrease of O4+ cells (B). However, this decrease was also not significant (Kruskal-
Wallis test, H=6.90, n=4,4,4,4 p=0.061). The number of MBP+ cells was un-
changed by the different concentrations of Sema3A (Kruskal-Wallis test, H=3.56,
n=4,4,4,4 p=0.332) (C). Increasing concentration of coated Sema3A resulted in
increasing decrease in the size of MBP+ cells. As before, however, this differ-
ence in MBP+ cytoplasmic area was not significant (Kruskal-Wallis test, H=6.81,
n=4,4,4,4 p=0.065) (D).
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Xanthofulvin

We then looked at Xanthofulvin expecting it to increase maturation. Compared to control (Fig-
ure 6.36 A), 1 uM Xanthofulvin (Figure 6.36 B), 2 M Xanthofulvin (Figure 6.36 C) and 4 yM

Xanthofulvin (Figure 6.36 D) did not have obvious effect on maturation apart from a different

cell morphology in the highest concentration of Xanthofulvin.

Figure 6.36: Example images of the effect of Xanthofulvin on maturation. Images shown are
control (A), 1 yM Xanthofulvin (B), 2 #M Xanthofulvin (C) and 4 yM Xantho-
fulvin (D). The highest concentration of Xanthofulvin appeared to change the cell
morphology. Scale bar is 50 ym. Blue is Hoechst, green is NG2+ cells, white is
04+ cells and red is MBP+ cells.

Quantification of those results revealed that Xanthofulvin does not significantly influence the
number of NG2+, O4+ and MBP+ cells or their size.
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Figure 6.37: Xanthofulvin does not influence maturation. Comparison of the effect of the 3 con-
centrations of Xanthofulvin and DMSO on NG2+ cells showed that there was no
significant difference (Kruskal-Wallis test, H=1.65, n=6,3,6,3 p=0.681) (A). Com-
parison of the effect of the 3 concentrations of Xanthofulvin and DMSO on propor-
tion of O4+ cells showed that there was no significant difference (Kruskal-Wallis
test, H=5.16, n=8,3,8,3 p=0.161) (B). Similarly, comparison of the effect of the 3
concentrations of Xanthofulvin and DMSO on proportion of MBP+ cells showed
that there was no significant difference (Kruskal-Wallis test, H=1.87, n=4,3,7,3
p=0.636) (C). Finally, comparison of the effect of the 3 concentrations of Xantho-
fulvin and DMSO on the cytoplasmic area of MBP+ cells showed that there was
no significant difference (Kruskal-Wallis test, H=5.28, n=7,3,7,3 p=0.152) (D).

SICHI

Finally, we looked at SICHI. It did not appear to influence maturation at 1 y g/ml, 2 y g/ml
SICHI or and 4 u (Figure 6.38).
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Figure 6.38: Example images of the effect of SICHI on maturation. Images shown are control
(A), 1 u g/ml SICHI (B), 2 u g/ml SICHI (C) and 4 u g/ml SICHI (D). Blue is
Hoechst, green is NG2+ cells, white is O4+ cells and red is MBP+ cells.

Quantification of the results showed that SICHI does not affect the proportion of NG2+ cells,
O4+ cells, MBP+ cells or their size (Figure 6.39).

190



Number of NG2+ Cells
normalised to control >

Number of MBP+cells
normalised to control O

Figure 6.39: SICHI did not influence maturation. Comparison of the effect of the 3 concentra-
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tions of SICHI and control on NG2+ cells showed that there was no significant
difference (Kruskal-Wallis test, H=1.38, n=3,3,3,3 p=0.759) (A). Comparison of
the effect of the 3 concentrations of SICHI and control showed that there is no
significant difference in the number of O4+ cells (Kruskal-Wallis test, H=4.92,
n=3,3,3,3 p=0.190) (B). Similarly, Comparison of the effect of the 3 concentra-
tions of SICHI and control showed there is no significant difference in the number
of MBP+ cells (Kruskal-Wallis test, H=6.16, n=3,3,3,3 p=0.090) (C).Finally, com-
parison of the effect of the 3 concentrations of SICHI and control showed there is
no significant difference in the area of MBP+ cells (Kruskal-Wallis test, H=5.85,

n=3,3,3,3 p=0.113) (D).
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7.1 Remyelination failure

Remyelination is the endogenous repair mechanism of the central nervous system. However, this
process is complex and involves multiple steps, cells and molecules. Due to this complexity,
there are many reasons for remyelination to fail. Dysregulation of any of the multiple steps,
cells and molecules involved in remyelination could lead to its failure [90]. Moreover, in MS
remyelination takes place in a hostile environment for the oligodendroglia as it occurs while
there is still ongoing inflammation-driven damage. However, repair also happens best when the
immune system is active (section 1.4.2.)

