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Abstract

Introduction

Multiple sclerosis (MS) is characterised by demyelination, neuroinflammation and
neurodegeneration that contributes to a progressively worsening condition over
time. Ongoing, chronic demyelination is an important hallmark of MS pathobiology;
however the underlying drivers of progression have not been fully elucidated.
Microglia mediate demyelination and contribute to continued lesion expansion.
Phagocytosis and processing of myelin by microglia and macrophages results in the
release of myelin-lipids — including cholesterol, and dysregulation of cholesterol
homeostasis may drive a damaging microglial/macrophage response. The oxidised
metabolites of cholesterol — oxysterols — are important ligands implicated in
myelination, neuroinflammation and neuron survival and may represent a druggable
target. Little is known about the abundance and location of cholesterol and the
oxysterols in the MS brain, or how their dysregulation may contribute to a worsening

progressive MS.

Objective
| aimed to identify whether cholesterol homeostasis and metabolism is
dysregulated in pathologically relevant regions of the MS brain, and if so, to

investigate whether its modulation could be beneficial in MS.

Methods

Postmortem, snap frozen brain tissue from progressive MS (n=7, male=3, age=49
years; REC 13/WA/0292) and controls (n=5, male=3, age=61 years) were
immunostained for myelin, microglia and lipid markers. Regions of pathological
interest (ROI) were macrodissected, oxysterols extracted, and quantified using
enzyme-assisted derivatisation for sterol analysis - liquid chromatography — mass
spectrometry (EADSA-LC-MS). Quantitative in situ hybridisation and immunostaining
reported the relative expression of key enzymes of the cholesterol metabolic

pathway. A primary human in vitro model of myelin phagocytosis by monocyte-




derived microglia-like cells was established to assess the effects of MS-related drugs

on their ability to promote myelin clearance from lipid-laden cells.

Results

Key lipid metabolic systems differ between MS and control brain, and in regions of
chronic demyelination, including cholesterol and 24S-hydroxycholestol (24S-HC; the
major oxysterol of the human brain). 24S-HC: control WM — 20.44+2.87 ng/mg,
slowly expanding lesion (SEL) edge —3.27+1.59 ng/mg, SEL centre —1.91+1.23 ng/mg.
Evidence of altered cholesterol homeostasis was supported by the finding of
abundant lipid droplet positive macrophages at SEL edge and a striking 98% reduction
of the CYP46A1 transcript in the MS brain, whose product metabolises cholesterol to
24S-HC (p<0.0001). MS-related drugs, including simvastatin, were shown to promote

myelin clearance from lipid-laden macrophages in vitro.

Conclusion

Cholesterol is dysregulated in MS and an over accumulation of cholesterol in
microglia/macrophages at sites of chronic, actively demyelinating tissue, such as the
edge of SEL, may result in a failure of phagocytes to resolve inflammation.
Interventions to restore cholesterol homeostasis, for example by increasing CYP46A1
expression or activity, may resolve chronic inflammatory demyelination and reduce

the severity of MS disease.
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Chapter 1 — Introduction

1.1 Multiple Sclerosis

Multiple sclerosis (MS) is a debilitating disease of the central nervous system (CNS),
characterised by demyelination, neuroinflammation and neurodegeneration
(Frohman, Racke, and Raine 2006). It affects around 130 000 people in the UK and
around 2.5 million globally. It is the most common cause of non-traumatic brain injury
in young people. (Browne et al. 2014; Compston and Coles 2002, 2008). MS adversely
affects quality of life, and is associated with loss of motor control, reduced cognition

and extreme fatigue (Confavreux and Vukusic 2014).

MS is currently incurable. Clinicians have a growing number of disease modifying
therapies (DMTs) in their arsenal, however, the majority of these are only suitable
for treating the earliest, most inflammatory phase of MS. The majority of available
DMTs are centred on modifying the peripheral autoimmune response. Presence of
progression independent of relapse activity (PIRA) indicates that there are other
important drivers of disease worsening in many people with established, (or
progressive) MS (PMS) (Confavreux and Vukusic, 2014; Elliott et al., 2019; Cree et al.,
2019). Therefore, there is still a gap in our understanding of the neuropathic drivers
through the clinical course of MS, and as a result, there is still an unmet need for

drugs which can slow or stop disease progression.

1.1.1 — MS Disease, Diagnosis and Treatment

1.1.1.1 — MS Disease and Diagnosis

Diagnosis of MS is challenging due to the heterogeneous nature of the disease; often
taking months/years from symptom onset before a diagnosis is confirmed. Diagnosis
utilises the McDonald criteria and relies on a combination of the clinical
manifestation of symptoms, presence of lesions on MRI (disseminated in anatomical
space and time) and presence of cerebrospinal fluid (CSF)-specific oligoclonal bands

(Thompson et al., 2018a; Travers et al., 2022).




There are 3 main clinical subtypes of MS disease — relapse remitting (RR), secondary
progressive (SP) and primary progressive (PP) MS (figure 1.1). The majority of newly
diagnosed MS patients present with the relapse remitting subtype of the disease. This
is characterised by periods of relapse (new clinical disability onset/new radiologically
defined attack) followed by remission (moderate or full return of physical function)
(Confavreux and Vukusic, 2014; Dimitrov and Turner, 2014). Relapse remitting MS is
associated with intermittent bouts of inflammatory attack in the CNS interspersed
with periods of resolution of this inflammation and partial repair (remyelination and
neuroplastic changes) such that a near full recovery is seen (Kamel, 2019) Today’s
DMTs are moderately to highly-effective at reducing new inflammatory attacks, to
such an extent that the patient may become essentially relapse-free (Callegari et al.,
2021). However, despite being on efficacious anti-inflammatory treatment, many
people with RRMS still experience a slow worsening of disability, to such a point that
the overriding clinical phenotype is that of a progressive neurological disease course
— this is SPMS (Doshi and Chataway, 2016). Around 10% of MS patients experience a
progressive neurological disability with limited relapses from onset - this is PPMS.
Primary progressive and SPMS share many of the same pathological characteristics
(Kuhlmann et al., 2017; Luchetti et al., 2018). They have considerably less overt, focal
inflammation in the CNS but display a more widespread and chronic infiltration of the
connective tissues, normal appearing white and grey matter, larger and more
frequent demyelinating lesions, especially chronic active and slowly expanding
lesions of the white and deep grey matter, and a sometimes very extensive
demyelination of the cortical grey matter (Kutzelnigg et al., 2005; Magliozzi et al.,
2007; Frischer et al., 2009; Howell et al., 2011; Frischer et al., 2015; Haider et al.,
2016; Zrzavy et al., 2017; Luchetti et al.,, 2018). The nature of the chronic
neuroinflammation, demyelination and extensive neuroal- and axonal-loss, that
drives sustained atrophy, underlies the progressive and irreversible worsening in the
later phase and is the presumed reason why current DMTs are less effective in PMS

(Mahad et al., 2015; Correale et al., 2017).




Figure 1.1 — Graphical Representation of the Main Subtypes of MS

Relapse remitting MS consists of periods of increased disability and periods of remission where
symptoms resolve partially or completely (a). Secondary progressive disease begins with periods of
increased disability and remission which gradually transitions into progressively worsening disease, with
no improvement in symptoms (b). Primary progressive MS consists of worsening disability over time

from onset (c). Created in Microsoft PowerPoint.




The clinical definition of MS as RR, SP or PP can be further refined based on the
evidence of relapse activity, and findings from neuroimaging and clinical assessment.
A relative assessment of disease inflammatory activity is made on the basis of the
frequency of relapses and/or the finding of new lesions or unequivocally enlarging
lesions (so that an individual can be said to be experiencing an ‘active’ or ‘not active’
inflammatory disease). An individual’s MS can also be categorised as stable, or
worsening, based on a longitudinal assessment of their neurological disability over
time (has the patient got worse or remained stable). These modifiers are important
criteria for the decision as to when to treat, what to treat with and provides a
mechanism for monitoring how well a patient is responding to their treatment (Lublin

et al., 2022).

There are a number of clinically useful biomarkers for MS. At present, the only
biomarker for in vivo assessment of the entire CNS is MRI. This is very useful for
identification of lesion activity, particularly demyelination with white matter (WM)
involvement (Reich et al., 2018). The presence of CSF-specific oligoclonal bands can
be used to aid diagnosis after a single attack, as their presence is prognostic of a
higher risk of a second attack, i.e., conversion of clinically isolated syndrome (CIS; a
‘one-off’ attack) to an MS diagnosis (McGinley et al., 2021). There are also potential
up-and-coming biomarkers such as neurofilament light chain (NfL) levels obtained in
serum samples. NfL may correlate with increased inflammation; and potentially
higher levels at diagnosis may be prognostic of an increased severity risk. However,
NfL indicates neuronal damage and thus is not MS-specific, additionally its
concentration can also be affected by confounding variables such as age and BMI —
so its usefulness/prognostic meaning will have to be carefully considered (Yang et al.,
2022). There is still a need for more diagnostic biomarkers and particularly more
prognostic biomarkers to aid in the prediction of disease progression, which would

ultimately improve patient care.




1.1.1.2 - Treatment of MS and the need for drugs that target
neuroinflammation and neurodegeneration

MS disease modifying therapies target the peripheral immune system, modulating
the immune response and sequestering lymphocytes to the periphery and preventing
them from crossing the blood brain barrier (BBB) (Callegari et al., 2021; Correale et
al., 2021). These treatments can be highly effective in RRMS and in some people with
an active and worsening PMS (McGinley et al., 2021). A summary of available MS

DMTs can be found in table 1.1.

To date, there are only two MS drugs suitable for the treatment of progressive
disease — Ocrelizumab, for PPMS (and RRMS) and Siponimod (for SPMS). Importantly,
these potent anti-inflammatory medicines are only effective (and can only be
prescribed) for those people with evidence of ongoing disease activity (i.e., relapse
activity or evidence of new and/or expanding lesions). Ocrelizumab is a monoclonal
anti-CD20 antibody that depletes CD20 expressing B-cells. B-cells regulate
inflammation via the production of pro-inflammatory and anti-inflammatory
cytokines; a process that appears dysfunctional in MS. Additionally, B-cells can form
follicular-like structures within the brain which correlate with a worse MS-prognosis

(Magliozzi et al., 2007; Jakimovski et al., 2017; Riederer, 2017; Mulero et al., 2018).

Siponimod is a sphingosine-1-phosphate (S1P) modulator. S1P-receptors (subtypes
1-5) are expressed by a variety of cell types including lymphocytes and neuroglia.
Siponimod can bind S1P; present on CD4+ T-cells, preventing egress from the thymus
and lymph nodes, preventing T-cell infiltration into the blood, and thus CNS.
Additionally, it can exert anti-inflammatory and anti-neurogenerative effects in pre-
clinical models, by traversing the BBB and binding to S1P1 and S1Ps expressed by
neuroglia, but whether this contributes significantly to Siponimod’s efficacy in PMS
is unclear (Behrangi et al., 2019; Dumitrescu et al., 2019; Cohan et al., 2022). The
realisation that significant numbers of people with MS can experience PIRA
(discussed in detail below, see 1.1.2) whilst still on active treatment, highlights the

need for drugs which expressly target the other important components of this ‘silent’




progression. It is thought that the shifting balance between systemic inflammation
and central neuroinflammation, neurodegeneration and a variable extent of
remyelination between individuals, and within the course of a person’s MS, may
explain the incomplete efficacy of today’s DMTs. There is great need for drugs which
act to slow or stop the progression of MS; and a need to understand the underlying

mechanisms of silent progression to facilitate this (Cree et al., 2019; Cree et al., 2021).

Table 1.1 — UK Licenced Disease Modifying Therapies for the Treatment of MS

A list of approved DMTs for the treatment MS, their brief proposed mechanisms of action and which
subtype of MS they are used to treat. There are also a number of unlicensed, experimental drugs at
preclinical and clinical trial stage which have not been included in this table. RRMS — relapse remitting
MS, SPMS — secondary progressive MS, PPMS — primary progressive MS, active — evidence of relapse

activity.







1.1.2 — Progression Independent of Relapse Activity

The majority of people with RRMS convert to SPMS later in their disease course,
irrespective of effective DMTs targeting acute inflammation and reducing annualised
relapse rate (Lassmann et al., 2012; Callegari et al., 2021; Correale et al., 2021). This
is likely due to a slow, underlying level of progression, which exists within the brains
of people with MS - progression independent of relapse activity (PIRA). This ‘silent’
progression may be so slow that the patient and clinician may miss progression for a
period of time, as ability accrual is gradual, and therefore progression is identified
retrospectively (Cree et al., 2019; Kappos et al., 2020; Cree et al., 2021; Lublin et al.,
2022).

PIRA appears to be driven by more diffuse inflammation, which contributes to
neuroaxonal loss and subsequent accrual of seemingly irreversible physical and
cognitive disability (Cree et al., 2019; Kappos et al., 2020; Cree et al., 2021; Lublin et
al.,, 2022). Although the underlying cause of silent progression has yet to be
elucidated, SP and PPMS share some common radiological/pathological features,
which may suggest clues, including increased cortical demyelination and diffuse WM
microglial activation and chronic demyelination (Frischer et al. 2009; Howell et al.
2011; Kutzelnigg et al. 2005; Luchetti et al. 2018; Magliozzi et al. 2010). For example,
in WM, the presence of iron-rim, slowly expanding lesions, detected via MRI,
associate with an elevated risk of increased disability. Their presence has been
reported to be associated with an increased risk of conversion to secondary
progression by 1.6 times, compared to those without iron-rim lesions (Absinta et al.

2019; Cree et al. 2021).

The later postmortem sampling of iron rim lesions imaged in the living demonstrated
that they represent a mixed active/inactive (chronic) white matter lesion, which
contain a rim of foamy macrophages, described extensively by others to associate
with a more severe MS  (Absinta et al, 2019). Continued, underlying
neurodegeneration will also contribute to PIRA. Neuronal and axonal loss are a major
component of tissue atrophy - whole brain, spinal cord and regional brain atrophy is

an excellent correlate of disease severity and is prognostic for the rate of disease




worsening. The drivers of neuro-axonal damage will relate to loss of supporting
oligodendrocytes and normal homeostatic astroglial and microglial responses. For
example, in a rodent model of MS, experimental autoimmune encephalomyelitis
(EAE), microglia, along with astrocytes, have been shown to produce damaging
reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Haider et al.
2011), alongside inflammatory cytokines, such as tumour necrosis factor-o. (TNFa)
and interferon-y (IFN-y), which can mediate temporary, as well as more long-term
effects, on neuron and axon function and survival (Niki¢ et al., 2011). Oxidative injury
may contribute to neurodegeneration because mitochondria are particularly
sensitive to oxidation, and as discussed below (see 1.1.5.2) are essential for
axonal/neuronal health through production of energy (Haider et al., 2011; Correale

et al., 2019).

DMTs which specifically target compartmentalised CNS inflammation (the
component of the immune response which is locked within the tissue, which includes
widespread microglial activation, chronic actively demyelinating lesions and
leptomeningeal inflammation) and neurodegeneration will be required to treat many
cases of progressive MS (Callegari et al., 2021; Cree et al., 2021). A number of trials
of agents which specifically target these central components of the disease are
currently underway (Yong and Yong, 2021). For example, Ibudilast, a small molecule
that can traverse the BBB, has been shown to reduce brain atrophy by 48% and slow
progression in SP and PPMS in a phase 2 trial. Its action has been attributed to a
reduction in diffuse CNS inflammation (Naismith et al., 2021). Similarly, efforts to use
minocycline, an antibiotic that can cross the BBB, with long-described neuroimmune
and microglia-specific modulating effects, in preventing conversion to clinically
definite MS (Metz et al., 2017). Another target of interest is Bruton’s tyrosine kinase
(BTK). BTK is expressed by some B-cells and microglia, its inhibition by the brain
penetrant Evobrutinib reduces their inflammatory activity, and is associated with a
reduction in the volume of chronic actively demyelinating lesions (Arnold et al. 2022;
Cree et al. 2021; Garcia-Merino 2021). Efforts to modulate neuro-axonal processes,

including protecting neurons from damage and destruction, are in a very early phase




and are yet to report any conclusive benefit on slowing or stopping disease

progression (Chataway et al., 2020).

Other classes of drugs, which are not (at least directly) solely targeting inflammation
are also being studied. For example, the phase 2 MS-STAT trial, has shown that high
dose simvastatin (a statin which crosses the BBB), reduced total brain atrophy by 43%
in SPMS patients (Chataway et al., 2014) and was associated with a relative
preservation of cognitive function and higher quality of life indicators (Chan et al.,
2017). This highlights, that the underlying mechanisms of PIRA may be multifactorial,
and that by tackling components of this pathophysiology, including innate immune
cell activation, slowly expanding demyelinating lesions and neuronal-axonal health,

it may yet be possible to improve patient outcomes.

1.1.3 — Factors Affecting MS Susceptibility and Course

MS is a complex disease, associated with multiple environmental and genetic risk
factors (Thompson et al., 2018b). Genome wide association studies (GWAS) have
identified a range of risk, as well as protective, alleles. For example, carriers of the
HLA DRB1*15:01 allele have around triple the risk of developing MS compared to a
non-carrier (Patsopoulos et al., 2013). Additionally, a large GWAS study has shown
that there is an enrichment of MS susceptibility genes, related to regulation of innate
immunity, expressed specifically by microglia (as opposed to astrocytes or neurons)
suggesting that microglia have a role in MS susceptibility (Patsopoulos et al., 2019).
But as yet, little progress has been made in identifying common variants that link to

disease subtype or severity (Jokubaitis et al., 2022).

The study of MS in family groups has identified rare heritable traits in these cohorts
which do not map to larger studies using standard clinical cohorts (Patsopoulos,
2018). Nevertheless, these analyses do provide an insight into aspects of the disease
aetiology and pathology. One such example is the description of a rare variant in
CYP27B1 (Cytochrome P450 Family 27 Subfamily B Member 1), that encodes an
enzyme important in steroid, lipid and cholesterol metabolism, and hydroxylates 25-
hydroxyvitamin D3 (Ramagopalan et al., 2011). Other work revealed a variant in

NR1H3 (Nuclear Receptor Subfamily 1 Group H Member 3, also known as the
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Oxysterols Receptor LXR-Alpha), which encodes liver X receptor (LXR-a), which
together with its dimerization partner, retinoid X receptor (RXR), regulates the
transcription of a host of important immune and metabolic-related genes, including
those required for the catabolism of vitamin D and cholesterol. This coding variant in
NR1H3 was associated with a particularly aggressive and atypical form of PPMS
(Wang et al.,, 2016). These important, but not validated, studies highlight links
between lipid metabolic processes, including those involving cholesterol, in MS risk

and outcome.

There are a number of environmental risk factors which can increase someone’s
chance of developing MS, including smoking, obesity (especially in
childhood/adolescence), vitamin D deficiency and infection. Obesity in early life has
been associated with a two-fold increased risk of developing MS later in life
(Gianfrancesco and Barcellos 2016; Thompson, Baranzini, et al. 2018). In addition to
reducing overall health, the effect of obesity in MS has also been related to reduced
vitamin D levels, often found in obese individuals (Thompson et al., 2018b). Vitamin
D plays a role in the normal functioning of the immune system. Low levels have been
shown to associate with an increased MS susceptibility risk, as well as a more severe
disease course (Mark et al., 2018; Camu et al., 2020; Ao et al., 2021). Vitamin D
deficiency may correlate with the reduced incidence of MS observed as you approach
the equator, however, the reduction in these areas may also be due to sampling bias

(e.g., reduced diagnosis in lower income countries).

Smoking is a risk factor for many morbidities, it has a profound effect on the immune
system, increasing inflammation, and likely promotes autoimmunity (Arnson et al.,
2010). Additionally, in MS, it has been shown to correlate with an increased rate of
conversion to progressive disease (Ramanujam et al., 2015) and a more rapid disease
evolution (Rodgers et al., 2022). Increased incidence of childhood infections may be
protective against MS, whereas specific infection, such as with the Epstein-Barr Virus
(EBV), has been shown to increase an individual’s susceptibility risk (Bach, 2002; Levin
et al., 2005; Thompson et al., 2018). For example, in a recent study Bjornevik and
colleagues demonstrated a 32-fold increase in MS after infection with EBV,

additionally this correlated to increased serum NfL concentration (Bjornevik et al.,
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2022; Yang et al., 2022). EBV infection may increase MS risk due to a high molecular
mimicry between EBV’s transcription factor EBV nuclear antigen 1 (EBNA1) and the

CNS protein glia cell adhesion molecule (GlialCAM) (Lanz et al., 2022).

MS is a multifactorial condition, the underlying cause has yet to be elucidated, but a
combination of genetic and environmental factors which intersect at pathways that

impact on immune regulation and metabolic pathways, likely contribute to MS risk.

1.1.4 — Experimental Models used in the Study of MS

There is no perfect model of MS which is capable of encompassing this complex
disease as a whole. However, there are a number of in vivo and in vitro pre-clinical
models which have helped to advance our knowledge of the underlying biology of
MS. The most commonly used in vivo model for MS is EAE. Induction of EAE in
susceptible mice is achieved by immunisation with self-myelin proteins such as MOG,
MBP and PLP, along with reactive T cells and Freud’s adjuvant and pertussis toxin
(Munoz, Bernard, and Mackay 1984). This causes paralysis which ascends from the
tail, similar to the ascending paralysis experienced by many MS patients. The genetic
mouse model and myelin peptide used affects the clinical manifestation of EAE
symptoms, with some variations of the model being more chronic in nature whilst
others resemble a more relapsing remitting disease (Bernard et al. 2010). However,
the commonality between each m2 model is its usefulness for the study of the
immune response, with a skew towards T cell involvement (Ford and Evavold 2005;
Procaccini et al. 2015). Despite this, EAE has limitations. To name a few, no EAE model
captures a progressive form of MS, limiting the study of this prominent phase of
disease; lesions mostly occur in spinal cord WM, whereas in human disease, lesions
of the brain are most prevalent; EAE does not allow for extensive study of B-cell
involvement, despite their known importance in human MS and lastly, study of
remyelination is unsatisfactory due to lesion generation being sporadic (Procaccini et

al. 2015).

Different models have been used to study other aspects of MS. For example, toxic in
vivo rodent models of MS are better suited for the study of demyelination and

remyelination, with a far lesser immune component — toxic models include the
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cuprizone and lysolecithin models (Matsushima and Morell 2001). Cuprizone is a
copper chelating compound, which when added into rodent chow results in the
apoptosis of oligodendrocytes and subsequent demyelination — experimental factors
can then be administered to test their effect on remyelination. It is of note that
removal of cuprizone from the diet restores remyelination capacity, albeit to a lesser

extent (Liu et al. 2010).

Lysolecithin can be used to produce reproducible focal lesions at injection sites. It
acts directly on myelin, sparing surrounding axons and cells. This model has shown
that T cells, B cells and macrophages infiltrate to sites of focal demyelination,
highlighting their apparent importance in CNS repair in this model (Bieber, Kerr, and
Rodriguez 2003). Additionally, there is evidence of slower/lesser capacity for
remyelination in older animals, perhaps contributing to evidence surrounding
inflammaging in MS (Cantuti-Castelvetri et al. 2018; Shields et al. 1999) . Although
murine models of remyelination have helped to shed light on some of the
molecular/cellular components of remyelination, remyelination in murine models is
transient and repair occurs once the oligodendrocyte toxic stimulus is removed
(Palavra et al. 2022) and therefore may not be truly comparable to human

remyelination.

In addition to in vivo models, there are a number of established in vitro models to aid
the study of MS pathomechanisms. Mechanisms related to neurons and glia have
been modelled using cells of both murine and human origin, including immortalized
cell lines, induced-primary cells, primary CNS cells and organotypic brain slices
cultures. To give just a few examples — SK-N-SK and HOG are immortalized neuronal
and oligodendrocytes cell lines, respectively, which have been used to help identify
cellular contributions to MS. For example, they have been used to test whether MS
patient sera/CSF preferentially binds to these cells, compared to control bio-fluids
(Nazir et al. 2023). Induced microglia-like cells, generated from human peripheral
monocytes, can be used to investigate myelin phagocytosis (Hendrickx et al. 2014).
Primary cell cultures, such as primary microglia obtained from rapid autopsy, foetal
or biopsy samples are ultimately true cells, however their inability to retain their

endogenous state ex vivo limits their usefulness (Bohlen et al. 2017). Lastly, brain
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slice cultures, thick slices of freshly dissected brain tissue (typically 100-400 um), can
be useful for the study of demyelination/remyelination. Cells obtained from young
animals (<1 week old) are capable of myelinating in vitro when cultured on a porous
membrane, in an air-media interface — the effect of various toxins/drugs can then be
used to test effects on demyelination and remyelination (Madill et al. 2016; Muller,

Buchs, and Stoppini 1993; Stoppini, Buchs, and Muller 1993; Zhang et al. 2011).

1.1.5 — Multiple Sclerosis Pathology

Inflammatory mediated myelin and neuronal damage is present in the brains of
people with MS. Inflammatory infiltrates in the perivascular space and within the
meninges produce seemingly soluble factors, yet to be fully identified, but which
include TNF-a, IFN-y, CXCL13 and lymphotoxin, which can induce demyelination and
subsequent neurodegeneration via the activation of microglia and astrocytes in pre-

clinical models (Lassmann, 2018).

1.1.5.1 — Molecular and Cellular Component of Demyelination

Demyelination is the inappropriate degradation of the myelin sheath (Dendrou,
Fugger, and Friese 2015). The underlying cause has yet to be fully elucidated,
however some of the key cellular/molecular mediators are known. Demyelination is
orchestrated by activated CNS-resident cells, such as microglia and astrocytes, as well
as infiltrating immune cells from the periphery (Dendrou et al. 2015). Microglial
contribution to demyelination is complex. Microglia have a varied morphology and
phenotype. At rest, microglia, with multiple fine processes, are constantly surveying
the CNS environment for signs of immune threats. On detection of such threats,
microglia undergo a morphological and phenotypic polarisation. Although
oversimplified, microglia can be broadly categorised as one of two main phenotypes
— M1 (typically proinflammatory and damaging) and M2 (typically anti-tinflammatory
and protective). M1 microglia likely contribute to demyelination through the
secretion of neurotoxic proteases (such as cathepsin C and matrix
metalloproteinases), proinflammatory cytokines and chemokines (such as INF-y,

TNF-a and IL-6) and ROS. In turn, these secreted factors can promote and recruit
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more microglia along with other damaging cell types such as neurotoxic se and

reactive astrocytes (Dendrou et al. 2015; Mado, Adamczyk-Sowa, and Sowa 2023).

Products of the complement cascade (such as C1g and C3b) have been shown to be
present within neurotoxic astrocytes found within WMLs, particularly in regions
dense with complement positive microglia/macrophage-like cells. The presence of
complement positive reactive astrocytes has been suggested to be unique to
demyelination, therefore suggesting that complement activation can drive gliainto a
myelin-toxic and damaging state (Ingram et al. 2014; Saez-Calveras and Stuve 2022).
The cycle then continues with neurotoxic astrocytes releasing microglial recruitment
factors (such as CC-chemokine ligand 2 and granulocyte-colony macrophage
stimulating factor). In addition, astrocytes can also act on OPCs, preventing them
from maturing (Dendrou et al. 2015). A failure of OPC differentiation into mature,
myelinating cells also causes a failure of myelin repair — remyelination — therefore
reactive and damaging astrocytes likely also contribute to ongoing damage (Factor et

al. 2020).

It is important to note that microglia are also required to allow for remyelination via
the clearance of myelin debris (discussed in more detail in 1.1.5.4) (Mado et al. 2023).
Although demyelination is a dynamic process, with continued remyelination, in MS,
demyelination ultimately dominates, eventually leading to the irreversible loss of
axons and neuronal cell bodies (neurodegeneration) — presenting clinically as

permanent disability.

As previously mentioned, the adaptative immune system also contributes to
demyelination. Initially, T cells, specifically CD4+ Th1 and Th17, were considered the
cellular drivers of demyelination. Peripheral autoreactive T-cells can cross the BBB
and release a cascade of damaging cytokines including TNF-a and IFN-y. Evidence for
their contribution to demyelination is seen in EAE, which has been shown to be
inducible through the passive transfer of CD4+ anti-myelin T-lymphocytes. In human
disease, it is possible that CD4+ T-helper cells from the periphery inappropriately

recognise and bind to self-myelin antigens, presented by CNS antibody-presenting
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cells (ACPs), namely microglia and dendritic cells — thus promoting their entry to the

CNS and subsequent production of myelin-toxic antibodies.

In addition to CD4+ T cells, CD8+ cells may contribute to demyelination. When
stressed, CD8+ cytotoxic T cells can recognise self-myelin/oligodendrocyte antigens.
Evidence for their damaging role has been shown in EAE as adoptive transfer of MBP
CD8+ T cells has been shown to result in perivascular inflammation and WM
demyelination. Postmortem analysis of the human MS brain has shown that CD8+ T
cells are found in close proximity to the myelin sheath, suggesting that they play a
role in myelin degradation (Lubetzki and Stankoff 2014). However, drugs which aim
to exclusively target T-cells have had limited success in modulating MS, therefore

highlighting that T cells are not the only drivers of MS disease (Segal et al. 2008).

B cells have been shown to have a role in demyelination. Evidence comes both from
the presence of follicular tertiary lymphoid structures (composed of both B and T
cells) found to be present within the brains of people with more severe MS; and
additionally, from the success of B cell targeting drugs, such as CD20-targeting
Ocrelizumab, in their ability to reduce both lesion formation as well as annualized
relapse rate (Lubetzki and Stankoff 2014). In addition to antibody production by
plasma cells, B cells are proficient APCs and regulate T cells (Van Meerhaeghe et al.
2023). However, longitudinal studies of patients treated with Ocrelizumab have
unfortunately demonstrated that although annualized relapse rate is reduced,
progression to a less inflammatory, neurodegenerative disease still prevails in the
majority of those treated (Lubetzki and Stankoff 2014). There is still much to learn
about demyelination (as well as remyelination) in MS, in order to develop drugs
which will be capable of both preventing further damage, promoting repair and

ultimately halting disease progression.

1.1.5.2 — White Matter Demyelination
Active white matter lesions (WML) are most typical during early/RRMS (Kuhimann et
al., 2017). During active demyelination, the site of injury is densely packed with

phagocytic microglia/macrophage-like cells. At present, there is not a definitive
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marker to distinguish between activated microglia, which have a macrophage-like
morphology, and infiltrating macrophages from the periphery; to this end all
activated microglia/macrophages will be referred to as macrophage-like cells (table
1.2). Demyelination likely occurs from the centre of the lesion outwards, with
microglia/macrophage-like cells clustered around degenerating axons; as well as in
adjacent NAWM. The centre of actively demyelinating lesions contain a higher
proportion of macrophage-like cells (either generated from resident microglia or
immune infiltrates) (Prineas et al., 2001; Kuhlmann et al., 2017; Lassmann, 2018. The
myelin debris present within microglia/macrophage-like cells allows for activity
staging, based on whether minor or major degradation products are present
(Lucchinetti et al., 2000. At sites of active demyelination, microglia/macrophage-like
cells have been found to have increased expression of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase — suggesting oxidative tissue damage,
alongside TMEM119 (a marker enriched in resident microglia), p22phox, iNOS (that
both associate with oxidative stress), CD68, CD86 and HLA-DR (which are involved in
phagocytosis and immune-cell co-activation) and a loss of the homeostatic marker,
P2RY12 (Zrzavy et al., 2017). However, once ladened with myelin debris, their
expression of NADPH oxidase is reduced/lost, perhaps suggesting that their ability to

continue phagocytosing debris is diminished (Fischer et al., 2012; Lassmann, 2018).

In contrast to the actively demyelinating lesion described above, mixed
active/inactive (MA/1) WML are predominantly seen in patients with long standing,
progressive disease. These lesions have a hypocellular, inactive, demyelinated lesion
centre, with a rim of demyelinating, activated (foamy) microglia/macrophage-like
cells (Frischer et al.,, 2015; Lassmann, 2018). The microglia at sites of actively
demyelinating tissue, including at the rim of MA/I WML, show a loss of a homeostatic
signature, with a reduction of both P2RY12+ and TMEM119+ cells (Zrzavy et al.,
2017). These WMLs have been associated with a worse MS prognosis (Absinta et al.,
2019). Additionally, they are a useful pathological tool for the study of demyelination
in postmortem tissues, which can provide context/further insight into in vivo studies
of iron-rim lesions, detectable using MRI (Dal-Bianco et al., 2021). Although also

present in other lesion types, astrocytic scarring is common in MA/I WML. Scar
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formation in demyelinated areas is supposed to isolate inflammation, restrict
damage and provide structural support for repair. However, there is also evidence
that dysfunction in astrocytes may contribute to demyelination by recruiting
lymphocytes and contributing to the defective innate immune response (Meinl et al.,
2018) as well as being dysfunctional as a response to microglial-derived factors

(Liddelow et al., 2017).

Inactive lesions, in comparison to actively demyelinating lesions, contain few/no
microglia/macrophage-like cells and are considered an environment not supportive

of remyelination or tissue remodelling (Lassmann 2018).

