
Vol.:(0123456789)

CNS Drugs (2022) 36:803–817 
https://doi.org/10.1007/s40263-022-00939-9

REVIEW ARTICLE

Efficacy and Safety of Multiple Sclerosis Drugs Approved Since 2018 
and Future Developments

Simon Faissner1  · Ralf Gold1

Accepted: 6 July 2022 / Published online: 22 July 2022 
© The Author(s) 2022

Abstract
Multiple sclerosis treatment made substantial headway during the last two decades with the implementation of therapeutics 
with new modes of action and routes of application. We are now in the situation that second-generation molecules, approved 
since 2018, are on the market, characterized by reduced side effects using a more tailored therapeutic approach. Diroximel 
fumarate is a second-generation fumarate with reduced gastrointestinal side effects. Moreover, several novel, selective, 
sphingosine-1-phosphate receptor modulators with reduced off-target effects have been developed; namely siponimod, oza-
nimod, and ponesimod; all oral formulations. B-cell-targeted therapies such as ocrelizumab, given intravenously, and since 
2021 ofatumumab, applied subcutaneously, complement the spectrum of novel therapies. The glycoengineered antibody 
ublituximab is the next anti-CD20 therapy about to be approved. Within the next years, oral inhibitors of Bruton’s tyrosine 
kinase, currently under investigation in several phase III trials, may be licensed for multiple sclerosis. Those developments 
currently offer an individualized multiple sclerosis therapy, targeting patient needs with substantial effects on relapses, 
disability progression, and implications for daily life. In this up-to-date review, we provide a holistic overview about novel 
developments of the therapeutic landscape and upcoming approaches for multiple sclerosis treatment.

Key Points 

We critically reviewed (second-generation) multiple 
sclerosis therapeutics licensed since 2018 until 2022 and 
the outlook regarding new substance classes.

Differing modes of action, routes of application, and 
side-effect profiles allow a personalized treatment 
approach.

Substances to come include a new anti-CD20 thera-
peutic, ublituximab, and inhibitors of Bruton’s tyrosine 
kinase as a new class of medications acting both on B 
cells and myeloid cells.

1 Introduction

Multiple sclerosis (MS) treatment made tremendous head-
way during the last decades owing to the development of 
effective substances for both differing inflammatory activity 
of the disease as well as different courses [1]. The availabil-
ity of substances applied subcutaneously, orally, or intrave-
nously as well as differing modes of action and application 
schedules from day-to-day intake over weekly or monthly 
therapies to sequenced or pulsed medications has led to a 
situation allowing an individualized and precision MS ther-
apy in 2022. Modern MS medications not only offer advan-
tages regarding relapse activity and short-term disability, 
but also regarding the risk reduction in long-term disability. 
In certain situations, the implementation of highly effective 
medications is of clear advantage as it reduces long-term 
disability, as shown in real-world studies comparing initial 
treatment with highly effective medications over up to 10 
years [2] and is associated with a later conversion to sec-
ondary progressive MS compared with injectables [3]. In 
2018, we described the development of the MS landscape 
from 2010 to 2018 [1]; in this review, we summarize the 
development from 2018 until 2022. We focus on the second-
generation fumarate diroximel fumarate, associated with an 
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improved gastrointestinal side-effect profile and the second-
generation sphingosine-1 (S1P) phosphate receptor modula-
tors siponimod, ozanimod, and ponesimod. Moreover, we 
provide long-term data about ocrelizumab and review data 
of ofatumumab as a subcutaneous B-cell-depleting agent. 
The section about anti-CD20-directed therapies is com-
plemented with an overview about ublituximab. We finish 
with an outlook regarding new therapeutic approaches on the 
horizon, namely the inhibition of Bruton’s tyrosine kinase 
probably coming up during the next years. We searched Pub-
Med, MEDLINE, and clinicaltrials.gov regarding MS trials, 
long-term extension data, and new medications.

2  Second‑Generation Fumarate Drugs 
for Multiple Sclerosis

2.1  Diroximel Fumarate

Dimethyl fumarate (DMF) has been on the market since 
2013 (US Food and Drug Administration [FDA]) and 2014 
(European Medicines Agency [EMA]) and with proven long-
term effectiveness over up to 13 years as shown with the 
final results of the ENDORSE study [4]. It is currently the 
most frequently used oral drug, with 562,123 patients with 
MS worldwide having been treated as of 31 December, 2021 
(Biogen). One of the most important short-term side effects 
are gastrointestinal side effects, leading to withdrawal from 
the medication in a considerable percentage of patients. This 
led to the development of a formulation with better gastro-
intestinal tolerability, diroximel fumarate (DRF). The active 
metabolite of both DMF and DRF is monomethyl fumarate, 
which is generated following processing by an esterase. A 
byproduct of DMF following cleavage of a methyl group 
is methanol, leading to gastrointestinal side effects, which, 
however, is produced nine times less with DRF [5]. As both 
compounds have the same active metabolite, bioequivalence 
was postulated; thus, DRF was tested in one head-to-head 
trial against DMF [6] and one open-label study [7] regarding 
safety and efficacy.

