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Abstract

Introduction In relapsing—remitting multiple sclerosis (RRMS), conventional immunomodulatory and immunosuppressive
therapies are widely used. However, in many cases, optimal control of inflammatory activity and disease progression is not
achieved, which has led to the use of biological drugs such as monoclonal antibodies that act specifically on key components
of the immune system. The aim was to evaluate the efficacy and safety of monoclonal antibodies compared to other drugs
or placebo in adult patients with RRMS.

Methods A systematic review was performed based on randomized, double-blind, phase III controlled clinical trials pub-
lished between 2012 and 2025 in the PubMed, Cochrane Library, and Web of Science databases, assessing efficacy and
safety in adult patients with RRMS. The review was carried out following the PICO methodology and PRISMA guidelines.
Results A total of 11 studies were included, evaluating 5 monoclonal antibodies: alemtuzumab, daclizumab, ocrelizumab,
ofatumumab, and ublituximab. These therapies showed superior efficacy compared to conventional treatments in reducing
the annual relapse rate, MRI inflammatory activity and MRI activity, particularly in patients with highly active disease.
However, effects on disability progression were heterogeneous across trials and not consistently significant. In addition,
decreases in biomarkers of axonal damage were observed. Nevertheless, relevant adverse effects were identified, including
infections, autoimmune reactions, hepatic and cutaneous toxicity, whose incidence varies depending on the drug, requiring
close clinical monitoring.

Conclusions Monoclonal antibodies are an effective option in RRMS, with clinical and radiological benefits superior to
those of conventional treatments. Their use requires individualized assessment and close follow-up due to the risk of adverse
effects, especially in high-risk patients.

Keywords Relapsing—remitting multiple sclerosis - Alemtuzumab - Daclizumab - Ocrelizumab - Ofatumumab -
Ublituximab

Introduction

Multiple sclerosis (MS) is an autoimmune, chronic inflam-

matory, neurodegenerative disease of the central nervous
system (CNS) that causes demyelination and neurodegenera-
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global incidence of 2.1 cases per 100,000 persons/year [7].
Thus, it is the leading cause of non-traumatic disability in
young adults (aged 20—40) in the Western world [1].

There are various subtypes of MS including relaps-
ing-remitting MS (RRMS), primary-progressive MS
(PPMS), secondary-progressive MS (SPMS), and clinically
isolated syndrome (CIS) [8, 9].

RRMS is the most common form of MS, with a higher
prevalence in women (3:1) [10]. It is characterized by epi-
sodes of neurological deficits (lasting at least 24 h) followed
by complete remissions, in which case the symptoms dis-
appear without obvious progression of disability, or partial
remissions [11]. If the attacks persist over time, the progres-
sion may be less clear [12]. However, in 40% of cases, after
20 years from the initial episode, RRMS can evolve into
SPMS due to slow and continuous neurological deteriora-
tion that increases the degree of disability regardless of the
flare-ups, with a more rapid progression [10-12].

The current therapeutic approach is based on three fun-
damental pillars: symptomatic treatment, treatment of flare-
ups, and disease-modifying treatments (DMTs). DMTs
reduce the frequency of flare-ups, lesion burden and disabil-
ity progression, forming the basis of current therapy [13].
They include first-line immunomodulatory or immunosup-
pressive drugs, such as beta interferons, glatiramer acetate,
teriflunomide and dimethyl fumarate, which are moderately
effective and relatively safe. Second-line drugs, which are
more effective but carry a higher risk of adverse effects,
include fingolimod, cladribine, and various monoclonal
antibodies such as natalizumab, ocrelizumab, ofatumumab,
alemtuzumab, ublituximab, and daclizumab, which act on
specific immunological targets involved in the pathophysi-
ology of the disease. Most of these drugs are IgG class,

Fig. 1 Mechanism of action of
monoclonal antibodies in the
treatment of RRMS "

and of the IgG1 subclass, while IgA or IgM class drugs
are used less frequently due to their reduced accessibility to
extravascular regions (Fig. 1). Since the benefits of combina-
tion therapy have not been demonstrated, each DMT is used
as monotherapy and the choice of drug must be individual-
ized [14, 15].

Since RRMS causes progressive neurodegeneration that
leads to a high degree of disability and a reduced quality
of life, in the absence of treatment, a high percentage of
patients may progress to SPMS, and there is no completely
effective treatment. The aim is to evaluate the efficacy and
safety of monoclonal antibody drugs compared to placebo
or conventional treatment in adult patients diagnosed with
RRMS based on clinical trials published between 2014 and
2025.

Methodology
Search strategy

The search was conducted using the databases PubMed, the
Cochrane Library and Web of Science (WoS). Studies were
identified by combining the terms ‘multiple sclerosis’ and
‘relapsing—remitting’ with the keywords antibody, mono-
clonal, ocrelizumab, ofatumumab, ublituximab, rituximab,
natalizumab, alemtuzumab and daclizumab, as well as their
drug class. MeSH (Medical Subject Headings) terms and
the Boolean operators ‘AND’ and ‘OR’ were also employed.
(Supplementary Information Table 1).

This study was conducted according to the PRISMA
statement [16]. Articles published between 2012 and
2025 were retrieved. After removing duplicates, titles and
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Table 1 Inclusion criteria based

on PICO algorithm p Patient
I Intervention
C Comparison
o Outcome

Adult patients (> 18 years) with relapsing—remitting multiple sclerosis
Treatment with monoclonal antibodies
Placebo, standard care, any other drug treatment

Efficacy: Adjusted annualized relapse rate (AARR), No Evidence of
Disease Activity (NEDA), Magnetic Resonance Imaging (MRI) (T1
sequence, gadolinium-enhancing lesions, T2 sequence, and brain
atrophy), serum levels of light neurofilaments (sNfL), Expanded Dis-
ability Status Scale (EDSS), Multiple Sclerosis Functional Compos-
ite Scale (MSFC), Symbol Digit Matrix Test (SDMT), Short Form
Health Survey (SF-36), Confirmed Disability Accumulation (CDA),
Progression independent of relapse activity (PIRA), Relapse-associ-
ated worsening (RAW), Confirmed disability worsening (CDW)

Safety: incidence and severity of adverse reactions

abstracts were screened, excluding those that did not meet
the inclusion criteria. The remaining records were then
assessed for eligibility by careful review of their full texts.
A flowchart illustrating the study selection process is shown
in Fig. 2.

Inclusion criteria

Regarding the types of studies, phase III double-blind ran-
domized clinical trials were included. The other inclusion
criteria were proposed according to the PICO algorithm
(Table 1).

Exclusion criteria

The proposed exclusion criteria for this systematic review
were: (a) studies with insufficient data; (b) in vitro, in silico
and in vivo animal studies; (c) commentaries, expert opin-
ions, case reports, letters to the editor, reviews, protocols and
study registries, observational studies, systematic reviews
and meta-analyses; (d) phase I and II clinical trials; (e) stud-
ies that do not include as an intervention at least one of the
biologic drugs evaluated in this systematic review; (f) stud-
ies with medicinal plants; (g) studies involving patients with
Secondary Progressive Multiple Sclerosis (SPMS), Primary
Progressive Multiple Sclerosis (PPMS) or mixed populations
(i.e., patients with RRMS and progressive MS) and (h) stud-
ies that include pregnant or lactating women.

Data collection and analysis

Data gathering should be conducted by three reviewers
independently (A.A.-S., A.F.-V. and J.V.-R). The follow-
ing information was extracted from each of the included
trials: (a) clinical trial registration number, (b) author, (c)
publication date, (d) trial design, (e) participant character-
istics, (f) interventions delivered with each dose regimen,
(g) comparison group dose regimen, (h) age of participants,
and (i) outcomes. The extracted data were entered into an

excel spreadsheet and cross-checked by three authors (L.B.-
M., A/F.-V. and ].V.-R), and the senior author (A.A.-S) was
involved in the discussion and decision-making in case of
disagreement during data extraction.

Quality assessment and risk of bias

The quality of evidence was assessed following the Grading
of Recommendations Assessment, Development and Evalu-
ation (GRADE) system [17] (Supplementary Information
Table 2).

Risk of bias was assessed using the RoB2 [18]. Each
study was independently rated by three researchers (A.A.-
S., A.F.-V. and J.V.-R), with disagreements resolved using
the more conservative score. Overall, the risk of bias was
considered low across all domains, particularly in domains
related to randomization and outcome assessment, reflect-
ing the high methodological quality of phase III randomized
controlled trials included in this review (Supplementary
Information Fig. 1).

