Drugs (2024) 84:285-304
https://doi.org/10.1007/540265-024-02011-w

REVIEW ARTICLE q

Check for
updates

Drugs Targeting CD20 in Multiple Sclerosis: Pharmacology, Efficacy,
Safety, and Tolerability

Alise K. Carlson'© - Moein Amin'® . Jeffrey A. Cohen'’

Accepted: 14 February 2024 / Published online: 14 March 2024
© The Author(s) 2024

Abstract

Currently, there are four monoclonal antibodies (mAbs) that target the cluster of differentiation (CD) 20 receptor available to
treat multiple sclerosis (MS): rituximab, ocrelizumab, ofatumumab, and ublituximab. B-cell depletion therapy has changed
the therapeutic landscape of MS through robust efficacy on clinical manifestations and MRI lesion activity, and the cur-
rently available anti-CD20 mAb therapies for use in MS are a cornerstone of highly effective disease-modifying treatment.
Ocrelizumab is currently the only therapy with regulatory approval for primary progressive MS. There are currently few
data regarding the relative efficacy of these therapies, though several clinical trials are ongoing. Safety concerns applicable
to this class of therapeutics relate primarily to immunogenicity and mechanism of action, and include infusion-related or
injection-related reactions, development of hypogammaglobulinemia (leading to increased infection and malignancy risk),
and decreased vaccine response. Exploration of alternative dose/dosing schedules might be an effective strategy for mitigat-
ing these risks. Future development of biosimilar medications might make these therapies more readily available. Although
anti-CD20 mADb therapies have led to significant improvements in disease outcomes, CNS-penetrant therapies are still needed
to more effectively address the compartmentalized inflammation thought to play an important role in disability progression.

1 Introduction

The landscape of multiple sclerosis (MS) therapeutics has
rapidly evolved over the past several decades, with more
than 20 disease-modifying therapies (DMTs) currently
available [1]. B-cell depletion therapy, which is achieved
mainly through targeting of the cluster of differentiation
(CD) 20 receptor, has historically been used in a vari-
ety of systemic autoimmune diseases with effects being
exerted through a variety of key immunological mecha-
nisms [2]. Currently available anti-CD20 monoclonal anti-
bodies (mAbs) to treat MS include rituximab (used off-
label), plus three with regulatory approval: ocrelizumab,
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ofatumumab, and ublituximab. All anti-CD20 mADbs are
considered highly effective DMTs. Notably, ocrelizumab
is the only regulatory-approved treatment for primary pro-
gressive (PP) MS. In this review, we aim to summarize
the role of B cells in MS pathogenesis, molecular and
pharmacological properties of anti-CD20 mAbs, monitor-
ing and safety considerations for clinical use, and future
directions.

2 Search Strategy

A literature search was conducted using the PubMed search
engine, available through the National Library of Medi-
cine. All available articles in the English language with
different combinations of search terms “rituximab,” “ocre-
lizumab,” ofatumumab,” “ublituximab,” “CD20,” “multiple
sclerosis,” and “B cells” were manually reviewed for suit-
ability. The references of each eligible publication were
also screened for any additional relevant papers. Criteria
for inclusion consisted of access to the full published man-
uscript and appropriate scientific and clinical relevance, as
determined by the authors. The final search was performed
in December 2023.
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The currently available anti-CD20 mAb therapies for
use in multiple sclerosis—rituximab, ocrelizumab,
ofatumumab, and ublituximab—have led to significant
improvements in disease outcomes through robust effi-
cacy on clinical manifestations and MRI lesion activity,
and are a cornerstone of highly effective disease-modify-
ing treatment.

Adaptations of how these medications are used to reduce
adverse effects are under investigation.

CNS-penetrant therapies are still needed to more effec-
tively address the compartmentalized inflammation that
is thought to play an important role in disability progres-
sion.

3 Role of B Cells in Multiple Sclerosis (MS)
Pathogenesis

Historically, T-cell-mediated processes were thought to
be the principal drivers of MS-related pathology, though
mounting evidence over the past decade has shown that
B-cell-related mechanisms (including interactions between
B and T cells) are important (Fig. 1) [3, 4]. Several studies
have shown co-localization of B- and T-cell infiltrates with
active lesions and abundant plasma cells and CD20+ B cells
within perivenular spaces in patients with progressive forms
of MS [5, 6]. B-cell aggregates within the meninges, some of
which resemble lymphoid follicle structures, correlate with
areas of subpial demyelination, neuronal loss, and cortical
atrophy [7]. Furthermore, small subsets of clonally related
B cells (identified by deep sequencing of immunoglobulin
G (IgG) heavy chain variable region genes) indicate periph-
eral B-cell activation, suggesting that B-cell maturation and
immune responses occur in parallel in both the periphery
and the central nervous system (CNS) [8].

B-cell ontogeny involves antigen-independent maturation
from hematopoietic stem cells in the bone marrow, followed
by antigen-dependent maturation in the peripheral lymphoid
tissues (Fig. 2) [9]. Pre-B cells (CD19+ and CD20+), origi-
nating from pro-B cells (CD19— and CD20-), develop into
immature B cells in the bone marrow, at which point IgM
is expressed. These cells then evolve into mature B cells
following activation by their cognate antigen and co-stim-
ulatory factors. Ig isotype switching after activation occurs
in germinal centers, which stimulates B cells to migrate to
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various locations (including the bone marrow, brain, gut,
spleen, and tonsils), where they differentiate into either
memory B cells (CD27-low) or plasmablasts (both early/
CD27-high and CD40L+ plasmablasts and late/CD27+ and
CD38+ plasmablasts) [8]. Specific chemokines, including
CXCL12, CCL25, and CCL28, subsequently direct these
cells to become antibody-producing plasma cells. In these
locations, B cells also function as antigen-presenting cells or
produce proinflammatory cytokines, which enhance inflam-
matory processes [10].

Activated B cells normally interact with T helper (Th)
cells in germinal centers, where they differentiate into mem-
ory B cells and, in doing so, induce Th effector activation. It
is thought that in MS, peripheral B cells escape the control
of T regulatory cells, which are functionally impaired [8].
Highly pathogenic B (and T) cells can migrate through the
blood-brain barrier by expressing distinct chemokine recep-
tors, proinflammatory cytokines, and adhesion molecules,
where they become reactivated and cause MS-related CNS
pathology [8]. The precise mechanism(s) by which these
cells contribute to the abnormal immune response in MS
remains incompletely understood.

4 Molecular and Pharmacological Attributes
of Anti-CD20 Monoclonal Antibodies

CD20 is postulated to function as either an ion channel
and/or through indirect regulation of calcium release
mediated by the B-cell antigen receptor [11, 12]. Itis a
transmembrane protein consisting of four helices and
two extracellular loops [8], and is believed to have the
capacity to assemble as a compact dimeric double bar-
rel based on more recent structural analyses, which may
argue against its potential function as an ion channel [13].
Depletion of B cells (both circulating B cells and subsets
of CD20-expressing CD3+, CD4+, and CD8+ T cells)
[14] by anti-CD20 mAbs occurs through several distinct
mechanisms, including apoptosis, complement-dependent
cytotoxicity (CDC), and antibody-dependent cellular cyto-
toxicity (ADCC) [8]. Stem cells, pro-B cells, plasmablasts,
and antibody-secreting plasma cells, which do not express
CD20, are preserved.