2.1.1  Efficacy and Safety in Clinical Trials

Diroximel fumarate was tested versus DMF in the rand-
omized, blinded, 5-week, phase III EVOLVE-MS-2 study 
(NCT03093324) [8]. In total, 504 patients were enrolled, 
of which 253 patients were randomized to DRF and 251 to 
DMF. Endpoints consisted of gastrointestinal side effects, 
investigated using the Individual Gastrointestinal Symptom 
and Impact Scale and Global Gastrointestinal Symptom and 
Impact Scale eDiary questionnaires as well as the influence 
on daily activities and work. Gastrointestinal tolerability 
adverse events (AEs) were less pronounced in DRF-treated 

patients compared with DMF-treated patients (DRF, 34.8% 
[88/253]; DMF, 48.2% [121/251]). Moreover, patients with 
DRF were less likely to discontinue treatment (DRF, 0.8% 
vs DMF, 4.8%). The positive effect on gastrointestinal toler-
ability was also mirrored in positive effects on daily activi-
ties (interferences with activities “quite a bit” or “extremely” 
Individual Gastrointestinal Symptom and Impact Scale: 
DRF, 9.5% [24/253] vs DMF, 28.9% [72/249]) and work 
productivity (Global Gastrointestinal Symptom and Impact 
Scale: DRF, 6.1% [10/165)] vs DMF, 11.3% [18/159] [8]) 
(for an overview of pivotal trial data, see Table 1).

Diroximel fumarate was also tested in the open-label, 
96-week, phase III, EVOLVE-MS-1 study, assessing DRF 
safety, tolerability, and efficacy in patients with relapsing-
remitting MS (RRMS) [NCT02634307] [7]. In an interim 
analysis from March 2018, 696 patients were enrolled with 
a median exposure of 59.9 (range: 0.1–98.9) weeks. Treat-
ment with DRF led to a reduction in the mean number of 
gadolinium-enhancing  (Gd+) lesions of 77% from baseline 
(p < 0.0001). The adjusted annualized relapse rate (ARR) 
was 0.16 (95% confidence interval [CI] 0.13–0.20). Adverse 
events were documented in 84.6% (589/696) of patients; 
the majority of AEs were mild (31.2%; 217/696) or mod-
erate (46.8%; 326/696). Treatment discontinuation because 
of gastrointestinal AEs was <1%. In an analysis regarding 
rollovers from glatiramer acetate or interferons, patients 
with DRF had improved clinical and radiological efficacy 
outcomes with 74.0% (95% CI 62.0–82.1; p < 0.0001) and 
78.8% (95% CI 68.5–85.6; p < 0.0001) reduced ARRs com-
pared with treatment with glatiramer acetate and interferons, 
respectively [9]. Interestingly, we noted that flushing also 
seems to be clearly reduced with DRF as compared with 
DMF (Gold, Faissner personal observation), which has also 
been shown in a post-hoc analysis from the EVOLVE-MS2 
study [10].

2.1.2  Outlook

Diroximel fumarate as a second-generation fumarate is an 
improvement owing to reduced gastrointestinal side effects 
with better overall tolerance and should therefore be pri-
oritized over DMF in the case where a fumarate should be 
started. Moreover, patients experiencing gastrointestinal 
side effects while taking DMF could be switched. Diroxi-
mel fumarate has been available in the USA since Decem-
ber 2020 and in the European Union and UK since 2022. 
The phase IV EXPERIENCE study will evaluate long-term 
safety and efficacy (NCT04746976).

Apart from DMF and DRF, monomethyl fumarate is 
approved in the USA for relapsing MS (RMS) since May 
2020. The FDA approval was mainly based on the pivotal 
DMF trial data and a bioequivalence study, which showed 
that intake of a single oral dose of two delayed-release 
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95-mg capsules was bioequivalent to a single oral dose of 
one DMF 240-mg capsule regarding the plasma monomethyl 
fumarate concentration [11].

3  Sphingosin‑1‑Phosphate Receptor 
Modulators

Sphingosin-1-phosphate receptor modulation has been 
used as a therapeutic approach since 2010 after fingolimod 
received market authorization. While fingolimod targets S1P 
sub-receptors 1, 3, 4, and 5, hence inducing especially car-
diac side effects, there was an effort to generate more selec-
tive second-generation molecules. This led to the develop-
ment and approval of siponimod, ozanimod, and ponesimod; 
all of which are now available.

3.1  Siponimod

3.1.1  Mechanism of Action

Siponimod (BAF312) is a selective oral S1P receptor 1,5 
modulator and is authorized as a medication for active sec-
ondary progressive MS (SPMS). Siponimod has a mean 
half-life in plasma of 56.6 hours (human) and is excreted 
in feces as oxidative metabolites after hepatic biotransfor-
mation, mostly mediated by cytochrome P450 (CYP) 2C9 
[12]. Siponimod has pleiotropic effects on immune and 
central nervous system (CNS) cells. Siponimod has lipo-
philic properties and therefore crosses the blood–brain bar-
rier, thus influencing CNS cells directly [13]. First studies 
about the mechanism of action in experimental autoimmune 
encephalomyelitis showed that siponimod antagonizes S1P 
1 and 5 receptors, leading to an inhibition of lymphocyte 
egress from the thymus and secondary lymphoid organs 
[14]. Siponimod does not influence the S1P 3 receptor 
such as the first-generation substance fingolimod, which 
is mainly responsible for adverse cardiac effects such as 
bradycardia [15]. In a model of demyelination in Xenopus 
tadpoles, treatment with siponimod led to strong remyelina-
tion [16], suggesting that the medication might be effective 
in progressive forms of MS. Siponimod reduces the release 
of interleukin-6 in tumor necrosis factor-alpha/interleukin-
17-activated microglia in vitro and has protective effects on 
demyelination in lysophosphatidylcholine-mediated demy-
elination in organotypic slice cultures [17]. Siponimod has 
positive effects on the clinical course of encephalomyelitis 
in C57BL6 mice in accordance with reduced astrogliosis and 
microgliosis [18]. Moreover, it rescues the loss of parvalbu-
min-positive GABAergic interneurons in vivo and reduces 
the release of cytokines RANTES and interleukin-6 in 
microglia in vitro [18]. Those data altogether are convincing 

regarding effectiveness in SPMS; especially because thera-
peutic approaches for progression remain scarce.