Results
Alemtuzumab

The drug alemtuzumab was evaluated in three studies arising
from the CARE-MS I and CARE-MS II clinical trials, both
of which were blinded for evaluators and lasted two years.
The CARE-MS I trial was analyzed by Cohen et al.
[19] and Kuhle et al. [20] and included patients aged 18
to 50 years with RRMS without prior disease-modifying
treatment, with a baseline EDSS score between 0 and 3,
randomized 2:1 to IV alemtuzumab (12 mg/day, 5 days at
the start and 3 days per year) or SC interferon Pla (44 pg
three times/week) for 104 weeks. CARE-MS II included
patients aged 18 to 55 years with RRMS previously treated
with DMT and who had relapses during that treatment, with
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Fig.2 PRISMA flow diagram illustrating the process of selecting studies included in the systematic review. *WoS: Web of Science [16]
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Table 2 Alemtuzumab efficacy

References
results

No. of participants Results Alemtuzumab vs. IFN-f1a

Cohen et al., 2012 [19]

Kuhle et al., 2021 [20]

Giovannoni et al., 2016 [21]

IG:n=376
CG:n=187

Relapse-free patients (%): 77.6 vs.
58.7; p<0.0001

Sustained accumulation confirmed
6m (%): 8 vs. 11

Mean change in EDSS score from
baseline: EDSS: -0.14 vs. -0.14;
p=0.97

Change in MSFC score from base-
line: +0.15 vs.+0.07; p=0.01

Patients with gadolinium-enhanc-
ing lesions at 24 m (%): 7 vs. 19;
p<0.0001

Patients clinically disease-free
(%): 74 vs. 56; p<0.0001

Patients MRI and clinically
disease-free (%): 39 vs. 27,
p=0.006

Median sNfL levels (pg/mL):
Baseline: 31.7 vs. 31.4 p=0.57
6m: 17.2 vs. 21.4 p<0.0001
24 m: 13.2 vs. 18.7 p<0.0001

Worsening EDSS baseline-24 m
(% of patients): 8 vs. 13
Worsening > 15% according to
MSFC 24 m (%): 18.7 vs. 27.6
Confirmed improvement in dis-
ability 6 m (Kaplan—-Meier) (%):
28.8 vs. 12.9; p=0.0002
Clinical improvement for 7 func-
tional systems assessed by EDSS
24 m:
Cerebral: OR (95% CI)=2.54
(1.76-3.69); p <0.0001
Cerebellar: OR (95% CI)=2.26
(1.60-3.20); p < 0.0001
Sensory: OR (95% CI)=1.88
(1.34-2.65); p=0.0003
Pyramidal: OR (95% CI)=1.62
(1.16-2.25); p=0.0044
Visual: OR (95% CI)=1.59
(1.11-2.30); p=0.0122
Brainstem: OR (95% CI)=1.43
(0.99-2.07); p=0.0597
Bowel/bladder: OR (95%
CI)=1.37 (0.95-1.96);
p=0.0914

IG: n=376
CG:n=187

1G: n=426
CG: n=202

CI confidence interval, CG control group, EDSS expanded disability status scale, /G intervention group, m
months, MRI magnetic resonance imaging, MSFC multiple sclerosis functional composite, OR odds ratio,
sNfL serum levels of light neurofilaments

EDSS values between 0 and 3, and randomized to the same
treatment regimen.

In the study by Cohen et al. [19], 77.6% of patients treated
with alemtuzumab remained relapse-free (p <0.0001) and
had less disability progression (8%) compared with IFN-
fla. Although the mean reduction in the EDSS scale was
similar between groups, the MSFC score improved signifi-
cantly with alemtuzumab (p =0.01). Radiologically, this
group showed a greater reduction in T2 lesion volume, a

lower proportion of new T2 lesions (45% vs. 58%; p=0.04)
and fewer gadolinium-enhancing lesions (7% vs. 19%;
p<0.0001), as well as significantly less brain loss. Disease-
free survival was higher with alemtuzumab (74% vs. 56%;
p<0.0001), and 39% remained free of clinical and radiologi-
cal activity compared to 27% in the control group (Table 2).

In terms of safety, adverse events (AEs) were common
in both groups (96% alemtuzumab vs. 92% IFN-p1a), with
serious effects in 18% and 14%, respectively. However,
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treatment discontinuation was lower with alemtuzumab (1%
vs. 6%). In the trial, more infections (67% vs. 45%) and infu-
sion reactions (90%) were observed with alemtuzumab, as
well as thyroid disorders (18% vs. 6%), including two cases
of carcinoma. Haematological disorders were similar (18%
vs. 19%), while liver toxicity was lower (4% vs. 17%). A
detailed overview of the adverse events by individual mono-
clonal antibody is presented in Supplementary Information
(Table 3).

Kuhle et al. [20] evaluated serum levels of light neurofila-
ments as biomarkers of axonal damage. Baseline levels were
comparable between groups, but at six months, a significant
decrease was observed with alemtuzumab versus interferon
(17.2 vs. 21.4 pg/mL; p <0.0001), which was maintained at
18 months (13.2 vs. 15.6 pg/mL; p=0.01). At 24 months,
levels stabilised with alemtuzumab, while they increased
with interferon. In the subgroup with highly active disease,
sNfL levels were initially higher, although the decrease was
equally greater with alemtuzumab (p < 0.05 at all follow-up
points) (Table 2).

For their part, Giovannoni et al. [21] analyzed the CARE-
MS 1II trial, comparing the efficacy of alemtuzumab and
interferon using the EDSS and MSFC scales at 24 months.
Alemtuzumab showed greater improvement in disability,
with a higher percentage of patients experiencing reductions

of one point or more in the EDSS score (14% vs. 10%). Sig-
nificant clinical worsening was less frequent in the alemtu-
zumab group (5% vs. 9%), while the proportion of patients
with stable EDSS scores was similar between the two treat-
ments. The EDSS functional domain analysis showed a
higher probability of significant improvement with alem-
tuzumab in the mental, cerebellar, sensory, pyramidal, and
visual systems. Although improvements in the brainstem and
bladder/bowel did not reach statistical significance, the trend
was equally favourable for alemtuzumab According to the
MSEFEC scale, worsening > 15% at 24 months was lower with
alemtuzumab than with interferon. Finally, Kaplan—Meier
analysis estimated a probability of sustained improvement
in disability at six months of 28.8% versus 12.9%, thus con-
firming the superiority of the monoclonal antibody in both
clinical and radiological efficacy (Table 2).

Daclizumab

Daclizumab was evaluated in three studies of the DECIDE
trial, which was multicenter, quadruple-masked, and lasted
144 weeks. Patients aged 18-55 years with an EDSS score of
0.0-5.0 were included. Participants were randomized (1:1)
to receive daclizumab or IFN-f1a. The experimental group
received daclizumab HYP SC 150 mg every 4 weeks and

Table 3 Efficacy results of

- References
Daclizumab vs Interferon-pla

No. of participants

Efficacy (Daclizumab vs. IFN-p1a)

Kappos et al., 2015 [22]

Benedict et al., 2018 [23]

1G:n=919
CG:n=922

1G:n=919
CG:n=922

Adjusted annualized relapse rate: 0.22 (0.19—
0.24) vs. 0.39 (0.35-0.44); p<0.001

Proportion of patients free from relapse at
144w:

Estimated percentage f (%): 67 vs. 51; p NR

HR: 0.59 (0.50-0-69) p NR

New or increased T2 lesions at 96w:

Adjusted mean no. (95%CI): 4.3 (3.9-4.8) vs.
9.4 (8.5-10.5); p<0.001

Percent Reduction (95% CI): 54 (47-61); p NR

Clinically significant worsening (MSIS-29) 96 s:

Estimated percentage (%): 19 vs. 23; p NR

Percent reduction in the Odds (95%CI): 24
(5-40); p NR

Initial SDMT score:

Mean (SD): 48.5 (15.9) vs. 47.7 (16.1)

Median (range): 49 (0-110) vs. 49 (3-110)

Improvement SDMT w96:

Mean (SD): 4.1 (12.4) vs. 2.9 (12.7); p=0.0274

>3 points (%): 60 vs. 54.1; p=0.0153

>4 points (%): 55.4 vs. 50.1; p=0.0366

Improvement SDMT w144:

Mean (SD): 6.3 (12.6) vs. 3.1 (13.2); p=0.0024

>3 points (%): 65.5 vs. 52; p=0.0028

>4 points (%): 61.7 vs. 48.4; p=0.0067

CI confidence interval, CG control group, EDSS expanded disability status scale, HR hazard ratio, /G inter-
vention group, MSIS-29 multiple sclerosis impact scale, p NR p value not reported, SDMT symbol digit
matrix test, w week, | the percentage of patients was estimated by means of Kaplan-Meier product-limit

method
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weekly IM placebo, while the control group received IFN-
pla SC 30 pg weekly and SC placebo every 4 weeks.

