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Abstract

Multiple Sclerosis is the most common non-traumatcase of neurological disability in
young people. Until recently few treatments exisiedMultiple Sclerosis and Interferon
beta was the first and remains the most commordggibed. As a biological product it
induces antibodies to the protein which may abmdtjat efficacy of the drug (neutralising
antibodies - NAbs). Testing for these antibodies Ib@en problematic as biological assays
are difficult to standardise, time consuming angessive. In the experiments described
here we sought to develop a novel cell-based repgdne assay to reliably test for Nabs,
to explore the relationship between NAbs, treatmefficacy, biological activity and
correlate NAD titres withn vivo biomarker induction to establish guidelines tceiptet
results. The work presented in this thesis dessribe development and validation of the
luciferase assay and has shown that subjects whelage NAbs experienced increased
relapse rates, (which lag behind the appearanbiAbE). Evaluating thén vivo biological
response to IFplinjection it was established that in subjects vitAbs there was titre
dependent loss of bioactivity with reduced myxosirasistance protein A (MxA) level in
those with titres 100 — 600 NU and absent respong®se with titres > 600 NU. Opinion
amongst neurologists (UK, USA, Canada and Austagarding NAbs was evaluated and
revealed uncertainty of their significance in tliaical setting, and the reluctance of some
neurologists to incorporate NADb testing into roatipractice. Results were similar in the
countries surveyed in that 90 — 100% were awar&lAlbs and thought they abrogate
clinical efficacy, yet few routinely tested for the particularly in the UK. The validated
luciferase assay has since been dissemintated¢aar@ries. Since it's launch in the UK in
2006 over 4,000 patients have been tested for NAbhs work directly translates into

clinical practice and provides a useful servicaitbmanagement of subjects with MS.
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Multiple Sclerosis

1 Introduction

Multiple Sclerosis (MS) is the most common inflantorg demyelinating disorder of
the central nervous system. It is a chronic disgptlisease largely affecting young people
with onset between 20 — 40 years of age; onsdteoflisease is rare in children and those >
50 years of age. MS is typically characterised jigades of neurological deficit followed
by periods of remission. MS has an incidence of@gmately seven per 100,000 per year
and a lifetime risk of 1:400. Worldwide it is estited that MS affects 2.5 million people
(approximately 100,000, i.e. ~1:600 people in the)Wid its economic impact is
considerable [Compston and Coles 2002; Compston @okks 2008]. Overall life
expectancy is reduced by about 7 years and liviitg whronic disability is the major
burden of the disease [Ragonesteal. 2008]. Despite the strong genetic linkage and
clustering of MS in some families the concordarate between monozygotic twins is less
than 30% [Willeret al. 2003; Mumfordet al. 1994 ; French Research group on MS 1992 ;
Ristori et al. 2006]. It is likely that an interaction betweenngic factors and the
environment causes the disease. The female to ratieis ~2:1 worldwide, but recent
evidence suggests this may be increasing [Ordnal. 2006]. This sex bias is
conventionally attributed to MS being a putativécammune disorder, but may be due to
hormonal and/or due to other unidentified environtakfactors. The trigger or triggers
have not been identified to date but attention asu$ed on infectious and other

environmental agents [Marrie 2004].
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Over the last fifteen years a number of new treatmehich modulate the course of MS
have emerged and treatment options continue teaser. An overview of current concepts
of the aetiology, immunology and pathology of MSlwe given to provide a framework
for explaining the mechanisms by which these negntggmodulate the immune system in
MS. | will also summarise the efficacy and adverBects of these agents and discuss how

best to treat people with MS using interferon beta.

1.1. Epidemiology

Epidemiological observations have consistently diesd an effect of geography and
latitude on the risk of MS. The incidence of MShigher in regions beyond a latitude of
42° North or South of the equator [Kurtzke 2005]S Mredominantly affects people of
Northern European extraction, with lower rateshia tUSA, Australia and New Zealand.
Countries close to the equator have a much lonwsda@nce of MS. Migration studies have
shown that children migrating before adolescenemérlly < 15 years of age) assume a
risk close to that of the destination country [Galed Martyn 1995; Martyn and Gale
1997]. Several cohorts have described increasedeince of MS in the offspring of
migrants to a high risk area; in Israel the frequyenf MS in native born Israelis of African
/ Asian origin is equal to that in those of Eurapéamerican origin rather than the lower
rate of their forebearers [Kaharet al. 1994]. Similarly children born in the UK to
immigrants from the Indian subcontinent acquireribk of the native population [Eliagt
al. 1990]. Recent reviews question this, and migrapaar to the age of 15 is no longer

considered the crucial time, rather somepoint withihe first two decades of life
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[Hammondet al. 2000]. It is now thought that primary exposuretparticular agent after

puberty or during adult life may be the trigger.efd is evidence suggesting that viral
infection may play an important role in pathogesdsiilden 2005]. The occurrence of
mini-epidemics and clusters of MS, such as thatthe Faroe Islands, support the
hypothesis that an environmental — possibly inferti— agent plays a role in the initiation
and possibly perpetuation of the disease [Kurtzie ldeltberg 2001; Kurtzke 2002]. The
rising incidence of MS in some regions seems t@drgicularly amongst women and the
rate at which this occurs indicates that genettofg are unlikely to be solely responsible
rather environmental factors are implicated and ratsp be influenced by increased

ascertainment and altered diagnostic criteria [Nwoat al. 2002].
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1.2. Aetiology

Epidemiological evidence suggests that MS is calyechterplay between genes and
the environment and thus can be considered a canpli¢ disorder. The genes responsible
for complex diseases such as MS are not due tovithdil gene mutations and the
production of abnormal proteins but are normal payphisms, each acting independently,
exerting a small contributory effect on some as wadefined structure or physiological
function [Compston and Coles 2008]. Twin studiedidate a genetic susceptibility with a
concordance rate of ~ 20 — 30% between monozygaeiist{French research group on MS
1992; Mumfordet al. 1994; Willeret al.2003] and increased risk of MS in those who have
an affected relative [Dymergt al. 1997]. Susceptibility genes have been identifistha
population studies, candidate gene studies andenderhiome linkage screens. These have
elucidated susceptibility genes including HLA cldksalleles (DRB1*1501, DRB5*0101
and DQB1*0602) [Olerup and Hillert 1991] and moeeently specific alleles of the IL2
and IL7 receptors [Hafleet al. 2007] Since this time several genome wide asdoniat
studies have been performed and 14 genes have itbestified including CLEC16A,
TNFRSFla (CD120a), IRF8, RPL5/EVI5, CD226, TYK2, &DCD40 amongst others
[Burton 2007, Baranzini 2009, ANZgene 2009]. Thegraphical distribution of people
with MS, may be partially accounted for by gend#ictors and homogenous populations
but cannot be accounted for on the basis of genatlone, but rather suggests a
contributory role of an environmental agent in gahogenesis of MS. It is unclear if the
role of an external trigger is in initiating thesdase only, or whether it also modifies the
disease course. Several infectious agents havegepnsed as triggers of MS, including
Epstein Barr virus (EBV), human herpes virus 6 (HBHi\Vcanine distemper virus, human
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endogenous retroviruses (HERV) and ChlamydopHhiawever, none of the above has so
far stood up to rigorous investigation [Giovannatial. 2006]. Despite inconclusive
results, exposure to an infectious agent (or a esszpi of agents) at a vulnerable age is
currently considered an important element for MSdévelop in an individual carrying

specific susceptibility genes.

1.3. Immunology and Pathology

The hallmarks of MS pathology are sharply definesidns in the CNS, which are
characterised by inflammation, demyelination, retataxonal preservation, and gliosis
[Hohlfeld and Wekerle 2004]. These lesions (plajumay develop in any part of the
CNS, though they have a tendency to accumulate thearperiventricular and outer
surfaces of the brain and spinal cord. The lesiares usually round to oval, and are
centered on one or several medium sized vesseksitann and Wekerle, 2006]. Apart
from MS plaques in the white matter (WM), studiesried out as early as 1890 have
shown that plaques can also be found in the grayemgGM) [Dawson 1962; Brownell
and Hughes 1962], including the cerebral and cdleebeortex, the basal ganglia and the
spinal cord [Kutzelnigget al. 2005; Kutzelnigget al. 2007; Gilmoreet al.2006]. Usually,
WM lesions in samples of MS brain can be macrosadlyi identified and vary in size
(from less than one mm to several centimetrespeia@d number. They have a pink or
grey opaque appearance. Whereas lesions in the akM pathognomonic of MS

pathology, changes are also seen in the non-ldsidvill, including astrocytic
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proliferation, perivascular inflammation, blood iordarrier leakage, a certain degree of
sclerosis of blood vessels and occasional demyaimgAllen and McKeown 1979; Albert
et al.2007; Milleret al.2003]. Despite the relative preservation of axamd neuronal cell
bodies in MS lesions, damage to both does occdritdaa damage probably determines the
long-term clinical manifestations of the diseaseapp et al. 1998; Petersoet al. 2001].
Although demyelinated lesions are the most charatte feature of MS pathology,
changes also occur in non-lesional brain tissuesaled normal appearing white matter
(NAWM) [Zeis et al. 2008] and normal appearing grey matter (NAGM) klbet al.

2007].

1.3.1. Lesion formation

Current concepts of MS lesion formation are oftasdal on findings derived from
experimental allergic encephalomyelitis (EAE), aninaal model that resembles certain
features of MS [Mixet al. 2008]. Against this backdrop MS has been desdrifie a
disease that is primarily mediated by autoreacliveells (CD4+), which target specific
epitopes in the CNS. It has been postulated thatrbysing the blood brain barrier and
coming into contact with target antigens, a celdmted inflammatory reaction is initiated.
Putative autoantigens include myelin basic prot@BP), proteolipid protein (PLP),
myelin oligodendroctye glycoprotein (MOG), myelissaciated glycoprotein (MAG) and
aB crystallin [van Secheét al. 1999; Pender and Greer 2007]. Once activated,lI$-ce
produce an array of pro-inflammatory cytokines, efthstimulate other T-cells, B-cells,

natural killer cells, macrophages and microgliat imaturn augment and perpetuate the
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inflammatory process. These cytokines promote as®d permeability of the blood brain
barrier, alteration of adhesion molecule expressipmoduction of antibodies and
recruitment of other cells of immune function itk@ CNS. The presence of macrophages
and T cells (both CD4+ and CD8+) has been showthénbrain parenchyma of MS
patients [Sospedra and Martin 2005] and clonot@id&+ T cells have also been described
in the CSF [Jacobsest al.2002]. The environment in MS lesions is complethwoles for

T cells (Th1, Th2 and Th17 CD4+ cells), cytotoxic CD8+ cells, mgtrages, NK cells and
microglia. Secretion of both pro and anti-inflamorgt molecules; proteases, nitric oxide
derivatives, reactive oxygen species, cytokines-6,ITNFa, IL-4 and IL-10, may occur in
the same lesion and cytokines may be essentiaNi& @pair [Hohlfeldet al. 2007]. The
discovery of T17 cells (CD4+ subset) has further advanced urateadsig of T cell
regulation. These cells, stimulated by IL-23, sexie-17 along with IL-6 and TN&, and
EAE evidence suggests they play an important mlmflammation and lesion formation

[Bowmanet al.2006].

1.3.2. Neurodegeneration

Whilst demyelination is the most obvious featurehe MS lesion, neurodegeneration
has also been initially described 140 years ag@f€it M 1868]. Damage to axons may
be mediated directly by cytotoxic T-cells, macrogpés, antibodies, loss of trophic support
by oligodendrocytes and oxidative stress [Sospadch Martin 2005; Sayret al. 2008].

Axonal transection in MS lesions is well descriliegathological studies, the frequency of
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which appears to be related to the degree of inflatron in lesions [Trapet al. 1998].
Loss of trophic support for axons and exposureoxictmetabolites leads to degeneration
of axons. Redistribution of Nahannels, mitochondrial failure and*Canediated toxicity

may all contribute to axonal degeneration in MS an 2006a; Waxman 2006b].

1.3.3. Lesion classification

Several histological staging systems have beenogeapto classify MS lesions in the
WM. Commonly used classifications include the ohattresulted from the Vienna
consensus conference [Lassmatral. 1998] and the staging system by van der Valk and
de Groot [Van der Valk and De Groot 2000]. As ke rademyelinated lesions in the WM
are classified as active, chronic active or in&ctiVhe relationships between remyelination
(shadow plaques) [Prineast al. 2001]) of formerly demyelinated lesions and lesion
activity has yet to be clarified [Van der Valk and De Gra000]. Lesions in the MS grey
matter have been variably classified — largely adiog to their location — into three, four

or seven subtypes [Kidet al. 1999; Petersoat al.2001; Boet al.2003].

Recent pathological studies have promoted the hgstd of lesion heterogeneity in
MS with several lesion subtypes being describede Ttassmann/Luchinetti/Bruck
collaboration described four different patternsaofively demyelinating lesions. Pattern 1
is characterised by a predominantly T cell and wattage infiltrate, pattern 2 by antibody
and complement deposition, pattern 3 by oligodecyteoapoptosis and pattern 4 by non-
apoptotic oligodendrocyte loss [Lucchinedtial. 1996; Lucchinettet al.2000; Lucchinetti

et al. 2004]. Whether these four patterns indeed allestirattion betweerfour categories
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of patients (based on their lesion pathology), whether the described lesion types are —
as their exponents claim — unequivocally homogenaitisin a given patient, however,
remains controversial [Esiat al. 2009]. Another challenge to traditional viewslegion
formation has emerged from the observation of dégmrocyte apoptosis (in the relative
absence of an inflammatory infiltrate), which haeh interpreted as an early or initial step
in lesion formation [Barnett and Prineas 2004]. drding to this research oligodendrocyte
apoptosis wouldgecondarilylead to microglial activation and subsequent phgsis of
dying/apoptotic oligodendrocytes. The immunoglobuland activated complement
deposited on myelin could also activate microgiidhich in turn initiate a secondary
immune response. Apoptotic bodies were only foumd minority of lesions and generally
in those from subjects with early disease, whicly medlect it being present either very
early in lesion formation or a factor illustratitite heterogeneous nature of MS pathology.
This hypothesis is however supported by reportoaical demyelination in the absence of
leukocyte infiltration [Petersoet al. 2001]. Axonal loss, which correlates more closely
with disability, has been noted in the absenceooélfinflammatory lesions [Lassmaen

al. 2001]. Whether or not the axonal loss is indepahaf focal inflammation or due to
Wallerian degeneration in response to inflammatesjons along the axonal pathway has
yet to be determined. Evidence in support of et hypothesis has recently been

produced [Tallantyret al.2009; Frischeet al.2009].
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1.3.4. Remyelination

Remyelination, a reparative process mediated bgodéndrocytes depends on
numerous factors, including switching the balanicthe inflammatory process in favour of
production of immunomodulatory cytokines and grofabtors such as IL-4, IL-10, Brain
Derived Neurotrophic Factor (BDNF) and Transformi@yowth Factor B (TGH3).
Factors such as those mentioned above play arrolmyelination, which may, at least in
part, underpin remission of symptoms and clinicgins between relapses. Research
involving stem cell transplantation suggests theay be a need for a certain degree of
inflammation to facilitate remyelination [Foote aBtekemore 2005]. Understanding the
mechanisms underlying remyelination is key to depilg treatments that will have an
effect not only on the inflammatory but also on tleurodegenerative component of MS,

and repair [Hartunet al.2004; Hemmeet al.2002; Franklin and Ffrench-Constant 2008].
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1.4. Clinical Features

The clinical presentation of MS reflects the impdirfunction at affected sites.
Demyelination interferes with conduction of actjpotentials along axons, which results in
the symptoms and neurological deficits experienbgdpatients. The conduction block
caused by partial demyelination may be intermiftemhich accounts for intermittent
recrudescence of symptoms, for example in respdaoseises in body temperature
(Uhthoff's phenomenon) [Saeit al. 1995]. The disease course is highly variable betw
subjects with 85-90% of patients experiencing ap®hg/remitting course, which over
time becomes secondary progressive in the majofiyatients. In a minority (10 -15%)
the disease course is progressive and withoutcledtdrom the onset (primary progressive
MS). Some patients (<5%) with an apparent primaigygpessive course will go on to
experience superimposed relapses after a progeesaset (progressive-relapsing MS). A
typical relapse frequency is between 0.8-1.2 par,yaut this can be highly variable. Over
time the relapse frequency declines [Compston anlésC2008]. However, in all clinical
subtypes disability eventually accrues over tim&e® disability arises from either
incomplete recovery from relapses, or insidiousty the non-relapsing primary or

secondary progressive forms of the disease.
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Figure 1-1 Clinical Course of MS
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1.4.1. Diagnosis

The diagnosis of MS requires demonstration of amssation of the disease process in
both time and space, and exclusion of other cad$esdiagnosis is made clinically with
the use of paraclinical tools, such as MRI [Figiv2], CSF analysis (showing intrathecal
synthesis of oligoclonal bands or IgG) [Figure 138$ual, brainstem or somatosensory
evoked potentials. The introduction of the McDahetiteria (2001) and subsequent
revision have enabled an earlier diagnosis of MiBviang a single clinical event
[McDonald et al. 2001; Polman et al. 2005]. Mantigras initially present with an acute
monosymptomatic episode of neurological dysfunctioa to a single lesion, known as a
clinically isolated syndrome (CIS) [Miller et al0@8]. Most of these patients (~80%) will
eventually develop MS [Fisniku et al. 2008]. Thmeited pathological examinations
carried out on patients with CIS suggest that logioal changes are similar to those in

MS.
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Figure 1-2 MRl is a useful tool in diagnosing MS
Hyperintense lesions in the brain and spinal cordifdicated by red arrows) are characteristic of MS
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Figure 1-3 Immunoblot of oligoclonal bands

C represents CSF, S represents serum. Working frorteft to right blots are shown with (i) negative
CSF and Serum (C- S-), (ii) matched bands in CSF dnserum (C+ S+), (iii) CAF bands more
numerous than serum bands (C++>S+) denoting centrand systemic production and (iv) Unmatched
bands in CSF not present in serum (C++ S-) which iypical of OCBs in subjects with MS

VEP

Marmal

Abnarmal

Figure 1-4 Visual evoked potentials.
Recordings of a subject with optic neuritis due tMS. The conduction is seen to be delayed in the lew
panel which is consistent with demyelination
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1.5. Treatment

First line disease modifying treatments (i.e. tbe&hnterferons and glatiramer-acetate)
have now been available in the UK for about 15 geaiThese drugs are on average
partially effective in reducing the number of redap by about one third and possibly
delaying disease progression. Current opinion fezsetarting treatment early in the course
of the disease, as neurodegeneration (for exanpla htrophy) can be detected from the
very first manifestations of the disease, and astlea proportion of these degenerative
changes may be secondary to inflammation [Frisatteral. 2009a]. Hence, starting
treatment early could potentially reduce the occe of relapses and subsequent
development of disability [Jacobst al. 2000; Kapposet al. 2007; Comiet al. 2001,
Clerico et al. 2008]. Emerging treatment strategies take intooact the different
pathological mechanisms that have been identifidd$, in particular strategies to protect
against demyelination and axonal loss. Treatmemtdgting interferons generally and non-
specifically suppressed the immune response, withraptimal outcomes. Although in
hindsight the majority of clinical trials performeoh the pre-interferon era were
underpowered. Potential targets for treatment gelimmune dysfunction, permeability of
blood brain barrier, components of the inflammat@gscade, putative autoantigens,
demyelination, axonal loss (neuroprotection) amdyedination and regenerative processes

(growth factors).

The complexity of decision making with respectreatment choices in MS, continues

to increase. The number of products on the masksteiadily increasing. The effects of the
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currently used first-line agents are modest buy thave a very good safety profile that
seems to have stood the test of time (R Glatiramer Acetate). Two drugs that have
more recently been licensed for use in MS are piaignmore efficacious, but their use is

limited by unfavourable adverse effect profiles {@iaumab, Mitoxantrone).

The currently licensed disease modifying treatmén$/S are:

e Interferonf 1a IM (Avonex™ — Biogen-ldec)

* Interferonfila SC (RebiM - Merck-Serono)

* Interferonf 1b SC ( Betaferdi- Bayer-Schering)

* Interferonf 1b SC ( Extavi®#- Novartis)

» Glatiramer Acetate SC ( CopaxdheTeva-Aventis)

* Natalizumab IV (Tysabri™ - Biogen-ldec)

* Mitoxantrone IV (Novatrone® - Merck-Serono USA argric product in UK)

Other agents used in MS, but not specifically lgmh for this disorder, include:
Corticosteroids, Cyclophosphamide (Cytoggn Azathioprine (Imura®), Methotrexate
and intravenous immunoglobulin (IVIlg). Reducingapede rate probably prevents the
acquisition of permanent disability caused by inptate recovery from relapses, but this
does not necessarily have an effect on the inssdppagression that occurs independently
of attacks. IFI§ and GA have both been shown to reduce relapse aat MRl measures
of disease activity. Although they are well toledhtheir effectiveness is only partial, and
none has been shown to be effective in primarynessive MS [Wolinsky 2004; Leamt

al. 2003; Montalban 2004].
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1.5.1. Interferon beta

Interferons are a family of proteins which stimaelatter- and intra- cellular responses
to regulate viral infections, modulate the immumsponse and cell survival. Type 1
interferons were originally developed as therameatients in MS because of their anti-
viral activity [Borden et al. 2007] and although this may partially explain thei
effectiveness in MS, they have numerous other inomodulatory activities including
altering the TF1/T,2 balance [Hussieret al. 2001], antagonising pro-inflammatory
cytokines (IFN, IL-12 and TNF), down regulating MHC class Il expression - afiiegt
antigen presentation [Yongt al. 1998], anti-proliferative effects on T cell expems
differentiation and increased T cell apoptosis [#feet al. 2001; Yong 2002]. There is
also evidence that type 1 interferons inhibit traiggation of immune cells across the
blood-brain barrier (BBB) [Leppe#rt al. 1996]. Production of IFNs is a transient response
to microbes including viruses, bacteria and pro#ozidkira et al 2006]. Interferons
mediate their response by binding to their higlnéif cell surface receptors and initiating
a signalling cascade. The type 1 IFN receptor mpased of two subunits IFNAR1 and
IFNAR2 which are associated with cytoplasmic tyneskinases TYK2 and Janus Kinase 1
(JAK1) [Uzeet al. 2007]. The IFN molecule usually binds to IFNARZigihthen recruits
IFNAR1 and induces autophosphorylation of JAK1l asubsequently STAT (signal
transducers and activators of transcription). Theten activate nucleotide sequences or
interferon stimulated response elements (ISRE)enpromoters of several genes [Platanias

2005] [Figure 1-5].
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Figure 1-5 Interferon molecule interacting with IFN receptor

Two types of recombinant IHNproducts have been synthesised; iF¥ is produced
in Chinese hamster ovary (CHO) cells and is geakyiédentical to the human form of
IFNB. IFNB-1b is produced in E. Coli, is truncated and caorgaine amino-acid sequence
that differs from the human form, and is non-glydased. Several separate trials have
been conducted for each agent, and more recerdly-toechead trials have been published.
On average all IFBl products have been shown to reduce the annuakdapse rate by
approximately one third [MS study Group 1993; Jaocetbal. 1996; PRISMS 1998]. MRI
indices are also favourable with a 50 — 70% reductin disease activity using
conventional MRI markers of disease activity (Gdamcing T1 lesions and new or
enlarging T2 lesions). Efficacy regarding disapiliheasures has been variable, with some
trials showing an effect, others being inconclusared others that did not include disability
as an outcome measure [PRISMS 1998; PRISMS-4 2Iikbbset al. 1996]. The IFNs
have generally been well tolerated, and side effewtluded flu-like symptoms, injection

site reactions, myalgia and — in a few cases —ilplgsdepression. Various strategies have
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been proposed to manage these side effects [MumsGhil and Kinkel 1997]. Further
adverse effects include abnormal liver function tdesanaemia, leukopenia and

thrombocytopenia, all of which can be monitoredwagular laboratory tests.

One of the most significant problems of IFNreatment is the production of drug
specific antibodies. Up to 45% (mean ~ 25%) of pasiedevelop neutralising antibodies
(NADbs) to IFN3 products. NAbs may abrogate the clinical efficaéyFNPs. Antibodies
are more frequently induced by IBNMLb than 1la [Malucchet al. 2004; Bertolottoet al.
2003; Cook et al. 2001; Panitchet al. 2002]. Of the two IF§-1a products the
subcutaneous IANla (Rebif®) is more immunogenic than intramuscul&Np-la
(Avonex®). The development of NAbs is a significdattor contributing to treatment
failure, and the reduction in relapse rate in sttisjevho remain NAb negative may be as
high as 50% [IFNbeta MSSG 1996]. In order to defimerole of IFN in treating patients
with MS, the impact of NAbs, and the response afral®gists treating MS patients with
IFNB to NAD status, it is important to be aware of #ieernative therapies for MS, their
efficacy and safety profiles. NAbs to IBNwill be discussed in detail in the section

following DMTs [chapter 1.6].
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1.5.2. Glatiramer Acetate.

Glatiramer Acetate (GA, CopaxoRg is a mixture of synthetic polypeptides that
guantitatively resembles MBP, a putative autoantigeMS. GA was found to suppress
MBP-induced EAE [Teitelbaunet al. 2004]. Its mode of action is unclear but it hasrbe
shown to compete with MHC binding of MBP and limaittivation of MBP reactive T-
cells. A broad T-cell response is seen after GAadtpn, and it is therefore likely that GA
also mimics antigens other than MBP. GA leads shit in the T-cell population towards
a Thy cytokine response profile [Millegt al. 1998; Kimet al. 2004]. It has been proposed
that these Thcells migrate through the BBB into the brain patgmaa, where they are
activated. As a result they produce immunomodwatytokines that counteract the pro-
inflammatory Th response, an effect called “bystander suppressi®A’reactive T-cells
have also been shown to secrete brain derived mephoc factor (BDNF), which has anti-
inflammatory and neuroprotective functions [Stadeimet al. 2002; Ziemsseret al.
2002]. In animal models of MS it has been shown @A reactive T cells cross into the
CNS and produce these factors [Aharenial. 2003]. Most of the described effects have
been demonstrated im vitro studies, and a number of questions with regar@&Acs
mechanism of action remain as yet unanswered.dmpityotal trial 20 mg of GA SC daily
was shown to reduce relapse rates by ~ one thatdako had a favourable effect on MRI
outcomes; Gadolinium enhancing lesions and measofebrain atrophy however a
significant effect was not seen on T2 lesions [3olhret al. 1995, Geet al. 2000].
Subsequent studies showed significant reductiod Dflesions [Comiet al. 2001] and
reduction of T1 black holes [Filipmt al. 2001]. Regarding adverse events injection site
reactions are common with GA and lipodystrophy bhesn described [Draget al. 1999].
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The most common side effect (~ 15%) however is asyhcratic self limiting reaction of
chest tightness, flushing, dyspnoea and palpitatwhich can be quite frightening for the

individual but generally resolves quickly and s@o@ously.

1.5.3. Natalizumab

Natalizumab (TYSABR®, Biogen-ldec/Elan) is a humanised monoclonal aalyh
which targets a4-integrin, acting as a selective adhesion moleculeibitor. The
glycoproteina,f; integrin is also known as very late antigen 4 (M)At is expressed on
the surface of lymphocytes and monocytes and @aymportant role in cell adhesion and
trafficking across the blood-brain and other endb#h barriers. VLA4 also acts as a
regulator of activation of the immune system inaaref inflammation [Frenette and
Wagner 1996a; Frenette and Wagner 1996b]. Natalhbusigiven as a monthly infusion at
a standard dose of 300mg. It is not clear exduily Natalizumab exerts its clinical effect
but is thought to be due to the significantly reshlienigration of leukocytes into the CNS
parenchyma.

Two phase Il trials of Natalizumab have shown #gigant reduction in relapse rate
and disease progression: The first trial (AFFIRMyalved treatment naive patients
randomised to placebo (n=315) or 300mg Natalizu(nai627) every 28 days for up to 28
months. The second trial (SENTINEL) involved pats&ewho were established on IBNa
30ug IM once weekly (Avone®) and had experienced one or more relapses in the

previous year. Patients continued AvoBetherapy and were randomised to either 300mg
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Natalizumab (n=589) or placebo (n=582) infusionsrg\28 days. In the AFFIRM study
patients treated with Natalizumab had a 66% redocin relapse rate compared with
placebo, 96% of subjects receiving Natalizumab hadnew Gd enhancing lesions as
compared with 68% on placebo [Polmanal. 2006; Miller et al. 2007]. A reduction in
new and enlarging T2 lesions was also found. INSE&ITINEL study patients on both
Avonex® and Natalizumab had a 54% reduction in annualiskpse rate as compared to
placebo. With regards to MRI outcomes 96% of thelgoed treatment group had no
enhancing lesions as compared with 76% of the Ax®&nenly group. Similarly, fewer
patients developed new or enlarging T2 lesionscambination therapy [Rudickt al.

2006].

However, at the end of February 2005 the use ofalidamab was temporarily
suspended after two patients receiving Natalizunmbcombination with IFg-1a
(Avonex®) developed progressive multifocal leukaspitalopathy (PML) one of whom
subsequently died. A third subject with Crohn’sedise whose death had been attributed to
glioma was also confirmed as having PML. Since tini® Natalizumab was relaunched in
June 2006 and several patients have subsequentyoged PML (43 as per March 2010)
and many have been naive to prior immunomodulat@gtments. Emerging evidence
suggests that subjects treated for > 2 years drgla¢st risk (European medicines agency
Jan 2010). Although many patients are now treatéa Matalizumab worldwide, vigilance
is required with regards to its safety profile. @ttside effects include anaphylactic
reactions (~0.8%) and other hypersensitivity reastioincreased risk of infection,

headache, depression, arthralgia and rash. Appetglyn 10% of patients receiving
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Natalizumab develop antibodies, which are neutrgjis vitro, with about 6% persisting
beyond 12 months of treatment [Calabresial. 2007]. Therapeutic effectiveness was
reduced in those who remain persistently antiboolsitye and relapse rates returned to
that of those on placebo in both trials. Infusi@aations were also found to be more
frequent and severe in those remaining antibodytipes Consideration of the safety
profile and immunogenicity of Natalizumab as anothmlogical agent to treat MS are

factors to consider in its use.

