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Abstract
Anti-CD20 therapies have demonstrated considerable efficacy in the treatment of relapsing multiple sclerosis, constituting a 
high-efficacy treatment approach for reducing relapse risk and mitigating disability progression. These therapies have been 
shown to strongly deplete circulating B cells and small subsets of CD3+ CD4 and CD8 T cells that express low levels of 
CD20. While the clinical profiles of the various anti-CD20 monoclonal antibodies used in treating multiple sclerosis are well-
described in the literature, greater understanding of the implications of their distinct molecular and pharmacological attributes 
is needed. In this review, we focus on four anti-CD20 monoclonal antibodies—rituximab, ocrelizumab, ofatumumab, and 
ublituximab—that are currently used, approved, or in late-stage clinical development for the treatment of multiple sclerosis. 
We provide clinical perspectives on the potential implications of differences in molecular structures, target epitopes, dosing 
regimens, mechanisms and impact on B-cell depletion and reconstitution, immunogenicity, administration-related reactions, 
and infection risks.
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Key Points 

The ongoing development and approval of anti-CD20 
monoclonal antibody therapies, including rituximab, 
ocrelizumab, ofatumumab, and ublituximab, has repre-
sented a major advance in the care of patients with sev-
eral autoimmune conditions, including multiple sclerosis 
(MS).

These anti-CD20 molecules offer robust control of MS 
disease activity and generally excellent tolerability and 
safety.

Differences in their molecular structures, target epitopes, 
dosing regimens/route of administration, and mecha-
nisms of B-cell depletion may lead to varying clinical 
effects in terms of B-cell depletion and reconstitution 
patterns, immunogenicity, administration-related reac-
tions, and infection risks.

to MS through several mechanisms, including modula-
tion of other immune cell responses (e.g., through antigen 
presentation and cytokine secretion) and autoantibody 
production [2–4]. B-cell mAbs directed against CD20, a 
surface marker expressed on pre-B cells, naïve B cells, and 

Digital Features for this article can be found at https://​doi.​org/​10.​
6084/​m9.​figsh​are.​14912​757.

1  Introduction

The central role of B cells in the pathogenesis of multiple 
sclerosis (MS) is underscored by the potent clinical effi-
cacy of B-cell-depleting monoclonal antibodies (mAbs) in 
the treatment of MS [1]. B cells are thought to contribute 
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memory B cells, strongly deplete circulating B cells and 
small subsets of CD3+ CD4 and CD8 T cells that express 
low levels of CD20, while sparing antibody secreting 
plasma cells that do not express CD20 [5, 6]. These thera-
pies represent a high-efficacy treatment approach with a 
favorable risk–benefit profile that substantially decreases 
MS relapses and mitigates disability progression in indi-
viduals with relapsing MS [7–14]. Current evidence sug-
gests that the use of these therapies early in the course 
of disease, versus withholding until later, may result in 
improved clinical outcomes for people with MS [15–17].

Despite their common target, the anti-CD20 mAbs 
have distinct molecular and pharmacological attributes. 
In this review, we provide clinical perspectives on the 
potential implications of differences in molecular struc-
tures (Table  1), target epitopes (Table  1 and Fig.  1), 
dosing regimens (Table 2), mechanisms of B-cell deple-
tion, kinetics of B-cell depletion and reconstitution, and 
immune-mediated responses. Although the focus of this 
article is to review clinical data from MS studies of four 
anti-CD20 mAbs [rituximab (RTX), ocrelizumab (OCR), 
ofatumumab (OMB), and ublituximab (UTX)], we draw 
from the broader experience with these mAbs in oncology 
and rheumatology to provide additional potential clinical 
insights.

2 � Molecular and Pharmacological Attributes 
of Anti‑CD20 Monoclonal Antibodies 

RTX is a murine-human chimeric mAb [18] that is 
approved for a number of indications in oncology and 
rheumatology (Table 3) [19, 20]. It was the first anti-CD20 
mAb to be tested in MS and has been used as an off-label 
MS therapy [5]. RTX has been studied in relapsing-remit-
ting MS (RRMS) and primary progressive MS (PPMS) [7, 
9, 21], with the same dosing regimen approved for rheu-
matoid arthritis (RA) [19] comprising two 1000 mg intra-
venous infusions administered 2 weeks apart (at weeks 0 
and 2), followed by subsequent 1000 mg infusions every 
6 months [7, 21]. A subcutaneous formulation of RTX 
is currently approved for cancer treatment [20], however 
this formulation has not been investigated in MS. At least 
one full dose of RTX via intravenous infusion is required 
prior to subcutaneous injection administered by a health-
care professional. Additionally, premedication is required 
before each dose of RTX [20].