3.1.2  Efficacy

Siponimod was first investigated in the phase II BOLD study 
in patients with RRMS (NCT00879658). The BOLD study 
was a double-blind, adaptive, dose-ranging phase II study 
that included 188 and 109 patients in two cohorts. Patients 
randomly received once-daily siponimod 10 mg, 2 mg, or 
0.5 mg or placebo over a period of 6 months. The primary 
endpoint consisted of a percentage reduction in the monthly 
number of combined unique active lesions at 3 months of 
siponimod compared with placebo. In this dose-response 
study, the medication led to a dose-dependent reduction in 
combined unique active lesions at 3 months compared with 
placebo with an effect of 82% (70–90) for siponimod 10 mg 
[19]. Subsequently, the medication was investigated in the 
phase III clinical trial EXPAND in 1651 patients, which was 
the largest SPMS trial performed so far (NCT01665144). 
The primary endpoint consisted of 3-month confirmed 
disability progression. Siponimod treatment led to a 21% 
relative risk reduction compared with placebo (p = 0.013) 
[20]. Secondary endpoints were also positively attenuated: 
the ARR was lower in siponimod-treated patients compared 
with placebo-treated patients with a risk reduction of 55% 
(rate ratio 0.45, 95% CI 0.34–0.59; p < 0.0001). An increase 
in T2 lesion load was lower in siponimod-treated patients; 
brain volume decreased at a lower rate compared with pla-
cebo (− 0.50% vs − 0.65%; between-group difference 0.15%, 
95% CI 0.07–0.23; p = 0.0002) [20]. Secondary analyses of 
EXPAND documented significant positive effects on cog-
nitive function. The SDMT was significantly better with 
a difference of 1.08 at month 12 (95% CI 0.23–1.94; p = 
0.0132), 1.23 (95% CI 0.25–2.21; p = 0.0135) at month 18, 
and 2.30 (95% CI 1.11–3.50; p = 0.0002) at month 24 [21]. 
Moreover, the risk to have a 4-point decrease was reduced 
with a hazard ratio of 0.79 (95% CI 0.65–0.96; p = 0.0157) 
and the likelihood of having a 4-point increase was increased 
with a hazard ratio of 1.28 (95% CI 1.05–1.55; p = 0.0131). 
Those data altogether also support a neuroprotective effect 
of siponimod.

The data of the pivotal trial EXPAND led to the applica-
tion as therapy in SPMS. Both the FDA and EMA accepted 
the New Drug Application and Marketing Authorization 
Application in October 2018. In March 2019, siponimod 
was authorized as therapy for RRMS and SPMS by the FDA 
and received market authorization by the EMA in late 2019 
for active SPMS. Of note, siponimod did not show efficacy 
in patients with non-active SPMS [22]; therefore, clinical 
or radiological activity must be proven prior to therapy 
initiation.
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3.1.3  Safety

Siponimod undergoes hepatic metabolization; therefore, the 
CYP2C9 genotype has to be tested to choose the correct 
dosage. In Caucasian patients, 82–89% are fast metabolizers 
and can receive the full daily dosage of 2 mg (CYP2C9*1*1, 
*1*2, *2*2), 10–14% have a CYP2C9*2*3 or *1*3 geno-
type (intermediate metabolizer) and are treated with 1 
mg, and 1.7–2.1% of patients cannot receive siponimod 
(CYP2C9*3*3, weak metabolizer) [23].

The most common AEs reported in more than 10% of 
treated patients in both treatment arms were headache, 
nasopharyngitis, urinary tract infection, and falls [20]. Side 
effects, which occurred more often in siponimod-treated 
patients, included bradycardia at treatment initiation (4% vs 
3%), hypertension (12% vs 9%), lymphopenia (1% vs 0%), 
macular edema (2% vs < 1%), and convulsions (2% vs < 
1%). Moreover, siponimod-treated patients more frequently 
had herpes zoster reactivation (2% vs 1%).

3.2  Ozanimod

Ozanimod is an oral, selective S1P 1,5 receptor modulator, 
licensed for RRMS by the EMA and for clinically isolated 
syndrome, RRMS, and active SPMS by the FDA. Moreover, 
the medication has received approval for moderate-to-severe 
active ulcerative colitis (FDA). Ozanimod reduces the sever-
ity of encephalomyelitis and penetrates the CNS [24].

3.2.1  Efficacy

Ozanimod was investigated in the phase II clinical trial 
RADIANCE and the two phase III clinical trials RADI-
ANCE (24 months) and SUNBEAM (at least 12 months). 
RADIANCE was a 24-month, multicenter, double-blind, 
double-dummy phase III trial [25]. Patients were rand-
omized to ozanimod 0.5 mg (n = 439) or 1.0 mg (n = 433) 
or weekly intramuscular interferon-beta-1a 30 μg (n = 441) 
in a ratio of 1:1:1. The ARR was significantly lower in both 
ozanimod dosages [1.0 mg: 0.17 (95% CI 0.14–0.21); 0.5 
mg: 0.22 (95% CI 0.18–0.26)] compared with interferon 
beta-1a [0.28 (95% CI 0.23–0.32)] with a rate ratio of 0.62 
for the 1.0-mg dosage and 0.79 for the 0.5-mg dosage com-
pared with interferon.