1.5.4. Corticosteroids.

Corticosteroids are commonly used to treat acutgpses in patients with MS. They
have potent anti-inflammatory, immunosuppressive arembrane-stabilising properties.
They act by preventing disruption of the BBB, alteil migration expression of adhesion
molecules, decrease the production of pro-inflanonyatcytokines and also promote
apoptosis of auto-reactive T cells. All of thes@ats help restore the integrity of the BBB
and reduce local inflammation and demyelinationnuinber of studies have shown that
administration of high dose steroids (>500mg VM &t least 3 days) accelerates the
recovery of disability, but does not influence thmal outcome after a relapse or the risk of
recurrent relapses [Brusaferri and Candelise 20lber et al. 2000; Kapooret al. 1998].
MRI studies have shown decreased number of T1 @Gadw- enhancing lesions
following steroid treatment [Barkhadt al. 1991; Milleret al. 1992]. A dose response effect
has been noted, with high dose Methylprednisoloagny more effect than low dose

(<500mg/day) [Oliveriet al. 1998]. The beneficial effect of a single acute reeuof
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corticosteroids lasts for a relatively short periofdtime, with MRI and other markers
returning to baseline after approximately 2 monfRegular long-term administration of
corticosteroids has recently shown a benefici®datfin RRMS and SPMS by reducing the
accumulation of disability and MRI activity [Zivatbv et al. 2001; Goodkiret al. 1998].
High dose IVMP given at time of relapse to patieméated with IFN$, shows sustained
reduction of Gadolinium-enhancing lesions as coeghap steroids alone [Gaspergtial.
1998].

Recently studies have explored the effect of costieroids in preventing the
development of neutralising anti-IBN\antibodies (NAbs) or minimising their levels. hh
been shown that treatment with concomitant sterdelays the appearance of NAbs and
reduces the eventual titre. Concomitant use of imoBuppressive therapies in
combination with various biological products is@sated with a lower titre or the reversal
of NAbs. In an open labelled study of 161 MS pastemeceiving IFI8-1b (Betaferon®,
8MIU s.c. on alternate days), randomized to receaither intravenous methyl-
prednisolone 1g monthly for 12 months comparedaaarticosteroids the prevalence of
NAbs at 15 months in the prednisone treated groap %2.1% compared to 26.8% in
untreated group, a relative reduction of 54.9% @bzet al. 2002a]. The beneficial effect
of short-term steroid administration in acute relpustifies their use, but their modest
long-term benefits are outweighed by an unacceptaiole-effect profile, which includes
reduced bone density, cataracts, weight gain, bgpsion, diabetes, avascular bone

necrosis and propensity to infection.
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1.5.5. Immunosuppression

1.5.5.1. Mitoxantrone

Mitoxantrone (Novantror®, Merck-Serono) was originally designed as a
chemotherapeutic agent and is most commonly usegeating breast cancer. It is an
anthracenedione, which inhibits topoisomerase-qmtng the successful unwinding of
DNA. It was shown to be effective in EAE [Lublet al. 1987] and in both active RRMS
and SPMS [Edaret al. 1997; Hartunget al. 2002; Le Pagest al. 2008]. It is currently
licensed in some countries (not the UK) for usgatients with aggressive relapsing MS
who have failed first-line therapy. The mechanidmnaaiion of Mitoxantrone in MS may be
mediated on a number of levels. It is immunosumives inhibiting the proliferation of T
cells, B cells and monocytes and reducing secretfgro-inflammatory cytokines [Fidler
et al. 1986], however it is non-specific in its immunopugssive action. It is typically
administered as IV pulses of 12md/avery 3 months for two years (Hartung protocol) or
20mg monthly for 6 months (Edan protocol). It h&vesal serious side effects; most
notably it is cardiotoxic and warrants monitoringcardiac function [Ghaliet al. 2002].

In view of its cardiotoxicity the maximum recommeudifetime dose is 140mgfmThere
have been several reports of therapy-related anyédogenous leukaemia in patients with
MS who have received Mitoxantrone [Brassatal. 2002; Ghalieet al. 2002]. Typically
therapy related leukaemia, with topoisomereasehiibitors such as mitoxantrone develops
within 2-4 years after chemotherapy has been staaied the prognosis is generally poor
amongst the breast cancer patients, those with pffeaa to fare better. Initially it was
reported to occur in 0.07% patients receiving Maoixone but recently Merck-Serono

have released data describing two cases in 802a&nps (0.25%) [Edan 2005], and more
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recently other studies have described the risk as21% [Le Pageet al. 2008]. The post
marketing data in breast cancer has shown a highkrin patients who have had a
combination of chemotherapeutic agents. It haetbes been advised that strict adherence
to blood count recommendations should be followetLiding complete blood count, white
cell differential and platelets prior to each intrs (Prescribing information
NOVANTRONE- MerckSerono). There is also a risk okmpature ovarian failure or
infertility, which may be permanent. Transient awmm@hoea occurs in ~12% of patients
and persistent amenorrhoea in ~10% of patients. ridkeof persistent amenorrhoea is
higher in woman older than 35 years (14%) and lawevomen less than 35 years of age

(6.5%) [Edan 2003].

1.5.5.2. Azathioprine

Azathioprine (Imura® FARO Pharmaceuticals, Inc.) is a purine analoguechv
interferes with DNA synthesis. It's exact mechanisimaction is unknown but it is
relatively T cell specific due to their lack of gafje pathway. It was previously widely
used off-license to treat MS however, since thergerece of IFNB and Glatiramer Acetate
it is used less commonly. It is relatively T-ceflesific but also suppresses both cell-
mediated and humoral immunity non-specifically. Mwf the data concerning its efficacy
is inconclusive as many of the studies performecevoa heterogeneous populations in the
pre-MRI era. Meta-analyses of published studiesvsadrend of reduced relapse rates and
slowing of disability [Yudkin et al. 1991; Palace and Rothwell 1997]. In general

Azathioprine cannot be recommended for use in M&bse of doubts about its efficacy.
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The Avonex Steroids Azathioprine trial comparecéhtreatment arms evaluating the use
of add on oral methylprednisolone +/- azathiopnimegatients who had failed first line
treatments. Participants were followed for 3 yeaith a one year extension phase. An
effect was found was the reduction in ARR in thelértherapy group vs dual-placebo arm
(0.73 vs 1.05 p <0.05) and regarding T2 lesion m@uwat 2 years, but this effect was not
sustained at 5 years [Hardostal. 2009]. It may however have a role in combinatiathw

other therapies, for example IBNo treat or prevent the development of NAbs.

1.5.5.3. Cyclophosphamide

Cyclophosphamide (Cytox&n Bristol-Myers-Squibb) is an alkylating agent and a
potent cytotoxic and immunosuppressive drug wh&leammonly used in oncology but
also in autoimmune conditions (vasculitis, lupiB)lsed IV cyclophosphamide has been
used in patients with evidence of active inflammatMS however results have been
conflicting. Early studies included a heterogengrmup of MS patients and did not show
significant benefit. Other trials however involvipgtients with very active disease showed
significant improvement in relapse rate duringtiment [Weiner and Cohen 2002]. Recent
trials using pulsed IV Cyclophosphamide with [ENshowed significant clinical
improvement during treatment and in the 18-montlofoup period. Relapse rate declined
significantly and was maintained for the follow-pgeriod. MRI parameters also improved
[Smith et al. 2005; Pattet al.2001]. Due to its toxicity and risk of malignanisansitional
cell bladder carcinoma), it is only used as a sddore agent. In general, the off-license

use of cyclophosphamide for MS has been replaceateblycensed drug Mitoxantrone.
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1.5.5.4. Methotrexate

Methotrexate (Rheumatr@ Lederle Pharmaceuticals) is an anti-metabolite h wit
iImmunosuppressant properties. It confers its actio;p competitively inhibiting
dihydrofolate reductase activity preventing thymalisynthesis and ultimately DNA
synthesis. Its use in MS has been investigatednanaber of small clinical trials and has
been shown to slow disease progression in subyeitks advanced chronic progressive
(secondary and primary progressive) MS [Good#iral. 1995]. There remains a need for
definitive placebo-controlled trials however withetadvent of other oral therapies this is

unlikely to occur.

1.5.5.5. Intravenous Immunoglobulin (IVIg)

IVIg is widely used in immune mediated systemic aedrological disorders and has been
found to be of benefit in some aspects of MS [Amhiet al. 2004; Dalakas 1998]. A
number of open label studies were initially perfednfollowed by four randomised-
placebo controlled trials. Most have addressedists in relapsing remitting MS and one
more recently in SPMS. The four placebo controtlémls did show a reduction in relapse
rate and number of gadolinium enhancing MRI lesiéwhiron et al. 1998; Sorenseet al.
1998; Fazekast al. 1997 & 2008].The European Immunoglobulin in MS ypaecently
concluded a study involving patients with SPMS anctlinical or paraclinical benefit was
found [Hommeset al. 2004]. IVIg was also investigated with regarddang-term visual

outcome in patients with acute optic neuritis amd difference in outcome was found
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[Roedet al.2005]. The use of IVIG is not recommended in MYiew of the uncertainty
about its impact on the more objective MRI-basett@me measures, in comparison to its

apparent effect on relapse rate, and its relatikigl cost and limited availability.
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1.6. Binding and Neutralising antibodies

The production of anti-drug antibodies has beercritesd during treatment with a
variety of biological products. This phenomenomnwigll described with agents such as
Insulin [Fineberget al. 1983], Factor VIII [Brayet al. 1994], erythropoietin [Casadevait
al. 2002], botulinum toxin [Goschedt al. 1997] and also with interferon alpha and beta
[Antonelli et al. 1996; Vallbrachtet al. 1981]. Naturally occurring proteins, which are
genetically altered or synthesised in hon-mammadielts, may have subtle changes in
their structure, which trigger a loss in immunestahce. The rate at which these occur is
related to the immunogenicity of the protein — defl as the ability of a protein to evoke
an immune response against it. The antibodies edlwan be binding or neutralising. A
neutralising antibody (NAb) binds to the biologie@lent preventing its interaction with its
receptor (or — in the case of enzymes - its adite), thus inhibiting or neutralising the
biological action of the drug/protein. A bindingitdoody (BAb) does not significantly
affect the action of the molecule and, hence, esetore commonly called non-neutralising
antibody. Non neutralising auto-antibodies are ¢muo possibly function as carriers,
preventing the rapid elimination of cytokines frdhre circulation, thus increasing their
bioactivity [Durelli and Ricci 2004] or in the casd some molecules increasing their

elimination.
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1.6.1. Anti-Interferon Beta Antibodies

As described in section 1.5.1 IBNs an endogenous cytokine which is secreted by a
variety of cells — T cells, B cells, macrophagesdathelial cells and fibroblasts, in
response to microbes (viruses and bacteria in qodat). It alters the expression of
numerous genes and this confers its anti-virali-@oliferative and immunoregulatory
activities. There is some redundancy in its adésitvhich may also be mediated by other
cytokines [Borden and Wadler 1996]. Low levels afurally-occurring antibodies directed
against cytokines are found in the circulationrafividuals who have never been exposed
to a biological therapy and are thought to playeguratory role in the intensity and
duration of the immune response [Morgensen 198mhdgaard 1989, Ross 1990, Bendtzen
1994]. As with the majority of biological produdeNp can also induce the production of
antibodies. BAbs can be detected in 50 — 80% ddteck patients [Scagnolari 2002,
Deisenhammer 1999, Kivisakk 2000]. The reasons sbate subjects develop NAbs and
others only BAbs are unclear. Those who develop $NAlbut not all cases — tend to have
higher BADb levels indicating that qualitatively Naldiffer from BAbs, in that BAbs bind
with lower affinity to the IFN8 molecule than NAbs [Gibbs and Oger 2008].

There has been much controversy with respect tsigmficance of these antibodies in
patients with multiple sclerosis treated with [FFldnd how to manage them [Hartung and
Munschauer, 111 2004; Farrell and Giovannoni 200/fje therapeutic efficacy of IFNhas
been shown in trials to be diminished by the preseof neutralising antibodies, which
form in 2-45% of patients, depending on the prodisetd. Neutralising antibodies may be
detected as early as 3 months after commencemeéhém@py, but usually appear between
6 —18 months. Binding antibodies occur earliehds been shown in numerous trials that
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patients who become antibody positive, have higbpse rates, lesion activity on MRI
and also higher rate of disease progression (thidiscussed in more detail in later

sections).

1.6.2. Immunological mechanisms underlying NAb deve lopment

Factors which affect the development of antibodiesiain obscure but may include
production and purification methods, dose and feegy of administration and potentially
heterogeneity of the immune response in subjecth wiultiple sclerosis. IFBHla
preparations (Avone® IM, Rebif® SC) are synthesized in hamster ovary and
glycosylated, as is the endogenous human formspkeific glyosylation pattern, however,
may differ. IFN3-1b (Betafero®, SC) is synthesized ifEscherichia coliand has a
different amino acid sequence to the human fornh w#letion of methionine at position
one and a cysteine to serine mutation at positiénadd is non-glycosylated. These
changes lead to it being less hydrophilic and npyane to aggregation, resulting in a
higher dose required to achieve bio-activity simila the IFN8-1la preparations. These
differences are likely to play a role in the ralaty high immunogenicity of IFBt1lb
compared to IFR-l1a. However, the above mentioned differences db explain the
difference in immunogenicity between IBNLa products. Other issues such as production
methods, purification, storage and dose also dmrtti There is no clear evidence that the
route of administration impacts on immunogenicRerini et al conducted a study, which
compared IFIB-1b 25Qg (8 miu) IM once weekly vs. SC every other daye Thte of

antibody production was slower in the IM group &b titres were lower [Peringt al.
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2001].However, higher frequency of dosing and cumulatixezkly dose in the SC group
could have affected this. Another study which corega22ug Rebif IM once or twice
weekly with 22ug Rebif SC three times weekly showedlifference in NAb frequencies
[Bertolotto et al. 2002]. Other studies have addressed these isstidgmbe used different
products to compare IM and SC routes and thusteearg difficult to interpret [Rosst al.

2000].

1.6.3. Frequency of NAb production

1.6.3.1. Avonex

Avonex IFN3-1a (3Qug IM once weekly) has the lowest rate of NAb pradug rates
are generally between 2 and 6% [Pani&thal. 2002; Clanetet al. 2002; Jacob®t al.
1996]. The original formulation used in the pivotahl was more immunogenic than the
commercial products that are currently on the ntarkeis unclear why this was the case,
but it probably relates to modifications to its #sis, purification and formulation. The
rate of NADbs in the EVIDENCE trial using the freediéed Avonex preparation was 2%
[Panitchet al. 2002].Currently Avonex is available as a freeze dried 8i@3ug which is
reconstituted with 1mL sterile water or as a piedil syringe 3Qg in 0.5 ml. The
immunogenicity of the new prefilled syringe prepema was assessed in a recent study; at
2 years 2% of patients had developed NAbs, whidinslar to the data using the freeze-

dried product are the same Table 1-1[Philepsl.2004].
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1.6.3.2. Rebif

The PRISMS trial using freeze-dried Rebif [F-lla (22ug or 44ug SC three times
weekly) found that the NAb rate on high dose ong4Rebif was lower than patients on 22
ug (12.5% on Rebif 44 pg vs. 23.7% Rebif 22 ug attgrears); at the end of the 4 year
extension phase 24% of patients on Rebjig?Bad developed NAbs as compared to 14%
Rebif 44 ug, by their last visit [Francigt al. 2005j]. Subjects who had originally been
treated with placebo and subsequently switchedthere22ug or 44ug arms had similar
rates on NAb during years 3-4 (both ~ 28%) howewsiptent antibodies were noted in
24% of patients receiving 44 mcg tiw and in 23/28%) patients receiving 22 ug tiw
[Oger et al. 2005]. The earlier OWIMS study, published in 1998owed a dose response
in that patients receiving Rebif 4¢ once weekly developed NAbs sooner and had a highe
rate of positivity at the end of the trial; 5% ditignts on Rebif 3%y were NAb positive as
compared with 16% on Rebif g4 once weekly [OWIMS 1999]However this study was
only 48 weeks duration and was probably too slwoevialuate the natural history of NAbs
or their impact on disease course. NAb frequeneemy between 15 to 25% in most
studies.

Efforts have been made to reduce the immunogenigityRebif by altering its
production methods - free from human serum albuamid produced without fetal bovine
serum, called Rebif new formulation (RNF). Rece®IF and EVIDENCE studies have
published NAb rates with NAbs at both 24 and 48 kseef 2.5% (95% CI, 0.9-5.5) and
14.3% (95% CI, 10.7-18.6), respectively [Giovannenal.2007]. In the 96 weeks results
the proportion of neutralizing antibody-positiveAbl +ve) patients at week 96 was 17.4%

(exact 95% confidence interval [CI]: 13.0-22.5)gmared with 21.4% (95% CI: 17.2-
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26.2) in the EVIDENCE study, and 27.3% (95% CI: &32.1) in the subsequent
REGARD study. These results suggest that RNF hdowar immunogenic potential
compared with the approved IBNa formulation assessed in the EVIDENCE and

REGARD studies [Panitcit al.2002; Mikol et al.2008].

1.6.3.3. Betaferon

Betaferon has generally shown the highest rateNAd formation (25-47%). In the
IFNB study group (1993) after three years patientsosn dose IFN8 1b (1.6 MIU) had
NADb rates of 47% and those on higher dose (8 mkd) & rate of 45% [MS study Group
1993]. Further data published in 1993 compared id &C routes with 8 mIU/AD and
NAb rates were 35% in the SC group and 41% IM [19%B6erefore it did not show a clear
dose or route dependent effect. The more recenvpean trial using an MxA assay
showed NADb rates of 27.8% in the 8 mIU / AD SC dgseup as compared to placebo

[Table 1-1].
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Trials Product/dose

Assay method

NAb positivity % psitive

[Jacobs et al1996] 30ug Avonex IM

(MSCRG) ow

[Rudick et al. Avonex 3Qug IM

1998a] (MSCRG) OW

[Jacobs et al Avonex 3Qug IM

2000] (CHAMPS) OW

[Clanet et al Avonex 3Qug IM

2002] OWw.

Avonex 6Qug IM

Oow.

[PRISMS 1998b] Rebif
TTW.
Rebif
TTW.

[EVIDENCE Rebif

1999] ow.
Rebif
ow

[PRISMS 4 2001] Rebif
TTW.
Rebif
TTW.

21 SC

4419 SC

21 SC

4419 SC

21 SC

4419 SC

Placebo group

Rebif

21 SC

TTW from year 3

Rebif

44 SC

TTW from year 3

[Interferorp MS Betaferon.
study group 1996] 1.6MIU SC AD
8MIU SC AD

[Interferorp MS Betaferon

study group 1996] 1.6MIU SC AD
8MIU SC AD
8MIU IM AD

[European study Betaferon.
Group 19984a] 8 MIU SC AD

Not reported

CPE

CPE

CPE

CPE

CPE

CPE

CPE

CPE

MxA protein

No definition 22%. Production

given altered afterwards.
> 20 x 1 titre 6%
> 20 x 1 titre 2%
> 20 x 1 titre 2.3%
5.8%

Titre 220 at end of 23.8%

study.
12.5%
Titre =220 5.3%
16.3%
Titre = 20 at end
of trial.
23.7%
14.3%
27.7%
28.0%
1 Titre= 20
47%
45%
2 consecutive
titres = 20. 42%
35%
41%
2 consecutive 27.8%
titres =20

Table 1-1 Frequencies of NAbs in the pivotal and d® comparison trials
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1.6.4. Comparing NADb frequencies

Frequencies of NAbs in pivotal studies are showfTable 1-1]. However, comparing
rates of NAb development between individual studpEses several problems. The
recommended weekly dose of IFMa IM (Avonex) is 6 mlU as compared to 12 miU
IFNB-1a SC three times weekly (Rebif 44 - total 36 mIU weekly) and 8 mIU IFNLb
every other day (25{g Betaferon — total 28 mIU weekly). There are ladiféerences in
the potency of each preparation and the amountaitin delivered in each dose. 8 miu
Betaferon contains 250g, 6 mIU of Rebif contains 2gg and 6 mIU Avonex 3@g of
protein. The specific activity of a protein desesbthe relationship between the absolute
weight of the protein and its biologic activity arsdmeasured in IU/weight. The specific
activity of Betaferon is 32 mlU/mg, Rebif 273 miUgmand Avonex 200 miU/mg
[Deisenhammeet al.2000]. The IU given by the manufacturers may retbmparable as
they are measured using different IFN standards Whs illustrated by Deisenhammnedr
al who directly compared the potency of each prothyctjuantifying each preparations in
Vivo activity in patients treated with IFNwithout NAbs. They found a significant increase
from baseline of MxA expression with 10 IU/mL Betedn as compared to requiring 100
IU/mL of Rebif or Avonex to achieve a similar regge. However, if this was adjusted
relative to IFNB weight Rebif had the highest specific activityli@a 100%), Avonex 93%
of this and Betaferon 71-80% [Deisenhamrmaieal. 2000].

It is difficult to compare the rate of NAb positiyibetween studies as different assays
and acceptance criteria have been used to defitibody positivity. It is therefore

important to consider the results of comparatiiegiTable 1-2].
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Comparative Product/dose Assay method NAb positivity % positive
trials

[Panitch et al Avonex 3Qug IM NR Titre = 20 at any 2%
2002] ow time. 25%
Rebif 441g SC
TTW
[Ross et al 2000] Avonex 3Qug IM CPE. Depended on
ow Varying amount sensitivity of
Rebif 22ug SC IFN added altered assay
oW sensitivity of Betaferon > Rebif
or TTW assay > Avonex.
Betaferon 8MIU
AD
[Bertolotto et al. Avonex 3Qug IM CPE 2 x titre= 20 2%
2002a] ow
Rebif 441y SC 15%
ow
or TTW 31%
Betaferon 8MIU
AD
[Kivisakk et al. Avonex 3Qug IM CPE Titre = 20 5%
2000] ow 44%
Betaferon 8MIU
AD

Table 1-2 Frequencies of NAbs in comparative studée
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1.6.5. Effect of anti-IFN B8 NAbs on efficacy in MS - Clinical

outcomes and MRI

There is ongoing debate about the clinical sigaifie of Nabs amongst the MS
community. Studies, which are of short durationymat detect the negative effect NAbs
have on IFNB efficacy. However, there is now sufficient eviden the literature to
support the view that NAbs reduce or eliminate ith@ivo bioactivity of IFN3 — termed
antibody mediated decreased bioactivity. The ampes of NAbs generally occurs
between 6 and 18 months after commencing fiIRNerapy. Their impact on clinical
efficacy lags further behind and is generally redrsin trials of less than 2 years duration.
The findings of the pivotal trials are discussebbiye

Two papers were published by the MS Study groupvsiw efficacy of IFNB-1b in
reducing relapse rates and disease activity on W study Group 1993; Paty and Li
1993]. A follow up paper was published to discuss impact of NAbs in more detail. In
the treatment arm 35% of subjects became NAb +vé8omonths. Those who were NAb
+ve had higher annualised relapse rates from mb#ith 36 than those who remained NAb
—ve (1.08 vs. 0.56 p < 0.05). No difference in austd progression (using EDSS) was
found. With regards to MRI parameters those whoewdAb +ve had higher accumulation
of new lesions than NAb —ve during th€ gear (1.03 vs. 0.4 p<0.05). In this paper the

authors’ concluded that NAbs did reduce the clinetBcacy of IFNB.

The more recent BECOME study compared efficacyFdpF1b with Copaxone and
included analysis of the effect of NAbs on MRI autees. The incidence of NAbs and

effect of NAbs on bioactivity were consistent wiinevious studies. MRI outcomes in
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patients with NAbs at levels high enough to abobghactivity relative to patients without
NAbs were analysed. Those who had preserved buttsctihe ratio of enhancing lesions
per scan decreased from 7.6 in the pretreatmermddotEr 2.6 in the post-treatment period,
which was a 66% decrease. For the lost bioactgnoup, the reduction was only from 8.5
to 5.8, a 32% decrease. Thus, lost bioactivity ftogh levels of NAbs resulted in reduced
therapeutic efficacy of IFptlb as manifested by diminished reductions in eaingn
lesions on MRI [Pachneat al.2009a].

The 4-year extension phase of the PRISMS study staavsignificant reduction in
relapse rate and MRI activity in the patient grauphigh dose Rebif. This effect was lost
in those who developed NAbs [PRISMS-4 2001]. THapse rate was 0.5 for Rx 44
(Rebif treatment dose) patients who were NAb -v& @81 in those NAb +ve (increase of
62%). There was also a significant difference mnlamber of T2 lesions on MRI. Median
number of lesions was 0.3 in those who were NAbaivé 1.4 in the NAb +ve group. This
annual increase in the T2 burden of disease (BO&» similar to that seen in the 2-year
placebo arm of the study.

Further analysis of this data evaluated 368 ofbifiginal patients with regards to NAbs
[Franciset al. 2005]. In this analysis the majority of NAbs deymtd within the first 12
months of treatment. Thirty percent of Rxu22group and 19% of Rx 44 group had a
positive NADb result. At 12 months relapse ratesentbe same at ~ 0.9, thereafter the NAb
-ve cohort showed a steady linear decline in rélapses over the next 36 months to 0.35.
The NAb +ve group however, had a fluctuating counsth relapse rates consistently
higher than NADb -ve and similar to the placebo grdwith regards to time to confirmed

progression by one point on the EDSS scale, inNtAb +ve group 44% had confirmed
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progression compared to 40% of the NAb -ve cohort.

Using interval positive analysis, however, a sigaifit difference was found between
the groups: NAb +ve /NADb -ve progression rate rat0, 95% CI 1.03 — 2.17 p = 0.03. A
significant difference was also seen in T2 MRIdesioad between NAb -ve and NAb +ve
groups. Median lesion load was 0.3 (mean 0.1) enNIAb —ve group and 1.4 (3.2) for the
NAb +ve group. The median cumulative percentagengban T2 lesion burden from
baseline to years 2 and 4 was -7.2% and -8.5%erNthb —ve group receiving 44ug tiw

and 12.5% and 17.6% for the NAb +ve patients.

The finding that NAb +ve subjects tend to have feméapses in the first 6 months
has also been described in an independent longaluditudy. They describe a similar
finding of reduced RR in the first 6 months in tNAb positive cohort but that after 6
months this reverses and they experience highefS®Rensen et al 2007]. This finding is
interesting as it implies that those who developbNAnay do better in the first year of
treatment than those who remain NAb -ve in the éongerm. This would suggest a
difference in the immune response of subjects, \whwelop NAbs, to treatment. An
association has been described between NAb develtpand a MHC class Il allele
(DRB1*0701) and indicates a role for T cell actigat in IFN-beta immunogenicity
[Barbosaet al. 2006], however further investigation is requir@the other hypothesis is
that BAbs, which precede the development of NAbyg mxdend the half-life of circulating
IFNP thereby increasing its bioavailability [Sorenstral. 2007]

The European dose comparison trial evaluated thieal significance of NAbs (IFN

la 30ug vs. 60 pg IM OW) [Kappes al.2005]. Patients were followed from baseline and
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at three monthly intervals for 48 months. Samplesevevaluated for BAbs and NAbs (in
BADb positive patients). They found a higher promortof NAb +ve patients in the high
dose Avonex group. NAb +ve patients had higher (B8#&apse rate from months 12 to 48.
NADb positive patients EDSS score progressed by anmnoé 0.89 over 4 years compared to
0.29 in the NAb negative group. With regards to MiRtlings, both T1 and T2 lesion load
was higher in the NAb +ve group from 24 monthshe énd of the study. This study is
very important as it further clarifies the sign#frece of NAbs. It also highlights the need to
design long-term studies as the clinical impachNgbs appears to become more apparent

with time and lags behind the initial appearanchblAbs.

1.6.6. Use of Biomarkers in monitoring IFN 8 activity

IFNB affects the expression of several hundred genédhaeir downstream products.
Many of these can also be induced by other fact®osie, however, have been identified
as being relatively specific to type 1 IFNs. MxAaggood example of this [Deisenhammer
et al. 2000c; Pachneet al. 2003b,c]. Others include Oligoadenylate synthe(®@3aS)
[Pachneret al. 2003b], Neopterin [Coolet al. 2001]and TRAIL (tumor necrosis factor
apoptosis inducing ligand) [Wandinget al. 2003; Gilli et al. 2006], but these are not
exclusively induced by IFBl These have been used to show that the preséridabs
reduces the bioactivity of IHNin vivo. A significant rise in MXA mRNA and protein has
been shown in response to IENadministration and that this response is losthia t
presence of NAbs [Bertolottet al. 2003; Gilli et al. 2005]. In the case of mMRNA levels,

this response has been shown to be maximal at @& h8imilarly the MSCRG (1998)
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showed failure to induce neopterin in the NAb pgesitohort [Rudicket al. 1998].

Other biomarkers such 52 microglobulin and neopterin have been measuned i
relation to NAbs and in the presence of NAbs fatledhow any significant response to
IENB [Franciset al. 2005h]. Another study measured timevivo response to IFBl by
measuring pre and post dose levels of MXA mRNA,ptedn andf3,. microglobulin.
Responses were compared between NAb +ve and NAd® eolorts. Both pre and post
dose levels were lower in NAb +ve subjects andyaiicant inverse correlation was found
between NADb titre and pre dose levels in particuldwe shows that the steady state levels
are significantly suppressed in NAb +ve patientsl an a titre dependent fashion
[Scagnolariet al.2007].

TRAIL [Wandingeret al.2003] and OAS [Pachnest al. 2003b] have also been shown
to produce a reliable response to f-Ahd failure of induction has been found in sulgject
who are NAb +ve [Bertolottet al.2003; Deisenhammet al. 1999; Malucchiet al. 2004;
Pachneret al. 2003c;Vallittu et al. 2002]. This loss of response to IENbredates any
clinical evidence of loss of efficacy and could ¢hhe used as a predictor or biomarker of
impending treatment failure in those patients wihavs persistent antibodies.

The Impact of Neutralizing Antibodies on InterferBesponsive Genes Highlights
Biomarker Response (INSIGHT) studsgs specifically established to examine the efbéct
antibodies to IFI§ on in vivoresponse of highly specific biomarkdes IFNB binding to
IFNAR: MXxA, viperin, and Interferon-induced proteinith tetratricopeptide repeats 1
(IFIT-1) [Pachneret al. 2009b]. In this study 718 patients with MS treatath any IFN3
for at least 12 months were included - Fla 30 pg once weekly, subcutane¢B€)

IFNB-1a 22 ug or 44 ug 3 times weekly, or SC [-lb250ug every other day. Binding

70



antibodies were evaluated using the capture ELIGAISA) and NAbs were measured
using the viratytopathic effect assay. Biomarker induction wampared between those
who were BAb +ve / NAb +ve (n=149) vs. BAb —ve/ NAIle (n = 498) vs. BAb +ve/
NAb —ve (n = 71). MxA, IFIT 1 and viperin respossegere all significantly lower in the
BAb +ve NAb +ve groups as compared with those @ BAb -ve / NAb —ve arm. The
reduced bioactivity was also found to be titre cejsnt with complete suppression of
biomarker response in those with titres > 100 NBKECGassay). This study confirmed in a
large cohort the findings of other groups who hageelated NADb titres with biomarker

induction or IFNB gene induction [Sominanad al.2008; Hesset al.2009].
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1.6.7. Measurement of BAbs and NAbs

1.6.7.1. Binding antibody assays

Neutralising antibodies are by definition also hingdantibodies and as screening for
BAbs was generally considered less troublesomejag recommended that one should
screen for BAbs before testing neutralising acdtivithere are several ways to screen for
BAbs; ELISA, western blotting, radio-immunoprecgiibn (RIA) or affinity
chromatography. ELISA is the most commonly usednmetand this can be performed in
two ways, with and without a capture antibody. Rwlgethese methods have been
compared in a cohort of 325 patient samples. Cand direct ELISAs performed equally
well, however the capture ELISA had a better catieh with NAb titres [Gneisgt al.

