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Abstract

Purpose of review This review presents a comprehensive analysis of the current high-
efficacy disease-modifying therapies (DMTs) available for treatment of multiple sclerosis
(MS). We discuss the existing approved and emerging therapeutics in patients with
relapsing and progressive forms of MS using data from clinical trials and observational
studies. Treatment considerations in pediatric and pregnant populations are also
reviewed. Finally, we discuss the treatment paradigms of the escalation and early aggres-
sive approaches to treatment of MS, with review of ongoing clinical trials to compare these
approaches.
Recent findings Natalizumab has shown promising data on efficacy in not only randomized
trials but also observational studies when compared with placebo, the injectable DMTs,
and fingolimod. The anti-CD20 B cell depleting therapies (rituximab, ocrelizumab, and
ofatumumab) have also demonstrated superiority in randomized clinical trials compared
to their comparator group (placebo, interferon, and teriflunomide, respectively) and
rituximab has shown in observational studies to be more effective than older injectable
therapies and some of the oral therapies. Alemtuzumab has shown good efficacy in
randomized controlled trials and observational studies yet has several potentially severe
side effects limiting its use. Mitoxantrone has similarly demonstrated significant reduction
in new disease activity compared to placebo but is rarely used due to its severe side
effects. Cladribine is an oral DMT often grouped in discussion with other higher efficacy
DMTs but may be slightly less effective than the other therapies described in this review.
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Many emerging targets for therapeutic intervention are currently under investigation that
may prove to be beneficial in early aggressive MS, including autologous hematopoietic
stem cell transplantation.
Summary Traditionally, MS has been treated with an escalation approach, starting patients
on a modestly effective DMT and subsequently escalating to a higher efficacy DMT when
there is evidence of clinical and/or radiologic breakthrough activity. With the develop-
ment of higher efficacy therapies and emerging data showing the potential positive long-
term impact of these therapies when started earlier in the disease course, many clinicians
have shifted to an early aggressive treatment approach in which patients are initially
started on a higher efficacy DMT. Two clinical trials, the TRaditional versus Early Aggressive
Therapy for MS (TREAT-MS) trial and the Determining the Effectiveness of earLy Intensive
Versus Escalation approaches for the treatment of Relapsing-remitting MS (DELIVER-MS)
trial, aim to directly compare these treatment strategies and their impact on clinical and
radiologic outcomes.

Introduction

Multiple sclerosis (MS) is the most common
neuroinflammatory disorder of the central nervous sys-
tem. The immune system plays a significant role in the
pathogenesis of MS; thus, the development of
immunomodulating/immunosuppressive therapies has
been critical for treating MS. The expanding armamen-
tarium of therapeutics has helped alter the clinical
course of MS with its impact on minimizing inflamma-
tory disease activity.

A more aggressive course of MS has been associated
with a variety of clinical and paraclinical factors. Patients
who are male and African American/Black or Hispanic,
have a later age at onset, have frequent relapses with
poor recovery (particularly with motor, cerebellar, and
sphincter involvement), or have evidence of early cogni-
tive dysfunction appear to be at risk of more disabling
phenotypes of MS [1–6]. Moreover, high lesion burden
on magnetic resonance imaging (MRI), lesion location
(brainstem, cerebellum, spinal cord), development of
new lesions in the first few years after symptom onset,
early optical coherence tomography (OCT) changes, and
presence of oligoclonal bands can increase the risk of
more aggressiveMS [7–10]. However, the initial absence
of these factors does not necessarily translate to a benign
phenotype long-term, and studies are needed that in-
clude putative prognostic factors evaluated concomi-
tantly, appropriately accounting for disease-modifying
therapy use/strategy in more representative cohorts. An
observational study by Leray et al. [11] followed 874
patients for at least 10 years and found that initial

clinical factors associated with a more favorable out-
come did not predict a benign course of disease long-
term with each decade that passed.

There are different treatment approaches in MS and
specifically in relapsing MS. At this juncture, it is not
clear what treatment approach is best especially early on
in MS. Traditionally, the escalation treatment approach
has been utilized and is still common practice among
clinicians. With this approach, patients are started on
disease-modifying therapies (DMTs) with moderate ef-
ficacy on inflammatory activity and remain on this DMT
until there is evidence of new clinical or radiologic ac-
tivity. However, with the advances in treatment of MS,
there are now several agents that appear to have a greater
impact on inflammation (classified as high efficacy)
compared to moderately effective therapies. Hence,
there has been a lot of interest in recent years to consider
starting high-efficacy treatments earlier in MS, also
known as the early aggressive approach [12]. The hy-
pothesis behind starting highly efficacious therapies ear-
ly in the disease course is that such an approach may
maximize the potential for preventing disability progres-
sion over time.

There is a paucity of evidence-based guidelines for
determining which treatment strategy/approach is best
for patients with MS. While clinical trials have shown
that the efficacy of MS therapies varies, this does not
necessarily translate to the same differences in real-
world effectiveness. Some insights into real-world effec-
tiveness have been gained by observational studies,

19 Page 2 of 21 Curr Treat Options Neurol (2021) 23: 19



short randomized controlled trials, meta-analyses, and
comparative effectiveness research, but even these pres-
ent limitations. This review will focus on pivotal studies
of current and emerging DMTs in the treatment of MS,

with an emphasis on early aggressive treatments in MS.
Additionally, we will discuss gaps in knowledge as well
as ongoing pragmatic trials assessing treatment strategies
in relapsing MS.

Treatments

Basic principles of multiple sclerosis disease-modifying therapies

& Starting treatment shortly after initial symptom onset gives patients the
best chance of minimizing long-term disability [13–15, 16••].

& Having a low threshold to switch therapies when there is breakthrough
disease activity (clinical relapses and/or new lesions on MRI) may help
prevent future disability [17].

& If a patient has an inadequate (subtherapeutic) treatment response to a
DMT, it is prudent to choose another DMT with a different mechanism of
action [13, 18].

