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Abstract

Introduction: Permanent disability in multiple sclerosis (MS) is primarily driven by
neuronal and axonal loss. While genome-wide association (GWAS) studies have begun
identifying genetic variants associated with the clinical course of MS, the variants
underpinning pathological severity have not been described. Understanding these novel
variants and their influence on the clinical course of MS can be used to further develop
our knowledge of this heterogenous disease.

Aims: To uncover genetic variants and describe the expression of mapped genes that
associate with the pathological severity of MS.

Methods: Using data from an integrated GWAS expression quantitative trait loci
COLOCation (eQTL COLOC) analysis of progressive MS (n = 310), we investigated the
association between gene variant status and neuron density, extent of demyelination
and retrospectively determined clinical milestones. In situ hybridisation (ISH) revealed
gene expression and localisation in a subset of MS and controls (n = 20).

Results: Previously described variant rs7289446 (SEZ6L) was not associated with
guantitative measures of neuron density, demyelination or clinical outcomes. A 2nd
variant mapping to DYSF:CYP26B1 (rs7564433), which represents the first GWAS
validated mapped gene (rs10191329), was associated with higher neuron density, lower
demyelination, slower disease progression and an older age at death in heterozygote
allele carriers (p < 0.05). Independent single nucleotide polymorphisms (SNPs), mapping
to PCSK5 and COMMD10, genes not previously linked to MS, were associated with
increased neuron density in the thalamus, pons (p < 0.05; PCSK5) and frontal cortex (p <
0.05; COMMD10), specifically among heterozygous carriers. The average age of onset
was 4.6 yrs lower in COMMD10 major allele carriers compared to heterozygotes.
COMMD10 and PCSK5 neuronal and glial expression was elevated in normal MS grey
matter (GM) compared to control and lesion GM.

Summary: We describe gene variants that associate with neuron density and show the
altered expression of mapped genes in MS. Our findings provide insights into biological
mechanisms underlying MS severity, offering potential opportunities for targeted
therapies and personalised MS care.
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1.0 Introduction

1.1 Multiple Sclerosis

Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS)
(Ghasemi et al., 2017). The pathological manifestations of this autoimmune disease are
inflammation, the demyelination of axons and neurodegeneration (Correale et al.,
2019). This can give rise to complications such as cognitive decline and reduced sensory
or motor function, partly due to impaired nerve impulse transmission within the CNS
(Mey et al., 2023). Symptoms of MS include blurry or double vision, dizziness, slurred
speech and problems with co-ordination or mobility, which vary in severity depending
on lesion location, lesion activity, inflammation and the degree of neuro-axonal injury
(Tafti et al., 2024). The immune dysregulation in patients with MS is related to the influx
of immune cells, including T cells, B cells and macrophages entering the CNS, which is
associated with damage to the blood brain barrier (BBB) and activation of resident
microglia and astrocytes. Neuroinflammation, including a local activated glial response
(microglial and astrocytes), in MS is associated with both acute and chronic

inflammation (Rodriguez et al., 2022; Yamout & Alroughani., 2018).

Inflammation in MS is associated with damage to oligodendrocytes and their myelin
sheaths, leading to reduced axonal insulation, axonal degeneration and neuron loss
(Kalafatakis & Karagogeos., 2021). The damage caused by infiltrating immune cells
target tissue in the brain and spinal cord, resulting in inflammation, tissue loss and
lesion formation, which reflects the involvement of various cell types and biological
pathways in the symptoms and progression of MS (Adiele & Adiele., 2019). These
demyelinated lesions can form in both the grey and white matter (WM) of the CNS
(Prins et al., 2015). Inflammation and oxidative stress are key molecular drivers of MS
disease onset and progression (Zeydan & Kantarci, 2020). Inflammation can lead to
axonal damage and demyelination and contributes towards patient disability (Simkins et

al., 2021). So far, it is not known what causes MS and whether the initiating immune
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triggers arise in the CNS or peripherally. However, advances in neuropathology using
large cohorts, genetics and other ‘omic' approaches and magnetic resonance imaging
(MRI), are providing a deeper understanding of this complex neurological disease
(Baecher-Allan et al., 2018; Reich et al., 2018). Advancing our understanding of the
pathological mechanisms contributing to MS progression is key for an earlier diagnosis
and the development of targeted therapeutic interventions (Faissner & Gold, 2019;

Huang et al., 2017).

1.2 Epidemiology of Multiple Sclerosis

More than 2 million people worldwide have been diagnosed with MS (Reich et al., 2018;
Walton et al., 2020). The incidence of MS continues to rise annually, with an estimated
7000 new diagnoses occurring in the United Kingdom each year (MS Society., 2020.).
The rise in MS diagnoses over the past three decades may reflect greater awareness of
the disease, driven by the introduction of MRI imaging and the availability of new
treatment therapies (Hawkes et al., 2020). Whilst MS can occur at any age, it most
commonly presents between 18 to 40 years, with a higher prevalence in women than in
men (3:1 ratio; Ford, 2020). MS is the greatest cause of disability in young adults
(Walton et al., 2020). Both genetic and environmental factors, including lifestyle habits
like smoking, can contribute to the risk of developing MS (Jakimovski et al., 2019). MS
has different incidence rates geographically, with higher rates observed in regions such
as North America and Europe and lower rates reported in African and Western Pacific
regions, which suggests genetic predisposition influences (Jakimovski et al., 2024;
Walton et al., 2020). Exposure to higher levels of Vitamin D has been shown to reduce
the risk of developing MS and is associated with decreased disease activity and a
reduced relapse rate, demonstrating a role for Vitamin D in the geographic incidence of
this disease (Sintzel et al., 2018). Worse disability progression in males compared to
females has been identified through greater cortical grey matter (GM) atrophy and a

poorer performance on the 9-hole peg test, indicating greater neurodegeneration
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(Voskuhl et al., 2020). However, current evidence is insufficient to confirm sex-based

differences in the extent of the underlying pathobiological mechanisms.

Viral infections, such as Epstein-Barr virus (EBV), have been identified as potential
triggers for MS, with prior EBV infection linked to an increased risk of developing the
disease (Bjornevik et al., 2022). Comorbidities are common in patients with MS and
include depression, anxiety, cardiovascular diseases and autoimmune conditions such as
diabetes (Magyari & Sorensen, 2020). Smoking is a major lifestyle factor associated with
MS development, as it affects the immune response by reducing the number of B cells
and natural killer (NK) cells, as well as cytokine production and immunoglobulins in the
blood (Nishanth et al., 2020; O’Gorman et al., 2012). Smoking is associated with an
increased risk of worsening disability and conversion from relapsing-remitting MS
(RRMS) to secondary progressive MS (SPMS), although no direct causal link has been
established (Rodgers et al., 2022; Wingerchuk, 2012). Patients with MS are said to have
a shortened lifespan of 7-14 years but the life expectancy of patients with MS has
significantly improved due to the medical advancements, symptomatic management

and changes in lifestyle habits (Lunde et al., 2017).

1.3 Subtypes of Multiple Sclerosis

There are four main clinical types of MS; clinically isolated syndrome (CIS), RRMS, SPMS
and primary progressive MS (PPMS) (Klineova & Lublin, 2018). RRMS is the most
common subtype of MS that affects approximately 85% of MS patients (Huisman et al.,
2017). It is presented as clear clinical relapses — most often a temporary increase in
disability with recovery. Disability in MS is measured using the Expanded Disability
Status Scale (EDSS) (Filippi & Rocca, 2019; Krieger et al., 2022). Relapses in MS are partly
due to acute focal inflammation and demyelination (Kalincik, 2015; Steinman, 2014;
Wang et al., 2018). These relapses are often followed by remission periods that can
cause a reduction in symptoms, which can happen spontaneously or in response to

treatment (Cree et al., 2021). It is common for relapse frequency to decline with age,
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but for their severity to increase and recovery to decrease. Cerebellar relapses are more
prevalent in older males, whereas females show signs of visual or sensory symptoms
(Kalincik et al., 2014). RRMS can progress to SPMS, which involves the slow transition to
a phase with fewer relapses and an accumulation in neurological dysfunction (see Figure
1) (Saleem et al., 2019). It is important to note that relapses can happen at any stage of
the disease and that progression (the accumulating neurological dysfunction) can be

present from disease onset (Cree et al., 2021).

\

EDSS \ J\J
4 § I\

nN

RELAPSES @ ® ® 0 0 1 @ @ & e (] & @

TIME (years) Onset 5 10 15 30

Figure 1. Patients with relapsing MS tend to transition to progressive MS over time. Patients who
experience their first neurological symptoms lasting at least 24 hours are classified has having CIS, which
can progress to MS. During the relapse phase, disability (measured using the EDSS score) accumulates
with the number of relapses with incomplete recovery. Most patients transition to progressive MS (PMS),
characterised by fewer relapses but ongoing neurodegeneration and gradual worsening of neurological
function. Higher EDSS scores during relapses are linked to increased risk of progression. Adapted from
Hauser & Cree, (2020), DOI: 10.1016/j.amjmed.2020.05.049

Distinguishing between progressive phenotypes has proven to be challenging for
clinicians (Correale et al., 2016). SPMS is more commonly diagnosed with this subtype
being the second most common form of MS (Inojosa et al., 2021). The gradual
worsening of disability in progressive MS (PMS) (both SPMS and PPMS) is caused by
complex immune mechanisms and further neurodegeneration, with evidence of active
inflammation and focal demyelination, which is less common than in the relapse

remitting-stage (Macaron & Ontaneda, 2019). Although it is the changing balance in the
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extent of these pathologies that underlines the different subtypes, rather than them

being fundamentally different forms of the disease (Kuhlmann et al., 2023).

People with PPMS do not experience an initial relapse-remitting phase and instead
present with steadily worsening symptoms from diagnosis. While relapses are not
typical, some individuals may show inflammatory activity or MRI changes suggestive of
disease activity (Antel et al., 2012; Macaron & Ontaneda, 2019). The primary
pathological hallmark of SPMS and PPMS is slowly expanding lesions (also termed
chronic active lesions), extensive cortical and deep GM demyelination, neuron and axon
loss, widespread glial activation and inflammation of the perivascular and
leptomeningeal spaces (Abdelhak et al., 2017; Kee et al., 2022; Kutzelnigg et al., 2005;
Lassman, 2014).

Alongside clinically recognised subtypes, radiologically isolated syndrome (RIS) is used to
describe a patient who has abnormal radiological findings in the CNS, particularly in the
WM, that is reminiscent of MS (Lebrun-Frénay et al., 2023). The presence of
demyelinating white matter lesions (WML) can be an indicator of MS development, thus
RIS classified patients should be monitored more closely for a prompt diagnosis (Yamout
& Khawajah, 2017). Recent evidence suggests that early treatment with disease
modifying therapies (DMTs) is beneficial in both CIS and RIS patients and delays the
onset of clinically definitive MS (Cobo-Calvo et al., 2023; Okuda et al., 2023).

As well as classifying the main clinical types of MS, the disease can also be additionally
described as active or non-active and with or without progression, as stated by Lublin et
al., (2014). MS with disease activity is defined as a patient experiencing a clinical relapse
or having new or enlarging inflammatory lesions on MRI. The term ‘with progression’,
refers to a steady worsening of disability over time, which can occur with or without
relapses or new MRI activity. The purpose of phenotype classification is to enhance
effective communication within the healthcare setting and can assist with treatment

decision making, as, for example, the DMT Ocrelizumab can only be prescribed to
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progressive MS patients with evidence of disease activity (National Institute for Health

and Care Excellence, 2019).

Progression Independent of Relapse Activity (PIRA) is a primary mechanism contributing
to the disability accumulation in MS (Tur & Rocca, 2024). It refers to the level of
neurological disability that accumulates independently of relapse episodes, a defining
aspect of MS that is associated with neurodegeneration and chronic, diffuse
inflammatory processes (Dimitriou et al., 2023), although the pathological basis for PIRA
has not yet been demonstrated. PIRA is an increase in EDSS scores during periods of no
relapses (Tur et al., 2023). This is important because it suggests that MS can progress
independent of inflammatory responses and indicates that there is a neurodegenerative

component independent of new lesions and new inflammatory attacks.

In addition to the main subtypes of MS classified by the Lublin classification (RRMS,
PPMS, SPMS and CIS), there are other less common descriptors, which help to further
describe disease variability (Lublin et al., 2014). Late-onset MS (LOMS) refers to MS
diagnosed in older patients (typically > 50 years) and is often associated with a more
progressive phenotype, as age and the comorbidities associated with older people are
significant factors influencing disability (Knowles et al., 2024). Paediatric MS is defined
as the clinical manifestation of MS in patients under 18 years of age, which is almost
exclusively RRMS and usually presents as a milder disease course, but can lead to severe
disability at a young age (Brola & Steinborn, 2020). Patients who experience little
disability over a sustained time are often classified as having benign MS (Reynders et al.,
2017). Recent studies have shown that a low EDSS score (< 3) 15 years after diagnosis
may be a more reliable indicator of MS, as the term ‘benign’ is often viewed as
controversial for not considering the full impact of the disease (Sartori et al., 2017;
Tallantyre et al., 2019). These definitions help to provide a framework for understanding

and managing MS (Klineova & Lublin, 2018).
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1.3.1 Classifying the Multiple Sclerosis Lesion

Demyelinated lesions are a pathological hallmark, representing inflammation and
myelin loss in the CNS (Popescu et al., 2013). Demyelinated lesions can be formed in
both the WM and GM of the brain or spinal cord (Lassman, 2018). Lesions are important
biomarkers in MS diagnosis and can be visualised using MRI imaging to monitor disease
worsening, as lesions can increase in size or quantity over the disease course (Basaran et
al., 2022). Lesions directly cause symptoms such as muscle weakness, sensory loss and
vision impairment, which can have a negative effect on patient disability and quality of

life (Huang et al., 2017).

MS lesions can be classified at autopsy as pre-active, active, chronic active (smouldering
or slowly expanding), or chronic inactive, and the type of lesion is characterised by the
extent of demyelination and microglia activation within the affected area (Jonkman et
al., 2015). In a study of 182 post-mortem MS cases (mean disease duration = 28.6 years)
conducted by Luchetti et al., (2018), 7562 brain lesions were analysed and 57% of these
lesions were deemed to be chronic active lesions. The study also found that patients
with a more severe disease progression had a greater number of chronic active lesions
and a higher total lesion count at the time of death. Additionally, patients with a
progressive disease course (both SPMS and PPMS) had a higher proportion of lesions
compared to those with RRMS. The study concluded that chronic active lesions are more
prevalent in PMS than in RRMS, suggesting that lesion count can serve as a prognostic
tool for MS patients. Moreover, their work showed that, pathologically, SPMS and PPMS

are indistinguishable.

Lesions in the cortical GM differ in immunological and histopathological features
compared to WML, which indicates a location-specific manifestation of MS disease
mechanisms (Calabrese et al., 2013). Grey matter lesions (GML) are important hallmarks
to study in PMS as recent evidence suggests that GM pathology is associated with early
disease onset, occurs with disease progression and is related to clinical consequences of

MS such as cognitive and motor impairments (Kalver et al., 2013). GML can be found in

20



the early stages of MS and in patients who died within months of diagnosis (Bevan et al.,
2018; Lucchinetti et al., 2011). However, imaging of these cortical lesions can be
challenging as they predominantly affect the superficial areas of the cortex, where
myelin density is low and immune cell infiltration is sparse (Fillipi et al., 2019). The
lesions in the cortical GM are classified as: type | GML, or leukocortical lesions, which
refers to lesions that occur between the WM and GM regions; type Il lesions (or intra-
cortical), which are localised in the GM areas of the cerebral cortex and are often found
around blood vessels; and type Ill, or subpial lesions, which are widespread within the
cortical GM and are located under the pial surface (Griffiths et al., 2020; Magliozzi et al.,
2018).

1.4 Pathophysiology of Multiple Sclerosis: Neurodegeneration is the Main
Pathological Component of MS Progression.

Hauser & Cree (2020) stated that there are five main pathologies underlying the
pathogenesis of PMS; the presence of acute MS lesions, meningeal B cell rich follicles,
slowly expanding lesions, diffuse WM gliosis and age-related atrophy that reflects
neuronal and axonal loss (see Figure 2). Signs of neurodegeneration are observed early
in disease, with neuronal loss and injury, which results in brain atrophy, seen in RIS and
CIS, together with raised neurofilament protein (released by damaged and dying
neurons) in cerebrospinal fluid (CSF) and blood (Andravizou et al., 2019).
Neurodegeneration is a major component for disease progression and underpins
cognitive, neuropsychiatric and sensory dysfunction and sustains irreversible motor
disability (Mey et al., 2023). Neurodegeneration is notably in areas of GM demyelination
but can occur partly independent of both grey and WM demyelination (Magliozzi et al.,

2023).

Carassiti et al., (2018) investigated the relationship between brain volume and neuron
count estimation, demonstrating a 9.5 billion lower neuron count compared to controls.

The neuron density and cortical volume in the MS brain were reduced by 28% and 26%
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respectively, suggesting that there is a strong relationship between neuronal loss and
cortical volume. It is evident that meninges have an important role in influencing the
neurogenerative processes underlying PMS pathology (Magliozzi et al., 2023), which
correlates with disability worsening and an earlier death. An increase in inflammation in
the leptomeninges is associated with more extensive cortical (subpial) demyelination
and lower neuron density, which correlates with a shorter time to progression, greater
disability and earlier death (Magliozzi et al., 2010; Magliozzi et al., 2023). This
emphasises the need to further investigate the contribution of neurodegeneration to
progression and to determine the factors which associate with neuron loss in the MS

brain (Mahad et al., 2015).
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Figure 2. The five major pathological processes underlying neuronal and axon loss in PMS. 1) The
presence of acute MS lesions is associated with continuous inflammatory activity and demyelination,
often observed in patients with frequent relapses, but also in those who experience progression without
relapse activity. 2) Meningeal B cell rich follicles are linked to increase inflammation, cortical
demyelination and substantial neuronal and axonal loss. 3) Slowly expanding lesions result from enlarging
plaques and are formed due to activated microglia, proliferation of astrocytes and stressed
oligodendrocytes causing axonal injury. 4) Widespread diffuse microglial inflammation is present
throughout the WM of the CNS and is associated with decreased myelin density and ongoing axonal and
neuronal damage. 5) Age-related neurodegeneration involves a natural decline in neuron count and brain
volume, which is accelerated in people with MS. This atrophy may interact with MS-specific pathologies
and lead to more severe clinical outcomes in older patients. This figure was taken from Hauser & Cree
(2020) with the appropriate DOI link: 10.1016/j.amjmed.2020.05.049.

1.5 Current Treatment Therapies and Clinical Trials

Treatment options in MS help manage acute relapses, reduce relapse frequency and
severity and modify the disease course to varying degrees (Doshi & Chataway, 2016).
There are approximately 20 Food and Drug Administration (FDA) approved treatments
for patients with MS that can be taken orally, administered by injection (either

subcutaneous or intramuscular), or delivered intravenously via infusion, depending on
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the specific therapy (Amin & Hersh, 2022; MS Society, 2022). The National Institute of
Health and Care Excellence (NICE) has provided specific guidelines on what treatment
options should be considered first for different MS subtypes, based on both cost-
effectiveness and clinical benefit and access to certain medications may be restricted in

the United Kingdom (National Institute of Health and Care Excellence, 2022).

Early treatment intervention is used to control disease activity, slow disease
progression, and preserve neurological function (Brown et al., 2019; Ziemssen et al.,
2016). The most frequent DMTs administered to patients with PMS are siponimod and
ocrelizumab (Sorensen et al., 2020; Pozzilli et al., 2023). Clinical trials of patients with
SPMS have shown that siponimod treatment is associated with less thalamic and cortical
GM atrophy, a lower disability and a less severe disease course, when compared with a
placebo (Cohan et al., 2022; Kappos et al., 2018). Ocrelizumab is the only approved
treatment for patients with PPMS and is associated with a reduction in disease activity
and progression over 24-months (Hauser & Cree, 2020). However, evidence for the long-
term effectiveness of these DMTs in altering the clinical course is limited (Gozzo et al.,
2023). Current DMT options primarily target the immune system, which emphasises the
need for further development of DMTs that aim to address other drivers of MS
worsening beyond inflammation, such as neurodegeneration (Bierhansl et al., 2022).
The use of DMTs in older patients has been carefully considered due to a greater risk of
developing comorbidities, which can influence the therapeutic mechanism, but evidence
investigating the effects of DMT discontinuation in older generation remains
inconclusive (Buscarinu et al., 2022; Zhu & Xia, 2024). The use of clinical trials has been
instrumental for the development of new DMTs and ongoing advancements continue to
drive further therapeutic innovation (Manouchehri et al., 2022). The most recent trial,
known as the Octopus trial, is the first multi-arm, multi-stage study aiming to develop
new treatments for PMS that slow disability progression by providing neuroprotection

(Gray et al., 2023).
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1.6 The Genetics of Multiple Sclerosis Risk and Progression

Although the mechanism of MS is not fully understood, it is said to be a combination of
genetic, immunologic and environmental factors that contribute to disease progression
(Olsson et al., 2017; Tafti et al., 2024). Advancements in research and collaborations has
advanced our understanding of non-human leukocyte antigen (HLA) genetic risk factors,
with current studies focusing on the identification of causal alleles of SNPs (Gourrad et

al., 2012; Waubant et al., 2019).

Research into the genetic contributors to MS risk has revealed over 200 gene variants
(Goris et al., 2022; Jokubaitis & Butzkueven, 2023). However, the genetic contribution to
MS severity remains an ongoing area of research. So far, studies using small cohorts
have failed to identify validated variants associated with MS severity (Fitzgerald et al.,
2019; Harroud et al., 2023; Jokubaitis et al., 2023; Kreft et al., 2024). The HLA-
DRB1*15:01 allele is strongly associated with an increased risk of developing MS and
individuals carrying this allele are more likely to be diagnosed with MS (at a three-fold
increase) compared to those without it (Barrie et al., 2024). Moreover, studies suggest
that the HLA-DRB1*15 gene influences clinical outcomes in MS patients by modulating
the amount of demyelination and inflammation in the spinal cord and causes a

worsening in patient disability (Brownlee et al., 2023; Deluca et al., 2013).