2008]. These assays and findings are describedrr detail in chapter 2.

1.6.7.2. Neutralising antibody assays

IFNB has diverse actions vivo altering the expression of many genes at the aucle
level which confers antiviral, anti-proliferativend immunological actions. Neutralising
assays are therefore based on quantifying thesetidns and their inhibition in the
presence of NADbs. IFNbinds to its cell surface receptor causing ititoatise and activate
the intracellular signaling mechanism. These trapson factors translocate to the nucleus
where they bind to and activate the interferon glated response element (ISRE), which
induces the transcription of numerous genes whodeeoducts can be measured, such as
MxA, neopterin, OAS, TRAIL and3; microglobulin. In the presence of NAbs, it is

proposed that IFpI fails to bind to and activate its receptor andstltle downstream

72



effects are lost. Therefore, the antiviral effectttee IFN3 induced gene products can be
used in assays to measure the bioactivity ofdARroblems, however, exist with regards to
reliable measurement of neutralising antibodiesth&ttime this work was commenced no
standardised assay, which could be applied reliablgil laboratories existed. The “gold
standard” assay to measure NAbs was the Cytopatfect Assay (CPE) recommended by
the World Health Organisation [WHO expert commitiee Biological Standardisation
1985]. Guidelines have been developed by the EFME force, which recognise the
validity of a cell based assay measuring MXxA mRNAwtein which may be more widely

used in the future [Sorensehal.2005a].

1.6.7.3. Cytopathic Effect Assay

This assay makes use of the anti-viral effect dffFVirus sensitive cells are seeded in
micro titre plates and a known amount of [Fé¥ added with serial dilutions of the
patient’s serum. This is incubated for 12 to 24rkpafter which the virus is added. After a
further 24 hours viable cells are quantified byrstay with crystal violet in 20% ethanol.
The ability of IFN3 to inhibit viral replication is measured. The aouly titre is calculated
using the Kawade methglawade 1986]. The unit of measurement is the laib (LU),
which is defined as the amount, which reduces thepathic effect of the virus by 50%.
The dilution of patient's serum, which reduces #mgivity of 10LU/mL of IFN3 to
1LU/mL, is then determined. The reciprocal of th&édue is the neutralisation titre of the
serum. A concentration value af 20 LU/mL is generally considered a positive titre
although this is an arbitrary figure [Grossbetal.2001 a & b].

In an attempt to standardise this assay the WH@ hasommended the use of human
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lung carcinoma cells (A549) and encephalomyocardittus (EMCV). Use of different
cells and viruses has meant that results cannotiteetly compared between labs.
Variation in the amount of IFused in the assay also alters the sensitivitjhefassay
[Rosset al. 2000; Sorenseat al. 2003a]. Adding too much will reduce the sensiyivanhd
too little will increase the sensitivity of the ags It is therefore crucial that the amount of
IFNB added reflects the in vivo environment. It is of®ar what that level should be but
the WHO currently recommends 10 LU/mL. Another idiffty is that the assay is not
specific. If any other factor with antiviral propies is present it may cause the reduction in
the cytopathic effect of the virus instead. The GRBRay is also relatively time consuming

and prone to inter assay variability.

1.6.7.4. Quantification of Biomarkers

More recently assays which quantify either MxA piotor MXA mRNA have been
developed and validated in relation to the CPEyasEhese assays make use of the fact
that certain proteins are induced, in responseF&p,| in a dose-dependent manner.
Therefore, after stimulating the cells with a knommount of IFN, the amount of MxA
protein or mRNA produced is measured. MxA protean e measured by sandwich
ELISA, chemoluminesend&ob et al.2003] or fluorescence activated cell sorting (FACS
[Pachneret al. 2003c; Vallittuet al. 2002]. Cells are pre-incubated with serial dilosoof
patient's sera. The presence (and titre) of nasingl antibodies is quantified by
measurement of the MxA produced, by ELISA or aldirrely MxA mRNA is quantified
by PCR. Whilst less time consuming than the CPRya#ss is also subject to the problem

of inter-assay variability.
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Results comparing three PCR methods to measure MRAA and evaluate response
to IFNB have been published. PBMCs were isolated fromdlamod RNA extracted and
reverse transcribed to generate cDNA. Quantitatvapetitive PCR, real time PCR and
semi-quantitative PCR were used and NADb titres @megb with the CPE assay. All three
methods showed high specificity for MxA analysislfiCet al.2004]. Bertolotto et al have
modified this assay mixing patient’s serum with fFknown amount) and adding in serial
dilutions to a plate seeded with cells. This isulveted for 6 hours, cells are then lysed and
MxA mRNA extracted. cDNA is produced and quantifidny real time PCR.
Glyceraldehyde 3-phosphate dehydrogenase (GAPD&l¥@tsmeasured as a housekeeping
gene at the same time to account for any cytotagents, which may inhibit/lyse the cells.
This new assay is less time consuming and has walerated with respect to the CPE
assay and MxA protein assay [Bertoloétbal. 2007]. It is however expensive to perform,

which could potentially limit its accessibility tdinical practice.

1.6.7.5. Titre Calculations

Most titres are calculated using a specific eponyshonamed method: the Kawade
method. To date no consensus has been achieveefit@ avhat constitutes a clinically
relevant titre. Generally the cut off 320 neutralising units, but a variety of endpoints
have been used in trials. It has also been shoanthe bio-efficacy of IFR may be
reduced with a NAD titre < 20 [Pachnetral. 2003b]. Guidelines regarding NAb testing,
assay validation and clinical implications of a ig@we result have failed to form a
consensus regarding a significant titre. The Ewsopgroup recommended in 2005 that

measurements of binding and neutralising antiboid&Np should only be performed in
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specialised laboratories. Use of a validated CR&yass still the gold standard assay and
A549 cells should be used with a fixed amount ®fRvhich should be the same product
that the patient is using. The stimulated cells banchallenged with the EMC virus or
MxA production measured. Standard curves shoulthtdleded using increasing amounts
of IFNB until saturation is reached. Titres above 20-G® associated with loss of IBN
bioactivity (using CPE assay and IFDb). In these guidelines however a recommendation
is made to switch or stop treatment in subject wirsistent titre > 100 NU. It has also
been acknowledged that there still remains a needsimpler assay methods such as

guantifying the in vivo biological response [Soremst al.2005a].

1.6.8. Not all neutralisation is due to NAbs

A small number of patients exhibit neutralisationlleNp activity in the absence of
antibodies to IFH. This has been associated with high levels ofu@tong soluble IFN
receptors. Among 256 enrolled patients, 11 (4.3pew&d a significant inhibition of the
IFNB activity in vitro, but no measurable BAbs. As aolM) in vivo bioactivity was
inhibited in 9/11 (82%) of these patients. A mitpf IFNB treated patients have a non-
antibody mediated neutralising activity, which caatifively inhibits the bioactivity both in
vitro and in vivo. This has been attributed to thieculation of soluble IFN receptors
(IFNAR) and has mostly been described in subjeeiatéd with Rebif. If this is the case
using the BAb assay as a screening tool will fadieétect a proportion of non-responders to
IFN therapy and there is a strong argument to aiterent guidelines to initially detect

bioactivity.
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1.6.9. Reversion to NAb negativity

Over time ~ 30% of NAb positive patients will revéot negative status This occurs
most commonly in patients with low to moderatelysipwe titres and those treated with
IFNB-1b [Bellomi et al. 2003; Gneisset al. 2004; Petkatet al. 2004, Riceet al. 1999;
Sorenseret al. 2005b; Sorenseat al. 2003]. In the pivotal IFR-1b trial, 60% of those
who had a NAb +ve test subsequently reverted tathegstatus [MS study Group 1993].
Rice et al performed NAb assays in the Canadiarortplof those included 25 of 59
subjects (42.4%) developed NADbs [Riteal. 1999]. They were followed for a median of 7
years and all but 3 reverted to NAb negative statulis time. Subsequently a longitudinal
study was performed to analyse the developmentAdfsNn patients treated with IFNLa
and 1b. Gneiss et al followed 28 NAb positive pasefor mean of 57 months after
commencing IFI§ therapy, 16 patients received treatment with@HAN and 11 received
IENB-1b. They found that patients who were likely &vert to NAb negative status
reached their peak titre earlier and had lower piags (< 75 — 100NU) than those
persistently positive [Gneisst al.2004]. 58% of patients treated with IBNLb reverted to
NAb —ve status whereas only 27% of those treateld MWiNB-1a were reverters. 11 of the
12 reverters had titres < 75 NU and only one os¢heho did not revert had titres < 75.
During the NADb positive period, patients are seerevert to placebo status with regards to
induction of biomarkers.

The Danish MS group has collected data on all eirtpatients since IFf3-therapy
was licensed. In a study using samples which wadtent over 6 years, 455 patients were
included receiving different IFplpreparations. Of these 52.3% remained NAb -veQ%0.

were definitely NAb +ve and the remainder fluctuatBatients on Avonex had the lowest
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frequency of NAbs and frequencies were similar e Rebif and Betaferon groups,
specific frequencies however were not publishedhis paper at this time. Of the 277
(60.8%) of patients who were NADb -ve at 18 monthk/d9 (6.5%) became persistently
NAb +ve. At 24 months the rate of conversion waly 88o. If a patient reaches 24 months
and has been persistently NAb -ve it is unlikely ttrem to subsequently seroconvert. Of
those who developed persistent NAbs 33% subseguieetame definitely NAb -ve. The
chance of reverting was higher in those on Betafdi@n the other products. 52% of
patients who were NADb +ve treated with IENb reverted to NAb -ve status compared
with 19% of those NAb +ve treated with IBNLa. In this study they were unable to
differentiate between NAD titres of 200 and thosecimgreater. Due to this they were
unable to comment on titre predicting reversioiNfb- status [Sorenseet al.2005b]. An
earlier study investigated the persistence of NAbg2 patients treated with IffNand
found that almost all subjects reverted to NAb niggastatus over a 6 year period. Those

who remained persistently positive had high tibeblabs [Bellomiet al. 2003].
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1.7. Competitive Environment and Health Economics.

The high incidence and long duration of MS meard #ven cheap (but efficacious)
treatments could have significant effects on healhe provider budgets. Government
funding of interferons and glatiramer acetate eattnents for MS has been controversial in
many countries. The unpredictable course of MSitnpotential to cause severe disability
underpins the high demand for disease-modifyinghesge Funding bodies, on the other
hand, have highlighted the lack (as yet) of uneogaV long-term evidence of clinically
effective drugs. Health economic evaluations pentxt to date have demonstrated poor
cost-benefit ratios of these drugs [Whetten-Goldstet al. 1998]. Research and
development and production costs contribute tohilgl prices charged for the currently
available DMDs. The cost of drugs may be furthereased by administration costs where
treatments have a short shelf-life, and requir@llsegM or SC administration. Patients on
such treatments require regular follow-up, whicH smhealth-care provider costs.

Medical and non-medical costs relating to treatnfdimect costs) are relatively easy to
measure, however to calculate the financial saviagsing from delayed disease
progression is less straightforward. In accountiagns, future financial benefits are
usually discounted at an annual rate of up to 6% further adjustments made for health
service price inflation. However, no trial has ditg investigated the potential of DMDs’
to reduce the high costs of hospitalisation or ingriome admission. Such benefits might
mitigate high drug acquisition and administratiosts.

The long-term effect that MS DMDs might have onased and non-salaried
employment (indirect or production costs) has sanyl not been investigated. MS is a
disease that typically develops in young peoplél iansocieties where unemployment is
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low, the potential production benefits associateth welaying disability are likely to be
very high [Prosseet al. 2004]. A further saving that might offset high grcosts are those
arising from improved quality of life (intangibl®sts). These are very difficult to measure
in financial terms. Recently pharmaco-economicistidf DMDs in MS have attempted to
derive likely quality adjusted life year (QALY) befits due to treatment, but have failed to
demonstrate a convincing case for their widespnesel [Goldet al1996]. Though the
QALY may not be the most appropriate measure immlr slowly progressing, diseases
such as MS alternative measures of quality ofdr2equally or even more controversial.

In the UK in 2002, the National institute of Clinic Excellence (NICE) issued

guidelines on treatment stating

“A recommendation to use these medicines cannesqntly, be justified, taking

both benefits and costs into account. “

However, many patients were already receivingffi¢atment post licensing of IBN

in Europe as a result of the pivotal trials. ThU€ K conceded that:

“People who are currently taking beta interferon glatiramer acetate to treat
MS could suffer loss of well being if their treattheas stopped when they did not
expect it. Because of this, all NHS patients whe an therapy at the date of
publication of this guidance should have the optmicontinue treatment until they
and their consultant consider it is appropriatestop, bearing in mind the criteria

established for withdrawal from treatment in theid&lines of the Association of
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British Neurologists published in January 2001. sTladvice about continuing
treatment also applies to all participating patisndit the end of a clinical trial
(regardless of whether they were receiving placebactive drug) and to women

whose therapy has been interrupted by pregnancy. “

Updated guidelines are anticipated but have nobgen issued. Future DMDs will be
required to demonstrate their cost-effectivenegsrbeapproval by national licensing and
funding authorities. High prices may be off-setlow administration costs (for example
once monthly rather than daily dosing), clear clhibenefit in patient sub-groups in terms
of reduced disability and quality of life, and damonstrating reduction in economically
relevant outcomes such as hospitalisation, nursomge admission, and employment. In
view of this resolution of the issues surroundihg tlinical significance of NAbs, cost

effective assays and standardised reporting ektis required.
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1.8. Rationale for the research underpinning thist  hesis

IFNB is currently the most commonly prescribed firstelitherapy worldwide for
relapsing MS. Evidence supporting the significaméeNAbs in abrogating or at least
reducing the clinical efficacy of IHNhas been conflicting and many studies are inadequa
for the purpose of assessing their impact. As neuNAb testing was not available in the
UK at the time this work began, the purpose ofdkperiments and studies described here

were to:

establish a validated BAb assay in our laboratory

develop and validate a novel cell based reportee geuciferase) assay to reliably

and cost effectively measure NADbs to [FFN

* to evaluate the frequency of BAbs and NADbs in pasieattending the National
Hospital for Neurology and Neurosurgery (NHNN) Long using the Luciferase
assay and to correlate NAD titres with clinicaladat relapse rates, side effects,
treatment cessation

» to develop guidelines to interpret NAb results of#d with the Luciferase NAb
assay using in vivo biomarker data to set “cut-fgiof significance

* to evaluate maturation of the immune reponse tgI1FN

* to evaluate current opinion among neurologists ndigg NAbs to IFNS, the

uncertainty about their significance in the clinisatting, and the perspective of

neurologists in the UK , Europe and the US on ipoorting NAb testing into

routine practice.
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Chapter 2

Binding Antibodies
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2 Binding antibodies

2.1. Antibodies to IFN S

Endogenous proteins which are synthesised and aseMiological treatments are
known to induce an immune response to the profEme resulting antibodies that are
produced may or may not alter the action of thegydhu the case of IFpithose which bind
to the protein but do not appear to alter the Hivig of the drug are termed binding
antibodies and those which reduce or neutralisdithlegical effect are called neutralising
antibodies [Giovannoni and Goodman 2005]. Thesemhsions, however, are restricted
to ex vivo bioactivity. The in vivo effect of BAka relation to the biological compound is
complex; in some cases they may extend the hal®lifthe circulating protein and in other
circumstance reduce the half-life [Durelli and Ri2604]. Extending the circulating half-
life of interferon-beta is one of the hypotheses fpaward to explain the observation that
patients destined to develop NAbs tend to do betiaically in the intitial 6 months of
therapy [Chapter 1.6.5].

Several factors are thought to contribute to themimogenicity of the different
commercial products including amino acid sequerglgcosylation, dose, production
methods and individual patient factors. Bindinglaomiies have been described to occur in
the majority of treated patients 50 — 80% dependinghe assay used and its sensitivity
[Durelli and Ricci 2004]. Many studies reporting Nhbs do not report BAb frequencies.
It is also difficult to compare results due to difint assays used.

There are several hypotheses to try to explain sdme antibodies act as inhibitors of

IENP function and others do not. These include immuolagjin (Ig) class — IgM or
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subtype IgG1 vs. IgG2 and IgG4 [Deisenhammer 2@xrenson 2007], low vs. high
affinity antibodies [Gneiss 2006], epitope recogmt pattern resulting in binding to
epitopes which are not involved in receptor intecgc[Bendtzen 1990, PRISMS 1998].
There remains significant debate as to the sigamfte of BAbs and it is suggested that low
affinity BAbs protect IFN} from clearance or degradation. In the majoritypoblications
the presence of BAbs in the absence of NAbs isassbciated with a reduced efficacy of
treatment with IFI§ or abrogation of serum biomarker responses [Fsaetcial. 2005;

Rudicket al.1998; Pachnegt al. 2009 b,c; Zangt al.2000].

2.2. BAb measurement

There are several ways to screen for BAbs; ELISAck&Imaieret al. 1999; Pachner
2003a], Western blotting [Gneisst al. 2008], radio immunoprecipitation or affinity

chromatography [Bendtzeat al. 2000; Lawrencet al.2003].

2.2.1. Capture ELISA

This method involved coating a microtitre plate mowght with a mouse / rabbit
monoclonal anti IF§ antibody or phosphate buffered saline (PBS) alormontrol wells.
Plates are decanted and then blocked with milkeprofAt this point IFNS is added to the
plate and incubated. A standard curve is made dotlbling dilutions of a known BADb
positive sample. Control and test sera are theedaddduplicate. Antibodies which bind to

the IFN3 molecule are detected by adding a horseradishxigase (HRP) conjugated anti-
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human 1gG and detected colorimetrically by addingevedoping solution
(Tetramethylbenzidine TMB or o-phenylenediamine QHEy attributing arbitrary values
to the points on the standard curve titres candmeigited for the samples which are tested

[Brickelmaieret al. 1999; Pachner 2003a],.

2.2.2. Direct ELISA

The direct ELISA is similar to the cELISA but ditBccoats microtitre plates with
1:5000 IU solution of commercial IFNin 10QuL PBS. Control wells were filled with PBS
alone and incubated overnight. After blocking thetes test sera were added to the wells in
doubling dilutions. The plate was then washed aRdonjugated anti-human IgG added.
After further washing this was detected by addingeaeloping solution (3, 3, 5, 5'-
tetramethylbenzidine (TMB) or O-phenylenediamin€ED)). The reaction was stopped by
adding HCI and reading in a spectrophotometer. Als the cCELISA a standard curve may

be used to generate BAD titres [Gnaisal. 2008].

2.2.3. Western Blotting

This method involves separation of IFNby SDS-PAGE (sodium dodecylsulphate
polyacrylamide gel electrophoresis) and transfeprotein to a nitrocellulose membrane.
The membrane is blocked with milk protein and dri&drips of the membrane were
incubated with test sera 1:1000 dilution, negateatrol sera and a mouse monoclonal

anti-human IF antibody as positive control. These were incubatgtth either anti-
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human 1gG or anti-mouse 1gG. These were detecteddoyng p-nitro blue tetrazolium

chloride and 5-bromo-4-chloride-3-indolyl phosphasamples were considered positive
when the band detected at the level of the mousdFp, was stronger than the negative
control. A disadvantage of this technique is rgklii high levels of false negatives and that

no relative quantification can be made merely waagtrongly positive.

2.2.4. Radioimmuno Assays

Human IFNB is radioiodinated (I-r) witpurified and validated tracengich are known
to be stable. Serum samples are preincubaittd *-rIFNB and the amounts of freamd
IgG-bound tracer are determined by protein G Segsearffinity chromatography. The
bound IFNB is eluted and cpm detected in the supernatans Whs used to calculate the
amount of**-IFNp in the mixture. This assay has not been widelyptetb and hence
validated across multiple laboratories. In additibris not as simple to perform as ELISA

[Lawrenceet al. 2003].

Recent studies have compared these assays and Edgdféars to be the preferred
method. The capture and direct ELISAs performedabgwell, but the units obtained with
the capture ELISA had a better correlation with Nvates [Gneisset al 2008]. The direct
ELISA had higher rates of false positive and fategative results which have been
attributed to the fact that IFNwhen bound directly to the plate undergoes condbional
changes in the IFM molecule which results in it being presented im-native form
whereas in the cELISA IFANis bound to the capturing antibody in the liquidape

preventing such conformational change [Svensbal. 1993; Brickelmaieret al. 1999].
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Thus the consensus opinion is that the cELISA esntiost reliable and efficient screening
tool in use to detect BAbs. In view of this, foethurpose of this study, the capture ELISA

was used [Pachner 2003a].

The aim of this chapter was to:

1. Validate a pre-existing BAb assay in our laboratory

2. Test the samples in the cohort of subjects attgnidiia affiliated hospital.
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2.3. BAb Capture ELISA

2.3.1. Analytical principles
The cELISA method is sandwich immuno-assay thatisas an IFN specific

monoclonal antibody bound to the surface of a pggigmne 96-well microtitre plate to
capture and immobilise the IBNorotein. IFNS specific IgG antibodies in the serum that
bind to the anchored protein are detected usingraehadish peroxidase (HRP) labelled
polyclonal donkey anti-human IgG. The amount of rmbuconjugate is determined
colorimetrically by monitoring the oxidation of TM®&hich leads to production of a blue
colour, the intensity of which depends on the giyarmdf HRP conjugate present. The
reaction is stopped by adding 1M hydrochloric adfdl (which changes the colour of the
solution from blue to yellow) and the optical dépss measured at 450 nm. A reading at
750 nm is also taken to correct for differencesvatume of solution in each well. A
standard curve is created using a highly positeference serum sample and BAbs are
guantified in arbitrary Units (U) based on the &neletection range of the standard curve.

The method described here is based on that pulllish@®achneet al. 2003a.
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. Patient sera added
Capture antibody Interferon bound Babs bind
\_/ %k
Detector added TMB added

Anti-human IgG
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)
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Figure 2-1 Capture ELISA

The first well shows capture antibody coating basef well, Interferon-p is added and is bound
to the capture antibody. Subjects sera containingrdi-Interferon antibodies (BAbs) bind to the
IFN B molecule. HRP conjugated anti human IgG is added kich binds to BAbs and is detected
by addition of TMB.

2.3.2. Materials

Monoclonal capture antibody specific for Human f=Rlone #B-02 Yamasa SAM-
260871-1, IF-a (Avonex) Biogen Idec, Donkey anti-human IgG -HRBnjugate
Jackson Immuno-research #709-035-1, TMB Microwelb$rate Kirkegaard & Perry
Labs 50-76-06, 96-well Microtitre Plates ICN 76-384, Microtitre Plate Covers
Corning-Costar 3095, Micro Pipette Tips VWR, Rea#gReservoirs Labcor 730-001,
Sodium Chloride S3014, Potassium Chloride P9541diuso Diphosphate S7907,

Postassium Monophosphate P0662, Sodium Carboné&#l SSodium Bicarbonate S8875,
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Polyoxyethylene sorbitan monolaurate (Tween 20)7B13all from Sigma, Instant Non-Fat

Dry Milk Pathmark, Sulphuric Acid CEM SX1244-3

2.3.3. Preparation of solutions
All solutions were prepared prior to the day of #ssay except the blocking buffer and

the sample dilution buffer which were preparedlmnday of the assay.

2.3.3.1. Carbonate buffer

A 0.1M solution was made with 4.2g Sodium Bicardenadded to 500mls distilled
water. This was poured into a large bealdre 0.1M sodium bicarbonate solution was
made with 3.18g Sodium bicarbonate added to 30@skiled water. This was slowly
added to the Sodium Bicarbonate until pH reach&d Bhe buffer was stored at room

temperature for up to 1 month.

2.3.3.2. 10 X PBS Solution
80g NaCl, 2g KCI, 11.5g NaiRO, (dibasic), 2g KHPO, (monobasic) were brought to

1L with distilled water.

2.3.3.3. Blocking buffer
0.25g non-fat, dried, milk powder was added to 5ail40XPBS and 50 mls distilled

water. This was prepared fresh each day the asasyp®ing performed.
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2.3.3.4. Wash buffer
0.05% Tween 20 in PBS. 5 ml Tween was added to 2A@xPBS and volume

brought to 2L.

2.3.3.5. Sample dilution buffer
0.05% Tween 20 & 0.5% milk in PBS. 1.25g non-fay drilk powder was added to

250ml wash buffer. This was prepared on the dahe@hssay.

2.4, Methods

24.1. Day 1: cELISA
The appropriate number of microtitre plate wellgeveoated with 55uL/well of BO2
capture Ab at 2 pg/ml: To prepare 1 plate: 28 uL2Bsdock was diluted in 5.5 ml

carbonate buffelRPlates were incubated overnight at 4°C.

2.4.2. Day 2: cELISA

Blocking buffer and sample dilution buffer (SDB) neeprepared as described above
(2.3.3.5).The coated microtitre plates were taken from tliegerator and washed 3 times
with PBS-TWEEN wash buffer by filling the wells the brim and then decanting the

entire volume and blotting on paper towel. Usingnati-channel pipette, the plates were
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blocked with 300 pL/well blocking buffer and placed a shaker for 1 hour at ambient
temperature. The IFNsolutions were prepared using sample dilutiondyuf?20 pL stock
IFNB (Avonex®) + 4 ml PBS-TWEEN-20/Milk = 0.15 ug/mL d¢lume for 1 plate)The
blocking buffer was decanted and plate inverted &@mgped sharply on paper towels to
remove excess buffer. Using a multi-channel pipdi€ pL/well of IFN3 or diluent (for
neg. control wells) was added to the appropriatdswEigure 2-2] and this was further

incubated on the shaker for 1 hour at ambient teatypes.

1 2 3 4 5 6 7 8 9 10 11 12
A BO, + IFN BO; + diluent BO, + IFN BO, + diluent BO, + IFN BO, + diluent
B BO, + IFN BO; + diluent BO; + IFN BO, + diluent BO; + IFN BO, + diluent
C BO, + IFN BO; + diluent BO; + IFN BO, + diluent BO; + IFN BO, + diluent
D BO, + IFN BO;, + diluent BO; + IFN BO, + diluent BO; + IFN BO, + diluent
E BO, + IFN BO;, + diluent BO; + IFN BO, + diluent BO; + IFN BO, + diluent
= BO, + IFN BO;, + diluent BO, + IFN BO, + diluent BO; + IFN BO, + diluent
G BO, + IFN BO;, + diluent BO, + IFN BO, + diluent BO; + IFN BO, + diluent
H BO, + IFN BO; + diluent BO, + IFN BO, + diluent BO, + IFN BO, + diluent
Figure 2-2 Coating of plate with IFNB or diluents (sham well).
2.4.3. Preparation of Calibrators, controls and sam  ples

The standard curve was prepared using a knowniymserum sample which was
diluted 1:400 in doubling dilutions to 1:12,800.v8ml samples were evaluated for use as
the standard which had low background reactivity had a high level of BAbs. Arbitrary
units were assigned to each point on the standare ¢ see table 2-1. A negative control

sample and samples for testing were prepared hyirdjl 1:100 with SDB 5 pL of sample

93



added to 500 pL of sample diluent buffer. The pla#s emptied, blotted on paper towels
and washed 4 times. All standards, controls (budfet negative) and samples were added

in duplicate 50 pL / well. This was incubated oa #haker for 2 hours at room temperature

[Figure 2-3].

Dilution Serum or diluted Vol _ Vol SDB Dilution As_signed
serum required Factor units
1 Positive  standardg | 2000 pL 1:400 100 U
serum
2 1:400 1000 pL 1000 pL 1:800 50U
3 1:800 1000 pL 1000 pL 1:1600 25U
4 1:1600 1000 pL 1000 pL 1:3200 125U
5 1:3200 1000 pL 1000 pL 1:6400 6.25U
6 1:6400 1000 pL 1000 pL 1:12,800 3.125 U
Table 2-1 Preparation of standards
1 2 3 4 5 6 7 8 9 10 11 12
A |buffer control buffer control  |test sample #1 |test sample #1 |test sample # 9 |test sample # 9
B |negative control| negative controltest sample #2 |test sample #2 |test sample#10 |test sample#10
C |PSC dilution 6 | PSC dilution 6 [test sample#3 |test sample#3 |test sample#11l |test sample#11
D |PSC dilution5 | PSC dilution 5 |test sample #4 |test sample #4 |test sample#12 |test sample#12
E |PSC dilution 4 | PSC dilution 4 |test sample #5 |test sample #5 |test sample#13 |test sample#13
F |PSC dilution 3 | PSC dilution 3 |test sample #6 |test sample #6 |test sample#14 |test sample#14
G |PSCdilution 2 | PSC dilution 2 |test sample #7 |test sample #7 |test sample#15 |test sample#15
H |PSC dilution 1 | PSC dilution 1 |test sample #8 |test sample #8 |test sample#16 |test sample#16

Figure 2-3 BAb ELISA - Application of samples to tle plate.
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The HRP conjugated detector antibody was prepayeddding 0.5uL donkey anti-
human 1gG HRP-conjugated antibody and 8 pL goatramhan IgG and adding to 11.65
mls SDB (per plate). The samples were decanted fhenplate and washed 4 times, plates
were blotted after each wash on paper towel. 100ofitetector antibody solution was
added to each well and incubated for 1 hour orskizder at room temperature.

This was decanted and washed 4 times with wasletaffd 100 uL of TMB added to
each well. This was incubated at room temperataréhé dark until the colour of the
highest concentration standard was sufficientlyetlgved to the naked eye (~ 5 — 10
minutes). The reaction was stopped by adding 5®@ulM HCI to each well. The plate
was then read at 450 nm and 750 nm using the W¥liltor2 1420 plate reader [Figure

2-4].

