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B Cell Therapy for Multiple Sclerosis: Entering an Era

Ariele L. Greenfield, MD! and Stephen L. Hauser, MD1

Iweill Institute for Neurosciences, Department of Neurology, University of California, San
Francisco, San Francisco, California

Abstract

Monoclonal antibodies that target CD20 expressing B cells represent an important new treatment
option for patients with multiple sclerosis (MS). B cell depleting therapy is highly effective against
relapsing forms of the disease, and is also the first treatment approach proven to protect against
disability worsening in primary progressive MS. Moreover, evolving clinical experience with B-
cell therapy, combined with a more sophisticated understanding of humoral immunity in
preclinical models and in patients with MS, has led to major progress in deciphering the immune
pathogenesis of MS. Here, we review the nuanced roles of B cells in MS autoimmunity, the
clinical data supporting use of ocrelizumab and other anti-CD20 therapies in the treatment of MS,
as well as safety and practical considerations for prescribing. Lastly, we summarize remaining
unanswered questions regarding the proper role of anti-CD20 therapy in MS, its limitations, and
the future landscape of B cell based approaches to treatment.

INTRODUCTION

Paradigm shifts in the understanding of disease usually occur at the intersection of the
laboratory and the bedside, but the key conceptual advances — eureka moments — are more
often made when real-life clinical trial data are reported. The clinical trials of B cell therapy
in multiple sclerosis (MS) are an example of this principle,1~3 unifying decades of
observation, associations, and speculation that B-lymphocytes, the central actors of humoral
immunity, are critical to the pathogenesis of MS.# Indeed, B cells have now emerged as the
important target for our most highly effective therapeutics. The recently reported trials of the
humanized anti-CD20 monoclonal antibody (mAb) ocrelizumab revealed dramatic effects on
all key clinical and magnetic resonance imaging (MRI) outcomes in relapsing MS (RMS),
and also demonstrated clear benefits for the previously untreatable form of the disease,
primary progressive MS (PPMS). Ocrelizumab was recently approved by the US Food and
Drug Administration (FDA), and decisions by other regulatory agencies are expected to be
forthcoming. In this review we will summarize emerging concepts of B cell biology relevant
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to MS, outline likely mechanisms of action of CD20 therapies, and speculate on the proper
role of ocrelizumab in the therapeutic arsenal.

THE NEUROIMMUNOLOGY OF B CELLS

As is true of many cells and molecules of the immune system, B cells can function in either
pro- or anti-inflammatory roles, depending on their subtype and context.> The pro-
inflammatory functions of B cells, including presentation of critical antigens to Th17 and
Th1 cells, secretion of cytokines and other molecules, as well as antibody production (Figure
1), have generally received the most attention as mediators of tissue damage in many
neurologic disorders. There is also increasing recognition of the clinical importance of
countervailing regulatory B cells (B-regs) that can dampen excessive inflammatory
responses. Additional roles for B cells in the processes of growth, remodeling and repair
have also been identified. The multifaceted biology of B cells underlies their varied roles as
a primary or secondary player in human disease.

Why Target B Cells in MS?

Traditional murine models of MS, known as experimental autoimmune encephalitis (EAE),
were mediated largely or exclusively by pathogenic T cells, with little or no participation by
B cells or antibodies. T cells removed from paralyzed animals were sufficient to “adoptively
transfer” EAE to unimmunized littermates; similarly, transgenic mice engineered to express
myelin-recognizing T cells spontaneously developed EAE. However, EAE is not a unitary
syndrome, but rather encompasses a spectrum of pathologies that vary by the antigen,
adjuvant, and strain of animal employed.5-10 Some of the most useful laboratory models
result from autoimmunity to myelin oligodendrocyte glycoprotein (MOG), a quantitatively
minor CNS-restricted protein expressed on the outermost lamellae of the myelin sheath.
MOG is highly immunogenic in most species studied, and produces an inflammatory white
matter pathology superficially resembling MS.

A modern reassessment of the potential role of humoral immunity in EAE began with a
search to replicate a more distinctive pattern of demyelination present in MS lesions and not
found in T cell mediated EAE models, specifically the presence of large, sharply
circumscribed, macrophage-rich demyelinating lesions with vesicular disruption of myelin
membranes.11-14 A close recapitulation of this characteristic MS-like lesion was produced in
marmosets!® and also in rats,18 although an earlier description may date back more than 50
years in a guinea pig optic neuritis model.1” Surprisingly, in these MS-like models,
antibodies and B cells, acting in concert with T cells, were found to be required for full
disease expression.18 These observations provided a new theoretical framework for the use
of B cell based therapeutics in MS.14

One of the hallmarks of MS, used as a diagnostic tool for nearly 75 years, is the presence of
oligoclonal bands (OCB), representing clonally-restricted antibodies found in the
cerebrospinal fluid (CSF). These secreted immunoglobulins produced by B cells and plasma
cells are largely stable in an individual over the course of disease,19 acting as a private
“fingerprint” for each MS patient.20 Despite many decades of work, however, the antigen
targets of OCB have never been convincingly identified?! and their role in MS
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pathophysiology is uncertain. Although some OCB have been reported to recognize known
myelin proteins, these appear to represent the exception rather than the rule.22 23 |n one
recent report, some CSF derived antibodies were found to recognize ubiquitous cellular
debris,23 suggesting that they represent a secondary phenomenon in response to tissue injury
rather than having a primary pathogenic role. Because antibodies and complement are
commonly found deposited along myelin sheaths and on the surface of macrophages in
active,24 and even newly forming,2> MS lesions, however, the search for autoantigens
recognized by CNS antibodies in MS continues. New technologies such as phage-display

technology now make possible screening with levels of resolution not previously achievable.
26,27

