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Abstract

There are > 18 distinct disease-modifying therapy (DMT) options covering 10 mechanisms of action currently approved
by the US Food and Drug Administration for the treatment of relapsing—remitting multiple sclerosis (RRMS). Given the
multitude of available treatment options, and recent international consensus guidelines offering differing recommendations,
there is broad heterogeneity in how the DMTs are used in clinical practice. Choosing a DMT for newly diagnosed patients
with MS is currently a topic of significant debate in MS care. Historically, an escalation approach to DMT was used for newly
diagnosed patients with RRMS. However, the evidence for clinical benefits of early treatment with high-efficacy therapies
(HETSs) in this population is emerging. In this review, we provide an overview of the DMT options and MS treatment strate-
gies, and discuss the clinical benefits of HETs (including ofatumumab, ocrelizumab, natalizumab, alemtuzumab, and clad-
ribine) in the early stages of MS, along with safety concerns associated with these DMTs. By minimizing the accumulation
of neurological damage early in the disease course, early treatment with HETs may enhance long-term clinical outcomes
over the lifetime of the patient.

Plain Language Summary

Disease-modifying therapies (DMTs) can help people with multiple sclerosis (MS) by changing the way that their MS devel-
ops over time. Some people with MS have relapses when their symptoms get worse, followed by recovery when their MS is
remitting. This is called relapsing—remitting MS (RRMS). DMTs can reduce both the number and the severity of relapses.
They can also delay the nerve damage that relapses cause. A range of DMTs are approved for treating people with RRMS.
These treatments work in different ways, and international treatment guidelines vary on their recommendations for using
DMTs in the clinic. Selecting DMTs for people with newly diagnosed RRMS is still a topic of discussion. Previously, people
with RRMS only received the more effective high-efficacy therapies (HETS) if their first treatment was not effective. HETs
include ofatumumab, ocrelizumab, natalizumab, alemtuzumab, and cladribine. Recently, using HETS at an earlier stage has
shown promising results. In this review article, we provide an overview of the clinical strategies and the DMT options that
are available for people with MS. Additionally, we discuss the benefits of using HETs for people with newly diagnosed MS
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and consider the safety issues related to DMTs. We summarize that using HETSs to reduce the buildup of nerve damage dur-
ing the early stages of MS may lead to improved long-term clinical outcomes over a person’s lifetime.

Neurological damage begins in the early stages of mul-
tiple sclerosis, and may even precede clinically evident
symptoms.

Early treatment with high-efficacy therapies may
enhance long-term clinical outcomes by minimizing the
accumulation of neurological damage that occurs in the
early stages of disease.

Classification of multiple sclerosis disease-modifying
therapies as ‘high-efficacy’ versus ‘moderate’ or ‘low-
efficacy’ varies between studies; in this review, we
classify the following disease-modifying therapies as
high-efficacy therapies: ofatumumab, ocrelizumab,
natalizumab, alemtuzumab, and cladribine.

1 Introduction

Multiple sclerosis (MS) is a chronic, immune-mediated,
neurodegenerative disease that causes accumulating dam-
age to the central nervous system (CNS). It can lead to
significant neurological disability, particularly in untreated
individuals [1, 2]. Currently, there are over 18 distinct dis-
ease-modifying therapy (DMT) options covering 10 mech-
anisms of action currently approved by the US Food and
Drug Administration (FDA) and the European Medicines
Agency for the treatment of relapsing forms of MS (RMS)
[3-6]. Given the multitude of available treatment options
and recent international consensus guidelines offering dif-
fering recommendations [7, 8], there is broad heterogeneity
in how DMTs are used in clinical practice [9].

Choosing a DMT for newly diagnosed patients with MS
is currently a topic of significant debate in MS care. Most
patients (85-90%) present with relapsing—remitting MS
(RRMS) at disease onset [10—12]. Historically, an escala-
tion approach to DMT was used for this population, but the
evidence for early high-efficacy therapy (HET) is emerg-
ing. Therefore, in this review, we discuss the rationale and
evidence for use of the early HET approach in newly diag-
nosed patients with RRMS.
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2 Early Window of Opportunity in MS

Neurological damage begins in the early stages of MS,
prior to manifestation of clinical MS symptoms, as evi-
denced by elevated levels of serum neurofilament light
proteins detected several years prior to clinical presenta-
tion [13]. Moreover, accelerated brain atrophy has been
observed in asymptomatic individuals with radiologically
isolated syndrome [14-16], as well as in patients with
clinically isolated syndrome (CIS) [17, 18].

