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Abstract

Multiple sclerosis (MS) was previously thought to be a T-cell-mediated, demyelinating disease of the central nervous system.
Disease-modifying therapies targeting T cells have, indeed, shown remarkable efficacy in patients with relapsing-remitting
MS. However, these therapies do also target B cells, and a B-cell-depleting monoclonal antibody (ocrelizumab) has recently
been approved for MS therapy and is efficacious not only in relapsing forms of MS but also in some patients with primary
progressive MS. This suggests that B cells may play a more important role in the pathogenesis of MS than previously appreci-
ated. We review the potential roles of B cells, which are the precursors of antibody-secreting plasma cells in the pathogenesis
of MS. Furthermore, we provide an overview of the characteristics and clinical data for the four monoclonal antibodies
(ocrelizumab, ofatumumab, rituximab, and ublituximab) that have been approved, are currently been used off-label or are
being investigated as treatments for MS. These antibodies all target the cluster of differentiation (CD)-20 molecule and
bind to distinct or overlapping epitopes on B cells and a subset of T cells that express CD20. This leads to B-cell depletion
and, possibly, to depletion of CD20-positive T cells. The net result is strong suppression of clinical and radiological disease
activity as well as slowing of the development of persisting neurological impairment.

1 Introduction

Anti-cluster of differentiation (CD)-20 monoclonal
antibodies induce profound depletion of circulating B
lymphocytes after systemic administration.

In relapsing-remitting multiple sclerosis (MS), the B-cell
depletion is associated with a reduction in the occurrence
of relapses and in disability worsening, and the effect on
disease activity in magnetic resonance imaging (MRI) is
remarkably pronounced.

The short-term safety profile in phase III studies appears
favorable, but long-term follow-up studies will be needed
to assess the benefit/risk profile of anti-CD20 monoclo-
nal antibodies.
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Multiple sclerosis (MS) is an immune-mediated disease
of the central nervous system (CNS) [1]. In most patients,
MS initially runs a relapsing-remitting (RR) disease course
with episodes of new or worsening symptoms developing
over a few days, peaking for a few weeks, and remitting
partially or completely after several weeks to a few months
[2]. In this disease phase, a close relationship exists between
relapses and the occurrence of new lesions on magnetic res-
onance imaging (MRI) [3]. There is compelling evidence
that disease activity in relapsing-remitting MS (RRMS),
i.e. relapses and MRI activity, is immune mediated. Pulsed
immune reconstitution therapy with the monoclonal anti-
cluster of differentiation (CD)-52 antibody alemtuzumab and
the lymphocyte-selective cytotoxic drug cladribine or high-
dose chemotherapy with autologous hematopoietic stem cell
support can lead to long-lasting activity-free remission in
RRMS [4]. Furthermore, treatment with the anti-very late
antigen-4 antibody natalizumab, inhibiting the migration
of lymphocytes across the blood-brain barrier, is highly
efficacious in suppressing disease activity in MS [5]. It has
been generally assumed that the efficacy of these therapies
in RRMS is explained by inhibitory effects on pathogenic,
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autoreactive T cells, but these therapies also target B cells
[6]. Several placebo-controlled clinical trials have, indeed,
shown that treatment with anti-CD20 monoclonal antibod-
ies targeting B cells is highly efficacious in RRMS [7-11].
Some 10-15% of patients have primary progressive MS
(PPMS), with more gradual onset of disease with symptoms
evolving over several years [2]. The onset of PPMS usually
occurs in patients who, on average, are about 10 years older
than patients with RRMS onset. A gradually progressive
disease course comparable to PPMS, termed secondary pro-
gressive MS (SPMS), follows in many patients 20-30 years
after an initially RR disease [2]. Anti-CD20 antibody therapy
has also shown efficacy in slowing progression in PPMS,
whereas controlled studies in SPMS are still lacking [12, 13].
Taken together, accumulating data indicate a pivotal role
of B cells in the pathogenesis of MS. We discuss the role of
B cells in the immunopathogenesis of MS, review mecha-
nisms of action of anti-CD20 antibodies, and review data on
the efficacy and safety of the anti-CD20 antibodies rituxi-
mab, ocrelizumab, ofatumumab, and ublituximab in MS.