Increased numbers of activated B cell derived plasmablasts, capable of antibody secretion,
can remain in the CSF of MS patients for many years,28 in contrast to their transient
elevations in self-limited neurologic inflammations such as neuroborreliosis or viral
encephalitis. Plasmablasts appear to be an important source of secreted immunoglobulin (1g)
in the CSF,29 30 as well as a correlate of disease severity?8 and gadolinium-enhancing
lesions.28: 31 Sequencing studies of B cell receptor (BCR) genes from CSF plasmablasts and
B cells have revealed that: (1) CSF plasmablasts are derived from a small number of
clonally-related B cells within the CNS compartment that have undergone antigen-driven
activation and somatic mutation;3! (2) similar B cell clones are present in the CSF and brain
parenchyma;30 (3) the same unique clonal families can also be found in peripheral blood
(PBL) and draining cervical lymph nodes in MS, with antigen-driven stimulation likely
occurring in both compartments, revealing an active immune axis with dynamic recirculation
of B cells between the periphery and the CNS;32 33 (4) identical clonally-related memory B
cells and plasmablasts persist in the CSF over time:34 (5) oligoclonal plasmablasts produce
OCBs,2? and in an individual MS patient distinct OCBs have highly similar amino acid
sequences.3® Remarkably, OCBs appear to be largely resistant to all interventions for MS,
including cyclophosphamide, brain irradiation, autologous bone marrow transplantation, the
anti-CD20 mADb rituximab, as well as all FDA-approved therapies.29: 36-45 These
observations emphasize the persistent and refractory nature of these highly selective
compartmentalized engines of humoral immunity in the CNS of individuals with MS.

In addition to differentiation to antibody secreting plasmablasts and plasma cells, functions
of B cells that may be most relevant to MS pathogenesis include roles in antigen
presentation and/or cytokine production.

B cells represent a unique population of antigen presenting cells (APCs). Most APCs
recognize a range of exogenous and endogenous antigens, internalizing and presenting these
to T cells in the context of class 1l major histocompatibility complex (MHC) and co-
stimulatory molecules. In contrast, B cells efficiently recognize only those antigens bound to
their specialized, unique surface BCR. Thus, while most APCs are promiscuous antigen
presenters, B cells are highly selective ones. Upon binding a specific antigen to the B cell’s
surface 1g, the antigen is internalized, processed in the endosome, its constituent peptides are
then complexed with MHC class Il molecules, and the antigen-MHC complex is transported
to the cell surface where it can activate T cells via engagement of the T cell receptor and
costimulatory molecules.*®: 47 In a B cell dependent EAE model, selective elimination of
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MHC class Il expression on B cells — but not on other APCs — conferred resistance to
disease, indicating that the APC function of B cells was critical.*8 Furthermore, EAE studies
indicate that only some autoantigens, including the highly immunogenic CNS protein MOG,
require antigen presentation by B cells to activate autoreactive T cells. It is reasonable,
although speculative, to consider the possibility that the antigen or antigens that trigger
human MS are similarly B cell dependent.

Stimulated /in vitro, B cells from MS patients upregulate MHC class 11 and co-stimulatory
molecules to a greater extent than B cells from healthy individuals or individuals with other
neuroinflammatory diseases.49 Genes that are active in B cells also represent a major
component of all variants, now numbering more than 200,%C known to increase MS risk.
Notably, the gene encoding the MHC class 1| DR beta chain, critical for APC function, is the
strongest MS susceptibility signal genome-wide. It is likely that the net effect of this MS
genetic burden is to bias B cell biology towards a pro-inflammatory phenotype, perhaps
promoting presentation of self-antigens to effector T cells or augmenting autoimmune
responses via production of cytokines and other mediators.

B cells also regulate a wide range of effector immune functions mediated by both B and T
cells through secretion of pro-inflammatory and regulatory cytokines. Tumor necrosis factor
alpha (TNFa), lymphotoxin, and granulocyte macrophage colony-stimulating factor (GM-
CSF) are produced by pro-inflammatory B cells, while B-regs produce interleukin (IL)-10
and 1L-35.51-53 Not surprisingly, MS B cells cultured /7 vitro have been found to secrete
higher levels of pro-inflammatory, and lower levels of regulatory cytokines.>* A role for B
cell derived pro-inflammatory cytokines in MS is supported indirectly by the clinical finding
that B cell depletion rapidly eliminates gadolinium enhancement on MRI,3 suggesting that B
cell mediators could be responsible for disruptions of endothelial tight junctions in active
MS.

IL-10 secreting B-regs normally act in the setting of inflammation to inhibit pro-
inflammatory T cell responses mediated in part through interferon gamma and 1L17.55
However, in the face of innate immune system signaling through toll like receptor 7, B-regs
of MS patients do not respond and differentiate to the extent they do in healthy controls.>®
Interestingly, in MS patients, abnormalities in B cell tolerance appear to predominate in MS
patients only in the periphery, in contrast to other autoimmune diseases that involve defects
in central B cell tolerance.>®

B cells Are Targeted by Other Disease Modifying Therapies for MS

Although most disease-modifying therapies for MS have traditionally been conceptualized
as functioning via T cell based mechanisms, a growing body of data indicates that all have
demonstrable effects on B cells as well.>” Common themes include promoting naive rather
than memory or plasmablast B cells (alemtuzumab); shifting B-cell cytokines towards an
anti-inflammatory tone (beta interferon, glatiramer acetate, fingolimod); increasing B-regs
(beta interferon, glatiramer acetate, fingolimod and dimethyl fumarate); decreasing class Il
MHC expression and costimulatory molecules on B cells required for antigen presentation
(beta interferon and dimethyl fumarate); sequestering B cells in lymphoid organs
(fingolimod); blocking VLA-4 mediated B cell trafficking to the CNS (natalizumab); or
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direct cytolysis of B cells (alemtuzumab, teriflunomide, mitoxantrone). A detailed
discussion of B-cell effects of MS disease modifying therapies can be found elsewhere.57: 58

