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Multiple sclerosis (MS) is a chronic inflammatory disease of the CNS, and one of the most
common causes of disability in young adults. Over the last decade, new disease modifying
therapies have rapidly emerged, including monoclonal antibodies (mAbs) that have provided
highly targeted therapies with superior efficacy compared to platform therapies. In particular,
monoclonal antibodies directed against CD20-positive B cells have shown remarkable results
in recent clinical trials, and renewed interest in the mechanism of B-cell depleting therapies
to ameliorate relapse activity and progression in MS. In this manuscript, we will review the
mechanisms of action and clinical evidence of approved and emerging mAbs, with a focus on

B-cell targeted therapies.
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ADCC: antibody-dependent cell-mediated cytotoxicity
APC: antigen presenting cell

ARR: annualised relapse rate

BAFF: B-cell activating factor

CDC: complement-dependent cytotoxicity

CDP: confirmed disability progression

EAE: experimental autoimmune encephalomyelitis
EC: European Commission

EDSS: Expanded Disability Status Scale

EMA: European Medicines Agency

FDA: Food and Drug Administration

Gd: gadolinium

HYP: highyield protein

IFN-B: infereron-beta

JCV: John Cunningham Virus

mADb: monoclonal antibody

MS: multiple sclerosis

NHS: National Health Service

NICE: National Institute for Health and Care Excellence
NK: natural killer

PML.: progressive multifocal leukoencephalopathy
PPMS: primary progressive multiple sclerosis
RRMS: relapsing remitting multiple sclerosis

Th: T-helper

1. Multiple Sclerosis
MS can be broadly divided into two, often overlapping clinical courses: that of relapsing MS,

characterised by clearly defined attacks of new or worsening neurological symptoms, or
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progressive MS where there is worsening neurologic function independent of relapses.
Clinical trials over the last 25 years have been productive in discovering an ever increasing
list of medications effective in preventing relapses. However the search for therapies to
reduce or halt progression in progressive MS has remained elusive until recently, when a new
anti-CD20 monoclonal antibody, ocrelizumab, was found to significantly reduce progression
in a phase HI trial for primary-progressive MS (Montalban et al., 2016). The emergence of
monoclonal antibodies in the treatment of MS, in particular those targeting B-cell antigens,
will be discussed in further detail.

1.1. Pathology of MS

The pathology of MS is characterised by inflammatory demyelinating lesions, which affect
the grey and white matter of the CNS. It is thought that the failure of myelin repair
mechanisms, oligodendrocyte loss, and cumulative axonal and neuronal loss, are the main
drivers of disability progression in this disease (Lassmann, 2014). Although the triggers for
MS remain unknown, it is widely posited that autoreactive CD4+ T-helper (Th) cells,
activated in the periphery by molecular mimicry, bystander activation or viral persistence, are
central to the initiation of inflammatory demyelinating lesions in MS. This is based mainly on
evidence derived from the most commonly used experimental model of MS, experimental
autoimmune encephalomyelitis (EAE), where CNS autoimmunity is induced by inoculation
with CNS antigens or by the adoptive transfer of myelin specific Thl or Th17 cells
(Robinson et al., 2014; Ben-Nun et al., 1981; Jager et al., 2009). In the EAE model,
autoreactive T-cells are necessary for blood brain barrier breakdown and inflammatory CNS
lesion development. A role for CD4+ T-cells in MS pathogenesis is also supported by
histopathological observations of these cells in MS brain lesions (Traugott et al., 1983); the
increased risk of MS in association with genetic variation in the human leukocyte antigen
gene region (i.e. the HLADR15 haplotype), which encodes for genes that have a critical role
in antigen presentation to T-cells (International Multiple Sclerosis Genetics Consortium,
2005); and functional studies that suggest differences in the frequency and activity of myelin
reactive CD4+ T cells in MS cases compared to controls (Pender et al., 2000; Olsen et al.,

1992; Zhang et al., 1994). However, there is now increasing evidence to support a role for B-
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lymphocyte (B-cells) cells as key effectors in the pathogenesis of MS, principally led by the

therapeutic success of antibody-mediated B-cell killing.

1.2. B cells in MS

B-cells develop from haematopoietic stem cells in the bone marrow, and upon entering the
circulation, they mature into naive B-cells. Following exposure to antigen, B-cells undergo a
proliferative phase where they develop into antibody producing plasma blasts/plasma cells, or
memory B-cells that are primed to respond following re-exposure to the same antigen
(reviewed in Claes et al., 2015; summarised in Figure 1). Terminally differentiated B cells
can also accumulate and reside in the bone marrow as a lifetime source of stable antibody
producing cells.

