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Abstract

Objective This study aimed to compare the safety profile of high-efficacy disease-modifying therapies (DMTs) natalizumab,
fingolimod, alemtuzumab, cladribine, ocrelizumab, ofatumumab, ozanimod, as well as a potentially high-efficacy DMT,
ponesimod, in adult patients with relapsing—remitting multiple sclerosis (RRMS).

Methods A systematic review with frequentist network meta-analysis (NMA) was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. We included randomized controlled
trials (RCTs) with at least 48-week follow-up investigating the use of natalizumab, fingolimod, alemtuzumab, cladribine,
ocrelizumab, ofatumumab, ozanimod, and ponesimod, as well as other DMTs, in adult patients with RRMS. Eligible studies
were identified by two reviewers in MEDLINE (via PubMed), EMBASE, and Cochrane Library. The Cochrane Collaboration
tool to assess the risk of bias for RCTs was used.

Results A total of 33 RCTs were included in the systematic review and NMA. A higher rate of adverse events (AEs) was
revealed for alemtuzumab versus all other high-efficacy DMTs; for alemtuzumab (average probability of an event: 98.2%)
versus placebo (86.2%); for cladribine (3.5 mg; 90.5%) versus ozanimod (1 mg; 84.2%) and placebo; as well as for ocreli-
zumab (95.5%) versus ozanimod, ofatumumab (88.9%), fingolimod (87.4%), natalizamab (82.8%), and placebo. No significant
differences were found between drugs in terms of serious AEs except for cladribine (3.5 mg, 17.3%) versus ocrelizumab
(10.3%) and ofatumumab (16.6%) versus ocrelizumab. Significant differences in AEs leading to the discontinuation of study
drug were found only for ponesimod (10.1%) versus alemtuzumab (12 mg, 3.0%) and placebo (4.2%). No differences were
found in terms of upper respiratory tract infections, nasopharyngitis, fatigue, and nausea between individual high-efficacy
DMTs as well as between DMTs and placebo. The results of the NMA indicated a higher risk of infections for alemtuzumab
(12 mg) versus ocrelizumab, for cladribine (3.5 mg) versus ofatumumab and placebo, and for ofatumumab versus placebo.
For serious infections and urinary tract infections, a significant increase was found only for alemtuzumab (12 mg) versus
ocrelizumab, while no differences were found between the other DMTs or between DMTs and placebo. Headache was more
common for alemtuzumab (12 mg) as compared with all the other high-efficacy DMTs and placebo, as well as for cladribine
versus natalizumab and fingolimod versus natalizumab.

Conclusion The commonly reported AEs are generally similar among high-efficacy DMTs. However, based on P scores for
most analyzed endpoints, natalizumab and ocrelizumab were shown to be the safest DMTs. Considering the limitations of
indirect comparisons, further research is needed to confirm our findings, preferably head-to-head RCTs and large observa-
tional studies.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory degenera-

D< Pawel Kawalec tive disorder of the central nervous system [1]. There are
pawel kawalec @uj.edu.pl four types of MS, the most frequent being relapsing—remit-
Extended author information available on the last page of the article ting MS (RRMS), which accounts for about 85% of cases.
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The other types are primary progressive MS, secondary
progressive MS, and clinically isolated syndrome [2, 3]. In
2020, about 2.8 million people worldwide suffered from MS
(estimated prevalence 35.9 per 100,000 population) [4]. The
mean age of diagnosis is about 32 years, which means that
the disease affects individuals in their most productive years
of life. As MS leads to significant disability and reduced
quality of life, it is considered a serious social and economic
burden. There is currently no known cure for MS, but there
are treatments that slow down the progression of the dis-
ease and allow patients to function normally in the society.
Since 1993, disease-modifying therapies (DMTs) such as
interferon beta-1a, interferon beta-1b, peginterferon beta-1a,
glatiramer acetate, dimethyl fumarate, teriftunomide, natal-
izumab, fingolimod, cladribine, ocrelizumab, and alemtu-
zumab have been approved for use in patients with relapsing
MS or RRMS [5, 6]. However, despite the availability of
numerous DMTs, the treatment of MS remains a challenge
in modern medicine, and there is an ongoing search for new
drugs with a higher clinical efficacy and a better safety pro-
file compared with the currently available pharmacotherapy.

In the last few years, there has been a dynamic increase
in the number of registered DMTs, with three new thera-
pies approved, including ozanimod (May 2020) [7], ofatu-
mumab (March 2021) [8], and ponesimod (May 2021) [9].
As the available DMTs vary in efficacy, in 2015, the Asso-
ciation of British Neurologists proposed a classification of
DMTs used in the treatment of RRMS into two groups. The
first group included drugs with moderate efficacy (average
relapse reduction in the range of 30-50%), such as interfer-
ons beta, glatiramer acetate, teriflunomide, dimethyl fuma-
rate, and fingolimod, typically used in the first-line setting.
The other group included drugs with high efficacy (average
relapse reduction substantially higher than 50%), namely,
alemtuzumab and natalizumab [10]. According to another
definition, “high-efficacy DMTs” are therapies that are more
effective than the first-line therapies in reducing relapse
rate and disability progression. Current evidence and recent
reviews support the high efficacy of alemtuzumab, natali-
zumab, fingolimod, cladribine, ofatumumab, ozanimod, and
ocrelizumab for RRMS treatment [11-14]. While the newest
DMT, ponesimod, was not included in this list, it also has
the potential to be classified as a high-efficacy drug. Accord-
ing to the results of phase IIIl OPTIMUM trial, published in
2021, ponesimod reduced the relapse rate by 30.5% and was
significantly superior to an active comparator, teriflunomide
[9]. High-efficacy therapies are generally recommended for
patients with rapidly evolving, severe disease or failure of
other therapies [14, 15].

To determine the best therapy for an individual patient,
it is important to consider not only the efficacy but also the
risk of side effects that might significantly affect drug tol-
erability and patient comfort [14, 15]. Although numerous
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studies have been conducted to date, there have been no
direct comparisons of high-efficacy therapies in terms of
the risk of adverse events (AEs). As direct head-to-head
evidence on the safety profile is lacking, indirect evidence
may facilitate decision-making based on the evaluation of
DMT toxicity. Studies published so far have focused mainly
on the assessment of key clinical efficacy parameters, while
providing only an overall assessment of the safety profile
[14-20]. There have been a few systematic reviews with net-
work meta-analyses (NMAs) dedicated solely to in-depth
safety assessment [21]. Moreover, as new DMTs have been
approved for use over the last years and evidence for the
previously approved DMTs has been growing, there is an
ongoing need to update the results of indirect comparisons.
The assessment of the safety profile is important to support
clinicians and patients in the choice of therapy. In addition
to efficacy, the ranking of drugs in terms of individual safety
endpoints may help select the most appropriate drug for an
individual patient out of the numerous available DMTs.
Finally, data on the safety profile of DMTs may provide use-
ful additional information to guide health care policymakers
in their decisions on reimbursement.

Considering the above gaps in knowledge and evidence,
we aimed to compare the safety profile of high-efficacy
DMTs used in adult patients with RRMS. We conducted a
systematic review with an NMA focused on the overall and
in-depth safety assessment of selected high-efficacy DMTs.

Materials and methods
General principles

The systematic review was conducted according to the rec-
ommendations of the PRISMA Extension Statement for
Reporting of Systematic Reviews Incorporating Network
Meta-Analysis of Health Care Interventions [22, 23], a
guideline for conducting and interpreting the NMA (devel-
oped by the International Society for Pharmacoeconomics
and Outcomes Research Task Force [24] and Cipriani et al.
[25]). The systematic review was registered in the PROS-
PERO database (registration number: CRD42021286362)
[26].

Data sources and search

Eligible studies were identified by searching the three
main databases: MEDLINE (via PubMed), EMBASE, and
Cochrane Library. The search was conducted in November
2021. Only studies published in English were considered.
The search strategy was based on the medical subject head-
ing (MeSH) terms or Emtree terms combined with Boolean
logical operators (the complete search strategy is described
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in Supplementary file, Tables 14-21). We also searched trial
registration databases (https://clinicaltrials.gov/ and https://
www.clinicaltrialsregister.eu/), the reference lists of the most
recent systematic reviews on the use of DMTs in RRMS
[16-21], and the reference lists of the included studies.

Selection criteria

Detailed inclusion and exclusion criteria for the systematic
review and meta-analysis (described in Supplementary file,
Tables 22, 23) were generally in line with previous NMAs
[16, 18-20].

Studies were considered eligible if they were prospective
randomized controlled trials (RCTs) published in English,
were conducted in a group of adult patients with a clini-
cal diagnosis of RRMS (> 85% of the population), and had
a follow-up of at least 1 year (i.e., at least 48 weeks) and
involved at least 70 participants in each study arm. In terms
of the interventions, the eligibility criteria were broad and
encompassed not only high-efficacy or potentially high-
efficacy DMTs approved for use (i.e., ofatumumab, ocreli-
zumab, natalizumab, fingolimod, alemtuzumab, ponesimod,
ozanimod, and cladribine) but also other approved DMTs
such as interferon beta-1a, interferon beta-1b, peginterferon
beta-1a, dimethyl fumarate, teriflunomide, and glatiramer
acetate compared with one another or with placebo.