Not All B Cell Based Approaches Will Be Beneficial in MS

In EAE, B cells can serve as APCs for large protein autoantigens including human MOG but
not for myelin peptides, such as the amino acid 35-55 MOG fragment.>: €0 peptide
immunization models are B cell independent because the BCR, which binds conformational
determinants of large protein antigens with highest affinity, is not involved in capture and
presentation of these short, linear peptide epitopes.>® As noted above, B cells also regulate
autoimmunity by provision of 1L-10.80 Remarkably, when EAE was induced with whole
MOG, B cell depletion was protective, but in MOG peptide-induced EAE, B cell depletion
worsened disease severity,51 62 probably by depleting IL-10 producing B-regs. In humans, a
clinical trial of atacicept, a decoy receptor for the B cell growth factors B cell activating
factor (BAFF) and a proliferation-inducing ligand (APRIL), worsened RMS for uncertain
reasons but possibly by increasing memory B cells or reducing B-reg tone.53

Other Therapeutic Approaches Targeting B cells

Inebilizumab (MEDI-551) is an anti-CD19 mAb that is designed to lead to more complete B
cell depletion than CD20 approaches as it also targets pro-B cells, plasmablasts and some
plasma cells (Figure 1). In a recently published small phase I study in relapsing MS,
inebilizumab produced prolonged B cell depletion and had suggestive benefits on MRI
activity.54 It is currently in late phase clinical trials for neuromyelitis optica.

Daratumumab is an anti-CD38 mADb that targets a surface antigen present on plasmablasts
and some plasma cells (Figure 1). It is approved for the treatment of multiple myeloma, a
plasma cell malignancy, and is a reasonable candidate for consideration as a treatment for
progressive forms of MS. Other early stage trials targeting the BAFF pathway, including
anti-BAFF and anti-BAFF-R (VAY736) are in progress. Small molecules targeting B cell
signaling, including ibrutinib (Bruton’s tyrosine kinase inhibitor) and idealisib (P13 kinase
inhibitor) are additional options for targeting B cells involved in MS, and idealisib may
possibly have the additional advantage, not present with monoclonal antibodies, of effective
penetration across the blood brain barrier.

ANTI-CD20 THERAPY

Overview

Often referred to as B-cell depletion therapy, anti-CD20 mAbs rapidly and profoundly
deplete circulating CD20+ B cells; following intravenous administration, these typically
remain depleted in PBLs for 6 to 9 months.®® Spared from anti-CD20 lysis are stem cells
(pro-B cells), many plasmablasts, and terminally differentiated antibody-producing plasma
cells — B cells that do not express CD20. Plasma cells may be indirectly affected, as plasma
cells in the circulation (a tiny fraction of total PBL lymphocytes) have been reported to
decline®® during treatment. In non-blood patient tissues, the extent and duration of depletion
is not fully known but is likely to be partial, to depend on the specific anti-CD20 mAb and
dose, and to be modulated by individual factors such as genetic background. In general,
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preclinical studies indicate that depletion in various lymphoid tissues and bone marrow is
less complete than in PBL. In primates, ocrelizumab administered at concentrations similar
to those administered to patients (10mg/kilogram), is capable of at least transiently and
partially depleting B cells from lymphoid tissues. At 5- and 10-fold higher concentrations
than human dosing, more severe depletion was observed, but full reconstitution still occurred
by 43 weeks.56-8 |n a study of rituximab in humans, lymph nodes sampled four weeks post-
treatment revealed a relative decrease in naive B cells and an increase in the percentage of
switched memory B cells; transitional (CD24hiCD38hi) cells became nearly absent.89 These
lymph node B cells post-rituximab were less able to induce pro-inflammatory 1L17
expression from T cells.®9 It is not fully known whether and to what extent B cells are
effectively depleted from the CNS. There are reports in MS patients that CD20+ B cells can
continue to be detected in the brain parenchyma and perivascular cuffs in some MS patients
after treatment with rituximab,? therefore it is likely that CD20-expressing B cells in CNS
tissue sites are at least somewhat protected from treatment effects.

There are important differences in various anti-CD20 mAb molecules based on their
structure, predominant mechanism of action (MOA) of B cell killing, and on/off rate of
binding to cell-surface CD20. Three mAbs, rituximab, ocrelizumab, and ofatumumab, are
currently in clinical use for MS. Rituximab, a chimeric mouse-human monoclonal antibody,
was approved in 1997 for B cell lymphoma and indeed was one of the first mAbs ever
developed for clinical use.”! Rituximab was approved for rheumatoid arthritis (RA) in 20086,
and has now been used in more than 184,000 patients with RA, 72 as well as off-label use in
IgG4 disease,’® pemphigus,”* ANCA vasculitis,”> neuromyelitis optica,’8 and myasthenia
gravis,”” in addition to widespread use in MS. Rituximab works primarily through
complement-dependent cytotoxicity (CDC) of B cells, but also has significant antibody-
dependent cellular cytotoxicity (ADCC) activity.

Ocrelizumab, now approved for relapsing and primary progressive forms of MS, differs
from rituximab in that it has a humanized antibody backbone. Ocrelizumab exhibits greater
ADCC compared to CDC than rituximab,’8 and also depletes B cells through multiple
mechanisms, including apoptosis and antibody-dependent cellular phagocytosis.