2 Immunology and Immunopathology
of Multiple Sclerosis

MS is thought to result from a dysregulated immune response in
genetically susceptible individuals, which results in demyelina-
tion and axonal and neuronal loss in the CNS [1, 14]. B cells are
the precursors of plasma cells, which—upon activation—pro-
liferate and differentiate into immunoglobulin-secreting plas-
mablasts and plasma cells. It is well-established that aberrant
B-cell responses in the CNS are prominent in MS. Intrathecally
synthesized immunoglobulin G (IgG) in the form of IgG oligo-
clonal bands in cerebrospinal fluid (CSF) is a hallmark of the
disease and are included in the most recent McDonald diagnos-
tic criteria for MS [15, 16]. Oligoclonal bands are highly stable
over time in patients with established MS, and different bands
in an individual patient may be clonally related [17, 18]. The B
cells present in the CSF are not necessarily clonally related to
antibody-producing plasma cells in the same patient [19], but
clonally related B cells have been identified in blood and CSF
and may undergo clonal expansion and diversification either
in the periphery of or within the CNS [17, 20]. Interestingly,
maturation of the B-cell response seems to occur to a large
extent in the cervical lymph nodes, which provides a plausible
explanation for why systemic depletion of B cells or inhibition
of their recruitment to the CNS is efficacious in MS [21].
Antibody reactivity to a variety of autoantigens has been
reported in MS [6], but the antibody specificity of the IgG
oligoclonal bands in MS remains uncertain, and no definite
autoantigenic target of the intrathecally synthesized IgG has
yet been identified in MS [16]. Nevertheless, histopathology
studies have demonstrated deposition of immunoglobulins
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and complement factors on myelin debris in active MS
lesions [22], and complement activation products are present
in CSF from patients with MS [23, 24]. Interestingly, histo-
pathology studies suggest that only a subset of patients with
MS show evidence of antibody- and complement-mediated
pathophysiology and that such patients are more likely to
respond to treatment with plasma exchange [25, 26]. These
findings, together with studies showing that approximately
30% of patients with MS have circulating autoantibodies
with complement-dependent, demyelinating activity in vitro,
support the notion that at least a subgroup of patients with
MS have pathogenic, circulating autoantibodies [27].

Although these data support a pathogenic role for autoan-
tibodies in a subgroup of patients with MS, B cells are
thought to play more important roles than serving as the pre-
cursors of autoantibody-secreting plasma cells [6]. Indeed,
in the animal model experimental autoimmune encephalo-
myelitis (EAE), the pathogenic role of the B cell does not
depend on the capacity to secrete autoantibodies. Thus, B
cells are highly potent antigen-presenting cells, especially
for protein antigens for which they express specific sur-
face immunoglobulin receptors [28]. The role of B cells in
the stimulation of pathogenic T-cell responses in MS was
recently highlighted in studies suggesting that memory B
cells from patients with MS stimulate autoreactive T cells
with brain-homing properties. These T cells appear to target
a novel autoantigen co-expressed in B cells and the CNS
[29]. This T-cell response was reduced after in vivo B-cell
depletion with the anti-CD20 antibody rituximab.

In addition to serving as antigen-presenting cells, B cells
secreting proinflammatory cytokines such as interleukin
(IL)-6 contribute to the pathogenesis of EAE [28, 30]. B
cells from patients with MS show increased expression of
the transcription factor nuclear factor kB (NFxB) after acti-
vation via the CD40 molecule [31]. NFxB is a key transcrip-
tion factor in the induction of proinflammatory responses,
and B cells from patients with MS produce increased levels
of many proinflammatory cytokines [32-35]. IL-15, granu-
locyte-monocyte colony stimulating factor, lymphotoxin-a,
and tumor necrosis factor-a produced by B cells were found
to contribute to the activation of proinflammatory T helper
type 1 (Thl) and Th17 cells, cytotoxic CD8 T cells, and
myeloid cells [32-34]. These findings support the notion
that therapy with B-cell-depleting antibodies may target
proinflammatory B-cell cytokine responses involved in the
induction of systemic, pathogenic immune responses in MS.

Subsets of B cells termed regulatory B cells (B,
cells) produce immunoregulatory cytokines, e.g., IL-10
and IL35, and B, cells are known to have regulatory
potential in EAE [36, 37]. Although studies of B-cell
production of immunoregulatory cytokines in MS have
yielded conflicting results [32, 35, 38-40], it is clear
that anti-CD20 antibody therapies will equally deplete
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proinflammatory B cells and B,,, cells. Depletion of B,
cells may, indeed, provide an explanation for the unex-
pected observation of increased monocyte activation in
patients treated with rituximab [41].

In addition to involvement in the development of systemic
immune responses, B cells are also thought to have patho-
genic effects in the CNS. B cells infiltrate the brain paren-
chyma in MS, and B-cell infiltration is a prominent feature in
some patients with MS [42, 43]. Increased B-cell activation
has, indeed, been observed even in studies of CSF cells from
patients with clinically isolated syndromes, i.e., a first clinical
manifestation of MS [23]. Histopathology studies have pro-
vided evidence of prominent demyelinating cortical lesions in
MS [22, 44]. Large subpial, cortical lesions are associated with
inflammatory infiltrates in the meninges and are associated
with a more severe disease course [45—47]. B cells and plasma
cells are present in the meningeal infiltrates and may become
organized in lymphoid follicle-like structures in patients with
SPMS, often associated with a more severe disease course
[43, 45, 46, 48]. Accordingly, therapeutic depletion of B cells
within the CNS may also be advantageous in MS.

3 Mechanisms of Anti-CD20 Antibodies

The anti-CD20 antibodies target the CD20 molecule, which
is expressed on cells of the B cells lineage from the pre-B
cell to the early plasmablast stage [6]. In addition, CD20 is

expressed at lower levels on a subset of T cells [49]. CD20
is a member of the membrane-spanning 4-A family and is
encoded by the MS4A 1 gene on chromosome 11 [50]. CD20
is a nonglycosylated molecule with a molecular weight of
33-36 kD as the intracellular region of the molecule is dif-
ferentially phosphorylated on serine and threonine residues
[50]. On the cell surface, CD20 is present in tetramers asso-
ciated with lipid rafts and is believed to be involved in the
release of calcium from intracellular stores during B-cell
activation.