Kappos et al. [22] reported that the annualized rate of
flare-ups was significantly lower with daclizumab than with
IFN-Bla (0.22 vs. 0.39; p<0.001). After 144 weeks, 67%
of treated patients remained relapse-free and there was a
41% reduction in the risk of relapse. Radiologically, dacli-
zumab significantly reduced the number of new or enlarged
T2 lesions (4.3 vs. 9.4; p<0.001), corresponding to a 54%
reduction in lesion progression. In terms of functional dete-
rioration (MSIS-29), 19% of patients on daclizumab showed
clinically significant worsening compared to 23% on IFN-
Bla, with a relative reduction of 24% in the probability of
deterioration (Table 3).

In terms of safety, adverse events were frequent and
similar between groups (91%). Serious events were slightly
more frequent with daclizumab (24% vs. 21%, excluding
relapses 15% vs. 10%), as were infections (65% vs. 57%)
and skin effects (37% vs. 19%). Treatment discontinuation
due to adverse events occurred in 15% with daclizumab and
12% with IFN-p1la. Hepatic events were comparable, and
cases of neoplasms without a direct causal relationship were
reported.

The study by Benedict et al. [23] assessed cognitive effi-
cacy using SDMT. The mean baseline score was comparable
between groups (48.5 vs. 47.7). At 96 weeks, improvement
was significantly greater with daclizumab (+4.1 vs.+2.9
points; p=0.02), with a higher percentage of patients
achieving increases equal to or greater than 3 and 4 points.
This trend was maintained at 144 weeks (Table 3).

As for the study by Krueger et al. [24], it reported that
37% of patients treated with daclizumab and 19% treated
with interferon experienced some type of dermatological
event, predominantly dermatitis (14% vs. 6%), eczema (10%
vs. 4%), and rash (3% vs. 1%). Although most cases were
mild or moderate, 50 patients (43 with daclizumab and 7
with IFN-P1a) discontinued treatment and 19 patients (15
and 4, respectively) withdrew from the study.

Ocrelizumab

Hauser et al. [25] evaluated the drug ocrelizumab through
the OPERA I and II clinical trials, which employed dou-
ble simulation and triple masking. Patients were randomly
assigned (1:1) to receive either IV ocrelizumab or subcuta-
neous (SC) IFN-B1a. The experimental group received an
initial dose of 300 mg of IV ocrelizumab on days 1 and
15, followed by 600 mg infusions every 24 weeks, in addi-
tion to a SC placebo three times a week. The control group
received 44 pg of SC IFN-f1a three times per week and an
IV placebo on days 1 and 15, followed by an infusion every
24 weeks.

Ocrelizumab significantly reduced clinical and radiologi-
cal activity compared to interferon. The annualized relapse
rate was 0.16 versus 0.29 in both trials (RR =0.53-0.54;
p <0.001), representing a 46% reduction in relapse risk.
Confirmed disability progression at 12 weeks was observed
in 7.6% and 10.6% of patients treated with ocrelizumab in
OPERA I and OPERA II, respectively, compared with 12.2%
and 15.1% of patients treated with IFN-f1a. This represented
a43% and 37% reduction in risk, respectively, and the trend
continued at 24 weeks. Confirmed disability improvement
was also more frequent with ocrelizumab. No evidence of
disease activity (NEDA) at 96 weeks was achieved by 47.9%
and 47.5% of patients treated with ocrelizumab in OPERA I
and OPERA 1I respectively, compared to 29.2% and 25.1%
of patients treated with IFN-f1a (p <0.001) (Table 4).

With regard to radiological criteria, ocrelizumab dem-
onstrated a substantial reduction in inflammatory activity.
In OPERA I, gadolinium-enhancing lesions on T1 were
detected in 8.3% of patients treated with ocrelizumab com-
pared to 30.2% with interferon (RR =0.06; p <0.001), while
new or enlarged lesions on T2 affected 38.3% and 61.3%,
respectively (RR=0.23; p <0.001). Furthermore, the study
revealed that brain volume loss from week 24 to week 96
was lower with ocrelizumab than with interferon, with a
respective loss of -0.57% and -0.74%. In the OPERA 11, gad-
olinium-enhancing lesions were observed in 9.8% of patients
treated with ocrelizumab compared to 31.6% of those treated
with interferon (p <0.001). New T2 lesions were also noted
in 39.1% of the ocrelizumab group compared to 62.0% of
the interferon group (RR=0.17; p <0.001). The study found
that there was a significant decrease in brain volume, with
ocrelizumab resulting in a loss of -0.64% and interferon
causing a loss of -0.75% (p=0.009).

In terms of safety, the overall incidence of adverse
events was comparable between groups in both trials. In
the OPERA I, AEs were reported in 80.1% of patients
receiving ocrelizumab and 80.9% receiving interferon,
while in OPERA II, the values were 86.3% and 85.6%,
respectively. However, the discontinuation rate due to AEs
was lower with ocrelizumab (3.2% and 3.8%) than with
interferon (6.4% and 6%). Serious AEs were observed
with a lower frequency in ocrelizumab (6.9-7%) than in
interferon (7.8-9.6%) treatment groups. Infusion-related
reactions were observed to occur with significantly greater
frequency in patients receiving ocrelizumab (30.9% in
OPERA I and 37.6% in OPERA II) in comparison to
those administered interferon (7.3% and 12%), although it
should be noted that the majority of these reactions were
classified as mild or moderate. Furthermore, infections
were reported in more than half of patients (56.9-60.2%
ocrelizumab vs. 52.5-52.8% interferon), with herpes zoster
(1.9-2.2%) and oral herpes (2.2-3.6%) being slightly more
prevalent in the ocrelizumab group than in the interferon
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Table 4 Clinical efficacy results of ocrelizumab versus IFN-p-1a Hauser et al. [25]

OPERA 1 Trial OPERA 1I Trial
Ocrelizumab (N=410) IFN-fla (N=411) p Ocrelizumab IFN-fBla p
value (N=417) (N=418) value

Primary end point

Annualized relapse rate (96 wk) 0.16 0.29 0.16 0.29

Rate ratio (95% CI) 0.54 (0.40-0.72) p<0.001 0.53(0.40-0.71) p<0.001
Disability progression confirmed (12 wk)

Patients with event (%) 7.6 12.2 10.6 15.1

HR (95% CI) 0.57 (0.37-0.90) p=0.01 0.63 (0.42-0.92) p=0.02
Disability progression confirmed (24 wk)

Patients with event (%) 5.9 9.5 7.9 11.5

HR (95% CI) 0.57 (0.34-0.95) p=0.03 0.63 (0.40-0.98) p=0.04
Disability improvement confirmed (12

wk)

Patients with event (%) 20.0 12.4 21.4 18.8

Difference (%) 61%* p=0.01 14%* p=0.40
No evidence of disease activity (96 wk)

Patients (%) 479 29.2 47.5 25.1

Difference-% (95% CI) 64 (36-98) p<0.001 89 (54-132) p<0.001
MSEC score (96 wk)

Adjusted mean score 0.21 0.17 0.28 0.17

Difference-% (95% CI) 0.04 (—0.04-0.12) p=033 0.11(0.03-0.18) p=0.004
Change in SF-36 physical-component

(96 wk)

Adjusted mean score +0.04 —0.66 +0.33 -0.83

Difference-% (95% CI) 0.69 (—0.41-1.80) p=022 1.16 (0.05-2.27) p=0.04

CI confidence interval, HR hazard ratio, /[FN-f1a interferon-pla, MSFC multiple sclerosis functional composite, SF-36 short form-36 health sur-

vey, *95% CI not reported

group (1% and 2-2.2%, respectively). However, serious
infections were observed with a lower frequency in the
monoclonal antibody group (1.2-1.4%) than in the inter-
feron group (2.9%). Neoplasms manifested infrequently
and similarly across the two groups (0.7% vs. 0.2% in
OPERA ).

