University

7 of Glasgow

Chapple, Katie Jean (2014) Functional significance of autoantibodies in
inflammatory demyelinating diseases of the central nervous system.
PhD thesis.

http://theses.gla.ac.uk/5753/

Copyright and moral rights for this thesis are retained by the author

A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge

This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the Author

The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the Author

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given

Glasgow Theses Service
http://theses.qgla.ac.uk/
theses@gla.ac.uk



http://theses.gla.ac.uk/
http://theses.gla.ac.uk/5753/

FUNCTIONAL SIGNIFICANCE OF AUTOANTIBODIES IN
INFLAMMATORY DEMYELINATING DISEASES OF THE
CENTRAL NERVOUS SYSTEM

KATIE JEAN CHAPPLE BSc (HONS)

Thesis submitted in fulfilment of the requirements for the degree of

Doctor of Philosophy

8

VIA VERITAS VITA

College of Medical, Veterinary and Life Sciences
Institute of Infection, Immunity and Inflammation

University of Glasgow

October 2014



ABSTRACT

Multiple Sclerosis (MS) is a chronic inflammatory, demyelinating disease of the
central nervous system which currently affects approximately 107, 000 people in the
UK, with around 5,000 people being newly diagnosed each year. Here, in Scotland, is
the highest disease incidence in the world with around 1 in 170 women in Orkney
currently living with the disease. These statistics emphasise the importance of
researching and understanding this disease, so as to develop better therapeutics to

fight MS.

This thesis focused on the role of antibodies in MS, a widely studied area. There is
already a great deal of published data supporting the presence and function of
autoantibodies in disease pathogenesis. A more recent development was the
discovery that a significant proportion of paediatric MS and acute disseminated
encephalomyelitis (ADEM) patients have autoantibody responses directed against
the extra-cellular domain of myelin oligodendrocyte glycoprotein (MOG). It has been
shown that MOG-specific autoantibodies can induce demyelination in animal models
but as yet, the clinical significance of these antibodies in human disease remains
unknown. In animal models, MOG-specific antibodies exacerbate disease and
mediate demyelination and it was hypothesis that this would also be the case in
patients with multiple sclerosis. This hypothesis was investigated throughout this

thesis via two main approaches:

(1) Explore the pathogenicity of patient derived IgG using a well-characterised in

vitro bioassay.

(2) Based on the hypothesis determine the efficacy of depleting or tolerising

MOG-reactive B cells in vivo.

To study this, the effects of patient sera, which were positive for MOG reactivity,

were tested on myelinating neural cell cultures. These studies showed no correlation



between the presence of MOG antibodies and demyelination, therefore suggesting

that these antibodies did not mediate myelin loss.

MOG-specific antibodies were also studied in vivo using MOG-induced experimental
autoimmune encephalomyelitis (EAE), a model which reproduces many of the clinical
and pathological features of paediatric MS. Two MOG-specific therapeutic
approaches were analysed: (i) induction of antigen-specific tolerance using low doses
of soluble MOG, and (ii) treatment with a MOG-specific B cell immunotoxin. They
both demonstrated MOG-specific immunotherapies can be efficacious. However,
increasing evidence indicated full clinical protection would require targeting both

MOG-specific T and B cell dependent patho-mechanisms.

As these antibodies did not affect the myelin in the bioassay and the MOG-specific
treatments had limited beneficial effect in vivo, it raised the question are these
autoantibodies irrelevant to human disease? This was addressed by investigating the
effects of low titres of MOG-specific antibodies in the absence of complement. The
data presented in this thesis showed that autoantibodies, independent of
complement, mediated myelin loss, microglial activation and induced chemokine
production, processes which could all contribute to disease pathogenesis. Therefore,

revealing a new perspective role for antibodies in MS.
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CHAPTER ONE

GENERAL INTRODUCTION



1 GENERAL INTRODUCTION

1.1 PAEDIATRIC MULTIPLE SCLEROSIS

1.1.1 Introduction to paediatric multiple sclerosis

Multiple Sclerosis (MS) was first described as a combination of ataxia, tremor and
speech disturbances by Charcot (Charcot, 1868), but he himself credits a fellow
professor, Jean Cruveilhier, for his earlier illustrations of lesions and clinical
definition of the disease [Anatomie pathologique du corps humain (1835-42).
(Field, 1980)]. Today MS is described as a chronic, inflammatory demyelinating
disease of the central nervous system (CNS), characterised by the formation of
demyelinated plaques of gliotic scar tissue associated with varying degrees of
axonal injury and loss. This pathology is attributed to the effects of repeated
episodes of focal inflammation and demyelination. These lesions may develop in
virtually any region of the CNS and may lead to any of a wide range of motor,
sensory and/or cognitive deficits. However, there is a predilection for lesions to
develop in the optic tract, periventricular and spinal cord white matter, and
cortical grey matter. Clinical deficits in MS are due to the culmination of acute

inflammation, demyelination and axonal injury and loss.

Until recently MS was considered a disease of young adults, which were diagnosed
in their second or third decade of life. In 1868 Charcot himself set 14 as the lowest
age of disease onset, but less than 30 years later Eichorst confirmed a case of
childhood MS in a 9 year old boy who, amongst other symptoms, presented with
muscle weakness and paralysis affecting both legs before death (Eichorst, 1896).
Since then a substantial body of evidence has accumulated confirming that MS can
indeed manifest prior to puberty (Schupfer, 1902, Low and Carter, 1956). This
included a large cohort of 125 children with disease onset below the age of 16
(Duquette et al., 1987). Despite these early findings, it is only in the past 10 to 20
years that any significant advances have been made in our understanding of this

juvenile neurological disease (Hanefeld, 2007). However, paediatric MS is now
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recognised as one of the most common juvenile diseases of the CNS and recent
studies indicate it accounts for 3 to 5% of all cases of MS (Fernandez Carbonell and

Chitnis, 2013).

1.1.2 Diagnosis of paediatric multiple sclerosis

In adults MS is diagnosed using the McDonald Criteria, which were initially
presented in 2001 by the International Panel (McDonald et al., 2001). Data driven
revisions of these criteria were made in 2005 (Polman et al., 2005), and again in
2010 (Polman et al., 2011), but the core criterion for a diagnosis of MS remains the
dissemination of lesions in time and space. Other paraclinical criteria are based on
magnetic resonance imaging (MRI) studies and analysis of cerebrospinal fluid.
These can be used to support a diagnosis of MS, but making a definitive diagnosis
in paediatric patients is more challenging than in adult-onset cases because the
clinical presentation can be much more variable. This is a particular problem with
respect to two other inflammatory demyelinating diseases of the CNS, acute
disseminated encephalomyelitis (ADEM) and neuromyelitis optica (NMO). In
children these diseases often mimic the clinical and radiological features of MS.
The lack of clear diagnostic criteria to differentiate paediatric MS from other
neurological conditions is not a trivial problem, as treatments that are beneficial in
MS may be counter-productive in other diseases and vice versa. To resolve this
problem the National MS Society (NMSS) established the International Paediatric
MS Study Group to develop a common diagnostic consensus for childhood-onset

MS (Krupp et al., 2013).

MS is now classified as paediatric when the first neurological signs of disease occur
under the age of 18. This can occur in children as young as two, although disease is
rarer in pre-pubertal children and accounts for only 20 - 30% of paediatric MS
cases (Chitnis, 2013). A diagnosis of paediatric MS requires the patient to develop
two clinical incidents of CNS demyelination separated in space and time (at least
30 days apart from each other), as required for the diagnosis of adult MS (Krupp et

al., 2007). MRI scans play a pivotal role in the diagnosis of paediatric MS and may
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even be used alone to meet the McDonald criteria providing three of the
following features are present; 1) one gadolinium enhancing lesion or nine or more
white matter lesions 2) three of more periventricular lesions 3) a juxtacortical
lesion 4) an infratentorial lesion. MRI techniques still have a long way to go before
being able to accurately distinguish MS from other neurological diseases,
particularly as many juvenile demyelinating disorders feature variable and ill-
defined lesions (Hynson et al., 2001, Chabas et al., 2010). However, MRI can also
be used in conjunction with cerebrospinal fluid (CSF) analysis to confirm diagnosis
(Yeh et al.,, 2009). The CSF must show either oligoclonal bands (OCBs) or an
elevated IgG index (Krupp et al., 2007). Importantly the child’s first clinical events
must clearly exclude a diagnosis of ADEM, which is defined as a multifocal disease
(full diagnostic criteria is discussed in section 1.2.1). Further revisions of the
guidelines set out by the International Paediatric MS Study Group were made in
2013, which highlighted differences in the clinical presentation between younger
(under the age of 12) and older children with MS. It highlighted the need at time of
diagnosis to take into consideration the observation that earlier attacks are more

“ADEM-like” (Krupp et al., 2013).

1.1.3 Paediatric multiple sclerosis pathogenesis and etiology

Studying paediatric MS provides a novel opportunity to address questions related
to the role of environmental factors in disease development, as there is only a
limited time interval between exposure to environmental factors believed to
trigger disease development and diagnosis. Moreover, the immune mechanisms
underlying disease development in childhood MS are broadly identical to those
involved in adult onset disease. There are however subtle differences between

paediatric and adult onset MS.

1.1.3.1 Pathogenesis and clinical presentation

Paediatric MS can present in two clinical phenotypes as defined by their disease

course; (1) relapsing-remitting MS (RRMS) and (2) primary progressive MS (PPMS).
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RRMS is characterised by repeated, unpredictable episodes of disability followed
by periods of complete or partial recovery, whereas PPMS is characterised from its
onset by accumulation of disability in the absence of obvious clinical relapses or
remissions (Renoux et al., 2007). PPMS has several features that make it different
from RRMS. In addition to the different disease course, there is also no female
dominance in PPMS and the average age of onset is later (Koch et al., 2013).
Children rarely develop PPMS, therefore paediatric disease is almost solely RRMS
(98% compared to 84% in adult onset-MS). This phenotypic bias in children with
MS to a relapsing-remitting disease course was first observed in 1987 (Duquette

et al., 1987) and was recently confirmed (Gorman et al., 2009).

A MRI study investigating differences in lesions in paediatric MS patients compared
early-onset (<11 years) and later-onset (211 years) MS plaques (Chabas et al.,
2008). The results revealed that the overall numbers of lesions were similar
between groups but the lesions were less well-defined and confluent in the
younger patients. In addition 92% of the early-onset patients had a decrease in T2-
bright lesion load at their second scan, compared to their initial scan, which was
taken soon after the first clinical event. This was significantly more than in the
older patient group, suggesting there are different pathological processes
occurring in adolescent lesions. These results, although from a small cohort of
patients, shed light on lesion dynamics in patients less than 11 years of age and
have implications with respect to using MRI scans for diagnosis in these very young
patients. The areas of the brain most affected also appear to differ between
paediatric and adult patients, the former tending to develop less inflammation in
the spinal cord but more in the posterior fossa of the brain (Mowry and Waubant,
2010). Taken together these data indicate lesions in early-onset paediatric MS
have distinct characteristics that differentiate them from post-pubertal lesions

which appear to resemble adult-onset MS lesions.

Studies analysing CSF samples revealed early-onset paediatric MS was associated

with increased infiltration of white blood cells compared to post-pubertal patients



Chapter 1 — General Introduction 5

(Yeh et al., 2009, Chabas et al.,, 2010). Most markedly, there was a selective
increase in the number of neutrophils observed in younger patients, as well as
fewer OCBs and autoantibodies. Correspondingly, fewer young patients had an
increased 1gG index compared to the later-onset patient cohort (Chabas et al.,
2010). Overall, these studies led to the proposal that disease activity in MS
patients below the age of 11 was associated with a more pronounced innate

immune component compared to post-pubertal and adult-onset patients.

1.1.3.2 Disease progression

Disease progression and disability outcomes are only slightly different in paediatric
and adult onset MS. Although the short-term prognosis can be favourable, more
than 50% of patients diagnosed with MS in childhood will develop secondary
progressive MS (SPMS) associated with severe physical and/or cognitive disabilities
by the age of 30 (Banwell et al., 2007, Renoux et al., 2007). Comparing time of
conversion to SPMS with adult-onset MS, paediatric patients take approximately
10 years longer to develop SPMS than adult onset patients, but this end point is
reached approximately 10 years earlier (Renoux et al., 2007). Moreover, they have
a significantly higher rate of relapse compared to patients with adult-onset MS
(Gorman et al.,, 2009), which could be an indication that there is more
inflammatory activity occurring in the CNS of these younger patients. However,
this does not result in a faster accumulation of disability compared to older
patients. This observation has led to the suggestion that the functional and
structural plasticity of the developing CNS in young MS patients’ may compensate

for damage caused by inflammatory demyelination.

1.1.3.3 Cognitive and social interaction deficits

Paediatric MS patients face significant cognitive impairment and they often start to
develop neurophysiological symptoms at the critical time of schooling. The cause
of these deficits has not yet been elucidated. It could be related to poor school

attendance; around 40% of children with MS struggle with school and recreational
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activities due to severe fatigue (Banwell et al., 2007), therefore disrupting their
education and compromising their sociological development. On the other hand it
could also be due to direct functional effects related to neurodegeneration, loss of
neural connectivity and compromised development of white matter pathways
required for cognitive tasks. These deficits will also have psychosocial effects. In a
small cohort of children with MS, neuropsychological tests identified deficits
specific to certain cognitive tasks in every patient (Banwell and Anderson, 2005).
In particular they had problems with self-generated organisational strategies and
tasks requiring efficient processing speed or working memory. These observations
paralleled the children’s increasingly poor performance in high school as these
cognitive skills became more important in higher education. Interestingly, this
study did not find a link between disease severity, quantified by the Expanded
Disability Status Scale (EDSS), and cognitive impairment. Problems with cognitive
function are documented in around 30% of children with MS and this percentage
increased with decreasing age of disease onset (MacAllister et al., 2005, Yeh et al.,
2011, Banwell and Anderson, 2005). The evident effect of MS on cognition makes

early, effective treatment for these children even more crucial.

1.1.3.4 Epidemiology

Studies investigating links between ethnicity and paediatric MS interestingly
showed that Hispanic children had a more severe disease and did not respond as
well to therapies (Yeh et al.,, 2009). This pattern was not observed with African
American patients, which is in contrast to adult MS studies. These investigations
found that African Americans had an increased rate of disease progression,
increased tissue damage and number of lesions (Kister et al., 2010, Weinstock-

Guttman et al., 2010).

In addition to the differences in ethnic distribution of disease between adult and
childhood disease, there are also differences in gender dominance. Prevalence of
MS in children under the age of 10 or pre-pubertal shows no gender bias, but

disease becomes more common in females around the age of puberty and
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afterwards, suggesting a role for sex hormones in disease susceptibility (Chitnis,
2013). In adult onset MS it is much more prevalent in women (2:1 female to male
ratio; (Whitacre, 2001)) and this ratio appears to be increasing as more recent
population based studies indicate the female:male ratio is now around 3:1 (Orton

et al., 2006, Maghzi et al., 2010).

1.1.4 Potential treatments of paediatric multiple sclerosis

With emerging evidence highlighting the significant impact of childhood MS on
cognitive and physiological function the need for early and effective treatments
tailored for these children is exceedingly important. Treatment of juvenile
patients’ needs careful consideration as with children as young as 2, short and long
term side effects could be very different from adults. Thus far, there is no evidence
showing that the current treatments used in adults have any detrimental effects in
children. However, treatment of young patients is still in its infancy and as yet
adverse effects and tolerability of long-term treatment has not yet been
established. This is of particular concern as there is no data on how the treatments

will affect processes like puberty and growth.

A retrospective collaborative study assessed the treatment of 258 children with
RRMS, (Yeh et al.,, 2009). The study highlighted that it was important to start
treatment as soon as possible, which unfortunately can be problematic as
diagnosis is often difficult. The patients in this study were all treated initially with
first-line therapies, interferon beta (IFNB) or glatiramer acetate, which were well
tolerated and were predominantly efficacious. Some patients had to switch to
second-line disease modulating therapies (DMTs) or immunosuppressants as they
had breakthrough relapses or MRI changes. In some cases treatments were used in
combination. Overall, this study showed paediatric patients tolerated and

responded well to adult MS treatment regimens.

As yet no DMTs are officially approved for paediatric patient use as patients under

the age of 18 are usually not involved in clinical trials but due to the apparent
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overlap in disease pathogenesis young patients are already receiving these

treatments (Pohl et al., 2007). Currently there are 7 approved drugs for RRMS in

adults: -

IFNB is available in two formulations; IFN-B1a (Rebif or Avonex) and IFN-B1b
(Betaseron or Extavia), both of which inhibit T cell activation and decrease
blood-brain barrier (BBB) permeability but have slightly different
pharmokinetics. In 1993 IFN-B1b was the first drug to be licensed for
treating MS. Since then all these IFNB drugs have been approved for
treatment of RRMS as they have been shown to reduce disease activity and
clinical exacerbations (Lim and Constantinescu, 2010). A retrospective study
investigating effects of IFN-Bla used at adult doses in paediatric-onset
patients showed that the drug was well tolerated and that it reduced the

annual relapse rate (Tenembaum et al., 2013).

Glatimer acetate (Copaxone) is a synthetic co-polymer which has a very
similar structure to myelin basic protein (MBP), a significant protein
component of the myelin sheath. This drugs mode of disease suppression is
not fully understood but is believed to modulate the immune response by
blocking MBP-specific T cells (Scott, 2013). It has been approved for the

treatment of RRMS and clinically isolated syndrome (CIS) patients.

Natalizumab (Tysabri) is a humanised monoclonal antibody against the
integrin asB4, which is an essential adhesion molecule required by the
immune cell to migrate into the CNS. It first was approved by the FDA in
2006. Clinical trials showed that the drug reduced relapses, lesion load and
decreased the risk of disability progression (Polman et al., 2006a). They also
showed that IFN-Bla treatment plus natalizumab was a more effective

treatment than IFN-B1a alone (Polman et al., 2006b).

Mitoxantrone (Novantrone) is a cytotoxic agent with immunosuppressive

properties. This drug is believed to suppress inflammation through a variety
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of ways; inhibition of T cell activation, decreased T and B cell and
macrophage cell division, defective antigen presentation and reduction of
macrophage-mediated demyelination and cytokine production (Lim and
Constantinescu, 2010). Clinical studies revealed it supressed disease in
worsening RRMS patients and SPMS patients and has been approved for

treatment of both (Scott and Figgitt, 2004).

- Fingolimod (Gilenya) is a drug targeting the sphingosine 1-phosphate
receptor which is needed for immune cells to leave the lymph nodes;
therefore this treatment retains cells in these lymphoid structures inhibiting
them from entering the CNS. Clinical trials with this drug showed significant
decreases in relapse rates (Devonshire et al.,, 2012). It is currently FDA

approved for the use in patients with RRMS.

- Teriflunomide (Aubagio) is a pyrimidine synthesis inhibitor, which inhibits
the enzyme dihydroorotate dehydrogenase essential for DNA synthesis,
therefore reduces lymphocyte proliferation and activation. It was approved
by the FDA in 2012 for the treatment of RRMS after a successful phase llI

clinical trial (O'Connor et al., 2011).

- Dimethyl fumarate (Tecfidera™) was approved by the FDA in 2013 for a
first-line therapy in RRMS patients. Two large phase Il trials showed
reduction in relapses, MRI lesions and disability progression (Fox et al.,
2012, Gold et al., 2012). How it suppresses disease is still unknown but it is
thought to be due to the enhancement of an antioxidant response via
activation of nuclear factor (erythroid-derived 2)-like 2 (Scannevin et al.,

2012).

Progressive forms of MS have few treatment options as only Mitoxantrone and
IFN-B1b are licensed for the treatment of SPMS and as yet there are no FDA
approved treatments for PPMS. There are however many drugs currently in

development. Monoclonal antibodies under investigation include Alemtuzumab,
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Rituximab and Daclizumab, which are against CD52 on all lymphocytes, CD20 on B
cells and CD25 on activated T cells, respectively. Other treatments include plasma
exchange, which is only used in severe cases of adult MS. Therapeutic plasma
exchange for the treatment of paediatric patients has only been documented in
one case (Takahashi et al.,, 1997). The patient responded markedly to the
treatment, suggesting it may be an effective, alternative therapy for certain

children with severe MS.

The future of clinical trials needs to be multinational and have clear guidelines on
defining adequate therapies to improve disease control. In addition, further
research needs to investigate advanced ways to differentiate paediatric MS from

other juvenile neurological disorders, which can have very similar presentation.

1.2 OTHER JUVENILE DEMYELINATING DISEASES

1.2.1 Acute disseminated encephalomyelitis (ADEM)

ADEM is defined as a monophasic immune-mediated clinical event that affects
multifocal areas of the brain and spinal cord leading to a polysymptomatic disease,
which includes some type of encephalopathy. It features widespread
demyelination centred on the white matter of the brain and spinal cord, with
particular damage occurring in the perivenous region (Wender, 2011). ADEM can
occur at any age but is predominantly a juvenile disease with diagnosis commonly
occurring between the ages of 5 and 8 (Tenembaum et al., 2007). Unlike MS,
ADEM studies have shown that disease is more prevalent in boys rather than girls

(Murthy et al., 2002, Tenembaum et al., 2002).

Although the definitive cause of ADEM is unknown it is commonly preceded by a
viral infection or immunisation, which has been reported in around 70-77% ADEM

cases (Tenembaum et al., 2007). After onset the disease progresses rapidly over
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hours and peaking within days. Due to lack of biomarkers the disease is diagnosed
based on clinical presentation and radiology. A follow-up study of 84 ADEM
patients showed prominent presenting features were acute hemiparesis, unilateral
of bilateral long tract signs and a change in mental state (Tenembaum et al., 2002).
Other symptoms included visual loss because of optic neuritis, impairment of
speech and seizures. Like MS, the initial symptoms were dependent on the area of

the brain being damaged.

Diagnosis of ADEM relies heavily on neuroimaging. These lesions are normally
large and many, with an asymmetric pattern. Follow-up MRI scans are crucial in
establishing if the disease is monophasic or multiphasic. ADEM is predominantly a
monophasic disease but there have been cases of recurrent or multiphasic
courses, which produces difficulties in determining ADEM from childhood MS.
There is a great need to be able to definitively distinguish between MS and the
multiphasic ADEM phenotype, most importantly for therapeutic reasons, as ADEM
patients are treated with corticosteroids whereas MS patients require early

treatment with immunomodaulators to reduce disease activity and future disability.

Currently MS cases are frequently misdiagnosed as ADEM initially (9.5% - 27%)
(Dale et al., 2000, Leake et al., 2004), which means these patients are missing out
on getting the early treatment they need. This highlighted a great need to have
clear guidelines defining and distinguishing these very similar disseminated
demyelinating disorders. The International Paediatric MS Study Group was formed
to address this issue. It concluded that mulitphasic ADEM requires subsequent
clinical events to occur either within 3 months of initial event or 1 month after
cessation of treatment and to involve new anatomic areas of the CNS with full or
partial resolution of initial lesions (Krupp et al., 2007, Krupp et al., 2013). In
addition to this it must also satisfy standard ADEM criteria of being
polysymptomatic, involving encephalopathy. Recurrent ADEM is a reoccurrence of
the original disorder and was defined the same as multiphasic ADEM with the

exception of no new areas of brain being involved.
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Also highlighted in this report was that CSF results often show increases in protein
and white blood cells counts, which is less common in MS. Interestingly OCBs are
not a common feature in ADEM, unlike MS, but can still be present (Menge et al.,
2005a). Overall there is still a great need to identify more reliable biologic markers
so diagnosis is not dependent on clinical and radiological features as these are not

definitive for each demyelinating disorder.

1.2.2 Neuromyelitis optica

Neuromyelitis optica (NMO) is another paediatric demyelinating disorder of the
CNS. It is defined by the amalgamation of monophasic or recurrent episodes of
optic neuritis and longitudinally extensive transverse myelitis (LETM) (Banwell et
al., 2008). This is evident as clinical features commonly include severe optic
neuropathy with fixed visual loss of 20/200 or more and muscular weakness
succeeding an acute event (Krupp et al., 2007). The criteria for diagnosis of NMO
include; optic neuritis, acute myelitis and two of the three; 1) spinal cord MRI
monolesion extended over three vertebral segments, 2) brain MRI not in
accordance with diagnostic criteria for MS, 3) anti-aquaporin-4 (AQP4) IgG
seropositive (Krupp et al., 2007, Krupp et al., 2013). A unique feature of this
disease is its association with a definitive antibody target —AQP4, a regulatory
water channel protein. This was a fantastic breakthrough that has significantly
aided NMO diagnosis. In adults anti-AQP4 antibodies (termed NMO-IgG) are
detected in a significant group of NMO patients (73%) (Lennon et al., 2004, Jarius
et al., 2007). Historically it was debated that NMO was a variant of MS but the

identification of NMO-1gG has defined NMO as a distinct disease entity.

NMO is considered an antibody-mediated disease. Pathological evidence strongly
suggests that these autoantibodies play a role in disease as immunohistological
studies have shown deposition of immunoglobulins and complement (Wingerchuk,
2006). In addition to this, antibody and B cell targeted therapies such as plasma
exchange and Rituximab have been partially effective (Kim et al., 2013a, Kim et al.,

2013b). There is evidence that the AQP-4 antibodies may cause pathology, these
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include; loss of AQP4 from spinal cord lesions (Roemer et al., 2007), disruption of
the BBB, astrocyte and oligodendrocyte loss/injury (Jarius et al., 2008, Saikali et al.,
2009, Wrzos et al., 2014). However, it remains to be fully determined if these
autoantibodies are pathologically relevant. Studies in vitro where patient-derived
IgG was injected intrathecally with complement into naive animals led to
pathological lesions associated with antibody-mediated damage after 7 days
(Asgari et al., 2013, Asavapanumas et al., 2014). In addition these studies also
showed there was also loss of AQP4 and glial fibrillary acidic protein (GFAP) (an
astrocyte marker). Therefore, evidence reinforcing a pathologic role for these

antibodies in disease.

The NMO-IgG status was investigated in paediatric NMO in the hope of this also
being a biologic marker for the childhood disease. A study of 17 children with
definitive NMO revealed 8 to be NMO-IgG seropositive (47%). Therefore, these
autoantibodies are present but not as prevalent in the childhood disease,
highlighting NMO-IgG is not as useful for the diagnosis of children as it is for adults
(Banwell et al., 2008). However, children with the relapsing NMO phenotype have
much higher frequencies of NMO-IgG than the monophasic, 78% and 12.5%,

respectively.

Another difficulty in NMO diagnosis is with lesion characteristics. In adults,
longitudinally extensive spinal cord lesions are a very useful diagnostic tool for
differentiating between NMO and MS. Unfortunately in childhood MS they can
also present this type of lesion (Hahn et al., 2004), therefore it is not specific to
NMO. In conclusion, similar to the other juvenile disorders described previously
NMO can present as a spectrum of disorders and resemble features associated

with childhood ADEM and MS (Lotze et al., 2008).
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1.2.3 Idiopathic acute transverse myelitis

Acute transverse myelitis (ATM) is an immune-mediated disorder that targets the
spinal cord and is associated with a rapid onset of motor, sensory and autonomic

dysfunction. It can exist in three different forms:-

- Asanisolated, monophasic entity (idiopathic)

- As part of a multifocal CNS demyelinating disorder e.g. ADEM, MS and NMO

- As part of a multi-systemic disease e.g. systemic lupus erythematosus (SLE)

At first presentation of the patient they are diagnosed under the umbrella term of
ATM. Initial steps are to exclude cases with associated diseases. Remaining
patients with no identifiable cause are termed idiopathic ATM. These patients
must present evidence of spinal cord involvement, through either an enhancing
spinal cord lesion, increased white blood cell count or increased IgG index in the
CSF (Wolf et al., 2012). In addition, time till peak disability must be between 4
hours and 21 days. Reasons for onset of idiopathic ATM are unknown, as with the
other demyelinating diseases discussed in this thesis, but inflammation is
accompanied by cellular infiltration into the parenchymal and perivascular region
associated with myelin loss and neuronal damage (Kerr and Ayetey, 2002).
Approximately 20% of ATM cases occur in children, with disease incidence peaking

between the ages of 0-2 and 5-17 (Banwell et al., 2009, Pidcock et al., 2007).

Commenting on the literature as a whole, ATM along with ADEM and NMO can all
present very similar clinical characteristics to paediatric onset MS. This contributes
to the difficulty of making the correct diagnosis, essential for early and effective

treatment of these patients.
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1.3 MULTIPLE SCLEROSIS — A T CELL-MEDIATED AUTOIMMUNE
DISEASE?

Virtually all our mechanistic concepts of adult MS are derived from an animal
model; experimental autoimmune encephalomyelitis (EAE). The pathology of MS
is still incompletely understood but is thought to involve the convergence of
genetic susceptibility and undefined environmental factors that initiate
autoimmune T cell and B cell responses directed against self CNS antigens. The
concept that MS is an autoimmune disease derives primarily from studies in EAE
that demonstrate this “MS-like” disease in terms of its pathology and clinical
course can be induced in rodents and other species by breaking self-tolerance to
CNS myelin antigens. This has shaped the development of therapeutic strategies
for MS over the past thirty years, resulting in a range of disease modifying
treatments that significantly reduce disease activity and frequency of relapses by

disrupting the development of inflammatory response within the CNS.

1.3.1 Evidence of CD4" T cells in multiple sclerosis

EAE studies led to MS generally being considered as a CD4" Ty1 cell dependent
disease of the CNS. An important study performed in 1981 adoptively transferred T
cells specific to MBP, a major CNS myelin protein, into rats (Ben-Nun et al., 1981).
This highlighted effector T cells as possessing a central role in EAE as the T cells
induced neuroinflammation in the CNS. Subsequently adoptive transfer of
syngenic CD4" T cells specific for a wide variety of different myelin and non-myelin
CNS antigens was shown to induce focal inflammatory infiltrates in the brain and
spinal cords of susceptible species (Zamvil et al., 1985), indicating this arm of the
immune response may play a major role in the development of MS lesions

(Lassmann et al., 2001).

EAE and MS pathology have a similar cellular composition in the active lesions
(Lassmann, 1983). Early immunohistological studies of MS lesions from patients

have identified the cellular infiltration of T cells over three decades ago, indicating
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their role in MS pathology (Prineas and Wright, 1978, Traugott et al., 1983). An in
depth collaborative study investigating the cells present in active MS lesions
elucidated that T cells were ubiquitously found in all lesions of MS patients
(Lucchinetti et al., 2000). Despite this, the lesions could be segregated into four
distinct patterns. Pattern | was dominated by T cell and macrophage mediated
inflammation and was evident in 12.3% of patients (Table 1.2). Evidence of T cells
has also come from studies isolating T cells from the blood and CSF of MS patients,
which revealed myelin-reactive T cells to be present (Allegretta et al., 1990, Chou

et al., 1992, Soderstrom et al., 1993).

1.3.1.1 T,1Tcellsin MS

Tyl cells have been the main focus of T cell studies in MS. Many features observed
in MS lesions indicate a Tyl-mediated inflammatory process particularly that MS
pathology is similar to the pathology observed in Tyl-mediated EAE. They
predominantly cause damage and inflammation by activating macrophages via the
secretion of interferon-y (IFNy) (Hendriks et al., 2005). Early studies in MS showed
that numbers of IFNy—secreting cells were higher in patients compared to controls
(Olsson et al.,, 1990). In addition, the expression patterns of pro-inflammatory
chemokines and chemokine receptors identified in MS lesions resembles that
observed in EAE (Sorensen et al., 1999). However, since the discovery of Tyl cells T

cell subsets have become increasingly more complex (Figure 1.1).

1.3.1.2 T 17 T cells

Having presumed Tyl cells to be the main drivers of MS pathogenesis it was then
realised that there were other CD4" T cell subsets involved; in particular IL-17
secreting Ty17 cells. A fundamental study by Cua et al. (2003) highlighted Ty17
cells role in EAE due to the discovery of IL-23, a structurally related cytokine to IL-
12, both having the subunit p40. Their experiments revealed that IL-23 was
responsible for EAE, and not IL-12, which drives T417 and T,1 differentiation,

respectively (Yamane and Paul, 2013) (Figure 1.1). Ty17 drives pathogenesis
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Figure 1.1. Summary of the major CD4" T cell subsets.

Naive CD4+ T cell is activated via its T cell receptor by its cognate antigen-derived peptide
presented in the context of MHC class Il (MHC Il) on a dendritic cell (DC). The T cell then
proliferates extensively and differentiates into a distinct T helper (Ty) cell subset depending on the
cytokine milieu; Tyl, Tn2, Treg OF THl7 cells. These four subsets have distinct transcription factors
and secrete unique cytokines, therefore providing them each with a different function in the immune
response. Diagram was adapted from Yamane and Paul (2013).
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primarily through the secretion of IL-17, but also through other pro-inflammatory
cytokines like IL-6 (Langrish et al., 2005). Induction of EAE through passive transfer
of Ty17 has suggested they may have a role in neuroinflammation (Langrish et al.,

2005).

Further evidence in EAE studies showed using IL-17 neutralising antibody and IL-
17”7 mice led to amelioration of disease (Hofstetter et al., 2005, Komiyama et al.,
2006). Studies in MS have not been conclusive but IL-17 producing cells are
present in active lesions and in the peripheral blood of MS patients (Tzartos et al.,

2008, Fletcher et al., 2010).

1.3.1.3 T2 T cells

It is commonly assumed that T2 cells play an immuno-modulatory role in disease
and that skewing the T cell response this way would have beneficial therapeutic
effects, however this approach has been problematic (Hohlfeld, 1997). EAE studies
have provided evidence as to why this might be, they identified that the transfer of
T42 cells into immunodeficient mice can induce disease with similar lesions to that
observed in NMO patients (Lafaille et al., 1997). In addition, the presence of
eosinophils and granulocytes at active MS lesion sites is also suggestive that a
potentially harmful T42 immune response is occurring (Lassmann et al., 2001, Rook
et al., 2000). These studies contribute to the increasing heterogeneity and

complexity observed in EAE and MS pathogenesis.

1.3.1.4 Tregulatory T cells

The final major subset of CD4'T cells is FoxP3" T regulatory T cells (Tregs) (Figure
1.1). These cells have an important role in disease modulation, predominantly
through the production of immunosuppressing cytokine IL-10 (Fujio et al., 2010).
EAE models have shown that Tge,s are capable of modulating neuroinflammation,
but the extent of their role in MS is still unclear as histological studies of post

mortem brain tissue did not find any Tge, cells in active lesions (Venken et al.,
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2010). However, the relevance of all these T cell subsets in vivo is questionable as
dissecting the roles of these different subsets in disease is compromised by their

plasticity (Bluestone et al., 2009, Mucida and Cheroutre, 2010).

1.3.2 Evidence of CD8" T cells

The adoptive CD4" T cell transfer animal studies led to many predictions being
been made about disease mechanisms occurring in MS lesions however it now
appears that the pathogenesis of MS lesions may be more complex than originally
presumed (Lassmann and Ransohoff, 2004). Firstly, immunohistological analysis of
T cell subsets present in MS lesions found that CD8" T cells outnumbered CD4" T
cells (Booss et al., 1983), and several other pathological studies have identified
that clonal expansion is more prominent in CD8" T cell compared to CD4" T cells
(Monteiro et al., 1995, Babbe et al.,, 2000). These data taken together indicate
CD8" T cells also play a significant role in disease pathogenesis (Johnson et al.,
2007, Denic et al., 2013). Experiments in EAE showed CD8" T cells were capable of
inducing a severe form of EAE through studies using the adoptive transfer of
enriched MOG-specific CD8" T in C57BL/6 mice (Sun et al., 2001). Another
investigation recorded disease severity in CD4 and CD8 deficient mice after being
immunised with MOG. This experiment led to both groups developing a milder
disease course, suggesting both cell groups have a function in disease

pathogenesis (Abdul-Majid et al., 2003).

In general, the observation that T cells have a major role in MS has led to and
shaped the development of many successful FDA approved T cell targeted
therapies including IFNB, glatiramer acetate and mitoxantrone, which are thought
to specifically target T cells. In addition fingolimod, natalizumab and teriflunomide
target lymphocytes and immune cells generally. These therapeutic approaches,
however, are limited by non-responding patients, adverse effects and their

inadequate efficacy in PPMS patients.
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1.4 B CELLS IN MULTIPLE SCLEROSIS

Although adoptive transfer of CNS-specific T cells provides an effective animal
model of neuroinflammation in MS, it fails to recapitulate all the pathological
features of MS. In particular disease activity in rat and marmoset models of T cell
mediated EAE is not associated with extensive demyelination, a pathological
hallmark of MS in humans. It is now recognised these models failed to develop
significant primary demyelination because they lack autoantibodies targeting the
myelin surface. This was resolved by the development of a ‘two-hit’” model using
the co-transfer of T cells and pathogenic antibodies, which increased EAE severity
and primary demyelination (Linington et al., 1988, Genain and Hauser, 2001). The
experiment revealed that to reconstruct the immunopathology observed in MS
these models required encephalitogenic T cells to inflame and breech the blood
brain barrier (BBB), which allowed primary demyelinating autoantibodies to gain

access to the CNS. These studies rekindled interest in B cell research in MS.

1.4.1 Evidence of B cells in multiple sclerosis

There is a wealth of evidence supporting a role for B cells in the pathology of MS,

which is summarised in Table 1.1 and will be discussed in more detail below.

1.4.1.1 Intrathecal synthesis of antibodies

Intrathecal antibody production is used in the diagnosis of MS and analysis of CSF
offers a novel insight into what immune mechanisms are acting in the CNS. OCBs
are visualised using isoelectric focusing (IEF) and IgG immunoblotting (Luque and
Jaffe, 2007). Preliminary studies by Kabat first described the presence of
antibodies in the CSF of patients with MS (Kabat et al., 1942). Four decades later
studies investigating a large patient cohort showed that greater than 90% of these
patients had OCBs present in their CSF (Ebers and Paty, 1980). This feature is now
a standard diagnostic tool for MS in addition to MRI scans (McDonald et al., 2001,

Krupp et al., 2013). Subsequent studies have further tried to determine the clinical



Chapter 1 — General Introduction 21

Table 1.1. Evidence of B cell presence and role in patients with multiple sclerosis.
This table details significant findings over the past 60 years that support B cells presence and
importance in MS disease pathogenesis. Table adapted from Boster et al., 2010.

Evidence of B cell presence and role in MS patients

Key Paoint of Evidence Key Publications

Intrathecal synthesis of immunoglobulin found in CSF Kabat etal., 1942.
Eber and Paty, 1980.
Immunoglobulin and complement depasited in M5 plague  |lLuccinetti et al., 2008.

B cells and plasma cells presentin CSF and MS lesions Prineas et al., 1978
Corcione et al., 2004
Identification of MOG-specific antibodies in MS lesion Genain et al., 2002
Clonally expanded B cells in C5F which have undergone Qin et al., 2003
somatic hypermuation Obermeier etal., 2008
EctopicB cell follicles and germinal centres in meninges Serafini et al., 2004

Magliozzi et al., 2007

significance of these OCBs but this still remains debated (Link and Huang, 2006). In
one study one thousand CSF samples were screened in an attempt to find a
correlation between the patient OCB profile and a specific disease phenotype but
none was found (Ebers and Paty, 1980). However, other investigations showed an
association between an increased number of OCBs and poorer disease prognosis
(Zeman et al., 1996, Villar et al.,, 2002). The antigen specificity of these OCBs

remains unknown although reports include viral and autoantigen targets.

1.4.1.2 Evidence of clonally expanded B cells in the CNS of MS patients

It is now evident that OCBs are derived from a clonally expanded B cell population
sequestered in the CNS. To confirm this a study analysed the variable region of the
IgG heavy chain genes of B cells isolated from the CSF of patients who had
experienced clinical episodes suggestive of MS (Qin et al., 2003). This revealed that
a substantial number of the patients’ B cells were clonally expanded and had also
undergone somatic hypermutation, suggestive of positive selection via their B cell
receptors. Subsequent investigations revealed that CSF Ig proteomes
corresponded with the B cell transcriptomes. This indicated that the CNS

sequestered B cells were responsible for the intrathecal antibody synthesis
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observed, as opposed to peripheral B cells (Obermeier et al., 2008). These studies
present strong evidence indicating that B cells are expanding and synthesising
antibodies as part of a local antigen-driven response. This suggests that the CNS of
patients with MS provides a niche that can support the long-term survival and

differentiation of B cells.

Early immunohistological studies highlighted the presence of B cells in the CNS of
MS patients. Investigations analysed plaques from ten patients with MS and
confirmed the presence of immunoglobulin-containing cells (Esiri, 1977). Further
studies showed large numbers of plasma cells appeared to be particularly
associated with patients who had chronic MS (Prineas and Wright, 1978). More
recent investigations have focused on determining what B cell subsets are present
in patient with MS. Using molecular studies, B cells present in MS lesions have
been analysed providing evidence that they were clonally expanded (Owens et al.,
1998, Baranzini et al., 1999). B cell subsets have also been investigated in the CSF
of MS patients which revealed the CSF to be enriched with a B cell subset found in
secondary lymphoid organs and memory B cells (Corcione et al., 2004). Therefore,
again promoting the idea that the B cell response compartmentalised within the
CNS during neuroinflammation is capable of the mimicking of peripheral B cell

differentiation.

1.4.1.3 Ectopic follicles in the CNS

The source of these clonally expanded B cells is still under debate and unlikely to
be derived directly from the periphery. An immunohistological study of post-
mortem brain and spinal cord samples from patients with MS were stained for B
cells, T cells and follicular dendritic cells. They found these cells and CXCL13, a
chemokine constitutively expressed in the follicles of lymphoid tissue, was
continually expressed in the cerebral meninges, suggesting this area has ectopic
germinal centres (Serafini et al., 2004). Other investigations found lymphotoxin-a,
CXCL12 and CXCL13 in the CSF of MS patients, all crucial mediators for lymphoid

neurogenesis, (Corcione et al., 2004). It has also been discovered that B
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lymphocytes can release lymphotoxin-a (Fu et al., 1998, Lorenz et al., 2003), and
further studies showed that it was secreted selectively by the memory B cell

subset (Duddy et al., 2007).

Interestingly, in this study these ectopic structures were only found in SPMS
patients and not RRMS (Serafini et al., 2004). Another study investigated the
presence of B cell follicles in PPMS and SPMS patients, which again revealed that
these ectopic lymph node structures only occurring in SPMS samples (Magliozzi et
al., 2007). This suggests that B cell follicles are associated with a more progressive
disease phenotype. These ectopic germinal centres are also found in other
progressive autoimmune diseases like rheumatoid arthritis and Sjogren’s

syndrome (Weyand and Goronzy, 2003, Salomonsson et al., 2003).

1.4.1.4 Evidence of therapeutic effects of B cell depletion

Although current first line treatments for MS use broad immunosuppression to
relieve disease symptoms the need for more specific treatments and the
knowledge that B cells have a function in MS has led to B cell depletion emerging

as a new treatment for this neurological disease.

Initial studies in this field used rituximab, a monoclonal chimeric anti-CD20
antibody. It was first approved to treat rheumatoid arthritis and lymphoma and
then researchers turned to investigate its effects in MS. These studies discovered
that rituximab can be efficacious in RRMS patients (Hauser et al., 2008). The initial
clinical trial in RRMS patients demonstrated very promising results, where patients
in the treatment group exhibited a significant decline in the number of gadolinium-
enhancing lesions and a reduction in relapses (Hauser et al., 2008). Importantly
there were no significant safety issues with these trials. Intriguingly, these studies
also revealed that although rituximab decreased disease these clinical effects
preceded any decrease in antibody serum levels, suggesting the clinical effect of B
cell depletion was independent of any direct effects on antibodies. Analysis of

patient CSF 6 months after treatment using flow cytometry showed a diminution
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of B cells, which was also associated with a reduction in T cells (Cross et al., 2006).
Rituximab was also trialled in PPMS but overall comparison between the placebo
and treated group showed no significant improvement in disease. However,
analysis of subgroups showed significant benefits in younger patients (< 51 years

old) (Hawker et al., 2009).

These very promising results fuelled the development of a second generation of
anti-CD20 monoclonal antibodies; ocrelizumab and ofatumumab (Deiss et al.,
2013). Encouraging results in RRMS patients have been seen with ocrelizumab,
which is a humanised anti-CD20 monoclonal antibody (Kappos et al., 2011). The
study showed that gadolinium-enhancing lesion numbers were reduced 89% in the
treated group. Another anti-CD20 monoclonal antibody under investigation is
ofatumumab, which is a fully human monoclonal antibody (Castillo et al., 2009). A
phase Il study of in RRMS patients has just been published, which showed B cells
were selectively diminished in parallel with suppression of lesion activity (Sorensen

et al., 2014). This new drug was also well tolerated with no adverse effects.

These studies all support the role of B cells in MS disease pathogenesis, as
depletion of CD20" B cells resulted in a significant decrease in active lesion
numbers. The mechanisms by which this disease suppression is induced is still
unclear (Hawker, 2008). It has become apparent that the clinical benefits are not
due to the removal of antibodies as antibody-secreting plasma cells are CD20,
therefore are not depleted and serum Ig levels remain unaffected. However, B

cells do have other significant functions in disease pathogenesis.

1.4.2 The functional significance of B cells in multiple sclerosis

Studies on the functional role of B cells in MS have traditionally concentrated on
their antibody production and patho-mechanisms associated with these antibodies
(which will be discussed in section 1.5) but in addition to this they also have

important functions independent of antibody production (Boster et al., 2010).
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Interest has focused on two major mechanisms of B cell-mediated immune

modulation.

1.4.2.1 Production of cytokines by B cells in MS

B cells can secrete a range of cytokines that play a role in modulating immune
responses. It has been found that B cells produce different cytokines depending on
their environment. They can be induced to produce IFNy when cultured with Tyl
cells (Harris et al., 2005a), or IL-4 when cultured with T2 cells (Harris et al.,
2005b). This dichotomy has been described as two different B cell effector subsets,
namely, Bel and Be2, where each subset produces a distinct cytokine profile
(Harris et al., 2000). B cells have also been shown to produce IL-6 which was shown
to contribute to EAE severity as when B cell-specific IL-6 production was deleted
EAE disease burden was ameliorated (Barr et al., 2012). In addition to this Ty17
cells were decreased suggesting B cell secreted IL-6 was supporting Ty17 cells.
They have also been shown to produce other pro-inflammatory cytokines such as
TNFa, IL-12, and LTa, a cytokine involved in lymphogenesis (Lund, 2008). Overall,
these data suggest that B cell cytokines play a role in supporting effector T cell

differentiation, thereby potentiating disease.

In contrast to their pro-inflammatory functions very early studies provided
evidence of B cells having a regulatory function. These studies in guinea pigs
revealed that B cells could delay hypersensitivity responses (Katz et al., 1974, Neta
and Salvin, 1974). Later, Janeway and colleagues performed the first experiment in
EAE models to reveal an increased disease severity in B cell deficient mice (Wolf et
al., 1996). Therefore, suggesting that these cells are needed to regulate disease.
Further studies showed that B cells modulated the immune system through
supressing effector T cells (Akdis and Blaser, 2001), and it has been identified that
they do this predominantly via the secretion of IL-10 (Fillatreau et al., 2002,
Matsushita et al., 2010). However, they can also modulate the immune response
through a variety of other ways like inhibiting cytokine secretion from monocytes

and macrophages (Fiorentino et al., 1991). B cells may also mediate immune
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suppression via TGF-B1 secretion, which has been shown to modulate Tyl cells

(Tian et al., 2001).

There have been multiple studies attempting to characterise this regulatory
population. One study defined these B cells as a small population of splenic B cells
which are phenotypically distinct, CD1d™8"CD5" (Yanaba et al., 2008, Matsushita et
al., 2008). Most recently it has been identified that Bge,s may be a subset of plasma
B cells and in addition to IL-10 also secrete immunosuppressing IL-35 (Shen et al.,
2014). Interestingly, studies in MS patients showed that their B cells were skewed
as their ability to produce IL-10 was significantly reduced (Duddy et al., 2007),
suggesting that the reduction in regulatory B cells may contribute to disease

severity.

1.4.2.2 B cells are efficient antigen-presenting cells

For T cells to adopt their encephalitogenic effector functions in an immune
response they must first encounter their cognate antigen in the periphery, then
migrate to the CNS and be presented with it again. B cells are thought to play an
important role in driving disease via antigen presentation to primed cognate T cells
in the CNS. It is now established that B cells are exceedingly efficient antigen
presenting cells (APCs) and can potentiate disease by promoting antigen-specific
pro-inflammatory T cell responses (Lehmann-Horn et al., 2013). Antigen-specific B
cells are specialised in processing and presenting protein antigen, which they

uptake via their B cell receptor (Lanzavecchia, 1985, van der Veen et al., 1992).

Experimental studies suggest that disease reduction in EAE is most likely due to the
loss of antigen-specific B cells that act as highly efficient APCs for their cognate
antigen. Furthermore, T cell priming and proliferation was greatly impaired in B
cell deficient mice, suggesting that T cells were dependent on B cell antigen
presentation (Rivera et al., 2001). This study also showed that B cell presentation
was necessary for T cell priming when there were low levels of antigen available.

Subsequent investigations reinforced the crucial role of B cells APC function in EAE
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by using mice deficient in MHC Il in B cells only. This revealed that these mice were
resistant to MOG-induced EAE (Molnarfi et al., 2013). They also made a transgenic
mouse with MOG-specific B cell receptors, which could not secrete antibody.
These mice were not resistant to MOG-induced EAE, again indicating B cells have a
pivotal cellular function during disease pathogenesis which is independent of

autoantibody-mediated inflammation.

B cell antigen presentation may not only serve to activate antigen-specific T cells
but could also establish a feedback loop. Research showed products were secreted
by the activated T cells, CD40L and IL-4, which directly induced changes in the B
cells, which appeared to be crucial for their ability to process and present antigen
to T cells (Harp et al., 2008). Although the exact mechanisms underlying the
clinical benefits observed with Rituximab and other anti-CD20 drugs are still not
clear, it is thought that the effects are due to loss of B cell antigen presentation
function (Weber et al., 2010). Here, B cell depletion led to a decrease in MOG-
specific Tyl and Ty17 cells during MOG-induced EAE. This suggests that antigen
presentation by these activated B cells induced T cell differentiation into pro-
inflammatory effector T cells. Overall, it is now apparent that B cells have an
important role as APCs during neuroinflammation, aiding T cell activation and
polarisation, which should be taken into account when investigating B cell

therapies.

1.5 AUTOANTIBODIES IN MULTIPLE SCLEROSIS

1.5.1 Evidence of antibody-dependant mechanisms in MS

In addition to the presence of OCBs and intrathecal synthesis of antibodies
previously discussed, there are several other observations that implicate
autoantibodies in the pathology of MS. These are derived from a number of

sources:-
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- Immunoglobulin deposition in MS lesions

- The benefits of therapeutic plasma exchange (TPE)

Evidence of immunoglobulin deposition and complement activation in MS lesions
was described in a crucial paper by Lucchinetti et al. In this international
collaborative study large numbers of autopsy and biopsy material was acquired to
try and identify immuno-pathologic correlates to demyelination (Lucchinetti et al.,
2000). Previous investigations had involved only small cohorts, resulting in very
heterogeneous outcomes. Therefore, this large, collaborative effort revealed that
despite all lesions ubiquitously showing infiltration of T cells and macrophages
there were four distinct patterns that existed within these lesions (Table 1.2). The
pattern varied between patients but was consistently found within an individual
patient. This was a fascinating discovery as it reflected the clinical heterogeneity
seen in the diverse presentations of MS and also offered insights into how to treat
individual patients. Interestingly the most common pattern was pattern I,
deposition of antibodies and complement activation, which was found in around
50% of the patients in the study. Thus, this study highlighted antibody and
complement-mediated demyelination as an immuno-dominant mechanism in

disease pathogenesis.