SUNBEAM was a randomized, double-blind, double-
dummy, active-controlled phase III trial with 1346 patients 
enrolled [26]. Patients were randomized to ozanimod 0.5 
mg (n = 451) or 1.0 mg (n = 447) or weekly intramuscular 
interferon-beta-1a 30 μg (n = 448) in a ratio of 1:1:1. The 
primary endpoint was the ARR. The ARR was significantly 
lower in ozanimod-treated patients. In the interferon-beta-
1a group, the ARR was 0.35 (0.28–0.44) compared with 
0.18 (0.14–0.24) in the ozanimod 1.0-mg group and 0.24 

(0.19–0.31) in the ozanimod 0.5-mg group. The rate ratio 
was 0.52 for ozanimod 1.0 mg versus interferon (p < 0.0001) 
and 0.69 for ozanimod 0.5 mg (p = 0.0013). The number 
of  Gd+ lesions and the cumulative number of T2 lesions 
were also reduced in the ozanimod groups. There were also 
(indirect) neuroprotective effects of ozanimod as assessed 
with neurofilament (Nfl) measurements in a post-hoc analy-
sis of SUNBEAM. In ozanimod-treated patients, Nfl levels 
were reduced by 20–27% at month 12 and 24, respectively, 
compared with a reduction of 13–16% in interferon-β-1a-
treated patients (p < 0.01) [27]. Greater Nfl reductions were 
also associated with fewer  Gd+ lesions or new/enlarging T2 
lesions, less brain volume loss, lower ARR, and a higher 
percentage of patients with no evidence of disease activity.

3.2.2  Safety

The first generation of S1P receptor modulators had cardiac 
side effects owing to an alteration of the S1P 3 receptor. 
Recent data suggest that the selective second-generation 
substances also elicit effects on heart rate. In a cardiac safety 
study, ozanimod reduced the heart rate by up to 13.8 bpm 
compared with placebo [28]. Of note, in ozanimod-treated 
patients followed in SUNBEAM, there was no significant 
bradycardia as well as no second-degree or third-degree 
atrioventricular block. One reason for reduced cardiac 
side effects may therefore be related to an altered titration 
schedule. In RADIANCE, AEs leading to treatment discon-
tinuation occurred more often in interferon-beta-1a-treated 
patients compared with ozanimod, while infections and seri-
ous AEs were similar between ozanimod-treated patients and 
interferon-beta-1a-treated patients [27]. Until now, there was 
one case of progressive multifocal leukoencephalopathy in 
the open-label extension of DAYBREAK. Regarding daily 
clinical practice, patients should be informed that intake 
of ozanimod together with food containing high levels of 
tyramine such as cheese, alcohol, or cured meat could poten-
tially lead to hypertension. The “Tyramine and ZEPOSIA 
food and drug interaction information” suggests that patients 
taking ozanimod avoid foods and beverages that have more 
than 150 mg of tyramine [29]. A trial that investigated the 
interaction has completed recruitment, results are pending 
(NCT03694119).

3.3  Ponesimod

Ponesimod is a selective S1P 1 receptor modulator licensed 
for the treatment of clinically isolated syndrome, RRMS, 
and active SPMS (FDA), and active RMS (EMA). It has a 
half-life of 32 hours [30]. Preclinical studies suggest that 
ponesimod penetrates the CNS [30].
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3.3.1  Efficacy

Ponesimod was first tested in a double-blind, placebo-
controlled, dose-finding phase IIb study in RRMS 
(NCT01006265). In total, 464 patients were randomized to 
once-daily oral ponesimod in a dosage of 10, 20, or 40 mg 
or placebo [31]. The primary endpoint evaluated the cumu-
lative number of new T1  Gd+ lesions, secondary endpoints 
were ARR and time to first relapse as well as safety and 
tolerability. The primary endpoint was met with a significant 
reduction in  Gd+ lesions in all dosages (rate ratio 10 mg: 
0.57; 20 mg: 0.17; 40 mg: 0.23). The ARR was reduced by 
up to 52% with 40 mg versus placebo.

Next, ponesimod was investigated in the multicenter, 
double-blind, active-comparator, superiority, randomized 
phase III clinical trial OPTIMUM against teriflunomide 
(NCT02425644) [32]. Patients were randomized to ponesi-
mod 20 mg or teriflunomide 14 mg in a 1:1 ratio (n = 567 
patients and n = 566 patients, respectively). The primary 
endpoint was the ARR. Secondary endpoints assessed the 
change in fatigue using the Fatigue Symptom and Impact 
Questionnaire-Relapsing Multiple Sclerosis as well as mag-
netic resonance imaging endpoints, namely the number of 
combined unique active lesions, and the time to 12-week 
and 24-week confirmed disability accumulation. The pri-
mary endpoint was met: the relative reduction in the ARR 
was 30.5 (0.202 vs 0.290; p < 0.001). Secondary endpoints 
also improved in the ponesimod group with a difference in 
the fatigue scale of −3.57 (−0.01 vs 3.56; p < 0.001) and 
a reduction in combined unique active lesions per year by 
56% (1.405 vs 3.164; p < 0.001). Confirmed disability accu-
mulation did not differ (17% vs 16%). However, there was a 
positive effect on brain volume loss: brain volume loss was 
lower by 0.34% (− 0.91% vs − 1.25%; p < 0.001).

3.3.2  Safety

Adverse events and SAEs were similar between both groups, 
while treatment discontinuation occurred more often in the 
ponesimod group compared with teriflunomide-treated 
patients. Analyses from up to an 8-year follow-up of the 
phase IIb core and extension studies showed no new safety 
issues. The most common AEs were nasopharyngitis (30%), 
headache (24%), and upper respiratory tract infection (21%) 
[33].