Once MS is clinically evident, focal inflammation domi-
nates the early phase of disease. This MS-related inflam-
mation is most evident in younger patients and decreases
with age (Fig. 1). In RRMS, some inflammatory attacks
in the CNS cause clearly defined neurological symptoms
(relapses), followed by periods of full or partial recovery
from new or existing symptoms (remissions) [12]. In addi-
tion to these clinically apparent events, clinically silent
inflammation contributes to neuronal loss, axon destruc-
tion, and demyelination, ultimately leading to irrevers-
ible neurologic disability [19]. Accelerated brain atrophy
during early inflammatory disease may not initially be
associated with noticeable neurologic worsening. This
largely subclinical manifestation of disease activity may
be due to the brain’s capacity to compensate for a certain
degree of neuronal injury and recover from relapses, as
attributed to the concept of ‘neurological reserve.” Upon
loss of reserve due to MS and normal aging, the ensuing
effects of brain/neuronal loss are unmasked, presenting
as the onset of a progressive phase of MS (Fig. 1) [20].
Early termination of the immune attack on the CNS with
DMTs may therefore enhance long-term clinical outcomes
by minimizing the accumulation of neurological damage
that may occur early in the disease course. MS symptoms,
accrual of tissue damage, and prognosis vary substantially
between patients [21, 22], and there are clearly respond-
ers and non-responders to therapy currently on the market
[23-25]. Although a personalized approach to manage-
ment is appropriate, at present it is not possible to predict
the responder/non-responder status of individuals without
having them try (and potentially fail) multiple MS drugs
[26, 27]. Each drug failure can add cumulative neurologic
disability, fueling the discussion about the most appro-
priate strategy to select a treatment for newly diagnosed
patients [26].
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Fig. 1 Natural history of MS. Gd gadolinium, MRI magnetic resonance imaging, MS multiple sclerosis, PPMS primary progressive multiple
sclerosis, RRMS relapsing—remitting multiple sclerosis, SPMS secondary progressive multiple sclerosis

3 Treatment Goals and Shared
Decision-Making for Patient-Centric MS
Care

Given the ongoing neurological damage from the early
stages of MS, initial treatment with effective DMTs and
close monitoring are crucial to slow/stop disease progres-
sion over the lifetime of the patient. Treatment goals have
evolved to include treat-to-target strategies that monitor
clinical and neuroimaging disease activity beyond clini-
cal relapses [28]. With the emergence of highly efficacious
DMTs, no evidence of disease activity (NEDA) is emerging
as a popular clinical outcome measurement [28]. NEDA-3 is
a composite of three measures of disease activity: no clinical
relapses; no confirmed disability progression as measured by
the Expanded Disability Status Scale (EDSS); and no new
magnetic resonance imaging (MRI) lesion activity [28, 29].
While NEDA captures confirmed disability worsening as
measured by the EDSS, it remains strongly focused on the
inflammatory component of the disease and is thought to be
insensitive to neurodegenerative processes that may be more
relevant to the long-term outcomes of people with MS. It has
been proposed to expand the definition of NEDA to address
microscopic injury and incorporate additional parameters,

such as brain atrophy (NEDA-4) and/or neurofilament light
protein levels in cerebrospinal fluid or blood (NEDA-5);
however, these parameters are not yet established for routine
clinical use [28, 29].

Understanding and incorporating individual patient goals and
values into treatment decisions is another important component
of patient-centered MS care [30]. A patient survey study found
that patients prioritized preserving brain health (memory, think-
ing, brain) over physical disability concerns (walking, strength,
vision) [31]. Treatment efficacy and the likelihood of serious side
effects were the most important considerations for these patients
when choosing a DMT. These findings highlight the need for
routine assessment of non-physical MS symptoms, including
cognitive and mental health issues and the importance of using
shared decision-making to personalize MS care [32, 33].

4 MS DMT Options and Treatment Strategies

4.1 DMT Options (High-Efficacy DMTs or
Low/Moderate-Efficacy DMTs)

The > 18 immunomodulatory DMTs currently available for
MS treatment in the US and Europe are shown in Table 1
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Table 1 Disease-modifying therapies approved by the US Food and Drug Administration and the European Medicines Agency for multiple scle-

rosis treatment [4-6, 34-36]

Drug name Brand name Mechanism of action Route of Approved US indication US approval year EU
administra- approval
tion year

Infusion/monoclonal therapies

Ofatumumab Kesimpta® Anti-CD20 mAb SC RMS® 2020 2021

Ocrelizumab Ocrevus® Anti-CD20 mAb v RMS or PPMS 2017 2018

Alemtuzumab Lemtrada® CD52-directed cytolytic mAb IV RMS® 2014 2013

Natalizumab Tysabri® Integrin receptor antagonist v RMS; CD 2004 2006

Mitoxantrone® Novantrone® Synthetic antineoplastic v RMS* 2000 1998
anthracenedione

Oral medications

Ponesimod Ponvory® S1P receptor modulator Oral RMS® 2021 2021
Ozanimod Zeposia® S1P receptor modulator Oral RMSP 2020 2020
Siponimod Mayzent® S1P receptor modulator Oral RMS® 2019 2020
Cladribine Mavenclad® Purine antimetabolite Oral RMS¢ 2019 2017
Dimethyl fumarate Tecfidera® Unknown Oral RMS 2013 2014
Generics 2020 2022
Monomethyl fumarate B afiertam® (US) Unknown Oral RMSP 2013 -
Diroximel fumarate Vumerity® Unknown Oral RMSP 2013 2021
Teriflunomide Aubagio® Pyrimidine synthesis inhibitor Oral RMS 2012 2013
Fingolimod Gilenya® S1P receptor modulator Oral RMS 2010 2011
Injectable therapies
Glatiramer acetate Generic Unknown SC RMSP 2017 2016
Glatopa® (US) RMS 2015 -
Copaxone® RMS" 1996 2004
Pegylated IFNp-la  Plegridy® Unknown M RMS" 2021 2020
SC 2014 2014
IFNp-1b Betaseron® (US) Unknown SC RMS 1993 1995
Betaferon® (EU)
Extavia® Unknown RMS® 2009 2008
IFNp-1a Rebif® Unknown SC RMS 1998 1998
Avonex® Unknown ™M 1996 1997