The interpretation of this study remains controversial and debated by other
researchers but the results remain a pivotal finding of great importance with many
subsequent studies being based on it. One study to dispute these findings was
Barnett et al. (2009), as they observed the presence of co-deposition of antibodies
and activated complement (pattern Il) in autopsy tissue from patients with other
neurological diseases as well as MS patients, therefore presenting it as a non-
specific feature and questioning the exclusivity of this pathology to MS. In addition
to this, another study in contrast to Lucchinetti’s did not find any heterogeneity in
active demyelinating lesions amongst patient brain tissue samples (Breij et al.,

2008). They uniformly observed activated complement and antibodies present in
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all their autopsy samples, suggesting there are no different subtypes of lesions in

MS patients.

It is currently not known if these four lesion patterns are relevant to paediatric MS
but in one rare case where a biopsy sample was attained showed the patient had
pattern | lesion with infiltration of foamy macrophages and T cells. The sample did
not show any evidence of immunoglobulin or complement deposition and

activation (Hoche et al., 2011).

Evidence for the role of antibodies in disease also comes from the beneficial
clinical effects observed in a subset of MS patients after therapeutic plasma

exchange (TPE). This process involves the removal of blood from a patient and
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then plasma is separated from blood cells and replaced without the pathogenic
antibodies and other harmful immune factors (Schroder et al., 2009). TPE is
commonly used and a well-established therapy in other neurological diseases with
autoantibody involvement such as myasthenia gravis and Guillain-Barré syndrome,

but is not as well described in MS treatment.

Clinical studies investigating the effects of TPE with SPMS patients, with EDSS score
varying from 5 to 6.5, revealed that this approach could help stabilise and reduce
subsequent neurological defects in this patient group, who commonly don’t
respond as well to other treatment regimens (Grapsa et al., 2008). In fact many
studies have shown efficacy with TPE in progressive patients who haven’t
responded to conventional therapies like IFNBs or steroid methylprednisolone
(Khatri, 2009, Trebst et al., 2009, Meca-Lallana et al., 2013). TPE was well tolerated
and had a clear beneficial effect on these steroid-unresponsive RRMS patients
(Trebst et al., 2009). However, TPE does not work in every patient case and this is
likely due to the heterogenic nature of MS. A retrospective study of patients who
were treated with TPE discovered a very interesting correlation (Keegan et al.,
2005). They revealed that patients with pattern Il lesions, i.e. with complement
and antibody deposition, responded much more favourably to the treatment than
patients with other lesion classifications. Therefore this study related TPE efficacy

with the presence of autoantibodies.

The pathological relevance of antibodies in MS has been questioned in vitro using
myelinating cultures and treating them with patient derived IgG and complement
(Elliott et al., 2012). This study demonstrated that approximately 30% of the MS
patients had antibodies that had demyelinating properties in vitro and that some
patient 1gG samples also mediated axonal loss. Myelin loss was only seen in a
subset of patients, which offers an explanation as to why TPE and B cell depleting
treatments are only effective in some patients. These pathogenic antibodies were
targeting antigens on myelinating oligodendrocytes and myelin sheaths. Although

the most likely antibody target was MOG, demyelination still occurred after the
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MOG-specific repertoire had been depleted. This study provided evidence that

autoantibodies could have a demyelinating role in MS pathogenesis.

1.5.2 Potential targets for autoantibody mediated demyelination

Experimental studies demonstrate autoantibodies targeting epitopes exposed on
the surface of oligodendrocytes and their myelin sheaths exacerbate
demyelination and disease severity in EAE. The identity of antigen(s) recognised by
pathogenic, in this case demyelinating, autoantibodies in MS remains controversial
with many antigens being implicated (Table 1.3). The crucial point to bear in mind
is that in order to induce primary demyelination any relevant target must be
accessible to the antibody in the extracellular milieu. However, it should be
documented that antibody responses recognising epitopes which become exposed
once demyelination is initiated may have an indirect role in mediating further

tissue damage.

The molecular composite of the CNS oligodendrocyte myelin continuum is now
well characterised. Compact internodal myelin is a multi-lamellar structure derived
from the oligodendrocyte plasma membrane containing 20-30% protein (dry
weight) (Figure 1.2). Due to its multi-lamellar structure not all of its proteins and
lipids are readily accessible to autoantibodies. Potentially pathogenic antibodies
will have far greater access to the outermost components of the myelin sheath
and associated membrane which are enriched in a larger number of proteins and

glycolipids.

There are a variety of screening protocols implicated to identify potential
candidate antigens, ranging from direct analysis of serum or CSF to generating
recombinant antibodies from clonally expanded plasma cells from MS patients.
Despite great efforts the elusive antibody target(s) in MS is still unknown but many

candidate antigens have been identified in the process.
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Table 1.3. Candidate autoantibody targets in multiple sclerosis.

Antigen

Evidence in MS and EAE

Publications

GalC

Gangliosides

H5Ps

KIR4.1

MAG

MBP

MOG

Neurofascin

Neurofilament

PLP

Sulfatide

Anti-GalC Abs in RRMS patients.
Pathogenic in EAE studies.

Anti-GD2, GM3, GM4 and GD1a Abs are
found in serum and CSF of MS patients.

Abs against HSP70 in CSF MS studies.
Possible role in neuroprotection.

Seropositive adult and paediatric MS
patients. Pathogenic in EAE models.

Selective MAG loss in MS lesions. Some
anti-MAG reactivity in MS CSF studies

Raine et al., 1981; Moore et al.,
1984; Fierz et al., 1988; Menge et al.,
2005b.

Kasai et al., 1986; Sadatipour et al.,
1998; Mata et al., 1999; Marconi et
al., 2006.

Chiba et al., 2006; Reviewed in
Mansilla et al., 2012.

Srivastava et al., 2012: Kraus et al.,
2014,

Iltoyama et al., 1980; Baig et al.,
1991: Lucchinetti et al., 2000.

MBP Ab response detected in serum and Warren and Catz, 1994; Reindl et al.,,

CSF of MS patients.

Anti-MOG Abs found in MS lesions.
Seropositive adult and paediatric MS
patients. Pathogenic in EAE models.

Changes in Nfasc distrubution in MS
lesions. Anti-Nfasc-155/186 Abs found in
MS serum. Anti-Nfasc-186 pathogenic in
EAE models.

Anti-light and heavy neurofilament Abs
detected in CSF and serum of MS
patients. Increased levels of Abs
associated with increased disease
burden.

PLP-specific Abs in MS CSF studies. 010
hybridoma cells mediate demyelination.

Sulfatide-specifc abs in CSF/serum of MS
patients. 04 hybridoma cells mediate
demyelination.

1999; Egg et al., 2001.

Genain et al., 1999; McLaughlin et al,
2009: Reviewed in Reindl et al.,
2013.

Howell et al., 2006; Maier et al.,
2007; Mathey et al., 2007; Lindner et
al., 2013.

Fialova et al., 2013a; Fialova et al.,
2013b; Amor et al., 2014; Gresle et
al., 2014.

Sun et al., 1991; Warren and Catz,
1994: Rosenbluth and Schiff, 2008.

llyas et al., 2003; Rosenbluth et al,,
2003; Kanter,, 2006; Brennan et al.,
2011.
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Figure 1.2. The composition of the myelin sheath within the central nervous system.

This myelin sheath composite diagram summarises the main proteins in the myelin sheath, all of
which are candidate targets for the immune response during MS, including oligodendrocytes and
axons. The myelin sheath is a multi-layer membrane synthesised by oligodendrocytes. It is mainly
composed of lipids (80%); cholesterol (not represented), phospholipids (small light green circles)
and glycosphingolipids (blue circles). 30% of the sheath is made up of proteins including; MAG,
myelin-associated glycoprotein; MOG, myelin oligodendrocyte glycoprotein; PLP, proteolipid
protein; MBP, myelin basic protein. MOG is the only protein found on the outermost surface of the
myelin sheath, therefore making it a candidate antigen for primary demyelination. PLP is a
transmembrane protein although may transiently be expressed on the surface during development.
MBP makes up 30% of the myelin membrane. It is located in the cytoplasm apposition (yellow),
and is required for the compaction of the cytoplasmic glia surfaces at the major dense lines. MAG
is located at the periaxonal side of the myelin sheath. Figure adapted from Hemmer et al. (2002).
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1.5.2.1 Myelin lipids as pathogenic targets in MS

The lipid content of myelin is made up of three components; cholesteral,
phospholipids and glycolipids in a ratio of approximately 2:2:1 (Podbielska and
Hogan, 2009, Greer, 2013). Glycolipids constitute 27.5% of the dry weight of the
myelin sheath and consist of three main constituents; sulfatides,

galactocerebroside (GalC) and gangliosides.

Sulfatide is enriched in the CNS myelin sheath and is expressed on the outermost
surface, therefore leaving it exposed to autoantibody attack. Sulfatide and GalC
play an essential role in the maintenance and function of CNS myelin as
demonstrated in studies using genetically modified mice in which the enzyme
essential for their biosynthesis (ceramide galactosyltransferase) is knocked out
(Bosio et al.,, 1996, Bosio et al., 1998). These mice showed conduction
abnormalities due to dissolution of the myelin sheath. Many research groups have
reported the presence of anti-sulfatide IgM and IgG antibodies in CSF and/or
serum from MS patients (Ryberg, 1978, llyas et al., 2003, Kanter et al., 2006,
Brennan et al., 2011). Pathologic potential of this response was demonstrated by
focal demyelination as a result of the implantation of O4 monoclonal antibody
secreting hybridoma into the spinal cord of rats (Rosenbluth et al., 2003). Further
animal studies also showed that co-immunisation with sulfatide and myelin
peptide induced a more severe EAE than with myelin peptide alone and that the
addition of anti-sulfatide antibodies increased disease severity (Kanter et al.,
2006). However, sulfatide antibody reactivity has also been detected in other
autoimmune diseases (Aotsuka et al.,, 1992, llyas et al., 1991), and in healthy

controls (Avila et al., 1993).

GalC accounts for around 25% of the myelin lipid and is also situated on the outer
surface of the myelin bilayer, so like sulfatide, is exposed to a pathogenic antibody
attack. Studies in human disease have shown the presence of GalC-specific
autoantibodies in RRMS patients, compared to CIS, SPMS and PPMS (Menge et al.,

2005b). Again, their role in immune-mediated demyelination is unknown but EAE
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studies have revealed that GalC has encephalitogenic properties (Raine et al.,
1981, Moore et al., 1984), and that anti-GalC antibodies can augment EAE (Fierz et

al., 1988), therefore suggesting that these antibodies are potentially pathogenic.

A very complex group of glycolipids is the gangliosides, which are sialic acid-
bearing glycolipids present in the myelin sheath in many different structural forms.
They are of interest as they are one of the main lipids found on the surface of the
myelin sheath. Anti-ganglioside reactivity has been detected in numerous MS
studies; namely anti-GD2, GM3, GM4 and GD1a (Kasai et al., 1986, Sadatipour et
al., 1998, Mata et al., 1999, Marconi et al., 2006). However, their relevance in

disease is still unknown.

1.5.2.2 Major proteins as pathogenic targets in MS

Numerous antibody responses to myelin associated proteins have been reported
in MS (Table 1.3). However, only a few candidates are of particular interest due to
having significant supporting evidence. MBP was originally thought to be a major
autoantibody target as it comprises around 30% of the myelin sheath; however it is
only present within compact myelin, therefore is not readily accessible. The most
important protein is MOG and it is a well characterised target for antibody-
mediated demyelination in EAE. Recently, MOG-specific antibodies have been
found to be present in a subgroup of MS patients (McLaughlin et al., 2009, Reind]

et al., 2013b)(MOG will be discussed in detail in the next section).

A very exciting autoantibody target most recently identified is the potassium
channel KIR4.1, which is expressed on glial cells and is thought to function in
oligodendrocyte and myelin development (Neusch et al., 2001), and maintaining
the electro-chemical gradient in the cell membrane of astrocytes (Kucheryavykh et
al.,, 2007). It was demonstrated that 47% of the MS patients analysed had KIR4.1
reactive antibodies (Srivastava et al., 2012). They further went on to show that 24
hours after anti-KIR4.1 patient derived antibodies were injected into the cisterna

magna of mice there was disruption of GFAP architecture, loss of KIR4.1 staining
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and deposition of C9neo, a marker of complement activation, suggesting these
antibodies have pathogenic potential in vivo. More recent studies analysing brain
tissue from MS patients showed evidence of an immune response being mounted
against KIR4.1 (Schirmer et al., 2014). Its reactivity has also been investigated in
paediatric demyelinating disorders, which observed that 57.5% patients had serum
antibodies to KIR4.1 (Kraus et al., 2014). Therefore, these data highlight KIR4.1 as a
new, potentially important antibody target in both adult MS and in juvenile

demyelinating disorders.

Other antigens may not normally be accessible in mature myelin sheaths but may
be expressed on the outermost surface of the oligodendrocyte myelin continuum
during myelination/remyelination. Potential targets here include; PLP, neurofascin

and myelin-associated glycoprotein (MAG).

PLP is the main protein component of the CNS myelin, which makes up around
17% of the protein constituent. It plays a role in the spacing of myelin lamellar at
the intraperiod lines (Figure 1.2). There is not a vast amount of evidence
supporting PLP autoantibodies in MS, however, B cells secreting PLP-specific
antibodies were detected more frequently in the blood and CSF of MS patients
compared to control patients (Sun et al., 1991). However, another study found
that PLP antibody reactivity was only present in a very small percentage of MS
patients (1%) (Warren and Catz, 1994). Implantation of 010 hybridoma cells, which
secrete an antibody recognising a surface exposed PLP epitope, into the CNS of
adult and juvenile rats demonstrated that anti-PLP antibodies can mediate
demyelination (Rosenbluth and Schiff, 2009). In addition, in juvenile rats this was
associated with a widening of the intraperiod dense lines which was attributed to

incorporation of IgM between PLP-containing surfaces of the myelin sheath.

MAG is a minor protein of the myelin sheath, which makes up less than 1% of the
CNS myelin composition. It is a type | trans-membrane glycoprotein located in the

periaxonal myelin sheath. Therefore, in healthy myelin it is sequestered making it
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an unlikely target for primary demyelination (Quarles, 2007). However, preliminary
immunocytochemistry studies of MS lesions indicated a selective loss of MAG at
the edges of developing plaques (Itoyama et al., 1980, Johnson et al., 1986). This
was also observed in subsequent immunohistochemistry studies by Lucchinetti et
al. (2000), which showed that a subset of MS patients had preferential loss of MAG
around the edge of lesions (pattern lll, (Table 1.2)). Despite this, only a few, early
studies of small cohorts have been able to detect a MAG-specific antibody
response in patients. One CSF study showed MAG-specific antibody binding was
significantly higher in MS patients than in control patients (Wajgt and Gorny,
1983). Another group analysed the specificity of antibodies secreted by B cells
isolated from the CSF of 25 patients with MS (Baig et al., 1991). This study revealed
approximately half of the MS cohort contained B cells secreting 1gG antibodies
recognising MAG. However, in both studies some anti-MAG reactivity was also

observed in control patients, suggesting this was not a disease specific response.

Autoantibodies present in MS patients are not just reactive against myelin, there
are also axon-specific antibody targets (Derfuss et al., 2010). Neurofascin is a cell
adhesion molecule and exists in two isoforms, neurofascin-155 (Nfasc-155) and
neurofascin-186 (Nfasc-186). Nfasc-155 is produced by oligodendrocytes and is
sequestered at the paranodal axo-glial junction and is required for correct
organisation of the paranodal junction (Vyshkina and Kalman, 2008). On the other
hand, Nfasc-186 is a neuronal product and is located at the node of Ranvier where
it is exposed to the extracellular milieu (Sherman et al.,, 2005). Studies in MS
lesions revealed changes in the expression and distribution of Nfasc-155
suggesting it might be an autoantibody target during disease pathogenesis (Howell
et al., 2006, Maier et al., 2007). Investigations in MS patients using ELISA detected
Nfasc-155 and Nfasc-186 autoantibodies in around a third of the serum samples
(Mathey et al., 2007). Subsequent observations of these Nfasc-specific antibodies
in vitro and in vivo revealed that Nfasc-186-specific antibodies led to inhibition of
axonal conduction, axonal injury and exacerbation of EAE (Mathey et al., 2007).

Another group showed that the adoptive transfer of serum from hNfasc-186
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primed rats exacerbated EAE compared to serum from hNfasc-155 and complete
Freund’s adjuvant (CFA) controls and that this increase in disease was associated
with axonal injury (Lindner et al., 2013). These data collectively indicate that Nfasc-

186-specfic antibodies could induce antibody-mediated damage in MS.

1.6 MYELIN OLIGODENDROCYTE GLYCOPROTEIN AS AN
IMMUNE TARGET IN PAEDIATRIC MULTIPLE SCLEROSIS

1.6.1 MOG: A historic perspective

MOG is a type | membrane protein which is expressed exclusively in CNS myelin.
Its structure consists of an extracellular IgV-like domain, a transmembrane domain
and a short cytoplasmic tail (Figure 1.3). MOG was first identified as a minor CNS
glycoprotein in 1984 (Linnington et al., 1984), and over the past 30 years the role
of MOG in MS has been researched extensively. This interest is based on animal
experiments where it was initially highlighted as an immuno-dominant target for
demyelinating antibodies in EAE (Linnington et al., 1984). This reflects its exposure
on the outer most surface of the myelin/oligodendrocyte continuum, where it is
available to bind MOG-specific antibodies present in the extracellular milieu
(Linington et al., 1989). This feature sets it apart from the other CNS antigen, which

are sequestered within the myelin sheath and normally inaccessible to antibodies.

Further studies showed that MOG not only provides a target for demyelinating
autoantibodies, but also contains T cell epitopes capable of triggering
encephalitogenic CD4" and CD8" T cell responses (Mony et al., 2014). This ability of
MOG to induce demyelinating autoantibody and encephalitogenic T cell responses
in experimental animals make it a unique component of the CNS myelin, and
account for its ability to recapitulate the MS-like disease induced by immunisation
with whole myelin or spinal cord homogenates in rats and marmosets (Genain et

al., 1995). MOG-induced variants of EAE in the mouse are now the most commonly
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Figure 1.3. Myelin oligodendrocyte glycoprotein structure.

Ribbon diagram of overall myelin oligodendrocyte (MOG) structure taken from Breithaupt et al.
(2003). This figure demonstrates MOGs extracellular IgV-like structure comprising of two anti-
parallel B—sheets (blue and green), and its short cytoplasmic tail.
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used animal model for MS, but it should be noted that not all animal
strains/models are associated with a demyelinating MOG-specific autoantibody

response, including MOGs;s_ss-induced EAE in C57BL/6 mice (Bourquin et al., 2003).

It is also currently unknown why this anti-MOG response develops. One attractive
hypothesis is through molecular mimicry with dietary or microbe components, e.g.
butyrophilinlal (BTN1al) and Epstein-Barr virus (EBV), respectively. BTNal is
mammalian milk protein, which expresses a high level of homology with the
extracellular domain of MOG. Studies have proven molecular mimicry exists
between MOG and BTNal and MS patients have BTN-specific antibody responses,
suggesting BTN1al dietary exposure could modulate future immune responses to

MOG (Stefferl et al., 2000, Guggenmos et al., 2004).

Demyelinating MOG-specific antibodies appear to bind to conformational-
dependent, exposed epitopes of the protein (Brehm et al., 1999). This was formally
demonstrated following elucidation of the crystal structure complex formed when
the Fab region of the demyelinating MOG-specific mouse mAb 8-18C5 bound to
MOG (Breithaupt et al., 2003). This experiment showed MOGs dominant binding
epitope involved amino acid residues 101-108, which account for 65% of the total
contact area. The introduction of single point mutations in this region reduced
cognate recognition of MOG by polyclonal MOG-specific sera by >90% and
completely inhibited its recognition by 9 out of 10 monoclonal antibodies, showing

its importance.

1.6.1.1 The MOG-specific T cell response identified in MS

Later investigations have researched the encephalitogenic MOG-specific T cell
repertoire and subsequently mapped the T cell epitopes for a variety of rat and
mouse strains. Predominantly MHC class Il restricted epitopes have been
identified; MOG3;5.55 in C57BL/6J) mice (Mendel et al., 1995), MOGg.,; and 3555 in
Biozzi ABH mice (Amor et al., 1994), and MOG;q.q¢ in DBA/1 mice (Abdul-Majid et
al., 2000). In addition to this a MOG epitope, MOGss.55, has also been identified
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which is recognised by MHC class | restricted CD8" T cells in C57BL/6J mice (Sun et
al., 2001).

In MOG-induced models of EAE the MHC class Il T cell restricted response is crucial
as this is required to initiate an inflammatory response in the CNS and disrupt the
BBB function; the latter being a pre-requisite if MOG-specific autoantibodies are to
gain access into the CNS and induce demyelination. In addition they are also
essential for the initial activation of B cells that ultimately results in the secretion

of high affinity anti-MOG IgG antibodies.

1.6.2 MOG-specific antibodies are present paediatric MS patients

Originally, studies investigating the MOG response in human disease led to
conflicting results due to the use of different methodologies (Table 1.3). Early
studies attempting to detect MOG-specific autoantibodies in patients used solid-
phase immunoassays, such as enzyme-linked immunosorbent assay (ELISA) and
western blotting and used antigen derived from a variety of sources including
MOG isolated from human white matter (Xiao et al., 1991), human MOG
expressed in E.Coli (Reindl et al., 1999) and recombinant mouse MOG expressed in
transfected mammalian cells (Gaertner et al.,, 2004). These assays lacked the
specificity required to differentiate between pathogenic and non-pathogenic
MOG-specific autoantibodies and resulted in confusion as to the clinical
significance of this MOG-specific autoantibody responses in MS (Kuhle et al.,

2007).

This problem was resolved by the introduction of cell based assays that used live
MOG transfected cell lines as a target to identify autoantibodies that bound MOG
in its native conformation at the cell surface (Haase et al., 2001). This methodology
revealed that previous reports of MOG reactivity as detected by ELISA or western
blotting in patients and controls were mostly irrelevant with respect to
demyelination, as it was unable to bind to the native protein. Indeed it is now

recognised that potentially pathogenic MOG-specific autoantibodies are only
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detected in a small number (4 to 5%) of cases of adult onset MS, although the
frequency is much higher in paediatric MS and ADEM patients, around 20% and
40%, respectively (McLaughlin et al., 2009, Brilot et al., 2009).

The clinical significance of this MOG-specific autoantibody response in paediatric
inflammatory demyelinating diseases remains unproven, but MOG-specific
antibodies with similar properties mediate demyelination and exacerbate disease
severity in animal models of MS (Linington et al.,, 1988). Early studies
demonstrated MOG-specific antibodies are not only associated with myelin
damage in marmosets with EAE, but also in some cases of MS providing
circumstantial evidence that the MOG-specific antibody response is involved in
lesion formation (Raine et al., 1999, Genain et al., 1999). Moreover, McLaughlin et
al. (2009) reported IgGl as the predominant isotype of the MOG-specific
antibodies detected in patients with MS, thus providing evidence that they are in

theory capable of mediating complement-dependent demyelination.

Taken together these observations identify MOG as a potential candidate for the
development of antigen-specific therapies that might prove beneficial in paediatric
MS and ADEM, an approach that may circumvent the many adverse effects

associated with current treatments that rely on far broader immunosuppression.

1.7 THE USE MOG-SPECIFIC THERAPIES IN THE TREATMENT
OF MULTIPLE SCLEROSIS

Current immunotherapies are based on broad suppression of the immune system
but an alternative approach is to develop autoantigen-specific therapies, which
requires the identification of appropriate antigen candidates. Recent studies on
paediatric MS patients have revealed a high incidence of MOG-specific
autoantibody responses (McLaughlin et al., 2009, Brilot et al., 2011), identifying

this myelin antigen as a prime target for the development of an autoantigen-
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specific therapy. The preliminary analysis of two such MOG-specific therapeutic
approaches are discussed in detail in this thesis; (i) treatment with a MOG-specific
B cell immunotoxin and (ii) induction of antigen-specific tolerance using low doses
of soluble MOG. These chapters demonstrate that MOG-specific immunotherapies

could be efficacious for the future treatment of patients with MS.

1.8 THESIS AIMS

In response to the large body of evidence supporting the presence of myelin-
specific autoantibodies, particularly targeted to MOG, in MS disease pathogenesis,
a primary goal of this thesis was to elucidate the function of these antibodies using

an established in vitro bioassay (Elliott et al., 2012).

In parallel to this, two therapeutic approaches were investigated in vivo in animal

models, which targeted the anti-MOG response;

(i) MOG-specific B cell immunotoxin

(ii) Low doses of soluble MOG

These aims were addressed individually in the hope of furthering our knowledge
on autoantibody function in MS and in antigen-specific therapies with the

aspiration of elucidating a novel treatment for people with MS.



CHAPTER TWO

MATERIALS AND METHODS



2 MATERIALS AND METHODS

2.1 ANIMAL EXPERIMENTS

2.1.1 Animals
2.1.1.1 Mice

Throughout this study female DBA/1j mice were used, which were between 7-8
weeks old. The mice were maintained at the University of Glasgow Central

Research Facility.

All mice were purchased from Harlan Laboratories (Blackthorn, UK). All animal care
and procedures were in accordance with the Animals Scientific Procedures Act,
1986, under a project license (No. 60/4314) and personal license (No. 60/12872),
issued by the UK Home Office and with approval from the University of Glasgow

Ethical Review Process Applications Panel.

2.1.1.2 Rats

Sprague Dawley (SD) rats were used in this study. They were maintained at the

University of Glasgow Central Research Facility.

The rats were purchased from Harlan Laboratories, UK. All animal care and

procedures were the same as section 2.1.1.1.

2.1.2 Induction of experimental acute encephalomyelitis (EAE) in
DBA/1j mice

2.1.2.1 MOG;_,; induced EAE

Recombinant MOG 4.4,5 (rMOG) (purified as per section 2.7.1) was diluted with
phosphate buffered saline (PBS), and then mixed to make an emulsion with an
equal quantity of incomplete Freund’s adjuvant (IFA) (Sigma Aldrich, Dorset, UK),

which was supplemented with 3 mg/mL of heat-inactivated Mycobacterium
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tuberculosis H37RA (Difco Laboratories, Detroit, MI) by forcing the two solutions
through a 24G connector bridging two syringes. Mice were injected

subcutaneously (s.c.) at base of tail with 50 pug/100 pL.

2.1.2.2 MOG .95 induced EAE

The MOG encephalogenic peptide, MOG;q.9¢ (Cambridge Research Biochemicals,
Billingham, UK), was prepared and injected as in section 2.1.2.1. Mice were given
an additional intraperitoneal (i.p.) injection of 200 pg Pertussis Toxin (PTx) (List
Biological Laboratories, Surrey, UK) on day of immunisation and 2 days post

immunisation (d.p.i.).

2.1.3 Treatment of DBA/1j mice with EAE
2.1.3.1 MOG-ETA’ treatment

Mice were immunised with rMOG as per section 2.1.2.1. Mice were then treated
with i.p. injections at 48 hour intervals from 2 d.p.i. onwards with either 25 pug of
an active or control immunotoxin, MOG-ETA’ or Bo9-ETA’, respectively. These
immunotoxins were developed by Professor Stefan Barth’s group in Aachen,

Germany (Barth et al., 2000, Nachreiner et al., 2008).

2.1.3.2 Soluble MOG treatment

Mice were immunised with rMOG as per section 2.1.2.1. Mice were then treated
i.p. with 25 pg rMOG, 25 ug MOGy9.95 Or PBS at 48 hour intervals from 2 d.p.i.

onwards.

2.1.4 Clinical assessment of EAE

EAE was scored personally on a daily basis by the following scale: 0, no disease;
0.5, partial paralysis of tail without ataxia and/or pilo-erection; 1.0, flaccid
paralysis of tail or ataxia and/or significant weight loss (21g); 2.0, impaired righting

reflex or flaccid tail and ataxia; 3.0, partial hind limb paralysis; 3.5, same as above
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but with full paralysis of one leg; 4.0, full hind limb paralysis; 5.0, full hind limb
paralysis with forelimb involvement or moribund; 6.0, dead. A score of 5.0 was a
humane endpoint for euthanasia. Other disease measurements have been used to
assess EAE. These include the following; the incidence of EAE, cumulative and
mean maximal scores, number of days with severe EAE, deaths as a result of
severe EAE, and clinical scores and weights for each day. Cumulative scores were
calculated by summing daily scores for each mouse. Mean maximal scores used
the most severe EAE score from each mouse, including mice that did not get EAE
which had a score of 0. For mean number of days with severe EAE, the threshold
for severe EAE was a clinical score >2. Mice were scored by the same person

throughout the experiments to minimise variation.

2.1.5 Isolation of blood, spinal cord, spleen and lymph nodes

Mice were culled by asphyxiation using CO,. Blood was taken by cardiac puncture
of the left ventricle. Mice were perfused with ice cold PBS and spinal cords flushed
out by hydrostatic pressure using an 18G needle and Roswell Park Memorial
Institute-1640 media (RPMI) (Sigma Aldrich). Sub-inguinal and para-aortic lymph

nodes (LN) and spleens were taken and transferred into RPMI.

2.1.5.1 Preparation of spinal cord for FACS analysis

Spinal cords were triturated then enzymatically broken down using Collagenase D
(Roche, Burgess Hill, UK) and DNAse (Sigma Aldrich) (both at 1 mg/mL) for 30
minutes at room temperature (RT) to make a single cell suspension. Cells were
washed with RPMI then filtered through 70 um cell strainers (BD Biosciences,
Franklin Lakes, NJ, USA). Leukocytes were then isolated using a density gradient
centrifugation by resuspending cells in 30% Percoll® (Sigma Aldrich), 70% RPMI and
layering this over 70% Percoll®, 30% PBS and centrifuging for 20 minutes at 2000g.
The interface was then washed and resuspended in FACS buffer (1% foetal calf
serum (FCS) (Sigma Aldrich), 0.02% Sodium azide (NaH;3), 5 mM
Ethylenediaminetetraacetic acid (EDTA) (Sigma Aldrich) in PBS).
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2.1.5.2 Preparation of spleen and lymph nodes for FACS

Tissues were mechanically disrupted using 1 mL syringe plungers and 40 um cell
strainers (BD Biosciences). Sub-inguinal and para-aortic LNs from each mouse were
pooled together for this step. Spleens were then resuspended in 1 mL Ack Lysis
Buffer (Gibco Life Sciences, Paisley, UK) and incubated on ice for 1 minute. The
resulting single-cell suspension was then washed and resuspended in FACS buffer

at a density of 2 x10%/mL.

2.2 EX VIVO ANALYSIS OF EAE

2.2.1 Flow cytometry for tissues

Cells were prepared as in section 2.1.5. All cells were then incubated for 20
minutes on ice with Mouse Fc Block™ (BD Biosciences) at a dilution of 1/100. To
identify different immune cell populations cells were incubated on ice for 20
minutes in the dark with fluorescent-labeled antibodies to Ly6G, CD1d, CDS,
CD11b, CD25, B220, CD5 and CD4 (eBioscience, Hatfield, UK); CD45, CD3 or Ly6C
(BD Biosciences). These markers were chosen to detect T cells, B cells, monocytes
and neutrophils. FoxP3expression, to identify regulatory T cells, was assessed using
a FoxP3 stain kit (#77-5775-40, eBioscience) as described by the manufacturer.
Cells were then washed and resuspended in 200 pL FACS buffer. Full samples were
acquired and recorded on the MACSQuant (Miltenyi Biotech, Bergisch Gladbach,
Germany) and data analysed using FlowJo software (Tree Star Inc., Ashland, OR,

USA) and GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA).

2.2.2 Restimulation of spleen and LN cells
2.2.2.1 Proliferation assay

Antigen-specific proliferation was determined using single cell suspensions from
LNs prepared in section 2.1.5.2. Cells were cultured in triplicate in complete

Dulbecco’s Modified Eagle’s Medium (cDMEM (10% FBS, 1% Penicillin and
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Streptomycin, 1% L-Glutamate, 1% Sodium Pyruvate, 1% non-essential amino
acids, 50nM B-Mercaptoethanol (1000x) in DMEM media); Sigma Aldrich) at a
concentration of 2 x10° cells/mL in 96-well plates (Corning Life Sciences,
Amsterdam, The Netherlands). They were then restimulated with either rMOG (6,
20 and 60 pg/mL) or ionomycin (350 ng/mL) (Invitrogen, Paisley, UK) and phorbol
12-myristate 13-acetate (5 ng/mL) (PMA; Invitrogen) to provide a positive control.
Controls cultures were pulsed at 24 hours and MOG;.;,5 stimulated cells at 48
hours with 0.4 uCi per well of [*H] thymidine (GE Healthcare, Buckinghamshire,
UK). Cells were harvested 24 hours later on to Printed Filter A mats (Perkin Elmer,
Waltham, MA, USA), scintillation fluid (Perkin Elmer) added and incorporation of

[*H] thymidine determined using a MicroBeta TriLux (PerkinElmer).

2.2.2.2 Cytokine assay

LN cells were harvested as per section 2.1.5.2. Cells were resuspended in cDMEM
at a density of 2 x10%/mL. Cells were then cultured in 6-well plates (Corning Life
Sciences) with or without 20 pg/mL rMOG for 72 hours. Supernatants were
harvested and centrifuged at 300g for 5 minutes then aliquoted and stored at -
20°C. Thawed supernatant cytokine secretion was measured using a Proteome
Profiler Mouse Cytokine Array (#ARY006, R&D Systems, Abingdon, UK) according
to manufacturer’s guidelines. Results were quantified using ImageQuant Total Lab

software (Amersham Bioscience, Freiburg, Germany).

2.3 CELL CULTURE

2.3.1 04, 010 and Z2 hybridomas

Hybridomas were cultured in CELLine® cell culture flasks (BD Biosciences). Media
compartment contained RPMI supplemented with 10% foetal bovine serum (FBS),
1% Pen/Strep, 1% L-Glutamate, 1% sodium pyruvate, 1% non-essential amino acids
(NEAA), 0.1% B-mercaptoethanol. Cell compartment was inoculated with 2 x10°

cells/mL. Cells were split twice a week and supernatant removed, and replaced
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with fresh media. Supernatants were centrifuged at 800g for 5 minutes and stored
at -20°C until antibody purification, described in section 2.7.2. Hybridomas were

maintained at 37°C/5% CO.,.

2.3.2 Transfectant cell lines
2.3.2.1 Culture of MOG transfected cells

Antibody binding to the native extracellular domain of MOG was detected by flow
cytometry using mouse MOG transfected LTK cells as described previously (Brehm
et al.,, 1999). Full length human MOG transfected TE 671 cells and mock-
transfected controls were kindly donated by Professor Edgar Meinl (Ludwig-
Maximilian’s University, Institute of Clinical Neuroimmunology). Cells were grown
as adherent monolayers in vented 75 cm?” culture flasks (Corning Life Sciences) in
DMEM selection media supplemented with 10% FBS and 2 mg/mL G418 (Promega,
CA, USA). When cells were approaching confluence they were detached from
flasks using a cell scraper (Greiner Bio-One Ltd, Gloucestershire, UK) and
transferred to a 50 mL falcon tube. They were then centrifuged at 400g for 5
minutes, resuspended in fresh media and seeded into new culture flasks which
were maintained at 37°C/5% CO,. Negative TE 671 cells were cultured the same,
but in absence of G418. Full length mouse MOG transfected LTK cells and negative

LTK cells were cultured as per TE 671 cells.

2.3.2.2 Enrichment of MOG positive transfected cells

MOG TE and MOG LTK cells were detached from flask using a cell scraper and
centrifuged at 400g for 5 minutes. Cells were resuspended in 100 uL MACS buffer
(PBS, 0.5% bovine serum albumin (BSA), 2 mM EDTA) with 1 uL Z2 (2 mg/mL) and
incubated on ice for 20 minutes. Cells were washed twice by adding 2 mL MACS
buffer then centrifuging at 400g for 5 minutes. Cells were then resuspended in 180
uL MACS buffer and 20 pL anti-mouse 1gG MicroBeads (Miltenyi Biotec) and
incubated at 4°C for 20 minutes. Cells were washed as above once. Finally, cells

were resuspended in a total of 1 mL MACS buffer and applied to the LS column
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(Miltenyi Biotec) in magnetic field through a 40 um cell strainer. LS column was
then washed three times with 3 mL MACS buffer. Column was then removed from
magnetic field and 5 mL of MACS buffer added to elute MOG positive cells with
plunger. Cells were centrifuged at 400g for 5 minutes and resuspended in G418"

cDMEM selection media and seeded into vented 75 cm? culture flasks.

2.3.3 Generation of myelinating cultures

This sophisticated culture system was first described by Sorensen et al. (2008). Put
simplistically, the ‘myelinating cultures’ (termed as such throughout this thesis)
involve a monolayer of astrocytes, to which dissociated embryonic spinal cord cells
are seeded, containing oligodendrocyte progenitor cells (OPCs), microglial cells and
spinal astrocytes. Therefore, the myelinating cultures incorporate all the cells
found in the CNS, meaning this compact system can be used to mimic an intact
CNS with which one can explore the interactions of these endogenous cells with

exogenous factors.

2.3.3.1 Culturing of neurospheres derived from the corpus striatum

Neurospheres were harvested from the corpus striatum of 1 day old (P1) SD rat
brains. Postnatal pups were euthanised by i.p. injection of euthathal in accordance
to UK Home Office regulations (project license no. 60/4314, personal license no.
60/12872). First, the cerebellum was removed then the brain was cut mid-sagitally
along the corpus callosum into two cerebral hemispheres with a scalpel. The
corpus striatum was then carefully dissected out from each hemisphere and placed
in Leibovitz L-15 Media (Invitogen). Approximately 3 brains were used per flask.
Tissue was broken up by gentle trituration using a glass Pasteur pipette then
centrifuged at 140g for 5 minutes. Pellet was resuspended in 2 mL DMEM/F12
(1:1) (Gibco Life Sciences), supplemented with hormone mix, 30% glucose (Sigma
Aldrich), 7.5% NaHCO;, 1 M HEPES (Sigma Aldrich), 1% L-Glutamine, 1% pen/strep;
collectively termed neurosphere media (NSM), and seeded into a 75 cm” non-

coated flask (Corning Life Sciences) in a total volume of 20 mL NSM. Flasks were
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subsequently supplemented with 20 ng/mL of epidermal growth factor (EGF)
(Peprotech, UK). Neurospheres were incubated at 37°C/7% CO,. Growth took

approximately 7 days before neurospheres were ready to generate astrocytes.

2.3.3.2 Preparation of astrocytes from neurospheres

Glass coverslips (13mm) (VWR International, Leicestershire, UK) first had to be
coated in 13.3 pg/mL poly-I-lysine (Sigma Aldrich) by incubating them for 1 hour at
37°C, then washed extensively with sterile water. One coverslip per well were

plated out into a 24-well plate (Corning Life Sciences) and left to dry O/N.

Neurospheres were transferred into 50 mL falcon tubes and centrifuged at 140g
for 5 minutes. Resulting pellet was resuspended in 12 mL DMEM + 10% FBS per 24-
well plate (typically five or six 24-well plates were made from 1 flask depending on
cell density). Then 500 plL added to each well and volume made up to 1 mL with
additional media. Astrocytes were incubated at 37°C/7% CO, for approximately a

week until the astrocytes were confluent.

2.3.3.3 Isolation of embryonic spinal cord

SD female rats were euthanised on embryonic day E15.5 (day of plugging denoted
as E0.5) by overdose of CO, in accordance to UK Home Office regulations. The
abdominal skin and fur was sterilised with 70% ethanol then a V-shaped cut was
made through the abdominal wall and the gravid uterus was removed. It was
placed in a petri dish containing ice cold Hank’s balanced salt solution (HBSS)
without Ca* and Mg" (Gibco Life Sciences) where each embryo was removed from
the amniotic sac. Using microscopy the embryos were decapitated whilst taking
care not to remove the cervical flexure. Next, the spinal cord was exposed by
carefully removing the top layer of skin then gently removed from the embryo.
Any attached meninges and dorsal root ganglia were detached to avoid

contamination of peripheral nerve cells.
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Spinal cord tissue was then partly dissociated by trituration with a glass Pasteur
pipette then enzymatically digested with 2.5% trypsin (Sigma Aldrich) and 1%
collagenase | (Invitrogen) in HBSS, 4-5 spinal cords per 1 mL HBSS. Cells were
incubated for 15 minutes at 37°C and reaction stopped by addition of 2 mL SD
solution per 1 mL HBSS (soybean trypsin inhibitor with DNAse I; Sigma Aldrich).
After further trituration to form a single cell solution the cells were centrifuged at
200g for 5 minutes and resuspended in plating media (PM) containing 50% low
glucose DMEM (Gibco Life Sciences), 25% horse serum (Sigma Aldrich), 25% HBSS

and 2 mM L-Glutamine to a concentration of 3 x10° cells/mL.

Coverslips with the neurosphere derived astrocyte monolayer, section 2.3.3.2,
were removed from their 24-well plates and put into 35 mm petri dishes, 3
coverslips per dish. Then 50 uL of the dissociated spinal cord solution (total of 150,
000 cells) was pipetted onto each coverslip. Cells were left to attach for 2 hours at
37°C, after which 450 puL PM and 600 pL high glucose DMEM (Gibco Life Sciences)
supplemented with 0.5 mg/mL insulin (Sigma Aldrich), 10 ng/mL biotin (Sigma
Aldrich), 0.5X N1 supplement (Sigma Aldrich), 50 nM hydrocortisone (Sigma
Aldrich); collectively termed differentiation media plus insulin (DM+) was added to
each petri dish. Cultures were maintained at 37°C/7% CO, for 28-30 days. They
were fed three times a week by removing 500 pL and adding 600 pL fresh DM+.
From day 12 in vitro (DIV) and onwards cultures were fed differentiation media

without insulin, DM-, to promote myelination.

2.4 MYELINATING CULTURE ASSAYS

2.4.1 Complement-dependant demyelination assay

24-28 DIV myelinating cultures were incubated for 16 hours at 37°C with mouse or
patient sera, using 2% rat serum as exogenous source of complement. 10 pg/mL
Z2, rat serum alone and DM- media alone were used as controls. Mouse and

patient sera were heat-inactivated for 10 minutes at 56-59°C before use.
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2.4.1.1 Human patient serum samples used in complement-dependent
demyelination assays

Two cohorts of patient sera samples were kindly donated to allow the study

complement dependent demyelination in the myelinating cultures.

The larger cohort of 17 patient samples was kindly donated from Markus Reindl,
Innsbruck Medical University, Austria. The study was approved by the ethical
committee of Innsbruck Medical University (study numbers AM3041A and
AMA4059). All patients and controls gave written informed consent to the study
protocol. Samples were blinded by Markus Reindl and after analysis demographic
data (age, sex), clinical diagnosis and anti-MOG antibody status were provided. The

demographic and clinical diagnosis of these patients is described in Table 2.1.

The smaller cohort of 5 paediatric patient samples was kindly donated from Amit
Bar-Or from the Montreal Neurological Institute, Canada. All samples were
collected following the appropriate and informed assent, in accordance with the
Canadian Pediatric Demyelinating disease protocol. Both protocol and the assent
documents were approved by the Hospital for Sick Kids research ethics board.
Demographic and clinical diagnosis for the 5 patients is given below (Table 2.2).
Samples were also blinded by Amit Bar-Or and patient details supplied after

analysis. Samples from all cohorts were stored -80°C.
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Table 2.1. Patient details of samples from Innsbruck Medical University used in
complement-dependent demyelination study.

This table provides details of the age, sex and clinical diagnosis of the patient serum samples
kindly donated by Markus Reindl from Innsbruck Medical University. Abbreviations:MS: multiple
sclerosis, ADEM: acute demyelinating encephalomyelitis, OND: other neurological disease, ON:
optical neuritis, HC: healthy control.

Patient ID Diagnosis Gender Age
MS1 Adult MS Male 31
MS2 Adult MS Female 51
MS3 Adult MS Female 34
MS4 Adult MS Female 24
MS5 Adult MS Female 40
MS6 Adult MS Female 29

ADEM1 Adult ADEM Male 47
ADEM2 Pediatric ADEM Female 10
ADEM3 Pediatric ADEM Female 3
ADEMA4 Pediatric ADEM Male 14
OND1 Pediatric ON Male 13
OND2 Adult Myelitis Female 49
HC1 - Female 29
HC2 - Female 26
HC3 - Female 25
HC4 - Female 31
HC5 - Female 34

Table 2.2. Patient data of sera samples provided by Montreal Neurological Institute for
complement-mediated demyelination study.

This table displays the demographic and clinical data of the patient sera samples kindly donated by
Amit Bar-Or from Montreal Neurological Institute. Abbreviations: Mono ADS: one acquired
demyelinating event, ADEM: acute demyelinating encephalomyelitis.

Patient ID Diagnosis Gender Age
1 Mono ADS Male 13
2 Mono ADS Male 10
3 Mono ADS Female 1
4 ADEM Female 7
5 ADEM Female 7
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2.4.2 Complement-independent treatment of myelinating cultures

The effects of treating 18 DIV myelinating cultures with antibody minus

complement were explored in a variety of ways. They were all incubated at 37°C:

e Investigating concentration effects wusing a range of antibody

concentrations, incubated for 24 hours.

e Time course experiments using 20 pg/mL of antibody and incubating for 24

hours, 48 hours and 10 days.

e Examining long-term treatments using a ten day model treating from 18

DIV to 24 DIV.

Antibodies specific for myelin proteins and other cell surface markers were
explored along with their isotype controls (details supplied in Table 2.3). Antibody
purification was performed as described in section 2.7.2. All antibodies and
ovalbumin (OVA) were buffer exchanged with Amicon Ultra-0.5 mL, 50kDa,
centrifugal units (Millipore) to remove any low molecular weight contaminants.

They were then diluted in sterile PBS (Sigma Aldrich).

Table 2.3. List of reagents used to treat the myelinating cultures in this study.

Antibodies Host Company Isotype Antibody Target
Z2 Mouse Linington Laboatory IgG2a MOG

04 Mouse Linington Laboatory IgM  Sulphatide
AA3 Rat Linington Laboatory IgG  PLP

010 Mouse Linington Laboatory IgM  PLP

04 Mouse R&D Systems IgM  Sulphatide
Ovalbumin Rabbit Acris Antibodies IgG  Ovalbumin
Isotype Control Antibodies Host Company

1gG2a Mouse Sigma Aldrich

IgG1 Mouse Sigma Aldrich

IgM Mouse Sigma Aldrich

I1gG Rat  Abcam

Proteins Host Company

Lipopolysaccharide Mouse Sigma Aldrich

Ovalbumin Chicken Stratech Scientific Limited
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2.4.2.1 Treatment of myelinating cultures with OVA immune complexes in the
absence of complent

OVA protein and OVA antibody used at 10 pug/mL and 100 pg/mL (product details
in Table 2.3), respectively, were incubated together for 30 minutes at RT to make
the OVA complexes. Then a titration of volumes were added to the cultures, which

already contained 1 mL of normal feeding media; 6.25 pL, 12.5 pL, 25 pL, 50 L.

2.4.2.2 Treatment of myelinating cultures with patient sera in the absence of
complement

The effects of antibodies minus complement was also investigated using patient
derived 1gG. A cohort of 20 patients was collected from patients at the Southern
General Hospital (Glasgow, UK), University of Heidleberg (Germany) and the
University Clinic Grosshardern (Munich, Germany). Collection from each site was
carried out using a protocol approved by their Institutional Review Board. All
patients gave written informed consent to the study protocol. Demographic
information and clinical diagnosis is detailed in Table 2.4. Samples were stored -

80°C.
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Table 2.4. Clinical data of patient cohort selected for complement-independent study.

This table provides the clinical and demographic details of the patient IgG samples used in the
complement-independent study. Abbreviations: SPMS: Secondary progressive MS, RRMS:
relapsing-remitting MS, GBS: Guillain Barre Syndrome, CIDP: chronic inflammatory demyelinating
disorder, NMO: neuromyelitis optica, CIS: clinically isolated syndrome, MG: Myasthenia Gravis.

Patient ID Diagnosis Gender Age
MS1 SPMS Female 43
MS2 RRMS Female 33
MS3 RRMS Male 57
MS4 RRMS Female 44
MS5 RRMS Male 50
MS6 RRMS Male 49
MS7 RRMS Female 41
MS8 RRMS Male 38
MS9 RRMS Female 22
MS10 RRMS Male 36
MS11 RRMS Female 35
OND1 GBS Male 58
OND2 GBS Male 77
OND3 CIDP Female 50
OND4 CIDP Female 62
OND5 CIDP Female 79
ONDG6 NMO Female 47
OND7  Tranverse Myelitis Male 21
ONDS8 CIS Male 63

OND9 MG Female 65
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2.4.3 Immunofluorescent staining of myelinating cultures
2.4.3.1 Staining to visualise myelin

Cultures were fixed with 4% PFA for 20 minutes, washed in PBS, then
permeabilised with 0.5% Triton X-100/PBS (Sigma Aldrich) for 10 minutes, and
washed again. After cultures were blocked with blocking buffer (1% BSA, 10%
horse serum, in PBS) for 30 minutes at RT, cultures were incubated for 45 minutes
with either anti-MBP or anti-PLP in addition to anti-SMI31 to visualise the myelin
and neurites/axons, respectively (Table 2.5). After extensive washing, cover slips
were stained with fluorochrome-conjugated anti-mouse IgG2a AlexaFluor 488 or
anti-rat IgG AlexaFluor 488, depending on primary antibody, and anti-mouse IgG1
AlexaFluor 568 (Table 2.5). Cultures were incubated for 15 minutes at RT in the
dark. Unbound secondary was removed by washing with PBS followed by distilled

H,0 then mounted in Mowiol® 4-88 plus DAPI (Sigma Aldrich).

2.4.3.2 Staining to visualise microglial cells

Cultures were fixed, permeabilised and blocked as in section 2.4.3.1. Afterwards
microglial cells were visualised with anti-IBA1 antibodies and activation status was
detected with anti-ED1 antibodies (Table 2.5). Cultures were washed and labelled
with secondary antibodies anti-rabbit IgG AlexaFluor 568 and anti-mouse IgG1 IgG
AlexaFluor 488 for Ibal and ED1, respectively (Table 2.5). Cultures were washed

and mounted in Mowiol® 4-88 plus DAPI as in section 2.4.3.1.