OCR, a humanized mAb that targets an almost identical 
epitope to that of RTX [18], was the first anti-CD20 mAb 
approved for MS, and is indicated for the treatment of relaps-
ing forms of MS (RMS) and PPMS [22] based on the results 
of the phase III trials OPERA I/II [23] and ORATORIO Ta
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[8, 24], respectively. OCR was approved for intravenous 
administration at a dose of 300 mg over ≥ 2.5 h for the first 
two doses, with subsequent doses of 600 mg delivered over 
≥ 3.5 h every 6 months, with premedication recommended 
prior to each infusion to mitigate systemic reactions [22]. A 
shorter OCR infusion time of 2 h was recently approved for 
the 600 mg doses [25]. OCR was evaluated in RA in phase 
III clinical trials at doses of 200 or 500 mg on background 
methotrexate treatment, however development in RA was 
terminated due to the lack of additional benefit over existing 
therapies, including RTX [26]. The safety and tolerability of 
subcutaneously administered OCR is currently being inves-
tigated in a phase Ib open-label trial in RMS and PPMS 
(NCT03972306).

OMB, a fully human mAb that targets a unique epitope 
that includes the small extracellular loop on the exposed 
outcrop of CD20 (Fig. 1) [18], was recently approved in 
the US for the treatment of RMS [27] following comple-
tion of the phase III ASCLEPIOS I and II trials [13]; it 
represents the first subcutaneously administered B-cell-
depleting therapy for MS. OMB is approved as a subcuta-
neous self-administered injection of 20 mg once monthly 
(three initial doses administered weekly starting at week 0, 
followed by once-monthly dosing starting at week 4) and 
does not require premedication [27]. Alternatively, intra-
venously administered OMB is approved for the treatment 
of chronic lymphocytic leukemia (CLL) at an initial dose 
of 300 mg, followed by subsequent doses of 1000 or 2000 
mg at different intervals depending on indication, with 
recommended premedication before each infusion [28]. 
Intravenous OMB has been studied in a phase II study 

in RRMS [12]. It was also undergoing phase II and III 
clinical trials in RA but studies were terminated to refocus 
clinical development on the subcutaneous delivery route 
(NCT00611455, NCT00603525, NCT00655824) [29].

UTX, an intravenously administered murine-human 
chimeric mAb that targets a distinct epitope from other 
anti-CD20 mAbs (Fig. 1) [14, 30], is currently in late-stage 
clinical development for the treatment of MS. It has been 
studied in a phase II trial in RMS [14, 30] and was also 
evaluated in RMS in the recently completed ULTIMATE 
I and II phase III trials [31]. UTX was evaluated in the 
phase III trials as a 150 mg dose over 4 h, followed by 
a 1 h 450 mg infusion 2 weeks later and every 24 weeks 
thereafter up to week 96 [31, 32]. Premedication was 
required before each infusion in the phase II study [14]. 
Phase II and III studies of UTX for various oncology indi-
cations are currently underway (Table 3).

3 � Clinical Perspectives Related 
to the Molecular and Pharmacological 
Attributes of Anti‑CD20 Monoclonal 
Antibodies

3.1 � Differences in the Mechanism of B‑Cell 
Depletion

In vitro mechanisms by which anti-CD20 mAbs can deplete 
CD20-expressing cells include cross-linking-induced apop-
tosis, antibody-dependent cellular cytotoxicity (ADCC), 
and complement-dependent cytotoxicity (CDC), with the 

Fig. 1   Target epitopes of anti-
CD20 monoclonal antibodies 
of interest (adapted from Fox 
et al. [14])
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latter two thought to be the main mechanisms acting in vivo 
[18, 33, 34]. Variations in molecular structure and target 
epitopes, as summarized in Table 1 and Fig. 1, are thought 
to contribute to differences in the predominant mechanisms 
of B-cell depletion across the agents. The mechanisms of 
action of anti-CD20 mAbs are also depicted in the video 
below. These differences in mechanisms of B-cell depletion 
and relative potencies of depletion are thought to have dos-
ing implications [35, 36].