CD Crohn's disease, EU European Union, /FN interferon, IM intramuscular injection, /V intravenous, mAb monoclonal antibody, PPMS primary
progressive multiple sclerosis, RMS relapsing forms of multiple sclerosis, S/P sphingosine 1-phosphate, SC subcutaneous injection, US United

States

*Historically, mitoxantrone was used as an induction agent, but its use as a multiple sclerosis treatment has decreased in recent years due to its

toxicity and the introduction of newer, better-tolerated therapies

®Clinically isolated syndrome, relapsing—remitting disease, and active secondary progressive disease

“Secondary progressive, progressive relapsing, or worsening relapsing-remitting disease

dRelapsing-remitting disease and active secondary progressive disease

[4-6, 34-36]. The following DMTs are approved in the US
and Europe for the treatment of all RMS, including CIS,
RRMS, and, for some DMTs, active secondary progressive
MS (SPMS): anti-CD20 monoclonal antibodies (subcutane-
ous ofatumumab and intravenous ocrelizumab), natalizumab
(an integrin receptor antagonist administered intravenously),
sphingosine 1-phosphate (S1P) receptor modulators (fingoli-
mod, siponimod, ozanimod, ponesimod, all taken orally),
fumarates (dimethyl, monomethyl, diroximel, all taken
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orally), interferons (IFNB-1b administered subcutaneously,
and IFNp-1a and pegylated IFNB-1a administered subcu-
taneously or via intramuscular injection), teriflunomide
(oral), and glatiramer acetate (subcutaneous injection).
Ocrelizumab is also approved for the treatment of primary
progressive MS (PPMS) [37]. An intravenous formulation
of ofatumumab is approved for the treatment of chronic lym-
phocytic leukemia [38]; however, only the subcutaneous for-
mulation will be reviewed in this article. Rituximab, another



High-Efficacy Therapies in Early Relapsing-Remitting MS

1289

anti-CD20 monoclonal antibody, is approved for multiple
indications in oncology and rheumatology [39] and has long
been used as an off-label MS therapy [40]. Alemtuzumab
(an intravenously administered CD52-directed cytolytic
monoclonal antibody) and cladribine (a purine antimetabo-
lite taken orally) are indicated for the treatment of RRMS
and active SPMS; due to their safety profiles, alemtuzumab
and cladribine are not recommended for use in patients with
CIS [41, 42].

Although exhaustive head-to-head studies have not been
performed, data in pivotal phase III randomized controlled
trials support that a subset of approved medications (includ-
ing ofatumumab, ocrelizumab, natalizumab, alemtuzumab,
and cladribine) are superior at preventing MS relapses,
new MRI activity, and disease progression compared with
either active comparators of lower efficacy (Supplementary
Table 1, see electronic supplementary material [ESM])
[43—48] or placebo (Supplementary Table 2, see ESM) [25,
49-55]. Although not currently approved for MS, recent
findings from a rater-blinded, phase III, multi-center Swed-
ish study (RIFUND-MS) also support rituximab having bet-
ter efficacy (reduced number of relapses) compared with
dimethyl fumarate in RRMS [56]. Based on these efficacy
data, as well as a limited number of indirect cross-trial com-
parisons, observational studies, and clinical experience, we
classify these DMTs as high-efficacy [57-63]. It is impor-
tant to note that there is currently a lack of consensus on
the classification of some DMTs as ‘high-efficacy’ versus
‘moderate’ or ‘low-efficacy;” as such, DMT classifications
vary between studies. In particular, the S1P receptor modu-
lators fingolimod and siponimod, as well as cladribine, are
classified as HETs in some studies and non-HETs in oth-
ers [64—67] (ClinicalTrials.gov identifiers: NCT03500328,
NCT03535298).

4.2 Treatment Strategy (Escalation vs Early HET)

There are different treatment strategies for using these MS
medications: the escalation approach, and the early HET
approach (either using induction therapy or continuous treat-
ment with high-efficacy DMTs).

The escalation approach, which calls for starting newly
diagnosed patients on a low/moderate-efficacy therapy (e.g.,
IFNs, glatiramer acetate), has historically been utilized in
clinical practice. If signs of breakthrough disease emerge,
treatment is escalated to a HET. However, with the increas-
ing availability of high-efficacy DMTs, and accumulating
evidence of a narrow therapeutic window for effective MS
treatment, this treatment approach is being re-evaluated in
light of alternative strategies, outlined below.

The early HET approach advocates for the first-line use
of HETs in people with RRMS at the time of diagnosis, irre-
spective of their age or disability level. Using HETS in the

early stages of MS aims to decrease the clinically apparent
and subclinical inflammatory activity that drives neuronal
and brain volume loss (brain atrophy), preserve brain tis-
sue and neurological reserve, and maximize long-term brain
health [20, 68]. This strategy is similar to early aggressive
treatment approaches for other immune-mediated diseases,
such as rheumatoid arthritis, which are known to improve
long-term clinical outcomes [69]. The early HET approach
encompasses both induction therapy and continuous treat-
ment with high-efficacy DMTs.