The outcomes of interest were AEs, serious AEs (SAEs),
discontinuation of study drug due to AEs, and individual
AEs most commonly reported in the summary of product
characteristics [7-9, 27-31]. These included infections,
serious infections, upper respiratory tract infections, naso-
pharyngitis, urinary tract infections, fatigue, headache,
and nausea. Non-randomized studies, unpublished studies,
and studies published only as conference abstracts due to
concerns about methodology and/or obtained results were
excluded. If no appropriate data were available in a full-text
publication, information from clinical trial registries was
allowed.

Trials were selected in accordance with the PRISMA rec-
ommendations [22, 23]. The titles and abstracts of studies
identified during the database search were analyzed, follow-
ing which a list of studies that initially met the inclusion cri-
teria was prepared. The next step was the selection of stud-
ies on the basis of full-version articles, considering all the
inclusion and exclusion criteria for the analysis. This yielded
the final list of studies that were then thoroughly assessed
for bias and the reported results. Trials were selected by two
independent reviewers (K. S., O. O.). Any discrepancies at
all stages of the review were resolved through discussion,
consultation with a third reviewer (P.K.), and, finally, by
consensus. However, there was a high degree of compat-
ibility between the reviewers (96%).

Data extraction and quality assessment

Data from included studies were extracted independently
by two reviewers (K. S., O. O.) using a predefined data
extraction form. The following information was extracted
and analyzed to assess the homogeneity of trials: design
(methodology), patient characteristics, treatment regimen
and previous therapy, duration of follow-up/treatment, and
the size of the study arms. The quality of eligible RCTs
was evaluated using the Cochrane risk-of-bias tool for ran-
domized trials [32], which allows an evaluation of specific
domains: sequence generation, allocation concealment,
blinding of participants, blinding of outcome assessment,
incomplete outcome data, selective outcome reporting, and
“other issues.” The domain-based evaluation allows the
assignment of the following ratings to each of the domains:
low risk of bias (““+”), high risk of bias (“~”), or unclear
risk of bias (“?”’). The results of the risk-of-bias assessment
for individual trials were presented graphically using Review
Manager v.5.4.1.

Data analysis and synthesis

The NMA was conducted using the R software netmeta
package [33], which incorporates the graph-theoretical
method of an NMA (vertices, treatments; edges, rand-
omized comparisons) and provides a point estimate from
the network along with 95% confidence intervals (CIs). This
frequentist method is an alternative to a standard NMA con-
ducted within the Bayesian framework [34].

In the NMA, we used consistency and random-effects
models with adjustments for multi-arm studies. All eligible
treatments and their regimens with different doses or dos-
ing intervals from the identified studies were included in
the network, and each treatment at a given dosage regimen
constituted one node (vertex in a graph). However, in the
manuscript, only the treatments of interest at their licensed
dosage regimens were presented: natalizumab (400 mg every
4 weeks intravenously [IV]), fingolimod (0.5 mg every day
orally [PO]), alemtuzumab (12 mg IV), cladribine (3.5 mg/
kg PO), ofatumumab (20 mg every 4 weeks subcutaneously
[SC]), ponesimod (20 mg every day PO), ocrelizumab
(600 mg IV), ozanimod (0.92 [1 mg] mg every day PO),
dimethyl fumarate (240 mg twice a day PO), glatiramer
acetate (20 mg per day SC and 40 mg three times a week
SC), interferon beta-1a (30 pug every week intramuscular
[IM] and 44 pg three times a week SC), interferon beta-1b
(250 pg every other day SC), peginterferon beta-1a (125 pg
every 2 weeks SC), and teriflunomide (7 mg every day PO
and 14 mg every day PO).

All comparisons assessed in the trials, including sub-
optimal and experimental dosage regimens and compara-
tor treatments not assessed in the review, were presented
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in Supplementary file. The heterogeneity of evidence was
assessed using the Q test, I? statistic, and tau values, and
consistency was assessed using the splitting approach and
comparison with direct evidence [35]. Publication bias was
assessed by examining the funnel plot for “small-study
effects.”

The ranking of the treatment was conducted using the P
score, a frequentist equivalent of the surface under the cumu-
lative ranking. A higher P score corresponds to a higher
ranking for safety (i.e., lower risk of AEs) [36]. Caution
should be exercised when interpreting the treatment rank-
ing alone, because it informs only about the probability of
a treatment to be the best while not incorporating the effect
size of the difference between treatments directly. The aver-
age probability of an event along with relative measures
from the NMA should be considered with the treatment
rankings [37, 38].

The NMA was conducted for odds ratio (OR) to calcu-
late the average probability of an event for each treatment,
using the assumed probability in the control arm. The lat-
ter was obtained from the meta-analysis of placebo arms
from all studies included in the NMA, using the random-
effects model based on the Freeman-Tukey (double arcsine)

transformed proportion. The networks were created for each
of the specified clinical outcomes if there were similar defi-
nitions of the outcome and sufficient information reported
in a study.

Results
Search results and included studies

The database search for trials with high-efficacy DMTs and
other DMTs provided a number of RCTs that met the crite-
ria for inclusion in the review and NMA (Fig. 1). Overall,
8831 possibly relevant publications were identified, of which
8706 were excluded after screening the titles and abstracts.
Of the 125 articles assessed in the full-text review, 48 were
excluded (Supplementary file, Table 24) and 33 trials were
included in the review [39-82] (77 references, 31,926
patients randomized). The characteristics of the studies are
presented in Table 1 and Supplementary file, Table 25.

All studies were multicenter randomized phase III tri-
als (except phase I CAMMS223, phase IV REGARD,
and trials with an undefined phase, i.e., INCOMIN, INFB

Fig.1 Search flow diagram

PubMed: 326 (high-efficacy DMT) + 666 (other DMT) = 992

EMBASE: 1306 (high-efficacy DMT) + 1250 (other DMT) = 2556
Cochrane: 1515 (high-efficacy DMT) + 2907 (other DMT) = 4422
Clinical trials registers: 212+143 (high-efficacy DMT) + 317+189 (other
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Table 1 Methodology of trials included in network meta-analysis

Trial Methodology Comparison and number of rand- Length of follow-up
omized patients (N)
ADVANCE RCT, double blind, phase III, multi- Peginterferon beta-1a SC 125 pg 48 weeks—2 years
[83-85] center, parallel groups Q2W (N=512) (at the end of 48 weeks, patients in

AFFIRM [39, 40]

ASCLEPIOS I [41-43]

ASCLEPIOS 1I [41, 44, 45]

ASSESS [46, 47]

BEYOND [48, 49]

BRAVO [50-52]

CAMMS223 [53]

CARE-MS I [55-57]

RCT, double blind, phase III, multi-
center, parallel groups

RCT, double blind, phase III, multi-
center, parallel groups

RCT, rater blind and dose blind,
phase IIIb, multicenter, parallel
groups

RCT, double blind (between two
doses of interferon), phase III,
multicenter, parallel groups

RCT, double blind (placebo vs
laquinimod) or rater blind (placebo
vs interferon beta-1a), phase III,
multicenter, parallel groups

RCT, single blind, phase II, multi-

center, parallel groups

RCT, rater blind, phase III, multi-
center, parallel groups

Vs

Peginterferon beta-1a SC* 125 pug
Q4W (N=500)

Vs

Placebo (N=500)

Natalizumab IV 300 mg Q4W
(N=627)

Vs

Placebo (N=315)

Ofatumumab SC 20 mg Q4W
(N=465)

Vs

Teriflunomide PO 14 mg QD
(N=462)

Ofatumumab SC 20 mg Q4W
(N=481)

Vs

Teriflunomide PO 14 mg QD
(N=474)

Fingolimod PO 0.5 mg QD
(N=352)

Vs

Fingolimod PO 0.25 mg QD*
(N=370)

Vs

Glatiramer acetate SC 20 mg QD
(N=342)

Interferon beta-1b SC 250 ug Q2D
(N=897)

Vs

Interferon beta-1b SC 500 ug Q2D
(N=899)

Vs

Glatiramer acetate SC 20 mg QD
(N=448)

Interferon beta-1a IM 30 uyg QW
(N=447)

Vs

Laquinimod PO 0.6 mg QD *
(N=434)

Vs

Placebo (N=450)

Alemtuzumab IV 12 mg/day (3
courses) (N=113)

Vs

Alemtuzumab IV 24 mg/day* (3
courses) (N=110)

Vs

Interferon beta-1a SC 44 pg TIW
(N=111)

Alemtuzumab IV 12 mg/day (2
courses) (N=386)

Vs

Interferon beta-1a SC 44 ug TIW
(N=195)

the placebo group were randomly
re-assigned to peginterferon beta-1a
125 pg every 2 weeks or 4 weeks)

>2 years (116 weeks)

> 2 years (30 months + 100 days
additional observation after last
dose)

1 year (12 months)

2-3.5 years

2 years (24 months)

3 years (36 months)

2 years
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Table 1 (continued)

Trial Methodology

Comparison and number of rand-
omized patients (N)