2.4.3.3 Immunochemistry using cell surface markers

Myelinating cultures were stained with AA3 or 010 antibodies to visualise PLP
positive mature oligodendrocytes and myelin sheaths. Primary antibodies were
diluted in DMEM media and incubated with the myelinating cultures at 4°C for 30
minutes. The cultures were then fixed and blocked as in section 2.4.3.1. After
washing, cultures were then stained with secondary antibodies anti-rat IgG

AlexaFluor 488 or anti-mouse IgM AlexaFluor 488 (Table 2.5).Unbound secondary



Chapter 2 — Materials and Methods 62

antibody was removed by washing with PBS followed by distilled H,O then
mounted in Mowiol® 4-88 plus DAPI.

Table 2.5. List of primary and secondary antibodies used for immunochemistry in this
study.

Primary Antigen Cellular Isotype Dilution Source
antibody location
AA3 Proteolipid protein Intracellular RatlgG 1/100  Giftfrom
Prof. Sue Barnett
Anti-MBP Myelin basic protein Intracellular Mouse IgG2a 1/200 Chemicon
Anti-lbal Ibalon Microglia Intrace llular RabbitlgG 1/1000 Wako
ED1 CD68 on Microglia Intrace llular Mouse IgG1 1/100  Abcam
SMI-31 Phosphorylated Intrace llular Mouse IgG1 1/1500 Abcam
neurofilament
010 Proteolipid protein  Cell Surface Mouse IgM 1/100  Hybridoma
Isotype Conjugated Dilution Source
fluorochrome
Anti-rat1gG 488 (green) 1/400 Mole cular Probes
Anti-mouse 1gG2a 488 (green) 1/400 Mole cular Probes
Anti-rabbit IgG 568 (red) 1/400 Mole cular Probes
Anti-mouse |gGl 488 (green) or 1/400 Mole cular Probes
568 (red)
Anti-mouse IgM 488 (green) 1/400 Mole cular Probes

2.4.4 Quantification of myelinating cultures fluorescent images
2.4.4.1 Quantification of myelinated axons

To measure remaining myelin, quantification was performed using 10 randomly
acquired images from each of the three coverslip, resulting in 30 images per
treatment (10X magnification; Olympus BX51 fluorescent microscope). Axonal
density and myelination were determined using a pipeline (written by Steve
Miucklisch, https://github.com/muecs/cp) in CellProfiler (Anne E. Carpenter and

Thouis (Ray) Jones, Broad Institute Imaging Platform, MIT, USA). The pipeline
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processes each image by extracting the green and red channels. The green channel
is corrected for background illumination, and filters out any cell bodies and
artifacts by their shape. A binary threshold was then applied to both red and green
channels to get total number of pixels per field (Figure 2.1). Values calculated by
pipeline were then exported into Excel where values were expressed in one of two

ways;

% myelinated axons = Total axon density / Total myelin density

% myelin loss = % myelinated axons of treatment X 100
% myelinated axons of control

This calculation was done for the 10 images per coverslip then a mean value for all

three coverslips per treatment was generated from that.
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Figure 2.1. Quantification of myelinated axons using CellProfiler.

This figure illustrates the process adopted by CellProfiler to quantify myelinated axons in images.
This representative image shows myelin stained with anti-MBP (green) and axons with anti-SMI31
(red) (i). Image is first split into its different colour channels green (ii) and red (iii). The threshold is
applied to both images (iv), (v), which gives the total number of myelin and axon pixels per field.
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2.4.4.2 Microglial cell quantification

To assess microglial cells, 10 randomly acquired images were taken from each of
the three coverslips, resulting in 30 images per treatment (20X magnification;
Olympus BX51 fluorescent microscope). Microglial cells were counted using Image)
cell counter function (Version 1.41o, National Institute of Health, USA). Cells
positive for IBA1 with a DAPI" nucleus at the same plane of focus were counted to
measure total number of microglial cells. Cells which were IBA1*, DAPI" and ED1"

were counted as activated microglial cells.

% ED1" Cells = ED1* / IBA1'DAPI" X 100

2.4.5 Analysis of supernatant from myelinating cultures
2.4.5.1 Detection of cytokines from myelinating culture supernatants

Supernatants were harvested at end point of experiment and centrifuged at 300g
for 5 minutes, then aliquoted and stored a -20°C. Thawed supernatant cytokine
levels were measured using a Proteome Profiler Rat Cytokine Array (#ARY008, R&D
systems) according to manufacturer’s guidelines and quantified using ImageQuant

Total Lab software.

2.4.5.2 Cell migration assay

Supernatants from myelinating cultures were harvested and centrifuged at 300g
for 5 minutes, then aliquoted and stored a -20°C. Transwell® plate (Corning Life
Sciences) were first incubated for 10 minutes at 37°C with chemotaxis buffer
(DMEM, 0.5% BSA). This was then replaced with 600 uL of thawed supernatants.
3.0 uM membrane insert were then lowered into the well and incubated for a
further 10 minutes at 37°C to allow chemokine binding to filter. 100 uL of MOG-
specific T cells, which had been thawed and incubated O/N at 37°C in DMEM, were

added into the upper well. The plate was incubated for 4 hours at 37°C, after
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which media from the lower well was transferred into a FACS tube. Full sample
was acquired and migrated cells recorded on a MACSQuant and data analysed

using FlowJo software.

2.5 ANTIBODY ASSAYS

2.5.1 Flow cytometry of transfectant cell lines
2.5.1.1 Mouse serum MOG reactivity

Detached cells were resuspended in FACS buffer at a density of 2 x10%/mL,
confirmed by counting viable cells with trypan blue staining on a microscope slide
with a 0.0025mm? graticule. A total of 100,000 cells were incubated with thawed
serum at a 1/30 dilution for 30 minutes at 4°C. Cells were washed twice with 300
uL FACS buffer and stained with FITC-labelled anti-mouse IgG (Southern Biotech,
Birmingham, AL, USA) antibody at a 1/200 dilution for 30 minutes at 4°C. Cells
were washed twice, and stained with Viaprobe (BD Biosciences). A total of 25,000
events per sample were recorded on the FACS Calibur (BD Biosciences) and data

were analysed using FlowJo software and GraphPad Prism.

2.5.1.2 Patient serum MOG reactivity

Experiment was performed as described in section 2.5.1.1 with only difference
being use of FITC-labelled anti-human IgG (Southern Biotech) to detect anti-MOG

binding.
2.5.2 Enzyme Linked Immunosorbent Assay (ELISA)

2.5.2.1 MOG protein reactivity

Anti-MOG antibody titres were determined by ELISA. Round bottomed 96-well
plates (Corning Life Sciences) were coated with 10 pg/mL rMOG O/N at 4°C. Plates
were washed three times with 0.05% Tween PBS (PBST) in between each step.

Wells were blocked with 1% BSA and incubated at 37°C for 1 hour. Mouse sera
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was used at 1/1000, 1/3000 and 1/9000 and incubated for 1 hour at 37°C.
Horseradish peroxidase (HRP)-labelled IgG and IgM secondary antibodies
(Southern Biotech) were used at 1/25000 and incubated for 1 hour at 37°C.
Antibody binding was detected using developing solution and incubated in the
dark. Reaction was stopped with 4 M sulphuric acid (H,SO,). Optical density (O.D.)
was measured at 492 nm at the end point of reaction using a plate reader
(Magellan Tecan, Mannedorf, Switzerland). Each sample was analysed in

guadruplicate.

2.6 MOLECULAR BIOLOGY

2.6.1 RNA extraction

2.6.1.1 RNA extraction from myelinating cultures using silica-gel membrane
technology

Cells were first lysed using lysis buffer provided by supplier and then homogenised
using QlAshedders (Qiagen, UK). RNA was extracted using the RNeasy Plus Micro
Kit (#74034, Qiagen) as per manufacturer’s standard protocol. RNA was stored at -

80°C or used immediately.

2.6.1.2 RNA extraction from whole brains using Trizol

Whole brain samples from C57BL/6 mice were provided by Trevor Owens from
University of Southern Denmark, Odense. Each brain was lysed by vortexing with
two 5mm Tissuelyser metal beads (Qiagen) in 1 mL Trizol (Ambion, UK) for 10
minutes at 50 oscillations; this vortex stage was repeated. Then 250 uL brain
homogenate was mixed with 750 pL Trizol and incubated for 5 minutes at RT. To
this, 200 pL chloroform was added and shaken vigorously, by hand, for 15 seconds
and incubated at RT for a further 3 minutes. Mixture was then centrifuged for 15
minutes at 12, 000g at 4°C. 700 pL of the interface was removed and added to 700

pL 70% EtOH and mixed by pipetting. RNA was then extracted using PureLink® RNA
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Mini Kit (Ambion) as per manufacturer’s standard protocol. RNA was stored at -

80°C.

2.6.2 cDNA synthesis

RNA was first quantified using a Nanodrop (Thermo Fisher Scientific,
Northumberland, UK) and diluted to a concentration of 500 ng/mL using RNase-
free water. RNA was then converted into ¢cDNA in PCR thermo tubes using
QuantiTect Reverse Transcription Kit (#205311, Qiagen) as per manufacturer’s

standard protocol. cDNA was used immediately or stored at -20°C.

2.6.3 gqRT-PCR

Quantitative real-time polymerase chain reaction (QRT-PCR) was performed using
7500 Fast Real-Time PCR System (Applied Biosystems) in accordance with
manufacturer’s guidelines. gRT-PCR amplifications were performed in triplicate set
up in MicroAmp® Fast Optical 96-well Reaction Plates (Applied Biosystems). Each

reaction contained the following reagents in a 15 pL volume:

SYBR® Green master mix 7.5 uL
Forward and reverse primer mix 100 pmol/pL
cDNA 500 ng/mL
RNase-free water X uL

Primers (Sigma Aldrich) were designed using primer3 software. Sequences were
found at National Centre for Biotechnology Information (NCBI) (National Institute
for Health, USA) and primers were confirmed using BLAST (National Institute for
Health, USA). Upon arrival they were resuspended in RNase-free water and stored
in a 1:1 mix of forward and reverse primers. Sequences are detailed in Table 2.6.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal

control gene for all experiments.



Chapter 2 — Materials and Methods 69

Table 2.6. Primer sequences used in qRT-PCR studies

CCL5 Forward S CTT TGC CTA CCT CTC CCT CG 3
Reverse 95 TCC CCA GCTGGTTAGGACT 3

GAPDH Forward 9 ATG ACT CTA CCC ACG GCA AG 3
Reverse S TAC TCA GCACCA GCATCACC3Z

2.6.3.1 Cycling conditions

An initial denaturation of 95°C for 10 minutes, (95°C for 15 seconds, then a
combined annealing and extension step at 65°C for 1 minute) x 40 cycles, and a

final extension of 72°C for 5 minutes.

2.6.3.2 Quantification

The gene of interest (GOI) expression was quantified by the cycle threshold value
(Ct value), which is the number of cycles required for the fluorescence to cross the
threshold level. Samples of interest can then be compared to controls using the
comparative C; method (Livak and Schmittgen, 2001). The median of the triplicate
wells for each sample was taken and any wells with values of 35 C; or above were
considered to have little or no mRNA expression. C; values were first normalised to

the housekeeping gene, GAPDH, using the equation shown;

A C; = C; of GOI - C; of internal control (GAPDH)

From this the fold change expression of the GOI could be calculated by comparing

the sample of interest to the control or baseline sample;

A A C; = A C; of sample of interest - A C; of control sample

Fold change = 2taacm
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2.6.4 gRT-PCR array

RNA was extracted from cultures as in section 2.6.1.1. cDNA was synthesised using
RT? First Strand Kit (Qiagen) and analysed using cytokine and chemokine PCR
arrays (#PARN-150Z, Qiagen), both performed as per manufacturer’s guidelines.
cDNA was used at 1 pg/mL consistently. gRT-PCR was run using 7500 Fast Real-
Time PCR System in accordance with the manufacturer’s guidelines. Quantification

of results was performed as described in 2.6.3.2.

2.7 BIOCHEMICAL METHODS

2.7.1 Purification of recombinant MOG protein from bacteria
2.7.1.1 Expression of recombinant MOG in bacteria

Rat recombinant MOG protein (rMOG) was expressed in Escherichia coli - strain
DH5a Fig, which had been previously transformed with pQE12 (Qiagen) containing
cDNA coding for rat MOG_1,5, the extracellular domain of MOG. Gene expression
was under the regulation of the Isopropyl B-D-1-thiogalactopyranoside (IPTG)
inducible lac promoter. The plasmid contained codes for six C-terminal histidine
residues to allow purification under denaturing conditions by nickel-chelate
chromatography (Amor et al., 1994). Successfully transformed bacteria were

selected using ampicillin.

Bacteria were grown in seven starter cultures where 15 mL of L. Broth medium
(LB) (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast in dH,0) was inoculated with 15 uL
transformed E. coli glycerol stocks, kanamycin and ampicillin and incubated for 5
hours at 37°C on a shaker. This was then transferred into 1 L of LB supplemented
with more kanamycin and ampicillin, and grown O/N in same conditions. The 1 L
was then divided into four 2 L volumes of LB. When bacterial growth was in
exponential phase, identified by measuring O.D. at 600 nm, 20 mL of 0.1 M IPTG
(BioTech Trade) was added to each flask to induce expression of rMOG. These

flasks were incubated for a further 5 hours, and the bacteria harvested at 4500 g
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(F10BCl, Beckman Coulter) for 15 minutes. This step was repeated until all the

bacterial culture was pelleted. Next, the pellet was stored at -20°C O/N.

2.7.1.2 Lysis of bacteria

The bacterial pellet was resuspended in 5 mL/g PBS and homogenised on ice. To
lyse cells DNase (5 pug/mL) (Sigma Aldrich) and lysozyme (1mg/mL) (Sigma Aldrich)
were added and shaken on ice for 30 minutes. Then 0.5% lauryldimethylamine-
oxide (LDAO) (Fluka Biochemika) was added and the mixture sonicated on ice
(Soniprep 150, MSE) for 10 minutes with the amplitude set at 10-15. To retrieve
rMOG from inclusion bodies, the mixture was centrifuged at 27,000 g (JA25.50,
Beckman Coulter) for 20 minutes, supernatant discarded and pellet resuspended in
10 mL PBS, then homogenised on ice and resuspended in 20 mL PBS. This process
was repeated three times. After final centrifugation the pellet was resuspended in
10 mL 8 M Urea buffer containing 4 mM B-mercaptoethanol and shaken for 30
minutes at RT. Solution was centrifuged at 27,000 g for 20 minutes and

supernatant collected and filtered (0.45 um, Nalgene).

2.7.1.3 Nickel-chelate affinity chromatography using AKTAprime

His-tagged rMOG was purified from supernatant using an AKTAprime (GE
Healthcare) chromatography system where supernatant was loaded on to a
HisTrap column (GE Healthcare) and eluted using an increasing gradient of
imidazole. Eluted fractions were analysed using sodium dodecylsulfate

polyacrylamide gel electrophoresis (15% SDS-PAGE) stained with Coomassie blue.

2.7.1.4 Dialysis

Protein containing fractions were pooled and then dialysed against 4 L 20 mM
acetate buffer (pH 3.5) in dialysis tubing (12-14 kDA, Spectra/ Por Biotech). Protein
dialysed for 48 hours at 4°C. Protein was then concentrated up using Centricon

Plus 70 centrifugal filter units (Millipore) as per manufacturer’s instructions.
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2.7.1.5 BCA protein determination to measure concentration of MOG

Protein concentration was determined using Pierce BCA protein assay kit (Thermo
Fisher Scientific), according to the manufacturer’s guidelines. Round bottomed 96-
well plate (Corning Life Sciences) were used and measured with an ELISA plate
reader (Magellan Tecan) with light absorbance set at 562 nm. Protein
concentration was determined using a standard curve of light absorption against
protein concentration using known BSA concentration standards and blank
references. Final rMOG preparations were stored at -20°C at 2 mg/mL

concentration.

2.7.2 Purification of hybridoma derived antibodies
2.7.2.1 Purification of IgG Antibodies

Z2 was purified from supernatants, section 2.3.1, using Hi-Trap Protein G HP (#17-
0404-01, Amersham Biosciences) columns in accordance with the manufacturer’s
protocol. Supernatants were first filtered (0.45 um, Minisart, Sigma Aldrich) to
remove any particles. Eluted fractions were checked on Nanodrop, and antibody
containing fractions pooled and dialysed in dialysis tubing (12-14 kDa) against PBS

for 48 hours at 4°C. Final antibody concentration was determined by Nanodrop.

2.7.2.2 Purification of IgM Antibodies

04 and 010 was purified from supernatants, section 2.3.1, using Hi-Trap IgM
purification HP (#71-5004-37, GE Healthcare) columns as per manufacturer’s
instructions. Next, supernatants were filtered (0.45 um) and eluted fractions were

checked and dialysed as above, 2.7.2.1.
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2.8 STATISTICAL ANALYSIS

GraphPad Prism was used for all statistical analyses: t-tests, one and two-way
ANOVA with repeated measures were used as appropriate. Data are expressed as
the mean = SEM or mean % SD. P values < 0.05 were considered significant, and all

tests were 2-sided.
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3 MOG-SPECIFIC AUTOANTIBODIES IN MS AND
ADEM PATIENTS

3.1 INTRODUCTION

The concept that MS is a purely T cell mediated disease developed from studies
demonstrating the adoptive transfer of myelin-specific CD4" T cells was sufficient
to induce EAE in syngeneic recipients (Ben-Nun et al., 1981). This is now seen to
have been an oversimplification as EAE can also be induced by autoreactive CD8+ T
cells (Sun et al., 2001). In addition from the outset it was recognised these T cell
mediated disease models fail to induce extensive primary demyelination, the
pathological hallmark of the human disease. Subsequent studies revealed the
development of a demyelinating “MS-like” pathology in these animal models was
dependent on the availability of autoantibodies targeting the surface of the myelin

sheath and/or oligodendrocytes (Linington et al., 1988, Svensson et al., 2002).

The recent discovery that B cell depletion suppresses the development of new
inflammatory foci and reduces relapse frequency in patients with early RRMS
(Hauser et al., 2008, Hawker et al., 2009, Naismith et al., 2010, Bar-Or et al., 2010)
reignited interest in the potential role of autoantibody dependent mechanisms in
the pathogenesis of MS, in particular in paediatric inflammatory demyelinating
diseases that are often associated with an autoantibody response directed against

the extracellular domain of MOG (reviewed in Reindl et al., 2013a).

This response is seen in around 20% of paediatric MS and ADEM cases, but rarely
in adult onset MS (McLaughlin et al., 2009, Brilot et al., 2009, Probstel et al., 2011).
These autoantibodies recognising surface exposed epitopes of MOG are
predominantly of the IgG1 subclass indicating they have the potential to mediate
complement-dependent demyelination in these young patients, but as yet no
correlations have been identified between the presence or absence of these

antibodies and disease severity (Kuhle et al., 2007). A longitudinal study of 77 anti-
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MOG seropositive patients revealed this response was transient in ADEM but
persisted, albeit at reduced titres, in the majority of patients who subsequently
developed clinically definite MS (Probstel et al., 2011). These observations suggest
the pathological significance of MOG-specific autoantibody responses in paediatric
MS may be more subtle than in animal models, in which high doses of MOG-
specific antibodies are used to induce an acute exacerbation of disease activity
associated with widespread antibody-mediated demyelination (Linington et al.,

1988).

To address this question the ability of anti-MOG seropositive sera to mediate
demyelination in vitro using myelinated cultures derived from embryonic spinal
cord was investigated. This strategy was previously successfully used to identify
demyelinating, and more rarely axopathic, autoantibodies in a small subset of

adult patients with severe, steroid resistant exacerbations (Elliott et al., 2012).
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3.2 RESULTS

3.2.1 Z2 treatment induces myelin loss in myelinated cultures in a
dose dependent manner

To investigate the bioassays sensitivity for a dose response experiment was
performed using a complement fixing mouse monoclonal anti-MOG antibody Z2
(Brehm et al., 1999, Piddlesden et al., 1993). Myelinating cultures (24 DIV) were
incubated with a range of different concentrations of Z2 in the presence of 2%
fresh rat serum as an exogenous source of complement and demyelination was
assessed 16 hours later by immunofluorescence microscopy. The remaining myelin
was detected using a monoclonal antibody against myelin basic protein (MBP) and
axons were stained using an antibody against phosphorylated neurofilament
(SMI31). This revealed significant demyelination was mediated by antibody
concentrations as low as 50 ng/mL (p < 0.05, 1lway ANOVA) (Figure 3.1). This
concentration (approximately 0.3 nM) is lower than the range reported for AChR-

specific autoantibodies in myasthenia gravis (0.5 nM to 8 nM; (Leite et al., 2008)).

However, the myelin analysis programme continues to detect some residual
myelin even in those cultures treated with high concentrations of Z2 (5 pug/mL;
Figure 3.1). This could be due to the program being unable to differentiate
between intact myelin sheaths and residual debris, some of which remains
associated with SMI31" neuritis which can be observed by eye (Figure 3.2). This can
also be corrected for by manual analysis (Nash et al.,, 2011). Nonetheless, in
agreement with previous studies this experiment indicates these myelinated
cultures can be used to detect demyelinating autoantibodies at concentrations of >

0.3 nM.
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Figure 3.1 Z2 plus complement mediates demyelination in a dose dependent manner.
Myelinating cultures (24 DIV) were incubated with a range of concentrations of Z2 in the presence
of 2% rat serum as a source of complement at 37°C for 16 hours. Controls included 2% normal rat
serum alone (used as control in graph) and media alone, neither of which caused significant
demyelination. Cultures were stained with anti-MBP and anti-SMI31 to detect the myelin and
axons, respectively. These were then identified using secondary fluorescent-labelled antibodies.
Myelin loss was quantified using CellProfiler. Full methodology is described in materials and
methods (Section 2.4.2 and 2.4.3). Data presented as percent remaining myelin (+x SEM) relative to
untreated control cultures from two independent experiments each of which was performed in
triplicate. *, p < 0.05, *** P < 0.001 (1way ANOVA).
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Figure 3.2. Representative images of Z2 demyelination.

Myelinated cultures (24 DIV) were incubated with a range of concentrations of Z2 in the presence
of 2% rat serum as a source of complement at 37°C for 16 hours. Representative images compare
myelination of controls, including 2% normal rat serum alone (i), and normal feeding media alone
(i), neither of which caused significant demyelination. Representative image showing myelin loss of
myelinating culture incubated with 5 pg Z2 (iii), and image after being processed by CellProfiler (iv).
Programme occasionally recognises myelin debris as myelinated axons. Inserts in (iii) and (iv)
show area highlighted by arrows magnified. They identify an example where the programme has
falsely calculated debris as myelin sheath (SMI31: red, MBP: green, 10X magnification). Scale bar
representative of 100um.
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3.2.2 Demyelinating activity associated with MOG seropositive sera

For this experiment a cohort of patient sera was kindly donated by Prof. Reindl|
Markus from Innsbruck Medical University, Austria (demographic and clinical
diagnosis of patient along with ethical approval is provided in section 2.4.1.1).
These samples had previously been identified as being MOG-seropositive or
seronegative (Figure 3.3). In addition to this they provided a small number, MOG-
seronegative, healthy control donor serum. These samples were all screened for

demyelinating activity using myelinated cultures.

With the exception of one case, ADEM4, none of the samples induced significant
demyelination, irrespective of their anti-MOG antibody status (Figure 3.3). Notably
ADEM3, which had higher titres of anti-MOG antibodies, had no detectable effect
on demyelination. Z2 was used as a positive control, which showed robust
demyelination indicating that there was no problem with the model. There was
variation in myelin loss with most of the patient serum samples. Comparing the
healthy control serum samples, taking all five together, there was a mean % myelin
loss of 10.34 + 2.82%. This suggests that when using this model to screen patient

serum samples 10-13% myelin loss should be regarded with caution.

Analysis of the effects of ADEM4 on myelination confirmed this serum contained
antibodies capable of mediating complement-dependent demyelination in vitro (p
< 0.05; Figure 3.4), but the magnitude of this effect was small (control; 11.49 +
1.01, ADEM4; 8.61 + 0.68). Also it was not significant at the 95% level when
compared to healthy control sera (p > 0.05; range 5.82 to 12.92 % myelin loss)
(Figure 3.3).

Several different reasons may explain why this small study failed to identify an
obvious correlation between serum in vitro demyelinating activity and the
presence of MOG-specific autoantibodies:

(1) The concentration of MOG-specific antibodies is below the detection

threshold of the assay



Chapter 3 — MOG-specific autoantibodies in MS and ADEM patients 81

(2) The disease associated antibody response to human MOG does not
cross-react with its rat homologue

(3) The response is simply not pathogenic

PatientID Diagnosis Antibody Titre  MOG lIgG  Murine MOG Reactive % myelin loss

MS1 Adult M5 0.0 - - 4.76 £ 6.65

MS2 Adult MS 1in40 - low 0

MS3 Adult M5 0.0 - - 0

Ms4 Adult M5 0.0 - - 0

MS5 Adult MS 0.0 - - 23.21+32.81

MSE Adult M5 0.0 - - 17.19+24.31
ADEM1 Adult ADEM lin 640 + no 0.07£0.13
ADEM2 Pediatric ADEM 1in 2560 + - 7.88+10.34
ADEM3 Pediatric ADEM 1in 5210 + high 3.46+5.99
ADEM4  Pediatric ADEM lin 640 + high 20.01+7.13
OND1 Pediatric ON 1in 640 + no 21.91+30.00
OND2 Adult Myelitis lin 640 + no 5.70£8.41

HC1 = 0.0 = = 10.61 + 18.37

HC2 - 0.0 - - 5.82£6.39

HC3 - 0.0 - - 12.47+21.10

HC4 - 0.0 - - 12.92 +15.85

HCS - 0.0 - - 9.88+17.11

Figure 3.3. Myelin loss is induced by incubation with patient serum samples in vitro.

Figure shows results for 6 MS, 4 ADEM and 2 other neurological disorder (OND) patients and 5
healthy controls. Patient sera were previously tested for antibody titre, presence of MOG IgG and
reactivity to murine MOG. Sera were then tested on myelinated cultures (24 DIV) for demyelinating
activity. They were incubated at 37°C for 16 hours with heat inactivated patient serum at a 1/30
dilution with or without 2% rat sera. Cultures treated with patient sera alone were used as controls.
Z2 was used as a positive control. Data was from three independent experiments performed in
triplicate, except MS5, 6 and ADEM 4 due to sample size constraints, (mean % myelin loss = SD).
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Figure 3.4. ADEM4 patient serum induces demyelination in vitro.

Myelinated cultures (24 DIV) were incubated at 37°C for 16 hours with heat inactivated patient
serum at a 1/30 dilution with or without 2% rat serum as an exogenous complement source.
Cultures were also treated with rat serum alone as a control. Bar graph shows representative
results from two independent experiments performed in triplicate, mean (x SD). Significance
determined by a t-test, *, p < 0.05. Rat serum alone and ADEM4 serum alone had the same %
myelinated axons, p = 0.846.
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In an attempt to resolve these points another cohort of patient sera was attained.
These were kindly provided by Prof. Amit Bar-Or from the Montreal Neurological
Institute (ethical approval and patient data is provided in section 2.4.1.1). These
samples had been previously analysed by flow cytometry to determine: (1) the
anti-human MOG antibody titre; (2) its cross-reactivity with murine MOG; and (3)
its MOG-reactive IgG subclass profile. The experiment was blinded as to sample
identity, but the collaborators ensured the sample cohort included at least one
sample with a very high titre of cross reacting IgG1 MOG-reactive antibodies
(samples 4 and 5) predicted to mediate complement-dependent demyelination
(Mayer et al., 2013) (Figure 3.5). In both this experiment and the previous one
serum was used instead of purifying the IgG, as although this would have been a
preferable methodology there was a very limited volume of sera. Nonetheless
screening these samples failed to identify any patients that mediated a significant
level of complement-dependent demyelination when assayed at a dilution of 1 in

30, which was the highest concentration possible with the serum volume available

(Figure 3.5).

Patient Diagnosis Murine Human % myelin loss
ID MOG reactive MOGreactive
1 Mono ADS + - 0.20+0.28
2 Mono ADS + - 0
3 Mono ADS + - 7.47 £ 10.56
4 ADEM + + 0
5 ADEM + + 1.27+1.80

Figure 3.5. Paediatric MS and ADEM sera do not cause demyelination in vitro.

Shown are the % myelin loss results from 5 paediatric patients. Patient sera from patients with
mono ADS (one acquired demyelinating event) and ADEM were previously tested for antibody
binding to murine and human MOG. Myelinated cultures (24 DIV) were incubated at 37°C for 16
hours with heat inactivated patient serum at a 1/30 dilution with or without 2% rat sera. Cultures
treated with patient sera alone were used as controls. Z2 was used as a positive control. Data was
from two independent experiments performed in triplicate, (mean % myelin loss + SD).
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3.3 DISCUSSION

The adoptive transfer of antibodies recognising the native extracellular domain of
MOG will induce a severe exacerbation of clinical disease in animals with EAE
associated with extensive complement-dependent demyelination (Linington et al.,
1988, Svensson et al., 2002). The identification of MOG-specific autoantibodies
with a similar specificity profile in paediatric cases of MS and ADEM prompted
speculation these would also act to induce demyelination and exacerbate disease
severity (Reindl et al., 2013b). This hypothesis was tested in the current study by
investigating whether we could identify the expected correlation between the
presence of this MOG-specific autoantibody response in patient sera and its ability

to mediate demyelination in vitro.

The use of myelinated cultures to detect demyelinating autoantibodies ex vivo was
described first in a series of studies carried out in the 1960’s that reported some,
but not all sera from MS patients demyelinated rodent cerebella explant cultures
(Bornstein, 1963, Bornstein and Appel, 1965). The inability of other groups to
reproduce these findings however led to this experimental approach being
neglected for over 30 years until it was resurrected following advances in
myelinating culture techniques, immunofluorescence microscopy, data acquisition
and analysis. These technical advances led to the development of a bioassay in
which myelinated cultures were derived from embryonic rat spinal cord (Sorensen
et al., 2008). They have been used to identify demyelinating, and more rarely
axopathic autoantibodies in a subset of patients with severe steroid resistant

relapses (Elliott et al., 2012).

The high degree of sequence homology between human and murine MOG
together with the cross-species reactivity of murine MOG-specific monoclonal
antibodies led us to anticipate the response in patients would also cross-react with
rat MOG in the bioassay; a pre-requisite if we were to use it to explore its ability to

mediate demyelination in vitro. Unfortunately during the course of this study it
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became apparent that although the extracellular domains of human and rat MOG
exhibit a sequence identity of >90 % this does not necessarily support a cross-

reactive response (Mayer et al., 2013).

A recently published study of the epitope specificity of MOG-specific
autoantibodies in 111 seropositive patients reported a large proportion of the
MOG-reactive repertoire does not recognise murine MOG (Mayer et al., 2013)
indicating rodent derived myelinated cultures are not an appropriate tool to
screen for demyelinating autoantibodies in clinical samples. In rodents >80% of the
MOG-specific response recognises a single motif exposed at the tip of the FG loop
of MOG (Breithaupt et al., 2008), but in man epitope recognition is far more
heterogeneous and involves at least 7 different patterns (Mayer et al.,, 2013).
These all involve residues exposed on loops connecting the B strands of the
extracellular IgV-like domain of MOG, including in a minority of cases the FG’ loop
motif recognised by many demyelinating MOG-specific murine mAbs (Breithaupt
et al., 2008). Crucially only 19 of the 111 samples analysed exhibited comparable
binding to human and murine MOG expressed at the surface of transfected cell
lines. In the remaining cases recognition of mouse MOG was either absent or
significantly lower than for the autologous human antigen. This observation
stresses the importance of developing human culture systems to screen for
pathogenic autoantibodies in MS and other neurological diseases. This is not
possible at present due to a variety of technical and ethical issues, but will
hopefully be resolved in the foreseeable future following developments in the use

of stem cell based techniques to generate complex organotypic cultures.

Lack of cross-species reactivity provides a simple explanation as to why sera shown
to contain MOG-specific autoantibodies were unable to mediate demyelination in
vitro. However, this does not explain why sera 4 and 5 in the second small cohort
failed to demyelinate the cultures, as this was selected on the basis of their high
titre of cross-reactive IgG1l autoantibodies as determined by flow cytometry of

transfected cell lines. The inability of these sera to mediate demyelination may be
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attributed to two potential causes: (1) the titre of potentially pathogenic MOG-
specific autoantibodies is below the detection threshold of the assay. (2) The assay

itself detects responses that are not able to mediate demyelination in vitro.

The first is considered most likely as the bioassay will detect complement-
dependent demyelination mediated by mAb Z2 down to concentrations <300 pM
(Elliott et al, 2012; Figure 3.1), which is within the concentration range reported
for autoantibody responses associated with other human autoimmune diseases
e.g. in MG (Leite et al., 2008). Sensitivity could be increased by assaying sera at
concentrations higher than the 1/30 dilution used in this study, but this could not
be investigated due to the limited availability of sera from these anti-MOG

seropositive donors.

Another possible reason why these antibodies appear to play a minor role may be
due to the antibody target. MOG is a structural protein of the myelin sheath but its
function remains unknown (Chekhonin et al., 2003). Studies using MOG-deficient
mice failed to identify a phenotype associated with this knock-out (Delarasse et al.,
2003). Therefore antibody-mediated damage relies solely on complement or ADCC
targeting. In contrast the majority of antibodies in MG target and eliminate AChR
receptors, an important, functional receptor (Cavalcante et al., 2012). Therefore it
is possible that a higher titre of anti-MOG antibody than anti-AChR antibody is

required to see a clinical effect.

Possibly more worrying are concerns around the suitability of using transfected
cell lines as a strategy to identify potentially pathogenic autoantibody responses to
membrane bound antigens in clinical samples. This is now viewed as the gold
standard approach to identify MOG-specific autoantibodies, although a number of
other techniques are available to explore this response in childhood cases of
inflammatory demyelinating disease (reviewed in Mayer and Meinl, 2012). It is
reasoned that the conformation of MOG as it is displayed at the surface of

transfected target cells is identical to that in vivo in which MOG is exposed at the
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surface of the myelin sheath/oligodendrocyte continuum. However, there may be
flaws in this argument as the molecular environment in which MOG is expressed is
very different in these two situations. In particular, interactions with other
molecules in the plane of the membrane may result in changes in epitope
accessibility, or even the conformation of the extracellular domain of MOG itself; a
problem recently highlighted during a detailed analysis of the axopathic
autoantibody response induced by different isoforms of neurofascin (Lindner et al.,
2013). To elucidate the pathological relevance of these FACS detected antibodies
adoptive transfer experiments using EAE models would need to be performed. This
is not possible due to the volume of serum that would be required to get sufficient
immune-purified anti-MOG antibodies and of the low occurrence of donors with

high, cross reactive antibody titres.

The identification of low levels of demyelinating autoantibodies is supportive of
the growing consensus that antibody dependent mechanisms, irrespective of their
specificity, play some role in the pathogenesis of MS (Wilson, 2012). In the case of
MOG-specific autoantibodies in paediatric MS and ADEM patients, the tacit
assumption was that this autoantibody response will induce extensive myelin loss,
and exacerbate clinical disease. This study does not support that assumption.
Further, in most seropositive patients the antibody titre is never particularly high
and declines over time (Probstel et al., 2011). Moreover, no correlation exists
between disease severity and the presence or absence of a MOG-specific antibody

response in either MS or ADEM (Di Pauli et al., 2011).

These observations lead us to ask two simple questions:

1) How much antibody is required to induce significant exacerbation of disease

severity in EAE?

2) How does antibody concentration relate to the levels of demyelinating

activity identified in patients?



Chapter 3 — MOG-specific autoantibodies in MS and ADEM patients 88

Published EAE studies show that large doses of intravenously injected Z2 are
required to induce a severe but survivable exacerbation of EAE in T cell mediated
models of EAE in the rat (Piddlesden et al., 1993, Lindner et al., 2013). Assuming a
plasma volume of 4 mL/100 g and a body weight of 200 g this equates to an IgG
plasma concentration of 82.5 pupg/mL (IgG plasma concentration being
approximately 0.5 nM) (Fowler et al., 1986). This is approximately four orders of
magnitude higher than that required to induce complete demyelination using
monoclonal anti-MOG antibodies in the bioassay, as shown in Figure 3.1. This
observation suggests that higher concentrations of demyelinating autoantibodies
are required to cause clinically significant deficits than what is required to elicit
effects in the in vitro assay; although the situation in patients is complicated by
factors such as lesion load, whether the lesions involve clinically eloquent tracts

and blood brain barrier leakiness.

This hypothesis can be tested by calculating the concentration of mAb Z2 required
to mediate a similar level of demyelination in vitro since a previous published
study acquired IgG preparations from patients with severe steroid non-responsive
relapses, which benefited clinically from plasma exchange (Elliott et al., 2012).
Assuming a serum IgG concentration of 12 mg/mL and taking values from Elliott et
al. (2012), this value for the concentration of “mAb Z2 equivalents” is
approximately 75 nM. In contrast, applying the same calculation to ADEM4’s
serum (Figure 3.4), the only sample that consistently mediated a low level of
complement-dependent demyelination in the current study gave a value of < 1

nM.

Taken together these observations suggest that in functional terms the
concentration of MOG-specific autoantibodies detected in childhood cases of MS
and ADEM is at least three orders of magnitude lower than that required to induce
a clinically significant response in EAE (Lindner et al., 2013), and at least two orders
of magnitude lower than the demyelinating I1gG response associated with acute

clinical relapses in some adult patients with MS (Elliott et al., 2012). Admittedly
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these calculations are not exact but nonetheless they suggest that low
concentrations of MOG-specific autoantibodies present in cases of paediatric MS
and ADEM may not have a major impact on disease severity. This interpretation is
supported by the lack of any correlation in these patients between disease severity
and the presence or absence of a MOG-specific antibody response. Therefore the
guestion remains, what is the functional relevance of these low titres of MOG-

specific antibodies in MS and ADEM?



CHAPTER FOUR

CHARACTERISATION OF MYELIN-SPECIFIC ANTIBODY
FUNCTION



4 CHARACTERISATION OF MYELIN-SPECIFIC
ANTIBODY FUNCTION

4.1 INTRODUCTION

As stated in the previous chapter there is an increasing body of evidence
identifying anti-MOG autoantibodies in patients with demyelinating disorders,
particularly in patients with paediatric MS (Reindl et al., 2013b, Mayer and Meinl,
2012). The primary pathogenic role of these MOG-specific antibodies is thought to
be through complement or cell-mediated pathways, which is a well-established
mechanism for demyelination and axonal damage and has been identified in many
neurological disorders (Gasque et al., 2000). This mechanism has also been
studied in multiple EAE models (Terenyi et al., 2006). In a study by Linington and
colleagues it was demonstrated that depletion of serum complement markedly
decreased clinical symptoms of EAE (Linington et al., 1989). In addition
complement-dependant demyelination can be seen in post mortem lesions of MS
patients (Lucchinetti et al., 2000). However, the previous chapter illustrated the
fact that the presence of MOG autoantibodies do not always correlate with
antibody-mediated demyelination and to date no one has identified a functional

role for MOG-specific antibodies.

The lack of evidence supporting MOG-specific autoantibody mediated
complement-dependent demyelination, possibly due to low antibody titres, raises
the possibility that these antibodies may be playing a sub-lytic role in disease
pathogenesis. Less is known about how these antibodies might contribute to
disease in the absence of complement but there are several established

complement-independent effector pathways: -
1. Antibody-dependent cell-mediated cytotoxicity (ADCC)

This process results in the lysis of a targeted cell, which has been labelled

with an antibody. Effector immune cells, mainly natural killer (NK) cells, bind
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to the Fc region of the antibody via their Fc receptors, which triggers the
release of perforin and granzyme granules, resulting in targeted cell death
(Shi and Van Kaer, 2006). Studies have shown EAE is ameliorated in FcRy-
deficient mice due to inhibition of ADCC (Abdul-Majid et al., 2002). Perforin®
NK cell numbers were shown to be increased in PPMS and SPMS patients
compared to healthy controls suggesting a role in MS (Plantone et al.,
2013). Human microglia cells have also been shown to lyse opsonised
antigen via their Fc receptor in vitro (Ulvestad et al., 1994). However, it is

unknown what titre of antibodies is required for this mechanism to occur.

2. Opsonisation for phagocytosis

In this pathway antibodies attach to their antigens and act as a binding
enhancer to immune cells expressing Fc receptors (Ravetch and Bolland,
2001). This interaction leads to phagocytosis of the flagged cell (Underhill
and Goodridge, 2012). It has been previously shown that autoantibody
binding is responsible for destruction of the myelin sheath (Genain et al.,
1999). This publication demonstrated that Ig and myelin debris could be

found in phagocytes in patient MS lesions.

3. Direct effects of antibody binding

Studies have shown that anti-MOG antibodies can have a direct effect on
the myelin sheath upon binding. The investigation reported a novel
pathogenic antibody mechanism by which crosslinking of MOG on the
surface of oligodendrocytes led to repartitioning of MOG into insoluble
microdomains (Marta et al., 2003). Furthermore, they showed MOG
crosslinking mediated a physiological change in oligodendrocytes; an
increase in calcium influx and activation of MAPK and Akt, and
morphological changes; e.g. cell process retraction (Marta et al.,, 2005b,
Marta et al., 2005a). They also presented microglial cells as the likely

endogenous cells mediating this cross-linking (Marta et al.,, 2008).
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Collectively, Marta’s published data demonstrate a novel demyelinating
pathway induced by anti-MOG autoantibodies, which could be disease

relevant.

As a result of the previous patient cohort results in chapter 3, this chapter
explored a new role for these autoantibodies; could prolonged exposure to
antibody in the absence of exogenous complement have another sub-lytic effect in
disease? This would be relevant in many autoimmune diseases where there are
low titres of autoantibodies. Previously a similar approach was carried out in vivo
by implanting an 010 hybridoma into rat spinal cords, which resulted in focal
demyelination, remyelination and disruption of newly forming myelin (Rosenbluth
and Schiff, 2009). Rosenbluth et al’ have also explored the effects of implanting
different hybridoma cells secreting IgM antibodies specific to other CNS antigens;
01 and 04, which bind to GalC and sulphatide, respectively (Rosenbluth et al.,
1999, Rosenbluth et al., 2003). These studies showed similar myelin disruption.
However, this model is problematical for investigating complement independent
effects due to the complex relationship between the systemic immune system and
CNS, and because of the local synthesis of complement (Veerhuis et al., 2011,
Morgan and Gasque, 1996). Therefore myelinating cultures were used for these
studies as they could be considered an “immunologically sterile” culture system
with no systemic immune response, even though there are microglial cells present

in the cultures.

The aim of this chapter was to investigate the role of autoantibodies in the
absence of complement. Using the myelinating cultures this study found that
autoantibodies contributed to myelin damage and inflammation in three main

ways (discussed fully in this chapter):-

- Disruption and inhibition of myelin formation

- Activation of microglial cells
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- Production of pro-inflammatory chemokines

Therefore, this chapter presents a novel pathway in which anti-myelin
autoantibodies may potentiate CNS inflammation during MS, independent of

complement.

4.2 RESULTS

4.2.1 Z2 and the 04 antibody inhibit myelination in a complement-
independent manner

To test the effects of antibodies on CNS myelination in the absence of the
peripheral immune system, myelinating cultures were treated for 10 days with 20
ug/mL of Z2, the 04 antibody or their respective isotype control in the absence of
an exogenous source of complement (antibody details in Table 2.3). Cultures were
assessed 10 days later by immunofluorescence microscopy to quantify
myelination. Myelination was significantly inhibited when the anti-
myelin/oligodendrocyte antibodies were present compared to their isotype
controls (Figure 4.1). The O4 antibody is an IgM antibody which binds to several
antigens including sulphatides and sulphated glycosphingolipids. These are found
on pre-oligodendrocytes, mature oligodendrocytes and a constituent of myelin
sheath (Sommer and Schachner, 1981). The 04 antibody treatment abolished the
myelination that should have occurred between day 18 and 28, as there was no
significant difference between % myelinated axons in the non-treated cultures on
18 DIV and the 04 antibody treated cultures at 28 DIV. Myelination increased by
7.4% in the untreated control between 18 DIV and 28 DIV, which was significantly
reduced with the 04 antibody treatment to 2.2%, which was approximately a third

of the control level.

Z2 also inhibited myelination but it was not as marked as the O4 antibody, with
myelination levels being approximately half the control (Figure 4.1). Z2 is a

monoclonal 1gG2a antibody, which binds to the extracellular domain of MOG.
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Results with Z2 were more varied than with the 04 antibody, most likely due to
the changeable amounts of MOG available in the cultures, as maturation of
oligodendrocytes and myelination in the cultures will differ between preparations.
The 04 antibody had a more pronounced effect on myelination compared to 72,
possibly because there was more antigen availability on the cells in the cultures.
This observation showed that the 04 antibody and Z2 in the absence of any

peripheral immune system could affect the levels of myelination.
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Figure 4.1. Antibody treatment in the absence of complement inhibits myelination.

To investigate the effects of treating the myelinating cultures with antibodies in the absence of
complement, myelinating cultures (18 DIV) were treated every 48 hours for 10 days with 20 pg/mL
Z2, the O4 antibody or their respective isotype control. These were supplemented into the normal
feeding media. The control cultures were incubated with normal feeding media alone. Myelination
was quantified at 18 DIV and 28 DIV using immunocytochemistry as described in materials and
methods (Section 2.4.2 and 2.4.3). Cultures were stained with anti-SMI31 and AA3 to detect axons
and myelin, respectively. Experiment was performed in triplicate from three independent
experiments. Data points represent mean (+ SD). Significance was determined by student t-test. *,
p < 0.05.
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4.2.2 Antibody treatment without complement leads to microglial
activation

The previous graph showed that treatment of cultures with antibodies for 10 days
led to significant inhibition of myelination. Next to be established was what
mechanisms were involved in this effect. Microglial cells were investigated as they
are important immune cells of the CNS and have Fc receptors that could be
interacting with the antibodies 04 and Z2 (Giunti et al., 2013). Activated microglial
cells were identified using IBA1 as a microglial cell marker and ED1 as an indication
of cellular activation. ED1 antibody binds to a cytoplasmic antigen found in
lysosomal membranes, which increases with phagocytic activity, a property seen in
activated microglial cells (Bauer et al., 1994, Damoiseaux et al., 1994, Dijkstra et
al., 1985). This revealed that the number of IBA1" cells were approximately two-
fold more after cultures were treated for 10 days with the antibodies compared to
the isotype controls (Z2 and the O4 antibody , p < 0.01) (Figure 4.2A). As this
experiment was performed in a closed in vitro bioassay it indicated that the
microglial cells were proliferating in response to the antibody treatment. Staining
for activated IBA1" cells using ED1 showed a significant increase in the number of
activated microglial cells (Z2, p < 0.05; 04, p < 0.001) (Figure 4.2B). Z2 treatment
led to a 2-fold increase in microglial activation and the O4 antibody treatment led
to a 3-fold increase. In both cases the 04 antibody had a greater effect on the

microglial cells compared to Z2 treatment, mirroring their effect on myelination.

There were also morphological changes in the microglia after treatment with Z2
and the 04 antibody (Figure 4.3). Most pronounced effects were observed the 04
antibody treatment, where cells exhibited a more rounded and ‘amoeboid’ shape,
which is traditionally associated with cellular activation. This was in comparison to
the ramified appearing microglial cells in the isotype control treated cultures.
Consequently, these results suggest that the effect on myelination levels seen in
Figure 4.1 was associated with the activation of microglial cells, with the 04

antibody being more potent than Z2.
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Figure 4.2. Antibody treatment increased the number of microglia and microglial activation.
Myelinating cultures (18 DIV) were treated every 48 hours for a 10 day period with 20 pg/mL Z2,
the O4 antibody or their respective isotype control. This was to observe the effects these antibodies
had on microglial in the absence of complement. The antibodies were supplemented into the
normal feeding media. The control cultures were incubated with normal feeding media alone. After
10 days of antibody treatment the cultures were fixed and stained to identify the microglia using
IBA1 and ED1 for microglial cells and cellular activation, respectively. Cell numbers were counted
using ImageJ. (A) Values shown are total IBA1'DAP1" cells for total microglial cells counted in 30
fields. (B) % ED1" cells was the number of IBA1'DAPI” cells that co-localised with ED1 in 30 fields.
Experiment was carried out in triplicate from three independent experiments (n=3). Bar graph
represents mean (+ SD). Significance was determined by student t-test. *, p < 0.05, **, p < 0.01,
*** pn < 0.001.
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Figure 4.3. Representative images of microglial cells after antibody treatment.

Myelinating cultures were treated as in Figure 4.2, and the microglial cells analysed at 28 DIV.
Representative images of staining with IgG2a (i) Z2 (ii), IgM (iii) and the O4 antibody (iv); showing
the striking heterogeneity of morphology between the antibody treatment and their isotype controls
(IBAl: red, ED1: green, DAP1: blue, 20X magnification). Scale bar representative of 50um.
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4.2.3 Antibody treatment induces a chemokine signature
4.2.3.1 Z2 and 04 treatment induces a chemokine and cytokine protein response

As changes indicative of microglial activation were observed in response to
antibody treatment, chemokine and cytokine production, another hallmark of
microglial activation was next investigated (Lehnardt, 2010, Kim and de Vellis,
2005). Using a proteome array, supernatants from myelinating cultures treated
with Z2 and the 04 antibody for 10 days were assayed (Figure 4.4A and B). The
data showed that there was a clear difference in cytokine and chemokine
production between the antibody treated cultures and the isotype controls. Z2
treatment led to mostly chemokines and some cytokines being produced (Figure
4.5A). Notably CCL5, CCL20, CXCL1, CXCL5 and CXCL10, all of which are key pro-
inflammatory chemokines associated with innate and adaptive immune cell
migration (Szczucinski and Losy, 2007). The 04 antibody treatment showed a
similar chemokine gene expression pattern to Z2 (Figure 4.5B). O4 antibody
produced a larger response as most values were increased approximately two fold
or more than that seen for Z2 treatment; for example CCL5: Z2, 22,989 + 812; 04,
41,966 + 1415. The highly produced chemokines were the same with both
antibody treatments, except CXCL9 which was only produced in response to the
04 antibody treatment. Z2 also induced secretion of some other chemokines and
cytokines which were visible by eye on the proteome arrays but were produced at
low levels (<800) when compared to the others (Figure 4.4B). It is hard to
determine whether they would have any biological effect at such low
concentrations. TIMP-1 and VEGF were very pronounced on the array in both the
isotype treated controls and antibody treated cultures, so they appear to be
constitutively expressed by the myelinating cultures (Figure 4.4). From these data
it can be deduced that the antibody treatment was eliciting a strong chemokine
response. Which cells are producing these chemokines was not investigated in this
study but it is probably the microglial cells, although, emerging evidence has
shown that astrocytes can also produce some of these chemokines and cytokines

(Miljkovic et al., 2011).
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Figure 4.4. Representative rat cytokine array after incubation with supernatants from
myelinating cultures were treated with Z2 and O4.

Myelinating cultures (18 DIV) were treated every 48 hours for 10 days with 20 pug/mL Z2, the O4
antibody or their respective isotype control. The antibodies were supplemented into the normal
feeding media. After 10 days the supernatants were harvested to analyse the chemokines and
cytokines produced. Protein levels were measured using Rat Cytokine Arrays as per
manufacturer’s instructions. (A) Rat cytokine array coordinates. Corresponding cytokines and
chemokines, which are printed in duplicate, are colour coded below. Black circles represent
positive controls and clear circle represents the negative control. Not to scale. (B) Representative
scans of proteome array.
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Figure 4.5. Chemokine and cytokine signatures identified with rat cytokine assay in
response to antibody treatment of myelinating cultures.