3.4  General Considerations About S1P Receptor 
Modulators

One important consideration for all S1P receptor modula-
tors is the half-life, which differs quite substantially with 
potential implications regarding the risk of rebound and 
sequencing of medication. Fingolimod has a half-life of 6–9 

days, siponimod 22–38 h, ozanimod 19–22 h, and ponesi-
mod 32 h [30]. This is of interest both regarding therapeutic 
considerations for therapy adherence and rebound activity. 
The risk of rebound is known since the first reports in fin-
golimod-treated patients, for example, with the development 
of tumefactive lesions [34]. Disease exacerbation following 
cessation has also been described for siponimod [35], not 
yet for ozanimod and ponesimod, either owing to the shorter 
approval or indeed reflecting the absence of these effects 
because of the shorter half-life. It is theoretically plausible 
that all S1P receptor modulators might be at risk of rebound 
activity following cessation. However, differing pharma-
cological profiles might shape this risk depending on the 
half-lives. Another discussion concerns the risk of cancer 
under S1PR modulation. Data from the FDA Adverse Event 
Reporting System from 2004 to 2020 showed an increased 
risk for skin cancer with the strongest association for basal 
cell carcinoma [36]. Patients should therefore be monitored 
dermatologically. Another aspect of clinical relevance is 
that with a more conservative and cautious titration used by 
the second-generation molecules, a first dose observation 
over 6 hours is generally not required. This, however, should 
be performed where patients are at a higher risk regarding 
cardiac side effects because of comorbidities. In summary, 
therapy cessations and switches should be planned according 
to half-lives and pharmacodynamics, especially in highly 
active patients.

4  Anti‑CD20‑Directed Monoclonal 
Antibodies

4.1  Ocrelizumab

4.1.1  Long‑Term Data of Ocrelizumab

Ocrelizumab is a humanized monoclonal antibody targeting 
 CD20+ B cells. Ocrelizumab was investigated in the two 
identical phase III trials OPERA I and II in RMS versus 
interferon-beta-1a 44 μg three times weekly for 96 weeks 
[37] and in primary progressive multiple sclerosis (PPMS) 
in the ORATORIO trial [38], reviewed by us previously in 
detail [1].

Long-term data of ocrelizumab are now available. The 
open-label-extension of OPERA I and II, assessing the effect 
of ocrelizumab over the course of 6.5 years (336 weeks) 
in the double-blind period and open-label extension of the 
OPERA I (NCT01247324) and OPERA II (NCT01412333) 
studies on the time to the Expanded Disability Status Scale 
score of ≥6.0 over 6.5 years was significantly delayed in 
ocrelizumab-treated patients compared with interferon-
treated patients [39]. The risk of requiring a walking aid, 
confirmed for ≥24 weeks, was 34% lower (p = 0.024) in 
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early ocrelizumab-treated patients and 48% lower in patients 
confirmed for ≥48 weeks (p = 0.004), supporting positive 
long-term effects of ocrelizumab in RRMS.

There are also positive long-term data of the extension in 
PPMS (ORATORIO) [40]. Five hundred and twenty-seven 
patients (97%) entered the open-label-extension phase with 
86% of the patients ongoing. After 6.5 years, the proportion 
of patients with disability progression was lower follow-
ing early treatment compared with patients initially having 
received placebo. This was assessed with several meas-
ures of progression such as the Expanded Disability Status 
Scale with a difference of 13.1% (95% CI 4.9–21.3; p = 
0.0018), the 9-hole peg test with a difference of 12.5% (95% 
CI 4.1–20.9; p = 0.0035), the Timed-25 Foot Walk with a 
difference of 7.5% (95% CI − 0.3 to 15.2; p = 0.058), and 
the composite progression score with a difference of 10.1% 
(95% CI 3.6–16.6; p = 0.0023). In post-hoc analyses, there 
were numerical differences regarding benefit according to 
sex, baseline T1,  Gd+ lesions, and age (interaction p < 0.3) 
with male individuals seeming to benefit more regarding 
12-week confirmed disability progression [41].

4.1.2  Safety

Safety data of ocrelizumab, derived from a systematic review 
of four randomized controlled trials, four open-label trials, 
29 observational studies, and 27 case reports, showed that 
most common AEs were infections (39.2%) and infusion-
related reactions (26.2%) [42]. Compared with interferons, 
the risk of infections was slightly higher (risk ratio [RR] = 
1.10; 95% CI 1.01–1.19). Of those, herpes-related infections 
(RR = 1.75; 95% CI 1.11–2.76), respiratory tract-related 
infections (RR = 1.42; 95% CI 1.10–1.84 and RR = 1.61; 
95% CI 1.10–2.35), nasopharyngitis (RR = 1.47; 95% CI 
1.13–1.90), and rhinitis (RR = 4.00; 95% CI 1.13–14.14) 
were more likely to occur in ocrelizumab-treated patients. 
Although ORATORIO seemed to have a slightly higher risk 
of female cancer, this was never confirmed in post-marketing 
observations. As of October 2021, there have been ten con-
firmed confounded cases of progressive multifocal leukoen-
cephalopathy in patients with MS who were treated with 
ocrelizumab, of which nine were carry-over cases from prior 
disease-modifying therapies (DMTs). The patient who had 
no carry-over progressive multifocal leukoencephalopathy 
was aged 78 years, had not been treated with a DMT before, 
and had a low lymphocyte count grade of 1 prior to ocreli-
zumab initiation [43].