Length of follow-up

CARE-MS 1I [58] RCT, rater blind, phase III, multi-

center, parallel groups

CLARITY [61-63] RCT, double blind, phase III, multi-

center, parallel groups

CMSSG [64] RCT, double blind, phase III, multi-

center, parallel groups

CombiRx [65-67] RCT, double blind, phase III, multi-

center, parallel groups

CONFIRM [68-70] RCT, double blind, phase III, multi-

center, parallel groups

DEFINE [71, 72] RCT, double blind, phase III, multi-

center, parallel groups

EVIDENCE [73, 74] RCT, assessor blind, phase III, mul-

ticenter, parallel groups

FREEDOMS [75, 76] RCT, double blind, phase III, multi-

center, parallel groups

Alemtuzumab IV 12 mg/day (2
courses) (N=436)

Vs

Alemtuzumab IV 24 mg* (2
courses) (N=173)

Vs

Interferon beta-1a SC 44 ug TIW
(N=231)

Cladribine PO 3.5 mg/kg (N=433)

Vs

Cladribine PO 5.25 mg/kg*
(N=456)

Vs

Placebo (N=437)

Glatiramer acetete SC 20 mg QD
(N=125)

\S

Placebo (N=126)

Interferon beta-1a IM 30 pg
QW + glatiramer acetate SC 20 mg
QD* (N=499)

Vs

Interferon beta-1a IM 30 pg QW
(N=250)

Vs

Glatiramer acetate SC 20 mg QD
(N=259)

Dimethyl fumarate PO 240 mg BID
(N=362)

Vs

Dimethyl fumarate PO 240 mg*
TID (N=345)

Vs

Glatiramer acetate SC 20 mg QD
(N=360)

Vs

Placebo (N=363)

Dimethyl fumarate PO 240 mg BID
(N=410)

Vs

Dimethyl fumarate PO 240 mg*
TID (N=416)

\J

Placebo (N=408)

Interferon beta-1a SC 44 pg TIW
(N=339)

Vs

Interferon beta-1a IM 30 ug QW
(N=338)

Fingolimod PO 0.5 mg QD
(N=425)

Vs

Fingolimod PO 1.25 mg QD*
(N=429)

Vs

Placebo (N=418)

2 years

Nearly 2 years (96 weeks)

2 years

3 years (36 months)

2 years (96 weeks)

2 years

1 year (48 weeks)

2 years (24 months)
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Table 1 (continued)

Trial

Methodology

Comparison and number of rand-
omized patients (N)

Length of follow-up

FREEDOMS 11 [77, 78]

GALA [79-81]

INCOMIN [82]

INFB MS [86]

MSCRG [87]

OPERA I [88-92]

OPERA 1II [88-92]

Optimum [93-95]

PRISMS [96]

RADIANCE [97-99]

RCT, double blind, phase III, multi-
center, parallel groups

RCT, double blind, phase III, multi-
center, parallel groups

RCT, double blind, multicenter,
parallel groups

RCT, double blind, multicenter,
parallel groups

RCT, double blind, phase III, multi-
center, parallel groups

RCT, double blind, phase III, multi-
center, parallel groups

RCT, double blind, phase III, multi-
center, parallel groups

RCT, double blind, phase III, multi-
center, parallel groups

RCT, double blind, multicenter,
parallel groups

RCT, double blind, phase III, multi-
center, parallel groups

Fingolimod PO 1.25 mg QD*
(N=370)

Vs

Fingolimod PO 0.5 mg QD
(N=358)

Vs

Placebo (N=355)

Glatiramer acetate SC 40 mg TIW
(N=943)

'S

Placebo (N=461)

Interferon beta-1b SC 250 ng Q2D
(N=96)

\J

Interferon beta-1a IM 30 ug QW
(N=92)

Interferon beta-1b SC 250 ug Q2D
(8.0 MIU) (N=124)

Vs

Interferon beta-1b SC 50 ug Q2D
(1.6 MIU) (N=125)

Vs

Placebo (N=123)

Interferon beta-1a IM 30 uyg QW
(N=158)

Vs

Placebo (N=143)

Ocrelizumab IV 600 mg Q24W
(N=410)

Vs

Interferon beta-1a SC 44 ug TIW
(N=411)

Ocrelizumab IV 600 mg Q24W
(N=417)

Vs

Interferon beta-1a SC 44 pg TIW
(N=418)

Ponesimod PO 20 mg QD (N=567)

Vs

Teriflunomide PO 14 mg QD

(N=566)

Interferon beta-1a SC 22 ug TIW*
(N=189)

Vs

Interferon beta-1a SC 44 pg TIW
(N=184)

Vs

Placebo (N=187)

Ozanimod PO 0.5 mg QD*
(N=443)

Vs

Ozanimod PO 1.0 mg QD (N=434)

Vs

Interferon beta-1a IM 30 ug QW
(N=443)

2 years (24 months)

12 months

24 months

2-3 years (safety reported during
2 years)

2 years (104 weeks)

About 2 years (96 weeks)

About 2 years (96 weeks)

108 weeks +up to 30 days for safety

2 years

2 years (24 months)
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Table 1 (continued)

Trial Methodology

Comparison and number of rand-

Length of follow-up

omized patients (N)

REGARD [100, 101] RCT, open-label, phase IV, multi-
center, parallel groups

\S}

Interferon beta-1a SC 44 pg TIW
(N=386)

About 2 years (96 weeks)

Glatiramer acetate SC 20 mg QD
(N=378)

SUNBEAM [102-104] RCT, double blind, phase III, multi-

center, parallel groups Vs

Ozanimod PO 0.5 mg QD (N=451)

1 year (12 months)

Ozanimod PO 1.0 mg QD (N=447)

\H]

Interferon beta-1a IM 30 ug QW
(N=448)

TEMSO [105-107] RCT, double blind, phase III, multi-
center, parallel groups

\S

Teriflunomide PO 7 mg QD
(N=365)

About 2 years (108 weeks)

Teriflunomide PO 14 mg QD
(N=358)

\S}

Placebo (N=363)

TENERE [108-110] RCT, rater blind, phase I1I, multi-

center, parallel groups

Teriflunomide PO 7 mg QD
(N=109)

About 1 year (48 weeks)

Teriflunomide PO 14 mg QD
(N=111)

\S

Interferon beta-1a SC 44 ug TIW
(N=104)

TOWER [111-113] RCT, double blind, phase III, multi-
center, parallel groups

Vs

Teriflunomide PO 7 mg QD
(N=408)

About 1 year (48 weeks)

Teriflunomide PO 14 mg QD
(N=372)

Vs

Placebo (N=389)

TRANSFORMS [114, 115] RCT, double blind, phase III, multi-

center, parallel groups Vs

Fingolimod PO 1.25 mg* (N=426)

1 year (12 months)

Fingolimod PO 0.5 mg QD
(N=431)

\S

Interferon beta-1a IM 30 ug QW
(N=435)

BID two times a day; IM intramuscular; [V intravenous; MU million international units; N number of randomized patients; PO orally; QW once
weekly; O4W once every 4 weeks; 024W once every 24 weeks; QD once daily; 02D every other day; SC subcutaneously; RCT randomized
controlled trial; 7ID three times in day; 7IW 3 times a week. *Intervention or dosing not registered or which are not the aim of the analysis, but

included in network

MS, and PRISMS) with a parallel design. Most trials
were double blind, except ASSESS (rater and dose blind),
BEYOND (double blind only between two doses of inter-
feron), BRAVO (double blind only for a comparison of pla-
cebo versus laquinimod but rater blind for placebo versus
interferon beta-1a), CAMMS223 (single blind), CARE-MS
I, CARE-MS II, and TENERE (rater blind), EVIDENCE
(assessor blind), and REGARD (open label). The length of
follow-up in most trials (n =20) was about 2 years; however,
8 studies reported 1-year results (ADVANCE, ASSESS,
EVIDENCE, GALA, SUNBEAM, TENERE, TOWER,

@ Springer

TRANSFORMS) and 5 studies had a follow-up longer than
2 years (ASCLEPIOS I and II, BEYOND, CAMMS223,
CombiRx). Although some studies included patients with
relapsing MS, ultimately over 91% of the participants of all
trials were adults with RRMS. The majority of patients were
women (62-81%), and the baseline Expanded Disability
Status Scale (EDSS) score ranged from 1.9 (CAMMS223,
CombiRx) to 3.0 (INFB MS), which indicates mild disabil-
ity. The duration of MS from the first symptoms ranged from
1.0 (CombiRx) to 10.6 (FREEDOMY) years, and the number
of relapses in the last year ranged from 1.0 (BRAVO) to
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3.6 (INFB MS). In BEYOND, CAMMS223, CARE-MS I,
CMSSG, CombiRx, INCOMIN, INFB MS, and MSCRG
trials, the enrolled patients were previously untreated with
any DMTs or selected DMTs, while in AFFIRM, EVI-
DENCE, and REGARD, patients had not used DMTs for
a few months before randomization. If patients previously
treated with DMTs were included, usually a discontinua-
tion (wash-out) period before the entry into the study was
required, and patients using the study drug were excluded.
In the identified trials, high-efficacy DMTs were either com-
pared with placebo (AFFIRM, CLARITY, FREEDOMS,
FREEDOMS II) or with active comparators such as inter-
feron beta-1a (CAMMS223, CARE-MS I and II, OPERA 1
and II, RADIANCE, SUNBEAM, TRANSFORMY)), terif-
lunomide (ASCLEPIOS I and II, Optimum), and glatiramer
acetate (ASSESS). The risk-of-bias assessment is presented
in Fig. 2. The majority of the included trials had a low risk
of bias.