& Infusion therapies, cladribine, and ofatumumab appear to be more effec-
tive than the other therapies, although some experts consider sphingosine-
1-phosphate inhibitors to be intermediate or higher efficacy [19–21, 22•,
23].

Higher efficacy disease-modifying therapies
The classification of a DMT as higher efficacy occurs based on favorable results
from clinical trials comparing that treatment to placebo or traditional DMTs
such as interferon beta or glatiramer acetate. The annualized relapse rate (ARR)
and progression of disease (often measured using the EDSS) are commonly
used clinical outcomes in MS research, but MRI and other paraclinical data are
also increasingly being used to study drug efficacy. A combined endpoint
outcome measure that is utilized in studies is “no evidence of disease activity”
(NEDA). NEDA is characterized by lack of clinical relapses, no new or enlarging
lesions on MRI, and absence of disability progression. A DMT is labeled as
higher efficacy when the data show a more favorable treatment impact on at
least the inflammatory outcome (relapses and new lesions), although some
experts also prefer to evaluate lack of disability progression in considering
relative efficacy.

Randomized, placebo-controlled clinical trials are traditionally the gold
standard for conducting clinical research and provide important data on a
drug’s efficacy. It is imperative to note that efficacy in clinical trials occurs in
ideal and controlled conditions and thus may not necessarily translate to the
real world, where observational and comparative effectiveness studies as well as
pragmatic trials are better able to provide an understanding of relative effective-
ness. Comparisons across clinical and observational trials are difficult, given the
patient populations in each study can vary significantly. Additionally, it is often
difficulty to apply group-level data to an individual. Furthermore, group-level
mean differences in outcomes between treatment arms in a clinical trial are
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often driven by subsets of the patients in each arm, and thus, it can be difficult
to apply the data from a group to an individual patient in the real world.

Many consider the higher efficacy medications to include infusions
(natalizumab, alemtuzumab, rituximab, ocrelizumab, and mitoxantrone), oral
cladribine, and subcutaneous ofatumumab, although there is some discussion
on whether additional therapies, in particular the sphingosine-1-phosphate
receptor modulators, should be included under this label. The mechanism,
dosing, clinical trial and observational data, and safety concerns will be ad-
dressed for each treatment.

Infusion therapies and ofatumumab
Natalizumab

Natalizumab is a monoclonal antibody directed against the alpha-4 subunit of
integrin which helps to block lymphocyte entry into the central nervous system.
The standard dosing is 300 mg administered intravenously every 4 weeks,
although extended interval dosing (EID) has been implemented to mitigate
risk of progressive multifocal leukoencephalopathy (PML) in patients with
positive serum John Cunningham virus (JCV) antibodies. A respective cohort
study analyzing risk of PML in 35,521 JCV antibody-positive patients treated
with natalizumab in an average 30–31-day standard interval dosing (SID) or
average 35–43-day EID showed a 94% and 88% relative risk reduction in
developing PML with EID in the primary and secondary analyses, respectively
[24].

In the original randomized, placebo-controlled trial, the Natalizumab Safety
and Efficacy in Relapsing-Remitting Multiple Sclerosis (AFFIRM) study, 942
patients with relapsing MS were randomly assigned to receive natalizumab or
placebo. Natalizumab demonstrated a 42% relative risk reduction (RRR) in
disability progression at 2 years and 68% reduction in the ARR at 1 year when
compared to placebo. SecondaryMRI outcomes showed a reduction in number
of T2-weighted lesions by 83% and reduction in gadolinium-enhancing lesions
by 92% compared to placebo [25]. The REVEAL study was a phase 4 active
comparator clinical trial comprising 108 patients with relapsing MS random-
ized to receive either natalizumab or fingolimod in a 1:1 fashion. The primary
endpoint was the progression of new on-treatment gadolinium-enhancing
lesions to persistent black holes on MRI at 52 weeks. Due to early study
termination, the primary endpoint could not be assessed. Unplanned explor-
atory analyses of secondary outcomes revealed the mean number of new
gadolinium-enhancing lesions was at least 70% lower at 12 and 24 weeks in
natalizumab-treated patients, while otherMRI outcomes of new or enlarging T2
lesions were not significant between groups. With regard to clinical outcomes,
the ARR was 90% lower in patients treated with natalizumab than with
fingolimod and the cumulative probability of relapse was lower in the
natalizumab-treated group [26].

Subsequent observational studies have evaluated the effectiveness of
natalizumab when compared with injectable DMTs and fingolimod. In a study
using propensity score methods, in 732 treatment-naïve patients receiving first-
line natalizumab or injectable DMTs (interferon beta (IFN-β) or glatiramer
acetate (GA)), natalizumab was associated with a 68% relative reduction in
ARR compared with IFN-β/GA [27]. Natalizumab has also been favored as an
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option in escalation of treatment after patients demonstrate inadequate re-
sponse to treatment with traditional injectable medications. An observational
study by Kalincik et al. used longitudinal data obtained from 792 patients in an
MS patient registry to compare effectiveness of starting natalizumab versus
fingolimod after treatment failure with IFN-β/GA. The ARR declined from 1.5
to 0.2 in patients treated with natalizumab, compared with reduction in ARR
from 1.3 to 0.4 in patients treated with fingolimod, corresponding to a relative
50% lower relapse rate with initiation of natalizumab than fingolimod [20].
Additionally, the rate of sustained disability regression was 2.8 times higher in
natalizumab-treated patients than in fingolimod-treated patients. Patients with
relapses on glatiramer acetate and interferons are shown to have fewer relapses
and higher rates of NEDA when escalating to natalizumab compared to those
switching to fingolimod or remaining on injectable therapies [28, 29]. These
data suggest that an escalation in treatment rather than lateral switch to another
injectable therapy results in more favorable patient outcomes.