IgG antibodies are composed of two immunoglobulin
heavy chain and two immunoglobulin light chain molecules.
Parts of the light chain and heavy chain molecules consti-
tute the paratope, which is the antigen-binding part of the
immunoglobulin, whereas the heavy chains constitute the
fragment crystallizable (Fc) part, which defines the effector
functions of the antibody (Fig. 1). Anti-CD20 antibodies
are divided into type 1 and type 2 antibodies according to
the mechanisms they employ for B-cell depletion. Type 1
anti-CD20 antibodies cross-link CD20, which leads to the
accumulation of aggregates of CD20 molecules in lipid rafts
and allows for efficient activation of complement-depend-
ent cytotoxicity [51]. Type 2 anti-CD20 antibodies do not
cross-link CD20 molecules in rafts and do not activate com-
plement. Instead they induce programmed cell death more
efficiently than do type 1 antibodies [50]. All anti-CD20
antibodies induce antibody-dependent cellular cytotoxicity
mediated by binding to the Fc domain of the antibody [52].
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Fig.1 a Monoclonal anti-CD20 antibodies rituximab, ocrelizumab,
ofatumumab, and ublituximab bind to the minor and major extracel-
lular loop of the CD20 molecule. b Binding of the Fab of an anti-
CD20 antibody to CD20 tetramers. This results in aggregation of
CD20 tetramers in lipid rafts, which allows activation of the comple-
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ment cascade. Complement activation and antibody-dependent cellu-
lar cytotoxicity is mediated by the Fc fragment of the anti-CD20 anti-
body. CD cluster of differentiation, Fab fragment antigen binding, Fc
fragment crystallizable, mAb monoclonal antibody
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Rituximab is a chimeric IgG1 anti-CD20 antibody and a
prototype type 1 antibody [50]. Ocrelizumab, ofatumumab,
and ublituximab are also type 1 antibodies: ocrelizumab is
a humanized IgG1 antibody, ofatumumab a fully human
IgG1 antibody, and ublituximab a chimeric IgG1 antibody
with a low fucose content in the Fc region. Ocrelizumab and
rituximab bind to an overlapping epitope in the large loop
of the CD20 molecule, ofatumumab binds to a more N-ter-
minal part of the large loop as well as to the small loop, and
ublituximab binds to nonoverlapping epitopes in the major
loop (Fig. 1) [53, 54]. The low fucose content of the Fc
region of ublituximab results in improved antibody-depend-
ent cellular cytotoxicity activity; conversely, ofatumumab
activates the complement cascade more efficiently than the
other type 1 antibodies (Fig. 1) [53, 55]. Ocrelizumab has
less complement-dependent cytotoxicity and more antibody-
dependent cellular cytotoxicity activity than rituximab [53].

Initial in vivo studies in four patients with PPMS treated
with rituximab showed efficient depletion of B cells in the
blood but not in the CSF, whereas another study showed
reduced T- and B-cell counts in CSF 6 months after the
initiation of rituximab therapy [56, 57]. Other studies con-
firmed decreased B- and T-cell levels in CSF after treatment
with rituximab, along with lower concentrations of several
chemokines and cytokines but no major effect on intrathe-
cal IgG synthesis [38, 58, 59]. Another study showed no
elimination of clonally expanded B cells in the CSF after
treatment with rituximab [60]. The incomplete elimination
of B cells in CSF after systemic rituximab administration
has led to attempts at treatment with intrathecal administra-
tion of rituximab, but efficacy has been lower than expected,
most likely due to the presence of insufficient complement
and effector cells for antibody-dependent cellular cyto-
toxicity to allow for efficient B-cell depletion. Insufficient
depletion of circulating B cells with potential for CNS

migration after intrathecal treatment may also contribute
[61-63]. Conversely, a recent study of patients treated with
ublituximab showed an increase in naive T cells, a decrease
in memory T cells, and an increase in regulatory T cells
in blood after B-cell depletion. This is consistent with the
notion that B-cell depletion may work by reducing the acti-
vation of pathogenic T cells [64]. Direct depletion of CD20-
positive T cells may also contribute, but this effect is difficult
to assess as the anti-CD20 antibodies used for detection of
CD20-positive T cells ex vivo cross-react with several of
the anti-CD20 antibodies used for B-cell depletion therapy
in MS [53, 65].

Treatment with B-cell-depleting therapies can be asso-
ciated with the occurrence of therapy-induced antidrug
antibodies because—despite almost complete elimination
of circulating B cells—B-cell depletion is less complete
in lymphoid tissue. Rituximab is a chimeric antibody, and
human antichimeric antibodies against rituximab often
develop with treatment and are suspected to have a detri-
mental role in efficacy and tolerability [66]. The humanized
anti-CD20 monoclonal antibody ocrelizumab and the only
fully human anti-CD20 antibody ofatumumab are assumed
to be less immunogenetic but may lead to development of
human antihuman antibodies (HAHA) instead [7, 8].

4 Clinical Effects of Anti-CD20 Monoclonal
Antibody Therapy

The clinical efficacy of and adverse events (AEs) experi-
enced with anti-CD20 antibodies have been studied in sev-
eral large phase II and phase III trials (Table 1). Table 2
provides an overview of the pivotal trials of rituximab, ocre-
lizumab, and ofatumumab.