Antibodies, visualised as intrathecal oligoclonal bands, have been used to diagnose MS for
decades (Correale & de los Milagros Bassani Molinas, 2002). Despite the presence of these
intrathecal oligoclonal bands in some MS patients, and evidence for antibody deposits in
some MS lesions (Lucchinetti et al., 2000), the role of antibodies as a component of the
primary pathogenesis of MS, or alternatively, as an epiphenomenon, has remained
controversial. Interestingly, elevated antibodies to myelin components including myelin basic
protein, myelin proteolipid protein, and myelin associated-glycoprotein (Gorny et al., 1983)
as well as various other CNS and non-CNS antigens (reviewed in Fraussen et al., 2014), have
been identified in MS patients. However, proof of one or many ‘MS autoantigens’ is lacking.
Antibody production is the function of plasma cells, and many of these cells are long-lived
and not targeted by anti-CD20 therapies. However, non-plasma B cells also exert multiple
other effector functions including cytokine production and antigen presentation, which could
provide an explanation for pathogenic contribution of these cells in MS (Figure 2). Several
studies, for instance, suggest that MS could be associated with abnormal B cell cytokine
responses, including the production of abnormally high levels of TNF-a and lymphotoxin-o
(Duddy et al., 2007, Bar-Or et al., 2010), and an increase in the frequency of granulocyte
macrophage-colony stimulating factor (GM-CSF) producing B-cells relative to healthy

controls (Li et al., 2015), following B-cell stimulation via CD40 and the B cell receptor. It
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has also been shown that B cells from MS patients secrete more pro-inflammatory IL-6 and
less regulatory IL-10 compared to controls (Duddy et al., 2007)

As antigen-presenting cells (APCs), B cells could play a role in the presentation of auto-
antigens to CD4+ T cells, hence promoting Th1l and Th17 responses. EAE models have
demonstrated that while B cells are not the sole APC involved, their activity increases disease
severity (Parker Harp et al., 2015). Studies in humans of CD80 and CD86, co-stimulatory
molecules that help activate T cells, provide further evidence for a role of B-cells as antigen
presenting cells. For example, the GM-CSF expressing B cell subset described by Li et al.
(2015) upregulates CD80 and CD86 when activated. Additionally, CD80 and CD86
expression-is higher in MS patients than healthy controls, and CD80+ lymphocyte levels
increase in MS patients during exacerbations (Aung & Balashov, 2015). Therefore, B cells
may be involved in MS not just as sources of cytokines and autoantibodies, but also as APCs
that stimulate T cells.

Although the adaptive immune system has not been traditionally viewed as playing a role in
progressive MS, descriptions of lymphoid follicle-like structures in the meninges surrounding
CNS tissue of secondary progressive MS cases, suggest that B-cells could also play a role in
progressive disease (Serafini et al., 2004).

Finally, the most convincing evidence for a role of B-cells in MS pathogenesis is derived
from trials with B-cell depleting therapies that have shown efficacy in both relapsing-
remitting and primary-progressive forms of the disease. The insights gained from MS
therapeutic trials with B-cell depleting monoclonal antibody (mAb) therapies, will be

discussed in more detail.

2. Monoclonal antibody therapies for relapsing MS: Efficacy, and Mechanisms of
action.

2.1. Approved therapies

2.1.1. Natalizumab

Natalizumab is a humanised 1gG4 monoclonal antibody (mAb) directed against the a4

subunit of the a4B1 and adB7 integrins expressed on the surface of leukocytes (Rice et al.,
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2005). Binding to a4p1-integrin (also known as very late antigen-4 or VLA-4) inhibits its
interaction with vascular cell adhesion molecule-1 (VCAM-1) expressed on cerebral vascular
endothelial cells, and prevents migration of leukocytes through the blood brain barrier
(Yednock et al., 1992). Natalizumab may also block binding of a4p1-integrin with other
ligands such as fibronectin and osteopontin (Yaldizli & Putzki, 2009), further modulating
leukocyte recruitment and activation in the CNS.

These effects on leukocyte entry, and in particular, pathogenic T-cell entry into the CNS; are
thought to be the main mechanism by which natalizumab therapy reduces MS disease
activity. However, it is important to consider that natalizumab therapy also likely inhibits B-
cell entry into the CNS, with reports of reduced numbers of B-cells in CSF, and increased B
cell numbers in the peripheral circulation of natalizumab treated MS patients (Stuve et al.,
2006; Krumbholz et al., 2008). Furthermore, a disproportionate increase in peripheral pre B-
cells has been reported in MS patients following natalizumab therapy (Krumbholz et al.,
2008; Saraste et al 2016). Hence, it remains possible that the effects of natalizumab in MS are
at least partially mediated through actions on B-cells.

The phase 1ll AFFIRM trial recruited 942 relapsing-remitting MS (RRMS) patients
randomised 2:1 to receive monthly intravenous natalizumab 300mg or placebo over 2 years
(Polman et al., 2006). In the natalizumab group, the annualised relapse rate (ARR) was
reduced by 68% over 2 years compared to placebo, and 3-month confirmed disability
progression (CDP) was reduced by 42% (see Table 1 for summary of clinical trial results).
The SENTINEL study was another phase 11 trial that enrolled 1171 RRMS patients
randomised equally to natalizumab combined with weekly intramuscular interferon beta-1a
(IEN-B1a) 30ug or IFN-B1a alone (Rudick et al., 2006). Over 2 years, the natalizumab add-on
therapy reduced ARR by 55% compared to IFN-f1a alone, and reduced 3-month CDP by
24%.