NMA results

Thirty-three trials were homogeneous enough to be included
in the NMA (Fig. 5). Not all predefined endpoints were
reported in each trial. The final number of trials for each
endpoint is presented in Supplementary file, Table 26. The
results of the NMA included the ranking of high-efficacy
DMTs, general and detailed assessment of the safety profile,
sensitivity analysis (excluding trials with 1-year follow-up),
and assessment of the networks.

Ranking of high-efficacy DMTs

The P score—based ranking of high-efficacy DMTs (includ-
ing the registered dosages only) is presented in Table 2 and
in Supplementary file, Table 41 (all dosage regimens from
clinical trials).

The results indicated that individual drugs under evalua-
tion are ranked differently depending on the safety endpoint.
Considering the rate of any AEs, ozanimod (1 mg) and natal-
izumab were the best treatment options, while alemtuzumab
(12 mg) had the lowest ranking. Interestingly, in terms of
treatment discontinuation due to AEs, the best option was
alemtuzumab (12 mg) and the worst option was ponesimod.
Ocrelizumab had the highest P score in terms of serious AEs
and serious infection, while for any infections, ofatumumab
was ranked as the best option.

Considering individual AEs, natalizumab had the highest
ranking of the study drugs in terms of urinary tract infec-
tions, fatigue, and headache, while alemtuzumab (12 mg)
ranked the lowest for urinary tract infections and headache
and next to the lowest for fatigue. Ozanimod (1 mg) and
ofatumumab were assessed as the safest drugs according
to the P score for upper respiratory tract infections, while
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Fig. 2 Risk-of-bias assessment

@ Springer



5488

Neurological Sciences (2022) 43:5479-5500

Headache Nausea

Fatigue

Infections  Serious infections® Upper respira- ~ Nasopharyngitis Urinary

Discontinuation
due to adverse

events

Serious

Table 2 P score (overall rank based on P score among high-efficacy DMTs and placebo) for assessed endpoints. Numbers in the parenthesis indicate the DMT’s position in the ranking

High-efficacy DMT  Adverse events

@ Springer

tract infec-

tion

tory tract infec-

tion

adverse

events®

0.598 (2)
0.501 (3)

0.336 (8) 0.042 (9)

0.693 (2) 0.320(8)

0.113 (9)
0.789 (2)
0.525 (4)
0.796 (1)

0.626 (1)
0.257 (9)
0.447 (6)
0.469 (5)
0.538 (3)
0.616 (2)
0.311 (8)
0.397 (7)
0.509 (4)

0.581 (3)
0.139 (8)
0.386 (6)
n/a

0.552 (4)
0.746 (2)
0.762 (1)

0.505 (4)
0.453 (5)
0.185 (8)
0.524 (3)
0.924 (1)
0.415 (6)

n/a

0.320 (7)
0.180 (8)
0.326 (6)
0.420 (5)
0.792 (2)
0.826 (1)

0.901 (1)

0.558 (4)
0.140 (9)
0.463 (5)
0.675 (2)
0.833 (1)
0.148 (8)
0.669 (3)
0.320 (6)
0.225 (7)

0.022 (9)
0.430 (7)
0.695 (4)
0.884 (2)
0.146 (8)
0.574 (5)
0.890 (1)
0.799 (3)
0.480 (6)

ALE 12 mg

0.481 (7)

CLA 3.5 mg

0.452 (4)

n/a

0.354 (7) 0.444 (6)
0.845 (1) 0.947 (1)

0.665 (3) 0.359 (7)

0.585 (4)
0.509 (6)
0.574 (5)
0.415 (8)
0.760 (3)
0.822 (2)
0.260 (9)

FIN 0.5 mg
NAT
OCR
OFA

n/a

0.629 (3)
0.390 (6)
0.340 (8)
0.346 (7)
0.507 (5)

0.338 (6)
0.109 (7)
0.623 (1)

0.456 (5) 0.499 (5)
0.285(9) 0.609 (4)
0.418 (6) 0.690 (2)

0.542 (4) 0.653 (3)

0.727 (3)
0.432 (4)

n/a

OZA 1 mg
PBO

0.382 (7)
0.463 (5)

0.674 (2)
0.319 (7)

0.369 (5)

PON

ALE alemtuzumab, CLA cladribine, FIN fingolimod, n/a not assessed, NAT natalizumab, OCR ocrelizumab, OFA ofatumumab, OZA ozanimod, PBO placebo, PON ponesimod; *due to some

discrepancies in terms of definitions of serious adverse events among the trials, the results should be interpreted with caution

alemtuzumab for nasopharyngitis. The rate of nausea was
not reported for natalizumab and ocrelizumab, while alem-
tuzumab (12 mg) was ranked as the best option among the
remaining high-efficacy DMTs, next to placebo.

General safety profile

The general safety profile was assessed in terms of any AEs,
SAEs, and discontinuation of the study drug due to AEs.
The included trials generally applied uniform definitions of
an AE and discontinuation due to AEs, which allowed us to
conduct a credible NMA (Tables 3, 5, Supplementary file,
Table 30, 32). There were no significant differences between
high-efficacy drugs except the following: (1) alemtuzumab
(12 mg) increased the rate of any AEs as compared with all
other DMTs and placebo (p <0.05); (2) cladribine (3.5 mg)
increased the rate of any AEs as compared with ozanimod
(1 mg) and placebo (p <0.05); and (3) ocrelizumab increased
the rate of any AEs as compared with ofatumumab, ozani-
mod (1 mg), fingolimod, natalizumab, and placebo (p <0.05)
(Table 3). The average probability of an AE was the highest
for alemtuzumab (12 mg) and the lowest for natalizumab
(98.2% [95% CI: 95.5; 99.3] vs 82.8% [95% CI: 70.9; 90.5])
(Fig. 3). There were no significant differences between high-
efficacy DMTs in terms of discontinuation due to AEs except
for ponesimod versus alemtuzumab (12 mg) and placebo
(Table 5). The average probability of discontinuation due
to AEs was the highest for ponesimod (10.1%; 95% CI: 4.7,
20.4) and the lowest for alemtuzumab (12 mg) (3.0%; 95%
CI: 1.3; 6.7). However, the differences between DMTs were
generally small (Fig. 3).

The definitions of a SAE slightly differed between the tri-
als, depending on whether they considered MS as a SAE or
not (Supplementary file, Table 27). This may have affected
the results of this NMA. Considering only trials of high-effi-
cacy DMTs, MS relapse was considered a SAE in ASSESS,
FREEDOMS, and AFFIRM trials, unlike in ASCLEPIOS 1
and II trials, which did not include it in the definition of a
SAE. On the other hand, CARE-MS I and II trials performed
separate analyses for SAEs with and without MS. Consid-
ering all trials irrespective of the definition of SAE, there
were no differences between high-efficacy DMTs in the rate
of SAEs, with the exception of a higher risk for cladrib-
ine (3.5 mg) versus ocrelizumab (Table 4, Supplementary
file, Table 31) and ofatumumab versus ocrelizumab (both
p <0.05). The average probability of a SAE was the highest
for cladribine (3.5 mg) (17.3%; 95% CI: 11.1; 25.9) and the
lowest for ocrelizumab (8.7%; 95% CI: 5.2; 14.4) (Fig. 3).

Selected adverse events

In a more detailed analysis of the safety profile, DMTs were
assessed for individual AEs, including general infections,
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Table 3 Results of a comparative analysis of high-efficacy DMTs (at
registered dosage) in terms of adverse events presented as ORs with
95% Cls (statistically significant results are bolded). ALE alemtu-

zumab, CLA cladribine, FIN fingolimod, NAT natalizumab, OCR
ocrelizumab, OFA ofatumumab, OZA ozanimod, PBO placebo, PON
ponesimod

ALE_12mg

5.61(2.10 to

15.02) CLA_3.5mg

7.67(2.95t0 | 1.37 (0.88to

19.96) 2.13) FIN_0.5mg

11.09(3.50to | 1.98(0.93to | 1.45(0.69 to

35.16) 4.19) 3.05) NAT_IV

252(133t0 | 045(0.19t0 |0.33(0.15to [0.23(0.08t0 | o

4.75) 1.04) 0.73) 0.64)

6.65 (2.49 to 1.18 (0.72 to 0.87 (0.53 to 0.60 (0.27 to 2.64 (1.15 to OFA

17.73) 1.96) 1.41) 1.31) 6.08)

10.04(3.83t0 | 179(113to |131(090to |091(043to [3.99(177t0 [151(091t0 | 0

26.34) 2.83) 1.89) 1.93) 9.00) 2.50) Mg
853(336to |152(L10to |111(0.82to |077(039to |339(156to |128(0.87to |0.85(061t0 | o0
21.65) 2.09) 1.51) 1.52) 7.35) 1.89) 1.18)

595(215t0 | 106(0.60t0 |0.78(044to |054(023to |237(0.98to |0.90(058t0 |0.59(033t0 [070(044t0 |,
16.46) 1.88) 1.36) 1.23) 5.68) 1.39) 1.05) 1.12)

serious infections, upper respiratory tract infections, naso-
pharyngitis, and urinary tract infections as well as other
commonly reported AEs such as fatigue, headache, and
nausea (Table 5).