Axon damage and destruction occurs at all stages of MS lesion development. The
frequency of transected neurites and end-bulb like structures are greatest in actively
demyelinating lesions (active and chronic active lesions), however, after the acute
phase of demyelination is complete, neurodegeneration still continues (Bitsch et al.,
2000; Frischer et al., 2009). Axonal injury worsens, with further reductions in axonal
transport speed and axonal end-bulb formation (Lassmann, 2018). Mitochondrial
damage has been identified in MS. Mitochondria provide energy to cells, including
axons, which they are transported along. Damage to mitochondria results in an
energy deficiency: firstly, causing functional dysregulation of axonal transport
required for signal transduction, and secondly, with prolonged energy deficiency,
axonal degeneration (and neuronal cell death) (Correale et al., 2019. Demyelination
of axons results in the axon becoming bioenergetically challenged. Sodium channels
at the nodes of Ranvier are lost and more pressure is placed on sodium/potassium-
ATPase to allow continued neuronal function. An increased reliance on ATP requires
efficient mitochondrial ATP production and transport. Restoring mitochondrial
transport experimentally is associated with neuroprotection and preserved axon

function (Licht-Mayer et al., 2020). Click or tap here to enter text.

1.1.5.3 — Grey Matter Demyelination
Increased abundance of grey matter lesions (GML) is associated with a worse MS
prognosis and correlates more with disability, compared to WML. However, current

MRI technology, used in clinical practice, is unable to accurately identify GML
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(Calabrese et al., 2007; Calabrese et al., 2010; Calabrese et al., 2013; Honce, 2013;
Bevan et al., 2018; Filippi et al., 2019). As a result, at this time, GML are useful for
aiding our understanding of MS pathomechanisms through pathological

investigation, but are less useful for disease monitoring.

Studies have shown that there is widespread cortical and deep GM demyelination in
MS (Calabrese et al., 2013). Cortical lesions can be further grouped into 4 distinct
subtypes: type i, leukocortical lesions affecting the deep cortical laminae and
subcortical WM; type ii, intracortical lesions, small lesions, typically surrounding a
blood vessel and found within the margins of the GM; type iii, subpial lesions
affecting the superficial cortical layers under the pia surface and type iv lesions which
extend throughout the layers of the cortex without affecting the underlying
subcortical WM (Bg et al., 2003; Kuhlmann et al., 2017). In comparisons to WML,
GML are typically less inflammatory, with a 6™ of the number of CD68+ microglia
found within cortical GML, compared to WML (Peterson et al., 2001). Nevertheless,
inflammation still plays a role in cortical and deep GM demyelination, likely at least
in part, independently of WM inflammation (B6 et al., 2007); with increased GM
inflammation in early, RRMS, compared to long standing, progressive disease
(Lucchinetti et al., 2011). Like WM demyelination, GM demyelination is only partially
understood. One mechanism associated with GM pathology, and a more severe MS
course, is the formation of B-cell follicle-like structures within the meninges. These
structures associate with a gradient loss of neuroglia cells, suggesting that soluble
factors produced at sites of B-cell follicle-like structures are pathogenic (Magliozzi et
al., 2007; Magliozzi et al., 2010; Howell et al., 2011). Additionally, microglia within
GML have also been shown to produce ROS, which are neurotoxic and contribute to

GML pathogenesis (Gray et al., 2008; Haider et al., 2011).

1.1.5.4 — Molecular and Cellular Component of Remyelination

In contrast to demyelination, lesions in MS are capable of natural repair —
remyelination (Franklin and Ffrench-Constant 2008; Lassmann 2018). Remyelination
is the generation of new myelin sheaths around denuded axons, resulting in at least
partially restored signal transduction and neurological function. A combination of

animal studies, namely the murine cuprizone and lysolecithin models, along with
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histological studies in human tissue, have helped to begin to unpick the underlying
biology of remyelination (Castillo-Rodriguez et al. 2022; Kipp et al. 2012).
Remyelination requires three main phases — first, myelin debris must be cleared,
second, oligodendrocyte precursor cells (OPCs) must migrate to the site of
demyelination and third, they must differentiate into mature, myelinating cells. The
first step of this process is orchestrated by activated microglia/macrophages, which
phagocytose the myelin debris. Whilst doing so, they release chemoattractants to
recruit more phagocytes to the site to aid the clearance of the debris (Fu et al. 2014).
The recruitment of OPCs is mediated by a number of molecular signalling pathways
including Wnt/B-catenin, PI3K/AKT/mTOR, and ERK/MAPK (Maciak, Dziedzic, and
Saluk 2023). Axons secrete signalling factors such as neuronal growth factor and glial
cell growth factor, which promote pre-myelinating OPCs to make contact with
denuded axons, and differentiate into mature myelinating cells; additionally, these
signalling factors promote the migration of more OPCs to the site of demyelination.
Mature oligodendrocytes then synthesise and assemble myelin proteins including
PLP, MOG, MAG and MBP to form new insulating myelin sheaths around axons
(Franklin and Ffrench-Constant 2008). It is of note, that new myelin generated to
replace degraded myelin is inferior to the original. It appears thinner irrespective of
the axonal circumference with an increased g-ratio compared to the original myelin.
Remyelination restores the distribution of ion channels into clusters at the nodes of
Ranvier, albeit with greater distances between internodes compared to the original,
however, this still improves signal transduction (Franklin and Ffrench-Constant 2008;
Keough and Yong 2013), likely manifesting as a clinical improvement. The capacity
for remyelination varies between individuals and between lesions. In MS,
remyelination ultimately becomes inadequate/fails to offset continued

demyelination (Chari 2007).

1.1.6 — The Role of Astrocytes in MS Pathogenesis

Astrocytes are involved in many important processes during health. For example,
astrocytes release regulators of neurotransmission such as glutamate and ATP
(Volterra and Meldolesi 2005), they contribute to neuronal health by providing

neurotrophic factors such as lactate and antioxidants (Ricci et al. 2009), their foot
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processes contribute to the maintenance of the BBB, helping to prevent influx of
peripheral immune cells (Horng et al. 2017) and additionally, they help to promote
an anti-inflammatory environment through secretion of anti-inflammatory cytokines

(Ponath, Park, and Pitt 2018).

In MS, astrocytes contribute to MS pathobiology. Astrocytes appear to become
reactive and hypertrophic prior to demyelination in normal appearing tissue. Their
foot-enlargement causes a reduction in BBB integrity, making it more permeable to
peripheral infiltrates (Brambilla 2019; Brosnan and Raine 2013). Their morphology is
also seen changed in active lesions, where they also become larger with less
processes. These reactive cells can be seen at the margin of lesions, extending into
the adjacent NAWM/NAGM. This observation in seen both in human MS lesions and
also in EAE where they appear reactive prior to immune infiltration, and contain
myelin debris, suggesting that they contribute to lesion expansion (D’Amelio, Smith,
and Eng 1990; Ponath et al. 2017, 2018). Additional evidence for their contribution
to lesion progression is their expression of microglia recruitment factors such as CCL2
and ICAM-1 (Bullard et al. 2007; Kim et al. 2014). Recruitment of microglia to lesions
can be both damaging (continued degradation of the myelin sheath) and beneficial
as they contribute to the removal of debris (which is required to permit

remyelination) (Bogie et al. 2020; Lampron et al. 2015)).

At later stages of lesion progression, astrocytes form an astrocytic scar when
demyelination is complete, i.e. in inactive lesions. Astroglial scars isolate regions of
inflammation and can restrict damage to these areas (Voskuhl et al. 2009). Therefore,
the presence of reactive astrocytes in MS lesions may contribute to both continued
damage and expansion and/or reparative processes. The contribution of astrocytes
to MS, aside from their role as CNS de novo cholesterol synthesisers, is beyond the
scope of this thesis, but it is noted that their contribution to MS pathobiology is as

important as it is varied.

1.1.7 — The Role of Microglia/Macrophage-Like Cells in MS Pathogenesis

Microglia are the resident immune cells of the human brain. In MS, resident

microglia, alongside infiltrating macrophages are overwhelmingly responsible for the
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inappropriate degradation of myelin and other cellular membranes (Luo et al., 2017).
Microglia and macrophages are are similar in terms of their function (table 1.2). There
is currently no single marker to distinguish activated brain resident microglia from
infiltrating macrophages from the periphery. Highly sensitive techniques to
characterise the transcriptome of cells, such as scRNA-seq, have helped to identify
likely microglia-signatures using hierarchical clustering. However, there is still no
definitive protein marker to distinguish activated microglia from infiltrating peripheral
macrophages, but high throughput gene assays can help to identify similar cell types

based on their global gene expression (Sellgren et al, 2017).

Table 1.2 — Comparison of Microglia and Macrophage Characteristics

Summary of microglia and macrophages: lineage (Cuadros et al. 2022; Ginhoux et al. 2010a;
Lassmann, Briick, and Lucchinetti 2001), location (Goldmann et al. 2016; Gomez Perdiguero et al.
2015), morphology (Colonna and Butovsky 2017; Huang et al. 2015; Nimmerjahn 2012; Tremblay et
al. 2011) function (Faust, Gunner, and Schafer 2021; Magnus et al. 2001a; Nayak et al. 2012; Paolicelli
et al. 2011; Stevens et al. 2007a; Tremblay et al. 2011),role in MS (Cantuti-Castelvetri et al. 2018;
Grajchen, Hendriks, and Bogie 2018; Haider et al. 2011; Lampron et al. 2015; Luo et al. 2017b) and
related antibodies and related antibodies (Koso, Nishinakamura, and Watanabe 2018; Ruan and

Elyaman 2022; Satoh et al. 2016; Zhang et al. 2006).
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1.1.7.1 - In Vitro Phagocytosis Models of Microglia/Macrophage-Like Cells

There has been interest in the study of myelin phagocytosis in the context of MS for
several decades. Early studies often used microglia extracted from rodent pups; these
cells were advantageous for the study of phagocytosis, due to their involvement in
early development, as they would have been actively involved in synaptic pruning
(Faust et al. 2021) in vivo. Together with experiments utilising organotypic slice
cultures, these earlier studies showed that it is primarily microglia with an ameboid-
like morphology that phagocytose cellular debris, including myelin (Czapiga and
Colton 1999; Giulian and Baker 1986; Reichert and Rotshenker 1999; Smith 1993;
Smith and Hoerner 2000).

Due to the importance of myelin phagocytosis in MS, more recent studies have also
studied myelin phagocytosis in vitro. Studies utilising murine bone marrow-derived
macrophages have identified that excessive uptake of cholesterol, as a result of
myelin phagocytosis, can be detrimental to microglia/macrophage-like cells, reducing

their ability to act as phagocytosing cells and additionally promoting cell death.

Other literature has reported on mechanisms related to myelin phagocytosis. For
example, Gitik et al, showed that myelin can regulate its own phagocytosis using
primary murine microglia/macrophage cultures. They identified a pathway in which
the presence of CD47+ myelin within microglia/macrophages activates SIRPa,
resulting in a downregulation of myelin phagocytosis by these cells (Gitik et al. 2011).

A mechanism which may be altered in MS (Han et al. 2012).

More recent studies have been conducted to look at myelin phagocytosis in human
MS. For example, Hendrickx and colleagues used primary microglia obtained from
post-mortem human brain tissue and post-mortem NAWM from people with and
without MS. They used an in vitro myelin phagocytosis model to demonstrate that
NAWM from people with MS was phagocytosed as an increased rate compared to
WM from controls — suggesting that changes in myelin supersede myelin degradation

in MS (Hendrickx et al. 2014).
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Micro-alterations in myelin to promote its uptake by phagocytes along with evidence
that microglia/macrophage-like cells are altered in MS, at different time points may
both contribute to the on-going damage seen in MS. We still have not fully elucidated
the underlying biology as to why myelin is inappropriately phagocytosed in human
MS. Further study of this process is needed to permit the development of drugs to
reduce inappropriate myelin phagocytosis and to promote remyelination (Grajchen

et al. 2018).

1.1.7.2 — Contribution of Pro-inflammatory and Anti-inflammatory Processes
of Microglia in MS

There is currently debate surrounding whether myelin debris clearance by foamy
macrophages is beneficial or harmful in MS. The cause of inappropriate targeting,
and subsequent, degradation of myelin by microglia/macrophages in MS is unknown,
but some mechanisms of action have been suggested. Receptor-mediated
endocytosis has been shown to be the mechanism of action driving myelin
internalisation by phagocytic cells (Grajchen et al., 2018). Various receptors have
been implicated in this process, including: Fc receptor binding of myelin-specific
antibodies, after opsonisation to self-myelin epitopes (Prineas and Graham, 1981);
complement receptor 3 regulated myelin internalisation (Reichert et al., 2001; Smith,
2001) and Mer tyrosine kinase (MerTK) driven myelin phagocytosis, which is
suggested to be self-promoted by myelin debris via activation of liver X receptors
(LXR) and peroxisome proliferator-activated receptor (PPAR)-dependent driven

synthesis of MerTK (Bogie et al., 2012).

Microglia survey the CNS microenvironment and alter their morphology/secretion of
cytokines in response to environmental cues. They are capable of secreting a wide
variety of factors, some pro-inflammatory in nature, such as TNF-a, IL-6, and IL-1f3,
whilst others are anti-inflammatory including TGFa, IL-4 and IL-10 (Sasmono et al.
2003). The role of microglia and the pro/anti-inflammatory factors they produce does
not categorise them simply as harmful or helpful; instead, the process is much more
dynamic. For example, remyelination requires both anti/pro-inflammatory signals
which are produced by microglia/macrophages, e.g., TNF-a and IL-4 have been shown

to promote oligodendrocyte proliferation, an essential step for remyelination (Fenn et
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al. 2014; Li and Barres 2018; Luo et al. 2017c; Muzio, Viotti, and Martino 2021; VoR
et al. 2012).

1.1.7.3 — Defective Myelin Clearance may Contribution to MS

Degradation of intact myelin is clearly damaging in the CNS, however, myelin debris
clearance by activated microglia/macrophages is believed to be necessary to produce
an environment that can facilitate remyelination (Luo et al., 2017). Work by Lampron
and colleagues showed defective myelin clearance, and reduced remyelinating
capacity, using the toxin-induced cuprizone model of MS. They used CX3CR1 deficient
mice. CXC3R1 is a receptor expressed by microglia which orchestrates crosstalk
between microglia and neurons, and also controls microglial physiology. Mice, with
CX3CR1 knock out microglia, displayed severely impeded phagocytosis, resulting in
diffuse myelin debris throughout the WM and inefficient remyelination of axons
(Lampron et al., 2015). Suggesting that myelin clearance is crucial for remyelination

at this time in this model.

However, more recent work by Bogie and Hendriks has suggested that foamy
macrophages are also detrimental in MS. They have suggested that polarisation of
microglia/macrophages to either a pro-inflammatory or anti-inflammatory
phenotype follows a triphasic pattern (Grajchen et al., 2018). Initial myelin
phagocytosis pushes foamy macrophages towards a damaging phenotype, resulting
in the release of pro-inflammatory mediators, such as TNF-o. and ROS (Haider et al.,
2011; Grajchen et al., 2018). Intracellular processing of cholesterol can then direct
foamy macrophages into a more anti-inflammatory, and beneficial (reparative and
pro-remyelinating) phenotype, which are likely involved in myelin debris clearance,
as opposed to directed damage of intact myelin. This phenotypic switch to a less
inflammatory state is likely LXR-driven. LXRs are activated by cholesterol metabolites
(oxysterols), which are highly abundant in myelin (Mailleux et al., 2017) and are
generated by the intracellular metabolism of endocytosed membranes. In addition
to promoting the resolution of pro-inflammatory signalling, LXR activation results in
the transcription, and subsequent translation, of cholesterol export transporters,
such as apolipoprotein E (APOE) and adenosine triphosphate-binding cassette Al

(ABCA1), permitting the removal of excess cholesterol from foamy macrophages
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(found in areas of actively demyelinating tissue) (Fukumoto et al., 2002; Tall, 2008).
However, Bogie and Hendricks, along with others, have suggested that prolonged
myelin phagocytosis coupled with defective cholesterol clearance from foamy
macrophages can revert macrophages back to a pro-inflammatory phenotype
(Grajchen et al., 2018). This proinflammatory state is seen in a model of the aged
CNS, where foamy macrophages have been shown to have a dysfunctional capacity
to clear myelin and support remyelination. The accumulation of unesterified, excess
cholesterol, in foamy macrophages resulted in the formation of cholesterol crystals,
which in turn caused lysosomal rupture and promoted inflammation via
inflammasome activation (Cantuti-Castelvetri et al., 2018). This process has some
relevance to MS as patient-derived microglia/macrophage-like cells have been shown
to exhibit characteristics of premature aging (inflammaging) (Bolton, 2021) and
ageing is an important variable in determining the risk of progression and the level of
disability (Scalfari et al., 2011). This dynamic process of microglia/macrophage-like
cell phenotype switching likely contributes to the continued and chronic
inflammatory-driven demyelination, demonstrated by MA/I WML, and ultimately
may reduce the success of remyelination whilst furthering glia and neuro-axonal
damage. Ultimately, damage to myelin, resulting in direct/indirect
neurodegeneration/injury to glia, underpins the loss of function in MS. Cholesterol is
an essential lipid component of the myelin sheath and its degradation by microglia
likely causes dyslipidaemia which may contribute to the continued innate immune
dysregulation observed in progressive MS (Reynolds et al., 2011; Lampron et al.,

2015; Grajchen et al., 2018).

1.2 Cholesterol and Oxysterols
Cholesterol is an important lipid involved in many biological functions (figure 1.2). It

is essential for membrane structure, function and fluidity, cell signalling, and
membrane trafficking (Brown and Goldstein, 1986; Cortes et al., 2014). It is also the
precursor for other important biomolecules — oxysterols, bile acids and steroid
hormones (Goedeke and Fernandez-Hernando, 2011; Griffiths and Wang, 2019).

Cholesterol disbalance is associated with a range of neurological disorders, including
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Niemann-Pick disease, Huntington’s, Alzheimer’s and MS (Valenza et al., 2007; Del Toro

et al., 2010; Griffiths and Wang, 2019; Varma et al., 2021).

Figure 1.2 — Chemical Structure of Cholesterol

Created with BioRender.com.
1.2.1 — Cholesterol Biosynthesis

Cholesterol is unable to transverse the BBB and is synthesised de novo in the CNS
(Zhang and Liu, 2015). The brain contains ~20% of the body’s total cholesterol, with
the majority unesterified and situated within the myelin sheath (Bjorkhem et al.,
2004). The healthy adult human brain contains around 20 mg/g of cholesterol, with
the majority present within the WM, due to the high density of myelinated axons
(Dietschy and Turley, 2004). In adulthood, the concentration of cholesterol remains
mostly constant, but a small fraction (around 0.7%) is turned over daily. This
mechanism has to be tightly regulated to ensure that the supply of cholesterol always

remains optimal (Dietschy, 2009).

Cholesterol is synthesised via a complex series of reactions. First, squalene is
synthesised from acetyl-coenzyme A (acetyl-CoA) or acetoacetyl-CoA via the

mevalonate pathway (figure 1.3). Squalene is then used as the first metabolite for
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cholesterol synthesis by both neurons, which predominantly synthesise cholesterol
via the Kandutsch-Russel pathway, and astrocytes which utilise the Bloch pathway
(figure 1.4) (Mazein et al., 2013; Zhang and Liu, 2015). Synthesis starts with the
conversion of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) to mevalonate, via the
action of HMG-CoA reductase — this is the rate limiting step of cholesterol
biosynthesis. The amount of cholesterol produced can be reduced using statins,

which act by inhibiting HMG-CoA reductase (Willey and Elkind, 2010).

Figure 1.3 — Squalene Synthesis via the Mevalonate Pathway

The pathway starts with either the consumption of acetyl-CoA or enzymatic conversion of acetoacetyl-

CoA to HMG-CoA. This occurs in the mitochondria, peroxisome, cytosol and endoplasmic reticulum (ER).
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The rate limiting step in the pathway is the synthesis of mevalonate from HMG-CoA, via the enzymatic
activity of HMG-CoA reductase; whose activity can be inhibited by statins. After mevalonate synthesis
a further 7 enzymatic steps generate squalene in the ER Mazein et al.,, 2013). ER - endoplasmic

reticulum, P — phosphate, PP-diphosphate, CoA — coenzyme A. Created in Microsoft PowerPoint.

Figure 1.4 — Bloch and Kandutsch-Russel Pathway for Cholesterol Synthesis

Squalene is used as the first metabolite in both the Kandutsch-Russel and Bloch pathways for

cholesterol synthesis. Cholesterol is synthesised within the endoplasmic reticulum of neurons
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(Kandutsch-Russel pathway) and astrocytes (Bloch pathway) (Mazein et al., 2013; Zhang and Liu, 2015).

Created in Microsoft PowerPoint.

In the brain, cholesterol synthesis is predominantly carried out by astrocytes, which
is then transferred to other cell types (Barber and Raben, 2019). Other cell types,
including neurons, can synthesise cholesterol, but in adulthood this is significantly
reduced; instead, mature neurons rely on astrocyte-derived cholesterol,
accomplished by cholesterol horizontal transfer. Astrocytic cholesterol is loaded onto
APOE, which is then transferred to neurons (and glia) via the action of ABC cholesterol
transporters. Lipidated APOE is endocytosed by low-density lipoprotein receptor

(LDLR) and LDLR-related protein 1 on neurons and other glia (Li et al., 2022).

The regulation of cholesterol biosynthesis is mediated by the action of regulatory
binding element (SREBP) and SREBP cleavage-activating protein (SCAP), using a
positive feedback mechanism (Shimano and Sato, 2017). SCAP is a sterol-sensing
protein, located in the ER. In the absence of cholesterol, it chaperones SREBP from
the ER to the Golgi apparatus. Once SREBP has entered the Golgi, its n-terminus is
released via the protease action of site-1 protease and site-2 protease. This allows
SREBP entry to the nucleus; once there it increases the production of cholesterol
synthesis related gene products. In contrast, when cellular cholesterol in the ER is
high, cholesterol inactivates the SCAP/SREBP complex, preventing SREBP’s transport
to the nucleus and subsequently decreases the transcription of cholesterol
biosynthesis related genes (Horton et al., 2002; Goldstein et al., 2006; Lee et al.,
2020).

1.2.2 — Cholesterol Homeostasis

The tight regulation of cholesterol homeostasis is imperative to the normal function
of various processes within the brain. Both neurons and glia are important to this
regulation. Astrocytes are primarily responsible for the biosynthesis of new
cholesterol, whilst neurons are responsible for the majority of cholesterol turnover
(Li et al., 2022). Neurons express CYP46A1, which regulates the enzymatic synthesis
of 24S-hydroxycholeserol from cholesterol, the major metabolic product of

cholesterol in the CNS. Unlike cholesterol, this oxidised product can then be removed
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from cells and can also be transferred into the periphery across the BBB (Zhang and
Liu, 2015) (see 1.2.2.1). Microglia and oligodendrocytes are also vital for maintaining

cholesterol homeostasis (figure 1.5) (Li et al., 2022).

Figure 1.5 — Cholesterol Flux in the Human Brain

The majority of cholesterol is produced by astrocytes via the Bloch pathway. Astrocytic cholesterol is
then transported via cholesterol transporters, such as APOE and ABCA1, to other cells including
oligodendrocytes, microglia and neurons. Neurons can also produce cholesterol via the Kandutsch-
Russel pathway — typically this is to support themselves and is most prominent during neonatal
neurogenesis. Cholesterol is inserted into membranes, esterified (by acyltransferase), packaged into
lipid droplets, or converted to oxysterols which can be effluxed from the brain, such as 24(S)-
hydroxycholesterol (via neuronal CYP46A1) and 26-hydroxycholesterol (via ubiquitously expressed
CYP27A1). In addition to oxysterol efflux from the brain, sterols such as 26-hydroxycholesterol can influx
into the brain. 24(S)-hydroxycholesterol - 24(S)-HC; 26-hydroxycholesterol - 26-HC; CYP — cytochrome

P450. Image produced using Biorender.com.

Oligodendrocytes support neuronal function and rely on high concentrations of
cholesterol. Cholesterol is a key component of the myelin sheath, and is essential for
allowing myelin sheath growth and axonal wrapping, which we now understand to
be crucial to normal behaviours, such as learning and memory (Mathews and Appel,

2016; Bergles et al., 2019; Fields and Bukalo, 2020). Cholesterol deficiency in
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oligodendrocytes has been associated with abnormal myelination, despite normal

oligodendrocyte morphology (Saher et al., 2005; Mathews et al., 2014).

Microglia also require cholesterol for normal function; they are involved in
supporting learning induced spine formation, synaptic plasticity and memory
formation (Parkhurst et al., 2013), alongside immune defence and support of normal
tissue homeostasis. Their endogenous cholesterol promotes survival and helps to
regulate the expression of phagocytosis genes, which allows for mechanisms such as
synaptic pruning (Paolicelli et al., 2011; Faust et al., 2021). Microglia express the
protein triggering receptor expressed on myelin cells 2 (TREM2) (Qin et al., 2021).
TREM2 facilitates the binding of lapidated APOE and its uptake by microglia. TREM2
is also involved in cholesterol clearance during demyelination; it senses lipid
components and promotes lipid uptake and catabolism (Poliani et al., 2015; Yeh et
al., 2016; Ulland and Colonna, 2018). A loss of TREM2 has been shown in areas of
chronic demyelination, resulting in an inappropriate accumulation of cholesterol
without the downregulation of phagocytosis related genes, causing continued
phagocytosis (Yeh et al., 2016). Genetic variants mapping to APOE, TREM2 and lipid
efflux transporters, including ABCA7, are associated with an altered risk of

Alzheimer’s disease (Karch and Goate, 2015).

1.2.2.1 — Cholesterol Metabolism Generates Signalling Molecules Called the
Oxysterols

Synthesised cholesterol, which is not required is either packaged and stored within
cells or is metabolised. Oxysterols are oxidised metabolites of cholesterol. They are
important bioactive molecules in their own right and are functionally active within

the brain Griffiths and Wang, 2019).

The main oxysterol of the human brain is 24S-hydroxycholesterol (24S-HC), also
known as cerebrosterol. 24S-HC is synthesised from cholesterol via the action of 24-
hydroxylase, which is encoded by CYP46A1 (predominantly by neurons). Cholesterol
is unable to traverse the BBB, whereas its oxidised products can; 24S-HC is the
primary sterol which facilitates this. Additionally, 24S-HC is a potent ligand for the

nuclear transcription factor liver X receptors (LXR)-a and LXR-f (Janowski et al.,
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1999). Activation of LXR via ligand-receptor binding results in a signalling cascade
causing the increased expression of many genes, including cholesterol efflux
transporters, such as APOE and the ABC-family of lipid transporters (Liitjohann et al.,
1996; Lund et al., 1999; Fukumoto et al., 2002; Lund et al., 2003; Tall, 2008; Matsuda
et al., 2013).

In addition to 24S-HC, other oxysterols are also involved in maintaining cholesterol
homeostasis. For example, (25R)26-hydroxycholesterol (26-HC, also known as 27-HC)
and 25-hydroxycholesterol (25-HC) are also LXR-ligands and can promote cholesterol
efflux transporter synthesis. 26-HC is synthesised from cholesterol by 27-
hydroxylase, which is encoded for by ubiquitously expressed CYP27A1. 25-HC is
synthesised by 25-hydroxylase activity, which is encoded by CH25H, expressed by
macrophages and other immune cells (Fukumoto et al., 2002; Javitt, 2002; Jeitner et

al., 2011; Liu et al., 2018).

In addition to mediating cholesterol homeostasis, oxysterols are also important for
normal brain function, and are involved in myelination, neuronal health and
inflammation (Mutemberezi et al.,, 2016). The rare developmental disease
cerebrotendinous xanthomatosis (CTX) presents with complex peripheral and CNS
pathology and the fatal degeneration of lower motor neurons. Mutations affecting
CYP27A1 cause CTX. CYP27A1 is also required for the induction of Th17 T cells via
7B,(25R)26-dihydroxycholesterol (7,26-diHC), a potent activator of RORyt. 24S,25-
epoxycholesterol is neuroactive and supports neurogenesis (Theofilopoulos et al.,
2013), whilst 8,9-unsaturated sterols can induce oligodendrocyte formation and
remyelination (Hubler et al.,, 2018). 3B,7a-dihydroxycholestenoic acid is
neuroprotective of motor neurons, whereas, others, such as 3B-hydroxycholestenoic

acid are neurotoxic (Theofilopoulos et al., 2014).

Oxysterols are also involved in regulation of the immune system. For example, 25-HC
is a mediator of negative feedback to interleukin-1 (IL-1) cytokine-mediated
inflammation, therefore its production can be anti-inflammatory (Reboldi et al.,
2014). 7a,25-dihydroxycholesterol (7a,25-diHC; synthesised from 25-HC via CYP7B1
activity) and 7a,(25R)26-dihydroxycholesterol (7a,26-diHC; synthesised from 26-HC
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via 27-hydroxylase), are endogenous ligands for EBV induced G-protein coupled
receptor 2 (EBI2), which contributes to B cell activation within lymphoid tissue. This
can result in damaging inflammatory processes (Nair et al., 2015; Griffiths and Wang,

2019; Griffiths and Wang, 2020).

1.2.3 — Cholesterol and Oxysterol Dysregulation in Neurodegenerative

disease

The regulation of cholesterol homeostasis is imperative for the proper function of the
brain; dysregulation of cholesterol and oxysterols have been implicated in a variety
of diseases, including neurodegenerative diseases (Griffiths and Wang, 2019; Griffiths

and Wang, 2020).

For example, cholesterol dysregulation has been implicated in Alzheimer’s Disease
(AD). The most robust genetic risk factor for AD is the €4 allele for APOE4 (Corder et
al., 1993). APOE is a cholesterol efflux transporter; lipidation of apolipoproteins is
important for proper lipid transport and clearance. APOE4 has been associated with
decreased lipidation, and contributes to increased amyloid aggregation, a
pathological hallmark of AD (Husain et al., 2021; Young et al., 2023). Additionally,
24S-HC has been found to be elevated in patient CSF, but reduced in serum and
plasma. 24S-HC has also been reported to be reduced in AD brain (Heverin et al.,
2004; Bjorkhem et al., 2009). A reduction in 24S-HC, and hypercholesterolaemia is
damaging to the brain (Dias et al., 2014). Inhibition of CYP46A1, which encodes for
24-hydroxylase, has been shown to increase neuronal death in a mouse model of AD.
Whereas increasing CYP46A1 was neuroprotective, normalised 24S-HC concentration
and also rescued cognitive defects in model systems (Burlot et al., 2015; Mast et al.,
2017). 26-HC (the product of 27-hydroxylase) has been shown to be increased in the
CSF and brains of people with AD (Heverin et al., 2004). High levels of 26-HC have
been shown to impair neuronal morphology, hippocampal spine density and is also
implicated in mechanisms related to synaptic maturation and plasticity. Therefore,
inhibition of the enzyme responsible for the synthesis of 26-HC, via inhibition of the
mMRNA encoding for it, CYP27A1, may be protective in AD, whilst deficits cause CTX
(see 1.2.2.1) (Merino-Serrais et al., 2019).
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Another neurodegenerative disease associated with cholesterol and oxysterol
dysregulation is Huntington’s Disease (HD). Huntington’s disease is characterised by
an excess of 36 or more CAG repeats in the huntingtin gene (HTT) (McColgan and
Tabrizi, 2018). A variety of sterols have been shown to differ in the brains of people
with HD and in mouse models of HD, such as a reduction in lanosterol, lathosterol,
desmosterol as well as cholesterol and 24S-HC Valenza et al., 2007). It has been
demonstrated in mice that brain supplementation with cholesterol may be beneficial
in HD (Valenza et al., 2015), additionally, increasing CYP46A1 may be beneficial by
increasing the rate of cholesterol metabolism, and consequently increasing the rate
of cholesterol precursors and metabolite synthesis (collectively referred to as
cholesterol flux), which were found to be reduced in HD-mice and patients

(Boussicault et al., 2016).

Alterations in cholesterol metabolism have also been observed in MS. The
concentration of several oxysterols differ in various biological fluids in RRMS patients
compared to healthy controls. For example, Novakova et al have reported a decrease
in 24S-HC in CSF and a reduction of 26-HC in serum. Additionally, Crick et al have
shown that there is a reduced concentration of 25-HC and 26-HC in patient plasma
(Novakova et al., 2015; Crick et al., 2017 but little attention has been paid to how MS-
disease activity relates to these findings. There is also evidence that cholesterol
homeostasis is altered in progressive MS. The MS STAT-2 phase Il clinical trial showed
that high dose treatment with simvastatin can reduce the rate of brain atrophy in
people with SPMS, suggesting that mechanisms relating to cholesterol homeostasis

are involved in this beneficial effect (Chataway et al., 2014).

It will be important to both identify any differences in cholesterol flux in progressive
disease, and also to gain a better understanding of how changes observed in the
periphery relate to changes in the brain and with disease activity. Work from our
group, including work which will be presented in this thesis, has begun to address
these questions. Of note, there are already existing drugs, alongside the brain
penetrant statins, which have been shown to have inhibitory effects on cholesterol
metabolism-related enzymes, some of which have already been suggested as

potential therapies for neurodegenerative diseases, such as AD and HD (Burlot et al.,
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2015; Boussicault et al., 2016; Kacher et al., 2019; Lerner et al., 2022). It will be
imperative to ascertain whether modulating cholesterol flux in the CNS will benefit

people with MS.

1.3 Mass Spectrometry
The strides which have been made in furthering our understanding of how

cholesterol, and its oxidised metabolites, may relate to disease, including
neurodegenerative disease, would not be possible without the advent of modern

mass spectrometric techniques (Rampler et al., 2021).