In 2004, natalizumab was the first mAb to be approved by the US Food and Drug
Administration (FDA) for MS. It was subsequently suspended in 2005 after two cases of
progressive multifocal leukoencephalopathy (PML) were reported in the SENTINEL trial
(Rudick et al., 2006). PML is a serious, often fatal demyelinating disease of the CNS, caused
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by infection of oligodendrocytes by the John Cunningham Virus (JCV). It has an increased
incidence in those with the following three risk factors: the presence of anti-JCV antibodies,
natalizumab treatment for >2 years, and prior use of immunosuppressive agents (Bloomgren
et al., 2012). Following implementation of a risk-management program for PML, the FDA
approved it again in 2006 and as did the European Union in the same year. A 2016 Europeans
Medicines Agency (EMA) label update further describes the annualised risk of PML in
patients receiving natalizumab segregated by serum anti-JCV antibody level, with patients at
lower levels (<0.9) and those found to be repeatedly negative at very low risk (EMA, 2016).
The clinical efficacy of natalizumab has been highlighted recently in real-world observational
studies. Spelman et al demonstrated superiority of natalizumab over platform therapies when
used first-line in treatment-naive RRMS patients, with a 68% relative reduction in ARR
(Spelman et al., 2016). Other studies showed that when natalizumab was used as a second-
line agent, it was more effective than fingolimod in terms of ARR reduction and/or short-
term disability burden (Kalincik et al., 2015; Lanzillo et al., 2015; Barbin et al., 2016), and
superior to alumtuzumab in facilitating disability regression, while comparable in relapse rate
and disability progression outcomes in that comparison (Kalincik et al., 2017).

2.1.2. Alemtuzumab

Alemtuzumab is a humanised monoclonal 1gG1 antibody targeting CD52, a surface antigen
that is expressed at high levels on T and B cells and to a lesser extent on monocytes and
macrophages, but not on haematopoietic stem cells (Williams et al., 2013; Jones & Coles,
2014). Alemtuzumab leads to a rapid and profound depletion of CD52+ cells by three
mechanisms: antibody-dependent cell-mediated cytotoxicity (ADCC), complement-
dependent cytotoxicity (CDC) and induction of apoptosis (Freedman et al., 2013; Ruck et al.,
2015); with ADCC being the likely predominant mechanism (Lycke, 2015; Knier et al.,
2014). This is followed by repopulation of peripheral T and B lymphocytes with an alteration
in the number, proportions and functions of certain lymphocyte subsets, such as increased
regulatory T-cell subsets and memory T-cells (Milo, 2016; Hartung et al., 2015).

Changes in the reconstituting B-cell pool have also been reported following alemtuzumab
therapy, with a predominance of immature, and later, naive-memory B-cell subsets observed

in association with increased serum levels of the B-cell survival factor, B-cell activating
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factor (BAFF) (Thompson et al., 2010). It was also noted that the recovery of memory B cells
was incomplete in alemtuzumab treated patients by 12 months. It has been proposed that
changes in the proprotions of reconstituting immune cell subsets could be associated with
long-term efficacy of alemtuzumab in MS (Havari et al., 2014).

CARE-MS I was a phase Il trial of 581 treatment-naive RRMS patients, randomised 2:1 to
receive alemtuzumab or subcutaneous IFN-B1a over 2 years (Cohen et al., 2012).
Alemtuzumab was given intravenously 12mg daily for 5 days at baseline and for 3 days at 12
months, whilst subcutaneous IFN-B1a 44ug was given three times a week. This study found a
significant 55% reduction in ARR in the alemtuzumab group compared to the IFN-B1a
control group. There was no significant difference in 6-month CDP.

CARE-MS Il was another phase 111 trial of 840 RRMS patients who had relapsed on platform
therapy (Coles et al., 2012). Patients were randomised 1:2:2 to subcutaneous IFN-B1a 44ug,
intravenous alemtuzumab 12mg or 24mg, though the 24mg arm was discontinued to aid
recruitment. Similar to the CARE-MS | results, the alemtuzumab arm had a significant
reduction of 49% in ARR compared to IFN-B1a. However in contrast to CARE-MS |, this
study found a significant difference in 6-month CDP, with a 42% improvement in the
alemtuzumab arm.

Infusion reactions occurred in over 90% of alemtuzumab patients. Infections were more
frequent, in particular herpes infections. Secondary autoimmunity is the major long-term
adverse event, with thyroid disease occurring in a third of patients, immune
thrombocytopenia in 1% and anti-glomerular basement membrane or other nephropathies in
0.3% (Freedman et al., 2013; Lycke, 2015).

Based on the above phase 111 randomised control studies, the EMA approved alemtuzumab
for the treatment of RRMS in September 2013, followed by the UK National Institute for
Health and Care Excellence (NICE) in May 2014 and the US FDA in November 2014.

2.1.3. Daclizumab

Daclizumab is a humanised 1gG1 mAb targeting the CD25 (o) subunit of high affinity
interleukin-2 (IL-2) receptor on activated T cells (Bielekova et al., 2009). Anti-CD25 mAb

decreased T-cell proliferation and differentiation in vitro (Kircher et al., 2003) but failed to
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suppress T cell proliferation and cytokine production ex vivo (Bielekova et al., 2006). Instead
it was found to strongly induce expansion of immunoregulatory CD56""™ natural killer (NK)
cells, which can utilise IL-2 via their low affinity IL-2 receptor (Knier et al., 2014). This
expansion was associated with response to therapy in MS patients, presumably through NK
cell-mediated lysis of autologous activated T-cells (Bielekova et al., 2006). More recent work
suggests that daclizumab may have other effects on the innate immune system which include
the inhibition of antigen-specific T cell activation by dendritic cells (Wuest et al., 2011), and
the inhibition of CD40 ligand expression on T-cells (Snyder et al., 2012). Interestingly, there
is also limited evidence to suggest that daclizumab treatment can inhibit intrathecal CXCL13
and immunoglobulin G in MS patients, proposed to be mediated indirectly through effects on
innate lymphoid cells (Perry et al., 2012).