Even though the efficacy data for natalizumab appear superior to traditional
therapies, it does not mean that every patient is a candidate for or will need
natalizumab. It is important to consider the potential risks associated with
natalizumab and other high-efficacy therapies (see below under respective
therapies) prior to starting or switching to these therapies. Some contraindica-
tions to the use of natalizumab include a history of progressive multifocal
leukoencephalopathy (PML) and infusion reactions that are related to
natalizumab neutralizing antibodies. Although, it is also generally recommend-
ed to not use natalizumab in patients with high serum JCV antibody titers (9
0.90) and, given the availability of other higher efficacymedications, even those
with a lower, albeit positive, JC virus antibody titer may want to consider other
options or consider EID options if they do start it. Major side effects include
PML, infusion-related reactions, liver failure (autoimmune hepatitis), herpes
zoster, and other infections [30••, 31]. Monitoring of serum JCV antibody titers
should occur approximately every 3–6 months which in part depends on
patient’s serostatus. Providers should evaluate routine brainMRIs for radiologic
findings concerning for PML. Additionally, natalizumab infusions should be
delayed for any new symptom concerning for PML while obtaining an MRI for
diagnosis.

Anti-CD20 B cell depleting therapies: rituximab, ocrelizumab, and ofatumumab

Rituximab
Rituximab is a monoclonal antibody in the category of B cell depleting thera-
pies targeting the CD20 antigen on B cells. Historically, rituximab has been used
more often in treatment of neuromyelitis optica spectrum disorder (NMOSD)
in theUnited States (US) but has higher rates of use in European nations forMS.
While rituximab has been used off-label in the US for treatment ofMS based on
data from phase 2 trials, it does not have formal FDA approval for this indica-
tion. Traditionally, initial dosing of rituximab consists of a 1000-mg dose on
day 1, followed by a second 1000-mg dose on day 15, and repeating this
regimen every 6 months. Although, many MS specialists change the traditional
dosing regimen after patients have been on rituximab for several years to help
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mitigate the risk of long-term infections which is discussed in more detail
below.

In a phase 2, double-blind, 48-week trial in 104 patients with relapsing-
remitting MS (RRMS) randomized to rituximab or placebo, treatment with
rituximab showed a 91% relative risk reduction in number of total contrast-
enhancing lesions on MRI when compared to placebo. Rituximab was also
associated with fewer clinical relapses at 48 weeks, with 20.3% of patients in the
rituximab group experiencing relapses versus 40.0% of patients in the placebo
group [32]. Rituximab has also been studied in primary progressiveMS (PPMS).
A randomized double-blind, placebo-controlled multicenter trial of 439 pa-
tients with PPMS did not show clinical significance between time to confirmed
disease progression between the two groups or the secondary endpoint of brain
volume change. However, rituximab showed favorable results in the secondary
endpoint of T2 lesion volume and improvement in the timed 25-ft walk test
[33]. Moreover, in the subgroup analysis, the younger patients (G 51 years) with
gadolinium-enhancing lesions on MRI subgroup demonstrated a clinically
significant increase in the time to confirmed disease progression (primary
outcome) when treated with rituximab versus placebo.

There are several recent observational studies from Sweden highlighting
rituximab’s effectiveness in MS. In a study comparing outcomes for 256 MS
patients transitioning from natalizumab to rituximab or fingolimod following
JCV seropositivity, patients treated with rituximab had favorable outcomes
across several measures. Patients switched to rituximab had fewer clinical
relapses (1.8% compared to 17.6% with fingolimod), fewer contrast-
enhancing lesions on MRI (1.4% compared to 24.2%), less risk of discontinu-
ation (1.8% compared to 28.2%), and fewer adverse events (5.3% compared to
21.1%) at 1.5 years after treatment switch from natalizumab compared to
fingolimod [34]. In a comparative effectiveness study of 494 patients’ initial
treatment with rituximab, injectable DMTs, dimethyl fumarate, fingolimod, or
natalizumab, rituximab was superior to dimethyl fumarate and injectable
DMTs with regard to rate of clinical relapses, radiologic disease activity, and
discontinuation rate [35]. In fact, rituximab had the most favorable discontin-
uation rate (0.03) of all DMTs. While treatment failure was the most common
reason for discontinuation of injectable DMTs (0.53), dimethyl fumarate
(0.32), and fingolimod (0.38), JCV antibody–positive status was the main
reason for discontinuation of natalizumab (0.29).

Ocrelizumab
Ocrelizumab is a recombinant humanized IgG monoclonal antibody directed
against the CD20 antigen located on the cell surface of B-lymphocytes. It is one
of a few B cell depleting therapies that have been used in treating MS. This
therapy is initiated with a 300-mg infusion, followed by a second 300-mg
infusion 2 weeks later, and subsequent 600-mg dosing every 6 months there-
after [36].

The OPERA I and II phase 3 clinical trials randomized 821 and 835 patients
with relapsing forms of MS to receive ocrelizumab or interferon beta-1a three
times a week. Patients treated with ocrelizumab had an at least 46% reduction
in the annualized relapse rate at 96 weeks compared to patients on interferon
therapy and slowed disability progression at 12 and 24weeks by 33% and 34%,

19 Page 6 of 21 Curr Treat Options Neurol (2021) 23: 19



respectively. Patients on ocrelizumab also showed at least 94% reduction in the
number of new gadolinium-enhancing lesions on MRI in comparison to
interferon-treated patients [37].

In addition to its use in relapsing MS, ocrelizumab was the first FDA-
approved medication for use in treatment of primary progressive MS based
on results from the randomized, double-blind, placebo-controlled ORATORIO
study. In this clinical trial of 732 PPMS patients, patients on ocrelizumab
showed less disability progression than patients on placebo at 12 (32.9% versus
39.3%; p = 0.03) and 24 weeks (29.6% versus 35.7%; p = 0.04). Additionally,
ocrelizumab-treated patients had a decrease in the volume of brain lesions and
percentage of brain volume loss on T2-weighted MRI compared to the placebo
group [38].