As a result of the coronavirus disease 2019 (COVID-
19) pandemic, there is currently a focus on the risk of 
infections and vaccination management of patients with 
MS receiving immunosuppressive therapies. Anti-CD20-
directed B-cell-depleting antibodies lead to a depletion 
of pre-B cells, mature B cells, and memory B cells, while 

long-living plasma cells, plasmablasts, and lymphoid stem 
cells are spared [37]. In summary, this leads to an impair-
ment of crucial B-cell functions such as antigen presenta-
tion, antibody production, and antibody class switches [44]. 
Using data from patients with MS from 12 data sources in 28 
countries with 657 (28.1%) patients with suspected COVID-
19 and 1683 (61.9%) with confirmed COVID-19, it could 
be revealed that ocrelizumab treatment is associated with 
higher rates of hospitalization (adjusted odds ratio [aOR] 
1.75, 95% CI 1.29–2.38) and intensive care unit admission 
(aOR 2.55, 95% CI 1.49–4.36) compared with pooled other 
DMTs including alemtuzumab, cladribine, dimethyl fuma-
rate, glatiramer acetate, interferon, natalizumab, siponimod, 
and other DMTs [45]. The risk for rituximab compared with 
pooled other DMTs, however, was higher (hospitalization: 
aOR 2.76, 95% CI 1.87–4.07; intensive care unit admission: 
aOR 4.32, 95% CI 2.27–8.23; artificial ventilation: aOR 
6.15, 95% CI 3.09–12.27) [45], presumably because of a 
longer treatment duration. B-cell depletion is also associ-
ated with an impaired humoral immune response [46]. Data 
from Israel showed that patients receiving B-cell depleting 
therapy develop only in 22.7% a humoral immune response 
against a severe acute respiratory syndrome–related coro-
navirus spike 29.5–55 days after the second vaccine dose 
[46]. In the meantime, we [47] and others [48] have shown 
that despite an impaired humoral response, B-cell-depleted 
patients elicit a strong cellular immune response, in part 
even stronger than in untreated healthy controls [47]. Cur-
rently, high-dose ocrelizumab in dosages of 1200 or 1800 
mg based on body weight is being investigated in a phase 
IIIb study (NCT04544436).

4.2  Ofatumumab

4.2.1  Mechanism of Action

Ofatumumab is an anti-CD20-directed monoclonal immu-
noglobulin-1-k antibody. Ofatumumab binds the small 
extracellular loop of CD20 and leads to antibody-mediated 
lysis of the target cell [49] via a complement mediated 
effect, leading to the activation of the classical pathway of 
the complement system by binding C1q [50]. This effect is 
more pronounced than with the chimeric antibody rituxi-
mab, presumably owing to binding of the small extracellu-
lar loop of CD20, which is closer at the cellular membrane 
[50]. Ofatumumab is applied subcutaneously. In an animal 
model, a subcutaneous antibody application leads to a fast 
antibody delivery to draining lymph nodes via transcyto-
sis [51]. Indeed, it has been shown in experimental models 
that subcutaneous ofatumumab accumulates in axillary and 
inguinal lymph nodes [52], which might positively attenuate 
antigen-presenting cells. Another advantage of this human 
antibody is the reduced immunogenicity. While 48 weeks 
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after rituximab treatment 24.6% of patients developed anti-
chimeric antibodies [53], there were no human anti-human 
antibodies in the phase II MIRROR study [54].

4.2.2  Efficacy

Ofatumumab was initially developed for chronic lymphatic 
leukemia. In MS, ofatumumab was first investigated in a 
small, randomized, placebo-controlled phase II study of 38 
patients [54]. Patients received ofatumumab every 2 weeks 
in a dosage of 100 mg, 300 mg, or 700 mg or placebo via an 
infusion. After 24 weeks, the treatment arms were swapped. 
Hence, first, 26 patients received placebo followed by ofa-
tumumab, then 12 patients received ofatumumab followed 
by placebo. Treatment with ofatumumab led to complete 
suppression of  CD19+ B cells within 1 week following 
treatment. The repopulation of  CD19+ B cells was dose 
dependent (100-mg group 12–16 weeks, 300-mg group 20 
weeks, 700-mg group no repopulation within the observa-
tional period). Magnetic resonance imaging activity was also 
improved with reduced old and new T1  Gd+ lesions and 
reduced new/enhancing T2 lesions [54]. Apart from infusion 
reactions on the day of infusion, there were no unexpected 
safety signals. Of note, none of the patients investigated 
developed neutralizing antibodies.

To optimize the application, subcutaneous application 
was implemented in MS, which had successfully been inves-
tigated in a small combined phase I/II study in rheumatoid 
arthritis [55]. The subcutaneous application was also inves-
tigated in MS; here, the administration of ofatumumab via a 
subcutaneous autoinjector was bioequivalent to a pre-filled 
syringe regarding the dynamics of B-cell depletion as shown 
in the 12-week, open-label, parallel-group, phase II APLIOS 
study (NCT03560739) in RMS [56].

In the phase II MIRROR dose-efficacy study, ofatu-
mumab was investigated in dosages of 3, 30, and 60 mg 
and placebo every 4 weeks. Two hundred and thirty-two 
patients with RRMS with an Expanded Disability Status 
Scale score of 0–5.5 were included. The primary endpoint 
was the cumulative number of new or contrast-enhancing 
lesions after 12 weeks. The primary endpoint was met, there 
was a reduction of at least 65% of all dosages compared with 
placebo (p < 0.001) [57]. After an exclusion period of weeks 
1–4, there was a reduction of at least 90% in all dosages from 
30 mg and above. There was a dose-dependent reduction in 
 CD19+ B cells. Side effects included injection-site irritation 
(52% ofatumumab vs 15% placebo), which were of mild or 
moderate severity.