Daclizumab was used in an early phase Il MS trial (Wynn et al., 2010), whilst daclizumab
high yield protein (HYP) has been used in more recent phase Il and 111 trials (Gold et al.,
2013; Kappos et al., 2015). Daclizumab HYP has the same amino acid sequence as previous
versions, but differs in the glycosylation profile, resulting in less immunogenicity as well as
less ADCC (Gold et al., 2013).

The phase 1l SELECT trial was the first to use daclizumab HYP (Gold et al., 2013). 621
RRMS patients were randomised 1:1:1 to monthly subcutaneous daclizumab HYP high dose
300mg, daclizumab HYP low dose 150mg or placebo and followed up for 52 weeks. There
was a reduction in ARR of 54% and 50% in the low dose and high dose groups respectively
compared to placebo. There was a significant 57% reduction in 3-month CDP in the low dose
group only. In the trial, CD56""¢" NK cells increased in daclizumab patients from 0.6% of
lymphocytes at baseline to 3.6% at the end of treatment, first becoming apparent by week 4.
CD4+ and CD8+ T cells decreased by 7-10% at week 52.

The phase 111 DECIDE trial randomised 1841 RRMS patients equally to monthly
subcutaneous daclizumab HYP 150mg or weekly intramuscular IFN-B1a 30ug, followed up
to 144 weeks (Kappos et al., 2015). The daclizumab arm had a 45% reduction in ARR

compared to IFN-B1a. No significant change in 3-month CDP was observed.
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In both the SELECT and DECIDE trials, there was an increased incidence in the daclizumab
HYP groups of infections (nasopharyngitis, upper respiratory tract infections), cutaneous
events (especially rash and eczema) and raised serum alanine aminotransferase or aspartate
transaminase more than 5 times the upper limit of normal (Gold et al., 2013; Kappos et al.,
2015). No PML has been reported.

Based onthe SELECT and DECIDE trial results, daclizumab HYP was officially approved
for RRMS by the FDA in May 2016, and by the European Commission (EC) in July 2016.
NICE made an initial decision in September 2016 not to recommend daclizumab be made
available on the National Health Service (NHS) in England and Wales, with a final statement

expected in 2017.

2.2. Emerging therapies: monoclonal antibodies targeting B-cell antigens

Thus far, three anti-CD20 mAb therapies (rituximab, ocrelizumab and ofatumumab) have
been evaluated in phase Il and 111 clinical trials, and have shown high efficacy in relapsing
MS. Importantly, ocrelizumab has also shown some efficacy in primary progressive MS
(PPMS). The B lymphocyte antigen CD20 (also known as B1) is a 33-35 kD integral
membrane spanning protein, belonging to the MSA4 protein family. The CD20 protein is
expressed by B cells from the pre B-cell to the mature B-cell stage of development
(Stashenko et al., 1980; Milo, 2016) and on a subset of T-cells (Palanichamy et al., 2014).
The functions of CD20 are not well characterised, but there is some evidence that it could
regulate cell cycle progression (Bubien et al., 1993; Kanzaki et al, 1995) and B-cell activation
through effects on calcium mobilisation and signalling (Morsy et al., 2013). As CD20 is
ubiquitously expressed on the surface of B-cell lineage cells, except stem cells and plasma
cells (Figure 1), it has been demonstrated that anti-CD20 mADb therapies can be used to
rapidly deplete peripheral blood B-cells whilst maintaining humoral immune responses (i.e.
plasma-cell mediated antibody production).

2.2.1. Rituximab

Rituximab is a chimeric mouse-human IgG1k mAb that binds to the CD20 cell-surface
epitope oncirculating B cells (Reff et al., 1994). It lyses peripheral B-cell populations

through a threefold mechanism of action: a combination of ADCC, CDC and possibly
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promotion of apoptosis (Dubey et al., 2013). Rituximab is approved for patients with non-
Hodgkin’s lymphoma, chronic lymphocytic leukaemia, rheumatoid arthritis, granulomatous
polyangiitis and microscopic polyangiitis (Gasperi et al., 2016).

The phase 1l 48-week HERMES trial randomised 104 RRMS patients to receive rituximab or
placebo (Hauser et al., 2008). Rituximab was given intravenously as a single course of 1g on
day 1-and 15. The primary endpoint was number of gadolinium (Gd)-enhancing lesions, a
radiological marker of recent inflammatory activity, and there was a 91% reduction in total
number of Gd-enhancing lesions up to week 24 in the rituximab group relative to placebo.
ARR in the rituximab arm was only significantly reduced at week 24, and not at week 48
compared to placebo.

Another Phase Il study used rituximab as an add-on to platform therapies in 30 RRMS
patients with clinical and radiological activity despite treatment with disease modifying
therapy (Naismith et al., 2010). Rituximab was given as four weekly doses of 375mg/m?
intravenously and patients were followed-up over a year. The rituximab arm had an 88%
reduction in Gd-enhancing lesions from pre-treatment to post-treatment scans. Whilst the
study was not powered to assess relapse rate reduction, the ARR was reduced at week 52
post-treatment. Secondary endpoints such as the Expanded Disability Status Scale (EDSS)
remained stable over 32 weeks.