Ofatumumab
Ofatumumab is a monoclonal antibody directed against the CD20 antigen on
the surface of B cell lymphocytes, with a greater effect on cells by complement-
dependent cytotoxicity over antibody-dependent cellular cytotoxicity [39]. It is
given as a 20-mg subcutaneous injection monthly. In the phase 2 MIRROR
study, ofatumumab demonstrated a less substantial effect on B cell depletion
with shorter duration to recovery of B cell populations than what has previously
been observed with other intravenous B cell–targeted therapies.

The phase 3 double-blind ASCLEPIOS I and II clinical trials randomized a
total of 1882 patients to receive either ofatumumab or teriflunomide for up to
30months, with a primary endpoint of annualized relapse rate. In ASCLEPIOS I
and II, the ARR was reduced by 51% (0.11 vs. 0.22) and 58% (0.10 vs. 0.25) in
favor of ofatumumab, respectively [23]. Additionally, secondaryMRI endpoints
revealed a significant decrease in the mean number of gadolinium-enhancing
lesions on MRI (94–97%) and an 82–85% reduction in the mean number of
new or enlarging T2 lesions per year with ofatumumab compared to
teriflunomide. There were no significant differences between treatment groups
in annualized rate of brain volume loss. In pooled analyses from both trials,
ofatumumab showed less worsening of disability at 3 and 6 months than
teriflunomide, but there were no significant differences between groups in
disability improvement at 6 months. Finally, ofatumumab was associated with
lower serum neurofilament light chain concentrations.

Risk profile and monitoring in anti-CD20 B cell depleting therapies
The risks and safety profile of the anti-CD20 B cell depleting therapies will be
discussed together given their similarities in mechanism of action. While
ocrelizumab is associated with more antibody-dependent cell-mediated cyto-
toxicity (ADCC) and less complement-dependent cytotoxicity (CDC) than
rituximab or ofatumumab [40], the implications of these differences and their
effects on development of certain infections have not been clearly delineated.
The most common side effects of this class are infusion or injection-site reac-
tions, while more severe adverse events include bone marrow suppression,
reactivation of viruses (hepatitis B and herpes zoster), tuberculosis, PML, and
possible development of certainmalignancies [37, 41, 42]. In 2011, a case series
was published on 4 cases in addition to the one previously known case of PML
associated with rituximab use in treatment of rheumatoid arthritis (RA) [43].
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There has been one confirmed case of PML in an elderly patient on ocrelizumab
to date. While development of PML remains a potential risk in MS patients
treated with anti-CD20 B cell depleting therapies, this risk remains rare. A
Swedish cohort study of infection risks in 6421 patients treated with rituximab,
natalizumab, fingolimod, interferon beta, or glatiramer acetate revealed the
highest rate of serious infections with rituximab (hazard ratio 1.7). There are
also data suggesting that anti-CD20 therapies may be associated with increased
risk of SARS-CoV-2 infection, and that infection severity may be greater in those
treated with anti-CD20s for a longer period of time [44]. Regarding screening
and routine lab monitoring including complete blood cell count (CBC) with
differential, liver function tests (LFTs), and hepatitis panel, refer to the prescrib-
ing information for complete information.

Most neurologists have reduced the dosage used of rituximab to as little as a
single infusion of 500 mg, and many clinicians consider reducing the dose
frequency as well, particularly over time, in order to reduce the risk of infection
with long-term use. Similar to rituximab, some clinicians are recommending
using extended interval dosing and/or 300-mg over 600-mg dosing of
ocrelizumab in patients after a few years. The impact of these changes on
effectiveness remains to be demonstrated in well-controlled comparative effec-
tiveness studies or clinical trials.

Alemtuzumab
Alemtuzumab is a monoclonal antibody directed toward the CD52 surface
antigen on B- and T-lymphocytes, macrophages, and other white blood cells.
Dosing consists of an IV infusion of 12mg daily for 5 consecutive days in year 1,
followed by 12mg daily for 3 consecutive days in year 2 and beyond (if deemed
necessary).

The CARE-MS I and II randomized controlled trials were the pivotal studies
demonstrating alemtuzumab’s use in MS. In CARE-MS I, 563 previously un-
treated patients with RRMS were randomized to receive either alemtuzumab or
interferon beta-1a three times a week. Subjects receiving alemtuzumab had a
reduction in relapses of 54.9% compared to those treated with interferon beta-
1a. Alemtuzumab also showed fewer new or enlarging T2 lesions (48% com-
pared with 58% in interferon group), and fewer gadolinium-enhancing lesions
at 24 months (7% in alemtuzumab arm compared with 19% in interferon
group) [45]. The CARE-MS II trial also compared rates of efficacy and adverse
events with alemtuzumab and interferon beta-1a three times a week, but in 798
patients with RRMS who had failed first-line therapies. Alemtuzumab reduced
the relapse rate by 49.4% and resulted in fewer new or enlarging T2 lesions
(46% vs 68%) or contrast-enhancing lesions (9% vs 23%) on MRI when
compared to interferon beta-1a [46]. The extension studies have shown that
many patients from the core study have required no further treatment after the 2
courses of treatment and have consistently achieved NEDA in each year.

A comparative effectiveness study by Kalincik et al. [47] used propensity
score matching to compare relapse rates and disability in 4332 RRMS patients
from various cohorts treatedwith alemtuzumab, interferon beta, fingolimod, or
natalizumab. The primary endpoint was ARR, and treatment with
alemtuzumab was associated with a lower ARR than both interferon beta and
fingolimod, with a similar ARR compared to natalizumab. Primary analysis of
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secondary endpoints showed similar probability of disability accumulation and
improvement between all groups. Secondary analyses revealed alemtuzumab
had a lower probability of disability accumulation than interferon beta in
patients with more active disease, and a higher probability of disability im-
provement in patients with prior on-treatment relapses. Natalizumab was
associated with a higher probability of disability improvement than
alemtuzumab.