Table 1 Overview of the monoclonal anti-CD20 antibodies in current use or being developed for the treatment of multiple sclerosis

Antibody Monoclonal antibody type Effector mechanism Clinical trials
CDC ADCC
Ocrelizumab Humanized IgG + +++ RRMS phase 11 [10]
RRMS OPERA I+II phase III [8]
PPMS ORATORIO phase 111 [13]
Ofatumumab Human IgG +++ ++ RRMS phase II [11]
RRMS MIRROR phase II [7]
RRMS ASCLEPIOS I+II phase 111 [76]
Rituximab Chimeric IgG1 ++ ++ RRMS HERMES phase II [9]
PPMS OLYMPUS phase III [12]
Ublituximab Chimeric IgG1 (low fucose) + ++++ RRMS phase II [77-79]

RRMS phase II (ongoing) [80]

ADCC antibody-dependent cytotoxicity, CDC complement-dependent cytotoxicity, /g immunoglobulin, PPMS primary progressive multiple

sclerosis, RRMS relapsing-remitting multiple sclerosis
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Table 2 Effects on relapses, 3- or 6-month worsening of symptoms in the EDSS, magnetic resonance imaging activity, and atrophy of monoclo-

nal antibodies tested in pivotal trials (relative reduction vs. comparator)

Monoclonal antibody and comparator Relapses (%) Worsening in Improvement in MRI new or newly Atrophy (%)
EDSS (%) EDSS (%) enlarged T2 lesions

Rituximab vs. placebo [9]* 50% NA NA 96*** NA

Ocrelizumab vs. IFN-B-1a [8]° 46%H* 4T K% 43%%[37* 61%%/14 (NS) T [k 23##/15 (NS)

Ofatumumab vs. teriflunomide [76]% 55k © 34 d 35 (NS) ¢ gk G5tk © NS/NS €

EDSS Expanded Disability Status Scale, /FN interferon, MRI magnetic resonance imaging, NA not applicable, NS not statistically significant

#p <0.05, *¥p <0.01, **p <0.001
“HERMES (phase II)

SOPERA I/OPERA II (phase III)
¢ASCLEPIOS I/ASCLEPIOS II (phase III)
4ASCLEPIOS I + ASCLEPIOS II (phase III)

4.1 Rituximab: Clinical Results and Adverse Effects

The chimeric monoclonal antibody rituximab was the first
anti-CD20 monoclonal antibody to be used for treatment of
MS. In an open-label, multicenter trial evaluating prelimi-
nary safety and tolerability, rituximab was administered as
two infusions of 1 g each on days 1 and 15 in 26 patients
with RRMS. Adverse effects were mostly mild or moder-
ate fatigue, headache, or muscle weakness. More than half
of the patients (65.4%) reported infusion-related reactions
following the first cycle, which decreased significantly to
8% after the second cycle, and no serious AEs or infections
were reported. The annualized relapse rate was reduced to
0.18 on week 72 compared with 1.27 in the year before the
study, and most subjects (80.8%) remained relapse free [67].

A phase II, double-blind, placebo-controlled efficacy
and safety trial of 104 patients with RRMS, randomized
to receive a single course of intravenous rituximab 1 g or
placebo on days 1 and 15, was published shortly after [9].
The primary endpoint was the total number of gadolinium-
enhancing lesions from week 12 to 24, which was signifi-
cantly reduced by 91% (p < 0.001); furthermore, a signifi-
cant reduction of annualized relapse rate of 58% at week
24 (p=0.04) and 50% at week 48 (p=0.08) was demon-
strated when comparing rituximab with placebo. Another
phase II/III, randomized, double-blind, parallel-group,
placebo-controlled, multicenter study of 439 patients with
PPMS, randomized 2:1 to receive repeated courses of two
intravenous infusions of rituximab 1 g each, 2 weeks apart
or placebo infusions every 24 weeks through 96 weeks,
did not reach the primary endpoint, since there was no
significant reduction in time to confirmed disease progres-
sion after 96 weeks [12]. Although one secondary MRI
endpoint, reduction in T2 lesion volume, was reached,
the other, brain volume change, was not different from
placebo. A subgroup analysis showed a delay in time to
confirmed disease progression in patients aged <51 years

and a reduction of gadolinium-enhancing lesions in the
same subgroup, which led the authors to conclude that
B-cell depletion with rituximab might be efficacious in
younger patients with PPMS with inflammatory disease
activity [9].

The safety evaluation of these two randomized controlled
trials was generally favorable: although more infusion-
related reactions were recorded within the first 24 h com-
pared with placebo (78% and 40%, respectively), the number
of infusion-related reactions was reduced in the rituximab
group after the second infusion (20 vs. 40%). Serious infec-
tions were more pronounced in rituximab-treated patients
(4.5% with rituximab and < 1.0% with placebo), but AEs
were mostly mild to moderate [9, 12].

Human antidrug antibodies were detected in 24.6% of
patients treated with rituximab after a mean of 11.1 months
after randomization, but no association between antidrug
antibodies and AEs or efficacy measures was noted [9].
Antidrug antibodies were reported in a higher proportion of
Swedish patients after off-label rituximab therapy [66]. In
the Swedish patients, antidrug antibodies were observed in
37% of patients with RRMS and 26% of patients with PPMS.
The presence of antidrug antibodies decreased after repeated
rituximab infusions. Antidrug antibodies were associated
with incomplete B-cell depletion, but only four patients with
antidrug antibodies in the entire cohort of 339 patients dis-
continued therapy, and there was no association between
the presence or titer of antibodies and infusion reactions or
other AEs.