The trials differed slightly in the way they reported on
infections and serious infections (Supplementary file,
Table 27). In some studies, infections were classified accord-
ing to the MedDRA system organ class, that is, as “infections
and infestations,” while in other trials, they were reported
only as “infections” or “any infection-associated event.” The
differences in definitions might have impacted the obtained
results. Considering all trials irrespective of the definition
of infections (Table 6), there were no differences between
DMTs in terms of infections, except for the following: (1) an
increased rate of infections for alemtuzumab (12 mg) versus
ocrelizumab; (2) an increased rate of infections for cladrib-
ine (3.5 mg) versus ofatumumab and ozanimod (1 mg); and
(3) alower rate of infections for ofatumumab versus placebo.
The average probability of any infections was the highest
for cladribine (3.5 mg) (62.0%; 95% CI: 55.5; 68.1) and the
lowest for ocrelizumab (47.2%; 95% CI: 33.6; 61.2), with a
difference between the two DMTs of nearly 15% (Fig. 4).
In the case of serious infections (Table 7), a significant
increase was found only for alemtuzumab (12 mg) versus
ocrelizumab. The average probability of serious infections
was generally low and not significantly different between
individual high-efficacy DMTs, with the highest rate of 4.6%
(95% CI: 1.5; 13.3) for fingolimod and the lowest rate of
0.4% for ocrelizumab (95% CI: 0.0; 4.6) (Fig. 4).

There were no significant differences among individual
high-efficacy DMTs as well as between DMTs and placebo
in the rate of upper respiratory tract infections (Table 8),
nasopharyngitis (Table 9), and fatigue (Table 11). How-
ever, due to differences in reporting, the natalizumab
trial was excluded from the NMA for upper respiratory
tract infections. There were generally minor differences
between the drugs with the highest and the lowest average

probability (Fig. 4), with an 8.1% difference in the average
probability of an event for upper respiratory tract infec-
tions (cladribine: 18.8%; 95% CI: 12.8; 26.8 vs ozani-
mod: 10.7%; 95% CI: 6.3; 17.5), 4.8% for nasopharyngitis
(cladribine: 21.3%; 95% CI: 15.5; 28.6 vs alemtuzumab:
16.5%; 95% CI: 10.6; 24.8), and 5.3% for fatigue (ozani-
mod: 11.5%; 95% CI: 5.3; 23.2 vs natalizumab: 6.2%; 95%
CI: 3.5; 10.6).

Considering urinary tract infections (Table 10), no
significant differences were found between individual
high-efficacy DMTs as well as between DMTs and pla-
cebo, except for alemtuzumab (12 mg), which showed a
higher rate of urinary tract infections versus ocrelizumab
(Table 11). The average probability of an event was the
highest for alemtuzumab (12 mg) (15.1%; 95% CI: 7.2;
29.2) and the lowest for natalizumab (5.9%; 95% CI: 2.8;
12.0) (Fig. 4).

No significant differences between high-efficacy drugs
were revealed for headache (Table 12), except the follow-
ing: (1) alemtuzumab (12 mg) versus all the other high-
efficacy DMTs and placebo; (2) cladribine (3.5 mg) versus
natalizumab; and (3) fingolimod (0.5 mg) versus natali-
zumab. The average probability of an event was notably
higher for alemtuzumab (12 mg) (50.3%; 95% CI: 33.5;
67.1) as compared with all the other DMTs. The difference
between alemtuzumab and the drug with the lowest aver-
age probability of an event (i.e., natalizumab, 11.5%; 95%
CI: 6.0; 20.9) reached almost 39% (Fig. 4).

The NMA showed no significant differences between
high-efficacy drugs in the rate of nausea (Table 13). How-
ever, information on the rate of nausea was lacking in the
natalizumab and ocrelizumab trials. The average prob-
ability of an event was the highest for ozanimod (1 mg)
(26.4%; 95% CI: 7.6; 60.8). It was more than twofold
higher than for alemtuzumab (12 mg) (10.1%; 95% CI:
4.7; 20.3) and about twofold higher than for other DMTs
(Fig. 4).
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Fig.3 The average probability of A adverse events, B serious adverse
events, C discontinuation due to adverse events in relation to placebo
(dotted line) for high-efficacy DMTs. ALE alemtuzumab, CLA clad-
ribine, FIN fingolimod, NAT natalizumab, OCR ocrelizumab, OFA
ofatumumab, OZA ozanimod, PON ponesimod
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Sensitivity analysis

After excluding trials with a follow-up duration of only
1 year, the results of the sensitivity analysis showed simi-
lar statistical significance as those of the base-case analysis
for AEs, serious AEs, discontinuation due to AEs, upper
respiratory tract infections, nasopharyngitis, urinary tract
infections, headache, and nausea for all high-efficacy DMTs
versus placebo. We were unable to conduct an NMA for
infections, serious infections, and fatigue, because there
were not enough trials assessing these outcomes after a
follow-up of at least 2 years.

Assessment of the networks

The level of heterogeneity of the effect sizes (Supplemen-
tary file, Table 42) was low in the networks assessing AEs,
SAEs, infections, serious infections, and fatigue (P=0%
for all) as well as in those assessing upper respiratory tract
infections (I*=11.9%) and nasopharyngitis (/>=0.8%). A
moderate heterogeneity was noted for the networks assessing
discontinuation due to AEs (I2 =40.1%), urinary tract infec-
tions (I>=37.1%), and nausea (I”=35.5%), while moderate
substantial heterogeneity was observed for those assessing
headache (I*=60.2%). Overall, significant heterogeneity
(within designs) was found only in the network for head-
ache (p=0.0004).

There was evidence of inconsistency in the networks for
discontinuation due to AEs and headache, which reached
borderline significance (between designs; p=0.0384 and
p=0.0517, respectively). The splitting approach revealed
a disagreement between direct and indirect evidence for
alemtuzumab (12 mg) versus interferon beta-1a (44 ug)
and alemtuzumab (24 mg) versus interferon beta-1a (44 pg)
studies in the headache network. Moreover, a disagreement
was found for dimethyl fumarate versus glatiramer acetate
and glatiramer acetate versus interferon beta-1b studies in
the network for discontinuation due to AEs. Therefore, the
results of those networks should be interpreted with caution.

The evidence for alemtuzumab (12 mg) was a major
contribution to the observed heterogeneity of the network
for headache (total heterogeneity and heterogeneity within
designs) and urinary tract infections (only total heteroge-
neity). The heterogeneity within designs for the headache
network may be due to the duration of alemtuzumab trials
and the number of randomized patients (CAMMS?223 trial:
36-month follow-up, about 110 patients per group; CARE-
MS I and II trials: 2-year follow-up and a higher number of
randomized patients than in CAMMS223).

Considering the network for discontinuation due
to AEs, the heterogeneity was caused mainly by glati-
ramer acetate and dimethyl fumarate studies. Because
these studies differed in design (four-arm, three-arm, or
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Table 4 Results of a comparative analysis of high-efficacy DMTs (at
registered dosage) in terms of serious adverse events presented as

alemtuzumab, CLA cladribine, FIN fingolimod, NAT natalizumab,
OCR ocrelizumab, OFA ofatumumab, OZA ozanimod, PBO placebo,

ORs with 95% CIs (statistically significant results are bolded). ALE PON ponesimod
ALE_12mg
0.61(0.30 to
1.26) CLA_3.5mg
0.91(0.53to | 1.49(0.84to
1.57) 2.64) FIN_0.5mg
1.09 (0.60to | 1.79(0.98to | 1.20(0.79 to
2.01) 3.30) 1.82) NAT_IV
133(0.84t0 | 2.19(1.02to |147(081to |122(064t0 | o
2.11) 4.67) 2.64) 2.33)
0.64(033to | 105(054t0 |0.70(043to |059(0.34to |0.48(0.24t0 |
1.23) 2.06) 1.17) 1.01) 0.96)
111(0.56to | 1.82(0.87to | 1.22(0.70to | 1.01(054t0 | 083(0.41to |173(0.87t0 | .\
2.19) 3.81) 2.13) 1.90) 1.70) 3.43) —me
0.81(049t0 | 1.33(0.80to |089(0.69to |074(0.53to |061(0.35t0 |1.26(0.81to |0.73(043t0 | o0
1.35) 2.22) 1.15) 1.03) 1.06) 1.96) 1.25)
0.70(0.34to | 114(0.55t0 |0.77(0.43to | 064(0.35t0 |052(0.25t0 |1.09(0.64t0 |0.63(030to |0.86(051t0 |
1.41) 2.36) 1.35) 1.17) 1.10) 1.85) 1.31) 1.44)

Table 5 Results of a comparative analysis of high-efficacy DMTs (at
registered dosage) in terms of discontinuation of the study drug due
to adverse events presented as ORs with 95% ClIs (statistically sig-

nificant results are bolded). ALE alemtuzumab, CLA cladribine, FIN
fingolimod, NAT natalizumab, OCR ocrelizumab, OFA ofatumumab,
OZA ozanimod, PBO placebo, PON ponesimod

ALE_12mg

0.41(0.11to

1.50) CLA_3.5mg

0.49(0.20t0 | 1.19 (0.41to

1.20) 3.44) FIN_0.5mg

0.44(0.13to | 1.06(0.29to | 0.89 (0.35 to

1.43) 3.86) 2.25) NAT_IV

049(020t0 | 1.19(034to |0.99(043t0 |L12(0.35t0 | o

1.18) 4.19) 2.31) 3.54)

038(013t0 |091(027to |076(034to |0.86(0.29t0 |0.77(0.28t0 | .