A Phase /111 placebo-controlled trial in PPMS (OLYMPUS) was conducted on 439 patients,
randomised 2:1 to receive rituximab 1g or placebo intravenously every 24 weeks through to
96 weeks and they were followed-up to 122 weeks (Hawker et al., 2009). No significant
difference was seen in the 3-month CDP. The rituximab arm had significantly less increase in
T2 lesion volume though brain volume change was similar between the groups. Interestingly,
subgroup analyses showed that CDP was reduced in rituximab patients who were younger,
<51 years and had Gd-enhancing or active inflammatory MRI lesions.

In both the HERMES and OLYMPUS trials, the incidence of adverse events and infections
was similar between groups, though more infusion reactions were seen with the first
rituximab dose only (Hauser et al., 2008; Hawker et al., 2009). No cases of PML have been

reported in the MS trials.
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Whilst the above studies show promise for the use of rituximab in MS, no further trials are
planned. This is in part due to licensing and patent issues, as well as the emergence of next-
generation anti-CD20 antibodies, as discussed below. Although rituximab has not been
approved for the treatment of MS, it can be approved for off-label use in certain countries,
and recent studies from the Swedish MS register provide insights into the real-world
experience of using off-label rituximab. In a heterogenous cohort of 822 patients, Salzer et al
demonstrated comparable safety and efficacy of rituximab to that reported in earlier trials
(Salzer et al., 2016). Using the same registry, Alping et al found superior efficacy and
tolerability of rituximab compared to fingolimod in 256 stable RRMS patients who had
switched from natalizumab due to JCV antibody positivity (Alping et al., 2016). The findings
of these observational studies further support the utility of this anti-CD20 mAb in MS.

2.2.2. Ocrelizumab

Ocrelizumab is a recombinant humanised IgG1 antibody that binds to a different but
overlapping epitope compared with rituximab, and is thought to bind with higher affinity to
CD20 (Sorensen & Blinkinberg, 2016). As it is a humanised molecule, it is expected to be
less immunogenic with repeated infusions and hence, to have a more favourable benefit-to-
risk profile (Menge et al., 2016). Compared to rituximab, ocrelizumab has increased ADCC
and reduced CDC due to differences in the Fc portion of the antibody (Kappos et al., 2011). It
has previously been trialled in rheumatoid arthritis, systemic lupus erythematosus and non-
Hodgkin’s lymphoma.

Two identical phase 11 trials in RRMS patients (OPERA | & I1) were recently published
(Hauser et al., 2016). A total of 1656 patients were randomised 1:1 to receive ocrelizumab
600mg intravenously every 24 weeks or IFN-f1a 44ug subcutaneously three times a week
over a 96 week treatment period. In the ocrelizumab arms, the ARR at 2 years were reduced
by 46% and 47% compared to the IFN-B1a arms. A pooled analysis combining both studies
showed a relative reduction of 40% in 3-month and 6-month CDP in the ocrelizumab arms.
The phase 111 PPMS study (ORATORIO) results were also recently published (Montalban et
al, 2016). 732 patients with PPMS were randomised 2:1 to receive two 300mg infusions of

ocrelizumab or placebo 14 days apart, every 24 weeks to 120 weeks. Compared to placebo,
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the ocrelizumab arm had a significant 24% reduction in 3-month CDP and 25% reduction in
6-month CDP.

There were more infusion-related events in the ocrelizumab groups, highest after the first
infusion and mostly mild-moderate in severity (Kappos et al., 2011; Hauser et al., 2015;
Montalban et al., 2015). There were no opportunistic infections and no cases of PML.
Interestingly, the clinical development of ocrelizumab in phase I11 trials of rheumatoid
arthritis and systemic lupus erythematosus were suspended due to safety concerns
surrounding the high incidence of serious and fatal opportunistic infections (Menge et al.,
2016). It remains unclear why ocrelizumab was associated with a less favourable safety
profile in these trials. However it has been suggested that differences in patient population
(i.e. older age, Asian ethnicity), higher dosing and use of adjunct immunosuppressive
therapies may have been contributing factors (Sheridan, 2015; Emery et al., 2014; Sorenson
& Blinkenberg, 2016).

The overall incidence of malignancies was higher in patients treated with ocrelizumab, 0.40
per 100 patient-years of exposure, compared with 0.20 per 100 patient-years of exposure in
the pooled comparator groups (Hauser et al., 2016; Montalban et al., 2016). Whilst the
numbers of cancers seen post ocrelizumab give some cause for concern, longer-term studies
will provide a more accurate assessment of these risks.

Based on the phase 11l RRMS and PPMS studies, the FDA granted ocrelizumab priority
review in mid 2016 with a decision expected in December 2016 or early 2017. The EMA
received an application for centralised marketing authorisation of ocrelizumab in November
2016.