Alemtuzumab is contraindicated in HIV-positive patients. Infusion-related
reactions and lymphopenia are themost common side effects of alemtuzumab.
There are several potential severe side effects that can occur with alemtuzumab
that are important to recognize early including bone marrow suppression,
antiglomerular basement membrane disease, thyroid disease, stroke and arte-
rial dissection, infections (Listeria monocytogenes, herpes zoster, PML, etc.), and
malignancies (melanoma, thyroid cancer, and lymphomas) to name a few [48].
While alemtuzumab is typically reserved for treatment of highly activeMS in the
US, it is used more frequently in the UK, making comparisons of prescribing
differences between alemtuzumab and other high-efficacy therapies difficult.

Mitoxantrone
Mitoxantrone is an anthracenedione that acts as an intercalating agent, resulting
in DNA cross-links and strand breaks. It is approved for use in MS as well as
some cancers. It is administered as an intravenous infusion 12 mg/m2 every
3 weeks for up to 10 cycles. A maximum cumulative lifetime dosing of 140 mg/
m2 has been established based on the significant risk profile.

One randomized placebo-controlled clinical trial involving 51 RRMS pa-
tients showed a 66% reduction in the yearly relapses in a mitoxantrone-treated
group when compared to placebo. The primary outcome of progression of
disability, or increase in EDSS scores by more than 1 point, was also found to
be lower in mitoxantrone than in placebo groups in the first year; however, this
trend did not become statistically significant until year 2 of the study.Outcomes
related to MRI imaging showed no difference between the number of new or
enlarging lesions [49]. Mitoxantrone has also been studied in secondary pro-
gressive multiple sclerosis, with one placebo-controlled trial including 194
SPMS and worsening RRMS patients demonstrating a 66% reduction in ARR
in mitoxantrone-treated subjects in addition to improvement in multivariate
analysis of multiple clinical variables in the treatment group [50].

Mitoxantrone has significant side effects associated with its use, including
myelosuppression, cardiotoxicity resulting in heart failure, and acute myeloid
leukemia [51]. Some of these side effects are not dose-dependent. Despite the
high efficacy of the drug, its use has fallen out of favor due to the risk of severe
and potentially fatal adverse events.

Oral therapies
Cladribine

Cladribine is an infrequently administered oral DMT that is found to be highly
effective in the treatment of MS, although it may be slightly less effective than
the aforementioned highly efficacious therapies. Cladribine is delivered in a
cumulative dose of 3.5 mg/kg over 2 years of treatment, broken up into two
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treatment courses (each 1.75 mg/kg) spread over 2 months each year.
The CLARITY study was a 96-week randomized placebo-controlled phase 3

trial of the efficacy and safety of cladribine use in 1326 RRMS patients. The
primary endpoint was the annualized relapse rate at 96 weeks, and patients
treated with the current FDA-approved dose of cladribine were shown to have a
58% reduction in annualized relapse (0.14) compared with patients in the
placebo group (0.33), but notably patients in the 3.5 mg/kg cladribine group
had a shorter mean duration of disease than the placebo and 5.25 mg/kg
cladribine groups [52]. Additionally, patients treated with cladribine had higher
rates of remaining relapse-free, longer durations to first relapse, and less disease
activity on MRI (marked by fewer gadolinium-enhancing lesions, 86%). A post
hoc analysis of the CLARITY study showed a 47% reduction in the risk of
sustained disability progression over 6 months in patients treated with
cladribine versus placebo (47%) [53].

One observational study used propensity score matching and analysis to
compare cladribine to other DMTs, merging data from 945 patients in the
CLARITY trial and 2204 patients in an Italian MS patient database. Patients
treated with cladribine had a significant reduction in the ARR when compared
with interferon therapy (52%), glatiramer acetate (51%), and dimethyl fuma-
rate (40%). There was no statistically significant difference in ARR between
cladribine and fingolimod. Natalizumab had amore favorable outcome, show-
ing a reduction in the ARR by 53% when compared to cladribine. A subgroup
analysis revealed cladribine reduced the ARR by approximately 70% in patients
with high disease activity (defined as ≥ 2 relapses the year prior to study) versus
interferon, glatiramer acetate, and dimethyl fumarate [54]. A meta-regression
analysis comparing data on efficacy of cladribine, fingolimod, natalizumab,
alemtuzumab, and ocrelizumab showed comparative relative efficacy in reduc-
ing the ARR compared with placebo, with a matching-adjusted indirect com-
parison demonstrating comparable efficacy between cladribine and
alemtuzumab [55].

Common side effects include fatigue and headache. More severe side effects
include risk of myelosuppression, opportunistic infections, nephrotoxicity, and
possible increased risk of malignancy. Cladribine is contraindicated in patients
with active malignancy and in patients who are or wish to become pregnant
during the treatment course due to its teratogenic effect [56].

Putative emerging highly efficacious interventions
Autologous hematopoietic stem cell transplantation