Induction therapy, or immune reconstitution therapy, is
a form of HET that aims to ‘reset’ the immune system to
provide long-lasting treatment effects. It involves the pulsed
administration of immunosuppressive therapies, followed
by a prolonged drug-free period or maintenance therapy
with a low/moderate-efficacy DMT [70-72]. This treatment
approach tends to be reserved for individuals with aggres-
sive MS and poor prognosis at baseline [73]. HETs that are
utilized as induction therapy include alemtuzumab (intrave-
nous treatment courses administered 12 months apart) and
cladribine (2-yearly treatment courses administered orally).

Other HETs are used continuously, with ongoing, long-
term treatment administered at regular dosing intervals;
these DMTs include ofatumumab, ocrelizumab, natali-
zumab, and rituximab (used off-label) [37, 74, 75]. Ofatu-
mumab is administered subcutaneously monthly (following
three initial doses) [74], without need for dose adjustment
based on individual patient characteristics [76]. Ocrelizumab
is administered intravenously every 6 months (following two
initial doses) [37], and natalizumab is administered intrave-
nously every 4 weeks [75].

5 Early Intervention with HETs Improves
Short-Term and Long-Term Clinical
Outcomes

Data in pivotal phase III randomized controlled trials for
HETSs with active comparators of lower efficacy (as sum-
marized in Supplementary Table 1, see ESM) show that
ofatumumab (ASCLEPIOS; vs teriflunomide), ocrelizumab
(OPERA; vs IFNf-1a), and alemtuzumab (CARE-MS; vs
IFNp-1a) reduced annualized relapse rates (ARR), disability
worsening, new/enlarged MRI lesions, and brain volume loss
in patients with RMS versus their respective active compara-
tors [44—46, 48]. In the ASCLEPIOS and OPERA trials, a
higher proportion of patients achieved NEDA-3 with ofatu-
mumab (vs teriflunomide) and ocrelizumab (vs IFNf-1a),
respectively [44, 47]. These data offer a direct comparison
of efficacy between HETs and lower-efficacy therapies. Pla-
cebo-controlled phase III trials of natalizumab and cladrib-
ine are summarized in Supplementary Table 2 (see ESM).
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Long-term open-label extension (OLE) studies of these
randomized clinical trials (Supplementary Table 3, see
ESM), in which patients originally randomized to the lower-
efficacy comparator therapy are switched to the HET after
completion of the randomized treatment period, enable lim-
ited comparative evaluation of HET treatment effects delayed
by up to 2 years following earlier lower-efficacy therapy.
In the OLE studies for alemtuzumab and ocrelizumab, the
patients switching from the lower-efficacy IFNf-1a during
the OLE phase responded to the HET similarly to those con-
tinuing on HET in terms of ARR and MRI disease activity.
However, patients switching from IFNf-1a had persistently
higher disability levels, and exhibited more whole-brain
volume loss, than those who had initiated earlier HET treat-
ment [77, 78]. These findings highlight the clinical benefits
of early use of HETs (vs delayed intervention) in RMS to
optimize short-term and long-term outcomes. Efficacy data
up to 4 years for the ongoing OLE study for ofatumumab
are forthcoming in 2022 and will explore similar long-term
efficacy outcomes versus patients on teriflunomide during
the randomized treatment period (NCT03650114).

Findings from real-world studies suggest clinical benefits
associated with HETS as first-line therapy in treatment-naive
patients, compared with first-line treatment with lower-effi-
cacy therapies. A nationwide study in Denmark (n = 388)
found that treatment-naive patients with RMS receiving
HET (defined as natalizumab, fingolimod, or alemtuzumab)
as their first MS treatment had a lower probability of first
relapse and of 6-month confirmed EDSS score worsening
at 4 years of follow-up compared with a matched sample
starting on a low/moderate-efficacy DMT (defined as IFN,
teriflunomide, dimethyl fumarate, or glatiramer acetate)
[66]. Another study in the United Kingdom (n = 592) found
that patients with MS initially started on HETs (defined as
alemtuzumab or natalizumab) had lower EDSS scores after
5 years of follow-up compared with those whose first treat-
ment was a low/moderate-efficacy DMT (defined as IFNss,
glatiramer acetate, dimethyl fumarate, fingolimod, or terif-
lunomide) [64]. A study in Italy (» = 2702) found increasing
differences in disability trajectory over up to 10 years of
follow-up between treatment-naive patients who received
a HET (defined as fingolimod, natalizumab, mitoxantrone,
or cladribine) as their first treatment within 13 months of
disease onset compared with their propensity score matched
counterparts who received the HET after > 1 year of low/
moderate-efficacy treatment (glatiramer acetate, IFNs, or
azathioprine) [79].