Myelinating cultures were treated as in Figure 4.4 then supernatants were harvested at 28 DIV to
detect chemokines and cytokines using Rat Cytokine Arrays as per manufacture instruction
(representative proteome scan in Figure 4.4). (A) Chemokine and cytokine production from Z2
treated supernatants. (B) Chemokine production from the O4 antibody treated supernatants.
Results were from one experiment performed in duplicate. Bar graph represents data normalised to
isotype control, mean (x SEM).
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4.2.3.2 Antibody treatment of myelinating cultures induces a functional
chemotactic signal

The next step was to investigate if these secreted chemokines were functionally
active. This was assessed using a migration assay in which supernatant was taken
from the cultures after 10 days treatment and incubated with T cells. T cells were
chosen as a target as the chemokines elevated in response to the antibody
treatment have been shown to function as effector T cell chemoattractants.
Notably CCL20 has been shown to play a role in recruiting T,17 cells via their CCR6
receptor into the CNS during MS (Sallusto et al., 2012, Reboldi et al., 2009). In
addition to this, T cells found in the MS lesion express CXCR3, which binds to
CXCL9 and CXCL10 (Simpson et al., 2000). Also a high proportion of the T cells in
the CSF of MS patients were found to express CCR5, which binds to CCL5 (Sorensen
et al., 1999).

The results showed that there was a clear increase in cell migration with the
addition of supernatants from the treated cultures as opposed to the isotype
control treated cultures (Figure 4.6A and B). The experiment was not performed in
triplicate so no statistical tests were performed. No conclusions could be drawn as
to which chemokines were actively inducing cell migration as specific chemokines
were not assessed in this experiment. This data offers evidence that the
chemokines detected in these supernatants are functionally active and capable of
attracting T cells. This would be interesting in vivo where these chemokines could
attract peripheral circulating immune cells into the CNS, where they would

possibly contribute to disease.
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Figure 4.6. Antibody treatment induces chemotactic signal which induces T cell migration.
To test whether chemokines detected in the supernatants after 10 days treatment with Z2 and the
04 antibody were functional, supernatants were incubated with unstimulated T cells in a
Transwell® plate and migrated cells recorded by FACS. (A) Bar graph indicates mean values (+
SD) of Viaprobe- cells from one experiment performed in dublicate. (B) Representative FACS plots
show absolute numbers of Viaprobe- cells within total single cells.
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4.2.3.3 Chemokine and cytokine response also observed at mRNA level after
antibody treatment

To investigate if the protein array results were mirrored at a transcriptional level,
MRNA was extracted from the cultures treated for 10 days with 20 pg/mL of 72,
the 04 antibody or their respective isotype control and analysed using a qPCR
array. Fold change results showed a similar pattern to what was observed with the
protein array as there was a comparable increase in chemokine and cytokine
MRNA upregulation in response to the antibody treatment compared to the
isotype controls. After Z2 treatment CCL5, CXCL3, IL-1a and IL-4 were detected at
protein and mRNA levels (Figure 4.7A). 04 antibody treatment only induced an
increase in CCL5 and CXCL9 protein and transcriptional levels (Figure 4.7B). The 04
antibody upregulated the gene expression of other chemokines which were not on
the proteome array, e.g. CXCL13 and CCL22. Again, the O4 antibody treatment
had a much more pronounced response than that detected by the Z2 treatment.
For example, Z2 induced a 5.17 fold change in CCL5 mRNA expression, whereas the
04 antibody treatment produced a 17.1 fold change, which is over a three-fold
increase compared to the Z2. The differences between protein and mRNA
expression of certain chemokines and cytokines may be due to differential
expression at this time point. For instance in the case of CCL20 protein, which was
detected at high levels in Z2 and the 04 antibody treated supernatants at day 10
may be down regulated at the transcriptional level at this time point. Also the PCR
array covered more candidates than the protein array, e.g. IL-22, IL-24, CCL12 and
CXCL13. Therefore, this outcome supports previous results, again suggesting that
pro-inflammatory chemokines and cytokines are induced after 10 days treatment

with the 04 and Z2 antibodies.
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Figure 4.7. Chemokine and cytokine signature is also expressed at mRNA level after ten
days of antibody treatment.

Myelinating cultures (18 DIV) were treated every 48 hours for 10 days with 20 pg/mL Z2, the O4
antibody or their respective isotype control. The antibodies were supplemented into the normal
feeding media. mMRNA was extracted from cultures at 28 DIV. cDNA was synthesised and analysed
using RT? Profiler PCR Arrays as per manufacturers instruction. Bar graphs illustrate fold changes
from upregulated genes highlighted in Figure 4.6. Bar graphs show genes that were upregulated by
Z2 treatment (A), and the O4 antibody treatment (B). Data normalised by housekeeping genes and
relative to isotype control. Bar graphs are representative of one experiment.
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4.2.4 Characterising the chemokine response using CCL5 production

Temporal dynamics and the dosage required to elicit this chemokine response
were subsequently investigated. CCL5 was selected as a target gene to analyse
chemokine upregulation because it was increased at the protein and mRNA level
with both antibody treatments relative to isotype controls, therefore making it the

ideal candidate (Figure 4.8).

3 Protein Array

—_ @l PCR Array
o
% 50000~ ~20 o
]
3 - N
- 3aumfm- 15 = .
E ¥ 2y =4
= O 30000+ °© g
& o 10 8 Q
~ 9 == =3
‘T ¥ 20000+ < 2
v o
L. @ o w
< 2 -5 o ©
= 10000- o
= |
: 3
2 0 -0 2

> o>

Figure 4.8. CCL5 is expressed at protein and mRNA level with both Z2 and the O4 antibody
treatments.

This figure illustrates that CCL5 is upregulated at the transcriptional level in response to both
antibody treatments. CCL5 data collated from the previous proteome and PCR array experiment,
Figure 4.5 and Figure 4.7, respectively. This comparative data showed CCL5 is upregulated at
protein and mRNA level after 10 days of treatment, highlighting CCL5 as a candidate marker to
explore the dynamics of the chemokine response.
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4.2.4.1 Dynamics of CCL5 gene expression after treatment with anti-myelin
antibodies

Firstly a time course experiment was performed to investigate how long it took for
CCL5 to be observed at a transcriptional level. mMRNA was extracted at day 1, 2 and
10 from cultures treated with Z2 and O4. The data showed that the CCL5 response
occurred very quickly, before 24 hours, and then decreased with time (Figure 4.9).
As seen previously CCL5 fold change was greater with the 04 antibody treatment,
even at early time points, but did not reach significance (fold change at 24 hours;

Z2,820.54 + 494.75; 04, 1452.32 + 497.47).

Next the concentration of antibody required to induce CCL5 gene expression was
investigated to examine if low concentrations of antibody were enough to elicit a
chemokine response from the cultures. Both antibodies were used at 2 ng, 200 ng
and 20 pg and mRNA extracted after 24 hours, as this was when CCL5 mRNA
expression was at its greatest. Z2 induced a slight upregulation of gene expression
(fold change = 1.63) at 200 ng of antibody but had no effect at 2 ng (Figure 4.10A).
The 04 antibody treatment resulted in a robust dose dependent response, where
there was still a 2-fold upregulation of CCL5 at a concentration of 2 ng (2.4 £ 0.57),

showing that very low doses of the 04 antibody were sufficient (Figure 4.10B).
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Figure 4.9. CCL5 gene expression decreases over time after antibody treatment.

This figure illustrates the temporal dynamics of the CCL5 response in reaction to antibody
treatment. Cultures were treated for 10 days as per Figure 4.1. To investigate when CCL5 was
upregulated after Z2 and the O4 antibody treatment, mRNA was extracted at day 1, 2 and 10 and
CCL5 levels were assessed using gRT-PCR (detailed in materials and methods Section 2.6). Bar
graph shows fold changes from three independent experiments, mean (+x SEM). CCL5 expression
was normalised to GAPDH and relative to isotype control.
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Figure 4.10. CCL5 mRNA is upregulated in a dose dependent manner with Z2 and the 04
antibody treatment.

To investigate what concentrations of antibody could induce CCL5 mRNA upregulation, cultures
(18 DIV) were incubated with 2, 200 ng/mL and 20 ug/mL Z2, the O4 antibody or their isotype
control for 24 hours prior to mMRNA extraction. CCL5 gene expression was then assessed using
gRT-PCR. (A) Bar graph shows fold change in CCL5 mRNA levels from one independent
experiment. (B) Bar graph shows fold change in CCL5 mRNA levels from two independent
experiments, mean (£ SEM). CCL5 expression was normalised to GAPDH and relative to isotype
control.
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4.2.4.2 CCL5 mRNA response independent of source of antibody

To investigate if the chemokine response was an artefact from the antibody
purification methodology, myelinating cultures were treated with 20 pg/mL
purified 04 antibody, commercially brought 04 antibody and IgM for 24 hours and
the mRNA extracted. When comparing CCL5 mRNA upregulation the results
showed that there was no difference between the two 04 antibody treatments.
This indicated that CCL5 induction was irrelevant of the source of antibody and
importantly, that the purification method wasn’t introducing any contaminating

elements (Figure 4.11).
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Figure 4.11. CCL5 gene expression is independent of source of antibody.

Myelinating cultures (18 DIV) were incubated with 20 pg/mL O4 antibody (Linington laboratory), O4
(R&D systems) or their isotype control IgM for 24 hours then mRNA was extracted. CCL5 gene
upregulation was assessed by gqRT-PCR. Expression of CCL5 was normalised to GAPDH and
expressed relative to isotype control. Bar graph is representative of two independent experiments.
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4.2.5 Investigating mechanisms behind CCL5 upregulation
4.2.5.1 CCL5 gene expression requires antigen recognition of target antigen

The 04 antibody and Z2 both recognise exposed antigens on the myelin sheath
and oligodendrocyte cell bodies therefore it was proposed that the CCL5
upregulation may be associated with recognition of cell surface membrane
epitopes by the antibody. To decipher this, a panel of antibodies against PLP were
used including; the 010 antibody which binds to the exposed, extracellular portion
of PLP (Jung et al., 1996), and AA3 which binds to the sequestered, cytoplasmic C-
terminus of PLP (Kramer-Albers et al., 2006). Therefore, by comparing the CCL5
gene transcription results from both antibodies it could be possible to decipher the
importance of antigen recognition. The results from incubating the myelination
cultures (24 DIV) 24 hours with these antibodies showed that the 010 antibody
upregulated CCL5 gene expression, whereas AA3 did not (Figure 4.12A). This
suggested that antigen recognition by the antibody was required for gene
expression of CCL5. To illustrate that AA3’s binding target is normally sequestered
the cultures were live stained with AA3 and the results revealed very little positive
staining (Figure 4.12B). Fixed staining revealed that AA3 could bind after the

cultures had been permeabilised confirming that its binding epitope is hidden.

CCL5 transcription levels with the 010 antibody treatment were almost equal to
that seen with the 04 antibody treatment, where both induce approximately a
thousand fold increase in CCL5 gene expression. They may both elicit such a strong
CCL5 response due to their IgM isotype, where its pentamic structure and high
avidity could play a role, or because they both bind to the same target cells despite
having different antigens. Overall, this data suggests that CCL5 induction is a
downstream effect that may be dependent on antibody recognition and binding to

exposed antigen.
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Figure 4.12. CCL5 mRNA upregulation requires antibody recognition and binding to target
antigen.

To explore if antibody binding was required for this chemokine response we used the 010 antibody
and AA3 which bind to the extracellular and intracellular portions of PLP, respectively. (A)
Myelinating cultures (24 DIV) were incubated with the O10 antibody and AA3 at 20 pg/mL for 24
hours then mMRNA was extracted and qRT-PCR performed. Expression of CCL5 was normalised to
GAPDH and expressed relative to control. Bar graph represents two independent experiments,
mean (£ SD). (B) To visualise antibody binding myelinating cultures (24 DIV) were stained live or
fixed with the O10 antibody and AA3, and visualised with fluorescent-conjugate secondary
antibodies (staining protocols detailed in section 2.4.2). Representative images of myelin cultures
stained with AA3 live (i) and AAS3 fixed (ii) (20X magnification). Scale bar representative of 100um.
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4.2.5.2 CCL5 mRNA is not upregulated in the presence of exogenous complement

To investigate what would happen to the chemokine expression in the presence of
an exogenous source of complement, cultures were incubated for 24 hours with
20 pg/mL Z2 or the 04 antibody in the presence or absence of 2% rat sera. It was
anticipated that there would be a similar or even larger elevation in CCL5 gene
expression due to the complement-mediated damage leading to increased pro-
inflammatory chemokine signalling. Intriguingly the opposite was seen, in this
experiment the CCL5 transcriptional levels were substantially decreased,
irrespective of antibody specificity in the presence of exogenous complement
(Figure 4.13A). Z2 treatment led to 33 times greater CCL5 mRNA induction when
rat serum was absent compared to when it was present. A similar pattern was
observed with the O4 antibody treatment where there was 25 times more CCL5

gene activation in the absence of rat serum, compared to when it was added. .

To investigate if this inhibition of chemokine response was only seen with CCL5 or
if it was a more general effect a quantitative PCR array was performed. The
myelinating cultures were treated with 20 ug/mL Z2 in the absence or presence of
2% rat sera for 24 hours, followed by mRNA extraction. These results mirrored the
same pattern as seen for CCL5 in the RT-PCR experiments, as the presence of an
exogenous source of complement globally down regulated chemokine expression
(Figure 4.13B). These results were surprising and particularly interesting as it
suggested that the mechanisms leading to chemokine induction when

complement is present differs to when complement is absent.
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Figure 4.13. Antibody treatment together with complement greatly reduces CCL5
upregulation.

CCL5 upregulation was investigated in the presence of complement. (A) Myelinating cultures (18
DIV) were incubated with 20 pg/mL Z2, O4 or their isotype controls, in the absence or presence of
2% rat sera for 24 hours, prior to mMRNA extraction. gRT-PCR was used to analyse upregulation of
CCL5 gene. Bar graph demonstrated CCL5 mRNA fold change, normalised to GAPDH and relative
to isotype control. Data obtained from one experiement, which was performed in triplicate. (B)
Cultures (18 DIV) were treated with 20 pg/mL Z2 in the absence or presence of 2% rat serum for
24 hours prior to MRNA extraction. RT? Profiler PCR Array was used as per manufactures
instructions to analyse overall chemokine response. Values shown are fold change normalised by
housekeeping genes and relative to untreated control. Bar graph shows genes that were highly
upregulated by Z2 treatment in the absence of an exogenous source of complement.
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4.2.5.3 Oligodendrocytes do not upregulate CCL5 mRNA when incubated with
the O4 antibody

The previous experiment showed that the presence of complement substantially
reduced CCL5 induction by Z2 and the 04 antibody, suggesting that CCL5
upregulation may have been lost due to antibody-mediated lysis of the target cell,
i.e. oligodendrocytes. Therefore, to test this theory oligodendrocyte only cultures
(which were isolated from astrocyte monolayers and donated by my colleague Dr.
Debbie Allan) were incubated with the O4 antibody and the isotype control for 24
hours prior to mRNA extraction. The 04 antibody was chosen as it induced the
most pronounced CCL5 mRNA upregulation in previous experiments and because
the O4 antigen is expressed on OPCs and mature oligodendrocytes. The data
showed that there was no significant difference between the 04 antibody and IgM
on CCL5 mRNA expression (Figure 4.14), suggesting oligodendrocytes were not

producing CCL5 in response to antibody binding.
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Figure 4.14. The O4 antibody treatment does not induce CCL5 mRNA upregulation in
oligodendrocyte cultures.

Oligodendrocyte cultures were incubated with the O4 antibody or IgM at 20 pg/mL for 24 hours and
then mMRNA was extracted for analysis using qRT-PCR. Data normalised to GAPDH and relative to
untreated control. Values shown are from one experiment.
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4.2.5.4 OVA immune complexes induce expression of CCL5 mRNA in the
myelinating cultures

If the antibodies weren’t acting directly upon oligodendrocytes to induce CCL5
gene expression, then it is possible that antibody binding to the cell surface must
prompt a response in another cell type. It is feasible that the immune complexes
shed from the cell surface could be responsible for the effects observed. Immune
complexes have previously been shown to exist in the CSF and serum of MS
patients (Jans et al., 1984). They can cause damage and inflammation through
complement and macrophage/microglial activation. To test this hypothesis a new
model was developed using preformed ovalbumin (OVA) immune complexes (OIC)
where OVA antibody and OVA antigen were incubated together for 30 minutes at
room temperature. They were then used in a serial dilution to treat the
myelinating cultures for 24 hour incubation prior to mRNA extraction. CCL5 gene
expression increased in a dose-dependent manner (Figure 4.15). This data
indicates that immune complexes could also induce a similar complement-

independent response as seen with the monoclonal antibody treatment.
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Figure 4.15. OVA immune complex can induce CCL5 mRNA upregulation.

Myelinating cultures (18 DIV) were incubated with a series dilution of OVA immune complexes or
equivalent volumes of anti-OVA or OVA for 24 hours prior to mMRNA extraction Expression of CCL5
mRNA was normalised to GAPDH and expressed relative to untreated controls. Bar graph
representative of two independent experiments, performed in triplicate.
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4.2.6 Z2 and the 04 antibody induction of responses are not due to a
general inflammatory signal

4.2.6.1 LPS treatment induces global upregulation of chemokines and cytokines

Overall, the above studies indicated an association between the antibody
treatment and inhibition of myelination, along with microglial activation and
chemokine production. To investigate if the induction of chemokines observed was
a general response occurring due to a pro-inflammatory signal, the cultures were
incubated with a strong pro-inflammatory inducer, LPS, with the expectation of
similar, if not more pronounced results. To compare differences in chemokine and
cytokine upregulation between Z2 antibody and LPS treatment, mRNA was
extracted from myelinating cultures after 24 hours incubation. The resulting plots
showed huge upregulation of chemokines, as well as some cytokines, in response
to LPS treatment, all of which were approximately an order of magnitude higher

than seen with Z2 treatment (Figure 4.16).
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Figure 4.16. LPS treatment induces a strong mRNA upregulation of chemokines and
cytokines.

Myelinating cultures (18 DIV) were incubated for 24 hours with 100 ng/mL LPS or 20 Z2 pg/mL
then mRNA extracted. cDNA was synthesised and analysed using RT* Profiler PCR Array as per
manufactures instruction to analyse overall chemokine response. Values shown are fold change
normalised by housekeeping genes and relative to untreated control from one experiment. Bar
graph compares gene expression of LPS and Z2 treated cultures.



Chapter 4 — Characterisation of myelin-specific antibody function 119
4.2.6.2 LPS treatment does not inhibit myelination

To elucidate if the induction of chemokines was responsible for the effects on
myelination observed with the 10 day antibody treatments the cultures were
treated with 100 ng/mL LPS, 20 pug/mL the 04 antibody and IgM and myelination
was analysed after 10 days. It was expected that LPS treatment would have a
similar or greater effect on myelination. In contrast to this hypothesis, the data
clearly showed that myelination was unaffected by LPS, as the % of myelinated
axons were equal to that seen in the untreated control and IgM isotype control
(LPS; 8.33 + 0.91, control; 8.95 + 1.43, IgM; 8.42 + 0.21), whereas 04 still
significantly inhibited myelination compared to its isotype control, p < 0.05 (Figure
4.17). This was of great interest as it revealed that the chemokine production itself
was not directly responsible for the inhibition of myelination. This was apparent as
LPS treatment led to a massive upregulation in chemokine mRNA expression after
only 24 hours, yet had no observable effect on myelination when the cultures
were treated for 10 days. This highlighted that the chemokine response was most

likely the by-product of an initial mechanism that affects myelination.
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Figure 4.17. LPS has no significant effect on myelination.

Myelinating cultures (18 DIV) were treated every-other-day for 10 days with 20 ug/mL O4 and IgM
and 100 ng/mL LPS, which was supplemented into the normal feeding media. Immunochemistry
was used to quantify demyelination. Data from one experiment performed in triplicate. Bar graph
represents mean (+ SD). Significance was determined by student t-test. *, p < 0.05.
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4.2.7 Patient derived IgG induces CCL5 upregulation in myelinating
cultures

Next it was established whether patient derived 1gG would elicit the same CCL5
response in the cultures. To address this question, a small cohort of patient IgG
preparations was collated from 11 MS and 9 OND patients (ethical approval,
patient consent and details can be found in section 2.4.2.2 and Table 2.4).
Myelinating cultures (24 DIV) were incubated for 24 hours with 500 pg/mL patient
derived IgG then mRNA extracted. The results were interesting as they showed
that all patient IgG samples elicited a CCL5 response but to varying degrees (Figure
4.18). The highest fold changes seen were 2157.23, 1587.66 and 2027.62, which
were all from RRMS patients, MS2, MS5 and MS6 respectively. The MS cohort had
a wider range of data points and their mean CCL5 fold change in mRNA was slightly
higher than the OND group (MS, 1052.92 + 646.99; OND, 725.67 + 378.82). This
patient cohort had previously been analysed for demyelinating activity (Elliott et
al., 2012). Patients that showed demyelinating activity in the Elliott et al., study did
not correlate with higher fold changes of CCL5 mRNA in this study. This outcome
implies that patient derived 1gG could also induce the same effects on myelination
and microglia observed with the Z2 and 04 antibodies, but long term incubations
with the patient IgG to investigate this were not performed due to patient sample

availability and time constraints.
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MS5 RRMS 1587.66
MS6 RRMS 2027.62
MS7 RRMS 1228.87
MS8 RRMS 649.87
MS9 RRMS 593.52
MS10 RRMS 557.61
MS11 RRMS 794.84
OND1 GBS 1015.17
OND2 GBS 321.02
OND3 CIDP 1305.08
OND4 CIDP 1130.05
OND5 CIDP 922.49
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OND7 Tranverse Myelitis 259.22
ONDS8 CIs 480.75
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Figure 4.18. Patient derived IgG induces CCL5 mRNA upregulation.

Myelinating cultures (24 DIV) were incubated with patient derived IgG at 500 pg/mL for 24 hours
prior to mMRNA extraction. (A) Expression of CCL5 gene was normalised to GAPDH and relative to
human IgG treated control. (B) Summary of patient’s diagnosis and CCL5 fold change induced by
IgG purified from patient. All patient IgG samples induced CCL5 mRNA upregulation. Further
patient demographic details are in Table 2.4.
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4.2.8 72 treatment induces CCL5 gene expression in vivo

It was further investigated if CCL5 gene expression could be observed with
antibody treatment in vivo. This experiment was performed in collaboration with
Trevor Owens at the University of Southern Denmark, Odense. Trevor Owens
laboratory intrathecally injected 5 C57BL/6 mice with either 4.5 mg/mL Z2 or 1gG2a
or 100 ng/mL LPS as a positive control. After 24 hours the whole brain was
harvested and snap-frozen for shipment. These tissue samples were then
processed as described in section 2.6.1.2. After mRNA extraction the CCL5 signal
was measured using gRT-PCR. The results showed that CCL5 was upregulated in all
the Z2 treated mice (fold change > 2) but didn’t reach significance compared to
control, p = 0.066, t-test (Figure 4.19). This was because of the variance in CCL5
induction across the Z2 treated mice, mean = 8.39 + 7.64. However this produced
an interesting observation because it reveals that CCL5 mRNA expression induction
could be measured from a whole brain sample and verifies that this chemokine

induction can be translated from the in vitro model to an in vivo model.
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Figure 4.19. CCL5 mRNA level is upregulated in whole mice brains after intrathecal injection
of Z2.

C57BL/6 mice were intrathecally injected with 4.5 mg/mL IgG2a (control), Z2 or 100 ng/mL LPS
(n=5). After 24 hours mice were perfused, their brains snap frozen, followed by mRNA extraction
for CCL5 gene expression quantification by gRT-PCR. Data was normalised to GAPDH and
expressed relative to isotype control. Values shown are mean (+ SEM). Results did not reach
significance; student t-test, control vs. LPS, p=0.069, control vs. Z2, p=0.066.
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4.3 DISCUSSION

This chapter established a novel pathway by which autoantibodies in the absence
of exogenous effector mechanisms might contribute to MS pathogenesis. Z2 and
04 treatment of myelinating cultures without any exogenous source of

complement or peripheral immune cells led to three distinct effects:-

1. Inhibition of myelination

2. Activation of microglial cells

3. Rapid induction of chemokine production

Firstly, the data presented in this chapter showed that cultures treated with anti-
myelin antibodies Z2 and 04 alone led to inhibition of myelination (Figure 4.1).
Blocking of further myelination was seen irrespective of the antibody target on the
myelin sheath. As not all myelin was lost it was hypothesised that further
myelination of the cultures is inhibited as opposed to destruction of myelin already
present. These results are the first description of antibody independent effects on
myelination in vitro in this myelinating culture system but its mechanism of action

is as yet unknown.

It is likely this effect was due to antibody recognition of their surface antigens.
Previous published data revealed that there are a number of ways in which these
antibodies could have led to disruption of myelin ensheathment after antibody
binding. A relevant study in which a group implanted the 010 hybridoma into the
spinal cord of rats, led to production of an IgM antibody against PLP (Rosenbluth
and Schiff, 2009). This led to focal demyelination and remyelination when
implanted into adult spinal cords while in contrast, when transplanted into juvenile
rats led to dysmyelination, and IgM was seen to be incorporated into newly
forming myelin. This appeared only to arise when the adjacent processes were

both of oligodendrocyte origin, therefore suggesting IgM binding to PLP on both
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sides was necessary for the formation of expanded myelin. In addition, this effect
was not seen with control hybridomas which lacked specificity to exposed myelin
epitopes, indicating antigen recognition was required. In both scenarios these
effects were not associated with axon degeneration, which was also observed in
antibody treatment of the myelinating cultures (data not shown). This suggests
that antibody-mediated inhibition of myelination presented in this chapter could
be a result of antibody incorporation into forming myelin sheaths. This process
would be disease relevant as it could play a role in inhibiting attempts at

remyelination that occurs during MS.

As discussed in the introduction, anti-MOG antibodies have also been shown to
lead to repartitioning of the myelin sheath and physiological changes of
oligodendrocytes (Marta et al., 2003, Marta et al., 2005b). These studies showed
crosslinking of antibodies bound to MOG led to the formation of insoluble rafts on
the surface of oligodendrocytes, which subsequently triggered a cascade of cellular
events including withdrawal of oligodendrocyte processes. This phenomenon does
not appear to be specific to MOG as studies using antibodies against MAG on
oligodendrocytes also results in repartitioning of MAG into insoluble complexes
(Marta et al., 2004). Therefore, this process could be proposed as a possible initial
event of myelin/oligodendrocyte-specific antibody mediated demyelination in the

absence of complement.

Blocking of myelination could also be due to steric hindrance, where antibody
binding leads to loss of function. The O4 antibody binds to sulfatides which are
thought to play a major role in function and stability of the myelin sheath. This is
evident in mice deficient of the enzyme required for sulfatide synthesis during
myelin formation, which display severe tremoring and ataxia, thought to be a
result of the development of thinner myelin sheaths (Coetzee et al.,, 1996).
Therefore, binding of the 04 antibody in the myelinating cultures could be having a
direct effect on sulfatide function, which could in turn be responsible for the

inhibition of further myelination. Moreover, the binding of the 04 antibody to the
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sulfatide on the surface of oligodendrocytes could be inhibiting their function, or
cell development into mature, myelinating oligodendrocytes, as it has been shown
that direct binding of antibody to this cell can trigger cellular changes (Marta et al.,
2005a). An interesting point here is that the function of MOG is still to be
uncovered so direct effects on MOGs function due to antibody binding should not

be discounted.

The second distinct effect observed in association with the inhibition of
myelination, was activation of microglial cells. Microglia are resident CNS
macrophages and activation of these cells are a hallmark of MS pathology
(Goldmann and Prinz, 2013). Microglial cells, along with macrophages from the
blood, are quickly recruited to active MS lesions where they interact with T cells
(Jack et al., 2005). The results presented here clearly show that the microglia cells
were significantly activated in response to the antibody treatment (Figure 4.2).
There were also significantly higher numbers of IBA1" cells in the treated cultures.
Microglia cells are derived from mesodermal progenitors, distinct from monocytes,
and migrate to the CNS during embryonic and foetal development (Chan et al.,
2007, Schulz et al., 2012, Gomez Perdiguero et al., 2013). It is also evident that
these CNS resident cells after injury/disease can renew their population
intrinsically (Lassmann and Hickey, 1993). With this in mind, and as the in vitro
model is a closed system, it is most likely the IBA1" cells were self-dividing. Future

experiments would use BrdU staining to confirm this hypothesis.

Microglial cells were most likely being activated via their Fc receptors, but whether
this effect was via a Fc mediated effector pathway is yet to be determined. Future
experiment could be carried out by treating the myelinating cultures with Fab and
F(ab)2’ regions and effects on microglia assessed. Microglial cells express Fcy
receptors |, Il and Il (Ulvestad et al., 1994). Antibody-mediated activation of
microglial cells via their Fc receptors leads to chemokine secretion and
phagocytosis (Song et al., 2004). The study did not investigate if the microglial cells

were phagocytosing the myelin; although it is unlikely to be the main effector
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function occurring, as complete myelin loss did not occur even after 10 days of
treatment, when residual myelin could be observed. However, the microglial cells
did show a significant increase in ED1" staining and ED1 is a marker of phagocytic
activity, indicating that antibody treatment is increasing this cell function (Bauer et
al., 1994). To explore this, future experiments would be to stain the microglia for
myelin debris to determine if phagocytosis is occurring. It has also been shown
that incubation of microglial cells with antibody coated antigen led to ADCC and
oxidative bursts (Ulvestad et al., 1994). Oxygen radicals have been shown to cause
oligodendrocyte cell death in vitro, suggesting Fc mediated ADCC and oxidative
bursts could be killing oligodendrocytes, inhibiting further myelination (Kim and
Kim, 1991). Therefore microglial activation in response to the 04 and Z2 treatment

could have affected myelination through the mechanisms discussed above.

Microglial cells could have also been activated by immune complexes through their
Fc receptors, as the data also showed changes in CCL5 gene expression when the
myelinating cultures were incubated with OVA immune complexes (Figure 4.15).
This would correspond to a recent study which showed that immune complexes in
the brain parenchyma led to persistent local inflammation and microglial
recruitment and activation (Teeling et al., 2012). Interestingly, this inflammation
was blocked in Fcy-deficient mice but not in Clg-deficient mice, showing that it
was Fcy receptor dependent but not complement dependent, which is relevant to

the novel mechanism discussed here.

This study went on to investigate expression of markers of microglial activation
which led to the final phenomenon which was observed in association with the
antibody treatment; secretion of chemokines. The results showed that pro-
inflammatory chemokines were upregulated at the transcriptional level after only
24 hours and that after 10 days treatment they could be identified in the
supernatant using a proteome array (Figure 4.5 and Figure 4.7). There was some
production of cytokine but it was predominantly a chemokine response. In

addition to this, these chemokines appeared to be biologically active as they could
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induce T cell migration (Figure 4.6). The cell responsible for chemokine production
was not elucidated in this study, however reports in the literature suggest it is
likely to be microglial cells as they produce many cytokines and chemokines in
response to pro-inflammatory stimuli (Aravalli et al., 2005, Cheeran et al., 2001,
Cheeran et al.,, 2003), and after activation Fc mediated signalling. It has been
known for many years that microglia play a crucial role as an immune cell in the
CNS and produce many soluble immune factors (Gehrmann et al.,, 1995).
Astrocytes also have an emerging role as secretors of chemokines and cytokines,
so they could also be contributing to the production of chemokines (Dong and
Benveniste, 2001). Astrocytes also express an Fc receptor, FcyRl, but it has not
been linked with any pro-inflammatory downstream signalling (Okun et al., 2010),
making them less likely to be binding the antibodies directly but could be
interacting with the microglia cells. The results showed that the oligodendrocyte
cultures did not upregulate any CCL5 mRNA in response to 04 treatment,
therefore suggesting they are not responsible (Figure 4.14). However a recent
review discussed oligodendrocytes role in inflammation as it has been shown that
these cells can also secrete chemokines in response to pro-inflammatory stimuli

(Peferoen et al., 2013).

As chemokine production occurred in association with inhibition of myelination, it
was important to determine whether these chemokines were responsible for this
effect using treatment with LPS a known chemokine stimulator. The results from
treating the cultures with LPS revealed a large upregulation in chemokine
transcription levels, yet it did not have any effect on myelination, indicating that
the chemokines secreted were not responsible for the blocking of myelination
(Figure 4.16 and Figure 4.17). However, in an in vivo setting the release of these
chemokines would play an important function in potentiating disease by attracting
peripheral immune cells into the CNS. Chemokines are known to play an important
role in MS, as they are essential in recruiting peripheral immune cells across the
blood brain barrier into the CNS (Szczucinski and Losy, 2007). Many of the

chemokines highlighted in these results have previously been identified in the
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literature as playing possible roles in MS pathogenesis. CCL5 and CXCL10
production were both found in the myelinating cultures and these chemokines
were also detected in increased levels in the CSF of MS patients (Szczucinski and
Losy, 2011). In addition to this, it has previously been shown in this myelinating
culture system that CXCL10 could inhibit myelination (Nash et al., 2011). CCL5 is a
potent inflammatory chemokine involved in the recruitment of lymphocytes and
leukocytes due to its promiscuous binding to CCR1, 3 and 5, which are found on
many immune cells (Mueller and Strange, 2004, Trebst et al., 2001). Another
chemokine of interest was CCL20, which 04 and Z2 both induced. CCL20 binds
constitutively to CCR6 and this interaction has been shown necessary to attract
Ty17 cells into the CNS during EAE (Reboldi et al., 2009). This is of interest as Ty17
cells are known to play a role in MS (Romme Christensen et al., 2013). These
observations taken together suggest that low titres of antibodies could potentiate
MS by triggering the release of chemoattractants, drawing effector T cells and

other immune cells across the blood brain barrier.

The patient data alludes to chemokine induction, so therefore possibly inhibition
of myelination if these autoantibodies act in the same way as the anti-myelin
antibodies Z2 and 04 have. A larger MS patient cohort with healthy controls would
be required to verify this however (Figure 4.18). Unpublished data Dr. Christina
Elliott in the Linington laboratory showed that when myelinating cultures were
incubated with IgG derived from MS patient sera at a concentration of 50 pug/mL
for 12 days it resulted in inhibition of myelination in 1 out of the 7 patients tested.
This was a similar response to what is presented in this chapter using anti-myelin
monoclonal antibodies. Furthermore, CCL5 induction was seen in whole mouse
brain samples in vivo after only 24 hours (Figure 4.19) thereby reinforcing that
long-term exposure to antigen-specific antibodies could be a disease relevant

mechanism.

Future investigations will address the mechanisms involved in this novel finding,

and ask whether it is a cell-cell interaction responsible for the inhibition of
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myelination or if it is a secreted soluble factor. Future experiments to resolve this
will use supernatant transfer from treated myelinating cultures to un-treated
cultures to explore if that is enough to inhibit myelination. Moreover, depletion of
specific cell populations before antibody treatment could elucidate the cell
responsible for the effects on myelination. Another aspect of this response to be
further studied is which cell is producing the chemokine signature? To dissect this
out single-cell cultures of astrocytes or microglial cells will be set up and
conditioned medium collected to test in myelinating cultures. In addition in-situ
hybridisation experiments of mixed cultures could be carried out for chemokine
MRNA expression which would be the most effective way to detect the cell
responsible and allow for cross talk between cells. The technical issue with this is
finding the appropriate rat antibodies. Figure 4.12 suggests that for this response
to occur the antibody must have a target that is accessible, as the data shows CCL5
is only induced when the antibody can bind to PLP. This experiment needs to be
repeated with the 10 day treatment to see if this is also true for inhibition of
myelination. Therefore antigen recognition is required but experiments using Fab

fragments need to be done to assess whether the Fc region is also required.

Most importantly these data collectively present a novel pathway in which these
autoantibodies could contribute to disease. There is data highlighting many
antigenic targets for autoantibodies in MS (Somers et al., 2009), but there is still no
identified role for them. This chapter presents a new hypothesis where sub-lytic
levels of myelin-specific antibodies could inhibit remyelination and potentiate
disease by microglia activation and inducing chemokine production leading to

immune cell recruitment.
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5 SELECTIVE DEPLETION OF AUTOANTIGEN-SPECIFIC
B CELLS: A STRATEGY TO TREAT MULTIPLE
SCLEROSIS

5.1 INTRODUCTION

Early studies demonstrated that autoantibody responses to surface exposed MOG
epitopes could induce primary demyelination and exacerbate disease severity in
EAE (Linnington et al., 1984, Lebar et al., 1986, Linington et al., 1988). The
pathology of autoantibody-mediated demyelination in EAE reproduces many
immunopathological features associated with demyelination in MS lesions (Genain
et al.,, 1995, Genain et al., 1999). In particular, replicating the lesion subtype
pattern Il, co-deposition of immunoglobulins and complement activation proteins,
found in active lesions of MS patient brains (Merkler et al., 2006, Lucchinetti et al.,

2000).

These observations from EAE studies stimulated interest in the role of B cell-
dependent pathogenic mechanisms in MS that resulted in the first clinical trial
exploring the effects of B cell depletion in patients with MS. However, research
into the presence of B cells in MS dates back several decades to preliminary
studies performed by Kabat et al., 1942, in which antibodies were first discovered
in patient CSF. Further studies went on to identify OCBs as a pathological hallmark
of MS as they can be found in around 90% of MS patients (Ebers and Paty, 1980).
Since then it has been identified that there is intrathecal synthesis of antibodies
and clonal expansion of B cell populations within the CNS (Obermeier et al., 2008).
Patient studies have revealed beneficial clinical effects for some patient’s treated
with therapeutic plasma exchange, particularly in patients with pattern Il lesions
(Keegan et al., 2005, Linker and Gold, 2008). More recent studies showed
functional evidence of MS patient-derived antibodies demyelinating and axopathic

capabilities in vitro (Elliott et al., 2012). In conclusion, there is now a substantial
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body of evidence supporting a role for B cells and autoantibodies in MS, as

discussed fully in the general introduction (Section 1.4.2).

Compelling evidence of B cell involvement in MS comes from current B cell
therapies which are based on systemic depletion of the whole B cell repertoire
using anti-CD20" antibodies (Deiss et al., 2013). Rituximab is a monoclonal anti-
CD20 chimeric antibody that selectively targets and depletes CD20" B cells. First
phase Il clinical trials in RRMS patients were successful in rapidly reducing
inflammation in the CNS (Hauser et al., 2008). Patients showed substantial
reductions in total numbers of lesions and in the number of newly occurring
gadolinium-enhancing lesions, and the treatment was also associated with a
decrease in the relapse rate (Hauser et al., 2008). Treatment was in conjunction
with almost complete depletion of peripheral B cells after 2 weeks. This was
mirrored in the CSF where the B cell population was markedly decreased after 24
weeks and in addition CSF T cells were also found to be reduced by up to 55% in
this time frame (Cross et al., 2006, Piccio et al., 2010). These results suggest that B
cells are required to maintain inflammation in the CNS but the clinical role of
autoantibodies is doubtful, since the therapeutic benefits of rituximab occurred
before significant decreases in serum immunoglobulin levels and also antibody-
producing plasma cells are CD20 negative. This treatment has also been trialled in
PPMS patients, which resulted in a reduced volume of T2 lesions, although time
until confirmed disease progression was not significant between groups (Hawker
et al., 2009). Rituximab has also been efficacious in treatment of NMO, a
demyelinating disorder of the CNS with a B cell involvement (Cree et al., 2005, Kim
et al., 2013a). The second generation of anti-CD20 therapeutics are currently in
development using humanised monoclonal antibodies (ocrelizumab) or fully
human monoclonal antibodies (ofatumumab), both of which have successfully

reduced disease activity in clinical trials (Kappos et al., 2011, Sorensen et al., 2014).
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B cells contribute to MS inflammation through a variety of mechanisms, which are
discussed in the general introduction, but the definitive mode of action by which B
cell depletion is beneficial in inflammatory demyelinating diseases is still poorly
understood. Experimental studies suggest B cell-mediated presentation of antigen
to encephalitogenic T cells plays a key role in potentiating disease (Weber et al.,
2010). B cells have been highlighted as being extremely effective at presenting
antigen to their cognate T cells, as their B cell receptors are much more efficient at
antigen recognition and better at antigen uptake, processing and presentation
than other antigen presenting cells (Lanzavecchia, 1985, Yan et al., 2006). Another
possibility is the depletion of inflammatory cytokine-producing B cells (Barr et al.,
2012). This study showed that B cells from EAE and MS patients produce more IL-6
and that ablation of B cells in their EAE model ameliorated disease as a result of
decreased IL-6 secretion. B cells have also been shown to produce other pro-
inflammatory cytokines and cytokines involved in lymphoneogenesis (Duddy et al.,

2004, Duddy et al., 2007).

Although B cell depletion is an effective therapy, this approach is limited by a
range of adverse side effects such as hypogammaglobulinemia (Gottenberg et al.,
2010) and neutropenia (Tesfa et al., 2011), which are associated with long-term
complications such as opportunistic infections, including the life-threatening viral
infection progressive multifocal leukoencephalopathy (PML) (Carson et al., 2009).
Early EAE studies in mice which were genetically B cell deficient had a higher
disease burden, suggesting that B cells can also have a regulatory role (Wolf et al.,
1996). These studies and others brought about the emergence of a new B cell
subset, regulatory B cells, which are yet to be fully characterised (Gray and Gray,
2010). Their main suppressive function is thought to be via the secretion of anti-
inflammatory cytokine IL-10, and more recently identified IL-35 (Shen et al., 2014).
Further EAE experiments have shown that depletion of this regulatory B cell
phenotype using anti-CD20 therapies increased disease severity (Ray et al., 2011).

Contrary to this, a recent study by Shen et al. (2014), showed that
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immunosuppressing cytokines IL-10 and IL-35 were being secreted from plasma

cells, which are CD20".

Taken together, this evidence raises the question; could selective depletion of
autoantigen-specific components of the B cell repertoire have a similar level of
clinical effectiveness as global elimination of B cells but without loss of
immunoregulation? Immunotoxins are an effective way to target and eliminate an
antigen-specific population and this therapeutic approach has been studied in
depth (Shapira and Benhar, 2010, Madhumathi and Verma, 2012), particularly in
the treatment of cancer (Kreitman, 2006, Pastan et al., 2007). They have also been
shown to be a promising therapeutic approach in the context of other
autoimmune diseases like rheumatoid arthritis, where in vitro and in vivo studies
led to effective depletion of targeted cells (van Roon et al., 2003, Nagai et al.,
2006). Previous immunotoxin studies in EAE observed a delayed onset of disease
and reduced disease activity by eliminating activated T cells (Jia et al., 2006, Chen
et al., 2007). This antigen-specific approach requires the identification of
appropriate antigen candidates. Recent studies in paediatric MS patients have
revealed significant evidence of increased B cell reactivity to MOG in a subgroup of
around 20% (Brilot et al., 2009, McLaughlin et al., 2009, Probstel et al., 2011). This
highlighted MOG as a candidate target for the development of an antigen-specific

therapy.

This study investigated the efficacy of a recombinant immunotoxin (MOG-ETA’),
which was developed by Professor Stefan Barth’s group in Aachen, Germany (Barth
et al., 2000, Nachreiner et al., 2008). Pseudomanas aeruginosa exotoxin A (ETA) is
a potent toxin commonly used in immunotoxins (Bruell et al., 2003, Stocker et al.,
2005). Once internalised the catalytic domain of the toxin is processed and
transported to the cytosol where the toxin causes cell apoptosis by ADP-
ribosylation of elongation factor 2 (EF-2), an essential factor for protein synthesis

(Weldon and Pastan, 2011). The original binding domain of the toxin was replaced
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with the extracellular domain of MOG (amino residues 1-125) to specifically target
and eliminate MOG-specific B cells in a receptor-mediated fashion (Figure 5.1).
MOG-ETA’s specificity and selective cytotoxicity was demonstrated using 8-18C5
(anti-MOG mouse monoclonal antibody) hybridoma cells in vitro and B cells from
transgenic IgHy\0c mice ex vivo (Nachreiner et al., 2008). The results showed dose-
dependent depletion of MOG-specific B cells. Previous attempts at depleting MOG-
specific B cells used a recombinant fusion protein, composed of the extracellular
domain of MOG and the Fc domain of human IgG1 (Zocher et al., 2003). Despite
the fusion protein being capable of depleting MOG-specific B cells it required much
higher concentrations to achieve any significant results, so was less efficient than

the immunotoxin adopted in this study.

pelB
10*His-Tag
i MOG,_,,; iTransl.! ETA’

I -

Xba | Blp |

Figure 5.1. Diagram of the MOG-ETA’ construct used in these MOG-ETA’ studies.

The immunotoxin has a pelB-leader sequence at the N-terminus, which is followed by a 10*
polyhistidine tag (10*His-Tag) for protein purification by affinity chromatography. The extracellular
domain of MOG is connected to the translocation domain (Transl.), which is next to the catalytic
domain (ETA") of Pseudomonas Exotoxin A. Figure adapted from Nachreiner et al., 2008.
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To assess MOG-ETA’s efficacy in reducing disease, MOG-induced EAE in DBA/1j
mice was adopted; a well-established mouse model which replicates many of the
major immunological features associated with paediatric MS (Abdul-Majid et al.,
2000). MOG is unique as it is the only protein which can induce both a T and B cell
response in contrast to other myelin and non-myelin CNS antigens, which can only
stimulate a T cell response (lglesias et al., 2001). DBA/1j mice are highly
susceptible to MOG-induced EAE and were chosen for this study as it was
discovered that H2-b mice, such as C57BL/6, are unable to develop a
demyelinating autoantibody response to MOG (Abdul-Majid et al., 2000, Bourquin
et al., 2003), which is essential for this study as it is important for lesion

formation, a pathological hallmark of MS (Genain et al., 1999).

Therefore DBA/1j mice were used as MOG-immunisation of this species induced an
encephalitogenic T cell response as well as developed an autoantibody response
directed against conformation-dependent determinants of the extracellular
domain of MOG (Abdul-Majid et al., 2002, Svensson et al., 2002, Abdul-Majid et
al., 2003). This two-hit model ensures disruption of the BBB due to the presence
of anti-MOG encephalitogenic T cell response, which then allows pathogenic MOG-
specific antibodies to enter the CNS. Studies have previously shown that without a
compromised BBB, circulating antibodies cannot access the CNS to cause damage
(Litzenburger et al., 1998, Bourquin et al., 2000). In summary, the aim of this
chapter was to analyse MOG-ETA’s therapeutic efficacy in MOG-induced EAE with
the goal of effectively suppressing disease using this novel antigen-specific

approach.



Chapter 5 — Selective depletion of autoantigen-specific B cells: 139
a strategy to treat multiple sclerosis

5.2 RESULTS

5.2.1 MOG-ETA’ treatment ameliorates disease activity in MOG-
induced EAE

5.2.1.1 Establishing MOG-induced EAE model in DBA/1j mice

The immunotoxins efficacy was tested using MOG-induced EAE in DBA/1j mice. As
discussed in this chapters introduction, the model was chosen as previous studies
revealed it incorporated both T and B cell dependent mechanisms, therefore
recapitulating key immunological features of paediatric MS (Abdul-Majid et al.,
2002, Abdul-Majid et al., 2003). Analysing all the MOG-induced EAE experiments
together (mice, n=25) DBA/1j mice were highly susceptible to MOG-induced EAE,
which was characterised by high lethality, with approximately only 20% surviving
longer than 16 days post immunisation (Figure 5.2). Figure 5.3 shows again that
this protocol leads to a severe disease phenotype, which in this experiment led to
it being terminated 13 d.p.i. due to the animals being too sick. It also illustrates
that increased weight loss is associated with an increase in clinical disease severity

and appears to precede the onset of EAE symptoms.

For the planned MOG-ETA’ investigations it was essential that the mice mounted
an autoantibody response mimicking that observed in approximately one fifth of
paediatric MS patients (MclLaughlin et al.,, 2009). This was investigated by
incubating pooled mouse serum (26 d.p.i) with murine MOG-transfected cell lines,
which express correctly folded murine MOG on their surface. The results showed
that the antibodies bound to MOG transfected cells in a dose dependent manner
(Figure 5.4A). Control mouse serum from naive mice and mice immunised with
CFA alone did not bind to the MOG transfected cells (Figure 5.4B). This confirmed
that EAE development was associated with the production of anti-MOG antibodies
that recognise the native, extracellular domain of MOG, similar to results from
paediatric MS patients (McLaughlin et al., 2009, Di Pauli et al., 2011, Probstel et al.,
2011).
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The antibodies were shown to be pathogenic when incubated with myelinating
cultures (28 DIV). 26 d.p.i. pooled mice sera was incubated for 16 hours along with
2% fresh rat serum as an exogenous source of complement. The results showed
that mice sera dilutions between 1:50 and 1:500 induced demyelination occurring
in the range of 71-96% (Figure 5.5). No myelin loss was seen with rat serum alone
or with serum from mice immunised with CFA only compared to untreated
myelinating cultures (data not shown). Therefore, verifying that the MOG-induced

EAE mouse model incorporated a demyelinating autoantibody response.
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Figure 5.2. MOG,.155induced EAE leads to a chronic disease phenotype.

7-8 week old DBA/1j mice were immunised with 100 pl complete Freund’s adjuvant containing 50
Mg MOG;.1,5 and 150 pg heat killed M. Tuberculosis to establish EAE. The graph illustrates survival
curve of animals over time, with each point representing the percentage of animals alive (n=25).
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Figure 5.3. MOG; 1,5 induced EAE induces severe disease phenotype.

7-8 week old DBA/1j mice were immunised with 100 pl complete Freund’s adjuvant containing 50
Mg MOG;.1,5 and 150 pg heat killed M. tuberculosis. Data shows that mice develop a severe
disease between 9 and 13 d.p.i. which is associated with loss of weight. Data points represent
mean (+ SEM), n=5.
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Figure 5.4. MOG,.155 induced EAE induces a conformation-dependent MOG-specific
autoantibody response.