Figure 2-4 Photograph of BAb cELISA plate
Layout of standards and samples is as described Kigure 2-3
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2.4.4. Calculation of results

The OD 750 nm readings were subtracted from the4&@nm readings; this corrected
for subtle variations in volume. The mean of eaaplidate was obtained and the CVs of
each duplicate were calculated to ensure variatiasn < 10%. The mean readings without
IFNB were subtracted from those with IEXb correct for background levels. To create a
standard curve, Units were plotted on the x-axiscesrected A-450 values of the five
doubling dilutions of the positive control sera thre y-axis (both log 10 scale). A linear
regression analysis was performed on the x-y pahthe curve to obtain slope and y-
intercept. Using these values and the backgroundeced A-450 values of the test
samples as y values, the x value (Units) was catledl for each test sample using the

following formula:

Test Sample Units = [(test sample background-adjust A-450) — y-intercept] / slope

2.4.5. Reference ranges

Reference ranges were established previously bysumieg the OD and thus mean
units in subjects (n=10) who were treatment nancthus BAb negative. The mean OD +
3 SD was used as the cut off for negative / lowtp@sand results were categorised as

follows:

Units Interpretation

<35U Low Negative
3.5-8U Moderate Positive
8.0-55 U High Positive
>55U Very High Positive

Table 2-2 Resultérpretation.
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2.5. Testing patient samples

Several NAb+ve samples were selected and usedrgingadilutions to generate a

standard curve. Those with background < 0.15 wened for use. The plate below shows

the typical OD values obtained. Columns highlighteded are wells coated with IlE\and

those highlighted in green without (control for kgound) Figure 2-5 and Figure 2-6.

A buffer control buffer control test sample #] test sample # test sample # 9 test sample # 9
B negative control negative cont test sample #3 test sample #3 test sample#10 test sample#1Q
C PSC dilution 6 PSC dilution ¢ test sample#3 test sample#3 test sample#11] test sample#11]
D PSC dilution 5 PSC dilution § test sample #4 test sample #4 test sample#12 test sample#12
E PSC dilution 4 PSC dilution 4 test sample #4 test sample #} test sample#13 test sample#13
F PSC dilution 3 PSC dilution J test sample #4 test sample #( test sample#14 test sample#14
G PSC dilution 2 PSC dilution 3 test sample #1 test sample #] test sample#15 test sample#1§
H PSC dilution 1 PSC dilution 1 test sample # test sample # test sample#1§ test sample#14

Figure 2-5 BAb cELISA Plate layout

AR (4 [EETTETT 7 [8 [OITJEOT 11 [12 |
A 10.162| 0.143] 0.135 0.155 0.504 0.518 0.556 0.536 910/30.366| 0.377] 0.404
B 0.437| 0.414| 0.392 0.40y 0.436 0.440 0.363 0.343560j40.445| 0.477] 0.47¢
C |0.285| 0.262] 0.142 0.162 0.781 0.786 0.840 0.813781[21.310| 0.357] 0.394
D |0.272| 0.256/ 0.107 0.115 0.385 0.365 0.426 0.410640/30.380| 0.368 0.381
E 0.331) 0.306] 0.093 0.094 0.607 0.648 0.389 0.880290)30.316| 0.396] 0.358
F 0.471| 0.470] 0.094 0.090 0.595 0.625 0.308 0.282050/40.469| 0.365 0.303
G |0677| 0.704] 0.128 0.134 0.728 0.719 0.943 0.863 680/40.436| 0.301] 0.329
H 1.135] 1.124| 0.164 0.152 0.374 0.394 0.493 0.460650/10.161| 0.189 0.197

Figure 2-6 OD from positive standard curve and pagnt samples.
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2.5.1. Standard Curve

The mean of each dilution of the positive standaehative control and diluents in
wells with or without IFN8 was calculated. These values were subtracted vie thie
corrected value [Table 2-3]. Dilutions 1 — 6 of tA8C were assigned unit value, which

were plotted against corrected absorbance at 456rganerate the standard curve [Figure

2-7].
Mean

:\IA:ilag |n|SN ; corrected units ﬁ:?\l B CV % ﬁ:?\l B no CV %
dil 0.152 0.145 0.008 0.0137 9.0 0.0143 9.9
C neg 0.426 0.400 0.026 0.0159 3.7 0.0106 2.7
6 0.273 0.152 0.121 3.125 0.0164 6.0 0.0143 9.4
5 0.264 0.111 0.153 6.25 0.0112 4.2 0.0052 4.7
4 0.318 0.094 0.225 12.5 0.0182 5.7 0.0010 1.1
3 0.470 0.091 0.379 25 0.0007 0.1 0.0012 1.3
2 0.690 0.131 0.559 50 0.0191 2.8 0.0047 3.6
1 1.129 0.157 0.972 100 0.0077 0.7 0.0077 4.9

Table 2-3 Data analysis to derive standard curve

Units of each dilution plotted against corrected aborbance @ 450nm

y=0.0087x+0.1162
1.200 - R*=0.994

1.000 -
0.800 ~
0.600 -
0.400 ~
0.200 ~

0.000 . . 1
0 50 100 150

Figure 2-7 BAb standard curve
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To calculate the titre of the unknown samples tievias corrected and inserted as the
y value in the equation of the standard curve. Th{sample titre) was calculated. In the
data provided below the background values of sarB@ed 7 were > 0.6 therefore these
results were not accepted and required retestiampfs 5, 6 and 11 were positive and

sample 15 was a low positive, all others were @ghias negative

SD SD no

Sample IFNB no IFNB Corrected Result IENB Ccv IENB Cv

1 0.511 0.546 -0.035 -20.4 0.0098 1.9 0.014 2.6
2 0.438 0.353 0.085 -4.4 0.0026 0.6 0.014 3.9
3 0.784  0.827 -0.043 -21.5 0.0035 0.4 0.019 2.3
4 0.375 0.418 -0.044 -21.6 0.0138 3.7 0.012 2.8
5 0.627 0.384 0.243 0.0288 4.6 0.007 1.7

6 0.610 0.295 0.315 0.0212 35 0.018 6.2

7 0.723  0.903 -0.180 -39.8 0.0063 0.9 0.057 6.3
8 0.384 0.477 -0.093 -28.1 0.0143 3.7 0.023 4.9
9 0.378 0.391 -0.012 -17.4 0.0183 4.8 0.020 5.0
10 0.451 0.477 -0.026 -19.3 0.0079 1.7 0.001 0.2
11 1.294 0.375 0918 |GG 00226 17 0.026 6.9
12 0.372 0.374 -0.002 -16.1 0.0108 2.9 0.009 2.5
13 0.320 0.377 -0.056 -23.3 0.0068 2.1 0.027 7.1
14 0.377 0.334 0.043 -2.0 0.0452 8.3 0.044 7.1
15 0.452 0.315 0.137 [EEI 00224 50 0.020 6.4
16 0.163 0.193 -0.030 -19.7 0.0028 1.7 0.006 2.9

Table 2-4 Typical BAb results with BAb capture ELISA
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2.5.2. Evaluation of protocol performance

To evaluate performance of the assay each plata lséandard curve of dilutions of a
known positive sample. Each plate also containdrebmells (containing buffer alone)
and control negative serum. After identificationkofown BAb +ve sample and untreated
BAb —ve sample these were aliquoted in small vokiared frozen at —8C for use in each
assay. A sample was considered negative when tH&0Avalues were <0.4 prior to
background correction and less than 0.15 afterecban. The positive control serum was
serially diluted as previously described, each taitu should have A-450 values curve
ranged from 0.2 to 1.0 after correction for backgb (background levels < 0.4 were
accepted). The dilutions were plotted on a logeseald the adjusted R value for the linear
regression of the standard curve should be >0.9f&dept the plate. Serial standard curves
were monitored for performance and plates whichnaitfulfil criteria were discarded and
repeated. Figure 2-6 shows the plot of ten seqaiefitcepted” standard curves with 95%
confidence intervals of each dilution point. Usimgpeated measures ANOVA no

difference was found between the OD at each ppid.093).
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Standard curve (mean with 95% CI)
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e 1
o
o
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1 10 100 1000

Dilution {Log 10 units)

Figure 2-8 Plot of BAb standard curve.
Mean OD of ten sequential standard curves with 95%lI.

2.6. Limitations

The sensitivity of the assay was 3.5 U. Sample$ weckground corrected A450
values out of the linear range of the standard ere. above the top value or below the
lowest value of the curve) could not be quantifeedturately. To obtain a more accurate
Unit value samples were re-tested in the next agseng a higher dilution if above top end
of curve (e.g. 1:500 or 1:1000) or lower dilutiomem below bottom value of curve (e.g.
1:25 or 1:50). Samples with background levels 30450 were also retested. Accession of
samples less than 6 hours after IBNzjection can theoretically result in falsely la&lues

due to quenching, by IFN of the binding to antibodies in the circulation.
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2.7. Conclusions

The cELISA is accepted as the optimal screeningyats BAbs thus we sought to
establish it as the BAb assay in our laboratorytangse this as a screening tool to evaluate
subjects treated with IgNin the affiliated hospital prior to NADb testing. a&Mound this
assay simple to establish in the laboratory butyrsamples required retesting due to high
backgrounds. In this way ~700 samples were testdd nespect to BAb status (details of
these results are given in chapter 4). In this waycould identify samples which should be
NADb -ve and also those potentially with neutralisogapacity. These samples could be used
in developing and validating a novel NAb assay pteéa3). The cELISA was simple and
relatively time efficient to perform. Difficultiesvere experienced related to the sourcing
and expense of the capture antibody which requstedping from Japan. Each 96-well
plate had capacity to test only 16 sera and thgls tiiroughput screening would be very
labour intensive in the absence of a robot to agpiyples or a plate washer. This may

make the assay less accessible for some laboalar@intries.
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Chapter 3
Development and validation of a novel cell based

anti-Interferon beta neutralising antibody assay
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3 Development and validation of a novel cell based anti-

IFNB neutralising antibody assay.

3.1. Introduction

The development of NAbs has an important impadhenuse of IFI§ in the treatment
of people with MS. The objective of this chapterswa develop a novel bioassay to
accurately detect neutralising antibodies to iFWhich was easy to perform, reliable and
utilised commercially available products and toidate it against existing assays in other

European Laboratories.

The firefly - Lampyridae of the beetle order Coleop, also called lightning bugs or
gloworms are winged beetles which are capable oflyming a cold light. The enzyme
luciferase acts on luciferin, in the presence ofgnesium ions, ATP (adenosene
triphosphate), and oxygen to produce light [Fig8€]. Luciferase genes can be
synthesised and inserted into organisms or tratesfeinto cells. Mice, silkworms, and
potatoes are amongst the organisms that have wlteeeh engineered to produce the
protein. The gene has been incorporated into mafysgstems to provide a sensitive,
rapid means to assay transcriptional activity ajutated activation sequences of DNA
when fused to the protein coding sequence of thiéehase gene. In biological research,
luciferase commonly is used as a reporter to aghessanscriptional activity in cells that
are transfected with a genetic construct contaitieguciferase gene under the control of a

promoter of interest [Fan and Wood 2007].
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Recombinant Firefly
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HO . COOH Luciferase o 5
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Beetle Luciferin Duyluciferin

Figure 3-1 Diagram of firefly reaction with substrate - beetle luciferin to yield light.

The premise to this work was to use a human asd Which was stably transfected
with the firefly luciferase gene under transcrip@b control of the ISRE. There are a
number of cell lines available using the luciferasgorter gene system, thus we sought to
evaluate two cell lines — a fibrosarcoma cell li#ITCC HT 1080 - HL 116 clone)
developed by Gilles Uze, University of Montpellierance [Uzeet al. 1994] and also a
human embryonic kidney cell line - HEK293 (ATCC CRLE73™). The HL 116 clone
was isolated in after co-transfection of the hurlidn1080 [Pellegriniet al. 1989] cell line
with p6-16 luciferase and pBB3 which contains the ESPT gene (glutamic-pyruvate-
transaminase) [Bourachet al. 1982]. When interferon binds to its receptor, teporter
cassette is activated by the JAK/STAT intracellgignalling mechanism and luciferase is
expressed within a few hours [results 3.7.1]. la giresence of Nabs this response is
inhibited [Figure 3-1] (courtesy of Dr Susan GoelBiogen Idec). The HEK293 (ATCC
CRL-1573™) cell line was donated by Biovation Lwho had transfected the cell line
with the luciferase gene. The signaling report@taeplSRE-TA-luc containing the firefly
Luciferase gene was under the control of the ISRis cassette was transferred to the
mammalian episomal expression vector pREP4 (Iny@n) to create pREP-ISRE
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which was subsequently transfected into HEK293sc@table transfectants were selected
with hygromycin creating a stable HEK293-ISRE diglé [personal correspondence from

Biovation].

Reporter Gene System for detection of Neutralizind\ntibodies

Type | IFN Receptor
C)érr)nplex P

IFN-induced luciferase # Bindin
\\ / Antibodies
ag} Signal \1& Neutralising

Kinases \ 1ransduction _Antibody
& . e
Activated :
Transcrip s Typell _ _
Factor Receptq IEN-induceW luciferase

Signal
Transduction

Cell Membrane

Figure 3-2 Mechanism of action of IFN

Diagram of interaction of INFp molecule with its cell bound receptor. activatingJAK/STAT cell
signalling mechanisms which in turn cause activatio of the ISRE and transcription of downstream
nuclear genes including the transfected luciferasgene. In the presence of NAbs this effect is lost.
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3.2. Principles of assay development and validation

The process by which a specific bioanalytical mdth® developed, validated and
transferred to routine use divides into three nsaages (i) reference standard preparation,
(i) bioanalytical method development and estallisht of assay procedure and (iii)
application of validated method to routine samplealgsis and acceptance criteria
(www.fda.gov/cder/guidance). A reference standare isubstrate of known identity and
purity and should be used to prepare solutionsnoina concentrations, which would be
used in the standard curve. For our purposes Visedatireadily available IFplstandards
(NIBSC 3rd International Standard Interferon Bet@/502) and therapeutic products
(Avonex IFN3-1a (Biogen Idec Ltd), Rebif IHN1a (Merck-Serono) and Betaferon IF-N
1b (Schering)), and NIH antiserum to IFKNIH anti-IFNB antibody standard #G038-501-
572). The cell line used was an established linberpublic domain and all other materials
were obtained from verified suppliers. In develgpthe method fundamental parameters
needed to be addressed including: accuracy, poecisalibration curve, robustness and
system suitability. Accuracy is the closeness oéament between the measured value and
that which is accepted as the true value. Thisirega “gold standard” or method to which
the new method may be compared. Accuracy is detecnby replicate analysis of the
same samples using > 5 determinations at a vafditres. Precision describes the degree
of agreement among individual measures when aesisginple is repeatedly measured.
This should also be performed using at least 5Sraétations of >3 samples at a range of
concentrations. Acceptance criteria of coefficieatsvariation (CV) < 25 % should be
applied to a biological assay. The standard cusuhe relationship of known amounts of

standard and the cells — a predictable dose regpgnnsge. A sufficient number of standard
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samples should be used to adequately define tlisareship and it should be reproducible.
Anchoring points beyond the established upper amei limits of quantification may be
employed. The robustness of a procedure is thecttgpaf the method to remain
unaffected by small but deliberate variations ia thethod parameters and provides an
indication of its reliability in normal use. Inell based assay this includes: cell bank
(beginning, middle or end of freeze), cell passkyel, seeding density, stock density
(days in culture), incubation time, different pktnd varying reagent sources. If the assay

method meets these validation criteria it can themnsed to test routine samples.

In the case of NAb assays a specific techniqusesl tio calculate the titre to correct for
changes in the bioactivity of the IBNbrotein used in the assay [Grossbetr@l. 2001 a &
b]. Rather than employing the international ungigised by the IFRI producer a Lab Unit
(LU) is assigned by the laboratory performing tlesay and this denotes activity as
measured by any given IFN bioassay method in #iatWithout reference to a standard.
The LU is expressed per unit volume (LU/mL) as ffp dose response is concentration
dependent. In a bioassay the dose response fosiggnaidal curve with upper and lower
asymptotes and the endpoint of any assay is taketlhea midpoint of the straight line
portion of the dose response curve [Fig 318}the luciferase assay, the lower limit was set
as the minimum amount of light the cells withoutydfNp stimulus emit under the
established conditions of the assay. The uppet lvas taken as the maximum amount of
light emitted by cells maximally stimulated by ancentration of IFI§ that is considered to

be saturating the transfected cell line.
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Stimulation of Luciferase Production by IFNbeta
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IFNbeta units/ml
Figure 3-3 Graph of luminescence in response toistulating cells with IFNf

The Kawade technique defines the neutralisatiorenmyt of serum as the titre that
reduces IFI§ bioactivity by ten-fold, i.e. the serum titre thr@duces the activity of 1IN
from 10 LU/mL to 1 LU/mL. The concentration of IBNit the 50% endpoint is defined as
being 1 LU/mL and is the point at which 50% of thielogical effect of IFN-beta is lost.
To calculate the ten-fold Reduction Units (TRU)/thle formula t = f (n-1) / 9 is used,
where t equals the titre, n the number of LU/mlIEEBP applied to the samples actually
measured in the assay on this occasion (origireebumed to be 10), and f the dilution of
antibody at the 50% endpoint. One LU/ml is sulitdcfrom n because that is the
endpoint, not zero (there is no IFN to measureeab)z and therefore 9 is used as the
divisor (difference between 10 and 1). This caltaola method will be described in

subsequent passages detailing calculationasfd the titre [Chapter 3.4.9].
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3.3. Materials and Methods

3.3.1. Materials

Flasks 80 crf sterile, with filter cap, Nunc (VWR, 734-2131P6-well TC treated
microtitre plate, black with clear bottom, steril&reiner Bio-One Ltd, 655097).
Microplate lid, sterile (Greiner Bio-One Ltd, 6561)710mL Stripette (Sigma, CSL 4488).
Eppendorf combitips (2.5 mL) (VWR, 613-3531). 50L wentrifuge tubes (Fisher, CFT-
900-011L). 15 mL centrifuge tubes (Fisher, FB559%D)nL syringes (VWR, 7008169).

Sterile syringe filters 0.2um (VWR, 514-4011).

ATCC HT -1080 HL-116 clone (Gilles Uze, Universiay Montpellier, France,), bank
of cells stored in liquid nitrogen. Dulbecco’'s Mbdd Eagle Medium (DMEM)
(Invitrogen Ltd. 11960-044) stored atG} Fetal bovine serum, heat-inactivated (FBS)
(Invitrogen Ltd. 10108-165). L-Glutamine solutiorD® mM, sterile filtered (Sigma,
G7513). HAT Media Supplement (50x), Hybri-Maxsirradiated (Sigma. H-0262).
Antibiotic-Antimycotic aM (Sigma, A5955). Hank’s Balanced Salt SolutionB&$)
(Sigma, H-6648). Dimethyl sulfoxide, (DMSO) Bioterllogy Performance Certified,
sterile-filtered (Sigma, D2438). Trypsin-EDTA Sobrt, 10x concentration (Sigma, T-

4174). Trypan Blue (Sigma). Steady-Glo Luciferassay System (Promega, E2550).

Avonex IFN3-1a (Biogen Idec Ltd). NIBSC 3rd International i&tard Interferon Beta
00/572. Sheep anti human IFN-beta antibody (Ser@&eiP294Z). NIH anti-IFNp

antibody standard #G038-501-572 .

Tissue culture facilities: 3T incubator with 5% C& laminar flow hood water bath,
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set at 37C refrigerated bench centrifuge (set at 2000rpmin5@C). Microscope cell
counting chamber and counter liquid nitrogen celiege facility PipettestO pL, 200 pL,
1000 pL, 30-300 pL multichannel adjustable volunigeftes - Eppendorf Reseafch
Aluminium foil, ELISA plate shaker, ELISA plate mer (Wallac Victof 1420 Multilabel

Counter Plate Reader), set to read luminescence.

3.3.2. Solutions and Media

3.3.2.1. Complete culture medium

Culture medium without aM Volume
DMEM 500 mL
FBS 57 mL
Glutamine 6 mL
Sterile 7.5 % w/v NaHC@solution 6 mL
HAT 1 vial
Culture medium with aM Volume
(DMEM-aM as prepared above) 100 mL
1% Antibiotic-Antimycotic 1mL

Table 3-1 Preparation of culture media
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3.3.2.2. Calibration solutions

Preparation of stock solution — 10 LU/mL IBNa (Avonex) [Table 3-2]. Ten LU/mL
of IFNB-1a was generally equivalent to about 15 IU/mL @bAex (10 — 20 IU/mL). Stock
solutions were made on this basis. The actualerdration of IFN§-1a in LU/mL used to
stimulate the cells was calculated and adjusteccaxh plate in line with the Kawade
technique. A vial of Avonex (IFBtla) was dissolved in fresh DMEMM to give a final
volume of 6.0 mL and a concentration of 1 milliod/mL. This was equivalent to
approximately 500,000 LU/mL. The solution was dilditwith DMEM-uM, to give a final
IFNB-1a concentration of 500 LU/mL (ie take 1mL of &@&0,000LU/mL solution and add
to 9 mLs of DMEM, then take 1mL of this solutionO(B0O0 LU/mL) and add to 9 mLs
DMEM to create the 5,000 LU/mL solution, finallykea 8mLs of the 5,000 LU/mL
solution and add to 72mLs of DMEM to create the kimy solution of 500 LU/mL [Table

3-2].

IFNB-1a — 500 LU/mL  Stock solution.

[IEN] LU/mL IFN (mL) DMEM- oM (mL)  Final [IFN] LU/mL
500,000 1 9 50,000
50,000 1 9 5000
5000 8 72 500

Table 3-2 Preparation of IFNB stock solution.
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3.3.2.3. Promega Steady-Glo Luciferase Assay System
Substrate was reconstituted as described in theufaetarers’ protocol and aliquots
(5.3 mL) were prepared in foil covered tubes armazdn at -20°C ready for use. Each

aliquot contained sufficient substrate for one clatgp96 well plate.

3.4. Cell Culture

The HL-116 cells were stored in complete DMEM i6 inL aliquots at a density of 4

million cells / mL in liquid nitrogen and thawedrfose as required.

Complete DMEM+M (12 mL) was added to an 80 gmulture flask and incubated at
37°C, with 5% CQ for ~15 minutes prior to the cells being thawed.vial of cells was
removed from liquid nitrogen storage and thaweddtgpat 37C in a water-bath. The
thawed cells were added to culture flask. Cellscafured for ~ 4 hours to allow the viable
cells to adhere to the flask and the medium changegmove cell debris and DMSO.
The culture medium was changed every 2-3 days (dipg on the cell density) and

replaced with fresh pre-warmed complete DMEdMVIH10-12 mL).

3.4.1. Sub-culturing cells

Cells were sub-cultured (or ‘split’) when ~ 85% daeht. This was approximated by
examining the flask using a light microscope. Gudtmedium was aspirated and the cells
washed twice with pre-warmed HBSS (4 mL). Warmegpsn/EDTA (4 mL) was added
to the flask and gently washed over cells. Thekflaas returned to incubator until
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all of the cells had detached (~ 2 min). FBS (014 on approx 10 % of trypsin volume)
was added to inhibit the trypsin. The detachedsasbire aspirated and added to a 50 mL
centrifuge tube. A cell pellet was prepared by Gkmging the cell suspension for 5 min at
2000 rpm, 4C. The supernatant was discarded and the celltpebaspended in DMEM

+aM (10 mL) for sub-culturing, freezing or counting.

3.4.2. Counting cells

A cell pellet was prepared as described above asdspended in DMEM oM (10
mL). HBSS (30uL) and Trypan blue 0.04 % in HBSS (40 uL) were adtiea 1.5 mL
tube. Cell suspension (1) was added and 1Q of this suspension was placed under the
cover slip of each side of the counting chambemgisi pipette. The cells were counted in 8
of the 4x4 squares. This has a volume equivale@tltal. The cell count for 8 squares)(

x 10,000 = cells/mL.

3.4.3. Seeding of cells into microtitre plates

Cells were counted as described and resuspend@dedétermined concentrations
(assay dependent) in DMENM. Using an Eppendorf repeater pipette, 100 pLhefcell
suspension was added to each well of a sterilen&ré&6 well plate. The gaps around the
wells at the edge of the plate were filled with /5 of sterile HO to prevent dehydration
of the external wells. A sterile lid was placed mp and the plate transferred to the

incubator overnight.

114



3.4.4. Freezing cells in liquid nitrogen for longt  erm storage

A sterile solution of 5 % (v/v) DMSO in DMEM#M was prepared. The cell pellet was
prepared as described above and resuspended ifvB/pOMSO DMEM+aM (10 mL).
These were counted and diluted to a density of II0%cells/mL and frozen in 1 mL
aliquots in cryotubes labelled with cell type, @ags number, initials and date. Cryotubes
were frozen, at the rate of’C/min (using a ‘freezing pot’ filled with isopropglcohol) in
a — 80°C freezer for a minimum of 16 h. The following déng cryotubes were transferred

to a liquid nitrogen cryo-conservation vessel.
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3.45. Development of a standard protocol to measure anti-

Interferon B neutralising antibodies

3.4.6. Assessment of cell response to IFN  B8: Dose response

Cells were cultured in DMEMotM at 37 °C and 5 % C£O Cells were counted and
seeded into microtitre plates at a density of 40,068lls per well in DMEMaM. The
plates were incubated overnight at 37 °C and 5 %. S@ndard interferon solutions were
prepared with NIBSC human IBNO0/572 (reference standard), Ifla (Avonex,
Biogen-ldec) and IFBF1b (Betaferon, Bayer-Schering). Doubling dilaowere used to
prepare standards of concentration 1000 IU/mL t®8-0U/mL and these were added to
the plates in duplicate. The plates were incub&ie® hours at 37 °C and 5 % GOThe
‘Promega Steady-Glo Luciferase Assay System’ satestrwas warmed to room
temperature, protected from light and mixed by lgeimiversion prior to use. The plate was
allowed to equilibrate at room temperature for lii.nhe ‘Promega Steady-Glo’ substrate
was added to each well (Q/well). The plate was covered with aluminium f(itb protect
it from the light) and placed on a plate shakerlidminutes. Luminescence was measured
on a Wallac Victar 1420 plate reader. A curve was constructed bytiptpt_og10 IFN
dilution (x-axis) vs. Logl0 LCPS (y-axis) to illuate the dose-response of the cells to
stimulation with IFNS. From these curves the maximal and basal responsze
determined to be used subsequently as anchor p&oth HL 116 and HEK cell lines
were evaluated. HL 116 cells were found to be nseresitive to IFI§ stimulation and had
lower levels of baseline leakage and thus HL 11& agere used to establish the assay

[Figure 3-4].
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Figure 3-4 Response of HL 116 and HEK 293 cells t6N

3.4.7. Inhibition of luciferase induction by commer cial Anti-IFN B

neutralising antibodies

Commercial sheep anti-human IFNantibody (Serotec AHP294Z) has a known
neutralising activity of 1 NU/mL neutralising théohbctivity of 1 IU/mL of standard IFpl
This was pre-incubated in known concentrations ,00.Q, 1, 10, 100 and 1000 NU/mL
with IFNB preparations from (0.5 to 100 IU/mL). These samplere added in duplicate to
the microtitre plate and incubated for 5 hours.niR¥ga substrate was added, luminescence

measured and inhibition of activity calculated.
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3.4.8.

Uniformity Experiments

This experiment was run to determine whether thatijpon of the sample on the plate

affects the final results. IHNstandard (10 LU/mL) was added to each well (100meLl)

and the plate incubated for 5 hours [Figure 3A]second plate [Figure 3-6] was prepared
with the standard curve in the centre wells andhatedges and the curves and values

compared. A total of 3 of each uniformity plate weun on 3 different days. The data from

these experiments was subjected to statisticalysisa(ANOVA) to determine putative

plate effects that may impact on data interpretatio

1 2 3 4 5 6 7 8 9 10 11 12
A 10 10 10 10 10 10 10 10 10 10 10 10
B 10 10 10 10 10 10 10 10 10 10 10 10
C 10 10 10 10 10 10 10 10 10 10 10 10
D 10 10 10 10 10 10 10 10 10 10 10 10
E 10 10 10 10 10 10 10 10 10 10 10 10
F 10 10 10 10 10 10 10 10 10 10 10 10
G 10 10 10 10 10 10 10 10 10 10 10 10
H 10 10 10 10 10 10 10 10 10 10 10 10

Figure 3-5 Uniformity plate layout 1. All wells cortain 10 LU IFN.

l* 2* 3** 4** 5* 6* 7** 8** 9* 10* Ll** 12**
A 10 10 |QC+| QC+| 10 10 | QC+| QC+| 10 10 | QC+| QC+
B 5 5 100 O 5 5 100| O 5 5 100| O
C 25 25]1100| O 25| 25]100| O 25| 251100 O
D 1.25( 1.25| 100 0 1.25( 1.25| 100 0 1.25| 1.25( 100 0
E [0.63]063]100| O [(0.63[063|100| O |[0.63]|0.63] 100 | O
F 0.32] 0.32| 100 0 0.32] 0.32| 100 0 0.32] 0.32| 100 0
G 0.16| 0.16| 100 0 0.16| 0.16| 100 0 0.16| 0.16| 100 0
H [0.08]0.08]QC-|Qc-|0.08|0.08] QCc-| QcC-|0.08|0.08| QC-| QC-

Figure 3-6 Uniformity plate layout 2.
*Columns 1, 2, 5, 6, 9 & 10 contain IFI§ standard curve from 10 LU/mL to ~0.08 LU/mL

** Columns 3, 4, 7, 8, 11&12 contain QCs and the “eximum” and “minimum” response to IFN
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3.4.8.1. Evaluation of 96 well plates

Three types of sterile, tissue culture plates weseed for use in the luciferase assay: 96
well black plates with a transparent bottom (Greinblack plates with a black bottom
(Greiner) and all white plates (Greiner). The éhptates were evaluated simultaneously
with the same calibration curve and samples in @date. Absolute LCPS, CVs and 50%

endpoints were compared between plates to detemviirad was optimal for the assay.

3.4.9. Determination of the 50 % endpoint and Kawad e correction

factor
The Kawade technique as previously described [8&f]nes the neutralisation potency
of serum as the titre that reduces frhioactivity by ten-fold, i.e. the serum titre that
reduces the activity of IFNfrom 10 LU/mL to 1 LU/mL. The concentration ofNB at
the 50% endpoint is defined as being 1 LU/mL andhis point at which 50% of the
biological effect of IFN-beta is lost. The maximahd basal responses (anchor points)

were identified from the extended dilution curveld@ne 50 % endpoint calculated.

50 % endpoint = Average (Logo Max CPS: LogipoMin CPS)

The undiluted stock of commercial IBM.a (Avonex) is assigned a concentration of 6
million IU/mL (freeze dried preparation). The dilut factor was calculated for each IFN

la standard used. The Log mean LCPS (x-axis) vg.IEN Dilution (y-axis) was
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plotted as described above. The “linear” appeapiag of the curve was expanded and a
trend-line fitted with equation and®Ralue. This equation was used to determine the Log
IFN dilution at 1LU/mL (i.e. at the 50% endpoin®he IFN3 dilution was then calculated
(IFN g dilution = 10™°9""™ P} and used to calculate the LU/mL used to stimulagecells

on the day.

n = (IFN Dilution at 1 LU/mL) / (IFN g Dilution used on cells)

This value (n) was used as a correction factonénkawade formula.

t="f(n-1)/ 9(expressed as TRU/mL)

Where: t = NAbs titre (corrected), f = serum tda achieving the endpoint, TRU = Ten-

fold Reduction Unit.