Currently four anti-CD20 mAbs are utilized to treat MS:
rituximab, ocrelizumab, ofatumumab, and ublituximab.
These treatments have distinct molecular structures, target
epitopes, and pharmacological features (including route
of administration, dosing regimens, mechanisms of B-cell
depletion, reconstitution patterns, risks, and immunogenic-
ity) [8, 14]. The degree of CDC versus ADCC elicited upon
binding of anti-CD20 mAbs varies between therapies. Key
characteristics are summarized in Fig. 3 and Table 1.
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Fig.1 B-cell targets in CNS and periphery [4]. B-cell populations
in the periphery, which contain tolerance defects, escape suppres-
sion by Treg and CD8+ T cells and enter germinal centers, where
they differentiate into pathogenic memory B cells through interac-
tions with follicular Th cells. Subsets of these pathogenic memory B
cells, which express chemokine receptors CXCR3 and CCR6, proin-
flammatory cytokines, and adhesion molecule VLA-4, then infiltrate
CNS through the blood-brain barrier, where they encounter T cells in

follicle-like structures, leading to clonal expansion. Once inside the
CNS, memory B cells may become plasmablasts, which secrete anti-
bodies. Pathogenic B cells also secrete pro-inflammatory cytokines,
which leads to activation of astrocytes and microglia, failure of effec-
tor T-cell inhibition, and activation of CD4+ T cells. CD cluster of
differentiation, CNS central nervous system, GM-CSF granulocyte-
macrophage colony-stimulating factor, /L interleukin, 7h T helper,
TNF tumor necrosis factor, Treg T regulatory
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Fig.2 B-cell maturation. B cells originate from common lymphoid
progenitor (stem) cells in bone marrow. They first develop into
pro-B cells, then differentiate into pre-B cells (at which point CD20
is expressed) and immature B cells through a process of rearrange-
ments at the immunoglobulin locus which lead to surface expression
of the pre-B cell receptor, and later a mature B-cell receptor capable
of binding antigen. Immature B cells undergo a selection process to
prevent development of self-reactivity. They then migrate out of the

4.1 Rituximab

Rituximab is a chimeric murine-human IgG1 kappa mAb
that binds to the large extracellular loop of CD20 amino acid
residues 168-175 (Fig. 3) [15]. It has a molecular weight
of approximately 145 kilodaltons (kDa) and elicits greater
CDC than ADCC [14]. Rituximab is administered via intra-
venous (IV) infusion, in MS typically starting with an initial
dose of 1000 mg on day 1 followed by a second 1000 mg
dose on day 15. Subsequent doses of 1000 mg are adminis-
tered every 6 months. Premedication with diphenhydramine,
acetaminophen, and corticosteroids is often administered to
reduce infusion-related adverse effects. In studies evaluating
pharmacodynamics of rituximab in patients with rheumatoid
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bone marrow into the periphery (lymph nodes and spleen), where
they become mature naive B cells. Binding to cognate antigen trig-
gers development of antigen-specific mature activated B cells, which
become either plasmablasts and antibody-secreting plasma cells
(CD20-) or remain memory B cells (CD20+). CD cluster of differ-
entiation, CSF cerebrospinal fluid, HLA human leukocyte antigen, /g
immunoglobulin

arthritis, most patients demonstrated near-complete deple-
tion of circulating CD19+ B cells within 2 weeks follow-
ing the first infusion, with reconstitution occurring after
6 months, with a small proportion showing reconstitution
delayed up to beyond 3 years [16].

4.2 Ocrelizumab

Ocrelizumab is a recombinant humanized glycosylated
anti-CD20 IgG1 kappa mAb, which targets the large
extracellular loop of CD20 binding to amino-acid resi-
dues 165-180 (overlapping the epitope bound by rituxi-
mab) (Fig. 3) [15]. The molecular weight of ocrelizumab
is approximately 145 kDa. Ocrelizumab elicits greater
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Fig.3 Anti-CD20 monoclonal
antibody target epitopes (minor
variability exists in published
data). Ofatumumab binds to
discontinuous sequences of

the small (residues 74-80)

and large extracellular loops
(residues 145-161) of CD20
[137]. Rituximab binds to
amino acid residues 165-182 on
large extracellular loop of CD20
while ocrelizumab binds to
amino acid residues 165-180 on
large extracellular loop of CD20
[137]. Ublituximab binds to
residues 158-159 and 168-171
on large extracellular loop of
CD20 [138]. CD cluster of dif-

ferentiation

ADCC than CDC [14]. Ocrelizumab is administered via
IV infusion at an initial dose of 300 mg over a minimum
of 2.5 h on day 1 followed by a second 300 mg dose at day
15. Subsequent doses of 600 mg are administered every 6
months thereafter over at least 3.5 h (or 2 h in cases where
no previous serious infusion reaction(s) were observed).
Premedication with IV methylprednisolone (100 mg, or
alternative corticosteroid at an equivalent dose) and anti-
histamine is recommended 30—60 min prior to each infu-
sion. Near-complete depletion of B cells within 2 weeks
of treatment was seen in the ocrelizumab phase III clinical

Cleveland
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© 2023

trials [17]. Repletion of B cells occurred within 2.5 years
of the last infusion in 90% of patients, with a median time
of 72 weeks [18].

4.3 Ofatumumab

Ofatumumab is a fully human IgG1 kappa anti-CD20 mAb
that binds to discontinuous sequences of both small and large
extracellular loops of CD20, at amino-acid residues 74—80
and 145-161, respectively (Fig. 3) [14]. It has a molecular
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Table 1 Comparison of target epitope, molecular structure, effector mechanism, dose and dosing schedule, and pharmacokinetic characteristics

of Anti-CD20 monoclonal antibody therapies for multiple sclerosis

Rituximab [16]

Ocrelizumab [18]

Ofatumumab [32] Ublituximab [74]

Binds to amino acid
residues 168-175 on large
extracellular loop

CD20 target epitope

Chimeric murine/human
IgG1xk anti-CD20 mAb

Degree of humanization

CDC > ADCC
apoptosis +

ADCC > CDC
apoptosis ++

Effector mechanism

IV infusion IV infusion

Initial dose 1000 mg
Second dose 1000 mg at

Route of administration

Dosing schedule
>25h

Binds to amino acid
residues 165—180 on large
extracellular loop

Recombinant humanized
glycosylated IgG1VkI
anti-CD20 mAb

Initial dose 300 mg over

Binds to residues 168-171
and 158-159 on large
extracellular loop

Binds to discontinuous
sequences of the small
(residues 74-80) and
large extracellular loops
(residues 145-161)

