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The treatment of multiple sclerosis (MS), the most
common chronic inflammatory, demyelinating and
neurodegenerative disease of the central nervous
system (CNS), continues to transform. In recent
years, a number of novel and increasingly effective
disease-modulatory therapies (DMTs) have been
approved, including oral fumarates and selective
sphingosine 1-phosphate modulators, as well as
cell-depleting therapies such as cladribine, anti-
CD20 and anti-CD52 monoclonals. Amongst DMTs
in clinical development, inhibitors of Bruton’s
tyrosine kinase represent an entirely new emerging
drug class in MS, with three different drugs entering
phase Il trials. However, important remaining fields
of improvement comprise tracking of long-term
benefit-risk with existing DMTs and exploration of
novel treatment targets relating to brain inherent

disease processes underlying the progressive neu-
rodegenerative aspect of MS, which accumulating
evidence suggests start already early in the disease
process. The aim here is to review current thera-
peutic options in relation to an improved under-
standing of the immunopathogenesis of MS, also
highlighting examples where controlled trials have
not generated the desired results. An additional aim
is to review emerging therapies undergoing clinical
development, including agents that interfere with
disease processes believed to be important for
neurodegeneration or aiming to enhance reparative
responses. Notably, early trials now have shown
initial evidence of enhanced remyelination both
with small molecule compounds and biologicals.
Finally, accumulating evidence from clinical trials
and post-marketing real-world patient populations,
which underscore the importance of early high
effective therapy whilst maintaining acceptable tol-
erability, is discussed.

Keywords: multiple sclerosis, immunomodulatory
therapy, biologics, remyelination, benefit-risk,
randomized controlled trial.

Introduction

Multiple sclerosis (MS), a chronic inflammatory,
demyelinating and neurodegenerative disease of
the central nervous system (CNS), affects approx-
imately 2.5 million people worldwide, with a sig-
nificant societal economic impact and high burden
for patients and their relatives [1-3]. MS reduces
life expectancy with 7-14 years, with infections
and suicide being important contributors, but with
trends for a closing gap to the general population
[2, 4]. The typical disease onset is in the third and
fourth decades of life, with women being affected
two to three times more often than men. MS is also
more frequent amongst people of European des-
cent, especially in those residing at higher lati-
tudes, where the prevalence can reach above 200

per 100 000 [5]. MS disease risk is affected by
complex gene-environment interactions, where
allelic variants in the human leukocyte antigen
(HLA)-complex, history of infection with Epstein—
Barr virus (EBV)/mononucleosis, smoking and low
sun exposure/vitamin D levels have the greatest
impact (for references, see [6]). The complexity of
these interactions likely also explains a high degree
of heterogeneity in disease characteristics across
individuals, although factors regulating disease
severity are still largely unknown [7]. Three major
MS disease phenotypes are traditionally recognized
as follows: relapsing-remitting MS (RRMS), sec-
ondary progressive MS (SPMS) and primary pro-
gressive MS (PPMS) [1, 2]. Most patients present
with RRMS, characterized by at least partly rever-
sible episodes of neurological deficits, usually
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lasting days to months. After a first such event,
criteria for a clinically isolated syndrome (CIS) is
fulfilled, whilst two episodes are required for a
diagnosis of clinically definite RRMS, even if imag-
ing or cerebrospinal fluid findings sometimes can
substitute for a second clinical event [8]. After some
years or many decades with RRMS, most patients
will experience a chronic progression of disabilities
with or without overlaid relapses, SPMS. In 5-10%,
with a higher relative proportion of men and onset
later in life, disease is progressive from onset,
PPMS (Fig. 1).