Kappos et al. [26], which drew on both trials, examined
the contribution of relapse-independent progression (PIRA)
and relapse-associated worsening (RAW) to confirmed
cumulative disability. At the 12-week mark, the CDA was
recorded at 21.1% in the ocrelizumab group as compared
to 29.6% in the interferon group. Similarly, at the 24-week
point, the CDA stood at 16.2% in the ocrelizumab group as
against 22.7% in the interferon group, thereby substantiat-
ing a substantial decline in risk. PIRA was responsible for
the majority of CDA events, with 88% of CDA events in the
ocrelizumab group at 12 weeks and 89.1% at 24 weeks being
attributable to PIRA, as opposed to 78% with interferon. The
occurrence of RAW events was found to be less frequent in
the experimental group than in the control group (3% vs.
6.2% at 12 weeks; 2.1% vs. 4.8% at 24 weeks).

@ Springer

Ofatumumab

Ofatumumab was evaluated by Hauser et al. [27] and Gért-
ner et al. [28] in the ASCLEPIOS I and II clinical trials.
Both trials were randomized, double-blind, double-dummy,
active-controlled, multicenter trials conducted in adult
patients aged 18 to 55 years with an EDSS between 0.0 and
5.5.

In the analysis by Hauser et al. [27], ofatumumab dem-
onstrated significant superiority over teriflunomide in terms
of clinical and radiological efficacy. As demonstrated in the
ASCLEPIOS study, the annualized relapse rate was 0.11
in the ofatumumab-treated group, in comparison with 0.22
in the teriflunomide-treated group (p <0.001). Similarly,
in ASCLEPIOS II, annualized rates of 0.10 and 0.25 were
observed, respectively (p <0.001). The risk of confirmed
disability progression at three months was reduced by 35%
in ASCLEPIOS I and by 34% in ASCLEPIOS 11 in the ofa-
tumumab group. At the six-month mark, the risk reduction
was 39% in ASCLEPIOS I (HR=0.61; p=0.01) and 24%
in ASCLEPIOS II (HR=0.76; p=0.13). The proportion
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of patients demonstrating sustained improvement in dis-
ability was higher in the ofatumumab-treated group than in
the control group in both studies (ASCLEPIOS I: 9.7% vs.
8.2%; ASCLEPIOS II: 12.3% vs. 8.1%), although these dif-
ferences did not reach statistical significance. With regard
to the radiological criteria, ofatumumab demonstrated a sig-
nificant decrease in inflammatory activity. The mean number
of gadolinium-enhancing T1 lesions was 0.01 vs. 0.45 in
ASCLEPIOS I and 0.03 vs. 0.51 in ASCLEPIOS II, with
relative reductions of 97% and 94% (p < 0.001). Conversely,
new or enlarged T2 lesions exhibited a marked decrease
(RR=0.18 and 0.15; p<0.001), and annual brain volume
loss demonstrated comparable trends between the groups.
Serum NfL levels were lower with ofatumumab, reflecting
less axonal damage (8.8-6.9 pg/mL vs. 9.4-9.0 pg/mL in
ASCLEPIOS I; p<0.01 in all cases) (Table 5).

With regard to safety, the overall incidence of adverse
events was comparable between the two groups. In ASCLE-
PIOS 1, 82.2% of those treated with ofatumumab and 82.3%
with teriflunomide experienced an event, with discon-
tinuations of 5.8% and 5.6%, respectively. Infections were
observed to be marginally less prevalent in the ofatumumab
group (49.2% vs. 51.5%), although serious infections were
found to be somewhat more prevalent in the latter group
(2.6% vs. 1.5%). Systemic reactions to subcutaneous admin-
istration were comparable (16.1% vs. 16.5%), with two seri-
ous cases (0.4%) documented in the experimental group. In
ASCLEPIOS 11, the frequency of adverse events was 85%
vs. 86.1%, with treatment discontinuation in 5.6% and 5.3%,
respectively. Serious infections occurred in 2.5% and 2.1%
of patients, respectively, and systemic reactions were more
common with ofatumumab (24.1% vs. 13.5%), although
none were considered serious. Neoplasms were rare (<0.6%)
and were not considered treatment-related.

Girtner et al. [28] demonstrated that in a subgroup of
newly diagnosed patients without prior treatment (RDTN),
there was a lower annualized relapse rate with ofatumumab
than with teriflunomide (RR=0.50; p <0.001). The find-
ings demonstrated that confirmed disability progression
was lower with ofatumumab at three months and reached
a level of statistical significance at six months (HR =0.54;
p=0.004). The study revealed that gadolinium-enhancing T1
lesions were significantly lower (0.02 vs. 0.39; RR=0.05;
p <0.0001), as were new or growing T2 lesions (0.86 vs.
4.78; RR=0.18; p<0.001). Conversely, the proportion of
patients exhibiting no disease activity was notably higher in
the ofatumumab group across all three assessment points (6,
12, and 24 months). Moreover, serum NfL levels exhibited a
progressive decline in the experimental group in comparison
to the control group (p <0.001) (Table 5).

With regard to safety, the frequency of adverse events was
comparable (84.7% vs. 86%), although discontinuation due
to adverse events was marginally higher with ofatumumab

(6.1% vs. 2.3%). The most frequently reported effects were
nasopharyngitis, local reactions, headache, and respiratory
infections, which were generally mild. Serious events (7%
vs. 5.3%) included infections (1.9% vs. 0.7%) and neoplasms
(0.6% vs. 0.3%), with no deaths reported.

Ublituximab

Ublituximab has been the subject of analysis in a study by
Steinman et al. [29], which is based on the ULTIMATE I and
ULTIMATE II clinical trials. The two trials were conducted
in adult patients aged between 18 and 55 years with an EDSS
between 0.0 and 5.5.

With regard to the question of efficacy, the ULTIMATE
I trial demonstrated a lower annualized relapse rate with
ublituximab than with teriflunomide, exhibiting a relative
reduction of 56% (RR =0.44; p <0.001). In ULTIMATE II,
the values were 0.09 vs. 0.18, with a 49% reduction in the
risk of relapse with ublituximab. With regard to the radio-
logical results, at week 96, the mean number of gadolin-
ium-enhancing lesions was found to be significantly lower
with ublituximab (0.02 vs. 0.49 in ULTIMATE I; 0.01 vs.
0.25 in ULTIMATE II; p <0.001). In a similar vein, new
or enhanced lesions on T2-weighted sequences exhibited a
90-92% reduction in the risk of new inflammatory lesions.
The loss of brain volume was found to be similar between
the two groups, with a decrease of —0.19% in the ublituxi-
mab group and —0.18% in the teriflunomide group. The
absence of evidence of disease activity between weeks 24
and 96 was significantly more prevalent in the ublituximab
group (44.6%) than in the teriflunomide group (15%) in both
trials (p <0.001) (Table 5).

With regard to safety, the proportion of patients experi-
encing adverse events was high and similar between groups
(86-93%), although a higher frequency of infusion-related
reactions was observed with ublituximab (44-51% vs.
7-18%) and a slight increase in the incidence of serious
infections (4-5% vs. 2-3%). Neoplasms were uncommon,
with a prevalence of less than 1%, and three deaths were
reported, possibly related to treatment.