RTX depletes B cells through a combination of CDC and 
ADCC [18], with higher levels of CDC than ADCC [34]. 
OMB, which also mediates higher CDC levels than ADCC 
[34], has been shown in in vitro studies to have twofold 
greater ADCC compared with RTX, and tenfold higher CDC 
activity in RTX-sensitive tumor cell lines [37, 38]. As shown 
in Fig. 1, OMB binds to the small extracellular loop on the 
exposed outcrop of CD20, which allows it to attach closer 
to the cell membrane than RTX, OCR, or UTX, possibly 
accounting for its high degree of CDC activity [39]. When 

compared with OCR, OMB induced greater complement-
dependent B-cell lysis in vitro (77.1% vs. 7.1%) after a 2-h 
exposure, and maintained effectiveness in inducing CDC 
when complement addition was delayed for 6 h [36]. This 
enhanced CDC potency is thought to account for OMB’s 
demonstrated efficacy at a low dose compared with the 
higher doses required for RTX, OCR, and UTX [36].

In contrast to RTX and OMB, OCR and UTX exhibit 
higher levels of ADCC than CDC [34, 40]. Compared with 
RTX, OCR exhibits two- to fivefold greater ADCC activity 
with enhanced binding to low-affinity variants of Fcγ recep-
tor IIIa (FCγRIIIa), and three- to fivefold lower CDC activity 
[35]. UTX, which also has enhanced affinity for FCγRIIIa 
receptors through its glycoengineered Fc segment, has more 
pronounced ADCC effects than RTX, OCR, and OMB [14, 
41]. This ADCC difference likely enables lower intravenous 
dosing and shorter infusion regimens versus those used with 
RTX and OCR [42].

Table 3   Approved indications or stage of clinical development of anti-CD20 monoclonal antibodies of interest

Table references are Prescribing Information and ClinicalTrials.gov websites
CIS clinically isolated syndrome, CLL chronic lymphocytic leukemia, DLBCL diffuse large B-cell lymphoma, FL follicular lymphoma, GPA 
granulomatosis with polyangiitis (Wegener’s Granulomatosis), IV intravenous, MPA microscopic polyangiitis, MS multiple sclerosis, NHL non-
Hodgkin’s lymphoma, PPMS primary progressive multiple sclerosis, PV pemphigus vulgaris, RA rheumatoid arthritis, RMS relapsing forms of 
multiple sclerosis, RRMS relapsing-remitting multiple sclerosis, SC subcutaneous, SPMS secondary progressive multiple sclerosis

Rituximab Ocrelizumab Ofatumumab Ublituximab

Multiple sclerosis No approvals, but used off-
label

IV: Approved in adults with 
PPMS and RMS (CIS, 
RRMS, active SPMS)

SC: Approved in adults with 
RMS (CIS, RRMS, active 
SPMS)

Phase III (RMS)

IV: Phase II/III (pediatric 
MS)

SC: Phase III (pediatric MS)

Oncology IV: Approved for adults 
with NHL as single-agent 
therapy, and in NHL and 
CLL as part of combination 
therapy

No approvals IV: Approved for CLL as a 
single agent and as part of 
combination therapy

Phase III (CLL)

SC: Approved for adults with 
FL as single-agent therapy 
or as part of combination 
therapy

Phase II (DLBCL, FL, NHL, 
marginal zone lymphoma, 
mantle cell lymphoma)

SC: Approved for adults with 
DLBCL and CLL as part of 
combination therapy

Rheumatology IV: Approved for adults with 
RA as part of combination 
therapy

No approvals No approvals No approvals

IV: Approved for adults and 
children (age ≥2 years) with 
GPA and MPA as part of 
combination therapy

IV: Approved for adults with 
PV
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3.2 � B‑Cell Depletion and Reconstitution Patterns 
with Anti‑CD20 Monoclonal Antibodies

Gauging the actual depth and breadth of B-cell depletion 
with anti-CD20 therapies is challenging since measurements 
in the blood do not necessarily reflect the extent of B-cell 
depletion within the tissues. The available evidence indicates 
that the anti-CD20 regimens used in MS result in rapid and 
near-complete depletion of circulating B cells, with vary-
ing rates of B-cell reconstitution (with the latter potentially 
providing indirect insights into the extent of preceding tissue 
depletion).

In RTX phase I and II clinical trials in RRMS [7, 9] and 
the phase II/III trial in PPMS [21], two 1000 mg intravenous 
infusions of RTX administered 2 weeks apart (at weeks 0 
and 2) resulted in rapid and near complete (> 95%) deple-
tion of circulating B cells by week 2, which was sustained 
through week 24 [7, 9, 21]. In the RRMS trials, B cells were 
reconstituted to a mean of 30.7–34.5% of baseline by week 
48 following the last RTX dose [7, 9]. In the PPMS trial, 
35% of the RTX-treated patients had recovered peripheral 
B-cell counts above the lower limit of normal (LLN; 80 
cells/μL) at 50 weeks after their last dose [21]. Similarly, 
40% of patients who discontinued treatment early had recov-
ered peripheral B-cell counts above the LLN (80 cells/μL) 
within 48 weeks of their last RTX dose [21]. Prolonged 
peripheral B-cell depletion lasting more than 3 years after a 
single course of RTX treatment (on background methotrex-
ate) was found in a small proportion of RA patients (approxi-
mately 4%) [19].