The current therapeutic efforts in MS are focused on preventing new lesions, which is rea-
sonably successful, protecting axons from dying and improving remyelination (which as yet are
aspirational) [160]. The latter two therapeutic approaches are particularly hard as it is difficult
to accurately measure remyelination and understand the remyelination time course in patients
as yet [212]. Moreover, in different patients remyelination could fail because of OPC migration
or maturation block which would require different therapies (Section 1.6) but differentiating
which patients have a failure in each of those and when is currently impossible [212]. Despite
these difficulties, the ideal drug would be orally available, long lasting, able to penetrate the
BBB and without any side effects [212]. To find therapeutic targets, it is important to not only
consider the positive effect their inhibition would have on remyelination, but also that they are
not redundant and their loss cannot be compensated for [90].

Moreover, in order to study the suitability of a therapeutic target, we often assess remyelina-
tion in genetically modified animal models. However, rodents repair very well after a demyeli-
nating insult while the same is not true for humans. There are other differences which limit the
usability of our current nimal models. There is a difference in the size of lesions between animal
models and human MS. One study estimated that to fully repopulate a 2 cm diameter human
lesions adult OPCs would need to migrate for 5 months [48]. As a comparison, LPC-induced
mouse lesions are around 1 mm diameter [48] and can be populated by OPCs in less than 10
days [29]. These immense differences between animal models and human are part of the reasons
why it is so hard to translate between animal and in vitro and human and why remyelination
enhancing clinical trials so far have failed [290].

Bearing in mind the therapeutic goals in the multiple sclerosis field and the difficulties dis-
cussed above, we set out to investigate the suitability of two potential therapeutic targets -
NDST1/HS and Sema3A/NP1. Since blinding and random allocation to groups have been sug-

gested as important factors to improve the translation of research into clinic [321], we performed
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blinded/automatic analysis and random group allocation.

7.2 NDST1

NDST1 was shown to be important for OPC migration into lesions and remyelination in animal
model by Pascale Durbec’s group and we set out to investigate if it is also important in MS. To
do this we analysed its expression pattern in post-mortem multiple sclerosis tissue and compared
it to control tissue. We found that it was overexpressed in MS primarily in oligodendroglia and
that the NDST 1+ oligodendroglia negatively correlate with the size of the lesion. Moreover, we
found marked differences in the number of NDST1+ cells in the lesions between different MS
patients. Many pathological features such as oligodendrocyte numbers [179], major type of de-
myelination [180] and remyelination potential [242] have been observed to be the same within
patients but different between patients. Therefore, we asked whether the number of NDST1+
cells is connected to the ability of a patient to repair. We found that the higher the number
of NDST1+ cells a patient has in their lesions, the more likely they are to have remyelinated
and active lesions instead of chronic lesions (remyelination potential). Therefore, the higher
the number of NDST1+ oligodendroglia around the lesion, the more they can deposit heparan
sulfate and contribute to repair. This is consistent with the mouse data from Pascale Durbec’s
group which indicates that loss of NDST1 impairs OPC migration and remyelination. Further-
more, a heparan sulfate proteoglican called GPC5 has been identified as a MS susceptibility
gene [15] further indicating that NDST1 and HS might play role in multiple sclerosis. GPC5
variants have been associated with different patient responses to interferonf [33] which might
again point to the importance of ECM in sequestering signalling molecules such as immune cy-
tokines and chemorepulsive molecules such as Sema3A. Therefore, in this case, the pathways

involved in mouse and human remyelination do seem similar and worth investigating more.