3.4.10. Screening IFN B treated patients’ sera for neutralising
activity
Cells were seeded at density of 40,000 per wellinagbated overnight as previously

described. The patients’ sera samples to be tested thawed at 4 °C. Stock IBNvas
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diluted to give a ~20 IU/mL concentration. Samplesravscreened for presence of any
neutralising activity by mixing equal volumes ofr@® at 1:10 dilution with 20 LU/mL
IFN beta la (Avonex) for 1 hour at 37°C. A caltma curve of IFN-beta of
concentrations from 10 LU/mL to 0.08 LU/mL was paegd and a solution of 100 LU/mL
IFNB was prepared to detect the maximal saturated mespof luciferase induction.
Known negative and positive patient sera were ohtuin each plate at 1:20 dilution.
Overnight media was decanted (by inversion andlgeapping) and the IFNdilutions
and serum/IFR preparations added in duplicate to the microptege [Figure 3-7]. Plates
were incubated at 37 °C in a 5 % £@mosphere for 5 hours. Luciferase substrate 50uL
was added to the plate and left for 10 minutesreefeading in a luminometer. The LCPS
obtained by the maximum (100 LU) concentrationFIp and minimum (no IFR) were
calculated and the 50 % endpoint identified. Theam&CPS of each sample was
calculated and those with values below the endpeere considered positive. Positive

samples were analysed further to determine thetittab

1 * 2 * 3 *%* 4 *%* 5 *%% 6*** 7*** 8*** 9*** 10*** 11*** 12***
A|10 |10 |QC+|QC+[S1 | S1 | S9 | S9| sif si17] s29 s2b
B|5 |5 |100 |0 |S2 | S2 | s10] sid sS18 sid S26 S
Cl25 |25 |100 |0 |S3 | S3 | s11| si1 s19 si19 S2f  S27
D[1.25[1.25/100 |0 |S4 | S4 | S12| s1d S20 sS2d S28  S28
E|[063[063[100 |0 |S5 | S5 | S13| s13 sS2f s21 sS29  S29
F|032[032[100 |0 |S6 | S6 | S14] sS14 S22 S22 S3p  S30
G|0.16/0.16]100 |0 | S7 | S7 | S15] si1§ s28 s2d s3]  sat
H|0.08[0.08/QC- |QC- | S8 | S8 | s16] si1d sS2# sS24 S3p s3p

Figure 3-7 Screening plate Layout.

*Columns 1 & 2 IFN standard curve from 10 LU/mL to ~0.08 LU/mL

** Columns 3 & 4 contain QCs and the “maximum” and “minimum” response to IFN

*** Columns 5 to 12 contain screening samples at 20 dilution preincubated with 10 LU of IFNB
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3.4.11. Nab titre calculation

IFNpB calibration curve, 20 LU/mL and 100 LU/mL IBNsolutions and QCs were
prepared as described above. Serial dilutions db [désitive samples were prepared, from
1:20 to 1:2560 (final dilution after IHNadded) [Table 3-3]. IFpisolution (125 pL) was

discarded from the final dilution tube, so that firml volume in all of the tubes was

125puL.
Dphf(f_w;?n'\]ﬂ Serum IFN p-1a (20 Final [IFN] Fingl serum

(37°C) (or QC) LU/mL) (LU/mL) dilution
1 225 25 125 10 1:20
2 125 125 125 10 1:40
3 125 125 125 10 1:80
4 125 125 125 10 1:160
5 125 125 125 10 1:320
6 125 125 125 10 1:640
7 125 125 125 10 1:1280
8 125 125 125 10 1:2560

Table 3-3 Serum sample dilutions — NAb assay

IFNP solution 20 LU/mL (125 pL) was added to each sedilotion (125 uL) to give a
final dilution of sera of 1:20 and an IBNconcentration of 10 LU/mL. The tubes were
incubated at 37 °C for 1 hour. Overnight media desanted from the plates and the fFN
calibration curve, QCs, maximum / minimum contralsd samples added in duplicate

[Figure 3-7].
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1* 2* 3** 4** 5*** 6*** 7*** 8*** 9*** 10*** 1 1*** 1 2***
Al 10 [ 10 [QC+|QC+| S1 20 S2 20 S3 20 S4 20
Bl 5 5 [100]| O S1 40 S2 40 S3 40 S4 4(
C|25|25(100| O S1 80 S2 80 S3 80 S4 8(
D|[1.25|1.25(100| O S1 | 160| S2| 16Q S3 160 S4 140
E|10.63|0.63| 100 | O S1 | 320 S2| 320 S3J 320 S4q 340
F10.32|0.32( 100 | O S1 | 640 S2| 64Q S3 640 S4 640
G|0.16|/0.16|] 100 | O S1 | 1280 S2 | 1280, S3 | 1280 S4 128(
H{0.08|0.08| QC-| QC-| S1 | 256Q S2 | 2560, S3 | 2560 S4 256(

Figure 3-8 Dilution Plate layout.

*Columns 1 & 2 IFNp standard curve from 10 LU/mL to ~0.08 LU/mL

** Columns 3 & 4 contain QCs and the “maximum” and “minimum” response to IFN

*** Columns 5 to 12 contain diluted samples at 1:2Go 1:2560 dilutions preincubated with 10 LU of
IFNB

Plates were incubated for 5 hours at 37°C, eqatiéat at room temperature for at least
5 minutes, 5QuL luciferase substrate was then added and the plaseincubated for 10
minutes on a plate shaker before LCPS was measuhedactual LU of IFI§ used to
stimulate the cells was calculated using the Kawadhnique. The mean LCPS at each
dilution of sample, logl0 LCPS and CVs were cal@daand Logl0 LCPS plotted vs.
Logl0 serum dilution to generate a standard curlie.dilution at which the curve crosses
the 50 % endpoint (1 LU) was determined and thgrecal of this denotes the unadjusted

Nab titre.

123



3.4.12. Optimisation of other parameters

3.4.12.1. Use of Promega Steady-Glo Luciferase Assa y System

The commercial product protocol advised additioranfequal volume of Steady-Glo
Luciferase assay substrate to the culture medilenX0@L). This should be incubated for
10 minutes to ensure complete cell lysis. To op@anthe efficiency of the assay,
performance of 25, 50 and 100 pL of luciferase yss#bstrate was investigated by
measuring luminescence counts per second in sthrmdaves of IF- 1a and IFN- 1b
[Figure 3-9, results 3.7.7]. Following addition sfibstrate, plates were shaken for the
duration of the incubation period with the substr&d ensure that solutions were fully

mixed and cells were lysed. Absolute LCPS dataewempared.

1|2 3 4 5 6 7 | 8 9 10 112

AlO0O 0| 01 0.1 0.1 0.1 0.1 0.1 0.1 0.1

B|O O 1 1 1 1 1 1 1 1

C 2.5 2.5 2.5 2.5 2.5 25 2.5 2.5

D 5 5 5 5 5 5 5 5

E 10 10 10 10 10 10 10 10

F 20 20 20 20 20 20 20 20

G 100 100 100 100 100 100 100 100

H Units of Avonex /ml Units of Betaferon / m|l

Figure 3-9 Plate layout assessing volume of Lucifase assay substrate required

Columns in green contain media only, columns in yklw (3 — 6) contain standard curves using Avonex,
columns in blue (7 to 10) contain standard curvessing Betaferon.
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3.4.12.2. Evaluation of Luminometer parameters

To ensure optimal reading of the plates, the effeétchanging the acquisition time
settings of the luminometer were investigated. Tminometer was set to read for 0.1,
0.5, 1 and 2 seconds per well and the raw data awedpwith respect to absolute values,
range and CVs of duplicates. The shortest acqumstime giving optimal results was 1

second and thus was employed in all subsequent fFaure 3-10].

45 1 Reading time per well
4 -
35
3 -
W (.1 sec
S 2.5
w 5 —(.5 sec
]
1sec
1.5
2sec
1 -
0.5 +
0 T T 1
5 6 7 8

Log IFN dilution

Figure 3-10 Standard curves with varied aquistionitne

125



3.5. Validation of Assay

The accuracy and precision of the assay was exanineesponse to NIBSC standard
IFNB preparation #00/572, this is the WHO referencadsied which acts as a calibrant to
measure the potency of glycosylated frtlerived either from human fibroblasts or from
CHO cells (commercial IFpl 1a products). Repeated testing of NIH anti-hurttadp
antibody reference standard #G038-501-572 (poolesham NAbs generated against
IFNBla) was also performed to ensure accuracy of titgsined using the standard
operating procedure. Additional samples with knawab titres, determined either by a
validated MxA protein ELISA or cytopathic effect RE) assay were obtained from other
accredited European laboratories — Regional reteré&aboratory, Orbassano, Italy (CPE &
MxA ELISA); Karolinska Institute, Stockholm SwedgiVixA ELISA); Biogen lIdec,
Cambridge US (CPE & MxA ELISA); University of Inngkzk, Innsbruck, Austria (MxA
ELISA). These were tested on 10 occasions to daterassay accuracy and precision. To
test robustness, sera were tested repeatedly {fjeosame day by two operators and (ii) on
different days, with different cell passage numbeatying pre-incubation / incubation
times and cell densities. External validation ywasgformed by blind exchange of samples
with other European Laboratories using the MxA eitELISA [Fileset al. 1998] and
cytopathic effect assay [WHO expert committee omldjical Standardisation1985].
Samples encompassing a wide range of NAb titreg weluded. Results were unblinded

only after testing had taken place.
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3.6. Statistical analysis

Statistical analysis and graphs were prepared udiogpsoft Office Excel (2003) and
STATA software (version 9, 2006, Statacorp, TexdSA). To test for plate effects
Levene’s test for equality of variances and stusl@nest were used. To assess accuracy
and precision the coefficients of variation for eafed measures were evaluated. To
compare titres obtained with the Luciferase repogene assay and the “gold standard”
methods, paired combinations and mean-differencds plvere assessed using Bland-
Altman method [Bland and Altman 1999]. This methigdfavoured when comparing
results measured using a new test with an establishe. If the two readings (old test and
new test) were identical all results would fall ngthe mean difference line (which would
be zero). By plotting the data this gives a visasdessment as to the degree of agreement
between the two measures and whether this is skelvedPearson correlation coefficient
was used to test association between assay methedentage agreement was calculated
and inter-rater kappa coefficient used as meastii@gy@®ement corrected for chance. A
value of O reflects no agreement and 1 denote®qesigreement [Kundel and Polansky

2003; Chan 2003]
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NAb Assay - Validation procedure summary

Dose response of cells to IBN
Inhibition of response with commercial NAbs
Uniformity experiments
Evaluate performance of 96 well plates
Application of Kawade technique to determine atyiwf IFNB on the day (n)
Screening of patient sera

Dilutions of sera to determine NADb titre

Optimisation of Assay parameters
Luciferase substrate
Luminometer parameters

Cell density in wells

Internal Validation
Accuracy — ten known positive patient samples testefive occasions
Precision - NIH anti-human IFNantibody reference standard antibody titres
Repeatibility — NADb titres obtained with repeatedting

Robustmess — effect of varying assay parameters

External Validation

Blinded sample exchange with 4 other laboratories
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NAb assay step by step

Make solutions and Interferon Calibration standards

Count cells and seed in 96 well plate 1D@40,000 cells)

Incubate overnight

Prepare serum samples to be tested and controls

Preincubate sera with IFNN10 LU/mL) for 1 hour

Prepare IFI§ standard curve

Decant DMEM from 96 well plate

Add IFNp standards to 96 well plate in duplicates

Add sera and controls to 96 well plate in duplicate

Incubate for 5 hours

Add Luciferase substrate to each well

Measure luminescent counts per second in Luminamete

Calculate value for n and NAD titres as per Kawad¢hod
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3.7. Results

3.7.1. Response of cellsto IFN B

Plates were prepared in accordance with operatiogedure. Stock IFplwas diluted
uniformly to prepare aliquots of IFNwith concentrations ranging from 1000 IU/ml
(dilution factor 6000) to ~0.12 IU/ml (dilution famt 49152000). 100ul of each dilution
point was added in duplicate to the plate and iated for 5 hours. Luminescence (as
measured by luminescent counts per second) was tasekbtect the presence of the
luciferase enzyme. The response was equivalent MIBSC standard IFBlla or 1b and
commercial products Avonex and Betaferon. Plotting Logo IFN dilution vs. Logp
LCPS produced a sigmoidal curve [Figure 3-11] shivesLog, IFN dilution plotted on

the x-axis vs. Log LCPS on the y-axis (ANOVA, p= 0,53).

450 7 Activity of IFNPB standards and commercial products
4.00 -
& Sty —+—NIBSCIFNB 1a
-
{14 )
S 300 - —— NIBSCIFNfB 1b
Avanex
2.50 - - Betaferon
2.00

2 4 6 8
Log IFNB dilution

Figure 3-11 Response of cells to IFN
Log IFN dilution vs. Log luminescent counts per second meared when
luciferase substrate added to the cells
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3.7.2. Inhibition of Luciferase induction by sheep anti human IFN-

beta antibody

Figure 3-12 shows the inhibition of IBNby commercial sheep anti-human IFN
antibody. The log IFR concentration is plotted on the x-axis and log BGi the y-axis.
Each line represents the concentration of NAb ueedhibit the response of the cells to
IFNB. The samples incubated with no NAb, 0.1 NU/mL daiU/mL showed a good
response with all concentrations of IF;\the samples with 10 NU/mL of NAb added
shows some inhibition of response at low f-Moncentrations but this inhibition is
overcome at higher IFNconcentrations, however using 100 NU/mL and 1000\ of
NAb the inhibition of response was complete atfeNp concentrations. This confirms the

dose response effect of Nabs.

a4 - Inhibition of IFN by commercial NAb
3.5
3 A —4—No NAb
4
E} 25 =#—0.1 NU/ml
S =e=1 NU/mINAb
27 —<=10NU/ml
15 - == 100N U/mI NAb
1000NU/mINAb
1

-0.5 0] 0.5 1 1.5 2 2.5

Log IFNB concentration

Figure 3-12 Inhibition of IFNB (Avonex) by commercial sheep anti-human IFR NAb
IFN B concentrations range from 0.5 IU/ml to 100 IU/mlThe bioactivity of IFN is inhibited by NAb as
the NU/ml increases.
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3.7.3. Application of Kawade method

3.7.3.1. Calculation of n

An extended standard IPNLa curve (using doubling dilutions between 100 and
0.02LU/mL, approximate concentrations) was prepaaed incubated [3.4.9]. In the
example below [Figure 3-13 & Table 3-4] the LCPSratximum (100LU/mL) was 9574
(In 3.98) and at minimum (no IFN was 381 (In 2.58), thus the lpd-CPS at the 50%
endpoint was 3.98-2.58 = 3.28. The 50% endpoirectsf 1 LU/mL and the lag IFN
dilution at this point was 6.43. Thus the definetkiferon concentration of 1LU/mL (50%
endpoint) would be equivalent to a dilution of 71834 of the original stock (inverse
Log 6.43). Each sample to be tested was incubaitdd~d0LU/mL which was a 1:300,000
dilution of stock IFNB. Thus from the standard curve thetual LU value of IFNf3
corresponding to thestimatedlOLU/mL could be determined. Thus theof the Kawade
equation in the assay on this occasion = 27108320000 = 9.04. A further example of

calculation ofn is given on page 149 (worksheet from laboratory).
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Log LCPS

4.10 7 Maximum
4.00

Interferon Calibration Curve

3.90
3.80
3.70
3.60
3.50
340

3.30 50% Endpoint

3.20
3.10
3.00
2.90
2.80

2704
2.60 +Minimum

2.50
4.00 4.50

5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50
Log IFN Dilution

Figure 3-13 Maximum and minimum asymptotes with 50%endpoint

Estimated . Lo IEN Lo

LuimL IFN dil CPS LogCPS . 9 oPS 9
100.00 30000 9574 3.98 4.48 3.98
50.00 60000 9520 3.98 4,78 3.98
25.00 120000 8779 3.94 5.08 3.94
12.50 240000 7606 3.88 5.38 3.88
6.25 480000 6518 3.81 5.68 3.81
3.13 960000 4415 3.64 5.98 3.64
1.56 1920000 2573 3.41 6.28 3.41
0.78 3840000 1475 3.17 6.58 3.17
0.39 7680000 786 2.90 6.89 2.90
0.20 15360000 545 2.74 7.19 2.74
0.10 30720000 468 2.67 7.49 2.67
0.05 61440000 393 2.59 7.79 2.59
0.02 12288000 381 2.58 8.09 2.58
0.00 414 2.62

Table 3-4 IFNB standard curve in NAb assay (raw data)
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3.7.3.2. Titre calculation

To determine whether a test sample was NAb -vewvar the mean LCPS from the
duplicate readings was calculated [3.4.10]. This wanverted to ‘Logo CPS.’ If this
value was greater than the 50% endpoint the samaéenegative for Nabs. If this value
was less than the 50% endpoint the sample wasiyeoddr NAbs and was therefore
serially diluted to determine the titre at whichke tandpoint was reached as decribed in
3.4.11. The Logoy LCPS at each serum dilution were plotted on taxig vs. the serum
dilution on the y-axis. A trendline was fitted (ngipoints either side of the 50% endpoint)
and the trendline equation was used to calculagest#rum dilution achieving the 50%
endpoint. This was the value (f) in the Kawade falan Using the Kawade formula above
the corrected NADs titre was estimated. A furtheareple of titre calculation is given on

pages 149 -150 (pages from laboratory worksheet).

Serum Dilution Curve

3000 y =0.236x%10%

2500 - R% =0.9999

2000 -
1500 -
1000 -

Serum Dilution

500 -

0
2.10 2.20 2.30 240 250 2.60

Log LCPS

Figure 3-14 Sample dilution curve
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3.7.4. Incubation time

The graph below [Figure 3-15] shows the log10 prhlution (x-axis) vs. log10 LCPS
(y-axis). Each line represents the [Fstandard curve obtained with a specific incubation
time. Longer incubation times resulted in highesa@bte LCPS but did not affect the slope
of the curve. Saturation was dependent on the IEdhcentration used. Repeated testing of
4 samples with different incubation times did nbow any significant variation in titre

with CVs <10.4% [Table 3-5].

4.0 1 Incubation time
3.5 4
w 3.0
o =6 hours
(14
8 25 4 ——5 hours
4 hours
2.0 1 =3 hours
15 T T T T T 1
5.0 5.5 6.0 6.5 7.0 7.5 8.0
Log IFNP dilution

Figure 3-15 The effect of incubation time on LCPS easured
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Sample 3 hours 4 hours 5 hours 6 hours mean CV

1 <20 <20 <20 <20 <20 NA
2 232 252 293 256 258 9.8
3 782 843 702 898 806 10.4
4 > 1280 > 1280 > 1280 > 1280 > 1280 NA

Table 3-5 Nab titres obtained testing four samplesgsing different incubation times

3.7.5. Uniformity Experiments

The LCPS detected in each well when cells werewéitad with 10 LU/mL of standard
IFNB were analysed using repeated measures ANOVA, guifisant plate effect was
detected (p = 0.13). Similarly no significant diface was found relating to position of

standard curve in the plate (p = 0.21).

3.7.6. Evaluation of 96 well plate performance

The LCPS, performance of standards and titres rddaivere not significantly different
when using black clear bottomed or solid platese Tuminescent counts obtained with
white plates were higher than those in the blaekegl white plates mean IBNminimum
LCPS 234 (range 165-321) black plates minimum LGB6 (132 — 176) t-test p=0.0021,
white plates maximum (100LU IHN LCPS 21354 (range 17634 — 23187) black plates
mean maximum (100LU IFp) 10342 (85679-12753) p < 0.0001. However, NAlestof

known positive samples remained unchanged. Thherdilack or white, clear bottomed or
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solid plates are suitable for use in this assagclBtlear bottomed plates were selected for
use in the standard operating procedure as the tathlswas reduced between wells and the

cells could be easily visualised.

3.7.7. Optimisation of Promega Steady-Glo Luciferas e Assay

System

The manufacturers recommend use of 100 puL of satlesin each well for use in the
Luciferase assay system. The performance of 2an80L00 pL of LAS was evaluated and
LCPS compared using MANOVA. No significant diffecen was found in LCPS of
standard curves using 50 or 100 pL (p = 0.53) lertet was a difference when 25 p uL was
used p = 0.003. In the interest of cost effectigen@e reduced this volume to 50 pL

[Figure 3-16]
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Log LCPS

Log LCPS

100000

10000 -

1000

10

100000 -+

10000 -

1000

100

0]

Comparison of 25, 50 & 100 ul LAS

—4— Avonex 25 ulL
== Avonex 25 ulL

== Avonex 100 uL

0.1

=

log[IFN] 10 100

Comparison of 25, 50 & 100 ul LAS

== Betaferon 25 ulL
e Botaferon 50 ul

=@ Betaferon 100 uL

0.1

1 Log [IFN] 10 100

Figure 3-16 Standard curves of IFI§-1a Avonex

IFN B-1a (Avonex) and IFN3-1b (Betaferon) detected using 25, 50 or 100uL ofuciferase assay
substrate

138



3.7.8. Evaluation of Luminometer parameters

A single plate was read on 4 occasions alteringdtiration of measurement of LCPS
from each well. Readings at 0.1 s/well, 0.5 s/wkdlwell and 2s/well were obtained. The
effect on maximum LCPS measured increased significdrom 0.1 to 1 s/well and began
to plateau after this point [Table 3-6]. Readingds of 0.5 — 2 seconds per well did not
significantly affect the endpoint and using 1 sivesisures the total reading time of the

plate is < 2 minutes which is more convenient waealysing several plates.

s/well Max LCPS Min LCPS 50% endpoint Actual LU
0.1 1601 24 2.29 17.5
0.5 4687 15 2.35 15
1 8834 159 3.07 14.61
2 9534 177 3.10 14.07

Table 3-6 Luminometer settings

Maximum and minimum LCPS obtained varying the duration of measurement from each individual
well.

3.7.9. Effect of cell density

Plates were prepared with cell densities rangioghf20,000 to 100,000 cells per well.
Six samples were tested in each plate to ascehaiaffect of cell density on titre obtained.
No significant difference in titre was found (refesh measures ANOVA p = 0.079),

coefficients of variation range 0-21% [Table 3-7].
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100,000/well 80,000/well 60,000/well 40,000/well 20,000/well CV

S1 <20 <20 <20 <20 <20 NA
S2 69 62 64 67 63 4
S3 167 180 160 155 200 10
S4 83 80 75 72 79 6
S5 600 702 653 590 612 7
S6 >1280 >1280 >1280 >1280 >1280 NA

Table 3-7 Cell density effect.

3.7.10. Precision, Accuracy, Repeatability and Robu  stness

The precision of the assay was assessed by megdlithanti-hnuman IFI§ antibody
reference standard antibody titres. The referemtidb@dy was reconstituted as per NIH
recommendations. This has an attributed titre df7Q0 using a CPE assay and titre
calculated using the Kawade method. This was medsan 10 separate occasions to
assess accuracy of the Luciferase assay. FiguiesBdws the results obtained; mean titre

1716, CV 8.8 %, [range 1492 — 1989].
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Figure 3-17 Repeated testing of NIH NAb referencestandard on 10 occassions against IHN la
(Avonex).

To evaluate accuracy ten known positive patientpdasny encompassing a range of
titres were tested on five occasions on five ddfdrdays, using cells of different passage
number. CVs ranged from 8 -23% depending on tifieb[e 3-8] Samples with low titres

were prone to higher % variability although in dos®terms the differences were small.
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Sample 1 2 3 4 5 mean SD CV%

1 >1280 >1280 >1280 >1280 >1280 >1280 0 NA
2 647 754 598 671 605 655 80 12
3 258 238 292 301 275 273 29 11
4 171 160 183 154 163 166 13 8

5 93 83 90 75 80 84 8 10

6 56 58 62 66 49 58 4 8

7 35 33 34 27 40 34 4 11

8 36 25 31 22 20 27 6 23

9 22 12 18 20 25 19 4 22
10 <20 <20 <20 <20 <20 <20 <20 NA

Table 3-8 Repeated testing of 10 known NAb samples
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3.7.11. External Validation of Luciferase assay

Blinded exchange of 200 samples took place betweziNeuroimmunology laboratory
in London and laboratories in Turin, Innsbruck, gtwlm and Biogen Idec (USA).
Samples were tested using the current Luciferassyg$oN) and the MxA protein ELISA
in Turin, Innsbruck and Stockholm. A further 24 sd@s were also tested using the
cytopathic effect assay in Turin. Samples wereteduto a factor of either 1:1280 or
1:2560 depending on the laboratory. For the purpdsalculations, titre values > 1280 or

> 2560 were considered equal.

3.7.11.1. Turin

Samples (n=49) were exchanged between Dr. A Bettddolaboratory and IoN.
Overall agreement — positive vs. negative outcomeB3=7% (41/49) of observed
agreements. Inter-rater Kappa =0.67. Pearson atimel= 0.83. Of these samples 24 were
also tested using the CPE. Overall agreement wa8@[Table 3-9]. The Kappa inter-rater
agreement was=0.75 and Pearson correlation = Bl@Ad Altman plots are shown below
and shows overall good agreement between the tb&sned as the mean difference line

sits on the zero line [Figure 3-18].
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Bland-Altman plot for log Titre Turin MxA Elisa-log Titre loN
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Figure 3-18 Bland Altman Mean difference plot - Itdy

Figure A shows the agreement between Nab titres alihed using the MxA ELISA in Turin and the
LUC assay at IoN, UK. Figure B shows the agreemetbetween CPE assay in Turin and LUC assay UK
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3.7.11.2. Innsbruck

Samples (n=57) were exchanged. All samples wertedeassing IFM-1b as this is
always used for Nab assays in Innsbruck irrespect¥ subject treatment. Overall
agreement — positive vs. negative outcome = 9454/67) of observed agreements [Table
3-9]. The inter-rater Kappa =0.87, Pearson cotlimatoefficient = 0.90. The Bland
Altman plot showed that the titres obtained usimg ltuciferase assay tended to be higher
than those obtained using the MxA ELISA althoughewtesting for differences these

were not significant (t test p = 0.067).
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Figure 3-19 Bland Altman mean difference plot — Ausia.

The figure shows the agreement between the MxA ELKS performed in Innsbruck Austria and the
luciferase assay in the UK. Samples tend to haveghier titres with the Luciferase assay as compared
with the MxA ELISA as many sit below the zero line.
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3.7.11.3. Stockholm

Samples were exchanged on 2 occasions. In totahBfples were exchanged. Overall

agreement was 84%, kappa inter-rater agreement OMa and Pearson correlation

coefficient was 0.83 [Table 3-9]. The Bland Altmalot shows that there is a tendency for

the titres obtained with the Luciferase assay tdilgber than those with the MxA ELISA

in Stockholm as the mean difference line is at.-Ols was noted to be related to some

samples which were negative with the ELISA and pmsitive using the Luciferase assay.
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The figure shows the agreement between the titrebtained between the MxA ELISA in Sweden and

the LUC assay UK.
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3.7.11.4. Biogen ldec

Biogen Idec supplied 8 samples which were testaer&l agreement 100%, Inter-

rater kappa 0.86 and Pearson correlation coefti€i€d8 [Table 3-9].

Turin Innsbruck Stockholm Biogen ldec
MxA MxA MxA MxA
LuC 0S n 0S n 0S n 0S n Total
assay p eg p e p eg p eg
174/ 200
Agree 23 18 39 15 55 16 6 2 87%
. 26/200
Disagree 4 4 2 1 1 14 0 0 13%

Table 3-9 Agreement of NAb results with Luciferaseassay vs other laboratory.
The titres obtained using the Luciferase NAb assagt IoN were compared with the “known” results
obtained using the MxA protein ELISA assay in otheraccredited European Laboratories.

The overall agreement for the 200 samples exchawgsdd7% between MxA ELISA
and Luciferase assay (n=200) [Table 3-9]. There ewer significant number of
disagreements in the samples exchanged with StbukAdwese were samples which were
called negative if titre <20 NU. Of the discordaesults the titres measured in Stockholm
were between 10 — 19 TRU in 9 of 14, but > 20 NO {22 range) when tested using the
Luciferase assay. Whether difference in low titneake a clinical difference is a moot

point and will discussed in detail in chapter 5.
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3.7.12. Quality Control

Pooled serum samples were stored in small aligabts 8¢ C. A negative and a
positive control were included on each plate. Olmtidin plates a moderately positive
control was diluted to obtain a titre. All sampl€3Cs and standards were tested in
duplicate, if samples did not perform as expectedplate was rejected and the analysis
repeated. IFR-1a standards: if the CV for any of the standarthigowas > 10 %, the
graph showing a plot of the raw data was examin#ddany one of the plotted points,
relating to these high CVs, was obviously an ouitievas excluded from the calculations
relating to the standard curve. A maximum of twatliers were removed in this manner. If

more than two were present the assay was repeated.