Studies assessing the timing of initiating treatment with
HETs along the MS disease spectrum also generally support
the notion of ‘earlier is better.” An analysis of data from the
MSBase registry (n = 308) and the Swedish MS registry
(n = 236) found less disability after 6-10 years in patients
who started HET (defined as rituximab, mitoxantrone,
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alemtuzumab, or natalizumab) within 2 years of disease
onset compared with those who started 4—6 years after dis-
ease onset [80]. A systematic review evaluating the effect of
HETS (defined as fingolimod, natalizumab, or alemtuzumab)
at different stages of MS found that early HET initiation
more potently suppressed relapse activity compared with
delayed initiation; whether early versus delayed treatment
initiation was associated with improved disability and MRI
outcomes was inconclusive [65]. Another study found that
initial treatment with fingolimod, alemtuzumab, or natali-
zumab was associated with a lower risk of conversion to
SPMS versus initial treatment with glatiramer acetate or
IFNB-1a, and probability of conversion was lower when
treatment was started within 5 years of disease onset ver-
sus after 5 years [81]. Of note, the real-world studies/analy-
ses assessing long-term clinical outcomes described above
include few/no patients on ofatumumab, ocrelizumab, and
cladribine due to timings of study publications (2017-2021)
and regulatory approvals (2017-2020; Table 1). It is impor-
tant to note that in real-world evidence studies, assignment
to HET or a lower-efficacy treatment is based on individual
patient characteristics such as disease activity, rather than
random assignment as in randomized controlled trials [64,
79]. While this limits direct comparisons of early HET ver-
sus an escalation strategy, these studies add support to the
use of HET in the first-line setting, as patients with more
active disease who were treated with HET experienced bet-
ter outcomes than those with less active disease who were
not treated with HET. Nevertheless, prospective head-to-
head studies of first-line HET versus treatment escalation
are required; the ongoing DELIVER-MS (NCT03535298)
and TREAT-MS (NCT03500328) trials are directly compar-
ing early intensive versus escalation approaches in a rand-
omized pragmatic design to ascertain if systemic applica-
tion of early HET improves the prognosis for patients with
RRMS [82-84].

6 Risks of Serious Adverse Events
Associated with HETs

The improved efficacy outcomes with HETs might seem
to mandate their use for all newly diagnosed patients with
MS. When practitioners consider HETs, their main concerns
relate to potential adverse events, which are perceived to
occur more frequently among patients treated with HETs.
Safety data in pivotal phase III trials for HETs with active
comparators of lower efficacy offer a comparison of serious
adverse event (SAE) rates between therapies (Supplemen-
tary Table 1, see ESM) [43, 45, 46, 48], while extension
studies [77, 78, 85-87], pooled analyses, and post-market-
ing surveillance can provide additional information on rare,
delayed, or cuamulative SAEs as these arise over time. SAEs



High-Efficacy Therapies in Early Relapsing-Remitting MS

1291

associated with HETs vary by class of therapy and may
include increased risk of hematologic abnormalities, infec-
tions, malignancy, secondary autoimmunity, neurovascular
events, and teratogenicity.

6.1 Hematologic Abnormalities

Given the immunomodulatory nature of MS DMTs, treat-
ment may be associated with shifts in circulating immune
cells. Treatment with anti-CD20 monoclonal antibodies,
which results in near-complete depletion of circulating B
cells, could lead to a decline in serum immunoglobulin
(Ig) levels (hypogammaglobulinemia) over time. In clini-
cal trials of rituximab and ocrelizumab, reductions in IgM,
IgG, and IgA were observed, with IgM reductions being
most pronounced [39, 48, 77, 88, 89]. A pooled analysis
of ocrelizumab clinical studies in RMS and PPMS patient
populations and their OLEs (up to ~ 7 years of ocrelizumab
exposure) have shown an association between decreased lev-
els of IgG (levels less than the lower limit of normal) and
increased rates of serious infections [90]. In a pooled analy-
sis of the ocrelizumab OPERA study population (including
1174 patients who entered the OLE study and completed
5-year follow-up), the proportion of patients with decrease
below the lower limit of normal at baseline and at year 5
were 0.5% and 29.5% for IgM, 0.5% and 5.4% for IgG, and
1.2% and 5.1% for IgA [77]. In a pooled analysis of ofa-
tumumab clinical trials and OLE study (including 1969
patients with up to 3.5 years of follow-up), the proportion
of patients who were below the lower limit of normal at any
time post-baseline was 23.1% for IgM and 1.5% for 1gG; no
association was observed between decreased Ig levels and
risk of serious infections with ofatumumab [91].
Alemtuzumab treatment may also lead to dose-dependent
reductions of IgG, IgM, and IgA levels in serum and cer-
ebrospinal fluid at 12 and 24 months following two courses,
with further reductions in IgG in patients with persistent
or returning disease activity treated with a third course
of alemtuzumab [92]. Reductions in lymphocyte count
(lymphopenia) have been observed with alemtuzumab
and cladribine treatment. In MS clinical trials of alemtu-
zumab, nearly all (99.9%) alemtuzumab-treated patients
experienced lymphopenia. The lowest lymphocyte counts
occurred by ~ 1 month after each treatment course, and
total lymphocyte counts increased to reach the lower limit
of normal in ~ 40% of patients by 6 months after each alem-
tuzumab treatment course and in ~ 80% of patients by 12
months [42, 93]. In clinical studies of cladribine, 87% of
cladribine-treated patients experienced lymphopenia, and
reductions in lymphocyte count were dose dependent. The
lowest absolute lymphocyte counts occurred ~ 2—-3 months
after the start of each treatment course and were lower with
each subsequent course [41]; hypogammaglobulinemia has

not been described for patients with MS taking cladribine
[94]. Cases of severe (including fatal) neutropenia (low neu-
trophil counts) within 2 months of alemtuzumab infusion,
and mild to moderate decreases in platelet counts (starting
at the time of alemtuzumab infusion and often resolving
without treatment), have also been reported [42].