In the phase III OPERA I and II trials of OCR in RMS, 
CD19+ cell counts (a surrogate marker for B-cell counts 
in those treated with anti-CD20 mAbs) were almost com-
pletely depleted by week 2 after the first OCR dose of 600 
mg, and remained extensively depleted through week 96, 
with infusions every 24 weeks [23]. Similar findings were 
reported in the phase III ORATORIO trial in PPMS, which 
utilized the same dosing regimen as the OPERA trials, 
with almost complete CD19+ cell depletion from week 2 
through to week 120 [8]. B-cell levels increased to either 
baseline or the LLN in 90% of patients within 2.5 years 
after the last OCR infusion, with a median time to reple-
tion of 72 weeks (range 27–175 weeks) [22]. Studies of 
OCR in RA suggested that a greater number of infusions 
was not associated with longer time to B-cell repletion 
(defined as return of CD19+ levels to baseline or ≥80 
cells/mL, whichever was lower), but that repletion may be 
more prolonged in patient populations with more severe, 
long-term disease [26].

Time to B-cell repletion with OMB treatment is faster 
than with the other anti-CD20 mAbs [34]. The phase III 
ASCLEPIOS trials [13] and phase II APLIOS bioequiva-
lence study [43], which utilized the same dosing regimen 

of subcutaneous OMB 20 mg (initial doses administered at 
weeks 0, 1, and 2, followed by monthly maintenance doses 
starting at week 4) in RMS patients, reported rapid and 
near-complete B-cell depletion (≤10 cells/μL) in approxi-
mately 82–85% of patients by week 2. B cells recovered 
over the LLN in at least 50% of patients at 24–36 weeks 
post-treatment discontinuation [27]. B-cell levels in RRMS 
patients receiving two intravenous infusions of OMB 100, 
300, and 700 mg 2 weeks apart (significantly higher doses 
compared with the subcutaneous OMB dose) were repleted 
to greater than or equal to LLN (100 cells/mm3) by week 
48 in a few patients in each OMB dose group; repletion was 
observed in all patients during the individualized follow-up 
period of up to 104 weeks [12]. The faster B-cell repletion 
with subcutaneous OMB suggests differences in the depth 
and breadth of depletion in the tissues and could potentially 
have important safety implications, particularly in terms of 
infection risks [34].

The phase II study of UTX in RMS showed significant 
reductions in mean B-cell counts from 7.3% at baseline to 
0.2% at 24 h after the first UTX dose of 150 mg [14]. All 
patients treated with UTX had ≥ 95% peripheral CD19+ 
B-cell depletion from baseline (> 99% median depletion) 
within 2 weeks after their second UTX infusion (by week 
4 of active treatment). B-cell depletion persisted predose 
at weeks 24 and 48 (24 weeks after patients received their 
third UTX dose), with no significant recovery of B cells 
observed [14, 30]. Further pharmacodynamic analyses from 
the recently completed phase III trials should provide addi-
tional data on the kinetics of B-cell depletion and reconstitu-
tion with UTX.

As described above, current MS dose regimens for RTX, 
OCR, OMB, and UTX result in near-complete depletion of 
circulating B cells; however, it remains unclear whether such 
extent of depletion is necessary in MS to elicit a robust treat-
ment effect. The MIRROR phase IIb trial [10] studying four 
dosing regimens of subcutaneously administered OMB in 
patients with RRMS found that OMB had a robust clinical 
effect in reducing the rate of cumulative new gadolinium-
enhancing magnetic resonance imaging (MRI) lesions, even 
with the dose regimens that resulted in partial B-cell deple-
tion to approximately 5–25% of baseline. No additional 
cumulative benefits on measures of relapsing disease were 
demonstrated with the higher dose that resulted in greater 
B-cell depletion to < 2% of baseline levels [10].