Discussion

The results analyzed in this review showed that monoclonal
antibodies represent a significant advance in the treatment
of RRMS, exhibiting superior efficacy compared to con-
ventional disease-modifying treatments, both in controlling
inflammatory activity and in reducing cumulative neurologi-
cal damage. This superiority has been observed in multiple
dimensions of the disease, including a reduction in relapses,
radiological activity as assessed by magnetic resonance

@ Springer



(2026) 273:286

Journal of Neurology

Page 10 of 15

286

§T0 100

AN (ST'1-09'0) 98°0

9'1¢ 0'6C

(8L°0-€€°0) IS0
600

z000=4d
ANSI0

AN

1000>d
AN

6v'0 00

(9T'1-09'0) L8O

8'1¢ 6c

(2T9°0-LT01+°0
61°0 80°0

0o 0=d

690 0=d

100°0>d
1000>d

6£0 00

(86'0-0€°0) ¥S°0

001 145

(€0'T-LE'0) 790

el L'L

(rL'0-€€°0) S0
81°0 600

UN

AN

AN

100°0>d
100°0>d

IS0 €00

(LY'T-€6'0) TS'1

09¢/L¢ VLEITY

(LT'1-6%'0) 9L0

601 08

(L6'0-S1'0) 99°0

9vl S0l

(95°0-1€°0) ¢v'0
§co 1’0

AN

AN

AN

1000>d
1000>d

Sv'0 100

(86'T-1L'0) 61'1

£9¢/9C SLE/EE

(€6'0-0t'0) 19°0

o€l 8

(96'0-S+'0) S9°0

4! el

(S9°0-LE°0) 61°0
o I1°0

UBOIN

ueds TYIN
pajySom-11,
1ad suorsoy
Suroueyuo
-wnrurjopen
(ID %$6) 9H
sjuedronred
Jo "ouy[ern
ay) Surmp
SJU9AD JO "ON
(wo9)
powLIfUOd
juowaAoxdwr
Aqesia

(ID %56) 9O
syued
-onred jo 9
AM96
0} QuI[aseq
wol LINAS
U0 FUTUSSIOA
(ID %S6) ¥H
sjuedronred
Jo “ouy[eLn
ay) Surnp
SJUAD JO 9
MddwW9
(ID %$6) ¥H
sjuedronred
Jo “ouy[eLn
oy) Surnp
SIU9A JO 9
MAdwWE
(1D %56) ¥d
AIVY
jutod
puo Arewrig

@TLe=N) (TtLz=N)
anfea aprwou qewr
d  -nguaL  -rxmuqn

anfea
d

(wLz=N) (1LZ=N)
oprwou qewr

gL -IXman

anfea
d

1e=N)
qewnu

-mej0

(10€=N)
opruou

-npuay,

anfea
d

wLy=N) (187=N)
oprwiou  qewnw

ngueL,  -mEjo

anjea
d

(@r=N) (S9r=N)
oprwou  qewnw

gL -MEjo

[62] T ALVINIL TN

[62] TALVINILTIN

[82] N1a¥d

[LZ] T sO1dF TSV

[LZ] 1 SO1dATOSY

OPIWOUNLIS) SNSIOA QBWIXMII[QN PUB qBWNWNIEJO JO SInsal Koedyy § ajqeL

pringer

AQs



286

Page 11 of 15

(2026) 273:286

Journal of Neurology

pringer

oM M ‘SJUSWIB[HOINAU JYSI] JO S[OAS] WINIS TT/N/S 159} SonI[epow JISIP [OQUIAS [ /(TS ‘ONBI ABI Y ‘OATRU-JUSUIIEII} PISOUTRIP A[JUS0AI ALLJY ‘011 SPPO YO ‘Piodar JON YN ‘ANANOE 9sBd

w
-SIP JO 9OUAPIAD OU V(AN ‘SYIUOW w ‘FUISBWI 9OUBUOSAI OTJQUTeW Jy 4 ‘ONjel pIezey Y ‘Furuasiom AJIGesIp pauLIjuod M) ‘[eAIdIUI 0UIPYUO0d 1) “ojel asdefal pazijenuue paisnlpe yyyy &l
(€0'L=50'E)
€9y ‘W -0
(19'%2-9L'8)
1000>d 89vI ‘W I
(r8'T1-26'%) (8€'8-¥5°€) 100°0>d (06T
AN S6°L M 96—VC AN ¥i'S M 96—+C  100°0>d Ige wer—0 (ID %$6) 90
9y
W0
126
oey 9y LLT Wyl
! M M 891 Ly siued
M 96—1C 96—1¢C Sl 96—1¢C Lye wgi—0 -onred jo 9
€-VAIN
100°0>d 01'8 Lv'9 1000>d 06 89 1000>d 06 69 wg
1000>d 198 099 1000>d S'6 'L 1000>d 9'6 0L wel
8sc0>d €16 L8 1000>d 01 68 100=d 6 88 we
(Tuy/3d)
uBOW OLIAW
-005 uornen
-u9ou0d INS
ueow
ANSI'0— 61'0— AN 81'0— 61'0— 6'0=d 0€0— 0c0—- €ro=d Se0— 6c0— cro=d SE0— 80— sorenbs-jsea
aur|
-9seq wWoIy
ownjoA ureiq
ur aguey)
1000>d (#F1'0-,0°0) 010 100°0>d (01°0-90°0) 800 100°0>d #To+10) 810 1000>d (61°0-€1'0) ST'0  1000>d (TT0-S1'0 810 (1D %S6) T4
€8'C 8C°0 6LC 1T0 8LV 980 SI'y ¥9°0 00t Lo UBSJA
ueds TN
PAIYSTOM-T,
13d suors9[
asuaurradAy
Surdreruo
10 MON
1000>d (90°0-20°0) ¥0'0  100°0>d (90'0-20°0) €00 100°0>d (01°0-20°0) SO0 1000>d (01°0—+00) 900  1000>d (S0'0-10°0) €00 (1D %S6) Id
(TLz=N) (TLe=N) (wLz=N) (1LZ=N) (10€=N)  (F1E=N) wLy=N) (18y=N) (@r=N) (S9r=N)
onfeA  oprwou qew onfen  oprwou qew onfea oprwou qewnw oneA  opruou  qeWNW onfea  oprwou qewnw
d  -nguay  -1xmrqn d  -nguRL  -IXmIqn d -ngueL -myio d gL -mgo d -nguel  -mpjo
[62] THLVINILIN [62] TALVINILTIN [82] NLad [L2] T SOIdTOSV [£Z] T SOIdATOSV

(ponunuoo) g sjqey



286 Page 12 of 15

Journal of Neurology ~ (2026) 273:286

imaging, disability progression and, in some cases, biomark-
ers of neurodegeneration.

In this context, alemtuzumab is distinguished by its mark-
edly superior clinical and radiological efficacy in compari-
son with IFN-f1a, both in naive patients and in those with
previous therapeutic failure. The substantial decrease in
relapses and subclinical inflammatory activity evident in the
studies conducted by Cohen et al. [19] indicates that the dis-
ease is being effectively and consistently managed, a finding
of particular relevance in the initial phases of RRMS. The
reduced loss of brain volume, coupled with the increased
proportion of patients demonstrating no clinical or radio-
logical activity, lends further support to the hypothesis that
rigorous inflammatory control during the early stages of the
condition may lead to a reduction in long-term structural
damage.

The higher proportion of patients demonstrating no
clinical or radiological activity lends further support to the
hypothesis that the early use of highly effective therapies
has the capacity to modify the natural course of the disease,
thereby reducing the accumulation of irreversible damage
from the early stages. In this regard, alemtuzumab is posi-
tioned as a particularly attractive option in patients with
recent diagnosis and high inflammatory activity, in whom
early control could translate into better long-term functional
outcomes.

The analysis of serum neurofilament provides further evi-
dence that contributes to the interpretation of these results.
The substantial and enduring decrease in sNfL with alem-
tuzumab, particularly in patients with highly active disease,
indicates a direct effect on axonal damage, extending beyond
the mere control of relapses. This finding supports the
hypothesis of a possible neuroprotective effect, in accord-
ance with the reduced brain atrophy observed, and reinforces
its indication in patients at high risk of early progression.

With regard to disability, the results highlight the limita-
tions inherent in the EDSS scale, which may not be sen-
sitive enough to detect functional changes in the short to
medium term. Conversely, the MSFC scale exhibited sub-
stantial enhancements in the alemtuzumab-treated cohort,
particularly in the motor and cognitive domains, suggesting
a more comprehensive functional recovery. This discrepancy
underscores the necessity of employing multidimensional
scaling methodologies to accurately assess the true impact of
highly effective treatments. In patients with previous treat-
ment failure, the higher probability of confirmed disability
improvement observed in the studies by Giovannoni et al.
[21] reinforces the value of alemtuzumab as a rescue option
in active RRMS.

However, this high efficacy is accompanied by a more
complex safety profile than that of conventional DMTs. The
higher frequency of infections, infusion reactions, thyroid
disorders, and liver toxicity observed in this study reflects

@ Springer

their potent immunosuppressive effect. It is acknowledged
that such occurrences are, to a certain extent, anticipated on
the basis of their underlying mechanisms. However, their
manifestation gives rise to the initiation of rigorous and pro-
tracted monitoring programmes encompassing vital signs
and hepatic function. Consequently, pharmacovigilance
alerts issued by the AEMPS and EMA, which include seri-
ous cardiovascular and immune-mediated events [30, 31],
emphasize the necessity for meticulous patient selection and
comprehensive clinical monitoring during and after drug
administration. Although rare, the occurrence of thyroid
neoplasms underscores the necessity for long-term follow-
up in highly effective therapies. Nevertheless, the low dis-
continuation rate observed indicates that, under appropriate
monitoring conditions, alemtuzumab may be well tolerated
overall.