It is unclear if anti-CD20s constitute induction therapy,
and ongoing studies are addressing this [95, 96]. However,
animal models demonstrate that B-cell-depleting anti-CD20
monoclonal antibodies do not achieve total depletion of tis-
sue-resident B cells [97]. Moreover, upon treatment cessa-
tion, B cells reappear, first in the spleen and bone marrow,
followed by reappearance in the blood; this reconstituted
pool contains an elevated frequency of differentiated myelin-
reactive B cells. These findings indicate that pathogenic B
cells may persist following anti-CD20 treatment with rituxi-
mab or ocrelizumab, contributing to the recovering B-cell
pool [97].

Despite the observations upon treatment cessation
described above, no well-controlled data have yet shown
a consistent increase of disease activity, or rebound activ-
ity, following discontinuation of anti-CD20 therapies or
most HETs [37, 41, 42, 74, 75]. Rebound activity has been
reported following discontinuation of sequestering therapies,
such as fingolimod [98—100] and natalizumab [101-103].
However, rapid switch to an anti-CD20 treatment, such as
ocrelizumab, may reduce this rebound risk [104].

6.2 Risk of Infections
6.2.1 Progressive Multifocal Leukoencephalopathy

Progressive multifocal leukoencephalopathy (PML), an
opportunistic viral brain infection caused by the John Cun-
ningham virus (JCV), can lead to death or severe disability
[105]. Among the approved MS DMTs, PML incidence is
highest with natalizumab [106]. Due to its boxed warning,
natalizumab is available in the United States only through a
restricted distribution program [75]. However, there is con-
sensus in the United States that natalizumab can be used
safely in patients who are anti-JCV antibody negative, as
long as they are monitored for conversion to anti-JCV anti-
body positivity at least every 6 months. Estimated incidence
of PML in the United States based on post-marketing data
from ~ 100,000 natalizumab-exposed patients indicate a
risk estimate of 1/10,000 for those who are anti-JCV anti-
body negative. In anti-JCV antibody-positive patients with-
out prior immunosuppressant use, PML risk is estimated to
be < 1/1000 in the first 24 months of natalizumab exposure,
increasing to up to 4/1000 by 72 months of exposure [75],
with further stratification of PML risk correlated to anti-
JCV antibody serum concentrations [107]. Corresponding
risk estimates for anti-JCV antibody-positive patients with
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prior immunosuppressant use are 1/1000 and 7/1000 [75].
Of note, the validated anti-JCV antibody test used to con-
firm the presence of JCV-specific antibodies has an analyti-
cal false-negative rate of 3% [75]. Extended interval dos-
ing (68 weeks) instead of the approved standard interval
dosing (every 4 weeks) has been suggested to reduce PML
risk with natalizumab [108—110]; recent data showed an
88% reduction in PML risk with a ~ 6-week dosing sched-
ule [111]. A recent phase IIIb trial evaluating 6-week ver-
sus 4-week interval dosing of natalizumab in patients with
RRMS reported one case of PML with the 6-week interval
dosing, but otherwise safety profiles were similar between
the dosing regimens; a small but not significant reduction
in efficacy was observed with the 6-week interval dosing
regimen [112].

PML cases are rare in patients with MS following treat-
ment with other HETs. In patients with MS treated with
rituximab or ocrelizumab that developed PML, almost all
cases were related to prior use of other DMTSs such as natali-
zumab [113, 114]. However, the first case of PML occur-
ring with 2-year ocrelizumab monotherapy in a 78-year-old
man with progressive MS without prior immunomodulatory
DMT use, who had exhibited intermittent mild (grade 1)
lymphopenia prior to ocrelizumab initiation, was reported
in 2021 [115]. The prescribing information for ocrelizumab
has now been updated (August 2022) to include a warning
for PML, based on the cases reported in patients treated with
ocrelizumab, without previous natalizumab treatment, in the
post-marketing setting [37]. There have been no confirmed
cases of PML to date in patients with MS using subcutane-
ous ofatumumab [74] or cladribine [41]. One case of PML
occurred in an alemtuzumab-treated patient with MS with-
out prior exposure to natalizumab [116].

6.2.2 COVID-19

Given the ongoing COVID-19 pandemic, the potential asso-
ciation between MS, SARS-CoV-2 infection risk/severity,
and DMT use has been a particularly highly debated topic
of interest since early 2020. The current evidence suggests
that having MS does not increase risk of SARS-CoV-2 infec-
tion or worsen clinical outcomes compared with those with-
out MS [117]. However, risk factors including progressive
MS, older age, higher levels of disability, obesity, diabetes,
and cardiac and pulmonary comorbidities increase risk for
more severe outcomes of COVID-19 for those who become
infected [117, 118]. Additionally, given the immunomodu-
latory nature of many of the DMTs, some MS medications
may increase the risk of a more severe COVID-19 disease
course.