Fully human IgGlk anti- Chimeric IgGlk anti-CD20
CD20 mAb mADb with glycoengineered
Fc segment that enhances
affinity for FCyRIIIa recep-
tors
CDC = ADCC ADCC > CDC

apoptosis ++
SC injection IV infusion

Initial dose 150 mg over 4 h
Second dose 450 mg over 1 h

Initial dose 20 mg
Second dose 20 mg at

week 2 Second dose 300 mg over weeks 1 and 2 at week 2
Subsequent dosing 1000 > 2.5 h at week 2 Subsequent dosing 20 mg  Subsequent dosing 450 mg
mg Q6 months Subsequent dosing 600 mg Q4 weeks starting at over 1 h at week 24
over >3.5horover>2h week4
if no prior infusion reac-
tion Q6 months
Terminal half-life 22 days 33 days 16 days 22 days
Immunogenicity Most Less Least Less

ADCC antibody-dependent cellular cytotoxicity, CD20 cluster of differentiation-20, CDC compliment-dependent cytotoxicity, /g immunoglobu-
lin, /V intravenous, mAb monoclonal antibody, MS multiple sclerosis, SC subcutaneous

weight of approximately 146 kDa and elicits greater CDC
than ADCC [14]. Ofatumumab is administered via subcu-
taneous (SC) injection at a dose of 20 mg weekly for three
doses then 20 mg monthly starting at week 4. Premedication
generally is not needed. In the phase III clinical trials of ofa-
tumumab in MS, near-complete depletion of B cells resulted
in 77.0-78.8% of patients within 1 week and 95.0-95.8% 2
weeks after treatment initiation [19]. The median time to
repletion of B cells to either the lower limit of normal (LLN)
or baseline value after treatment discontinuation was 24.6
weeks.

4.4 Ublituximab

The most recently approved anti-CD20 therapy, ublituximab,
is a chimeric anti-CD20 IgG1 kappa mAb, which binds to
the large extracellular loop of CD20 at amino-acid residues
158-159 and 168-171 (Fig. 3) [20]. It has a glycosylated/gly-
coengineered fragment crystallizable (Fc) segment designed
to enhance affinity for FCyRIIIa receptors and elicits greater
ADCC than CDC [14]. Ublituximab is administered via IV
infusion at an initial dose of 150 mg over 4 h on day 1 followed
by a 450 mg dose over 1 h on day 15. Subsequent doses of
450 mg are administered over 1 h every 24 weeks thereafter.
Premedication consists of oral antihistamine and corticosteroid
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administered 30 min prior to each infusion. In the phase III
clinical trials of ublituximab, treatment reduced CD19 counts
by the first measured timepoint 24 h after the initial infusion,
and the median time to repletion of B cells to either LLN or
baseline was 70.3 weeks after the last infusion [21].

5 Clinical Trials

The following section aims to summarize key clinical tri-
als that have led to approval of these therapies. This list is
not exhaustive, as ongoing interest in relative efficacy and
alternative dosing regimens for these therapies has led to
additional studies that are currently ongoing.

5.1 Rituximab

Rituximab frequently is used off-label to treat MS but cur-
rently does not have regulatory approval for this indication.
It has been studied in both relapsing remitting (RR) MS and
PPMS. A 48-week phase II double-blind placebo-controlled
clinical trial of rituximab in 104 RRMS patients evaluated
the total count of brain MRI gadolinium-enhancing (GdE)
lesions at weeks 12, 16, 20, and 24 following a single course
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of treatment with 1000 mg of IV rituximab on days 1 and
15 [22]. There were reduced numbers of total and total
new GdE lesions and a lower proportion of patients with
relapses at week 24 (14.5%) compared to those receiving
placebo (34.3%). Another multicenter, rater-blinded phase
III trial of rituximab in 200 patients with either RRMS or
CIS randomized to IV rituximab 1000 mg followed by 500
mg every 6 months or oral dimethyl fumarate 240 mg twice
daily (RIFUND-MS) demonstrated superiority of rituximab
in preventing protocol-defined relapses over 24 months (3%
in the rituximab group compared to 16% in the dimethyl
fumarate group) [23].

In a trial investigating the effect of four courses of IV
rituximab (two 1000 mg infusions every 24 weeks through
96 weeks) on time to confirmed disease worsening measured
by increase in EDSS maintained for 12 weeks in a cohort
of 439 PPMS patients (OLYMPUS), differences between
rituximab and placebo did not reach statistical significance
[24]. However, rituximab-treated patients had less increase
in T2 lesion volume, and in a subgroup analysis, individu-
als <51 years of age and those with GdE lesions at baseline
showed delayed time to confirmed EDSS (Expanded Dis-
ability Status Scale) worsening compared to those treated
with placebo.

5.2 Ocrelizumab

Ocrelizumab was approved by the US Food and Drug
Administration (FDA) in March 2017 and by the Euro-
pean Medicines Agency (EMA) in January 2018 for use
in adults with RRMS (including clinically isolated syn-
drome (CIS)), active secondary progressive (SP) MS, and
PPMS) [18]. It is currently being investigated in phase
II/III trials in pediatric MS. The phase II placebo-con-
trolled clinical trial of ocrelizumab evaluated the number
of GdE T1 lesions and annualized relapse rate (ARR) over
24 weeks amongst 218 patients included in the intention-
to-treat analysis [25]. In patients treated with 600 mg of
ocrelizumab, the number of GdE lesions was reduced by
89% and ARR was reduced by 80% compared to placebo.
The phase III clinical trials of ocrelizumab, OPERA 1/
II [17] and ORATORIO [26] demonstrated efficacy and
safety in the treatment of patients with RRMS and PPMS,
respectively. In the OPERA I/II trials, which compared
ocrelizumab to interferon beta la (IFN p-1a) in patients
with RRMS, ARR was reduced by 46-47% (ARR 0.16 vs.
0.29) at 96 weeks. Ocrelizumab performed better than IFN
f-1a on secondary endpoints including 3-month confirmed
EDSS worsening (9.1-6.9% vs. 13.6-10.5%), total and
mean number of GdE lesions (94-95% fewer lesions), and
total number of new or newly enlarged T2 lesions (77-83%
fewer lesions). The percentage of patients who achieved no

evidence of disease activity and percentage brain volume
loss favored ocrelizumab, but based on the hierarchical sta-
tistical testing algorithm were not considered significant.
The ORATORIO study, which compared ocrelizumab to
placebo in patients with PPMS, demonstrated a relative
risk reduction in 12-week confirmed EDSS worsening of
23% (32.9% vs. 39.3%) and in 24-week EDSS confirmed
worsening of 25% (29.6% vs. 35.7%). Measures of total
T2 lesion volume, number of new or enlarging T2 lesions,
and brain volume loss favored ocrelizumab.