Most MS-associated variants identified by GWAS studies are mapped to the non-coding
regions of the genome, with the associated genes mainly located in regulatory regions
(Ma et al., 2023; Madireddy et al., 2019). Recent findings from DNA sequencing
technologies have identified non-coding RNA as important regulators of cellular
processes in MS and they need to be investigated further, as coding regions account for
only 2% of the genetic information in the genomic DNA (Mycko & Baranzini, 2020). The
suggested functions of many of these genetic variants imply the involvement of cells
from both the adaptive and innate immune responses in the pathogenesis of MS (Goris
et al., 2022), supporting the concept of MS as an autoimmune disease that can be

modified by immune-targeting therapeutics.
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1.7 Genome Wide Association Studies and their Importance in MS Research
Genome wide association studies (GWAS) are conducted on a large-scale to identify
genetic variations that are associated with a particular disease (Favorova et al., 2014).
GWAS has identified SNPs that occur more frequently in the MS population (Cotsapas &
Mitrovic, 2018). As well as being able to identify MS-associated genetic variants, GWAS
can aid the development of polygenic risk scores which is a predictive tool capable of
estimating a person’s susceptibility to MS. Genes linked to MS risk and influencing
clinical phenotypes are likely to have modest effects individually, but in combination
with other variants can represent a_polygenic impact on the patients’ clinical outcomes
(Ma et al., 2023). As of yet, polygenic risk scoring is not used clinically for MS but does
hold a huge promise for improving patient care (Lennon et al., 2024). GWAS has more
recently been beneficial to further understanding the genetic and environmental
interactions in MS by identifying that the coding region for the transient transcriptome
is enhanced in genetic variants associated with MS. These genomic regions for the
transient transcriptome show an increased presence of DNA binding sites associated
with molecule transducers that are implicated in non-genetic contributors of MS, such
as EBV and Vitamin D levels (Umeton et al., 2022). This emphasises the importance of
GWAS studies in complex diseases such as MS, as they can provide insight into disease
mechanisms and highlight therapeutic targets that may aid drug discovery and the

development of new treatment strategies (Reay & Cairns, 2021).

1.7.1 GWAS Studies to Understand the Genetic Drivers of Progression

A cohort analysis conducted by Pan et al., (2016) revealed that gene susceptibility
variants could provide insights into the clinical course of MS. This study investigated 116
SNPs associated with MS risk and identified 2 non-HLA SNPs and 1 HLA SNP that was

associated with predicting MS and relapse risk, and other non-HLA and HLA SNPs that
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were involved with predicting relapse or the EDSS score. This shows that there are

genetic underpinnings which can alter the course of MS.

A notable link involving rs10191329 located in the dysferlin-zinc finger protein 638
(DYSF-ZNF638) region was discovered (Harroud et al., 2023). The risk allele has been
reported to correlate with a 3.7-year reduction in the median time until a walking aid is
required at the homozygous minor level. Additionally, this SNP was associated with
increased brainstem and cortical abnormalities observed in brain tissue. This
rs10191329 SNP was then analysed in another cohort of MS patients and results showed
that those carrying the minor allele had higher rates of brain atrophy (Gasperi et al.,
2023). However, these findings were not replicated in a relapse-onset MS cohort (n =
1813) studied by Campagna et al., (2024) or in an independent MS patient cohort (n =
1455) investigated by Kreft et al., (2024), as both studies concluded that the SNP did not
influence the clinical outcomes of their cohort. They did however find that the
rs7289446 SNP intronic to seizure related 6 homolog like (SEZ6L) had a strong
association that nearly met the GWAS threshold, and this gene was associated with
dendritic spine density and arborization (Jokubaitis et al., 2023). The investigation into
genetic SNPs and their association with severity highlighted in these studies emphasises
the dynamic and evolving nature of research in this field. These findings also highlight
the innovative pathways researchers are exploring to further understand these genetic
variants, demonstrating the ongoing advancements to increase our understanding of

genetics and its implications.

To understand the genetic basis of progression (and to uncover variants that map to the
principal pathological features that drive MS worsening) it would be necessary to
combine genetic (or GWAS) analysis with quantitative neuropathology. Ongoing work in
our group, in collaboration with Professor Richard Reynolds and the UK MS Society
Tissue Bank (unpublished), using GWAS of a large neuropathological cohort, has shown
candidate gene variants of proprotein convertase subtilisin/kexin type 5 (PCSK5) and
COMM domain containing 10 (COMMD10) to be associated with a differential neuron
density. Therefore, as few genes have been linked to MS severity, GWAS studies can be
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used to identify genes of interest that are correlated with neuropathology to determine
whether carriers of these gene variants have altered neuroprotective traits, resulting in

less neuron loss and a less severe MS disease course.

1.7.2 The Role of Dystrophy-Associated Fer-1-Like Gene

Dysferlin, or dystrophy-associated fer-1-like (DYSF), is a gene that encodes the DYSF
protein which is expressed in muscle tissues and is important in cell membrane
maintenance (lvanova et al., 2022). Mutations in the DYSF gene (known as
dysferlinopathies) can cause complications such as progressive muscle weakness and
degeneration (Anwar & Yokota, 2024; Spadafora et al., 2022). Research using DYSF-
deficient mouse models has revealed alterations in immune cell function and cytokine
production, increasing susceptibility to autoimmune diseases (Hornsey et al., 2013).
rs10191329, located in the DYSF-ZNF638 locus, is the first described genetic variant
linked to MS severity that passes rigorous GWAS statistical thresholds (Harroud et al,
2023).

1.7.3 The Role of the Seizure 6-Like Gene

The SEZ6L gene encodes the SEZ6L protein that is responsible for neural connectivity,
synaptic plasticity and dendritic spine formation (Jokubaitis et al., 2023; Nash et al.,
2020). SEZ6L is widely expressed in the brain including the cortex, hippocampus,
striatum and cerebellum (Nash et al., 2020). There have been few studies that have
explored the role of SEZ6L in motor and cognitive functions, but these have utilised
mouse models and not human brain tissue from individuals with MS, which is the focus
of our study (Nash et al., 2020; Ong-Palsson et al., 2022). SEZ6L can act as a substrate
for beta-site APP cleaving enzyme 1 (BACE1), which is involved in the production of
beta-amyloid peptides implicated in Alzheimer's disease and Niemann-Pick type C
disease, thereby influencing SEZ6L function (Causevic et al., 2018; Pigoni et al., 2016;

Miller et al., 2023). The role of SEZ6L and its implication in neurodegenerative diseases
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highlights the importance of further research into this gene in MS. rs7289446, which is
intronic to the SEZ6L gene, had the strongest signal in the study conducted by Jokubaitis
et al., (2023), indicating a potential role in influencing disease severity in individuals with

MS.

1.7.4 The Role of the Proprotein Convertase Subtilisin/Kexin Type 5 Gene
PCSKS5 is a member of the proprotein convertase family and plays an important role in
processing immature proteins into their functional forms, as well as being crucial for cell
migration and transformation (Gong et al., 2024). PCSKS5 is also important for lipid,
glucose and bile metabolism (Parvaz & Jalali, 2021). The minor allele of a SNP mapping
to PCSKS5 (rs10521467) has been shown to be associated with an increased risk of
cognitive impairment and hypotension in a GWAS study using hypotensive cases in
Taiwan (Chen et al., 2019). Knockout of PCSK5 in mice resulted in complications such as
cardiac malformations, tracheoesophageal defects and early embryonic death, but did
not affect the neural crest, which is responsible for normal embryonic development
(Szumska et al., 2017). Recent studies have also elucidated the pivotal role of PCSK5
within the CNS, particularly in facilitating the motility of microglia and monocytes, by
converting the inactive pro-matrix metalloproteinase 14 (pro-MMP14) and pro-matrix
metalloproteinase 2 (pro-MMP2) enzymes into their active forms. The suppression of
PCSK5 has been shown to reduce the pathological mobilisation of monocytes and
increase the presentation of depressive-like behaviours in mice (Ito et al., 2021). Further
stud of PCSK5 in the MS brain is crucial for improving our understanding of disease
pathogenesis and for identifying additional therapeutic targets to manage the condition.
Variants rs10869757 and rs11144848, both predicted to map to PCSK5, were identified
by our collaborators as part of our large scale GWAS neuropathology analysis

(unpublished).
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1.7.5 The Role of the COMM Domain Containing 10 Gene

The COMMD10 gene is a member of the COMMD family and has been linked to copper
homeostasis. It has also been shown to inhibit the nuclear factor k-light-chain-enhancer
of activated B cells (NF- kB) signalling pathway, demonstrating beneficial effects in
supressing colorectal cancer metastasis and inducing apoptosis by upregulating genes
such as caspase 3 (CASP3) and caspase 9 (CASP9), thereby inhibiting tumour growth in
hepatocellular carcinoma (Fan et al., 2020; Yang et al., 2021). COMMD10 mRNA has
been previously detected in the brain, but at low levels (Fan et al., 2020). NF-kB
transcription elements play a vital role in cell signalling pathways in response to
inflammation. They are universally expressed in neurons and regulate the transcription
of genes and proinflammatory modulators linked to neuronal survival. The specific
subunit composition of NF-kB dimers determines functional outcomes, influencing
neuronal protection by modulating the expression of genes involved in cell survival and
inflammatory responses (Shih et al., 2015). This makes the COMMD10 gene an
important target for studying neuronal survival in the GM of the brain. In a study
conducted by Phan et al. (2023), it was shown that COMMD10 plays a crucial role in
early embryogenesis. Knockout of the COMMD10 gene in mice resulted in embryonic
death before day 8.5, halting further development. The study concluded that
COMMD10 is essential, particularly for neural crest development. This emphasises the
importance of COMMD10 in the regulation of neural development and neuronal
survival, and further investigation of this gene within the MS brain is crucial to uncover
its role in neuroinflammation, neuroprotection and potential therapeutic strategies.
Variants rs185263, rs1567335, rs200645460 and rs784480, predicted to map to
COMMD10, were identified by our collaborators in our large scale GWAS
neuropathology analysis, but only the top two SNPs (rs185263 and rs1567335) were

further investigated in our study herein.
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1.7.6 The Polygenic Risk of Genetic Influences in Multiple Sclerosis

MS is a polygenic condition meaning that an individual who has been diagnosed with MS
has multiple genetic variants contributing to disease risk (Shams et al., 2023). It is
evident that a single gene variant cannot have a strong influence on the manifestation
of MS and therefore the genetic contribution is via several variants, each having a small
effect, but together make a telling contribution to risk or severity (Goris et al., 2022).
The combined influence of gene variants that contribute to the risk of MS is important
for how healthcare professionals personalise their support to MS patients regarding the
risk and predicted outcome of the disease (Goris et al., 2022). Polygenic risk scores (PRS)
have a vital role in understanding both the risk of developing MS and the severity of the
disease (Lewis & Vassos, 2020). PRS are computed by assessing the collective impact of
various genetic risk alleles, with each allele’s contribution weighted by its known effect
size (Breedon et al., 2023). It is evident that polygenic risk profiling can aid in prioritising
patients with lower PRS scores, as individuals with these scores may carry rare or
uncommon genetic variants, highlighting the need for more frequent sequencing studies

to identify such variants (Lu et al., 2021).

1.8 Aims and Objectives

Ongoing research in the group, which has combined GWAS with quantitative
neuropathology, has already identified various genes of interest that might be linked
with a more severe neurodegenerative disease phenotype. My project will focus on
better understanding the relative contribution of PCSK5 and COMMD10, alongside DYSF
and SEZ6L, which represent the first published gene variants linked to MS severity. The
focus will be on GM tissue and neuron density, given their key association with

progression.

31



We hypothesise that genetic variants mapping to PCSK5 and COMMD10, identified
using a large scale GWAS neuropathology study, correlate with increased
neurodegeneration and a worsening in clinical outcomes. In addition, we hypothesise
that PCSK5 and COMMD10 will be localised to neurons and will be differentially

expressed in the MS brain.

We will test this hypothesis by using a cohort of post-mortem MS and non-neurological
disease human brain sections with linked quantitative pathological data,

immunohistochemistry, in situ hybridisation and new digital pathology analysis.

The overall aim of the project is to further investigate the genetic and pathological

influence on PMS severity.
The project aims are as follows:

e To compare neuron density in a large cohort of PMS cases in comparison to
matched controls to determine the relative extent of neurodegeneration in MS.

e To compare neuron density, lesion size and diffuse microglial activation in
representative cohorts of major allele homozygotes, heterozygotes and minor
allele homozygotes for gene variants of interest, including those mapping to
PCSK5 and COMMD10.

e To use in situ hybridisation and immunohistochemistry to identify cellular
sources and expression patterns of genes of interest, including PCSK5 and

COMMD10, and to describe their association with lesion pathology.
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1.8.1 Project Impact

The project investigates the stated aims using post-mortem human brain tissue from
individuals with PMS and from those without neurological complications, serving as
non-neurological disease control (control). The project utilises individuals with PMS
because this stage marks the disease endpoint, providing insight into how the condition
has evolved since diagnosis. Control cases included in the study had died from causes
unrelated to neurological disease, such as drug overdose and heart failure, whereas the
MS cases had died due to MS and its associated complications, characterised by
accumulating disability and complex care needs typical of MS patients approaching end
of life, as reported by Martin et al., (2016). There is an urgent need to identify the
genetic factors underlying more severe forms of MS. The project has the potential to
further understand the key molecular drivers of MS contributing to disease worsening.
There is little to no evidence consolidating knowledge of MS progression and the
mechanisms driving increased severity. Although significant strides have been made in
identifying genetic risk factors for MS, a gap remains in understanding the genetic
predispositions associated with disease progression and worsening. This emphasises the
importance of further investigation, as certain genetic SNPs may influence
neuropathological and clinical outcome in patients. Any new findings from the project
could eventually allow us to create better treatment plans and devise new biomarker
tests to monitor patients with the disease. The identification of novel gene variants and
associated pathological traits of MS can be used to answer significant research
questions regarding MS progression and severity. It is evident that severe cases of MS
can lead to disability, thus identifying genes that impact disease severity can support
healthcare professionals in selecting appropriate treatment plans and drug targets to

slow down MS progression (Lublin et al., 2022).

33



2.0 Methods

The primary aim is to explore the genetic influence of a select number of target genes
on the clinical and pathological expression of MS. We firstly used a literature and
resource review to summarise key information regarding the genes and proteins of
interest and what is currently known regarding the function of the first published
variants linked to MS severity (rs72894266 mapping to SEZ6L and rs10191329 mapping
to DYSF-ZNF) and our two novel variants (rs10869757 and rs11144848 mapping to
PCSK5 and rs185263 and rs1567335 mapping to COMMD10). We established a workflow
to firstly; using the linked data available, explore the inter-relationship between the
genetic variants and important pathological and clinical measures of disease severity. As
the SNP rs10191329 mapping to DYSF-ZNF was not found in our GWAS study but
another SNP rs7565433 mapping to DYSF:CYP26B1 was, we utilised this workflow for
this variant to further explore the impact of MS patients carrying this SNP. We then,
described the expression of our target genes of interest (PCSK5, COMMD10) in control
and MS brain, by immunohistochemistry (IHC) and in situ hybridisation (ISH), to finally
quantify the relative gene and/or protein expression in MS versus control and between
normal-appearing and demyelinating tissue. This project represents the first report of
the localisation and expression of novel gene variants and their mapped genes

discovered by combined MS GWAS and neuropathology.

2.1 A Literature Review to Summarise the Known Expression and Function
of Novel Target Genes PCSK5 and COMMD10 in the Human Brain

A literature review was conducted to gather further genetic and cell biological
information on the genes mapped to variants of interest from the accompanying GWAS
study and those described in the recent literature. The genes COMMD10 and PCSK5
represent those identified in the ongoing GWAS analysis of the UK MS Tissue Bank,
whilst variants mapping to SEZ6L (rs72894266) and DYSF-ZNF638 (rs10191329),

associated with disease progression (Harroud et al, 2023; Jokubaitis et al., 2023). The
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search strategy involved Google and querying the databases: National Center for
Biotechnology Information (NCBI) (Sayers et al., 2022) and Human Protein Atlas

(https://www.proteinatlas.org/) to access the latest information concerning function

and expression at RNA and protein level (Karlsson et al., 2021; Uhlén et al., 2015;
Sjostedt et al., 2020; Thul et al., 2017). The protein-protein interaction for each gene is
based on data from the IntAct and BioGRID databases, as well as the BioPlex and
OpenCell experimental datasets, showing interactions for 15038 genes (Cho et al.,2022;
Huttlin et al., 2021; Oughtred et al., 2021; Tu et al., 2021). The visualisation and analysis
of single-nucleus gene expression of our imputed genes of interest (SEZ6L, DYSF, PCSK5
and COMMD10), were carried out using the publicly available resource cellxgene VIP

(https://cellxgenevip-ms.bxgenomics.com/). This information is based on brain tissue

from 12 MS patients consisting of cortical and subcortical WM samples first described

by Schirmer et al., (2019).

2.2 UK MS Tissue Bank MS Cohort for Gene Pathological Comparisons

As part of our wider collaborative studies with the UK MS Tissue bank, we have access
to tissue sections and immunostained slides from n = 310 cases (199 female, 31 years of
age at onset, 59 years of age at death, 227 with a relapse-onset) that have also been
genotyped (lllumina Infinium Omni 2.5 Exome BeadChip array). A detailed overview of
the cohort is presented in Table 9 of supplementary. Each case is coupled with detailed
lifetime clinical history summarised by the Tissue bank. The post-mortem tissue sections
were provided by the UK MS Tissue Bank, Imperial College London with ethical approval
(#19/WA/0238). The post-mortem brain sections used in the project were both
formalin-fixed paraffin embedded (FFPE) and snap frozen (SF) sections of brains from
different regions of MS cases and non-neurological disease controls (UK MS Tissue Bank
and Thomas WIllis Brain Bank, Oxford). The FFPE tissue sections were provided at a
thickness of 6um. The SF sections were prepared from frozen tissue blocks at the same
thickness and stored in the —80°C freezer. The sampled regions for quantitative analysis

were 1. superior frontal gyrus (SFG), 2. cingulate gyrus (CG), 3. thalamus; 4. occipital
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lobe, 5. cerebellum and dentate nucleus (Cb DN) and 6. pons. We (Howell group) have
collected new data on the extent of demyelination, neuron density, perivascular and
leptomeningeal inflammation and measures of microglia/macrophage activation, from
systematically sampled blocks using a digital pathology approach (which is outlined
below) (Cooze et al., 2024). This thesis utilises a selection of cases and sections from this
large neuropathological cohort and makes use of some of the quantitative data
captured by the Howell group and UK MS Tissue bank researchers from the entire

cohort.

2.2.1 Summary Tables of Human MS and Control Post-Mortem Cases

To fulfil the project aims, a range of different cases was required for the various
protocols employed. Table 1 shows the MS cohort used to compare neuron density in
the SFG, CG and thalamus and Table 2 provides information on the non-neurological
disease control cohort used for comparison. Tissue sections were selected to include
various MS phenotypes, with both male and female MS cases of different ages, to
ensure the findings are more representative. Table 3 shows the MS cohorts that were
used to investigate the relative gene expression of SEZ6L, PCSK5 and COMMD10 and its
localisation in neurons, as well as the presence of the PCSK5 and COMMD10 genes
together using RNAscope Duplex protocol. It is important to note that the MS cases in
this project were not receiving any DMTs that could have influenced disease

progression.
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Overview of the MS Cases Used for Neuropathological and Genetic Analyses:

Number of Sex Age of Age of Age at WC| Age died | Onsetto Onset to Onset to |Progression to
MS cases onset | progression | (years) (years) death progression |WC (years) | death (years)
(years) (years) (years) (years)

310 199°F, 100 M, |31 (7-69)| 31(15-85) (34 (18-86) |59 (34-98) | 28 (3-66) 11 (0-49)

16 (0-47) 12 (0-54)
11 unknown

Table 1. A summary of the MS cases used for quantitative neuropathology and genotyping. Data
includes the number of MS cases, a breakdown of sex, age of onset, age at progression, age at wheelchair

(WC) use, age at death, duration from onset to death, onset to progression, onset to WC and progression
to death. All age-related variables and time intervals are reported in years.
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Human Non-Neurological Disease Control Cases:

Case Age Sex Cause of death PMI Protocol(s) used
(hrs)
C026 78 F Myeloid leukaemia 33 HuC* IHC
C032 88 M Prostate cancer 22 HuC* IHC
C045 77 M Prostate cancer 22 HuC* IHC
C036 68 M Heart failure and alveolitis 24 HuC* IHC
Cco37 84 M Bladder cancer, pneumonia 5 HuC* IHC
€039 82 M Rheumatoid arthritis 24 HuC* IHC
C048 68 M Metastatic colon cancer, microvascular pathology 10 HuC* IHC
NP013/011 62 F Metastatic colorectal cancer 24 HuC* IHC, SEZ6L + HuC,
Duplex, PCSK5 IHC
NP013/012 60 F Metastatic breast cancer 48 HuC* IHC, PCSK5 IHC
NP012/023 69 - 24 HuC* IHC
NP013/039 41 M Myocardial infarction 24 HuC* IHC, SEZ6L + HuC,
Duplex, PCSK5 IHC
NP012/046 72 M - 24 HuC* IHC
NP012/052 42 F Metastatic pancreatic carcinoma 48 HuC* IHC
NP011/073 64 M Gastrointestinal bleed, sepsis 48 HuC* IHC
NP013/073 59 Infective exacerbation of chronic obstructive 24 HuC* IHC, SEZ6L + HuC,
pulmonary disease Duplex, PCSK5 IHC
NP012/088 51 M Cardiac arrest 24 HuC* IHC
NP011/093 52 F Chronic liver disease 48 HuC* IHC
NP013/103 48 F End-stage interstitial lung disease 56 HuC* IHC
NP013/109 69 M Myocardial infarction 34 HuC* IHC
NP122/011 65 F Infective exacerbation of chronic obstructive <24 HuC* IHC
pulmonary disease
NP013/126 56 M Cardiac arrest 40 HuC* IHC, PCSKS5 + HuC,
COMMD10 + HuC, Duplex,
PCSK5 IHC
NP013/127 60 M Cardiac arrest 30 HuC* IHC, Duplex, PCSK5 IHC
NP013/128 68 M Cardiac arrest 48 HuC* IHC, Duplex, PCSK5 IHC
NP012/132 67 F - 48 HuC* IHC
NP013/141 56 M intra-operative death during coronary artery bypass 48 HuC* IHC
graft
NP013/161 73 M Metastatic colorectal cancer 52 HuC* IHC, SEZ6L + HuC,
PCSK5 + HuC, COMMD10 +
HuC, Duplex, PCSK5 IHC
NP013/172 69 M Drug overdose 36 HuC* IHC, SEZ6L + HuC,
Duplex, PCSK5 IHC
R1123193 58 M - 48 HuC* IHC,