The pivotal trials were the identical double-blind, double-
dummy, phase III trials ASCLEPIOS I and II, which tested ofa-
tumumab 20 mg against the active comparator teriflunomide (n 
= 946 ofatumumab, n = 936 placebo) [58]. Patients were fol-
lowed a median of 1.6 years. Patients received a loading dose 

ofatumumab on days 1, 7, and 14 followed by ofatumumab 20 
mg every 4 weeks subcutaneously. The primary endpoint was 
the ARR, secondary endpoints included confirmed disability 
progression after 3 or 6 months, the number of  Gd+ lesions, 
the increase of T2 lesions, release of NfL, and changes in brain 
volume. The ARRs were 0.11 in the ofatumumab group and 
0.22 in the teriflunomide group in trial 1 (difference, − 0.11; 
95% CI − 0.16 to − 0.06; p < 0.001) and 0.10 and 0.25 in trial 
2 (difference, − 0.15; 95% CI − 0.20 to − 0.09; p < 0.001). In 
the pooled trials, the disability worsening was reduced by 34% 
in the ofatumumab group compared with the teriflunomide 
group after 3 months (10.9% ofatumumab, 15.0% terifluno-
mide, hazard ratio, 0.66; p = 0.002). This effect was confirmed 
at 6 months (8.1% ofatumumab, 12.0% teriflunomide, hazard 
ratio 0.68; p = 0.01). In addition, there was also a positive 
effect on paraclinical endpoints. T1  Gd+ lesions were reduced 
by at least 94% (p < 0.001), new or enlarging T2 lesions were 
reduced by at least 85% in ofatumumab-treated patients com-
pared with teriflunomide (p < 0.001). Brain volume loss did 
not differ. Neurofilament levels, measured in serum, were 
significantly lower at all timepoints (3, 12, and 24 months) 
compared with teriflunomide (p < 0.001).

4.2.3  Safety

The overall frequency of side effects in the pivotal trial was 
similar between both groups (83.6% ofatumumab, 84.2% teri-
flunomide) [58]. Injection-site reactions occurred in 20.2% of 
ofatumumab-treated patients compared with 15.0% in terif-
lunomide-treated patients, who received placebo injections. 
Serious infections were rare and comparable between both 
groups (2.5% vs 1.8%). An interesting aspect concerns the 
dynamics of B-cell reconstitution using this low-dose regi-
men. The repopulation of B cells is also impaired in ofatu-
mumab-treated patients and will last approximately 40 weeks 
in a dosage of 20 mg [57]. One case of a patient from the 
ASCLEPIOS-extension study 42 months after ofatumumab 
treatment showed effective IgM and IgG responses against the 
spike protein following COVID-19 infection although B cells 
were depleted completely [59]. A case series of four patients 
receiving ofatumumab with COVID-19 infection documented 
strong T-cell responses also in the absence of a titer [60]. Data 
regarding vaccination response against severe acute respiratory 
syndrome-related coronavirus while receiving ofatumumab 
are, to the best to our knowledge, not yet published. A phase 
IV trial is currently ongoing (COMB157GDE01).
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5  Outlook

5.1  Novel Anti‑CD20‑Directed Antibodies: 
Ublituximab

Apart from the established and above-reviewed anti-
CD20-directed monoclonal antibodies ocrelizumab, ofa-
tumumab, and off-label rituximab, the glycoengineered 
antibody ublituximab is at the next stage of anti-CD20 
therapy. Ublituximab targets a unique epitope on the CD20 
antigen and is glycoengineered for enhanced B-cell tar-
geting through antibody-dependent cellular cytotoxicity 
[61]. Ublituximab was investigated in a phase II, placebo-
controlled, dose-finding study. Patients were treated with 
three ublituximab infusions (150 mg over 1–4 h on day 1 
and 450–600 mg over 1–3 h on day 15 and week 24) in 
six dosing cohorts (n = 48). B-cell depletion was > 99% 
by week 4, maintained at weeks 24 and 48 [61]. Adverse 
events consisted of grade 1–2 infusion-related reactions. 
Magnetic resonance imaging at weeks 24 and 48 showed 
no T1  Gd+ lesions (p = 0.003) and a 10.6% decrease in the 
T2 lesion volume (p = 0.002). This was associated with 
a low ARR of 0.07 and 93% of relapse-free patients. Of 
note for clinical practice is that there was no higher risk 
of infusion-related reactions with a fast infusion time of 
1 h, a potential improvement that needs to be confirmed 
in larger trials and real-world settings. By now, data 
from the phase III trials ULTIMATE I and II have been 
released. Ublituximab was investigated against terifluno-
mide and showed a reduction in the ARR of about 49–59% 
in both trials [ULTIMATE I, n = 549, ARR ublituximab 
0.076 (0.042–0.138); teriflunomide 0.188 (0.124–0.283), 
NCT03277261; last update available from 6 December, 
2021]. The final publication is pending.

5.2  Inhibition of Bruton’s Tyrosine Kinase

Bruton’s tyrosine kinase (BTK) is a cytoplasmic protein-
tyrosine kinase expressed in all hematopoietic cells such 
as macrophages, neutrophils, and mast cells except for 
T and plasma cells [62]. Moreover, BTK is expressed in 
microglia, the resident immune cells of the CNS. Bruton’s 
tyrosine kinase inhibition leads to improved remyelination 
in a model of organotypic slice cultures [63]. Therefore, 
inhibition of BTK is considered a promising therapeutic 
target both for RMS but also for progressive MS owing to 
the involvement of B cells and cells of innate immunity in 
the pathogenesis of progression [64, 65].