Patient samples: If CVs of any dilution points wal®ve 10 %, it was evaluated as to
whether any of the individual measurements chanlgedtatus of the sample, from either
positive to negative or negative to positive or teda significant change in titre. If the

status was changed the sample was re-analysed.
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NAb assay worksheet 13/07/2009

1 2 3 4 5 6 7 8 9 10 11 12
A 3528 3050 118 90 111 110 97 104 106 81 2860 2996
B 2514 2417 4323 67 205 240 97 119 118 100 1378 1738
C 1659 1488 4574 80 601 708 121 132 179 237 2567 2580
D 882 875 4519 58 1623 1812 446 422 876 976 1071 1527
E 357 395 4287 69 2357 2290 1160 1321 1857 1826 2714 2854
F 182 197 4289 70 2831 2737 2196 2101 2639 2780 2926 3048
G 90 113 4561 68 2981 2999 3142 3023 3343 3180 2985 3029
H 83 50 2067 1736 3035 3203 3252 3174 3607 3372 3290 3266
1 2 3 4 5 6 7 8 9 10 11 12
Log IFM Dil (=) vs Log LCPS (y) Log IFM Dil {x) vs Log LCPS (y)
Log 4.00 - Linear section
LU/mL IFN Diln CPS CPS LoglIFNDil o )
10.00 300000 | 3289 3.52 5.48 350 - gog o TTHOEEsHEesI0E
5.00 600000 2466 3.39 5.78 R™=10.9355
2.50 1200000 | 1574 3.20 6.08 3.00 350 -
1.25 2400000 879 2.94 6.38
0.63 4800000 376 2.58 6.68 2.50 1 3.00
0.31 9600000 190 2.28 6.98 200 4 250 -
0.16 19200000 102 2.01 7.28 o
0.08 38400000 67 1.82 7.58 150 . . . 200 : , ,
Log Log ”:N 500 G.00 7.00 .00 &0 =00 T.00 w00
CPS CPS LU/mL Dil IFN Diln
Maximum 4426 3.65
Minimum 69 1.84
50% Endpoint 1.0 6.54
QA
LU used to stimulate
cells n= 11.49 300000 Av CPS SD Ccv
Maximum 4426 140 3
(n-1/9= [ 117 | Minimum 69 7 10
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Log Serum Sample
Samples LCPS 1 LCPS 2  Average SD Cv CPS Diln Dil (f) NAD titre Result ID Report
10.00 3528 3050 3289 338 10 3.52 Report P SQ
5.00 2514 2417 2466 69 3 3.39
2.50 1659 1488 1574 121 8 3.20
1.25 882 875 879 5 1 2.94
0.63 357 395 376 27 7 2.58
0.31 182 197 190 11 6 2.28
0.16 90 113 102 16 16 2.01
0.08 83 50 67 23 35 1.82
Positive QC 118 90 104 20 19 2.02 20 Positive  QC Pool Pass
Negative
QC 2067 1736 1902 234 12 3.28 20 Negative QC Pool Pass
Sample 1
Sample 1 111 110 111 1 1 2.04 20 76 88 Low positive
205 240 223 25 11 2.35 40 corrected
601 708 655 76 12 2.82 80
1623 1812 1718 134 8 3.23 160
2357 2290 2324 47 2 3.37 320
2831 2737 2784 66 2 3.44 640
2981 2999 2990 13 0 3.48 1280
3035 3203 3119 119 4 3.49 2560
Sample 2
Sample 2 97 104 101 5 5 2.00 20 192 224 Positive
97 119 108 16 14 2.03 40 corrected
121 132 127 8 6 2.10 80
446 422 434 17 4 2.64 160
1160 1321 1241 114 9 3.09 320
2196 2101 2149 67 3 3.33 640
3142 3023 3083 84 3 3.49 1280
3252 3174 3213 55 2 351 2560
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3.8. Conclusions

The Luciferase assay fulfils the international neéd reliable cost and time efficient
NAb assay which can be incorporated easily intdineuwse. Reporter gene assays are
frequently used in bioassay systems as marker®lafgical activity of a substrate. In this
context the luciferase gene was linked downstreathd ISRE and reliably expressed
when IFN3 binds to the cell surface receptor and initiabesdell signalling pathway which
results in activation of ISRE transcription of tbheiferase gene. To validate the assay
parameters specific to assay conditions, accuratigbility and precision were examined
and samples were exchanged with four other valitlafgoratories to compare titres
obtained with the Luciferase assay and existingyasslhe assay was found to be highly
robust in relation to incubation times and cellglgn High throughput screening is
possible as 32 samples can be evaluated on a pilatgeand dilutions are only required for
those which reach the 50% endpoint. Unlike existisgays it is easily completed in less
than 24 hours and does not require expensive enfet materials. The cells employed
were already in the public domain and with the pssion of Dr Gilles Uze could be
distributed to independent validated laboratorggsuse. As part of the NABINMS
consortium the Luciferase assay was distributeathier consortium members and
established in their laboratories. Results relatindistribution of the assay will be reported

in chapter 7.
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Chapter 4

Evaluation of the frequency and clinical effects of NAbs

in subjects receiving IFN
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4 Evaluation of the frequency and clinical effects of
Neutralising Anti-Interferon beta antibodies in sub jects

receiving IFN B

4.1. Background

As described in chapter 1 IBNis a biological therapy which is known to be
immunogenic, inducing anti-IHNneutralising antibodies in a proportion of sulgedthe
frequency of NAbs varies depending on [Fidroduct and the NAb assay used. The
objective in this chapter was to assess the frequehNAbs using the newly established
luciferase reporter gene assay, to evaluate tlssiocaation with relapses, occurrence of

side effects and to compare the results in our totith that of published data.

4.2. Materials and methods

BAbs were measured using the cELISA as describedhapter 2 and NAbs were
measured using the Luciferase assay describedapte&h3. Testing was performed in

accordance with the standard operating procedwswithed in earlier chapters.
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4.2.1. Subject acquisition

All subjects attending the NHNN receiving interferoeta who were being followed in
the outpatient department on a regular basis wegible for inclusion in the study. Since
1996 most subjects had serum samples stored tmefttAb analysis. These samples were
coded with &3-IFN number and recorded in an electronic datab&lis. was accessed to
identify those who had received treatmentfa years as of 31January 2006. Those on
treatment for a shorter period were excluded asewbose who stopped therapy or
switched to an alternative (non IBNtreatment, such as Copaxone or Mitoxantronenduri
this period. Those who stopped or switched treatraétar 2 years of IFBl therapy were

included.

Case notes of each subject included in the studg wegjuested from medical records
in the hospital. Those which were located wereaweid for clinical information: date of
birth, sex, MS subtype at time treatment commendtedNp product chosen, number of
relapses in 24 months prior to treatment, relapsean treatment, side effects experienced,

treatment cessation or switching to alternativedpoo.

4.2.2. Samples

As NAbs generally appear between 6 — 18 months pionets [Sorenseat al.2005] 12
and 24 months were selected for testing. Those hatbbeen on treatment for a further
year had an additional “follow up” sample includéthese samples were tested for the

presence of binding antibodies to IFNMy capture ELISA and also for the presence of
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neutralising antibodies using the Luciferase assagreviously described in Chapter 3.

4.2.3. Statistical Analysis

The percentage of subjects who developed NAbsdt gae point was calculated to
determine the incidence in each treatment group.afAhlyses were performed using
Stata™ Version 9.2, 2006 (StataCorp Texas USA)febahce between groups was
analysed using Chi-squared test. Measure of asgwtiaetween NAb status, relapse rate,
side effects, treatment cessation were analysed) iBarson Chi-squared test or Fisher’s
exact test as appropriate. All reported p valueewased on two tailed statistical tests and

a significance level of 0.05.
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4.3. Results

After reviewing the database of samples 348 subjeetre identified who had
commenced therapy prior to January 2004. A fur@iersubjects were excluded due to
early treatment cessation or switching to nonfifModuct, leaving 327 subjects included
in the analysis. The female: male ratio was 2L581.9% being female = 238 and 28.1%
being malen = 93. The mean age at time of study was 41.8 ygange 19-68), the mean
time from disease diagnosis to treatment commencemas 5.56 years (median 4 years,
range < 12 months — 28 years). The mean relapseratr to treatment was 1.53 / year.
Eighty eight percent of subjects had RRMS at theetireatment was commenced; the

remaining 12% had SPMS.

4.3.1. Product breakdown

Of the 327 subjects included 119 subjects (37.3%)ewreated with IFBtla IM
(Avonex®), 55 subjects (16.2%) with IBNLb SC (Betaferon®) and 149 subjects (46.5%)
with IFNB-1a SC (Rebif®) either the 22 or 44 ug dose. lalt@49 samples were available
for testing; 260 at 12 months, 200 at 24 montlts 189 subjects had samples available for
follow up testing. 238 subjects ha@ samples available for testing, 23% had only one
sample available and with regards to data analygse were included in the “anytime
positive” analysis and NAb rates at a particulanetipoint but were excluded from the

longitudinal analysis regarding Nab persistence.
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4.3.2. BAb and NADb analysis per sample.

All samples were screened for BAbs and subsequéssghed for NAbs, 331 samples
were BADb +ve (51% of samples tested), 317 (49%)pdasnwere BAb -ve and NAb —ve,
174 (27%) BAb +ve NAb —ve and 156 were BAb +ve NAle. There were two samples
which tested positive for NAbs but were negative BAbs. Both of these had low NAb
titres (24 and 36). The percentage of BAb +ve sampl/ product was: 24% Avonex, 50%
Betaferon, 47.6% Rebif. The total number of NAbipes samples was 156 (24 % of all
samples tested). The percentages of NAb positivepkes at each time point tested are

illustrated below [Table 4-1].

1 year 2 years > 3 years

Product positive  negative positive negative positive negative total

AvOnex 8 87 6 72 4 65 242
(8.84%) (91.6%) (7.7%) (92.3%) (5.8%) (94.2%)

Betaferon 15 24 11 26 11 28 115
(38.5%) (61.5%) (30.6%) (69.4%) (28.2%) (71.8%)

. 45 81 32 53 24 57
Rebif (35.7%) (64.3%)  (37.6%)  (62.4%)  (29.6%) (70.4%) 292
total 68 192 49 151 39 150 649

Table 4-1 Percentage of samples tested which wer@blpositive at 12 and 24 months and in the follow
up period

Table 4-2 depicts NAb status and tifper productof all subjects and reflects the

samples that were available for testing. Sampla® wet available for all subjects
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at each time-point. Titres were highest in the Nodgitive samples of subjects treated with

Rebif. Of those testing positive, 50% of those @biRhad titres > 320 NU as compared to

only 31% of those treated with Betaferon and 11%o$e on Avonex.

Titre of positive Avonex Betaferon Rebif
samples n=242 n=115 n=292
<20 NU 92.6% 69.55% 65.4%
(negative) (224) (80) (191)
Total > 20 NU 7.4% 30.45% 34.6%
(positive) (18) (35) (101)
20 -99 NU 4.4 % (10) 13.9% (16) 11.0% (32)
100-320 NU 2.6% (6) 7.0% (8) 6.5% (19)
> 320 NU 0.9% (2) 9.6% (11) 17.1% (50)

Table 4-2 NAb status and titres per product
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4.3.3. NAb analysis by subject

Three hundred and twenty seven subjects were iadlud the study. Of these, 130
subjects (40%) were BAb positive and 89 (27%) sttbjevere NAb positive at anytime.
The risk of being NAb +ve at 12 months was: 8% fFh IM (Avonex), 39% IF§-1b
(Betaferon) and 33% IAN1a SC (Rebif), p<18 The risk at 24 months was 8% (Avonex),
31% (Betaferon) and 27% (Rebif) respectively, p8a.QFigure 4-1]. Only 4 subjects
(2.1%) who were NAb —ve at 24 months subsequergbaime NAb +ve in the follow up
period. There was no difference in NAb rates seemdmen (27% NAb +ve) or men (31%

NAb +ve) p=0.377.

60 -

56

50 BBab +ve

47.6
nab +ve 12 months

40
" Nab +ve 24 months

30

20 -

Avonex Betaferon Rebif All

Figure 4-1 Percentage of subjects who are BAb or NApositive
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4.3.4. NADb persistence.

As 23% of subjects had only one sample availabhiggsting they were excluded from
the analysis of NAb persistence. 251 subjects hd@ &r 24 month sample and a
follow up sample (greater than 3 years). Of th8desubjects were NAb +ve at either
12 or 24 months 61% remained NAb +ve at follow ong#én 4.3 years; 2-8 years), 39%
reverted to NAb —ve status. Of those receiving et 37.5% (9/24) reverted,

Avonex 50% (5/10) and 38% of those receiving Rdki®/50) [Table 4-3]. Most

subjects who reverted had titres < 100 NU and allenc 320 NU. The mean titre of

reverters was 85 (SD 79) vs 374 (SD 167), p < OQMese titres are illustrated in

Figure 4-2.
Avonex Betaferon Rebif
Persistent Neg 88.5% 44.5% 53.7%
Persistent Pos 5.8% 34.1% 28.7%
Reverters
% all subjects, 5.8% 20.5% 17.6%
(% NADb +ve subijects) (50%) (37.5%) (38%)

Table 4-3 Percentage of subjects who reverted to N¥negative status during follow up period
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Figure 4-2 Nab titres by product in reverters vs na-reverters
Mean and 95% CI of mean shown.
A = Avonex, B = Betaferon and R = Rebif
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4.3.5. Effect of NAbs on relapse rate

Medical notes were requested on all 327 subjedtsyhich 288 were available for
retrospective review. Reliable data regarding sdapates was available on 228 subjects,
32 % of whom had no documented relapses sincemess@itcommenced. Pre treatment
annualised relapse rate (ARR) was 1.53/year (rdngel2). The post treatment ARR was
0.55/year (range 0 — 5.9) for all subjects. The ARRIAb —ve subjects was 0.50 and was
0.67 in the NAb +ve cohort (chi-squared p=0.04)erEhwas a higher total number of
relapses in subjects who were persistently NAb invle follow up period as opposed to
those who tested positive on only one occasionramdrted to negative status (0.27 vs.
1.58 relapses, p < 0.0005). Of those who were deoted as relapse free (75 subjects), 61
(81.3%) were NAb —ve throughout, 11 (14.7%) werebNAve at any time and 3 (4%) were

persistently NAb +ve, all having Nab titres < 100.N

1.8 1
4 —— Mean RR all
1.6 .
1.53 subjects
1.4 1 ——RR Nab -ve
1.2 1
——RR Nab +ve
1 -
0.8 1 0.79
0.6 1 0.52 0.42 0.62
0.4 7 0.35
0.4 0.27
027 0.3 :
0
Pre IFN year 1 year 2 after 2 years

Figure 4-3 Relapse rates in subjects depending omAld status.
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The mean relapse rate during the first year ofameiwas 0.49 (range 0-3) and 0.35
(range 0-2) in the second year. The mean numbelases in the follow up period (i.e. >
2 years) was 0.62 range (0 — 6). NAb status at d2tins was not a predictor of relapses in
the following 12 months, relative risk 1.13 (95% @9 — 1.4, chi2 p=0.45), however NAb
status at 12 months was found to predict relapsetha period 2 years after treatment
commenced, relative risk 1.55 (95% CI 1.05 — 2p42).012). Similarly there was a strong
association between NAb status at 24 months ansesulent relapses (occurring after 24
month) relative risk 1.3 (95% CI 1.01 — 1.56 p=@)00 hus the effect of NAbs on relapse

rate lags behind their initial appearance.

The frequency of relapse was calculated with regazdhe actual NADb titre measured.
Titres were divided into NAb —ve, titre 0 — 19 Nldw positive 20-99 NU, moderate
positive 100 — 319 and high positive titre > 320 .NThe NAb status at 24 months
correlated with relapses. 27% of subjects whom wéAd —ve at 24 months had a
subsequent relapse during follow up as compareld 8206 of those with low positive,
62% of those with moderate positive titres and @8%mnose with titres > 320 [Figure 4-4].
This showed that subjects with higher titres (> NOD were at greater risk of relapse.
Higher relapse rates were also found in subjects wire persistently NAb +ve as
opposed to those who tested positive on only oasien and reverted to negative status,

0.27 vs. 1.58 (ANOVA, p<0.005).
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Figure 4-4 Percentage of subjects experiencing alapse depending on NAb titre

4.3.6. Side Effects

Charts were reviewed retrospectively for the preseor absence of side effects related
to IFNB therapy — including flu-like symptoms, skin reacs, and headache. Of the 238
NAb —ve subjects 135 had a record regarding sidectsf with 108 (46%) reporting
ongoing troublesome side effects. In the NAb +vieorbd (89 subjects) a record was found
in 56 subjects with 32 (36%) reporting troublesoside effects. Analysing those who
reported troublesome side effects (140) 113 (81%eviNAb negative and 27 (19%) NADb
positive. Reporting side effects was found to Ipeealictor of NADb -ve status (Pearson chi2

p= 0.046). Of the 51 subjects who reported an ajesen side effects 24 were NAb +ve
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and 27 NAb —ve. Evaluating side effects as a ptediof NAb status revealed that a
positive report has a specificity of 81% in ideyitig those who remained NAb negative,

but sensitivity of only 47%.

4.3.7. Treatment Cessation

Medical notes and the IFNtreatment database were reviewed to ascertairecsbj
treatment status at the time the review was coedu®ata was available for 310 cases. Of
these 196 were still on treatment, 91 had stoprdrnhent, 17 were lost to follow up and 6
had stopped in order to conceive. The 91 casesstbpped treatment included those who
switched to Copaxone® or Mitoxantrone due to fRieatment failure, persistent relapses
and those who met other criteria for treatment atems (EDSS > 6.5). Of those who
stopped treatment 42% were NADb +ve as compare@% & those continuing treatment,
however this difference was not significant p=G.5&imilarly correlating NAb status at
24 months with treatment cessation, no signifiagdifference in NAb status was found
between those who continued treatment and thosehatigtopped (22% NAb -ve vs. 29%

NAb +ve, p=.057).
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4.4. Conclusions

In this cohort of 327 subjects, 649 time pointsev@sted for BAbs and NAbs. The rate
of NADb positivity in our cohort reflects that ingtlpublished literature and further supports
the validity of the Luciferase reporter gene NAlsaas Rates quoted in other studies for
Avonex, Rebif and Betaferon are reported as ~ 2-6%44%, 25-47% respectively
(chapter 1) and depends on the sensitivity of #sapused [Rudic&t al 1998, Jacobest al
2000, PRISMS 1998, InterferghMS study group 1996, Franai$ al 2005, Bertolottcet
al 2002]. As samples were not available for all scigjeat each time-point analysis per
sample shows NAb frequencies at each time poirttwiaa dependent on the individuals
who had samples available. This accounts for tliferdnce in the NAb frequencies
reportedper sample as compared tper subject. Analysis of the dathy subject the risk of
being NAb +ve at 12 months was 8%, 33%, 39% (Avorebif, Betaferon) and at 24
months was 8%, 27%, 31%. These values are singlahdse published, showing that
Avonex is less immunogenic than the two high fremye higher dose preparations.
Betaferon appears to have the highest frequenciAdlls but the difference between
Betaferon and Rebif is small. Absolute NAb titresrev highest in those subjects treated
with Rebif, 50% of whom had titres >320 NU as congglato only 33% of those on
Betaferon and 11% of those treated with Avonex. Wistndies consider the two doses; 22
ng and 44ug of Rebif independently and have regdnigher NAb frequencies in the
Rebif 22 pg dose [Francist al. 2005]. In this cohort it was difficult to ascertairom
retrospective case note review which subjects neatbon 22 pg and if and when subjects
were switched to the higher dose. In view of time two doses were analysed together.
Only two subjects were BAb —ve and NAb +ve (botated with Rebif and NAbs < 100
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NU). This would suggest that in view of the lucése assay being both cost and time
efficient BAb screening is not essential prior tal\testing and that simple screening for
neutralising activity should be the first step.

Clinical information with regards to side effectaswonly available in 191 subjects. In
those where a record was made it was more likedy ttoublesome side effects were
reported (positive bias), this may account for lih& sensitivity. The predictive value of
side effects reflecting NAb negativity and the digant association found between NAbs
and side effects are useful when following a subjethe clinical setting but NAb testing
is still required to confirm this.

The pre-treatment relapse rate of 1.53/year wab hampared to the relapse rates
quoted in most clinical trials. This was due todbguidelines determining eligibility for
disease modifying therapy. Subjects in the UK ary deemed eligible for treatment with
a DMD if they have experienced 2 relapses in the previous 2 years. Due to tHis al
relapsing remitting subjects (88%) in this studyl lrabaseline annualised relapse rate
l/year. The apparent relapse rate reduction (28b/gverall) in relation to treatment may
over estimate the treatment effect as it is likebt all relapses were documented or
required medical review after therapy commencede hhatural history of MS is for
relapses to reduce overtime so regression to thennee also a factor to account for
reduction in relapse rates of the entire cohortbj&us who continued to relapse or
progress rapidly after starting IBNmay have been switched to either Copaxone or
Mitoxantrone during the first 2 years of treatmant were therefore excluded from the
analysis, biasing the cohort in favour of respoadar those with less severe disease. A

difference was found in the annualised relapses ratéhose who were persistently NAb —
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ve and those who were NAb +ve at any time (0.50\&7 p = 0.04). NAb +ve status at 12
and 24 months was significantly associated witlapsés after 24 months of treatment
showing the effect of NAbs on efficacy of IBNags behind the appearance of NAbs. This
has been described previously and may reflectahgth of time it takes for the biological
efficacy of Interferon-beta to be lost [Kappe$ al. 2005; Franciset al. 2005]. A
longitudinal MRI study, following 2 subjects whosdontinued treatment, has shown that
disease activity begins to increase 6 months afeatment has stopped and returns to
baseline ~ 10 months after treatment cessation gRiet al. 2000]. We have also shown
that higher NAD titres are associated with incrdassk of relapse.

Over 100 subjects had stopped treatment durindalt®v up period, many of whom
stopped due to disease progression. Those who éasistently active disease on IFEN
were considered for Copaxone or Mitoxantrone theras the medical notes did not
specify the reason in many cases all were considexgether. This may contribute to the
lack of association seen between NAb positivity aneltment cessation/failure. In
addition, patients who are destined to become Né&itpe have a greater reduction in
relapse rate than those who remain NAb negatitkdrfirst 6 months of starting treatment
[PRISMS 2001; Francigt al. 2005; Kapposet al. 2005, Sorensert al 2007] this
biological effect reduces the impact of NAbs orapske rate after 6 months of treatment
[Giovannoni and Goodman 2005]. The results in shigly would support implementation
of guidelines which recommend routine Nab testinghwhe view that persistent NAb

positivity is a herald of treatment failure andre&sed relapse rates.
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Chapter 5
Validation of a novel anti-Interferon beta antibody assay:

Correlation with induction of peripheral biomarkers
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5 Validation of a novel anti-Interferon beta antibo dy
assay. Correlation with induction of peripheral

biomarkers

5.1. Background

As previously discussed [chapter 1] IBFNilters the expression of several hundred
genes at the nuclear level and the downstream ptioduof MRNA and proteins. These
confer the anti-viral, anti-proliferative and imnamodulatory actions of IFfpl Many of
these can also be induced by other factors anthasenot specific markers of IFN activity.
Some however, have been identified as being relgtspecific to type 1 IFNs. Myxovirus
resistance protein A (MxA) is a good example o$ fideisenhammeet al. 2000; Pachner
at al. 2003 b]. Other useful biomarkers include 2-5 digenylate synthetase [Pachiaér
al. 2003 b], neopterin [Coolet al. 2001] B2-microglobulin [Franciset al. 2005] and
TRAIL (tumor necrosis factor apoptosis inducingalgl) [Wandingeret al. 2003;Gilli et
al. 2006], but these are not exclusively induced lgrferons. These have been used to
show that the presence of NAbs reduces the biogctd IFNB. Bertolotto et al have
shown that there is a significant rise in MXA mRN#d protein in response to IBN
administration and that this response is lost enpgtesence of NAbs [Bertolotad al. 2003;
Gilli et al. 2005, Hesset al. 2009]. In the case of MxA mRNA levels, this respe has
been shown to be maximal at 12 hours. Similarly M&CRG (1998) showed failure to
induce neopterin in the NAb positive cohort [Rudeekal. 1998]. This finding has also

been replicated in several other papers. Neutngliantibodies were measured in relation
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to induction off3-2 microglobulin and neopterin. In the presencéNabs failure to show
any significant response to IBNwas shown [Francigt al. 2005]. The second study
measured thén vivo response to IFBI by measuring pre and post dose levels of MxA
MRNA, neopterin andB,. microglobulin [Scagnolariet al. 2007]. Responses were
compared between NAb +ve and NAb —ve cohorts. Bothand post dose levels were
lower in NAb +ve subjects and a significant invecsgrelation was found between Nab
titre and pre dose levels in particular. They shibwvieat the steady state levels were

significantly suppressed in NAb +ve patients and titre dependent fashion.

Some Neurologists argue that some bioactivity mapieserved in patients with NAbs
despite lack of induction of MXA in response to [FFhhjection. The Danish group have
measured gene expression by gene chip analysiNAb -ve and 12 NAb +ve patients to
test that hypothesis. They were not able to dedéttrential expression of any of the
interferon (IFN) beta-regulated genes identifiedNiib -ve patients in the NAb +ve cohort,
thus suggesting no residual bioactivity [Hesdeal. 2009]. Other studies have shown
attenuation of the induction of TRAIL in respongelENB administration [Wandingeet

al. 2003; Gilli et al.2006].

Until the development of the Luciferase NAb assBgrfell et al. 2008; Farrell and
Lam et al. 2008] there has not been a readily available asste UK to measure NADbs.
To further validate this assay we sought to mealsiom@arker induction (MxA) in a cohort
of subjects with MS who were treated with IfFldnd use this to establish a “cut-off” or
NAD titre, determined by the Luciferase assay, laittvno detectable in vivo bioactivity of

IFNB is found. This would help develop better guidddifier interpretation of NAb results

171



using the luciferase assay and thus subsequeenhpatanagement. We anticipated that ~
25% of subjects recruited would have detectable $\Alut in only half of these the titre
would be significant, i.e. at a level that inhikite induction of the biomarkers. Patients on
Avonex were excluded because the vast majority 3%0)Pwould be NAb negative. By
measuring MxA before and after the administratibFdNp we would be able to quantify
the relative increase in each subject in respamsbke injection. In this way we correlated
the NAD titre with relative attenuation of biomarkesponse and thus defined a threshold

at which no IFN$ bioactivity is found.

5.2. Hypothesis

Peripheral biomarker induction after IBNadministration would be attenuated in a
predictable fashion in the presence of NAbs. Byngjéiang this we would determine the
titre (as measured by Luciferase reporter geneypssavhich partial and complete loss of

INFpB bioactivity is seen and thus generate improvedejures for clinical practice.
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5.3. Materials

5.3.1. Sample collection

Plastic venous blood tubes 8mL EDTA Hemogard®wies8.5mL Serum tube with
clot activator and gel for serum separation BD \faitier®, venepuncture kit, centrifuge,

sterile 1.5 mL microtubes Sarsdedt®.

5.3.2. Processing and storage

Centrifuge, sterile 1.5 mL microtubes Sarsdedt@rilst pipettes and tips, -80°C freezer

5.3.3. RNA preparation and quantification

PAXgene Blood RNA Tubes (cat. no. 762165), Ethaf@@-100%) for molecular
biology Sigma Aldrich®, Pipette2ul, 10 pL, 200 pL, 1000 pL, adjustable volume
pipettes - Eppendorf ReseafchSterile, aerosol-barrier, RNase-free pipette, tipd -
10uL, 200 puL, 1000uL (extralong) STARLAB® TipOne, Graduated cylind&€entrifuge,
Vortex mixer, micro-centrifuge, Incubator, Crushecde, Nanodrop™ 3.1 Thermo

Scientific.

5.3.4. Reverse transcription
High capacity cDNA reverse transcriptase kit (WRNase inhibitor) Applied

Biosystems™ cat#t 4374966, Nuclease free water, 0.2ml 8 Strip PCResu Individual
attached domed caps STARLAB®, thermal cycler, nuendrifuge, pipettes and tips as

before.

173



5.3.5. PCR
TagMan Universal master mix Applied Biosystems™ ¢&4304437, ABI gene

expression kit MxA and GAPDH, MicroAmp® Optical 98ell Reaction Plate Applied
Biosystems™ #4316813, Optical adhesive cover AgplBiosystems™ #4311971,
Assays-on-demand™ Gene expression products; Mxdy agdHs00182073_m1, GAPDH

assay id Hs99999905 m1 Applied Biosystems™, Nuelé&e water, Tagman 7500 Real-

Time PCR system Applied Biosystems™,
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5.4. Methods

54.1. Subjects

Previous evaluation of subjects attending the NHNéMealed that ~ 25% of subjects
treated with Rebif or Betaferon were NAb positiXAb frequency in subjects treated with
Avonex are < 8 % using the Luciferase assay, theiglacted to exclude those treated with
Avonex to enrich the capture of NAb +ve subject$.tlibse who were NAb +ve, the
majority had low positive titres < 100 NU (~ 50%)daanother ~ 40% had high positive
titres > 320 NU. Other groups have also shown that0% of subjects have some
neutralising activity but do not reach the 20 NU-afi. It was estimated that by recruiting
150 subjects we would have ~ 50 subjects who woeldNBb positive, with sufficient
numbers of low to moderate titres to establish taoffulevel. Ethical approval to conduct
the study was awarded in all sites prior to reamaitt and subjects with MS treated with
either Rebif or Betaferon, who regularly attendad bne of several sites including the
National Hospital for Neurology and NeurosurgenH(WN), Barts and the London NHS
Trust, Basildon hospital, Southend hospital andT8bmas’ hospital were recruited.
Recruitment began in July 2008 and was stoppearnaly 2010 when 144 subjects had
completed the study. Recruitment was stopped bdfedesubjects had been identified due

to time and financial constraints related to cortiptethe project.
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5.4.2. Samples

Blood samples were obtained on the day thafliRduld be administered and again 12
hours after injection. Each day 4 PAXgene® tubeg,85 mL serum tube and 1 x 8 ml
EDTA tube were taken. PAXgene® tubes were usedhsure the stability of mRNA for
storage and future use. These have been commengdiliated and shown to protect RNA
molecules from degradation by RNases and also mseBnfurther gene expression
(www.preanalytix.com). Each PAXgene tube allowslemlon of 2.5 mLs of blood and
should yield approximatelyu 8 RNA (eluted in 80L). The PAXgene tubes were kept at
room temperature for a minimum of 2 hours and veefesequently frozen at minus 80°C
until use. A whole blood sample was aliqouted frtdme EDTA tube, the serum and
remaining EDTA tubes were centrifuged for 10 misuaé 3000 rpm and serum and plasma
aliquots were taken and frozen at -80°C until Udeof the samples were processed and
stored at the Blizard Institute of Cell and MolexmuGcience, Barts and The London School

of Medicine and Dentistry.

5.4.3. Neutralising Antibody Quantification

Pre and post injection samples were tested for NAlrsg the Luciferase NAb assay in
the neuroimmunology laboratory as described in wvaf. Titres were expressed in

Neutralising Units (NU).
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5.4.4. MxA quantification

5.4.4.1. RNA extraction and purification

Two Paxgene® tubes taken prior to I-hhjection and two taken 12 hours post [FN
injection were used to extract and purify mRNA fraach participant. Extraction was
performed as using the PreAnalytix PAXgene BloodARBystem and following the
manual extraction protocol. In brief the PAXgen®®l RNA Tubes were centrifuged for
10 minutes at 3000 x g. The supernatant was detame 2 mLs RNase-free water was
added to each tube. The two PAXgene tubes fronsdinee time point were combined at
this stage creating a 4mL volume in one tube. flibe was closed using a fresh secondary
BD Haemogard closure. The sample was vortexed thwilpellet was visibly dissolved,
and was centrifuged for another 10 minutes at 3@Q)0khe supernatant was decanted and
350uL of buffer (BR1) was added. This was vortexed Iuhe pellet was visibly dissolved

and the sample was pipetted into a 1.5 ml micragage tube.

To this 300uL of buffer (BR2) and 4QL of proteinase K were added. This was mixed
and incubated for 10 minutes at 55°C. The lysate pipetted directly into the PAXgene
shredder spin column, placed in a 2 ml processibg,tand centrifuged for 3 minutes. The
entire supernatant of the flow-through was tramstennto a fresh tube and 3%@Q of
ethanol (96-100%) was added. This was mixed aneéddd aliquots to the PAXgene
RNA spin column which was centrifuged for 1 minwte 8000-20,000 x g. The flow

through was discarded and the column placed ima2nml processing tube.