Table 2. Donor information for non-neurological disease controls utilised in this study. A combination of
FFPE and SF blocks were available to perform various ISH and IHC techniques, as well as a combined
approach for SEZ6L + HuC and PCSK5 + HuC protocols. All cases were region-matched across the SFG, CG
and thalamus. Details of the cases such as sex, age and cause of death and post-mortem interval (PMI;
hours) are shown above.
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MS Cases Used:

Case Age Sex Cause of death MS Classification Disease |PMI (hrs) Protocol(s) Used
Duration
(years)
MS402 46 M MS, Bronchopneumonia SPMS 20 12 PCSK5 IHC
MS407 44 F Septicaemia, Pneumonia SPMS 19 22 PCSK5 IHC
MS408 39 M Pneumonia, Sepsis SPMS 10 21 PCSK5 + HuC,
COMMD10 + HuC,
Duplex
MS422 58 M Chest infection due to MS SPMS - 25 PCSKS5 IHC
MS423 54 F Pneumonia SPMS 30 11 PCSKS5 + HuC,
COMMD10 + HuC,
Duplex, PCSK5 IHC
MS425 46 F Pneumonia, MS SPMS 21 25 SEZ6L + HuC, Duplex,
PCSKS5 IHC
MS438 53 F MS SPMS 18 17 SEZ6L + HuC, Duplex,
PCSK5 IHC
MS461 43 M Bronchopneumonia SPMS 21 13 PCSK5 IHC
MS473 39 F Bronchopneumonia, MS PPMS 13 9 SEZ6L + HuC, Duplex,
PCSK5 IHC
MS485 57 F Bronchopneumonia, PPMS 13 24 Duplex, PCSK5 IHC
Advanced MS
MS491 64 F Anaphylactic reaction SPMS 26 9 PCSKS5 IHC
MS492 66 F Sigmoid cancer PPMS 31 15 Duplex, PCSK5 IHC
MS497 60 F Aspiration pneumonia, MS SPMS 29 26 SEZ6L + HuC, Duplex,
PCSK5 IHC
MS510 38 F Pneumonia, MS SPMS 22 19 Duplex, PCSK5 IHC
MS513 51 M MS, respiratory failure SPMS 18 17 SEZ6L + HuC, PCSK5 IHC
MS523 63 F Bronchopneumonia, MS SPMS 32 20 SEZ6L + HuC, Duplex,
PCSKS5 IHC
MS527 47 M Pneumonia, MS SPMS 24 10 Duplex, PCSK5 IHC
MS528 45 F MS SPMS 25 17 PCSK5 IHC
MS530 42 M MS SPMS 24 15 SEZ6L + HuC, PCSK5 IHC
MS538 62 M Pneumonia SPMS 39 12 Duplex, PCSK5 IHC
MS543 66 F Ischaemic bowel SPMS 40 24 PCSKS5 IHC
(inoperable), MS

Table 3. Post-mortem MS cases used in this study. These tissue samples were taken from the frontal
region of the brain to perform ISH to detect the presence of SEZ6L, PCSK5 and COMMD10 gene
expression in NGM and GML regions (Singleplex or Duplex detection), IHC to detect the presence of PCSK5
at protein level and a combined ISH/IHC approach to identify gene expression in immunostained HuC*
neurons (SEZ6L + HuC). The clinical information such as the age died, sex, cause of death, type of MS
(PPMS = primary progressive MS, SPMS = secondary progressive MS, RRMS = relapse remitting MS), the
disease duration and PMI are reported.
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2.2.2 Data Retrieval of MS Cases Carrying SNPs of Gene Variants of Interest
The gene variants associated with MS neuropathology were selected for this project by
our collaborative team. | compared the burden of neuronal, myelin and inflammatory
pathology between cases defined by their variant status (homozygous major,
heterozygous, homozygous minor) for the rs7565433 mapping to DYSF:CYP26B1,
rs72894266 mapping to SEZ6L, rs10869757 and rs11144848 SNPs mapping to PCSK5,
rs185263 and rs1567335 mapping to COMMD10. The number of cases in our cohort for
each genotype of the SNPs of interest can be found in Table 10 of supplementary. The
mean HuC* neuron density per brain region (frontal gyrus, cingulate, thalamus, occipital
lobe, basal pons and the cerebellar dentate nucleus) for homozygous major,
heterozygous and homozygous minor genotypes was plotted as a scattergram with
mean and standard deviation. Groups were compared by Kruskal-Wallis and Dunn’s
multiple comparison post-tests. The same analysis was conducted for measures of
demyelination (% demyelination) and was calculated using the methodology outlined in
protocol 2.7.1. | further investigated the effects of carrying both the PCSK5 and
COMMD10 gene variants, specifically exploring the differences between the associated
genotypes. Additionally, | expanded the investigation by examining whether specific
genotypes of both gene variants of PCSK5 and COMMD10 were correlated with clinical
differences, particularly in terms of outcomes such as age at death, age at wheelchair

dependence and disease duration from symptom onset to death (method 2.2.3).

2.2.3 Assessing the Association Between Carrying Two or More Gene
Variants of Interest and the Clinical and Pathological Severity of MS

We wanted to investigate whether carrying both SNPs mapping to PCSK5, or both SNPs
mapping to COMMD10, influences measures of neuropathological or clinical severity in
MS. The gene variants with the highest hits for the PCSK5 gene were rs10869757 and
rs11144848 respectively and the top hits for the COMMD10 gene were rs185263, which
was the top hit on the gene versus neuropath list and rs1567335 which was the 2"¥ most

frequent hit. To investigate whether carrying more than one SNP of interest had an
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impact on neuron density, demyelination and clinical outcomes, we performed a Dunn’s
multiple comparison between cases that carried all 4 SNPs of interest and cases that did

not.

2.3 Tissue Characterisation

A subset of human brain tissue sections from a small number of MS and non-
neurological disease controls were available for further analysis at Swansea (see Table 2
and Table 3). Tissue sections were stained with luxol fast blue (LFB)/haematoxylin to
visualise patterns of myelin and to identify cell nuclei. Tissue sections were
immunohistochemically stained with anti-HLA-DR (Human Leukocyte Antigen) to
identify immune cell infiltration and activation, which is found in areas of damage and
neuroinflammation; anti-myelin oligodendrocyte glycoprotein (MOG) to visualise myelin
and demyelinated lesions; and anti-HuC (Hu proteins are mammalian embryonic lethal
abnormal visual system (ELAV)-like neuronal RNA-binding proteins) for the staining of
mature neurons. The GM of the frontal sections of MS brain tissue was characterised
into normal grey matter (NGM) and GM lesion (GML) using the MOG-stained tissue
sections. The previously stained MOG tissue sections aided the confirmation of lesion
and NGM areas in cases that were also stained separately to confirm protein expression
of PCSK5 and gene expression patterns of SEZ6L, PCSK5 and COMMD10 in control,

normal and lesion tissue (protocols 2.5.2 and 2.6.1 respectively).
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Figure 3. Identification of post-mortem human brain tissue regions used in the project. The a) sagittal
plane shows the pons, cerebellum and occipital lobe from left to right and the b) coronal plane shows the
SFG, CG and thalamus from top to bottom, as highlighted by the boxed regions annotated on the images.
MOG immuno-staining confirmed the presence of c) NGM and GML regions and confirmed the type of
lesion that is present based on its location. The areas of demyelination from the MOG sections are
highlighted in yellow using the QuPath annotation tool. Stained HuC and HLA paired sections (seen later)
were also used to quantify neuron density and diffuse microglia/macrophage activation, respectively.
Scale bar: c = 1cm.

2.4 Primary Antibodies Used for Immunostaining and In Situ Hybridisation
Post-mortem brain sections were used for IHC, ISH and a combination of both protocols
to assess SEZ6L, PCSK5 and COMMD10 gene expression using specific RNA probes and
HuC/D for the staining of mature neurons. PCSK5 protein expression was also analysed
using IHC. Scanned images were imported into QuPath digital pathology software for

guantitative analysis (Bankhead et al., 2017; Cooze et al., 2024).
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Antibody (Species) Target Secondary Dilution Company & Product
detection Details
antibody

Anti-HuC/D (Mouse)| Post-mitotic Neurons | Goat anti-mouse | 1:1000 Clone: 15A7.1 Merck

Anti-MOG (Mouse) | Myelin oligodendrocyte | Goat anti-mouse 1:50 Clone: Z12 Prof

glycoprotein Reynolds/Imperial College
London
Anti-HLA (Mouse) HLA-DR positive Goat anti-mouse 1:150 Clone: cr3/43
microglia/macrophage Dako/Agilent
PCSKS5 (Rabbit) PCSKS5 protein Goat anti-rabbit 1:200 Polyclonal antibody:
Invitrogen (product code
15734541)
COMMD10 (Rabbit) COMMD10 cells Goat anti-rabbit 1:800 Polyclonal antibody:

Invitrogen (product code
13466387)

Table 4. A list of primary antibodies used in the project. Information includes the appropriate dilutions
and manufacturer details.

2.5 Immunohistochemistry

IHC is an important method for determining the expression and localisation of a protein

of interest by identifying the specific binding between an antibody and antigen that is

presented on the tissue section (Bruan et al., 2013; Crowe & Yue, 2019; Magaki et al.,

2019). | used IHC for the identification and quantification of HuC* neurons in the SFG, CG

and thalamus of the control cohort (Table 2), for the identification of myelin and

demyelinated lesions (anti-MOG IHC) and for the immuno-staining of PCSK5 in our

control and MS cohort (Table 2 and Table 3 respectively).
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Figure 4. Single antigen labelling in IHC protocol. This diagram shows the important steps of IHC to
visualise specific proteins within a tissue section. The primary antibody that is designed to target a specific
antigen on the tissue (e.g. HuC) is bound by a biotinylated-conjugated secondary antibody and a tertiary
enzyme-linked complex (peroxidase). This complex is visualised by adding a substrate (typically hydrogen
peroxide with the chromogen diaminobenzidine) to allow detection through the generation of a coloured
and insoluble reaction product that forms at the target protein within the tissue. This figure was created
using Biorender.com.

2.5.1 Immunostaining Non-Neurological Disease Control Cases for the
Quantification of HuC* Neurons

Human control brain tissue was histologically stained to detect the presence of mature
neurons using anti-HUC/D. There were 28 non-neurological disease control cases in this
study (see Table 2 for clinical information on the cohort), comprising of 59 brain tissue
sections from the SFG, CG and thalamus regions. The FFPE sections were first baked in
the oven at 60°C for 30 minutes and placed in xylene (Fischer Scientific) for 20 minutes
to remove the paraffin wax, which is a process known as de-paraffinization. The sections
were rehydrated by submerging in a series of alcohol concentrations from 100% alcohol
to water at 2-minute intervals (100%, 75%, 50%, 25%, 0%). The sections were placed in a
solution of hot 0.05% v/v citraconic anhydride (Sigma) in a household steamer for 60
minutes. The citraconic anhydride was used as the antigen retrieval buffer. When
removed from the steamer, the sections were placed in water to cool for 10 minutes,
and the edges of the slides were dried and marked with a hydrophobic barrier prior to
phosphate-buffered saline (PBS) washes (Sigma). The peroxidase enzymes in the brain
tissue were blocked using a solution of 0.6% hydrogen peroxide (Fischer Scientific) in

0.1% of PBS-Triton (PBST) for 8 minutes. This was followed by two PBS washes and a
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pre-immune incubation using 10% normal goat serum for 30 minutes to block the non-
specific antibody binding prior to the addition of the primary antibody. The primary
antibody used was mouse anti-HuC/D (see Table 4), which was diluted in PBST, at a
1:200 dilution and pipetted over sections for an overnight incubation. The following day,
the sections were PBS washed and the biotinylated secondary antibody (goat anti-
mouse; Vector Labs Ltd.) was added to the sections for 60 minutes. Avidin-biotin
complex (ABC)-peroxide linked (supplier Vector; catalogue # PK6100) was applied to the
sections and incubated for a further 60 minutes. The sections were washed and left in
PBS whilst the solution for the diaminobenzidine (DAB) detections was prepared
(immPACT DAB; Vector Labs; SK-4103). The stopwatch was started when the immPACT
DAB was added to the sections to time the colour development. Sections were observed
using the Olympus BH2 microscope until a clear positive reaction product was observed
and background staining was minimal. To ensure that the sections were not stained too
intense one section was trialled independently before batch processing the rest of the
cases. The average development time was applied for the remaining sections in the
experiment. Stained sections were placed in water to quench the reaction and prevent
overstaining. Sections were counter stained in haematoxylin (Vector). To mount the
samples, they were dehydrated back through increasing alcohol concentrations
(0%,25%,50%,75%,100% to 100%) at 2-minute intervals, followed by immersion in fresh
100% alcohol. These were placed back in a fresh solution of xylene for clearing and
mounted using a coverslip and xylene based DPX mountant (Sigma). When dried these
sections were scanned and digitalised using ZEISS Axio scanner so the resulting .czi files

could be viewed, annotated and measured as a QuPath project.

2.5.2 Staining for PCSK5 Protein Expression in MS and Control Cohort

The IHC protocol was applied to a selected MS and control cohort to detect PCSK5
protein expression in the NGM and GML of MS tissue and in the GM of the control
tissue. The sections were cut from SF tissue and fixed with 4% paraformaldehyde (PFA)

(Sigma) for 30 minutes at room temperature. Sections were rinsed in PBS, marked with
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the hydrophobic pap pen and endogenous enzyme activity in the tissue was quenched
(0.6% H,02). Pre-immuno blocking to reduce non-specific antibody binding was
performed using 10% normal goat serum (Sigma) for 30 minutes. The PCSK5 antibody
was diluted in PBST at a 1:200 dilution and was left on the tissues overnight. Following
three PBS washes, the sections were incubated with a secondary biotinylated goat anti-
mouse antibody (Vector) at a 1:500 dilution for 60 minutes. The ABC kit (supplier Vector
AK500) was applied to the sections and incubated at room temperature for a further 60
minutes, followed by three PBS washes before the DAB substrate (Immpact DAB) was
applied. Staining intensity was monitored under the microscope. The reaction was
guenched using water and counterstained using haemoxylin before being dehydrated
through graded ethanol and placed in xylene for mounting. The sections were mounted
using a coverslip and DPX mountant. These sections were then scanned to be digitally
analysed using QuPath software to count the cells expressing PCSK5 in lesion and non-

lesion tissue of MS cases and in the NGM of the control cases.

2.6 In-Situ Hybridisation

ISH is a molecular technique used to detect specific nucleic acid sequences within the
tissue and to allow visualisation of target transcripts of interest, providing information
about the localisation and pattern of the gene expression (Wang et al., 2012). In this
study, ISH was used to detect and quantify SEZ6L, PCSK5 and COMMD10 expression in
MS and non-neurological disease controls. To ensure assay reliability, control slides
were included: a positive control using Homo sapiens peptidylprolyl isomerase B (PPIB),
a negative control using Escherichia coli dihydrodipicolinate reductase (DAPB) and a no-

probe (blank) control.

The workflow of ISH firstly involved the post-fixing in 4% PFA of the SF section for 30
minutes at room temperature, followed by rinsing in tap water and dehydration through
a graded series of alcohols at 5-minute intervals (50%,70%,100% to fresh 100%).

Sections were air-dried for 15 minutes and incubated with hydrogen peroxide solution
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(1:50 dilution in deionised water for 8 minutes). The solution was removed from the
slides, and 3-4 drops of protease IV were added to the sections for 15 minutes to
uncover target RNA (RNAscope Protease IV; AcDBio), followed by two washes with PBS
solution. The RNAscope target probes of choice (in the instance of this project, either
SEZ6L, PCSK5 and/or COMMD10) were hybridised to specifically bind target RNA
molecules and the hybridisation signals were amplified prior to chromogenic detection.
Tissue sections were visualised using an Olympus BH2 microscope, with each punctum
representing a single target RNA molecule. Quantification was performed using QuPath.
ISH was used to localise one gene of interest, either with a simple haematoxylin
counterstain (Singleplex approach, 2.6.1), in combination with immunostaining (IHC,
2.6.2) or as a dual ISH to identify two genes of interest simultaneously (Duplex ISH,

2.6.3).

2.6.1 RNAscope Singleplex Assay for SEZ6L, PCSK5 and COMMD10

The RNAscope Fast Red development protocol was used to detect and quantify SEZ6L,
PCSK5 and COMMD10 expression in MS and non-neurological disease control brain
tissue. Singleplex RNAscope assay followed the general protocol described above (ISH,
2.6). The probe (either SEZ6L: RNAscope™ Probe- Hs-SEZ6L, Cat No. 480051; PCSKS5:
RNAscope™ Probe- Hs-PCSK5-C2, Cat No. 803981-C2; or COMMD10: RNAscope™ Probe-
Hs-COMMD10-C1, Cat No. 1241261-C1; ACD Bio.com, Biotechne) was added to the
sections and hybridised for 2 hours at 40°C. Slides were washed with wash buffer before
being stored in 5 x saline sodium citrate (SCC) buffer at room temperature overnight.
The following day the sections were washed 4 times with wash buffer, and the AMP
process began (see Figure 5, RNAscope® 2.5 HD Detection Reagents-RED, Catalog No.
322360 according to the manufacturer’s instructions). Final chromogenic detection
involved diluting fast B into fast A at a 1:60 dilution which was made up and used
immediately due to its sensitivity to light. These were added to the slides incrementally
and the development time was monitored under the Olympus microscope. The sections
were counterstained with haematoxylin for 1 minute and were placed in two changes of
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tap water. The sections were air dried for 15 minutes at room temperature and dried
further at 37°C for 15 minutes before being mounted with Vectamount (Vector Labs,
Inc.). Images of the cases at NGM and GML areas, at 4 images per region, were captured
using the Zeiss Axio Scope 1 fitted with a Zeiss MRm 503 colour camera at 100-630x

magnification.

AMP 1 for 30 AMP 2 for 15 AMP 3 for 30
mins at 40°C mins at 40°C mins at 40°C
|
W/
AMP 4 for 15 AMP 5 for 30 AMP 6 for 15
mins at 40°C mins at RT mins at RT
|
W
Detection

Figure 5. The AMP steps for the RNAscope protocol. The AMP 1-4 application required the use of a 40°C
oven whereas AMP 5 and AMP 6 were applied to the sections at room temperature (RT). Each AMP
application was followed by 3 series of wash buffer rinses to remove the previous AMP from the tissue
section. The puncta for the RNAscope protocol were pink in colour.

2.6.2 ISH Combined with Immunostaining to Identify Transcript Positive
Cells

A combined approach of methods 2.6 ISH followed by 2.5 IHC was used to identify the
presence of PCSK5, COMMD10 and SEZ6L gene expression in neuronal-like cells. The ISH
protocol was performed as standard but following the detection stage, sections were

guenched with water and washed with PBS solution. Bloxall endogenous blocking

48



solution was subsequently applied to the sections for 10 minutes to minimise non-
specific binding by blocking exposed tissue binding sites. The sections were washed
again with PBS solution to remove the blocking solution, and 10% normal goat serum
was added to the sections for 20 minutes. Anti-HuC/D was added for an overnight
incubation. Sections were washed and a then goat anti-mouse biotinylated secondary
antibody was added for 60 minutes prior to incubation with an Avidin-linked alkaline
phosphatase tertiary complex (cat #AK5000). Vector blue (cat #5K-5300) was prepared
in @ 100mM Tris-HCl solution and colour development was observed under the
microscope. The reaction was quenched when the desired intensity was achieved, after

which the sections were air dried and mounted with Vectamount (Vector Labs, Inc.).

2.6.3 RNAScope With Duplex Red and Green Detection for the Combined
Detection of PCSK5 and COMMD10

The Duplex RNAscope 2.5 Detection Kit (#322500) allows the visualisation of two RNA
species simultaneously. The protocol followed the initial stages of the Singleplex
RNAscope assay (2.6.1), with the simultaneous hybridisation of two probes (PCSK5 and
COMMD10), requiring additional detection steps to visualise both the red signal (PCSK5
expression) and the green signal (COMMD10 expression). Therefore, AMP treatments
were applied to the sections as normal up to AMP 6, followed by the red detection
stage. Steps AMP 7 to AMP 10 were applied to detect the green signal, achieved by
diluting green-B into green-A at a 1:50 dilution, as shown in Figure 6. The sections were
counterstained with haematoxylin for 1 minute, rinsed twice with tap water, air dried
and subsequently placed at 37°C before being mounted with a coverslip using

Vectamount (Vector Labs, Inc.).

Once the sections were dry, we used previous MOG staining of the MS cases to identify
NGM and GML areas which we could map to our PCSK5 and COMMD10 gene expression

brain section slides. Images were captured on the Zeiss Axio Scope 1 at 100-630x
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magnification fitted with the Zeiss MRm 503 colour camera and 4 images were taken

per NGM region for MS and control cases and 4 images per GML area for MS cases.

AMP 1 for 30 AMP 2 for 15 AMP 3 for 30
mins at 40°C | | mins at40°C [ | mins at 40°C
J
Y
AMP 4 for 15 AMP 5 for 30 AMP 6 for 15
mins at 40°C — mins at RT — mins at RT
|
N
Detect Red AMP 7 for 15 AMP 8 for 30
signal | | minsat40°C [ ] mins at 40°C
|
L
AMP 9 for 30 AMP 10 for Detect Green
mins at RT — 15 mins at RT _} Signal

Figure 6. Simultaneous detection of PCSK5 and COMMD10 gene expression using RNAscope Duplex
Assay. The protocol was employed for the simultaneous detection of the C2 probe, an alkaline
phosphatase (AP)-linked probe targeting PCSK5, which revealed pink puncta when hybridised to the
target RNA and the C1 probe, a horseradish peroxidase (HRP)-linked probe targeting COMMD10, which
produced green puncta when bound to the target RNA. The linking of these enzyme systems is important
for converting the substrate molecules into detectable signals, thus allowing the visualisation of the gene
targets.