As noted, the dose-dependent differences in the kinetics 
of B-cell reconstitution suggest that near-complete periph-
eral B-cell depletion is associated with varying depths of 
depletion in the tissues. Time to onset of B-cell repopula-
tion was dose-dependent in the MIRROR phase IIb trial 
[10], with repletion starting at approximately week 30 for 
the highest subcutaneous OMB dose of 60 mg adminis-
tered every 4 weeks (after receiving the last OMB dose at 
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week 20), versus approximately week 16–18 for the lower 
doses of 3, 30, and 60 mg every 12 weeks (after receiving 
the last OMB dose at week 12) [10, 44]. Rates of B-cell 
repopulation were similar in all dose groups, with reple-
tion to the LLN achieved by the two more highly depleted 
higher-dose groups by approximately 14 months versus 
approximately 11 months for the two lower-dose groups 
[10]. Dose-dependent reconstitution kinetics were also found 
in a phase II RRMS trial studying three doses of intrave-
nously administered OMB [12]. After treatment with two 
infusions of OMB 100, 300, and 700 mg 2 weeks apart, 
B-cell levels started to increase approximately 12–16 weeks, 
approximately 20 weeks, and approximately 24 weeks after 
the respective OMB intravenous dose, with faster repletion 
rates observed with the lower doses [12]. Similar findings 
of dose-dependent B-cell reconstitution were also observed 
for intravenously administered OCR in a 72-week phase I/II 
dose-ranging study in RA evaluating a combination of OCR 
versus placebo and methotrexate [45]. Based on an analy-
sis of B-cell subsets in the peripheral blood of RA patients 
treated with RTX, immature B cells were found to reconsti-
tute first, with a concomitant increase in circulating plasma 
cells, followed by an increase in the number of mature naïve 
B cells [46]. Repopulation of memory B cells was slow and 
delayed, with levels remaining significantly reduced (<50% 
of baseline) for more than 2 years [46]. Similar findings were 
observed in a recent study of B-cell reconstitution patterns 
following RTX treatment in RRMS patients [47].

Of interest, the presence of wearing-off symptoms such as 
fatigue and coordination/motor problems has been reported 
prior to the next OCR infusion (every 6 months or more, in 
the case of extended dosing schedules), which may be due to 
B-cell repletion in some patients; however, further study is 
warranted to research this phenomenon and an observational 
study is currently underway (NCT04478591).

3.3 � Immune Responses to Anti‑CD20 Monoclonal 
Antibodies

3.3.1 � Immunogenicity

Immune responses generated against therapeutic proteins 
such as anti-CD20 mAbs may have important efficacy and 
safety implications [48–51]. Murine-human chimeric mAbs, 
including RTX and UTX, are considered more likely to elicit 
immunogenic responses, including antidrug antibodies 
(ADAs), than humanized (OCR) and fully human (OMB) 
anti-CD20 mAbs [18, 52]. Route of administration also 
likely affects immunogenicity. However, it should be noted 
that since the detection of ADAs is highly dependent on the 
specificity and sensitivity of the assay as well as the study 
design and patient population, comparisons across studies 

may be misleading [53]. ADA data are currently unavailable 
for UTX.

In the phase II HERMES trial of intravenous RTX in 
RRMS, human anti-chimeric antibodies (HACA) developed 
by week 48 in 24.1% (14/58) of patients who completed 
study treatment [7]. During the treatment and follow-up 
phases of the phase II/III OLYMPUS trial of intravenous 
RTX in PPMS, 7.0% (20/286) and 6.3% (9/143) of patients 
receiving RTX and placebo, respectively, had HACA [21]. 
HACA positivity was not found to have an effect on effi-
cacy response or the types of AEs observed [7, 21]. A large, 
pooled safety analysis of the RTX RA clinical trial program, 
which detected ADAs in 11% (273/2578) of intravenous 
RTX-treated patients receiving background methotrexate, 
also indicated that ADA positivity was not associated with 
increased infusion-related reactions (IRRs) or other adverse 
events [19, 54].

Compared with RTX, OCR (a humanized mAb) is less 
likely to elicit ADAs [52]. In RMS patients who received 
OCR 600 mg across both the OPERA I and II trials, bind-
ing ADAs were detected in 0.4% (3/825) of patients and 
neutralizing antibodies were detected in 0.1% (1/825) of 
patients [23]. The ORATORIO trial reported a 1.9% (9/486) 
ADA incidence among OCR-treated PPMS patients over 
120 weeks, with a 0.2% (1/486) incidence of neutralizing 
antibodies [8]. Although there is a low incidence of ADAs 
and neutralizing antibodies for OCR in MS trials, the clini-
cal implications on efficacy and safety are uncertain. How-
ever, pooled data of over 2700 patients with RA from four 
phase III OCR clinical trials suggest no apparent association 
between human anti-human antibody (HAHA) positivity and 
corresponding CD19 counts or disease activity levels in any 
of the treatment groups [26].