2.2.3. Ofatumumab

Ofatumumab is a fully human 1gG1 anti-CD20 mAb that binds to an epitope distinct from
rituximab and ocrelizumab (Sorensen & Blinkenberg, 2016; Knier et al., 2014). It is proposed
to have improved efficacy over rituximab associated with a slower dissociation rate and more
pronounced CDC activity with relatively less ADCC (Milo, 2016; Reagan & Castillo, 2011).
In vitro studies have shown that ofatumumab depletes B-cell lines resistant to rituximab
(Wierda etal., 2011; Gupta & Jewell, 2012). As a fully human antibody, it has a very low

immunogenic risk profile that could be associated with improved safety. It has demonstrated
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efficacy in rheumatoid arthritis and haematological malignancies and is currently approved
for treatment of refractory chronic lymphocytic leukaemia (Ostergaard et al., 2010; Gupta &
Jewell, 2012).

In 2014, a phase Il RRMS trial randomised 38 patients to receive either placebo or 2
infusions of ofatumumab (100mg, 300mg, 700mg) 14 days apart (Sorensen et al., 2014).
Another phase Il RRMS placebo-controlled study (MIRROR) was conducted using
subcutaneous ofatumumab (Bar-Or et al., 2014). 232 patients were randomised into one of
five treatment groups: placebo, ofatumumab 3mg every 12 weeks, 30mg every 12 weeks,
60mg every 12 weeks or 60mg every 4 weeks. At week 12, placebo patients received a single
3mg ofatumumab dose. The MRI results of both studies show profound reductions on new
Gd-enhancing lesions and/or T2 hyperintense lesions (Table 1).

In these phase 11 trials, there were no unexpected safety signals or dose-related safety
concerns. Infusion-related reactions were more common in the ofatumumab arm for both
studies. No opportunistic infections were reported (Bar-Or et al., 2014; Sorensen et al., 2014).
Two randomised, double-blind, double-dummy phase 111 clinical trials are currently
underway to evaluate the efficacy and safety of ofatumumab compared to teriflunomide in
RRMS (ASCLEPIOS I and I1) [ClinicalTrials.gov identifier: NCT02792218/NCT02792231].
Patients will be randomised to receive either subcutaneous ofatumumab every 4 weeks or
teriflunomide orally once daily. Recruitment started in September 2016 and is expected to be
complete by July 2019.

2.2.1.1. Immune effects of CD20 monoclonal antibody therapies

Trials with CD20 mAb therapies commonly report a rapid depletion of peripheral CD19+ B-
cells, followed by a recovery phase that occurs several weeks after the final infusion. In the
HERMES trial, after one course of rituximab, there was rapid depletion of CD19+ peripheral
B-cells from 2 weeks post treatment until week 24 (>95% reduction from baseline). By week
48, CD19+ cells returned to 31% of baseline (Hauser et al., 2008). The OLYMPUS trial saw
a similar depletion of CD19+ B cells following rituximab therapy, with 35% of patients
recovering peripheral B-cell counts to within normal limits by week 122 (Hawker et al.,
2009). Phase Il trials of ocrelizumab and ofatumumab in RRMS, suggest that these therapies

could be associated with a similarly rapid, but more complete depletion of CD19+ peripheral
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B cells relative to rituximab therapy (99-100%), though head-to-head comparisons are
lacking (Kappos et al., 2011; Sorenson et al., 2014).

Importantly, as limited changes in immunoglobulin concentrations were reported with CD20
mAD therapies in clinical trials (Hauser et al., 2008; Kappos et al., 2011; Sorensen et al.,
2014), it was suggested that the unchanged immunoglobulin levels and early effects of
rituximab therapy make it unlikely that the beneficial outcomes in the studies are due to
depletion of pathogenic autoantibodies from the peripheral circulation. Rather, it was
proposed that CD20 mAb therapies are more likely to target B-cell cytokine production and
antigen presenting functions as part of their mechanisms in MS.

Detailed analyses of the recovered B-cell subsets following a single cycle of rituximab
therapy in MS patients suggest that rituximab therapy could, at least in the short term,
promote reduced activity in the B-cell compartment even as B-cell numbers recover. In their
study, Palanichamy et al (2014) demonstrated that replenishing B-cells are largely comprised
of the naive (IgD+/CD27-) and transitional B-cell subsets, possibly derived from pro B-cells
that do not express CD20. The repletion of memory B-cell subsets was more delayed,
occurring from around 37-52 weeks. It remains unclear how these changes in the B-cell
compartment associate with disease activity in MS; and it is also unclear if these effects are
sustained over-time. Nonetheless, the capacity for memory B-cell numbers to recover over
time, suggests that some maintenance therapy may be required to achieve sustained
therapeutic benefit with CD20 mAb therapies.

Although no significant effects on CD3+ T-lymphocyte cells were reported in the HERMES
and OLYMPUS trials for rituximab in MS, there is some evidence to suggest that rituximab
therapy could deplete a small subset of CD3+CD20dim T-cells (<10% of total CD3" cells) as
part of its actions in MS (Palanichamy et al., 2014). Recent work suggests that CD20+ T-
cells may show enhanced cytokine expression with stimulation in vitro (Schuh et al., 2016),
however, it is not known if these cells contribute to MS pathogenesis or if their depletion is
part of the mechanisms of rituximab therapy in MS. It is possible therefore, that CD20 mAb
therapies may directly target both the B-cell and T-cell functions as part of their mechanisms
in MS.
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2.3. Other B-cell therapies in development for MS

In addition to the CD20 mAb therapies, several other biologicals targeting B-cell surface
antigens or B-cell cytokine signalling molecules have also been trialled for MS. Importantly,
the use of targeted therapeutics to modify B-cell functions has already begun to provide novel
and often unexpected insights into the functions of B-cells in MS pathogenesis, suggesting
that they are important contributors to immune regulation in MS.