5.3 Ofatumumab

Ofatumumab was approved for use in adults with RRMS
(including CIS) and active SPMS by the FDA in August
2020 and by the EMA in March 2021. Phase III clinical
trials in pediatric MS are ongoing. The phase III clinical
trials of ofatumumab, ASCLEPIOS I/II [19], compared
ofatumumab to teriflunomide in 1,882 and 955 patients
with RRMS, respectively. The primary outcome measure
ARR was 0.11 in those treated with ofatumumab versus
0.22 in those treated with teriflunomide in ASCLEPIOS
I (difference of —0.11; 95% confidence interval (95%
CI) —0.16, —0.06), and 0.10 and 0.25, respectively, in
ASCLEPIOS II (difference of —0.15; 95% CI 0.20,
—0.09). Secondary endpoints included clinical outcomes
(3- and 6-month confirmed EDSS worsening, 6-month
confirmed EDSS improvement), MRI metrics (number
of GdE lesions, number of new or enlarging lesions, and
annual rate of brain volume loss), and a fluid biomarker
endpoint (serum neurofilament light chain concentration
at 3 months and beyond). Ofatumumab outperformed
teriflunomide on clinical endpoints (3-month confirmed
EDSS worsening 10.9% vs. 15.0%, 6-month confirmed
EDSS worsening 8.1% vs. 12.0%, and 6-month confirmed
EDSS improvement 11.0% vs. 8.1%), MRI and biomarker
measures except change in brain volume, which favored
teriflunomide, and reduction in serum neurofilament light
chain concentration.

5.4 Ublituximab

Ublituximab was approved by the FDA in December 2022
and by the EMA in May 2023. It is currently approved for
use in adults with RRMS (including CIS) and active SPMS.
The phase III clinical trials of ublituximab, ULTIMATE I/
IT [21], compared ublituximab to teriflunomide in 549 and
545 patients with RRMS, respectively, using ARR as the
primary outcome measure. ARR was 0.08 in those treated
with ublituximab compared to 0.19 in those treated with
teriflunomide in ULTIMATE 1 (rate ratio 0.41; 95% CI
0.27,0.62), and 0.09 and 0.18, respectively, in ULTIMATE
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IT (rate ratio 0.51; 95% CI 0.33, 0.78). On secondary out-
comes, there was a mean number of GdE lesions of 0.02
in the ublituximab group and 0.49 in the teriflunomide
group/0.01 in the ublituximab group and 0.25 in the teriflu-
nomide group in ULTIMATE I/11, respectively. Three-month
confirmed EDSS worsening occurred in 5.2% of patients in
the ublituximab group and 5.9% in the teriflunomide group
in the pooled analysis. This difference did not reach statisti-
cal significance (HR 0.84; 95% CI 0.50, 1.41).

5.5 Relative Efficacy

There have only been a few studies investigating the rela-
tive efficacy of the clinically available anti-CD20 mAbs. A
recent observational cohort study evaluated the effectiveness
of rituximab versus ocrelizumab in RRMS over a minimum
of 6 months using a propensity-matched non-inferiority
approach [27]. A total of 710 ocrelizumab-treated patients
were matched to 186 rituximab-treated patients. The ARR
was higher in patients treated with rituximab compared to
those on ocrelizumab, with a rate ratio of 1.8 (95% CI 1.4,
2.4), and cumulative hazard of relapse (hazard ratio) 2.1
(95% CI 1.5, 3.0) over a pairwise censored mean follow-up
of 1.4 years. This study did not demonstrate the expected
noninferiority of rituximab compared to ocrelizumab. How-
ever, there were several potential limitations of this study,
including the observational design, differences in disease
duration and exposure to prior therapies, inclusion of both
brand and biosimilar rituximab products, and variability
of dosing schedules. Currently, there are three ongoing
clinical trials, TRIO (NCT05758831) OVERLORD-MS
(NCT04578639), and DanNORMS (NCT04688788), com-
paring the efficacy of rituximab and ocrelizumab.

6 Immunogenicity of Anti-CD20 Monoclonal
Antibodies

Antibodies reacting with therapeutic mAbs can develop,
possibly interfering with drug function or leading to adverse
events. Although it is generally expected that immunogenic-
ity would decrease with humanization of mAbs (fully human
< humanized < chimeric), this is not always seen in practice,
and immunogenicity is still observed even with fully human
mAbs [28-30].

In a cross-sectional study, anti-drug antibodies (ADAs)
to rituximab were detected in 37% of relapsing MS and 26%
of progressive MS patients, and their presence was associ-
ated with incomplete B-cell depletion but not with adverse
events or altered clinical outcomes [31]. In the two ASCLE-
PIOS trials, two out of 914 (0.2%) patients with RRMS who
received ofatumumab tested positive for ADAs. No neutral-
izing antibodies were detected. The number of patients was
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insufficient to study the impact of ADAs on safety or efficacy
[32].

There are limited data available regarding immunogenic-
ity of ocrelizumab and ublituximab. Development of ADAs
to ocrelizumab has been observed in a small proportion of
patients. Over a period of 6.5 years, 1% of relapsing MS
and 1.6% of progressive MS patients developed ADAs [33].
The clinical significance of these antibodies is not well
understood.

7 Mechanism of Action and Adverse Events

Depletion of B cells by mAb administration can produce
infusion-related reactions (IRRs) and injection-related reac-
tions. CDC is believed to be a more potent driver of infusion-
or injection-related reactions, favoring ocrelizumab and
ublituximab compared to rituximab and ofatumumab due to
their relatively less potent CDC activity [34]. Although often
thought of as two separate processes, CDC and ADCC are
both important drivers of mAb efficacy, and their function
is affected by multiple complex interactions. CDC is more
sensitive to target antigen expression, and ADCC may be
more effective with a lower level of antigen expression and
availability [35, 36]. Another factor may be the availability
of complement, as CDC is thought to be more effective in
the vascular compartment where complement components
may be more readily available, while ADCC may be more
effective in extravascular tissues [37].

B-cell function is critical for immune protection against
infection and surveillance for malignancy through antibody-
dependent and -independent mechanisms. Although plasma
cells do not express CD20, hypogammaglobulinemia is a
potential long-term complication of anti-CD20 therapy.
Given the importance of Igs in neutralizing, targeting, and
removing foreign antigens, the risk of infections is thought
to be increased with hypogammaglobulinemia, particularly
when sustained for a prolonged period [38]. Although, in
general, bacterial respiratory tract infections are thought
to be most commonly associated with hypogammaglobu-
linemia, there may be variability in specific infection types
observed depending on concurrent comorbidities [39-41].
1gG comprises 70-80% of total serum Igs and has the long-
est half-life amongst all Ig classes [38]. Although all Ig
classes play important roles in maintenance of immunity,
deficiencies in IgG are most frequently implicated in infec-
tion susceptibility, whereas some individuals with IgM defi-
ciency may remain asymptomatic in the presence of normal
levels of IgG and IgA [38].

There have been only a few head-to-head comparisons of
the risk of hypogammaglobulinemia and infection among
different anti-CD20 mAbs, although the risk is reported
to be lower with ofatumumab compared to rituximab and
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ocrelizumab [42]. This difference could be due to differences
in affinity for the target epitope or route of administration,
as SC antibody administration induces less B-cell depletion
in the spleen as opposed to IV administration [34]. In cases
where hypogammaglobulinemia occurs, various strategies
for management are possible, including reducing the dose
or increasing the dosing interval of anti-CD20 mAb, supple-
mentation with IV or SC Ig, or change in DMT. In a recent
retrospective review, treatment with IV or SC Ig led to the
largest increase in Ig levels [43].