A small MRI-blinded phase II trial evaluated the safety,
efficacy, and tolerability of add-on intravenous rituximab
administered four times at a dose of 375 mg/m? weekly in 30
patients with breakthrough disease while receiving standard
injectable therapy (interferon-f-1a/b or glatiramer acetate).
The primary endpoint was MRI disease activity, and the
study demonstrated that 74% of the post-treatment MRI
scans were free of gadolinium-enhancing lesions compared
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with 26% at baseline (p < 0.0001). Standard injectable ther-
apy with add-on rituximab was generally well-tolerated, and
few AEs were reported [68].

Smaller studies and clinical observations have also con-
firmed disease activity reduction with rituximab, although
further exploration of efficacy in RRMS has not been carried
out in phase III trials [69-71].

A large cohort of Swedish patients with MS (N =822:
RRMS =557, SPMS n=198, PPMS n=67) participated in
a retrospective uncontrolled observational multicenter study
using off-label rituximab therapy [72]. The study showed
very low annualized relapse rates during treatment (0.044,
0.038, and 0.015, respectively). Furthermore, at baseline,
26.2% had contrast-enhancing lesions compared with 4.6%
of those receiving rituximab therapy. The median Expanded
Disability Status Scale (EDSS) score remained unchanged
in RRMS (p=0.42) and increased by 0.5 and 1.0 in SPMS
and PPMS, respectively (p=0.10 and 0.25). Infusion-related
AEs occurred during 7.8% of infusions; most were mild. A
total of 89 AEs of grade 2 or higher (of which 76 were infec-
tions) were recorded in 72 patients. There were no major
safety concerns and no cases of progressive multifocal leu-
koencephalopathy (PML) [72]. Another Swedish study also
reported the high efficacy of rituximab as a first-line therapy
in newly diagnosed MS [73]. In this study, the lowest dis-
continuation rate was reported for rituximab when compared
with all other disease-modifying therapies, including fingoli-
mod and natalizumab, and disease activity (relapses and/or
MRI activity) was significantly lower for rituximab than for
injectable disease-modifying therapies and dimethyl fuma-
rate [73].

4.2 Ocrelizumab: Clinical Results and Adverse
Effects

The efficacy and safety of ocrelizumab, a humanized anti-
CD20 monoclonal antibody, was explored in a phase II,
randomized, placebo-controlled multicenter trial in patients
with relapsing-remitting disease course, assigned to either
(1) placebo administered at day 1 and day 15 in the first cycle
and low-dose intravenous ocrelizumab 300 mg administered
at day 1 and day 15 in the second cycle (N=54); (2) low-
dose cycles of intravenous ocrelizumab 300 mg administered
at day 1 and day 15 in the first cycle and 600 mg adminis-
tered at day 1 in the second cycle (N=56); (3) high-dose
cycles of intravenous ocrelizumab 1000 mg administered at
day 1 and day 15 in the first cycle and 1000 mg administered
at day 1 in the second cycle (N=155), or (4) intramuscular
injections of interferon-p-1a 30 pg once weekly (N=55)
[10]. The primary outcome of the study was the total num-
ber of gadolinium-enhancing lesions on MRI, which was
significantly lower in both ocrelizumab groups than in the
placebo group (5.5 for placebo; 0.6 for ocrelizumab 600 mg,
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an 89% relative reduction; and 0.2 for ocrelizumab 2000 mg,
a 96% relative reduction; both p <0.001). The total number
of gadolinium-enhancing lesions was 6.9 for interferon-f-1a,
and exploratory analyses showed that results in both ocre-
lizumab groups were superior to those for interferon-p-1a.
In addition, the annualized relapse rate was significantly
reduced in both ocrelizumab groups (0.13 with ocrelizumab
600 mg; 0.17 with ocrelizumab 2000 mg) compared with
0.64 in the placebo group [10]. An open-label extension
phase of the study showed minimal MRI activity at week
144 and continued low annualized relapse rate in both ocre-
lizumab groups [74].

No major safety concerns were reported in the double-
blind phase II study or in the extension study. Serious AEs
and infections were comparable in all treatment groups, but
one patient died in the high-dose ocrelizumab group of the
double-blind phase II study due to acute-onset thrombotic
microangiopathy, and a possible relation to ocrelizumab
could not be excluded. Infusion-related AEs were increased
in the two ocrelizumab groups (35% in the low-dose ocre-
lizumab, 44% in the high-dose ocrelizumab, and 9% in the
placebo group). In the extension study, infection rates were
6.5% for low-dose ocrelizumab and 11.1% for high-dose
ocrelizumab, mostly due to respiratory and urinary tract
infections. Ocrelizumab was well-tolerated, with mild or
moderate infusion-related reactions during the first infusion
being the most common adverse effect [10, 74].