2.7 Digital Pathology: Quantification Using QuPath

QuPath is an open-source software which can be utilised to generate quantitative data
to measure pathology. The software allows the visualisation and measurement of
features in a much quicker and more convenient way compared to traditional manual

microscopy (Bankhead et al., 2017). The software can be used for interpretation by
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annotating regions of interest and image analysis to detect cells in that given area. Each
project can custom a workflow script to adjust the cell detection parameters for images
that may have intense staining or have artefacts present on the tissue. Additionally,
scanned images and annotated image files can be easily shared between investigators

or re-opened and inspected at a later point.

This technique of digital pathology was used in my project for the
immunohistochemically stained control cohort to calculate the number of mature
neurons, to count the number of HuUC* cells expressing the SEZ6L gene in MS lesion and
non-lesion tissue and control, to count the number of cells expressing PCSK5 at protein
level and the number of PCSK5 and COMMD10 transcript positive cells detected by the

Duplex assay.

2.7.1 Quantification of HuC* Neurons

The 6-layered neocortex consists of the outermost layer (layer 1) to the innermost layer
(layer 6). Layer 1 typically contains few neurons and was not included in the counts. For
the SFG and CG two regions of interest with a combined area between 5.5um - 11um
were annotated between the cortical layers 2-6 where an identifiable sulcus could be

found.

Rather than sampling a region of interest we annotated the entire thalamus for those
blocks. It was important to keep the borders of the thalamus consistent between cases
as regions outside this are highly variable between sampled blocks. | located the WM
internal capsule including the thalamus reticulum and orientated the section relative to
the ependymal wall of the third ventricle and neurons of the sub thalamic nuclei (such
as the sub thalamic nucleus, the red nucleus, substantia nigra). Thalamic neuron density
represented the medial, lateral, anterio-ventral and lateral dorsal nuclei. Using the ‘cell
detection/positive cell detection’ tool, the parameters were adjusted to ensure that all
mature neurons within the annotated regions were included. From Figure 7, it is evident
that the neurons in the thalamus are more spread out and larger compared to the
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neurons detected in the cortical blocks. Therefore, the minimum cell area for the
thalamus blocks was adjusted to a higher value compared to the cortical blocks to
ensure the correct number of neurons were detected and to exclude other non-

neuronal cells, which occasionally expressed HuC (perineuronal oligodendrocytes).

a) SFG
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Figure 7. The annotations of regions of interest in selected brain regions to retrieve positive cell counts
from control cohort. The SFG, CG and thalamic regions of the brain were annotated differently as the SFG
(a), and CG (b) neuron counts were taken in two regions and the entire thalamus (c) was used for the
thalamic neuron counts. The neuron sizes in the thalamus were larger than in the SFG and CG and so a
lower minimum area size to capture the neurons was needed for the cortical sections. Panels d, e and f
show magnified views of the SFG, CG and thalamus respectively to illustrate how neuronal cells were
captured via QuPath. Scale bars: a-c = 1mm, d-e = 30um, f = 20pum.

To minimise incorrect neuron counts an area of the image was selected to estimate red,
green and blue stain vectors to ensure that the different stains and colours within the
scanned image are distinguished from one another. The parameters needed to be
adjusted accordingly depending on the intensity of the HuC* staining and the size and
staining intensity of the mature neurons. The ‘positive cell count’ command was

selected, and the chosen initial parameters (see Figure 8) were used for optimisation. A
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workflow script was created to run the analysis for the entire project, with the number
of positive cells per mm? data measurements exported to Microsoft Excel. A quality
check was performed by comparing the automated counts with a manual count (OH,
BC). For certain cases these parameters did not result in a complete and accurate
neuron count, thus we had to adjust. For the setup parameters, the detection image of
choice was optical density sum with a requested pixel size of 0.5um and a background
radius of Oum. The mean filter radius was adjusted between Oum - 6pum and the sigma
was between 1um - 4um. The maximum area captured remained consistently on 10,000
umA2 for each scanned image but the minimum area was amended to be between
20um - 30um to ensure all mature neurons were captured on the image for
quantification. The intensity parameters remained on default but the split by shape
option was only selected for the thalamus sections as some of the annotations needed
to be split to exclude the WM tract within the image. The ‘estimate stain vectors’
function attempts to account for differences in staining intensity, but it does not fully
correct for these variations, so threshold values were adjusted accordingly. The intensity
threshold values used for all the cases ranged between 0.05-0.35. A possible reasoning
for a high positive cell count is that the split by shape command was selected which

overestimates the cell count and identifies one neuron-like cell as multiple.
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Figure 8. Default parameters for positive cell detection on QuPath. The background radius, sigma,
minimum and maximum area and threshold were adjusted in a case dependent manner to ensure the
mature neurons were captured for each brain region. The neuron sizes in the thalamus brain region were
much larger than in the SFG and CG and so a higher minimum area was used for the nucleus parameters.
We wanted to exclude the oligodendrocytes in our positive cell count and so we adjusted the size
parameters to ensure they did not contribute to the count, as these cells were small and easy to identify.
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2.7.2 Quantifying the Density of HUC* Neurons Expressing SEZ6L

The ‘positive pixel count” command in QuPath was used to calculate the percentage of
positive staining across the total region of interest (ROI) and to manually count the HuC*
neurons, generating SEZ6L expression percentages in both NGM and GML areas, which
were identified using previously stained MOG sections. The ‘estimate stain vectors’
command was firstly applied to each image, after which the Stain 2 channel was
adjusted to match the colour of the pink SEZ6L expression puncta, allowing QuPath to
identify it as the positive stain. The ‘detect positive staining’ command was utilised using
the parameters shown in Figure 9a below. This generated a positive percentage of ROI
area for each image. The number of HuC* cells on the same images were counted using
the manual cell counter. The percentage SEZ6L expression was calculated using the

following equation:

Average Positive Pixel Count for the Case

SEZ6LE lon % = 0
xpression 7o Average Neuron Count for the Case g

The average SEZ6L expression across the four images for each region of interest was

reported at control GM, NGM and GML sites where appropriate.
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Downsample factor 1
Gaussian sigma 0 pm

Hematoxylin threshold ('Negative') = 0.1 OD units
DAB threshold ('Positive') 0.12 CD units

v/| Add summary measurements to parent
v/| Clear existing parent measurements
Add parameters to measurement names

b) Use legacy measurements (v0.1.2)

Run

Figure 9. Comparison of QuPath approaches for SEZ6L expression analysis. a) The parameters employed
for detecting the positive SEZ6L staining across the image are as shown. The applied settings ensure
accurate identification of regions expressing SEZ6L staining within both NGM and GML regions. b) A visual
representation of SEZ6L positive staining detected using the above parameters (shown in red).
Additionally, manual counting is demonstrated by the labelled numbers indicating HuC* cells which are a
marker of mature neurons. The combined approach contributes to the calculation of a percentage of
SEZ6L expression which can be averaged for each case in NGM and GML (where present) areas.
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2.7.3 Quantifying PCSK5* Cells

QuPath analysis was used to quantify PCSK5* haematoxylin-stained cells in NGM and
GML regions of MS cases and GM regions of control cases. To identify the areas of
interest (NGM and GML), we used previously stained MOG slides for those cases in our
cohort which were used to highlight lesion areas. These regions were annotated using
QuPath. There were 4 annotated regions per area of interest with a combined area
between 2x10°-7x10° um"?2, as some of the subpial GML in the MS tissue were small, so
smaller areas were used for positive cell counting. Some MS cases in our cohort did not
have GML, therefore only NGM regions were annotated for these cases. The
annotations were consistently placed in the cortical tissue to ensure that the positive
cell counting is in the same layer for each case. An example of how the annotations

were captured are shown in Figure 10.
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Figure 10. Quantification of PCSK5 IHC positively stained cells in MS and control cases. Previously
stained MOG" cases were matched with the PCSK5 IHC stained cases and used to identify distinct regions
of GML of MS cases and NGM for both the MS and the control cases, which was utilised to annotate four
annotations for each of these regions (a). A manual counting approach used in these selected areas to
quantify relevant cells expressing PCSK5 at protein level with each dot representing the count of one cell
(b). This methodology was used to calculate the number of positive cells per mm2for each region of
interest per case which was statistically analysed. Scale bars: a = 2mm, b = 20um.
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2.7.4 Quantifying the PCSK5 and COMMD10 Gene Expression in Control and
MS Brain

Manual cell counting was first conducted to determine the number of PCSK5* and
COMMD10 puncta positive cells. The QuPath '‘automated quantification' was used to
report the area of positive stain. This was done by using the classifier tool (which first
required the estimation of stain vectors) and setting the Stain 1 to the colour of
expression of the gene of interest (pink for PCSK5 and green for COMMD10). Therefore,
two different projects needed to be created to calculate values for both genes. The Stain
3 parameters were also adjusted and matched to the background of the tissue. Live
classification was performed by creating a thresholder for pixel classification, adjusting
the resolution to very high to disable down-sampling, changing the channel to DAB and
removing the prefilter. The above and below thresholds were adjusted in live time to
ensure all positive staining was detected. This generated an area of positive stain per
image which was divided by the image size to give the positive percentage of total ROI.
As we already performed manual counts for each image, we were able to divide the
positive percentage of total ROl by the number of cells detected in that image to
calculate the positive percentage per positive cell. This was averaged across the 4
images per region to give an average positive percentage immunoreactivity per positive
cell for the NGM and for the GML. This was repeated in the second project to obtain
results for the PCSK5 and COMMD10 at NGM and GML areas for MS cases and NGM in

control cases.
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2.8 Statistical Analysis

Statistical analysis was performed using GraphPad Prism (Version 10). Non-parametric
testing was utilised to remove assumptions of normal distribution. Statistical tests used
in the project included the non-parametric t-test and Mann Whitney t-tests for 2 group
analysis (for example, to compare the neuron density between the MS and control
cohort in SFG, CG and thalamus and to identify differences in expression of SEZ6L or
PCSK5 between MS and control cases irrespective of lesion tissue). Kruskall-Wallis with
Dunn’s multiple adjusted post-test was used to compare 3 or more groups, for instance,
to further investigate differences in expression of SEZ6L and PCSK5 in GM control and
NGM and GML of MS tissue and to analyse neuron density, demyelination and clinical
differences between MS cases that carried gene variants of interest (rs10869757 and
rs11144848 mapping to PCSK5, rs185263 and rs1567335 mapping to COMMD10,
rs72894266 mapping to SEZ6L and rs7565433 mapping to DYSF:CYP26B1). This was also
important in determining the polygenic effect of carrying more than one gene variant of
interest (for example, carrying both the PCSK5 and COMMD10 gene variants to identify
if this had a neuroprotective effect or a less severe MS outcome). Wilcoxon-signed
ranked tests were used on paired data (for instance, MS cases with known SEZ6L gene
expression or known PCSKS5 positive cell density in both NGM and GML areas) to
investigate differences in expression in normal tissue versus damaged tissue. The level
of statistical significance for all tests was set at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***)
and p < 0.0001 (****).
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3.0 Results

The genetic influences of MS severity are poorly understood. For this project, we
focused primarily on two genes of interest, PCSK5 and COMMD10, which were
identified during collaborative GWAS studies. We investigated their putative function
and pattern of expression in control and MS tissue, alongside SEZ6L and DYSF, which are
mapped genes described in the recent literature (Harroud et al., 2023; Jokubaitis et al.,
2023; Kreft et al., 2024). In conducting this analysis, we wanted to establish a workflow
to investigate novel variants and mapped genes that are associated with the
pathological severity of MS to uncover important information about the genetic drivers

of disease worsening.

3.1 MS is a Neurodegenerative Disease

Recent digital pathology analysis by the Howell group (Mr Ben Cooze) reported neuron
density in six systematically sampled brain areas from 310 PMS cases. No control data
was analysed. | therefore acquired neuron density data (HuC* cells/mm?) from 28 non-
neurological disease control cases in the available SFG, CG and thalamic brain regions,
using the same protocols (see Figure 11). A lower neuron density in the cortical and
thalamic brain regions in the MS cases in comparison to the non-neurological disease

controls was apparent (see Figure 12).
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Figure 11. Immunohistochemically stained human brain tissue sections at SFG, CG and thalamic regions
of MS and control. Immunostaining identified HuC* mature neurons in the cortical (SFG, CG) and
thalamus (T). These images reveal qualitative differences in neuron density in the different brain regions,
with more noticeable differences in neuronal density in the thalamus. Scale bar: a-c = 100um.
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On comparing mean neuron density counts from these brain regions, we were able to
show a 26%, 28% and a 45% average decrease in neuron density in the SFG, CG and
thalamus of MS, respectively (p < 0.05; t-test; Figure 12a-c). A full table of control
neuron density data can be found in Table 11 in supplementary. We next conducted
simple Spearman analysis (see Figure 12d). This analysis showed that sex (r value = -
0.289 to -0.092) and age died (r value =-0.289 to 0.312) did not correlate with neuron
densities in the control cohort. Figure 12e shows that the neuron density in the MS
thalamus and pons was related (r = 0.72; p = 2.950e-036; Spearman analysis; the Pons
being a brain region unfortunately not available from controls). Lower thalamic and
pons neuron density was also associated with poorer clinical outcomes: younger age
died and shorter times from onset to death, onset to progression, onset to WC use and
progression to death (r = 0.39 to 0.78; p = 4.386e-050-1.671e-007; Spearman analysis).
This observed correlation between neuron density in the thalamus and pons indicates
that decreased neuron count in these regions is associated with earlier mortality and
accelerated disease progression, including earlier onset of wheelchair dependence and

ultimately a shortened lifespan.
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Figure 12. Neuron density in the SFG, CG and thalamus is significantly reduced in MS in comparison to
controls and associated with a worse clinical outcome. a-c) Neuron density (HuC*/ mm2) was determined from
n = 28 non-neurological disease controls and compared to MS region matched blocks. We showed a significant
difference in neuron density between control and MS for all the sampled brain regions (p < 0.05; t-test). Each data
point represents mean neuron density per analysed block per case. Bars represent group means and error bars
represent standard deviations. d) Spearman correlation analysis revealed no significant correlation between the SFG,
CG and thalamic neuron densities, and sex and age died of the control cohort (p > 0.05). e) Spearman correlation
analysis revealed a significant correlation between the thalamic and pons neuron densities, and key clinical outcomes
(onset to death, age died, onset to progression, onset to WC and progression to death) in MS.

3.2 DYSF is Highly Expressed at Protein Level in the Brain

We investigated the expression and localisation of DYSF, SEZ6L, PCSK5 and COMMD10
genes across multiple tissues and brain regions using various online platforms, including
the Protein Atlas database, to confirm their presence. We examined relative expression
levels, particularly for PCSK5 and COMMD10 and delved into their expression across cell
types. Utilising both Protein Atlas and cellxgene data, we explored protein-protein
interactions of these genes, assessing their neuronal associations and differences in
expression between MS and control tissue, as well as between male and female cases

across various cell types.
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Protein Atlas data showed that DYSF has low RNA level expression in the brain but very
high expression at protein level in both the brain and the respiratory system (see Figure
13a). Data from the human brain dataset revealed that the highest expression was in
the WM (109.6 normalised transcripts per million; nTPM), whereas it was lowest in the
choroid plexus (nTPM = 11.2). The cerebral cortex, pons and cerebellum had an
expression of 55.9 nTPM, 52.5 nTPM and 26.4 nTPM respectively (see Figure 13b). The
highest expression of DYSF in single cell types was detected in lymphatic endothelial
cells (nTPM = 85.1) and a 60.52% lower expression was observed in excitatory neurons
(nTPM = 33.6), (see Figure 13c). The protein-protein interaction map for DYSF revealed
intracellular physical interactions (with medium confidence) with SNAP Associated
Protein (SNAPIN) (see Figure 13d). This protein is a part of the soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex and is
essential for modulating synaptic vesicle trafficking and exocytosis. It is enriched in
neurons and is also responsible for maintaining brain homeostasis, meaning that it is a
valuable therapeutic target for research of brain disorders (Margiotta, 2021). The
optineurin (OPTN) gene, which is also predicted to have an intracellular localisation, is
physically associated (with medium confidence) with DYSF. OPTN has been implicated in
immune regulation and in the maintenance of the Golgi complex, particularly in
processes such as membrane trafficking and exocytosis. Mutations in this gene have
been associated with motor neuron disease (Evans & Holzbaur, 2019). Immunostaining
of HPA017071:Rh30 human cells demonstrated localisation of DYSF protein within the

centriolar satellite and microtubules (Figure 13e).
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Figure 13. The DYSF protein expression is extremely high in the brain, but gene expression is
considerably lower. a) Summary data from the Human Protein Atlas indicate that the DYSF gene shows
low RNA expression but high protein-level expression, particularly in the brain and respiratory system. b)
Further analysis of the human brain dataset reveals differential expression levels of DYSF across brain
regions, with the highest expression in the WM and the lowest detected in the choroid plexus. c) DYSF
expression is heterogenous across different cell types that are not exclusive to the brain. The highest
expression is observed in lymphatic endothelial cells, with comparatively lower yet elevated expression
levels observed in the syncytiotrophoblasts and oligodendrocytes. d) The protein-protein interaction map
for DYSF indicates physical interactions with intracellular proteins such as SNAPIN, which is important for
synaptic vesicle trafficking and exocytosis, and OPTN which is associated with immune regulation and
regular maintenance of the Golgi apparatus. e) The subcellular localisation of DYSF is shown in
HPA07071:Rh30 human cells (green) which shows that the gene is present in and around microtubules
(red). Gene data available at v25.proteinatlas.org/ENSG00000135636-DYSF
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3.2.1 SEZ6L is Enriched to the Brain

Protein Atlas revealed that there is a high expression of SEZ6L RNA expression in the
brain. Expression is present, but low, in the eye and endocrine tissues. Despite abundant
SEZ6L RNA, no SEZ6L protein expression is reported for the sampled organs, including
brain (see Figure 14a). A regional analysis within the human brain revealed
heterogeneous expression patterns of the SEZ6L gene, with the hippocampal formation
exhibiting the highest levels of expression ("nTPM = 182.7) and the lowest levels
detected in the choroid plexus (n"TPM = 4.6). The cerebral cortex, pons and cerebellum
exhibited SEZ6L expression levels of 161.1 nTPM, 107.1 nTPM and 72.1 nTMP

respectively (see Figure 14b).

Insights into the SEZ6L expression profile reveal differential abundance across distinct
cell types. Data showed that oligodendrocyte precursor cells (OPCs) exhibited notably
higher SEZ6L expression (nTPM = 550) and an approximately 61% decrease was
observed in excitatory neurons (n"\TPM = 214.4). Expression levels were detected in other
neuronal cells (inhibitory neurons and horizontal cells), but the levels were
comparatively lower at 131.6 nTPM and 23.3 nTPM respectively (see Figure 14c).
Protein-protein interaction networks were not available for the SEZ6L gene on Protein
Atlas. Human cell analysis further showed the subcellular localisation of SEZ6L, revealing
its association with the perinuclear region and microtubules within the cell, as shown in
Figure 14d. These findings highlight the dynamic differences in SEZ6L expression within
the human, suggesting potential functional implication within neuronal and glial cell

populations.
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Figure 14. Differential expression and cellular location of the SEZ6L gene. a) The Human Protein Atlas
revealed that there is an overall higher RNA expression of the SEZ6L gene in the brain, but no protein
expression detected across any of the sampled organs. b) A heterogenous expression of SEZ6L in the brain
was detected, with the hippocampal formation having the highest RNA expression and the choroid plexus
having the lowest. c) The differential expression of SEZ6L is observed across various neuronal and glial cell
types, with oligodendrocyte precursor cells exhibiting the highest expression levels. SEZ6L is present in
neuronal cells, including excitatory neurons and horizontal cells, albeit at lower levels of 214.4 nTPM and
131.6 nTPM respectively. d) The SEZ6L gene (green) is expressed in and around the nucleus of the cell
(blue) and microtubules (red) as shown in HPA045135: SH-SY5Y human cells. Gene data available from
v25.proteinatlas.org/ENSG00000100095-SEZ6L

67



3.2.2 The PCSK5 Gene Has Varying Levels of Expression in Different Organs
PCSKS is highly expressed at both RNA and protein levels in the gastrointestinal tract,
whereas in the brain RNA levels are low but protein levels remain high (see Figure 15a).
The human brain dataset on Protein Atlas shows that PCSK5 expression is highest in the
cerebral cortex (nTPM = 9) and lowest in the choroid plexus (nTPM = 3.8). The pons and
cerebellum expression levels were 6.7 nTPM and 5.3 nTPM respectively (see Figure
15b). The PCSK5 gene was highly expressed in glial cells; astrocytes (nTPM = 179.8),
OPCs (nTPM = 140.1) and was also expressed in inhibitory neurons and microglial cells
(78 nTPM and 67.1 nTPM respectively) (see Figure 15c). The protein-protein interaction
map for PCSK5 on Human Protein Atlas shows that the interactions between the genes
are predicted to be intracellular (see Figure 15d). The Notch 2 N-Terminal Like A
(NOTCH2NLA) gene is predicted to be secreted intracellularly and has a physical
association with medium confidence with PCSK5. The NOTCH2NLA gene is unique to
humans and enhances the proliferation of neural progenitor cells and can influence the
quantity of neurons present in the neocortex through Notch signalling pathway
modulation (Fiddes et al., 2018). Mesenchyme homeobox 2 (MEOX2) is a transcription
factor that, when expressed at high levels, can cause glioma apoptosis. MEOX2 is
associated with cell proliferation and survival via the Extracellular Signal-regulated
Kinase/Protein Kinase B (ERK/AKT) pathway (Tachon et a., 2021). PCSK5 has been
detected in the Golgi apparatus and is predicted to be secreted. PCSK5 has been shown
to be expressed in HPA031072:Rh30 human cells in and around the nucleus and

microtubules (see Figure 15e).
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Figure 15. PCSK5 expression at RNA and protein level in various organs and cells. a) PCSK5 shows high RNA and
protein expression in the gastrointestinal tract. In the brain, RNA levels are low while protein expression
remains high. b) PCSK5 shows varying levels of expression across different brain regions, with highest
expression observed in the cerebral cortex and lowest found in the choroid plexus. c) There is a focus on
High PCSK5 expression is observed in glial cells, particularly astrocytes, OPCs and microglia, with
detectable expression also present in inhibitory neurons. d) The protein-protein interaction map indicates
that PCSK5 interacts intracellularly with other proteins, including NOTCH2NLA, which influences neural
progenitor cell proliferation via the Notch signalling pathway. e) Immunostaining of HPA031072 human
cells revealed PCSKS5 localisation (green) in the Golgi apparatus and around the nucleus (blue) and
microtubules (red). Gene data available from v23.proteinatlas.org/ENSG00000099139-PCSK5
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3.2.3 COMMD10 Expression is Not Exclusive to the Brain

The COMMD10 gene and protein are expressed in the brain at low levels. Expression is
also found in the proximal digestive tract and liver and gallbladder at much higher levels
(see Figure 16a). The expression levels of COMMD10 vary slightly across different brain
regions, with the lowest expression was detected in the hippocampal formation (nTPM
=11.2) and the highest in the WM (nTPM = 17). The expression levels in the cerebral
cortex, pons and cerebellum were 12.3 nTPM, 14.8 nTPM and 13.6 nTPM respectively
(see Figure 16b).