7.1 Rituximab

Although there are limited randomized clinical trial data
for use of rituximab in MS, in the open-label phase I trial
of rituximab in 26 patients with RRMS, 65.4% of patients
experienced IRRs, which were all mild to moderate in sever-
ity and decreased with subsequent infusions [44]. In the
phase II trial of rituximab in 104 patients with RRMS, IRRs
were reported in 40% of patients [22]. In the randomized
controlled trial of rituximab in 439 patients with progressive
MS, 67.1% of patients experienced IRRs [24]. Infections
were reported in 61.5% of patients in the phase I trial, were
mild-to-moderate in severity, and most commonly included
nasopharyngitis, bronchitis, upper respiratory tract infection,
and urinary tract infection [44]. In the phase I RRMS trial,
infections were noted in 71.4% of patients receiving rituxi-
mab versus 69.6% of patients receiving placebo [22]. In the
progressive MS trial, 68.2% of patients receiving rituximab
experienced infections while 65.3% of patients receiving pla-
cebo experienced infections [24]. In the phase II trial evalu-
ating rituximab in patients with relapsing MS, one patient
receiving rituximab developed malignant thyroid neoplasm
[22]. In a retrospective review of patients receiving rituxi-
mab for MS, 44% of patients who received therapy for a
median of five cycles had IgG levels below LLN (vs. 17%
prior to starting rituximab), and 35.8% of patients had IgM
levels below LLN (vs. 14.1% prior to starting rituximab)
[45]. In this study, reduced levels of IgG but not IgM were
associated with increased risk of infections when accounting
for EDSS, age, and sex, and older age was associated with
increased risk of developing reduced IgG when accounting
for sex and history of immunosuppression [45].

7.2 Ocrelizumab

The most common adverse events reported in patients
treated with ocrelizumab are IRRs. In the OPERA I/IT (821
and 835 patients respectively) and ORATORIO phase III
(732 patients) trials, the incidence of IRRs was 34.3% and
39.9%, respectively [17, 26]. Most IRRs were mild to mod-
erate, were reported at the first infusion of the first cycle,
and were managed with temporarily stopping and/or slowing

the rate of infusion and treatment of symptoms. The most
frequent symptoms of IRRs with ocrelizumab included
pruritus, rash, throat irritation, and flushing. In practice,
pre-medication with a combination of corticosteroids, anti-
histamines, and antipyretics generally is effective to miti-
gate these effects. In the OPERA I/II trials, the incidence
of infection was 56.9-60.2% compared to 52.5-54.3% in
the IFN f-1a group, while serious infections occurred with
an incidence of 1.3% in the ocrelizumab group compared to
2.9% in the IFN fp-1a group. The most common infections
(reported in > 10% of the patients) were upper respiratory
tract infections, nasopharyngitis, and urinary tract infec-
tions. Among ocrelizumab-treated patients in the ORATO-
RIO trial, the incidence of infection was 71.4% compared
to 69.9% among patients on placebo (with 6.2% and 5.9%
having serious infections, respectively). Again, upper res-
piratory tract infections, nasopharyngitis, and urinary tract
infections were the most often reported infections.

There were four neoplasms reported in the ocrelizumab-
treated cohort in the OPERA I/II trials (compared to two
in the IFN f-1a cohort), which included two ductal breast
carcinomas, one renal cancer, and one malignant melanoma.
In the ORATORIO trial, there were 11 patients with malig-
nancy in the ocrelizumab treatment arm (compared to two
in the placebo arm), which included four breast cancers,
three basal cell carcinomas, one lymphoma, one endome-
trial adenocarcinoma, one malignant histiocytoma, and one
pancreatic carcinoma. Although there was imbalance in the
incidence of breast cancer in these trials, the overall inci-
dence of neoplasms was comparable to that of the general
population. Subsequent analysis of post-marketing data and
of clinical trial participants receiving long-term, continuous
treatment with ocrelizumab (up to 7 years) demonstrated no
increased risk of malignancy (including female breast can-
cer) in ocrelizumab-treated patients compared to matched
controls from a reference MS population and the general
population [33].

Ocrelizumab is known to variably decrease Ig levels [46].
Over a period of up to 7 years of ocrelizumab treatment,
there was a mean absolute reduction in serum IgM levels
of —0.78 g/L (mean relative reduction of 55.8%) and serum
IgG levels decreased at an average rate of —0.33 g/L per year
(—2.99% per year) in the OPERA population, with similar
patterns noted in the ORATORIO population [33]. When
combining data from the clinical trials and open-label exten-
sion studies, an association between decreased IgG levels
<5.65 g/L and increased rates of serious infections was
observed and among 2092 patients continuously treated with
ocrelizumab for up to 7 years, in which 15 (0.7%) patients
experienced a serious infection while IgG was below the
LLN [33].

In a study of patients receiving rituximab or ocrelizumab
for MS and other neurological disorders, 12% of patients
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developed hypogammaglobulinemia (9% in the ocrelizumab
group and 25% in the rituximab group, p = 0.0123), with the
difference persisting after matching based on time on treat-
ment [47]. In this study older age (> 50 years), White race
and lower baseline IgG and IgA levels were predictors of
hypogammaglobulinemia on treatment, while lymphopenia
and total time on therapy were found to be predictors of
serious infection [47].

7.3 Ofatumumab

In the phase III clinical trials of ofatumumab in RRMS,
16.1% of the 927 patients in ASCLEPIOS I and 24.1% of
the 955 patients in ASCLEPIOS II experienced injection-
related reactions [19]. Infections were reported in 49.2% (vs.
51.5% in the teriflunomide arm) in ASCLEPIOS 1, and in
53.8% (vs. 53.8% in the teriflunomide arm) in ASCLEPIOS
11 [19]. Serious infections occurred in 2.6% (vs. 1.5% in the
teriflunomide arm) in ASCLEPIOS I and in 2.5% (vs. 2.1%
in the teriflunomide arm) in ASCLEPIOS 1I [19]. Neoplasms
occurred in five patients, including one melanoma, one
breast carcinoma, one non-Hodgkin’s lymphoma, and two
basal cell carcinomas. In the pooled analysis of several trials
of ofatumumab, 54.3% of 1969 patients reported an infec-
tion, with 2.9% being serious infections [48]. Mean serum
levels of IgG remained stable throughout the treatment
period, and only 1.5% of patients had IgG values below the
LLN [48]. Mean serum levels of IgM decreased in patients
treated with ofatumumab, and 23.1% had IgM values below
the LLN [48].