The treatment efficacy and safety of ocrelizumab in
patients with RRMS was furthermore demonstrated in
two identical, double-blind, randomized phase III trials
in patients with RRMS: The OPERA I and II trials [8]
included 821 and 835 patients randomized (1:1) to intrave-
nous ocrelizumab 600 mg every 24 weeks or subcutaneous
interferon-f3-1a 44 pg three times weekly over a treatment
period of 96 weeks. The primary endpoint was annualized
relapse rate, which was reduced by 46% and 47%, respec-
tively, compared with interferon-p-1a (p <0.0001). The
secondary clinical endpoint, 3-month confirmed EDSS dis-
ability worsening, was reduced by 43% and 37%, respec-
tively (p <0.05), and 3-month confirmed improvement in
EDSS disability was increased by 61% (p=0.01) and 15%
(not significant), respectively. The number of gadolinium-
enhancing lesions was reduced by 94% and 95%, and new
or enlarged T2 MRI lesions were reduced by 77% and 83%
compared with interferon-p-1a [8]. When ‘no evidence
of disease activity’ criteria (i.e., no relapses, disability
worsening, or new/enlarged or enhancing lesions on MRI)
were applied, 47.9% and 47.5% of patients receiving ocre-
lizumab met the criteria at 96 weeks, which was a relative
increase of 64% and 89% compared with interferon-fp-1a
(»<0.0001) [75].

AEs in the OPERA I and II studies were reported by
80.1% and 86.3% in the ocrelizumab groups compared with
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80.9% and 85.6% in the interferon-f3-1a groups, respectively.
The most common AEs were infusion reactions, nasopharyn-
gitis, upper respiratory tract infection, headache, and urinary
tract infection in patients treated with ocrelizumab. Serious
AEs were reported in 6.9% and 7.0% of patients treated with
ocrelizumab and in 7.8% and 9.6% of patients treated with
interferon-p-1a, and the OPERA studies reported no major
safety concerns. In the OPERA trials, antidrug-binding anti-
bodies developed in 3 of 825 patients (0.4%) who received
ocrelizumab, whereas neutralizing antibodies occurred in
one patient [8].

The phase III ORATORIO study included 732 patients
with PPMS. This was a double-blind, randomized and
placebo-controlled study that randomized patients (2:1) to
intravenous ocrelizumab 600 mg or placebo every 24 weeks
for at least 120 weeks [13]. The primary endpoint, 3-month
confirmed disability worsening, showed a significant reduc-
tion of 24% in ocrelizumab-treated patients compared with
placebo-treated patients and a significant 25% reduction
in 6-month confirmed disability worsening. Worsening of
walking speed with confirmation after 24 weeks was reduced
by 29%. The increase in MRI T2 lesion area was 7.4% in the
placebo group and —3.4% in the ocrelizumab group. Safety
evaluation revealed that 95.1% of patients had at least one
AE after treatment with ocrelizumab and 90.0% of patients
had at least one AE after placebo. Serious AEs were reported
in 20.4% of patients receiving ocrelizumab and 22.2% of
patients receiving placebo. Overall, the rates of AEs did not
differ significantly between the ocrelizumab and placebo
groups [13].

In the three phase III ocrelizumab studies, infusion reac-
tions most commonly occurred with the first infusion, in
line with previous observations. Use of premedication, par-
ticularly antihistamines, was associated with fewer infusion
reactions. Severe infusion reactions were reported in 2.4%
of ocrelizumab-treated patients in the OPERA studies (vs.
0.1% with interferon-p-1a) and 1.2% of ocrelizumab-treated
patients in ORATORIO (vs. 1.7% with placebo) 8, 13]. One
life-threatening adverse reaction (bronchospasm) occurred
in an ocrelizumab-treated patient 15 min after infusion ini-
tiation [8].

In the ORATORIO study, significantly more malignan-
cies were reported with ocrelizumab than with placebo (2.3
vs. 0.8%). This included four breast cancers, one endometrial
adenocarcinoma, one anaplastic lymphoma, one histiocy-
toma, one metastatic pancreatic cancer, and three basal cell
carcinomas. The absolute number was comparable to that
in the general population, but future studies need to target
stratification regarding specific forms of cancer [76].

No cases of PML were reported in the ocrelizumab
MS trials, but eight cases of PML (as of September 2019)
have been described in postmarketing surveillance, seven
of which occurred after switching from natalizumab or

fingolimod to ocrelizumab, most likely due to a “carry-over”
effect, whereas the most recent case was designated a non-
carry-over case [85].

In 2017, the US FDA approved ocrelizumab as the first
treatment indicated for both RRMS and PPMS; it was
approved by the European Medicines Agency in 2018.

4.3 Ofatumumab: Clinical Results and Adverse
Effects

The first published study of the fully human antibody ofa-
tumumab in MS was a phase II randomized, double-blind,
placebo-controlled study of 38 patients with RRMS who
received two intravenous infusions of ofatumumab 100 mg,
300 mg, or 700 mg or placebo 2 weeks apart [11]. All doses
induced a substantial reduction in new brain MRI lesion
activity (>99%) in the first 24 weeks after ofatumumab
administration as well as significant reductions of new T1
gadolinium-enhancing lesions, total enhancing T1 lesions,
and new/enlarging T2 lesions.