As a fully human mAb, OMB is expected to be the least 
immunogenic anti-CD20 mAb [34]. The ASCLEPIOS trials 
of subcutaneous OMB 20 mg injection had a 0.2% (2/946) 
ADA incidence, and had no reports of neutralizing antibod-
ies [13]. In a phase III trial of a 700 mg dose of intravenous 
OMB in biologic-naïve RA patients stable on methotrexate, 
none of the 260 OMB-treated patients developed ADAs dur-
ing the 24-week, double-blind, placebo-controlled period 
[29]. In more than 926 patients with CLL, anti-OMB anti-
bodies were observed in <1% of patients after treatment with 
intravenously administered OMB at an initial dose of 300 
mg followed by subsequent doses of 1000 or 2000 mg at 
different intervals [28]. Overall, the incidence of ADAs and 
neutralizing antibodies for OMB is very low across doses, 
routes of administration, and indications.

Alongside the data above, studies in oncology of the intra-
venous and subcutaneous formulations of RTX provide some 
insights into the impact of other factors on immune response 
to mAbs, including route of administration, dosing regimen, 



992	 A. Bar‑Or et al.

the patients’ immunologic status, and concomitant therapies 
[48–50]. In patients with low-grade lymphoma, particularly 
follicular lymphoma (FL), receiving single-agent intrave-
nous RTX, ADAs were detected in 1.1% (4/356) of patients 
[19]. This relatively low immunogenicity level following 
intravenous RTX treatment in patients with FL, compared 
with those with autoimmune disease such as MS and RA 
described above, may be due to the immune status of cancer 
patients [55]. Moreover, ADA levels were similar between 
the intravenous and subcutaneous formulations of RTX in 
previously untreated patients with FL (1.9% with 375 mg/
m2 intravenous RTX vs. 2.0% with 1400 mg subcutaneous 
RTX) and in CLL patients (15% with 500 mg/m2 intravenous 
RTX and 12% with 1600 mg subcutaneous RTX) on combi-
nation therapy with chemotherapy agents [20]. Differences 
in doses and timing of administration, and use of different 
concomitant chemotherapy agents, may account for the vari-
ations in ADA levels observed between the FL and CLL 
patient populations [55].

3.3.2 � Infusion/Injection‑Related Reactions

Administration-related reactions are the most common 
adverse events in patients treated with mAbs [34, 56]. Infu-
sion- and injection-related reactions are generally mild-to-
moderate with all four anti-CD20 mAbs, with most reactions 
occurring with administration of the first dose and diminish-
ing with subsequent doses [7, 8, 13, 14, 21, 23].

In the RTX studies in MS, the percentage of patients 
who experienced IRRs ranged from 67.1 to 78.3% follow-
ing the initial infusion, with subsequent decrease to 20.3% 
to 22.6% after the second infusion at week 2 [7, 21] and 
4.9% after the eighth infusion at week 74 [21]. Grade 3 
infusion-associated adverse events were observed in 7.4% 
of RTX-treated patients [7]; no grade 4 infusion-associated 
adverse events were reported in either trial [7, 21]. In the 
phase III OPERA I/II and ORATORIO trials of OCR in MS, 
34.3–39.9% of patients receiving OCR reported one or more 
IRRs [8, 23]. Serious infusion reactions were experienced by 
0.3% of OCR-treated MS patients, some of whom required 
hospitalization [22]. The safety and tolerability of switching 
RMS patients from RTX to OCR has been studied in a phase 
III trial (NCT02980042) [57]. The rates of any IRR were 
similar between patients who switched to OCR after two or 
more courses of RTX and those who remained on RTX (14% 
on day 1 of infusion), and no Grade 3 or higher IRRs were 
observed in either group. It was suggested that B-cell levels 
could be partially related to IRR frequency, with 26.2% of 
those with CD19 and/or CD20 > 1% experiencing IRRs, ver-
sus 5.4% if ≤ 1% [57]. In the phase II study of UTX in MS, 
IRRs were experienced by 50% of UTX-treated patients; all 

were severity grade 1 or 2, and 77% of a total of 141 UTX 
infusions did not result in an IRR [14]. Due to the prevalence 
of IRRs in their clinical trials, intravenous administration of 
RTX, OCR, and UTX include premedication prior to admin-
istration to lessen these adverse events (Table 2).

The subcutaneous route of administration has been sug-
gested to be associated with reduced instances of administra-
tion-related reactions compared with intravenous infusions 
[56]. The incidence of injection-related systemic reactions 
(IRSRs) in MS patients receiving a subcutaneous injection 
of OMB in the phase III ASCLEPIOS trials was 20.2% ver-
sus 15.5% in patients receiving placebo injections in the oral 
teriflunomide group [13]; 99.8% of symptoms observed were 
mild to moderate in severity [27], and most IRSRs occurred 
after the first injection. Injection-site reactions were expe-
rienced by 10.9% of OMB-treated patients versus 5.6% of 
those receiving placebo injections in the teriflunomide arm 
[13]. Subcutaneously administered OMB does not require 
premedication (Table 2). Although in a different patient 
population with different dosing, the proportion of CLL 
patients receiving intravenous OMB in combination with 
chemotherapy agents who experienced IRRs ranged from 25 
to 56% after the first infusion and decreased with subsequent 
infusions; premedication is required prior to each infusion 
of intravenous OMB [28].