Mass spectrometry (MS) is an analytical technique capable of identifying compounds
in a mixture based on their mass to charge ratio. There are three main parts of a mass
spectrometer. First, an ionisation source, which ionises compounds within a sample
into gas phase ions; next, a mass analyser, which separates ions based on their mass-
to-charge ratio (m/z) and lastly, an ion detector which converts the generated ion
currents into amplified electrical signals, which are processed using a data
management system to generate a mass spectrum (a plot of abundance against m/z)

(Glish and Vachet, 2003) (figure 1.6).

Figure 1.6 - Schema of Mass Spectrometry Workflow

Samples are loaded into the system. An ion source is used to confer a charge to molecules within the
sample. Relevant ions are filtered by the mass analyser which are then transferred to, and measured
by, the detector as electrical signals, which are then converted into readable data. Created in Microsoft

PowerPoint.

1.3.1 — Mass Spectrometry lonisation Sources and Mass Analysers
There a number of different ionisation methods and mass analysers that can be used,

these are described below.
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1.3.1.1 — lonisation Methods
Compounds within a mixture are ionised under vacuum. Numerous ionisation

sources are available including electron ionisation, chemical ionisation, electrospray

ionisation and atmospheric pressure chemical ionisation (Smith, 2013).

Electron ionisation utilises a resistively heated filament which emits a beam of high-
energy electrons. This interacts with molecules within the sample and results in an
electron being expelled from the molecule, producing an ion. The first formed ion
usually has a molecular mass of the sample molecule and is termed the molecular
ion. Due to the high energy used, the molecular ion can be fragmented into fragment
ions unique to the analyte. Positively charged ions are accelerated towards the mass
analyser due to negative potential maintained by an ion focusing plate.
Fragmentation of the molecular ion allows structural information about the analyte

to be obtained (Hocart, 2010; Smith, 2013).

Chemical ionisation uses a reagent gas within the source to ionise molecules within
the sample. First, the reagent gas undergoes electron ionisation. This gas is at a
significantly higher concentration than that of the sample. The same molecules
become ionised when they react with the pre-ionised reagent gas. This is ‘soft’
ionisation and does not result in a significant amount of fragmentation. This provides

molecular mass information (Smith, 2013; Thomas, 2019).

Electrospray ionisation (ESI) pumps the liquid sample through a capillary. A potential
difference is applied between the end of the capillary and an electrode, which results
in the accumulation of charge on the surface of the sample liquid as it emerges from
the capillary as charged droplets. A nebulising gas aids droplet formation, whilst a
drying gas aids evaporation of solvent from the droplets. As solvent evaporates from
the droplets, they become smaller, whereas the charge on the surface increases in
density. Eventually, like charges repel each other and the droplet is split into smaller
droplets; this process repeats until an ion is ejected from the droplet. The gas phase
ion is then focused through a sampling cone before being transported to the mass

analyser (Ho et al., 2003; Smith, 2013).
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Atmospheric pressure chemical ionisation pumps the liquid sample through a
pneumatic nebuliser, creating a fine spray. The droplets within the spray are
vapourised and solvent is removed. The nebulising gas undergoes ionisation via
electron ionisation by corona discharge (a highly charged electrode creates an
electric field strong enough to ionise nearby molecules). These ions collide and
interact with solvent molecules, such as those in the mobile phase, and form
secondary ions. These secondary ions collide with sample molecules resulting in
ionisation of the sample molecules, in a similar method as chemical ionisation. The

ions are then passed to the mass analyser (Smith, 2013; Thomas, 2019).

1.3.1.2 — Mass Analysers
After ionisation, ions are transported to the mass analyser where they are separated

according to their m/z before being transferred to the detector for measurement.
There are different mass analysers which vary in their means by which to separate

ions, their resolution and upper mass range (Smith, 2013).

For example, sector mass analysers separate ions using either an electric or magnetic
field. lons travel towards the detector under the influence of the electric/magnetic
field. This applied field causes the ions to travel in a curved trajectory, with the radius
of the curve dependent on the field strength and applied voltage; only ions with a
specific m/z follow the correct curvature to reach the detector. Altering the
electric/magnetic field strength and voltage allows ions with differing m/z to be

detected (Bateman, 1999; Smith, 2013).

Another type of mass analyser is a time-of-flight (ToF) analyser. lons are accelerated
to the same kinetic energy and are sent towards the detector. Although the ions have
the same kinetic energy, they take different times to reach the detector due to
differences in their m/z; e.g., smaller ions have a greater velocity and reach the
detector before larger ions with a lesser velocity. The time it takes for an ion to travel
through the flight tube is measured and converted into the molecule’s m/z (Bateman,

1999; Smith, 2013).

Quadrupole mass analysers consist of 4 parallel rods set around a central axis. Each

opposing rod pair is connected electrically. A radio frequency (RF) and direct current
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(DC) is applied to the rods; adjacent rods are of opposite RF. For a given RF/DC
combination, only ions of a certain m/z have a stable trajectory and are able to pass
through to the detector, all other ions collide with the rods and are neutralised.
Altering the RF/DC allows ions with differing m/z to be sent to the detector (Mellon,
2003; Smith, 2013).

lon trap mass analysers store ions within a trap before ejection for measurement.
Linear ion traps (LIT) are constructed in a similar way to a quadrupole. The central
quadrupole traps ions in a 2D-plane along the x/y axis. Unlike a quadrupole, the LIT
traps ions within the analyser, prior to measurement. They are trapped along the axis
of the trap (along the z axis) by a set of DC electrode segments positioned at either
end, which are set to an appropriate voltage to cause the centre of the ion trap to be
at a lower potential than the end sections. A gas is applied which causes ions to lose
some kinetic energy, trapping them in the centre of the ion trap. This traps ions of all
m/z values. Altering the RF potential facilitates ion oscillations with a stable
trajectory, allowing ion accumulation, storage, focussing and ejection of ions of a

particular m/z for measurement (Hocart, 2010; Dunn, 2011).

Orbitrap mass analysers work in a similar way to LIT and trap ions using an electrical
field, however they employ a different m/z measurement. The Orbitrap consists of a
spindle-shaped inner, central electrode, with an outer electrode at either end. In the
case of a Thermo Scientific Orbitrap Elite, prior to entry to the Orbitrap, ions can be
trapped using LIT, first using high pressure LIT and then a low pressure LIT. lons (or
fragmented ions) are then transferred into a curved linear trap (C-Trap). Nitrogen gas,
present within the C-Trap, collides with ions and reduces their kinetic energy. These
are then transferred to the high vacuum Orbitrap. The ions delivered to the Orbitrap
consist of a range of m/z values, and begin to orbit the central electrode around the
z-axis and also oscillate along the z-axis. Increasing the DC electrostatic field of the
outer electrodes, forces the ions further towards the central electrode, stabilising
their trajectory. lons of differing m/z values will oscillate at differing frequencies
along the central electrode. This principle is used to identify a single ion based on its

specific frequency (Hocart, 2010; Gross, 2017).
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1.3.1.3 — Tandem Mass Spectrometry
Tandem MS is the use of multiple stages of mass analysis, either in space (different

mass analysers are physically coupled together) or in time (where the same
instrument facilitates both storage and all mass analysis events) (de Hoffmann and

Stroobant, 2007).

1.3.2 — Gas Chromatography and Liquid Chromatography
Prior to mass analysis via MS, molecules within a sample can be separated via

chromatography, coupled to the mass spectrometer. The most common set-ups used
for oxysterol analysis are gas chromatography-MS (GC-MS) and high-performance
liquid chromatography-MS (HPLC-MS). Compounds within a complex mixture will
have varying affinity for the stationary phase. In HPLC-MS the mobile phase is liquid
and the stationary phase is solid, whereas in GC-MS the mobile phase is gas and the
stationary phase can be either solid or a liquid. The mobile phase pushes the sample
through the stationary phase column; the compounds are then separated - the higher
the affinity a compound has for the stationary phase, the longer it will take to be
eluted from the column, prior to injection into the mass spectrometer. GC is typically
coupled to an ionisation system which utilises either electron or chemical ionisation,
whereas LC is normally coupled with electrospray or atmospheric pressure chemical

ionisation (see 1.3.1.1) (Smith, 2013; Gross, 2017).

1.3.3 — Application of Mass Spectrometry for the Identification of

Oxysterols within the Human Brain
Mass spectrometry can utilise a variety of starting material, including tissue and

biological fluid (Dzeletovic et al., 1995; Heverin et al., 2004; Leoni et al., 2005; Crick
et al., 2017; Griffiths et al., 2019b). In order for compounds within a sample to be
identified and quantified, they have to be extracted into a liquid medium.
Alternatively, methods allowing on tissue MS imaging (MSl) can be utilised. MSI is

discussed in chapter 2 (see 2.1.2).

In this thesis | have utilised HPLC-electrospray ionisation (ESI)-MS using the Orbitrap
Elite (Fisher Scientific) (figure 1.7), to provide both mass spectra and three rounds of
fragmentation (MS®) information, to identify and quantify sterols extracted from

human brain tissue samples. Prior to HPLC-MS | utilised a method allowing for the
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extraction, purification and identification of sterols within a sample - enzyme assisted
derivatisation for sterol analysis (EADSA) (Crick et al., 2015). This method exploits the
enzymatic reaction of cholesterol oxidase (CO) and Girard hydrazones. (Teng and
Smith, 1995; Zhang et al., 2001). The addition of CO to the reaction mixture converts
3B-hydroxy-5-ene sterols to 3-oxo-4-ene equivalents — the 3-keto group is
susceptible to derivatisation by Girard hydrazine (Girard P, GP). Once derivatised,

sterols can be analysed by MS. EADSA is discussed in detail in chapter 2 (see 2.2.2.2).
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Figure 1.7 — Schema of HPLC-ESI-MS using the Orbitrap Elite Mass Analyser

The sample is pushed through the HPLC column by the mobile phase, the more affinity the sample has for the stationary phase column, the longer it will take to be eluted (a).
The sample is pumped through the ESI source, before being collected by the sample cone (b). The ions are then focused and transported first to the high-pressure LIT followed
by the low-pressure LIT (c). The ions then enter the C-trap® microscopy system (d) followed by the orbitrap mass analyser). The molecular ion and/or fragment ions are then
sent to the detector for measurement (f). HPLC — high-performance liquid chromatography, LIT — linear iron trap. Image adapted and modified from

http://planetorbitrap.com/orbitrap-elite (date accessed: 24/03/2023).
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1.4 Hypothesis and Aims

There is an underlying, continuous progression independent of relapse activity
(PIRA), affecting all phases of MS, which becomes clinically apparent in later disease
(Cree et al., 2019). PIRA-mechanisms have not been fully elucidated and more
understanding of this important hallmark of disease is needed in order to stop, slow,
or reverse MS progression. The results presented in this thesis focus on actively
demyelinating tissue in MS, with a particular focus on MA/I WML, as these correlate
with a worse MS-prognosis, contribute to PIRA and are prevalent in progressive
disease (Elliott et al., 2019; Absinta et al., 2019; Ransohoff, 2023). Cholesterol is an
important biomolecule and lipid component of the myelin sheath; its degradation by
microglia/macrophages likely causes dyslipidaemia which may contribute to the
continued innate immune dysregulation observed in progressive MS (Reynolds et al.,
2011; Grajchen et al., 2018). Additionally, cholesterol oxidised metabolites, oxysterols,
are important signalling lipids, and their dysregulation has been implicated in other
neurodegenerative diseases — causing promotion of neuroinflammation and
damaging neuronal health (Griffiths and Wang, 2019; Griffiths and Wang, 2020). To
date, there has not been a systematic analysis of sterol abundance in the MS brain

and there is limited data on foam-cell biology as pertaining to MA/I WML.

I hypothesise that cholesterol metabolism/homeostasis is altered in the human MS
brain, at sites of ongoing, chronic inflammatory demyelination, and that this
dysfunction contributes to neurodegeneration in MS disease. In order to test this, |

will aim to:

Confirm that | can confidently identify and quantify cholesterol, its precursors and
oxidised metabolites (oxysterols) in human brain tissue.

Identify and quantify changes in sterol concentration between pathologically
relevant regions of the MS brain, as well as compared to demographically/regionally
matched control brain.

Explore whether available drugs, relating to MS/cholesterol regulation, can reduce
the number of lipid-laden foamy macrophage-like cells in an in vitro model of myelin

phagocytosis.
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Chapter 2 — Identification and Quantification of
Low Abundance Oxysterols in the Human
Multiple Sclerosis Brain

2.1 Introduction
Advancements in analytical methodologies has helped to highlight the emerging role

of oxysterols in neurodegenerative disease. Information about oxysterols in the
human brain is limited, and changes in the MS brain are unknown. Using cutting edge,
mass spectrometric technology, | have begun to elucidate differences between the

oxysterol profiles from the brains of people with and without MS.

2.1.1 — Challenges in Oxysterol Research
Previously, thin-layer chromatography (TLC) was used for the separation of

oxysterols. TLC can separate oxysterols quickly and simply, however, resolution of
side-chain isomers is poor, additionally, the method is unsuitable for the separation
of complex mixtures of oxysterols, often present in biological samples (Shan et al.,
2003; Griffiths et al.,, 2013). Modern studies favour the use of either gas-
chromatography-MS (GC-MS) or liquid chromatography-MS (LC-MS). Both are valid
methods for the detection of oxysterols, with neither technique superseding the
other in their capability, however, GC-MS is traditionally considered the gold
standard. Both are suitable for detection of oxysterols in a variety of biological
mediums including plasma, CSF and tissue (Dzeletovic et al., 1995a; Heverin et al.,
2004; Leoni et al., 2005; Crick et al., 2017; Griffiths et al., 2019b; Griffiths et al.,
2019a).

Historically, GC- and LC-MS have shared some of the same challenges in oxysterol
separation and quantification. Firstly, cholesterol is more highly abundant in
biological samples compared to oxysterols; typically, there is at least 1000 times more
cholesterol than any other oxysterol. High biological concentrations of cholesterol
can lead to the formation of oxysterols via autoxidation during sample
preparation/storage. It can be difficult to differentiate enzymatically formed

oxysterols from those generated via autoxidation, therefore the abundance of a
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measured oxysterol may differ from its true biological concentration. Although
efforts have been made to avoid autoxidation in the current study, a number of
oxysterols | have measured can be generated both enzymatically and via autoxidation
- these sterols include 7a-hydroxycholesterol, 7B-hydroxycholesterol and 7-
oxocholesterol. In addition, high cholesterol abundance can make the identification
and quantification of very low abundant oxysterols more difficult. Groups have
mitigated the risk of autoxidation (and the high cholesterol: oxysterol ratio) in a
variety of ways, namely, the separation of cholesterol from other oxysterols at an
early point during sample preparation. Both GC- and LC-MS sample preparation
procedures utilise solid-phase extraction (SPE) and exploit the differing polarity of
cholesterol and oxysterols to separate them (see 2.2.2.3). Additional steps are taken
by groups utilising both GC- and LC-MS to further minimise autoxidation, these
include avoiding the use of high temperatures, addition of metal chelators, addition
of anti-oxidants, handling samples in an inert atmosphere and the use of solvents
purged with argon or nitrogen (Dzeletovic et al., 1995a; McDonald et al., 2012). In
addition to this, some have suggested that avoiding hydrolysis can reduce
autoxidation (Kudo et al., 1989; Dzeletovic et al., 1995; Griffiths et al., 2013; Crick et
al.,, 2015). Oxysterols can be free or esterified to fatty acids. The addition of a
hydrolysis step allows for the fatty acid-esterified oxysterols to be quantified;
omission of this step allows for free oxysterols to be quantified. The data presented
in this chapter is of free, unesterified oxysterols. Free oxysterols are able to be
transported from the brain to the periphery (blood/CSF) and therefore their

measurement may be the most clinically useful.

Another challenge in oxysterol research is the resolution of isomers. Isomeric
oxysterols may give similar spectra and their identification relies heavily on the
production of suitable chromatograms and appropriate internal standards with
similar chemical properties. Additionally, oxysterols are typically non-polar, neutral
compounds, which are difficult to ionise — a property required for both GC- and LC-
MS. To overcome these challenges groups have developed and utilised a variety of
derivatisation procedures (Kudo et al., 1989; Jiang et al., 2007; Griffiths et al., 2008;

Honda et al., 2008; Jiang et al., 2011; Griffiths et al., 2013). In the present study |
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utilised a method allowing for the extraction, purification and identification of sterols
within a sample - enzyme assisted derivatisation for sterol analysis (EADSA) (see
2.2.2.2) (Crick et al., 2015). EADSA exploits the enzymatic reaction of cholesterol
oxidase (CO) and Girard hydrazones. (Teng and Smith, 1995; Zhang et al., 2001). The
addition of CO to the reaction mixture converts 33-hydroxy-5-ene sterols to 3-oxo-4-
ene equivalents — the 3-keto group is susceptible to derivatisation by GP (figure 2.1).
Once derivatised, sterols can be analysed by MS, in this case, by LC-electrospray

ionisation (ESI)-MS and -MS3.

Girard P hydrazine

Figure 2.1 — Charged-tagging of Sterols

Cholesterol oxidase reacts with a 33-hydroxyl group on sterols to produce a 3-oxo equivalent. Girard P
hydrazine will react with the 3-oxo, resulting in a GP-tagged sterol with a positive charge. GP — Girard

P. Image provided by Prof. William J Griffiths.

2.1.2 — On Tissue Mass Spectrometry Imaging using EADSA
There are a variety of technical approaches which can be used to quantify

derivatised sterols. For example, enriched-tissue homogenates combined with LC-
MS, or alternatively, on-tissue analysis using MS imaging (MSI). Two examples of
MSI| are liquid extraction for surface analysis (LESA) and matrix-assisted laser

desorption/ionisation (MALDI).

Micro-LESA can be combined with EADSA to allow for the analysis of oxysterols on
tissue — the EADSA methodology is modified to allow for surface derivatisation and
internal standard addition via spraying, as opposed to the traditional method
performed in solution. A capillary is then used to make contact with the tissue and

deposits and aspirates the extraction solution, this is then run using LC-ESI-MS. For
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on-tissue analysis of oxysterols in mouse brain, a spatial resolution of 400 um has
been achieved (Yutuc et al., 2019). This methodology is translatable to human tissues,
and additionally can be used for the analysis of other compounds, such as proteins

(Sarsby et al., 2014; Griffiths et al., 2020b).

The specificity of LESA-MSI is higher than MALDI-MSI, however MALDI-MSI can
achieve higher spatial resolution (10 uM), which is highly beneficial when assessing
pathological changes in varying tissue anatomy. Newer MALDI sources, including
atmospheric pressure (AP)-MALDI, have been able to achieve a lateral resolution of
1.4 um, and new technology will theoretically be able to achieve subcellular spatial
resolution (Kompauer et al., 2016; Zhu et al., 2022). However, at present, MALDI-MSI
is unsuitable for the analysis of low abundance oxysterols, but instead lends itself to
the quantification of cholesterol. Cholesterol crystallises on the surface of the tissue
and masks species with a similar spectral-finger print, such as low abundance
oxysterols, currently preventing their detection. Like LESA-MSI, MALDI-MSI can be
combined with a modification of EADSA allowing for on-tissue derivatisation; it also
includes an additional step consisting of the addition of a suitable matrix, such as a-
cyano-4-hydroxycinnamicacid. Unlike LESA-MSI, MALDI-MSI uses a laser to desorb
and ionise molecules from the matrix-covered sample surface. The matrix aids in
ionisation and also helps to protect the tissue surface by absorbing some of the
laser’s energy. The ions are then transported to the mass spectrometer to be

measured (Gustafsson et al., 2011; Angelini et al., 2021).

Differences in cell type and number in the CNS are of importance in MS. People with
MS typically have a reduced number of neuronal cell bodies, possibly up to as many
as 13 billion less neurons within the cortex, compared to controls, as a result of
neurodegenerative damage (Peterson et al., 2001; Carassiti et al., 2018). WML tend
to be more inflammatory, with increased numbers of microglia/macrophage-like
cells, compared to GML (Kuhimann et al., 2017), which typically present as
hypocellular lesions with few, if any, infiltrating macrophages. Therefore, the
separation of WM and GM should both reduce any dilution effect from cell type
differences as well as help us to elucidate location and abundance of sterols within

the human MS brain.

48



.2.1.3 — Chapter Aims

At present, the location and abundance of oxysterols within the human MS brain is
poorly understood. In order to address this, as well as explore the potential role of
cholesterol and oxysterols in MS, it must first be confirmed which low abundance
sterols are detectable in both control and MS brain. Secondly, any differences in the
regional distribution of these sterols must be identified; and finally, whether there
are differences in the abundance/location of sterols within the brains of people

with and without MS needs to be assessed.

2.2 Methods

2.2.1 —Tissue Cohort
Snap-frozen, postmortem human brain tissue blocks from neuropathologically

confirmed MS were provided by the UK MS Tissue Bank, Imperial College London
(ethical approval, 08/MRE09/31+5). Age/gender matched control tissue blocks
(anatomically matched where possible), with no history of neurological disease, were
provided by the Thomas Willis Oxford Brain Bank, Oxford University (ethical approval,
13/wa/0292) (table 2.1). Tissue from 2 different tissue banks was used — the Oxford
Brain Bank and the Imperial College London Brain Bank. Although there will be local
differences, both tissue banks follow standard procedures in regard to tissue banking
frozen samples — tissue is snap frozen on isopentane on dry ice and stored at -80°

C. The choice to use tissue from two different tissue banks was made due to the type
of tissue held by each tissue bank. Both tissue banks collect tissue from non-
neurological disease, healthy controls. However, unlike the Imperial College London
Brain Bank, the Oxford Brain Bank specifically collects brain tissue from controls, and
as such, they have a larger selection of tissue from people with a younger age of
death. The Imperial College London Brain Bank has more of a focus on collecting
brains from people who lived with neurological disease, like MS — the control tissue
they collect is typically from people who were much older compared to Oxford.
Therefore, using tissue from two different brain banks allowed me to more closely
age match the MS and control cases. Due to the differing nature of the tissue
collected by the brain banks, the Oxford Brain Bank tissue has a longer PMD - this is

due to the tissue being from control cases, who are younger and where their cause
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of death may be sudden and require an investigation by a coroner — therefore
delaying processing time after death. Typically, the cause of death for tissue from
people with MS does not require extra investigation and therefore the PMD is

shorter.

My overall project aim was to better understand the role of oxysterols in MS. | first
sought to identify a cohort with evidence of an active inflammatory disease, from
both a clinical and neuropathological perspective, defined as those who had had
evidence of continued, active clinical disease progression (as diagnosed by clinical
neurologists) and presence of pathologically confirmed lesions at death. Through my
pre-screening, | also considered age, gender and MS subtype. The tissue blocks |
screened came from an increased number of females, compared to males, reflecting
the MS population and typically lived to at least middle-age. Additionally, the blocks
were from those who had had progressive disease, with an increased number of
blocks from people with SPMS, compared to PPMS, again reflecting the population.
This was done as a pre-screening exercise to try to enrich for blocks likely to comprise
of MA/I WMLs (see chapter 1 —1.1.4.1). Photographs of unstained tissue blocks were
provided, and blocks were reviewed and shortlisted if they contained a suspected
active, inflammatory, WML based on the visible loss of myelin, with blurred or
irregular edges, which was suggestive of recent demyelinating activity (Matthews et
al., 2016). This exercise allowed me to request tissue blocks with an increased chance

of containing the pathology | was most interested in (figure 2.2).
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Figure 2.2 — White Matter Lesion Screening

A representative image of sliced brain tissue used to shortlist MS tissue blocks. Arrows point to grey
matter (GM) and white matter (WM). Paler areas within the WM were deemed possible WM lesions.
One example is highlighted by the red box. Scale bar = 2.5 cm. Image from UK MS Tissue Bank,

Imperial College London.

Thirty-one MS tissue blocks, from 20 cases, and 5 tissue blocks from age and gender
matched controls, without a history of neurological disease, were requested. At
Swansea, the tissue blocks were cyrosectioned to 10 um using a Leica CM1860
cryostat set to the appropriate temperature (-13°C to -16°C), and collected on
Superfrost glass slides (Fisher Scientific). Sections were allowed to briefly airdry, prior
to storage at -80°C, until use. All blocks selected were from the frontal lobe, temporal

lobe or cingulate. Additional case demographics can be seen in table 2.1.
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Table 2.1 — MS and Control Case Demographics

Samples highlighted in yellow were used to identify oxysterols present within the human MS brain. Tissue was provided by the UK MS Tissue Bank, Imperial College London,

and the Thomas Willis Oxford Brain Bank, Oxford University. PMD = postmortem delay. Time progressive = number of years with a progressive disease diagnosis. Time

wheelchair = number of years spent using a wheelchair.
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2.2.2 — Measurement of Sterols in Human Brain Tissue
2.2.2.1 — Macrodissection of Tissue for Sterol Analysis

The relative abundance of cholesterol, its metabolites and precursors in human MS
and control brain tissue was measured. Five snap-frozen MS tissue blocks (from the
frontal lobe, temporal lobe or cingulate) and 5 matched controls (superior frontal
gyrus) were macrodissected to enrich for WM and GM, allowing for sterol analysis in
these distinct anatomical regions. An n of 5 was chosen as a pilot study, allowing any
sterol changes within gross anatomy to be identified, whilst reducing the cost and
time of experimentation/analysis. Tissue sections (10 um) were collected from each
block and stained for luxol fast blue (LFB) (see 2.2.3.1). A corresponding LFB-stained
tissue section for each block was then used to help identify the WM/GM border in
each tissue block. Microscopic evaluation of each LFB section was carried out and an
outline of the WM/GM was drawn. A combination of the stained LFB section and
annotated drawings were used to identify WM/GM in the block prior to tissue
sectioning. A scalpel was used to carefully score the tissue along the WM/GM border
of each block, the tissue blocks were then cryosectioned, with slices enriched for
either GM or WM carefully separated from each other using a paint brush. The
enriched tissue fractions were collected in pre-weighed Eppendorf tubes, which were
placed in the cryochamber, ensuring the tissue did not thaw as it was collected. Tissue
scoring, sectioning and collection continued until at least 2 mg tissue per fraction was
collected. The tissue was stored at -80°C until further processing. Tissue sections
were collected after gross sectioning for homogenates, allowing the cases to be re-
screened to identify any changes in pathology or to confirm lesion integrity further

through the tissue block (see 2.2.3.1) (figure 2.3).
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Figure 2.3 — Lesion Integrity Screening

LFB (blue) and HLA (brown) dual-stained 10 um sections used for pre-screening (ai and bi). After gross sectioning, sections were re-screened to assess changes to pathology
(aii and bii). Some blocks still contained similar pathology after gross sectioning (aii), others had altered pathology (bii). Representative images taken from MS 513 A3A3 (a) and
MS 402 A1A3 (b). Scale bar =0.50 cm.
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2.2.2.2 — Enzyme-Assisted Derivatisation for Sterol Analysis — Liquid
Chromatography — Mass Spectrometry

The extraction of sterols from brain tissue will be discussed in detail below, however
other starting materials, such as plasma and CSF, can also be used. Once extracted,
the sterols are purified from the sample via a SPE procedure, oxidised and derivatised
to provide a 1+ charge, and finally undergo a second reversed-phased SPE procedure
to further purify the sample and remove interferences. LC is then used to separate
the sterols by their polarity and an Orbitrap mass spectrometer is used to produce a
unique spectrum and chromatogram for each analyte; these are then used to identify

and quantify the sterols in the sample.

2.2.2.3 — Extraction of Sterols from Brain Tissue and Preparation for LC-MS

WM and GM enriched brain tissue fractions from controls were manually
homogenised in the presence of internal standards (iSTDs) (table 2.2) as follows.
Internal standards were diluted in 4.2 ml 100% ethanol (Fisher Scientific), per sample.
The tissue was manually homogenised in 2.1 ml iSTDs/ethanol solution using a 3 ml
pestle and mortar. Thirty passes of the pestle were completed to homogenise the
tissue. The solution was ultra-sonicated (Grant ultrasonic bath XB3, VWR) for 15
minutes, then 0.9 ml HPLC grade water (Fisher Scientific) was added dropwise under
sonication, and the solution was ultra-sonicated for a further 15 minutes. The
resulting 70% solution was transferred to a 12 ml Greiner tube. This process was
repeated for the remaining tissue in the mortar; 2.1 ml iSTDs/ethanol solution was
added and the solution was sonicated and diluted to 70% ethanol as above. The
resulting extract-solution was added to the same Greiner tube. Details of the iSTDs

can be found in table 2.2.

WM and GM enriched brain tissue from MS cases was mechanically homogenised
using soft tissue homogenising CK14 Precellys tubes (Stretton Scientific). Internal
standards were made up to a total volume of 4.2 ml in 100% ethanol, per sample.
Brain tissue was transferred to a Precellys tube and 1.05 ml of iSTDs/ethanol solution

was added. The sample was homogenised at 4.0 meters/second for 20 seconds,
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followed by a 5 second break, and another homogenisation for 20 seconds using a
FastPrep-24 homogeniser (M.P. Biomedicals). The supernatant was transferred to a
15 ml Falcon tube. Another 1.05 ml of iSTDs/ethanol solution was added to the
Precellys tube and the homogenisation procedure was repeated. The resulting
supernatant was transferred to the same 15 ml Falcon tube. This was repeated twice
more to ensure maximum extraction for each sample. 1.8 ml of HPLC grade water
was added dropwise under ultra-sonication, and the sample was ultra-sonicated for

a further 15 minutes. Details of the iSTDs can be found in table 2.2.

Table 2.2 — Internal Standards used for Sterol Extraction

24R/S-Hydroxycholesterol-D; ~ (24R/S-HC-D7),  7a-Hydroxychoelsterol-D; ~ (7a-HC-D;),  22R-
Hydroxycholest-4-en-3-one-D; (22R-HCO-D;), 7a,25-Dihydroxycholesterol-Dg (70,25-diHC-Dg), 25-

Hydroxyvitamin D3-Dg (25-OHDs-Dg). Internal standards purchased from Avanti Polar Lipids.

Both controls and MS samples were centrifuged at 4600 RPM for 1 hour at 4°C, using
a Sorvall Legend RT centrifuge (Fisher Scientific). 600 ul of the supernatant
(corresponding to 10% of the total brain tissue sample weight) was transferred to a
2 ml Eppendorf tube and 1.4 ml of 70% ethanol was added under ultra-sonication,
the solution was further ultra-sonicated for 5 minutes. The solution was then
centrifuged at 13000 RPM for 30 minutes at 4°C, using a Biofuge Fresco Heraeus

centrifuge (Fisher Scientific).

Following sterol extraction from brain tissue, the sterols were fractionated using
reversed-phase SPE. 200 mg Sep-Pak’ Vac 3cc tC18 cartridges (Waters) were pre-

conditioned using 4 ml 100% and 6 ml 70% ethanol, respectively. The extract-solution
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was poured through the column under gravity, and the flow-through collected. The
column was washed with 5.5 ml 70% ethanol; this column wash was collected in the
same tube as the flow-through and deemed fraction 1 (Frl). Next, a 4 ml 70% ethanol
wash was performed, the flow-through collected in a second tube, Fr2. Next, two
more column washes were performed with 2 ml 100% ethanol to elute cholesterol
(and other similarly non-polar sterols); each flow-through was collected in a separate
tube (Fr3 and Fr4). Frl and Fr3 were separated into two halves, A and B, and then all
fractions were dried overnight using a Scanlaf scanspeed vacuum concentrator with

scanvac coolsafe (Labogene) (25°C, 0.001 mbar) (figure 2.4).

After drying, Fr2 and Frd were stored at -20°C. Frl and Fr3 were processed further.
Hereafter, Frl and Fr3 were processed separately to avoid potential cross-
contamination (Fr3 A and Fr3 B were stored at -20°C prior to further use). Fr1 A and
Frl1 B were reconstituted in 100 ul isopropanol. 1000 pl of 50 mM potassium
phosphate buffer (pH 7), containing 3.0 ul of cholesterol oxidase (CO), was added to
Frl A, converting 3B-hydroxyl groups to keto-groups. 1000 pl of 50 mM potassium
phosphate buffer, without CO, was added to Frl B. The samples were incubated in a
water bath at 37°C. After 1 hour, the oxidation reaction was stopped by the addition
of 2000 pl of 100% methanol. 150 pl of glacial acetic acid was added as a catalyst. The
samples were then derivatised overnight through Girard P reagent binding to the
keto-groups to confer a positive charge. Frl A was derivatised with 190 mg of 5-
deuterium Girard P reagent (Ds), whereas Frl B was derivatised using 150 mg of non-
deuterated Girard P (Do) (Tokyo Chemical Industrial) (figure 2.4). Girard P Ds was

kindly synthesised by former PhD students Alison Dickson and Manuela Pacciarini.

Next, a second reversed-phase SPE2 was used to further purify the sample and
remove excess derivatisation reagent. 60 mg Oasis’ HLB 3cc extraction cartridges
(Waters Ltd) were pre-conditioned using 6ml 100%, 6ml 10% and 4ml 70% methanol,
respectively. The 70% extract-sample was passed through the column under gravity
and collected. The sample tube was washed with 1 ml 70% methanol, which was

applied to the column, and collected with the sample effluent. HPLC grade water was
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added to dilute the 70% effluent solution 1:1. The column was washed with 1 ml 35%
methanol, which was collected and added to the effluent. This was then passed
through the column again and collected. The 35% effluent was diluted 1:1 again to a
17.5% solution, the column was washed with 1 ml 17.5% methanol and the wash
collected and added to the effluent. The effluent was applied to the column and then
discarded. Following a final column wash with 6 ml 10% methanol, the sterols of
interest were eluted and collected using three, 1 ml 100% methanol washes, and one,
1 ml ethanol wash. The samples were then either prepared for LC-MS or stored at -
20°C until further use. The same oxidation, derivitisation and SPE2 procedure was

repeated for Fr3 A and Fr3 B (figure 2.4).