Drugs that improve long-term outcomes of MS are
termed disease-modulatory therapies (DMTs).
Until recently, they were restricted to the RRMS
subtype, whilst the progressive phenotype was
considered wunresponsive to most forms of
immunomodulation. A key pathological finding in
MS is the chronic accumulation of demyelinating
lesions in the CNS, which can be visualized by
magnetic resonance imaging (MRI; Fig. 2). Such
focal lesions represent a proxy of important clinical
outcomes, such as relapse rates and disability
accumulation, and therefore represent the most
important para-clinical monitoring tool [9]. In con-
text of treatment, they also denote an objective
disease feature intimately connected with inflam-
matory disease activity and therefore often are

RRMS

used as primary and important secondary out-
comes in phase II and III trials, respectively [10]. In
addition, more recent revisions of progressive MS
phenotype definitions stratify a disease course into
inflammatory ‘active’ or ‘not active’ based on
occurrence of clinical relapses or evidence of neu-
roradiological disease activity, that is contrast-
enhancing lesions or newly formed lesions com-
pared to a previous scan, in order to identify
patients likely to benefit from DMT [11, 12]. Major
efforts have been invested in identifying additional
monitoring tools, where most progress have been
made with a soluble protein marker of ongoing
neuro-axonal degeneration termed neurofilament
light [13, 14]. Access to accurate disease monitor-
ing tools is of importance not only in drug devel-
opment, but also in clinical practice, since
development of disability is a late and largely
irreversible phenomenon. Consequently, the
importance of protecting the CNS from further
damage is increasingly appreciated as key to
improve long-term outcomes. Equally important,
data on the comparative safety of different types of
DMTs are far from complete. Thus, whilst fre-
quency of more common side effects usually are
detected already during clinical development, more
rare events or those that affect special patient
groups must be recorded in large-scale post-mar-
keting studies. Collectively, whilst we today have
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Fig. 1 In most patients, MS starts as a relapsing-remitting disease (RRMS), which is termed Clinically Isolated Syndrome
(CIS) after a first bout of clinical symptoms. This is often preceded by a phase of subclinical disease activity that can be
detected with magnetic resonance imaging (MRI; yellow stars denote MRI signs of active inflammation). In later stages of
RRMS, patients accumulate persistent disabilities, where recent evidence suggests that a progressive component may start
already soon after diagnosis (light grey). This underlying progressive disease component becomes more pronounced at later
stages, when the disease converts to secondary progressive MS (SPMS). The fact that inflammatory disease activity, as
reflected by frequency of bouts or MRI activity, diminishes over time suggests a shift from adaptive to innate or local disease
mechanisms, which may explain the relative loss of efficacy of disease-modulatory treatments (DMT).
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an increasing number of DMT options, the knowl-
edge base for assessing long-term benefit-risk
across different DMTs and patient groups is still
restricted. In addition, the increasing complexity of
DMT landscape represents a challenge when dis-
cussing therapeutic options with individual
patients [15].

Pathogenic mechanisms as therapeutic targets
Disease mechanism in earlier disease phases

Traditionally, MS has been regarded as a predom-
inately T-cell-mediated disease, largely based on
data from experimental autoimmune
encephalomyelitis (EAE), a widely used animal
model of MS [16]. Thus, EAE studies have shown
that effector CD4" and CD8" T cells secreting
interferon-y (IFN-y), interleukin-17 (IL-17) and
granulocyte-macrophage colony-stimulating factor
(GM-CSF) are important in EAE, and such T-cell
populations are also increased in MS; see, for
example, [17-19]. However, limitations with the
EAE model include the necessity of using active
immunization protocols, the inability to simulta-
neously study important environmental triggers
such as EBV and the difficulty to mimic progressive
disease that in humans evolves over decades.
Therefore, EAE has been questioned as being of
relevance for identification of therapeutic targets,
but nevertheless must be seen as relevant for
dissection of disease mechanisms and exploring
the mode of action of therapies [16, 20, 21].