7.4 Ublituximab

In phase III clinical trials of ublituximab in RRMS, IRRs
occurred in 44.0% of the 549 patients and 51.5% of the 545
patients in ULTIMATE I and II trials, respectively [21].
Most were mild-to-moderate in severity and decreased
in frequency with subsequent doses [21]. Infections were
reported in 49.5% (vs. 48.4% in the teriflunomide arm) in
ULTIMATEN, and in 62.1% (vs. 60.4% in the teriflunomide
arm) in ULTIMATE II [21]. The most common infections
were respiratory tract related and were mild-to-moderate
in severity [21]. Serious infections occurred in 5.5% (vs.
2.2% in the teriflunomide arm) in ULTIMATE, and in 4.4%
(vs. 3.7% in the teriflunomide arm) in ULTIMATE II [21].
Two neoplasms occurred in the clinical trials, one each of
endometrial and uterine cancers [21]. The overall portion of
patients treated with ublituximab with IgG levels below the
LLN remained relatively stable (baseline 6.3%, 48 weeks
5.3%, and 96 weeks 6.5%), while the proportion with IgM
levels below the LLN increased with time (baseline 1.1%,
48 weeks 12.8%, and 96 weeks 20.9%) [21].

A\ Adis

7.5 Progressive Multifocal Leukoencephalopathy

Progressive multifocal leukoencephalopathy is a potential
serious complication of immunotherapy. Based on cases col-
lectively reported from the Genentech, Novartis, and other
drug registry data in patients with MS, ten on rituximab
(two carry-over cases with prior natalizumab exposure) [16,
49], nine on ocrelizumab (seven carry-over cases with prior
exposure to natalizumab (6) or fingolimod (1)) [18, 50, 51],
and none on ofatumumab or ublituximab have been reported
to have developed treatment-related progressive multifocal
leukoencephalopathy through October 2022 [52].

7.6 Immune-Mediated Colitis

Based on post-marketing data, the FDA updated the pre-
scribing information for ocrelizumab to include immune-
mediated colitis as a possible complication of treatment. In
a recent review of the experience in MS, there have been 11
cases of colitis associated with ocrelizumab and rituximab,
with onset ranging from 1 week up to 18 months after ini-
tiation of therapy [53]. Hypothesized mechanisms include
dysregulation of intestinal mucosal immunity with increased
infiltration of T cells triggering inflammation and decreased
level of interleukin 10 [53].

7.7 COVID-19

In the cross-sectional analysis of the registry of patients with
MS and Corona Virus Disease 2019 (COVID-19), rituximab
and ocrelizumab treatment were associated with higher odds
of hospitalization (OR 4.56 and 1.63, respectively) when
compared to a reference category of no DMT, although no
associations with intensive care admission or death were
identified [54]. In the ALITHIOS open-label extension study
of 1703 patients treated with ofatumumab, 14.4% of patients
reported a COVID-19-related adverse event (of whom 44.1%
had a mild course, 46.5% a moderate course, and 9% a severe
or life-threatening course of whom two died) [55]. Prior to
COVID-19, IgG levels were within the normal range in all
COVID-19-affected patients, while IgM was < 0.4 g/L in
23 (9.4%) patients.

7.8 Tuberculosis

Although data on reactivation of tuberculosis (TB) in the MS
population are limited, this topic has been further evaluated
in the rheumatology literature with rituximab showing that,
overall, there seems to be a very low risk of TB reactivation
in patients treated with rituximab, and that rituximab use
appears to be safe even in patients concurrently being treated
for active TB [56-59]. This observation is consistent with
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our current understanding regarding human immune defense
mechanisms against TB mainly being driven by cellular
immunity, with little contribution from the humoral immune
response that is impacted by B-cell-directed therapy. Testing
for latent TB was not required in the phase III trials for ocre-
lizumab and ublituximab, and no cases of TB infection were
reported [17, 21, 26]. However, some patients may meet
criteria for screening regardless of immunotherapy decision,
based on country-specific guidelines or risk factors.

8 Vaccine Response

Although there are various types of vaccines, apart from
the Bacillus Calmette-Guerin vaccine, all others are thought
to confer protection primarily through stimulation of anti-
body production and induction of memory B cells, although
there also is considerable induction of T-cell responses
[60]. Therefore, there is concern for impairment of vaccine
response with B-cell depletion.

In a study evaluating patients treated with rituximab for
autoimmune diseases, there was a reduced antibody response
compared to healthy controls following two doses of mRNA
COVID-19 vaccine (29% developing neutralizing antibod-
ies in the rituximab cohort vs. 92% in the healthy control
group) [61]. Time since last infusion was an important fac-
tor in determining response. Notably, T-cell responses were
preserved. In another study evaluating rituximab-treated MS
patients, B-cell count was also determined to be a critical
factor impacting vaccine response [62].

Vaccination response with ocrelizumab treatment was
studied in the VELOCE phase III clinical trial [63], in
which patients were randomized to ocrelizumab or control
(no immunotherapy or IFN f therapy). Vaccination in the
ocrelizumab group was given 12 weeks after the infusion
and response to various antigens, including tetanus tox-
oid, pneumococcal polysaccharide vaccine (PPSV-23), and
influenza, were measured. Patients who had received tetanus
toxoid containing vaccine within 2 years, PPSV-23 within 5
years, or seasonal influenza vaccine during the enrollment
periods were excluded. The proportion of patients with a
positive response to tetanus toxoid 8 weeks after vacci-
nation was 23.9% in the ocrelizumab group compared to
54.5% in the control group, with a treatment difference of
—30.7% (95% CI —10.8, — 50.5). Humoral responses to both
T-cell-dependent and -independent antigens were attenu-
ated in ocrelizumab-treated patients with peripheral B-cell
depletion. Nevertheless, either seroprotection or a marked
increase in antibody levels was achieved after vaccination
in ocrelizumab-treated patients.

In one study, only 25% of patients treated with ocreli-
zumab (25%) generated detectable protective IgG levels 8
weeks following COVID-19 mRNA vaccination, and this

response was not maintained 24 or 36 weeks post vaccina-
tion [64]. However, in another study, a sequential increase
in the proportion of patients with antibody response after
each booster dose was found, and, after booster vaccinations
with four doses, 90% of patients treated with ocrelizumab
developed an antibody response [65]. In a study compar-
ing antibody response on rituximab and ocrelizumab, both
groups demonstrated reduced antibody levels compared
to untreated patients (ocrelizumab 201-fold decrease and
rituximab 20-fold decrease) [66]. In this study, comparison
between ocrelizumab and rituximab was complicated by
variability in intervals between last infusion and vaccina-
tion between groups and presence of a correlation between
time since last infusion and antibody response. In a study
of MS patients enrolled in the MS-PATHS registry in the
USA, Germany, and Spain, 40% of patients treated with
anti-CD20 mAbs achieved post-vaccination IgG response
[67]. Similar reduced responses to COVID-19 vaccination
were reported with ofatumumab treatment, although a robust
T-cell response has also been observed [68, 69].

Extended interval dosing is one possible strategy to
improve vaccination response [70]. The current expert con-
sensus recommendations include administration of COVID-
19 vaccination 6 weeks prior to starting treatment and at
least 3 months following the last infusion [71]. There is
accumulating evidence that T-cell responses may be pre-
served or even augmented with anti-CD20 mAb treatment,
potentially mitigating the consequences of humoral vaccine
response [72, 73].