7.3 Sema3A and NP1

Sema3A impairs OPC migration [29] [245] [330] and maturation [296] and therefore reduces
remyelination [29] [245]. In addition to this, it is involved in numerous immune processes
(section 1.9.3). The involvement of Sema3A in both the regeneration and the immune response
makes it ideally placed to modulate both those parts in MS [117]. In addition to this, patients
with a Sema3A mutation [121] have been identified indicating that inhibition of Sema3A is
not lethal in human. Therefore, Sema3A and its receptor NP1 can be explored as a potential
therapeutics in MS.

However, Sema3A’s effect on the immune system is complex with both anti-inflammatory
(section 1.9.3) and pro-inflammatory (section 1.9.3) actions recorded in the literature. To com-
plicate things further, anti-inflammatory effects are not only beneficial in MS as inflammation
is important for remyelination (section 1.4.2). For example, transplanted oligodendroglial cell

line cells did not migrate far at all in normal brain but migrated up to 6 cm from original in-
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jection site in EAE [309] indicating that inflammation increases OPC migration. Therefore,
decreasing the inflammatory response might impede migration and hence remyelination [90].

Therefore Sema3A may have either beneficial or detrimental effects on the immune system
and a detrimental effect in remyelination. Since we can either inhibit or enhance the action of
molecules, those different effects in different systems pose a challenge. What would be ideal
is to stratify those effects and identify different receptors or coreceptors which mediate those
different downstream effects in immunity and CNS. The literature is convincing that NP1 is the
only receptor for Sema3A [152] [153] [125] [188] [51] (section 1.8.2).However, the majority
of those studies have been conducted on neurones and only one on oligodendroglia [259].

Conversely, our in vivo data and a few other publications (Section 5.7.1) suggest that NP1
might not be the only receptor mediating Sema3A signalling in some cells. NP1 could be the
only receptor for Sema3A in neurones, as the literature suggests. The same might be true for
macrophage/ microglia as loss of NP1 in the NP1(Sema3A-) mice resulted in a change of the
immune response (Figure 5.16). However, in oligodendrocytes, NP1 might not be the only re-
ceptor mediating Sema3A effects as the loss of NP1 (in NP1(Sema3A-) mouse) did not change
their behaviour even though increasing or decreasing Sema3A does (Section 1.9.1). Since the
Sema3A effect in the CNS is unchanged by removal of NP1 but the immune effects of Sema3A
require NP1, this could allow stratification of those effects and the therapeutic possibility to sep-
arately target them. However, targeting NP1 appears to not be a therapeutic possibility as it does
not prevent Sema3A’s detrimental effect on OPC migration, maturation and therefore remyeli-
nation. In addition to this, it appears to alter the immune response to a more pro-inflammatory
one with more activated macrophages / microglia and of predominantly the pro-inflammatory
subtype which would be harmful to remyelination [205]. It is also worth noting that both NP1-
Sema3A inhibitors which have been efficient at increasing neuronal regeneration in different
models - Xantofulvin [150] and SICHI [208] do not work by inhibiting NP1. Instead, Xantoful-
vin binds to Sema3A while [150] while SICHI binds ECM and prevents Sema3A interacting
with ECM [57]. This again shows that methods alternative to NP1 inhibition might be more
beneficial in therapy. In addition to this, it excemplifies the importance of Sema3A’s interaction
with ECM and therefore the possible connection between NDST1/HS and Sema3A/NP1.

Therefore, we have shown that NP1 is a redundant factor for OPC migration, maturation and
therefore remyelination. There are multiple members of the semaphorin, plexin and neuropilin
families of proteins so some redundancy and compensation by other molecules in the absence
of Neuropilin could be expected [141].

Moreover, we have found that Sema3A can also stimulate OPC proliferation and survival
at different concentrations at least in vitro. In addition to this, we suggest that low concentra-
tion Sema3A and NP1 activation might be important for the ability of OPCs to deform and
squeeze through small gaps in vivo or pores in a transwell while higher concentrations are
chemorepulsive. This effect could be attributed to the F actin reorganisation after adding class
3 semaphorins which increases cell deformability [62]. This is further supported by the fact
that Sema3A affects cell migration in a transwell assay (section 6.2.4) but not in flat surface

motility or microfluidic chambers migration assay (Roberta Felici unpublished data). The same
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effect was observed in with Sema3C which did not affect dendritic cell migration in a microflu-
idic chamber but increased their speed of migration in a transwell assay and was explained
by Sema3C’s ability to increase cell deformability [62]. Therefore, a low concentration of
Sema3A and NP1 activation might be essential for cell deformability and completely inhibiting
the Sema3A site of NP1 might impede this.