Current clinical evidence suggests that natalizumab,
dimethyl fumarate, diroximel fumarate, teriflunomide, fin-
golimod, ozanimod, siponimod, IFNs, and glatiramer acetate
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do not increase risk of more severe COVID-19 symptoms
[117-119]. An analysis of a global dataset of 2340 patients
with MS (of whom 657 had suspected COVID-19 and 1683
had confirmed COVID-19) suggested a higher risk of more
severe COVID-19 linked to rituximab (increased risk of
hospitalization, intensive care unit [ICU] admission, and
need for artificial ventilation) and ocrelizumab (increased
risk of hospitalization and ICU admission) [120]. In a recent
analysis of data from the ofatumumab ALITHIOS study
(1703 people with MS, of whom 24 had suspected COVID-
19 and 115 had confirmed COVID-19) and post-marketing
surveillance (2 suspected and 26 confirmed COVID-19),
COVID-19 incidence and severity in ofatumumab-treated
patients with RMS were suggested to be comparable with
the general population [121] (reference from congress pro-
ceedings). Considering the increased risk of severe COVID-
19 associated with other anti-CD20 monoclonal antibodies,
additional data are needed to further clarify COVID-19 risk
on a larger number of ofatumumab-treated patients. Addi-
tional data are also needed for alemtuzumab and cladribine
to assess their safety during the COVID-19 pandemic; how-
ever, initial reports do not suggest increased risk of severe
COVID-19 with either treatment [122, 123]. The National
Multiple Sclerosis Society recommends assessing use of
anti-CD20 therapies, alemtuzumab, and cladribine during
the pandemic, to balance potential COVID-19 risks and
the consequences of delaying treatment with these HETS,
including unintended outcomes such as worsening disability
and increased relapse rate, MRI lesions, and brain atrophy,
which will persist long after the pandemic [117, 118].

Due to the aforementioned shifts in circulating immune
cells, patients using MS DMTs may have attenuated
immune responses to vaccines. Given the direct effect of
B-cell-depleting anti-CD20 monoclonal antibodies on
humoral immunity, the extent or ability of patients with
MS on these DMTs to mount a humoral immune response
to COVID-19 vaccines are of particular concern. Studies
suggest that rituximab- or ocrelizumab-treated MS patients
generate reduced antibody responses to mRNA COVID-19
vaccines, but are able to mount SARS-CoV-2—specific T-cell
responses that are comparable with responses in healthy
individuals [124—128]. Data on timing of vaccination with
ofatumumab treatment, which is currently limited and needs
further confirmation, suggest that patients receiving ofatu-
mumab treatment may be able to mount a stronger humoral
response to the COVID-19 vaccine compared with those
receiving ocrelizumab or rituximab [129]. Patients receiv-
ing natalizumab, alemtuzumab, or cladribine mounted full
antibody responses to the mRNA COVID-19 vaccines that
were comparable with those on lower-efficacy DMTs and no
DMTs [128]. Recently issued COVID-19 vaccine guidance
from the National Multiple Sclerosis Society encourages the
vaccination of patients with MS and suggests that the timing
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of vaccination could be coordinated with that of DMT dos-
ing [130, 131].

6.3 Malignancy

The immunosuppressive nature of MS DMTs may increase
the risk of cancer in patients with MS [132]. Cladribine
and alemtuzumab have boxed warnings that these medica-
tions may increase risk of malignancy, and cladribine is
contraindicated in patients with current malignancies [41,
42]; ocrelizumab has a warning that it may increase risk of
malignancy, including breast cancer [37]. A meta-analysis
of 11 phase III clinical trials of cladribine and other DMTs
(dimethyl fumarate, fingolimod, teriflunomide, natalizumab,
alemtuzumab, glatiramer acetate) suggested that cancer
rates with cladribine treatment were comparable with the
other studied DMTs in patients with RMS [133]. Addition-
ally, an integrated safety analysis for cladribine, including
1564 patients with RMS from the three phase III studies
(CLARITY, CLARITY Extension, ORACLE-MS) and the
completed PREMIERE safety registry, found that malig-
nancy incidence with cladribine was not statistically dif-
ferent from placebo (observation-adjusted incidence rates
per 100 patient-years of 0.26 and 0.12, respectively) and
the matched GLOBOCAN reference population (standard-
ized incidence ratio, 0.88; 95% CI 0.44—1.69) [134]. For
alemtuzumab, a 5-year follow up of the CARE-MS I and II
studies found that 10 of 811 alemtuzumab-treated patients
developed malignancies over 5 years [135, 136]; malignancy
rates with alemtuzumab from the CARE-MS extension trial
(exposure up to 6 years) was < 0.4% per year [78]. Malig-
nancy rates in patients treated with rituximab or ocrelizumab
do not indicate an increased risk compared with matched
reference populations [90, 137]. There was no indication of
an excess of breast cancer incidence in women treated with
ocrelizumab in the US real-world setting compared with the
US general population [90]. Based on the ofatumumab phase
IIT ASCLEPIOS studies, five neoplasms (0.5%) occurred
in the ofatumumab group (n = 946) versus four (0.4%) in
the teriflunomide group (n = 936), with no indication of
an increased risk of malignancy [43]. A 10-year interim
report of a real-world study of 6148 natalizumab-treated
patients with RRMS indicated malignancy incidence rates of
1.1% (n = 66); of these, breast cancer was the most common
neoplasm (n = 19; 86.7 per 100,000 patient-years), which is
in line with the matched SEER and GLOBOCAN reference
populations [138].