A list of all reagents used during the SPE1l, oxidation, derivisation and SPE2

procedures can be found in table 2.3.

Table 2.3 — List of Reagents for EADSA-LC-MS
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2.2.2.4 — Separation of Sterols Using Liquid Chromatography
Prior to separation and detection by LC-MS, samples were centrifuged for 30 minutes,

13000 RPM, 4°C (Biofuge Fresco Heraus). The first 2 methanol elutants for fraction A
and fraction B were combined in equal parts, diluted to 60% methanol, then
transferred to an HPLC vial (Waters). The samples were subjected to chromogenic
separation using an UltilMate 3000 micro-HPLC system fitted with a Hypersil GOLD
C18 selectivity HPLC column (Fisher Scientific). Samples were loaded onto an
autosampler, their temperatures were maintained at 8°C prior to run and 35 pl of

sample was injected onto the column per run.

Two mobile phases were used for the separation, mobile phase A (33.3% methanol,
16.7% acetonitrile, 50% HPLC grade water and 0.1% formic acid) and mobile phase B
(63.3% methanol, 31.7% acetonitrile, 5% HPLC grade water and 0.1% formic acid).
The analytes in each sample were separated by 2 LC gradients. The short gradient, 17
minutes, consisted of 20% mobile phase B: 80% mobile phase A for 1 minute, which
was gradually increased to 80% B by 8 minutes; at 12 minutes the percentage
returned to 20% B for the remainder of the sample run. The long gradient, 37
minutes, consisted of 20% mobile phase B: 80% mobile phase A for 10 minutes,
before gradually being increased to 50% B at 20 minutes, remaining at 50% B for 6
minutes before being gradually increased to 80% B at 29 minutes; at 32 minutes
mobile phase B returns to 20% for the remainder of the run. The column was washed
between each loaded sample with two, 50:50 100% methanol: 100% propan-2-ol and
1, 95% methanol washes. The analytes within the sample were separated based on
their polarity. Each subsequent eluant from the column was directed to the
electrospray ionization source on the Orbitrap Elite mass spectrometer, running in
positive ion mode (figure 2.4). The Orbitrap Elite was regularly calibrated to a mass
accuracy of <5ppm using LTQ ESI positive calibration solution (Fisher Scientific), by

another group member, Dr Eylan Yutuc.
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Figure 2.4 — Flow Diagram of Enzyme Assisted Derivatisation for Sterol Analysis

Tissue is homogenised with internal standards (a). The homogenate solution is passed through C18
cartridges, bound sterols are eluted using either 70% ethanol (Fraction 1 and 2) or 100% ethanol
(fraction 3 and 4). Fractions 1 and 2 contain oxysterols and fraction 3 and 4 contain more non-polar
sterols - cholesterol and its precursors (b). Fractions 2 and 4 are stored at -20°C for potential future
use (c). Fractions 1 and 3 are split into 2 equal parts, A and B. Cholesterol oxidase is added to A which
converts 3B-hydroxyl groups to a 3B-keto group. 5 deuterated Girard P (Gp Ds) is added to A whereas
Girard P with no deuterium is added to B (Gp Do), therefore all sterols in A have 3B-keto groups and
are 5 mass units heavier than the equivalent 3B-keto sterol in B, allowing them to be distinguished (d).
This also allows endogenous 3f3-keto sterols to be identified from sterols with an endogenous 3p-
hydroxyl group as 3B-hydroxyl sterols are only measured in A, therefore A-B = 3B3-hydroxyl sterols (e).

Created in Microsoft PowerPoint.
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2.2.2.5 - Analysis of Sterols
Data was acquired using Thermo Xcalibur. Generated MS® spectra were used to

identify oxysterols by matching their fragmentation pattern to a library of over 100
oxysterol species. Once identified, the corresponding chromatogram peaks were
integrated and peak data exported. This provided the retention time and peak area,
in counts, and analyte concentration was calculated (equation 2.1). The
concentration of each sterol was calculated using an appropriate iSTD which had

similar physical and chemical properties to the analyte of interest (table 2.4).

A analyte

Q analyte = 1iSTD

X Q iSTD

Equation 2.1 — Calculating Analyte Amount

Formula for calculating relative endogenous analyte amount (Q analyte). A analyte — peak area (counts)
of analyte; A iSTD — peak area (counts) of internal standard; Q iSTD — quantity (ng) of internal standard

added during extraction.

Table 2.4 — List of Internal Standards used to Calculate Concentration of Analytes.
HC — hydroxycholesterol, HCO — hydroxycholest-4-en-3-one. Internal standards purchased from Avanti
Polar Lipids.
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2.2.3 — Lesion Classification
Lesions were characterised based on their anatomical location, as either lesions of

the WM or GM, following LFB histology and anti-MOG immunohistochemistry.
Additionally, GML were subcategorised, using Kuhlmann et al’s and Bg et al’s
classification, into type i lesions (leukocortical lesions, affecting deep cortical GM and
underlying subcortical WM), type ii (small intracortical lesions surrounding
vasculature, entirely within the GM), type iii (subpial lesions affecting the superficial
cortical layers under the pia surface) or type iv (lesions which extend throughout the
GM without affecting the underlying subcortical WM) (Bg et al., 2003; Kuhlmann et
al., 2017).

2.2.3.1 — Histological and Immunochemical staining
Tissue sections were fixed for 1 hour with 4% paraformaldehyde (PFA), immediately

after thawing. The sections were washed once with phosphate buffered saline (PBS)

and then underwent either histological or immune-staining.

LFB staining was performed to allow for white/grey matter delineation and to identify
areas of demyelination. After fixation, the sections were placed in pre-warmed LFB
solution overnight at 60°C. Surplus stain was removed using a solution of excess
lithium carbonate and 75% alcohol, until the white/grey matter border was clearly

delineated (KltGver and Barrera, 1953).

In addition to LFB-only sections, sections were co-stained for LFB and HLA-DR. First,
sections were stained with LFB as described above. Following the removal of excess
stain, the sections were washed with PBS, then hydrogen peroxidase activity was
guenched using 0.6% hydrogen peroxide for 8 minutes, followed by another PBS
wash. Non-specific epitope sites were blocked by incubating with 10% normal goat
serum for 30 minutes. Mouse anti-HLA-DR was then added and incubated overnight
in a humid chamber. After washes with PBS, goat anti-mouse secondary antibody was
added and incubated for 1 hour. After washes with PBS, the tissue was incubated
with equilibrated avidin-biotin complex for 1 hour, diluted following the

manufactures instructions. The tissue was washed with PBS and colour development
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was achieved using 3,3’-diaminobenzidine (DAB) (components 1 and 2 combined in

equal volumes).

Alternatively, sections were immune-stained. After fixation, peroxidase activity was
qguenched by incubating the sections with 0.6% hydrogen-peroxide, diluted in PBS
containing 0.1% triton (PBS-T), for 8 minutes. Following 3 washes with PBS, the tissue
was incubated for 30-60 minutes with 10% normal serum from an appropriate
species, diluted in PBS-T, to block epitope sites. The tissue was then incubated with
the appropriate concentration of primary antibody, diluted in PBS-T, overnight.
Following washes with PBS, the tissue was incubated with the appropriate, species
specific, secondary antibody conjugated to biotin, diluted in PBS-T to the appropriate
concentration, for 1 hour. After washes with PBS, the tissue was incubated with
equilibrated avidin-biotin complex for 1 hour, diluted following the manufactures
instructions. The tissue was washed with PBS and colour development was achieved

using DAB (components 1 and 2 combined in equal volumes).

Both LFB and immunostained sections were counterstained with cresyl violet and
dehydrated through a graded series of alcohol (95%, 100%, fresh 100%). After
overnight clearing in xylene the sections were mounted using DPX. Images were
captured using a Zeiss AxioScopel microscope (Carl Zeiss Ltd.) and Zeiss AcioCam
black and white camera using the ZEN software suite (Carl Zeiss Ltd.). Unless
otherwise stated, the described steps above were carried out at room temperature

(RT). Details of the primary and secondary antibodies used can be found in table 2.5.
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Table 2.5 — Primary and Secondary Antibodies used for Immunohistochemistry

2.2.3.2 — Measuring Pathology
Stained tissue sections were digitised (ZEISS Axio Scanner (AxioScan. Z1)). The
resulting annotated .czi files were managed with QuPath version 0.3.2

(https://qupath.github.io/) (Bankhead et al., 2017). Tissue sections were kindly

digitised by staff at Cardiff University.

2.2.4 — Statistical Analysis
All statistical analysis was conducted using GraphPad Prism version 9.3.1. Due to

small group sizes, | employed a more conservative, non-parametric statistical testing.
Two-group comparisons were made by Mann Whitney testing with two-tailed
distribution; greater than two-group comparisons were made by Kruskal-Wallis with

Dunn’s post-test. Values of <0.05 were considered significant.

2.3 Results

2.3.1 — Detecting Sterols in the Human Brain by Enzyme-Assisted
Derivatisation by Sterol Analysis — Liquid Chromatography — Mass

Spectrometry
EADSA-LC-MS was used to measure the relative abundance of sterols in WM- and

GM-enriched tissue samples from both cases with confirmed MS and controls with
no history of neurological disease. Fifteen sterols were identified and quantified. 7a-
hydroxycholest-4-en-3-one was under the limit of detection and therefore was not

guantified. Representative chromatograms and spectra can be seen in figure 2.5.

64



Figure 2.5 - Representative Spectra and Chromatograms of Measured Sterols

Representative chromatograms and spectra for confidently quantified analytes of interest, present in
the human brain. Monohydroxy sterols (a), cholesterol and its precursors (b), dihydroxy sterols (c) and

acids (d).

2.3.2 — Sterols Differ between MS and Control WM
Four sterols differed between MS and control WM: cholesterol, 24S-HC, 24R-

hydroxycholesterol (24R-HC) and (25R)26-hydroxcholesterol (26-HC) (p<0.05). Each
of the sterols were reduced in MS WM (cholesterol — MS WM 9.39+2.51 ug/mg (mean
tstandard deviation), control WM 30.8143.87 pg/mg; 24S-HC — MS WM 9.84+1.37
ng/mg, control WM 20.44+2.87 ng/mg; 24R-HC — MS WM 0.08+0.05 ng/mg, control
WM 0.23+0.08 ng/mg; 26-HC — MS WM 1.86+1.17 ng/mg, control WM 5.06+1.05
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ng/mg. 3B,7a-dihydroxycholestenoic acid (3f3,7c-diHCA) followed the same trend,

but did not reach statistical significance (figure 2.6, table 2.6).

Figure 2.6 — Sterol Concentration in White and Grey Matter of the Human Brain

The relative abundance of sterols in human WM- and GM-enriched homogenates from the brains of
people with (n =5, male = 3) and without MS (n =5, male = 3) (a-0). The abundance of four sterols were
significantly reduced in MS WM compared to control WM — cholesterol (c), 24S-hydroxycholesterol (d),
(25R)26-hydroxycholesterol (f) 24R-hydroxycholesterol (m). 3B,7a-dihydroxycholestenoic acid (l)
followed the same trend, but did not reach statistical significance (*p<0.05, **p<0.01, Mann-Whitney

U; GM/WM tested separately). Graphs show mean * standard deviation.
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Table 2.6 — Statistically Significantly Different Sterol Concentrations in MS WM

Mean + standard deviation, Mann-Whitney U, n=5. 24S-HC — 24S-hydroxycholesterol, 26-HC —
(25R)26-hydroxycholesterol.

2.3.3 — Differing Concentrations of Sterols between Control and MS
Brain
The MS brain contains areas of demyelinating, neuroaxonal and glial pathology,

which will presumably contribute to the concentration differences measured
between MS and control tissue for some oxysterols. Therefore, the gross pathology
found in the sampled MS cases was identified and measured, including the number
of lesions and percentage area of lesions/normal appearing tissue for each tissue
block (figures 2.7 and 2.8), to better understand if the extent of lesion pathology in

the sample associated with the abundance of the sterol of interest.
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Figure 2.7 — Proportion of Demyelinated Tissue of Total Grey or White Matter Tissue
Captured in the MS Tissue Homogenates

Tissue sections, from 5 MS cases were cut prior to homogenate collection. Areas devoid of myelin,
shown by a lack of LFB/anti-MOG+ staining, were classed as lesions; areas positive for myelin were
classed as normal appearing tissue. Lesion/normal appearing tissue borders are highlighted in yellow.
Representative images taken from MS 513 A3A3 (ai & aii). Each MS tissue block was found to contain
at least one WM, and 4 contained at least 1 GML, with a higher overall number of GML (b). The average
percentage of WML load (ci) was about 9% higher than the GML load (cii). The percentage of the tissue
containing lesions varied between MS cases. For example, MS 461 has a low percentage of both WML
and GML, whereas MS 473 has a high WML/GML load (d). LFB — luxol fast blue, MOG — myelin
oligodendrocyte glycoprotein, HLA — human leukocyte antigen, NA — normal appearing, WML — white

matter lesion, GML — grey matter lesion, WM — white matter, GM — grey matter. Scale bars = 0.50 cm.

Figure 2.8 - The Extent of Demyelination in the Sampled Block Relates to the
Concentration of Measured Sterols

Cholesterol (a) and 24S-hydroxycholesterol (b) were found to be decreased by ~50% in MS WM
compared to control WM, and (25R)26-hydroxycholesterol (c) was found to be reduced by ~40% in MS
WM (n = 5) compared to control WM (n = 5). The WM for each MS case used for homogenates
contained a minimum of 20% lesioned tissue (di-v), broadly reflecting the decreased abundance of the
measured sterols in each MS WM sample. Graphs show mean + standard deviation; Mann-Whitney U

*p<0.05, **p<0.01. WM — white matter, WML — white matter lesion.

2.4 Discussion
The aim of this chapter was to identify and quantify oxysterols in MS brain tissue;

using EASDA-LC-MS methodology, 15 sterols were quantified.
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2.4.1 — Detection of Oxysterols in Human Brain using Mass Spectrometry
Oxysterols have previously been implicated in neurodegenerative diseases including

AD (Heverin et al., 2004), Huntington’s disease (Leoni et al., 2008; del Toro et al.,
2010) and Parkinson’s disease (Bjorkhem et al., 2018; Huang et al., 2019). To date,
the majority of research surrounding the role of oxysterols in neurodegenerative
diseases has utilised serum, plasma and CSF samples (Leoni et al., 2008; Schiile et al.,
2010; Abdel-Khalik et al., 2017; Marelli et al., 2018; Griffiths et al., 2019a)(Leoni et
al., 2008; Schiile et al., 2010; Abdel-Khalik et al., 2017; Marelli et al., 2018; Griffiths
et al., 2019a). These human sample types are accessible for research and may be
most clinically useful in practise, however, they can only act as a surrogate to the
changing oxysterol landscape of the human brain. To fully understand how oxysterols
play a part in neurodegenerative disease, and how changing oxysterol abundance in
the CSF and blood relates to disease pathology, their abundance and location within

the brain must be investigated.

Postmortem human brain tissue has been utilised by the Bjérkhem and Turecki
groups to identify sterols in the brains of AD patients and brains from non-
neurological disease controls (who died via suicide), respectively. Both groups have
utilised MS. The Bjorkhem study focused on 4 regions of the human brain, the frontal
cortex, occipital cortex, basal ganglia and the pons. They have presented findings of
1 cholesterol precursor (lathosterol), cholesterol itself and 2 metabolites (24S-HC and
25R(26)-hydroxycholesterol (26-HC)). Due to the nature of AD, the Bjérkhem group
only sampled from areas of the brain which contained either cortical or deep GM.
The Turecki group also presented data on 24S-HC and 26-HC concentrations, in the
Brodmann area 47, a GM structure associated with mood (Heverin et al., 2004;
Freemantle et al., 2013). There is still a need for identification of oxysterol abundance
in the WM of the human brain and other GM structures, and for a more
comprehensive description of all of the sterols that can be identified. Additionally,

there is a clear need to measure oxysterols in CNS tissue from MS donors.

EADSA-LC-MS differs to the technique used by the Bjérkhem and Turecki groups, who
utilised gas chromatography—MS (GC-MS). At present, both GC-MS and LC-MS are
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valid methods for the detection of oxysterols, with neither technique superseding the
other (Griffiths et al., 2013). EADSA-LC-MS is a well described and proven method for
oxysterol detection with a number of key attributes. Firstly, separating cholesterol
from the other oxysterols ensures that oxysterols with a much lower abundance can
be accurately measured, without being masked by cholesterol. Secondly, both sterols
with an endogenous 3B-hydroxyl group and endogenous 3-keto group (such as 26-
HC and 25R(26)-hydroxycholest-4-en-3-one) can be detected in the same sample run,
speeding up detection. This is due to the combination of cholesterol oxidase
addition/omission and Girard P reagents with a differing isotope label (Crick et al.,

2015).

Using EADSA-LC-MS sterols that can be confidently identified in human control/MS
brain were identified. Fifteen sterols within human WM/GM brain tissue were
identified and quantified, at concentrations as low as 1 pg/mg. 7a-OHC was found to
be below the limit of detection within the samples. Importantly, being able to
accurately detect and determine the concentration of sterols such as 24S-HC, 25-HC
and 26-HC is potentially very interesting given their roles in cholesterol homeostasis,

brain health and neuroinflammation (Duc et al., 2019).

2.4.2 — Cholesterol Homeostasis is Altered in the MS Brain
The results show that cholesterol and three of its enzymatic downstream products,

24S-HC, 24R-HC and 26-HC were significantly reduced, by at least 40%, in MS WM
compared to control WM. Additionally, 33,7a-dihydroxycholestenoic acid followed
the same trend in the WM, but did not reach statistical significance. No changes were
found in MS GM compared to control GM. Additionally, no gender differences were
identified, however, this may be due to the small number of samples, as opposed to

gender not playing a role in brain cholesterol metabolism.

Mann Whitney U statistical testing was chosen as differences between MS and
controls, in either WM or GM were tested for separately; separating these
pathologically and functionally different brain regions. As the sample size was small,

it could not assume that the data was parametric, therefore a non-parametric T-test
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was chosen. Together, this implies that the reported differences are quite robust.
Choosing to separate white and grey matter has allowed the identification of WM
oxysterol differences between healthy controls and people with MS — these
differences may have otherwise been masked, due to cellular and anatomical

differences between these regions (Mercadante and Tadi, 2022).

Another consideration that must be made is the potential presence of pathology
found within the MS brain, which is absent in controls. It was found that there was a
mean WML percentage coverage of 42.98% and 23.74% GML coverage, across all
cases used. How MS pathology may affect the concentrations of sterols in MS will be

discussed in detail in the following chapter.

2.4.3 — Relating Sterol Changes in the Brain to the Periphery is

Important
Although oxysterols have not previously been measured in the human MS brain,

oxysterol concentrations have been investigated in MS serum, plasma and CSF. My
results are supportive of Novakova et al’s study who measured 24S-HC and 26-HC in
serum and CSF from healthy controls (n=16) and people with RRMS (n=31). They
reported that 24S-HC was lower in CSF from people with RRMS compared to healthy
controls, irrespective of whether they were experiencing a relapse or not at the time
of sample collection (p=0.027). No difference was reported in CSF 26-HC levels;
however, 26-HC was found to be significantly reduced in the serum of RRMS patients
compared to healthy controls (p=0.044). No changes were reported for 24S-HC serum

concentrations (Novakova et al., 2015).

My results showed that there was a decrease of both 24S-HC and 26-HC in MS WM
compared to the WM of control brain. As both sterols are shuttled from the brain to
the periphery (Meaney et al., 2002; Bjorkhem et al., 2004; Heverin et al., 2005;
Bjorkhem, 2006), it’s reasonable to assume that a lower brain concentration could
result in lower peripheral concentrations, as less material is present to be removed.
In addition to Novakova et al’s study, Crick et al have measured and reported a

number of sterols which differ in the CSF and plasma from people with RRMS (n=17);
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importantly, Crick et al utilised EADSA-LC-MS (Crick et al., 2017). They reported that
25-HC and 26-HC are reduced in RRMS plasma compared to control plasma (25-HC:
p<0.01; 26-HC: p<0.05). Mine and Novakova et al’s study also found a reduction of
26-HC, although this was measured in different biological mediums, brain tissue and
serum respectively. In the current study, a difference in 25-HC in human MS brain
tissue compared to controls was not found. However, the sample size is small, and
there is a need for the results to be validated in a larger cohort. Alternatively, 25-HC

brain concentration may not correlate proportionally to circulating 25-HC in MS.

Crick et al and Novakova et al have reported differing results for 26-HC CSF
concentrations. Crick et al reported an elevation in RRMS compared to controls
(p<0.05), whereas Novakova et al reported no significant change. The lack of
consensus could be due to the differing methodology used by the groups, or
alternatively due to the large heterogeneity of RRMS and the reasonably small
sample sizes used (Crick, RRMS=17; Novakova, RRMS=31). The decrease of 26-HC
identified in this work in MS WM could relate to the sample size, or alternatively, 26-
HC brain concentration may not be directly proportional to CSF-circulating 26-HC.
Additionally, brain samples used in this study were from people who had had long-

standing, progressive disease, as opposed to RRMS.

It will be important to understand the regional and tissue specific changes of these
sterols in the brain and how changes in the MS brain may relate to changes within
the periphery. Understanding the brain-effect of differences will be key to
understanding the utility of any potential blood/CSF biomarkers. It is of note that this
study was carried out on people who had progressive disease, whereas Novakova et
al and Crick et al’s studies were carried out on people with relapse remitting disease
— as the neuro-environment differs between people with RRMS and progressive MS
(Barnett and Prineas, 2004; Choi et al., 2012; Filippi et al., 2020; Jackle et al., 2020)
these results are not fully comparable. However, as the majority of the people with

RRMS go on to develop progressive disease, work into oxysterols in both RRMS and
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progression will be essential to furthering our understanding of MS and also our

understanding of potential targets for treatment (Cree et al., 2021).

2.5 Limitations
The work presented in this chapter has shown that low abundance oxysterols can be

identified and quantified in MS brain tissue homogenates, and that several sterols
are at lower concentrations in MS WM compared to control WM, however, there are

a number of limitations to this work which need to be addressed.

Firstly, the histological classification of samples, preparation, and measurement
technique used (EADSA-LC-MS) is time consuming. EADSA sample preparation for
oxysterols and cholesterol takes 3 days, plus the time taken to run samples using LC-
MS (17-39 minutes per injection, per sample, with numerous injections used per
sample to cover the array of masses which differing oxysterols localise at).
Additionally, the analysis of cholesterol metabolites itself has limitations in terms of
potential autoxidation, which has to be carefully managed to allow results to be

trustworthy.

The analysis of sterols is based on the ability of the researcher to recognise
fragmentation patterns and identify the correct corresponding sterol. Potential error
arising from this was mitigated through training to ensure that my identification of

sterols had a high inter-rater reliability with more experienced lab group members.

As this method is fairly low throughput, this study has only included a low number of
cases. Consequently, the results are likely to be underpowered to determine
statistical significance. Despite this, it has been shown that there is a difference
between the concentration of a number of sterols, suggesting robust differences
between MS and control brain tissue. However, these results will need to be

validated in a larger cohort.

The extraction method for oxysterols and cholesterol differed between control and
MS cases. During the completion of this thesis, a more efficient method of tissue

homogenisation (mechanical homogenisation using Precellys tubes) was developed
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by another student, Lauren Griffiths. This was deemed better practise than manual
homogenisation, which was the method used to homogenise the control tissue. Due
to its rarity and how precious control tissue is, in addition to the extensive time taken
to extract and quantify sterols within tissue, the choice was made not to repeat sterol
identification and quantification of the control tissue using mechanical
homogenisation. Although the use of slightly different methodology between MS and
control tissue cases is a limitation, the addition of iSTDs during the homogenisation
step at least somewhat mitigates the risk of the methodology confounding the
results, because the sterols within the tissue were normalised to the iSTDs prior to
comparison between MS and controls. Therefore, the results presented in this pilot
study still suggest that it is worthwhile repeating this in a larger cohort, however it

would be optimal to use the same methodology throughout in future.

Macrodissection is a well-used technique and has been used by others to generate
reproducible and useful results, however, tissue collected in this way can only be
defined as ‘enriched’ for the tissue type of interest. It is possible that unintended GM
or WM may have been collected as part of a sample, potentially confounding the
results. In addition, this approach lacks the ability to correlate oxysterol
content/concentration to pathologically defined regions. Adoption of this bulk
approach of WM versus GM for analysis of human brain tissue was chosen because
EADSA-LC-MS is a novel technique and therefore what to expect from the results was
unknown. Although it would have been possible to only include NAWM/NAGM-
enriched MS tissue differences may have been missed if oxysterol concentrations
only differed in regions of MS pathology. This bulk approach successfully showed that
it is worth further, more region-specific investigation. To further our understanding
of where, and if certain pathology affects or is affected by oxysterols, it will be crucial

to collect differing pathological regions as distinct sample types.

2.6 Conclusion
In this chapter it was demonstrated that low abundance oxysterols are both

identifiable and quantifiable in human brain tissue, using Griffiths-Wang’s EADSA-LC-

MS technology. Importantly, it was demonstrated that a number of sterols differ
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between MS and control brains. This suggests that alterations in oxysterol
concentration may contribute to MS and therefore it is justifiable, and feasible, to
conduct a larger, more systematic investigation of sterols in MS tissue. The major
limitations of this work are the small sample size and lack of MS pathological
specificity. | will interrogate the more precise location and abundance of sterols and
relate the findings to detailed quantitative neuropathological assessments in the

following chapters.

Chapter 3 — Quantification of Oxysterol
Abundance in Pathological Regions of the
Multiple Sclerosis Brain

3.1 Introduction
Having found evidence of cholesterol metabolism dysregulation in gross MS WM,

investigations of the association between cholesterol and oxysterol abundance in
actively demyelinating regions of the MS brain, to identify those enzymes and

metabolites most associated with disease pathology, were carried out.

3.1.1 — Demyelination within the MS Brain
MS lesions can be classified based on their location within the brain, and also by the

extent/pattern of inflammation. Pathological assessments and MRI have shown that
WML types and their relative frequency evolve throughout disease and reflect the

clinical outcome (Frischer et al., 2009).

The earliest stage of demyelination that is recognised in the central WM is the active
lesion. Active WM lesions are most prevalent in people with a short disease duration
or in those in the early relapse remitting stage (Briick et al., 1995; Lassmann et al.,
1998; Barnett and Prineas, 2004; Frischer et al., 2015). They are also present in
people with progressive disease, although their frequency declines with disease
duration and age (Frischer et al., 2015). Active WMLs are hypercellular, characterised
by a dense infiltration of microglia/macrophage-like cells, with a high proportion of

foamy macrophages throughout the site of demyelination (Kuhlmann et al., 2017).
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Additionally, a low number of T cells are found to localise around blood vessels and
astroglial activation is marked (Popescu et al., 2013; Kuhlmann et al., 2017; Reich et
al.,, 2018). Active lesions can be further separated into active and demyelinating
lesions or active and post-demyelinating lesions based on the relative presence of
myelin products within the macrophage-like cell after phagocytosis of myelin. Active
and demyelinating lesions can be further sub-defined as early- or late-active lesions.
Early active WMLs contain minor myelin protein degradation products, such as
MOG+/MAGH+ as inclusions, in addition to major myelin protein degradation products
(PLP+) and lipids (LFB+). Active and demyelinating lesions which only contain major
myelin degradation product inclusions, but lack minor myelin-proteins, are deemed
late active and demyelinating lesions. Active and post-demyelinating WMLs are
dense with foamy (lipid-laden) macrophages (see figure 3.4 cii and dii), which do not
contain myelin debris; suggesting the initial wave of demyelination was complete

prior to tissue sampling (Lucchinetti et al., 2000; Kuhimann et al., 2017).

Some active lesions continue to enlarge and may become chronic active lesions.
Chronic active or MA/I lesions (also defined as slowly expanding or smouldering
lesions by others) have been correlated with increased disease progression and a
worse MS-prognosis (Frischer et al., 2015; Absinta et al., 2019). Unlike the active
lesions described above, this lesion type is more likely to be observed later in disease,
typically after 10 years of disease duration. MA/I lesions are larger than active lesions
and are characterised by a hypocellular lesion centre, with a rim of activated
microglia/macrophage-like cells. The rim of MA/I lesions is highly heterogenous in
terms of thickness and presence/absence of myelin degradation products in the
microglia/macrophage-like cells. Like active lesions, the foamy macrophages lining
the lesion may contain both early and late products of myelin breakdown (hence
lesion classified as MA/I and demyelinating) or lack any evidence of recent myelin
phagocytosis (and be termed MA/I and post-demyelinating). MA/I and post-
demyelinating lesions may represent a later or less inflammatory stage of the
evolving WML (Prineas et al., 2001; Frischer et al., 2009; Frischer et al., 2015;
Kuhlmann et al., 2017; Elliott et al., 2019).
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Lesions with little to no overt inflammatory cells are termed inactive (or silent)
lesions. These lesions are hypocellular in their core, with few or no immune infiltrates
throughout the lesion and microglia/macrophage-like cells at the border that are
present at a density that is essentially no different to that seen in the peri-lesional
and nearby NAWM (Kuhlmann et al., 2017). They contain hallmarks of seemingly
irreversible neurodegeneration, such as axonal loss and astroglia scarring. Inactive
lesions are most prevalent in long standing, progressive disease (Hametner et al.,

2013; Frischer et al., 2015; Kuhlmann et al., 2017; Carassiti et al., 2018).

In comparison to WML, GML have been shown to link more closely with the clinical
experience of MS; with increased lesion load correlating to increased disability
(Calabrese et al., 2007; Calabrese et al., 2010; Calabrese et al., 2012; Honce, 2013;
Bevan et al., 2018). However, the study of GML in vivo is currently challenging.
Current MRI technology, suitable for clinical use, is unable to accurately identify all
GM demyelination, therefore limiting their current usefulness for disease monitoring.
In contrast, the majority of WML can be visualised quite effectively by standard

clinical-grade MRI (Filippi et al., 2019).

In the present study efforts were focused on unpicking the changes in cholesterol
metabolism in actively demyelinating WMLs (active and MA/I WML). The WM is most
enriched in cholesterol and its metabolites; additionally, actively demyelinating
WMLs are better resolved by MRI than GML. These lesions represent a frequently
observed and dynamic site of ongoing tissue damage that is closely linked to ongoing

and future measures of disease outcome (Absinta et al., 2019).

3.1.2 — Myelin Debris Clearance by Macrophage-like Cells may be

Damaging in the Chronically Inflamed MS Brain
Actively demyelinating lesions are dense with microglia/macrophage-like cells, either

throughout the lesion or at the expanding edge (Kuhlmann et al., 2017). The action
of these cells in clearing myelin debris is pro-reparative, as myelin debris must be
cleared to allow efficient remyelination to take place (Lampron et al., 2015).

However, work from Bogie and Hendriks has shown that foamy macrophages
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(identified by an excessive lipid burden, determined using histological stains such as
oil red O that stains esterified cholesterol and other lipids) can be damaging in MS
and its models (Grajchen et al., 2018; Bogie et al., 2020). In the aged and chronically
inflamed CNS, macrophage-like cells can lose their ability to effectively phagocytose
debris, and instead can over accumulate lipids, such as cholesterol. A phenotypic-
shift to a lesion-promoting and inflammatory macrophage phenotype of those cells
enriched with stored lipids has been shown to be controlled by stearoyl-COA
desaturase-1 (SCD1), an enzyme involved in the desaturation of fatty acids.
Monosaturated fatty acid production has been shown to reduce the abundance of
the cholesterol efflux transporter ABCA1, resulting in increased lipid and cholesterol
accumulation, which is detrimental to the cell and can lead to a maladaptive immune
response, including inflammasome activation, in the host (Cantuti-Castelvetri et al.,
2018; Bogie et al., 2020). The abundance of cholesterol and its metabolites, and
processes of cholesterol metabolism and flux, have not been systematically

investigated in demyelinating MS lesions.

3.1.3 — Cholesterol Metabolism in the Human Brain
All cholesterol in the brain is synthesised by neurons and astrocytes. Neurons

synthesise cholesterol via the Kandutsch-Russel pathway from the precursors
lanosterol, 7-dehydrocholesterol and lathosterol; whereas astrocytes synthesise
cholesterol via the Bloch pathway using the precursor desmosterol. Cholesterol
synthesis via astrocytes is more efficient than by neurons, with neurons still relying
on exogenous cholesterol supplies (see figures 1.3 and 1.4. (Nieweg et al., 2009;

Zhang and Liu, 2015).