(A) 7-8 week old DBA/1j mice were immunised with 100 pL complete Freund’s adjuvant (CFA)
containing 50 pg MOG1-125 and 150 pg heat killed M. tuberculosis. MOG-specific antibodies were
detected by incubating pooled mice sera (n=5, 26 d.p.i) with murine MOG-LTK transfected cells in
a serial dilution. Z2 was used at a concentration of 10 ug/mL as a positive control. Antibody binding
was detected using FITC-labelled anti-mouse IgG antibodies. Data points represent mean
fluorescent intensity (MFI) (MOG+ LTK transfected cells MFI minus the control LTK cells MFI).
Cells were pre-gated on live single cells. Data points from two biological repeats (mean = SD). (B)
MOG-LTK transfected cells were incubated with pooled serum (n=5) from naive mice, mice
immunised with 100 pL of 3 mg/mL CFA (26 d.p.i) and MOG1-125 immunised mice (as above).
Pooled sera were used at a 1:50 dilution. Z2 was used at 10 pg/mL as a positive control. MOG-

specific antibody binding was detected as before. Cells were pre-gated on live single cells. FACS
histogram is representative of two biological repeats.
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Figure 5.5. MOG,.155 induced EAE induces a pathogenic MOG-specific antibody response.
7-8 week old DBA/1j mice were immunised with 100 pL complete Freund's adjuvant (CFA)
containing 50 ug MOG.1»5 and 150 g heat killed M. tuberculosis. 26 d.p.i. sera were collected and
pooled from 5 mice. Myelinating cultures (28 DIV) were incubated for 16 hours with pooled serially
diluted serum. 2% rat serum was used as an exogenous source of complement. Z2 was used at a
concentration of 10 pug/mL as a positive control. Untreated cultures were used as a negative
control. Result from one biological repeat performed in triplicate (mean + SD).
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5.2.1.2 MOG-ETA’ treatment significantly reduced EAE severity

Adopting the MOG-induced EAE mouse model discussed above (5.2.1.1), the
efficacy of MOG-ETA’ to influence the development of EAE was assessed. Mice
were treated from 2 d.p.i. and every 48 hours after with i.p. injections of 25 ug
MOG-ETA’ or the control immunotoxin Bo9-ETA’, which had an irrelevant
specificity to a pollen protein (Nachreiner et al.,, 2008). Treatment regime was
selected to maximise probability of immunotoxin success. Injection schedule
commenced 2 d.p.i. to deplete MOG-specific B cells as immune response occurs.
Preliminary experiments indicated efficacy at 25 pg (data not shown). The clinical
data revealed that the treatment did not affect the time of EAE onset (MOG-ETA’,
n =30, 10.2 £ 0.6 d.p.i; Bo9-ETA’, n = 30, 9.8 £ 0.5 d.p.i; p > 0.05), but MOG-ETA’
significantly suppressed accumulation of disability (Figure 5.6A). Figure 5.6B shows
that there was a trending decrease in the mean cumulative disease score with
MOG-ETA’ treatment but this did not reach significance. Unfortunately untreated
MOG-induced EAE was not setup to run parallel to this experiment as a definitive
negative control. Nevertheless, MOG-ETA’ treatment is still associated with a
decrease in disease severity when compared to the clinical scores depicted in the
MOG-induced EAE experiment in Figure 5.3. However, to definitely compare these
MOG-ETA’, Bo9-ETA’ and no treatment would have to be run at the same time
under the same conditions. Due to disease severity, experiments had to be
terminated 11 d.p.i. to ensure that there was a large enough pool of animals for
further ex vivo analysis. Despite this, MOG-ETA’ had a clear effect on slowing

disease progression in this severe model of EAE.
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Figure 5.6. MOG-ETA'’ treatment modulates disease activity in EAE.

7-8 week old DBA/1j mice were immunised with 100 yuL complete Freund's adjuvant (CFA)
containing 50 pug MOG;.15 and 150 pg heat killed M. tuberculosis. Mice were then treated i.p. with
25 yg MOG-ETA’ or Bo9-ETA’ on day two and every 48 hours after immunisation. (A) Clinical
scores represent pooled mean + SEM (n=30). Overall clinical data from three independent
experiments showed significant reduction of EAE. Significance was determined by two-way
repeated measures ANOVA with Bonferroni post-tests. *, p < 0.05, *** p < 0.001. (B) Mean
cumulative score was calculated by the addition of daily clinical scores of all mice. Bar graph
represents mean + SEM (n=30).
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5.2.1.3 MOG-ETA’ treatment reduces cellular infiltration into the spinal cord

To investigate if this reduction in EAE severity was associated with a decrease in
CNS disease activity, the spinal cord from mice were harvested at 11 d.p.i. to
investigate the cellular composition. Cells were isolated, washed, and then
detected with fluorescently-labeled antibodies to identify infiltrating subsets. This
revealed a significant reduction in CD45" leukocytes found in the spinal cord
compared to the control Bo9-ETA’ treated mice, approximately a 2-fold decrease

(Bo9-ETA’, 696,461 + 184,933; MOG-ETA’, 390,529 + 138,400, p < 0.05).

Focusing on specific subsets, there was a significant decline in the CD11b'Ly6C"
monocyte population detected in the spinal cord; p < 0.01 (Figure 5.7A). This
depletion was an important finding as macrophages are major effector cells in EAE
(Huitinga et al., 1995). There were also reductions in CD3*CD4" T cell, B220" B cell
and CD25'FoxP3" Treg cell recruitment into the spinal cord (Figure 5.7B). This
suggested that MOG-ETA’ was having a global effect on immune cell reduction,
rather than a leukocyte subset-specific phenomenon. Using the same phenotypic
markers the cellular composition of the peripheral LNs were also assessed but no
differences in immune cell numbers were observed between the two treatment
groups (data not shown), suggesting that this was a CNS specific effect. The B cells
were additionally labelled with CD1d and CD5 to look for cD1d"&"cDs5? regulatory B
cells, a subset phenotype previously defined by Yanaba et al. (2008). There was no
difference in this population between immunotoxin treatments (data not shown).
Overall this data shows that MOG-ETA’ treatment reduced clinical disease severity
and this was associated with a significant depletion of monocytes and decreased

recruitment of lymphocytes into the CNS.
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Figure 5.7. MOG-ETA' treatment reduced immune cellular infiltration into spinal cord.

Each single cell suspension was from 3 pooled spinal cords at termination of the experiment (11
d.p.i.). Cells were pre-gated on live CD45" single cells. (A) There was a significant reduction in
infiltrating monocytes. Monocytes and neutrophils were stained with Ly6C and Ly6G respectively,
which were pre-gated on CD11b". Significance was determined by two-way repeated measures
ANOVA with Bonferroni post-tests. **, p < 0.01. (B) There was an observable reduction in
lymphocytes in the spinal cord. CD4" T cell populations were stained with CD4 and CDS3,
regulatory T cells stained with FoxP3 and CD25, which were pre-gated on CD4" T cells, B cells
stained with B220, which were pre-gated on CD5’ cells. Bar graphs represent mean + SEM (n=3) of
absolute numbers of cells in the spinal cord, representative of two individual experiments.
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5.2.2 MOG-ETA’ treatment is associated with a paradoxical MOG-
specific pro-inflammatory response in periphery

5.2.2.1 MOG-ETA’ induces peripheral MOG-specific autoimmunity

As MOG-ETA’ treatment was shown to reduce disease severity and decrease
cellular infiltration into the spinal cord, it suggested that the treatment was acting
to ablate the expansion of an encephalitogenic immune response in the periphery.
To assess this, MOG-specific proliferation and cytokine secretion by cells isolated
from the subinguinal LNs of immunised mice were analysed. Interestingly, this
revealed a dichotomy between a reduction in disease activity in the CNS and an
increased peripheral MOG-specific immune response in MOG-ETA’ treated mice.
When LN cells isolated from the MOG-ETA’ mouse group were incubated with
MOG;.155, they proliferated 3- to 4-fold times more than the Bo9-ETA’-treated
controls, p < 0.05 (Figure 5.8). The supernatants from the cultured LN cells were
subsequently screened using a semi-quantitative proteome array (Figure 5.9A).
This revealed that the cells were secreting greater quantities of pro-inflammatory
cytokines and chemokines, which could be observed by eye from the blots (Figure
5.9B). The arrays were quantified using TotalLab to attain arbitrary values (Table
5.1). The cytokine profile secreted by the MOG-ETA’-treated LN cells showed a
selective increase in pro-inflammatory cytokines including IFNy, TNFa and IL-17.
The cytokine milieu appeared to be Ty1/Ty17 skewed with no evidence of a T2 or

Treg response, for example there was no IL-4 or IL-10 secretion, respectively.
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Figure 5.8. MOG-specific proliferation was increased in lymph node cells from MOG-ETA’
treated mice.

Draining lymph nodes were collected from mice 11 d.p.i. (h=4), and mechanically dissociated into a
single cell suspension and the recall response analysed. The cells were stimulated ex vivo with or
without antigen (MOGi.15).  Antigen-induced proliferation was measured, as determined by
incorporation of tritirated thymidine ([H3]-TdR). Results are representative of 3 individual repeats.
Data points represent mean (x SEM). Significance was determined by two-way repeated measures
ANOVA with Bonferroni post-tests. *, p < 0.05.



Chapter 5 — Selective depletion of autoantigen-specific B cells: 150
a strategy to treat multiple sclerosis

[ ]
IL-6 IL-7 - IL-16  IL-17

CXCl1 M-CSF  CCL2 CcLiz CXCL9 CCL3 CCl4 CxXCL2  CCL5 CXCL12

CCL17 TIMP-1 TNF-a TREM-1

CXCL10

B ﬁmmwmmhmmaﬂgﬂﬁﬂﬁgﬁﬂﬁﬁgmﬁ
A
B
C
D
A
B
C
D

Figure 5.9. Cytokine and chemokine production from cells isolated from lymph nodes of
B09-ETA’ and MOG-ETA'’ treated mice.

Draining lymph nodes were collected and mechanically dissociated into a single cell suspension
from mice 10 d.p.i. (n=4), and the recall response analysed. The cells were stimulated ex vivo with
or without antigen (MOG.1,5). Antigen-induced cytokine and chemokine production (i.e. MOG3.155
minus medium alone) was measured from pooled supernatants of 4 mice and profile evaluated.
Protein levels were measured using Mouse Cytokine Arrays as per manufacturer’s instructions. (A)
Mouse cytokine array coordinates are displayed above with corresponding cytokines and
chemokines colour coded below. Black circles represent positive controls and clear circles
represent negative controls. Not to scale. (B) Representative scans of proteome array.
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Table 5.1. Peripheral MOG-specific cytokine response skewed towards pro-inflammatory in
MOG-ETA'’ treated mice.

Draining lymph nodes were collected and mechanically dissociated into a single cell suspension
from mice 11 d.p.i. (n=4), and the recall response analysed. The cells were stimulated ex vivo with
or without antigen (MOG;.1,5). Antigen-induced cytokine and chemokine production (i.e. MOGy. 15
minus medium alone) was measured from pooled supernatants of 4 mice and profile evaluated.
Protein levels were measured using Mouse Cytokine Arrays as per manufacturer's instructions.
Arrays were analysed and quantified using TotalLab. Results are mean values representative of 3
biological repeats.

Pro-inflammatory cytokine and chemokine secretion
MOG,.135 stimulated cells

Chemokines Bo9-ETA' MOG-ETA' | Fold change in MOG-ETA' treated group
CCL1 22301 38710 1.74
CCL3 22852 53484 2.34
CCL4 19897 45080 2.27
CCLS 6930 20533 2.96
CXCL2 35521 42594 1.20
CXCL9 429 4847 11.30
CXCL10 4513 17548 3.89
Cytokines

G-CSF 7874 19898 2.53
IL-1a 1848 12085 6.54
I-1ra 1082 15183 14.03
IL-3 13824 36644 2.65
I-13 3316 7279 2.20
1117 28676 53840 1.88
[FNy 7715 21034 2.73
TNFa 7628 16133 2.11
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5.2.2.2 MOG-ETA’ treatment led to increased titres of demyelinating MOG-
specific antibodies

Proliferation and cytokine data showed that MOG-ETA’ treated mice had an
amplified anti-MOG cellular activity compared to the Bo9-ETA’ treated mice. The
next question posed was to ask if there was also an enlarged anti-MOG antibody
response in the serum. This was investigated by analysis of mouse sera obtained
11 d.p.i. using an ELISA. The results revealed that MOG-ETA’ treatment induced a
3-fold increase in the MOG-specific antibody titre (Figure 5.10A). It is now well
recognised that anti-MOG reactivity determined by ELISA does not necessarily
translate into evidence of a pathogenic antibody response. These antibodies could
be binding to linear MOG peptides or epitopes that are usually not exposed in vivo.
Therefore, next it was examined if there was also an increased anti-MOG response
to correctly folded, native MOG in MOG-ETA’ treated mice using MOG;.1y5
transfected LTK cells. These results showed that MOG reactivity still remained

significantly higher in the MOG-ETA” mouse group (Figure 5.10B).

To determine if the MOG-ETA’ treatment was inducing a demyelinating
autoantibody response, serum was assayed using myelinating cultures to see if the
antibodies were capable of demyelination. The sera were harvested from MOG-
ETA” and Bo9-ETA’ treated mice (11 d.p.i.) and incubated for 16 hours with 2% rat
serum on 28 DIV myelinating cultures. There was significant myelin loss in the
cultures incubated with sera from the MOG-ETA’ treatment group (1:100, Bo9-
ETA’: 36.3 £ 16.7%; MOG-ETA’: 75.3 + 7.7%, p < 0.001) (Figure 5.11). There was no
significant difference in myelination at the lower dilutions of sera, suggesting that
the pathogenic antibodies exist at low titres, as a high concentration of sera was
required to get an observable effect. Cultures were also treated with 2% rat serum
alone as a control and results showed negligible differences in % myelin loss
compared to untreated control (2% rat sera = 4.42% * 7.42; untreated control =

5.00% t 8.67). Therefore, this indicates that the immunotoxin treatment triggers a
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pathogenic autoantibody response in the periphery, which is paradoxical to the

reduction of cellular infiltrate observed in the CNS and decreased EAE severity.
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Figure 5.10. Increase in serum MOG reactivity and demyelinating activity.

Sera from mice 11 days post immunisation were analysed. (A) Serum levels of anti-MOG mouse
IgG was measured by ELISA (n=8). Results representative of 3 individual experiments (mean *
SD). Significance was determined by two-way repeated measures ANOVA with Bonferroni post-
tests. *, p < 0.05, **, p < 0.01. (B) To investigate if these antibodies could bind to native MOG they
were incubated with MOG transfected LTK cells. Serum samples were used at a 1:30 dilution
(n=5). Antibody binding was detected using FITC-labelled anti-mouse IgG antibodies. FACS data
represents the binding ratio (MOG-LTK transfected cells mean fluorescent intensity (MFI) divided
by the control LTK cells MFI). Cells were pre-gated on live single cells. Bar graph represents mean
+ SD. Significance was determined by a two-tailed unpaired Students’ t test. *, p < 0.05.
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Figure 5.11. Increased demyelinating activity in serum from MOG-ETA’ treated mice.

Serum from mice 11 d.p.i. was analysed to investigate demyelinating activity. Myelinating cultures
(28 DIV) were incubated for 16 hours with pooled mice sera (n=6) in a series dilution plus 2% rat
sera. Untreated cultures were used as controls. Cultures were stained with anti-MBP and anti-
SMI31 to detect the myelin and axons, respectively. These were then identified using secondary
fluorescently-labelled antibodies. Myelin loss was quantified using CellProfiler. Full methodology is
described in Materials and Methods (Section 2.4.2 and 2.4.3). Experiment was performed in
triplicate, results shown are from 2 biological repeats. Data points represent mean (x SD).
Significance was determined by two-way repeated measures ANOVA with Bonferroni post-tests.
*** p < 0.001.
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5.3 DISCUSSION

Antigen-specific immunotherapies are the Holy Grail for the treatment of MS.
Currently MS treatments encompasses broad immunosuppression, using drugs like
IFNB, Mitoxantrone, Fingolimod and Natalizumab. Their efficacy is compromised
by an increased risk in opportunistic infections, like JC virus which causes PML
(Bloomgren et al., 2012), treatment-related fatalities (Lindsey et al., 2012, Pelletier
and Hafler, 2012), and other adverse effects. Global B cell depletion is an emerging
therapeutic approach with great potential for people with MS. The first B cell-
depleting drug was anti-CD20 (Rituximab), which was initially licensed to treat
lymphoma and rheumatoid arthritis, but was later discovered to reduce disease
activity in the CNS of patients with RRMS (Cross et al., 2006, Hauser et al., 2008).
The next generation of humanised anti-CD20 treatments are currently in
development and have been effective at slowing disease progression and
suppressing CNS inflammation in recent clinical trials with RRMS patients (Kappos
et al.,, 2011, Sorensen et al., 2014). Unfortunately, these therapies were also
limited by an increased risk of PML due to JC virus infection (Carson et al., 2009),
and other adverse effects associated with continual depletion of the B cell
repertoire. However, the clinical successes of these drugs have reignited research

into the B cells role in MS and B cell targeted treatments.

Apart from B cells role in autoantibody production, they can also potentiate
disease via cytokine secretion and are highly efficient at antigen presentation to
cognate T cells (Antel and Bar-Or, 2006), as discussed in the general introduction
(Section 1.4.2). This information taken together led to the proposal that selective
depletion of autoantigen-specific B cells could provide a novel strategy in which
the successes seen with global B cell depletion could be recapitulated but without
the elimination of other important components of the B cell repertoire; namely
recently identified immunoregulatory protective B cell populations (Matsushita et

al., 2008, Matsushita et al., 2010, Mauri and Bosma, 2012, Shen et al., 2014). This
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study utilised the recent advancements in recombinant immunotoxin technologies

and knowledge to investigate the efficacy of an antigen-specific therapy in EAE.

The autoantigen-specific immunotoxin MOG-ETA’ was previously shown to
effectively target and deplete MOG-specific B cells in vitro and also eliminate
splenic cells from IgHy o transgenic mice ex vivo (Nachreiner et al., 2008). In this
proof of principle study presented in this thesis it was shown that MOG-ETA’
treatment significantly reduced clinical severity in a chronic animal model of MS
despite the complex effector mechanisms involved. The experiment was
terminated at day 11 due to the severity of the model. If there were no time
constraints and more MOG-ETA’ available this experiment would have been
repeated in a less severe mouse model, which would have allowed a longer

disease course and the possibility of therapeutic experiments.

The clinical effect was associated with reduced inflammation in the spinal cord,
which was evident by a decrease in the global cellular infiltration into the CNS.
Most pronounced was the significant reduction in recruitment of monocytes.
Decrease of these peripheral monocyte/macrophage populations may be partly
responsible for the disease suppression as macrophages constitute a large
proportion of the immune cells found in active lesions (Lucchinetti et al., 2000). In
addition to this, the depletion of macrophages in EAE has been shown to decrease
disease severity (Huitinga et al., 1995, Bauer et al., 1995). Treatment-associated
decrease in effector cell recruitment to the CNS could be a result of reduced
antigen-specific B cell-T cell interactions due to MOG reactive B cell depletion. B
cells are highly efficient antigen presenting cells for their cognate antigen (van der
Veen et al., 1992). Studies in B cell deficient mice have shown that T cell priming
and expansion was dependent on B cell antigen presentation and as a result T cell
responses were greatly decreased (Rivera et al., 2001). This T cell activation could
act to establish a positive feedback loop, where products secreted by the T cells

then increase the B cells ability to process and present antigen (Harp et al., 2008,
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Lund, 2008). Therefore, MOG-ETA’ could be diminishing MOG reactive T cell
activation and expansion via cognate B cell depletion. The decrease in effector T
cells could also be responsible for the decline in monocyte numbers as activated T
cells secrete IFNy and TNFa which are required for macrophage activation and
their subsequent production of pro-inflammatory cytokines (Nacy and Meltzer,

1991, Cantor and Haskins, 2006).

MOG-ETA’ induced depletion of B cells was predicted to mediate numerous effects
that could have contributed to the disease suppression observed. As well as the
direct elimination of pathogenic B cells it was hypothesised that this would induce
effects on the T cell repertoire that would skew the MOG-specific response from
an encephalitogenic “pro-inflammatory” Ty1/Tyl7 response to a regulatory
phenotype, including the expansion of the regulatory FoxP3" T cell population
(Weber et al.,, 2010, Hamel et al., 2011). Paradoxically, although MOG-ETA’
significantly reduced disease severity there was no evidence of a potentially
compensatory expansion of the regulatory T cell repertoire. Furthermore the ex
vivo experiments using cells isolated from the peripheral lymph nodes showed an
increase in MOG-specific proliferation. Analysing the supernatants from these
experiments showed that the production of cytokines and chemokines were

indicative of a T41/Ty17 response, including IFNy, TNFa and IL-17.

In association with the increase in MOG-specific cellular activity there was also a
significant increase in MOG-specific autoantibodies found in the blood. Not only
was there a greater anti-MOG titre it was also discovered there was a higher
frequency of demyelinating autoantibodies present in the MOG-ETA’ treated mice.
It was not enumerated whether it was the MOG-specific antibodies responsible for
the demyelination but future experiments would first remove the anti-MOG
antibodies before treating the cultures to elucidate this. These results clearly
demonstrated that the MOG-ETA’ was not eliminating all MOG-specific B cells,

suggesting the treatment regime used in this study was not sufficient. In addition
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the increased MOG-specific antibodies could be binding to the immunotoxin and
preventing it from binding and killing target B cells. However, it was previously
shown that the immunotoxins effects were not compromised by circulating anti-
MOG immunoglobulin in an experiment where MOG-specific B cells were still
eliminated, even when the cells were incubated with MOG-ETA’ plus MOG-specific
antibodies (Nachreiner et al., 2008). Another reason could be, because plasma B
cells no longer present immunoglobulin on their cell surface they would be unlikely
to uptake the immunotoxin. This is a similar problem to that faced by Rituximab as
long-lived plasma cells, which are CD20’, remain after treatment (Warde, 2010,

Bluml et al., 2013, Pieper et al., 2013).

What is still unclear is that since MOG-ETA’ treatment induces a MOG-specific
Tul/Ty17 response in peripheral immune organs and an increased anti-MOG titre
with demyelinating activity, then why does this not induce more severe EAE than
B09-ETA’? It is possible that the decrease of immune cellular infiltration into the
CNS could mean that there has been little inflammation or disruption of the BBB,
therefore even though there is a higher titre of MOG-specific antibodies, they do
not access the CNS to potentiate disease. In addition to this it is known that even
in disease only a small percentage of antibodies pass into the CNS, therefore
calling into question the usefulness of blood borne antibodies as disease markers
and indicating that future experiments should investigate anti-MOG antibody

levels in the CNS.

As disease reduction cannot be entirely due to B cell depletion, another
explanation could be the introduction of excessive soluble MOG antigen, as a
result of the degradation of MOG-ETA’, which may be inducing tolerance.
Excessive, inappropriate antigen-specific stimulation of MOG-reactive T cells could
induce T cell anergy or activation-induced cell death (AICD) (Critchfield et al., 1994,
Racke et al., 1996). This would reduce circulating numbers of effector cells,

thereby decreasing inflammation in the CNS and limiting access of autoantibodies.
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Soluble peptide and protein-induced tolerance as a prospective treatment of MS is
already an active area of research with many successful EAE studies and patient

clinical trials (Lutterotti et al., 2008).

MOG-ETA’ treatment obviously had a protective effect but its efficacy needs to be
improved. Rapid clearance of the immunotoxin could be limiting its ability in vivo
due to a small active time frame or quick degradation of the immunotoxin as ETA-
based immunotoxins typically have a 0.5-3 hour half-life. Future experiments
would assess using higher doses and shorter time intervals to counteract MOG-
ETA’s short half-life, as more regular treatments may increase its efficacy.
However, this would need to be balanced with increased risks of non-specific
toxicities like hepatotoxicity and vascular leak syndrome (VLS) and the
development of neutralising antibodies (Choudhary et al.,, 2011). Unfortunately,
regardless of altering the MOG-ETA’ treatment regime, more antigen would still be

being introduced into the system.

There have been previous studies of immunotoxins in MBP-induced EAE in
C57BL/6 mice. This group administered immunotoxin using cationic liposome-
embedded encoded plasmids, therefore leading to in vivo expression. Both studies
targeted and eliminated activated T cells through their chemokine receptors CCR5
and CXCR3 using diphtheria toxin conjugated to CCL5 or IP-10, respectively (Jia et
al., 2006, Chen et al., 2007). These immunotoxins both delayed onset of disease
and reduced EAE burden. They further showed a decrease in CD3" T cells
infiltrating into the CNS, which are similar to results observed with MOG-ETA’
treatment. In contrast, their immunotoxin also reduced peripheral inflammation as
IFNy serum levels were decreased but interestingly also appeared to stimulate a
more protective T2 response indicated by increased levels of IL-4. These studies
suggest that a future consideration would be to use a MOG7q.95-ETA immunotoxin
(the encephalitogenic T cell epitope for DBA/1j mice), since perhaps targeting

MOG reactive T cells would provide increased disease suppression without the
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adverse peripheral anti-MOG response. In addition to this, implicating their
method of immunotoxin delivery may also offer better disease protection as this
strategy showed immunotoxin still present up to 72 hours after administration.
Therefore, there would be more MOG-ETA’ available and less i.p. injections
necessary, which are very stressful for the mice; this would also be an advantage
when treating MS patients. Other groups have had success suppressing EAE with
MBP fused to GM-CSF, therefore targeting and presenting MBP in a tolerogenic
manner to antigen-presenting cells (APCs) (Abbott et al.,, 2011, Blanchfield and
Mannie, 2010). Therefore, considering effective targeting of the MOG-ETA” would
be worthwhile as the immunotoxin has a short half-life so little time to encounter

and deplete target cells.

In summary this novel MOG-specific therapeutic strategy warrants further
research as data shows clinical benefits of the treatment, although these are
compromised by some drawbacks. However, this antigen-specific approach is the
future of autoimmune treatments as broad immune suppression is not sustainable
for long term use in many patients. The challenge now, in complex heterogeneous

diseases like MS, will be finding the right antigens to target.
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6 SOLUBLE MOG;.155 ANTIGEN-SPECIFIC THERAPY:
A STRATEGY TO TREAT MULTIPLE SCLEROSIS

6.1 INTRODUCTION

The current therapeutic approaches in MS are based on broad
immunosuppression, which can be effective but have the disadvantage of adverse
effects. The previous chapter presented new findings using MOG-ETA’ as an
antigen-specific immunotherapy. The treatment reduced disease burden but was
associated with a paradoxical increase in MOG-specific autoreactivity. In addition it
was clear that immunotoxin mediated B cell depletion could not fully account for
the disease suppression as there was evidence of increased anti-MOG
autoantibody titres. This chapter investigated whether the MOG component of the
MOG-ETA’ treatment would be sufficient alone to reduce EAE severity via antigen-
specific tolerising mechanisms, without incurring other adverse peripheral MOG

reactivity.

The use of antigen-specific tolerance-based therapies have been shown to
suppress disease activity in multiple disease models, including non-obese diabetic
(NOD) mice, collagen-induced arthritis (CIA) and EAE (Miller et al., 2007). In EAE a
range of different antigen-specific strategies have been shown to inhibit or

suppress the development of EAE: -

i.  Soluble studies. The first pioneering studies were performed by Levine et al.
(1968). EAE was prevented by the i.v. infusion of MBP when given either
before or just after the transfer of MBP-specific T cells. More recent studies
have also confirmed EAE suppression after i.v. administration of MBP
(Ishigami et al., 1998, Odoardi et al., 2007). Soluble peptide treatment has
also been investigated. These studies revealed EAE progression could be
prevented when an i.p. injection of immunodominant MBP peptides was

given 10 days after EAE induction (Gaur et al., 1992). As there is no
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dominant antigen in MS and antibody specificity is heterogeneous a
research group designed a “multipleantigen/multiepitope” protein
containing MBP, PLP and MOG for treatment of EAE (Zhong et al., 2002).
This successfully suppressed PLP-induced EAE but also complex EAE induced
by T cells reactive against MBP, PLP and MOG. In more recent studies using
a similar multiple-epitope method, it was shown to induce effective, long
lasting immune suppression through tolerogenic mechanisms including
FOXP3'CTLA4" Tge, cells and immune deviation from T,1/Ty17 to a T2 cell

response, evident by secretion of IL-4 and IL-10 (Kaushansky et al., 2011).

Oral studies. Oral administration of MBP in EAE studies using Lewis rats
showed that the treatment could inhibit or stop the development of EAE
and suppress in vitro lymphocyte proliferation (Bitar and Whitacre, 1988).
Subsequent studies investigating the immunosuppression mechanisms
showed evidence of clonal anergy having an importance in oral tolerance

(Jewell et al., 1998, Whitacre et al., 1991).

DNA-vaccination. Tolerance-based antigen-specific therapies have also used
naked DNA as a method of local gene delivery. A study injecting DNA
encoding PLP;39.15; into SIL/J mice suppressed EAE and reduced PLP;39.151-
specific proliferation and cytokine secretion, most likely due to T cell anergy
(Ruiz et al., 1999). Further attempts have investigated co-vaccination of
PLP;39.45; DNA in conjunction with /L.-4 DNA which suppressed disease by

inducing a Ty2 response (Garren et al., 2001).

Antigen coupled to APCs. Other attempts at an antigen specific therapy
coupled MBP with monocyte rich peripheral blood myeloid cells using a
chemical fixative, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDCI),
which when incubated with T cells specifically tolerised Tyl cells inducing
anergy and apoptosis but did not have this effect on T2 cells (Vandenbark

et al., 2000).
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The mechanisms involved in disease suppression due to antigen-specific therapies
have been studied in depth but are still not clearly defined. Critchfield et al. (1994)
were the first to discover that high doses of protein antigen drove antigen-specific
T cells into activation-induced cell death (AICD). They showed autoreactive T cell
depletion by soluble protein in vitro and in vivo. AICD was shown to be due to IL-2-
induced cell cycling in parallel with T cell receptor restimulation with high doses of
antigen. Another study using a similar approach determined that AICD of
autoreactive T cells was in the target organ, i.e. the CNS specifically, and did not
occur in the peripheral organs (Ishigami et al., 1998). MBP treatment increased the
number of Fas® and FasL™ apoptotic T cells in the CNS, suggesting apoptosis is Fas-

mediated.

Subsequent investigations into the mechanisms behind soluble protein-induced
disease suppression used live-video and two-photon in situ imaging in Lewis rats
which were intravenously (i.v.) injected with MBP (Odoardi et al., 2007). Using
Twmer-cre Cells they showed that the response to MBP treatment occurred incredibly
quickly. Within 10 minutes there was deceleration in T cell migration, which then
formed clusters around splenic APCs. This response was dependent on antigen
recognition as the behavioural changes could be blocked with anti-MHC class Il
molecules and needed the relevant antigen. It was also not just specific to MBP as
the same results were seen with MOG- and OVA-specific GFP-tagged T cells. This
data showed that soluble protein treatment could inhibit the re-circulation of

antigen-specific T cells and induce AICD.

Investigations into the cytokine response after soluble protein treatment have
been contradictory. An earlier study elucidated that there was an increase in gene
expression of pro-inflammatory cytokines IFNy and TNFa and inducible nitric oxide
synthase (iNOS) one hour after treatment (Weishaupt et al., 2000), although there
were no changes detected in IL-10 levels. In contrast, a recent study showed the

opposite, with immune suppression being associated with an increase in Ty2
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cytokines IL-4 and IL-10 and an enlarged FoxP3'CTLA4" Treg POpulation (Kaushansky
et al.,, 2011). Taking this data together, it appears that immune suppression is
mediated through rapid changes in T cell behaviour, T cell AICD and immune

deviation to a regulatory response.

These antigen specific therapies have been tested in patients with MS but with less
success than in EAE. Early attempts at using whole soluble human MBP as an
immunotherapy in MS patient trials had opposing results. On one hand a study
with 64 patients in a double-blind trial treated candidates with 5 mg protein once a
week for 30 months generating positive results; where some patients had a feeling
of well-being and others better bladder control or decreased fatigue (Campbell et
al.,, 1973). On the-other-hand a very similar study failed to observe any clinical

effects of soluble MBP treatment (Gonsette et al., 1977).

Later clinical studies were carried out in which patients were treated i.v. with
500mg of synthetic MBP peptide, equivalent to amino residues 82-98, which is the
immunodominant binding epitopes for B and T cells in patients with the HLA
haplotype DR2 (Warren et al., 2006). This was trialled in a 2-year double-blind
placebo-controlled study in 32 patients with PPMS, which included a 5-year follow-
up treatment period. This treatment significantly reduced disease progression in
patients with HLA haplotypes DR2 and/or DR4 and also decreased CSF anti-MBP

autoantibodies independent of their HLA-DR haplotype.

DNA vaccinations have also been tested in MS patient studies. This randomised,
double-blind, placebo-controlled trial with a plasmid encoding full length human
MBP was the first DNA vaccine used to treat MS in humans (Bar-Or et al., 2007).
The treatment was successfully tolerated with no adverse effects in the patients.
Results showed that lesion activity was reduced, although this was not significant.
In addition analysis of the blood and CSF showed a reduction in MBP-specific
immune responses. Most recent clinical trials induced immune tolerance using MS

patients’ blood cells coupled with seven myelin peptides derived from MOG, MBP
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and PLP (Lutterotti et al., 2013). This was a small phase | trial with only 9 patients
to establish feasibility and safety. The treatment was well tolerated and patients
on the higher dose of treatment showed a reduction in antigen-specific T cell

responses, establishing this as a potential future therapeutic.

Another recent clinical trial had success also using a mixture of 1 mg MOGg3s.ss5,
MBPgs.99 and PLPy34.15;. However, this treatment was administered transdermally
via a skin patch (Walczak et al., 2013). The outcome of this small trial of 16 treated
patients and 10 placebos showed that treatment ameliorated MS. This was
concluded from a 66.5% reduction in gadolinium-enhanced lesions and a
significantly lower annual relapse rate. This treatment was tolerated well,

therefore presenting a new antigen-targeted, non-invasive therapy.

There are drawbacks with the antigen-specific approach, primarily in identifying
the immunodominant antigen targeted in MS autoimmune pathogenesis. Some
clinical studies have been problematic due to toxicity. A phase Il clinical trial tested
an MBP altered peptide ligand (APL), CGP77116, which was administered s.c.
(Bielekova et al., 2000). Of the 24 patients enrolled only one completed the study
due to a range of reasons, namely, exacerbations of MS and allergic shock
responses. Hypersensivity reactions were also seen in a similar phase Il trial
(Kappos et al., 2000). Another difficulty, evident from EAE studies, is epitope
spreading that occurs with T and B cells (Vanderlugt and Miller, 2002, Robinson et
al., 2003). However, research taken together present antigen-specific therapies as
an effective mode of immune suppression in EAE models and having a range of
success in treating patients thus far, with increasing efficacy as technology and

knowledge have advanced.

Previous soluble protein therapeutic studies have focused on the T cell arm of the
immune response. However, MOG is a special case as it stimulates a pathogenic
autoreactive T cell and autoantibody response. In the previous chapter MOG-ETA’

was able to reduce disease severity. A question raised was whether this reduction



Chapter 6 — Soluble MOG;.1,5 antigen-specific therapy: 167
a strategy to treat multiple sclerosis

in disease was in fact due to induction of MOG-specific tolerance instead of
depletion of cells via the immunotoxin moiety. Thus, the aim of this chapter was to
investigate the effects of low doses of soluble MOG protein alone using the same
protocol used in the MOG-ETA’ studies. This was in the expectation of reducing

disease by inducing MOG-specific tolerance response.
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6.2 RESULTS

6.2.1 Low dose soluble MOG;_;,5 treatment significantly reduced
disease severity in MOG-induced EAE

To investigate the hypothesis that soluble MOG treatment can induce similar
clinical results as with MOG-ETA’ treatment, the same EAE model was adopted as
used in Chapter 5; where mice were immunised with 100 uL complete Freund’s
adjuvant containing 50 pug/mL MOG;_155 and 150 pg heat killed M. tuberculosis. The
mice were then treated 2 d.p.i. and every 48 hours after with 25 ug MOG_1,5i.p. or
PBS as a control. Again, due to the severity of this MOG-induced EAE model the
experiment was terminated at 10 days post immunisation to ensure a large
enough group of mice for analysis at the end of the experiment. Despite this the
MOG;_1,5 treatment significantly decreased the mean clinical score on day 9 and 10
(Figure 6.1A). Soluble MOG.q,5 treatment also significantly reduced the mean
cumulative disease score, and the total cumulative score was approximately
halved (PBS = 48 + 1.65; MOG.1,5 = 27 * 0.75) (Figure 6.1B). Therefore, indicating
treatment with soluble MOG clearly reduced disease severity despite these mice
having a severe model of EAE, which incorporates both the T and B cell arms of the
immune system. MOG-ETA’ also decreased disease severity illustrating the fact
that both treatments had a similar effect, although soluble MOG was slightly more
effective than MOG-ETA’ as significant suppression was seen from 9 d.p.i. whereas

in experiments using MOG-ETA’ the effects was seen from 10 d.p.i.
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Figure 6.1. Soluble MOG.1,5 treatment decreases EAE disease activity

EAE was induced in 7-8 week old DBA/1j mice by s.c. immunisation with 100 pL complete Freund’s
adjuvant containing 50 ug MOGg.1,5 and 150 pg heat killed M. tuberculosis. Mice were treated i.p.
with 25 yg MOG;. 1,5 or PBS on day two and every 48 hours after. (A) Clinical data shows reduction
of EAE severity with MOG,_1,5 treatment. Data points represent mean clinical scores + SEM (n=12).
Data is representative of three individual repeats. Significance was determined by two-way
repeated measures ANOVA with Bonferroni post-tests. ***, p < 0.001. (B) Mean cumulative score
was calculated from the addition of daily clinical scores of all mice (n=12). Bar graph represents
mean cumulative score from three biological repeats. Significance was determined by a two-tailed
students t test. **, p < 0.01.
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6.2.2 Treatment reduced immune cellular composition in the CNS

To elucidate the immune mechanisms that might be contributing to disease
suppression the cellular infiltrate present in the spinal cord was analysed. Flow
cytometry was used to investigate if this was affected by the immune suppression
presented in Figure 6.1. Results showed that treatment was associated with a
global reduction of inflammatory cells in the spinal cord. Specifically, CD4" T cells, B
cells, and FoxP3" T regulatory cells were all significantly reduced (Figure 6.2A). In
addition to lymphocytes, innate immune cells monocyte/macrophages were also
significantly reduced (Figure 6.2B). Neutrophils were decreased but this did not
reach significance. These data suggest that treatment with soluble MOG;.55 is
associated with an overall decrease in cellular infiltrate into the CNS, suggesting
that the treatment is somehow dampening the immune response, potentially via
tolerogenic mechanisms. Again, MOG-ETA’ treatment had similar effects on
immune cell recruitment but it was not as pronounced as results observed with

soluble MOG treatment.
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Figure 6.2. Spinal cord immune cell infiltration is decreased in MOG4.1,5 treated mice.

Spinal cord single cell suspensions were pooled from 4 mice 10 days after MOG;.1,5 immunisation.
Cell suspensions were pre-gated on live, CD45", single cells. (A) Results show a significant
decrease in the number of cells to have infiltrated into the spinal cord after MOG;.1,5 treatment.
Flow cytometry was used to identify and analyse CD4" T cell populations, which were stained with
CD4 and CD3; regulatory T cells were stained with FoxP3 and CD25, which were pre-gated on
CD4" T cells; B cells were stained with B220, which were pre-gated on CD5 cells. Bar graph
indicates mean (xSD) % of averaged PBS control (n=9). (B) Spinal cord was also stained with
CD45, CD11b, Ly6C and Ly6G to gate on Ly6C* monocytes and Ly6G" neutrophils. Bar graph
indicates mean (xSEM) % of averaged PBS control (n=9). Both graphs show results from three
biological repeats performed in triplicate. Significance was determined by two-way repeated
measures ANOVA with Bonferroni post-tests. **, p < 0.01, *** p < 0.001.
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6.2.3 Squb[e MOG treatment associated with an increase in
cD1d"€"cD5* regulatory B cells

Despite this overall reduction of immune cells in the CNS an enrichment of
CD1d"8"CD5" cells was detected, which are markers for B regulatory cells (Figure
6.3) (Yanaba et al., 2008). To definitively confirm these cells as B regulatory cells
future experiments would need to show that they were able to produce IL-10
(Bouaziz et al., 2008). The frequency of these cD1d""cD5* B cells was also
investigated in the peripheral draining lymph nodes and spleen. This showed that
this population was specifically enlarged in the spinal cord and not in the
periphery, suggesting there was selective enrichment in the CNS (Figure 6.4). Since
the global B cell population was depleted, this regulatory population represented
approximately 10% of the remaining B cells. This indicated that MOG;_;,5 treatment
may be inducing an enlargement of this regulatory B cell population, which may
play a role in the suppression of EAE through the secretion of IL-10 (Yanaba et al.,
2009). Effects on this regulatory population were not observed with MOG-ETA’

treatment, so it appears to be specific to the soluble MOG infusion.
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Figure 6.3. Soluble MOG, j,5treatment increases the frequency of cDb1d"9"cD5" B Cells.

Spinal cord single cell suspensions were pooled from 4 mice 10 days after MOG;.1,5 immunisation.
Cell suspensions were pre-gated on live CD45" singlets. Cells were stained CD1d, CD5, and B220
expression. (A) Scatter plot indicates mean (£SD) % of averaged PBS control of cD1d""cD5" B

cells (n=6). Results of two biological repeats
representative result of total numbers of CD1d

erformed in triplicate. (B) FACS plots show
CD5" regulatory B cells, highlighted within the

indicated gates, which were pre-gated on B220" B cells.
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Figure 6.4. Regulatory cD1d""cD5" B Cells are selectively enriched in the spinal cord.
Experiment was performed as described in Figure 6.3. LN single cell suspensions were pooled
from 4 LNs per mouse. Cell suspensions were pre-gated on live CD45" single cells. Cells were
stained CD1d, CD5, and B220. Results show that the frequency of regulatory B cells was
significantly increased with MOGj.1,5 treatment but only in the spinal cord. Bar graph shows
frequency of CcD1d""CD5" cells within the B220" B cell population. Values representative of two
biological repeats, plotted as mean = SD (n=3).
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6.2.4 MOG,.,,5 treatment associated with a reduced MOG-specific
cytokine response

To assess if the immune suppression was associated with a tolerised peripheral
immune anti-MOG response, the MOG-specific chemokine and cytokine response
was analysed using cells isolated from the subinguinal and para-aortic LNs. The
supernatants from this recall experiment were evaluated using a semi-quantitative
mouse proteome array, which could rapidly detect 40 different cytokines and
chemokines, detailed in Figure 6.5A. Observing the blots by eye showed that there
were more cytokines and chemokines being secreted from cells isolated from the
PBS treated mice after re-stimulation with MOG;.;,5 (Figure 6.5B). The values
calculated from the proteome arrays using Totallab reflected the initial
observations made by eye (Table 6.1). There was an increase in proinflammatory
chemokines and cytokines being produced by the re-stimulated cells from the PBS
treated mice, including CXCL9, CXCL10 and IL-17, IFNy, TNFa. These are indicative

of a Ty1/Tyl7 immune response.

A small number of products in the supernatant were increased in the MOG;_155
treated group after MOG-specific stimulation; IL-1ra, CCL5 and CXCL13. IL-1ra was
approximately doubled in the MOG;_,,5 treated mice (PBS = 15,946.66; MOG;_155 =
30,542.96). IL-1ra is a natural antagonist to the pro-inflammatory cytokines IL-1a
and B, therefore complementing the rest of the cytokine array data. CCL5 and
CXCL13 function as a promiscuous pro-inflammatory chemokine and for B cell
recruitment to follicles, respectively. Despite these two pro-inflammatory
chemokines the predominant MOG-specific response from the soluble MOG

treated mouse group was anti-inflammatory/suppressed.

Taken together, these results suggest that treatment with soluble MOG;_ 15
tolerises the peripheral immune cells against MOG. Unfortunately there was no
proliferation data available for the soluble MOG treatment due to technical issues.

Overall, this peripheral cellular response correlates with the literature published
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on soluble protein treatment. This result opposes the data retrieved from the
MOG-ETA’ experiments, which induced an increased MOG-reactive cellular
response. This dichotomy suggests that there are different mechanisms

responsible for the suppression of EAE with these separate treatments.
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Figure 6.5. Cytokine and chemokine production from cells isolated from lymph nodes of
PBS and MOG;.1,5 treated mice.

Draining lymph nodes were harvested and made into a single cell suspension 10 days after MOG;.
125 immunisation and the recall response analysed. The LN cells pooled from each mouse were
stimulated ex vivo with or without antigen (MOG3i.155) (n=4). Antigen-induced cytokine and
chemokine production (i.e. MOG;j,5 minus medium alone) was measured from pooled
supernatants of 4 mice from each treatment group and profile evaluated. Protein levels were
measured using Mouse Cytokine Arrays as per manufacture instruction. (A) Mouse cytokine array
coordinates are displayed above with corresponding cytokines and chemokines colour coded
below. Black circles represent positive controls and clear circle represents the negative control. Not
to scale. (B) Representative scans of proteome array.
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Table 6.1. MOG, 15 treatment reduces the MOG-specific cytokine and chemokine response
in cell extracted from the lymph nodes.

Supernatants were acquired and cytokine and chemokine levels measured as explained in Figure
6.5. Protein levels were measured using Mouse Cytokine Arrays as per manufacture instruction
and results quantified using TotalLab. Ag-induced cytokine and chemokine production values (i.e.
MOG;.125 minus medium alone) were expressed as mean values representative of 2 biological
repeats.

Pro-inflammatory cytokine and chemokine secretion
MOG,.15¢ stimulated cells

Chemokines PBS MOGi.15¢ Fold change in PBS treated goup
CCL1 9243.94 3908.78 2.36
CCL3 29056.86 23955.80 1.21
CCL12 2872.16 386.75 7.43
CXCL9 3160.04 2607.53 1.21
CXCL10 1218.10 386.40 3.15
Cytokines

G-CSF 3131.86 1343.47 2.33
GM-CSF 2299.06 1232.65 1.87
IL-3 1834.84 898.98 2.04
IL-7 2125.05 351.39 6.05
IL-13 1477.11 314.77 4.69
IL-17 36985.27 9045.90 4.09
IFNy 7793.59 1411.21 5.52
TNFa 2890.96 12.36 233.94
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6.2.5 MOG;.,,5 treatment led to an increased MOG-specific pathogenic
antibody response

The MOG;.155 treatment appeared to be reducing EAE severity by reducing
infiltration of immune cells into the CNS and decreasing anti-MOG cellular activity
in the periphery. The next question was to observe if the treatment affected the
MOG-specific antibody response. The results showed that disease reduction was
accompanied by a significant increase in anti-MOG antibody serum titres, which
was detected in mice sera harvested 10 days post immunisation by ELISA (Figure
6.6). Unfortunately MOG-specific binding to native protein expressed on

transfected LTK cells was not tested due to technical difficulties.

To clarify if these antibodies were pathogenic their functional role was
investigated using the in vitro myelinating culture system described in previous
chapters. Mice sera were harvested from mice 10 d.p.i. and incubated with the
myelinating cultures (28 DIV) in a series dilution for 16 hours with 2% rat serum as
a source of exogenous complement. Sera from the soluble MOG;_;,5 treated mice
induced greater myelin loss compared to the PBS treated control mice group. This
difference was significant at the lower dilutions of 1/100 and 1/500 (1/100, p <
0.001; 1/500, p < 0.05). These results revealed that despite soluble MOG
treatment significantly reducing clinical disease and suppressing the antigen-
specific response in peripheral immune cells, there was an increase in MOG-

specific antibody titres and pathogenic autoantibodies found in the blood.
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Figure 6.6. Anti-MOG reactivity was increased in serum after MOG_j,5 treatment.

Sera from mice 10 days post immunisation were analysed (n=12). Serum levels of anti-MOG
mouse 1gG was measured by ELISA. Results are from 2 individual repeats with each mouse tested
in triplicate. Data points represent mean (x SEM). Significance was determined by two-way
repeated measures ANOVA with Bonferroni post-tests. *** p < 0.001.
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Figure 6.7. MOG,.1o5treatment led to increased serum demyelinating activity.

Sera from mice 10 days post immunisation were analysed. Myelinating cultures (28 DIV) were
incubated for 16 hours with pooled mice sera (n=6) from the PBS and MOG treated groups. Sera
were used in a series dilution plus 2% rat serum. Experiment was done in triplicate, results
representative of 2 biological repeats. Data points represent mean (x SD). Significance was
determined by a student’s two-tailed t test. *, p < 0.05, *** p < 0.001.



Chapter 6 — Soluble MOG;.1,5 antigen-specific therapy: 182
a strategy to treat multiple sclerosis

6.3 DISCUSSION

Antigen-specific therapy is an important area of research in MS, as there are many
adverse effects associated with long-term immune suppression, including currently
unknown risks for young children treated with these DMTs. A promising
therapeutic approach is the application of soluble antigen, which induces a
tolergenic response. Early studies had limited effects in patients despite promising
EAE studies (Campbell et al., 1973, Gonsette et al., 1977), but there has been great
advances in knowledge and technology available and current studies using multi-
epitopes-coupled to patients’ red blood cells are now showing promising results in

early MS patient clinical trials (Lutterotti et al., 2013).

In this study the effects of low doses of soluble MOG;.1,5 treatment in MOG-
induced EAE in DBA1/j mice was investigated. The results showed MOG was able
to significantly suppress pathology in this complex, severe EAE murine model.
Disease reduction was associated with decreased immune cell populations located
in the spinal cord after 10 days, which was associated with global reduction in
antigen-specific responses in the periphery. However, despite this there was an
increased titre of MOG-specific antibodies, which when tested on the myelinating

cultures were pathogenic.

The majority of previous animal studies have treated EAE with MBP or PLP,
predominantly using peptides and not the whole protein. Whole MOG protein has
not been investigated in DBA/1j mice before but MOG peptide has previously been
tested to investigate if it had any suppressive effects on EAE. It has been shown
that disease can be reduced when MOG,,.¢o peptide is injected i.v. into MOG-
induced EAE in (PL/J X SIL)F; mice (Leadbetter et al., 1998). Significant disease
suppression using the same murine model was also observed with intravenous
injections of another MOG peptide, MOGg1.110 (Devaux et al., 1997). In this study
treatment was stopped at day 15 but the therapeutic effect continued for 25 days,

at which point the experiment was terminated, suggesting that the treatment



Chapter 6 — Soluble MOG;.1,5 antigen-specific therapy: 183
a strategy to treat multiple sclerosis

offered prolonged disease suppression. Both these MOG peptide studies were
targeting T cells, as MS was perceived as predominantly a T cell mediated disease
with little consideration of the B cells role in pathogenesis. The EAE study
presented in this thesis was novel, as we treated DBA/1j mice with the whole
extracellular domain of MOG. This EAE model was chosen as it incorporates both
arms of the adaptive immune response unlike other models commonly used
(Abdul-Majid et al., 2000, Svensson et al., 2002, Abdul-Majid et al., 2003). The use
of whole MOG was with the intention of targeting B and T cells, although the

purified MOG was unfolded so is therefore likely to have a greater effect of T cells.

Our clinical data (Figure 6.1) showed significant reduction of mean cumulative
score and mean clinical scores from day 9 between the MOG,_;,5 and PBS treated
mice. This suggests that the soluble MOG effect could be responsible for the
disease suppression recorded with MOG-ETA’ treatment. Although preliminary
data in which mice were treated with 8.3 ug MOG (the exact amount of MOG_;55
contained in the MOG-ETA immunotoxin), it did not have any effects on disease
(data not shown). To test if MOG alone was more effective than MOG-ETA’ at
suppressing disease a control experiment could be to synthesise a MOG-ETA’
construct with a mutated, non-functional ETA’” domain. This current study did not
investigate the therapeutic effects of soluble MOG protein treatment as the
disease severity was too great in the control group to extend the time course but
this will be addressed in the future using a less severe animal model. This would
have been interesting as another group, investigating the lasting therapeutic
effects of MOG treatment in marmosets, showed that disease was actually

exacerbated after treatment was ceased (Genain et al., 1996).