At this stage the mRNA was bound to the column thiedfollowing steps are to purify

and elute the mRNA. 350L of buffer (BR3) was added into the PAXgene RNA
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spin column and centrifuged for 1 minute. The spatumn was placed in a new 2 mi
processing tube. For each spin columnulLG®f DNase stock solution was added toudO
buffer RDD and mixed before adding 8Q to each column. This was incubated at room
temperature (20-30°C) for 15 minutes. A further 3h0of buffer (BR3) was added into
the spin column, and centrifuged for 1 minute @®€0,000 x g, the old processing tube
and flow-through was discarded. 500 of buffer (BR4 — containing ethanol) was then
added and the spin column centrifuged for 1 minAtether 500uL of buffer (BR4) was

added and centrifuged for 3 minutes.

Finally the mRNA was eluted by pipetting 4Q of elution buffer BR5 directly onto
the PAXgene RNA spin column membrane. Again this wantrifuged for 1 minute at
8000-20,000 x g and the step repeated with andib@t of buffer BR5 to generate an
elution volume of 8QuL. The eluate was incubated at 65°C for 5 minuted samples

immediately chilled on ice.

5.4.4.2. Reverse transcription (CDNA)

RNA was quantified using the Nanodrop™ 3.1. Theliguaf the RNA material was
monitored by recording the OD ratio 230:260 and:280. Samples with values 1.9 — 2.1
were consided of good quality however all samplesewused to generate cDNA. Most
extracts contained > 30 nd/ of RNA and thus all samples were diluted in naske free
water to a standard concentration oft@OnL. Master mix was prepared as described in
Table 5-1. The master mix (6,8) was added to the 042 microtube and 13.2L of
template RNA was added to each individual tube. Miaster mix / RNA template
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mixture (20uL per reaction) was incubated using the thermalimgaonditions described

in Table 5-2. The cDNA was stored at -80°C unté.us

Component Volume / Reaction
10 x RT Buffer 2ul

25 x dNTP Mix (100mM) 0.8L

10 x RT Random Primers i

Multiscribe Reverse Transcriptase pl

Rnase Inhibitor L

Total Volume 6.8uL

Table 5-1 Components of Master Mix for reverse traacription

Step 1 Step 2 Step 3
Temperature °C 25°C 37°C 85 °C
Time 10 min 120 min 5 sec

Step 4
4°C

Table 5-2 Thermal cycling conditions for reverse tanscription

5.4.5. Standard Curve

To generate a standard curve of MxA and GAPDH && m the PCR, HL-116 (ISRE-

Luc) cells were stimulated overnight with IBNLa (Avonex), 1000 IU/mL which was

added to DMEM in which cells were cultured. Thels@ere harvested and pelleted and

resuspended into 2 mLs HBSS. This was added toXX3@Ae tube for extraction of RNA
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and cDNA generation as described above.

5.45.1. PCR

Real time PCR was used to quantify MxA [Bertolottoal. 2007] gene expression in
response to administration of IBNReal time PCR reactions are characterised bypaire
in time at which amplification of a target is firdetected rather than the total amount
accumulated at the end of the PCR run. Five séilisions of cDNA generated from IFN
stimulated HL-116 cells were prepared to generaith IMXA and GAPDH standard
curves. Values were attributed to each standaracaordance with the amount of RNA
which was used to generate cDNA (100, 10, 1, OdLG6@1 ng). Fresh master mix for (i)
MxA and (ii) GAPDH reactions were prepared usinglldagman Universal Master Mix,
8 uL molecular grade water andull of ABI gene expression mix (either MxA or
GAPDH), 19uL of master mix added to each well in the reacfate. Half of the wells
contained master mix to detect MxA and the othdfrfoa GAPDH. To each well L of
template cDNA was added. The plate was loadedtioragman® 7500 system and the

PCR was run with the following conditions;

2 minutes at 50°C + 10 minutes at 95°C + [15 sec @°C + 60 sec @ 60°C] x 40 cycles

After the run was completed samples were analyssdguthe SDS programme

(Tagman® 7500).
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1 2 3 4 5 6 7 8 9 10 11 12
A S1 S1| S2] S2] S3 S3 SA4 S4 85 §5 NTC NTC
B U U U U U U U U U U U U
C U U U U U U U U U U U U
D U U U U U U U U U U U U
U U U U U U U U U U U U
U U U U U U U U U U U U
U U U U U U U U U U U U
S1|S1| S2| S2] S3 S3 SA S4 S5 $5 NTC NTC

Figure 5-1 PCR plate layout.
Wells A-D (Green) MxA , wells E-H (Red) GAPDH
S — standard, NCT — negative control, U —unknown saple

5.4.6. Analysis of PCR results

The assay was validated by standardising the stdraave obtained for MxA. The
position of the threshold line was set at the pwihere the highest MxA standard (S1 100
ng RNA) crossed the vertical line denoting thd" 2§cle. The MxA standard curve was
automatically generated where the slope was optonat -3.3 (-3.0 to -3.6) with the y
intercept at 24.5 to 25.0. Similarly the GAPDH stard curve was generated where the
slope was optimised at -3.3 (-3.0 to -3.6) with thentercept at 15.5 to 16.0. Relative
quantification of the expression of MxA and GAPDHathus calculated. The relative
amount of MxA induction in each individual was adbted by dividing the amount of
MxA detected by the amount of GAPDH in the same@aniariation in RNA extraction
and efficiency of reverse transcription were conga¢ed for in this was by normalising all

MxA values to GAPDH and then calculating the diéiece between the amount of MxA in
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pre IFN3 administration sample and the post dose sample.

MxA pre/GAPDH pre = corrected MxA level pre IFNp administration

MxA post /GAPDH post = corrected MxA level post IFN$ administration

MxA corr post — MxA corr pre = MxA induction in res ponse to IFN3 administration
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5.5. Statistical Analysis

The Student T test was used to determine diffeebedween baseline demographics
of participants. ANOVA was used to compare meanBlAb groups and non-parametric
tests i.e., Mann-Whitney U test, Kruskal-Wallisttesth post Dunn correction for multiple
comparison and Spearman correlation were perfonviezte appropriate using GraphPad
Prism version 4.00 for Windows (GraphPad Softwesan Diego California USA,

www.graphpad.com).
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5.6. Results

5.6.1. Demographics
144 subjects were recruited into the study. Ofal#k were female (64%) and 53 male

(36%). Of those included 19 were treated with Reliug TTW, 89 were treated with
Rebif® 44ug TTW and 36 with Betaferon® 25@) EOD. Of the 144 sets of samples, 132
had complete and valid NAb and MxA / GAPDH resulthe average timing of the post
IFNB administration sample was 12.6 hours (range 18 kadlrs). Baseline characteristics
of participants are given below [ Table 5-3]. Thexere significantly more females
recruited than males, in keeping with the sex ithistion of MS, and the age at recruitment,
duration of treatment and post treatment annualiskghse rates were higher in the female

cohort. Females were also more likely to report sffects.

Female Male
Sex

n =91 (64%) n =53 (36%)
Age (at recruitment) 45.6 (27 — 65) 41.6 (19 -61) p< 0.001
Duration  of  disease ;5 4 (1 _ g3g) 8.9 (1- 23) p< 0.001
(years
Years on treatment 6.68 (0.6 — 22) 5.7 (1 -15) p< 0.001
Annualised relapse rate
post treatment 0.32(0-3) 0.44 (0 -1.67) p< 0.001
Side effects reported 76% 68% p< 0.001
NAb negative 66 (72%) 30 (57%)
Neutralising activity (> 5 25 ( 28%) 23 (43%)

NU)

Table 5-3 Demographics of participants
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5.6.2. NAb frequency per product

Of the 144 subjects who took part 138 had valid Nédwults at the time of submission.
As predicted approximately one in every four pgvaats were NAb positive (titre > 20
NU, 24.8 %) and a further 8 % (n=11) had evidencsub-threshold neutralising activity
(titres 5 — 19 NU). The number of NAb positive ®dig was different depending on which
product they were treated with [Table 5-4]. Sulgdotated with Betaferon had the highest
frequency of NAbs (42%) as compared with Rebiii@Z32%) and Rebif 449 (25%).
There was no significant difference in NAb titret@ibed when testing the pre or post [FN

administration samples (t test p = 0.643).

No Neutralising

Nab negative neutralisin activit Titre Titre Titre Titre
<20 ralsing y 5-19  20-99 100-600 > 600
activity >5NU

Rebif 22 13 13 6 0 4 1 1
n=19 (68%) (68%) (32%) (0%) (21%)  (5%) (5%)
Rebif 44 67 59 24 8 5 4 7
n=84 (79%) (70%) (30%) (10%) (6%) (5%) (8%)
Betaferon 22 18 17 4 3 10 0
n=35 (63%) (51%) (49%) (11%) (9%) (29%) (0%)
Total 102 90 47 12 12 15 8
n=138 (73%) (65%) (35%) (8.7%) (9%) (11%) (6%)

Table 5-4 Nab status depending on product.
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5.6.3. MxA induction

MxA was measured by generating a standard curve fifeNp stimulated HL-116
cells. Arbitrary values of 100, 10, 1, 0.1 and OwHdre assigned to each point on the curve.
The MxA level for each sample was thus calculatétth weference to the standard curve
and normalised to GAPDH. The MxA level pre and plb3Xp administration and the

difference (MxA induction) were calculated. Datallsstrated in Figure 5-2.

Baseline MxA: Mean baseline levels of MxA expression pre pFatiministration in
NADb titre group were; NAb negative 778.4 (95% CB&3), NAb 5 — 19 NU 624 (95%
Cl 442 — 805), NAb 20-99 NU 555 (95% CI 242 — 868Ab 100 — 600 NU 390 (95% ClI
20 — 659) and NAb >600 NU 44.75 (95% CI 12 — 7He MxA value at baseline in the

NAb > 600 NU group was significantly different tth ather groups (ANOVA p < 0.001).

MxA post dose: Mean MxA level post IFR administration was also calculated; NAb
negative 2330 (95% CI 1940 — 2719), NAb 5 — 19 N883.(95% CI 1335 — 2431), NAb
20 — 99 NU 1533 (95% CI 741 — 2324), NAb 100 — 60 832 (186 — 1478) and NADb >
600 NU 101 (95% CI 0 — 224). The MxA value 12 hopost IFN3 administration in the
NAb 100 — 600 NU and > 600 NU group were signifibaulifferent to all other groups

(ANOVA p = 0.0014).

MxA induction: Mean induction of MxA in each group was; NAb negatli762 (95%
Cl 1411 — 2113), NAb 5 — 19 NU 1259 (95% CI 764754), NAb 20 — 99 NU 1168 (569
— 1768), NAb 100 — 600 NU 442 (95% CI 0 — 885), NABOO NU 46 (95% CI 0 — 128).

MxA induction was lower in the NAb 100- 600 NU amdAb > 600 NU groups as
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compared with the lower NAb + and NAb negative g®op=0.0012, p < 0.0001). [Table

5-5, Figure 5-2].

Mean Mxa Nab Tirte 5-19  Titre 20 -99 e 100 - 10 600
negative 600

Pre dose 778 624 555 390 45

Post dose

(12hrs) 2330 1883 1533 832 101

MXxA 1762 1259 1168 442 46

induction

Table 5-5 Mean values of MxA pre and post IFIf administration and MxA induction
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Log ;; MxA level

Log ¢ MxA level pre IFN injection
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Figure 5-2 Scatterplot of Log;q MXA level dependent on NAb group

Mean and 95% CI shown. A. MxA level in each subjecbefore IFNB administration. B. MxA level post

IFN B administration. MxA levels at baseline andpost ijection value were significantly different in the
NAbs > 600 NU group as compared with the other grqas.
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Figure 5-3 Scatterplot of Log;o MXA induction in each subject depending on NAD tre.
Mean and 95% CI shown. MxA induction levels wereignificantly different in the NAbs 100 — 600 NU
and > 600 NU group as compared with the other grqs.

5.6.3.1. MXxA induction post IFN B administration.

To assess whether there was a difference in Mxporese and inhibition by NAbs in
all treatment groups, samples were divided intaugsoby product — Rebif 28, Rebif 44
ug and Betaferon. The diffence in MxA level afteNPinjection is illustrated in Figure 5-
3. Regarding the post injection sample significdiffierences were found in MxA level

between the NAb negative and NAb positive (>20 Mdhorts (Mann Whitney test) in

each product group.
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Figure 5-4 Scatterplot of Log, MxA level post IFNB administration.
Mean and 95% CI depicted, significant differences wre found between NAb positive and NAb
negative subjects in each treatment group.
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5.6.4. MxA expression in relation to NAD titre

In subjects with any neutralising activity (i.etréi > 5 NU, n = 49) NAb titre was
negatively correlated with MxA level at baselinespIFN3 administration and also MxA
induction [Figure 5-5].. In subjects with NAb titee— 19 NU (n = 12) a correlation existed
with baseline MxA level (spearman r = -0.69, p<@.DPMXA post injection (spearman r =
- 0.74, p < 0.0001) and MxA induction (spearman f 6.70, p< 0.0001) Similarly in
subjects with clinically defined NAb +ve titres i. NAb titre > 20 NU, n = 37) a
correlation existed between titre and baseline Mevel (spearman r = -0.72, p<0.0001),
MxA post injection (spearman r = - 0.79, p < 0.00add MxA induction (spearman r = -
0.67, p = 0.0004) [Figure 5-6]. This indicated tihN&b titre is an accurate predictor of
MxA level either pre or post IHNadministration and confirms a titre (dose) depende
suppresson of MxA induction in the presence of NAllsing a ROC analysis of Log
MxA post and Nabs the sensitivity and specificiy keing NAb negative setting the
threshold at Logo MxA > 2 (ie MxA >100) is sensitivity 98 % & spéitity 86% (area
under curve 0.951 and p<0.0001). Adjusting thesthoéd to Logo MXA > 2.5 (ie MxA =
316) as a cut point, the sensitivity remains 99 specificity falls to 84%. Therefore a
single post dose sample would be sufficient to iptd&Np bioactivity in clinical practice;

provided the subject injected themself with biozetiFNB
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Figure 5-5 Correlation of NAb titre (sample > 5 NU)with MxA level.
Pre IFNB injection, B. Post IFNB injection and C. MxA induction
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Figure 5-6 Correlation of NAb titre (samples > 20 NJ) with MxA level.
A. Pre IFNB injection, B. Post IFNB injection and C. MxA induction
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5.7. Discussion

The effect of NAbs at a group level is generallylwaderstood and has been shown to
be associated with increased relapse rates anebs®d disease activity on MRI. What this
means however for the individual with NAbs had remed somewhat unclear. Other
groups [Sominandat al. 2008] have shown a titre dependent loss of MxAuatin after
IFNB administration in subjects with NAbs. In this wdhe luciferase NAb assay was used
to determine NAb status and MxA expression at lr@sednd after IFIR administration
was quantified. We have found that there is a alearelation between NAD titre and MxA
level in both the pre injection and 12 hours pogtdtion samples. The post dose MxA
level had the best correlation with NAb titre amgrefore could be a useful adjunct in
clinical practice to predict IFplbioactivity. Those with low positive NAbs < 100UNdid
not show significant loss of bioactivity (as measlby MxA) as compared with those with
titres 100 - 600 NU whom experienced a reductiomaiivity and those > 600 NU who
showed little / no response to IBMdministration (mean post dose MxA expression 101,
95% CI 0 — 224). These results were consistenhasd treated with either IfNLa SC
(both 22 and 44g doses) or IFR 1b SC. There was no significant difference in NAie
obtained in samples before or after [Fihjection and thus a single 12 hour post dose
sample would suffice to assess both NAbs and Mxgression. Those with NAbs > 600
NU show significant loss of biological effect artbse with NAbs 100 — 600 NU should
have MxA expression measured to assess bioactivtgresent it is difficult to determine
an exact NADb titre at which one can predict witB5% both sensitivity and specificity that
there is no biological response due to the smathbars of subjects who were in this

category. However using the mean MxA levels postiplFadministration it is
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apparent that a good response is inferred by & 3¥%¥600. If the value is lower than this it
probably represents abrogated in vivo bioactivitg @ sample should be repeated 6 — 12
weeks later to reassess response. In those witlifisagtly reduced MxA response and
persistently positive NAbs consideration shouldddeen to changing to an alternative

treatment.

A further consensus paper from the members of tABINMS consortium will be
published in the near future and their recommendatiare that patients doing well
clinically, NAb and/or MxA bioactivity assessmergBould be performed. In those with
sustained high titer NAbs and/or lack of MxA biasity switching to a non-IFIf therapy
should be considered. In patients with intermeddisease activity, continuation of IBN
therapy could be considered in NAb negative pagienhereas high NAb titers and/or lack
of MxA bioactivity should suggest a switch to a A&MNpP. Patients who are clinically
failing therapy should have a change in treatmeaspective of NAb or MxA bioactivity
outcomes. The data generated from our study higislithis grey zone and the need for a

personalised approach to managing NAbs in peogle woderate NAD titres.
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Chapter 6

Evolution of the anti-IFNB antibody response
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6 Evolution of the anti-IFN B antibody response

6.1. Background

As biological products are known to provoke thedoition of anti-drug antibodies we
sought to understand the maturation process obadigs to IFN and thus provide
insights into prevention or treatment of NAbs. iAotlies (immunoglobulins) form the
major component of the humoral immune responsejirgeito protect the extracellular
component. They serve two main purposes (i) to Bimecifically to molecules from the
antigen that elicited the response, (ii) to recceils and molecules to destroy the antigen
(pathogen) once antibody is bound to it. The imnglmloulin molecule is produced by B
cells and consists of four polypeptide chains -heavy and two light chains, forming a Y
shaped structure. Together the light and heavynshfarm two antigen binding sites at the
tips of the Y. Each molecule has a constant re¢i®megion) which determines its class
and a variable region (V region) which determirtesantigen specificity. After a B cell is
exposed to antigen it must express a receptor wiitthbind this antigen, as the cells
proliferate they undergo somatic hyper-mutatiorth@ variable region genes to improve
specificity (clonal selection). The stronger thading the more likely it is that the B cell
clone will survive and proliferate — also calledfitaity maturation”. Affinity maturation
describes the process by which selection of thiadiies with the highest affinity for an
antigen occurs.

There are five human immunoglobulin isotypes — Id§, IgD, IgE and IgA, which

are specialised to activate different immune effeanechanisms. The environment
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determines the specific antibodies that are pradluégM is always the first antibody
produced in a humoral immune response and is ofdifiwity. Thus class switching to an
antibody of higher affinity; 19G, IgA and IgE, oasushortly after the initial response. I1gG
is the principal isotype in the blood and extradall fluid, whereas IgA is abundant in
secretions — mucous epithelium. IgE is bound avidiyreceptors on mast cells but is in
low volume in the blood. IgG and IgA can also beidkd into subclasses; 1gG (IgG1,
[gG2, IgG3 and 1gG4) and IgA (IgAl, IgA2) that diff in structure based on unique
sequences in their heavy chain constant regionke#ithy individuals, the proportion of
each subclass is maintained within relatively narranges; 1lgG1, 60-65%; 19G2, 20—
25%; 19gG3, 5-10%; 1gG4, 3-6% [French and Harris®34]. However, in an antigen
specific response, the distribution of IgG subdaassliffers from their proportions in
normal sera. This IgG distribution depends in pantthe nature of the antigen, with
proteins generally eliciting IgG1 and IgG3 subodssswhile 1gG2 predominates in
responses against carbohydrates [Ferrenét. 1990; Sibeeet al. 1980]. Immune responses
with substantial IL-4 production (Th2 cytokinesyué in IgG4 induction, whilst IFiNand

IL-10 induce the production of 1gG2 and IgG1l/IgG8spectively [Briereet al. 1994;

Kawano and Noma 1996]. Type | interferons inducel@Lsecretion by PBMCs which

enhances proliferation and immunoglobulin producty B cells [Roussedt al. 1992].
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6.2. Oligoclonal Antibody response

Oligoclonal bands are discrete bands of immunodiobu with decreased
electrophoretic mobility which may be detected hie serum or CSF in response to any
process which generates an immune reaction sucimfestion (e.g. measles, herpes
simples), autoimmunity (e.g. lupus cerebritis), plasia (e.g. paraneoplastic syndromes).
When the source is systemic these antibodies thesislood brain barrier and may also be
detected in the CSF. Bands may be detected byeidoiel focusing or agarose gel
electrophoresis, which separate proteins of diffedarge and sizeEfror! Reference
source not found]. By using these methods we can see evidence (pbly) specific

humoral immune response to the antigen in question.

Isoelectric focusing

O ©

PH | pi @

Basic

Distance in Gel

Anode + Cathode -

Figure 6-1 Schematic of isoelectric focusing

The motion of a protein as it approaches it’s isoettric point (pl). The pH gradient and motion
of the protein are controlled by the electric field At a pH lower than pl the protein is
positively charged (+) and moves towards the Cath@&d Above the pl the protein is negativelt
charged (-) and moves towards the Anode. There iorelectrical force at the pl.
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6.2.1. Antibodies to IFN B

The antibodies generated against s with the majority of protein based biological
products, are generally of the 1gG isotype. Thesecanflicting reports in the literature as
to which 1gG subclass predominates. In one studypatients treated with IHN1b who
developed NAbs, IgG2 and IgG4 were found to occarenfrequently than in patients with
only BAbs (30% vs. 3%p = 0.05, and 55% vs. 18%,= 0.003, respectively). The NAb
titre correlated strongly with the 1gG4 titne 0.53,p = 0.02) [Deisenhammeaeat al. 2001].
Another group reported that the IgG subclass degebioth IFNS product administered and
was predominantly IgG1 and 1gG3 within the firstrtdnths of treatment followed by a
progressive decline, while IgG4 levels increased p@aked later after 24 months [Gibbs
and Oger 2007]. Regardless of the treatment redeNAb +ve patients had higher levels
of IgG4 subclass-specific antibodies than NAb —a@gnts. These studies suggest that as a
result of a high protein therapy (especially thggene to aggregation) the antibody
response to IFBl matures over time with increased IgG4 fractiond amy develop a

mono or oligoclonal response to specific [Fépitopes.

6.2.2. Immunoblotting

This technique was initially used to investigatetigen specific oligoclonal
immunoglobulin G patterns in subacute sclerosingepaephalitis and herpes simplex
encephalitis [Moyleet al. 1984]. It makes use of the affinity maturation ggss which

selects a few highly specific clones which recogriigee antigen in question. Thus by using
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isoelectric focusing to separate the protein bahdse antibodies can be transferred by
passive blotting onto a membrane impregnated Wwgghaintigen in question and can then be
detected immunologically. If the response to AB specific, one would expect that one or
a few high affinity clones would emerge and be detale as mono / oligoclonal bands on

immunoblots.

Hypothesis

The aim of this chapter was to:

1. Explore the hypothesis of affinity maturation oethnti-IFN3 antibody response
and determine if the anti-IHNantibody response is oligoclonal using iso-electri

focusing and immunoblotting techniques.

2. Quantify the 1gG subtypes in NAb +ve and BAb +venpées and evaluate the role

of IgG4 in neutralising activity by subtracting IgGraction from sera and re-

evaluating neutralising capacity.
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6.3. High Affinity immunoblot

[This method was developed by Dr Miles Chapman ag¢ pf his doctoral thesis
[Chapman et al 2006]. All blots were performed with Dr Miles Chapn-

Neuroimmunology Dept, Institute of Neurology, Lomdlo

6.3.1. Materials

Ultrabind 450 membrane (Gelman, UK), IFN albumin-free protein (courtesy of Ed
Croze, Schering) IFptlb stock (Betaferon® Bayer-Schering), 0.9% Sali@g sodium
chloride (Sigma) in 1 L de-ionised water), trizivase (Sigma) , non-fat dry milk powder
(skimmed milk), 0.05M sulphuric acid, 1 M sodiumdngxide, methanol, Goat anti-
human IgG (Diasorin), Rabbit anti-goat 1gG- HRPnjogate (Dako), 3-amino-9-
ethylcarbazole (Sigma), ethanol, acetate buffeydrdgen peroxide, mouse monoclonal
anti-human IFN8 #B-02 Yamasa SAM-260871-1, polypropylene univeiSail tubes
(Sarstedt), slow rocker (Stuart), electrophoresiskt(GE Healthcare), blotting paper

(Hollingsworth and Vose), scalpel blade.

6.3.2. Methods

6.3.2.1. Coating the membrane

Ultrabind 450 membrane (Gelman, UK) 8cm x 4cm (39cwas coated with IFp

solution (5ug/crh = 160ug of IFN in 11 mis 0.9% saline) and placed in a dry
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polypropelene universal tube. This was sealed daced on a slow rocker overnight at
4°C. The following morning the saline was decardad the membrane washed twice in
tap water. This was blocked in 50mL of 0.9% sakf&/skimmed milk/1% TRIS for at

least 1 hour. The blocking solution was decanteditae membrane washed in saline and

allowed to air dry. These could be frozen in aesgglastic bag at -20°C for up to a week.

6.3.2.2. Isoelectric focusing

The prepared gel was allowed to equilibrate to raemperature. The electrophoresis
tank (GE Healthcare) was coupled to a circulatiragewcooler at 12°C. This was started ~
30 minutes before focusing was run to reach tentperaWicks of blotting paper had been
prepared; one was soaked in 0.05 M sulphuric auidtlae other in 1 M sodium hydroxide.
The cooling plate was coated with ~ 1ml of 50 % raetiV/50 % water solution prior to
placing the gel onto it to ensure an airtight sestlveen the gelbond and the plate. Excess
methanol was blotted away with dry tissue. The sdgethe gel were trimmed using a
scalpel blade to remove any “meniscus effect”. Awpligation foil was laid on the gel
approximately 3cm from the bottom edge of the gais was pressed firmly onto the gel
to ensure an airtight seal so that when samples amgplied they would not be drawn away
from the wells. Samples were diluted 1:100 in de@sed water and applied from right to
left. Blank wells were filled with deionised watélihe wicks were then placed on the gel;
the sulphuric acid-soaked wick at the anode andstitkum hydroxide-soaked wick at the
cathode. Paper towels were placed at the edgée gfd to absorb any moisture generated.

The electrodes were secured in place using scrampd and those on the glass plate

were adjusted so the wire ran along the centré@fntick. The leads from the electrodes
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were connected and the lid of the apparatus pytidane. The gel was run at 800 volts,
maximum 150 watts and 20 mA for 900 volt hours. iBgithe run a pause was made to

remove the application foil, replace the soakedtinlgp paper and remove any moisture.

6.3.2.3. Blotting the gel

After IEF of samples was complete the blotting paped wicks were discarded.
Excess water was removed with nitrocellulose. A fmeme either pre-impregnated with
IFNB or only with block (as control) was then placedtba gel, ensuring no air bubbles
were trapped. Once in place 6 sheets of blottilgepavere placed on top, followed by a

glass plate and 1kg weight, for 10 minutes.

6.3.2.4. Development of the membrane

A 1:1000 dilution of goat anti-human IgG was mageadding 25uL of the antibody to
25 mis of 0.2% milk in 0.9% saline. The membranes wamersed in this and incubated,
covered, overnight at 4°C on a slow rocker. Thiovahg day the membrane was washed
six times with 0.01% Tween/0.2 % milk/0.9 % salifi®ke membrane was then incubated
with 25 ml rabbit anti-goat IgG- HRP conjugate (¢#d 1:1000 in 0.2 % milk/0.9 %
saline) for 2 hours and visualised using ethylammambazole (5@g of 3-amino-9-
ethylcarbazole (Sigma)) dissolved in 20ml etha@a®Dml working strength acetate buffer
and 100uL 30% v/v hydrogen peroxide added befoe. ihe membrane was developed
for at least 10 minutes after which it was remowedshed in tap water to prevent further

colour development and dried between two shedtdotting paper under a hairdryer.
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6.3.3. Sample identification

10 samples were identified from 8 subjects, whiell bbeen screened for BAbs and

NADbs. The first set of 5 sera consisted sampleshvivere high BAb +ve / NAb +ve. The

second set of 5 sera were included one which was B&/NAb -ve , one BAb +ve/NAD -

ve and 3 BAb +ve / NAb +ve of different titres frahre same individual. Six subjects were

treated with Rebif® and two with Betaferon®. Theuks of BAb and NAb testing and

immunoblot of patient sera are shown [Table 6-1iguFe 6-1].

Sample no Product Patient no BAD titre NAD titre
724 R 1 234 >2560
876 B 2 132 >2560
888 R 3 165 2435
893 B 4 197 >2560
964 R 5 126 3550
3751 R 6 <3 negative
5202 R 7 8 37

2733 R 8 21 56

3737 R 8 64 785
3486 R 8 265 >2560

Table 6-1 Patient samples used in immunoblots
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Oligoclonal bands

Figure 6-2 Immunoblot of patient sera (1)

A. Patient sera. Note bands in far left sample.

B. Blot using antigen free membrane

C. Blot with IFN p impregnated membrane — no bands visable
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6.4. Results

On three occasions blots were performed with mmodifications to the method as
follows;

The initial immunoblot [Figure 6-3] was performedsing commercial IFR
(Betaferon®) and samples 1-5 (all high positive Al his showed a polyclonal response
with no clear band(s) of anti-IfNantibodies. The blot was repeated in the samewitdy
samples 6-10 using albumin free IFNbut the result was similar and no clear clonal
response was found in the sera and no bindinggdRNB protein was detected [Figure
6-4]. This was repeated (blot not shown) but agiihnot detect an oligoclonal pattern in
NAb sera or any binding to the IBNbrotein.