Ofatumumab, a fully human monoclonal antibody approved for refractory chronic
lymphocytic leukemia,’® has greater CDC than ADCC activity80-82 and is the only anti-
CD20 mAb now being tested using a subcutaneous, rather than intravenous, dosing regimen.

Other anti-CD20 mAbs include obinutuzumab, a humanized IgG1 targeting partly the same
epitope of CD20 as rituximab, but designed to induce greater cell death due to its on/off
binding rates,83 and ublituximab, an anti-CD20 antibody glycoengineered for higher affinity
to all FcyRIlla receptors, yielding greater ADCC than rituximab and ofatumumab,8*
especially in cells with low CD20 expression.

Pharmacokinetics & Pharmacodynamics

In MS trials of ocrelizumab, B cell levels returned to either lower limit of normal or baseline
at a median 72 (27-175) weeks, though the efficacy against disease lasted far longer than the
duration of B cell depletion. In one small experience, approximately 10% of patients were
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not fully B cell repleted even 2.5 years after their last infusion. It should also be noted that
no pharmacokinetic studies have been performed in patients >65 years old, an important
consideration for an aging MS demographic. Similarly, while patients with mild renal and
hepatic impairment in the trials did not show any change in pharmacokinetics, those with
significant hepatic or renal impairment were not studied.

Efficacy of Anti-CD20 Therapies in MS (Table 1)

In relapsing MS, preliminary clinical trials of the anti-CD20 therapies rituximab,
ocrelizumab, and ofatumumab have shown profound reductions in new brain MRI lesion
formation, clinical relapse rates, prolonged duration of efficacy with no evidence of rebound
activity after drug cessation, and a favorable safety profile. A PPMS trial of rituximab failed
to reach its primary endpoint of 12 week confirmed disability progression (CDP-12), but
there was a positive trend for this primary outcome measure, and pre-planned exploratory
analyses suggested that younger patients and those with active (e.g. gadolinium enhancing)
MRI scans at baseline might have responded favorably.8> Based on these studies, off-label
use of rituximab for relapsing and primary progressive forms of MS has been used in some
settings, and subsequent published observational data have, arguably, strengthened the
evidence for its effectiveness and safety in RMS.104

Ocrelizumab: The Pivotal Trials

Relapsing MS—In two parallel Phase 111 studies? of relapsing MS patients, ocrelizumab-
treated patients receiving every 6-month infusions over a 2 year period had an annualized
relapse rate (ARR), the primary endpoint, of 0.16 compared to 0.29 in the high dose
interferon p—1a (Rebif) comparator arms. Ocrelizumab produced stunning reductions in the
MRI endpoint of gadolinium enhancement and new lesion formation approaching 99%
compared with baseline levels, indicating nearly complete elimination of new focal lesion
formation in brain white matter tissue. In addition, a range of secondary and exploratory
outcomes favored ocrelizumab, including clinical disability (CDP-12 and 24 weeks
[CDP-24]) revealing a risk reduction of 40% compared to interferon beta; confirmed
disability improvement; and MRI endpoints of fewer new and/or enlarging lesions as well as
reduced whole brain atrophy.

Primary Progressive MS—In a single pivotal study,? ocrelizumab was compared to
placebo infusions (2:1 randomization) over a 2.5 year period, an acceptable design as there
are no approved therapies for PPMS. The primary endpoint, CDP-12, statistically favored
ocrelizumab with a risk reduction of 24%, and multiple secondary clinical and MRI
endpoints, including CDP-24, timed 25-foot walk, change in total T2 white matter lesion
volume and reduction in whole brain atrophy, also showed benefits favoring treatment, as
did the exploratory endpoint of new and enlarging T2 lesions. Furthermore, the clinical
benefit of ocrelizumab was sustained and durable in the open label extension phase of the
study.86

Although the ocrelizumab study was not powered to assess efficacy in subgroups of PPMS
patients, in analyses of individuals with and without gadolinium-enhancing lesions at
baseline,®’ trends favoring ocrelizumab were present in both groups for multiple clinical and
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MRI outcomes, including CDP-12, CDP-24, 25 foot walk, T2 lesion volume and whole
brain volume.2 In another subgroup analysis that looked at effects by gender, the primary
endpoint of CDP-12 showed no difference in females receiving ocrelizumab compared with
placebo (approximately 36% of patients in each group reached CDP-12), whereas a clear
benefit favoring ocrelizumab was present in males (30% in the ocrelizumb group and 42% in
the placebo arm reached CDP-12). This finding was unexpected and remains of uncertain
significance; notably, trends favoring ocrelizumab in males and females were present for a
number of other clinical and MRI outcomes, including annualized relapse rate, change in
total T2 volume, and new and enlarging T2 lesions.

General Comments Regarding Efficacy, Safety, and Dosing—As noted above, the
various anti-CD20 mAbs are structurally different molecules, each reacting with different
epitopes of CD20 and each with distinct, if overlapping, MOAS. As such, they should not be
considered “biosimilars”, and it is likely that as more experience is gained, nuances (and
possibly more significant differences) in short- and long-term efficacy and safety will
emerge.88 Given that rituximab is a relatively inexpensive chimeric molecule whose period
of patent protection has expired, it is extremely unlikely that a pivotal registration trial of
this therapy for MS will ever be undertaken to rigorously determine its efficacy in MS. Some
differences observed in efficacy and safety that might emerge between the different mAbs
could result from relative differences in dosing; for example ocrelizumab is probably 3-5
times more potent than rituximab on a milligram (mg) to mg basis, and a 600mg infusion of
ocrelizumab is likely biologically a higher dose than a 1000mg infusion of rituximab. No
other data exist to assess the minimal effective dose, optimal dose frequency, or duration of
anti-CD20 therapy necessary to achieve sustained clinical outcomes.