More frequent administration-related reactions have been 
suggested to occur with higher doses and shorter adminis-
tration times. The phase II MIRROR study of subcutane-
ous OMB in RMS demonstrated a dose-dependent effect on 
IRSRs; they were more frequently reported with the 60 mg 
regimens than the 30 mg regimens or with placebo [10]. 
A study of RRMS patients that compared two dosing regi-
mens for OCR (600 mg infused over 3.5 h vs. 2 h) reported 
a similar rate of IRRs (26.5% vs. 28.8%) following the first 
treatment, but IRRs following the second and third doses 
occurred more frequently with the shorter infusion regimen 
[58]. IRRs after the first infusion for UTX-treated patients in 
the phase II study were more common for patients receiving 
faster infusions of the 150 mg priming dose; IRR frequency 
did not increase with faster infusion rates or higher doses for 
subsequent infusions [14].

Humanized (OCR) and fully human (OMB) anti-CD20 
mAbs are theorized to have lower IRR incidence and sever-
ity compared with the murine/human chimeric RTX due to 
decreased immunogenicity [56]. The relatively lower CDC 
potency of OCR and UTX compared with RTX and OMB 
has also been theorized to lower IRR incidence [34]. How-
ever, as there are no head-to-head trials comparing the inci-
dence of administration-related reactions of the four mAbs, 
the clinical impact of these factors, including relative rates 
of hypersensitivity reactions, is yet to be determined.
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3.3.3 � Hypogammaglobulinemia and Infection Risk

A decline in serum immunoglobulin (Ig) levels is suggested 
to occur over time with anti-CD20 therapies. The effects of 
B-cell-depleting therapies on Ig levels, infection risk, long-
term immunity, and response to vaccines are important con-
siderations in routine MS disease management; these con-
cerns have been heightened during the ongoing coronavirus 
disease 2019 (COVID-19) pandemic.

Across MS trials of RTX, OCR, and OMB, IgM levels 
were reduced more than IgG and IgA levels, while treat-
ment with these mAbs was not associated with significantly 
increased infection risk in the short-term (up to 2.5 years) 
[7, 8, 12, 21, 23, 59]. Longer-term data regarding infection 
risk with OCR and OMB in MS patients are limited and 
additional data are expected in upcoming years. The long-
est-term safety data for anti-CD20 therapy comes from an 
analysis of 3194 patients with RA receiving RTX treatment 
(on background methotrexate) for up to 9.5 years. This study 
found an increased rate of serious infections among patients 
who developed low IgG levels. There were no differences in 
the serious infection rates for patients with low IgM or IgA 
levels [54]. In patients with MS treated with OCR, a 5.5-year 
assessment of serum Ig levels in the phase III (OPERA I, 
II and ORATORIO) and open-label extension studies also 
found an association between reductions in Ig levels occur-
ring with more prolonged treatment and an increased rate of 
serious infections—this association was more pronounced 
with IgG than with IgM or IgA [60]. Mean levels of IgG 
and IgM were not observed to decrease below the LLN with 
monthly subcutaneous OMB treatment over up to 2.5 years 
compared with baseline in the phase III ASCLEPIOS trials; 
in individual patients with IgG or IgM levels below the LLN, 
no apparent association was observed between decreased Ig 
levels and infection risk [59]. Yet to be seen is whether the 
faster B-cell repletion of OMB compared with the other anti-
CD20 mAbs (possibly reflecting differences in the extent 
of depletion in the tissues), along with sparing of splenic B 
cells with subcutaneous therapies compared with intrave-
nous therapies, may lead to lower infection rates [34].