9 Pregnancy and Family Planning
Considerations

Administration of anti-CD20 mAbs is not recommended
during pregnancy. All women treated with anti-CD20 mAbs
should be appropriately counselled on contraceptive use, and
decision-making regarding anti-CD20 therapy and preg-
nancy planning should consider the patient’s disease char-
acteristics and family planning wishes. The FDA-approved
prescribing information recommends that women continue
contraception for 12 months following the last treatment of
rituximab, 6 months following the last treatment of ocre-
lizumab or ublituximab, and 3 months following the last
treatment of ofatumumab [16, 18, 32, 74]. In select cases of
women with highly active disease, a shorter interval may be
considered to reduce time off therapy. These patients may
discontinue contraception to attempt to become pregnant
1-3 months after rituximab or ocrelizumab, as they are
eliminated by 3.5-4.5 months after dosing based on half-
lives [75]. Because there is minimal placental transfer of
IgG during the first trimester [76], if a woman conceives
1-3 months after the last dose of therapy, the risk of fetal
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exposure is low [77]. In instances where the fetus has been
exposed to B-cell-depleting therapy in either the second or
third trimesters, the neonate should be screened for B-cell
depletion and/or pancytopenia, and administration of live
or live-attenuated vaccines should be delayed until B-cell
recovery has been confirmed. In pregnancies specifically
exposed to rituximab, there also is a risk of congenital
malformations in the fetus and neonatal infections per the
prescribing information [16], which should prompt consid-
eration of referral to a high-risk obstetrician. Although the
pregnancy registries for rituximab and ocrelizumab have
been completed, it is recommended that exposed pregnan-
cies for all B-cell-depleting therapies be reported directly
to the respective drug companies. Notably, practices may
vary from the recommendations outlined above to align with
regional standards and professional society recommenda-
tions (example [78]).

Anti-CD20 mAb therapy also is not recommended to be
routinely used during breastfeeding [16, 18, 32, 74]. Because
anti-CD20 mAbs are large molecules, modest transfer to
breast milk does occur. However, the low oral bioavail-
ability is likely to limit the absorption by the newborn fur-
ther (relative infant dose of less than 10%) [79]. Therefore,
postpartum anti-CD20 mAb therapy can be considered in
select cases in women with highly active MS who desire to
breastfeed.

10 Pre-Treatment Testing and Safety
Monitoring

Pre-treatment testing is similar for the anti-CD20 mAb
therapies [16, 18, 32, 74]. General recommendations are
summarized in Table 2. Although the prescribing informa-
tion for ocrelizumab, ofatumumab, and ublituximab only
recommend serum testing for hepatitis B serologies and Ig
levels, at our center, we recommend that all patients also be
screened with a complete blood count (CBC) with differen-
tial, complete metabolic panel (CMP), Quantiferon/tubercu-
losis screen, chronic hepatitis panel, varicella zoster virus
(VZV) 1gG (to confirm immunity), and a urine or serum
pregnancy test when appropriate prior to treatment initia-
tion. We also typically perform a baseline brain MRI in all
patients. It is recommended that all necessary vaccinations
be completed >4 weeks prior to the first dose of treatment.
Contraindications to treatment include active hepatitis B
infection and history of life-threatening IRRs (for rituxi-
mab, ocrelizumab, and ublituximab). Notably, practices may
vary from the recommendations outlined above to align with
regional standards and professional society recommenda-
tions (example [80]).

After therapy is initiated, monitoring at our center con-
sists of CBC with differential, CMP, CD19 count, and quan-
titative Ig measures every 6 months. Patients should also

Table 2 Pre-treatment testing and safety monitoring for anti-CD20 monoclonal antibody therapy

Contraindications

Active hepatitis B infection®

History of life-threatening infusion reaction to medication®

Recommended pretreatment testing?

Complete blood count with differential

Comprehensive metabolic panel

Quantiferon/tuberculosis screen

Hepatitis panel

Varicella zoster virus IgG (to ensure immunity)

Quantitative Ig levels

Urine or serum beta human chorionic gonadotropin (where appropriate)
Brain MRI
All necessary vaccinations > 4 weeks prior to first dose

Recommended monitoring schedule?

Complete blood count with differential (every 6 months)

Comprehensive metabolic panel (every 6 months)

CD19 count (every 6 months)

Quantitative Ig levels (every 6 months)

Monitor for recurrent or serious infection

Monitor for malignancy/ensure all age-appropriate cancer screening up to date

Pregnancy and family planning

Recommend contraception during treatment and for 6 months after®

CD20 cluster of differentiation-20, CD19 cluster of differentiation—19, /g immunoglobulin, MRI magnetic resonance imaging

2For rituximab [16], ocrelizumab [18], ofatumumab [32], and ublituximab [74]

YFor rituximab [16], ocrelizumab [18], and ublituximab [74]
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be regularly monitored for recurrent/serious infections and
maintain up-to-date age-appropriate cancer screening.

11 Future Directions
11.1 Dose and Dosing Schedule

Currently, there are two ongoing clinical trials in relapsing
and progressive MS (NCT04544436 and NCT04548999)
evaluating the efficacy and safety of ocrelizumab doses
higher than those currently approved based on the results
of post hoc analyses from the phase III studies suggesting
that participants with higher exposures have greater benefit
on disability progression with similar safety outcomes [81].

A 6-month interval dosing is most common for rituxi-
mab, ocrelizumab, and ublituximab, based on median time
for B-cell repopulation. There is interest in evaluating the
efficacy and safety of these agents at > 6-month dosing
intervals, which might be associated with several potential
advantages, including reduced cost, increased convenience,
reduced risk of infections, improved vaccine response, and
reduced risk of hypogammaglobulinemia [82]. For exam-
ple, one ongoing study, WINDCORE (NCT05999604), is
evaluating annual versus semi-annual infusions of ocreli-
zumab in patients with active MS. The initial evaluation of
rituximab [22, 44] demonstrated that efficacy lasts beyond 6
months after administration (and possibly up to 12 months).
A more recent prospective cohort study demonstrated no dif-
ference between clinical or neuroradiologic disease activity
in patients stratified into four dosing intervals based on time
since last infusion (<8, >8-12, >12-18, and 18 months).
Median total B-cell count reconstitution occurred after 12
months and median memory B-cell reconstitution occurred
after 16 months [83]. In the initial phase II trials of ocreli-
zumab, progression and disease activity in the ocrelizumab
cohort remained low for up to 18 months after the last infu-
sion, suggesting longer-term efficacy [84—86].