Autologous hematopoietic stem cell transplantation (AHSCT) has been a topic
of strong interest in the MS community. Ablation of an individual’s immune
system with chemotherapy and/or broad immune suppressant therapies
followed by AHSCT has been studied in various autoimmune diseases, and
several studies in the past decade have suggested its efficacy in certain subtypes
of MS. There are two widely used options for conditioning regimens, the
intermediate-intensity myeloablative BEAM-ATG (carmustine, etoposide,
cytarabine-arabinoside, melphalan, and anti-thymocyte globulin (ATG)) regi-
men, and the intermediate-intensity nonmyeloablative regimen consisting of
cyclophosphamide and ATG [57].
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One observational study of 281 patients (78% PPMS or SPMS, 22% RRMS)
treated with AHSCT showed participants had a 46% probability of achieving
progression-free survival in the 5 years following transplantation, with EDSS
progression defined as an increase in 1 point on the EDSS at 12 months
compared to baseline [58]. More favorable outcomes were found in patients
with relapsing MS, younger age, lower initial EDSS score, and fewer treatment
with prior immunotherapies. With multivariate analysis, only higher baseline
EDSS was associated with worse survival over time. While AHSCT is not yet
approved by the FDA for treatment of MS, the American Society for Blood and
BoneMarrow Transplantation has deemed AHSCT an appropriate treatment for
patients with relapsing MS who have proven refractory to high-efficacy conven-
tional therapies and have the potential for disability accumulation due to active
disease [59]. AHSCT is associated with risks much like those expected in other
forms of transplantation. One study suggested that, while AHSCT can be highly
effective in suppressing inflammatory disease activity, there is an increase in
whole brain atrophy attributed to treatment-related toxicity [60]. The BEAT-MS
(Best Available Therapy Versus Autologous Hematopoietic Stem Cell Trans-
plant for Multiple Sclerosis) study is a 6-year ongoing study currently investi-
gating AHSCT versus high-efficacy DMTs (natalizumab, alemtuzumab,
ocrelizumab, or rituximab) with a primary endpoint of relapse-free survival
up to 36 months [61]. This study may provide the necessary evidence for
demonstrating the potential use of AHSCT in specific subgroups ofMS patients.
It is yet to be determined whether the short-term benefits of AHSCT will
outweigh risks, or whether the use of AHSCT may limit a patient’s potential
use of other DMTs in the future.

Additional therapies under investigation
The rapid expansion of MS therapeutics is ongoing, with many investigative
therapies currently in various phases of clinical trials. For example, ublituximab
is amonoclonal antibody targeting a specific epitope on the CD20 antigen, with
an antibody-dependent cellular cytotoxicity mechanism of action targeting B
cells. A phase 2 multicenter, placebo-controlled trial demonstrated promising
results, with median B cell depletion 9 99% at week 4 (maintained at 24 and
48 weeks), no gadolinium-enhancing lesions at 24 and 48 weeks, and decrease
in size of T2 lesions at 24 and 48 weeks. Overall, 93% of patients remained
relapse-free during the study, with 74% of patients achieving NEDA [62].
Another interesting class of medications include Bruton’s tyrosine kinase
(BTK) inhibitors. There appears to be an impact on both adaptive and innate
immune cells with BTK inhibitors which could prove to be very effective. A phase
2 double-blind, randomized trial showed that patients treatedwith evobrutinib, an
oral BTK inhibitor, had significantly fewer total contrasting-enhancing lesions at 12
through 24 weeks than patients in the placebo group [63].

Special considerations
Pediatric considerations

Limited studies exist on the use of highly effective DMTs for treatment of
pediatric MS, stemming from the small population of patients (~ 5%) and
concerns for impact on development with initiation of many DMTs.
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Historically, interferon beta and glatiramer acetate have been preferred first-
line therapies due to their long history of use and acceptable safety profiles
[64]; however, the use of more effective DMTs in pediatric populations is
increasing [65]. In one phase 3 trial of 215 pediatric MS patients receiving
fingolimod or interferon beta-1a, fingolimod-treated patients showed an
82% reduction in the ARR and 53% reduction in the annualized rate of new
or newly enlarged lesions on T2-weighted MRI when compared with
interferon-treated patients [66]. In patients who have highly active disease
refractory to interferon beta and glatiramer acetate, natalizumab has been
the preferred second-line agent. In one study using an Italian registry of 101
pediatric patients with MS who received natalizumab, 58% of patients
achievedNEDA [67]. The prevalence of JCV seropositivity ranges from43 to
51% in pediatric MS cohorts [67, 68]; therefore, routine monitoring of JCV
antibody status is recommended. In recent years, rituximab use in pediatric
MS has also increased with similar safety and side effect profiles as the first-
line therapies, at least in the short term [65]. A case series of 14 pediatric MS
patients receiving rituximab showed no relapses and stable or decreased
EDSS scores in 13 of 14 patients [69]. A cohort study of 741 pediatric MS or
clinically isolated syndrome patients showed patients who were initially
started on newer therapies (fingolimod, dimethyl fumarate, teriflunomide,
natalizumab, rituximab, and ocrelizumab) had lower ARRs compared with
patients on injectable DMTs (glatiramer acetate or interferon beta) [70].
There are multiple clinical trials in progress studying the use of various
DMTs in MS, including the LemKids trial examining the use of
alemtuzumab in pediatric patients with relapsing MS [71]. While the
potential side effects of higher efficacy DMTs should be considered before
starting in the pediatric population, it is worth noting these risks must be
weighed against the benefits of reduction in new inflammatory activity and
disability progression seen with the newer high-efficacy therapies. Pediatric
MS patients have higher annualized relapse rates than adult MS patients
[72] and will have a longer duration of disease than in adult-onset MS;
therefore, pediatric patients may benefit from early initiation of high-
efficacy therapies.