Regulation of cholesterol homeostasis within the CNS is imperative for healthy brain
development and function. Neuronal cells are particularly sensitive to both a lack of,
or an excess of, cholesterol and regulate their supply via a feedback mechanism to
regulate cholesterol synthesis, import or removal (Ko et al., 2005; Pooler et al., 2006;
Zhang and Liu, 2015). Cells continuously monitor their cholesterol concentrations via
SREBPs, which regulate the transcription, and subsequent translation, of cholesterol

biosynthesis/export-related regulators to maintain homeostasis (Brown and
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Goldstein, 1999; Nohturfft et al., 2000). For example, when cholesterol levels reach
their maximum cellular limit, excess cholesterol is either transported out of the brain
to the periphery, or is esterified and stored as lipid droplets (Bryleva et al., 2010).
Lipid droplet formation is facilitated by the esterification of cholesterol by acyl-
coenzyme A: cholesterol acyltransferase 1 (ACAT1/SOAT1) (Melton et al., 2019).
Excess cholesterol that is not stored, can be converted to oxidised products,
oxysterols, whilst the excessive accumulation of stored lipids or the failure to remove
excessive lipids, is associated with cellular dysfunction and pathology (e.g., the
accumulation of pro-inflammatory, lipid-laden macrophages in the atherosclerotic

plaque) (Moore et al., 2013).

Unlike cholesterol itself, oxysterols are able to exit the brain via the lipophilic BBB
(Meaney et al., 2002). The major oxysterol of the brain, 24S-HC, is the main oxysterol
which facilitates cholesterol efflux. 24S-HC is synthesised via the action of 24-
hydroxylase, encoded by CYP46A1 — which is predominately expressed by neurons
(Lutjohann et al., 1996; Lund et al., 1999; Lund et al., 2003). 24S-HC also activates
nuclear transcription factors, such as liver X receptors (LXR)-a and LXR-f3 via ligand-
receptor binding, which in turn mediates the transcription of genes for — and
subsequent translation of — cholesterol transporters, such as ABCA1 and APOE;
increasing cholesterol export from both neuronal and glial cells (Fukumoto et al.,
2002; Tall, 2008; Matsuda et al., 2013). Of note, the expression of CYP46A1 is reduced
in a number of neurodegenerative diseases, including Alzheimer’s and Huntington’s,
and there is now much interest in modulating CYP46A1 and 24-HC synthesis, for

patient benefit (van der Kant et al., 2019).

3.1.4 — The Role of Oxysterols in the Brain
24S-HC is important for cholesterol export from both cells and the brain through LXR

activation. 24S-HC regulation is also vital for neuronal cell health — removal of
cholesterol, via conversion to 24S-HC, prevents a toxic build-up of cholesterol in
neurons (Feringa and van der Kant, 2021). In addition to 24S-HC, other metabolites
of cholesterol also act as ligands in a variety of signalling pathways, some of which

are pertinent to MS, including myelination, inflammation and neuron survival (Duc et
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al., 2019). For example, another LXR ligand is 25-HC, synthesised by macrophages, via
cholesterol 25-hydroxylase (encoded by CH25H) (Liu et al., 2018). 25-HC has been
shown to be reduced in RRMS patient plasma (Crick et al., 2017). Crick et al suggest
that RRMS patient macrophages have a reduced capacity to synthesise 25-HC. 25-HC
is a mediator of negative feedback to IL-1 cytokine-mediated inflammation.
Therefore, a reduction of 25-HC in RRMS, as reported by Crick et al, may result in
increased inflammation, driven by macrophages (Reboldi et al., 2014). The

abundance of 25-HC in the MS brain has not been investigated.

Another oxysterol which may have relevance in MS-associated pathways is 26-HC.
26-HC is synthesised from cholesterol by the enzyme 27-hydroxylase (and is why 26-
HC is often termed 27-HC by others), which is encoded by CYP27A1, a fairly
ubiquitously expressed transcript (Javitt, 2002). 26-HC is a selective oestrogen
receptor modulator (SERM) for oestrogen receptor B (Jeitner et al., 2011; Mast et al.,
2015). Activation of oestrogen receptors, present on oligodendrocytes, are
associated with differentiation and myelination capability of oligodendrocyte lineage
cells (Khalaj et al., 2016). Compounds that can selectively bind to these
oligodendrocyte-oestrogen receptors may permit oligodendrocyte precursor cell
differentiation and aid remyelination efforts. Additionally, 26-HC may act alongside
24S-HC/25-HC as an LXR ligand, again promoting the synthesis of cholesterol efflux

transporters (Fukumoto et al., 2002; Jeitner et al., 2011).

26-HC can be further metabolised to 7a, 26-diHC, by 27-hydroxylase. 7a,26-diHC may
be implicated in RAR-related orphan receptor gamma t (RoRy-t) signalling and EBI2
activation. 70,26-diHC is an agonist ligand for RORy-t; its binding elicits
transcription/translation of gene products required for CD4* Th17 cell regulation
(Soroosh et al., 2014). Pathogenic Th17 cells are important in MS risk and severity
(Solt et al., 2011; Sonar and Lal, 2017). In addition, 7a,26-diHC has been identified as
an EBI2 ligand, (Liu et al., 2011) which is a receptor involved in the directed migration
of B cells into germinal follicles and secondary lymphoid organs (Pereira et al., 2010).

B cell follicle-like structures form in the CNS of some people with MS, and their
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presence has been shown to correlate with a more severe disease course (Magliozzi

et al., 2007; Magliozzi et al., 2010; Howell et al., 2011; Bevan et al., 2018).

3.1.5 — Chapter Aims
Differences in the abundance of some sterols in WM of the MS brain, compared to

the non-MS brain, have been confirmed in this work. Next, sterol abundance in
different pathological regions of the brain, such as areas of actively demyelinating
WMLs, will be explored, to assess if these differences correlate to such important
pathological hallmarks of MS disease severity. Additionally, cellular expression of
cholesterol metabolism related mechanisms and alterations in lipid storage at these
sites of recently ongoing tissue destruction will be scrutinised to gain further

biological insight.

3.2 Methods

3.2.1 — Identification and Characterisation of MS Pathology
3.2.1.1 — Shortlisting of MS Tissue Cases for Sterol Analysis Based on the

Presence/Absence of Actively Demyelinating White Matter Lesions

Tissue sections were immunologically/histologically stained as described in 2.2.3.1
with markers for myelin (anti-MOG, anti-PLP, LFB), microglia/macrophage-like cells
(anti-HLA-DR, anti-IBA1, anti-TMEM119), cholesterol biosynthesis related enzymes
(CYP27A1, CYP46A1), neurons (anti-HuC-D) and perilipin-2+ (PLN2+) lipid droplets

and oil red O (ORO+) to identify esterified-cholesterol rich droplets (table 3.1).

MA/I WML (Kuhlmann et al.,, 2017) were characterised by a rim of HLA-DR+
microglia/macrophage-like cells that had evidence of recently phagocytosed myelin
debris (figure 3.1), with few immune cells at the centre of the lesion. Active lesions
were characterised by an increased number of actively demyelinating
microglia/macrophage-like cells in the centre of the lesion, compared to the
surrounding normal appearing tissue. Lesions containing very few/no
microglia/macrophage-like cells within the lesion were classified as inactive lesions
(Kuhlmann et al., 2017). MS tissue blocks containing at least one WML with evidence

of actively demyelinating tissue (MA/l/active WML) were shortlisted for further
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characterisation and analysis. Although the presence of a WML was the focus, GM
present within the shortlisted tissue blocks was also characterised. The lesions of the
cortex were categorised according to well established criteria by Kuhlmann and Bg
(Bg et al., 2003; Kuhlmann et al., 2017). See figure 3.7 — characterising extensive and

variable demyelination of GM.

Table 3.1 — Primary and Secondary Antibodies

3.2.1.2 — Tissue Demographics of Shortlisted Cases

Eight MS tissue blocks (from the frontal lobe, temporal lobe or cingulate gyrus) from
7 MS cases (male=3), and 5 tissue blocks (from the superior frontal gyrus) from
age/gender, and where possible, brain region, matched controls (males=3), without
history of neurological conditions, were prepared for sterol analysis and quantitative

neuropathological assessments. Case demographics can be seen in table 3.2.
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Table 3.2 — MS and Control Case Demographics

PMD = postmortem delay. Time progressive = number of years with a progressive disease diagnosis. Time wheelchair = number of years spent using a wheelchair. N/A = not

applicable.
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3.2.2 — Quantifying the Extent of White and Grey Matter Demyelination
White and grey matter lesions were stained and characterised as described in 3.2.1.1.

Stained tissue sections were digitised (ZEISS Axio Scanner (AxioScan. Z1)). The
resulting .czi files were annotated and managed with QuPath version 0.3.2 (Bankhead
et al., 2017). The area of MA/I WML, active lesions, NAWM, GML (type i, type ii, type

iii, type iv and deep GM) and NAGM was calculated.

The presence of actively demyelinating lesions was determined by the presence of
LFB+, PLP+ and MOG+ inclusions. Co-localisation of HLA+ macroglia/macrophage-like
cells with LFB, or IBA1+ microglia/macrophage-like cells with either MOG+ or PLP+

staining indicated the presence of an inclusion.

3.2.2.1 — Immunofluorescence

Tissue sections were fixed for 1 hour with 4% PFA, immediately after thawing. The
sections were then washed once with PBS. For dual staining: epitope sites were
blocked with 10% normal serum from an appropriate species, diluted in PBS-T. The
tissue was then incubated with the appropriate concentration of primary antibody,
diluted in PBS-T, overnight. Following PBS washes, the primary antibody was
detected using an appropriate secondary antibody conjugated to a fluorophore for 1
hour. Following PBS washes, epitope sites were blocked with 10% normal serum from
an appropriate species, diluted in PBS-T for 30 minutes. The tissue was then
incubated with a second primary antibody, from an appropriate species, overnight.
The sections were washed with PBS and incubated with a species specific biotinylated
secondary antibody for 1 hour and washed with PBS. The secondary antibody was
detected using a streptavidin (SAV) conjugated fluorophore. Finally, nuclei were
visualised with 1 pg/ml 4’,6-diamidino-2-phenylindole (DAPI), diluted in PBS-T, for 20
minutes. The tissue was incubated for 5 minutes with Sudan Black (Merck) to quench
autofluorescence and rinsed with H,0, before mounting with VectaMount H-5000.
Images were captured using a Zeiss AxioScopel microscope and Zeiss AcioCam black
and white camera using the ZEN software suite (Carl Zeiss Ltd.). Details of the primary

and secondary antibodies used can be found in table 3.1.
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3.2.3 — Measurement of Sterols in Pathologically Distinct Regions of
Interest within the Human MS Brain
3.2.3.1 — Macrodissection of Tissue for Sterol Analysis

Distinct areas of MS pathology and matched control tissue regions of interest (ROI),
including NAWM, the MA/I lesion edge (high microglia/macrophage-like cell load),
the MA/I lesion centre (low microglia/macrophage-like cell load), active WML,
control WM, NAGM, GML and control GM were manually macrodissected using a
scalpel to score the tissue block ROIs before sectioning on a cryostat to collect the
separate portions of tissue, until >2 mg of ROIl-enriched fractions were collected into
Precellys tubes. Macrodissection was carried out as described in 2.2.2.1, and was
guided using a combination of LFB, anti-HLA and anti-MOG-stained sections to

identify each ROI (figures 3.1 and 3.7).

3.2.3.2 — Enzyme-Assisted Derivatisation for Sterol Analysis — Liquid
Chromatography — Mass Spectrometry

Sterols were prepared for EADSA-LC-MS in Precellys tubes as previously described in
2.2.2.3. Sterol separation, quantification and analysis was carried out as described in

2.2.2.4and 2.2.2.5.

3.2.4 — Quantification of Lipid Storage
3.2.4.1 - Quantification of Lipid Storage within Microglia/Macrophage-like

Cells
The lipid-burden of WM and GM ROI were quantified using immunohistochemical co-
staining for PLN2+ and HLA+ macrophage-like cells, or the presence of ORO+

esterified-cholesterol (table 3.1).

For anti-HLA and anti-PLN2: Cryosections were PFA fixed, quenched with a solution
of hydrogen peroxide and blocked with normal horse serum prior to addition of the
anti-HLA primary antibody. A biotinylated horse anti-mouse secondary antibody was
then followed by the addition of the peroxidase-linked avidin-biotin complex (ABC
Elite, Vector Laboratories Ltd.) and visualised with Immpact DAB (Vector Laboratories
Ltd.) as the chromogen. Following PBS washing, and additional serum blocking, slides

were incubated with anti-PLN2 antisera and detected with the one-step (avidin-
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biotin free) ImmPRESS Alkaline Phosphatase Horse Anti-Rabbit 1gG Polymer
Detection Kit (Vectors Labs) with Vector Blue as the chromogen. Sections were then

briefly rinsed in water before mounting (VectorMount).

ORO histology was carried out on thawed sections fixed with 4% PFA for 30 minutes
and then washed with deionised water. Sections were then washed once with 60%
isopropanol prior to incubation with filtered 0.5% ORO solution (Merck) for 20
minutes and then washed again with 60% isopropanol. Deionised water was used to
removed excess stain until lipid droplets were clearly visible under the microscope.
The sections were counterstained with filtered Gill’s haematoxylin (Hx) and mounted

with VectorMount.

The percentage area of HLA, PLN2 and ORO positive signal was calculated by colour
deconvolution and thresholding using Fiji Image J version 2.3.0/1.53q. 5 snhapshots

per ROI were taken at 100X for measurement.

3.2.4.2 — Calculating the Percentage of Resident Microglia and Infiltrating
Macrophages

After immunofluorescent staining for TMEM119 and HLA-DR, resident cells
(TMEM119+, HLA+) and infiltrating and/or activated cells (HLA+, TMEM119-) were
visualised using a Zeiss AxioScope microscope. Three representative snapshots were
taken per ROI, per case. The number of co-labelled TMEM119+ and HLA+, and single
labelled HLA+ cells were manually counted. The percentage of both
TMEM119+/HLA+ and HLA+/TMEM119- cells were calculated as a proportion of the

total cells counted per ROI.

3.2.5 — Quantification of Cholesterol Metabolism-Related Enzyme
Transcripts

3.2.5.1 — In Situ Hybridisation

In situ hybridisation (ISH) was carried out using either RNAscope or BaseScope (ACD)
following the manufacturer’s instructions. This technique allows for specific on-tissue
ISH — binding of 2, sequence specific, Z probes is required per target to permit the

binding of amplifiers and chromogenic probes. The requirement of 2 Z probes to bind
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RNA targets increases specificity and reduces background (Biotechne) (Wang et al.,

2012).

Tissue sections were fixed with 4% PFA for 1 hour at RT, rinsed with water,
dehydrated through a graded series of ethanol (50%, 70%, 100%) and dried for 15
minutes at RT followed by 15 minutes at 37°C. Peroxidase activity was quenched by
incubating the sections in 0.06% hydrogen peroxide for 10 minutes at RT. Sections
were washed in deionised water and then incubated with protease IV
(ACD/Biotechne) for 20 minutes at RT. After washes with PBS, sections were
incubated with the relevant probe, for 2 hours at 40°C in the HybEZ Il oven
(Biotechne). Table 3.3 contains details of the probes used, which were custom
designed and validated by the manufacturer. The tissue sections were washed in 1X
wash buffer (WB) and stored in 5X saline-sodium citrate (SSC) buffer overnight.
Following washes with WB, sections were incubated with supplied Amp reagents
(amplifier reagents; RNAscope 2.5 HD Detection Reagents-RED or Brown assays; kit
#322360 or #322310 or Basescope detection reagents v2_red; #323910) and were
washed with WB between each step. Amp temperatures and incubation times are
listed in table 3.4 for RNAscope and BaseScope. Following the final amplification step
and washes with WB, the sections were incubated with either DAB (50%-part A, 50%-
part B) or Fast Red (1:60 dilution Fast Red part B into part A) chromogenic substrates
to visualise mRNA puncta. Nuclei were visualised by incubating with freshly filtered
Hx for 1-2 minutes. For tissue with puncta visualised with DAB, the sections were
dehydrated through a graded series of ethanol (70%, 95%, 100%) and cleared in
xylene prior to permanent mounting with DPX (Fisher Scientific). Tissue using the Fast
Red detection system was air-dried for 5 minutes at RT followed by 25 minutes at
37°C before being mounted with VectaMount permanent mounting medium
(Vector). Images were captured using the Zeiss AxioScope microscope and Zeiss 503

colour camera.

The percentage area of the generated mRNA puncta for CYP46A1, CYP27A1 and
CH25H was calculated using three representative snapshots per ROI, captured at

400X, per case using colour deconvolution and thresholding using Fiji Image J version
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2.3.0/1.539. After thresholding, the area of Fast Red (red channel) and Hx (blue
channel) was calculated. The area of Fast Red was divided by the area of Hx to
calculate the percentage of positive puncta, whilst also accounting for the differences
in cell density that occur between MS and controls and between different areas of

MS pathology.

3.2.5.2 —Immunostaining

Additionally, immunohistochemical staining, as described in 2.2.3.1, was carried out
using anti-CYP46A1 and anti-CYP27A1, for the enzymes encoded for by CYP46A1 and
CYP27A1.

3.2.5.3 — Co-localisation of mRNA puncta and Neurons

Staining for CYP46A1 mRNA puncta was carried out as described in 3.2.5.1, up to and
including visualisation of puncta. Anti-HuC-D immunostaining was then carried out to
detect co-localisation of CYP46A1 and neurons. Sections were incubated with
BLOXALL (Vector Ltd) for 10 minutes and blocked with 10% normal horse serum for
30 minutes. The primary antibody was then added and incubated overnight. After
more washes with PBS, the sections were incubated with a biotinylated horse anti-
mouse secondary antibody, for 1 hour. The sections were then incubated with the
equilibrated avidin-biotin complex-alkaline phosphatase kit, following the
manufacture’s instructions (Vector Labs), for 1 hour. After washes with tris-buffered
saline, the vector blue substrate (Vector Ltd) was used for colour development. The
sections were then air-dried for 5 minutes at RT followed by 25 minutes at 37°C
before being mounted with VectaMount permanent mounting medium (Vector Ltd).
Images were captured using the Zeiss AxioScope microscope and Zeiss 503 colour

camera. HuC-D information can be found in table 3.1.

89



Table 3.3 — In Situ Hybridisation Probes

Hs —homosapien. CYP46A1 - cytochrome P450 family 46 subfamily A member 1, CYP27A1 -
cytochrome P450 family 27 subfamily A member 1, CH25H — cholesterol 25-hydrolase, ABCA1 —

adenosine triphosphate-binding cassette A1, APOE — apolipoprotein E, SOAT1 — sterol O-

acyltransferase 1.

Probe System Target NCBI Reference Target Species
Hs-CYP46A1 | BaseScope = CYP46A1 NM_006668 Human
Hs-CYP27A1 | RNAscope CYP27A1 NM_000784 Human

Hs-CH25H RNAscope CH25H NM_003956 Human
Hs-ABCA1l RNAscope ABCA1 NM_005502 Human
Hs-APOE RNAscope APOE NM_001302688 Human
Hs-SOAT1-C1 | RNAscope SOAT1 NM_003101 Human

Table 3.4 — Amplification Steps

System Amp Number Time (minutes) Temperature (°C)

1 30 40
2 30 40
3 15 40
4 30 40

BaseScope
5 30 40
6 15 40
7 30 RT
8 15 RT
1 30 40
2 15 40
3 30 40

RNAscope
4 15 40
5 30 RT
6 15 RT
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3.2.6 — Statistics
All statistical analysis was conducted using GraphPad Prism version 9.3.1. Due to

small group sizes it could not be assumed that all samples were normally distributed,
therefore, more conservative, non-parametric statistical testing procedures were
employed throughout. Two-group comparisons were made by Mann Whitney testing
with two-tailed distribution; greater than two-group comparisons were made by

Kruskal-Wallis with Dunn’s post-test. Values of <0.05 were considered significant.

3.3 Results

In this chapter MS brain tissue was separated into various regions of interest to assess
which discrete areas of pathology best associate with the changes in cholesterol
metabolism reported in homogenates of total MS grey and WM (chapter 2). The
results of this chapter have been separated into first WM and then GM given the

differences in lesion pathology and sterol abundance.

3.3.1 —Identifying and Characterising White Matter Pathology
MS cases which contained comparable, and clinically relevant, MS WM pathology

were shortlisted as the principal interest was on mechanisms relating to lesion
expansion. First, immunohistochemical staining was used to identify WMLs within
the tissue cohort. Identified WMLs were then characterised as either active (A), MA/I
or inactive. The focus was to profile ongoing actively demyelinating lesions (i.e those
A or MA/I lesions), therefore, cases which had evidence of at least one A or MA/I

lesion (figure 3.1) were shortlisted.
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Figure 3.1 — Characterising Extensive and Variable Demyelination of White Matter

Regions of NAWM and WMLs were identified by anti- MOG immunostaining and sub-categorised based
on the presence and location of HLA+ microglia/macrophages (HLA/LFB stained sections). An example
of a MA/I WML (a) - MOG (brown) with Hx counterstain (ai); LFB (blue) and HLA (brown), areas negative
for LFB are lesions, cells positive for HLA rim the lesion (aii). A magnified image of NAWM (aiii), the
lesion edge (aiv), lesion centre (av) and inactive WML (avi) can be seen. MS 513 A3A3 imaged (a). An
example of an active WML (b) — MOG (brown) with Hx counterstain (bi); LFB (blue) and HLA (brown)-
stained section, cells positive for HLA are seen within the lesions (bii) MS 473 A1B3 imaged (b). The
relative area of WM demyelination of total WM was calculated per case following slide digitisation and
QuPath assessment. Between all cases, n = 8, male = 3, the percentage of MA/I WML coverage ranged
from 0-48% and active lesions ranged from 0-61% (c). MOG — myelin oligodendrocyte glycoprotein. LFB
— luxol fast blue, HLA — human leukocyte antigen, NAWM — normal appearing white matter, WML —
white matter lesion, MA/I — mixed active/inactive. Images captured using QuPath. Red scale bars = 0.50

cm, black scale bars = 100 pm.

Having shortlisted cases with suitable WM pathology, how homogenous the actively
demyelinating lesions (A and MA/I) were in terms of their represention of early or
late active demyelination was assessed. Demyelination can be time-stamped to a
degree, based on the presence of minor (e.g. MOG) and major (e.g. PLP) myelin
proteins and lipids (identified by LFB histology) contained within
microglia/macrophage-like cells. LFB inclusions can be observed in phagocytes for
around 1 month after phagocytosis, whereas PLP and MOG are degraded more
quickly, at approximately 7 and 3-5 days, respectively (Lucchinetti et al., 2000;
Kuhlmann et al., 2017). The presence of these inclusions was characterised to further

detail the nature of the actively demyelinating lesions identified (figure 3.2).
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Figure 3.2 — Identifying Actively Demyelinating Lesions

The presence of microglia/macrophage-like cells positive for LFB+/PLP+/MOG+ inclusions were
identified in shortlisted tissue blocks (a). Immunofluorochemistry for IBA1+ microglia/macrophage-like
cells (red), MOG (green), DAPI nuclei (blue), arrows point to MOG inclusions (b).
Immunofluorochemistry for IBA1+ microglia/macrophage-like cells (red), PLP (green), DAPI nuclei
(blue), arrows point to PLP inclusions (c). Immunohistochemistry for HLA+ microglia/macrophage-like
cells (brown) and LFB (myelin; blue), arrow points to an LFB inclusion (d). n = 8. Images captured using
a Zeiss AxioScope microscope using either the Zeiss 503 colour camera (b and c) or AxioCam black and
white camera (d). LFB — luxol fast blue, PLP — proteolipid protein, MOG — myelin oligodendrocyte

glycoprotein. Representative images taken from MS 473 A1B3. Scale bars = 100 pm.

3.3.2 — Sterol Concentrations Differ Between Discrete Regions of MS

WM Pathology
Having established that lesions present within the shortlisted blocks were

comparable (by lesion type and activation stage)) WM ROl were manually
macrodissected for mass spectroscopy (see 3.2.3.1). MA/I WML lesions were
separated into inactive centres and actively demyelinating edges, collecting tissue
enriched for the MA/I WML edge, MA/I WML centre, active WML and NAWM.
EADSA-LC-MS was then used to measure cholesterol, its precursors, and metabolites
(figure 3.3). Four sterols differed in concentration between control WM and distinct
regions of MS WM pathology: Cholesterol: control WM - 20.81+3.87 pug/mg (mean *
standard deviation), MA/I WML centre — 2.1942.83 pg/mg; 24S-HC: control WM —
20.44+2.87 ng/mg, MA/I WML centre — 1.91+1.23 ng/mg, active WML — 1.47+0.59;
7B-HC: control WM - 0.3240.11 ng/mg, MA/I WML centre — 0.10+0.06 ng/mg; 24R-
HC: control WM - 0.20£0.06 ng/mg, MA/I WML centre — 0.01+0.01 ng/mg. In
addition, 26-HC and 7-OC followed the same trend, but did not reach statistical

significance (figure 3.3).
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Figure 3.3 — Sterol Concentrations in Human Control White Matter and MS White
Matter

The relative abundance of sterols in WM ROI-enriched homogenates from the brains of people with (n
= 7) and without (n = 5) MS (a-0). Four sterols were significantly lower in MS WM pathological ROI
compared to control WM — cholesterol (c), 24S-hydroxycholesterol (d), 7B-hydroxycholesterol (i) and
24R-hydroxycholesterol (m). Additionally, (25R)26-hydroxycholesterol (f) and 7-oxocholesterol (j)
followed the same trend, but did not reach statistical significance. Kruskal-Wallis with Dunn’s post-test,
*p<0.05, **p<0.01,. Graphs show mean * standard deviation. *Control WM under the limit of

detection.
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3.3.3 — Cholesterol Homeostasis is Altered in WM of the Human MS

Brain
This work has provided evidence that cholesterol biosynthesis and metabolism is

altered in distinct samples that represent WM pathological ROI of the MS brain.
These ROI were further interrogated to investigate whether cholesterol storage is
altered in WM ROI with altered cholesterol metabolism; more specifically whether

lipid-storage was altered in microglia/macrophage-like cells in MS tissue.

Firstly, the proportion of HLA+ cells within the different ROI, was calculated,
unsurprisingly the percentage of HLA-immunoreactivity was found to be increased at
the MA/I WML edge and also within active WML compared to NAWM, MA/I WML
centre and control WM. Control WM — 1.45+0.94% (mean % standard deviation);
NAWM - 3.52+6.50%; MA/I WML edge — 34.73114.52%; MA/I WML centre —
1.46+0.99%; active WML — 28.95+20.50% (figure 3.4). Next, it was assessed whether
there was a difference in the origin of the microglia/macrophages (infiltrating
macrophages or resident microglia) by immunostaining for TMEM119 (widely
expressed by homeostatic, resident microglia) and HLA-DR (expressed by both
microglia and infiltrating macrophages) (Ruan and Elyaman, 2022). The number of
resident cells (TMEM119+, HLA+) and infiltrating cells (HLA+, TMEM119-) were
counted - there was an increased number of infiltrating macrophages at the MA/I
WML edge, compared to the MA/I WML centre, active WML and NAWM;
additionally, there was a higher number of infiltrating cells compared to resident cells
at the MA/I WML edge. Resident cells: NAWM — 14.04+8.16%; MA/I WML edge —
5.18+2.46%; MA/I WML centre — 0.23%; active WML — 4.92+0.45%. Infiltrating cells:
NAWM - 3.82+2.81%; MA/I WML edge — 22.41+6.95%; MA/I WML centre —
3.284+2.03%; active WML — 5.8742.39% (figure 3.4). Additionally, the percentage
immunoreactivity of ORO (esterified cholesterol and other hydrophobic lipids) and
PLN2 (lipid droplets) was measured. ORO was found to be increased in the MA/I WML
edge compared to NAWM, the MA/I WML centre and active WML, whereas it was
found to be decreased in NAWM, the MA/I WML centre and active WML compared
to control WM. Control WM — 1.56+1.02%; NAWM — 0.61+0.68%; MA/I WML edge
3.59+1.46%; MA/I WML centre 0.54+0.38%; active WML 0.18+0.22%. PLN2 storage
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was found to be reduced in the MA/I WML centre compared to the edge. MA/I WML
edge —0.4110.33%; MA/I WML centre —0.11+0.19% (figure 3.4).

Figure 3.4 - Cholesterol and Lipid Droplets Selectively Accumulate at the Expanding
Lesion Edge

HLA is increased at the MA/I WML edge and in active WML (ai), HLA+ macrophage-like cells (brown)
(aii), arrows point to HLA+ macrophage-like cells (aiii). Immunofluorescence was used to identify
resident microglia/infiltrating macrophages (b). An increased proportion of infiltrating macrophages
accumulated at the MA/I WML edge compared to resident microglia; the inverse trend was seen for
the NAWM, however this did not reach statistical significance (p<0.1). A higher proportion of infiltrating
macrophages accumulated at the MA/I WML edge compared to the centre, active WML and NAWM
(bi). Resident microglia were classed as cells dual positive for TMEM119 (red) and HLA (green);
infiltrating cells were classed as those positive for HLA and negative for TMEM119, yellow arrows point
to resident brain microglia; red arrow points to infiltrating macrophage (bii). Oil red O (ORO) is increased
at the MA/I WML edge compared to NAWM, MA/I WML centre and active WML, whereas it is reduced
in NAWM, the centre and active WML compared to WM from controls (ci) ORO+ droplets (red) (cii),
arrows point to ORO+ droplets (ciii). Perilipin-2 (PLN2) is increased in the MA/I WML edge compared to
the centre (di), PLN2+ stored lipids (blue), HLA+ macrophage-like cells (brown (dii), arrow points to

stored PLN2 within an HLA+ macrophage-like cell (diii). Kruskal-Wallis with Dunn’s post-test, *p<0.05,
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***p<0.001, ****p<0.0001, (3, ¢, d); two-way ANOVA with Tukey’s multiple comparisons test, *p<0.05,
**p<0.01 (b). Graphs show mean * standard deviation. Controls n =5, MS n = 7. NAWM = normal
appearing white matter, WML = white matter lesion, HLA — human leukocyte antigen, ORO — oil red O,
PLN2 — perilipin-2. Images were captured using the Zeiss AxioScope microscope and Zeiss 503 colour
camera (b) or Zeiss AxioCam black and white camera (a, c, d). Representative images taken from MS

513 A3A3. Scale bars =50 um.

Concentration changes of key sterols could partly be due to changes in the relative
abundance of the enzymes responsible for their synthesis or metabolism. It was next
assessed whether the transcripts encoding for these enzymes were altered in regions
of WM demyelination. The relevant cholesterol biosynthesis/metabolism pathway,
along with the enzymes involved, can be seen in figure 3.5. Four sterols were found
to be significantly lower in regions of MS WM pathology - cholesterol, 24S-HC (and
its epimer, 24R-HC) and 73-HC. Additionally, 26-HC and 7-OC followed the same trend
and were close to reaching significance (p<0.1). The enzymes involved in the
production of these sterols are DHCR7, CYP46A1 (24-hydroxylase), HSD11B1,
CYP27A1 (27-hydroxylase) and HSD11B2, respectively. To determine if the
transcription of the genes that encode these enzymes was altered, ISH using the
RNAScope method, was employed, which allows for the quantification and
comparison of the relative expression of gene transcripts of interest in single cells

and regions of interest (Wang et al., 2012).

24S-HC is the major oxysterol of the human brain; however, the current dogma
dictates that CYP46A1 is almost exclusively expressed by neurons (Petrov and
Pikuleva, 2019). Expression of CYP46A1 will be addressed in the GM section of this
chapter.

CYP27A1, CH25H, APOE, ABCA1 and SOTA1l were probed for. As previously
mentioned, CYP27A1 is responsible for the enzymatic conversion of cholesterol to
26-HC. This sterol potentially has relevance to mechanisms which may be involved in
MS pathogenesis, and although nonsignificant, 26-HC followed the same trend as
other sterols, being decreased in areas of MS WM pathology. CYP27A1 mRNA
expression was found to be decreased in areas of MS WM pathology (control WM —

3.36+3.27% (mean *standard deviation); NAWM — 2.17+1.77%; MA/l WML edge —
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1.63+2.16%; MA/I WML centre — 1.77+2.16%. Immunostaining revealed ubiquitous

expression of the CYP27A1 protein in human WM (figure 3.6).
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Figure 3.5 — Cholesterol Metabolism Pathway

Cholesterol can be synthesised via the Kandustch-Russell or Bloch Pathways, it is then metabolised into
its oxysterol, downstream products (systematic names and structures in black). The enzymes
responsible for metabolism of sterols are in blue (*= assumed enzyme). Black arrows indicate
sterols/enzymes which were reduced in MS WM ROI. HSB11B1/2 — hydroxysteroid 11-beta
dehydrogenase 1/2, CYP — cytochrome P450. DHCR7 — 7-dehysrocholesterol reductase, CH25H —

cholesterol 25-hydroxylase.

CH25H is the enzyme responsible for the synthesis of 25-HC from cholesterol, and is
known to be expressed by microglia/macrophages (Odnoshivkina et al., 2022).
Despite the 25-HC sterol appearing unchanged itself, its enzyme transcript expression
was measured, as the concentration differences observed for other sterols occurred
in areas with either increased/decreased microglia/macrophage-like cell load. CH25H
was found to be unchanged between control and MS and within areas of MS WM

pathology (figure 3.6), hence, validating the MS findings.

The percentage of mRNA transcripts were calculated using the area of puncta as a
proportion of the area of Hx staining, therefore accounting for the changing cell
density between the various compartments of the demyelinating lesion and adjacent

normal appearing tissue.