The emerging understanding of the immunopathol-
ogy of MS reveals that T-cell effector responses are
shaped by complex bidirectional interactions with
other immune cells, especially B and myeloid
linage cells [22, 23]. Selective targeting of certain
T-cell populations has been tested in clinical trials,
but not taken further in clinical development; see,
for example, [24]. In contrast, less specific target-
ing of T- and/or B-cell populations using mono-
clonal antibodies or lymphocyte-specific
cytostatics is the basis of several currently used
DMTs. A notable observation in this context is that
B cells seem to play a non-redundant role in this
immune communication loop [25]. The relevance of
this notion is also underscored by the striking
efficacy of B-cell-deleting therapies [26-28].

In order to gain pathogenic potential, disease-
driving cells must be recruited from lymphoid
organs to blood, circulate to brain vessels and
migrate across the blood-brain barrier (BBB),

which under physiological conditions impedes
macromolecules and cells from accessing the brain
tissue [29]. However, to engage with brain vessel
endothelia activated immune cells upregulate a
molecular machinery of chemokine receptors and
adhesion molecules [30, 31]. The fact that thera-
peutic targeting of immune cell trafficking at
different levels has proven fruitful in MS further
supports the notion that certain immune cell
populations are responsible for clinical relapses
and the formation of focal inflammatory brain
lesions, plaques, which represent the hallmark
sign of MS (Fig. 2). Even if inflammation tradition-
ally has been thought to target mainly the brain
white matter, increasingly sensitive MRI tech-
niques and histopathological studies also reveal
extensive brain cortical engagement [32-34]. Pla-
ques are typically centred around post-capillary
venules and involve the breakdown of BBB integ-
rity, with dense infiltration of lymphocytes, mainly
CD8" T cells, activated microglia and macrophages
containing myelin debris and reactive, scar-form-
ing astrocytes [35, 36, 37]. Plaques can be classi-
fied into active, chronic active and chronic inactive,
based on their histopathological appearance, sug-
gesting that the acute inflammatory phase is
followed by demyelination, oligodendrocyte death,
reactive gliosis and degeneration of axons [35].

The exact antigenic targets in MS are still not
known. EAE studies have shown that immuniza-
tion with myelin proteins such as myelin basic
protein (MBP), proteolipid protein and myelin
oligodendrocyte glycoprotein can elicit MS-like
disease [16]. MS patients have been shown to
display functionally distinct clones of T cells
recognizing myelin epitopes, even if such cells can
be detected also in controls [38]. Major efforts have
been invested in trying to translate immune toler-
ance studies into effective MS treatments, but so
far with limited success. However, an experimental
compound composed of random oligomers of
amino acids enriched in myelin originally devel-
oped to induce EAE in animals contrary to expec-
tations was shown to reduce disease activity in MS
[39]. This compound, glatiramer acetate, is
believed to shift T-cell responses from Thl and
Th2 and to induce more neuroprotective facets of
inflammation [40].

Disease mechanism in later disease phases

Aside of cellular immune interactions in the
periphery that cause relapses and formation of
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Fig. 2 Magnetic resonance imaging (MRI) is the most important non-clinical tool to monitor disease progression. On T2
flair-weighted images, accumulation of hyperintense (bright) lesions around the ventricles is one of the hallmark signs of
MS. These lesions appear hypointense (dark) on T1-weighted images as a sign of more pronounced tissue destruction. Rapid
Estimation of Myelin for Diagnostic Imaging (REMyDI) represents a novel technique to visualize myelin integrity using
standard MRI equipment [63]. In this image, complete or near complete loss of myelin is seen in T1 hypointense lesions, but
more widespread affection of myelin is evident also in white matter areas outside of focal lesions (green areas as contrasted
by yellow areas with intact myelin). Images courtesy of Tobias Granberg, KI, Sweden.