7.4 Future prospects

Finding therapeutics in MS in particularly challenging as there could be multiple reasons for
remyelination failure. The absence of positive modulators and presence of negative modulators
of remyelination as well as improper timing of different signals could be responsible [91]. In
addition to this, changing only one of the many signalling molecules creating the pro-repair
environment might not be enough. Finally, pro-recruitment and pro-maturation therapies might
be mutually exclusive as prolonging the recruitment phase of remyelination at the expense of
maturation or vice versa might not benefit remyelination [91]. Therefore, we need to find ways to
identify which is problematic in each patient and when is the best time to administer treatment.

This section is dedicated to further experiments I would do if I had unlimited resources and
time.

For the NDST1 part of the project (Chapter 3), I would like to add further MS patients and
controls to the analysis. Even though we used all available tissue for this analysis, the patient
number is still low (9 MS patient and 4 controls). In addition, I would like to be able to visualise
heparan sulfate proteoglycan in MS tissue which will hopefully be possible with identification
of better antibodies against HS. Finally, I would like to test the effect of NDST1 loss using
CRISPR/Cas9 or heparinase (loss of HS) on the migration of human embryonic stem cell de-
rived oligodendrocytes [8] or primary isolated human OPCs [195].

In the investigation of the NP1(Sema3A-) mice (Chapter 4) and PDGFRa-Cre x fix-NP1-flx
mice (Chapter 5), I would have liked to do complete reconstruction of the lesion sizes in the
4 genotypes. In addition to this, I would have liked to perform IHC with antibodies against
04 to mark the immature oligodendrocytes or Olig2 to mark all oligodendroglia to ensure that
in the current analysis we have not missed immature oligodendrocytes. Moreover, to deter-
mine the functionality of the double positive microglia/ macrophage cells, IHC with further
pro-inflammatory and pro-repair markers should be performed. I would have also liked to in-
vestigate and compare the expression of Sema3A in the lesions of TG and WT animals since
its level could have changed after loss/mutation of NP1. It would also be interesting to check
the levels of the two possible *mystery’ receptors which could also mediate Sema3A signalling
in oligodendroglia - PlexinAs and NP2. Finally, addition of more animals to the analysis would
further strengthen the confidence in our results.

Those mouse lines were terminated because they were too expensive to maintain, espe-
cially as the homozygous NP13A- mice often died very early before they could be used or

even sometimes even identified. However, before that we did that, ES cells from both TG an-
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7 Discussion

imals and their WT animals were derived and frozen down. Those ES cells can be used to
differentiate into OPCs which do not have NP1 or have the mutated Sema3A site of NP1. Co-
immunoprecipitation with an antibody against Sema3A would help identify its binding partners
and comparison of those binding partners between TG and WT cells will identify the *mystery’
receptors which could also mediate Sema3A signalling in oligodendroglia. In addition to this,
the ES-cell derived OPCs can be used to study the effects of loss of the Sema3A site on NP1
or loss of NP1 on OPC behaviour (Chapter 6). This is a cleaner way than a blocking antibody
which might have side effects or whose binding to a cell can produce a physical effect on the
cell. Furthermore, addition of Sema3A to those mutant OPCs will allow us to investigate if
NP1 is solely responsible for any of the Sema3A effects on if OPC behaviour or they can be
compensated. It is possible that NP1 is important for some Sema3A effects but not for others.
Dose-response curves of all NP1 ligands and inhibitors could shed further light on the possible
concentration dependent effects. Finally, increased number of experiments would ideally be
performed with some of the concentrations of NP1 ligands and inhibitors as for some of the
conditions we only have 3 independent experiments.

It would be interesting if Sema3A’s effects on OPCs can indeed be mediated by receptors other
than NP1 and it might open new therapeutic avenues to improve OPC migration, maturation and

therefore remyelination in multiple sclerosis.
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