6.4 Other SAEs: Secondary Autoimmunity,
Neurovascular Events, Teratogenicity

Alemtuzumab treatment can result in an increased risk
of serious (sometimes fatal) autoimmune conditions and

stroke. Alemtuzumab-treated patients in randomized trials
and open-label extension studies experienced thyroid disor-
ders (36.8%), immune thrombocytopenia (2%), glomerular
nephropathies (0.3%), vitiligo (0.3%), autoimmune hemo-
lytic anemia (0.3%), autoimmune pancytopenia (0.2%),
undifferentiated connective tissue disorders (0.2%), type 1
diabetes mellitus (0.2%), rheumatoid arthritis (0.1%), retinal
pigment epitheliopathy (0.1%), and acquired hemophilia A
(0.1%) [42]. A recent safety analysis of the alemtuzumab
clinical trial program found that post-alemtuzumab treat-
ment autoimmune AEs were similar between patients with
preexisting non-MS autoimmunity (35.4%) and those with-
out (35.3%), and these AEs were serious in 8.8% and 9.1%
of cases, respectively [139]. Ischemic and hemorrhagic
stroke or arterial dissection occurring shortly after alemtu-
zumab treatment were reported in 13 cases worldwide since
FDA approval in 2014 [140]. Cladribine is contraindicated
in pregnant women due to evidence of malformations and
embryolethality in animals [41]. Pregnancy outcomes in an
integrated safety analysis of the cladribine clinical develop-
ment program, the results of which are limited by the small
number of pregnancies that occurred (70 direct pregnancies
and 9 partner pregnancies), were generally consistent with
epidemiological data for women with MS or the general
population [141].

7 Expert Perspectives and Future Outlook

The MS treatment landscape has evolved in recent years with
the increasing availability of high-efficacy DMTs with good
safety profiles, including anti-CD20 monoclonal antibodies
with fewer safety monitoring requirements compared with
other HETs. Several classes of MS therapies are currently
in clinical development (their relative clinical efficacy yet to
be determined), including Bruton’s tyrosine kinase inhibitors
[142], and Epstein-Barr virus—specific T-cell therapy [143,
144]. Autologous hematopoietic stem cell transplantation
(AHSCT) has been of increasing interest in recent years as
an MS treatment option. Several clinical trials and meta-
analyses have reported that, in some patients with relaps-
ing disease, AHSCT was able to induce long-term disease
remission, delay disease progression compared with DMTs
(including HETs), and even halt all detectable CNS inflam-
matory activity, although methodological differences within
and across the existing studies limited their interpretability
[145-148]. Ongoing randomized clinical trials (e.g., BEAT-
MS [NCT04047628] and STAR-MS [ISRCTN registry iden-
tifier: ISRCTN88667898]) are comparing AHSCT versus
HETs (cladribine, natalizumab, alemtuzumab, ocrelizumab,
rituximab, or ofatumumab) and will help better define the
optimal utilization of AHSCT. At present, AHSCT is an
option, albeit limited in access outside of clinical trials, for
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patients with aggressive RMS, or those who exhibit high
clinical or MRI activity despite HET treatment [149-151].
While AHSCT may become an important component of the
MS armamentarium, it remains to be determined whether it
would be suitable for treatment-naive patients.

Clinical evidence of a narrow therapeutic window for
effective MS treatment in the early stages of disease is
emerging. Currently, it is not possible for clinicians to accu-
rately predict prognosis and treatment response at disease
onset at an individual patient level [27], and subclinical dis-
ease processes may occur despite treatment. MS relapses,
and the formation of new MRI lesions in the CNS indicating
inflammatory activity, are well established contributors to
neurological disability and correlate with prognosis in the
short term [19, 29]. While these parameters meaningfully
contribute to long-term disability [152], disability worsen-
ing may also occur in the absence of relapses or new brain
lesions [19]. The inability to predict poor clinical outcome
at an individual patient level, coupled with the potential for
disability progression independent of relapse activity, sup-
port the use of HETS as first-line treatment for most newly
diagnosed patients with RMS. In addition, the labels of
some HETSs, such as ocrelizumab and natalizumab, have
been expanded from RMS to encompass any ‘active’ form
of MS, including CIS and active SPMS [37, 75]. However,
safety concerns around HET use, as well as the variability
of MS severity, may support arguments against their use
in all such patients. Additional data on long-term safety of
these DMTs, as well as an increased understanding of pre-
dictors of poor clinical outcomes, would help clinicians and
patients to decide whether treatment with HETS is right for
them. Ongoing clinical trials assessing early RRMS treat-
ment with HETs compared with other treatment approaches
include DELIVER-MS (study completion in 2026) [67] and
TREAT-MS (NCT03500328; estimated study completion in
2025). Based on the need for efficacious treatment in the
early stages of MS disease, we believe HETs are appropriate
for most patients with RMS as a first-line treatment option.
However, a shared decision-making approach should occur
between the patient and their care teams, including compre-
hensive discussions on available treatment options as well
as the benefits and risks of early HET use, to ensure that
an informed decision is made as a team on the appropriate
treatment.
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