These caveats aside, published studies of the anti-CD20 therapies reported to date — all
administered by infusion — have revealed important principles. All appear to be astoundingly
effective against focal brain inflammation measured by MRI — with risk reductions
approaching 100% — and are also highly effective against new clinical relapses and relapse-
associated disability accumulation. These effects are sustained over time, and unlike some
other effective therapies, such as natalizumab and fingolimod, no rebound disease activity
has been observed with anti-CD20 therapies following treatment withdrawal or B cell
repletion.: 7889 Fyrthermore, the benefits may be sustained well beyond the period of B
cell repletion; in the phase 2 ocrelizumab study in RMS, gadolinium-enhancing MRI lesions
still remained effectively undetectable 18 months following the 4! and final infusion cycle,
90 similar to the 12 month data following a single infusion cycle in the phase 2 rituximab
study.

The degree to which anti-CD20 therapy benefits progressive MS patients is less clear. The
PPMS trial of ocrelizumab demonstrated clear evidence of benefit at the 120-week time
point, but the risk reduction for CDP-12 was only 24%, very similar to the earlier trial of
rituximab that failed to reach a significance level of p<0.05 prerequisite for approval by
regulatory bodies.8 The survival curves from these two studies had similar trajectories
(Figure 2), and ocrelizumab may have succeeded in PPMS while rituximab did not simply
because the ocrelizumab study was larger (e.g. 732 vs 488 randomized patients) and had
greater power to detect the primary endpoint. The MRI data from these PPMS trials,
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specifically the change in total T2 lesion load and whole brain volume, might favor
ocrelizumab over rituximab; however, cross-trial comparisons of this type are extremely
problematic and fraught with high potential for error and erroneous conclusions.

What is clear from the PPMS studies is that the risk reduction against progression is
relatively modest, and this could reflect suboptimal dosing of anti-CD20 mAb, an
inadequacy of our measurement tools to detect progressive disease activity in a short-term
study, or the possibility that treatment was begun at too advanced a stage of disease to have a
more substantial effect. More likely, however, these data suggest that there is a ceiling effect
for anti-CD20 therapy, and that the greater proportion of the underlying neurodegenerative
process responsible for PPMS is not ameliorated by anti-CD20 therapy. This conclusion is
also in line with the MRI whole brain atrophy data in the pivotal RMS and PPMS
ocrelizumab trials revealing consistent but only partial reductions in atrophy progression.
Similarly, the modest risk reductions in CDP and whole brain atrophy observed in the RMS
trials of ocrelizumab also suggest that there is a significant underlying neurodegenerative
component present, even in early RMS, that is resistant to anti-CD20 treatment. This
concept was also highlighted in a case report of a patient who developed secondary
progressive MS in the setting of longstanding rituximab treatment for his RMS.36

Safety Considerations

The generally favorable safety profile of anti-CD20 therapies may be due to several factors.
First, although B cell depletion from the circulation is nearly complete, only 2% of the
body’s total lymphocyte pool exists in peripheral blood,%! and depletion of the body’s major
stores of B cells in lymphoid organs is only partial. Thus, a large reservoir of B lymphocytes
likely remain, even after multiple doses. Early B cell precursors and late stage plasma cells
are both CD20-negative®? and unaffected by treatment, meaning that immune reconstitution
by stem cells and pre-existing humoral immunity mediated by long-lived plasma cells are
both preserved.

Infusion Reactions—In the ocrelizumab trials, infusion reactions were mostly mild to
moderate in severity and most often occurred with the first dose. The low incidence and
severity of infusion reactions observed with ocrelizumab, compared to rituximab, may have
been due to glucocorticoid pretreatment and to ocrelizumab’s mechanism of B cell lysis
involving ADCC more than CDC. It is also noteworthy that fewer than 1% of ocrelizumab
treated patients developed anti-drug antibodies during the 2 year treatment course, in
contrast to 25% of rituximab treated MS patients treated with just a single infusion in the
phase 2 trial. Premedication with glucocorticoids prior to ocrelizumab, but not rituximab, in
these trials might have reduced the frequency of anti-drug antibodies, but the humanized and
less immunogenic structure of ocrelizumab compared with chimeric rituximab was likely
also responsible. With the anticipated need for chronic use, the advantages of a humanized
(ocrelizumab) or fully human (ofatumamab) anti-CD20 molecule could become even more
evident, although experience with rituximab as add-on therapy in RA indicates that only
very rarely does formation of anti-drug antibodies degrade clinical efficacy.%
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Serious and Opportunistic Infections Including Progressive Multifocal
Leukoencephalopathy—To date, there has only been one reported case of progressive
multifocal leukoencephalopathy (PML) observed in any MS patient on anti-CD20 therapy,
and this single case was likely due to recent use of natalizumab therapy in a patient with
positive antibody titers to John Cunningham (JC) virus. However, experience with
ocrelizumab in MS (<14,000 patient years of use) is still quite limited, and with ofatumumab
an even smaller experience exists. The annual incidence of PML in rituximab-treated RA
patients is estimated at less than 1:25,000, and the portion of this risk that is due to rituximab
is undoubtedly even lower: this is because rituximab is used in RA as add-on to a
polypharmacy regimen including chronic glucocorticoids and antimetabolites, which are
both known to increase PML risk, and because untreated RA is itself a PML-associated
condition.?* Nonetheless, vigilance and careful reporting of all serious infections occurring
in MS patients treated with anti-CD20 treatments will be important given the expected large-
scale adoption of ocrelizumab in MS and the confounding effects of legacy
immunosuppressives, such as natalizumab, in patients who are switching from other disease-
modifying therapies.