A qualitative assessment of APOE, ABCA1 and SOAT1 showed widespread APOE
expression at the actively demyelinating WML edge and positive cells in the adjacent
WM. ABCA1 and SOAT1 transcripts were also present in WM, but were less frequent
compared to APOE (figure 3.6).
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Figure 3.6 — Quantifying the Relative Expression of Cholesterol Metabolism-Related
Enzyme Transcripts in WM

RNAScope was used to measure mRNA transcripts for CYP27A1, CH25H, APOE, ABCA1 and SOAT1 (a-c).
CYP27A1 was reduced at the MA/I WML edge and centre compared to control WM; it was also lower
at the MA/I WML centre compared to NAWM, although this did not reach statistical significance (ai). In
situ hybridisation for CYP27A1 mRNA expression with Hx counterstain in control WM, NAWM, MA/I
WML edge and centre, arrows point to puncta (brown) (aii). Immunostaining for CYP27A1 (brown) with
Hx counterstain, arrows point to CYP27A1+ cells (aiii). In situ hybridisation for CH25H mRNA showed no
differences between controls and MS or within areas of MS WM pathology (bi), arrows point to CH25H
puncta (brown) with Hx counterstain (bii). Representative ISH, using Fast Red as the chromogen,
revealed widespread APOE expression at the active WML edge (ci) and positive cells in the adjacent
white (cii). ABCA1 (ciii) and SOATI (civ) transcription was seen less frequently throughout the white
matter ©. Kruskal-Wallis with Dunn’s post-test, *p<0.05. Graphs show mean + standard deviation.
Controls n =5, MS n = 5. WML — white matter lesion, CYP27A1 — cytochrome P450 27A1, CH25H —
cholesterol 25-hydroxylase, NAWM — normal appearing WM, APOE — apolipoprotein E, ABCA1l —
adenosine triphosphate-binding cassette transporter A1, SOAT1 — sterol O-acyltransferase 1.
Representative images taken from MS 513 A3A3. Images were captured using the Zeiss AxioScope

microscope a Zeiss AxioCam black and white camera. Scale bars = 50 um.
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3.3.4 — Identifying and Characterising Grey Matter Demyelination
As mentioned above, GM ROI were also collected, given their widespread presence

in long-standing MS, however, the blocks were not expressly selected based on the
presence/absence of GMLs (Griffiths et al., 2020a). Prior to tissue collection, the
shortlisted cases were assessed for GM ROI via immunostaining. All identified GML
were inflammatory inactive as is typical of long-standing MS, and were classed as
cortical GML or deep GML (caudate, putamen) based on their location. Each of the

shortlisted cases contained a proportion of NAGM and/or GML (figure 3.7).

3.3.5 =Sterol Concentrations Differ Between Regions of MS GM

Pathology
After identification of GM ROI, tissue enriched for NAGM and GML was manually

macrodissected. EADSA-LC-MS was then used to measure cholesterol, its precursors
and metabolites. 73-HC was found to be reduced in GML compared to GM from
controls: control GM — 0.4410.17 ng/mg (mean + standard deviation), GML —
0.18+0.07 ng/mg. 7a-HC followed the same trend, but did not reach statistical
significance (p<0.1), additionally, 24R-HC appeared lower in NAGM compared to

control GM, but also did not reach significance (p<0.1) (figure 3.8).
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Figure 3.7 — Characterising Extensive and Variable Demyelination of Grey Matter

Regions of NAGM and GMLs were identified by the presence or absence of MOG/LFB staining. All lesions
were classified as inactive (contained few HLA+ microglia/macrophage-like cells). Representative
images taken from MS 473 A1B3 (a). GML were further classified based on their location within the GM,
cortical or deep GML. Lesions affecting the cortex were further classified as either type i, type ii, type iii
or type iv, arrows point to lesions. Images kindly provided by Owain Howell (b). The relative proportion
of NAGM-lesion was calculated per case (n = 8). The percentage of type i lesions ranged from 0-7%;
type ii range from 0-11%; type iii range from 0-50%,; type iv ranged from 0-100% and deep GML ranged
from 0-63%. Tissue images taken using QuPath version 0.3.2 (Bankhead et al., 2017). MOG — myelin
oligodendrocyte glycoprotein, HLA —human leukocyte antigen, LFB —luxol fast blue, GML — grey matter

lesion, NAGM — normal appearing grey matter. Red scale bars = 0.50 cm, black scale bars = 100 um.
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Figure 3.8 — Sterol Concentration in Human Control Grey Matter and MS Grey Matter

The relative abundance of sterols in GM ROI-enriched homogenates from the post-mortem brains of
people with and without MS (a-0). 7B-hydroxycholesterol (i) was significantly lower in MS GML
compared to control GM. Additionally, 7a-hydroxycholesterol (h) followed the same trend and 24R-
hydroxycholesterol (m) appeared reduced in NAGM compared to GM from controls, however, neither
reached statistical significance (p<0.1). Kruskal-Wallis with Dunn’s post-test, *p<0.05). Graphs show
mean * standard deviation. Control n =5, MS n = 6. NAGM — normal appearing GM, GML — grey matter

lesion.

3.3.6 — Cholesterol Homeostasis is Altered in GM of the MS Brain
This work has provided evidence that cholesterol metabolism is also altered in areas

of GM pathology within the MS brain. As with WM ROI, whether cholesterol storage
is altered within GM ROI was investigated. Firstly, the proportion of HLA+ cells within

the different GM ROl was calculated, no change was found between NAGM and
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GMLs. Next, the percentage immunoreactivity of ORO and PLN2 was measured. ORO
was found to be decreased in NAGM and GML compared to control GM. Control GM
—1.65+1.31% (mean tstandard deviation); NAGM — 0.33+0.49% GML — 0.72+1.17%.
No change was found for PLN2+ lipid droplet storage, probably reflecting the lower
overall abundance of myelin and myelin lipids in grey, in comparison to WM (figure

3.9).

Figure 3.9 — Storage of Esterified Cholesterol Droplets are Decreased in MS GM

The percentage of HLA+ microglia were unchanged between NAGM and in GML (ai), HLA+ microglia
(brown) (aii), arrow points to HLA+ microglia (aiii). ORO was found to be reduced in NAGM and GML
compared to GM from controls (bi), ORO+ droplets red (bii), arrows point to ORO droplets (biii). PLN2
was unchanged between NAGM and GML (ci), PLN2 (blue) within an HLA+ microglia (brown) (cii), arrow
points to stored HLA+PLN2+ microglia (ciii). *p<0.05, **p<0.01, Kruskal-Wallis with Dunn’s post-test.
Graphs show mean * standard deviation. Controls n =5, MS n = 5. NAGM = normal appearing grey
matter, GML = grey matter lesion, HLA — human leukocyte antigen, ORO — oil red O, PLN2 — perilipin-2.
Images were captured using the Zeiss AxioScope microscope and Zeiss AxioCam black and white

camera. Representative images taken from MS 513 A1B2. Scale bar = 50 um.
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As cholesterol storage and metabolism also appeared altered in the GM, it was
assessed if expression of the enzymes responsible for cholesterol metabolism were
also altered in MS GM. As previously mentioned, CYP46A1 (24-hydroxylase) is
responsible for the enzymatic conversion of cholesterol to 24S-HC. The dogma states
that synthesis of CYP46A1 is driven by neurons (Petrov and Pikuleva, 2019). Using
ISH, it was confirmed that CYP46A1 mRNA is expressed by neurons in the GM, finding
a significant decrease in expression in NAGM compared to GM from controls, with
both a reduction in the number of immunopositive neurons and also the number of
puncta per cell. Control GM — 0.28+0.24% (mean + standard deviation); NAGM —
0.00410.005%. Qualitative immunostaining for the CYP46A1l protein was also
suggestive of a marked decrease of expression in MS compared to controls. Perhaps
more surprisingly, immunostaining for HuC-D+ neurons, paired with ISH not only
confirmed neuronal CYP46A1 expression, but also revealed modest non-neuronal
signal. The expression of CYP27A1 and CH25H transcripts were also quantified; both
were found to be significantly reduced in NAGM compared to GM from controls.
CYP27A1: control GM — 3.65+2.84%; NAGM — 1.21+1.36%. CH25H: control GM -
1.63£1.96%; NAGM — 0.2410.42%. Immunostaining for CYP27A1 confirmed protein

expression in the GM (figure 3.10).
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Figure 3.10 — Quantifying the Relative Expression of Cholesterol Metabolism-Related
Enzyme Transcripts in GM

BaseScope was used to measure mRNA transcripts for CYP46A1 and RNAScope was used to measure
MRNA transcripts for CYP27A1 and CH25H (a-c). CYP46A1 was reduced in NAGM compared to controls
(ai), arrows point to CYP46A1 puncta (pink) with Hx counterstain (aii). Immunostaining for HuC-D+
neurons (blue) revealed both neuronal and non-neuronal CYP46A1 puncta (pink) (aiii). Immunostaining
for CYP46A1 showed a reduction in signal in MS compared to controls (aiv). CYP27A1 (bi) and CH25H
(ci) were both reduced in NAGM compared to controls, arrows point to CYP27A1 puncta (brown) (bii)
and CH25H puncta (brown) (cii). Immunostaining for CYP27A1 confirmed protein expression in GM
(biii). Mann Whitney U, p<0.001***, p<0.0001****, Graphs show mean + standard deviation. Controls
n =5, MS n =5. Images were captured using the Zeiss AxioScope microscope and Zeiss AxioCam black
and white camera. Representative images taken from MS 402 A1A3. CYP - cytochrome P450, CH25H —
cholesterol 25-hydroxylase, NAGM — normal appearing GM. Black scale bars = 50 um, red scale bars =

10 pm.

3.4 Discussion
Having identified sterol differences in gross anatomically distinct regions of the MS

brain, compared to controls, It was next assessed if there were differences in
demyelinated areas of the MS brain. As the initial study in chapter 2 showed
differences in WM, efforts were focused on actively demyelinating WML — a lesion

stage that is over-represented in a worsening disease course.

3.4.1 — Sterol Concentration is Altered in Areas of Demyelination
Cases which contained comparable, and clinically relevant, actively demyelinating

lesions (both MA/I and active WML) were shortlisted, as the principal interest was on
mechanisms relating to lesion expansion. Prior to tissue collection for sterol
concentration analysis, the tissue was characterised to identify ROl - NAWM, MA/I
WML edge, MA/I WML centre, active WML, NAGM, GML and WM/GM from controls.
Actively demyelinating WMLs were further categorised as ‘demyelinating’, or ‘post-
demyelinating’, based on the presence/absence of minor and major myelin
degradation products — all sampled actively demyelinating lesions were categorised
as ‘demyelinating’ and therefore could be grouped together for analysis (Kuhlmann

etal.,, 2017).

108



EADSA-LC-MS was utilised to calculate the relative abundance of sterols within the
WM and GM ROIs. This analysis revealed that some sterols differed in areas with
marked demyelination. Cholesterol, 24S-HC, 7a-HC and 24R-HC were found to be
reduced in the MA/I WML centre compared to WM from controls, in addition, 24S-
HC was also reduced in the MA/I WML edge compared to control WM. 26-HC and 7-
OXO also appeared reduced in the MA/I WML edge compared to control WM,
however, they did not reach statistical significance (p<0.1), possibly reflecting the low
power of this small study to identify statistically significant differences between
groups. A reduction of these sterols at the hypocellular lesion centre, may be due to
the loss of myelin, and therefore, cholesterol, resulting in a reduction of cholesterols’
downstream products, due to decreased starting material (Saher and Stumpf, 2015).
The reduction of 24S-HC and 26-HC at the lesion edge may also be due to reduced
cholesterol, as a consequence of ongoing demyelination, but it may also correlate
with changes in cholesterol storage/metabolism by macrophage-like cells (Cantuti-
Castelvetri et al., 2018), discussed below. Some oxysterol concentrations also
differed in GM - 7B-HC was reduced in GML compared to control GM. 7a-HC
appeared lower in GML compared to control GM, and 24R-HC appeared reduced in
NAGM compared to GM from controls, however they did not reach statistical
significance (p<0.1). The 7-oxycholesterols (7a-HC, 7B-HC and 7-OX0O) may also be
reduced due to a lack of substrate in WM/GM. Their production has been shown to
be cytotoxic to neurons, via the production of ROS. Others have also shown that an
increase is associated with a worse AD course (Leonarduzzi et al., 2006; Dias et al.,
2022). However, a decrease was found in the samples used in this study. It is of note
that these sterols can also be formed as a result of autooxidation, so they could be
an artefact of the oxysterol isolation procedure, as opposed to biologically-formed

sterols (Griffiths et al., 2013).

3.4.2 — Dysfunctional Cholesterol Storage may Affect Sterol

Concentrations in MS
Others have previously shown that aged/disease-affected macrophages may

promote a proinflammatory environment as a result of a reduced capacity for lipid-
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storage/efflux under certain pathological conditions (Cantuti-Castelvetri et al., 2018).
Having identified differences in sterol abundance within areas of demyelination,
which had either an increased or decreased microglia/macrophage-like cell load,
cholesterol/lipid-storage was assessed using histology and immunostaining for
components representative of stored lipids (Marschallinger et al., 2020). Firstly, anti-
HLA immunostaining was confirmed to be increased at the MA/I WML edge and
active WML (by at least 90% compared to NAWM and MA/I WML centre), confirming
increased inflammation in these areas of recent demyelination. Additionally, the
proportion of resident microglia (TMEM119+, HLA+) and infiltrating macrophages
(HLA+, TMEM119-) were calculated, finding an increased number of single HLA+
infiltrating macrophages at the MA/I WML edge compared to other areas of MS WM
ROl and 76% more compared to dual HLA+/TMEM119+ resident cells. This suggests
that a higher proportion of macrophages from the periphery are present within
actively demyelinating MA/I WML; however, this number maybe skewed to a certain
extent. We now appreciate that when resident microglia, positive for TMEM119, are
activated in response to inflammatory stress - such as occurs in MS, TMEM119
expression is downregulated. Therefore, although it's possible that a higher
proportion of peripheral macrophages drive inflammatory demyelination, there is
currently not a way to confidently assess this with our current array of phenotypic

markers (Ruan and Elyaman, 2022).

Next, the percentage immunoreactivity of ORO and PLN2 staining, which corresponds
to esterified-cholesterol rich droplets and lipid droplet storage, respectively, was
calculated. In WM, both ORO and PLN2 were found to be selectively increased at the
MA/I WML edge, reflecting the recent uptake of myelin, which in some instances may
represent an excessive/inappropriate build-up of lipids/cholesterol at sites of
demyelination. This build-up of intracellular lipids could be related to the decrease of
24S-HC/26-HC seen at the MA/I WML edge by EADSA-LC-MS. 24S-HC and 26-HC are
LXR-a/LXR-P ligands. Activation of LXRs results in the transcription, and subsequent
translation, of cholesterol efflux transporters, such as ABCA1 and APOE (Fukumoto

et al.,, 2002; Tall, 2008). Microglia/macrophage-like cells are responsible for the
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phagocytosis of debris, and it is thought that myelin-debris clearance is essential to
create an environment suitable for repair. However, there is also evidence that
cholesterol storage/clearance dysfunction by macrophage-like cells may also
promote a detrimental inflammatory environment (Lampron et al., 2015; Bogie et al.,
2020). In the context of the actively demyelinating MS lesion for example, this could
mean that myelin debris that is ineffectively stored or not properly expelled from
macrophage-like cells, could lead to the accumulation of excessive quantities of
cholesterol within phagocytes, eventually leading to toxic and damaging responses,
perhaps including cholesterol crystal formation and phagolysosomal membrane
rupture (Cantuti-Castelvetri et al., 2018). Restoring normal cholesterol flux and
oxysterol metabolism could represent one useful approach to alleviating this

damaging reaction at sites of ongoing demyelination (Grajchen et al., 2018).

As 24S-HC/26-HC synthesis was shown to be dysregulated in MS WM, it was next
assessed if there were differences in the transcripts encoding the enzymes which
convert cholesterol to 24S-HC and 26-HC, CYP46A1 and CYP27A1, respectively.
CYP46A1 is almost exclusively expressed by neurons, although some non-neuronal
signal was also present within the samples (Petrov and Pikuleva, 2019). The
expression of CYP46A1 was found to be significantly reduced in NAGM by more than
98%, compared to control GM, reflecting a reduction of both the number of positive
neurons, and the number of puncta present per neuron. Although RNA expression
doesn’t necessarily translate to protein expression (Greenbaum et al., 2003), a
qualitative assessment of CYP46A1 (24-hydroxylase) immunostaining, showed a
decrease in both the number of immunopositive neurons and a decreased staining
intensity in MS GM compared to control GM. These findings are particularly
interesting as CYP46A1 has been reported to be down-regulated in a number of
neurodegenerative diseases, including AD and HD. In a pre-clinical model of HD,
knocking down CYP46A1 expression reproduces a HD-like phenotype, whilst the
restoration of neuronal CYP46A1 expression is associated with improved motor
function, less atrophy and improved cholesterol flux. This has promoted a gene

therapy approach to be considered for HD treatment (Boussicault et al., 2016; Kacher
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et al., 2019). Excitingly, CYP46A1 is a druggable target. A small clinical pilot study of
early AD has shown that efavirenza (an anti-HIV drug), can increase CYP46A1, and
subsequently 24S-HC. The effect of efavirenza is also being tested as a therapeutic
for epilepsy, where CYP46A1 has been reported to be inhibited and 24S-HC
decreased (Petrov and Pikuleva, 2019; van der Kant et al., 2019; Hanin et al., 2021;
Lerner et al., 2022). These new findings of reduced brain 24S-HC, reduced transcript
expression and reduced numbers of immunostained neurons strongly implies that
cholesterol flux is altered in the MS brain and opens the door to testing some of these

CYP46A1 therapeutics in long-standing MS.

CYP27A1 is more ubiquitously expressed. Despite the decrease in 26-HC itself not
reaching statistical significance (p<0.1), the transcript encoding its enzyme was found
to be reduced in both white and grey matter. CYP27A1 expression was reduced by
51% and 47% in MA/I WML edge and centre compared to control WM, respectively,
and was decreased by 67% in NAGM compared to GM from controls. A reduction in
the transcripts, which encode for the enzymes responsible for cholesterol
metabolism, in areas of demyelination, further supports the hypothesis that

cholesterol metabolism is dysregulated within the MS brain.

3.5 Limitations
The work presented in this chapter has shown that there is an association between

demyelination and cholesterol metabolism dysregulation in MS, however, there are

a number of limitations to this work which need to be addressed.

Firstly, the initial focus of this work was to assess whether discrete areas of WM
demyelination associate with sterol concentrations, and although regions of GM
interest were sampled, they were broadly grouped. Therefore, sterol changes which
may associate with GML subtype/specific GM layer/cell type composition, may have
been missed. For example, sterol changes in WM may relate in part to the
composition of microglia/macrophage-like cells in areas of demyelination. Although
less pronounced than in WM, the number/activation of microglia varies in different

GML subtypes (Magliozzi et al., 2018), which would perhaps correlate to different
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sterol abundances in these areas; an effect that this study has not tested for. GM
pathology is extremely important in MS. GML are typically larger and more abundant
than WML, and the presence of GML usually correlates with a worse MS prognosis
(Calabrese et al., 2007; Calabrese et al., 2010; Calabrese et al., 2012; Honce, 2013;
Bevan et al., 2018). Future studies with a focus to understand GML pathobiology and

the contribution of sterol metabolism to this process are certainly needed.

The expression of a subset of transcripts which encode cholesterol metabolism-
associated enzymes were shown to be reduced in MS WM and GM compared to
controls. Due to time constraints, a number of other potentially useful transcripts,
such as those encoding for cholesterol transporters, have not been quantitatively
evaluated, and will need to be in the future. Additionally, RNA expression does not
necessarily correspond to protein expression, so systematic analyses of the

expression of the enzymes themselves will need to be conducted in the future.

Finally, due to a combination of time and tissue availability, this study has used a low
number of cases. Future studies, with an increased sample size, will be needed to
validate these findings. However, even with a small sample size, differences in the
abundance of sterols, and relevant mRNA transcripts, have been shown between

different regions of MS pathobiology, suggesting these differences are robust.

3.6 Conclusion
Cholesterol metabolism is altered in the human MS brain in areas of actively

demyelinating tissue. A reduced concentration of some sterols was observed, which
may be due to reduction in the enzymes responsible for their synthesis, as suggested
by the stark reduction in the number of corresponding mRNA transcripts measured
(Fukumoto et al., 2002; Tall, 2008). A reduction of these transcripts may associate
with both a loss of cell number, as seen in MS (Peterson et al., 2001; Carassiti et al.,
2018), and also cholesterol metabolism and storage dysfunction in the cells
themselves (Cantuti-Castelvetri et al., 2018). Most noticeably, the CYP46A1
transcript, whose product synthesises 24S-HC from cholesterol, was reduced by 98%

in MS NAGM compared to control GM. 24S-HC is responsible for the efflux of
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cholesterol from the CNS into the periphery, so its dysfunctional production may
have a large implication on overall cholesterol flux in the brain. Sterols, including 24S-
HC and 26-HC, were found to be reduced at sites of chronic demyelination, with an
increased number of myelin-lipid rich microglia/macrophage-like cells. The over
accumulation of myelin-lipids may relate to a reduction in the concentration of
oxysterol-ligands for LXRs, resulting in a reduced number of cholesterol transporters,
preventing cholesterol expulsion from the cells; potentially promoting a damaging
microglial-phenotype (Cantuti-Castelvetri et al., 2018). In the following chapter, an
attempt to model this dysregulation in culture will be made, to assess the role of

inappropriate cholesterol storage by macrophage-like cells.

Chapter 4 — Lipid and Cholesterol Metabolism in
Human Primary Microglia/Macrophages

4.1 Introduction

4.1.1 — The Role of Microglia in Health
Microglia are highly dynamic, specialised cells of the CNS. Unlike other neuroglia,

microglia are derived from myeloid cell progenitors of the yolk sac during early
development (Ginhoux et al., 2010; Cuadros et al., 2022). They readily extend and
retract their processes, surveying the CNS and can detect and react to local changes
in neural activity and the presence of pathogens, immune mediators and molecular
patterns, promoting both inflammation and repair (Nayak et al., 2012). They facilitate
phagocytosis of apoptotic cellular debris, which is a tightly regulated anti-
inflammatory response that does not attract lymphocytes or induce inflammation

(Magnus et al., 2001; Tremblay et al., 2011).

Microglia are important in modulating neuronal structure and function (Tremblay et
al., 2011). For example, during early life, microglia modulate synaptic pruning, the
degradation of immature synapses, allowing others to be formed and maintained

(Stevens et al., 2007; Paolicelli et al., 2011; Faust et al., 2021). Signalling between
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microglia and neurons is, in part, facilitated via the fractalkine axis. The fractalkine
ligand (CX3CL1) is secreted by neurons, which then binds to the fractalkine receptor
(CX3CR1) expressed by microglia, directing their engagement and phagocytosis of
relevant synapses (Paolicelli et al., 2014). Additionally, microglia, are able to sense
and respond to changes in neuronal activity, aiding modulation of excessive
hyper/hypo-excitability, contributing to the maintenance of a homeostatic neural
network (Umpierre and Wu, 2021). The expression and regulation of lipid metabolic
machinery is central to microglial biology. In response to tissue injury, surveillant
microglia undergo a series of complex phenotypical and morphological changes that
are dependent on lipid-sensing. Polymorphisms in genes encoding for phagocytic and
lipid-related proteins are associated with an increased risk of MS, such as the genes
encoding MerTK (a regulator of phagocytosis) (Beecham et al., 2013), and TREM2
(required for the binding of lipidated APOE to promote cholesterol clearance) (Poliani
et al., 2015; Yeh et al., 2016; Krasemann et al., 2017). Additionally, variants in genes
including ABCA7, BIN1 and CD33 are associated with risk variants for AD (Keren-Shaul
et al., 2017; Prinz et al., 2019).

4.1.2 —Microglia and MS
In MS, the function of microglia is altered, and they phagocytose the myelin sheath

(demyelination) and other cell membranes, in combination with peripheral immune
infiltrating macrophages and dendritic cells (Luo et al., 2017). The cause of microglia
inappropriately reacting to self-myelin antigens in MS is unclear, however, the
physical act of degradation is mediated by receptor-ligand binding, causing
internalisation of myelin (Grajchen et al., 2018). The loss of microglial homeostasis is
a recognised hallmark of MS, as well as for a range of other complex
neuroinflammatory and neurodegenerative diseases (Prinz et al., 2019). There is
currently some debate around whether myelin debris uptake by microglia, is
beneficial or damaging in MS. There is both evidence that myelin clearance is crucial
for the promotion of an environment that can allow repair (remyelination of denuded
axons) (Lampron et al., 2015; Luo et al., 2017); but also, evidence that suggests that

this beneficial process is short lived, and instead mediates a change in microglia
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phenotype from an anti-inflammatory, protective phenotype to a pro-inflammatory
and destructive phenotype (Haider et al., 2011; Grajchen et al., 2018). This divergent
view likely reflects the effects of the environment (i.e., whether the damage is acute
or chronic) and age of the subject (microglia display a significant age-associated

functional phenotype) (Loving and Bruce, 2020).

4.1.2.1 - Lipid Metabolism by Microglia/Macrophage-Like Cells

In atherosclerosis, an overload of cholesterol has been shown to be toxic to
macrophages, driving the formation of lipid-laden foamy macrophages (Javadifar et
al., 2021). In MS, microglia/macrophage-like cells phagocytose myelin/cellular debris.
This debris is lipid (cholesterol)-rich (Berghoff et al., 2022a). Following phagocytic
internalisation of myelin, myelin is degraded within lysosomes, which increases the
availability of free-lipids, including cholesterol, which can be used in membranes,
esterified and stored as lipid droplets, oxidised to cholesterol metabolites
(oxysterols), or can be exported from the cell, via efflux transporters (Chausse et al.,
2021). The synthesis of oxysterols contributes to activation of signalling pathways,
including LXR and PPAR pathways. Activation of these pathways in health, pushes
microglia back towards a more pro-regenerative phenotype following myelin
phagocytosis, permitting future clearance of myelin (Bogie et al., 2012; Bogie et al.,

2014; Chausse et al., 2021).

However, in the context of a neuroinflammatory disease, like MS, these systems may
fail, and cholesterol efflux and effective storage becomes diminished. Defective
cholesterol clearance has been modelled in a murine model of the aged CNS (Cantuti-
Castelvetri et al., 2018), which may be relevant to MS, as patient microglia appear
prematurely aged (Bolton, 2021) and disease severity is strongly linked to a person’s
age (Scalfari et al., 2011). Myelin phagocytosis assays, using murine bone marrow-
derived macrophages, revealed that a defect in cholesterol clearance, after excessive
myelin internalisation, can result from a downregulation of cholesterol efflux
transporters, including APOE and ABCA1l. Importantly, defective cholesterol

clearance was shown to promote the formation of cholesterol crystals (as seen in
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atherosclerosis (Duewell et al.,, 2010)). Build-up of cholesterol crystals induces
phagolysosomal membrane rupture, subsequently stimulating the caspase-1-
activating NLRP3 inflammasome response, resulting in the secretion of IL-1 beta (IL-
1B) ((Duewell et al., 2010; de la Roche et al., 2018). IL-1f is a treatment target for MS
and reflects wider NLRP3 inflammasome activation, which is commonplace in actively
demyelinating MS lesions (Malhotra et al., 2020). Therefore, excessive build-up and
defective clearance of cholesterol, may promote a pro-inflammatory and
maladaptive microglial phenotype (Cantuti-Castelvetri et al., 2018) and contribute to

the compartmentalisation of the immune response in established MS.

Importantly, in MS, foamy macrophages (lipid-laden, activated microglia and
macrophages) are present in high numbers at the actively demyelinating rim of slowly
expanding, MA/I WML (Frischer et al., 2015; Lassmann, 2018). Assuming these cells
are in fact more damaging, than pro-reparative, cholesterol metabolism
dysregulation, as a result of increased myelin phagocytosis, may contribute to this
damaging phenotype, and therefore the continued expansion of clinically impactful

actively demyelinating lesions (Grajchen et al., 2018).

4.1.3 =Studying microglial-like cells in vitro
There are several models which can be used to test microglial/macrophage and or

monocyte cholesterol efflux/metabolism in vitro. The most easily obtainable are
human immortalised monocyte derived cell line THP-1 and the derived human
embryonic microglial/macrophage-like cells HMC-3. Upon stimulation, these cells
express a number of monocyte/macrophage-like phenotypic markers and functions.
THP-1 cells are a useful resource to investigate biological and lipid metabolic
processes in a myeloid/macrophage-like cellular context. In contrast, HMC-3 express
some phagocytic-related genes at a lower level than THP-1s, such as the phagocytosis
regulator TREM2, so may not be as useful for investigation of phagocytosis. (Floden
and Combs, 2007; Akhter et al., 2021; Zhang and Cui, 2021). In addition to human
immortalised monocyte derived cells, there are murine models including SIM-A9 and

BV-2 cells. SIM-A9 cells are spontaneously immortalised, semi-adherent cells,
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purified from a mixed-glia culture of postnatal murine cortex, which have been
shown to express macrophage/microglia-specific proteins including IBA1. BV-2 cells
are a widely used murine model of microglia/macrophage-like cells and have a partly
overlapping transcriptome/proteome to primary microglia, after stimulation with
lipopolysaccharide (Blasi et al.,, 1990; Henn et al., 2009; Nagamoto-Combs et al.,
2014). However, these cells still do not capture the full morphology/functionality of
human, primary microglia. In addition, the process of immortalisation alters the cells’
characteristics in comparison to endogenous microglia (Henn et al., 2009; Stansley et

al., 2012).

Another in vitro model is induced microglia-like cells, which can be derived from the
culturing of mature peripheral blood monocytes (Sellgren et al., 2017). These cells
can be isolated from whole blood from healthy individuals, those with disease or
those carrying a genetic variant of interest (Sellgren et al., 2017). After isolation of
the peripheral blood mononuclear cells (PBMCs), an immuno-magnetic sorting step
can be used to screen and collect a cellular subset of interest, for example, CD14+
monocytes (Pan and Wan, 2020). Treatment with appropriate cytokines (IL-34 and
granulocyte-macrophage colony-stimulating factor (GM-CSF)), for around a week
transforms the monocytes into a microglia-like cell lineage. In the developing brain,
IL-34 and GM-CSF polarise invading yolk-sac derived myeloid-cells into immature
(foetal) microglia (Mufioz-Garcia et al., 2021). This method requires the availability
of donor blood, and its preparation is more time consuming than
microglia/macrophage-like cells obtained from immortalised cell lines, additionally
these cells do not proliferate in culture. However, this model facilitates the use of
patient derived cells. For example, induced microglia-like cells have been used to
study phagocytosis capacity and inflammation related pathways in cells derived from
patients with neurological diseases such as amyotrophic lateral sclerosis (ALS) and
schizophrenia (Sellgren et al., 2017; Quek et al., 2022). There is a drive to move
towards using patient derived cells for personalised medicine, where for example, a
person’s cells could be assessed on their response to a particular drug, prior to

administering it to the patient (Quek and White, 2023).
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A more complex culture model is the use of primary mixed glia models. Human brain
microglia can be obtained from rapid autopsy, foetal or biopsy samples. A target
brain region is digested into a single-cell suspension and the cells are cultured for
around 2 weeks. The selectivity of cells collected via this method can be improved via
the use of an immuno-magnetic sorting step (Gordon et al., 2011). Obtaining human
brain microglia is outside of the scope of most laboratories due to a combination of
ethics and the requirement for speed of sample processing post extraction. However,
these cells are true, endogenous microglia; but even these cells do not retain their
endogenous behaviour for long in culture (Bohlen et al., 2017). Studies have shown
that engraftment of human-brain derived microglia into animal models is sufficient

and necessary to re-enable more typical microglial behaviour (Bohlen et al., 2017).

Another very useful in vitro model of microglia are human pluripotent stem cell-
derived microglia (pMGL). Induced pluripotent stem cells (iPSCs) first need to be
differentiated into hematopoietic progenitor cells and then to microglia-like cells
(Abud et al., 2017). This is a complicated, expensive and lengthy process, taking over
5 weeks to produce functionally useful microglia that essentially represent an
immature microglia-like cell, more like those described in the foetal CNS (McQuade

et al., 2018).

Each of the above methods are useful and valid for the study of microglia. In this
study a combination of immortalised monocytes (THP-1) and induced microglia-like
cells from mature primary human monocytes were used to model myelin

phagocytosis.

4.1.4 — Lipid-Modulating Drugs and the Mode of Action of FTY720,

Simvastatin and XBD173
Cholesterol metabolism and efflux dysregulation may contribute to important

pathomechanisms, such as the generation of foamy macrophages, which may
promote chronic and damaging inflammation and continued demyelination and
neuro-axonal disruption (Lassmann, 2018; Grajchen et al., 2018). If so, cholesterol

dysregulation may present as a novel druggable target to reduce inflammation and
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neurodegeneration for people with MS. A selection of drugs are available which
modulate cholesterol transport/metabolism. | have focused on FTY720 (fingolimod),
simvastatin and XBD173. FTY720 is a licenced DMT for MS, simvastatin is currently at
phase lll clinical trial for SPMS and XBD173 is also an experimental drug being tested
in SPMS, which may reduce inflammation; each regulates cholesterol and/or
oxysterol metabolism in some way, either as their primary (simvastatin) or wider

mode of action (FTY720, XBD173).