In relation to daclizumab, the DECIDE trial [22, 23] dem-
onstrated clear superiority over IFN-f1a in reducing flare-
ups, radiological progression and cognitive impairment,
which initially positioned this drug as a promising option.
Nevertheless, the high incidence of severe adverse effects
[22, 24], particularly cutaneous, hepatic, and neurological
manifestations, constrained its clinical applicability. The
withdrawal of daclizumab from the market following reports
of cases of inflammatory encephalitis and meningoencepha-
litis highlights the critical importance of post-marketing
pharmacovigilance [32, 33]. This underscores the necessity
for the complementation of efficacy evidence derived from
controlled clinical trials with long-term safety data derived
from real-world clinical practice, particularly in the context
of intensive immunomodulatory treatments.

Monoclonal antibodies directed against CD20 (ocreli-
zumab, ofatumumab and ublituximab) demonstrate a high
and relatively homogeneous efficacy profile, characterized
by almost complete suppression of acute inflammation as
evidenced by MRI.

Ocrelizumab has been shown to result in a reduction in
flare-ups, a slower rate of disability progression, and supe-
rior radiological control in comparison with IFN-pla [25,
26], without causing a significant increase in overall risk.
A detailed analysis of the various components of disabil-
ity progression has been conducted, and the results of this
analysis suggest that this drug is effective in reducing flare-
associated activity. It is therefore concluded that the main
residual mechanism is now relapse-independent progres-
sion. This finding could indicate a more profound impact
on central inflammatory mechanisms and a potential disease-
modifying effect.

Ofatumumab has been demonstrated to demonstrate supe-
rior clinical efficacy in comparison with teriflunomide, in
both previously treated and newly diagnosed patients [27,
28]. The observed reduction in the incidence of flare-ups, the
high proportion of patients exhibiting no evidence of disease
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activity (NEDA), in conjunction with the sustained reduction
in soluble neurofilament light, suggests a prolonged inflam-
matory response and a potential neuroprotective effect. How-
ever, discrepancies observed between studies in terms of
tolerability and discontinuation indicate that its safety profile
should be interpreted with caution and in the context of the
clinical setting, as it may be influenced by contextual factors
and the baseline characteristics of patients, reinforcing the
need for individualized monitoring.

In addition, ublituximab [29] has been demonstrated to
demonstrate high efficacy in the control of acute inflam-
mation, flare-ups and radiological activity, with superiority
over teriflunomide, achieving almost complete suppression
of gadolinium-enhancing lesions. However, the absence of
clear benefits in disability and cognitive function could indi-
cate a more limited effect on underlying neurodegenerative
processes, at least in the short term. Moreover, the elevated
rate of discontinuation and the occurrence of serious infec-
tions indicate the necessity for further evaluation of its long-
term safety profile, despite its observed efficacy.

The observed differences in efficacy and safety profiles
among monoclonal antibodies may be partly explained by
their distinct mechanisms of action. Anti-CD20 therapies
(ocrelizumab, ofatumumab, and ublituximab) selectively
deplete B lymphocytes, leading to a sustained reduction in
inflammatory activity, particularly reflected in MRI out-
comes. In contrast, alemtuzumab induces a broader immune
reconstitution by targeting CD52, resulting in long-term
immune modulation but also a higher risk of secondary
autoimmunity. Daclizumab, which targets the IL-2 receptor
(CD25), modulates T-cell activation but has been associated
with significant immune-mediated adverse events, ultimately
leading to its withdrawal from clinical use. These mecha-
nistic differences may explain variations in both efficacy
magnitude and safety risks and should be considered when
individualizing treatment strategies.

Accordingly, treatment selection should be guided not
only by efficacy and safety outcomes but also by patient-spe-
cific risk factors, including age, comorbidities, prior treat-
ments, and individual infection risk. Thus, comprehensive
risk management strategies should include baseline screen-
ing (e.g., infections and autoimmune markers) and regular
monitoring for infections, malignancies, and autoimmune
complications to optimize the benefit-risk balance.

It is imperative to acknowledge the limitations of this
systematic review, particularly regarding the direct clinical
applicability of our findings. The dearth of available clinical
trials, the heterogeneity of the studied populations, and the
absence of direct head-to-head comparisons between mono-
clonal antibodies all serve to make it difficult to draw defini-
tive conclusions about which therapy possesses the optimal
benefit-risk profile. Moreover, although the individual evalu-
ation of the included pivotal trials yielded a low risk of bias

in the randomization process and deviations from intended
interventions, the overall assessment of the evidence using
the GRADE framework necessitated downgrading the final
certainty to a high/moderate level. Discrepancies in adminis-
tration routes and study designs have the potential to engen-
der additional biases in the comprehensive evaluation of
both efficacy and safety. Consequently, this variability must
be carefully considered when interpreting the findings and
their generalizability.

Conclusions

Monoclonal antibodies analyzed have showed superior
efficacy in comparison to their respective comparators, as
evidenced by reducing the annual relapse rate, MRI inflam-
matory activity and MRI activity. However, effects on dis-
ability progression were heterogeneous across trials and
not consistently significant. In patients with more active
RRMS, clinical and radiological efficacy was more pro-
nounced, thus supporting the indication of these drugs in
this subgroup. It is noteworthy that anti-CD20 drugs (ocre-
lizumab, ofatumumab and ublituximab) have been shown to
minimize acute inflammatory activity, as evidenced by the
almost complete reduction of gadolinium-enhancing lesions
on MRI, as well as a lower incidence of new or increased
lesions on T2. Alemtuzumab and ofatumumab have been
shown to have a potential neuroprotective effect suggested
by biomarker reductions, as evidenced by a decrease in
serum neurofilament concentrations. These concentrations
are biomarkers of axonal damage.

Monoclonal antibodies have demonstrated an accept-
able safety profile, with the exception of daclizumab. The
most frequent adverse events reported were infections and
infusion-related reactions.

Despite the evidence available to date, further studies are
needed to evaluate the clinical efficacy and safety of these
drugs in relation to each other and to other treatments for
RRMS. This could be useful when choosing the specific
treatment to be individualized on a case-by-case basis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-026-13824-y.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. This research received no external
funding.

Data availability This is a systematic review article, so we do not have

original data to share. The main findings of this study were displayed
in the figures, tables, and the supplementary material.

Declarations

Conflicts of interest The authors declare that they have no conflict of
interest.

@ Springer


https://doi.org/10.1007/s00415-026-13824-y

286 Page 14 of 15

Journal of Neurology ~ (2026) 273:286

Institutional review board Not applicable.

Informed consent Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Filippi M, Bar-Or A, Piehl F, Preziosa P, Solari A, Vukusic
S, Rocca MA (2018) Multiple Sclerosis. Nat Rev Dis Primers
4(1):43. https://doi.org/10.1038/s41572-018-0041-4

2. Browne P, Chandraratna D, Angood C, Tremlett H, Baker C, Tay-
lor BV, Thompson AJ (2014) Atlas of Multiple Sclerosis 2013:
a growing global problem with widespread inequity. Neurology
83(11):1022-1024. https://doi.org/10.1212/WNL.0000000000
000768

3. MS Society of Canada (2018) What is MS? Available at: https://
mscanada.ca/intro-to-ms/what-is-multiple-sclerosis

4. Solomon AJ (2019) Diagnosis, differential diagnosis, and mis-
diagnosis of Multiple Sclerosis. Continuum (Minneap Minn)
25(3):611-635. https://doi.org/10.1212/CON.0000000000000728

5. Solomon AlJ, Arrambide G, Brownlee WJ, Flanagan EP, Amato
MP, Amezcua L, Banwell BL, Barkhof F, Corboy JR, Correale J,
Fujihara K, Graves J, Harnegie MP, Hemmer B, Lechner-Scott J,
Marrie RA, Newsome SD, Rocca MA, Royal W 3rd, Waubant EL,
Yamout B, Cohen JA (2023) Differential diagnosis of suspected
Multiple Sclerosis: an updated consensus approach. Lancet Neurol
22(8):750-768. https://doi.org/10.1016/S1474-4422(23)00148-5