No increase in other serious infections, including disseminated zoster and opportunistic
infections, were observed in the ocrelizumab trials. Slight overall increases in upper
respiratory infections and mild, cutaneous herpes infections were detected.? 3 However,
experience using anti-CD20 long term in a larger number of patients will be needed in order
to identify low signal infections or those that develop over longer periods of exposure. It is
noteworthy that a phase 2 trial of ocrelizumab as an add-on therapy in RA was stopped in
2011 because of a small cluster of opportunistic infections that appeared in older patients
from Southeast Asia; however, these trials used doses of ocrelizumab that were higher than
those approved for MS.9

Patients with chronic active hepatitis, including active hepatitis B and C, should not receive
anti-CD20 therapy until infection is cleared. Similarly, live virus vaccines should be
administered at least 6 weeks prior to initiating treatment.%-98 |f inactivated or recombinant
vaccines are given during B cell depletion, their efficacy may be reduced (influenza, Tdap,
hepatitis).%6-98 Ideally, vaccination status should be updated prior to beginning therapy. It is
also important to screen for varicella zoster virus (VZV) 1gG positivity to document
immunity to VZV prior to starting anti-CD20 therapy and to consider vaccinating for VZV if
patients are not immune; a new highly effective recombinant vaccine, Shingrix, is now
available, eliminating the need for live virus vaccination.

Malignancy—There was a small but concerning imbalance in the number of malignancies,
and breast cancer in particular, in MS patients who received ocrelizumab in the phase 3
trials. For a number of reasons, the observed imbalance may not signify a biologically
meaningful difference: the total numbers of patients with breast or other cancers in the
ocrelizumab-treated populations were not higher than epidemiological expectations, the
incidence of cancer has fallen during the subsequent open-label extension studies,®® and
diverse types breast cancers were observed that did not fall into a single pathologic category
suggestive of a causative exposure. In addition, in the RA trials of ocrelizumab, no
malignancy signal was present,®® and in limited experience in lymphoma there was no
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increase in the rate of secondary malignancy.1% Rituximab, after 20 years and > 4.8 million
total infusions, has also not been associated with any increased risk of malignancy. There are
no official recommendations for increased malignancy surveillance screening in patients
receiving ocrelizumab; age-appropriate cancer screening guidelines should be followed, and
patients should be cautioned that until further clarifying information is available, a possible
increase in cancer risk should be considered before beginning treatment with ocrelizumab.

Pregnancy & Lactation—Women are advised to use contraception during and for 6
months after the last infusion of ocrelizumab.101 Currently available anti-CD20 therapies are
all of the 1gG1 isotype, which do not cross the placenta during the first trimester, but can
cross after the 16 week of gestation and reduce B cell levels in the developing fetus. There
is no evidence of maternal toxicity, infertility, teratogenicity or embryo toxicity in animal
studies of ocrelizumab at doses similar to those used in humans, and a very limited
experience in MS patients who conceived while taking rituximab02 and ocrelizumab was
also favorable.103

Some MS patients have received anti-CD20 therapy prior to planning to conceive, either
after several months post-infusion or at the time of B cell reconstitution. Here the rationale is
that protection against MS relapses can last beyond B cell reconstitution, possibly
throughout pregnancy and early postpartum period. In this way, the fetus is not exposed to
circulating drug and the mother is protected against MS relapses. However, there is no
systematic evidence to indicate that this is a safe or effective practice.

Mechanistic Insights

Ocrelizumab and rituximab have half-lives of ~400 hours (approximately the same as a
typical endogenously synthesized IgG molecule), but pharamacodynamic effects of anti-
CD20 therapy can last for many months to years. While long-term 1gG levels generally do
not change with initial courses of anti-CD20 therapy, a small decrease in IgM levels may
occur.13. 78,104 There has been speculation that the high apparent efficacy of anti-CD20
mAbs for IgG4-associated diseases could be explained by 1gG4 secretion by short lived
plasmablasts.19% When circulating B cells replete after anti-CD20 therapy, most represent a
naive or immature/transitional phenotype based on surface receptors and degree of somatic
hypermutation, while potentially pathogenic memory B cells remain at reduced levels, even
2 years after treatment.5® There are fewer GM-CSF producing B cells, lower levels of IL-6,
and higher levels of 1L-10.52 Similarly, the T-cell compartment following anti-CD20
treatment is characterized by fewer proinflammatory Thl and Th17 cells and larger numbers
of CD251FOXP3 regulatory T cells.>*114 Myeloid cells cultured in the presence of B cell
supernatants are also less likely to produce the pro-inflammatory cytokines IL-6 and IL-12,
and more likely to produce IL-10 in the post-reconstitution phase.>® Together, these data
suggest that a reprogramming of immunity from an activated to a resting state may occur
following therapy and could account for the long-lived protection against MS attacks
observed in the post-reconstitution period.

Surprisingly, in addition to B cells, approximately 6% of total circulating T cells express
CD20; these cells, termed CD3+CD20dim because of their low density of CD20 expression,
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appear to be phenotypically and functionally heterogeneous and are slightly more often CD8
positive.106. 107 Transient drops in CD4 and CD8 counts occur for 3-6 months following
anti-CD20 treatment, 108 possibly relating to removal of CD20-positive T cells.