2.3.1. CD19 monoclonal antibody therapies

The CD19 antigen is expressed throughout B-cell development, and in contrast to the CD20
antigen, is also present on plasmablasts/plasma cells (Levesque et al., 2008). Monoclonal
antibodies against CD19 may therefore show improved efficacy over CD20 mAbs for MS, as
they may deplete both circulating B-cells and pathogenic autoantibody levels (Tedder, 2009).
In animal models, the anti-CD19 mAb, MEDI-551, is associated with prolonged depletion of
most B-cells, including pre B-cells and antibody producing cells (Herbst et al., 2010; Yazawa
et al., 2005). It remains unclear if CD19 mAb therapies will show efficacy for MS; however,
a phase | randomised, blinded, placebo controlled dose-escalation study to assess the safety
and tolerability of MEDI-551 in relapsing MS patients was recently completed
(ClinicalTrials.gov identifier: NCT01585766). Future trials with these therapies are keenly
anticipated as they may clarify the role of antibodies; and also CD3+CD20dim T-cells, which
do not express CD19, in MS pathology.

2.3.2.Therapies targeting B-cell cytokine signalling molecules

The survival of B-cells has been shown to be dependent on both B-lymphocyte stimulating
factor (BLyS/BAFF) and a proliferation inducing ligand (APRIL), endogenous proteins
produced by activated T-cells, monocytes and neutrophils; these molecules and their
receptors represent potential therapeutic targets for auto-immune diseases with a likely B-cell
component (Schneider et al., 1999; Hahne et al., 1998).

Atacicept, a fusion protein comprising the extracellular domain of the BAFF/APRIL receptor
TACI (Transmembrane activator and CAML interactor and human immunoglobulin FC
domain), was developed as a biologic therapy with binding activity for both BAFF and
ARPIL. In-a phase Il placebo controlled double blind trial of 255 RRMS cases, atacicept

therapy was associated with reduction in circulating mature B-cells of up to 70% percent; and
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dose dependent reduction in serum IgM, IgG and IgA levels, suggesting an effect on antibody
producing plasma cells (Kappos et al., 2014). Unexpectedly however, atacicept therapy was
associated with an increase in the frequency of relapses, suggesting that some B-cell/plasma
cell functions are important for reducing autoimmune attacks in MS. An increase in the
proportion of patients converting to clinically definite MS was also reported in trials with
atacicept for optic neuritis (Sergott et al., 2015). It remains unclear why targeting of
BAFF/APRIL is associated with pro-inflammatory effects in MS and optic neuritis, however
these effects could be partially explained by the types of B-cell subsets that are depleted in
association with the neutralisation of BAFF/APRIL (Lihder & Gold, 2014). Interestingly,
studies in mice suggest that the survival of memory B-cells is independent of BAFF/APRIL
signalling, and hence, atacicept may not efficiently deplete B-cells that are primed to respond
to autoantigens (Benson et al., 2008). It was also suggested that APRIL and/or BAFF may be
associated with the induction of 1L-10 producing regulatory B-cell types (Yang et al., 2010;
Hua, 2016), and hence, atacicept therapy may disrupt regulatory B-cell functions to shift
immune balance towards a pro-inflammatory state (Liuhder & Gold, 2014). Finally, as
atacicept reduced immunoglobulin levels, these effects on plasma cells could be, in

themselves, deleterious in MS, potentially by removal of protective auto-antibodies.

2.4. Future challenges for B cell therapies for MS

Monoclonal antibody therapies that are largely designed to deplete circulating lymphocytes
or to prevent their migration into the CNS compartment, have been successfully used to
modulate the immune response in MS. Although it has long been assumed that T-cells play
an important role in the pathogenesis of this disease, targeted B-cell depleting therapies have
also shown surprisingly good efficacy in clinical trials for MS, suggesting that B-cell
functions may also contribute to the pathogenesis of this disease.

Importantly, despite promising results with CD20 monoclonal antibody therapies in trials for
MS, it is important to note the multi-dimensional role of B cells as antigen presenting cells,
antibody secreting cells, as well as potent sources of both pro-inflammatory and anti-
inflammatory cytokines suggest that untargeted therapeutic manipulation of the B-cell

compartment in MS could be associated with long-term deleterious effects. The most obvious
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concern is long-term depletion of the slowly replenishing plasma cell compartment from the
repeatedly targeted plasma cell pools, which could lead to potentially prolonged
hypogammaglobulinemia.

Animal studies have highlighted the ability of particular B cell subsets to negatively regulate
immune responses through the production of anti-inflammatory cytokines, which modulate
pathogenic CD4+ T cell subtypes and innate immune cell responses, as well as via
interactions with regulatory T cells. Reduced regulatory B cell outputs (i.e. IL-10) in MS
patients and the severe exacerbation of disease in patients treated with atacicept, provide
some perspective on the consequences of targeting the majority of B cell populations as a
therapeutic strategy. Future studies will require a focus on the specific consequences of the
various B cell therapies, with the ultimate goal being a balance between removal of the
drivers of pathogenic immune responses versus maintenance of the beneficial immune

regulatory functions of B cell subsets in MS.

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS
Guide to PHARMACOLOGY (Southan et al., 2016), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015).
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Figure 1.