Rare cases of progressive multifocal leukoencephalopathy 
(PML), an opportunistic viral brain infection caused by the 
John Cunningham (JC) virus that can lead to death or severe 
disability, have occurred following treatment with RTX (in 
patients with hematological malignancies or autoimmune dis-
eases receiving concurrent therapies) [19, 20], OCR [61], or 
intravenous OMB (in patients with CLL only, no confirmed 
cases in MS patients using subcutaneous dosing) [28]. In MS 
patients treated with RTX or OCR who developed PML, the 
cases were related to prior use of other DMTs such as natali-
zumab with a known association with PML [62, 63]. However, 
the first case of PML occurring with OCR monotherapy in a 

patient with MS without prior immunomodulatory DMT use 
was recently reported [61]. The occurrence, in a 78-year-old 
man with progressive MS following 2-year OCR treatment 
may have been due to both the immunomodulatory nature of 
OCR and age-related immunosenescence with a degree of 
lymphopenia [61]. This highlights the need to further evalu-
ate the risk:benefit balance of anti-CD20 mAbs in patients 
with higher infection risks such as the growing elderly MS 
population [61, 63].

Whether the higher infection risks associated with anti-
CD20 therapies due to their immunomodulatory nature 
increases the risk of severe COVID-19 has been of particular 
interest during the ongoing pandemic. Clinical evidence to 
date on the impact of RTX or OCR on COVID-19 severity has 
been mixed, with some studies suggesting either no associa-
tion [64–67] or a slightly higher risk of hospitalization (but 
not of death) from COVID-19 [68–70]. Vaccine response has 
also been of particular concern during the pandemic. Poten-
tial differences in depth and breadth of B-cell depletion, and 
differential rates of reconstitution of B-cell subsets, may have 
important safety implications for humoral responses. Current 
evidence on the effect of B-cell-depleting therapies on humoral 
responses to vaccines is limited. The VELOCE phase IIIb 
study of OCR-treated patients with RMS showed that patients 
were able to mount a humoral response to non-live vaccines, 
albeit attenuated in comparison with levels seen in untreated 
patients or those receiving interferon-β1a [71]. A similar lack 
of humoral immune response was recently reported in a case 
study of a 44-year-old man with no evidence of disease activ-
ity for 3.5 years with OCR treatment, who received the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
Pfizer vaccine [72]. The patient received his first vaccine dose 
5 months after an OCR infusion, followed by the second vac-
cine dose 21 days later, then another OCR infusion 9 days after 
the second vaccine dose; seroconversion did not occur 27 days 
after the second vaccine dose [72]. The effects of OCR and 
OMB on vaccine response in patients with MS are being inves-
tigated in ongoing studies (NCT02545868, NCT04667117, 
NCT03650114). Recently issued COVID-19 messenger RNA 
(mRNA) vaccine guidance from the National Multiple Scle-
rosis Society encourages the vaccination of MS patients and 
suggests that the timing of vaccination could be coordinated 
with that of anti-CD20 treatment [73, 74].

4 � Conclusion

Anti-CD20 therapies have been established as a highly 
effective and generally well-tolerated treatment for patients 
with MS. These therapies have broadened our understand-
ing of the pathogenesis and progression of MS and, as a 
result of their efficacy and favorable safety profiles, have 
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become a mainstay of treatment. Early initiation of anti-
CD20 therapies has been shown to improve outcomes for 
MS patients, including reduced risk of relapses and slower 
disability accumulation [15–17]. Furthermore, these thera-
pies may offer greater protection against relapse-associ-
ated worsening and disability progression independent of 
relapse [75], the latter of which is especially significant 
as recent findings suggest long-term disability worsening 
to be independent of relapse activity during the normal 
course of disease [76].

The distinct molecular and pharmacological attrib-
utes of RTX, OCR, OMB, and UTX provide important 
insights into their varying clinical effects. Differences 
in their attributes have implications for B-cell-depleting 
mechanisms and potency, dosing, immunogenicity, admin-
istration-related reactions, and infection risks. Current 
MS dose regimens for RTX, OCR, OMB, and UTX result 
in near-complete depletion of circulating B cells. Dose-
dependent differences in the kinetics of B-cell reconstitu-
tion suggest that near-complete peripheral B-cell deple-
tion may be associated with varying depths of depletion 
in tissues, as evidenced by the greater time lag in onset 
of reconstitution following higher-dose versus lower-dose 
regimens [10, 12, 45]. It also remains unclear whether 
near-complete peripheral blood depletion is necessary in 
MS as a robust clinical effect may be elicited with regi-
mens that only partially deplete circulating B cells [10].

Comparative analyses, postmarketing trials, registry data, 
and pediatric trials of anti-CD20 therapies in MS will be 
important in advancing our understanding of the potential 
impact of B-cell depletion and differential reconstitution pat-
terns on long-term immunity, infection risk, and humoral 
responses. The available evidence indicates that RTX, OCR, 
OMB, and UTX are generally well-tolerated, however it will 
be important to gain further experience with these therapies. 
Longer-term studies are ongoing and will provide valuable 
information on both the safety and efficacy of these therapies 
in MS patients over time.
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