Currently, there is no FDA-approved dosing schedule
for rituximab in MS [87]. In one study evaluating use of
rituximab in neuromyelitis spectrum disorders (NMOSD),
patients initially were retreated based on reappearance of
B cells but later followed at fixed-interval dosing of 6-9
months) [88]. Relapses were effectively prevented during
periods of B-cell depletion, but relapses tended to recur
after B-cell repopulation, emphasizing the need to monitor
CD19+ counts with extended interval dosing [88]. An inter-
val of 6-9 months has been recommended to account for the
typical time until reappearance of B cells [89]. Other studies
in MS [90] and NMOSD [91] demonstrated that reconstitu-
tion may occur earlier than 6 months in some patients. In
one recent study at a single center, two distinct rituximab
administration regimens were evaluated including fixed

6-month interval dosing and extended-interval dosing up to
24 months [92]. The study demonstrated that disease activity
did not differ between groups. In another study evaluating
patients with MS and NMOSD treated with rituximab, low
B-cell counts were associated with reduced ARR and GdE
lesions, serving as an effective marker for individualized
dosing schedules [93].

Prompted by the COVID-19 pandemic, several studies
evaluated ocrelizumab extended-interval dosing. Acknowl-
edging the limitations of the majority being retrospective
and utilizing variable dosing protocols, in aggregate, the
results suggested that extended-interval dosing could have
comparable efficacy in both relapsing and progressive forms
of MS, although the association with B-cell repopulation
was variable [94-103]. There is an ongoing randomized
clinical trial comparing 6- and 12-month dosing intervals
for rituximab in MS (NCT03979456).

11.2 Monitoring of B-Cell Subsets

Inflammatory disease activity has been known to occur
despite lack of evidence for B-cell reconstitution based on
measurement of CD19+ B-cell counts and, conversely, reap-
pearance of CD19+ B cells predicts a return of MS disease
activity only approximately [88, 90-92]. Therefore, there
have been attempts to assess whether specific B cell subsets,
particularly memory B cells, might be a more predictive
biomarker, given their association with MS disease activity
[104, 105]. Monitoring levels of CD274+ memory B cells
in NMOSD has been done through redosing maintenance
rituximab therapy when CD27+4+ memory B cells reached
0.05% in peripheral blood, with a significant reduction of
relapses [87]. However, in a study in MS, disease stability
was maintained despite CD27+ subset reappearance [92],
which may reflect differences in the pathogenesis between
MS and NMOSD.

11.3 Treatment De-Escalation

De-escalation approaches with CD20 mAbs include dose
reduction, increasing dosing intervals, switching to low
or medium efficacy DMT, and treatment discontinuation.
As discussed above, extended-interval dosing might be a
reasonable approach to de-escalation. Dose reduction is
another approach to reduce cost and mitigate risk. Two
studies evaluating the use of rituximab in RRMS found that
a reduced dose of rituximab (< 1000 mg) had comparable
efficacy to the standard dose [106, 107]. De-escalation to a
low or medium efficacy DMT specifically may be relevant
in older patients. In a retrospective review of a real-world
MS cohort, although high-efficacy DMTs including natali-
zumab and rituximab were found to be more effective in
suppressing disease activity in younger patients (<45 years)
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compared to oral agents, this advantage was not observed in
older patients [108]. Although infection mitigation strategies
should be considered in all patients starting or continuing a
DMT [109], de-escalation is particularly relevant in popula-
tions at high risk for infection [110, 111].

The ultimate de-escalation approach is discontinuation of
therapy. As with all other DMTs for MS, the decision when
to stop treatment remains challenging. A recent clinical trial
DISCO-MS failed to show non-inferiority of discontinuing
treatment in older patients with previously stable disease
[112]. The overall risk of rebound disease after stopping
CD20 mAbs appears low due to the long-standing effects of
these treatments that gradually dissipate [113, 114], but there
are no uniformly accepted consensus guidelines regarding
discontinuation of treatment. A trial evaluating discontinu-
ation of ocrelizumab currently is ongoing (NCT05285891).

11.4 Biosimilars

Drug costs account for approximately half the total cost of
MS care, and while MS drugs consist of <0.1% of prescrip-
tions in the USA, they account for 3.1% of total US drug
costs [115-117]. Follow-on medications may offer a cost-
effective alternative to treat MS. In the context of anti-CD20
mAbs, since these treatments are considered biologic drugs
(large and complex molecules derived from living organ-
isms), the follow-on drugs are referred to as biosimilars
[118]. To be accepted as a biosimilar, a drug’s quality, safety,
efficacy, and immunogenicity must be comparable to the
reference drug, and the market protection period of the ref-
erence medicine must be expired [119]. Currently there are
several biosimilars of rituximab with regulatory approval,
though with some regional variations.

11.5 Persistent/Compartmentalized Inflammation

An area of recent focus in MS is the concept of persistent/
compartmentalized inflammation, which is highlighted
pathologically by mixed lesions with an inactive core and
active microglial rim, paramagnetic rim lesions (PRLs)
on MRI, and meningeal inflammatory nodules, and mani-
fested clinically as progression independent of relapses
(PIRA) [120, 121]. Although B cells likely contribute
to PIRA through modulating the activity of microglia
in CALs [122], current DMTs, and particularly B-cell-
directed therapies, are thought to have less capability of
targeting compartmentalized inflammation due to the high-
molecular weight of mAbs and their inability to enter the
CNS (except when there is blood-brain barrier disruption)
[121]. This phenomenon has been observed in practice in a
study evaluating PIRA and PRLs longitudinally in patients
treated with CD20 mAbs [121]. This study found that over
an average period of 22 months after initiation of therapy,
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PIRA was experienced by 20% of patients, consistent with
previously pooled clinical trials and real-world data [123,
124], and PRLs did not disappear in any of the treated
patients.

In order to better address the mechanisms involved
in development and perpetuation of compartmental-
ized inflammation, several additional drugs with novel
mechanisms of action are being investigated for use in
MS. These approaches include therapies such as atacic-
ept [125-127], belimumab (NCT04767698) [128, 129],
CD19-directed therapies [130] including inebilizumab
[131], Bruton tyrosine kinase (BTK) inhibitors [132—134],
and chimeric antigen receptor (CAR)-T cells [135, 136].
Detailed discussion of these therapies is beyond the scope
of this review.

12 Conclusions

Anti-CD20 mAbs have changed the MS treatment land-
scape through their robust efficacy in preventing clinical
relapses and MRI lesion activity, and contribution to delay-
ing disability worsening. Currently, there are four available
anti-CD20 mAb therapies for use in MS: rituximab, ocre-
lizumab, ofatumumab, and ublituximab, which as a class
are a cornerstone of the highly effective treatment strategy
and are becoming increasingly more utilized as first-line
therapies in the management of newly diagnosed MS. As a
consequence of target antigen specificity and affinity, rela-
tive potencies of cell-depletion effector functions, dose and
dosing schedule, and route of administration, differences
between these medications would not be unexpected. How-
ever, there are few data comparing the efficacy and safety
of these therapies head-to-head. As a result, currently, clini-
cal considerations for selecting a specific B-cell-depleting
mADb include patient-level comorbidities, route of admin-
istration and patient preference for IV or SC, and cost and
payor constraints. Adaptations of how these medications
are used to reduce adverse effects are under investigation.
Although anti-CD20 mAD therapies have led to significant
improvements in disease outcomes, CNS-penetrant therapies
are still needed to more effectively address the mechanisms
that drive disability progression.
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