Pregnancy considerations

Pregnancy has been associated with a lower risk of relapse, particularly in
the third trimester [73, 74]. As many women with MS are of childbearing
age, pregnancy, contraception, and breastfeeding are important topics for
women to discuss with their providers. As the landscape of MS treatment
has allowed considering initiation of high-efficacy DMTs earlier in the
disease course, the benefits of relapse reductions must be weighed against
potential side effects of these more potent therapies, particularly if a patient
becomes pregnant. Many of the effective therapies routinely prescribed for
treatment of MS can provide deleterious effects on a fetus.
Many DMTs require a washout period between discontinuation of the
immunosuppressive agent and conception. Rituximab can cause a transient
depletion of B cells in infants born to mothers on this therapy during
pregnancy [41]. While there are no existing data on ocrelizumab and B cell
lymphopenia in infants, this remains a possible risk given the similar
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mechanism of action on CD20+ cells. It is generally recommended for
patients on B cell depleting therapies who wish to become pregnant to
continue contraceptive methods for at least 6 months after the last
ocrelizumab infusion and 12 months following the last rituximab infusion
[36, 41], although in practice, many neurologists may advise a shorter
window from last infusion to attempts to conceive based on the relatively
short half-lives of these medications. The immunosuppressive effects of the
anti-CD20 therapies often appear to outlast the half-life of these drugs and
can be useful when prescribed for patients who wish to conceive, provided
the last dose is far enough in advance to avoid exposure in utero [75].
Cladribine and mitoxantrone are contraindicated for use in pregnancy due
to their teratogenic potential, with a recommended washout period of at
least 6 months following the last dose before pursuing pregnancy [56, 76].
Alemtuzumab has a recommended washout period of 6 months, although
the immunosuppressive impact of the drug persists even after it is cleared
from the serum, allowing for adequate protection from relapses during
pregnancy [77]. Natalizumab treatment is typically not recommended
during pregnancy and a 2-month washout period is suggested prior to
pregnancy. Although, some MS patients with highly active disease have
continued on natalizumab throughout pregnancy and in those continuing
this therapy through the third trimester have observed reversible hemato-
logical abnormalities in the majority of their newborns [78]. Fingolimod
may cause fetal harm (two-fold increased risk of congenitalmalformations)
and is not recommended for continuation during pregnancy, with a rec-
ommended washout period of at least 2 months [78]. Given the risk of
rebound disease activity with natalizumab and fingolimod after a
prolonged washout period [77], some clinicians recommend transitioning
patients to a different therapy (without such rebound potential) for a
couple months prior to attempting to conceive. Although not high-efficacy
treatments, glatiramer acetate and interferon therapies do not require a
washout period and can be considered up to or sometimes during
pregnancy.
With regard to breastfeeding, while the Pregnancy in Multiple Sclerosis
(PRIMS) study (n = 227) suggested there was no difference in the annual-
ized relapse rate (ARR) between patients who breastfed and those who did
not, more recent data suggests breastfeeding could potentially lead to a
decrease in the ARR postpartum [73, 79]. One study suggested
breastfeeding could be more beneficial in reducing the ARR than resuming
a moderately effective DMT within the early postpartum period [79]. A
systemic review of 24 studies andmeta-analysis of 16 studies encompassing
2974 women with MS demonstrated a 43% lower rate of postpartum
relapse in breastfeeding patients when compared to patients who did not
breastfeed [80]. Little is currently known about the effects of DMTs in breast
milk, and typically, patients are not restarted on DMTs while breastfeeding,
although there are data to suggest this may be too conservative for some
therapies. One observational study reviewed 23 MS patients who received
monoclonal antibodies (natalizumab, rituximab, and ocrelizumab) during
lactation and did not find negative impacts on the development and health
of breastfed infants [81]. Another study revealed minimal transfer of ritux-
imab to breastmilk with a relative infant dose of less than 0.4% [82]. This is
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still an area of fervent debate and highlights the importance of individual-
ized discussions between patients and their medical providers regarding
breastfeeding and the resumption of DMTs.

Importance of observational and comparative effectiveness
studies

The gold standard for assessing efficacy of a drug is a randomized, double-blind,
placebo-controlled clinical trial. However, the inclusion of a placebo arm in
today’s clinical trials studying the effect of a DMT on disease activity is no longer
considered ethical given the abundance of therapies currently available to
effectively treat relapsing forms of MS [83]. Hence, the efficacy data of newer
DMTs are assessed via active comparator, observational, and comparative effec-
tiveness studies. Retrospective observational studies have suggested that an
early highly effective treatment approach is more beneficial in patients with
highly activeMS; however, the impact of these treatment paradigms on patients
with mild to moderately active disease remains unknown. While several nota-
ble studies are mentioned in previous sections, there are additional important
observational and comparative effectiveness studies worth reviewing. One
study using MS registry data from 544 adults with RRMS used propensity score
matching to compare patients receiving high-efficacy therapy (rituximab,
ocrelizumab, mitoxantrone, alemtuzumab, or natalizumab) early (within
2 years) versus late (within 4–6 years) with respect to their first clinical event
[16••]. The primary outcome measured was EDSS score and patients treated
with high-efficacy DMTs within 2 years of clinical presentation had lower EDSS
scores than patients treated later in the disease course. A cohort study spanning
19 years and comprising 592 patients evaluated patients treated with early
intensive treatments (alemtuzumab and natalizumab) compared with patients
treated with an escalation approach to DMTs (interferons, glatiramer acetate,
dimethyl fumarate, fingolimod, and teriflunomide) [22•], with a primary
outcome of change in EDSS score over 5 years. Patients treated with an escala-
tion approach showed a higher increase in EDSS score over 5 years (mean + 1.2)
compared to patients receiving early intensive treatments (mean + 0.3), even
after adjusting for age, sex, year of starting DMT, and escalating to high-efficacy
treatments while in the escalation group. There was no significant difference
between groups in the secondary outcome, sustained accumulation of disability
over at least 6 months.

Advances in neuroimaging and paraclinical data have important implica-
tions for research in MS, as these data can further delineate disease status. One
observational cohort study compared MRI imaging data (whole brain, subcor-
tical gray matter, cortical gray matter, and cerebral white matter volume frac-
tions) in 78MS patients grouped by higher efficacy (natalizumab or rituximab)
or lower efficacy (IFN-β or GA) DMTs. Patients on higher efficacy DMTs were
found to have slower rates of subcortical atrophy, specifically in the thalamus
and putamen [84]. Other recent studies have demonstrated a more robust
impact on decreasing neurofilament light chain levels and lessening the rate
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of ganglion cell inner plexiform layer loss on optical coherence tomography
with natalizumab compared to interferons and/or glatiramer acetate [85, 86].