Intrathecal concentrations of systemically administered monoclonal antibodies, including
anti-CD20 antibodies, are only approximately 0.1% of plasma levels.19° However, CSF B
cells decrease dramatically with CD20 depletion therapy, and remarkably levels of CSF T
cells also are reduced.3” The effectiveness of anti-CD20 therapy in reducing levels of
cellular inflammation in the CSF is consistent with a disease model postulating that clonally
restricted B cells migrating from the circulation into the CNS are the key triggers for RMS

disease activity, and that they orchestrate an immune response mediated by both B and T
cells.32. 33,35

Possible Reasons for Limitations of Anti-CD20 Therapy

As summarized above, CNS B cells of MS patients are clonally restricted and appear to
traffic from the cervical and other lymph nodes.33 Lymph node B cells are not fully depleted
by anti-CD20 therapy, and this could provide an ongoing source of disease activity. CNS
lymphatics could possibly provide a route for B cell trafficking that bypasses the peripheral
circulation, allowing for continued B cell maturation in the lymph nodes.11? Perhaps more
important, the failure of anti-CD20 therapy to deplete some B cells in the CNS parenchyma
or meninges, or plasma cells anywhere in the body,”% 111 might be a source of underlying
progressive disease activity even when relapses and focal plaque accumulation cease. These
theoretical limitations of anti-CD20 therapy may also explain its relative safety, including
the paucity of observed complications often associated with immunosuppressive states.
Although therapies that target humoral immune system cells more broadly than anti-CD20
could possibly offer a higher level of efficacy, a less favorable side effect profile is expected
with use of more potent immunosuppressive therapies directed against B cells and/or plasma
cells for MS, including inhibitors of Bruton’s tyrosine kinase, inhibitors of proteasomes, and
mAbs against plasma cell antigens.

Switching From Other Disease Modifying Therapies

There is short-term observational safety data on switching from natalizumab to rituximab. In
one such study derived from registry data from three hospitals in Sweden, no significant
safety signals were identified, and over a mean period of 21 months 1.8% of
rituximabtreated patients experienced a relapse whereas 17.6% switched to fingolimod
relapsed.115 In order to avoid combined immunosuppression, caution should be exercised
when switching from medications such as fingolimod, dimethyl fumarate or other cytotoxic
therapies that can produce lymphopenia, which can, particularly with dimethyl fumarate, be
prolonged for many months. We generally recommend institution of anti-CD20 therapy
when lymphopenia has resolved.

FUTURE QUESTIONS

The promise of ocrelizumab, the first FDA approved anti-CD20 therapy for RMS, is
grounded in its marked and sustained high level of efficacy and favorable safety profile for
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RMS compared to other highly effective MS therapies. It is also the first FDA approved
medication for PPMS. Anti-CD20 therapy nearly eliminates relapses and new MRI activity
and has a modest albeit significant effect in PPMS. In a broader sense, although it is clear
that B cell based therapies represent a significant conceptual advance in treating all forms of
MS and in understanding the biology of this complex disease, many questions for future
study remain.

1

If anti-CD20 therapy is initiated at disease onset, can secondary progression be
prevented? The long-term course of MS has become less severe in the treatment
erall? and it is possible that more effective therapies might have an even more
pronounced beneficial effect. Many clinicians currently employ a “treat-to-
target” therapeutic paradigm for patients with MS, with gradual escalation to
more highly effective therapies prompted by on-treatment disease breakthroughs.
Ocrelizumab’s high level of efficacy and reasonable safety record permits its use
as a first-line agent, which should enable an understanding of how RMS behaves
over the long-term when focal inflammation is shut down at the earliest possible
time in the disease course.

What role do plasma cells and other CNS-resident B cells that escape anti-CD20
therapy have in MS, particularly with respect to clinical progression and
measures of accelerated neurodegeneration across the disease spectrum? Do CSF
OCB:s correlate with treatment-resistant meningeal B cell and plasma cell
aggregates, and if so can OCB be used as a surrogate marker for persistence of
humoral autoimmunity in the CNS?

What is the optimal dosing frequency of anti-CD20 therapy, and can stop criteria
for treatment be identified? Given the prolonged clinical effects observed, would
a time-limited induction therapy — perhaps for 2 or 3 years — followed by active
surveillance for clinical and MRI disease activity, and possibly also biomarkers
such as returning memory B cells in PBL,196 permit the tailoring of anti-CD20
retreatment on an “as needed” basis? How would an episodic treatment regimen
compare with continuous treatment in terms of preventing long-term disability?

Can more selective B cell therapies be developed against only the ‘bad actors’ as
opposed to all CD20+ cells? For example, could new emigrants from the lymph
nodes be depleted? Might it be possible to deplete subpopulations of B cells such
as CD27+ plasmablasts or even particular B cell clones responsible for OCB
production, while preserving protective B cells, such as B-regs, that are depleted
by anti-CD20 therapy but may contribute to neural repair?113 Advances in
knowledge of the specific B cell directed autoimmune mechanisms at play in
MS, coupled with rapid progress in the biology of drug development and in CNS
targeting, make these possibilities realistic ones for design of the next generation
of B cell therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Anti-CD20 Therapies
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Figure 1. Landscape of B-cell therapies and possible mechanisms of action
(A) Anti-CD20 mAbs in clinical use and summary of expression of CD20 and other B-cell