Single cell expression datasets revealed COMMD10 to be highest in oligodendrocytes,
microglial and OPCs (nTPM = 220.3, 176.2 and 134 respectively) (See Figure 16c).
COMMD10 was also expressed in inhibitory neurons and excitatory neurons at lower

levels (n"TPM = 86.7 and 81.9 respectively).

COMMD10 protein has 7 protein-protein interactions with other genes that are
predicted to be intracellular (see Figure 16d). Interestingly, both COMMD5 and
COMMD1, like COMMD10, physically interact intracellularly with COMMD10 and
participate in the regulation of the NF-kB signalling pathway and copper homeostasis
through COMMD protein-protein interactions (de Bie et al., 2006). It is also evident that
COMMD proteins are associated with cerebral ischemia and tumour proliferation (You
et al., 2023). The COMMD10 protein also interacts with FBJ osteosarcoma oncogene
(FOS). A specific gene in the FOS family, known as c-FOS, has been shown to be
important for neurogenesis during cortical development in mice and its downregulation
has been associated with enhanced tumour growth (Velazquez et al., 2015). These
protein-protein interactions could suggest roles in modulating the inflammatory
response in MS and potentially contribute to the neuroinflammatory nature of the
disease. COMMD10 has been detected in the nucleoplasm and HPA054156: MCF-7
human cell staining revealed very localised expression in the nucleus with little to no

expression within the microtubules (see Figure 16e).
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Figure 16. The COMMD10 gene is expressed in various organs and cell types. a) The COMMD10 gene has
a high RNA expression in the proximal digestive tract, endocrine tissues and the liver & gallbladder. Both
COMMD10 RNA and protein level expression is present in the brain but at moderately low levels. b) The
expression levels of COMMD10 vary across the different brain regions, with the lowest detection
observed in the hippocampal formation and the highest expression detected in the WM. c¢) There is high
expression in neural cells such as oligodendrocytes, microglial cells and OPCs. There are also moderate
levels of expression in astrocytes, inhibitory neurons and excitatory neurons. d) The interactions of
COMMD10 with other proteins include COMMDS5, COMMD1 and FOS proteins, which may contribute to
the neuroinflammatory phenotype observed in MS patients. e) The COMMD10 gene (green) has been
shown to be detected in the nucleoplasm and localised within the nucleus (blue) of the HPA054156: MCF-
7 human cells. Gene data available from v23.proteinatlas.org/ENSG00000145781-COMMD10
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3.2.4 An Insight into Gender Differences, Cellular Expression Profiles and
Gene Expression Levels in MS and Control Cohort using Cellxgene Analysis

Using cellxgene publicly available data and in-built visualization tools, we first examined
transcript expression of our genes of interest in MS and controls (n=12andn=9
respectively). Expression of DYSF and COMMD10 did not differ majorly between the MS
and control cohort (Figure 17a), whereas SEZ6L gene expression was highest in the
control cohort (>0.75), with a greater percentage of cells expressing this gene (fraction
of cells = 40% in control cohort and 30% in MS cohort). PCSK5 showed slightly higher
mean expression in the MS cohort and results showed a larger fraction of cells
expressing the gene compared to the control cohort. There were no major differences in
the percentage of cells expressing the DYSF, PCSK5 or COMMD10 between male and
females (Figure 17b). A notable difference in mean SEZ6L expression was observed
between males (n = 8, 3 MS and 5 controls) and females (n = 11, 7 MS and 4 controls),
with the male cohort showing a higher fraction of cells (approximately 40%) expressing
the gene and a higher mean expression (>0.75). Cellxgene also allows for the
visualization of gene expression in distinct cell types (Figure 17c). T cells exhibited a
higher fraction of cells expressing COMMD10, with very low mean expression and
percentage cells for DYSF, SEZ6L and PCSK5. Interestingly, a high percentage of OPCs
displayed SEZ6L expression, while not many expressed DYSF and minimal expression of
PCSK5 and COMMD10 was observed. Results showed that around 10-20% of
oligodendrocytes (OLs) expressed DYSF and COMMDM10, with a mean expression of
0.25-0.50, while SEZ6L and PCSK5 were expressed at lower levels. Among microglia,
COMMD10 showed the highest percentage of expressing cells with a mean expression
between 0.50-0.75. A small percentage of microglia expressed PCSK5, while DYSF and

SEZ6L showed little expression.

In excitatory neurons (EN-L5-6, EN-L5-4 and EN-L2-3), the gene expression distribution
varied. In EN-L5-6, DYSF was expressed in 10-20% of cells with a mean expression of
0.25-0.50. SEZ6L showed the highest expression among the four genes in this cell type,

with approximately 40% of cells expressing the gene at a mean >0.75. PCSK5 was
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expressed in around 20-30% of cells with a mean expression of 0.50-0.75. In EN-L2-3,
DYSF showed similar expression levels and mean as observed in EN-L5-4. SEZ6L was
expressed in a low fraction of cells (approximately 20-30% of cells) with a mean
expression of 0.50-0.75. PCSK5 was expressed in fewer than 10% of cells with a mean
expression below 0.25. In EN-L2-3, DYSF showed similar expression levels as in EN-L5-4.
SEZ6L exhibited high expression, with 40-50% of cells expressing the gene at a mean
>0.75. PCSK5 was expressed in a minimal fraction of cells (<10%) with a mean
expression below 0.25. COMMD10 expression remained relatively stable across EN-L5-6,
EN-L5-4 and EN-L2-3, with approximately 20% of cells expressing the gene at a mean
expression level of 0.25-0.50. Approximately 10-20% of B cells express COMMD10 at low
levels (0.25-0.50), with little to no expression of DYSF, SEZ6L or PCSKS5. In astrocytes,
approximately 20% of cells express PCSK5 with a high mean expression 0.50-0.75,
whereas approximately 10% of cells express COMMD10 at a mean expression of 0.25-
0.50, DYSF and SEZ6L showed minimal expression. These findings from a publicly
available dataset highlight that gene expression localisation patterns in MS versus
control, gender and different cell types, revealing notable differences in expression

levels and cell type-specific distributions.
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Figure 17. Gene expression patterns of DYSF, SEZ6L, PCSK5 and COMMD10 across MS and control
cohorts, gender and cell types. a) SEZ6L is expressed in a higher fraction of cells and at higher levels in the
control cohort compared to the MS cohort. b) Gender-specific analysis reveals no major differences in the
percentage of cells expressing DYSF, PCSK5 or COMMD10 between males and females, whereas SEZ6L is
expressed in a greater fraction of cells in the male cohort, with higher mean expression levels. c) Cell type-
specific analysis reveals that COMMD10 has the highest gene expression, out of the genes under
investigation, in T cells. OPCs, which give rise to OLs which are important for myelin production, display
high SEZ6L expression levels, minimal DYSF expression and low PCSK5 and COMMD10 expression. OLs
show the highest fraction of cells expressing DYSF and COMMD10, whereas SEZ6L and PCSK5 are
minimally expressed. Microglia display the strongest COMMD10 expression, with a small fraction of cells
expressing PCSK5 and little to no DYSF or SEZ6L detected. EN-L5-6, EN-L5-4 and EN-L2-3 refer to the
different types of excitatory neurons found in the cerebral cortex, which are responsible for signal
transmission and are associated with cognitive function. Among these, EN-L5-6 has the highest proportion
of cells expressing DYSF, whereas EN-L2-3 had the highest SEZ6L expression. PCSK5 expression is the
highest in EN-L5-6 with minimal expression in EN-L5-4 and EN-L2-3. B cells show little to no expression of
DYSF, SEZ6L and PCSK5, while COMMD10 is the most expressed gene of interest. In astrocytes, a high
fraction of cells expresses PCSK5 at a high mean level, while COMMD10 is expressed at lower levels and
DYSF and SEZ6L show minimal expression.
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3.3 DYSF:CYP26B1 rs7565433 SNP Heterozygous Alleles Are Associated with
Higher Neuron Density in the Thalamus and Pons, Reduced Demyelination
in the Cerebellum and a Later Onset to Progression and Age Died

The project investigated the neuropathological and clinical differences between
genotypes of the DYSF, SEZ6L, PCSK5 and COMMD10 gene variants of interest. The
specific novel gene variants of interest were: rs7565433 mapping to DYSF:CYP26B1,
rs7289446 mapping to SEZ6L, rs10869757 and rs11144848 mapping to PCSK5 and
rs185263 and rs1567335 mapping to COMMD10. The information from the 310 MS
cases (see Table 1), such as (neuron density and levels of demyelination in the SFG, CG,
thalamus, occipital lobe, cerebellum and pons) and relevant clinical data (age of onset,
age of progression, age died, age at WC, onset to death, onset to progression, onset to
W(C and progression to death) were compared across the cohort for carriers of a specific
gene variant (at either homozygous minor, heterozygous or homozygous major

genotype). This approach was used for all our genetic variants of interest.

The DYSF-ZNF638 SNP (rs10191329; Harroud et al., 2023) was not on the genotyping
chip. Our analysis has identified a second variant (rs7565433), mapping to
DYSF:CYP26B1. Contrary to rs10191329, the rs7565433 is associated with clinical traits
of a less severe disease, supported by the finding of a higher neuron density in the
thalamus (p = 0.0108; Dunn’s multiple comparison) (see Figure 18a) and a lower area of

cerebellar demyelination (see Figure 18b).
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Figure 18. The heterozygous genotype A/G of rs7565433 is associated with a higher neuron density
count, a lower demyelination area, a later onset to progression and a later age died. a) There is a
significantly lower neuron density in the thalamus for cases with the major allele (G/G) compared to the
heterozygous allele (A/G) (p = 0.0108; Dunn’s multiple comparison). b) The percentage area of
demyelination in the Cb DN increased 1.6-fold in homozygous major carriers compared with carriers of
the heterozygous allele (p = 0.0034; Dunn’s multiple comparison). c) There is a mean onset to progression
difference of 8 years between heterozygous and major allele carriers (p = 0.0013; Dunn’s multiple
comparison). d) There is a mean of age died difference of 6 years between heterozygous and major alleles
(p =0.0264; Dunn’s multiple comparison).
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3.3.1 SEZ6L rs7289446 SNP Shows No Protective Features in
Neuropathology and Clinical Outcomes in Our MS Cohort

The rs7289446 SNP, intronic to SEZ6L on chromosome 22, was examined in the project
as it has been independently shown to be associated with a more severe MS course
(Jokubaitis et al., 2023; Kreft et al., 2024). We did not observe a difference in neuron
density or demyelination in any of the sampled brain regions between those carrying
the rs7289446 at homozygous or heterozygous level (p = 0.1993->0.9999; Dunn’s
multiple comparison). In addition, there was also no difference in the clinical measures

between the genotypes (see Table 5).

SEZ6L rs7289446 G/G and G/A G/G and A/A G/A and A/A
Age of onset 0.1213 0.0931 >0.9999
Age of progression >0.9999 >0.9999 >0.9999
Age died >0.9999 >0.9999 >0.9999
Age at WC >0.9999 >0.9999 >0.9999
Onset to death >0.9999 >0.9999 >0.9999
Onset to progression 0.3711 0.4217 >0.9999
Onset to WC >0.9999 0.8013 >0.9999
Progression to death >0.9999 >0.9999 >0.9999

Table 5. Statistical results showed no differences between the clinical data for the three rs7289446
genotypes for the SNP that is intronic to the SEZ6L gene. The p values from each Dunn’s multiple
comparison test across the minor (G/G), heterozygous (G/A) and major (A/A) genotype are reported.
Results showed that there are no significant differences between the genotypes of the variant suggesting
that carrying this variant at any genotype has no effect on neuron loss, demyelination or a worsening of
MS and disability.
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3.3.2 PCSK5 rs10869757 SNP Heterozygous Alleles are Associated with a
Higher Neuron Density in the Thalamus and Pons

We first investigated the neuropathological and clinical differences between
rs10869757 variant carriers, which was the top reported SNP in our collaborative
GWAS/neuropathology study. There was a significant difference between the neuron
density in both the thalamus and the pons between heterozygous and major alleles,
with heterozygous carriers showing elevated neuron density compared to major
carriers, but no differences in demyelination levels were observed (p < 0.05; Dunn’s
multiple comparison) (see Figure 19). The minor allele had the highest neuron density in
the thalamus and pons (mean = 132 and 162 cells/ mm?respectively) but this did not
reach statistical significance (minor allele group size = 11 cases). Other clinically relevant
information was analysed, and statistics showed no difference between the PCSK5

genotypes. A summary of these results is presented in Table 6.

Thalamus Neuron Density in Pons Neuron Density in MS Cases
MS Cases Carrying the rs10869757 Carrying the rs10869757 SNP
SNP Mapping to PCSK5 Mapping to PCSK5
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Figure 19. Individuals carrying the major rs10869757 variant exhibit lower neuron density in the
thalamus and pons compared to individuals carrying the heterozygous genotype. There was a 1.1-1.2-
fold decrease in the neuron density in both the thalamus and the pons in the major allele compared to
the heterozygous allele (a, b). Elevated neuronal density in the thalamus and pons was observed among
individuals carrying the heterozygous (G/T) allele compared to carriers of the major (T/T) allele (p =
0.0253 and p = 0.0026 respectively; Dunn’s multiple comparison).
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PCSKS5 rs10869757 G/G and G/T G/Gand T/T G/Tand T/T
Age of onset >0.9999 0.8785 0.5633
Age of progression >0.9999 >0.9999 >0.9999
Age died >0.9999 >0.9999 >0.9999
Age at WC >0.9999 >0.9999 >0.9999
Onset to death >0.9999 0.6201 0.3567
Onset to progression >0.9999 >0.9999 >0.9999
Onset to WC >0.9999 0.7224 >0.9999
Progression to death >0.9999 0.8850 >0.9999

Table 6. Dunn’s multiple comparison comparing the genotypes of the PCSK5 SNP rs10869757 and
disease course. Statistical analysis shows that there are no differences in the clinical outcomes between
carriers of the minor (G/G), heterozygous (G/T) and major (T/T) genotype of the rs10869757 SNP.

The same procedure was applied to a 2" independent variant (rs11144848) mapping to
PCSK5. Neuron density did not differ significantly between genotypes in any of the
examined brain regions for this SNP (p = 0.058 to >0.9999; Dunn’s multiple comparison).
A trend toward increased neuron density in pons was observed in carriers of the minor
allele compared to individuals with the heterozygous and major allele (p = 0.0584 and p
= 0.0590, respectively, see Figure 20). No statistically significant differences in clinical

data were observed between rs11144848 genotypes (see Table 7).
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Pons Neuron Density in MS Cases Carrying the rs11144848 SNP Mapping
to PCSK5

Genotype

Minor
Heterozygous

Major

n=16 n=104 n=136

N‘E 300 - P =0.058

E P =0.053

2 e 4

@ 200

L3

(m]

c

o

5 1004

[

= . ~

+ -

(5) .

I 0 T T I
GIG GIA AIA

Genotype

Figure 20. Comparing neuron density in the pons between the rs11144848 SNP genotypes. Neuron
density in the pons did not differ significantly among individuals carrying the minor, heterozygous, or

major genotypes of the SNP (p = 0.058 to >0.9999; Dunn’s multiple comparison).

PCSK5 rs11144848 G/G and G/A G/G and A/A G/A and A/A
Age of onset >0.9999 >0.9999 0.6857
Age of progression >0.9999 >0.9999 >0.9999
Age died >0.9999 >0.9999 >0.9999
Age at WC 0.8094 >0.9999 >0.9999
Onset to death >0.9999 0.3545 0.5795
Onset to progression >0.9999 >0.9999 >0.9999
Onset to WC 0.4321 0.2616 >0.9999
Progression to death >0.9999 >0.9999 0.9996

Table 7. Dunn’s multiple comparison comparing the genotypes of the PCSK5 SNP rs11144848 and
disease course. Statistical analysis revealed no significant differences in any clinical outcomes between
carriers of the minor (G/G), heterozygous (G/A), or major (A/A) allele.
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3.3.3 Heterozygous and Minor Alleles of COMMD10 SNPs rs185263 and
rs1567335 are Associated with Increased Neuron Density in the SFG

We report a higher neuron count in the rs185263 SNP heterozygous allele and
homozygous minor allele carriers compared to major allele carriers (p = 0.0154 and p =
0.0014 respectively; Dunn’s multiple comparison) (Figure 21a). When comparing the
genotypes of a second variant (rs1567335) mapping to COMMD10, we also observed a
higher neuron count in the SFG for heterozygous and minor allele carriers compared to
major allele carriers (p = 0.0281 and 0.0031 respectively) (Figure 21b). Interestingly,
carriers of the heterozygous allele for this variant demonstrated a 4.6-year later age of
onset compared to minor allele carriers (p = 0.0457; Dunn’s multiple comparison)

(Figure 21c).

SFG Neuron Density in MS Cases b) SFG Neuron Density in MS Cases C) Age of Onset in MS Cases Carrying
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Figure 21.The neuron density in major allele carriers of the rs185263 and rs1567335 COMMD10 SNP are
lowest in the SFG. Major carriers of the rs185263 and rs1567335 COMMD10 SNP had a lower neuron
density in the SFG compared to minor and heterozygous SNP carriers (p = 0.0014-0.0281; Dunn’s multiple
comparison). Carriers of the rs1567335 SNP at heterozygous level had a 4.6-year higher age of onset
compared to minor allele carriers (p = 0.0457; Dunn’s multiple comparison).

3.4 The SEZ6L Gene Expression is Significantly Reduced in the MS Grey
Matter Lesion

To investigate the SEZ6L expression in human brain tissue, we first performed ISH in a

small cohort of MS and non-disease controls. We observed SEZ6L gene expression in
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and around neuronal-like cells in MS and control and in MS GML areas, as predicted for

a gene that has been shown to be enriched to CNS neurons.

We next quantified the SEZ6L gene expression, detected by ISH, between MS and
control GM regions (Figure 22a). There was no significant difference in SEZ6L gene
expression (number of SEZ6L* puncta per cell in control and MS GM. Figure 22b, p =
0.3202; Mann Whitney U test). SEZ6L expression was more variable in the MS GM brain
tissue samples, which represented both normal-appearing and lesional GM, in
comparison to controls. We next investigated gene expression in areas of cortical
demyelination by comparing SEZ6L expression in NGM and GML. There were differences
observed between the control cohort when compared with the MS NGM or MS GML
(see Figure 22c). However, there was a modest difference between the MS NGM and
GML (p < 0.05; Dunn’s multiple comparison). The highest SEZ6L gene expression was
found in the NGM of the MS and the lowest was found in the GML. This trend of a lower
SEZ6L expression in areas of demyelination is illustrated in the paired analysis for those
cases with matching normal-appearing and lesion samples (Figure 22d; p = 0.15, n =6,
Wilcoxon matched paired test). A full table of SEZ6L gene expression results, calculated

for each image and case, can be found in Table 12 supplementary.
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Figure 22. SEZ6L gene expression in control and MS revealed a reduced expression in MS cortical grey
matter lesions. SEZ6L expression did not differ between control and MS tissue (a). When MS data were
separated into NGM and GML regions, elevated SEZ6L expression in the NGM was found (p < 0.05; Dunn’s
multiple comparison) (b). Each datapoint represents SEZ6L gene expression (%) for one image (observed
range = 0.000125%-0.047994%), with 4 images captured per region of interest (NGM in all cases and GML
where present in MS cases). The trend for a reduced SEZ6L expression in matched areas of GML
compared to NGM is illustrated in (c); (Wilcoxon paired test comparing MS NGM with GML for those cases
with available samples). Abbreviations: GML, grey matter lesion; NGM, normal appearing grey matter.
Scale bar: a = 30um.

3.5 The PCSK5 and COMMD10 Genes are Co-Expressed in Neuronal Cells
We observed the expression of PCSK5 and COMMD10 transcripts by ISH in both the
NGM and GML areas of the MS cohort and the GM of controls. Interestingly, we
observed heterogeneity in the expression of the PCSK5 and COMMD10 genes within the
brain tissue, as illustrated by the arrows annotated on Figure 23a. Several transcript
positive cells had a neuron-like morphology and there were cells that expressed solely

PCSK5 (pink) or COMMD10 (green). To further validate the expression of PCSK5 and
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COMMD10 in neurons, we performed ISH combined with IHC for the neuronal antigen
HuC. Our results confirmed the expression of both the PCSK5 and COMMD10 genes in
and around HuC* neurons (as shown in Figure 23b). Note that non-neuronal PCSK5 and

COMMD10 signals were also observed.
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Figure 23. The co-expression of PCSK5 and COMMD10 genes were detected in and around neuronal-like
cells in control and MS cohort. a) PCSK5 (pink) and COMMD10 (green), counterstained with
haematoxylin, showed co-expression in large neuronal-like cells in both control and MS, as indicated by
the arrows in the figure. Note the co-expression of PCSK5 and COMMD10 (black arrows), exclusive
COMMD10 gene expression (green arrows) and PCSK5 expression (red arrows). b) Expression of both
PCSK5 and COMMD10 in neurons (identified by anti-HuC/D; blue reaction product) and non-neuronal cells
(orange arrows) was also observed. Scale bars: a =50 um, b =30 um.