While observational studies can provide important insight into the real-
world effectiveness of a DMT, they have limitations that are important to
recognize. Many observational studies include small sample sizes, making
results difficult to generalize to the broader population of MS patients. Often,
data from observational studies are extracted from MS patient registries that
consist predominantly of unblinded clinical measures such as relapses or the
EDSS score, and largely exclude imaging and other important paraclinical data.
Incorporating these data points in future studies is imperative, as clinicians
often make decisions to escalate therapy based on radiologic disease activity
and treating patients before clinical symptoms emerge is imperative to
preventing future disability. Additionally, while propensity score matching
aims to eliminate some confounding variables when studying DMTs and
treatment paradigms, the lack of randomization cannot eliminate variables
such as clinician prescribing habits and confounding by indication. Finally,
these studies do not take a systematic approach to directly test treatment
strategies of early intensive or escalation approaches.

Two pivotal clinical trials currently taking place aiming to answer this
question regarding treatment paradigms are the TREAT-MS (TRaditional versus
Early Aggressive Therapy for MS) trial and the DELIVER-MS (Determining the
Effectiveness of earLy Intensive Versus Escalation approaches for the treatment
of Relapsing-remitting MS) trial. The primary endpoint in TREAT-MS is time to
sustained disability progression, while the primary endpoint in DELIVER-MS is
normalized whole brain volume loss. Table 1 provides an overview of the study
design and outcomes for TREAT-MS and DELIVER-MS clinical trials.

Discussion

With the expansion of multiple highly effective therapeutics to treat relapsing
forms of MS, a shift in the treatment paradigm has occurred in which individ-
uals with MS are being treated earlier with highly effective DMTs. With recently
approved agents showing more robust reductions in new inflammatory activity
over older agents, many patients are now being placed on highly efficacious
DMTs at initial diagnosis, rather than opting for an escalation treatment ap-
proach. The TREAT-MS andDELIVER-MS trials aim to evaluate whether an early
aggressive versus escalation treatment approach differentially impacts future
disability. Progression of disability in patients withMS can not only havemajor
implications in quality of life and functional status, but also result in decreased
work productivity [87]. Therefore, understanding if early intensive treatment of
MS at time of diagnosis truly slows the accrual of disability that occurs from
clinical relapses and ongoing neuroinflammation, and whether this is the case
across all people with MS or only those with certain early disease features, is
critical. While newly approved agents have mostly shown limited significant
risks in the short term, longitudinal studies are imperative to determining the
long-term risk profiles associated with the highly effective DMTs.

Future directions ofMS therapeutics include development ofmore therapies
that are effective in treating progressive MS and those that impact the innate
immune system. Additionally, there is a huge unmet need for neurorepair and
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Table 1. Overview of the study design and outcomes for TREAT-MS and DELIVER-MS clinical trials

TREAT-MS (TRaditional versus Early
Aggressive Therapy for MS)

DELIVER-MS (Determining the
Effectiveness of earLy Intensive Versus
Escalation Approaches for the treatment
of Relapsing-remitting MS)

Intervention/treatment
groups

Early aggressive therapies
• Natalizumab
• Alemtuzumab
• Ocrelizumab
• Rituximab
• Ofatumumab
• Cladribine

Early highly effective therapies
• Natalizumab
• Alemtuzumab
• Ocrelizumab
• Rituximab
• Ofatumumab

Traditional therapies
• Subcutaneous, intramuscular, and pegylated
interferon
• Glatiramer acetate
• Teriflunomide
• Dimethyl fumarate, diroximel fumarate
• Fingolimod, siponimod, ozanimod

Escalation therapies
• Beta interferon
• Glatiramer acetate
• Teriflunomide
• Dimethyl fumarate, diroximel fumarate
• Fingolimod, siponimod, ozanimod
• Cladribine

Group assignment Participant stratification for higher versus
lower risk for long-term disability, then 1:1
randomization within each disability risk
stata (n=900)

Cohort A (n=400): 1:1 randomization
Cohort B (n=400): observational cohort
(participants not willing to be randomized)

Primary outcome Time to sustained disability progression using
blinded EDSS plus

Normalized whole brain volume loss using MRI
from baseline to month 36

Secondary outcomes Timeframe: up to 63 months
• PDDS
• Blinded MSFC (composite and individual)
• LCLA
• Patient-reported incomplete relapse recovery
• Neurologic exam-based incomplete relapse
recovery
• SDMT
• MSIS-29
• Neuro-QoL
• Employment status
• Marital status
• Serious adverse events
• Adverse events resulting in a decision to
disease-modifying therapy discontinuation/-
change

• Normalized whole brain volume loss using
MRI from month 6 to month 36

• Proportion of patients with worsening in
multidimensional composite confirmed over
12 months (EDSS, T25FW, 9HPT, SDMT, LCLA)
• Change in MSIS-29 from baseline to month 36
• Change in Neuro-QoL from baseline to month
36
• Serious adverse events
• Percentage of any SAE, grade 3 and 4 AE, and
AEs that lead to treatment discontinuation
• TSQM

Other outcomes • Compare changes in whole brain and
normalized gray matter volumes, cortical
thickness, and subcortical gray matter
compartment volumes, and measures of T2
lesion burden

• Number of relapses
• Number of new brain lesions on MRI

• Brain volume loss from baseline to month 12,
12 to 24, 12 to 36, and months 24 to 36

• Compare changes in T2 lesions volume, T1
hypointense lesion volume, and gray matter
fraction
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neuroprotective therapies. While these therapies do not yet exist, various agents
are being tested in clinical trials providing hope for interventions that go
beyond suppressing inflammation. Finally, little is currently known regarding
management of late-onset relapsing MS and use of higher efficacy DMTs in
patients greater than 55 years old due to the current design of clinical trials.

The landscape of MS treatment has changed dramatically since the approval
of the first DMT in the early 1990s. The change in current treatment paradigms
and ongoing basic science and translational research leading to clinical trials
addressing novel therapeutic agents will undeniably result in remarkable con-
tinued advances in this field.
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