1.06) 3.06) 1.70) 2.58) 2.08)

069 (023t0 | 167(047to |140(061to |158(0.50to |141(049to |183(064t0 | .

2.04) 5.90) 3.19) 4.99) 4.02) 5.21) —+Mg
070(030to |171(064to |143(0.97to |161(0.70to |144(0.65t0 |188(0.92to |102(046t0 | .-
1.63) 4.57) 2.13) 3.73) 3.19) 3.82) 2.26)
0.28(0.09to |067(0.19to [0.56(0.23to | 0.63(0.20to |[0.57(0.19to [0.74(0.31to [040(013t0 [039(07t0 | o
0.85) 2.42) 1.39) 2.06) 1.67) 1.76) 1.24) 0.90)

Table 6 Results of a comparative analysis of high-efficacy DMTs (at
registered dosage) in terms of infections as ORs with 95% ClIs (statis-
tically significant results are bolded). ALE alemtuzumab, CLA clad-

ribine, FIN fingolimod, NAT natalizumab, OCR ocrelizumab, OFA
ofatumumab, OZA ozanimod, PBO placebo, PON ponesimod

ALE_12mg

0.91 (0.48 to

1.73) CLA_3.5mg

1.04(0.53to | 1.13 (0.74 to

2.02) 1.73) FIN_0.5mg

112 (057to | 1.22(0.80to | 1.08 (0.68 to

2.19) 1.88) 1.72) NAT_IV

167(123t0 [183(097t0 |161(0.84t0 |149(077t0 | o

2.26) 3.43) 3.11) 2.89)

162(0.92to [178(116t0 |157(0.98t0 |145(091to |0.97(056t0 |

2.87) 2.72) 2.50) 2.32) 1.70)

147(0.74t0 | 161(103to [142(087t0 [132(081t0 |088(045t0 |091(056t0 | .,
2.92) 2.52) 2.31) 2.15) 1.73) 1.48) etk
112(0.63to |123(0.94t0 [109(078t0 [101(072t0 |067(038t0 |0.69(0.50t0 |076(053t0 | oo
2.01) 1.61) 1.51) 1.40) 1.19) 0.97) 1.10)
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Fig.4 The average probability of A infections, B serious infections,
C upper respiratory tract infections, D nasopharyngitis, E urinary
tract infections, F fatigue, G headache, H nausea, in relation to pla-

Table 7 Results of a comparative analysis of high-efficacy DMTs (at
registered dosage) in terms of serious infections as ORs with 95% Cls
(statistically significant results are bolded). ALE alemtuzumab, CLA
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cebo (dotted line) for high-efficacy DMTs. ALE alemtuzumab, CLA
cladribine, FIN fingolimod, NAT natalizumab, OCR ocrelizumab,
OFA ofatumumab, OZA ozanimod, PON ponesimod

cladribine, FIN fingolimod, NAT natalizumab, OCR ocrelizumab,
OFA ofatumumab, OZA ozanimod, PBO placebo, PON ponesimod

ALE_12mg

0.82 (0.06 to

11.23) CLA_3.5mg

0.43(0.03to | 0.52(0.12to

6.31) 2.37) FIN_0.5meg

0.95(0.07to | 1.16 (0.32t0 | 2.22 (0.54to

12.42) 4.19) 9.21) NAT_IV

465(152t0 | 567(0.43t0 |10.83(0.77t0 |4.87(03%%0 | o

14.21) 74.50) 153.11) 60.89)

079(0.07to [096(0.26t0 |183(043t0 |0.83(024t0 |0.07(002t0 | .\

9.26) 3.59) 7.88) 2.79) 1.91)

119(0.11t0 |146(055t0 [278(088to |1.25(055to |026(0.02to |152(0.62t0 | o
13.54) 3.86) 8.82) 2.88) 2.79) 3.70)
061(004to |0.74(0.15t0 [142(026t0 |064(014t0 [0.13(001t0 [077(022t0 [051(0.14t0 |,
8.39) 3.67) 7.86) 2.90) 1.73) 2.74) 1.81)
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Table 8 Results of a comparative analysis of high-efficacy DMTs (at
registered dosage) in terms of upper respiratory tract infections as

ORs with 95% CIs. ALE alemtuzumab, CLA cladribine, FIN fingoli-

ALE_12mg

0.62 (0.28 to

1.38) CLA_3.5mg

0.83(0.42to | 1.35(0.81to

1.64) 2.25) FIN_0.5mg

0.97(0.62to | 1.57(070to | 1.17(059t0 | o

1.52) 3.52) 2.30)

1.16 (0.54to | 1.87 (0.97 to 1.39 (0.82 to 1.19 (0.56 to OFA

2.46) 3.62) 2.34) 2.53)

1.20(0.53to | 1.94 (0.93 to 1.44 (0.82 to 1.23(0.54to | 1.03 (0.50 to 0ZA 1m

2.72) 4,03) 2.52) 2.80) 2.15) -1me

0.83(0.43 to 1.34 (0.85to 1.00(0.79to | 0.85(0.44t0 | 0.72(0.45t0 | 0.69 (0.39 to PBO
1.61) 2.13) 1.25) 1.66) 1.15) 1.23)

0.89(0.40 to 1.43(0.70 to 1.06 (0.59t0 | 0.91(0.41to | 0.77(0.46to | 0.74(0.34to 1.07 (0.62 to PON
1.98) 2.93) 1.91) 2.04) 1.28) 1.62) 1.84)

Table 9 Results of a comparative analysis of high-efficacy DMTs (at
registered dosage) in terms of nasopharyngitis infections as ORs with

95% Cls. ALE alemtuzumab, CLA cladribine, FIN fingolimod, NAT

ALE_12mg
0.73 (0.38 to
1.39) CLA_3.5mg
0.85(0.50t0 | 1.17 (0.76 to
1.47) 1.82) FIN_0.5mg
0.87(0.48to | 1.19(0.73to | 1.02(0.71to
NAT_IV
1.56) 1.94) 1.45) -
0.93(0.62to | 1.28(0.66to | 1.09 (0.63to | 1.07 (0.59 to OCR
1.40) 2.45) 1.89) 1.95)
098(055t0 | 134(0.80t0 |1.14(0.77to |112(072to | 1.05(0.58t0 | .\
1.75) 2.25) 1.70) 1.77) 1.90)
0.76 (0.39to | 1.05(0.59to | 0.89(0.59to | 0.88(0.53to | 0.82(0.42to | 0.78(0.45to OZA 1m
1.48) 1.86) 1.35) 1.47) 1.60) 1.35) M8
0.83(0.50to | 1.14(0.77to | 0.97(0.79to | 0.96(0.72to | 0.89(0.53to | 0.85(0.60to | 1.09(0.71to PBO
1.39) 1.68) 1.19) 1.28) 1.51) 1.20) 1.66)
0.90(0.49to | 1.24(0.71to | 1.06(0.68to | 1.04(0.64to | 0.97(0.52to |0.92(0.63to | 1.18(0.66to | 1.08(0.73to PON
1.66) 2.15) 1.64) 1.69) 1.80) 1.36) 2.10) 1.61)

Table 10 Results of a comparative analysis of high-efficacy DMTs
(at registered dosage) in terms of urinary tract infections as ORs

with 95% Cls (statistically significant results are bolded). ALE alem- ponesimod
ALE_12mg
2.72(0.93 to
7.92) CLA_3.5mg
1.91(0.80t0 | 0.70(033to
4.52) 1.50) FIN_0.5mg
2.85(0.91to | 1.05(038to | 1.50(0.63to
8.94) 2.93) 3.53) NATIV
217(117to | 080(0.28to |114(049to [076(025t0 | .o
4.01) 2.30) 2.65) 2.35)
165(061to |0.61(024t0 |0.86(042to |058(021to [076(0.29t0 | o
4.44) 1.51) 1.76) 1.56) 2.01)
153(051to |0.56(0.20to |0.80(037t0 |054(0.18to [0.70(0.24t0 |093(034t0 [ )
4.55) 1.59) 1.74) 1.63) 2.07) 2.53) -me
163(0.71to | 0.60(031to |086(0.60to |0.57(0.26to [075(033t0 [0.99(0.53to |1.07(048t0 | oo
3.76) 1.17) 1.23) 1.25) 1.70) 1.84) 2.38)
187(062to |0.69(0.24t0 |098(041to |0.66(0.22t0 |0.86(029to |114(0.52to |123(040to |L15(052t0 | o0
5.69) 1.95) 2.35) 2.00) 2.59) 2.50) 3.77) 2.55)

two-arm studies), the presence of numerous arms may

have resulted in an inconsistency between direct and indi-

rect evidence.