focal brain lesions, chronic inflammation within
the CNS tissue is thought to contribute to the
progressive facet of MS [41], (Fig. 3). The notion of
‘trapped inflammation’, which at least partly is de-
coupled from adaptive immune responses in the
periphery, has gained increasing interest [37]. This
may also explain the poor effect in progressive
stages of MS of currently available DMTs, which
typically exert a systemic anti-inflammatory action
[42, 43]. Supporting evidence includes histopatho-
logical observations of demyelinating cortical
injury, with evidence of a gradually increasing
neuronal and myelin loss, as well as activated
microglial in tissue closer to the ventricular sys-
tem, perhaps indicative of presence in CSF of toxic
compounds [44, 45]. Such cortical injuries have
also been spatially associated with areas of menin-
geal inflammation and follicular structures com-
posed of B-cell infiltrates [46]. Another feature of
‘trapped inflammation’ is the slowly expanding
lesions or ‘rim lesions’, that is slowly expanding
chronic lesions with an active border zone charac-
terized by activated microglia and increased den-
sities of transected axons [47].

So called ‘shadow plaques’ are chronic lesions
where a variable degree of remyelination has taken
place [48, 49]. Evidence of such reparative mech-
anism even in the adult represents a foundation for
therapies aiming to promote remyelination. The
capacity for remyelination is highest in younger
persons and becomes reduced with ageing and

conversion into a progressive disease stage, where
advanced molecular studies have provided insights
into characteristics of the oligodendrocyte pool in
patients with MS and controls, respectively [50,
51]. In order to address remyelination as a thera-
peutic target, encouraging progress has been made
in imaging techniques that allow brain myelin
fractions to be determined; see, for example, [52]
(Fig. 2).

An important requisite for remyelination is the
preservation of axonal integrity. In fact, amongst
different neuropathological MS features, neuro-
axonal loss is of particular importance, since it
likely represents the closest pathological proxy of
accumulation of irreversible clinical disability. An
enigmatic pathological finding in MS is the occur-
rence of widespread involvement of the so called
normal appearing white matter, that is the much
larger volume of tissue outside of focal lesions [53,
54]. This features transected axons and reduced
axonal densities, diffuse loss of myelinating cells,
sparse immune cell infiltrates and widespread
activation microglia and astrocytes. It can be
detected already in early stages of RRMS, but
becomes more prominent in later disease stages,
thus representing another mechanism that may
explain the transition from RRMS to SPMS. Inter-
estingly, the extent of such damage is not closely
correlated with numbers, volumes or appearance
of focal lesions, suggesting it to be regulated
differently [54]. Underlying mechanisms may

174  © 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine

Journal of Internal Medicine, 2021, 289; 771-791



JIM

include energy depletion due to mitochondrial
dysfunction, increased oxidative and excitotoxic
stress, accumulation of iron, loss of trophic sup-
port from oligodendrocytes, complement activation
and negative effects mediated by chronically acti-
vated microglia and astrocytes [41]. It may be
speculated if this represents a correlate of a feature
recently described in RRMS, that is progression
independent of relapse activity [55]. Thus, disabil-
ity accumulation in the setting of a clinical trial
with a B-cell-depleting agent mostly occurred
independent of relapse (and new focal lesion)
activity, unlike earlier assumptions that such
worsening occurs in a step-wise fashion associated
with relapses [1].

Collectively, features that have been associated
with transition to progressive disease include
exhaustion of remyelinating potential, diffuse
engagement of the normal appearing grey and
white matter, compartmentalized inflammation
within the CNS that includes clones of CD8" T
and B/plasma cells, and more traditional neurode-
generative disease processes (Fig. 3). Importantly,
however, these processes likely commence well
before the clinical presentation of a progressive
disease course and development of more sensitive
diagnostic techniques will be needed to explore if
these disease processes can be targeted with novel
therapies [12, 14].

Treatment of MS — current and emerging drug classes

In this section, an overview of approved DMTs and
drug candidates that have been tested in clinical
trials for MS is presented and stratified into drug/
target classes (Fig. 4). The basis for the selection
was a search in ClinicalTrials.gov with the search
string ‘multiple sclerosis’, which identified 2153
studies as of 6 July 2020, with the addition of
relevant additional studies not listed in this
database through reference searches. Studies not
reported as peer-reviewed scientific reports are
referred to their ClinicalTrials.gov identifier.