Intravenous ofatumumab was well-tolerated, and no unex-
pected safety signals or dose-related safety concerns were
observed. The most common AEs were infusion reactions,
infections, rash, erythema, throat irritation, fatigue, and
flushing. Infusion-related reactions were most often mild
and were common on the first day of ofatumumab dosing,
even with premedication, but were not observed on the sec-
ond infusion day. The occurrence of infections was similar
in the ofatumumab and placebo treatment groups. None of
the patients in this study tested positive for antidrug antibod-
ies [11].

A larger dose-finding phase II double-blind, placebo-
controlled, parallel-group study (MIRROR) of subcutaneous
ofatumumab comprised 232 patients with RRMS [7]. The
patients were randomized to one of five treatment groups:
placebo, ofatumumab 3 mg every 12 weeks, ofatumumab
30 mg every 12 weeks, ofatumumab 60 mg every 12 weeks,
or ofatumumab 60 mg every 4 weeks. All patients continued
in the study for 24 weeks of treatment and were followed-
up until B-cell repletion. The mean cumulative number of
new T1 gadolinium-enhancing lesions for each ofatumumab
dose regimen from baseline to week 12 was reduced by 65%
(»<0.001), and the corresponding data analysis of weeks
4-12 estimated >90% reductions for each dose > 30 mg
(»<0.0019). Interestingly, ofatumumab dosage regimens
that did not completely deplete circulating B cells could still
achieve robust treatment effects. A dose-dependent CD19
B-cell depletion was seen across regimens. The rate of B-cell
repletion following cessation of dosing was similar, with
a delay of approximately 4 weeks in the group receiving
60 mg every 4 weeks. Overall, 26 patients relapsed during
the first 12 weeks, 11 (42%) of whom relapsed during the
first 4 weeks. Over the 24-week period, 17 (25%) patients
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relapsed in the placebo group versus three to ten patients
(9-22%) across the ofatumumab groups. Most patients
(79%) had unchanged EDSS scores at weeks 12 and 24.

AEs were largely mild to moderate in severity. The inci-
dence was highest in the ofatumumab 60 mg every 4 weeks
group during weeks 0—12 of treatment. The most frequent
AE was injection-related reactions in week 0—12, occurring
at a rate of 41-66% in the ofatumumab groups versus 15% in
the placebo group. Most were associated with the first dose
of ofatumumab and resolved within 1 day of onset. In total,
eight patients discontinued because of AEs, of whom two
patients discontinued because of injection-related reactions
and two patients because of decreased IgG [7]. Four patients
had a single positive low-titer result for HAHA during the
treatment phase, and one patient also had a positive titer
during follow-up but was negative at week 48. The B-cell
depletion did not seem to be affected [7].

Recently, the results of two identical phase III studies
(ASCLEPIOS I and II trials) were presented at ECTRIMS
2019 [77]. Subcutaneous ofatumumab 20 mg every 4 weeks
was compared with oral teriflunomide 14 mg daily in two iden-
tical double-blind, double-dummy, parallel-group trials. In the
ASCLEPIOS I and II trials, patients were randomized to either
ofatumumab (465 and 481 patients) or teriflunomide (462 and
474 patients). Approximately two-thirds were women, the
mean age was 38 years, and disease duration was 8 years.
At baseline, the mean EDSS was 2.9, the mean relapse rate
in the previous 12 months was 1.3, approximately 40% had
gadolinium-enhancing lesions, and 60% had been previously
treated with disease-modifying therapies. The primary end-
point, the annualized relapse rate, was 0.11 and 0.10 in the ofa-
tumumab groups and 0.22 and 0.25 in the teriflunomide groups
in ASCLEPIOS I and II, respectively, yielding a relative reduc-
tion of 50.5% and 58.5%, respectively (both p <0.001). Pooled
analysis of ASCLEPIOS I and II data showed that ofatumumab
reduced 3-month confirmed disability worsening by 34.4%
(p=0.002) and 6-month confirmed disability worsening by
32.5% (p=0.012) and disclosed a trend toward better 6-month
confirmed improvement in EDSS (hazard ratio 1.35; 95% con-
fidence interval 0.95-1.92; p=0.094). In ASCLEPIOS I, the
reduction in gadolinium-enhancing lesions was 97.5% and the
reduction in new/enlarging T2 lesions was 82%; in ASCLE-
PIOS 11, the corresponding reductions were 93.8% and 84.5%
compared with teriflunomide therapy. There were no differ-
ences in the slope of brain volume reduction between ofatu-
mumab and teriflunomide, whereas ofatumumab significantly
reduced neurofilament light concentrations in serum compared
with teriflunomide [77].

Ofatumumab seemed to have a favorable safety profile
with no unexpected safety signals. Infusion-related reac-
tions were more frequent with ofatumumab, but—notably—
only the first injection was associated with more frequent
reactions compared with placebo. Serious AEs included
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infections in 1.8% and 2.5% and malignancies in 0.3% and
0.5% for teriflunomide and ofatumumab, respectively. No
opportunistic infections were reported. More than 80% of
the patients completed the studies [77].

The subcutaneous administration of ofatumumab may
have the advantages of more convenient self-administration
of the treatment at home but may not be well-controlled in
noncompliant patients and must be monitored by the treating
physician as with intravenous administration.

Ofatumumab is expected to be approved for treatment of
relapsing forms of MS in 2020.