Our results investigating cellular composition of immune cells in the spinal cord
demonstrated that there was a significant reduction in T cells, B cells and FoxP3*
regulatory T cells compared to the PBS treated controls. Depletion of effector T cell

data is in keeping with current literature on soluble protein treatment in vitro and
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in vivo as it has been shown that soluble MBP treatment leads to apoptosis of
autoreactive T cells (Critchfield et al., 1994, Ishigami et al., 1998). Another
explanation that could explain the reduction of T cells detected in the spinal cord
after MOG,.1,5 treatment was elucidated using live-video and two-photon in situ
studies (Odoardi et al.,, 2007). This experiment showed rapid effects on T cell
motility in response to soluble MBP treatment and that these cells were being
sequestered in the spleen. Therefore presenting a range of mechanisms that could
be involved in the decrease in the CNS of T cells. Interestingly, there was no
expansion of FoxP3" regulatory T cells associated with disease reduction as these
cells were found in reduced numbers in the active treatment mouse group,
suggesting EAE amelioration was not due to regulatory T cell immune modulation.
In addition to the lymphocytes, innate immune cells monocytes and neutrophils
were also decreased in MOG;_;,5 treated mice. Monocyte/macrophages are found
in great numbers in active MS lesions (Lucchinetti et al., 2000), and when depleted
in EAE the mice have reduced disease severity (Huitinga et al., 1990, Huitinga et

al., 1995), suggesting they have a major role in EAE.

This thesis study showed that one cell group was found to be selectively enriched
in the treated group, namely cD1d"e&"cD5* “B regulatory cells”, which indicated
they may have played a role in reducing the disease burden. This enhancement
specifically occurred in the spinal cord, therefore selective to where disease
pathogenesis was occurring. Although B cell depleting drugs like Rituximab have
been effective in treating autoimmune diseases like RA and MS (Caporali et al.,
2009, Hauser et al., 2008), there is evidence to suggest that B cell populations can
also have a regulatory phenotype. In mice genetically deficient in B cells it was
shown that EAE disease severity was greater, suggesting a role in immune
modulation (Wolf et al., 1996). It was observed in another study that anti-CD20 B
cell depletion before induction of EAE actually increased disease severity

(Matsushita et al., 2008). Taken together these studies and others have brought
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about great interest and stimulated research into describing the “regulatory B
cell”.

Trying to fully characterise these cells is an on-going challenge and is still under
debate (Gray and Gray, 2010). One important feature is that they suppress the
immune response by producing IL-10, an anti-inflammatory cytokine that has a key
role in EAE suppression (Ray et al., 2011). IL-107 mice have a higher susceptibility
to EAE (Bettelli et al., 1998), whereas mice that over express it are resistant to
disease (Cua et al., 1999). It will be possible to confirm if these cells are regulatory
B cells by investigating their production of IL-10, since this is a feature that defines
the cell type. This enlarged cell population in our experiments could be partly
responsible for the EAE suppression observed as studies have shown that
increased disease burden from B cell depletion was due to the reduced number of
cD1d""cD5* cells, and adoptively transferring these regulatory cells before
disease induction normalised EAE (Matsushita et al., 2008). They also showed that
these cells only appeared to have a suppressive effect at the beginning of the
disease. As this study only analysed cellular infiltration at one time point (day 10) it
would be interesting to investigate if they were still enriched in the CNS at later
time points. A recent publication identified the importance of IL-35 secreting B
cells in the suppression of the immune response, as well as IL-10 (Shen et al.,
2014). In addition, they showed that plasma cells were the predominant B cell

subset secreting these regulatory cytokines.

To investigate the peripheral immune response to MOG, after soluble antigen
treatment, peripheral immune cells were re-stimulated with MOG;.155. This
showed that cells from the MOG;.;,; treated mouse group secreted reduced
amounts of pro-inflammatory cytokines and chemokines, therefore suggesting
these cells may be tolerised against MOG. Results presented in this thesis showed
that one of the cytokines found in larger quantities in PBS treated mice included IL-

17, which has been identified in having a pro-inflammatory role in many
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autoimmune diseases (Hu et al., 2011), including MS (Lock et al., 2002, Tzartos et
al., 2008). Other hallmark Ty1 cytokines IFNy and TNFa were also found increased
in this group. Interestingly, IL-1ra was increased in MOG;.1,5 treated mice after
antigen-specific stimulation. IL-1ra is a naturally occurring IL-1a and B antagonist;
therefore, the increase in IL-1ra secretion may have played a role suppressing
these pro-inflammatory cytokines. Animal studies showed treatment with
recombinant IL-1ra lead to a milder EAE in DA rats (Badovinac et al., 1998). Also IL-
1ra levels rose in response to IFNB treatment in vitro, suggesting it could have a
function in the disease suppression seen with this MS treatment (Sciacca et al.,
2000, Nicoletti et al.,, 1996). In addition, treatment of RA patients with

recombinant human IL-1ra moderately reduced disease burden (Furst, 2004).

This was different to the results seen with MOG-ETA’, where treatment was
associated with an increase in MOG-specific cellular activity, suggesting that
immunosuppressive mechanisms may be different between the two antigen-
specific therapies (Table 6.2). Table 6.2 highlights that the soluble MOG;.q35
treatment was associated with a decrease in the release of pro-inflammatory
cytokines after MOG stimulation (highlighted in orange), with the exception of IL-
1ra, whereas MOG-ETA’ was mostly associated with an increase (highlighted in
green). Future experiments would investigate antigen-induced proliferation as
these results would help elucidate soluble MOG’s mode of EAE reduction. Taken
together these data suggest this antigen-specific therapy was modulating
peripheral immune cells by shifting them from a Ty1 response to a more regulatory
phenotype. This suppression of MOG-reactivity could be an important mechanism

in the disease suppression observed with this treatment.
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Table 6.2. Differences in chemokine and cytokine secretion from lymph node cells after
MOG;.125 stimulation from the different animal treatment groups.

This table shows the different patterns of chemokine and cytokine secretion from the lymph nodes
after stimulation with MOGj.1,5 (protocol described in Figure 6.5). Orange boxes represent a
decrease in secretion of protein between control and active treatment and green boxes represent
an increase. In both experiments protein levels were measured using Mouse Cytokine Arrays as
per manufacture instruction and results quantified using TotalLab. Table demonstrates mean
values of ag-induced cytokine and chemokine production (i.e. MOG;.1,5 minus medium alone).
Soluble MOG treatment values are representative of two individual experiments and MOG-ETA’
treatment values from three.

Comparison of cytokine and chemokine secretion between both
antigen-specific treatments
MOG, 1,5 stimulated cells

Soluble MOG treatment| MOG-ETA' treament
Chemokines PBS MOG;.155 | Bo9-ETA" MOG-ETA'
CCL1 9244 3909 22301 38710
CCL3 29057 23956 22852 53484
CXCL9 3160 2608 429 4847
CXCL10 1218 386 4513 17548
Cytokines
G-CSF 3132 1343 7874 19898
IL-1a - - 1848 12085
IL-1ra 15947 30543 1082 15183
IL-3 1835 899 13824 36644
IL-13 1477 315 3316 7279
IL-17 36985 9046 28676 53840
IFNy 7794 1411 7715 21034
TNFa 2891 12 7628 16133

This treatment, like MOG-ETA’, was associated with an increased anti-MOG. ELISA
data showed a significantly greater anti-MOG response in the MOG,.,5 treated
mouse group. These antibodies were shown to have pathogenic properties in an in
vitro bioassay. Whole protein was used in this study in the hope of suppressing
MOG-reactive B cells, but the antibody titre results clearly show that this has not

been effective. One possibility to explain these results is that the protein used was
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unfolded, and in this from would not have affected B cells specific for epitopes that
require the correct protein folding. Previous studies in EAE have shown that
conformational epitopes are a major target for pathogenic MOG-specific
antibodies (Breithaupt et al., 2008). What is interesting is that despite this increase
in demyelinating antibodies; the soluble protein treated group still had a less
severe clinical disease. This could be because there was less inflammation
occurring in the CNS, so the BBB was not comprised, therefore the pathogenic
antibodies could not enter. This increase in autoantibody titres has been observed
by another group investigating MOG-specific immune tolerance in MOG-induced
EAE in marmosets (Genain et al., 1996). In this study treatment was associated
with EAE suppression, T cell suppression and immune deviation from a Tyl to T2
cytokine response. However, in parallel with this there was also an increase in
MOG-specific antibodies, which once treatment ended, induced a lethal
demyelinating disorder. This disease exacerbation could also occur in this study
but due to time constraints the disease course was not observed post treatment.
Future experiments would cease MOG,.1,5 treatment and then observe animals to
examine if these increased antibody titres would lead to a severe demyelinating

disorder.

When comparing the two antigen-specific therapies, results showed that both
significantly ameliorated disease and were associated with a reduction in immune
cellular infiltration into the CNS. The mechanisms involved in disease suppression
were not elucidated in this study but appear to be different as although the global
reduction in CNS immune cells were superficially similar it was likely that different
mechanisms were occurring. This was evident as soluble MOG treatment was
coupled with an increase in cD1d"&"cD5* regulatory B cells. In addition to this
there was a dichotomy in the MOG-induced cytokine response between the two
treatments. However, the major drawback of both these MOG-specific therapies is

the induction of increased titres of potentially pathogenic autoantibodies.
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To circumvent this issue of enlarged anti-MOG titres a treatment strategy targeting
and eliminating T cell mediated inflammation could be more effective, for example
infusing the mice with soluble peptides. The hypothesis being that treatment with
peptide would tolerise the T cells without stimulating a problematic anti-MOG
response. Paradoxically preliminary data assessing the effects of low dose soluble
MOG peptide, MOGyq.6, Using the exact same methodology significantly increased
the severity of disease (see appendix). This is in contrast to other published studies
using MOG peptides, which have been shown to suppress EAE (Yuan et al., 2014,
Devaux et al., 1997, Leadbetter et al., 1998). In these studies different amino acid
motifs were used and in different murine models, which may explain the
contrasting results. Future experiments would also assess the treatment regime
and dosage. Studies in rats using i.p. administration of 50 yug and 100 ug MBP
showed that disease suppression was dose dependant, where increasing doses of
MBP had an increasing effect on immunosuppression (Ishigami et al., 1998),
suggesting better immunosuppression might be observed with higher

concentrations.

Overall, this result provides further support for the use of antigen-specific
therapies in MS. There is still a great need for more specific therapeutic
approaches to be researched as although current treatments involving broad
immunosuppression have increased life expectancies in patients with MS and
reduced patient mortality they are associated with many other adverse effects;
The full extent of which has not yet been assessed in paediatric patients, now the
most common form of neurological disorder in children. Therefore antigen-specific
treatment approaches could effectively modulate pathogenic immune responses

meanwhile sparing other important immune functions.
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7 GENERAL DISCUSSION

The possibility antibodies play a role in the pathogenesis of MS was first discussed
over seventy years ago, but there is still no consensus as to their specificity, mode
of action or even their clinical significance. Nonetheless, the identification of MOG-
specific autoantibodies in children with MS or ADEM led to immediate speculation
they would cause more severe disease (McLaughlin et al., 2009, Brilot et al., 2009).
This hypothesis was based on experimental studies demonstrating MOG-specific
autoantibodies mediate widespread demyelination and exacerbate disease
severity in animal models of MS (Linington et al., 1988). However, recent studies
indicate no correlation exists between disease severity and the presence of
absence of MOG-specific autoantibodies in children with MS or ADEM (Mavyer et
al., 2013). Moreover experiments discussed in this thesis, Chapter 3, were unable
to demonstrate the presence of demyelinating antibodies in sera from anti-MOG
seropositive patients. This was attributed to the antibody-titre being simply too
low to induce complement-mediated demyelination in vitro, and by extrapolation
probably unable to contribute significantly to the mechanisms involved in causing
clinical deficits in patients. However, this is not to say this MOG-specific response

plays no role in disease pathogenesis.

MOG-specific antibodies recognise MOG exposed at the membrane surface and
their dominant isotype is 1gG1, characteristics predicted to cause some degree of
myelin/oligodendrocyte damage even if this does not lead to demyelination per se.
Moreover this MOG-specific antibody response persists, albeit at low levels, in
children with MS, but is lost rapidly in cases of ADEM (Mayer et al., 2013). These
observations suggested the clinical significance of low titres of MOG-specific
autoantibodies might be to maintain a chronic inflammatory response in the CNS,
a function that might not necessarily be dependent on their ability to mediate

complement-mediated demyelination.
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Experiments performed in the course of this thesis indicate that this may well be
the case, as they suggest formation of antibody/antigen complexes within the CNS
may induce a pro-inflammatory chemokine response. Importantly, this response is
not restricted to antibodies recognising antigens exposed at the myelin surface,
but might be triggered by any antigen/antibody complex generated in the CNS
compartment. This concept is based on the demonstration that pre-formed
OVA/OVA-specific antibody complexes, as well as antibodies recognising accessible
epitopes of sulphatide, PLP or MOG all induced expression of CCL5 in myelinating

cultures.

If confirmed this observation has important implications with respect to our
understanding of how a chronic inflammatory environment is maintained in the
CNS of patients with MS. One of the classical features of MS is its association with
an intrathecal antibody response maintained by clonally expanded B cells
sequestered in the CNS, which result in OCBs of immunoglobulins seen when
patient CSF samples are analysed by IEF. The specificity profile of this intrathecal
antibody response is complex, and as yet no dominant single reactivity has been
discovered that is disease specific. In contrast, it appears the response is
heterogeneous with individual patients harbouring a variety of different
specificities in the CNS. These may include antibodies specific for: myelin-
associated lipids (Villar et al., 2005, Podbielska and Hogan, 2009), in particular
sulphatides (llyas et al., 2003, Kanter et al., 2006, Brennan et al., 2011, Haghighi et
al.,, 2013), combinations of myelin proteins, neuronal antigens and cytoskeletal
components (Lambracht-Washington et al.,, 2007, Quintana et al., 2012), viruses

(Owens et al., 2011), and many more.

This range of specificities together with the presence of soluble and membrane
bound antigens in CSF suggest there is a high probability that antibody/antigen
complexes can be generated that may trigger a chemokine response similar to that
observed in vitro. This provides a mechanism that might explain reports showing

that the presence of OCBs or high levels of intrathecal Ig synthesis correlate with
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more rapid disease progression and higher MS conversion rates (Stendahl-Brodin

and Link, 1983, Sastre-Garriga et al., 2003, Bourre et al., 2012, Ferraro et al., 2013).

In principal such “triggering” complexes would not require antibody-recognition of
cell surface exposed epitopes, as antigen enters the CSF as a consequence of tissue
damage e.g. myelin-derived vesicular debris (Scolding et al., 1989), axonal proteins
(Burman et al., 2014). However, autoantigens are also found in the CSF of healthy
individuals in the form of exosomes and other vesicular material (Street et al.,
2012, Chiasserini et al., 2014). This raises the intriguing possibility that
myelin/oligodendrocyte-derived exosomes may not only provide a source of
antigen required to maintain an intrathecal sulphatide-specific B cell response in
MS (Kramer-Albers et al., 2007), but if in complex with antibody may trigger a pro-
inflammatory chemokine response predicted to recruit effector cells into the CNS.
At present there is no formal evidence to support this might occur in MS, but the
circumstantial evidence is strong. Not only do many patients exhibit a strong
intrathecal response to myelin-derived lipids (Kanter et al., 2006, Brennan et al.,

2011), but these can form antigen/antibody complexes in vivo (Kasai et al., 1986).

Future studies must address this issue, as this mechanism could play a pivotal role
in maintaining a low grade chronic inflammatory response in the parenchyma of
patients with progressive forms of MS who do not benefit from currently available
disease modifying treatments such as the B-interferon’s, Tysalbri or Gilenya. The
obvious starting point is to determine whether or not patient CSF contains
antibody and/or antigen/antibody complexes that trigger a similar pattern of
chemokine expression in myelinating cultures. The experiments described in this
thesis took CCL5 as an exemplar, but as already apparent from Proteome and qPCR
assays several other chemokines are up regulated along with CCL5 (Figures 4.5 and
4.7, respectively). This raises the possibility non-biased micro array analysis of
antibody treated cultures might identify a fingerprint of transcriptional changes
defining the presence of functionally relevant antibody/antigen complexes in

clinical samples. Such experiments should however be performed together with



Chapter 7 — General Discussion 194

studies designed to decipher which cells and molecular pathways are responsible
for this response in vitro. The obvious cellular targets are microglia and astrocytes
as both can be induced to express a range of chemokines, and logically one may
speculate the effect is Fc mediated. However, we observe a similar response to
myelin-specific IgG and IgM antibodies and although several studies are available
discussing the cellular expression of Fcy receptors on astrocytes and microglia,

little is known about the Fcu receptors and their cellular expression in the CNS.

It should also be appreciated that this may provide a more general mechanism
that might promote disease activity in other neurological diseases, as suggested by
studies indicating autoantibodies from patients with NMO and neuropsychiatric
lupus can induce chemokine expression in astrocytes (Howe et al.,, 2014), and

microglia (Santer et al., 2009), respectively.

If proved correct the hypothesis outlined above will have major implications with
respect to the development of antigen-specific therapies for MS. This was the
other major theme addressed in this thesis, which was based on the assumption
antigen-specific deletion of B cells would inhibit disease activity in EAE without
disrupting the entire B cell repertoire. Although preliminary clinical data suggests
this approach may be effective there was a significant complication in that the
introduction of additional autoantigen stimulated an increased pathogenic MOG-
specific antibody response. This is a significant drawback as these antibodies
would exacerbate disease activity if they gain access to the CNS, a problem
encountered in another study in which soluble MOG was used to “tolerised” the

MOG specific repertoire in a primate model of MS (Genain et al., 1996).

However although this approach might eventually be effective in models of MS
driven by an autoimmune response to a single antigen, it is unlikely this will be
useful in patients with MS. The major issue being it appears increasingly likely MS
is a poly-specific disease in which multiple specificities contribute to disease

pathogenesis. These may not only differ between patients but increase in
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complexity during the course of disease due to “epitope spreading”. Therefore,
“antigen-specific” therapies may be much more effective if designed to target a
combination of disease relevant antigens. This approach is already being
investigated using combinations of CNS antigens and a variety of different delivery
strategies, including multi-epitope targeted therapy (Kaushansky et al., 2011), and
transdermal application of myelin peptides (Walczak et al., 2013). These studies
also demonstrate the importance of developing better immune monitoring assays
to detect and follow treatment responses as the disease develops (Lutterotti and
Martin, 2014). Despite the lack of success in elucidating disease-specific antigens it
is still imperative to continue to define pathogenic components of the disease
associated autoantibody repertoire, as demonstrated by the recent, exciting
identification of KIR1.4 as a novel and apparently common target for pathogenic

autoantibodies in MS (Kraus et al., 2014).

The past decades saw real progress in characterising and understanding the
pathogenesis of MS which resulted in the introduction of effective treatments for
MS. Reliable historical data is difficult to extract from the literature but it is clear
that the life expectancy of MS patients has been increasing. Nowadays, studies
have shown that people with MS die 5-10 years earlier than that of the general
population (Runia et al., 2012), which is a vast improvement and this gap appears
to be decreasing (Webpage 1). Nonetheless we still have no cure for MS and are
unable to halt accumulation of disability in patients with progressive forms of the
disease; with approximately 100 people being diagnosed with MS every week the
need for better therapeutics has never been more pertinent (Webpage 2).
Aggressive targeting of B cell dependent disease mechanisms in combination with
modern stem cell treatments (Connick et al., 2012), to replenish or repair the B cell

compartment may provide a new generation of even more successful therapies.
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8.1Low DOSE SOLUBLE MOG;9.96 TREATMENT
SIGNIFICANTLY INCREASED DISEASE SEVERITY IN MOG-
INDUCED EAE

To circumvent the issue of the enlarged anti-MOG titres which developed with
soluble MOG;.,5 treatment the mice were instead injected with low doses of
soluble MOGy4.95. The same course of treatment was carried out as before with
induction of MOG-induced EAE then 25 pg i.p. injections on day two post
immunisation and every 48 hours after. The hypothesis being that treatment with
peptide would tolerise the T cells, therefore leaving the B cells with no stimulation,
so no induction of antibody production. In contrast peptide treatment significantly
enhanced EAE severity in comparison to PBS treatment (Figure 8.1). This was also
significant in comparison to MOG;.155 treatment, which was also run in parallel
(data not shown). Due to time constraints further analysis was not performed at
termination of experiment to examine the cellular infiltration and antibody

production but this will be addressed in the future.
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Figure 8.1. MOGg.gstreatment increased EAE severity.

7-8 weeks old DBA/1j mice were immunised with 100 pl complete Freund’s adjuvant containing 50
Mg MOG;.125 and 150 pg heat killed M. Tuberculosis to establish EAE s.c. at the base of the tail.
Mice were treated i.p. with 25 yg MOG+9.96 Or PBS on day two and every 48 hours after. Clinical
data, with each point representing the pooled mean scores + SEM (n=12). It showed significant
increase of EAE severity with MOG,g.9¢ treatment. Data points from one biological repeats.
Significance was determined by two-way repeated measures ANOVA with Bonferroni post-tests.
** p <0.001.



LIST OF REFERENCES

ABBOTT, D. J., BLANCHFIELD, J. L., MARTINSON, D. A., RUSSELL, S. C., TASLIM, N.,
CURTIS, A. D. & MANNIE, M. D. 2011. Neuroantigen-specific, tolerogenic
vaccines: GM-CSF is a fusion partner that facilitates tolerance rather than
immunity to dominant self-epitopes of myelin in murine models of
experimental autoimmune encephalomyelitis (EAE). BMC Immunol, 12, 72.

ABDUL-MAIJID, K. B., JIRHOLT, J., STADELMANN, C., STEFFERL, A., KJELLEN, P.,
WALLSTROM, E., HOLMDAHL, R., LASSMANN, H., OLSSON, T. & HARRIS, R. A.
2000. Screening of several H-2 congenic mouse strains identified H-2(q) mice
as highly susceptible to MOG-induced EAE with minimal adjuvant
requirement. J Neuroimmunol, 111, 23-33.

ABDUL-MAIJID, K. B., STEFFERL, A., BOURQUIN, C., LASSMANN, H., LININGTON, C.,
OLSSON, T., KLEINAU, S. & HARRIS, R. A. 2002. Fc receptors are critical for
autoimmune inflammatory damage to the central nervous system in
experimental autoimmune encephalomyelitis. Scand J Immunol, 55, 70-81.

ABDUL-MAIJID, K. B., WEFER, J., STADELMANN, C., STEFFERL, A., LASSMANN, H.,
OLSSON, T. & HARRIS, R. A. 2003. Comparing the pathogenesis of
experimental autoimmune encephalomyelitis in CD4-/- and CD8-/- DBA/1
mice defines qualitative roles of different T cell subsets. J Neuroimmunol,
141, 10-9.

AKDIS, C. A. & BLASER, K. 2001. Mechanisms of interleukin-10-mediated immune
suppression. Immunology, 103, 131-6.

ALLEGRETTA, M., NICKLAS, J. A,, SRIRAM, S. & ALBERTINI, R. J. 1990. T cells
responsive to myelin basic protein in patients with multiple sclerosis. Science,
247,718-21.

AMOR, S., GROOME, N., LININGTON, C., MORRIS, M. M., DORNMAIR, K.,
GARDINIER, M. V., MATTHIEU, J. M. & BAKER, D. 1994. Identification of
epitopes of myelin oligodendrocyte glycoprotein for the induction of
experimental allergic encephalomyelitis in SIL and Biozzi AB/H mice. J
Immunol, 153, 4349-56.

AMOR, S., VAN DER STAR, B. J., BOSCA, |., RAFFEL, J., GNANAPAVAN, S.,
WATCHORN, J., KUHLE, J., GIOVANNONI, G., BAKER, D., MALASPINA, A. &
PUENTES, F. 2014. Neurofilament light antibodies in serum reflect response
to natalizumab treatment in multiple sclerosis. Mult Scler.



200

ANTEL, J. & BAR-OR, A. 2006. Roles of immunoglobulins and B cells in multiple
sclerosis: from pathogenesis to treatment. J Neuroimmunol, 180, 3-8.

AOTSUKA, S., OKAWA-TAKATSUIJI, M., UWATOKO, S., YOKOHARI, R., IKEDA, Y. &
TODA, G. 1992. Antibodies against sulphatide in sera from patients with
autoimmune rheumatic diseases. Clin Exp Immunol, 87, 438-43.

ARAVALLI, R. N., HU, S., ROWEN, T. N., PALMQUIST, J. M. & LOKENSGARD, J. R.
2005. Cutting edge: TLR2-mediated proinflammatory cytokine and chemokine
production by microglial cells in response to herpes simplex virus. J Immunol,
175, 4189-93.

ASAVAPANUMAS, N., RATELADE, J. & VERKMAN, A. S. 2014. Unique neuromyelitis
optica pathology produced in naive rats by intracerebral administration of
NMO-IgG. Acta Neuropathol, 127, 539-51.

ASGARI, N., KHOROOSHI, R., LILLEVANG, S. T. & OWENS, T. 2013. Complement-
dependent pathogenicity of brain-specific antibodies in cerebrospinal fluid. J
Neuroimmunol, 254, 76-82.

AVILA, J. L., ROJAS, M. & CARRASCO, H. 1993. Elevated levels of antibodies against
sulphatide are present in all chronic chagasic and dilated cardiomyopathy
sera. Clin Exp Immunol, 92, 460-5.

BABBE, H., ROERS, A., WAISMAN, A., LASSMANN, H., GOEBELS, N., HOHLFELD, R.,
FRIESE, M., SCHRODER, R., DECKERT, M., SCHMIDT, S., RAVID, R. &
RAJEWSKY, K. 2000. Clonal expansions of CD8(+) T cells dominate the T cell
infiltrate in active multiple sclerosis lesions as shown by micromanipulation
and single cell polymerase chain reaction. J Exp Med, 192, 393-404.

BADOVINAC, V., MOSTARICA-STOJKOVIC, M., DINARELLO, C. A. & STOSIC-GRUIICIC,
S. 1998. Interleukin-1 receptor antagonist suppresses experimental
autoimmune encephalomyelitis (EAE) in rats by influencing the activation and
proliferation of encephalitogenic cells. / Neuroimmunol, 85, 87-95.

BAIG, S., OLSSON, T., YU-PING, J., HOJEBERG, B., CRUZ, M. & LINK, H. 1991.
Multiple sclerosis: cells secreting antibodies against myelin-associated
glycoprotein are present in cerebrospinal fluid. Scand J Immunol, 33, 73-9.

BANWELL, B., GHEZZI, A., BAR-OR, A., MIKAELOFF, Y. & TARDIEU, M. 2007.
Multiple sclerosis in children: clinical diagnosis, therapeutic strategies, and
future directions. Lancet Neurol, 6, 887-902.



201

BANWELL, B., KENNEDY, J., SADOVNICK, D., ARNOLD, D. L., MAGALHAES, S.,
WAMBERA, K., CONNOLLY, M. B., YAGER, J., MAH, J. K., SHAH, N., SEBIRE, G.,
MEANEY, B., DILENGE, M. E., LORTIE, A., WHITING, S., DOJA, A., LEVIN, S.,
MACDONALD, E. A., MEEK, D., WOOD, E., LOWRY, N., BUCKLEY, D., YIM, C.,
AWUKU, M., GUIMOND, C., COOPER, P., GRAND'MAISON, F., BAIRD, J. B.,
BHAN, V. & BAR-OR, A. 2009. Incidence of acquired demyelination of the CNS
in Canadian children. Neurology, 72, 232-9.

BANWELL, B., TENEMBAUM, S., LENNON, V. A., URSELL, E., KENNEDY, J., BAR-OR,
A., WEINSHENKER, B. G., LUCCHINETTI, C. F. & PITTOCK, S. J. 2008.
Neuromyelitis optica-1gG in childhood inflammatory demyelinating CNS
disorders. Neurology, 70, 344-52.

BANWELL, B. L. & ANDERSON, P. E. 2005. The cognitive burden of multiple sclerosis
in children. Neurology, 64, 891-4.

BAR-OR, A., FAWAZ, L., FAN, B., DARLINGTON, P. J., RIEGER, A., GHORAYEB, C,,
CALABRESI, P. A., WAUBANT, E., HAUSER, S. L., ZHANG, J. & SMITH, C. H.
2010. Abnormal B-cell cytokine responses a trigger of T-cell-mediated disease
in MS? Ann Neurol, 67, 452-61.

BAR-OR, A., VOLLMER, T., ANTEL, J., ARNOLD, D. L., BODNER, C. A., CAMPAGNOLO,
D., GIANETTONI, J., JALILI, F., KACHUCK, N., LAPIERRE, Y., NIINO, M., OGER, J.,
PRICE, M., RHODES, S., ROBINSON, W. H., SHI, F. D., UTZ, P. J., VALONE, F,,
WEINER, L., STEINMAN, L. & GARREN, H. 2007. Induction of antigen-specific
tolerance in multiple sclerosis after immunization with DNA encoding myelin
basic protein in a randomized, placebo-controlled phase 1/2 trial. Arch
Neurol, 64, 1407-15.

BARANZINI, S. E., JEONG, M. C., BUTUNOI, C., MURRAY, R. S., BERNARD, C. C. &
OKSENBERG, J. R. 1999. B cell repertoire diversity and clonal expansion in
multiple sclerosis brain lesions. J Immunol, 163, 5133-44.

BARNETT, M. H., PARRATT, J. D., CHO, E. S. & PRINEAS, J. W. 2009.
Immunoglobulins and complement in postmortem multiple sclerosis tissue.
Ann Neurol, 65, 32-46.

BARR, T. A., SHEN, P., BROWN, S., LAMPROPOULOU, V., ROCH, T., LAWRIE, S., FAN,
B., O'CONNOR, R. A., ANDERTON, S. M., BAR-OR, A., FILLATREAU, S. & GRAY,
D. 2012. B cell depletion therapy ameliorates autoimmune disease through
ablation of IL-6-producing B cells. J Exp Med, 209, 1001-10.

BARTH, S., HUHN, M., MATTHEY, B., KLIMKA, A., GALINSKI, E. A. & ENGERT, A.
2000. Compatible-solute-supported periplasmic expression of functional



202

recombinant proteins under stress conditions. Appl Environ Microbiol, 66,
1572-9.

BAUER, J., HUITINGA, I., ZHAO, W., LASSMANN, H., HICKEY, W. F. & DIJKSTRA, C. D.
1995. The role of macrophages, perivascular cells, and microglial cells in the
pathogenesis of experimental autoimmune encephalomyelitis. Glia, 15, 437-
46.

BAUER, J., SMINIA, T., WOUTERLOOD, F. G. & DIJKSTRA, C. D. 1994. Phagocytic
activity of macrophages and microglial cells during the course of acute and
chronic relapsing experimental autoimmune encephalomyelitis. J Neurosci
Res, 38, 365-75.

BEN-NUN, A., WEKERLE, H. & COHEN, I. R. 1981. Vaccination against autoimmune
encephalomyelitis with T-lymphocyte line cells reactive against myelin basic
protein. Nature, 292, 60-1.

BETTELLI, E., DAS, M. P., HOWARD, E. D., WEINER, H. L., SOBEL, R. A. & KUCHROO,
V. K. 1998. IL-10 is critical in the regulation of autoimmune encephalomyelitis
as demonstrated by studies of IL-10- and IL-4-deficient and transgenic mice. J
Immunol, 161, 3299-306.

BIELEKOVA, B., GOODWIN, B., RICHERT, N., CORTESE, I., KONDO, T., AFSHAR, G,,
GRAN, B., EATON, J., ANTEL, J., FRANK, J. A., MCFARLAND, H. F. & MARTIN, R.
2000. Encephalitogenic potential of the myelin basic protein peptide (amino
acids 83-99) in multiple sclerosis: results of a phase Il clinical trial with an
altered peptide ligand. Nat Med, 6, 1167-75.

BITAR, D. M. & WHITACRE, C. C. 1988. Suppression of experimental autoimmune
encephalomyelitis by the oral administration of myelin basic protein. Cell
Immunol, 112, 364-70.

BLANCHFIELD, J. L. & MANNIE, M. D. 2010. A GMCSF-neuroantigen fusion protein
is a potent tolerogen in experimental autoimmune encephalomyelitis (EAE)
that is associated with efficient targeting of neuroantigen to APC. J Leukoc
Biol, 87, 509-21.

BLOOMGREN, G., RICHMAN, S., HOTERMANS, C., SUBRAMANYAM, M., GOELZ, S.,
NATARAJAN, A, LEE, S., PLAVINA, T., SCANLON, J. V., SANDROCK, A. & BOZIC,
C. 2012. Risk of natalizumab-associated progressive multifocal
leukoencephalopathy. N Engl J Med, 366, 1870-80.

BLUESTONE, J. A., MACKAY, C. R., O'SHEA, J. J. & STOCKINGER, B. 2009. The
functional plasticity of T cell subsets. Nat Rev Immunol, 9, 811-6.



203

BLUML, S., MCKEEVER, K., ETTINGER, R., SMOLEN, J. & HERBST, R. 2013. B-cell
targeted therapeutics in clinical development. Arthritis Res Ther, 15 Suppl 1,
S4.

BOOSS, J., ESIRI, M. M., TOURTELLOTTE, W. W. & MASON, D. Y. 1983.
Immunohistological analysis of T lymphocyte subsets in the central nervous
system in chronic progressive multiple sclerosis. J Neurol Sci, 62, 219-32.

BORNSTEIN, M. B. 1963. A tissue-culture approach to demyelinative disorders. Nat/
Cancer Inst Monogr, 11, 197-214.

BORNSTEIN, M. B. & APPEL, S. H. 1965. TISSUE CULTURE STUDIES OF
DEMYELINATION. Ann N Y Acad Sci, 122, 280-6.

BOSIO, A., BINCZEK, E., HAUPT, W. F. & STOFFEL, W. 1998. Composition and
biophysical properties of myelin lipid define the neurological defects in
galactocerebroside- and sulfatide-deficient mice. J Neurochem, 70, 308-15.

BOSIO, A., BINCZEK, E. & STOFFEL, W. 1996. Functional breakdown of the lipid
bilayer of the myelin membrane in central and peripheral nervous system by
disrupted galactocerebroside synthesis. Proc Natl Acad Sci U S A, 93, 13280-5.

BOSTER, A., ANKENY, D. P. & RACKE, M. K. 2010. The potential role of B cell-
targeted therapies in multiple sclerosis. Drugs, 70, 2343-56.

BOUAZIZ, J. D., YANABA, K. & TEDDER, T. F. 2008. Regulatory B cells as inhibitors of
immune responses and inflammation. Immunol Rev, 224, 201-14.

BOURQUIN, C., IGLESIAS, A., BERGER, T., WEKERLE, H. & LININGTON, C. 2000.
Myelin oligodendrocyte glycoprotein-DNA vaccination induces antibody-
mediated autoaggression in experimental autoimmune encephalomyelitis.
Eur J Immunol, 30, 3663-71.

BOURQUIN, C., SCHUBART, A., TOBOLLIK, S., MATHER, 1., OGG, S., LIBLAU, R. &
LININGTON, C. 2003. Selective unresponsiveness to conformational B cell
epitopes of the myelin oligodendrocyte glycoprotein in H-2b mice. J Immunol,
171, 455-61.

BOURRE, B., ZEPHIR, H., ONGAGNA, J. C., CORDONNIER, C., COLLONGUES, N.,
DEBETTE, S., FLEURY, M. C., OUTTERYCK, O., HANNEQUIN, D., VERMERSCH, P.
& DE SEZE, J. 2012. Long-term follow-up of acute partial transverse myelitis.
Arch Neurol, 69, 357-62.



204

BREHM, U., PIDDLESDEN, S. J., GARDINIER, M. V. & LININGTON, C. 1999. Epitope
specificity of demyelinating monoclonal autoantibodies directed against the
human myelin oligodendrocyte glycoprotein (MOG). J Neuroimmunol, 97, 9-
15.

BREI, E. C., BRINK, B. P., VEERHUIS, R., VAN DEN BERG, C., VLOET, R., YAN, R.,
DIJKSTRA, C. D., VAN DER VALK, P. & BO, L. 2008. Homogeneity of active
demyelinating lesions in established multiple sclerosis. Ann Neurol, 63, 16-25.

BREITHAUPT, C., SCHAFER, B., PELLKOFER, H., HUBER, R., LININGTON, C. & JACOB,
U. 2008. Demyelinating myelin oligodendrocyte glycoprotein-specific
autoantibody response is focused on one dominant conformational epitope
region in rodents. J Immunol, 181, 1255-63.

BREITHAUPT, C., SCHUBART, A., ZANDER, H., SKERRA, A., HUBER, R., LININGTON, C.
& JACOB, U. 2003. Structural insights into the antigenicity of myelin
oligodendrocyte glycoprotein. Proc Natl Acad Sci U S A, 100, 9446-51.

BRENNAN, K. M., GALBAN-HORCAIJO, F., RINALDI, S., O'LEARY, C. P., GOODYEAR, C.
S., KALNA, G., ARTHUR, A., ELLIOT, C., BARNETT, S., LININGTON, C., BENNETT,
J. L., OWENS, G. P. & WILLISON, H. J. 2011. Lipid arrays identify myelin-
derived lipids and lipid complexes as prominent targets for oligoclonal band
antibodies in multiple sclerosis. J Neuroimmunol, 238, 87-95.

BRILOT, F., DALE, R. C., SELTER, R. C.,, GRUMMEL, V., KALLURI, S. R., ASLAM, M.,
BUSCH, V., ZHOU, D., CEPOK, S. & HEMMER, B. 2009. Antibodies to native
myelin oligodendrocyte glycoprotein in children with inflammatory
demyelinating central nervous system disease. Ann Neurol, 66, 833-42.

BRUELL, D., STOCKER, M., HUHN, M., REDDING, N., KUPPER, M., SCHUMACHER, P.,
PAETZ, A., BRUNS, C. J., HAISMA, H. J., FISCHER, R., FINNERN, R. & BARTH, S.
2003. The recombinant anti-EGF receptor immunotoxin 425(scFv)-ETA'
suppresses growth of a highly metastatic pancreatic carcinoma cell line. Int J
Oncol, 23, 1179-86.

BURMAN, J., ZETTERBERG, H., FRANSSON, M., LOSKOG, A. S., RAININKO, R. &
FAGIUS, J. 2014. Assessing tissue damage in multiple sclerosis: a biomarker
approach. Acta Neurol Scand.

CAMPBELL, B., VOGEL, P. J., FISHER, E. & LORENZ, R. 1973. Myelin basic protein
administration in multiple sclerosis. Arch Neurol, 29, 10-5.



205

CANTOR, J. & HASKINS, K. 2006. Interactions of macrophages and T cells in
autoimmune diabetes. Drug Discovery Today: Disease Mechanisms, 3, 381-
385.

CAPORALI, R., CAPRIOLI, M., BOBBIO-PALLAVICINI, F., BUGATTI, S. &
MONTECUCCO, C. 2009. Long term treatment of rheumatoid arthritis with
rituximab. Autoimmun Rev, 8, 591-4.

CARSON, K. R., FOCOSI, D., MAIOR, E. O., PETRINI, M., RICHEY, E. A.,, WEST, D. P. &
BENNETT, C. L. 2009. Monoclonal antibody-associated progressive multifocal
leucoencephalopathy in patients treated with rituximab, natalizumab, and
efalizumab: a Review from the Research on Adverse Drug Events and Reports
(RADAR) Project. Lancet Oncol, 10, 816-24.

CASTILLO, J., MILANI, C. & MENDEZ-ALLWOOD, D. 2009. Ofatumumab, a second-
generation anti-CD20 monoclonal antibody, for the treatment of
lymphoproliferative and autoimmune disorders. Expert Opin Investig Drugs,
18, 491-500.

CAVALCANTE, P., BERNASCONI, P. & MANTEGAZZA, R. 2012. Autoimmune
mechanisms in myasthenia gravis. Curr Opin Neurol, 25, 621-9.

CHABAS, D., CASTILLO-TRIVINO, T., MOWRY, E. M., STROBER, J. B., GLENN, O. A. &
WAUBANT, E. 2008. Vanishing MS T2-bright lesions before puberty: a distinct
MRI phenotype? Neurology, 71, 1090-3.

CHABAS, D., NESS, J., BELMAN, A., YEH, E. A., KUNTZ, N., GORMAN, M. P.,
STROBER, J. B., DE KOUCHKOVSKY, I., MCCULLOCH, C., CHITNIS, T.,
RODRIGUEZ, M., WEINSTOCK-GUTTMAN, B., KRUPP, L. B. & WAUBANT, E.
2010. Younger children with MS have a distinct CSF inflammatory profile at
disease onset. Neurology, 74, 399-405.

CHAN, W. Y., KOHSAKA, S. & REZAIE, P. 2007. The origin and cell lineage of
microglia: new concepts. Brain Res Rev, 53, 344-54.

CHARCOT, J. 1868. Histologie de la sclerose en plaques. Gazette des hopitaux, 41,
554-55.

CHEERAN, M. C., HU, S., SHENG, W. S., PETERSON, P. K. & LOKENSGARD, J. R. 2003.
CXCL10 production from cytomegalovirus-stimulated microglia is regulated
by both human and viral interleukin-10. J Virol, 77, 4502-15.

CHEERAN, M. C,, HU, S., YAGER, S. L., GEKKER, G., PETERSON, P. K. & LOKENSGARD,
J. R. 2001. Cytomegalovirus induces cytokine and chemokine production



206

differentially in microglia and astrocytes: antiviral implications. J Neurovirol,
7,135-47.

CHEKHONIN, V. P., SEMENOVA, A. V., GURINA, O. |I. & DMITRIEVA, T. B. 2003.
[Myelin oligodendrogliocyte glycoprotein: the structure, functions, role in
pathogenesis of demyelinating disorders]. Biomed Khim, 49, 411-23.

CHEN, W., LI, H.,, JIA, Y., LV, M., LI, M., FENG, P., HU, H. & ZHANG, L. 2007. In vivo
administration of plasmid DNA encoding recombinant immunotoxin DT390-

IP-10 attenuates experimental autoimmune encephalomyelitis. J Autoimmun,
28, 30-40.

CHIASSERINI, D., VAN WEERING, J. R., PIERSMA, S. R., PHAM, T. V., MALEKZADEH,
A., TEUNISSEN, C. E., DE WIT, H. & JIMENEZ, C. R. 2014. Proteomic analysis of
cerebrospinal fluid extracellular vesicles: A comprehensive dataset. J
Proteomics, 106C, 191-204.

CHIBA, S., YOKOTA, S., YONEKURA, K., TANAKA, S., FURUYAMA, H., KUBOTA, H.,
FUJII, N. & MATSUMOTO, H. 2006. Autoantibodies against HSP70 family
proteins were detected in the cerebrospinal fluid from patients with multiple
sclerosis. J Neurol Sci, 241, 39-43.

CHITNIS, T. 2013. Role of puberty in multiple sclerosis risk and course. Clin
Immunol, 149, 192-200.

CHOU, Y. K., BOURDETTE, D. N., OFFNER, H., WHITHAM, R., WANG, R. Y., HASHIM,
G. A. & VANDENBARK, A. A. 1992. Frequency of T cells specific for myelin
basic protein and myelin proteolipid protein in blood and cerebrospinal fluid
in multiple sclerosis. J Neuroimmunol, 38, 105-13.

CHOUDHARY, S., MATHEW, M. & VERMA, R. S. 2011. Therapeutic potential of
anticancer immunotoxins. Drug Discovery Today, 16, 495-503.

COETZEE, T., FUJITA, N., DUPREE, J., SHI, R., BLIGHT, A., SUZUKI, K., SUZUKI, K. &
POPKO, B. 1996. Myelination in the absence of galactocerebroside and
sulfatide: normal structure with abnormal function and regional instability.
Cell, 86, 209-19.

CONNICK, P., KOLAPPAN, M., CRAWLEY, C., WEBBER, D. J., PATANI, R., MICHELL, A.
W., DU, M. Q., LUAN, S. L., ALTMANN, D. R., THOMPSON, A. J., COMPSTON,
A., SCOTT, M. A., MILLER, D. H. & CHANDRAN, S. 2012. Autologous
mesenchymal stem cells for the treatment of secondary progressive multiple
sclerosis: an open-label phase 2a proof-of-concept study. Lancet Neurol, 11,
150-6.



207

CORCIONE, A., CASAZZA, S., FERRETTI, E., GIUNTI, D., ZAPPIA, E., PISTORIO, A,
GAMBINI, C., MANCARDI, G. L., UCCELLI, A. & PISTOIA, V. 2004.
Recapitulation of B cell differentiation in the central nervous system of
patients with multiple sclerosis. Proc Nat/ Acad Sci U S A, 101, 11064-9.

CREE, B. A., LAMB, S., MORGAN, K., CHEN, A., WAUBANT, E. & GENAIN, C. 2005. An
open label study of the effects of rituximab in neuromyelitis optica.
Neurology, 64, 1270-2.

CRITCHFIELD, J. M., RACKE, M. K., ZUNIGA-PFLUCKER, J. C., CANNELLA, B., RAINE, C.
S., GOVERMAN, J. & LENARDO, M. J. 1994. T cell deletion in high antigen dose
therapy of autoimmune encephalomyelitis. Science, 263, 1139-43.

CROSS, A. H., STARK, J. L., LAUBER, J., RAMSBOTTOM, M. J. & LYONS, J. A. 2006.
Rituximab reduces B cells and T cells in cerebrospinal fluid of multiple
sclerosis patients. J Neuroimmunol, 180, 63-70.

CUA, D. J.,, GROUX, H., HINTON, D. R., STOHLMAN, S. A. & COFFMAN, R. L. 1999.
Transgenic interleukin 10 prevents induction of experimental autoimmune
encephalomyelitis. J Exp Med, 189, 1005-10.

CUA, D. J.,, SHERLOCK, J., CHEN, Y., MURPHY, C. A., JOYCE, B., SEYMOUR, B.,
LUCIAN, L., TO, W., KWAN, S., CHURAKOVA, T., ZURAWSKI, S., WIEKOWSKI,
M., LIRA, S. A.,, GORMAN, D., KASTELEIN, R. A. & SEDGWICK, J. D. 2003.
Interleukin-23 rather than interleukin-12 is the critical cytokine for
autoimmune inflammation of the brain. Nature, 421, 744-8.

DALE, R. C., DE SOUSA, C., CHONG, W. K., COX, T. C., HARDING, B. & NEVILLE, B. G.
2000. Acute disseminated encephalomyelitis, multiphasic disseminated
encephalomyelitis and multiple sclerosis in children. Brain, 123 Pt 12, 2407-
22.

DAMOISEAUX, J. G., DOPP, E. A., CALAME, W., CHAO, D., MACPHERSON, G. G. &
DIJKSTRA, C. D. 1994. Rat macrophage lysosomal membrane antigen
recognized by monoclonal antibody ED1. Immunology, 83, 140-7.

DEISS, A., BRECHT, I., HAARMANN, A. & BUTTMANN, M. 2013. Treating multiple
sclerosis with monoclonal antibodies: a 2013 update. Expert Rev Neurother,
13, 313-35.

DELARASSE, C., DAUBAS, P., MARS, L. T., VIZLER, C., LITZENBURGER, T., IGLESIAS,
A., BAUER, J., DELLA GASPERA, B., SCHUBART, A., DECKER, L., DIMITRI, D.,
ROUSSEL, G., DIERICH, A., AMOR, S., DAUTIGNY, A., LIBLAU, R. & PHAM-DINH,
D. 2003. Myelin/oligodendrocyte glycoprotein-deficient (MOG-deficient)



208

mice reveal lack of immune tolerance to MOG in wild-type mice. J Clin Invest,
112, 544-53.

DENIC, A., WOOTLA, B. & RODRIGUEZ, M. 2013. CD8(+) T cells in multiple sclerosis.
Expert Opin Ther Targets, 17, 1053-66.

DERFUSS, T., LININGTON, C., HOHLFELD, R. & MEINL, E. 2010. Axo-glial antigens as
targets in multiple sclerosis: implications for axonal and grey matter injury. J
Mol Med (Berl), 88, 753-61.

DEVAUX, B., ENDERLIN, F., WALLNER, B. & SMILEK, D. E. 1997. Induction of EAE in
mice with recombinant human MOG, and treatment of EAE with a MOG
peptide. J Neuroimmunol, 75, 169-73.

DEVONSHIRE, V., HAVRDOVA, E., RADUE, E. W., O'CONNOR, P., ZHANG-
AUBERSON, L., AGOROPOULOU, C., HARING, D. A., FRANCIS, G. & KAPPOS, L.
2012. Relapse and disability outcomes in patients with multiple sclerosis
treated with fingolimod: subgroup analyses of the double-blind, randomised,
placebo-controlled FREEDOMS study. Lancet Neurol, 11, 420-8.

DI PAULI, F., MADER, S., ROSTASY, K., SCHANDA, K., BAJER-KORNEK, B., EHLING, R.,
DEISENHAMMIER, F., REINDL, M. & BERGER, T. 2011. Temporal dynamics of
anti-MOG antibodies in CNS demyelinating diseases. Clin Immunol, 138, 247-
54.

DIJKSTRA, C. D., DOPP, E. A., JOLING, P. & KRAAL, G. 1985. The heterogeneity of
mononuclear phagocytes in lymphoid organs: distinct macrophage
subpopulations in the rat recognized by monoclonal antibodies ED1, ED2 and
ED3. Immunology, 54, 589-99.

DONG, Y. & BENVENISTE, E. N. 2001. Immune function of astrocytes. Glia, 36, 180-
90.

DUDDY, M., NIINO, M., ADATIA, F., HEBERT, S., FREEDMAN, M., ATKINS, H., KIM, H.
J. & BAR-OR, A. 2007. Distinct effector cytokine profiles of memory and naive

human B cell subsets and implication in multiple sclerosis. J Immunol, 178,
6092-9.

DUDDY, M. E., ALTER, A. & BAR-OR, A. 2004. Distinct profiles of human B cell
effector cytokines: a role in immune regulation? J Immunol, 172, 3422-7.

DUQUETTE, P., MURRAY, T. J., PLEINES, J., EBERS, G. C., SADOVNICK, D., WELDON,
P., WARREN, S., PATY, D. W., UPTON, A., HADER, W. & ET AL. 1987. Multiple
sclerosis in childhood: clinical profile in 125 patients. J Pediatr, 111, 359-63.



209

EBERS, G. C. & PATY, D. W. 1980. CSF electrophoresis in one thousand patients.
Can J Neurol Sci, 7, 275-80.

EGG, R., REINDL, M., DEISENHAMMER, F., LININGTON, C. & BERGER, T. 2001. Anti-
MOG and anti-MBP antibody subclasses in multiple sclerosis. Mult Scler, 7,
285-9.

EICHORST, H. 1896. Uber infantile und hereditare multiple sclerose. Virchows
Archiv, 146, 173-193.

ELLIOTT, C., LINDNER, M., ARTHUR, A., BRENNAN, K., JARIUS, S., HUSSEY, J., CHAN,
A., STROET, A., OLSSON, T., WILLISON, H., BARNETT, S. C., MEINL, E. &
LININGTON, C. 2012. Functional identification of pathogenic autoantibody
responses in patients with multiple sclerosis. Brain, 135, 1819-33.