Modulators of inflammatory mediators

Interferons

Based on the assumption that MS had a viral
origin, several studies tested the effects of interfer-
ons (IFNs) in MS in the late 1970s and 1980s [56].
Most of these studies applied different prepara-
tions of type II (a/ B) IFNs, whilst one study reported
increased relapse frequency in patients treated

with IFN-y [57]. Further development led to the first
breakthrough in the treatment of RRMS with the
approval of (IFN-B-1b, Betaseron/Betaferon, now
also generic Extavia) in 1993, soon followed by two
IFN-B-1a preparations (Avonex and Rebif). Con-
trolled trials have shown a reduction in annualized
relapse rate (ARR) in the range of 30-40% com-
pared with placebo and a relatively innocuous
safety profile, even if tolerability is negatively
affected by influenza-like side effects and the need
for self-administered injections [58-60]. More
recently, a pegylated version of IFN-B-la with
twice-monthly subcutaneous injections was
approved (Plegridy), based on a phase III study
showing a 36% reduction in ARR compared with
placebo [61].

Cytokine and chemokine modulators

In light of increasing data on the inflammatory
environment in MS, a number of different attempts
at modulating cytokine and chemokine responses
have been made, several of which not progressing
to interpretable or published results, for example,
PF-06342674 (NCT02045732), an interleukin-7
receptor inhibitor, VAY736 (NCT02038049), a B-
cell activating factor receptor inhibitor, and a study
with low-dose interleukin-2 (IL-2; NCT02424396).
This is also the case for modulation of C-C
chemokine receptor type 2 (CCR2) and chemokine
(C-C motif) ligand 2 signalling, which has been
attributed with a pathogenic role for recruitment of
monocytes and T cells in experimental models of
MS using different approaches [62]. Thus, a phase
II trial with plozalizumab, an antagonist of CCR2
with evidence of ameliorated synovial inflammation
in rheumatoid arthritis [63], has been conducted,
but not reported (NCT01199640).

Blocking of the IL-2 receptor with monthly sub-
cutaneous 150 mg daclizumab (Zinbryta), a drug
previously approved for prevention of transplant
rejections, was shown to reduce ARR with 45%
compared with weekly IFN-Bfla in a phase III
study [64]. The safety profile showed higher
incidences of infections, cutaneous events and
elevated liver enzymes compared to IFN-fla, but
daclizumab was nevertheless approved in 2016
for RRMS both in the United States and EU.
However, in 2018 the marketing authorization
was withdrawn due to reports of serious and
sometimes fatal immune reactions affecting dif-
ferent organs, also including events of severe CNS
inflammation occurring as a rebound after stop-
ping treatment [65].
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Fig. 3 Periodic entry of encephalitogenic T and B cells into the brain tissue is believed to cause acute focal lesions, which
typically are centred around veins in the white matter. However, with more advanced disease other types of pathology
become more prominent. These include slowly expanding chronic lesions that feature an active border zone, diffuse damage
to myelin and axonal connections in the so called normal appearing white matter and accumulation of follicular structures in
the meninges with signs of subpial demyelination. Whilst acute lesions explain occurrence of bouts, these other pathological
mechanisms are thought to contribute to progressive worsening in disability. Current MS therapies reduce the risk of acute
lesions and relapses, whilst their effect on other disease processes is more uncertain.

Expression by encephalitogenic T cells of both GM-
CSF and IL-17 has been implicated in MS; see, for
example, [19, 66]. A phase 1b safety trial with a
blocker of GM-CSF (otilimab) has been conducted
in RRMS [67]. A larger phase II trial with (secuk-
inumab), a blocker of IL-17A, did not meet its
primary end point, but displayed a moderate
degree of reduction of MRI lesion activity [68]. In
contrast, ustekinumab, a monoclonal binding the
p40 subunit of the IL-12/IL-23 receptor and
approved for psoriasis and inflammatory bowel
disease, did not show efficacy on MRI-based
parameters [69]. Similar results were obtained
with briakinumab, a competing IL-12/IL-23
blocker [70]. Furthermore, tabalumab, a blocker
of BAFF, did not show evidence of beneficial
therapeutic effects in a phase II trial, as referred
in Baker et al. [71].