FTY720 is a widely used DMT for RRMS that targets the S1P lipid receptor. It was
shown to be ineffective for the treatment for progressive MS (Lublin et al., 2016),
however, this may partly be due to the wide range of subjects (in terms of age,
disability and disease activity) included in the trials. Siponimod, which has a similar
mode of action, is effective in reducing disability progression in active SPMS
(Behrangi et al., 2019; Dumitrescu et al., 2019; Cohan et al., 2022). FTY720 has a wide
range of biological effects, can cross the BBB and affects cholesterol efflux (via
activation of signalling cascades which result in the increased expression of proteins
involved in cholesterol trafficking (Vance et al., 2006; Newton et al., 2017). Its mode
of action has not been fully elucidated, but its role in the periphery has been
described. FTY720 is an orally prescribed, S1P receptor agonist, which modulates
immune cell trafficking. Once ingested, it is readily phosphorylated into its active
form via the action of nuclear sphingosine kinase 2 (SphK2) (Hait et al., 2014). On
ligand-binding, the S1P receptor is internalised and degraded, which prevents the
egress of lymphocytes from lymphoid organs in the periphery. This causes a
reduction in circulating lymphocytes and as a result prevents the ingress of
lymphocytes into the CNS. FTY720’s potent immunosuppressive activity reduces
annualised relapse rates in people with RRMS (Brinkmann et al., 2002; Hait et al.,
2014; Kleiter et al., 2016; Tiper et al., 2016). There is evidence that FTY720 can
stimulate 26-HC (an LXR-a/LXR-B-ligand) which can promote cholesterol efflux
transporter synthesis. This has been shown to confer an atheroprotective effect to
foamy macrophages. This may be pertinent to FTY720’s possible mode of action in

the MS CNS (Blom et al., 2010).
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Statins are cholesterol lowering drugs, which are safe and well tolerated. A number
of statins are able to traverse the BBB, and therefore may be beneficial in the
regulation of cholesterol homeostasis in the brain. One such statin, simvastatin, has
provided positive results in a phase Il clinical trial of SPMS, when prescribed at a high
dose (80 mg). Statins act by inhibiting HMG-CoA reductase, the enzyme responsible
for the conversion of HMG-CoA into the cholesterol precursor, mevalonate.
Ultimately, high dose simvastatin may have a positive effect on cholesterol
metabolism in the brain (Stancu and Sima, 2001; Sirtori, 2014; Ramkumar et al.,

2016).

XBD173 is a translocator protein 18 kDa (TSPO) ligand. TSPO is expressed
predominantly on the outer mitochondrial membrane in steroid-synthesising tissues,
including the brain, where it is highly expressed by activated microglia (Rupprecht et
al., 2010; Yao et al., 2020). Its activation results in the translocation of cholesterol
from the cytosol to the mitochondria, where it is then converted into neurosteroids
and cholesterol hormones (Rupprecht et al., 2010; Lejri et al., 2019). Prior to use as
an experimental drug, TSPO ligands, such as XBD173, were developed to be used as
diagnostic tools to identify neuroinflammation via positron emission tomography
(PET) imaging (Rupprecht et al., 2010). Increased TSPO expression by activated
microglia/macrophages has been shown in models of neurodegenerative disease,
including EAE, and correlates with neuroinflammation. Although the mechanistic
action of TSPO is not fully understood, Bae and colleagues have shown that an
increase of TSPO expression associates with a pro-inflammatory, damaging microglial
phenotype, whereas ligand-TSPO receptor binding results in the expression of a more
anti-inflammatory microglial phenotype (Bae et al., 2014). Therefore, treatment with
XBD173 may act to suppress microglia-led inflammation by modulating cholesterol

flux and metabolism.

4.1.5 — Chapter Aims
The work in this thesis has shown that cholesterol metabolism is dysregulated in the

human MS brain at actively demyelinating sites, dense with lipid-laden
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microglia/macrophage-like cells. | hypothesise that defective cholesterol and lipid
clearance by these cells contributes to the altered cholesterol metabolism observed,
and a dysfunctional and damaging microglial/macrophage response. Using a primary
culture model of human induced microglia-like cells, | next attempted to model active
myelin phagocytosis and inflammation, to investigate the expression of key
cholesterol and lipid transporters and to test the effect of MS drugs on their ability

to promote cholesterol clearance.

4.2 Methods

4.2.1 — Peripheral Blood Mononuclear Cell Isolation
Up to 108 ml of blood, from healthy volunteers (n=8, Females=3, mean age=30.1

years, age range=22-54 years), was collected in heparin vacutainers (Fisher Scientific)
(Study approval: SUMS RESC 2022-0029). An equal amount of blood was layered onto
lymphoprep (Stemcell Technologies) prior to centrifugation to separate blood
constituents by density (2000 x g, 20 minutes, RT, accelerator and break off). The
plasma layer was removed and discarded, without disturbing the buffy coat (layer
containing PBMCs. The buffy coat was gently transferred to a universal tube. The
PBMCs were washed twice by centrifugation (515 x g, 10 minutes; 7 minutes, RT,
respectively) with media (RPMI-1640 glutaMAX; Fisher Scientific) pre-warmed to
37°C. Finally, the pellet was resuspended in 1 ml of the above media, and total cell

number counted using a countess 3 automated cell counter (Fisher Scientific).

4.2.2 — CD14+ Monocyte Isolation
PBMCs were pelleted by centrifugation (300 x g, 10 minutes, RT). The pellet was

resuspended in the appropriate volume of ice-cold MACS buffer (PBS (Gibco)
containing 2% FBS (Fisher Scientific)), 80 ul per 107 cells, and CD14 microbeads
(Miltenyi Biotec), 20 ul per 107 cells. After incubation at 4°C for 15 minutes, the cells
were washed in MACS buffer by centrifugation (300 x g, 10 minutes, RT) and pelleted.
The pellet was resuspended in 500 ul of MACS buffer; CD14+ cells were sorted by
positive selection using an autoMACS (Miltenyi Biotec). The cells were sorted twice

to collect a pure sample of CD14+ monocytes. Following centrifugation (300 x g, 10
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minutes, RT) the pelleted cells were resuspended in day 0 media (RPMI-1640
glutaMAX containing 10% FBS and 1% penicillin streptomycin (pen-strep) (Fisher

Scientific)). The cells were live counted and plated immediately.

4.2.3 — Differentiation to Microglia-like Lineage
Differentiation of CD14+ monocytes to microglia-like cells was achieved following

work by Sellgren et al (Sellgren et al., 2017). 24-well plates (Greiner Bio-One) with 13
mm glass coverslips (Fisher Scientific) inserted into wells or 96-well plates (Fisher
Scientific) were coated in poly-L-lysine (0.1mg/ml, Merck). On day 0, CD14+
monocytes were plated at a density of 100 000 — 650 000 cells per well in day 0 media
(100 pl and 500 ul respectively). After 24 hours the media was aspirated and replaced
with cytokine containing media (RPMI-1640 glutaMAX, 1% pen-strep, 0.1 ug/ml IL-34
(Bio-Techne) and 0.01 pug/ml GM-CSF (Bio-Techne). Every other day, half the media
was aspirated and replaced with the same volume of fresh cytokine containing
media. On day 8 or 10, the cells were fixed (see 4.2.5.2), lysed for RNA extraction (see
4.2.8.1) or used for functional assays (see 4.2.6; 4.2.7). The cells were kept at 37°C

with 5% CO; until fixation or lysis.

4.2.4 — THP-1 Culture

The initial stock of THP-1 cells were kindly gifted by the Griffiths-Wang group
(Swansea University). Cryo-stored cells were warmed at 37°C in a water bath until
almost fully thawed, 1 ml of prewarmed media (RPMI-1640 with glutaMAX + 10% FBS
+ 1% pen-strep (serum-containing media)) was added to fully thaw the cells, this was
made to a final volume of 10 ml with media. The cells were pelleted by centrifugation
(125 x g, 5 minutes, RT), resuspended in serum-containing media, at a density of 100
000 cells/ml, and transferred to a T-25 cell culture flask. The cells were kept at 37°C
with 5% CO; for 48 hours. They were then passaged into 3 new T-25 flasks with the
addition of fresh serum-containing media (7.5 ml media per flask). The THP-1s were
passaged every 48 hours (once confluent, approx. 500 000 cells/ml) until use, or
cryopreserved using the appropriate volume of freezing media (1:10 DMSO: serum-

containing media) to allow for 1x108 cells/ml.
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4.2.5 — Morphology and Microglial Markers

4.2.5.1 — Morphology

The morphology of induced microglia-like cells was assessed using a bright-field EVOS
XL Core microscope (Invitrogen) with phase-contrast. After 8 days of cytokine
treatment, in serum-free culture media, most of the cells displayed increased
adherence, ramified morphology and extended multiple fine processes. Each well of
cells, for each donor, was assessed for morphology prior to proceeding with

experimentation.

4.2.5.2 — Immunocytochemistry

Cell media was aspirated completely, cells washed with PBS, and fixed with 4% PFA
for 30 minutes. Following washes with PBS, the cells were blocked with 10% normal
goat serum (NGS) for 10 minutes at RT, then incubated with the appropriate
concentration of primary antibody, diluted in PBS-T, for at least 3 hours at 4°C.
Following washes with PBS, cells were incubated with the appropriate, species
specific, secondary antibody conjugated to either biotin or a fluorophore, diluted in
PBS-T to the appropriate concentration, for 1 hour at RT and washed with PBS. Table
4.1 contains details of the primary and secondary antibodies used. Biotinylated
secondary antibodies were incubated with streptavidin (SAV) conjugated to a
fluorophore, diluted to the appropriate concentration in PBS-T, for 1 hour at RT and
washed with PBS. Nuclei were visualised with 1 ug/ml DAPI, diluted in PBS-T, for 1
minute at RT, followed by PBS washes. Cells grown onto coverslips were mounted
with VectaMount permanent mounting medium (Vector). Images were captured at

200X magnification using an EVOS M5000 epifluorescence microscope (Invitrogen).
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Table 4.1 — Primary and Secondary Antibodies Used for Immunocytochemistry

4.2.5.3 — In situ Hybridisation

ISH was carried out on cells as described in chapter 3, with slight modification. After
peroxidase quenching, cells were treated with protease Il prior to incubation with
specific mMRNA custom designed probes (ACD). All other steps remain as previously

described (see 3.2.5.1).

4.2.6 — Myelin Phagocytosis Assays

4.2.6.1 — Fluro-Myelin Preparation

Human brain tissue was collected with a scalpel from available unfixed snap frozen
tissue blocks from 2 control cases (1 male, mean age 59) and 1 MS case (female, 39,
PPMS), until 1 mg of WM-enriched tissue had been collected. The tissue was kept on
dry ice to prevent thawing. Isolation of myelin was achieved following Larocca and
Norton’s work (Larocca and Norton, 2007).The tissue was homogenised with 0.30 M
sucrose using a Dounce homogeniser and pestle (VWR). The homogenate was layered
over an equal volume of 0.83 M sucrose and ultracentrifuged (75 000 x g, 30 minutes,
4°C), resulting in crude myelin at the interface. The crude myelin was subjected to
osmotic shock by resuspension in Tris-Cl buffer (0.2 M Tris-Cl in 100 ml dH,0, pH 7.45)
followed by ultracentrifugation (75 000 x g, 15 minutes, 4°C). The resulting pellet was

resuspended and homogenised in Tris-Cl buffer solution (20 mM Tris-Cl, 2 mM
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Na;EDTA, 1 mM dithiothreitol and protease inhibitor in 200 ml dH;0) and
ultracentrifuged (12 000 x g, 15 minutes, 4°C). The resuspension and homogenisation
in Tris-Cl buffer solution and ultracentrifugation was repeated, resulting in a crude
myelin preparation. Following resuspension and a second homogenisation with 0.30
M sucrose, the crude myelin was further purified by repeating the above. The final
purified myelin pellet was resuspended in Tris-Cl buffer solution prior to storage at -

80°C.

Myelin protein concentration was calculated via Bradford assay. Six BSA standards,
(ranging from 0 - 1 000 pg/ml) and isolated myelin were incubated with 50:1 BSA:
copper sulphate solution for 30 minutes and measured using a POLARstar Omega
plate reader (BMG Labtech). Following quantification of protein concentration, the
myelin preparation was conjugated with pHrodo-red (Fisher Scientific). Lyophilised
pHrodo-red was resuspended to 6.67 pg/upl in DMSO. Conjugation of myelin to
pHrodo-red was achieved by incubating 15 mg/ml myelin with the appropriate
volume of pHrodo-red and PBS (pH 7.4) for 50 minutes. Following centrifugation (6
000 x g, 12 minutes, 4°C), the resulting pellet was resuspended in PBS (pH 7.4) to
obtain 1 pg/ul of pHrodo-red tagged myelin (Gémez-Lépez et al., 2021).

4.2.6.2 — THP-1 Cells - Myelin Phagocytosis Assays

THP-1 cells were used to optimise myelin concentration and incubation times, prior
to assays using primary induced microglia-like cells. Cells in media were transferred
from T-25 flasks into a 12 ml tube and pelleted by centrifugation (125 x g, 5 minutes,
RT). The pellet was resuspended in serum-containing media and cell counted. Prior
to plating, 96-well plates were coated with poly-L-lysine (0.1 mg/ml) for 5 minutes,
followed by at least 2 hours of drying. The THP-1s were seeded at a density of 75 000
cells per well in 7.5 ml serum-containing media, containing 100 nM phorbol-12-
myristate-13-acetate (PMA) and incubated at 37°C, 5% CO,. After 24 hours, the media
was replaced with fresh serum-containing media and cells incubated for a further 24
hours. The phagocytosis ability of the cells was tested via the addition of pHrodo-red

tagged myelin (1, 1.5, 2, 3 or 9ul of 1 pg/ul per well) at different time points (0, 2, 4,
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8 and 24 hours). A control which omitted myelin was also used. The cells were
washed with PBS and fixed in 4% PFA for 30 minutes prior to further washes with
PBS. The cells were stained with actin-green for 30 minutes and counterstained using
DAPI for 1 minute. Three technical replicates (3 wells) per condition were used with
3 images per well, per condition captured (a total of 9 snapshots captured per
condition) for analysis using an EVOS M5000 epifluorescence microscope. The
percentage area of pHrodo-red myelin staining, relative to actin-beta, was calculated
by splitting the channels and thresholding in ImageJ version 1.52a. This was repeated

3 times using separate flasks of THP-1s.

4.2.6.3 — Induced Microglia-Like Cells - Myelin Phagocytosis Assays

After 8 days of culture, the induced microglia-like cells were stimulated by replacing
the growth media with serum-containing media with cytokines (see 4.2.4). The
phagocytosis ability of the cells was tested via the addition of pHrodo-red tagged
myelin (1, 3, 4 or 9 ul of 1 ug/ul per well) at different time points (0, 2, 4, 8 and 24
hours), as well as a myelin negative control, were analysed as above (see 4.2.6.2).

Three biological replicates were used to identify the optimal concentration of myelin.

4.2.7 — Drug Assays

Currently available MS-related drugs were tested on their ability to promote
cholesterol efflux from myelin-lipid rich cells. THP-1 cells or induced microglia-like
cells were challenged with 3 pg of pHrodo-red-tagged myelin, per well, after

stimulation with PMA or serum-containing media respectively (see 4.2.6.2; 4.2.6.3).

After 8 hours incubation with myelin, drugs of various concentrations were added:
simvastatin (0.10 — 10.00 uM), FTY720 (0.001 - 0.100 uM) or XBD173 (0.10 — 10.00
M), and the cells were incubated for a further 16 hours. Two controls were used, a
cell only control (myelin negative, drug negative) and a vehicle control (myelin
positive, drug negative control). After a total of 24 hours incubation, the cells were
either fixed for 30 minutes in 4% PFA for analysis of phagocytosis (see 4.2.6.2), ISH

(see 4.2.5.3) or lysed for RNA extraction (see 4.2.8.1). Three biological replicates (cells
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from 3 different donors) were used to test drug concentrations. THP-1s from 3 flasks

were used to test drug concentrations.

4.2.8 — Gene Assays

4.2.8.1 — RNA Extraction and cDNA Synthesis

RNA extraction from cultured cells was achieved using the RNeasy Plus Mini Kit
(Qiagen) following the manufacturer’s instructions. 10 pl dithiothreitol was added
per 500 pl of Buffer RLT Plus, prior to lysis of cells. After cell lysis, the lysate was
homogenised by passage through a 20-gauge needle 5 times. From this point, all
steps were carried out at 4°C. The cell lysate was loaded onto a gDNA eliminator
column and centrifuged at 16 000 x g for 30 seconds. An equal volume of 70% ethanol
was added to the sample before transferring to a RNeasy spin column and
centrifuging at 16 000 x g for 15 seconds. The spin column was washed twice using
Buffer RPE by centrifuging at 16 000 x g for 15 seconds and 2 minutes, respectively.
The sample was centrifuged again at 16 000 x g for 1 minute to eliminate any possible
carryover of Buffer RPE. RNA was eluted from the RNeasy spin column using 30 pl
RNase-free water. The concentration and purity of the RNA was measured using a

nanodrop One (Fisher Scientific), prior to storage at -80°C.

cDNA synthesis was performed using the Precision nanoScript2 Reverse Transcription
Kit (Primer Design). Up to 250 ng of total RNA was used as a template. 1 pl of oligo-
dT primers and the appropriate volume of RNAse/DNAse free water was added per
reaction, bringing the final volume to 10 pl. Annealing was achieved by heating to
65°C for 5 minutes, immediately followed by cooling to 4°C on ice. 10 pl of extension
mastermix containing 5 pl nanoScript2 4X buffer, 1 pl dNTP mix (10 mM), 3 ul
RNAse/DNAse free water and 1 pul nanoScript2 enzyme was added per reaction. For
each synthesis, a nanoScript2 enzyme negative control and an RNA negative control
were included. Extension was achieved by heating to 42°C for 20 minutes, followed
by heat inactivation at 75°C for 10 minutes. The concentration and optical density

(260/280 and 260/230) were measured using a nanodrop prior to storage at -80°C.
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Cells from 12 wells per condition, from 3 biological replicates (3 donors) were

combined for cDNA synthesis.

4.2.8.2 — Quantitative Polymerase Chain Reaction Analysis

Lyophilised forward and reverse primers (Merck) were resuspended to 100 uM in
RNase/DNase-free water (see table 4.2 for sequences). A bulk reaction mix was
prepared following the KiCqStart Universal SYBR Green quantitative polymerase
chain reaction (qPCR) Protocol (Merck). Per well, 5.0 pl of KiCqStart SYBR Green gPCR
ReadyMix (2X) (Merck) was combined with 0.5 pl of both forward and reverse
primers of the same primer pair, diluted 1:20, to 5 uM, and 3 pl of nuclease-free
water. This was then combined with 1 pl of template cDNA (THP-1 = 175 ng/pul;
induced microglia-like cells = 250 ng/ul). Each reaction mixture contained 1X
KiCqStart SYBR Green qPCR ReadyMix, 250 nM of forward/reverse primers and either
17.5 ng THP-1 cDNA or 25.0 ng induced microglia-like cells cDNA. The qPCR was
performed using a CFX Connect Real-Time PCR detection system (Biorad) with the
following cycle conditions: initial hot start and denaturation for 2 minutes at 95°C
and 10 seconds at 95°C, followed by an extension/annealing step at 60°C for 1
minute, repeated for 39 cycles. Lastly, a melt curve analysis was performed within

the 65-95°C range at 0.5°C increments, 5 seconds/step for 5 minutes.

Prior to quantification of target genes, all primers were subjected to a standard curve
analysis to assess primer efficiency and that there was an absence of tertiary
structure formation such as primer dimer. All data was quantified using the PFAFFL

method.

Table 4.2 — Primer Sequences

Primer sequences for human samples.

Gene Target Forward Primer Sequence Reverse Primer Sequence
Hs-RPLPO CGTCCTCGTGGAAGTGACAT ATCTGCTTGGAGCCCACATT

Hs-HLA-DRA CTGTAAGGCACATGGAGGTGA | GGTGGCTATAGGGCTGGAAA

Hs-TREM2 ACAGCATCTCCAGGGCTGA TGCCAGAGCAGAACAAGGAG
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4.2.9 — Statistical Analysis

All statistical analysis was conducted using GraphPad Prism version 9.3.1. Due to
small group sizes, more conservative, non-parametric statistical testing was
employed. Two-group comparisons were made by Mann Whitney testing with two-
tailed distribution; greater than two-group comparisons were made by Kruskal-Wallis

with Dunn’s post-test. Values of <0.05 were considered significant.

4.3 Results

4.3.1 — Producing a Model of Phagocytic Induced Microglia-Like Cells

In order to understand how microglia may be involved in the propagation and
continuation of cholesterol-metabolism dysregulation-led pathogenesis in MS, |
designed and implemented a cell culture model using primary human induced
microglia-like cells. Firstly, monocytes were isolated from control whole blood and
were differentiated into microglia-like cells via the addition of IL-34 and GM-CSF over
8 days. By day 8 the cells had transformed into a more microglial-like morphology,
having grown larger, less spherical and extended multiple fine processes. In addition
to being more morphologically similar to endogenous human microglia, the cells
were positive for markers typically expressed by microglia including HLA, TMEM119,
TREM2, CD68 and C1Q (figure 4.1). Although these cells are not true endogenous
microglia, having been differentiated from peripheral monocytes (which is not the
typical pathway for microglia production in vivo), | used cytokines which are involved
in endogenous microglial differentiation/homeostasis (Greter et al. 2012). GM-CSF is
a crucial growth factor required for the generation of microglia, as displayed in
murine knock-out studies, where homozygote GM-CSF-receptor negative mice have
impaired microglia production (Ginhoux et al., 2010). In addition, IL-34 has been
shown to be an alternative ligand for the GM-CSF receptor, as well as being important
for mature microglial homeostasis (Greter et al. 2012). In contrast, others have
demonstrated that macrophages can be differentiated from peripheral monocytes
through the addition of GM-CSF and 10% FBS whilst omitting IL-34 (Sellgren et al.
2017). My use of both GM-CSF and IL-34 in culture, combined with the morphology
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and antigen expression of the cells produced, gives me confidence that these cells
are phenotypically closer to microglia compared to macrophages and can therefore

be used to model microglia in an in vitro setting.

Next, it was assessed whether the microglia-like cells expressed relevant cholesterol
metabolism/export machinery, which is expressed by endogenous microglia. Using
RNAScope ISH, it was shown that the cells expressed the mRNA transcript for the
enzyme responsible for converting cholesterol to (25R),26-hydroxycholesterol
(CYP27A1, 27-hydroxylase), as well as the mRNA transcripts for several cholesterol
transporters (ABCA1, APOE and SOAT1). Additionally, immunocytochemical staining
revealed evidence that the induced microglia-like cells were capable of
phagocytosing lipids, including human myelin, and therefore cholesterol (LFB+,
filipin+). LFB+ and filipin+ signal was concentrated into small puncta, suggesting
lysosomal storage of lipids, as expected. Prior to the addition of myelin to the
cultures, the myelin was tagged with a pH sensitive dye - pHrodo-red. Under acidic
conditions, such as within the lysosomes of phagocytic cells, pHrodo-red fluoresces,
allowing it to be detected using fluorescence microscopy (excitation 560 nm,

emission 585 nm) (figure 4.1).

Once confident that a microglia-like cell lineage could be induced from primary
monocytes, which express relevant cholesterol metabolism/transport machinery, the
cells ability to phagocytose human-brain derived myelin was investigated. A
monocyte cell line (THP-1) was used to ascertain the optimal method and
concentration-range to use for testing. Prior to the addition of pHrodo-red myelin,
the THP-1s were stimulated with a 24-hour PMA treatment. Experimentation with
PMA-stimulated THP-1 cells showed that 20-90% of cells would phagocytose myelin
depending on the concentration (1-9 pg) and the length of incubation (2-24 hours)
with the pHrodo-red tagged myelin. The use of 3 ug/well, for 8 hours, was found to

promote the most optimal phagocytosis, whilst minimising cell lysis (figure 4.2).
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Figure 4.1 - Induced Microglia-like Cells from Monocytes Express Cholesterol
Metabolism Machinery and Phagocytose Human Myelin

On day 0, the primary human peripheral blood derived monocytes had a typical monocyte morphology,
being small and spherical (ai). After 8 days of cytokine treatment their morphology had altered — they
were typically larger, ramified and extended multiple branching processes — more consistent with
human microglial morphology (aii). Immunocytochemical staining showing that induced microglia
express microglial-related markers (b) - TMEM119 (red), HLA (green), yellow arrow points to
HLA+/TMEM119- cells, red arrows point to dual positive cells (bi); TMEM119 (red), CD68 (green), yellow
arrow points to TMEM119+/CD68- cell, red arrow points to dual positive cell (bii); C1Q (red), HLA
(green), yellow arrow points to HLA+/C1Q- cell, red arrows point to dual positive cells (biii); TREM2
(red), IBA1 (green), yellow arrow points to IBA1+/TREM2- cell, red arrows point to dual positive cells
(biv). Induced microglia-like cells express cholesterol metabolism related machinery (c-e). Transcript
detection for cholesterol metabolism related enzyme (ci) and cholesterol exporters (cii-iv) by in situ
132hybridization. Arrows point to puncta. Myelin-fed induced microglia-like cells dual-positive for LFB+
(blue)/pHrodo-red myelin+ cells (red), arrow points to co-labelled cell (d) and induced microglia-like

cells (green) dual-positive for pHrodo-red myelin (red) and filipin (blue), arrow points to co-labelled cell

132



I.n=1.Images from a and c were captured using a bright-field EVOS XL Core microscope. Images from
b, d and e were captured using an EVOS M5000 epifluorescence microscope. CYP27-1 - cytochrome
P450 27 Al; ABCA1 — adenosine trisphosphate binding cassette A1; APOE- apolipoprotein E; SOAT1 —
sterol o-acyltransferase 1; TMEM119 — transmembrane protein 119; HLA — human leukocyte antigen;
CD68 — cluster of differentiation 68; C1Q — complement component 1Q; TREM2 — triggering receptor

expressed on myeloid cells 2; IBA1 —ionised calcium-binding adapter molecule 1. Scale bar = 50 um.

Figure 4.2 — Optimising the THP-1 Myelin Phagocytosis Assay

THP-1 cells were stimulated with PMA for 24 hours and then challenged with varying concentrations of
pHrodo-red tagged myelin —1 - 9 ug) over different lengths of time —2 - 24 hours) (a-c). Original images
were imported into Fiji ImageJ (ai). The colour channels were split into green (actin-green, cytoskeleton)
(aii), red (pHrodo-red tagged myelin) (aiii) and blue (DAPI, nuclei stain). The green and red channels
were thresholded to give the area of positive pixels, allowing the percentage area of myelin
phagocytosis to be calculated, relative to cells positive for actin-green. Different incubation times, with
different pHrodo-red tagged myelin concentrations were tested (b). After exposure to 3 pg of myelin,
per well, for 8 hours, 87% of THP-1s contained myelin; representative image (ci). Exposure to 9 ug of

myelin per well for 24 hours resulted in 100% myelin+ cells, however, this concentration and incubation
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time was toxic to the cells resulting in increased cell lysis (*); representative image (cii). Graphs show
mean + standard deviation. N = 3 for each condition. Images were captured using an EVOS M5000

epifluorescence microscope. Scale bars =50 um.

As there were minimal differences between the percentage of THP-1 cells which
phagocytosed myelin when treated with 1.5 pug and 2.0 ug myelin per well, the
phagocytosis ability of the induced microglia-like cells was tested using 1 ug, 3 ug,
4ng and 9ug. Firstly, whether incubation time affects myelin-phagocytosis was
assessed and it was found that the percentage of cells positive for pHrodo-red myelin
increased with incubation time when exposed to 4 pug myelin from 0.5-24 hours.
However, even after 24 hours, less than 7% of microglia were positive for myelin.
Stimulation with 10% FBS was tested to assess if it would improve the phagocytosis
capacity of the induced microglia-like cells, and although it did not reach statistical
significance, a trend to increased myelin phagocytosis in the FBS-stimulated cells
when treated with 1 ug myelin was found. Lastly, different concentrations of pHrodo-
red+ myelin was tested over durations of time ranging from 2-24 hours. This showed
that the use of 3 ug, for 8 hours, promoted the most optimal phagocytosis. However,
it is of note that a considerably lower percentage of induced microglia-like cells

phagocytosed myelin, compared to the THP-1 cells. (~8%) (figures 4.2 and 4.3).
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Figure 4.3 — Optimising the Induced Microglia-Like Cells Myelin Phagocytosis Assay

Myelin phagocytosis was measured using Fiji Image J Software (a). Original images were imported into
the software. Blue=DAPI, red=pHrodo-red tagged myelin, green=actin green. (ai). The colour channels
were split into green (actin-green, cytoskeleton), red (pHrodo-red tagged myelin) and blue (DAPI, nuclei
stain). The green channel, cells (aii) and red channel, myelin (aiii) were thresholded (shown in red) to
give the area of positive pixels, allowing the percentage of myelin phagocytosis to be calculated relative
to cells positive for actin-green (a). Time, stimulation of cultured cells and myelin concentration affected
phagocytosis (b-e). Representative images of immunocytochemical stains showing examples of cells
treated with differing myelin concentrations and cell stimulation over an 8 hour treatment (b) - low
myelin concentration fed to unstimulated cells (bi), low myelin concentration fed to cells stimulated
with 10% FBS (bii) and higher myelin concentration fed to stimulated cells (biii). Unstimulated cells
incubated with 4 pg of myelin for differing time periods ranging from 0.5-24 hours (c). Stimulated and
unstimulated cells treated with 1 pg of myelin for differing times ranging from 2-24 hours (d). Three
concentrations of myelin (1 pg, 3 pug and 9 ug) fed to stimulated cells for differing times ranging from
2-24 hours (e). *p<0.05, Kruskal-Wallis with Dunn’s post-test. Graphs show mean + standard deviation.
n = 3 for each condition. Images were captured using an EVOS M5000 epifluorescence microscope.

Scale bars = 50 um.
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4.3.2 — MS Related Drugs may Promote Myelin-Lipid Clearance

Having confirmed that the THP-1 cells and some induced microglia-like cells could
phagocytose pHrodo-red labelled human myelin, it was investigated whether
simvastatin, FTY720 and XBD173 could promote myelin clearance (see figure 4.4 for
experimental design). These drugs were initially tested in THP-1s, but optimisation
with induced microglia-like cells was required due to the large difference in myelin
up-take between the cell line and human primary cells. After simulating the induced
microglia with 10% FBS, the cells were incubated with 3 ug pHrodo-red myelin, for 8
hours. The cells ability to phagocytose myelin-lipids was assessed; this ranged from
14-43% of cells, between donors, highlighting that there are significant inter-person

differences in the ability to phagocytose myelin (figure 4.5).

The cells were then treated with simvastatin, FTY720 or XBD173, at different
concentrations (0-10 uM, simvastatin and XBD173 and 0-0.1 uM, FTY720), for 16
hours, to assess if they had an effect on myelin-lipid efflux, and if so, which
concentration was optimal, i.e., resulted in the least number of pHrodo-red myelin+
cells. The percentage of pHrodo-red myelin+ cells, after myelin and drug treatment,
were normalised to the number of pHrodo-red myelin+ cells treated with myelin and
vehicle (DMSO or water). Each drug reduced the proportion of pHrodo-red myelin+
cells, the optimal concentration for simvastatin and XBD173 was 0.33 uM; and for
FTY720 the optimal concentration was 0.003 uM. At these concentrations,
simvastatin, FTY720 and XBD173 treatment resulted in more than a 50% decrease in
the number of pHrodo-red myelin+ cells. The results followed a J-curve trend,
suggesting that concentration above 0.33 uM for simvastatin and XBD173, and above
0.003 uM for FTY720, was toxic to the cells, or had off-target affects (Angeli et al.,
2013) (figure 4.5).
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Figure 4.4 — Schema lllustrating Experimental Design

Induced microglia-like cells were cultured and then challenged with different experimental conditions.
They were then processed for use in molecular or histological experiments. Created in Microsoft

PowerPoint.

It was then assessed whether promoting myelin clearance altered the expression of
relevant genes. FBS-stimulated induced microglia-like cells were challenged with
either a vehicle (DMSO or water; control), 3 ug of myelin per well, for 24 hours
(myelin) or 3 ug of myelin per well, for 8 hours, with either 0.33 uM of simvastatin or
0.003 uM FTY720 for 16 hours. After 24 hours, RNA was extracted from the cells and
reverse transcribed to cDNA for use in gPCR experiments. The relative expression of
HLA and TREMZ2 was calculated and normalised to the untreated, control cells.
Although nonsignificant, simvastatin reduced the expression of HLA by a fold change
of 0.6 and FTY720 reduced the expression by a fold change of 0.5, compared to
myelin treated cells. No differences were observed for TREM2 relative expression

(figure 4.6).
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Figure 4.5 — Effect of MS-Related Drugs on Myelin Phagocytosis

Induced microglia-like cells were challenged with 3 ug per well of pHrodo-red tagged myelin for 8 hours.
| assessed their baseline phagocytosis by treating with myelin plus drug vehicle (DMSO or water) for 24
hours (a). Simvastatin, XBD173 (b) or FTY720 (c) were added at various concentrations for 16 hours to
assess their ability to improve myelin clearance. Staining of pHrodo-red myelin treated cells in the
absence of drugs (green = cells, red = myelin, blue = nuclei) (di), the addition of simvastatin resulted in
a reduction in the number of pHrodo-red myelin+ cells (bii). Arrows point to pHrodo-red myelin+ cells.
All 3 drugs reduced the proportion of myelin-laden cells by up to 45% (b, c). *p<0.05, **p<0.01, Kruskal-
Wallis with Dunn’s post-test. Graphs show mean * standard deviation. n = 3 donors. Images were

captured using an EVOS M5000 epifluorescence microscope. Scale bars =50 um.
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Figure 4.6 — Relative Expression of HLA and TREMZ2 in Myelin and Drug Treated
Microglia-Like Cells

The relative expression of HLA (a) and TREMZ2 (b) was calculated via gPCR. No significant differences
were observed. Simvastatin and FTY720 reduced HLA expression with a fold change of 0.6 and 0.5
respectively, however this did not reach significance. Control —induced microglia-like cells treated with
a vehicle for 24 hours (DMSO or water); myelin - induced microglia-like cells treated with pHrodo-red
myelin for 24 hours; myelin + simvastatin - induced microglia-like cells treated with pHrodo-red myelin
for 8 hours, with the addition of 0.33 uM simvastatin for 16 hours; myelin + FTY720 - induced microglia-
like cells treated with pHrodo-red myelin for 8 hours, with the addition of 0.003 uM FTY720 for 16

hours. Graphs show mean + standard deviation. n = 3 donors.