ESIRI, M. M. 1977. Immunoglobulin-containing cells in multiple-sclerosis plaques.
Lancet, 2, 478.

FERNANDEZ CARBONELL, C. & CHITNIS, T. 2013. Inflammatory demyelinating
diseases in children: an update. Minerva Pediatr, 65, 307-23.

FERRARO, D., SIMONE, A. M., BEDIN, R., GALLI, V., VITETTA, F., FEDERZONI, L.,
D'AMICO, R., MERELLI, E., NICHELLI, P. F. & SOLA, P. 2013. Cerebrospinal fluid
oligoclonal IgM bands predict early conversion to clinically definite multiple
sclerosis in patients with clinically isolated syndrome. J Neuroimmunol, 257,
76-81.

FIALOVA, L., BARTOS, A., SVARCOVA, J., ZIMOVA, D. & KOTOUCOVA, J. 2013a.
Serum and cerebrospinal fluid heavy neurofilaments and antibodies against
them in early multiple sclerosis. J Neuroimmunol, 259, 81-7.

FIALOVA, L., BARTOS, A., SVARCOVA, J., ZIMOVA, D., KOTOUCOVA, J. &
MALBOHAN, I. 2013b. Serum and cerebrospinal fluid light neurofilaments and
antibodies against them in clinically isolated syndrome and multiple sclerosis.
J Neuroimmunol, 262, 113-20.

FIELD, E. J. 1980. Multiple sclerosis in children. Diagnosis and prophylaxis, Charles C
Thomas.

FIERZ, W., HEININGER, K., SCHAEFER, B., TOYKA, K. V., LININGTON, C. &
LASSMANN, H. 1988. Synergism in the pathogenesis of EAE induced by an
MBP-specific T-cell line and monoclonal antibodies to galactocerebroside or a
myelin oligodendroglial glycoprotein. Ann N Y Acad Sci, 540, 360-3.



210

FILLATREAU, S., SWEENIE, C. H., MCGEACHY, M. J., GRAY, D. & ANDERTON, S. M.
2002. B cells regulate autoimmunity by provision of IL-10. Nat Immunol, 3,
944-50.

FIORENTINO, D. F., ZLOTNIK, A.,, MOSMANN, T. R., HOWARD, M. & O'GARRA, A.
1991. IL-10 inhibits cytokine production by activated macrophages. J
Immunol, 147, 3815-22.

FLETCHER, J. M., LALOR, S. J., SWEENEY, C. M., TUBRIDY, N. & MILLS, K. H. 2010. T
cells in multiple sclerosis and experimental autoimmune encephalomyelitis.
Clin Exp Immunol, 162, 1-11.

FOWLER, W. L., JR., JOHNSON, J. A., KURZ, K. D., ZEIGLER, D. W., DOSTAL, D. E. &
PAYNE, C. G. 1986. Body fluid volumes in rats with mestranol-induced
hypertension. Am J Physiol, 251, H190-5.

FOX, R. J., MILLER, D. H., PHILLIPS, J. T., HUTCHINSON, M., HAVRDOVA, E., KITA, M.,
YANG, M., RAGHUPATHI, K., NOVAS, M., SWEETSER, M. T., VIGLIETTA, V. &
DAWSON, K. T. 2012. Placebo-controlled phase 3 study of oral BG-12 or
glatiramer in multiple sclerosis. N Engl J Med, 367, 1087-97.

FU, Y. X., HUANG, G., WANG, Y. & CHAPLIN, D. D. 1998. B lymphocytes induce the
formation of follicular dendritic cell clusters in a lymphotoxin alpha-
dependent fashion. J Exp Med, 187, 1009-18.

FUJIO, K., OKAMURA, T. & YAMAMOTO, K. 2010. The Family of IL-10-secreting
CD4+ T cells. Adv Immunol, 105, 99-130.

FURST, D. E. 2004. Anakinra: review of recombinant human interleukin-I receptor
antagonist in the treatment of rheumatoid arthritis. Clin Ther, 26, 1960-75.

GAERTNER, S., DE GRAAF, K. L., GREVE, B. & WEISSERT, R. 2004. Antibodies against
glycosylated native MOG are elevated in patients with multiple sclerosis.
Neurology, 63, 2381-3.

GARREN, H., RUIZ, P. J., WATKINS, T. A.,, FONTOURA, P., NGUYEN, L. T., ESTLINE, E.
R., HIRSCHBERG, D. L. & STEINMAN, L. 2001. Combination of gene delivery
and DNA vaccination to protect from and reverse Th1l autoimmune disease
via deviation to the Th2 pathway. Immunity, 15, 15-22.

GASQUE, P., DEAN, Y. D., MCGREAL, E. P., VANBEEK, J. & MORGAN, B. P. 2000.
Complement components of the innate immune system in health and disease
in the CNS. Immunopharmacology, 49, 171-86.



211

GAUR, A., WIERS, B., LIU, A., ROTHBARD, J. & FATHMAN, C. G. 1992. Amelioration
of autoimmune encephalomyelitis by myelin basic protein synthetic peptide-
induced anergy. Science, 258, 1491-4.

GEHRMANN, J., MATSUMOTO, Y. & KREUTZBERG, G. W. 1995. Microglia: Intrinsic
immuneffector cell of the brain. Brain Research Reviews, 20, 269-287.

GENAIN, C. P., ABEL, K., BELMAR, N., VILLINGER, F., ROSENBERG, D. P., LININGTON,
C., RAINE, C. S. & HAUSER, S. L. 1996. Late complications of immune deviation
therapy in a nonhuman primate. Science, 274, 2054-7.

GENAIN, C. P., CANNELLA, B., HAUSER, S. L. & RAINE, C. S. 1999. Identification of
autoantibodies associated with myelin damage in multiple sclerosis. Nat
Med, 5, 170-5.

GENAIN, C. P. & HAUSER, S. L. 2001. Experimental allergic encephalomyelitis in the
New World monkey Callithrix jacchus. Immunol Rev, 183, 159-72.

GENAIN, C. P., NGUYEN, M. H., LETVIN, N. L., PEARL, R., DAVIS, R. L., ADELMAN, M.,
LEES, M. B., LININGTON, C. & HAUSER, S. L. 1995. Antibody facilitation of
multiple sclerosis-like lesions in a nonhuman primate. J Clin Invest, 96, 2966-
74.

GIUNTI, D., PARODI, B., CORDANO, C., UCCELLI, A. & KERLERO DE ROSBO, N. 2013.
Can we switch microglia's phenotype to foster neuroprotection? Focus on
multiple sclerosis. Immunology, n/a-n/a.

GOLD, R., KAPPOS, L., ARNOLD, D. L., BAR-OR, A., GIOVANNONI, G., SELMAJ, K.,
TORNATORE, C., SWEETSER, M. T., YANG, M., SHEIKH, S. I. & DAWSON, K. T.
2012. Placebo-controlled phase 3 study of oral BG-12 for relapsing multiple
sclerosis. N Engl J Med, 367, 1098-107.

GOLDMANN, T. & PRINZ, M. 2013. Role of microglia in CNS autoimmunity. Clin Dev
Immunol, 2013, 208093.

GOMEZ PERDIGUERDO, E., SCHULZ, C. & GEISSMANN, F. 2013. Development and
homeostasis of "resident" myeloid cells: the case of the microglia. Glia, 61,
112-20.

GONSETTE, R. E., DELMOTTE, P. & DEMONTY, L. 1977. Failure of basic protein
therapy for multiple sclerosis. J Neurol, 216, 27-31.



212

GORMAN, M. P., HEALY, B. C., POLGAR-TURCSANYI, M. & CHITNIS, T. 2009.
Increased relapse rate in pediatric-onset compared with adult-onset multiple
sclerosis. Arch Neurol, 66, 54-9.

GOTTENBERG, J. E., RAVAUD, P., BARDIN, T., CACOUB, P., CANTAGREL, A., COMBE,
B., DOUGADOS, M., FLIPO, R. M., GODEAU, B., GUILLEVIN, L., LE LOET, X.,
HACHULLA, E., SCHAEVERBEKE, T., SIBILIA, J., BARON, G. & MARIETTE, X.
2010. Risk factors for severe infections in patients with rheumatoid arthritis
treated with rituximab in the autoimmunity and rituximab registry. Arthritis
Rheum, 62, 2625-32.

GRAPSA, E., TRIANTAFYLLOU, N., ROMBOS, A., LAGOURANIS, A. & DIMOPOULOS,
M. A. 2008. Therapeutic plasma exchange combined with immunomodulating
agents in secondary progressive multiple sclerosis patients. Ther Apher Dial,
12, 105-8.

GRAY, D. & GRAY, M. 2010. What are regulatory B cells? Eur J Immunol, 40, 2677-9.

GREER, J. M. 2013. Autoimmune T-Cell Reactivity to Myelin Proteolipids and
Glycolipids in Multiple Sclerosis. Mult Scler Int, 2013, 151427.

GRESLE, M. M., LIU, Y., DAGLEY, L. F., HAARTSEN, J., PEARSON, F., PURCELL, A. W.,
LAVERICK, L., PETZOLD, A., LUCAS, R. M., VAN DER WALT, A., PRIME, H.,
MORRIS, D. R., TAYLOR, B. V., SHAW, G. & BUTZKUEVEN, H. 2014. Serum
phosphorylated neurofilament-heavy chain levels in multiple sclerosis
patients. J Neurol Neurosurg Psychiatry.

GUGGENMOS, J., SCHUBART, A. S., OGG, S., ANDERSSON, M., OLSSON, T.,
MATHER, I. H. & LININGTON, C. 2004. Antibody cross-reactivity between
myelin oligodendrocyte glycoprotein and the milk protein butyrophilin in
multiple sclerosis. J Immunol, 172, 661-8.

HAGHIGHI, S., LEKMAN, A., NILSSON, S., BLOMQVIST, M. & ANDERSEN, O. 2013.
Increased CSF sulfatide levels and serum glycosphingolipid antibody levels in
healthy siblings of multiple sclerosis patients. J Neurol Sci, 326, 35-9.

HAHN, C. D., SHROFF, M. M., BLASER, S. |. & BANWELL, B. L. 2004. MRI criteria for
multiple sclerosis: Evaluation in a pediatric cohort. Neurology, 62, 806-8.

HAMEL, K. M., CAQ, Y., ASHAYE, S., WANG, Y., DUNN, R., KEHRY, M. R., GLANT, T. T.
& FINNEGAN, A. 2011. B cell depletion enhances T regulatory cell activity
essential in the suppression of arthritis. J Immunol, 187, 4900-6.



213

HANEFELD, F. 2007. Pediatric multiple sclerosis: a short history of a long story.
Neurology, 68, S3-6.

HARP, C. T., LOVETT-RACKE, A. E., RACKE, M. K., FROHMAN, E. M. & MONSON, N. L.
2008. Impact of myelin-specific antigen presenting B cells on T cell activation
in multiple sclerosis. Clin Immunol, 128, 382-91.

HARRIS, D. P., GOODRICH, S., GERTH, A. J., PENG, S. L. & LUND, F. E. 2005a.
Regulation of IFN-gamma production by B effector 1 cells: essential roles for
T-bet and the IFN-gamma receptor. J Immunol, 174, 6781-90.

HARRIS, D. P., GOODRICH, S., MOHRS, K., MOHRS, M. & LUND, F. E. 2005b. Cutting
edge: the development of IL-4-producing B cells (B effector 2 cells) is
controlled by IL-4, IL-4 receptor alpha, and Th2 cells. J Immunol, 175, 7103-7.

HARRIS, D. P., HAYNES, L., SAYLES, P. C., DUSO, D. K., EATON, S. M., LEPAK, N. M.,
JOHNSON, L. L., SWAIN, S. L. & LUND, F. E. 2000. Reciprocal regulation of
polarized cytokine production by effector B and T cells. Nat Immunol, 1, 475-
82.

HAUSER, S. L., WAUBANT, E., ARNOLD, D. L., VOLLMER, T., ANTEL, J., FOX, R. J.,
BAR-OR, A., PANZARA, M., SARKAR, N., AGARWAL, S., LANGER-GOULD, A. &
SMITH, C. H. 2008. B-cell depletion with rituximab in relapsing-remitting
multiple sclerosis. N Engl J Med, 358, 676-88.

HAWKER, K. 2008. B-cell-targeted treatment for multiple sclerosis: mechanism of
action and clinical data. Curr Opin Neurol, 21 Suppl 1, S19-25.

HAWKER, K., O'CONNOR, P., FREEDMAN, M. S., CALABRESI, P. A., ANTEL, J., SIMON,
J.,, HAUSER, S., WAUBANT, E., VOLLMER, T., PANITCH, H., ZHANG, J., CHIN, P.
& SMITH, C. H. 2009. Rituximab in patients with primary progressive multiple
sclerosis: results of a randomized double-blind placebo-controlled
multicenter trial. Ann Neurol, 66, 460-71.

HEMMER, B., ARCHELOS, J. J. & HARTUNG, H. P. 2002. New concepts in the
immunopathogenesis of multiple sclerosis. Nat Rev Neurosci, 3, 291-301.

HENDRIKS, J. J., TEUNISSEN, C. E., DE VRIES, H. E. & DIJKSTRA, C. D. 2005.
Macrophages and neurodegeneration. Brain Res Brain Res Rev, 48, 185-95.

HOCHE, F., PFEIFENBRING, S., VLAHO, S., QIRSHI, M., THEIS, M., SCHNEIDER, W.,
PORTO, L., MULLER, K. & KIESLICH, M. 2011. Rare brain biopsy findings in a
first ADEM-like event of pediatric MS: histopathologic, neuroradiologic and
clinical features. J Neural Transm, 118, 1311-7.



214

HOFSTETTER, H. H., IBRAHIM, S. M., KOCZAN, D., KRUSE, N., WEISHAUPT, A,,
TOYKA, K. V. & GOLD, R. 2005. Therapeutic efficacy of IL-17 neutralization in
murine experimental autoimmune encephalomyelitis. Cell Immunol, 237,
123-30.

HOHLFELD, R. 1997. Biotechnological agents for the immunotherapy of multiple
sclerosis. Principles, problems and perspectives. Brain, 120 ( Pt 5), 865-916.

HOWE, C. L., KAPTZAN, T., MAGANA, S. M., AYERS-RINGLER, J. R., LAFRANCE-
COREY, R. G. & LUCCHINETTI, C. F. 2014. Neuromyelitis optica IgG stimulates
an immunological response in rat astrocyte cultures. Glia, 62, 692-708.

HOWELL, O. W., PALSER, A., POLITO, A., MELROSE, S., ZONTA, B., SCHEIERMANN,
C., VORA, A. J., BROPHY, P. J. & REYNOLDS, R. 2006. Disruption of neurofascin
localization reveals early changes preceding demyelination and remyelination
in multiple sclerosis. Brain, 129, 3173-85.

HU, Y., SHEN, F., CRELLIN, N. K. & OUYANG, W. 2011. The IL-17 pathway as a major
therapeutic target in autoimmune diseases. Ann N Y Acad Sci, 1217, 60-76.

HUITINGA, I., RUULS, S. R., JUNG, S., VAN ROOIJEN, N., HARTUNG, H. P. &
DIJKSTRA, C. D. 1995. Macrophages in T cell line-mediated, demyelinating,
and chronic relapsing experimental autoimmune encephalomyelitis in Lewis
rats. Clin Exp Immunol, 100, 344-51.

HUITINGA, I., VAN ROOIJEN, N., DE GROOT, C. J., UITDEHAAG, B. M. & DIJKSTRA, C.
D. 1990. Suppression of experimental allergic encephalomyelitis in Lewis rats
after elimination of macrophages. J Exp Med, 172, 1025-33.

HYNSON, J. L., KORNBERG, A. J., COLEMAN, L. T., SHIELD, L., HARVEY, A. S. & KEAN,
M. J. 2001. Clinical and neuroradiologic features of acute disseminated
encephalomyelitis in children. Neurology, 56, 1308-12.

IGLESIAS, A., BAUER, J., LITZENBURGER, T., SCHUBART, A. & LININGTON, C. 2001. T-
and B-cell responses to myelin oligodendrocyte glycoprotein in experimental
autoimmune encephalomyelitis and multiple sclerosis. Glia, 36, 220-34.

ILYAS, A. A., CHEN, Z. W. & COOK, S. D. 2003. Antibodies to sulfatide in
cerebrospinal fluid of patients with multiple sclerosis. J Neuroimmunol, 139,
76-80.

ILYAS, A. A., MITHEN, F. A., CHEN, Z. W. & COOK, S. D. 1991. Search for antibodies
to neutral glycolipids in sera of patients with Guillain-Barre syndrome. J
Neurol Sci, 102, 67-75.



215

ISHIGAMI, T., WHITE, C. A. & PENDER, M. P. 1998. Soluble antigen therapy induces
apoptosis of autoreactive T cells preferentially in the target organ rather than
in the peripheral lymphoid organs. Eur J Immunol, 28, 1626-35.

ITOYAMA, Y., STERNBERGER, N. H., WEBSTER, H. D., QUARLES, R. H., COHEN, S. R.
& RICHARDSON, E. P, JR. 1980. Immunocytochemical observations on the
distribution of myelin-associated glycoprotein and myelin basic protein in
multiple sclerosis lesions. Ann Neurol, 7, 167-77.

JACK, C., RUFFINI, F., BAR-OR, A. & ANTEL, J. P. 2005. Microglia and multiple
sclerosis. Journal of Neuroscience Research, 81, 363-373.

JANS, H., HELTBERG, A., ZEEBERG, I., KRISTENSEN, J. H., FOG, T. & RAUN, N. E.
1984. Immune complexes and the complement factors C4 and C3 in
cerebrospinal fluid and serum from patients with chronic progressive
multiple sclerosis. Acta Neurol Scand, 69, 34-8.

JARIUS, S., FRANCIOTTA, D., BERGAMASCHI, R., WRIGHT, H., LITTLETON, E.,
PALACE, J., HOHLFELD, R. & VINCENT, A. 2007. NMO-IgG in the diagnosis of
neuromyelitis optica. Neurology, 68, 1076-7.

JARIUS, S., PAUL, F., FRANCIOTTA, D., WATERS, P., ZIPP, F., HOHLFELD, R.,
VINCENT, A. & WILDEMANN, B. 2008. Mechanisms of disease: aquaporin-4
antibodies in neuromyelitis optica. Nat Clin Pract Neurol, 4, 202-14.

JEWELL, S. D., GIENAPP, I. E., COX, K. L. & WHITACRE, C. C. 1998. Oral tolerance as
therapy for experimental autoimmune encephalomyelitis and multiple
sclerosis: demonstration of T cell anergy. Immunol Cell Biol, 76, 74-82.

JIA, Y., LI, H., CHEN, W., LI, M., LV, M., FENG, P., HU, H. & ZHANG, L. 2006.
Prevention of murine experimental autoimmune encephalomyelitis by in vivo
expression of a novel recombinant immunotoxin DT390-RANTES. Gene Ther,
13, 1351-9.

JOHNSON, A. J., SUIDAN, G. L., MCDOLE, J. & PIRKO, I. 2007. The CD8 T Cell in
Multiple Sclerosis: Suppressor Cell Or Mediator of Neuropathology? In:
ALIREZA, M. (ed.) International Review of Neurobiology. Academic Press.

JOHNSON, D., SATO, S., QUARLES, R. H., INUZUKA, T., BRADY, R. O. &
TOURTELLOTTE, W. W. 1986. Quantitation of the myelin-associated
glycoprotein in human nervous tissue from controls and multiple sclerosis
patients. J Neurochem, 46, 1086-93.



216

JUNG, M., SOMMER, I., SCHACHNER, M. & NAVE, K. A. 1996. Monoclonal antibody
010 defines a conformationally sensitive cell-surface epitope of proteolipid
protein (PLP): evidence that PLP misfolding underlies dysmyelination in
mutant mice. J Neurosci, 16, 7920-9.

KABAT, E. A.,, MOORE, D. H. & LANDOW, H. 1942. AN ELECTROPHORETIC STUDY OF
THE PROTEIN COMPONENTS IN CEREBROSPINAL FLUID AND THEIR
RELATIONSHIP TO THE SERUM PROTEINS. J Clin Invest, 21, 571-7.

KANTER, J. L., NARAYANA, S., HO, P. P., CATZ, I., WARREN, K. G., SOBEL, R. A,,
STEINMAN, L. & ROBINSON, W. H. 2006. Lipid microarrays identify key
mediators of autoimmune brain inflammation. Nat Med, 12, 138-43.

KAPPOQOS, L., COMI, G., PANITCH, H., OGER, J., ANTEL, J., CONLON, P. & STEINMAN,
L. 2000. Induction of a non-encephalitogenic type 2 T helper-cell autoimmune
response in multiple sclerosis after administration of an altered peptide
ligand in a placebo-controlled, randomized phase Il trial. The Altered Peptide
Ligand in Relapsing MS Study Group. Nat Med, 6, 1176-82.

KAPPOQOS, L., LI, D., CALABRESI, P. A., O'CONNOR, P., BAR-OR, A., BARKHOF, F., YIN,
M., LEPPERT, D., GLANZMAN, R., TINBERGEN, J. & HAUSER, S. L. 2011.
Ocrelizumab in relapsing-remitting multiple sclerosis: a phase 2, randomised,
placebo-controlled, multicentre trial. Lancet, 378, 1779-87.

KASAI, N., PACHNER, A. R. & YU, R. K. 1986. Anti-glycolipid antibodies and their
immune complexes in multiple sclerosis. J Neurol Sci, 75, 33-42.

KATZ, S. |, PARKER, D. & TURK, J. L. 1974. B-cell suppression of delayed
hypersensitivity reactions. Nature, 251, 550-1.

KAUSHANSKY, N., KERLERO DE ROSBO, N., ZILKHA-FALB, R., YOSEF-HEMO, R.,
COHEN, L. & BEN-NUN, A. 2011. 'Multi-epitope-targeted' immune-specific
therapy for a multiple sclerosis-like disease via engineered multi-epitope
protein is superior to peptides. PLoS One, 6, e27860.

KEEGAN, M., KONIG, F., MCCLELLAND, R., BRUCK, W., MORALES, Y., BITSCH, A,,
PANITCH, H., LASSMANN, H., WEINSHENKER, B., RODRIGUEZ, M., PARISI, J. &
LUCCHINETTI, C. F. 2005. Relation between humoral pathological changes in
multiple sclerosis and response to therapeutic plasma exchange. Lancet, 366,
579-82.

KERR, D. A. & AYETEY, H. 2002. Immunopathogenesis of acute transverse myelitis.
Curr Opin Neurol, 15, 339-47.



217

KHATRI, B. O. 2009. Therapeutic plasma exchange for worsening multiple sclerosis:
does it work? Expert Rev Clin Immunol, 5, 491-3.

KIM, S. H., HUH, S. Y., LEE, S. J., JOUNG, A. & KIM, H. J. 2013a. A 5-year follow-up of
rituximab treatment in patients with neuromyelitis optica spectrum disorder.
JAMA Neurol, 70, 1110-7.

KIM, S. H., KIM, W., HUH, S. Y., LEE, K. Y., JUNG, I. J. & KIM, H. J. 2013b. Clinical
efficacy of plasmapheresis in patients with neuromyelitis optica spectrum
disorder and effects on circulating anti-aquaporin-4 antibody levels. J Clin
Neurol, 9, 36-42.

KIM, S. U. & DE VELLIS, J. 2005. Microglia in health and disease. J Neurosci Res, 81,
302-13.

KIM, Y. S. & KIM, S. U. 1991. Oligodendroglial cell death induced by oxygen radicals
and its protection by catalase. J Neurosci Res, 29, 100-6.

KISTER, I., CHAMOT, E., BACON, J. H., NIEWCZYK, P. M., DE GUZMAN, R. A,,
APATOFF, B., COYLE, P., GOODMAN, A. D., GOTTESMAN, M., GRANGER, C,,
JUBELT, B., KRUPP, L., LENIHAN, M., LUBLIN, F., MIHAI, C., MILLER, A,,
MUNSCHAUER, F. E., 3RD, PEREL, A. B., TETER, B. E., WEINSTOCK-GUTTMAN,
B., ZIVADINOV, R. & HERBERT, J. 2010. Rapid disease course in African
Americans with multiple sclerosis. Neurology, 75, 217-23.

KOCH, M. W., CUTTER, G., STYS, P. K., YONG, V. W. & METZ, L. M. 2013. Treatment
trials in progressive MS--current challenges and future directions. Nat Rev
Neurol, 9, 496-503.

KOMIYAMA, Y., NAKAE, S., MATSUKI, T., NAMBU, A., ISHIGAME, H., KAKUTA, S.,
SUDO, K. & IWAKURA, Y. 2006. IL-17 plays an important role in the
development of experimental autoimmune encephalomyelitis. J Immunol,
177, 566-73.

KRAMER-ALBERS, E. M., BRETZ, N., TENZER, S., WINTERSTEIN, C., MOBIUS, W.,
BERGER, H., NAVE, K. A., SCHILD, H. & TROTTER, J. 2007. Oligodendrocytes
secrete exosomes containing major myelin and stress-protective proteins:
Trophic support for axons? Proteomics Clin Appl, 1, 1446-61.

KRAMER-ALBERS, E. M., GEHRIG-BURGER, K., THIELE, C., TROTTER, J. & NAVE, K. A.
2006. Perturbed interactions of mutant proteolipid protein/DM20 with
cholesterol and lipid rafts in oligodendroglia: implications for dysmyelination
in spastic paraplegia. J Neurosci, 26, 11743-52.



218

KRAUS, V., SRIVASTAVA, R., KALLURI, S. R., SEIDEL, U., SCHUELKE, M., SCHIMMEL,
M., ROSTASY, K., LEIZ, S., HOSIE, S., GRUMMEL, V. & HEMMER, B. 2014.
Potassium channel KIR4.1-specific antibodies in children with acquired
demyelinating CNS disease. Neurology, 82, 470-3.

KREITMAN, R. J. 2006. Immunotoxins for targeted cancer therapy. AAPS J, 8, E532-
51.

KRUPP, L. B., BANWELL, B. & TENEMBAUM, S. 2007. Consensus definitions
proposed for pediatric multiple sclerosis and related disorders. Neurology,
68, S7-12.

KRUPP, L. B., TARDIEU, M., AMATO, M. P., BANWELL, B., CHITNIS, T., DALE, R. C.,
GHEZZI, A., HINTZEN, R., KORNBERG, A., POHL, D., ROSTASY, K.,
TENEMBAUM, S. & WASSMER, E. 2013. International Pediatric Multiple
Sclerosis Study Group criteria for pediatric multiple sclerosis and immune-
mediated central nervous system demyelinating disorders: revisions to the
2007 definitions. Mult Scler, 19, 1261-7.

KUCHERYAVYKH, Y. V., KUCHERYAVYKH, L. Y., NICHOLS, C. G., MALDONADO, H. M.,
BAKSI, K., REICHENBACH, A., SKATCHKOV, S. N. & EATON, M. J. 2007.
Downregulation of Kir4.1 inward rectifying potassium channel subunits by
RNAi impairs potassium transfer and glutamate uptake by cultured cortical
astrocytes. Glia, 55, 274-81.

KUHLE, J., POHL, C., MEHLING, M., EDAN, G., FREEDMAN, M. S., HARTUNG, H. P,,
POLMAN, C. H., MILLER, D. H., MONTALBAN, X., BARKHOF, F., BAUER, L.,
DAHMS, S., LINDBERG, R., KAPPQOS, L. & SANDBRINK, R. 2007. Lack of
association between antimyelin antibodies and progression to multiple
sclerosis. N Engl J Med, 356, 371-8.

LAFAILLE, J. J., KEERE, F. V., HSU, A. L., BARON, J. L., HAAS, W., RAINE, C. S. &
TONEGAWA, S. 1997. Myelin basic protein-specific T helper 2 (Th2) cells
cause experimental autoimmune encephalomyelitis in immunodeficient hosts
rather than protect them from the disease. J Exp Med, 186, 307-12.

LAMBRACHT-WASHINGTON, D., O'CONNOR, K. C., CAMERON, E. M., JOWDRY, A,,
WARD, E. S., FROHMAN, E., RACKE, M. K. & MONSON, N. L. 2007. Antigen
specificity of clonally expanded and receptor edited cerebrospinal fluid B cells
from patients with relapsing remitting MS. J Neuroimmunol, 186, 164-76.

LANGRISH, C. L., CHEN, Y., BLUMENSCHEIN, W. M., MATTSON, J., BASHAM, B,
SEDGWICK, J. D., MCCLANAHAN, T., KASTELEIN, R. A. & CUA, D. J. 2005. IL-23
drives a pathogenic T cell population that induces autoimmune inflammation.
J Exp Med, 201, 233-40.



219

LANZAVECCHIA, A. 1985. Antigen-specific interaction between T and B cells.
Nature, 314, 537-9.

LASSMANN, H. 1983. Comparative neuropathology of chronic experimental allergic
encephalomyelitis and multiple sclerosis. Schriftenr Neurol, 25, 1-135.

LASSMANN, H., BRUCK, W. & LUCCHINETTI, C. 2001. Heterogeneity of multiple
sclerosis pathogenesis: implications for diagnosis and therapy. Trends Mol
Med, 7, 115-21.

LASSMANN, H. & HICKEY, W. F. 1993. Radiation bone marrow chimeras as a tool to
study microglia turnover in normal brain and inflammation. Clin Neuropathol,
12, 284-5.

LASSMANN, H. & RANSOHOFF, R. M. 2004. The CD4-Th1 model for multiple
sclerosis: a critical [correction of crucial] re-appraisal. Trends Immunol, 25,
132-7.

LEADBETTER, E. A., BOURQUE, C. R., DEVAUX, B., OLSON, C. D., SUNSHINE, G. H.,
HIRANI, S., WALLNER, B. P., SMILEK, D. E. & HAPP, M. P. 1998. Experimental
autoimmune encephalomyelitis induced with a combination of myelin basic
protein and myelin oligodendrocyte glycoprotein is ameliorated by
administration of a single myelin basic protein peptide. JImmunol, 161, 504-
12.

LEAKE, J. A., ALBANI, S., KAO, A. S., SENAC, M. O., BILLMAN, G. F., NESPECA, M. P.,
PAULINO, A. D., QUINTELA, E. R., SAWYER, M. H. & BRADLEY, J. S. 2004. Acute
disseminated encephalomyelitis in childhood: epidemiologic, clinical and
laboratory features. Pediatr Infect Dis J, 23, 756-64.

LEBAR, R., LUBETZKI, C., VINCENT, C., LOMBRAIL, P. & BOUTRY, J. M. 1986. The M2
autoantigen of central nervous system myelin, a glycoprotein present in
oligodendrocyte membrane. Clin Exp Immunol, 66, 423-34.

LEHMANN-HORN, K., KRONSBEIN, H. C. & WEBER, M. S. 2013. Targeting B cells in
the treatment of multiple sclerosis: recent advances and remaining
challenges. Ther Adv Neurol Disord, 6, 161-73.

LEHNARDT, S. 2010. Innate immunity and neuroinflammation in the CNS: the role
of microglia in Toll-like receptor-mediated neuronal injury. Glia, 58, 253-63.

LEITE, M. 1., JACOB, S., VIEGAS, S., COSSINS, J., CLOVER, L., MORGAN, B. P.,
BEESON, D., WILLCOX, N. & VINCENT, A. 2008. IgG1 antibodies to



220

acetylcholine receptors in 'seronegative' myasthenia gravis. Brain, 131, 1940-
52.

LENNON, V. A., WINGERCHUK, D. M., KRYZER, T. J., PITTOCK, S. J., LUCCHINETTI, C.
F., FUJIHARA, K., NAKASHIMA, |. & WEINSHENKER, B. G. 2004. A serum
autoantibody marker of neuromyelitis optica: distinction from multiple
sclerosis. Lancet, 364, 2106-12.

LEVINE, S., HOENIG, E. M. & KIES, M. W. 1968. Allergic encephalomyelitis: passive
transfer prevented by encephalitogen. Science, 161, 1155-7.

LIM, S. Y. & CONSTANTINESCU, C. S. 2010. Current and future disease-modifying
therapies in multiple sclerosis. Int J Clin Pract, 64, 637-50.

LINDNER, M., NG, J. K., HOCHMEISTER, S., MEINL, E. & LININGTON, C. 2013.
Neurofascin 186 specific autoantibodies induce axonal injury and exacerbate
disease severity in experimental autoimmune encephalomyelitis. Exp Neurol,
247, 259-66.

LINDSEY, J. W., HADEN-PINNERI, K., MEMON, N. B. & BUJA, L. M. 2012. Sudden
unexpected death on fingolimod. Mult Scler, 18, 1507-8.

LININGTON, C., BRADL, M., LASSMANN, H., BRUNNER, C. & VASS, K. 1988.
Augmentation of demyelination in rat acute allergic encephalomyelitis by
circulating mouse monoclonal antibodies directed against a
myelin/oligodendrocyte glycoprotein. Am J Pathol, 130, 443-54.

LININGTON, C., MORGAN, B. P., SCOLDING, N. J., WILKINS, P., PIDDLESDEN, S. &
COMPSTON, D. A. 1989. The role of complement in the pathogenesis of
experimental allergic encephalomyelitis. Brain, 112 ( Pt 4), 895-911.

LINK, H. & HUANG, Y. M. 2006. Oligoclonal bands in multiple sclerosis
cerebrospinal fluid: an update on methodology and clinical usefulness. J
Neuroimmunol, 180, 17-28.

LINKER, R. A. & GOLD, R. 2008. Use of intravenous immunoglobulin and plasma
exchange in neurological disease. Curr Opin Neurol, 21, 358-65.

LINNINGTON, C., WEBB, M. & WOODHAMS, P. L. 1984. A novel myelin-associated
glycoprotein defined by a mouse monoclonal antibody. J Neuroimmunol, 6,
387-96.

LITZENBURGER, T., FASSLER, R., BAUER, J., LASSMANN, H., LININGTON, C,,
WEKERLE, H. & IGLESIAS, A. 1998. B lymphocytes producing demyelinating



221

autoantibodies: development and function in gene-targeted transgenic mice.
J Exp Med, 188, 169-80.

LIVAK, K. J. & SCHMITTGEN, T. D. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods, 25, 402-8.

LOCK, C., HERMANS, G., PEDOTTI, R., BRENDOLAN, A., SCHADT, E., GARREN, H.,
LANGER-GOULD, A., STROBER, S., CANNELLA, B., ALLARD, J., KLONOWSKI, P.,
AUSTIN, A., LAD, N., KAMINSKI, N., GALLI, S. J., OKSENBERG, J. R., RAINE, C. S,
HELLER, R. & STEINMAN, L. 2002. Gene-microarray analysis of multiple
sclerosis lesions yields new targets validated in autoimmune
encephalomyelitis. Nat Med, 8, 500-8.

LORENZ, R. G., CHAPLIN, D. D., MCDONALD, K. G., MCDONOUGH, J. S. &
NEWBERRY, R. D. 2003. Isolated lymphoid follicle formation is inducible and
dependent upon lymphotoxin-sufficient B lymphocytes, lymphotoxin beta
receptor, and TNF receptor | function. J Immunol, 170, 5475-82.

LOTZE, T. E.,, NORTHROP, J. L., HUTTON, G. J., ROSS, B., SCHIFFMAN, J. S. &
HUNTER, J. V. 2008. Spectrum of pediatric neuromyelitis optica. Pediatrics,
122, e1039-47.

LOW, N. L. & CARTER, S. 1956. Multiple sclerosis in children. Pediatrics, 18, 24-30.

LUCCHINETTI, C., BRUCK, W., PARISI, J., SCHEITHAUER, B., RODRIGUEZ, M. &
LASSMANN, H. 2000. Heterogeneity of multiple sclerosis lesions: implications
for the pathogenesis of demyelination. Ann Neurol, 47, 707-17.

LUND, F. E. 2008. Cytokine-producing B lymphocytes-key regulators of immunity.
Curr Opin Immunol, 20, 332-8.

LUQUE, F. A. & JAFFE, S. L. 2007. Cerebrospinal fluid analysis in multiple sclerosis.
Int Rev Neurobiol, 79, 341-56.

LUTTEROTTI, A. & MARTIN, R. 2014. Antigen-specific tolerization approaches in
multiple sclerosis. Expert Opin Investig Drugs, 23, 9-20.

LUTTEROTTI, A., SOSPEDRA, M. & MARTIN, R. 2008. Antigen-specific therapies in
MS — Current concepts and novel approaches. Journal of the Neurological
Sciences, 274, 18-22.

LUTTEROTTI, A., YOUSEF, S., SPUTTEK, A., STURNER, K. H., STELLMANN, J. P.,
BREIDEN, P., REINHARDT, S., SCHULZE, C., BESTER, M., HEESEN, C,,



222

SCHIPPLING, S., MILLER, S. D., SOSPEDRA, M. & MARTIN, R. 2013. Antigen-
specific tolerance by autologous myelin peptide-coupled cells: a phase 1 trial
in multiple sclerosis. Sci Transl Med, 5, 188ra75.

MACALLISTER, W. S., BELMAN, A. L., MILAZZO, M., WEISBROT, D. M.,
CHRISTODOULOU, C., SCHERL, W. F., PRESTON, T. E., CIANCIULLI, C. & KRUPP,
L. B. 2005. Cognitive functioning in children and adolescents with multiple
sclerosis. Neurology, 64, 1422-5.

MADHUMATHI, J. & VERMA, R. S. 2012. Therapeutic targets and recent advances
in protein immunotoxins. Curr Opin Microbiol, 15, 300-9.

MAGHZI, A. H., GHAZAVI, H., AHSAN, M., ETEMADIFAR, M., MOUSAVI, S.,
KHORVASH, F. & MINAGAR, A. 2010. Increasing female preponderance of
multiple sclerosis in Isfahan, Iran: a population-based study. Mult Scler, 16,
359-61.

MAGLIOZZI, R., HOWELL, O., VORA, A., SERAFINI, B., NICHOLAS, R., PUOPOLO, M.,
REYNOLDS, R. & ALOISI, F. 2007. Meningeal B-cell follicles in secondary
progressive multiple sclerosis associate with early onset of disease and
severe cortical pathology. Brain, 130, 1089-104.

MAIER, O., BARON, W. & HOEKSTRA, D. 2007. Reduced raft-association of NF155 in
active MS-lesions is accompanied by the disruption of the paranodal junction.
Glia, 55, 885-95.

MANSILLA, M. J., MONTALBAN, X. & ESPEJO, C. 2012. Heat shock protein 70: roles
in multiple sclerosis. Mol Med, 18, 1018-28.

MARCONI, S., ACLER, M., LOVATO, L., DE TONI, L., TEDESCHI, E., ANGHILERI, E.,
ROMITO, S., CORDIOLI, C. & BONETTI, B. 2006. Anti-GD2-like IgM
autoreactivity in multiple sclerosis patients. Mult Scler, 12, 302-8.

MARTA, C. B., BANSAL, R. & PFEIFFER, S. E. 2008. Microglial Fc receptors mediate
physiological changes resulting from antibody cross-linking of myelin
oligodendrocyte glycoprotein. J Neuroimmunol, 196, 35-40.

MARTA, C. B.,, MONTANO, M. B., TAYLOR, C. M., TAYLOR, A. L., BANSAL, R. &
PFEIFFER, S. E. 2005a. Signaling cascades activated upon antibody cross-
linking of myelin oligodendrocyte glycoprotein: potential implications for
multiple sclerosis. J Biol Chem, 280, 8985-93.

MARTA, C. B., OLIVER, A. R., SWEET, R. A., PFEIFFER, S. E. & RUDDLE, N. H. 2005b.
Pathogenic myelin oligodendrocyte glycoprotein antibodies recognize



223

glycosylated epitopes and perturb oligodendrocyte physiology. Proc Natl
Acad Sci US A, 102, 13992-7.

MARTA, C. B., TAYLOR, C. M., CHENG, S., QUARLES, R. H., BANSAL, R. & PFEIFFER, S.
E. 2004. Myelin associated glycoprotein cross-linking triggers its partitioning
into lipid rafts, specific signaling events and cytoskeletal rearrangements in
oligodendrocytes. Neuron Glia Biol, 1, 35-46.

MARTA, C. B., TAYLOR, C. M., COETZEE, T., KIM, T., WINKLER, S., BANSAL, R. &
PFEIFFER, S. E. 2003. Antibody cross-linking of myelin oligodendrocyte
glycoprotein leads to its rapid repartitioning into detergent-insoluble
fractions, and altered protein phosphorylation and cell morphology. J
Neurosci, 23, 5461-71.

MATA, S., LOLLI, F., SODERSTROM, M., PINTO, F. & LINK, H. 1999. Multiple sclerosis
is associated with enhanced B cell responses to the ganglioside GD1a. Mult
Scler, 5, 379-88.

MATHEY, E. K., DERFUSS, T., STORCH, M. K., WILLIAMS, K. R., HALES, K., WOOLLEY,
D. R., AL-HAYANI, A., DAVIES, S. N., RASBAND, M. N., OLSSON, T.,
MOLDENHAUER, A., VELHIN, S., HOHLFELD, R., MEINL, E. & LININGTON, C.
2007. Neurofascin as a novel target for autoantibody-mediated axonal injury.
J Exp Med, 204, 2363-72.

MATSUSHITA, T., HORIKAWA, M., IWATA, Y. & TEDDER, T. F. 2010. Regulatory B
cells (B10 cells) and regulatory T cells have independent roles in controlling
experimental autoimmune encephalomyelitis initiation and late-phase
immunopathogenesis. J Immunol, 185, 2240-52.

MATSUSHITA, T., YANABA, K., BOUAZIZ, J. D., FUJIIMOTO, M. & TEDDER, T. F. 2008.
Regulatory B cells inhibit EAE initiation in mice while other B cells promote
disease progression. J Clin Invest, 118, 3420-30.

MAURI, C. & BOSMA, A. 2012. Immune regulatory function of B cells. Annu Rev
Immunol, 30, 221-41.

MAYER, M. C., BREITHAUPT, C., REINDL, M., SCHANDA, K., ROSTASY, K., BERGER,
T., DALE, R. C,, BRILOT, F., OLSSON, T., JENNE, D., PROBSTEL, A. K,,
DORNMAIR, K., WEKERLE, H., HOHLFELD, R., BANWELL, B., BAR-OR, A. &
MEINL, E. 2013. Distinction and temporal stability of conformational epitopes
on myelin oligodendrocyte glycoprotein recognized by patients with different
inflammatory central nervous system diseases. J Immunol, 191, 3594-604.



224

MAYER, M. C. & MEINL, E. 2012. Glycoproteins as targets of autoantibodies in CNS
inflammation: MOG and more. Ther Adv Neurol Disord, 5, 147-59.

MCDONALD, W. I., COMPSTON, A., EDAN, G., GOODKIN, D., HARTUNG, H. P.,
LUBLIN, F. D., MCFARLAND, H. F., PATY, D. W., POLMAN, C. H., REINGOLD, S.
C., SANDBERG-WOLLHEIM, M., SIBLEY, W., THOMPSON, A., VAN DEN NOORT,
S., WEINSHENKER, B. Y. & WOLINSKY, J. S. 2001. Recommended diagnostic
criteria for multiple sclerosis: guidelines from the International Panel on the
diagnosis of multiple sclerosis. Ann Neurol, 50, 121-7.

MCLAUGHLIN, K. A., CHITNIS, T., NEWCOMBE, J., FRANZ, B., KENNEDY, J.,
MCARDEL, S., KUHLE, J., KAPPQOS, L., ROSTASY, K., POHL, D., GAGNE, D., NESS,
J. M., TENEMBAUM, S., O'CONNOR, K. C., VIGLIETTA, V., WONG, S. J.,
TAVAKOLI, N. P., DE SEZE, J., IDRISSOVA, Z., KHOURY, S. J., BAR-OR, A,,
HAFLER, D. A., BANWELL, B. & WUCHERPFENNIG, K. W. 2009. Age-dependent
B cell autoimmunity to a myelin surface antigen in pediatric multiple
sclerosis. J Immunol, 183, 4067-76.

MECA-LALLANA, J. E., HERNANDEZ-CLARES, R., LEON-HERNANDEZ, A., GENOVES
ALEIXANDRE, A., CACHO PEREZ, M. & MARTIN-FERNANDEZ, J. J. 2013. Plasma
exchange for steroid-refractory relapses in multiple sclerosis: an
observational, MRl pilot study. Clin Ther, 35, 474-85.

MENDEL, I., KERLERO DE ROSBO, N. & BEN-NUN, A. 1995. A myelin
oligodendrocyte glycoprotein peptide induces typical chronic experimental
autoimmune encephalomyelitis in H-2b mice: fine specificity and T cell
receptor V beta expression of encephalitogenic T cells. Eur J Immunol, 25,
1951-9.

MENGE, T., HEMMER, B., NESSLER, S., WIENDL, H., NEUHAUS, O., HARTUNG, H. P.,
KIESEIER, B. C. & STUVE, O. 2005a. Acute disseminated encephalomyelitis: an
update. Arch Neurol, 62, 1673-80.

MENGE, T., LALIVE, P. H., VON BUDINGEN, H. C., CREE, B., HAUSER, S. L. & GENAIN,
C. P. 2005b. Antibody responses against galactocerebroside are potential
stage-specific biomarkers in multiple sclerosis. J Allergy Clin Immunol, 116,
453-9.

MERKLER, D., SCHMELTING, B., CZEH, B., FUCHS, E., STADELMANN, C. & BRUCK, W.
2006. Myelin oligodendrocyte glycoprotein-induced experimental
autoimmune encephalomyelitis in the common marmoset reflects the
immunopathology of pattern Il multiple sclerosis lesions. Mult Scler, 12, 369-
74.



225

MILJKOVIC, D., TIMOTUEVIC, G. & MOSTARICA STOJKOVIC, M. 2011. Astrocytes in
the tempest of multiple sclerosis. FEBS Lett, 585, 3781-8.

MILLER, S. D., TURLEY, D. M. & PODOIIL, J. R. 2007. Antigen-specific tolerance
strategies for the prevention and treatment of autoimmune disease. Nat Rev
Immunol, 7, 665-77.

MOLNARFI, N., SCHULZE-TOPPHOFF, U., WEBER, M. S., PATARROYO, J. C,,
PROD'HOMMIE, T., VARRIN-DOYER, M., SHETTY, A., LININGTON, C., SLAVIN, A.
J., HIDALGQO, J., JENNE, D. E., WEKERLE, H., SOBEL, R. A., BERNARD, C. C,,
SHLOMCHIK, M. J. & ZAMVIL, S. S. 2013. MHC class lI-dependent B cell APC
function is required for induction of CNS autoimmunity independent of
myelin-specific antibodies. J Exp Med, 210, 2921-37.

MONTEIRO, J., HINGORANI, R., PERGOLIZZI, R., APATOFF, B. & GREGERSEN, P. K.
1995. Clonal dominance of CD8+ T-cell in multiple sclerosis. Ann N Y Acad Sci,
756, 310-2.

MONY, J. T., KHOROOSHI, R. & OWENS, T. 2014. MOG extracellular domain (p1-
125) triggers elevated frequency of CXCR3+ CD4+ Th1 cells in the CNS of mice
and induces greater incidence of severe EAE. Mult Scler.

MOORE, G. R., TRAUGOTT, U., FAROOQ, M., NORTON, W. T. & RAINE, C. S. 1984.
Experimental autoimmune encephalomyelitis. Augmentation of
demyelination by different myelin lipids. Lab Invest, 51, 416-24.

MORGAN, B. P. & GASQUE, P. 1996. Expression of complement in the brain: role in
health and disease. Immunol Today, 17, 461-6.

MOWRY, E. M. & WAUBANT, E. 2010. Pediatric multiple sclerosis. Continuum
(Minneap Minn), 16, 181-92.

MUCIDA, D. & CHEROUTRE, H. 2010. The many face-lifts of CD4 T helper cells. Adv
Immunol, 107, 139-52.

MUELLER, A. & STRANGE, P. G. 2004. The chemokine receptor, CCR5. Int J Biochem
Cell Biol, 36, 35-8.

MURTHY, S. N., FADEN, H. S., COHEN, M. E. & BAKSHI, R. 2002. Acute disseminated
encephalomyelitis in children. Pediatrics, 110, e21.

NACHREINER, T., KAMPMEIER, F., THEPEN, T., FISCHER, R., BARTH, S. & STOCKER,
M. 2008. Depletion of autoreactive B-lymphocytes by a recombinant myelin



226

oligodendrocyte glycoprotein-based immunotoxin. J Neuroimmunol, 195, 28-
35.

NACY, C. A. & MELTZER, M. S. 1991. T-cell-mediated activation of macrophages.
Curr Opin Immunol, 3, 330-5.

NAGAI, T., TANAKA, M., TSUNEYOSH]I, Y., MATSUSHITA, K., SUNAHARA, N.,
MATSUDA, T., YOSHIDA, H., KOMIYA, S., ONDA, M. & MATSUYAMA, T. 2006.
In vitro and in vivo efficacy of a recombinant immunotoxin against folate
receptor beta on the activation and proliferation of rheumatoid arthritis
synovial cells. Arthritis Rheum, 54, 3126-34.

NAISMITH, R. T., PICCIO, L., LYONS, J. A., LAUBER, J., TUTLAM, N. T., PARKS, B. J.,
TRINKAUS, K., SONG, S. K. & CROSS, A. H. 2010. Rituximab add-on therapy for
breakthrough relapsing multiple sclerosis: a 52-week phase Il trial. Neurology,
74, 1860-7.

NASH, B., THOMSON, C. E., LININGTON, C., ARTHUR, A. T., MCCLURE, J. D.,
MCBRIDE, M. W. & BARNETT, S. C. 2011. Functional duality of astrocytes in
myelination. J Neurosci, 31, 13028-38.

NETA, R. & SALVIN, S. B. 1974. Specific suppression of delayed hypersensitivity: the
possible presence of a suppressor B cell in the regulation of delayed
hypersensitivity. J Immunol, 113, 1716-25.

NEUSCH, C., ROZENGURT, N., JACOBS, R. E., LESTER, H. A. & KOFUIJI, P. 2001. Kir4.1
potassium channel subunit is crucial for oligodendrocyte development and in
vivo myelination. J Neurosci, 21, 5429-38.

NICOLETTI, F., PATTI, F., DIMARCO, R., ZACCONE, P., NICOLETTI, A., MERONI, P. &
REGGIO, A. 1996. Circulating serum levels of IL-1ra in patients with relapsing
remitting multiple sclerosis are normal during remission phases but
significantly increased either during exacerbations or in response to IFN-beta
treatment. Cytokine, 8, 395-400.

O'CONNOR, P., WOLINSKY, J. S., CONFAVREUX, C., COMI, G., KAPPQOS, L., OLSSON,
T. P., BENZERDJEB, H., TRUFFINET, P., WANG, L., MILLER, A. & FREEDMAN, M.
S. 2011. Randomized Trial of Oral Teriflunomide for Relapsing Multiple
Sclerosis. New England Journal of Medicine, 365, 1293-1303.