Hence, in contrast to autoimmune diseases such
as inflammatory bowel disease, psoriasis and

rheumatoid arthritis, inhibition of individual
cytokines in MS has not proven to be a fruitful
strategy, daclizumab being an exception, but also
having an intolerable safety profile. On the con-
trary, there is some evidence that such modulation
may increase inflammatory disease activity. Thus,
an early phase II trial with lenercept, a blocker of
TNFua, reported increased relapse activity [72]. This
is also supported by real-world data reporting an
increased risk of neuroinflammatory events in
patients treated with TNFo blockers for other
indications; see, for example, [73]. Interestingly,
studies in MS with atacicept, a recombinant fusion
protein targeting B-cell-activating B-lymphocyte
stimulator (BLyS) and A proliferation-inducing
ligand (APRIL), also found evidence of a disease-
activating effect [74, 75]. Collectively, these obser-
vations support the notion of differences in disease
mechanisms between MS and other autoimmune
diseases that translate into clinically significant
diversity in therapeutic responses.
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Fig. 4 Encephalitogenic T and B cells can be targeted in lymphoid organs or the circulation. Elimination of certain
lymphocyte populations is the therapeutic action of cladribine, and anti-CD52 (both T and B cells) and anti-CD20 (mainly B
cells) monoclonals, whilst DHODH: limit the proliferation of activated lymphocytes. SIP and VLA-4 blockers on the other
hand interfere with the recruitment of lymphocytes to the circulation and brain tissue, respectively. A larger therapeutic
group instead targets the activation of immune cells by, for example, affecting expression of MHC molecules and cytokines
or interfering with intracellular activation pathways. MS therapies under clinical development include drugs that aim to
provide enhanced remyelination or neuroprotection, or dampen the activity of microglia. Abbreviations; BTKi, Bruton’s
tyrosine kinase inhibitor; DHODHi, dihydroorotate dehydrogenase inhibitor; GA, glatiramer acetate; S1P, sphingosine 1-

phosphate; VLA-4, very late antigen-4.

Immune cell migration inhibitors

Non-selective sphingosine 1-phosphate modulators
Two important drug classes in MS are based on
interference with recruitment of encephalitogenic
cells to the CNS. Fingolimod (Gilenya) is a small
molecule drug that was developed from myriocin, a
fungus-derived compound, and found to interrupt
sphingosine 1-phosphate (S1P) signalling, in turn
inhibiting egress of immune cells from lymph
nodes [76]. Fingolimod first was found to have a
modest effect on transplant rejection, but subse-
quently completed a successful trial programme in
RRMS. In two phase III studies, fingolimod was
compared with placebo, showing a 48% and 60%

reduced ARR, respectively, and in a third study
reduced ARR with 39% compared to weekly IFN-§-
la [77-79]. A more recent phase III trial in paedi-
atric MS showed a reduction in ARR of 82% with
0.5 mg  fingolimod (0.25 mg with  body
weight < 40 kg) compared with weekly IFN-B-la
[80]. In contrast, the active arm was not superior to
placebo in a phase III trial in PPMS [42]. In the EU,
Gilenya is authorized for use in adults and children
aged > 10 years with highly active RRMS and in
the United States for relapsing forms of MS (RMS;
includes CIS, RRMS and SPMS with relapses) in
the same patient groups (Table 1). The safety
profile of fingolimod includes effects on heart
conduction, elevated liver enzymes and increased
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risks of macular oedema and certain infections,
such as herpes viruses. Rare opportunistic infec-
tions, for example, cryptococcal meningitis and
progressive multifocal leukoencephalopathy (PML)
caused by JC virus, have been observed, and
potentially, there is an increased risk of skin
cancers.