6. Alberte-Woodward M, Naveiro Soneira J, Prieto Gonzéalez MO
(2023) Actualizacién en esclerosis multiple: manifestaciones
clinicas, formas evolutivas y estudios paraclinicos. Medicine
13(78):4621-4627. https://doi.org/10.1016/j.med.2023.04.010

7. The Multiple Sclerosis International Federation (MSIF). (2020)
Atlas of MS, 3rd Edition. Part 1: Mapping multiple sclerosis
around the world, key epidemiology findings. Available at: https://
www.msif.org/wp-content/uploads/2020/12/Atlas-3rd-Edition-
Epidemiology-report-EN-updated-30-9-20.pdf

8. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T,
Comi G, Correale J, Fazekas F, Filippi M, Freedman MS, Fujihara
K, Galetta SL, Hartung HP, Kappos L, Lublin FD, Marrie RA,
Miller AE, Miller DH, Montalban X, Mowry EM, Sorensen PS,
Tintoré M, Traboulsee AL, Trojano M, Uitdehaag BMJ, Vukusic
S, Waubant E, Weinshenker BG, Reingold SC, Cohen JA (2018)
Diagnosis of Multiple Sclerosis: 2017 revisions of the McDonald
criteria. Lancet Neurol 17(2):162-173. https://doi.org/10.1016/
S1474-4422(17)30470-2

9. Lublin FD, Reingold SC, Cohen JA, Cutter GR, Sgrensen PS,
Thompson AJ, Wolinsky JS, Balcer LJ, Banwell B, Barkhof F,
Bebo B Jr, Calabresi PA, Clanet M, Comi G, Fox RJ, Freedman
MS, Goodman AD, Inglese M, Kappos L, Kieseier BC, Lincoln
JA, Lubetzki C, Miller AE, Montalban X, O’Connor PW, Petkau

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

J, Pozzilli C, Rudick RA, Sormani MP, Stiive O, Waubant E, Pol-
man CH (2014) Defining the clinical course of Multiple Sclerosis:
the 2013 revisions. Neurology 83(3):278-286. https://doi.org/10.
1212/WNL.0000000000000560

Sociedad Espafiola de Neurologia. Manual de practica clinica en
Esclerosis Multiple, NMO y MOGAD (2023). [citado 23 de mayo
de 2025]. Available at: https://www.sen.es/pdf/2023/GuiaEscler
osis_2023web.pdf

Palacio LG, Rivera D, Builes JJ, Jiménez ME, Salgar M, Anaya
IM, Jiménez I, Camargo M, Arcos-Burgos M, Sanchez JL (2002)
Multiple Sclerosis in the tropics: genetic association to STR’s loci
spanning the HLA and TNF. Mult Scler 8(3):249-255. https://doi.
org/10.1191/1352458502ms8040a

Haki M, Al-Biati HA, Al-Tameemi ZS, Ali IS, Al-Hussaniy
HA (2024) Review of Multiple Sclerosis: epidemiology, etiol-
ogy, pathophysiology, and treatment. Medicine (Baltimore)
103(8):€37297. https://doi.org/10.1097/MD.0000000000037297
Pérez AS, Casado SE, Payero MA, Pueyo AE, Bernabé AGA,
Zamora NP, Ruiz PD, Gonzédlez AML (2023) Disease-modifying
treatments for patients with Multiple Sclerosis in Spain. Farm
Hosp 47(4):T155-T160. https://doi.org/10.1016/j.farma.2023.05.
005

Travers BS, Tsang BK, Barton JL (2022) Multiple sclerosis: diag-
nosis, disease-modifying therapy and prognosis. Aust J Gen Pract
51(4):199-206. https://doi.org/10.31128/AJGP-07-21-6103
Ontaneda D, Tallantyre E, Kalincik T, Planchon SM, Evan-
gelou N (2019) Early highly effective versus escalation treat-
ment approaches in relapsing multiple sclerosis. Lancet Neurol
18(10):973-980. https://doi.org/10.1016/S1474-4422(19)30151-6
Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,
Mulrow CD, Shamseer L, Tetzlaff JM, Akl EA, Brennan SE, Chou
R, Glanville J, Grimshaw JM, Hrdbjartsson A, Lalu MM, Li T,
Loder EW, Mayo-Wilson E, McDonald S, McGuinness LA, Stew-
art LA, Thomas J, Tricco AC, Welch VA, Whiting P, Moher D
(2021) The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews. BMJ 372:n71. https://doi.org/10.
1136/bmj.n71

Ryan R, Hill S (2016). How to GRADE the Quality of the Evi-
dence. Cochrane Consumers and Communication Group. CCCG.
Version 3.0 December 2016. http://cccrg.cochrane.org/author-
resources

Sterne JAC, Savovié¢ J, Page MJ, Elbers RG, Blencowe NS,
Boutron I, Cates CJ, Cheng H-Y, Corbett MS, Eldridge SM,
Herndn MA, Hopewell S, Hrébjartsson A, Junqueira DR, Jiini
P, Kirkham JJ, Lasserson T, Li T, McAleenan A, Reeves BC,
Shepperd S, Shrier I, Stewart LA, Tilling K, White IR, Whiting
PF, Higgins JPT (2019) RoB 2: a revised tool for assessing risk
of bias in randomised trials. BMJ 366:14898. https://doi.org/10.
1136/bm;j.14898

Cohen JA, Coles AJ, Arnold DL, Confavreux C, Fox EJ, Hartung
HP, Havrdova E, Selmaj KW, Weiner HL, Fisher E, Brinar VV,
Giovannoni G, Stojanovic M, Ertik BI, Lake SL, Margolin DH,
Panzara MA, Compston DA, CARE-MS I investigators (2012)
Alemtuzumab versus interferon beta 1a as first-line treatment for
patients with relapsing-remitting multiple sclerosis: a randomised
controlled phase 3 trial. Lancet 380(9856):1819-1828. https://doi.
org/10.1016/S0140-6736(12)61769-3

Kuhle J, Daizadeh N, Benkert P, Maceski A, Barro C, Michalak Z,
Sormani MP, Godin J, Shankara S, Samad TA, Jacobs A, Chung
L, Résch N, Kaiser C, Mitchell CP, Leppert D, Havari E, Kappos
L (2022) Sustained reduction of serum neurofilament light chain
over 7 years by alemtuzumab in early relapsing-remitting MS.
Mult Scler 28(4):573-582. https://doi.org/10.1177/1352458521
1032348

Giovannoni G, Cohen JA, Coles AJ, Hartung HP, Havrdova E,
Selmaj KW, Margolin DH, Lake SL, Kaup SM, Panzara MA,


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41572-018-0041-4
https://doi.org/10.1212/WNL.0000000000000768
https://doi.org/10.1212/WNL.0000000000000768
https://mscanada.ca/intro-to-ms/what-is-multiple-sclerosis
https://mscanada.ca/intro-to-ms/what-is-multiple-sclerosis
https://doi.org/10.1212/CON.0000000000000728
https://doi.org/10.1016/S1474-4422(23)00148-5
https://doi.org/10.1016/j.med.2023.04.010
https://www.msif.org/wp-content/uploads/2020/12/Atlas-3rd-Edition-Epidemiology-report-EN-updated-30-9-20.pdf
https://www.msif.org/wp-content/uploads/2020/12/Atlas-3rd-Edition-Epidemiology-report-EN-updated-30-9-20.pdf
https://www.msif.org/wp-content/uploads/2020/12/Atlas-3rd-Edition-Epidemiology-report-EN-updated-30-9-20.pdf
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1212/WNL.0000000000000560
https://doi.org/10.1212/WNL.0000000000000560
https://www.sen.es/pdf/2023/GuiaEsclerosis_2023web.pdf
https://www.sen.es/pdf/2023/GuiaEsclerosis_2023web.pdf
https://doi.org/10.1191/1352458502ms804oa
https://doi.org/10.1191/1352458502ms804oa
https://doi.org/10.1097/MD.0000000000037297
https://doi.org/10.1016/j.farma.2023.05.005
https://doi.org/10.1016/j.farma.2023.05.005
https://doi.org/10.31128/AJGP-07-21-6103
https://doi.org/10.1016/S1474-4422(19)30151-6
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
http://cccrg.cochrane.org/author-resources
http://cccrg.cochrane.org/author-resources
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1016/S0140-6736(12)61769-3
https://doi.org/10.1016/S0140-6736(12)61769-3
https://doi.org/10.1177/13524585211032348
https://doi.org/10.1177/13524585211032348

Journal of Neurology

(2026) 273:286

Page150f 15 286

22.