3.5.1 PCSKS5 has Elevated Expression in NGM Compared to GML of MS
Cohort

The analysis of PCSK5 percentage positive puncta in MS cases compared to the control
group revealed no significant differences (see Figure 24a). Dunn’s multiple comparisons
also revealed no significant differences between the NGM of the control cohort, the
NGM of the MS cohort and GML of the MS cohort. However, a notable distinction was
identified when evaluating the PCSK5 gene expression between the NGM and GML of
MS cases (see Figure 24b). A pairwise correlation of MS cases with known NGM and
GML values revealed a stronger association between the two GM regions (as shown in
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Figure 24c). This suggests lower expression in GML areas, which could be due to fewer
cells, especially HuC* cells, in the lesion and damaged areas, resulting in decreased gene

expression as PCSKS5 is detected in neuronal-like cells.

3.5.2 COMMD10 has Elevated Expression in NGM of MS Cohort Compared
to MS GML Areas and Control Cohort

COMMD10 gene expression showed a higher percentage of positive puncta in the
sampled regions compared with PCSK5. Average COMMD10 expression was higher than
PCSK5 across both MS NGM and GML (1.41 versus 0.442 in NGM and 0.513 versus 0.114
in GML). COMMD10 expression was higher than PCSK5 in the NGM of the control
cohort, although overall levels remained low (see Figure 24a and Figure 24d). While
PCSK5 expression did not differ significantly between NGM control and NGM MS,
COMMD10 expression was significantly lower in the control cohort (p = 0.0005; Dunn’s
multiple comparison) (see Figure 24b and Figure 24e). The highest expression of both
PCSK5 and COMMD10 in our samples is observed in the NGM of the MS cohort. The
elevated expression of PCSK5 and COMMD10 may be associated with the pathological
features specific to the MS cases included in the study. A significant amount of the MS
cohort (n = 11) exhibited at least one GML and as some of the gene variants are
predicted to have neuroprotective features. The cells could therefore be overexpressing
these genes in the undamaged GM tissue of the MS cohort to prevent further damage
and cell loss, especially in the cohort that have already presenting GM-related

injury. Paired comparisons of MS cohort revealed significantly higher PCSK5* puncta in
NGM compared to GML (p = 0.0098; Wilcoxon paired test) (see Figure 24c). Similarly,
COMMD10* puncta were significantly elevated in MS NGM tissue compared with GML
(p =0.0420; Wilcoxon paired test) (See Figure 24e). A full table of these results can be

found in Table 13 supplementary.
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Figure 24. The highest PCSK5 and COMMD10 percentage puncta positive area was found in the MS
NGM tissue. a) No significant differences in PCSK5* puncta were detected between control and MS tissue
(p = 0.275; Mann-Whitney U test). b) The PCSK5* puncta percentage were significantly higher in the MS
NGM compared with GML (p = 0.0483; Dunn’s multiple comparison). c) MS Cases with known NGM and
GML cortical areas revealed elevated PCSK5* puncta percentages when compared to GML (p = 0.0098;
Wilcoxon paired test). d) MS cases exhibited a notably higher percentage of COMMD10* puncta compared
with controls (p < 0.0001; Mann Whitney U test). e) Further investigation revealed elevated COMMD10*
puncta in MS NGM tissue compared to control cohort (p = 0.0005; Dunn’s multiple comparison). f) When
investigating MS cases with known NGM and GML regions, elevated COMMD10* puncta was observed in
NGM regions (p = 0.0420; Wilcoxon paired test). This suggests that differences between the NGM and
GML in MS cases are not uniform across the cohort and that the presence of GML regions may influence
COMMD10* puncta positive areas.

86



3.5.3 PCSK5 Protein Expression is Elevated in MS NGM

PCSK5 expression by immunostaining revealed no significant differences between the
MS and control cohort, despite a higher minimum and maximum expression value
(range = 0.315-0.746 and 0.215-0.660 respectively) (see Figure 25a). A trend of PCSK5*
cells in MS GML was observed (p = 0.0883->0.9999; Dunn’s multiple comparison; Figure
25b). Paired analysis revealed a reduced expression in MS GML in comparison to MS

NGM (Figure 25c). A full table of results can be found in Table 14 of supplementary.
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Figure 25. PCSK5* cells are found widespread through normal-appearing and damaged tissue. a) No
significant differences were detected when analysing MS and control PCSK5* cell expression (p = 0.1070;
Mann Whitney U test). b) Dunn’s multiple comparison revealed a mean rank difference of 9.802 between
the number of PCSK5* cells expressed in the NGM of the control compared to the GML of MS tissue, but
no significant differences were found (p = 0.0883; Dunn’s multiple comparison). c) Using a paired test and
data from MS cases that have PCSK5* cell values for both sampled regions, significantly higher PCSK5* cell
expression is observed in MS NGM compared to GML (p = 0.0039; Wilcoxon paired test). d) An example of
positive PCSK5 staining in our MS tissue cohort. Scale bar: d = 100um.

3.6 Polygenic Effect of PCSK5 and COMMD10

We have shown that the PCSK5 SNPs rs10869757 and rs11144848 and the COMMD10
SNPs rs185263, rs1567335 are associated in some way with the pathological and/or
clinical burden of MS and that PCSK5 and COMMD10 are frequently co-expressed by the

same cells. We next investigated which MS cases in our study carried more than 1 PCSK5
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or COMMD10 variants to establish whether the presence of more than one variant is
associated with an additionally increased neuron density effect. It would be interesting
to identify whether carrying two of those flagged gene variants at that genotype has a

further consequence on neuron loss.

We filtered the data for carriers of all 4 SNPs (rs10869757, rs11144848, rs185263,
rs1567335) at heterozygous level because this genotype has been shown above to have
a neuroprotective effect and we therefore wanted to discover whether having these 4
SNPs at different genotypes or not makes the cases susceptible to neuron loss. A
notable decrease of 24% in neuron density was identified among carriers with no
variants versus carriers of heterozygous genotype of the COMMD10 SNPs only
(rs185263 and rs1567335) within the SFG, where rs10869757 and rs11144848 PCSK5
SNPs were also present but not at heterozygous level for both (p = 0.0497; Dunn’s
multiple comparison) (see Figure 26a). Analysis also showed a higher neuron density in
the cerebellum of carriers of all 4 SNPs at heterozygous level with a 50% lower neuron
count observed in the cohort that did not carry any of the variants at any genotype (p =
0.0343; Dunn’s multiple comparison) (Figure 26b). From both findings, it becomes
evident that there exists a significant variance in neuron density between carriers of the

heterozygous SNPs and those not carrying the gene variants.

Finally, | compared the clinical milestone data for the subgroups defined on carriership
of two or more of the variants of interest (Table 8). Surprisingly, no significant
differences in clinical outcomes between any of the subgroups were identified. The p-
values obtained from Dunn’s multiple comparison comparing the clinical outcomes were

found to be extremely high, exceeding 0.9999.
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Figure 26. Neuron density is elevated in those carrying two or more variants of interest at heterozygous
level. The cohort was classified into subgroups. Carriers of all four SNPs at the heterozygous level were
classified as all het. Carriers of both SNPs mapping to COMMD10 at the heterozygous level were classified
as COMMD10 het, while carriers of both SNPs mapping to PCSK5 at the heterozygous level were classified
as PCSK5 het. Individuals not meeting these criteria were classified as neither het, nor those with none of
the four SNPs at any allele level were classified as no variants. Analysis revealed a decrease in neuron
density in individuals that did not carry the variants of interest (no variants) compared with those carrying
both COMMD10 SNPs at heterozygous level in the SFG (p = 0.0497; Dunn’s multiple comparison) and
those carrying all four SNPs of interest at the heterozygous level in the cerebellum (p = 0.0343; Dunn’s
multiple comparison).
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All 4 SNPs at heterozygous level vs |Both COMMD10 SNPs at heterozygous
no variants level vs no variants

Age of onset >0.9999 >0.9999
Age of progression N/A N/A

Age died >0.9999 >0.9999
Age at WC N/A N/A

Onset to death >0.9999 >0.9999
Onset to progression N/A N/A
Onset to WC N/A N/A
Progression to death N/A N/A

Table 8. Dunn’s multiple comparison reveals no significant differences in the clinical outcomes of
carriers of all 4 SNPs at heterozygous level versus no variants and both COMMD10 SNPs at
heterozygous level versus no variant. It is important to note that not all Dunn’s multiple comparisons
could be made due to incomplete dataset entries. These missing values of some of the clinical data were

found in the non-variant cohort, so a direct comparison for these variables could not be made.
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Discussion

This project set out to investigate the genetic contributions of DYSF, SEZ6L, PCSK5 and
COMMD10 on disease severity by exploring SNPs associated with these respective genes
(rs7565433 mapping to DYSF:CYP26B1, rs7289446 mapping to SEZ6L, rs10869757 and
rs11144848 mapping to PCSK5 and rs185263 and rs1567335 mapping to COMMD10) in
relation to quantitative measures of neuropathology and clinical disease severity. Our
study focused on neuron density, as we showed neuron density to be strongly
associated with disease severity. In this study, | was able to show, for the first time, that
a variant mapped to DYSF:CYP26B1 is associated with more neurons and a longer
disease duration; variants mapping to PCSK5 and COMMD10 were associated with
elevated neuron density and that PCSK5 and COMMD10, which are often co-expressed
in the same cells, are found at elevated levels in the normal appearing (non-lesion)
cortical GM in MS brain tissue. To further explore these associations, PCSK5 was also
characterised at protein level, as suitable assays were available. COMMD10 was
assessed only at the RNA level because the antibody produced intense background
staining and was unreliable when IHC was performed. The SEZ6L gene was investigated
using RNAscope, but protein analysis was not possible at the time due to lack of suitable
antibody. DYSF was not taken forward for ISH or protein analysis, as the SNP identified
in our cohort (rs7565433) differed from the variant reported in previous studies
(rs10191329) (Harroud et al., 2023), so our observation was therefore presented as a
separate finding. Finally, | showed that carriership of two or more variants of interest
associated with an additional neuroprotective trait. These findings warrant further
investigation. We believe that the combination of genetic analysis and detailed
quantitative neuropathology will reveal novel insights into the genetic and biological
basis of MS progression, that could reveal new therapeutic targets and further genetic:

neuropathological analysis.
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Uncovering Neurodegeneration: Exploring its Impact on Clinical Measures
in MS Patients

We found a significantly lower neuron count in the SFG and CG and a more substantial
decrease in the thalamus MS brain. This is a noticeable amount of neuron loss and
serves to reiterate how extensive neurodegeneration is in MS. Carassiti et al., (2018)
conducted a study utilising oil immersion techniques and stereology to count neurons in
coronal whole-hemispheric sections from 9 MS and 7 control human brains. Results
showed that there was a 39% reduction in neuron count in the MS cohort, which is
equivalent to a deficit of >10 billion neurons. This aligns closely with our own cortical
neuron percentage decrease, which is measured using anti-HuC/D IHC and neuronal
density analysis via QuPath, highlighting the large variability and reduction in neuron

density compared to age-matched non-MS donors.

A decrease in neuron count was expected in the MS brain because a clinical
manifestation of the disease is neurodegeneration, inflammation and demyelination
(Correale et al., 2019). The further decrease in neuron counts percentage values we
observed in the thalamus compared to the SFG and CG could be explained by the
interconnected nature of the thalamus to other cortical, subcortical and cerebellar brain
regions for sensory and motor signals (Farma & Sullivan, 2015; Hwang et al., 2017).
Gratton et al., (2012) discovered that lesions found in focal regions in the brain can have
a widespread and non-localised effect on the brain network. This means that damage or
injury in regions, such as the cerebral cortex (SFG and CG) are relayed to the thalamus.
Clinically, thalamic atrophy appears to be one of the strongest indicators of disease
severity and thalamus volume is an early predictor of later disease worsening (Mahajen
et al., 2020). Our observations align with the work of others and illustrate how all
sampled areas are affected by neuron loss, but the extent of this neuron loss is not

equal across the brain (Cifelli et al., 2002; Cooze et al., 2022).

The percentage decrease in MS neuron density for the SFG and CG when compared to
the control cohort was similar. Neuron loss in the cerebral cortex could be driven by
local demyelination, local activated microglia and dysfunctional astroglia, as well as
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inflammatory signals arising in the perivascular and leptomeningeal spaces (Magliozzi et
al., 2023). Moreover, the primary feature of MS is the focal inflammatory and
demyelinating lesions that are found within the WM, optic nerve and spinal cord, which
could indirectly lead to stress and damage of the connected neuron cell body. Our data
agrees with many previous studies and serve to further support the understanding that
the more severe progressive forms of MS manifest with significant cortical atrophy

(Andravisou et al., 2019; Mey et al., 2023; Pagani et al., 2005).

Our study additionally revealed that neuron counts in the thalamus and pons of the MS
brain were correlated positively (r = 0.72). The pons, like the thalamus, plays a role in
interconnectivity which can explain why there is a correlation in neuron density
between these two brain regions. The thalamus and pons neuron count also strongly
correlated with certain clinical outcomes, supporting the evidence for their essential
role in disease progression and their value as regional brain indicators of disease
severity. We found that a lower neuron density in thalamus and pons was associated
with an earlier age at death, a shorter duration from disease onset to death, a shorter
time from onset to progression, a reduced interval from onset to WC and a decreased
time from progression to death. Neurodegeneration and brain atrophy are key
influences on pathogenesis, thus can influence the overall severity of MS and drive
disability (Carassiti et al., 2018; Mey et al., 2023; Sandi et al., 2021). This was confirmed
by Zivadinov et al., (2016) who conducted a 10-year follow up study of 181 patients with
early onset RRMS to identify factors contributing to disease progression. Results from
this study demonstrated that whole brain and cortical atrophy, together with
enlargement of ventricular CSF spaces, are linked with disease progression. Therefore, a
significant decline in neuron count in the thalamus and pons may accelerate disease
progression, leading to more severe symptoms, increased disability and reduced
lifespan. Understanding which biological and genetic factors correlate with
neurodegeneration, with a particular focus on those linked to neuron density in the
thalamus or pons, could reveal important new therapeutic targets or biomarkers

relevant to MS progression.
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It is crucial to further understand how specific genetic variations can alter the clinical
course of MS, in particular its clinical manifestations and its response to treatment. It is
important to investigate and consider the role of genetic variants as many gene variants
have been incorrectly given a pathogenic or benign title (Charnay et al., 2021). Such
misclassification could result in inappropriate treatment or missed preventative
measures if a variant is incorrectly deemed as benign, which can lead to avoidable
increases in disease progression or severity. A deeper understanding of the genetic
variants that influence symptomatic consequences of MS, such as the
neurodegeneration, could provide novel insights into underlying disease mechanisms
and support the development of more personalised therapeutic approaches. It also
provides an opportunity to develop new or repurposed drugs that specifically target the
genetic factors influencing MS severity. It is important to understand that MS is complex
with both genetic and environmental factors contributing to the disease, thus ongoing
research is needed to further develop therapeutic strategies. Personalised medicine
relies on genetic information so having that incorrect information could lead to more

general medicine that is not targeted towards the patient.

Heterozygous rs7565433 SNP Mapping to DYSF:CYP26B1 is Suggested to be
Linked to Neuroprotective Traits and Delayed Onset and Progression of MS

The DYSF protein is involved in muscle membrane repair, but mutations in the DYSF
gene can cause both progressive muscular and neurological disorders (lvanova et al.,
2022; Anwar & Yokota, 2024; Spadafora et al., 2022) and have been associated with an
accelerated disease course, as well as a higher frequency of cortical and brainstem
lesions at autopsy (Harroud et al, 2023). We found a significantly higher neuron density
count in the thalamus of carriers of the heterozygous SNP rs7565433 mapping to
DYSF:CYP26B1 when compared to carriers of the major allele (p = 0.0108; Dunn’s
multiple comparison). These findings are novel and have not been previously described
in the literature. This SNP represents a second variant mapping to DYSF and is

independent of that recently described by the International Multiple Sclerosis Genetics
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Consortium; MultipleMS Consortium (Harroud et al., 2023). This emphasises the
variability of the genetic contributors from one cohort to the other. The results also
show that there are differences in clinical outcomes for carriers of this SNP at
heterozygous level and major level. As previously stated, the thalamus is a crucial
interconnected brain region and is also important in motor and sensor signal relay and
degeneration in this region is common in MS brain (Minagar et al., 2014; Torrico &
Munakomi, 2023). Therefore, the increased neuron density count in the heterozygous
carriers could suggest a protective effect against neuron loss, potentially delaying the
onset and progression of MS. These findings align with our findings that carriers of the
rs7565433 SNP at heterozygous level had a mean time to progression that was 8 years
longer and mean age death 6 years higher compared to individuals with the major
genotype (p = 0.0013 and p = 0.0264; Dunn’s multiple comparison). The heterozygous
carriers experience a delay in disease progression and tend to have a longer lifespan
compared to major carriers, so this SNP could serve as a prognostic marker to predict

the course of MS.

We also identified that cases carrying the major allele had a 1.6-fold increase in
demyelination in comparison to heterozygous carriers, which is a considerably large
amount of myelin to be lost (p = 0.0034; Dunn’s multiple comparison). This was the only
SNP that we investigated that had significant differences in percentage demyelination
between the major and heterozygous genotypes. Since demyelination is another
pathological hallmark of MS and leads to neuron loss, this result suggests that the major
allele carriers may have increased susceptibility to a more severe disease progression.
The relationship between DYSF and myelin structure could indicate a potential
mechanism by which DYSF influences MS pathology through its role in membrane repair
and cellular signalling in neurons. These findings relating to the SNP 7565433 suggest
that the DYSF protein may have significant neurological functions that may be due to its
physical interactions with SNAPIN and OPTN. The protective effects in homozygous

allele carriers indicate that DYSF may influence synaptic vesicle trafficking and immune
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regulations within neurons, potentially enhancing neuronal resilience and reducing

demyelination.

We investigated the rs7565433 SNP as the variant we intended to study (rs10191329
mapping to DYSF:ZNF) did not appear in our GWAS study cohort. ZNF has been
associated with the development of neurodegenerative diseases. The ZNF748 for
example is involved in the pathogenesis of Parkinsons Disease and its overexpression
causes a decrease in dopaminergic neurons in the substantia nigra (Cassandri et al.,
2017). This could imply that the presence of ZNF may increase susceptibility to
neurodegenerative diseases, with genetic variants potentially contributing to disease
risk or progression through gene regulation. Stoney et al., (2016) identified CYP26B1 in
the cerebral cortex and striatum of the rat brain, where it plays a pivotal role in retinoic
acid metabolism within the brain, regulating gene transcription. The author concludes
that the upregulation or downregulation of retinoic acid levels could be used as an
opportunity to control cell proliferation in the sub granular zone, where neurogenesis
occurs. Expression levels in the human brain were also investigated using SH-SY5Y
human cell lines, revealing that colocalisation of the retinoid acid-synthesising enzyme
retinaldehyde dehydrogenase (RALDH2) with catabolic enzymes are responsible for
retinoid homeostasis in neurons. In particular, 9-cis retinoic acid has been shown by
Huang et al., (2011) to decrease the inflammatory response within oligodendrocytes of
patients with MS and encourage remyelination (Xu & Drew, 2006). These findings
suggest a potential therapeutic target for modulating retinoic acid to promote
neuroprotection and repair and indicate that the heterozygous allele of the SNP
rs10191329 may exhibit these properties by maintaining homeostatic retinoic acid

levels, thereby preventing demyelination and potentially slowing disease progression.

This SNP has been recently reported in the literature but has contradictory results.
Harroud et al., (2023) reported that the minor allele of this SNP was associated with a
reduced average time until requiring a walking aid by 3.7 years and an increase in
brainstem and cortical anomalies, suggesting a role in greater MS severity and
progression. In contrast, Gasperi et al., (2023) found that the same minor allele was
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associated with increased brain atrophy, indicating a different direction of effect. Kreft
et al., (2024) were unable to replicate any of these findings in their cohort and
concluded that this SNP does not alter the clinical course of MS. This shows the
uncertainty regarding the effects of the SNP on the severity and progression of MS.
These contradictory findings reinforce the complexity of the genetic role on the clinical
course of MS and that multiple genes may be responsible for the variability in MS

severity and not just singular SNPs.

The SEZ6L Gene is Suggested to Have a Neuroprotective Effect in the MS
Brain but Carrying the rs7289446 SNP Mapping to SEZ6L Suggests No
Neuropathological or Clinical Differences

SEZ6L has been previously identified as a substrate for BACE1, a significant drug target in
neurological diseases such as Alzheimer’s disease (Pigoni et al., 2016). This hints at
SEZ6L having an involvement in the neurodegenerative components of MS. The
rs7289446 SNP, mapping to SEZ6L, has been previously investigated and demonstrated
to be strongly associated with a more severe disease course in two distinct cohorts,
making it a SNP of interest to explore (Jokubaitis et al., 2023; Kreft et al., 2024).
However, this pattern was not replicated in our cohort, suggesting that this SNP may not
be relevant to our specific patient population. This highlights the importance of
considering geographical and ethnic variability in genetic studies, as these factors could
influence disease characteristics. Jacobs et al., (2024) reported that individuals of Black
and South Asian ethnic backgrounds in the UK experienced an earlier onset of MS
compared to those of White ethnicity. Although the study did not identify significant
differences in disease severity across ethnic groups, the earlier age of onset highlights
the potential influence of ethnicity on MS progression. The lack of replication of the
rs7289446 SNP in our cohort allows us to explore other genetic variations within SEZ6L

that could have an influence on MS severity or progression.
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The SEZ6L gene has also been associated with neural connectivity, but its expression
levels in cortical MS and control human brain tissue have yet to be explored, making it
an interesting gene to study (Nash et al., 2020). Our results indicated the presence of
the SEZ6L gene in and around neuronal-like cells in both control and MS cortical brain
tissue, which is supported by information that is published on Protein Atlas and
cellxgene. Moreover, cellxgene also revealed high SEZ6L expression in OPCs, which is
relevant given that MS is a demyelinating disease. Elevated expression of SEZ6L was
observed in the NGM of the MS brain and compared to GML areas (p < 0.05; Dunn’s
multiple comparison). Inflammatory mediators such as tumour necrosis factor-alpha
(TNF-a) and interferon-gamma (IFN-y) are also elevated in MS patients, which have
been widely reported in literature (Lassman et al., 2012; Palle et al., 2017). Although
such studies have not directly measured SEZ6L expression, these inflammatory
mediators are known to influence gene expression in OPCs (Zveik et al., 2024) and could
contribute to the observed differences in SEZ6L expression between NGM and GML
regions. In areas of NGM with lower inflammatory activity, SEZ6L expression may be
maintained or upregulated, reflecting a neuroprotective response. In GML areas with
higher inflammatory activity, SEZ6L expression may be downregulated, potentially
impairing OPC functions. This suggests that high SEZ6L expression levels, particularly in
OPCs, in the NGM of MS patients could represent a compensatory response to enhance
myelin repair or serve as an active remyelination marker preserving regions not yet
affected by lesions. This may function as a protective mechanism to delay the lesion

spread or to reduce MS severity where OPCs are present to maintain myelin integrity.