4.4 Discussion

4.4.1 — Induced Primary Microglia-Like Cells Phagocytose Human Myelin

and Express Cholesterol-Related Metabolism and Export Machinery
Following methodology developed by Sellgren et al (Sellgren et al., 2017), | generated

primary microglia-like cells from whole blood from healthy donors, in order to model
myelin phagocytosis in vitro. First, it was determined whether these cells resembled

endogenous microglia.
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The induced microglia-like cells morphologically resembled endogenous microglia
more closely, than the parent, blood derived monocytes; growing less spherical,
larger and extending multiple fine processes. Additionally, immunocytochemical
analysis confirmed that the induced microglia-like cells expressed
immunomodulatory proteins, typically expressed by microglia and macrophages
(HLA, TMEM119, TREM2, CD68 and C1Q) (Butovsky and Weiner, 2018. Due to the
potential role of microglia in cholesterol homeostasis regulation (Lampron et al.,
2015; Grajchen et al., 2018), | next confirmed that the induced microglia-like cells
expressed relevant transcripts for the synthesis of cholesterol metabolism and
transport machinery (CYP27A1, APOE, ABCA1 and SOAT1) (Griffiths and Wang, 2022)
by ISH. Finally, | confirmed that a variable proportion of the induced microglia-like

cells could phagocytose human myelin.

Interestingly, the myelin-lipid phagocytosis capacity of the induced microglia-like
cells was significantly lower than that of cultured THP-1s, an immortalised human
monocyte cell line. Up to 90% of PMA-stimulated THP-1 cells were shown to
phagocytose myelin, whereas less than half (40%) of the FBS-stimulated induced
microglia-like cells phagocytosed myelin. The capacity to phagocytose myelin was
highly donor-dependent: cells isolated from some donors had an even more reduced
myelin phagocytosis capacity, with less than 10% of cells positive for myelin-lipid
debris, after incubation with pHrodo-red myelin; and may also differ to the THP-1s
due to the different method of activation (PMA versus serum). A similar finding was
reported by Hendrickx et al (Hendrickx et al., 2014), who found that THP-1 cells
phagocyted myelin at a faster rate compared to their primary microglia model
(primary, endogenous microglia obtained from unfixed brain at autopsy). They also
presented findings which may shed light on the large inter-donor variability in myelin
phagocytosis capacity reported here. They observed increased myelin uptake by aged
microglia. | also observed this - for example, data presented in figure 4.5 shows 2
donors with increased myelin phagocytosis (donors 1 and 3), these donors were 55
and 54 respectively, whereas donor 2, who’s cells had a lesser capacity for myelin

phagocytosis, was 24 years old. Microglial senescence is a known age-associated
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phenomenon (Spittau et al., 2017). Microglia in the MS brain present with a
prematurely aged senescent phenotype (Musella et al., 2018) and age is a major
determinant of the risk of transitioning to SPMS, being more disabled or being

diagnosed with PPMS (Vaughn et al., 2019).

Together, these findings provided confidence that this model of primary induced
microglia-like cells could be used to model the myelin debris phagocytosis present in

the brains of people with MS.

4.4.1.1 — Relevance of the Lipid-Laden Microglia Model to MS Pathogenesis

Zrzavy et al, 2017, have shown that there is a shift towards an increase in
microglia/macrophage-like cells with a dominant pro-inflammatory phenotype at the
slowly expanding lesion edge of MA/I WML (Zrzavy et al., 2017). This agrees with the
work by Bogie and Hendricks, which suggests that continuous myelin phagocytosis
may generate damaging, lipid-laden foamy macrophages, as opposed to pro-
reparative microglia described by Lampron and colleagues (Lampron et al., 2015;
Grajchenet al., 2018). These foamy macrophages may contribute to the cholesterol
metabolism/homeostasis dysregulation, which was identified at the slowly
expanding MA/I WML edge. The continuous, chronic inflammation and
demyelination measured at the edge of MA/I WML correlates clinically with a worse
MS-prognosis and pathologically, with a more severe and aggressive disease (Luchetti
etal., 2018). Many of these lesions can be measured in vivo by MRI as iron-rim lesions
(Absinta et al., 2019). Attempts to model the dysfunctional lipid-laden phagocyte in
culture will further our understanding of foamy macrophage biology, which could
represent a viable treatment target to reduce active demyelination and improve

clinical outcomes.

4.4.2 — Treatment with Simvastatin, FTY720 and XBD173 Promotes

Myelin-Lipid Efflux from Induced Primary Microglia-Like Cells
As previously discussed, (see 4.1.2) phagocytosis of myelin-debris may either cause a

proinflammatory and damaging, or an anti-inflammatory and pro-reparative,

microglial phenotype (Grajchenet al., 2018). In chapters 2 and 3 of this thesis it was
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demonstrated that cholesterol metabolism is dysregulated in the human MS brain,
at sites of on-going, chronic inflammation. Having hypothesised that foamy
macrophages are in fact damaging, due to the release of pro-inflammatory and
damaging soluble factors, resulting from a failure to store or effectively efflux
cholesterol, | tested whether current or experimental MS-relevant drugs affected this

system.

Firstly, the optimal concentration and incubation time of pHrodo-red myelin was
identified. These, and others’, results have shown that myelin treatment for more
than 24 hours can cause toxicity and excessive microglial cell death in culture
(Hendrickx et al., 2014). The results in this thesis showed that treatment with 3 g of
tagged-myelin for 8 hours provided sufficient material and time for a significant level
of phagocytosis within the culture well. The effects of drugs were also tested. The
drugs were incubated with the myelin treated cells for 16 hours — ensuring that the
total time the cells were exposed to myelin did not exceed 24 hours (8+16 hours), to
mitigate excessive cell death. Hendrickx et al have also performed myelin-
phagocytosis assays, using primary endogenous microglia. They incubated their cells
with 12 ug of pHrodo-red myelin per well, for 24 hours — more than 4 times the
pHrodo-red myelin concentration used in this study. Despite the large concentration
difference, the number of pHrodo-red myelin positive cells, after 8 hours of
treatment, were similar between this study (9-40%) and Hendrickx’s assay (15%)
(Hendrickx et al., 2014). The differences between the concentrations used and the
proportion of positive cells are likely due to a high inter-variability of phagocytosis

capacity between donor cells and/or the use of differing models of microglia.

Next, whether MS-related drugs could promote cholesterol efflux in this culture
model was explored. Treatment with 0.001 and 0.003 uM FTY720, for 16 hours
showed a reduction in the number of pHrodo-red myelin positive cells. The optimal
dose was found to be 0.003 uM. FTY720 may have a mode of action which affects
cholesterol homeostasis (Briard et al., 2011). For example, in an animal model of

Niemann-Pick Type C disease (a fatal neurogenerative disorder), phosphorylated-
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FTY720 was shown to increase the mRNA and protein expression of NPC1, a protein
involved in intracellular trafficking of cholesterol. Its upregulation results in increased
cholesterol efflux from lysosomes via apolipoproteins; experimentation in human cell
lines also showed decreased cellular cholesterol (Vance et al., 2006; Newton et al.,
2017)(Vance et al., 2006; Newton et al., 2017). Additionally, FTY720 may exert its
affect by upregulating the synthesis of 26-HC, thus indirectly inducing the increased
production of cholesterol efflux transporters, such as APOE and ABCA1, by 26-HC

ligand-receptor binding to LXR-o,/ LXR-3 (Blom et al., 2010).

Simvastatin treatment also reduced the number of pHrodo-red myelin positive cells
when used at a concentration of 0.1 and 0.33 uM; the optimum simvastatin
concentration was 0.33 uM. Simvastatin is a lipophilic statin, capable of crossing the
BBB. It is currently being tested in a phase lll clinical trial of SPMS, after a positive
outcome at phase Il which showed that treatment with high-dose simvastatin
significantly reduced annualised whole brain atrophy (Chataway et al., 2014). High
dose simvastatin treatment reduces cholesterol synthesis in macrophages by
competitively binding to HMG-CoA reductase, reducing cholesterol synthesis from
mevalonate (Stancu and Sima, 2001). Simvastatin treatment has also been reported
to modulate the reduction of esterified cholesterol accumulation in macrophages;
additionally, it has been implicated in polarising macrophages towards a more anti-
inflammatory phenotype in atherosclerosis (Bellosta et al., 2000; Stancu and Sima,

2001).

Lastly, treatment with a concentration of 0.1 and 0.33 pM XBD173 also reduced the
number of pHrodo-red myelin positive cells. The least number of pHrodo-red myelin
positive cells were present after treatment with 0.33 uM XBD173. XBD173, is an
experimental MS drug, which may also be beneficial in the promotion of cholesterol
homeostasis. XBD173 is a TSPO ligand. TSPO is a receptor expressed by
microglia/macrophages which is involved in facilitating the transport of cholesterol
from the cytosol to the mitochondria. It is then metabolised into steroid hormones

and neurosteroid precursors. In the setting of cholesterol efflux, this shuttling and
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later metabolism may be responsible for the reduction of myelin-lipids in cells treated
with XBD173 (Rupprecht et al., 2010; Lejri et al., 2019). However, it is also likely to
have off lipid-target affects, such as polarisation of microglia to an anti-inflammatory

phenotype (see 4.1.4).

Treatment with each drug altered the number of pHrodo-red myelin+ cells in a J-
curve manner. Concentrations above the optimal concentration for each drug
resulted in an increase of myelin-lipid positive cells, suggesting that higher
concentrations were either toxic to the cells, or that higher concentrations of these
drugs had a non-lipid efflux related effect (Angeli et al., 2013). The dosage chosen for
drug assays were similar to viable concentrations used by others in the literature

(Lindberg et al., 2005; Noda et al., 2013).

Others have shown that diminished cholesterol efflux from macrophages can lead to
a damaging microglia phenotype, due to the formation of cholesterol crystals and
subsequent lysis of macrophages, resulting in the release of proinflammatory and
damaging cytokines (Cantuti-Castelvetri et al., 2018). To date, cholesterol crystals
have not been reported in MS lesions; it would be interesting to test for their
presence in actively demyelinating lesions (active and the edge of MA/I lesions) in
future. Nevertheless, over-accumulation of cholesterol and its altered metabolism or
efflux is associated with inflammation and a reduced capacity for repair (Haider et
al.,, 2011; Lampron et al., 2015; Grajchen et al., 2018). The results presented here
have shown that each of the MS-related drugs discussed above can reduce the
number of myelin-lipid laden primary induced microglia-like cells, in an in vitro model
for myelin phagocytosis. Although each drug likely had effects outside of improving
cholesterol efflux by macrophages, these results suggest that they also affect this
system. In the context of MS, where dysregulation of cholesterol metabolism has
been shown to be present in areas of important, damaging, chronic inflammation,
these drugs may be clinically useful, and may possibly be beneficial in the regulation/

promotion of an anti-inflammatory microglial phenotype.
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4.5 Limitations
The work presented in this chapter has demonstrated that induced human primary

microglia-like cells, derivatised from monocytes, can be used to model active myelin
phagocytosis in culture, and that MS-related drugs can promote cholesterol
clearance. However, there are a number of limitations to this work which need to be

addressed.

First and foremost, the cells utilised in this study were not endogenous microglia and
were isolated from healthy donors and grown in vitro. Having shown that the primary
induced microglia and THP-1 cells have greatly differing myelin phagocytosis
capacity, the nature of the microglia model clearly needs careful consideration for
future experiments, to best represent endogenous myelin clearance. Hendrickx et a/
have previously shown differences in the rate of myelin phagocytosis based on the
origin of the isolated myelin (MS or control NAWM), which | did not account for in
this study, instead the myelin used was pooled from both MS and control. (Hendrickx
et al., 2014). Therefore, the findings from this study may not be fully representative
of the endogenous activity of microglia or the effect of drugs on these cells in the MS
brain. Additionally, a large inter-donor variability in terms of the cells ability to
phagocytose myelin was observed. Hendrickx demonstrated that the age of the
microglia donor impacts phagocytosis ability, which was also observed here, but due
to the sample size this can only be taken as a qualitative observation. To attempt to
account for these potentially confounding factors, a much larger cohort would need
to be used in the future, where differences in donor age/gender/other demographics
could be accounted for. Additionally, cell viability assays were not performed using a
specially designed assay. Cells were inspected microscopically every day to inspect
their changing growth and morphology. For the functional myelin phagocytosis
studies, cells were judged on their phagocytic ability microscopically; DAPI nuclear
staining was used to identify apoptotic bodies to ensure that dead cells were not

included in analyses.
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Next, different stimuli were used for the THP-1 and primary microglia-like cells. PMA
is a typical stimulus used to activate THP-1 cells in the literature. A much ‘gentler’
stimulus for the primary cells - addition of 10% FBS for 24 hours — was chosen to
attempt to keep the primary cells in as natural a state as possible in vitro, having
shown that experiments without any stimulus to activate the cells resulted in little
activation/phagocytic capability. Unlike the primary cells, which have limitations in
regard to how many cells could be obtained per donor, the challenge of finding
donors and the time taken to isolate and culture primary cells, the THP-1s were
readily available. As such, the THP-1s were only used for optimisation of protocols
and were never used as a comparison to the primary cells, therefore despite the use

of different stimuli, this has not affected the primary cell experimentation/analyses.

Due to the acquisition of healthy blood donors, the time taken to isolate and
derivatise primary monocytes to microglia-like cells and the time taken to optimise
experimental conditions, the sample size for myelin phagocytosis and drug assays
was small. Despite this, it has been shown that FTY720, simvastatin and XBD173 may
promote cholesterol efflux in lipid (cholesterol)-laden, activated microglia,
expressing a foamy macrophage-like phenotype. However, in order to confirm this,
as well as identify any changes in gene expression between treatment groups, this
will need to be repeated on a much larger scale using multiplex assays to provide an

understanding of molecular changes between lipid-laden and drug treated microglia.

4.6 Conclusion
Myelin phagocytosis was successfully modelled, in vitro, using induced microglia-like

cells, derived from primary human monocytes. Evidence in the literature suggests
that the formation of foamy, lipid-laden macrophages, present at sites of chronic,
inflammatory demyelination, are damaging in MS, and prevent remyelination. The
formation of these foamy cells may be due to diminished cholesterol clearance. To
this end | have investigated whether currently available MS-related drugs could
promote cholesterol clearance, and the results presented here have demonstrated

that FTY720, simvastatin and XBD173 may be suitable for this purpose. This will need
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to be validated in a larger cohort, however, the findings in this chapter are proof of
concept and warrant further investigation. Taken together, these results provide
evidence that dysregulated cholesterol efflux may be a druggable target, capable of

reducing persistent, chronic inflammation, in progressive MS.

Chapter 5 — Discussion and Future Directions

5.1 Discussion

5.1.1 — Validation and Resolution of Methodology
The use of highly precise MS has allowed for the confident identification and

guantification of sterols within the human brain. This has revealed, for the first time,
that cholesterol and some of its metabolites, including 24S-HC and 25R(26)-
hydroxycholesterol (26-HC), are altered within areas of ongoing, chronic,
inflammatory demyelination, in MS. Time was taken to thoroughly characterise tissue
samples, allowing regions of actively demyelinated tissue to be well matched
between cases. However, this has contributed to this study being low throughput,
with only 18 (10 WM, 8 GM) lesions from 7 cases studied, plus matching normal
appearing tissue and tissue from controls. In addition to the time taken to
comprehensively characterise tissue samples, the EADSA preparation method for
sterol extraction and charge-tagging, the time taken to run and quantify complex
samples, as well as, in vitro mechanistic assays, were time consuming. Despite this,
this work has provided evidence that cholesterol metabolism is altered within the MS

brain, suggesting that the differences reported here are robust.

5.1.2 — 24S-Hydroxycholesterol as a Drug Target for the Treatment of

Progressive MS
24S-HC is synthesised from cholesterol; its synthesis is primarily facilitated by

neurons. It is then shuttled to relevant cells within the CNS (such as microglia) or is
shuttled out of the brain, preventing over accumulation of cholesterol (Zhang and

Liu, 2015). A striking reduction in the CYP46A1 mRNA transcript, which encodes the
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enzyme responsible for 24S-HC synthesis, 24-hydroxylase was observed. The
expression of CYP46A1 was decreased in MS NAGM by more than 98%, compared to
control GM. Although a reduction at the mRNA level doesn’t necessarily translate to
the protein level, the enzyme product, 24S-HC, was found to be reduced in the same
MS samples. This is suggestive of substantially altered and perhaps defective
cholesterol metabolism by neurons in MS. Increasing CYP46A1 expression and
subsequent increase of its enzyme, 24-hydroxylase, and therefore 24S-HC, would
likely improve cholesterol flux, reducing CNS cholesterol content via removal to the
periphery, where it can be used as a substrate for other metabolites, such as bile
acids (Wang et al., 2021). Excitingly, CYP46A1 is a druggable target. It has been
reported to be associated with AD, where a small clinical pilot study of early AD has
tested the ability of efavirenza, a licenced anti-HIV drug, to increase CYP46A1 activity,
and subsequently increase the synthesis of 24-hydroxylase and 24S-HC. This pilot
study confirmed that daily treatment with 200 mg of efavirenza increased 24S-HC in
plasma, CSF and within the brain (Lerner et al., 2022). Investigation into the use of

efavirenza in MS should be considered.

5.1.3 — Cholesterol Flux and Lipid-Induced Toxicity in Microglia
Microglia play an important role in brain health. They regulate the immune response,

contribute to neuronal health and synaptic plasticity, and are heavily involved in the
mechanisms regulating cholesterol homeostasis (Parkhurst et al., 2013). Additionally,
astrocytes are also highly involved in cholesterol homeostasis and are the main
suppliers of cholesterol to CNS neurons in adulthood. In MS, microglia are central to
demyelination (and subsequently neurodegeneration) (Berghoff et al.,, 2022b).
Microglia possess the machinery needed to allow phagocytosis; in MS the expression
of phagocytosis related genes is upregulated in response to external stimuli, such as
myelin debris (Zrzavy et al., 2017). Alterations in cholesterol, 24S-HC and 26-HC were
found at the actively demyelinating rim of lesions, which contain a high number of
foamy macrophages, suggesting that microglia and astrocytes have some

involvement in cholesterol dysregulation at these sites of ongoing damage.
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There is some debate surrounding whether foamy macrophages promote a beneficial
or harmful environment (Lampron et al., 2015; Grajchen et al., 2018). It’s probable
that there is a switch from a pro-reparative, anti-inflammatory function, to a
damaging, pro-inflammatory phenotype, at later stages of lesion development. As a
consequence of myelin degeneration and processing by microglia and macrophage-
like cells after phagocytosis, lipids, namely cholesterol, are released. (Berghoff et al.,
2022b). At sites of new, active demyelination, phagocytosis of myelin facilitates
downregulation of cholesterol synthesis related genes, by inhibition of the
SREBP/SCAP complex. Horizontal transfer of cholesterol from microglia (and
astrocytes) to other cell types, helps to facilitate myelination, myelin remodelling and
neuron function. Additionally, cholesterol metabolism by all neural cells, increases
the synthesis of oxysterols. Oxysterols, such as 24S-HC and 26-HC activate LXR-a and
LXR-B by ligand-receptor binding, subsequently promoting the synthesis of
cholesterol lipoproteins and efflux transporters, such as APOE and ABCAL. These
lipoproteins and transporters facilitate a cycle of cholesterol export from the
microglia and macrophage-like cells, which in turn provides more substrate for
oxysterol synthesis (figure 5.1). Cholesterol flux also promotes an anti-inflammatory
response. The beneficial effect of microglia/macrophage-like cells at earlier stages of
MS disease is also supported by increased remyelination capacity by
oligodendrocytes. Remyelination is impeded by myelin debris and therefore its
removal is imperative for regenerative processes (Miron et al. 2013; Miron,
Kuhlmann, and Antel 2011; Miron and Franklin 2014), adding to the importance of
the need for cholesterol homeostasis. It’s likely that this process occurs prior to
symptomatic onset of MS, and in the early RR-phase, where reparative mechanisms
are most effective and symptoms are at their mildest (Mailleux et al., 2017; Voskuhl

et al., 2019; Berghoff et al., 2020; Berghoff et al., 2021; Berghoff et al., 2022b).

This process linking cholesterol flux with an anti-inflammatory and restorative
microglial response is altered in areas of chronic, demyelination (present
predominantly in the brains of people with longstanding, progressive MS, but also

present in earlier disease) (Kuhlmann et al., 2017; Lassmann, 2018; Berghoff et al.,
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2022b). Within the chronic demyelinating lesion, a prolonged exposure to myelin-
lipids may have an opposite and damaging effect on microglia and macrophage-like
cells, which contributes to lesion expansion and worsening of symptoms (Luchetti et
al., 2018; Grajchen et al., 2018; Absinta et al., 2019). | have identified the presence
of a high number of lipid-laden, foamy macrophages at the edge of slowly expanding,
MA/I WML, positive for markers of esterified-cholesterol and lipid-rich droplets (oil-
red O+ and perilipin-2+). Following myelin phagocytosis by these cells, cholesterol
build-up likely downregulates cholesterol biosynthesis, then ineffective clearance of
cholesterol by foamy macrophages prevents horizontal transfer of cholesterol,
inhibiting remyelination efforts which rely on recycled cholesterol (figure 5.1)

(Grajchen et al., 2018; Berghoff et al., 2020; Berghoff et al., 2022b).

In @ model of inflammageing, cholesterol efflux failure by macrophages led to
cholesterol storage as crystals causing subsequent cell lysis, and therefore the release
of damaging soluble factors (Cantuti-Castelvetri et al., 2018). | have shown that 24S-
HC and 26-HC (LXR-a/LXR-f ligands) are reduced in areas of chronic inflammation,
such as at the MA/I WML edge. This supports the hypothesis that a reduction of LXR
activation causes diminished cholesterol efflux and thus a maladaptive and continued
inappropriate immune response by foamy macrophages in MS (Mailleux et al., 2017;
Cantuti-Castelvetri et al., 2018; Berghoff et al., 2020). Others have shown that during
chronic demyelination (particularly when this is coupled with astrocyte loss) other
cell types, including neurons and oligodendrocytes, begin to upregulate cholesterol
synthesis, presumably to counteract the lack of available recycled cholesterol, thus
facilitating some remyelination (Berghoff et al., 2021). However, ultimately this is
unable to keep up with continued demyelination, resulting in presently irreversible

axonal damage and loss (HeR et al., 2020).

5.1.3.1 — Resolution of Defective Cholesterol Homeostasis Could be a Drug
Target for Progressive MS
Current DMTs focus on regulating the peripheral immune response and act to

prevent inflammatory infiltration into the CNS via the disrupted BBB. These DMTs

have been successful in reducing annualised relapse rates in people with RRMS, but
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the majority of these people still accumulate disability and many convert to the
secondary progressive form of the disease over time (Callegari et al., 2021). This
highlights that there are underlying important drivers of disease which cause
worsening in many people with MS that are not effectively modified by today’s

medicines.

Cholesterol homeostasis dysregulation may contribute to the underlying
mechanisms causing progression independent of relapse activity (PIRA). Although
evident in later disease, it is likely that PIRA is occurring alongside the inflammatory
driven, acute phase of the disease, and likely also prior to symptom onset —therefore
modulation of this would likely benefit both people with early disease, as well as
those who have already entered the progressive phase (Confavreux and Vukusic,
2014; Elliott et al., 2019; Cree et al., 2019; Tur et al., 2023). Understanding PIRA
mechanisms, and identifying druggable targets, will be crucial for future MS
treatment. Current and/or experimental MS drugs have an effect on cholesterol
homeostasis, either directly, such as simvastatin, or indirectly, such as fingolimod
(FTY720) (Stancu and Sima, 2001; Vance et al., 2006; Sirtori, 2014; Ramkumar et al.,
2016; Newton et al., 2017). The investigation of their effect on myelin phagocytosis
in vitro revealed that addition of these drugs to myelin-lipid-laden cells, reduced the
number of cells positive for myelin, therefore suggesting that these drugs can
promote cholesterol clearance. Further investigation into the mechanism behind
improved clearance will be needed to appreciate if this contribution to enhanced

cholesterol flux represents a meaningful mode of action of these drugs in the patient.
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Figure 5.1 — Proposed Cholesterol Homeostasis Dysrequlation

Early disease with active demyelination: myelin debris uptake results in increased cholesterol within the
cell. Increased cellular cholesterol downregulates cholesterol synthesis by microglia by binding to SCAP,
preventing the binding of SREBP. Cholesterol is oxidised to its products such as 26-HC, which along with

neuron-generated 24S-HC, activates LXR, resulting in the upregulation of cholesterol transporters (e.g.,
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ABCA1 and APOE) which allows for the horizontal transfer of cholesterol to neurons. This provides
cholesterol to permit myelination and also provides a substrate for 24S-HC synthesis, which can be
transferred back to microglia, allowing for continued clearance of cholesterol (a). Prolonged disease
with continuous demyelination: continued myelin phagocytosis results in an overaccumulation of
cholesterol within the cell, resulting in its storage as lipid-laden droplets. Cholesterol homeostasis is
dysregulated. There is a reduction in the concentration of oxysterols including LXR-ligands. A decrease
in LXR activation results in a reduction of cholesterol transporters, reducing horizontal transfer of
cholesterol to neurons. This reduces available neuronal cholesterol for myelination and reduces the
substrate for 24S-HC synthesis, thus further reducing the concentration of LXR-ligands within the foamy
macrophage-like cell, ultimately contributing to inappropriate retention of cholesterol by the cell/
cholesterol homeostasis dysregulation. SCAP - SREBP cleavage and activating protein, SREBP - sterol
regulatory element binding protein, 26-HC — 26-hydroxycholesterol, 24S-HC — 24S-hydroxycholesterol,
LXR — liver X receptor, ABCA1 — adenosine trisphosphate-binding cassette A1, APOE - Apolipoprotein E.

Image produced using Biorender.com.

5.1.3.2 — Improvement in Neuronal 245-Hydroxycholesterol Could Promote
Microglia Homeostasis Resolution
The cells within the CNS are very dynamic and are in constant communication with

each other (Vainchtein and Molofsky, 2020). This work has shown that 24S-HC is
reduced in the WM of the MS brain, in regions of actively demyelinating tissue.
Targeting neuronally-synthesised 24S-HC production, via upregulation of CYP46A1
(see 5.1.2), could potentially aid resolution of foamy macrophage-led cholesterol
homeostasis dysfunction. Increasing neuronal 24S-HC, and therefore available 24S-
HC for uptake by foamy macrophages, could possibly facilitate a phenotypic shift in
microglia from pro-inflammatory and damaging, back towards an anti-inflammatory
and myelin-lipid recycling phenotype, consequently improving remyelination efforts
(Lutjohann et al., 1996; Lund et al., 1999; Fukumoto et al., 2002; Lund et al., 2003;
Tall, 2008; Matsuda et al., 2013; Zhang and Liu, 2015).

5.2 Future Directions
The findings presented in this thesis have identified cholesterol and oxysterol

dysregulation in the MS brain. The next step will be to confirm these findings in a
larger cohort. There is a need to ascertain how this foundation knowledge of

alteration in the brain can be practically used clinically. Oxysterols, such as 24S-HC,
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are able to traverse the BBB and are exported from brain into the periphery (Zhang
and Liu, 2015). Work within our group is currently ongoing to identify If circulating
levels of oxysterols in the CSF and plasma correlate to the change in concentration of
cholesterol and key oxysterols identified in the brain. One such potentially valuable
biomarker would be 24S-HC. 24S-HC is only generated in the CNS and 24S-HC could
provide a real-time measure of neuron health to monitor the effectiveness of a DMT
in later stages of the disease, at a time when the disease may be worsening but where
neuroimaging is less informative. Biomarkers of the worsening progressive phase are
urgently needed as serum neurofilament-light levels do not accurately reflect this
component of the disease (Masanneck et al., 2022; Ransohoff, 2023). If so, oxysterols
may serve as biomarkers, able to act as a surrogate to identify alterations to
processes in the CNS. This could be useful both as a method to monitor the
effectiveness of cholesterol metabolism-related trial drugs and/or to identify people
who may benefit from cholesterol homeostasis restoring drugs in the future (Leoni

and Caccia, 2011).

This work has demonstrated that it would be justifiable to continue this research, to
aid our understanding of cholesterol flux dysregulation in MS. This work could be
furthered in a variety of ways. It will be necessary to understand oxysterol
dysregulation in other regions of pathological interest, such as remyelinating lesions
and shadow plaques. This work has also only touched upon dysfunction in the GM,
understanding cholesterol homeostasis dysregulation in specific GML, as well as
within different layers of the normal appearing cortex, will be essential to further our
understanding of defective cholesterol flux in the MS brain, in a more holistic
manner. Employing LESA (see 2.1.2), a MSI technique, would theoretically allow
multiple lesion types/brain regions to be simultaneously sampled to measure the
abundance of a variety of oxysterols. In addition to expanding the lesion types
included for analysis, it will be important to increase the sample number, so that
comparisons between different demographics, such as gender and chronological age,

can be made.
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Eventually, this work has the potential to be clinically translatable. The mechanism of
action of high-dose simvastatin needs to be elucidated. Induced microglia-like cells
could be generated from the blood of participants of the MS-STAT trial. The
phagocytic capacity of cells derived from those treated with and without simvastatin
could be compared. In addition to comparisons of cholesterol efflux, an array of the
cells genetic profile could be compared; for example, via either cellular RNA
extraction, or supernatant collection, which would allow transcriptomic profiling
using a platform such as Nanostring. This would permit large scale identification of
individual genes or pathways which may be altered by simvastatin treatment,
shedding light on its mode of action. Additionally, the plasma from simvastatin
treated and simvastatin naive patients could also be assayed to assess changes at the
gene-level in the periphery. This could also be applied to identify the mechanism of
action of other cholesterol homeostasis-related drugs, such as fingolimod, which

could be compared to DMTs which do not affect cholesterol homeostasis.

Together, this highlights that furthering this research is justifiable and valuable for
the enhancement of our understanding of cholesterol homeostasis in MS, with the

hope of identifying true druggable targets.

5.3 Conclusion
There is currently an unmet need for drugs which are able to slow, stop or reverse

progressive MS (Hollen et al., 2020). Identification of PIRA has highlighted a need for
therapeutics which treat the underlying cause of progression, in addition to acute
inflammation. This progression likely contributes to MS disease from, or even prior
to, clinical presentation (Tur et al., 2023). The results presented in this thesis provide
evidence that cholesterol metabolism/oxysterol dysregulation may contribute to
mechanisms which permit continued chronic demyelination and neurodegeneration,
present in the brains of people with MS. Identification that oxysterols (including 24S-
HC) and cholesterol-metabolism related transcripts (such as CYP46A1) are reduced in
the MS brain at sites of chronic, inflammatory demyelination, may partly explain why

foamy macrophages fail to successfully process myelin debris post-phagocytosis,
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contributing to a failure to resolve damage. Currently available drugs have been
shown to promote myelin efflux in vitro and excitingly others have shown that
CYP46A1 expression can be modulated to improve 24S-HC synthesis. Taken together,
the findings presented in this thesis support the theory that cholesterol homeostasis
is dysregulated in the MS brain and that treatment to restore cholesterol

homeostasis may be beneficial for people with progressive MS.

Appendix

Supplementary Figure 1.1 — Negative Antibody Controls

Novel antibodies to the group were tested using antibody negative controls, CYP46A1 (a) and
CYP27A1 (b). All other antibodies used had been validated previously. Scale bars = 100 um. CYP27A1 -
Cytochrome P450 family 27 subfamily A member 1, CYP46A1 - Cytochrome P450 family 27 subfamily

A member 1.
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Supplementary Table 1.1 — General Materials and Suppliers
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Supplementary Figure 1.2 — Negative RNAscope and BaseScope Controls

The probes used for BaseScope (a) and RNAscope (b-d) were tested using probe-negative controls.
Representative images negative for CYP46A1 (a), CYP27A1 (b), ABCA1 (c), APOE (d), CH25H (e) and
SOAT1 (d) are shown. n = 1 case tested. Images were captured using the Zeiss AxioScope microscope
and Zeiss AxioCam black and white camera. Scale bars = 100 um. CYP27A1 - Cytochrome P450 family
27 subfamily A member 1, CYP46A1 - Cytochrome P450 family 27 subfamily A member 1, ABCA1 -
ATP-binding cassette A1, APOE - Apolipoprotein E, CH25H - Cholesterol 25-hydroxylase.
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