Selective sphingosine 1-phosphate modulators

The S1P family of receptors comprises five sub-
types, where fingolimod is a non-selective modula-
tor of S1P receptors 1, 3, 4 and 5, reviewed in [81].
S1P receptor 1 is expressed on lymphocytes, and
second-generation S1P modulators are more selec-
tive for this subtype. Oral once-daily 0.92 mg
ozanimod (Zeposia), a S1P receptor 1 blocker with
a weaker effect on the type 3 receptor subtype, was
recently approved for RRMS in the EU and for RMS
in the United States, based on two phase III trials
showing a 39% and 49% reduced ARR, respec-
tively, compared with weekly IFN-B-1a [82, 83]. In
contrast to fingolimod, no clinically significant
bradycardia or second- or third-degree atrioven-
tricular blocks were reported in the trial pro-
gramme. Siponimod (Mayzent), a selective
modulator of S1P receptors 1 and 5, was first
tested in a phase II trial in RRMS, followed by a
placebo-controlled phase III trial in SPMS showing
a 21 % reduced risk of 3 months confirmed
disability progression [84]. In the United States,
Mayzent has the same label as Zeposia, whilst it is
only approved for active forms of SPMS in the EU
(Table 1). Similar to Gilenya, Mayzent was associ-
ated with higher frequencies of elevated liver
enzymes, bradycardia and bradyarrhythmia at
treatment initiation, macular oedema, hyperten-
sion and varicella zoster reactivation. Ponesimod, a
selective S1P receptor 1 modulator, recently com-
pleted a phase III trial showing a 30% reduced ARR
compared to teriflunomide [85]. Two further S1P
modulators, ceralifimod (NCT01081782) and
amiselimod, have been tested in phase II trials,
but not progressed into phase III testing [86]. Apart
from a more selective targeting of S1P receptor
subtypes, a further advantage with second-gener-
ation S1P modulators is a significantly shorter
half-life [81]. On the other hand, S1P receptor
l-independent effects of fingolimod have been
attributed to its effect on CNS cells such as
astrocytes in experimental models [81].

Adhesion molecule modulators
A major breakthrough in the treatment of RRMS
came in the mid-2000s with the approval of

natalizumab (Tysabri), a monoclonal binding the
a4-integrin of the very late antigen-4 (VLA-4) pro-
tein, in turn effectively abrogating the transmigra-
tion of immune cells over the BBB. In a phase III
trial, a monthly infusion of 300 mg natalizumab
reduced ARR with 69% compared with placebo
[87]. In contrast, natalizumab was not superior to
placebo for reducing disability worsening in SPMS
[43]. In both the EU and United States, Tysabri is
indicated for highly active RRMS or as a second-
line DMT (Table 1). A major safety concern with
natalizumab is the increased risk of PML. This risk,
however, can be stratified based on presence of
antibodies to JC virus in blood, which are present
in a majority in most patient populations, in turn
restricting the usefulness of natalizumab [88, 89].
Additional integrin modulators include vatelizu-
mab, a monoclonal blocker of a2-integrin, as well
as firategrast and zaurategrast, two oral a4f-inte-
grin modulators. Whilst vatelizumab did not meet
its primary imaging outcome in a RRMS trial
(NCT02222948), it was shown to increase the
frequency of regulatory T cells [90]. A placebo-
controlled phase II trial of firategrast at different
doses demonstrated a reduction of new contrast-
enhancing MRI lesions with higher doses [91]. In
contrast, development of zaurategrast was termi-
nated after unsatisfactory interim results of phase
II trial (NCT00484536), even if modulation of
immune cell populations in blood was shown in a
biomarker study [92].