It is also evident that higher SEZ6L levels were detected in the control cohort compared
to GML, albeit at not significant levels but emphasises that SEZ6L is expressed in
undamaged tissue. The lower expression in the GML regions indicates that neural
connectivity in these regions may be impaired due to the disruption of neural networks
in lesion areas. This pattern could result in less efficient information processing and
neural communication between different brain regions, potentially accelerating

neurodegeneration as well as cognitive and motor decline.
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Further scrutiny using a Wilcoxon test, specifically comparing SEZ6L expression values in
known MS cases with identified NGM and GML expression values, did not reveal
statistical significance. However, a suggestive decline in SEZ6L expression is discernible.
This observation hints at potential alterations in SEZ6L expression that may not achieve
statistical significance in the given sample size but could still be of biological relevance.
This insight prompts further exploration into the role of SEZ6L in MS pathology and

warrants consideration in future studies examining larger cohorts.

Carriers of Heterozygous rs10869757 Alleles are Suggested to Have
Neuroprotective Mechanisms to Delay the Onset of Neurodegeneration
and Disease Progression

The PCSK5 gene is responsible for cell movement, which could play an important role in
both disease progression and potential repair mechanisms in MS patients (Gong et al.,
2024). The association of the heterozygous carriers of the rs10869757 SNP having a
higher neuron density in the thalamus and pons could have several implications for MS
patients. Firstly, a higher neuron density in these interconnected regions of the brain
suggests a neuroprotective effect, which may partly contribute to the slowing down of
disease progression and neurodegeneration, resulting in better long-term outcomes and
less disability compared to those of minor allele carriers. A higher neuron density in the
thalamus and pons could result in a better neural communication in MS patients which
can delay the onset of cognitive decline and motor impairment, often seen in high

severity MS cases.

The lack of statistical significance in the pons neuron density associated with the
rs11144848 SNP mapping to PCSK5 suggests that this variant may have a less of an
impact on neuronal preservation in MS compared to other variants mentioned. The p
values comparing the minor allele and major allele genotype and the heterozygous
allele with major allele (p = 0.0584 and p = 0.0590 respectively) indicate that the variant

could have a small effect, but the cohort may not have been a sufficient size to be able
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to confirm this. It may also be possible that the rs11144848 and rs10869757 SNPs,
whilst both mapping to PCSK5, may have different functional roles within the brain.
Differences between the SNPs in their location within the gene can alter gene function
and regulation, which could explain why the rs10869757 SNP shows an association with

neuron density in the pons and thalamus and the rs11144848 SNP does not.

Elevated PCSK5 Expression in MS NGM Suggests Neuroprotective
Mechanisms

ISH combined with IHC confirmed that PCSKS5 is expressed in and around neuronal-like
cells (see Figure 23). This finding, along with previous knowledge of PCSK5, may suggest
that this gene has an important role in neurons such as involvement in neuronal
migration, which is essential for proper functioning of the CNS by ensuring that neurons
reach their correct location in the brain (Hantanaka et al., 2016). In the context of our
findings, PCSK5 could contribute to the repair processes by supporting mechanisms such
as axonal guidance, synaptic plasticity, or remyelination support, thereby helping to
preserve neuronal networks, prevent further loss and potentially slow disease
progression in MS patients. The significantly elevated PCSK5 expression observed in the
NGM compared to the GML in MS cases may suggest a role for PCSK5 in preserving
neuronal integrity, with upregulation in less affected regions supporting neuronal
function and limiting further neurodegeneration. Moreover, the lower expression within
the damaged lesion tissue could be a consequence of fewer cells, especially HuC* cells,
in the area. Increased astrocyte and microglial activation in MS lesion sites can
significantly alter gene expression profiles, potentially impacting neuronal migration and
survival as PCSK5 may be affected by this altered environment. PCSK5 has also been
previously associated with converting pro-MMP14 and pro-MMP2 to their active forms
to facilitate microglia motility. This can have beneficial effects in lesion sites such as
improved debris clearance and enhanced repair processes but can also have
disadvantages such as increased inflammation depending on how these processes are

regulated (Ito et al., 2021). The finding of an even higher level of significance (p < 0.01)
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when performing a pairwise analysis of MS cases with known NGM and GML PCSK5
expression levels potentially points to a strong association between PCSK5 expression

and the extent of damage or preservation in GM regions affected by MS.

The protein-protein interaction map for PCSK5, as shown in the Human Protein Atlas,
indicates predicted physical associations with NOTCH2NLA and MEOX2 (Cho et al., 2022;
Huttlin et al., 2021; Oughtred et al., 2021; Tu et al., 2021; Uhlén et al., 2015). In MS
NGM, higher PCSK5 expression may enhance interactions with both MEOX2 and
NOTCH2NLA. These predicted interactions could modulate the Notch signalling
pathway, potentially promoting proliferation of neural progenitor cells, supporting
neuronal maintenance and repair and influencing proper neuronal development via
ERK/AKT pathway activation (Tachon et al., 2021). If interactions between PCSK5,
NOTCH2NLA and MEOX2 are disrupted, neuronal survival may be compromised,
potentially accelerating MS disease progression (Rai et al., 2019). Enhancing or
modulating these interactions may offer valuable strategies to improve outcomes for

MS patients.

Carriers of Major rs185263 and rs1567335 SNPs Mapping to COMMD10 are
Suggested to Have Less Neuroprotective Mechanisms to Delay
Neurodegeneration in the SFG Compared to Minor and Heterozygous
Carriers

COMMD10 plays a key role in inhibiting the NF-kB signalling pathway, which is a critical
regulator of the immune response, inflammation and cell survival. This makes
COMMDM10 an important gene to study, as dysregulation of the NF-«kB signalling is
implicated in neurodegenerative diseases via the expression of pro-inflammatory
mediators (Singh & Singh, 2020). In our cohort, carriers of the major rs185263 and
rs1567335 SNPs mapping to COMMD10 exhibited significantly lower neuron density in
the SFG compared to heterozygous and minor allele carriers (p = 0.0014-0.0281; Dunn’s

multiple comparison), suggesting impaired neuronal survival because of reduced NF-kB
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inhibition and increased inflammatory activity. Moreover, COMMD10 is important for
copper homeostasis, which is vital for cellular processes such as myelination (An et al.,
2022). Major allele carriers may therefore have disrupted copper regulation, increasing
the risk of oxidative stress, inflammation and contributing to the lower neuron density
observed in the SFG. Dysregulated copper transport in MS has been shown to cause
demyelination and oligodendrocyte loss via astrocyte-mediated mechanisms,
supporting a role for altered copper homeostasis in increasing neuronal vulnerability
(Colombo et al., 2021). Copper also regulates gene expression and supports
neurotransmission, so disruption in copper homeostasis may exacerbate inflammatory
signalling via impaired NF-kB inhibition and elevate oxidative stress (Sheykhansari et al.,
2018). These findings highlight that essential metal homeostasis is a critical factor in
neuronal survival. Consequently, patients carrying the major alleles of the COMMD10
SNPs may experience a more severe MS course due to compromised copper
homeostasis, which elevates free radical levels, further contributing to neuronal damage
and potentially accelerating MS progression (Rossi et al., 2006). These findings suggest
impaired neuronal survival in major allele carriers, potentially due to impaired NF-kB
inhibition and the associated increase in inflammatory activity. The overall lower neuron
density observed in these MS major allele carriers may have important implications for

disease progression.

MS Carriers of Heterozygous rs1567335 SNPs are Suggested to have a
Delayed Age of Onset Which Provides Opportunity for Improved Treatment
Management

Results concluded that carriers of the heterozygous rs1567335 SNP mapping to
COMMD10 had a 4.6-year higher age of onset compared to minor allele carriers (p =
0.0457; Dunn’s multiple comparison). This significant difference suggests that this SNP
plays a protective role in delaying the clinical onset of MS in heterozygous carriers. A
4.6-year delay in age of onset could be beneficial for both patients and clinicians as this

could mean a later disease manifestation which may result in a slower progression of
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MS symptoms. For patients, this delay can result in a longer period of good quality of life
before disability increase. A later disease manifestation could also translate into slower
symptom progression and less accumulated disability which may allow patients more
time before facing the difficult physical and neurological challenges associated with MS.
For clinicians, once early signs of MS are detected, the delay in onset provides an
opportunity to explore and trial different therapies that may offer greater efficacy for
the patient. Given that MS is a heterogenous disease, with variability in both
progression and response to treatment, this additional time allows for a more tailored
and potentially more effective therapeutic approach. It is important to note that since
symptoms may not appear until later in these patients, predicting the disease course of
MS can still be challenging. This is particularly relevant in PMS, where the underlying
pathology often manifests long before noticeable symptoms, limiting clinicians’
opportunities to trial treatments or implement precautionary measures. This
emphasises the importance of genetic screening of variants that may have an influence
on clinical or neurological measures to identify individuals that may be at risk before

symptoms arise.

Elevated COMMD10 Gene Expression in MS NGM Suggests Neuroprotective
Mechanisms via Neuroinflammatory Mediation

The presence of COMMD10 in and around neuronal-like cells, along with elevated
expression in the NGM of MS patients indicates that this gene may contribute to
neuroprotective modulation. The significantly increased expression detected in the MS
NGM may serve as a protective mechanism to inhibit NF-kB signalling to prevent further
inflammation and damage within brain tissue. However, in the GML areas where
COMMD10 expression is much lower, the inflammatory responses are heightened,
which can negatively impact neuronal integrity. The inhibition of the NF-kB signalling
pathway can increase the regulation of the CASP3 and CASP9 enzymes which may have
a role in maintaining cellular homeostasis by removing damaged cells (Fan et al., 2020;

Yang et al., 2021). The increased expression of COMMD10 in the NGM may help to
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influence neuronal survival and function by promoting pathological tissue degeneration
through the CASP9 and maintenance of neuronal health through the CASP3 (Asadi et al.,
2022; Avrutsky & Troy, 2021).

COMMD10 also has been shown to have interactions with other COMMD family
members, such as COMMDS5 and COMMD1, which are also involved in NF-kB inhibition
(see Figure 16d). Due to diminished anti-inflammatory effects of COMMD10 in NGM and
fewer protein-protein interactions with COMMD5 and COMMD1, patients may face
increased disability due to a more rapid progression of MS. COMMD10 has also been
shown to interact with FOS, which is involved in neurogenesis and cortical development,
indicating that elevated COMMD10 expression may enhance the activity of c-FOS,
potentially supporting cellular regeneration in the NGM. It is evident that c-FOS is used
as a neuronal activity marker and is usually upregulated in response to cellular stress
(Velazquez et al., 2015). This suggests that elevated c-FOS could serve as a biomarker for

disease activity and disease progression in MS.

The Co-Expression of PCSK5 and COMMD10 in the MS Brain: Insights into
Inflammation and Neurodegeneration

The observed perinuclear distribution of PCSK5 and COMMD10 within neuronal-like
cells is particularly relevant to our project’s focus on neurodegeneration, as it
potentially highlights a crucial link between these genes and neuronal health, suggesting
their involvement in neuroprotective mechanisms and pathways relevant to
neurodegenerative processes. Understanding the role of PCSK5 and COMMD10 in
neurons could offer valuable insights into the molecular mechanisms underlying
neurodegeneration and may pave the way for targeted therapeutic interventions aimed
at preserving neuronal integrity and function. COMMD10 is expressed at significantly
higher levels than PCSK5, with peak COMMD10 expression in MS NGM being about 6
times greater than PCSKS5, as indicated by Figure 24c and Figure 24f, for MS cases with

known GML areas. Cellxgene revealed a higher mean expression and a greater fraction
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of cells expressing COMMD10 compared to PCSK5 in both the MS and control cohort
(Figure 17a). The higher expression of COMMD10 compared to PCSK5 may be a
consequence for their distinct roles in cellular processes and neuroprotection. As
previously stated COMMD10 is heavily involved in NF-kB signalling pathway inhibition,
this could potentially explain the high COMMD10 expression observed, particularly in
the MS NGM, as a compensatory mechanism to suppress inflammation and protect
neurons from further damage. In contrast, PCSK5 is involved in cell migration and may
not be as involved in modulating inflammatory pathways, which could explain why

elevated expression is observed but not as excessive as COMMD10 expression.

PCSK5 and COMMD10 may have biological interplay in MS, with their expression
potentially reflecting response to damage in other areas of the brain, such as lesion
sites. Their co-expression could serve as a neuroprotective mechanism, aiming to limit
further neuroinflammatory and neurodegenerative damage. Although they are distinct
genes, PCSK5 and COMMD10 may share functional overlap in regulating neuronal

survival and influencing disease progression in MS.

The Presence of Grey Matter Lesions May Alter the PCSK5 Protein
Availability in Multiple Sclerosis

Interestingly, we observed a higher proportion of PCSK5* cells in the control cohort
compared to the MS cohort. This contrasts with the PCSK5 gene expression levels, which
were elevated in the NGM of MS cases relative to controls. This suggests that there may
be potential post-translational modifications that affect PCSK5 protein availability. We
found no significant differences between the control and MS grey matter PCSK5*
expression, irrespective of GML areas (p = 0.1070; Mann Whitney U test) and no
significant differences between NGM and GML of MS tissue (p = 0.0883; Dunn’s multiple
comparison). However, a pairwise analysis of MS cases with both NGM and GML areas
revealed a significantly lower expression of PCSK5* in damaged lesion tissue (p = 0.0039;

Wilcoxon paired test). These findings are robust, as expression levels for NGM and GML
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areas were derived from the same brain sections, sourced from a single tissue bank with

consistent practises and identical PMI values.

The significant difference in PCSK5* cell expression between NGM and GML areas in MS
cases suggests that the presence of lesions may alter PCSK5 protein availability. Not all
MS cases exhibited GML regions and multiple factors could contribute to the reduced
expression observed in these lesion areas. One such factor is the unfolded protein
response (UPR), a cellular stress response activated by misfolded or unfolded proteins in
the endoplasmic reticulum (ER). UPR has been reported at inflammatory lesion sites in
MS and is known to trigger apoptosis (Lin & Popko, 2009; Stone & Lin, 2015). The
downregulation of PCSK5* cells in GML regions may therefore reflect increased ER
stress, resulting in accumulation of misfolded PCSK5 protein and cell death. Previous
studies using IHC have revealed the presence of UPR factors in oligodendrocytes,
astrocytes, T cells, macrophages and microglia in MS lesions (Mhaille et al., 2008;
Cunnea et al., 2011; McMahon et al., 2012; Ni Fhlathartaigh et al., 2013). If these cell
populations within the GML were positive for PCSK5 protein expression, they may be
more vulnerable to UPR-induced apoptosis, thereby reducing the number of PCSK5*
cells and worsening disease progression. T cells and microglia/macrophage are involved
in the immune response and so a decrease in these cell types can increase
neuroinflammation and cause further tissue damage in the lesion. Moreover,
oligodendrocytes and astrocytes play key roles in CNS myelination and homeostasis,
respectively and an increase in the UPR may contribute to neuronal damage observed in

the GML.

Previous studies have shown that the PCSK5 protein, encoded by the PCSK5 gene, is
responsible for processing osteopontin as one of its substrates (Hoac et al., 2018).
Osteopontin plays a key role in cell adhesion and migration and has been associated
with MS relapses, with elevated levels observed in patients who had a shorter interval
between clinical relapse and CSF withdrawal (Stampanoni et al., 2023; Wang &
Denhardt, 2008). From this it could be implied that reduced PCSK5* within the MS GML
tissue may result in altered processing and less cleavage of osteopontin, which could
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impair its role in cell survival and potentially exacerbate neuronal damage and loss in
the lesion areas. The role of osteopontin in cell adhesion and migration may also
influence neuronal connectivity and synaptic within CNS. Therefore, altered osteopontin
processing in MS patients could disrupt these processes, contributing to neuronal

dysfunction, further neurodegeneration and increased disease severity.

The lack of significant differences in PCSK5 protein expression between MS NGM and
control grey matter suggests potential post-transcriptional or post-translational
regulation mechanisms that are functioning correctly, enabling synthesis of PCSK5 in
cells. The significantly higher expression of PCSK5* cells in NGM compared to GML,
specifically in MS cases with lesions implies a potential role for PCSK5 in the
maintenance or protection of NGM against lesion formation or progression, preventing

a disease worsening.

Finding Evidence for a Polygenic Effect on the Neuropathological and
Clinical Severity of MS

Although the polygenic effect of many SNPs recently suggested to be associated with
increased MS severity remain largely explored, findings from this study could highlight
the significance of carrying the rs10869757 and rs11144848 SNPs (mapping to PCSK5)
and rs185263 and rs1567335 (mapping to COMMD10) at heterozygous level in
influencing MS progression and worsening. The main finding here was that being a
heterozygous carrier of both COMMD10 SNPs has a positive influence on neuron count
in the SFG and all 4 SNPs show a significant neuroprotective effect in the cerebellum.
The observed differences in neuron density between carriers and non-carriers of these
highlighted heterozygous SNPs suggest a protective influence against neuron loss. It
appears that only the COMMD10 SNPs at the heterozygous level exert an effect on
neuron loss, indicating a potentially greater neuroprotective impact associated with

variants of this gene in comparison to the SNPs investigated that are mapping to PCSK5.
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As the cerebellum is a very neuron dense structure containing approximately 80% of the
brain's neuron count, a significant reduction in the neuron count would result in a
significant decrease in the overall brain neuron density if the neurons were counted at
large scale (Jimsheleishvili & Dididze, 2024; Roostaei et al., 2014; Van Essen et al., 2018).
We previously quantified neurons in the cerebellar dentate nucleus, a key grey matter
area that projects to the neuron-rich cerebellar cortex. MS patients who enter the
progressive stage show cerebellar symptoms and pyramidal cell, granule cell and
dentate nucleus neuron loss is a feature of progressive MS pathology. Cerebellar
atrophy can often be a predictor of disability and progression at early stages (Albert et
al., 2017; Howell et al., 2015; Redono et al., 2015; Tornes et al., 2014). Most patients
with progressive MS have cerebellar disease which can cause complications such as
tremor and ataxia which are difficult to manage (Tornes et al., 2014; Wilkins, 2017).
These findings emphasise the cerebellum as a target for preventing neurodegeneration
and a site to monitor by MRI, as damage can contribute to the worsening of disability
and an increase in MS progression. Carrying all 4 SNPs at the heterozygous level
suggests an enhancement in neural resilience potentially leading to a better clinical
outcome in comparison to MS cases that do not carry any of these SNPs. However,
when comparing the clinical outcomes, it is evident that no significant differences were
observed. This shows that the effects of these SNPs on neuron density are independent
on the severity of the disease of these clinical parameters that are measured. It is
possible that other drivers or mechanisms may be responsible for determining the
clinical course of disease in this cohort, emphasising the need for further investigation
to understand the relationship between genetic variants, neuron density and clinical
outcomes that measure MS progression. This illustrates the complexity of the disease,
suggesting that neurodegeneration may only play a minor role, while genetic and

lifestyle factors could have a greater impact on patient outcomes.
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Limitations of the Project

The study encountered several limitations which should be acknowledged. Firstly,
neuron counts for the SFG, CG and thalamus were not available for each MS and control
case due to incomplete data sets. It is important to note that 3 MS cases did not have
any known HuC" positive count data for the SFG, CG and thalamus and so did not
contribute to the neuron density count. Additionally, during the annotation process in
QuPath, it was observed that the human control tissue sections were smaller than the
MS tissue sections. This led to HuC* cell calculations taken from smaller regions.
Incomplete datasets were also present in the 310-case cohort datasheet. Nevertheless,

our cohort of 310 PMS cases represents the largest such collection on record.

Result accuracy is dependent on the quality of the histologically stained slides, the
chosen staining technique and the chosen QuPath parameters and estimation stain
vectors for cell and pixel counts, which can be correctly estimated with high quality
images. The cohort chosen represented a wide range of MS cases with various disease
durations. The QuPath software analysis generated relevant data, but the scanned
images are 2-dimensional and not 3-dimensional like the brain anatomy, therefore only
providing a snapshot of the cell count (reported as cells per unit area) and a thorough
guantification of cells per unit volume in that region. Nevertheless, QuPath is still a
valuable tool for digital pathology and analysis, and we quantified many millions of

neurons in total from large regions of interest from each available donor block.

The background staining for the immunohistochemically stained PCSK5 MS and control
tissue was extremely intense making it difficult for the automated counter to be used on
Qupath, thus a manual counting approach had to be done to ensure there was no
overestimation of PCSK5* cells in the NGM and GML sampled regions. This may be due
to non-specific interactions occurring within the tissue. Therefore, factors such as an
increased serum concentration or using an immunohistochemical-grade bovine serum
albumin within the antibody/blocking solution should be considered for future analysis

to minimise background staining and enhance digital analysis.
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RNAscope is highly sensitive and provides consistent results when performed correctly,
making it suitable for this project, particularly given the challenges of working with
human brain tissue, where mRNA is easily degraded. RNAscope recommends a method
of grading the relative extent of positive puncta but we found this to be unsatisfactory.
We therefore used the classifier as an automatic quantification as a more reliable
approach to calculating the relative gene expression in the cells counted. When
comparing clinical data across PCSK5 and COMMD10 genotypes in the MS cohort, the
low frequency of minor allele carriers, combined with missing clinical information (e.g.,
onset to wheelchair use), prevented the use of Dunn’s multiple comparison test, as at
least one genotype group lacked sufficient data. In these instances, we would perform a
t-test between the heterozygous and homozygous major alleles where there is data to
compare. The inclusion of a cohort with enough minor allele carriers for these SNPs may

have influenced the significance of the findings.
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Future Work

Future work could extend the findings of the study in several ways to broaden our
understanding of the genetic links underlying MS severity. Firstly, this framework we
have created to analyse gene expression and further investigate novel variants of DYSF,
SEZ6L, PCSK5 and COMMD10 can be applied to other gene variants of interest that have
implications with MS or other neurological disorders. By exploring the gene expression
in other cell types (not just neurons), such as oligodendrocytes, astrocytes and other
glial cells, it may provide insights of the roles of genes in other cellular functions and
mechanisms beyond the neuron. Exploring the levels of gene expression in other brain
regions (such as the pons) and not just cortical blocks could provide valuable insights

into the implications of the identified SNPs on regional disease heterogeneity.