As B cells develop in the bone marrow, they express various combinations of surface
molecules during the transition from pre-pro B cell to immature B cell. After leaving the bone
marrow and becoming a mature naive B cell, a small subset will become IL-10 secreting
regulatory B cells. Others, upon activation, develop into plasma B cells or memory B cells.
Initially, plasma B cells secrete IgM, but after class-switch recombination may secrete 1gG,
IgA, or IgE.

Rituximab, ofatumumab, and ocrelizumab are monoclonal antibodies that bind CD20, killing
CD20+ cells through antibody-dependent and complement-dependent cell cytotoxicity. CD20
is expressed on pre-B cells, immature B cells, mature naive B cells, germinal centre B cells,
and memory B cells, rendering them vulnerable to these drugs. The black line indicates B cell
subsets present in the periphery that are known to be affected by rituximab, ofatumumab, and
ocrelizumab. The grey line indicates CD20+ cells in the bone marrow - because of their

location, it is unclear whether these cells are affected by the treatments.

Figure 2.

B cell involvement in multiple sclerosis (MS). B cells contribute to MS pathogenesis by a)
secreting pro- and anti-inflammatory cytokines, b) releasing antibodies including various
autoantibodies, and c) acting as antigen presenting cells which present auto-antigens to CD4+
T cells, which together with cytokines promote Thl and Th17 responses.
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Table 1. Clinical trials of monoclonal antibodies in multiple sclerosis (MS)

Active drug Trial/study Samp | Treatment/control arms Dura | ARR (percent Confirmed Percent reduction in Percent reduction in
& MS (Phase) le tion reduction) Disability number of Gd- number of
subtype size (mon | (p-value) Progression percent | enhancing lesions (p- new/enlarging T2
ths) reduction value) hyperintense lesions (p-
(p-value) value)
Natalizumab
RRMS | AFFIRM 942 Natalizumab i.v. 24 0.23 (68%) (p<0.001) 42% (p<0.001)* 92% (p<0.001) 83% (p<0.001)
(Phase 111) Placebo 0.73
RRMS | SENTINEL 1171 | IFN-Bla i.m. + natalizumab 24 0.34 (55%) (p<0.001) 24% (p=0.02)* 89% (p<0.001) 83% (p<0.001)
(Phase 111) IFN-Bla i.m. + placebo 0.75
Alemtuzumab
RRMS | CARE-MS | 581 Alemtuzumab i.v. 24 0.18 (55%) (p<0.001) 30% (p=0.22)t Reduction™® (p<0.0001) | Reduction™* (p=0.04)
(Phase I11) IFN-Bla s.c. 0.39
RRMS | CARE-MS Il | 840 Alemtuzumab i.v. 24 0.26 (49%) (p<0.001) 42% (p=0.008)*t Reduction™® (p<0.0001) | Reduction™* (p<0.0001)
(Phase I11) IFN-Bla s.c. 0.52
Daclizumab
RRMS | SELECT 621 Daclizumumab HYP s.c. 150mg 12 0.21 (54%) (p<0.001) 57% (p=0.02)* 79% (p<0.0001) 70% (p<0.0001)
(Phase 11) Daclizumumab HYP s.c. 300mg 0.23 (50%) (p<0.001) 43% (p=0.09)* 86% (p<0.0001) 79% (p<0.0001)
Placebo 0.46
RRMS | DECIDE 1841 | Daclizumumab HYP s.c. 150mg 24 0.22 (45%) (p<0.001) 20% (p=0.16)* 60% (p<0.001) 54% (p<0.001)
(Phase 111) IFN-Blai.m. 0.39
Rituximab
RRMS | HERMES 104 Rituximab i.v. 12 0.37 (49%) (p=0.08) NS 91% (p>0.001) NS
(Phase I1) Placebo 0.72
PPMS | OLYMPUS 439 Rituximab i.v 24 NS 22% (p=0.14)* NS NS
(Phase 11/111) Placebo
Ocrelizumab
RRMS | OPERA | 821 Ocrelizumab i.v. 24 0.16 (46%) (p<0.001) (Combined OPERA | | 94% (p<0.001) 77% (p<0.001)
(Phase I11) IFN-Bla s.c. 0.29 & 1)
40% (p<0.001)* 95% (p<0.001) 83% (p<0.001)
RRMS | OPERAII 835 Ocrelizumab i.v. 24 0.16 (47%) (p<0.001) 40% (p=0.003)t
(Phase 111) IFN-Blas.c. 0.29
PPMS | ORATORIO 732 Ocrelizumab i.v. 24 NS 24% (p=0.03)* NS NS
(Phase I11) Placebo 25% (p=0.04)t
Ofatumumab
RRMS | Sorensenetal. | 38 Ofatumumab i.v. 100mg, 300mg, | 6 NS NS >99% (p<0.001) 99% (p<0.001)

(Phase 1)

700mg
Placebo
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RRMS

MIRROR
(Phase 1)

232

Ofatumumab s.c. 3mg, 30mg,
60mg
Placebo

NS

NS

>90% (p<0.001) for
doses >30mg

NS

ARR: annualised relapse rate; Gd: gadolinium; RRMS: relapsing-remitting MS; PPMS: primary progressive MS; HYP: high yield process; NS: not specified

* 3-month
T 6-month
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