OBERMEIER, B., MENTELE, R., MALOTKA, J., KELLERMANN, J., KUMPFEL, T.,
WEKERLE, H., LOTTSPEICH, F., HOHLFELD, R. & DORNMAIR, K. 2008. Matching
of oligoclonal immunoglobulin transcriptomes and proteomes of
cerebrospinal fluid in multiple sclerosis. Nat Med, 14, 688-93.



227

ODOARDI, F., KAWAKAMI, N., LI, Z., CORDIGLIERI, C., STREYL, K., NOSOV, M.,
KLINKERT, W. E., ELLWART, J. W., BAUER, J., LASSMANN, H., WEKERLE, H. &
FLUGEL, A. 2007. Instant effect of soluble antigen on effector T cells in
peripheral immune organs during immunotherapy of autoimmune
encephalomyelitis. Proc Natl Acad Sci U S A, 104, 920-5.

OKUN, E., MATTSON, M. P. & ARUMUGAM, T. V. 2010. Involvement of Fc receptors
in disorders of the central nervous system. Neuromolecular Med, 12, 164-78.

OLSSON, T., ZHI, W. W., HOJEBERG, B., KOSTULAS, V., JIANG, Y. P., ANDERSON, G.,
EKRE, H. P. & LINK, H. 1990. Autoreactive T lymphocytes in multiple sclerosis
determined by antigen-induced secretion of interferon-gamma. J Clin Invest,
86, 981-5.

ORTON, S. M., HERRERA, B. M., YEE, I. M., VALDAR, W., RAMAGOPALAN, S. V.,
SADOVNICK, A. D. & EBERS, G. C. 2006. Sex ratio of multiple sclerosis in
Canada: a longitudinal study. Lancet Neurol, 5, 932-6.

OWENS, G. P., GILDEN, D., BURGOON, M. P., YU, X. & BENNETT, J. L. 2011. Viruses
and multiple sclerosis. Neuroscientist, 17, 659-76.

OWENS, G. P., KRAUS, H., BURGOON, M. P., SMITH-JENSEN, T., DEVLIN, M. E. &
GILDEN, D. H. 1998. Restricted use of VH4 germline segments in an acute
multiple sclerosis brain. Ann Neurol, 43, 236-43.

PASTAN, I., HASSAN, R., FITZGERALD, D. J. & KREITMAN, R. J. 2007. Immunotoxin
treatment of cancer. Annu Rev Med, 58, 221-37.

PEFEROEN, L., KIPP, M., VAN DER VALK, P., VAN NOORT, J. M. & AMOR, S. 2013.
Review series on immune responses in neurodegenerative diseases:
Oligodendrocyte-microglia cross-talk in the CNS. Immunology.

PELLETIER, D. & HAFLER, D. A. 2012. Fingolimod for multiple sclerosis. N Engl J
Med, 366, 339-47.

PICCIO, L., NAISMITH, R. T., TRINKAUS, K., KLEIN, R. S., PARKS, B. J,, LYONS, J. A. &
CROSS, A. H. 2010. Changes in B- and T-lymphocyte and chemokine levels
with rituximab treatment in multiple sclerosis. Arch Neurol, 67, 707-14.

PIDCOCK, F.S., KRISHNAN, C., CRAWFORD, T. O., SALORIO, C. F., TROVATO, M. &
KERR, D. A. 2007. Acute transverse myelitis in childhood: center-based
analysis of 47 cases. Neurology, 68, 1474-80.



228

PIDDLESDEN, S. J., LASSMANN, H., ZIMPRICH, F., MORGAN, B. P. & LININGTON, C.
1993. The demyelinating potential of antibodies to myelin oligodendrocyte
glycoprotein is related to their ability to fix complement. Am J Pathol, 143,
555-64.

PIEPER, K., GRIMBACHER, B. & EIBEL, H. 2013. B-cell biology and development. J
Allergy Clin Immunol, 131, 959-71.

PLANTONE, D., MARTI, A., FRISULLO, G., IORIO, R., DAMATO, V., NOCITI, V.,
PATANELLA, A. K., BIANCO, A., MIRABELLA, M. & BATOCCHI, A. P. 2013.
Circulating CD56 NK cells expressing perforin are increased in progressive
multiple sclerosis. J Neuroimmunol.

PODBIELSKA, M. & HOGAN, E. L. 2009. Molecular and immunogenic features of
myelin lipids: incitants or modulators of multiple sclerosis? Mult Scler, 15,
1011-29.

POHL, D., WAUBANT, E., BANWELL, B., CHABAS, D., CHITNIS, T., WEINSTOCK-
GUTTMAN, B. & TENEMBAUM, S. 2007. Treatment of pediatric multiple
sclerosis and variants. Neurology, 68, S54-65.

POLMAN, C. H., O'CONNOR, P. W., HAVRDOVA, E., HUTCHINSON, M., KAPPOS, L.,
MILLER, D. H., PHILLIPS, J. T., LUBLIN, F. D., GIOVANNONI, G., WAIGT, A,,
TOAL, M., LYNN, F., PANZARA, M. A. & SANDROCK, A. W. 2006a. A
Randomized, Placebo-Controlled Trial of Natalizumab for Relapsing Multiple
Sclerosis. New England Journal of Medicine, 354, 899-910.

POLMAN, C. H., O'CONNOR, P. W., HAVRDOVA, E., HUTCHINSON, M., KAPPQOS, L.,
MILLER, D. H., PHILLIPS, J. T., LUBLIN, F. D., GIOVANNONI, G., WAIGT, A,
TOAL, M., LYNN, F., PANZARA, M. A. & SANDROCK, A. W. 2006b. A
randomized, placebo-controlled trial of natalizumab for relapsing multiple
sclerosis. N Engl J Med, 354, 899-910.

POLMAN, C. H., REINGOLD, S. C., BANWELL, B., CLANET, M., COHEN, J. A., FILIPPI,
M., FUJIHARA, K., HAVRDOVA, E., HUTCHINSON, M., KAPPOQOS, L., LUBLIN, F.
D., MONTALBAN, X., O'CONNOR, P., SANDBERG-WOLLHEIM, M., THOMPSON,
A.J.,, WAUBANT, E., WEINSHENKER, B. & WOLINSKY, J. S. 2011. Diagnostic
criteria for multiple sclerosis: 2010 revisions to the McDonald criteria. Ann
Neurol, 69, 292-302.

POLMAN, C. H., REINGOLD, S. C., EDAN, G., FILIPPI, M., HARTUNG, H. P., KAPPOS,
L., LUBLIN, F. D., METZ, L. M., MCFARLAND, H. F., O'CONNOR, P. W.,
SANDBERG-WOLLHEIM, M., THOMPSON, A. J., WEINSHENKER, B. G. &
WOLINSKY, J. S. 2005. Diagnostic criteria for multiple sclerosis: 2005 revisions
to the "McDonald Criteria". Ann Neurol, 58, 840-6.



229

PRINEAS, J. W. & WRIGHT, R. G. 1978. Macrophages, lymphocytes, and plasma
cells in the perivascular compartment in chronic multiple sclerosis. Lab Invest,
38, 409-21.

PROBSTEL, A. K., DORNMAIR, K., BITTNER, R., SPERL, P., JENNE, D., MAGALHAES, S.,
VILLALOBOS, A., BREITHAUPT, C., WEISSERT, R., JACOB, U., KRUMBHOLZ, M.,
KUEMPFEL, T., BLASCHEK, A., STARK, W., GARTNER, J., POHL, D., ROSTASY, K.,
WEBER, F., FORNE, I.,, KHADEMI, M., OLSSON, T., BRILOT, F., TANTSIS, E.,
DALE, R. C., WEKERLE, H., HOHLFELD, R., BANWELL, B., BAR-OR, A., MEINL, E.
& DERFUSS, T. 2011. Antibodies to MOG are transient in childhood acute
disseminated encephalomyelitis. Neurology, 77, 580-8.

QIN, Y., DUQUETTE, P., ZHANG, Y., OLEK, M., DA, R. R., RICHARDSON, J., ANTEL, J.
P., TALBOT, P., CASHMAN, N. R., TOURTELLOTTE, W. W., WEKERLE, H. & VAN
DEN NOORT, S. 2003. Intrathecal B-cell clonal expansion, an early sign of
humoral immunity, in the cerebrospinal fluid of patients with clinically
isolated syndrome suggestive of multiple sclerosis. Lab Invest, 83, 1081-8.

QUARLES, R. H. 2007. Myelin-associated glycoprotein (MAG): past, present and
beyond. J Neurochem, 100, 1431-48.

QUINTANA, F. J., FAREZ, M. F., IZQUIERDO, G., LUCAS, M., COHEN, I. R. & WEINER,
H. L. 2012. Antigen microarrays identify CNS-produced autoantibodies in
RRMS. Neurology, 78, 532-9.

RACKE, M. K., CRITCHFIELD, J. M., QUIGLEY, L., CANNELLA, B., RAINE, C.S,,
MCFARLAND, H. F. & LENARDO, M. J. 1996. Intravenous antigen
administration as a therapy for autoimmune demyelinating disease. Ann
Neurol, 39, 46-56.

RAINE, C. S., CANNELLA, B., HAUSER, S. L. & GENAIN, C. P. 1999. Demyelination in
primate autoimmune encephalomyelitis and acute multiple sclerosis lesions:
a case for antigen-specific antibody mediation. Ann Neurol, 46, 144-60.

RAINE, C. S., TRAUGOTT, U., FAROOQ, M., BORNSTEIN, M. B. & NORTON, W. T.
1981. Augmentation of immune-mediated demyelination by lipid haptens.
Lab Invest, 45, 174-82.

RAVETCH, J. V. & BOLLAND, S. 2001. 1gG Fc receptors. Annu Rev Immunol, 19, 275-
90.

RAY, A., MANN, M. K., BASU, S. & DITTEL, B. N. 2011. A case for regulatory B cells in
controlling the severity of autoimmune-mediated inflammation in



230

experimental autoimmune encephalomyelitis and multiple sclerosis. J
Neuroimmunol, 230, 1-9.

REBOLDI, A., COISNE, C., BAUMJOHANN, D., BENVENUTO, F., BOTTINELLI, D., LIRA,
S., UCCELLI, A., LANZAVECCHIA, A., ENGELHARDT, B. & SALLUSTO, F. 2009. C-
C chemokine receptor 6-regulated entry of TH-17 cells into the CNS through
the choroid plexus is required for the initiation of EAE. Nat Immunol, 10, 514-
23.

REINDL, M., DI PAULI, F., ROSTASY, K. & BERGER, T. 2013a. The spectrum of MOG
autoantibody-associated demyelinating diseases. Nat Rev Neurol, 9, 455-461.

REINDL, M., DI PAULI, F., ROSTASY, K. & BERGER, T. 2013b. The spectrum of MOG
autoantibody-associated demyelinating diseases. Nat Rev Neurol, 9, 455-61.

REINDL, M., LININGTON, C., BREHM, U., EGG, R., DILITZ, E., DEISENHAMMER, F.,
POEWE, W. & BERGER, T. 1999. Antibodies against the myelin
oligodendrocyte glycoprotein and the myelin basic protein in multiple
sclerosis and other neurological diseases: a comparative study. Brain, 122 ( Pt
11), 2047-56.

RENOUX, C., VUKUSIC, S., MIKAELOFF, Y., EDAN, G., CLANET, M., DUBOIS, B.,
DEBOUVERIE, M., BROCHET, B., LEBRUN-FRENAY, C., PELLETIER, J., MOREAU,
T., LUBETZKI, C., VERMERSCH, P., ROULLET, E., MAGY, L., TARDIEU, M.,
SUISSA, S. & CONFAVREUX, C. 2007. Natural history of multiple sclerosis with
childhood onset. N Engl J Med, 356, 2603-13.

RIVERA, A., CHEN, C. C., RON, N., DOUGHERTY, J. P. & RON, Y. 2001. Role of B cells
as antigen-presenting cells in vivo revisited: antigen-specific B cells are
essential for T cell expansion in lymph nodes and for systemic T cell
responses to low antigen concentrations. Int Immunol, 13, 1583-93.

ROBINSON, W. H., FONTOURA, P., LEE, B. J., DE VEGVAR, H. E., TOM, J., PEDOTTI,
R., DIGENNARO, C. D., MITCHELL, D. J., FONG, D., HO, P. P., RUIZ, P. J,,
MAVERAKIS, E., STEVENS, D. B., BERNARD, C. C., MARTIN, R., KUCHROO, V. K.,
VAN NOORT, J. M., GENAIN, C. P.,, AMOR, S., OLSSON, T., UTZ, P. J., GARREN,
H. & STEINMAN, L. 2003. Protein microarrays guide tolerizing DNA vaccine
treatment of autoimmune encephalomyelitis. Nat Biotechnol, 21, 1033-9.

ROEMER, S. F., PARISI, J. E., LENNON, V. A., BENARROCH, E. E., LASSMANN, H.,
BRUCK, W., MANDLER, R. N., WEINSHENKER, B. G., PITTOCK, S. J.,
WINGERCHUK, D. M. & LUCCHINETTI, C. F. 2007. Pattern-specific loss of
aquaporin-4 immunoreactivity distinguishes neuromyelitis optica from
multiple sclerosis. Brain, 130, 1194-205.



231

ROMME CHRISTENSEN, J., BORNSEN, L., RATZER, R., PIEHL, F., KHADEMI, M.,
OLSSON, T., SORENSEN, P. S. & SELLEBJERG, F. 2013. Systemic inflammation
in progressive multiple sclerosis involves follicular T-helper, Th17- and
activated B-cells and correlates with progression. PLoS One, 8, e57820.

ROOK, G. A. W., RISTORI, G., SALVETTI, M., GIOVANNONI, G., THOMPSON, E. J. &
STANFORD, J. L. 2000. Bacterial vaccines for the treatment of multiple
sclerosis and other autoimmune diseases. Immunology Today, 21, 503-508.

ROSENBLUTH, J. & SCHIFF, R. 2009. Spinal cord dysmyelination caused by an
antiproteolipid protein IgM antibody: implications for the mechanism of
central nervous system myelin formation. J Neurosci Res, 87, 956-63.

ROSENBLUTH, J., SCHIFF, R., LIANG, W. L. & DOU, W. 2003. Antibody-mediated CNS
demyelination Il. Focal spinal cord lesions induced by implantation of an IgM
antisulfatide-secreting hybridoma. J Neurocytol, 32, 265-76.

ROSENBLUTH, J., SCHIFF, R., LIANG, W. L., DOU, W. K. & MOON, D. 1999. Antibody-
mediated CNS demyelination: focal spinal cord lesions induced by
implantation of an IgM anti-galactocerebroside-secreting hybridoma. J
Neurocytol, 28, 397-416.

RUIZ, P. J., GARREN, H., RUIZ, |. U., HIRSCHBERG, D. L., NGUYEN, L. V., KARPUJ, M.
V., COOPER, M. T., MITCHELL, D. J., FATHMAN, C. G. & STEINMAN, L. 1999.
Suppressive immunization with DNA encoding a self-peptide prevents
autoimmune disease: modulation of T cell costimulation. J Immunol, 162,
3336-41.

RUNIA, T. F., VAN PELT-GRAVESTEIN, E. D. & HINTZEN, R. Q. 2012. Recent gains in
clinical multiple sclerosis research. CNS Neurol Disord Drug Targets, 11, 497-
505.

RYBERG, B. 1978. Multiple specificities of antibrain antibodies in multiple sclerosis
and chronic myelopathy. J Neurol Sci, 38, 357-82.

SADATIPOUR, B. T., GREER, J. M. & PENDER, M. P. 1998. Increased circulating
antiganglioside antibodies in primary and secondary progressive multiple
sclerosis. Ann Neurol, 44, 980-3.

SAIKALI, P., CAYROL, R. & VINCENT, T. 2009. Anti-aquaporin-4 auto-antibodies
orchestrate the pathogenesis in neuromyelitis optica. Autoimmun Rev, 9,
132-5.



232

SALLUSTO, F., IMPELLIZZIERI, D., BASSO, C., LARONI, A., UCCELLI, A,
LANZAVECCHIA, A. & ENGELHARDT, B. 2012. T-cell trafficking in the central
nervous system. Immunol Rev, 248, 216-27.

SALOMONSSON, S., JONSSON, M. V., SKARSTEIN, K., BROKSTAD, K. A,
HJELMSTROM, P., WAHREN-HERLENIUS, M. & JONSSON, R. 2003. Cellular
basis of ectopic germinal center formation and autoantibody production in
the target organ of patients with Sjogren's syndrome. Arthritis Rheum, 48,
3187-201.

SANTER, D. M., YOSHIO, T., MINOTA, S., MOLLER, T. & ELKON, K. B. 2009. Potent
induction of IFN-alpha and chemokines by autoantibodies in the
cerebrospinal fluid of patients with neuropsychiatric lupus. J Immunol, 182,
1192-201.

SASTRE-GARRIGA, J., TINTORE, M., ROVIRA, A., GRIVE, E., PERICOT, I., COMABELLA,
M., THOMPSON, A. J. & MONTALBAN, X. 2003. Conversion to multiple
sclerosis after a clinically isolated syndrome of the brainstem: cranial
magnetic resonance imaging, cerebrospinal fluid and neurophysiological
findings. Mult Scler, 9, 39-43.

SCANNEVIN, R. H., CHOLLATE, S., JUNG, M. Y., SHACKETT, M., PATEL, H., BISTA, P.,
ZENG, W., RYAN, S., YAMAMOTO, M., LUKASHEV, M. & RHODES, K. J. 2012.
Fumarates promote cytoprotection of central nervous system cells against
oxidative stress via the nuclear factor (erythroid-derived 2)-like 2 pathway. J
Pharmacol Exp Ther, 341, 274-84.

SCHIRMER, L., SRIVASTAVA, R., KALLURI, S. R., BOTTINGER, S., HERWERTH, M.,
CARASSITI, D., SRIVASTAVA, B., GEMPT, J., SCHLEGEL, J., KUHLMANN, T.,
KORN, T., REYNOLDS, R. & HEMMER, B. 2014. Differential loss of KIR4.1
immunoreactivity in multiple sclerosis lesions. Ann Neurol.

SCHRODER, A., LINKER, R. A. & GOLD, R. 2009. Plasmapheresis for neurological
disorders. Expert Rev Neurother, 9, 1331-9.

SCHULZ, C., GOMEZ PERDIGUERO, E., CHORRO, L., SZABO-ROGERS, H., CAGNARD,
N., KIERDOREF, K., PRINZ, M., WU, B., JACOBSEN, S. E., POLLARD, J. W,,
FRAMPTON, J., LIU, K. J. & GEISSMANN, F. 2012. A lineage of myeloid cells
independent of Myb and hematopoietic stem cells. Science, 336, 86-90.

SCHUPFER, F. 1902. Uber die infantile Herdsklerose mit Betrachtungen uber
sekundare Degenerationen bei disseminierter Sklerose. Monatsschr Psychiatr
Neurol, 12, 60-122.



233

SCIACCA, F. L., CANAL, N. & GRIMALDI, L. M. 2000. Induction of IL-1 receptor
antagonist by interferon beta: implication for the treatment of multiple
sclerosis. J Neurovirol, 6 Suppl 2, S33-7.

SCOLDING, N. J., MORGAN, B. P., HOUSTON, W. A., LININGTON, C., CAMPBELL, A.
K. & COMPSTON, D. A. 1989. Vesicular removal by oligodendrocytes of
membrane attack complexes formed by activated complement. Nature, 339,
620-2.

SCOTT, L. J. 2013. Glatiramer acetate: a review of its use in patients with relapsing-
remitting multiple sclerosis and in delaying the onset of clinically definite
multiple sclerosis. CNS Drugs, 27, 971-88.

SCOTT, L. J. & FIGGITT, D. P. 2004. Mitoxantrone: a review of its use in multiple
sclerosis. CNS Drugs, 18, 379-96.

SERAFINI, B., ROSICARELLI, B., MAGLIOZZI, R., STIGLIANO, E. & ALOISI, F. 2004.
Detection of ectopic B-cell follicles with germinal centers in the meninges of

patients with secondary progressive multiple sclerosis. Brain Pathol, 14, 164-
74.

SHAPIRA, A. & BENHAR, |. 2010. Toxin-based therapeutic approaches. Toxins
(Basel), 2, 2519-83.

SHEN, P., ROCH, T., LAMPROPOULOU, V., O'CONNOR, R. A,, STERVBO, U.,
HILGENBERG, E., RIES, S., DANG, V. D., JAIMES, Y., DARIDON, C,, LI, R,
JOUNEAU, L., BOUDINOT, P., WILANTRI, S., SAKWA, |., MIYAZAKI, Y., LEECH,
M. D., MCPHERSON, R. C., WIRTZ, S., NEURATH, M., HOEHLIG, K., MEINL, E.,
GRUTZKAU, A., GRUN, J. R., HORN, K., KUHL, A. A., DORNER, T., BAR-OR, A,
KAUFMANN, S. H., ANDERTON, S. M. & FILLATREAU, S. 2014. IL-35-producing
B cells are critical regulators of immunity during autoimmune and infectious
diseases. Nature, 507, 366-70.

SHERMAN, D. L., TAIT, S., MELROSE, S., JOHNSON, R., ZONTA, B., COURT, F. A,,
MACKLIN, W. B., MEEK, S., SMITH, A. J., COTTRELL, D. F. & BROPHY, P. J. 2005.
Neurofascins are required to establish axonal domains for saltatory
conduction. Neuron, 48, 737-42.

SHI, F. D. & VAN KAER, L. 2006. Reciprocal regulation between natural killer cells
and autoreactive T cells. Nat Rev Immunol, 6, 751-60.

SIMPSON, J. E., NEWCOMBE, J., CUZNER, M. L. & WOODROOFE, M. N. 2000.
Expression of the interferon-gamma-inducible chemokines IP-10 and Mig and



234

their receptor, CXCR3, in multiple sclerosis lesions. Neuropathol Appl!
Neurobiol, 26, 133-42.

SODERSTROM, M., LINK, H., SUN, J. B., FREDRIKSON, S., KOSTULAS, V., HOJEBERG,
B., LI, B. L. & OLSSON, T. 1993. T cells recognizing multiple peptides of myelin
basic protein are found in blood and enriched in cerebrospinal fluid in optic
neuritis and multiple sclerosis. Scand J Immunol, 37, 355-68.

SOMERS, K., GOVARTS, C., STINISSEN, P. & SOMERS, V. 2009. Multiplexing
approaches for autoantibody profiling in multiple sclerosis. Autoimmun Rev,
8, 573-9.

SOMMER, |. & SCHACHNER, M. 1981. Monoclonal antibodies (O1 to 04) to
oligodendrocyte cell surfaces: an immunocytological study in the central
nervous system. Dev Biol, 83, 311-27.

SONG, X., TANAKA, S., COX, D. & LEE, S. C. 2004. Fcgamma receptor signaling in
primary human microglia: differential roles of PI-3K and Ras/ERK MAPK
pathways in phagocytosis and chemokine induction. J Leukoc Biol, 75, 1147-
55.

SORENSEN, A., MOFFAT, K., THOMSON, C. & BARNETT, S. C. 2008. Astrocytes, but
not olfactory ensheathing cells or Schwann cells, promote myelination of CNS
axons in vitro. Glia, 56, 750-63.

SORENSEN, P. S,, LISBY, S., GROVE, R., DEROSIER, F., SHACKELFORD, S., HAVRDOVA,
E., DRULOVIC, J. & FILIPPI, M. 2014. Safety and efficacy of ofatumumab in
relapsing-remitting multiple sclerosis: A phase 2 study. Neurology.

SORENSEN, T. L., TANI, M., JENSEN, J., PIERCE, V., LUCCHINETTI, C., FOLCIK, V. A.,
QIN, S., ROTTMAN, J., SELLEBJERG, F., STRIETER, R. M., FREDERIKSEN, J. L. &
RANSOHOFF, R. M. 1999. Expression of specific chemokines and chemokine
receptors in the central nervous system of multiple sclerosis patients. J Clin
Invest, 103, 807-15.

SRIVASTAVA, R., ASLAM, M., KALLURI, S. R., SCHIRMER, L., BUCK, D., TACKENBERG,
B., ROTHHAMMIER, V., CHAN, A., GOLD, R., BERTHELE, A., BENNETT, J. L.,
KORN, T. & HEMMER, B. 2012. Potassium channel KIR4.1 as an immune
target in multiple sclerosis. N Engl J Med, 367, 115-23.

STEFFERL, A., SCHUBART, A., STORCH, M., AMINI, A., MATHER, I., LASSMANN, H. &
LININGTON, C. 2000. Butyrophilin, a milk protein, modulates the
encephalitogenic T cell response to myelin oligodendrocyte glycoprotein in
experimental autoimmune encephalomyelitis. / Immunol, 165, 2859-65.



235

STENDAHL-BRODIN, L. & LINK, H. 1983. Optic neuritis: oligoclonal bands increase
the risk of multiple sclerosis. Acta Neurol Scand, 67, 301-4.

STOCKER, M., KLOCKENBRING, T., HUHN, M., NACHREINER, T., WICKLEIN, D.,
PETERSEN, A., BAUER, R., GOERLICH, R., FISCHER, R. & BARTH, S. 2005.
Antigen-specific targeting and elimination of EBV-transformed B cells by
allergen toxins. J Allergy Clin Immunol, 116, 910-5.

STREET, J. M., BARRAN, P. E., MACKAY, C. L., WEIDT, S., BALMFORTH, C., WALSH, T.
S., CHALMERS, R. T., WEBB, D. J. & DEAR, J. W. 2012. Identification and
proteomic profiling of exosomes in human cerebrospinal fluid. J Transl Med,
10, 5.

SUN, D., WHITAKER, J. N., HUANG, Z., LIU, D., COLECLOUGH, C., WEKERLE, H. &
RAINE, C. S. 2001. Myelin antigen-specific CD8+ T cells are encephalitogenic
and produce severe disease in C57BL/6 mice. J Immunol, 166, 7579-87.

SUN, J. B., OLSSON, T., WANG, W. Z., XIAO, B. G., KOSTULAS, V., FREDRIKSON, S.,
EKRE, H. P. & LINK, H. 1991. Autoreactive T and B cells responding to myelin
proteolipid protein in multiple sclerosis and controls. Eur J Immunol, 21,
1461-8.

SVENSSON, L., ABDUL-MAIJID, K. B., BAUER, J., LASSMANN, H., HARRIS, R. A. &
HOLMDAHL, R. 2002. A comparative analysis of B cell-mediated myelin
oligodendrocyte glycoprotein-experimental autoimmune encephalomyelitis
pathogenesis in B cell-deficient mice reveals an effect on demyelination. Eur J
Immunol, 32, 1939-46.

SZCZUCINSKI, A. & LOSY, J. 2007. Chemokines and chemokine receptors in multiple
sclerosis. Potential targets for new therapies. Acta Neurol Scand, 115, 137-46.

SZCZUCINSKI, A. & LOSY, J. 2011. CCL5, CXCL10 and CXCL11 chemokines in patients
with active and stable relapsing-remitting multiple sclerosis.
Neuroimmunomodulation, 18, 67-72.

TAKAHASHI, 1., SAWAISHI, Y., TAKEDA, O., ENOKI, M. & TAKADA, G. 1997.
Childhood multiple sclerosis treated with plasmapheresis. Pediatr Neurol, 17,
83-7.

TEELING, J. L., CARARE, R. O., GLENNIE, M. J. & PERRY, V. H. 2012. Intracerebral
immune complex formation induces inflammation in the brain that depends
on Fc receptor interaction. Acta Neuropathol, 124, 479-90.



236

TENEMBAUM, S., CHAMOLES, N. & FEJERMAN, N. 2002. Acute disseminated
encephalomyelitis: a long-term follow-up study of 84 pediatric patients.
Neurology, 59, 1224-31.

TENEMBAUM, S., CHITNIS, T., NESS, J. & HAHN, J. S. 2007. Acute disseminated
encephalomyelitis. Neurology, 68, S23-36.

TENEMBAUM, S. N., BANWELL, B., POHL, D., KRUPP, L. B., BOYKO, A., MEINEL, M.,
LEHR, L., ROCAK, S., CANTOGNQO, E. V., MORAGA, M. S. & GHEZZI, A. 2013.
Subcutaneous interferon Beta-1a in pediatric multiple sclerosis: a
retrospective study. J Child Neurol, 28, 849-56.

TERENYI, N., PRECHL, J. & ERDEI, A. 2006. The role of the complement system in
the pathogenesis of experimental autoimmune encephalomyelitis and
multiple sclerosis. Adv Exp Med Biol, 586, 177-88.

TESFA, D., AJEGANOVA, S., HAGGLUND, H., SANDER, B., FADEEL, B., HAFSTROM, 1.
& PALMBLAD, J. 2011. Late-onset neutropenia following rituximab therapy in
rheumatic diseases: association with B lymphocyte depletion and infections.
Arthritis Rheum, 63, 2209-14.

TIAN, J., ZEKZER, D., HANSSEN, L., LU, Y., OLCOTT, A. & KAUFMAN, D. L. 2001.
Lipopolysaccharide-activated B cells down-regulate Th1l immunity and
prevent autoimmune diabetes in nonobese diabetic mice. J Immunol, 167,
1081-9.

TRAUGOTT, U., REINHERZ, E. L. & RAINE, C. S. 1983. Multiple sclerosis: distribution
of T cell subsets within active chronic lesions. Science, 219, 308-10.

TREBST, C., REISING, A., KIELSTEIN, J. T., HAFER, C. & STANGEL, M. 2009. Plasma
exchange therapy in steroid-unresponsive relapses in patients with multiple
sclerosis. Blood Purif, 28, 108-15.

TREBST, C., SORENSEN, T. L., KIVISAKK, P., CATHCART, M. K., HESSELGESSER, J.,
HORUK, R., SELLEBJERG, F., LASSMANN, H. & RANSOHOFF, R. M. 2001.
CCR1+/CCR5+ mononuclear phagocytes accumulate in the central nervous
system of patients with multiple sclerosis. Am J Pathol, 159, 1701-10.

TZARTOQS, J. S., FRIESE, M. A., CRANER, M. J., PALACE, J., NEWCOMBE, J., ESIRI, M.
M. & FUGGER, L. 2008. Interleukin-17 production in central nervous system-
infiltrating T cells and glial cells is associated with active disease in multiple
sclerosis. Am J Pathol, 172, 146-55.



237

ULVESTAD, E., WILLIAMS, K., MATRE, R., NYLAND, H., OLIVIER, A. & ANTEL, J. 1994.
Fc receptors for IgG on cultured human microglia mediate cytotoxicity and
phagocytosis of antibody-coated targets. J Neuropathol Exp Neurol, 53, 27-
36.

UNDERHILL, D. M. & GOODRIDGE, H. S. 2012. Information processing during
phagocytosis. Nat Rev Immunol, 12, 492-502.

VAN DER VEEN, R. C.,, TROTTER, J. L. & KAPP, J. A. 1992. Immune processing of
proteolipid protein by subsets of antigen-presenting spleen cells. J
Neuroimmunol, 38, 139-46.

VAN ROON, J. A., VAN VUUREN, A. J., WIJNGAARDEN, S., JACOBS, K. M., BIJLSMA, J.
W., LAFEBER, F. P., THEPEN, T. & VAN DE WINKEL, J. G. 2003. Selective
elimination of synovial inflammatory macrophages in rheumatoid arthritis by
an Fcgamma receptor I-directed immunotoxin. Arthritis Rheum, 48, 1229-38.

VANDENBARK, A. A, BARNES, D., FINN, T., BOURDETTE, D. N., WHITHAM, R.,
ROBEY, I., KALEEBA, J., BEBO, B. F., JR., MILLER, S. D., OFFNER, H. & CHOU, Y.
K. 2000. Differential susceptibility of human T(h)1 versus T(h) 2 cells to
induction of anergy and apoptosis by ECDI/antigen-coupled antigen-
presenting cells. Int Immunol, 12, 57-66.

VANDERLUGT, C. L. & MILLER, S. D. 2002. Epitope spreading in immune-mediated
diseases: implications for immunotherapy. Nat Rev Immunol, 2, 85-95.

VEERHUIS, R., NIELSEN, H. M. & TENNER, A.J. 2011. Complement in the brain. Mol
Immunol, 48, 1592-603.

VENKEN, K., HELLINGS, N., LIBLAU, R. & STINISSEN, P. 2010. Disturbed regulatory T
cell homeostasis in multiple sclerosis. Trends in Molecular Medicine, 16, 58-
68.

VILLAR, L. M., MASJUAN, J., GONZALEZ-PORQUIE, P., PLAZA, J., SADABA, M. C,,
ROLDAN, E., BOOTELLO, A. & ALVAREZ-CERMENQO, J. C. 2002. Intrathecal IgM
synthesis in neurologic diseases: relationship with disability in MS. Neurology,
58, 824-6.

VILLAR, L. M., SADABA, M. C., ROLDAN, E., MASJUAN, J., GONZALEZ-PORQUE, P.,
VILLARRUBIA, N., ESPINO, M., GARCIA-TRUIJILLO, J. A., BOOTELLO, A. &
ALVAREZ-CERMENQO, J. C. 2005. Intrathecal synthesis of oligoclonal IgM
against myelin lipids predicts an aggressive disease course in MS. J Clin Invest,
115, 187-94.



238

VYSHKINA, T. & KALMAN, B. 2008. Autoantibodies and neurodegeneration in
multiple sclerosis. Lab Invest, 88, 796-807.

WAIJGT, A. & GORNY, M. 1983. CSF antibodies to myelin basic protein and to
myelin-associated glycoprotein in multiple sclerosis. Evidence of the
intrathecal production of antibodies. Acta Neurol Scand, 68, 337-43.

WALCZAK, A., SIGER, M., CIACH, A., SZCZEPANIK, M. & SELMAJ, K. 2013.
TRansdermal application of myelin peptides in multiple sclerosis treatment.
JAMA Neurology, 70, 1105-1109.

WARDE, N. 2010. Rituximab targets short-lived autoreactive plasmablasts. Nat Rev
Rheumatol, 6, 246.

WARREN, K. G. & CATZ, I. 1994. Relative frequency of autoantibodies to myelin
basic protein and proteolipid protein in optic neuritis and multiple sclerosis
cerebrospinal fluid. J Neurol Sci, 121, 66-73.

WARREN, K. G., CATZ, |., FERENCZI, L. Z. & KRANTZ, M. J. 2006. Intravenous
synthetic peptide MBP8298 delayed disease progression in an HLA Class II-
defined cohort of patients with progressive multiple sclerosis: results of a 24-
month double-blind placebo-controlled clinical trial and 5 years of follow-up
treatment. Eur J Neurol, 13, 887-95.

WEBER, M. S., PROD'HOMMIE, T., PATARROYO, J. C., MOLNARFI, N., KARNEZIS, T.,
LEHMANN-HORN, K., DANILENKO, D. M., EASTHAM-ANDERSON, J., SLAVIN, A.
J., LININGTON, C., BERNARD, C. C., MARTIN, F. & ZAMVIL, S. S. 2010. B-cell
activation influences T-cell polarization and outcome of anti-CD20 B-cell
depletion in central nervous system autoimmunity. Ann Neurol, 68, 369-83.

WEINSTOCK-GUTTMAN, B., RAMANATHAN, M., HASHMI, K., ABDELRAHMAN, N.,
HOJNACKI, D., DWYER, M. G., HUSSEIN, S., BERGSLAND, N., MUNSCHAUER, F.
E. & ZIVADINQV, R. 2010. Increased tissue damage and lesion volumes in
African Americans with multiple sclerosis. Neurology, 74, 538-44.

WEISHAUPT, A., JANDER, S., BRUCK, W., KUHLMANN, T., STIENEKEMEIER, M.,
HARTUNG, T., TOYKA, K. V., STOLL, G. & GOLD, R. 2000. Molecular
mechanisms of high-dose antigen therapy in experimental autoimmune
encephalomyelitis: rapid induction of Th1-type cytokines and inducible nitric
oxide synthase. J Immunol, 165, 7157-63.

WELDON, J. E. & PASTAN, I. 2011. A guide to taming a toxin--recombinant
immunotoxins constructed from Pseudomonas exotoxin A for the treatment
of cancer. FEBS J, 278, 4683-700.



239

WENDER, M. 2011. Acute disseminated encephalomyelitis (ADEM). J
Neuroimmunol, 231, 92-9.

WEYAND, C. M. & GORONZY, J. J. 2003. Ectopic germinal center formation in
rheumatoid synovitis. Ann N Y Acad Sci, 987, 140-9.

WHITACRE, C. C. 2001. Sex differences in autoimmune disease. Nat Immunol, 2,
777-80.

WHITACRE, C. C., GIENAPP, I. E., OROSZ, C. G. & BITAR, D. M. 1991. Oral tolerance
in experimental autoimmune encephalomyelitis. Ill. Evidence for clonal
anergy.J Immunol, 147, 2155-63.

WILSON, H. L. 2012. B cells contribute to MS pathogenesis through antibody-
dependent and antibody-independent mechanisms. Biologics, 6, 117-23.

WINGERCHUK, D. M. 2006. Neuromyelitis optica. Int MS J, 13, 42-50.

WOLF, S. D., DITTEL, B. N., HARDARDOTTIR, F. & JANEWAY, C. A., JR. 1996.
Experimental autoimmune encephalomyelitis induction in genetically B cell-
deficient mice. J Exp Med, 184, 2271-8.

WOLF, V. L., LUPO, P.J. & LOTZE, T. E. 2012. Pediatric acute transverse myelitis
overview and differential diagnosis. J Child Neurol, 27, 1426-36.

WRZOS, C., WINKLER, A., METZ, I., KAYSER, D. M., THAL, D. R., WEGNER, C., BRUCK,
W., NESSLER, S., BENNETT, J. L. & STADELMANN, C. 2014. Early loss of
oligodendrocytes in human and experimental neuromyelitis optica lesions.
Acta Neuropathol, 127, 523-38.

XIAO, B. G., LININGTON, C. & LINK, H. 1991. Antibodies to myelin-oligodendrocyte
glycoprotein in cerebrospinal fluid from patients with multiple sclerosis and
controls. J Neuroimmunol, 31, 91-6.

YAMANE, H. & PAUL, W. E. 2013. Early signaling events that underlie fate decisions
of naive CD4(+) T cells toward distinct T-helper cell subsets. Immunol Rev,
252, 12-23.

YAN, J., HARVEY, B. P., GEE, R. J., SHLOMCHIK, M. J. & MAMULA, M. J. 2006. B cells
drive early T cell autoimmunity in vivo prior to dendritic cell-mediated
autoantigen presentation. J Immunol, 177, 4481-7.



240

YANABA, K., BOUAZIZ, J. D., HAAS, K. M., POE, J. C., FUJIMOTO, M. & TEDDER, T. F.
2008. A regulatory B cell subset with a unique CD1dhiCD5+ phenotype
controls T cell-dependent inflammatory responses. Immunity, 28, 639-50.

YANABA, K., BOUAZIZ, ). D., MATSUSHITA, T., TSUBATA, T. & TEDDER, T. F. 2009.
The development and function of regulatory B cells expressing IL-10 (B10
cells) requires antigen receptor diversity and TLR signals. J Immunol, 182,
7459-72.

YEH, E. A., CHITNIS, T., KRUPP, L., NESS, J., CHABAS, D., KUNTZ, N. & WAUBANT, E.
2009. Pediatric multiple sclerosis. Nat Rev Neurol, 5, 621-31.

YEH, E. A., PARRISH, J. B. & WEINSTOCK-GUTTMAN, B. 2011. Disease progression in
pediatric multiple sclerosis: disparities between physical and neurocognitive
outcomes. Expert Rev Neurother, 11, 433-40.

YUAN, B., ZHAO, L., FU, F.,, LIU, Y., LIN, C., WU, X., SHEN, H. & YANG, Z. 2014. A
novel nanoparticle containing MOG peptide with BTLA induces T cell
tolerance and prevents multiple sclerosis. Molecular Immunology, 57, 93-99.

ZAMVIL, S., NELSON, P., TROTTER, J., MITCHELL, D., KNOBLER, R., FRITZ, R. &
STEINMAN, L. 1985. T-cell clones specific for myelin basic protein induce
chronic relapsing paralysis and demyelination. Nature, 317, 355-8.

ZEMAN, A. Z., KIDD, D., MCLEAN, B. N., KELLY, M. A., FRANCIS, D. A., MILLER, D. H,,
KENDALL, B. E., RUDGE, P., THOMPSON, E. J. & MCDONALD, W. 1. 1996. A
study of oligoclonal band negative multiple sclerosis. J Neurol Neurosurg
Psychiatry, 60, 27-30.

ZHONG, M. C., KERLERO DE ROSBO, N. & BEN-NUN, A. 2002.
Multiantigen/multiepitope-directed immune-specific suppression of
"complex autoimmune encephalomyelitis" by a novel protein product of a
synthetic gene. J Clin Invest, 110, 81-90.

ZOCHER, M., BAEUERLE, P. A., DREIER, T. & IGLESIAS, A. 2003. Specific depletion of
autoreactive B lymphocytes by a recombinant fusion protein in vitro and in
vivo. Int Immunol, 15, 789-96.



	Functional Significance of Autoantibodies in Inflammatory Demyelinating Diseases of the Central Nervous System
	Katie Jean Chapple BSc (Hons)
	Abstract
	Author’s Declaration
	Acknowledgements
	List of Figures
	List of Tables
	Abbreviations
	Chapter One
	General Introduction
	1 General introduction
	1.1 Paediatric multiple sclerosis
	1.1.1 Introduction to paediatric multiple sclerosis
	1.1.2 Diagnosis of paediatric multiple sclerosis
	1.1.3 Paediatric multiple sclerosis pathogenesis and etiology
	1.1.3.1 Pathogenesis and clinical presentation
	1.1.3.2 Disease progression
	1.1.3.3 Cognitive and social interaction deficits
	1.1.3.4 Epidemiology

	1.1.4 Potential treatments of paediatric multiple sclerosis

	1.2 Other juvenile demyelinating diseases
	1.2.1 Acute disseminated encephalomyelitis (ADEM)
	1.2.2 Neuromyelitis optica
	1.2.3 Idiopathic acute transverse myelitis

	1.3 Multiple sclerosis – A T cell-mediated autoimmune disease?
	1.3.1 Evidence of CD4+ T cells in multiple sclerosis
	1.3.1.1 TH1 T cells in MS
	1.3.1.2 TH17 T cells
	1.3.1.3 TH2 T cells
	1.3.1.4 T regulatory T cells

	1.3.2 Evidence of CD8+ T cells

	1.4 B cells in Multiple sclerosis
	1.4.1 Evidence of B cells in multiple sclerosis
	1.4.1.1 Intrathecal synthesis of antibodies
	1.4.1.2 Evidence of clonally expanded B cells in the CNS of MS patients
	1.4.1.3 Ectopic follicles in the CNS
	1.4.1.4 Evidence of therapeutic effects of B cell depletion

	1.4.2 The functional significance of B cells in multiple sclerosis
	1.4.2.1 Production of cytokines by B cells in MS
	1.4.2.2 B cells are efficient antigen-presenting cells


	1.5 Autoantibodies in multiple sclerosis
	1.5.1 Evidence of antibody-dependant mechanisms in MS
	1.5.2 Potential targets for autoantibody mediated demyelination
	1.5.2.1 Myelin lipids as pathogenic targets in MS
	1.5.2.2 Major proteins as pathogenic targets in MS


	1.6 Myelin Oligodendrocyte Glycoprotein as an immune target in Paediatric Multiple Sclerosis
	1.6.1 MOG: A historic perspective
	1.6.1.1 The MOG-specific T cell response identified in MS

	1.6.2 MOG-specific antibodies are present paediatric MS patients

	1.7 The use MOG-Specific Therapies in the Treatment of Multiple Sclerosis
	1.8 Thesis aims

	Chapter Two
	Materials and methods
	2 Materials and methods
	2.1 Animal experiments
	2.1.1 Animals
	2.1.1.1 Mice
	2.1.1.2 Rats

	2.1.2 Induction of experimental acute encephalomyelitis (EAE) in DBA/1j mice
	2.1.2.1 MOG1-125 induced EAE
	2.1.2.2 MOG79-96 induced EAE

	2.1.3 Treatment of DBA/1j mice with EAE
	2.1.3.1 MOG-ETA’ treatment
	2.1.3.2 Soluble MOG treatment

	2.1.4 Clinical assessment of EAE
	2.1.5 Isolation of blood, spinal cord, spleen and lymph nodes
	2.1.5.1 Preparation of spinal cord for FACS analysis
	2.1.5.2 Preparation of spleen and lymph nodes for FACS


	2.2 Ex Vivo analysis of EAE
	2.2.1 Flow cytometry for tissues
	2.2.2 Restimulation of spleen and LN cells
	2.2.2.1 Proliferation assay
	2.2.2.2 Cytokine assay


	2.3 Cell culture
	2.3.1 O4, O10 and Z2 hybridomas
	2.3.2 Transfectant cell lines
	2.3.2.1 Culture of MOG transfected cells
	2.3.2.2 Enrichment of MOG positive transfected cells

	2.3.3 Generation of myelinating cultures
	2.3.3.1 Culturing of neurospheres derived from the corpus striatum
	2.3.3.2 Preparation of astrocytes from neurospheres
	2.3.3.3 Isolation of embryonic spinal cord


	2.4 Myelinating culture assays
	2.4.1 Complement-dependant demyelination assay
	2.4.1.1 Human patient serum samples used in complement-dependent demyelination assays

	2.4.2 Complement-independent treatment of myelinating cultures
	2.4.2.1 Treatment of myelinating cultures with OVA immune complexes in the absence of complent
	2.4.2.2 Treatment of myelinating cultures with patient sera in the absence of complement

	2.4.3 Immunofluorescent staining of myelinating cultures
	2.4.3.1 Staining to visualise myelin
	2.4.3.2 Staining to visualise microglial cells
	2.4.3.3 Immunochemistry using cell surface markers

	2.4.4 Quantification of myelinating cultures fluorescent images
	2.4.4.1 Quantification of myelinated axons
	2.4.4.2 Microglial cell quantification

	2.4.5 Analysis of supernatant from myelinating cultures
	2.4.5.1 Detection of cytokines from myelinating culture supernatants
	2.4.5.2 Cell migration assay


	2.5 Antibody Assays
	2.5.1 Flow cytometry of transfectant cell lines
	2.5.1.1 Mouse serum MOG reactivity
	2.5.1.2 Patient serum MOG reactivity

	2.5.2 Enzyme Linked Immunosorbent Assay (ELISA)
	2.5.2.1 MOG protein reactivity


	2.6 Molecular biology
	2.6.1 RNA extraction
	2.6.1.1 RNA extraction from myelinating cultures using silica-gel membrane technology
	2.6.1.2 RNA extraction from whole brains using Trizol

	2.6.2 cDNA synthesis
	2.6.3 qRT-PCR
	2.6.3.1 Cycling conditions
	2.6.3.2 Quantification

	2.6.4 qRT-PCR array

	2.7 Biochemical methods
	2.7.1 Purification of recombinant MOG protein from bacteria
	2.7.1.1 Expression of recombinant MOG in bacteria
	2.7.1.2 Lysis of bacteria
	2.7.1.3 Nickel-chelate affinity chromatography using AKTAprime
	2.7.1.4 Dialysis
	2.7.1.5 BCA protein determination to measure concentration of MOG

	2.7.2 Purification of hybridoma derived antibodies
	2.7.2.1 Purification of IgG Antibodies
	2.7.2.2 Purification of IgM Antibodies


	2.8 Statistical analysis

	Chapter Three
	MOG-specific autoantibodies in MS and ADEM patients
	3 MOG-specific autoantibodies in MS and ADEM patients
	3.1 Introduction
	3.2 Results
	3.2.1 Z2 treatment induces myelin loss in myelinated cultures in a dose dependent manner
	3.2.2 Demyelinating activity associated with MOG seropositive sera

	3.3 Discussion

	Chapter Four
	Characterisation of myelin-specific antibody function
	4 Characterisation of myelin-specific antibody function
	4.1 Introduction
	4.2 Results
	4.2.1 Z2 and the O4 antibody inhibit myelination in a complement-independent manner
	4.2.2 Antibody treatment without complement leads to microglial activation
	4.2.3 Antibody treatment induces a chemokine signature
	4.2.3.1 Z2 and O4 treatment induces a chemokine and cytokine protein response
	4.2.3.2 Antibody treatment of myelinating cultures induces a functional chemotactic signal
	4.2.3.3 Chemokine and cytokine response also observed at mRNA level after antibody treatment

	4.2.4 Characterising the chemokine response using CCL5 production
	4.2.4.1 Dynamics of CCL5 gene expression after treatment with anti-myelin antibodies
	4.2.4.2 CCL5 mRNA response independent of source of antibody

	4.2.5 Investigating mechanisms behind CCL5 upregulation
	4.2.5.1 CCL5 gene expression requires antigen recognition of target antigen
	4.2.5.2 CCL5 mRNA is not upregulated in the presence of exogenous complement
	4.2.5.3 Oligodendrocytes do not upregulate CCL5 mRNA when incubated with the O4 antibody
	4.2.5.4 OVA immune complexes induce expression of CCL5 mRNA in the myelinating cultures

	4.2.6 Z2 and the O4 antibody induction of responses are not due to a general inflammatory signal
	4.2.6.1 LPS treatment induces global upregulation of chemokines and cytokines
	4.2.6.2 LPS treatment does not inhibit myelination

	4.2.7 Patient derived IgG induces CCL5 upregulation in myelinating cultures
	4.2.8 Z2 treatment induces CCL5 gene expression in vivo

	4.3 Discussion

	Chapter Five
	Selective depletion of autoantigen-specific B cells: A strategy to treat multiple sclerosis
	5 Selective depletion of autoantigen-specific B cells: a strategy to treat multiple sclerosis
	5.1 Introduction
	5.2 Results
	5.2.1 MOG-ETA’ treatment ameliorates disease activity in MOG-induced EAE
	5.2.1.1 Establishing MOG-induced EAE model in DBA/1j mice
	5.2.1.2 MOG-ETA’ treatment significantly reduced EAE severity
	5.2.1.3 MOG-ETA’ treatment reduces cellular infiltration into the spinal cord

	5.2.2 MOG-ETA’ treatment is associated with a paradoxical MOG-specific pro-inflammatory response in periphery
	5.2.2.1 MOG-ETA’ induces peripheral MOG-specific autoimmunity
	5.2.2.2 MOG-ETA’ treatment led to increased titres of demyelinating MOG-specific antibodies


	5.3 Discussion

	Chapter Six
	Soluble MOG1-125 antigen-specific therapy: A strategy to treat multiple sclerosis
	6 Soluble MOG1-125 antigen-specific therapy: a strategy to treat multiple sclerosis
	6.1 Introduction
	6.2 Results
	6.2.1 Low dose soluble MOG1-125 treatment significantly reduced disease severity in MOG-induced EAE
	6.2.2 Treatment reduced immune cellular composition in the CNS
	6.2.3 Soluble MOG treatment associated with an increase in CD1dhighCD5+ regulatory B cells
	6.2.4 MOG1-125 treatment associated with a reduced MOG-specific cytokine response
	6.2.5 MOG1-125 treatment led to an increased MOG-specific pathogenic antibody response

	6.3 Discussion

	Chapter Seven
	General discussion
	7 General discussion
	Chapter Eight
	appendices
	8 Appendices
	8.1 Low dose soluble MOG79-96 treatment significantly increased disease severity in MOG-induced EAE

	List of References