It would be interesting to perform Duplex ISH staining of PCSK5 and COMMD10 in the
cerebellum dentate nucleus as results in our cohort showed a 50% neuron density
decline in carriers of all four heterozygous SNPs versus MS patients who did not have
the variants of interest. Further investigation involves taking the genotype of the cases
used for ISH and IHC protocols to quantify gene expression into consideration and
staining samples from a cohort where there is equal distribution of major, heterozygous
and minor genotypes for a particular SNP to analyse the influence of different genotypes
on neuron density. This would be particularly interesting to determine whether carrying
the heterozygous SNPs rs10869757 and rs11144848 (mapping to PCSK5) and rs185263
and rs1567335 (mapping to COMMD10), compared to minor and major alleles for that

SNP holds true for MS cases experiencing less neuron loss in statistical analysis.

We can take our findings from this project and implement them into cell culturing
techniques by growing induced pluripotent stem cell derived human neural progenitor
cells to manipulate genes of interest in these cells, including gene knockout or
investigating the transcriptome gene expression profile. The implementation of
clustered regularly interspaced short palindromic repeats (CRISPR) technology,
particularly CRISPR-Cas9, can be used to edit genes of interest and either express or

suppress the gene without altering the gene sequence. By employing this methodology,
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we can investigate these genes' role in neuronal development, maturation and

differentiation (Qi et al., 2022).
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Summary

Collectively, these findings suggest that genetic variants in these genes of interest may
serve as important markers for predicting the course of MS and could inform
therapeutic strategies aimed at preserving neuronal function and integrity while
delaying disease progression. Investigating the effect of neurodegeneration on disease
severity is vital, as there are currently no FDA approved drugs targeting this clinical
manifestation in patients with MS. This project has highlighted genetic factors, both
novel and previously described in the literature, that may influence disease severity by
either having a protective effect or increasing susceptibility to neuron loss, likely

worsening disease outcomes increasing disability.

This project has established a framework which can be applied to other gene variants
frequently identified in GWAS studies, facilitating further investigation of the genes and
their retrospective SNPs. We believe that this framework can be applied to further
advance the understanding of other genes of interest by first determining their
localisation patterns and establishing whether the gene is present in the tissue, such as
in neuronal-like cells or key glial cells in both healthy control and diseased tissue
samples. This gene expression can then be quantified to determine whether expression
levels significantly vary between both cohorts. Using previously known data of clinical
manifestations from the diseased cohort, differences in the disease between minor,
heterozygous and major allele and whether a polygenic effect of SNPs can be explored.
Whilst all these genetic contributions may not be exclusively or directly linked to
neuronal functions, it is evident that some play crucial roles in these processes.
Understanding the role of genetic SNPs in a MS cohort may be able to aid clinicians with
predicting one's disease course which emphasises the role of genetic screening. The
variability in genetic contributors and contradictory findings within the literature
highlights the complexity of MS and the need for personalised approaches in targeting

the disease.
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Supplementary Tables

Case Sex Relapse onset Age of onset (years) Age died (years)
(Y/N)
MS077 female Y 23 57
MS079 female Y 25 49
MS080 female Y 36 71
MS081 male Y 24 72
MS082 female Y 21 49
MS083 male Y 38 54
MS086 female Y 51 81
MS088 female Y 33 54
MS090 male Y 34 62
MS091 male Y 36 81
MS092 female Y 21 38
MS093 female Y 31 57
MS094 female Y 36 42
MS097 male Y 33 55
MS098 male Y 44 58
MS099 female Y 40 81
MS100 male Y 37 46
MS102 male Y 20 73
MS103 female Y 55 77
MS104 male Y 41 53
MS105 male Y 27 73
MS106 female Y 18 39
MS107 male Y 22 38
MS109 female Y 35 60
MS111 male Y 38 92
MS114 female Y 37 52
MS120 female Y 37 72
MS121 female Y 36 49
MS125 female Y 45 76
MS126 male Y 43 75
MS127 male Y 28 52
MS128 female Y 28 78
MS129 female - 42 66
MS130 female Y 27 57
MS133 male Y 35 63
MS136 male Y 28 40
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MS139 female Y 40 62
MS141 male Y 29 66
MS143 female Y 43 62
MS146 female Y 31 63
MS149 female Y 36 82
MS151 female Y 27 60
MS153 female Y 18 50
MS154 female Y 23 34
MS155 female Y 43 80
MS157 female Y 17 39
MS159 female Y 30 55
MS160 female Y 29 44
MS162 female Y 36 58
MS163 female Y 39 45
MS165 female Y 38 59
MS166 female Y 16 52
MS168 female Y 58 88
MS170 male - 26 56
MS176 male Y 10 37
MS179 female Y 44 70
MS180 female Y 26 44
MS181 female Y 39 71
MS182 female Y 23 56
MS184 - - - -
MS187 female Y 27 57
MS191 female Y 16 48
MS192 female Y 31 78
MS197 female Y 24 51
MS198 female Y 36 63
MS199 - - - -
MS200 male Y 25 44
MS203 female Y 26 53
MS207 female Y 22 46
MS216 female Y 48 58
MS218 female Y 30 56
MS222 male Y 31 70
MS229 male Y 37 53
MS230 female Y 22 42
MS231 female Y 32 59
MS234 female Y 23 39
MS235 male Y 19 53
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MS236 female - - -

MS237 male Y 37 77
MS241 female Y 43 83
MS242 female Y 38 57
MS245 male Y 37 63
MS247 female Y 60 67
MS248 female Y 42 58
MS249 female Y 7 59
MS255 male Y 20 45
MS256 female Y 29 53
MS261 male Y 39 68
MS263 female Y 35 73
MS264 female Y 32 68
MS265 female Y 22 74
MS269 male Y 31 72
MS272 female Y 26 64
MS273 male Y 29 61
MS274 male Y 24 56
MS275 female Y 29 63
MS280 female Y 30 47
MS286 male Y 29 45
MS288 female Y 56 83
MS289 male Y 27 45
MS292 - - - -

MS294 - - - -

MS296 male - 19 59
MS297 female Y 44 58
MS298 male Y 29 72
MS300 female Y 21 56
MS301 female Y 42 62
MS302 male Y 33 59
MS303 female Y 37 63
MS304 male Y 29 52
MS306 male Y 35 78
MS307 male Y 35 55
MS311 female Y 28 45
MS312 female Y 45 68
MS313 male Y 37 66
MS317 female Y 18 48
MS318 female Y 25 59
MS319 female Y 52 63
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MS325 male Y 48 51
MS326 male Y 29 62
MS330 female Y 19 59
MS331 male Y 32 57
MS335 male Y 24 62
MS338 female Y 37 50
MS340 female Y 33 53
MS341 female Y 30 52
MS342 female Y 29 35
MS347 male Y 22 50
MS348 female Y 20 46
MS352 male Y 24 43
MS356 female Y 28 45
MS363 male Y 15 42
MS364 female Y 22 56
MS371 male Y 23 40
MS372 female Y 36 82
MS374 female Y 33 71
MS376 female Y 38 58
MS377 female - 27 50
MS378 male Y 41 53
MS379 female Y 32 49
MS381 female Y 43 80
MS383 male Y 34 42
MS387 female Y 32 43
MS389 female Y 27 55
MS398 female Y 30 58
MS402 male Y 25 46
MS403 female Y 27 54
MS404 female Y 20 55
MS405 male Y 36 62
MS406 male Y 14 62
MS407 female Y 25 44
MS408 male Y 28 39
MS409 - - - -

MS410 female Y 33 47
MsS411 male Y 31 61
MS412 male Y 47 74
MS413 male Y 34 61
MS419 - - - -

MS422 male - 35 58

140




MS423 female Y 24 54
MS425 female Y 26 47
MS426 female Y 18 48
MS430 female Y 20 61
MS432 male Y 16 48
MS438 female - 35 53
MS439 female Y 25 62
MS444 male Y 28 49
MS445 female Y 30 62
MS448 female Y 32 37
MS450 male Y 29 54
MS458 - - - -

MS461 male Y 23 43
MS462 male Y 33 66
MS466 female Y 29 65
MS470 female Y 29 64
MS473 female Y 26 40
MS474 female Y 18 57
MS478 female Y 24 63
MS483 female Y 41 49
MS485 female Y 27 57
MS489 female Y 39 76
MS491 female Y 36 64
MS492 female Y 34 66
MS494 female Y 31 65
MS496 male Y 37 77
MS497 female Y 29 60
MS499 female - 25 72
MS500 male Y 21 50
MS506 female Y 9 61
MS510 female Y 16 38
MS513 male Y 33 51
MS517 female Y 24 48
MS520 male Y 31 74
MS523 female Y 31 63
MS527 male Y 21 46
MS528 female - 20 45
MS529 male - 56 80
MS530 male Y 21 42
MS532 male Y 29 68
MS535 female Y 24 65
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MS536 female Y 26 47
MS538 male - 28 -
MS541 female Y 18 68
MS542 female Y 38 76
MS543 female Y 26 66
MS544 female Y 48 73
MS545 male - 23 55
MS547 female - 32 69
MS549 male Y 20 50
MS555 female Y 35 59
MS558 female Y 23 62
MS562 female Y 22 62
MS567 female Y 29 45
MS573 female Y 23 71
MS575 female Y 26 54
MS576 male Y 44 75
MS578 female Y 20 68
MS579 female Y 31 66
MS581 female Y 34 71
MS583 female - 69 87
MS584 female Y 30 42
MS585 female Y 24 53
MS586 female Y 21 57
MS587 female - 38 58
MS588 male Y 19 57
MS589 female - 35 64
MS594 female - 25 83
MS595 female - 47 77
MS596 female - 38 77
MS598 female - 16 71
MS600 female - 32 63
MS601 male Y 34 70
MS602 - - - -
MS603 female Y 37 75
MS604 male Y 28 61
MS605 female - - 90
MS606 male Y 21 50
MS607 female N 49 63
MS608 female - 16 70
MS609 male Y 40 64
MS613 male 33 65
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MS618 female Y 33 56
MS619 male - 32 66
MS620 female Y 27 89
MS621 female - 35 85
MS622 female - 47 87
MS623 male Y 35 53
MS624 female Y 22 69
MS625 female Y 30 60
MS626 female Y 26 67
MS630 female - 41 74
MS633 male - 21 42
MS635 male Y 68 75
MS636 male Y 56 62
MS637 female Y 60 74
MS639 female Y 43 81
MS640 female - 29 69
MS641 female Y 45 69
MS643 female Y 30 96
MS644 female - 48 69
MS645 female - 54 83
MS646 female Y 25 46
MS648 male - 37 66
MS652 male - 58 76
MS653 female - 21 46
MS654 female - 50 75
MS657 female N 43 77
MS661 female - 32 50
MS662 female - 43 70
MS664 male - 29 63
MS665 female - 24 74
MS668 female - 55 82
MS669 female - 25 84
MS671 male - 31 76
MS674 male - 41 65
MS676 female - 22 67
MS678 female - 30 63
MS679 female - 43 69
MS680 female N 62 98
MS681 female N 58 86
MS682 female - 28 83
MS683 female - 44 67
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MS684 female Y 36 85
MS685 female - 30 73
MS686 male - 50 75
MS687 male - 37 76
MS688 female - 36 73
MS689 male - 31 71
MS690 female - 40 77
MS691 female - 39 65
MS693 female - 32 69
MS694 female - 43 64
MS695 female - 35 57
MS698 female - 33 70
MS699 - - - -
MS703 male - 24 44
MS710 - - - -
MS713 female - 28 59
MS714 female Y 33 82
MS715 male Y 35 78
MS716 male N 24 47
MS719 male Y 42 72
MS721 male N 43 55
MS722 female Y 25 53
MS732 - - - -
MS738 female N 22 60
MS739 female N 28 77
MS740 female N 31 75
MS742 male N 32 84
MS743 male N 20 58

Table 9. Full clinical data of the MS cases used in the project. Tissue sections and immunostained slides
were available from the UK MS Tissue bank for n = 310 cases (199 females, 31 years of age at onset, 59
years of age at death, 227 with a relapse-onset). Each row represents an individual MS case identified by a
unique case ID. The table includes sex (male, female or unknown), whether one or more relapses were
reported in the first 2 years following disease onset (yes, no or not known), age of onset (years) and age
died (years).
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DYSF:CYP26B1 SEZ6L
SNP rs7565433 rs7289446
Genotype Minor Heterozygous Major Minor Heterozygous Major
Number of MS Cases 3 41 255 30 122 147
PCSK5
SNP rs10869757 rs11144848
Genotype Minor Heterozygous Major Minor Heterozygous Major
Number of MS Cases 11 107 179 17 119 162
coMmMD10
SNP rs185263 rs1567335
Genotype Minor Heterozygous Major Minor Heterozygous Major
Number of MS Cases 32 117 149 26 118 154

Table 10. Number of MS cases for each SNP of interest across the cohort. This table presents the number
of cases, from the MS cohort (n = 310), carrying each genotype (homozygous minor, heterozygous and
homozygous major, for all SNPs included in the genetic analysis. Genotyping was performed using the
Ilumina Infinium Omni 2.5 Exome BeadChip array.
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Case SFG CG Thalamus
C026 427.22 411.75 239.55
C032 428.67 528.51 187.78
co45 504.4 - 223.33
C036 - 402.17 194.53
Cco37 - 565.9 -
C039 534.46 572.8 -
co48 - 461.21 211.44
NPO11 13 438.01 5723 -
NPO12 13 569.33 586.31 -
NP023 12 472.79 474.22 253.11
NP0O39 13 555.19 407.79 -
NPO46 12 - 417.17 258.76
NP052 12 436.67 471.34 184.99
NPO73 11 567.18 530.77 171.26
NPO73 13 - 530.26 -
NP088 12 517.17 585.37 223.19
NP093 11 - 403.57 264.66
NP103 13 477.87 510.27 -
NP109 13 540.8 551.42 -
NP122 11 542.69 538.36 215.70
NP126 13 445,99 465.26 -
NP127 13 575.43 590.84 -
NP128 13 491.33 483.03 -
NP132 12 598.61 483.74 185.78
NP141 13 - 454.23 -
NP161 13 474.47 517.32 -
NP172 13 585.67 442.25 -
R1 123193 643.28 587.22 181.37

Table 11. Control neuron counts for the SFG, CG and thalamic areas of interest. The neuron density
(number of positive cells per mm?) was calculated using QuPath and compared with MS neuron counts
from the same regions.
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SEZ6L % Expression
Case and Image Positive % of total ROI (Positive % of total
Number area Number of HuC* cells ROI/Number of HuC* cells)
NP 1339 NGM 1 0.3861 17 0.022711765
NP 13 39 NGM 2 0.1929 20 0.009645
NP 13 39 NGM 3 0.4928 24 0.020533333
NP 13 39 NGM 4 0.3651 12 0.030425
NP 13 161 NGM 1 0.1103 13 0.008484615
NP 13 161 NGM 2 0.152 12 0.012666667
NP 13 161 NGM 3 0.0884 12 0.007366667
NP 13 161 NGM 4 0.1083 15 0.00722
NP 13 172 NGM 1 0.2718 12 0.02265
NP 13 172 NGM 2 0.191 11 0.017363636
NP 13 172 NGM 3 0.0581 13 0.004469231
NP 13 172 NGM 4 0.1151 9 0.012788889
NP 073 NGM 1 0.1207 11 0.010972727
NP 073 NGM 2 0.4654 22 0.021154545
NP 073 NGM 3 0.2496 18 0.013866667
NP 073 NGM 4 0.2604 23 0.011321739
NP13 011 NGM 1 0.2337 25 0.009348
NP13 011 NGM 2 0.2598 19 0.013673684
NP13 011 NGM 3 0.3817 17 0.022452941
NP13 011 NGM 4 0.2519 26 0.009688462
MS 425 NGM 1 0.1697 22 0.007713636
MS 425 NGM 2 0.2614 16 0.0163375
MS 425 NGM 3 0.0737 17 0.004335294
MS 425 NGM 4 0.0688 22 0.003127273
MS 425 GML 1 0.0621 3 0.0207
MS 425 GML 2 0.0583 4 0.014575
MS 425 GML 3 0.0799 8 0.0099875
MS 425 GML 4 0.0765 8 0.0095625
MS 438 GML 1 0.0158 2 0.0079
MS 438 GML 2 0.004 1 0.004
MS 438 GML 3 0.0146 1 0.0146
MS 438 GML 4 0.0236 1 0.0236
MS 438 NGM 1 0.1852 12 0.015433333
MS 438 NGM 2 0.3249 9 0.0361
MS 438 NGM 3 0.2328 10 0.02328
MS 438 NGM 4 0.1115 11 0.010136364
MS 457 GML 1 0.0114 5 0.00228
MS 457 GML 2 0.092 4 0.023
MS 457 GML 3 0.1011 8 0.0126375
MS 457 GML 4 0.0213 6 0.00355
MS 457 NGM 1 0.471 13 0.036230769
MS 457 NGM 2 0.5785 15 0.038566667
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MS 457 NGM 3 0.8159 17 0.047994118
MS 457 NGM 4 0.3018 8 0.037725
MS 473 GML 1 0.0633 6 0.01055
MS 473 GML 2 0.0032 3 0.001066667
MS 473 GML 3 0.0732 8 0.00915
MS 473 GML 4 0.075 6 0.0125
MS 473 NGM 1 0.1661 11 0.0151
MS 473 NGM 2 0.1678 14 0.011985714
MS 473 NGM 3 0.0605 13 0.004653846
MS 473 NGM 4 0.1014 15 0.00676
MS 513 GML1 0.0016 8 0.0002
MS 513 GML 2 0.0123 12 0.001025
MS 513 GML 3 0.0077 9 0.000855556
MS 513 GML 4 0.0569 5 0.01138
MS 513 NGM 1 0.1223 25 0.004892
MS 513 NGM 2 0.1862 20 0.00931
MS 513 NGM 3 0.159 22 0.007227273
MS 513 NGM 4 0.1598 22 0.007263636
MS 523 NGM 1 0.2001 15 0.01334
MS 523 NGM 2 0.1276 8 0.01595
MS 523 NGM 3 0.075 9 0.008333333
MS 523 NGM 4 0.1497 11 0.013609091
MS530GML 1 0.0556 4 0.0139
MS 530 GML 2 0.0005 4 0.000125
MS 530 GML 3 0.0616 6 0.010266667
MS 530 GML 4 0.0286 11 0.0026
MS 530 NGM 1 0.1618 14 0.011557143
MS 530 NGM 2 0.4483 12 0.037358333
MS 530 NGM 3 0.1052 7 0.015028571
MS 530 NGM 4 0.431 11 0.039181818

Table 12. SEZ6L percentage expression calculations for MS and non-neurological disease control cohort.
To calculate the percentage SEZ6L expression, images were captured for each region of interest per case
(4 images captured for NGM per MS and control cases and an additional 4 images captured for the GML
regions in MS cases where present). When comparing the MS cases with known NGM and GML SEZ6L
expression values, a Wilcoxon paired test was conducted where the mean SEZ6L percentage expression
across the 4 images for each case at either a NGM or GML area was used.
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PCSK5 COMMD10
Case NGM GML NGM GML
NPO11 0.046951 - 0.166698 -
NP126 0.082063 - 0.005451 -
NP127 0.167129 - 0.06602 -
NP128 0.010579 - 0.07831 -
NP139 0.311885 - 0.013109 -
NP161 0.102797 - 0.04746 -
NP172 0.020378 - 0.154513 -
NPO73 0.114065 - 0.005976 -
MS408 0.387979 0.133274 1.007765 0.073454
MS423 0.600417 0.058275 6.018038 0.149214
MS425 0.834253 0.039851 0.664806 0.614931
MS438 0.500903 0.032333 3.47156 1.639637
MS473 0.073253 0.007892 0.321394 1.756407
MS485 0.053388 0.062093 1.05836 0.25868
MS492 0.034793 - 0.813056 0.306748
MS497 0.990068 0.102717 2.240241 0.139895
MS510 0.629641 0.310383 0.394835 0.088118
MS523 0.501217 0.09339 0.481692 0.090314
MS527 0.256632 0.30397 0.41876 0.530779
MS538 1.39158 - 0.039881 -

Table 13. PCSK5 and COMMD10 Duplex positive cell counts from MS cortical areas of interest in lesion
and non-lesion areas. The Duplex positive cell counts for PCSK5 and COMMD10 were calculated by
manually identifying and counting cells that co-expressed both markers within NGM and GML (where
present) regions in MS cases and NGM regions in non-neurological disease control cases. QuPath was
used to quantify PCSK5 and COMMD10 expression in MS and control samples by reporting the area of
positive stain per image, normalised to the total ROI and further divided by the number of positive cells to
calculate the average positive percentage immunoreactivity in NGM and GML regions per case.
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Case NGM GML
MS402 516.379012 -
MS407 - 557.4366704
MS422 600.0734696 251.0833728
MS423 454.7925243 331.619549
MS425 - 418.472288
MS438 - 331.619549
MS461 296.8784534 290.474536
MS473 292.1410312 260.5582171
MS485 265.2956392 215.2067153
MS491 326.8821269 251.0833728
MS492 377.4146296 -
MS497 366.3606446 -
MS510 - 502.1667456
MS513 - 552.2833891
MS523 394.7406609 -
MS527 492.4859673 291.3562021
MS530 659.7613334 317.8850061
MS543 533.8397509 396.6203783
NP13 011 314.8753561 -
NP13 012 587.1499287 -
NP13 126 353.7722762 -
NP13 127 461.8154562 -
NP13 128 441.4037233 -
NP13 139 426.0949237 -
NP13 161 745.9314329 -
NP13 172 449.0581232 -

NP073 460.7761237 -

Table 14. PCSK5 IHC positive cell counts from MS and non-neurological disease control cortical areas of
interest and lesion and non-lesion areas. PCSK5 expression was quantified across four annotated regions
of interest per case within NGM and GML (where present) regions in MS cases and NGM regions in non-
neurological disease control cases. Manual counts of PCSK5* cells were performed within each region
using QuPath, and the density of PCSK5* cells was calculated as the number of positive cells per mm2in
NGM and GML regions per case.
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