4.4 Ublituximab: Clinical Results and Adverse
Effects

Ublituximab is a third-generation glycoengineered chi-
meric anti-CD20 antibody. There are only limited studies
on the clinical effects of ublituximab in MS. In a phase II
study of 48 patients with active disease, i.e., two or more
relapses in the previous 2 years or one relapse and/or one
gadolinium-enhancing lesion in the past year, 32 women
and 16 men with a mean age of 39.2 years and a mean dis-
ease duration of 7.4 years were enrolled [78]. The patients
were randomly assigned to treatment with different doses
of ublituximab intravenously. All patients initially received
ublituximab 150 mg (week 1) and either ublituximab 450
or 600 mg at week 3 (14 days after the initial dose) and at
week 24 and were then followed for 48 weeks. The median
B-cell depletion was >99% at the primary analysis point
at week 4 and was maintained at this low level at week 24
and 48. T cells showed a significant population shift toward
naive and regulatory cells. At baseline, the mean number of
T1 gadolinium-enhancing lesions was 3.8; this was reduced
to zero (100% reduction) at week 24 (p=0.003) and main-
tained at zero at week 48 (p =0.0004). T2 lesion volume had
decreased by 8% at week 24 (p=0.004) and 10% at week 48
(p=0.016). Overall, the annualized relapse rate was 0.07,
93% of the patients were relapse free at week 48, and no
patients demonstrated sustained disability worsening. The
most common AE was infusion reactions that were all grade
1 or 2; no severe AEs were reported. No serious or oppor-
tunistic infections and no liver diseases occurred [78-80].
Ublituximab is currently being tested against teriflunomide
in two fully enrolled phase III studies (ULTIMATE I AND
II) in patients with RRMS (ClinicalTrials.gov identifier:
NCT03277261 and NCT03277248) [81].

5 Conclusions

After systemic administration, anti-CD20 monoclo-
nal antibodies induce profound B-cell depletion via
mechanisms that are not fully elucidated but include
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complement-dependent and antibody-dependent cell-medi-
ated cytotoxicity. However, the role of these mechanisms
does differ between the four individual anti-CD20 antibo-
dies currently used or in development for the treatment of
MS, and the effect of these antibodies on CD20-positive
T cells, which may also be a target of anti-CD20 antibody
therapy, is poorly understood. Although systemic treat-
ment with ocrelizumab showed some efficacy in delaying
disability in PPMS, efficacy was limited compared with
that observed in RRMS. In contrast, intrathecal admin-
istration has shown disappointing results, presumably
because of the lack of effector mechanisms in the intrath-
ecal compartment. Future studies should address whether
the intrathecal administration of anti-CD20 antibodies
that directly induce B-cell depletion is more efficacious,
especially in patients with PPMS, where intrathecal B-cell
responses can be very prominent.

In RRMS, B-cell depletion is associated with a reduc-
tion in disease activity and in disability worsening, and
the effect on MRI activity is remarkably pronounced. Any
differences in the effect on MS disease activity between
the anti-CD20 monoclonal antibodies is difficult to assess
because the anti-CD20 antibodies have been compared
with different disease-modifying treatments or placebo,
but overall no conspicuous difference in efficacy seems to
be present. The short-term safety profile in the phase III
studies appears favorable, but changes in the immunoglo-
bulin profile may be associated with an increased risk of
infections, and the risk of malignancies should be followed
carefully. However, anti-CD20 monoclonal antibodies are
important therapies for relapsing forms of MS and have
also shown effect in early PPMS where focal inflammation
is still prominent.

Studies in Cynomolgus monkeys have confirmed the
notion that, despite almost complete elimination of cir-
culating B cells, B-cell depletion is less complete in lym-
phoid tissue [82]. This explains why some preservation of
B-cell responses, including the development of antidrug
antibodies, has been observed in some patients in spite of
anti-CD20 antibody therapy. Future studies should address
the extent of B-cell depletion needed to maintain a disease
activity-free status, as less complete depletion of circulat-
ing B cells may be sufficient, at least in some patients, and
may be associated with a lower risk of long-term suppres-
sion of antibody responses.

The effect of long-term anti-CD20 therapy for neuroin-
flammatory diseases is not fully clarified, but—overall—
long-term depletion of peripheral B cells appears safe and
efficacious [83]. However, patients may develop hypogamma-
globulinemia following treatment, with some demonstrating
failure of B-cell recovery. The clinical significance remains
controversial, but severe recurrent infections have been
reported in patients treated with rituximab for neuromyelitis

optica spectrum disorder, although most patients are rela-
tively asymptomatic [84]. In the ORATORIO study in PPMS,
treatment with ocrelizumab resulted in a higher proportion
of patients with IgM levels below the lower limit of normal
with no apparent relationship with serious infections [13].
Significantly more malignancies were reported with ocreli-
zumab than with placebo, but the overall incidence rate for
cancer was not different from the expected, and long-term
follow-up of large cohorts of patients will be needed to assess
any increased risk of malignancies.

Using a dosage of intravenous ocrelizumab 600 mg every
24 weeks, B-cell counts were nearly completely depleted just
before administration of the next ocrelizumab dose [8]; how-
ever, interestingly, administration of lower doses of subcuta-
neous ofatumumab every 12 weeks with incomplete B-cell
depletion had a high capacity to suppress new brain MRI
lesions [7]. Hence, less than complete B-cell depletion may
be clinically efficacious with fewer long-term adverse effects.
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