mod, NAT natalizumab, OCR ocrelizumab, OFA ofatumumab, OZA
ozanimod, PBO placebo, PON ponesimod

natalizumab, OCR ocrelizumab, OFA ofatumumab, OZA ozanimod,
PBO placebo, PON ponesimod

tuzumab, CLA cladribine, FIN fingolimod, NAT natalizumab, OCR
ocrelizumab, OFA ofatumumab, OZA ozanimod, PBO placebo, PON

Overall, the ORs from all NMA models (direct and indi-

rect evidence combined) were similar to direct evidence

(meta-analyses of head-to-head studies). No trace of pub-

lication bias was found in any of the networks.
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Table 11 Results of a comparative analysis of high-efficacy DMTs
(at registered dosage) in terms of fatigue as ORs with 95% Cls. ALE
alemtuzumab, CLA cladribine, FIN fingolimod, NAT natalizumab,

OCR ocrelizumab, OFA ofatumumab, OZA ozanimod, PBO placebo,
PON ponesimod

ALE_12mg

1.44 (0.58 to

3.61) CLA_3.5mg

1.05(0.52to | 0.73(0.37to

2.11) 1.42) FIN_0.5mg

1.77(0.72to | 1.23(0.53to | 1.69(0.88to

4.40) 2.85) 3.25) NATIV

1.40(0.87to | 0.97(0.38to | 1.33(0.64to | 0.79(0.31to OCR

2.25) 2.47) 2.74) 1.99)

1.13(0.51to [ 0.79(0.37to | 1.08(0.63to | 0.64(0.30to | 0.81(0.36 to OFA

2.53) 1.67) 1.85) 1.34) 1.85)

0.89(0.33to | 0.62(0.22to | 0.85(0.37to | 0.50(0.18to | 0.64(0.23to | 0.79 (0.31to OZA 1m

2.43) 1.74) 1.94) 1.40) 1.77) 2.05) M8
111(055t0 | 0.77(0.42to | 105(079to |0.62(0.35to |0.79(039to |098(0.62to |124(053t0 | .o
2.22) 1.40) 1.41) 1.12) 1.63) 1.55) 2.87)

1.22(0.51to | 0.85(0.37to | 1.16(0.62to | 0.69(0.30to | 0.88(0.36to | 1.08(0.60to | 1.37(0.50to | 1.11(0.63to PON
2.93) 1.94) 2.20) 1.56) 2.14) 1.95) 3.75) 1.95)

Table 12 Results of a comparative analysis of high-efficacy DMTs (at
registered dosage) in terms of headache as ORs with 95% ClIs (statis-
tically significant results are bolded). ALE alemtuzumab, CLA clad-

ribine, FIN fingolimod, NAT natalizumab, OCR ocrelizumab, OFA
ofatumumab, OZA ozanimod, PBO placebo, PON ponesimod

ALE_12mg
2.78(1.09 to
7.08) CLA_3.5mg
3.39(1.61to | 1.22(0.60to
7.16) 2.49) FIN_0.5mg
7.79(2.87to | 2.81(1.10to | 2.30(1.04to
21.12) 7.18) 5.08) NAT_IV
286(154to | 103(0.39to [0.84(039t0 [037(0.13t0 | o
5.32) 2.70) 1.85) 1.03)
352(L50to | 127(053to |L04(051to |045(018to [123(051to | o0
8.27) 3.05) 2.11) 1.17) 2.98)
4.02(1.63t0 | 145(0.60to | 1.19(0.62to |052(0.20to |140(055t0 |L114(047t0 | o0,
9.96) 3:53) 227) 1.35) 3.58) 2.77) —1me
425(211to |153(083to [125(0.88to |055(027t0 |148(0.71to |121(064t0 |106(056t0 | .
8.56) 2.83) 1.79) 1.11) 3.11) 2.25) 2.01)
429(L65to | 155(0.58to [126(055to |055(019t0 [150(0.56t0 |122(056t0 | 1.07(040to |L101(047t0 | 00
11.18) 4.11) 2.91) 1.56) 4.02) 2.64) 2.86) 2.16)
Table 13 .Results qfa . ALE_12mg
comparative analysis of high-
6 . 0.85 (0.31to
efficacy DMTs (at registered 237) CLA_3.5mg
dosage) in terms of nausea -
as ORs with 95% Cls. ALE ‘1’-2‘9’)(0-34t° (1’-33)‘0-4”° FIN_0.5mg
alemtuzumab, CLA cladribine, : :
FIN fingolimod, OFA 00250 08003010 085 0azte | opy
ofatumumab, OZA ozanimod, 0.31 (0.06 0.37 (0.08 0.39 (0.09 0.46 (0.09
- . .06 to . .08 to . .09 to . .09 to
PBO placebo, PON ponesimod 1.66) 1.79) 1.68) 225) 0ZA_1mg
0.96(0.42to | 113(0.62to |1.19(0.84t0 |141(0.76t0 |3.08(071t0 | .
2.19) 2.06) 1.69) 2.62) 13.32)
0.70(0.25t0 | 083(0.32to |0.88(039to |103(0.49t0 |2.26(0.44t0 |0.73(0.36t0 | o
2.01) 2.12) 1.94) 2.16) 11.56) 1.51)

Discussion

In recent years, the number of approved DMTs for MS has
been gradually increasing. Considering the limited availa-
bility of high-quality studies allowing direct comparisons,
there is a strong need for a reliable indirect comparison
of the efficacy and safety of DMTs. According to clinical
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guidelines, in active RRMS, the selection of a DMT
should depend on disease severity and activity, patient
characteristics and comorbidities, drug availability, patient
preferences as to the route of administration, and safety
profile [14, 15]. Generally, most high-efficacy DMTs, such
as natalizumab, fingolimod, cladribine, alemtuzumab, and
ocrelizumab, are often used in the second-line setting and/
or in patients with highly active disease course [14, 15].
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Most systematic reviews with NMA published so far have
focused primarily on aspects related to efficacy, assess-
ment, and comparison of individual DMTs by their annual
relapse rate, and confirmed progression of disability at 3
or 6 months. Regarding safety, recently published NMAs
have focused only on general safety endpoints such as the
overall frequency of AEs, serious AEs, or discontinuation
of therapy due to AEs [17, 18, 20]. It should be noted that
previous systematic reviews differed in methodology in
terms of the analyzed DMTs and the size and follow-up
duration of included studies, as well as the methods of
analysis (frequentist or Bayesian approach) [17, 18, 20].
Our systematic review with NMA focused mainly on a
comprehensive safety assessment of § DMTs characterized
by high clinical efficacy: natalizumab, fingolimod, cladrib-
ine, alemtuzumab, ocrelizumab, ofatumumab, ozanimod,
and the novel one—ponesimod. For the comprehensive
assessment, large RCT trials (> 70 patients in each arm) with
at least 48 weeks of follow-up were considered. The differ-
ences between trial designs and characteristics of included
populations were examined. By combining the direct and
indirect evidence from 33 RCTs assessing also other DMTs,
we were able to make several observations that might be use-
ful for clinicians, patients, and healthcare decision-makers.
In terms of the general safety profile, our NMA revealed
that alemtuzumab (12 mg) significantly increased the rate
of AEs compared with all other high-efficacy DMTs and
placebo. Therefore, it ranked the lowest for this outcome,
as based on the P score. Furthermore, AEs were more often
observed for cladribine (3.5 mg) versus ozanimod (1 mg)
and placebo as well as for ocrelizumab versus ofatumumab,
ozanimod (1 mg), fingolimod, natalizumab, and placebo. On
the other hand, no significant differences between all high-
efficacy DMTs were revealed in terms of discontinuation
due to AEs (except ponesimod versus alemtuzumab), with
alemtuzumab ranked as the best option. This suggests that
despite the higher risk of AEs, AEs for alemtuzumab were
mild enough so as not to lead to discontinuation of therapy.
The low risk of discontinuation due to AEs for alemtuzumab
may also result from the frequency of administration (only
for 5 consecutive days during the first year), as compared
with other DMTs that require more applications during the
year (e.g., oral therapies with ponesimod, fingolimod, and
ozanimod that require daily administration). Furthermore,
the difference in the average probability of the discontinua-
tion of the study drug due to AEs between alemtuzumab and
ponesimod was relatively small (7.1%), with the lowest P
score. The obtained results are in line with a previous NMA
by Liu et al. [17], in which narrower criteria were applied
in terms of follow-up duration (only 24 months) and high-
risk studies were excluded. The NMA revealed that among
all approved DMTs (except ponesimod, which still awaited
approval at that time), alemtuzumab had the best surface

under the cumulative ranking curve in terms of discontinu-
ation due to AEs [17].