Initially, BTK inhibitors were developed for 
the treatment of hematologic conditions such as 

lymphoproliferative disorders, leukemia, and lymphoma 
[66]. This was followed by the investigation of BTK inhib-
itors in autoimmune conditions such as MS, rheumatoid 
arthritis, pemphigus, and systemic lupus erythematosus. 
Currently, several BTK inhibitors are under development 
in MS, such as the irreversible BTK inhibitors tolebrutinib 
(Sanofi) or evobrutinib (Merck) or remibrutinib (Novartis), 
and the reversible BTK inhibitor fenebrutinib (Genentech).

Tolebrutinib was investigated in a 16-week, phase IIb, 
randomized, double-blind, placebo-controlled, crossover, 
dose-finding trial investigating dosages of 5–60 mg versus 
placebo [67]. In total, 130 patients were enrolled. Tolebru-
tinib led to a dose-dependent reduction in the number of 
new  Gd+ lesions (placebo 1.03 mean lesions per patient; 5 
mg, 1.39 (3.20); 15 mg, 0.77 (1.48); 30 mg, 0.76 (3.31); 60 
mg, 0.13 (0.43); p = 0.03). The most common side effect 
was headache. There was no safety-related discontinuation 
or death. Tolebrutinib is currently investigated in three 
MS phase III clinical trials in RRMS (GEMINI I and II, 
NCT04410978), SPMS (HERCULES, NCT04411641), 
and PPMS (PERSEUS, NCT04458051). Moreover, there is 
a trial in generalized myasthenia gravis (NCT05132569).

Evobrutinib was investigated in a double-blind, rand-
omized, phase II trial in RMS [68]. Evobrutinib was tested 
against placebo in dosages from 25 mg once daily, 75 mg 
once daily, 75 mg twice daily, or DMF as the reference. 
The primary endpoint was a magnetic resonance imaging 
endpoint, assessing the cumulative number of  Gd+ lesions 
on magnetic resonance imaging. The rate ratio compared 
with placebo was 0.30 in the evobrutinib 75-mg once-daily 
group (p = 0.005). The unadjusted ARR at week 24 was 
0.13 in the evobrutinib 75-mg once-daily group compared 
with 0.37 in the placebo group. Side effects included ele-
vations of liver aminotransferases. Currently, evobrutinib 
is investigated against teriflunomide in two phase III clini-
cal trials in RMS (evolutionRMS 1 and 2, NCT04338061).

Fenebrutinib is investigated in a phase II study against 
placebo, assessing the number of  Gd+ leions after 12 
weeks (FENopta; NCT05119569). Furthermore, there 
are two parallel phase III trials ongoing, assessing fene-
brutinib against terif lunomide in RMS (FENhance, 
NCT04586010, NCT04586023). Of particular note, the 
phase III trial FENtrepid investigates fenebrutinib against 
ocrelizumab in PPMS (primary endpoint time to onset 
of composite 12-week confirmed disability progression; 
NCT04544449).

Hence, the development of BTK inhibitors is an auspi-
cious new approach to target MS in different phases of the 
disease. Because of positive effects on the cells of innate 
immunity and direct effects in the CNS, BTK inhibitors 
are especially of interest for patients with progressive dis-
ease or at a high risk of progression.
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6  Conclusions

In summary, the therapeutic MS landscape considerably 
changed during the last 4 years with the development of 
second-generation substances such as a second-generation 
fumarate and more specific S1P receptor modulators with 
reduced side effects and altered half-lives. B-cell deple-
tion using ofatumumab can now be performed with a fully 
human antibody with less risk of developing neutralizing 
antibodies and the advantage of monthly self-administra-
tion. Ublituximab might potentially elicit less immuno-
genicity because of its glycoengineered design. Regarding 
progression, the advantages of the therapeutic landscape 
with the approval of siponimod for active SPMS and ocre-
lizumab for PPMS are a glimpse of hope as progression 
remains difficult to target (for a further review, see our 
publication [65]). The development of BTK inhibitors will 
bring a whole new class of therapeutics to MS within the 
next years, provided the phase III trials confirm promising 
results from the phase II trials.

While safety data derived from studies about second-gen-
eration molecules are promising, it needs to be taken into 
consideration that the true safety profile of a new medication 
is usually not totally evident from clinical trial data and takes 
time to accumulate following approval. Therefore, long-term 
data and especially real-word studies are needed for those 
new agents to understand the safety spectrum, especially 
over a long treatment period.

Apart from new therapeutic developments regarding 
those new substances, another urgent and ongoing discus-
sion is the risk/benefit assessment in patients with MS. This 
holds especially true in aging patients aged older than 60 or 
70 years who are more vulnerable because of immunosenes-
cence. This is currently addressed in a discontinuation study 
in patients aged older than 55 years [“Discontinuation of 
Disease Modifying Therapies (DMTs) in Multiple Sclerosis 
(MS)”]. The second burning debate is about sequencing of 
MS medications. Here, as stated above, data from several 
registries and studies provided evidence that initial highly 
active therapeutics are associated with a reduced risk of pro-
gression and conversion to SPMS. The question whether 
highly active therapeutic approaches are indeed superior to 
moderate DMTs is currently being investigated in two trials, 
“Traditional Versus Early Aggressive Therapy for Multiple 
Sclerosis Trial (TREAT-MS)”, which will enroll 900 partici-
pants and “Determining the Effectiveness of earLy Intensive 
Versus Escalation Approaches for RRMS (DELIVER-MS)” 
[800 participants]. Thus, we are now in an era of MS therapy 
developing towards a more tailored and individualized thera-
peutic approach, but important open questions remain.
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