These results suggest that either the antibodynrsgpto IFN is polyclonal or that the
method with which we tried to show an oligoclonesponse is not sufficiently optimised
or sensitive. The commercial product of [FMontains albumin which may encourage
aggregation and interfere with the binding of fFidolecules to the membrane. IFMNself
is highly prone to aggregation in high concentratic>250g/ml) thus limiting the
concentration we could impregnate the membrane. Withiew of this the experiment was
repeated using albumin-free protein; however, ggiohal response was still detected. The
method was further altered to focus the patiergsa $n duplicate and blot directly to the
membrane. One copy was blotted onto a membranehwias coated with IFplwhich

would bind to any adherent anti-IBNwntibodies, however no binding was detected.
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Figure 6-3 Immunoblot patient sera (II)
A. Focused sera of IFI§ treated patients with known high positive NAbs
B. Immunoblot with membrane impregnated with commecial IFN B (Betaferon®)

C. Blot using an antigen free membrane (control)
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Figure 6-4 Immunoblot of patient sera (lll)
A. immunoblot of patient sera
B. no binding to IFNp protein
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6.5. Immunoglobulin subclass quantification

The purpose of these experiments was to measureethtealising capacity of a sample
pre and post IgG4 extraction to evaluate if IgGéctass was largely responsible to
neutralising capacity:

e 1gG4 extraction column preparation

* IgG4 extraction

* Measurement of IgG subtypes in pre and post IgGraetion, sera

* NAb quantification in pre and post IgG4 extractisara

6.5.1. Materials

MicroLink™ Protein Coupling Kit (PIERCE #20475) daims:

AminoLink Plus Coupling Gel spin columns, couplibgiffer: BupH™ phosphate
buffered saline pack (0.1M sodium phosphate, 0.18ACI; pH 7.2), uLtrapure water,
quenching buffer, 1M Tris HCI 0.05% NgNpH 7.4, Sodium cyanoborohydride (5M),
0.01M NaOH, wash solution 1M NaCl, 0.05% Namlution bufferpH 2.8 (contains
primary amine), microcentrifuge collection tubesndarid™ Human IgG subclass single
dilution kits: Radioimmune diffusion plates (spécifor IgG 1, 2, 3 or 4), calibrators IgG
1, 2, 3 and 4, 7% bovine serum albumin (BSA) sotuytcontrol serum, gel dividers

Additional materials: PipettestO pL, 200 pL, 1000 pL, 30-300 pL multichannel

adjustable volume pipettes - Eppendorf Reséarplpette tips 10 pL, 20 -200 pL, 1000

210



pL, centrifuge, slow rocker, polypropylene univérs@ml tubes, polypropylene 1.5mL
microtubes, plastic ruler to measure to 0.1mm. Mausnoclonal antibody to human IgG4

(ZYMED laboratories)

6.5.2. Methods - IgG4 immuno-subtraction
Step 1. Crosslink protein to Thermo Scientific Step 2. Lyse cells and apply sample
AminoLink Plus Coupling Resin 2, to immohbilized protein
3
o l:—h y » Incubate q. * x @
-t hours - *
Activa F‘r in mmaohahited Inc Hh-:ll.‘: g ?
;:F‘ln:f‘lﬂ . : F::?m:u B I hours ‘e t
L.-
Form Binding Complax
Step 3. Wash away unbound proteins Step 4. Elute bound protein
5] 4
ﬁﬂé -554

lr ¥
e_go | €

l:lm rifge -—r{ | I:vnn!rlfugvu 1\-_.-
..| 1r-r|utr 1 munute
t_.l o
Add Waah Buffer Unbaund Prataina Add Elution Buller Purifiod Proteins

Figure 6-5 Protein coupling to subtract IgG4
Adapted from Pierce microprotein coupling kit information sheet (www.piercenet.com)
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6.5.2.1. Column Preparation

All reagents were equilibrated to room temperatiifee coupling buffer was prepared
by dissolving the dry-blend buffer with 500mls ajture water. 50 pL of mouse
monoclonal anti- IgG4 antibody was added to 15Mfitoupling buffer. The column cap
was loosened and the bottom plug removed. The coluas then placed in collection tube
and spun at 1000g for 2 minutes. The column capremsved and plug re-inserted. To re-
suspend the gel 300uL coupling buffer was addedairAghe plug was removed and
column placed in a collection tube. This was céuged @ 1000g for 1 minute and flow

through was discarded. This was repeated twice.

The column was plugged and 200 pL of sample wasaddrectly onto the gel. The
cap was replaced and gently vortexed. 2 uL of sndayanoborohydride solution was
added to the column in fume hood, the cap replaret mixed again. The column was
incubated at room temperature for 4 hours, vorggxjantly every hour (gentle end over
end mixing). The column cap was loosened and @uapred. The column was placed in a
fresh collection tube and centrifuged. The coluwas uncapped and plug re-inserted.
300uL of coupling buffer was added, the cap reglaar@d mixed. The column was placed

in a collection tube and centrifuged twice.

To block remaining active binding sites 300uL oegahing buffer was added onto the
gel and mixed. The column cap was loosened andrplugved. The column was placed in
a collection tube and centrifuged. This step waeated again. The column plug was re-
inserted and 200uL of quenching buffer directlyedidnto gel. The cap was replaced and

column vortexed gently again. 4 pL of sodium cyamohydride solution was added to the
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column in the fume hood. This was mixed again axdlated at room temperature for 30
minutes mixing every 15 mins. The cap and plug wemeoved and the column placed in a

collection tube and centrifuged.

6.5.2.2. Wash and store

300uL of wash solution was added to the column pind reinserted. The cap was
replaced and solutions mixed. The cap and plug war®ved and the column placed in a
collection tube which was centrifuged and the fibmough discarded. This was performed

twice more.

The column was plugged and 300 pL of coupling budidded, the cap was replaced
and column was mixed. The cap and plug were remawnédthe column was centrifuged,
the flow through was discarded. Again this was atpe twice. Finally the column was
plugged and 300uL coupling buffer added along ibdessof column to wash down gel.

The cap was replaced and the column stored ate¥’ @pfto 2 weeks.

Thereafter the serum sample was placed in the commd incubated on a rocker for 2
hours at room temperature. The column was cegtduto yield the IgG4 depleted

sample.

6.5.2.3. Quantification of IgG subclasses

The principle of radial immunodiffusion is based thre ability of antigen to diffuse

through an agarose gel containing an appropriateorspecific antibody. The antigen-
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antibody complexes are formed and a precipitin forgns. The ring size increases until
the equilibrium between complex formation and bdeakn is reached. At this stage a
linear relationship between the ring diametre amdigan concentration exists. A

concentration curve was produced with known antigmcentrations and thus the antigen

content of unknown samples was calculated.

diameter of precipitate ring

| I | |
Ag concentration

Figure 6-6 Principle of Radial immunodiffusion.
Equilibrium of antigen-antibody complexes forming grecipitant rings

6.5.2.4. Methods

The four RID plates (IlgG1, 2, 3, 4) were removednirthe foil pouches and
equilibrated for ~ 15 minutes to room temperaturerisure no condensation was present.

These were kept upside-down until any moisture adporated. The plates were
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partitioned into 4 sections with gel dividers. ®aditors and controls were mixed gently
before use. Dilutions of 60% (moderate) and 10%)lof the calibrators were made to
create a standard curve. Due to the expected hggmentrations of IgG1 and 2, a 1:10
dilution of control IgG1 and IgG2 were preparedngs25uL control serum with 225uL of

diluent to maintain accuracy. Dilution of IgG3 alg54 controls was not required.

Point of curve Calibrator pL Diluent pL

High 100 0
Moderate 60 40
Low 25 225

Table 6-2 Standard curve radial immunodiffusion asay

6.5.2.5. Patient serum samples

8 patient samples were chosen, 1 pooled normairsand one treatment naive patient
were tested. The neat patient sample and the geoatigG4 subtraction were prepared for
use in the RID plates. A 1:10 dilution of the patie samples were made for application to

the IgG1 and 2 plates, neat sera was added toanG3 plates.

6.5.2.6. 1gG 1 and 2 plates

5 pL of calibrator dilutions — neat, moderate amd,lwere added to the first 3 wells (1-
3). The next well (4) was filled with 5 pL of coatrsera @ 1:10 dilution. The remaining

wells were filled with patient samples @ 1:10 ddus.
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6.5.2.7. 1gG 3 and 4 plates

5 uL of calibrator dilutions — neat, moderate amd,lwere added to the first 3 wells (1-
3). The next well (4) was filled with 5 pL of neatntrol sera. The remaining wells were

filled with neat patient samples.

The lids were replaced tightly on the 4 plates wede incubated at room temperature

for 72 hours to incubate and the diffusion ringappear.
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6.5.3. Calculation of results

Lids were removed and using a ruler and magnifglags the diameter of the precipitin
rings were measured. Figure 6-7 shows an examptleofippearance of the precipitin
rings. The ring diameters were measured to theese&1mm using a magnifying glass.
The squares of the diameters (fmof the rings were calculated. The known concéiaina

f the IgG subclass was plotted on the x-axis ves.0Ohof calibrators (3 dilutions) on the y-
axis vs). A trendline was applied and the IgG com@gions of each sample were

calculated from the equation [Figure 6-8].

Figure 6-7 Radial immunodiffusion plate with IgG precipitant rings
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Figure 6-8 Standard curves of each IgG subclass witrendline equation.
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6.5.4. Results

Paired samples (pre and post IgG4 subtraction) phtéents were run on each plate.
The concentration of IgG1, 2, 3 and 4 was calcdlateeach case to evaluate if IgG4 had
been specifically extracted [Table 6-3]. Paired gias (pre and post IgG4 subtraction) of 4
patients were run on each plate. The mean propodicamount of IgG4 extracted was
90% range [53 - 100]. Although only 1gG4 should @éaween extracted in the column
reductions were seen in other IgG subtypes al$81182% [13 — 33], IgG2 15% [0 - 50],
IgG3 47% [0 — 98]. The pre and post IgG4 extractsamples were then tested for
neutralising activity using the procedure detailadchapter 3. Although reduction of
neutralising antibody titre was noted in most sasphis showed no correlation to the

reduction of total IgG4 [Figure 6-9].
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Sample IgG1 1gG2 IgG3 IgG4
Control 1
% reduction 23 0.2 21 94
Control 2

% reduction 26 4.7 25 85
S1

% reduction 33 18 82 100
S2

% reduction 16 0 98 100
S3

% reduction 13 24 0 53
S4

% reduction 17 50 32 100
S5

% reduction 27 5 24 94
S6

% reduction 35 21 83 100
S7

% reduction 13 5 98 100
S8

% reduction 16 26 4 75

Table 6-3 Percentage reduction of Immunoglobulin soclass.
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Neutralising Neutralising Reduction in Reduction in
activity activity neutralising 19G4 (%)
PRE POST activity (%) 9
1 3928 1180 70 100
2 2092 558 73 100
3 13051 6494 50 53
4 >10240 >10240 NA 100
5 438 321 27 94
6 1572 976 38 100
7 4239 3290 22 100
8 970 548 44 75
Table 6-4 Neutralising antibody titre for each samfe pre and post IgG4 extraction.
Reduction in neutralising activity after 1gG4 depletion
120 -
e 100 © O 0 O (o]
S &0 o
= 60
= _
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Figure 6-9 Correlation of neutralising activity and IgG4 subtraction

Reduction in neutralising caplacity %
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6.6. Conclusions

In this work we were unable to detect an oligoclaesponse to IFBlL This might
indicate that (i) the antibody response to fFiN indeed polyclonal (ii) that the method
with which we tried to show an oligoclonal responsenot sufficiently optimised or
sensitive. The commercial product of IFNcontains albumin which may encourage
aggregation and interfere with the binding of fFidolecules to the membrane. IFNself
is highly prone to aggregation in high concentratic>250pg/ml) thus limiting the
concentration we could impregnate the membrane. Witkiew of this the experiment was
repeated using albumin-free protein; however, ggohal response was still detected. We
therefore chose to alter the method to focus theeqga’ sera and blot directly to the
membrane. We then incubated one copy withfiFRdhich would bind to any anti-IFN
antibodies adherent to the membrane, however rairfgrwas detected. It may be that the
response is oligoclonal but due to the limitati@ighe techniques and the nature of the

IFNB molecule we were unable to show this.

It is possible however that the phenomenon knowrf'sasambling” of the IgG4
antibody fraction is the reason that we are undblaletect the oligoclonal immune
response using immunoblotting techniques. An adibis composed of two identical
dimers with identical Fab binding arms. However 4g&ubtype antibodies are able to
exchange dimer partners to form antibodies whichkiehdifferent Fab arms and thus
crosslink different antigens. This switch of Falmaris called scrambling [Burton and

Wilson 2007].

222



Regarding the effect of IgG4 subclass extractionwgee unable to specifically remove
IgG 4 without also reducing the amount of otherctagses. In view of this any apparent
reduction of neutralising capacity of the patierstssa could not be attributed to IgG 4. No
correlation was found between the reduced neutiglsapacity and the reduction in IgG 4.
It would be of interest to extract IBNspecific antibodies thereafter subtract the 1gG4
fraction. Further work to evaluate affinity matiwa and the role of individual IgG
subtypes in neutralising IFNactivity is required but was not undertaken witthe remit

of this thesis.

In conclusion, it appears that NAbs are found & G4 and non-lgG4 components of
the 1gG response. Although we showed that the N&Siponse to IFBlwas polyclonal this
is likely to be due to the biology of IgG4. Techali¢actors in relation to the chemistry of
recombinant human IHNmay explain our inability to detect oligoclonalnos in the other

IgG subtypes.
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Chapter 7

Incorporating NAbs and NAb testing into

clinical practice
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7 Incorporating NAbs and NAb testing into clinical

practice

7.1. Diffusion of innovation

Diffusion of innovation is a theory of “how, whynd at what rate new ideas and
technology spread through cultures”. Everett Rogarsduced this theory in 1962 in his
book, “Diffusion of Innovations’; writing that "Diffusion is the process by whicim a
innovation is communicated through certain chanogkr time among the members of a
social system”. Rogers theorised that innovationsld/ spread through a community in a
sigmoidal curve. The early adopters select thevation first (which may be a technology
or in the scientific world the cause of a diseaselowed by the majority, until a
technology or innovation (or opinion) has reachsdsaturation point in a community. He
also described the process of innovation adopt®ra grocess that occurs over time
through five stages: Knowledge, Persuasion, Detjdimplementation and Confirmation.
Accordingly, the innovation-decision process is pinecess through which an individual or
other decision-making unit passes (i) from firsbwtedge of an innovation, (ii) to forming
an attitude toward the innovation, (ii) to a demmns to adopt or reject, 4, (iv) to

implementation of the new idea and (v) to confirmabf this decision [Rogers 2003].

This theory can be applied easily to medical pcactind also to the response of the MS

community to NAbs.

Interferon beta (IFR) has been widely used for more than ten yearsaieqs with
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relapsing multiple sclerosis (MS). Funding of dsmamodifying treatments such as
interferons and glatiramer acetate have been cggs@l in many countries, especially in
the UK [Pickin et al. 2009]. The unpredictable course of MS and its mitdeto cause
severe disability explains the high demand for aBeemodifying agents — but independent
bodies such as Cochrane and the National InstitditeClinical Excellence (NICE)
www.nice.org.uk/TA32) have highlighted the lack @éar-cut evidence of their clinical
efficacy. Over 560 papers are currently indexedPabMed when search terms “interferon
beta & neutralizing antibodies” are entered. Catifig results of clinical trials are
reflected in equivocal guidelines regarding NAbsued by European, American and
British Neurological bodies [EFNS, AAN ABN guideéis]. There has been much
controversy with respect to the significance ofsthantibodies in patients with multiple
sclerosis treated with IHNand how to manage them [Hartung and Munschaue2004;
Farrell and Giovannoni 2007]. Ambivalent data updes the controversy relating to NAbs
and this is largely due to highly variable methadi between trials, many of which are of
insufficient duration to show an effect on primaepdpoints. The influence of the
pharmaceutical industry should not be underestichasethey have certainly played a large

role in encouraging doubt over the relevance of 8lAb

What are the “known facts” relating to NAbs? Thérideental effect on clinical outcomes
is only seen in patients followed for more than tyears. The frequency of NAbs is
product dependent with IFN1b SC being more immunogenic than [-ka SC and IFR-
la IM [Jacobset al. 1996; Franciset al. 2005; IFN3 MS Study group 1996]. The loss of
clinical effect is titre dependent [Sominanda al. 2008; Pachneet al. 2009b] (and

confirmed in this thesis) and those with low titreay revert to NAb negative status over
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time. This was shown in the IBNLb follow-up study in which 80% of NAb positive
patients converted to antibody-negative status 8ftgears despite continued therapy [Rice
et al. 2001]. Another known fact is that NAbs to one fFNroduct cross-react with the
others, so switching therapy to another AN not likely to be an effective strategy in the

NAb positive patient [Khan and Dhib-Jalbut 1998ytB#otto et al. 2000].

In the UK no NAD testing was readily available ahdse who wished to test would send
samples to research laboratories or elsewhere iapgu Thus using the Rogers model of
diffusion of innovation adoption of routine testif@y NAbs has been arrested in the 3rd or
4th phase in the UK and indeed many other countéiady adopters have championed the
significance of NAbs but there remain many who ggmcorporating them into clinical

decision making and routine testing has only apgzkar a handful of countries.

7.2. Existing guidelines.

7.2.1. American Academy of Neurology (AAN)

The AAN reported in 2007 their recommendations $meg on the effect of NAbs on
clinical and radiologic outcomes [Good#h al.2007]. The committee concurred that there
is probably a reduction in efficacy of treatmentdgse of NAbs and there is likely to be
greater antibody production in response tojHl¥ than to IF8-1a, and that IM IFR-1a

is clearly less immunogenic than other interferioerapies. Despite the consistent finding
of NAb levels greater than 1:200 being associatéith & reduction of efficacy, the

committee was unable to make definite recommenaigafior changing therapy.
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7.2.2. European Federation of Neurological Societie s (EFNS)

The EFNS recommended that patients treated withf I&M tested for the presence of
NAbs at 12 and 24 months of therapy (Level A recandation). In those whom remain
NAb negative at 18 — 24 months further testing ¢ routinely required (Level B
recommendation). There is class | evidence thaptbsence of NAbs significantly reduces
the effect of IFN$ on relapse rate and active lesions and burdemseéske seen with MRI.
In patients who are NAb+ve measurements shoulcepeated at intervals of 3—6 months
and therapeutic options should be re-evaluatedglLAvrecommendation). Therapy with
IFNB should be discontinued in patients with high sitod NAbs at repeated measurements
with 3- to 6-month intervals (Level A recommenda)idSorensenret al. 2005a]. New

guidelines are currently in preparation.

7.2.3. Association of British Neurologists (ABN)

Recently the ABN have issued updated guidelinesapeng to use of IFR in subjects
with RRMS and CIS superseding those published i0120his included a statement
relating to NADbs stating that positive tests for B¢Ao beta-interferon strengthen the case
for discontinuation of treatment when clinical orRMfeatures of treatment failure are
present. NAb testing should be performed in a cdemtelab using a reliable assay

www.theabn.org .
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Despite the body of evidence confirming the impaicNAbs on treatment efficacy
opinions regarding NAbs differ greatly. In Denmarikice IFN3 became available NAbs
have been routinely tested in all subjects and nofievhat we know has been published by
this group [Rost al.2000; Sorenseat al.2003c; Vartaniart al.2004; Ros®t al.2006;
Hesseet al. 2009; Sellebjerget al. 2009]. In the UK and USA however opinion is less
certain with many doubting the significance of NAbee modest average efficacy of IFN
in MS (~ 30% reduction of relapses) also contribiitethe uncertainty as MS is a disease
of relapses and remissions in the majority of pasicthe natural history being that relapses
decrease with time, thus apparent treatment resparay occur in the presence of NAbs

and may be a model of benign MS rather than treattef@cacy.

7.3. Delivery

The purpose of this work was to address the needet®lop a simple, time and cost
efficient assay, which could be reliably used imichl practice. For this purpose we have
developed the Luciferase assay which has beenatedldagainst gold standard assays in
Europe [chapter 3]. The assay has been used wirdte the increased relapse rate and
treatment failure in subjects who are NAb posifefeapter 4] and titres obtained with this
assay predict bioactivity of IHNas predicted by MxA expression [chapter 5]. Ag jodr
the European consortium to standardise Nab tediinplinded samples were exchanged
between laboratories in the UK, Denmark and Candthe. three laboratories showed
excellent agreement with the “gold standard” ag&BE in Dr Antonio Bertolotto’s lab in

Italy) and the Luciferase assay showed excelleztladtoratory validity [Figure 7-1].
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7.3.1. Clinical practice

The luciferase NAb assay [chapter 3] was initidiyweloped in 2006 and was approved for
routine NHS use in June 2007, and became avaitalddl prescribing centres. To assess
the opinion of Neurologists to NAbs we performed aronymous online survey using
SurveyOnNet www.surveyonnet.com initially surveyioginion in the UK. Thereafter we
extended the survey to North American and Europsamtries using surveymonkey
www.surveymonkey.com [chapter 7.3.2]. Neurologistgolved in NAb testing in 17
countries were invited to take part and 9 agreedirtmlate the questionnaire. However

after three months only the UK, USA, Canada andraibad generated sufficient data.
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7.3.2. Questionnnaire -  Neutralising anti-interfero n  beta

antibodies (Nabs) in patients with Multiple Scleros IS.

1. Do you treat patients with MS?

2. Do you prescribe disease modifying therapies (pl¢éiak relevant treatments):
A. Interferon beta
B. Glatiramer Acetate
C. Mitoxantrome
D. Natalizumab
E. None
F. Others (please list).........cccvvvennn.n.

3. Have you heard about neutralising antibodies (NAdshterferon beta?
A. Yes
B. No

4. Are you aware of International Guidelines pertagnio NAbs?
Yes - EFNS

Yes - AAN

Yes - Both

No

0w

5. Do you counsel patients about NAbs when educathmgmt about treatment
options?
A. Yes
B. No

6. Do you take NAbs into consideration when startingrdaerferon beta preparation?
A. Yes
B. No
C. Some times
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7. Do you think that high levels of NAbs abrogate éfigcacy of the drug:
A. Yes
B. Probably
C. No
D. Don’t know

8. Which statement best describes your practice wespect to NAbs?
A. |test for NAbs routinely in all patients receiviffgNp
B. 1 only test for NAbs in those who have relapses
C. I never test for NAbs
D. Itest for NAbs when the patient specifically resjiseit.

9. If a patient is NAb positive do you:

Do nothing

Retest in 3 months, with view to changing therapy

Discuss change of therapy with patient.

Acknowledge result but only change therapy if patie actively relapsing
Request MRI and change therapy if Gadolinium eningnesions present.

moowy

10. Are you aware that NAb testing is available in ............
A. Yes
B. No

11.In which city / country do you practice?

12.Please add any further comments with regards towiews on NAbs to IFR
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7.3.3. Survey Results

UK: One hundred and three British neurologists responcepresenting all regions of the
UK and Northern Ireland. All were regular prescribef IFN3 and aware of NAbs (100%)
but only 78% were aware that NAb testing was abélan the UK funded by the NHS.
When commencing IFpltreatment 61% of neurologists counselled patiabisut NAbs
and 24% felt it influenced product choice. Whekeasif NAbs abrogate the efficacy of
IFNB 48% of neurologists answered “yes”, 48% answeg@dbfably” and only 4% said
that they thought NAbs have no effect. To assesddsting patterns of neurologists we
asked when they usually tested for NAbs; 17% relyirscreened all subjects for NAbs,
38% only tested following a relapse and 11% whesci$igally requested by the patient,
35% of respondents never tested patients for NBbsacerning action following a positive
result; 35% re-tested 3 months later to assesssfmise, 30% discussed alternative

treatments and 42% would only recommend changatiémt actively relapsing.

USA: One hundred and thirty two people replied, 95% d&fom regularly prescribed
disease modifying drugs. Of these 99.1% were awérblAbs and 56% believe they
abrogate the efficacy of IHNtreatment and 36% replied “probably”. In total 87ére
aware of guidelines from AAN +/- EFNS and 86% gatigrcounselled patients about
NAbs before initiating treatment. Only 13% routynéésted all patients for NAbs, 70% in
those who were actively relapsing and 15% neveedes$n response to a positive test 46%
will retest to evaluate persistence with a view doanging treatment, 24% discuss

alternative treatments amd 10% will request and kbRissess lesion load basing treatment
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change on this.

Canada: Twenty three neurologists replied and all (100%gularly prescribed disease
modifying drugs and all were aware of NAbs (100%)0% believed NAbs do (63.6%) or
probably (36.4%) abrogate the efficacy of [Fieatment. In total 82% were aware of
guidelines from AAN +/- EFNS and 90% generally ceelled patients about NAbs before
initiating treatment, but generally this did noflirrnce product choice. Routine testing of
all patients was described by 30%, 55% tested tthwbsewere actively relapsing and 15%
never tested. In response to a positive test 48Ulduetest to evaluate persistence with a
view to changing treatment, 19% discuss alterndteatments amd 10% will request and

MRI to assess lesion load basing treatment changdki®.

Austria: Seventy seven neurologists answered however oty g@scribed DMDs. Of
these 96% were aware of NAbs and 95% thought Nal{87P6) or probably (48%) affect
the efficacy of IFN. Routine testing was performed in 25% with a fert67% testing in
actively relapsing patients, only 5% said they megst for NAbs. In response to a positive
test 39% would repeat the test to evaluste pemgistand then consider treatment change.
33% would only consider an alternative treatmenié patient was actively relapsing and

7.4% would base the choice on an MRI.

When comparing responses of all 4 counties awasemgmrding Nabs was high and most

thought they play a role in reducing the effica¢ythee drug. However routine testing was
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rarely pursued and most only tested if a patierg actively relapsing. In the UK 35% of
those who answeredever test for NAbs. This is over double the proportionother

countries surveyed. Results are summarised in Tafle

UK USA CANADA  AUSTRIA
Prescribe IFNB 100% 95% 96% 90%
Aware of NAbs 100% 99% 100% 96%
NAbs reduce IFNB efficacy
Yes 48% 56% 63.3% 37%
Probably 48% 36% 36.4% 48%
No 4% 2.6% 0% 5.4%
NADb testing
All 17% 13% 30% 25%
Relapsing only 38% 70% 55% 67%
Never 35% 15% 15% 5%

Table 7-1 Results of NAbs survey
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7.3.4. Uptake of the Luciferase Assay in the UK

It is estimated that more than 10,000 people with Me treated with IFNin the UK.

Since the Luciferase assay became available, 37lses (representing 2853 individuals)
from 117 centres have been tested in our unit figdrom 25 January 2010). Of these
2283 (66%) were negative [titre < 20] and 1185 (34Usitive [327 (9.4%) were low, 331
(9.5%) moderate and 523 (15%) high positive]. Tialects the probable number of
patients screened for NAbs in the UK and highlights only ~ 15% of subjects are in the

category that predicts no biological response ¢dEMN3 injection.
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Chapter 8

Conclusions
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8 Conclusions

The purpose of this work was to address the needet®lop a simple, time and cost
efficient assay, which could be reliably used imichl practice both here in the UK but
also to distribute it to other laboratories. We dachieved this in developing the luciferase
assay which has been validated against gold stdrakmays in Europe [chapter 3]. The
assay has also been widely distributed thoughoubgeuand North America and has
shown excellent inter-laboratory validity. The asdaas been used to investigate the
association of NAbs with clinical status and in mtest 4 the increased relapse rate and
treatment failure in subjects who are NAb positivas shown. The reduced clinical
efficacy was also shown to be titre dependent hodet with highest NADb titres having the
greatest risk of relapse. One hundred and foury $oibjects were recruited prospectively
whom were treated for a minimum of 6 months witN[HChapter 5]. Samples were taken
before and after IFpladministration and MxA was measured as an eshaalisnarker of
IFNP bioactivity. The NAD titres obtained with the liiezase assaywere found to predict
the MxA response with those who were NAb positievging a reduced MxA induction in

a titre dependent fashion.

Over the past two years after validation of theagghkis work has been presented at several
conferences and the assay methods published [Fatrel. 2008; Farrell & Lamet al.
2008]. After submission of a successful businessed@m UCLH the luciferase assay
became the routine assay used in the Neuroimmuyndddgratory at the NHNN, London
for routine NAb testing on the NHS. We have disitdal the assay to several countries
including Germany, Austria, Sweden, Denmark, Candtily, Poland, Switzerland,

Hungary and in many countries it has become theohaltReference Assay.
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As we have found in several cohorts of patientteteat NHNN ~ 25 % of all subjects
have NADbs. In many these are at a low level andkeiyl to affect the bioactivity of the
drug significantly. However consideration should dieen to identifying those who are
responders and non-responders todFahd alter management accordingly. Problems arise
making treatment decisions in patients who are N&b but are doing well clinically. In
these cases NAb status should be used as a pvedictirker of risk of future relapse and
to identify subjects who are more likely to failNB therapy. The odds of having a relapse
in a NAb +ve period compared to NAb -ve is betwédsil and 1.58 (p< 0.03) and the time
to first relapse is prolonged by an average of @dys in subjects who are NAb -ve at 12
months (p<0.009) [Sorensest al. 2003]. Some clinicians argue that due to the high
reversion rates seen in subjects treated wittB4EDbl in particular, there is no need to stop
treatment. It is important to note however thatalbtill revert and that it is generally only
seen in those with low titres. During the periodNAb positivity they will also be at
increased risk of relapse and may incur furtheatllgy through incomplete recovery. As
NAbs are known to be cross-reactive acrosspliphducts switching between 1a and 1b is
not sufficient [Antonelliet al. 1999; Bertolottoet al. 2000]. It is due to this that we
recommend that those with persistently high titsesuld be considered for alternative

therapy.

An alternative strategy to manage NADbs is to carsdirectly targeting them by either
preventing their formation or treating them aftheyt have developed. Recently studies
have explored the effect of corticosteroids in preing the development of neutralising

anti-IFNB antibodies (NAbs) or minimising their levels. khdhbeen shown that treatment
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with concomitant steroids delays the appearanddAlfs and lower titres develop when
they do appear [Pozzillet al. 2002; Pozzilli et al. 2004]. Concomitant use of
iImmunosuppressive therapies in combination withover biological products is associated
with a lower rate or the reversal of NAbs. In arempabelled study of 161 MS patients,
receiving IFNB-1b (Betaferon®, 8MIU s.c. on alternate days), manised to receive either
intravenous methyl-prednisolone 1g monthly for 1@uths compared to no corticosteroids
the prevalence of NAbs at 15 months in the prear@goeated group was 12.1% compared
to 26.8% in untreated group, a relative reductib®409% [Pozzilliet al.2002b]. However
results from a number of studies have not showrsistent results [Calabrest al. 2002;
Patti et al. 2001]. The most feasible option however is to slwiio another class of DMD
altogether: Glatiramer Acetate, Natalizumab and okénhtrone are well established
available treatments and it is anticipated thaheanext 12 months new oral agents should

be available.

We recommend that once a person is establishedFNfi treatment they should be
routinely screened for NAbs at 12 and 24 montha.gerson is NAb -ve at 24 months it is
unlikely that they will become NAb +ve in the fuuand therefore further routine testing
will not be of benefit. In those with titre ~ 100680 NU quantification of MxA expression
is useful in determining the individual's respotgdFNpB administration. Those who show
expression of MxA are likely to be partial resporsd@espite NAbs whereas those will very
low levels of MxA suggest the drug is not inducthg required biological response. New
guidelines are anticipated for the Eurpoean consurtegarding NAbs and should also be

adopted in the UK.

241



Future research planned following the work describe this thesis will focus on
establishing a combined NAb and MxA induction asasypart of routine NAb testing for
NHS patients. As sample numbers increase it wilbéa us to further define the Nab titre
at which the biological response is reduced anditteeat which no response is found. Due
to the small number of subjects with titres > 600 N the cohort described here, the study
was underpowered to establish a sensitive andfgpémit point”. We must stress that a
specific cut-point may not exist and in vivo bigaity and NAb titre may need to be
interepreted together. We also plan to use NAlstasl to investigate the treatment effect
of IFNPB on viruses which have been linked to MS (eg EBW\M8) either in relation to
aetiology or disease activity. Longitudinal and ss@ectional studies are underway
evaluating the serological response to and redmivaf viruses in subjects which were

recruited in the NAb studies described.
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