In our study, a similar rate of serious AEs was revealed
between individual high-efficacy DMTs as well as between
DMTs and placebo, with the exception of cladribine
(3.5 mg) versus ocrelizumab and ofatumumab versus ocre-
lizumab. The differences in the average probability of SAE
among DMTs did not exceed 9%, and the incidence of SAEs
was comparable between all DMTs and placebo. Although
numerous studies described SAEs, they were not reported
in a standardized manner regarding the inclusion or exclu-
sion of MS relapse as a SAE. Therefore, our results for
SAE should be interpreted with caution. In a meta-analysis
including studies with a 24-month follow-up and excluding
MS relapse as a SAE, Giovannoni et al. [20] also found no
differences in the rate of SAEs for natalizumab, fingolimod,
and cladribine (3.5 mg) versus placebo. Interestingly, the
sensitivity analysis conducted by Giovannoni et al. [20]
revealed that the inclusion of MS relapse as a SAE had only
a small impact on the obtained results. Given the differ-
ences between studies in terms of considering relapse as
SAE, there is a need to standardize the definition of SAE in
studies for MS.

Patients with MS are generally at higher risk of infec-
tions as well as infection-related hospitalizations and mortal-
ity compared with individuals without MS. Therefore, it is
important to assess if DMTs affect the incidence of infective
events [116, 117]. The rate of infections or serious infections
was not commonly reported in trials included in our NMA
(in 17 and 18 trials, respectively), while the other AEs of
interest were reported in > 20 trials included in our NMA.
Despite some differences in the definition of infections or
infections/infestations, our results revealed that high-efficacy
DMTs have a comparable OR of infections. Higher infec-
tion rates were noted only for cladribine (3.5 mg) versus
ofatumumab and ozanimod (1 mg) as well as for alemtu-
zumab (12 mg) versus ocrelizumab. There was a notable
difference of 15% in the average probability of any infections
between the best option, ocrelizumab, and the worst option,
cladribine. However, there were no significant differences
between all DMTs and placebo. Considering serious infec-
tions regardless of the definition, no differences were found
among high-efficacy DMTs, except cladribine (3.5 mg),
which showed higher rates in comparison with ocrelizumab.
The rate of serious infections was generally low, and the
average probability of these events did not exceed 4.6%. No
significant differences were found between all high-efficacy
DMTs (except the ponesimod trial, which did not report the
incidence of infection, and the ozanimod (1 mg) trial, which
did not report the incidence of serious infections) and pla-
cebo in terms of infections and serious infections.

Our NMA revealed no significant differences in the
OR for the most common types of infections (i.e., upper

@ Springer



5496

Neurological Sciences (2022) 43:5479-5500

respiratory tract infections, nasopharyngitis, and urinary
tract infections) among all high-efficacy DMTs or between
DMTs and placebo. The values of P-scores for assessed
DMTs revealed that the best option in terms of upper res-
piratory tract infections, nasopharyngitis, and urinary tract
infections was ozanimod (1 mg), alemtuzumab (12 mg),
and natalizumab, respectively. However, there were no clear
advantages of these drugs over the others in terms of the
ranking and average probability of an event. It should be
noted that the level of effect size heterogeneity was very low
in the NMA for infections, serious infections, upper respira-
tory tract infections, and nasopharyngitis. For urinary tract
infections, the total heterogeneity was minor (P=37.1%).

Our results indicated that there were no significant dif-
ferences among high-efficacy DMTs considering the rate
of fatigue and nausea. However, the incidence of nausea
was not reported for the natalizumab and ocrelizumab tri-
als, which constitutes a limitation. Although there were no
significant differences in the average probability of nau-
sea between DMTs and placebo, the difference was about
twofold higher between alemtuzumab (the best option) and
ozanimod (1 mg). Furthermore, we observed small hetero-
geneity (?=35.5%) in the NMA for nausea, caused mainly
by alemtuzumab studies.

In terms of headache, alemtuzumab (12 mg) showed a
significantly higher OR compared with other high-efficacy
DMTs and placebo. On the other hand, natalizumab (classi-
fied as the best option based on the P-score) showed a lower
risk of headache when compared with cladribine (3.5 mg)
and fingolimod (0.5 mg) and also fingolimod (0.5 mg). All
other DMTs revealed a similar rate of headache versus pla-
cebo, but a notable difference was observed in the average
probability of headache between alemtuzumab and other
DMTs, especially as compared with natalizumab (39%).
The network for headache showed the highest heterogene-
ity (7 =60.2%) of all safety outcomes. Lucchetta et al. [21]
performed an NMA including trials with only 48 months of
follow-up. They revealed no significant differences in the OR
for headache between natalizumab, fingolimod, cladribine
(3.5 mg), ocrelizumab, alemtuzumab (12 mg), and placebo.
However, Lucchetta et al. [21] did not include the recent
ofatumumab and ponesimod trials as well as the ASSESS
trial for fingolimod.

As in the case of all indirect comparisons, our study has
several limitations to be acknowledged. Owing to some dif-
ferences between the compared studies, the results should
be interpreted with caution. According to the predefined
inclusion criteria, we included trials with a relatively long
follow-up of at least 1 year (>48 weeks). The final analy-
sis included only 7 trials with 1-year follow-up, while the
remaining trials had a follow-up duration of at least 2 years.
Thus, the results may not apply to short-term treatment out-
comes. It should be noted that the results of the sensitivity
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analysis, which excluded trials with only 1-year follow-up,
were in line with the results of the base-case analysis.

Another important aspect to consider is the comparabil-
ity of the included trials, especially regarding the patient
population. The homogeneity of the trials in terms of meth-
odology (i.e., randomization, parallel design) and baseline
population characteristics (i.e., age, female ratio, disease
duration, and activity) was considered sufficient to conduct
an NMA. However, there were some differences regarding
previous therapies. Few studies included only patients who
were naive to DMTs. In most studies, participants were pre-
viously treated with DMTs or immunosuppressive drugs,
which suggests a more severe course of the disease. The high
burden of diseases and a high number of previous therapies
may potentially affect safety analysis. However, most trials
required a wash-out period between the previous and cur-
rent therapy. This could minimize the potential effects of
previous therapies on safety outcomes. It should be noted
that other studies conducted NMAs (mainly concerning the
clinical efficacy of DMTSs) despite differences in the baseline
characteristics of patients [16-20].

Furthermore, the assessed safety outcomes were not
reported in all included trials. If no data were reported
in a full-text publication, information from clinical trials
registries was used. This may be a potential source of bias
because these are not officially published results. Some-
times, individual but important AEs, such as serious infec-
tions, are not reported in all publications, which makes it
difficult to perform comparative analyses between DMTs.
Therefore, it is important that publications for MS consider
not only the most common events for a given drug but also
those important for the disease course or for comparison
with other therapies.

Although the results for the majority of highly active
DMTs were comparable for most study endpoints, almost
all DMTs assessed here have some rare but specific adverse
drug reactions. For example, autoimmune diseases (mainly
of the thyroid) were reported for alemtuzumab [118], while
natalizumab was associated with the risk of progressive
multifocal leukoencephalopathy [119, 120], which requires
monitoring during therapy. Our outcomes of interest were
the individual AEs most reported in the summary of the
product characteristics of the assessed DMTs. Therefore,
we excluded adverse events of special interest for individual
DMTs as those were of low incidence, required a longer
exposure period of each DMT, and/or were not reported in
some RCTs.

The frequencies of some rare and/or specific adverse drug
reactions, which were revealed during a long treatment period,
are often obtained from observational studies or long-term
extension studies of a single arm. For example, the risk to
the fetus is important in terms of DMTs safety assessment,
especially for women with potential for childbirth. However, it
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should be mentioned that in most RCTs for DMTs, pregnancy
and breastfeeding are exclusion criteria [41, 46, 47, 93-95,
97-99], so pregnancy outcomes are generally not evaluated
in clinical trials. Most of the high-efficacy DMTs, according
to their summary of product characteristics [7, 8, 27-31], are
contraindicated during pregnancy or discontinuation should be
considered, according to the benefit/risk assessment.

The assessed DMTs also differ in the administration routes.
Cladribine, fingolimod, ozanimod, and ponesimod are taken
orally; alemtuzumab and ocrelizumab, intravenously; natali-
zumab, intravenously or subcutaneously; and ofatumumab,
subcutaneously. These differences can impact patient adher-
ence and comfort of use and should also be individually taken
into account by the physician and patients before choosing
the therapy.

In conclusion, clinicians choosing an appropriate therapy
for their individual patients should consider both the effec-
tiveness of DMTs and the general safety profile of DMTs, the
incidence of the most common AEs (with a focus on specific
AEs), and the route of administration. Despite limitations, this
systematic review with NMA provides the most up-to-date
results for the currently available high-efficacy DMTs in terms
of an in-depth comparative safety analysis.

Our findings may aid clinicians and patients in choosing the
best treatment option out of a wide range of available DMTs.
Moreover, they may serve as guidance for healthcare policy-
makers in developing reimbursement policies or as a reference
in planning future clinical studies.
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