surface antigens. Top: Structure of anti-CD20 mADbs in clinical use, with mechanisms of
action summarized as relative degrees of complement-dependent cytotoxicity (CDC) and
antibody-dependent cell-mediated cytotoxicity (ADCC). Middle: B-cell maturation stages,
defined by cell-surface antigens, highlighting B-cell subsets most depleted by anti-CD20
therapies (shaded region in center). Bottom: Common tissue locations for B-cell subsets. Of
note: heterogeneity in surface-marker expression across previously defined B-cell subsets is
recognized, as are exceptions to defined tissue locations of B-cell subsets. (B) Diverse
functional roles of B cells in immunity and autoimmunity. The many roles of B cells,
including participation in innate immunity, antigen presentation, antigen trafficking,
cytokine production, and autoantibody production. The mechanism(s) responsible for the
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rapid onset and nearly complete protection against development of new focal lesions in MS
is/are unknown, but may be attributed to effects of anti-CD20 therapy on antigen
presentation and cytokine production. APC = antigen-presenting cell; BCR = B-cell
receptor; CSF = cerebrospinal fluid; DAMPs = damage-associated molecular pattern
molecules; GM-CSF = granulocyte-macrophage colony-stimulating factor; HLA = human
leukocyte antigen; 1gG = immunoglobulin G; IL = interleukin; LT-a = lymphotoxin-alpha;
MHC = major histocompatibility complex; PAMPs = pathogen-associated molecular pattern
molecules; TCR = T-cell receptor; TLR = Toll-like receptor; TNFa, tumor necrosis factor
alpha.
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Phase 2 RMS Trials: Rituximab (2008) vs. Ocrelizumab (2011)
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Figure 2. Cross-trial comg)arisons of placebo-controlled trials of rituximab and ocrelizumab for
RMSL 78 and PPMS2 8

(A) Phase 2 RMS trials (600mg arm of OCR phase 2 trial). Gadolinium enhanced lesion
counts at different time points are shown (left), and annualized relapse rates (ARR) (right).
Data show similar levels of suppression of gadolinium disease activity, and also significant
suppression of clinically observed relapse activity (arguably with a possible advantage
favoring ocrelizumab)*. (B) Phase 3 PPMS trials. Disability progression confirmed at 12
weeks (CDP-12) show similar effect sizes on Kaplan-Meyer survival plots; however, the
benefit of ocrelizumab was statistically significant (p = 0.03), whereas rituximab was not (p
= 0.14), possibly attributed to differences in the size of the studies. *In the OCR trial, ARR
was adjusted for exposure time. In the RTX trial, ARR was adjusted for exposure time,
baseline EDSS, and previous exposure to glatiramer acetate or interferon. Gd+ = gadolinium
positive; PPMS = primary progressive multiple sclerosis; RMS = relapsing multiple
sclerosis.
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Table 1

Pivotal MS Trials with Ocrelizumab

Page 24

Ocrelizumab versus Placebo in Primary Progressive

Ocrelizumab versus Interferon

Study . . Beta-1ain Relapsing Multiple
MultlpIeScler05|s1 Solerosis?
Design Phase 3, randomized 2:1 OCR vs placebo Tandem (2) phase 3 trials, randomized

1:1 OCR vs IFNB-1a

Number of Patients

732 (488 OCR; 244 placebo)

821 (410 OCR,; 411 IFNp-1a) + 835
(417 OCR,; 418 IFNp-1a)

Key Inclusion Criteria

Age: 18-55; EDSS: 3.0-6.5; Motor FSS: 2+; Disease
duration: <10yrs if EDSS 3-5, <15yrs if EDSS 5-6.5;
Elevated 1gG index or 1+ OCB; No prior B cell depletion or
immune suppression

Age: 18-55; RMS; EDSS: 1-5.5 (unless
EDSS <2 after 10yrs); No prior anti-
CD20, ALEM; No recent IFN, GA,
1VIg, PLEX; 2 or more relapses/2yrs or
1 relapse in past yr

Dose All doses: OCR 600mg g24wks; each given as paired 300mg | OCR 600mg g24wks (initial course
1V infusions 2wks apart; 100mg methylprednisolone IV given as paired 300mg 1V infusions
before each infusion. 2wks apart; 100mg methylprednisolone
1V before each infusion) vs IFNB-1a
44ug tiw
Duration Event-driven; approx.120wks (2.3yrs) 96wks (1.8yrs)

Primary Outcome

% pts with CDP-12 (24% reduction favoring OCR)

ARR (46% and 47% reductions favoring
OCR)

Significant Secondary Outcomes

Clinical: CDP-24, T25W; MRI: T2 lesion volume, whole
brain volume loss

Clinical: CDP-12, CDP-24, CDI-12,
MSFC (pooled analyses); MRI: Gd+
lesions, new-enlarging lesions

Adver se Events Infusion reactions; Minor URISs; Oral herpes infections Infusion reactions
(nonserious); Imbalance in breast cancer, possibly other
neoplasms, of uncertain significance
Comments First effective disease-modifying therapy for PPMS. FDA Highly effective against relapses and

approval for dosing identical to RMS (single 600mg dose
g24wks after initial paired 300mg infusions).

new MRI lesions; significant benefits
against disability.

'ZMontaIban, X, et al. Ocrelizumab versus Placebo in Primary Progressive Multiple Sclerosis. N Engl J Med. 2017 Jan 19;376(3):209-220

ZHauser, SL, et al. Ocrelizumab versus Interferon Beta-1a in Relapsing Multiple Sclerosis. N Engl J Med. 2017 Jan 19;376(3):221-234 ALEM =
alemtuzumab; ARR = annualized relapse rate; CDI-12 = 12-week confirmed disability improvement; CDP-12 = 12-week confirmed disability
progression; CDP-24 = 24-week confirmed disability progression; EDSS = expanded disability status scale; FDA = Food & Drug Administration;
FSS = functional systems score; GA = glatiramer acetate; Gd+ = gadolinium-enhancing; IFN = interferon; IFNB-1a = interferon beta-1a; 19gG =
immunoglobulin G; IV = intravenous; IV1g = intravenous immunoglobulin; mg = milligram; MRI = magnetic resonance imaging; MSFC =
multiple sclerosis functional composite; OCB = oligoclonal band; OCR = ocrelizumab; PLEX = plasma exchange; PPMS = primary progressive
multiple sclerosis; pts = patients; RMS = relapsing multiple sclerosis; T25W = timed 25-foot walk; tiw = three times weekly; URI = upper
respiratory tract infection; wks = weeks; yrs = years; ug = microgram
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