23.

24.

25.

26.

217.

Compston DA, CARE-MS 1I Investigators (2016) Alemtuzumab
improves preexisting disability in active relapsing-remitting MS
patients. Neurology 87(19):1985-1992. https://doi.org/10.1212/
WNL.0000000000003319

Kappos L, Wiendl H, Selmaj K, Arnold DL, Havrdova E, Boyko
A, Kaufman M, Rose J, Greenberg S, Sweetser M, Riester K,
O’Neill G, Elkins J (2015) Daclizumab HYP versus inter-
feron Beta-1la in relapsing multiple sclerosis. N Engl J] Med
373(15):1418-1428. https://doi.org/10.1056/NEJMoal501481
Benedict RH, Cohan S, Lynch SG, Riester K, Wang P, Castro-
Borrero W, Elkins J, Sabatella G (2018) Improved cognitive
outcomes in patients with relapsing-remitting multiple sclerosis
treated with daclizumab beta: results from the DECIDE study.
Mult Scler 24(6):795-804. https://doi.org/10.1177/1352458517
707345

Krueger JG, Kircik L, Hougeir F, Friedman A, You X, Lucas N,
Greenberg SJ, Sweetser M, Castro-Borrero W, McCroskery P,
Elkins J (2016) Cutaneous adverse events in the randomized, dou-
ble-blind, active-comparator DECIDE study of daclizumab high-
yield process versus intramuscular interferon Beta-1a in relapsing-
remitting multiple sclerosis. Adv Ther 33(7):1231-1245. https://
doi.org/10.1007/s12325-016-0353-2

Hauser SL, Bar-Or A, Comi G, Giovannoni G, Hartung HP,
Hemmer B, Lublin F, Montalban X, Rammohan KW, Selmaj K,
Traboulsee A, Wolinsky JS, Arnold DL, Klingelschmitt G, Mas-
terman D, Fontoura P, Belachew S, Chin P, Mairon N, Garren H,
Kappos L, OPERA I and OPERA II Clinical Investigators (2017)
Ocrelizumab versus interferon beta-1a in relapsing multiple scle-
rosis. N Engl J Med 376(3):221-234. https://doi.org/10.1056/
NEJMoal601277

Kappos L, Wolinsky JS, Giovannoni G, Arnold DL, Wang Q,
Bernasconi C, Model F, Koendgen H, Manfrini M, Belachew S,
Hauser SL (2020) Contribution of relapse-independent progres-
sion vs relapse-associated worsening to overall confirmed dis-
ability accumulation in typical relapsing multiple sclerosis in a
pooled analysis of 2 randomized clinical trials. JAMA Neurol
77(9):1132-1140. https://doi.org/10.1001/jamaneurol.2020.1568
Hauser SL, Bar-Or A, Cohen JA, Comi G, Correale J, Coyle PK,
Cross AH, de Seze J, Leppert D, Montalban X, Selmaj K, Wiendl
H, Kerloeguen C, Willi R, Li B, Kakarieka A, Tomic D, Goodyear

28.

29.

30.

31.

32.

33.

A, Pingili R, Héring DA, Ramanathan K, Merschhemke M, Kap-
pos L, ASCLEPIOS I and ASCLEPIOS II Trial Groups (2020)
Ofatumumab versus teriflunomide in multiple sclerosis. N Engl J
Med 383(6):546-557. https://doi.org/10.1056/NEJMoal917246
Girtner J, Hauser SL, Bar-Or A, Montalban X, Cohen JA, Cross
AH, Deiva K, Ganjgahi H, Hiring DA, Li B, Pingili R, Ramana-
than K, Su W, Willi R, Kieseier B, Kappos L (2022) Efficacy
and safety of ofatumumab in recently diagnosed, treatment-naive
patients with multiple sclerosis: results from ASCLEPIOS I and
II. Mult Scler 28(10):1562—-1575. https://doi.org/10.1177/13524
585221078825

Steinman L, Fox E, Hartung HP, Alvarez E, Qian P, Wray S, Rob-
ertson D, Huang D, Selmaj K, Wynn D, Cutter G, Mok K, Hsu
Y, Xu Y, Weiss MS, Bosco JA, Power SA, Lee L, Miskin HP,
Cree BAC, ULTIMATE I and ULTIMATE II Investigators (2022)
Ublituximab versus teriflunomide in relapsing multiple sclerosis.
N Engl J Med 387(8):704-714. https://doi.org/10.1056/NEJMo
a2201904

Agencia Espafiola de Medicamentos y Productos Sanitarios
(AEMPS) (2019) Alemtuzumab (Lemtrada®): restricciones de
uso provisionales por motivos de seguridad. Nota informativa
MUH (FV), n° 6/2019. AEMPS, Madrid

European Medicines Agency (EMA). Measures to minimise risk
of serious side effects of multiple sclerosis medicine Lemtrada
(alemtuzumab). EMA/609015/2019. Amsterdam: EMA; 2019
Nov 15 [cited 2026 Feb 13]. Available at: https://www.ema.
europa.eu/en/documents/referral/lemtrada-article-20-procedure-
measures-minimise-risk-serious-side-effects-multiple-sclerosis-
medicine-lemtrada_en.pdf

European Medicines Agency (EMA). Zinbryta (daclizumab beta)
suspended and withdrawn in the EU following safety review.
EMA/286850/2018. Amsterdam: EMA; 2018 Mar 18 [cited 2026
Feb 13]. Available at: https://www.ema.europa.eu/en/documents/
referral/zinbryta-article-20-procedure-ema-review-zinbryta-confi
rms-medicines-risks-outweigh-its-benefits_en.pdf
Perez-Miralles FC (2018) Daclizumab in multiple sclerosis. Rev
Neurol 66(8):271-282

@ Springer


https://doi.org/10.1212/WNL.0000000000003319
https://doi.org/10.1212/WNL.0000000000003319
https://doi.org/10.1056/NEJMoa1501481
https://doi.org/10.1177/1352458517707345
https://doi.org/10.1177/1352458517707345
https://doi.org/10.1007/s12325-016-0353-2
https://doi.org/10.1007/s12325-016-0353-2
https://doi.org/10.1056/NEJMoa1601277
https://doi.org/10.1056/NEJMoa1601277
https://doi.org/10.1001/jamaneurol.2020.1568
https://doi.org/10.1056/NEJMoa1917246
https://doi.org/10.1177/13524585221078825
https://doi.org/10.1177/13524585221078825
https://doi.org/10.1056/NEJMoa2201904
https://doi.org/10.1056/NEJMoa2201904
https://www.ema.europa.eu/en/documents/referral/lemtrada-article-20-procedure-measures-minimise-risk-serious-side-effects-multiple-sclerosis-medicine-lemtrada_en.pdf
https://www.ema.europa.eu/en/documents/referral/lemtrada-article-20-procedure-measures-minimise-risk-serious-side-effects-multiple-sclerosis-medicine-lemtrada_en.pdf
https://www.ema.europa.eu/en/documents/referral/lemtrada-article-20-procedure-measures-minimise-risk-serious-side-effects-multiple-sclerosis-medicine-lemtrada_en.pdf
https://www.ema.europa.eu/en/documents/referral/lemtrada-article-20-procedure-measures-minimise-risk-serious-side-effects-multiple-sclerosis-medicine-lemtrada_en.pdf
https://www.ema.europa.eu/en/documents/referral/zinbryta-article-20-procedure-ema-review-zinbryta-confirms-medicines-risks-outweigh-its-benefits_en.pdf
https://www.ema.europa.eu/en/documents/referral/zinbryta-article-20-procedure-ema-review-zinbryta-confirms-medicines-risks-outweigh-its-benefits_en.pdf
https://www.ema.europa.eu/en/documents/referral/zinbryta-article-20-procedure-ema-review-zinbryta-confirms-medicines-risks-outweigh-its-benefits_en.pdf

	Efficacy and safety of monoclonal antibodies in the treatment of relapsing remitting multiple sclerosis: a systematic review
	Abstract
	Introduction 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methodology
	Search strategy
	Inclusion criteria
	Exclusion criteria
	Data collection and analysis
	Quality assessment and risk of bias

	Results
	Alemtuzumab
	Daclizumab
	Ocrelizumab
	Ofatumumab
	Ublituximab

	Discussion
	Conclusions
	References