Cell-depleting/induction therapies

Anti-CD52 monoclonals

Both subsets of T and B cells have been implicated
in the pathogenesis of MS, providing a rational for
therapeutic targeting. The CDS2 antigen, targeted
by the monoclonal alemtuzumab (Lemtrada), is
present on a variety of immune cells, including
memory T and B cells [93]. In the Care-MS I and II
trials, an induction cycle of five repeated infusions
of 12 mg alemtuzumab at baseline followed by
three infusions after one year was compared with
continuous subcutaneous IFN--1a over two years,
showing a 54% and 50% reduction in ARR, respec-
tively [94, 95]. A minority of patients required an
additional treatment cycle due to continued dis-
ease activity, and long-term follow-up of the Care-
MS cohorts has shown long-term durability of
treatment effects, including low brain atrophy rates
[96, 97]. Unfortunately, important safety concerns
have arisen, which include a high rate of non-MS
autoimmune conditions, composed mostly thyroid
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disorders, as well as acute infusion-related cardio-
vascular events [98, 99]. Given the need for careful
patient selection in order to maintain an acceptable
benefit-risk, the label for alemtuzumab has
recently been revised (Table 1). A modified anti-
CD52 monoclonal, GZ402668, has undergone
early testing in MS with the objective to reduce
infusion-related reactions (NCT02977533).

Cladribine

An alternative induction type of DMT is cladribine
(Mavenclad), a purine antimetabolite with selectiv-
ity for lymphocytes lacking a rescue pathway for
purine synthesis. A phase III trial in RRMS showed
that a body weight-adjusted dose cycle of oral
3.5 mg tablets given at baseline and after one year
reduced ARR with 58% compared with placebo
[100]. In a second trial, cladribine significantly
reduced the risk of conversion to definite MS in
patients with CIS compared with placebo [101].
Adverse events include lymphopenia and herpes
reactivation, but there was also an imbalance in
the number of detected malignancies, however, not
exceeding the expected rate during long-term fol-
low-up [102]. In the EU, Mavenclad is indicated for
patients with highly active RRMS, whilst the US
label recommends it to be used in patients with an
inadequate response to a prior DMT (Table 1).

Mitoxantrone

The first induction therapy to be approved in MS
was mitoxantrone (Novantrone), a DNA-intercalat-
ing agent used in cancer treatment, which was
approved for relapsing SPMS and disability wors-
ening in RRMS based on two smaller trials [103,
104]. Due to cardiotoxicity and increased rates of
haematological malignancies, mitoxantrone hardly
has any place in the treatment algorithm of MS
today [105, 106].

CD19/20 monoclonals

Ocrelizumab (Ocrevus), an anti-CD20 monoclonal
depleting B cells, became the first DMT to be
approved for PPMS, in addition to RRMS (Table 1).
In the two phase III Opera trials for RRMS, 600 mg
ocrelizumab every 6 months reduced ARR with
45% compared to subcutaneous IFN-B-1a, whilst,
in the Oratorio trial in PPMS, the proportion of
patients with 3 months confirmed disability pro-
gression was reduced with 24% compared with
placebo [26, 27]. Rituximab, an older, related
monoclonal approved for rheumatic and haemato-
logical conditions recognizing the same antigen on
the CD20 protein, had previously been tested in a

placebo-controlled phase II trial in RRMS and a
phase II/III trial in PPMS [107, 108]. The latter
study indicated a similar degree of reduction in
progression rate, however, not reaching the level of
statistical significance. Results from the Asclepios I
and II phase III trials with a third anti-CD20
monoclonal, ofatumumab, were recently reported,
demonstrating that 20 mg of ofatumumab admin-
istered weekly by self-administered subcutaneous
injections reduced ARR with 50% and 60%, respec-
tively, compared with teriflunomide [28]. Apart
from a different mode of administration, ofatu-
mumab also recognizes another epitope on the
CD20 protein compared to ocrelizumab and ritux-
imab. Ublituximab is a novel anti-CD20 mono-
clonal that is glycoengineered for enhanced B-cell
targeting through antibody-dependent -cellular
cytotoxicity, which may allow lowering of doses
and shortening infusion times. In a phase II trial, a
dose-escalating protocol of ublituximab resulted in
profound B-cell depletion and abrogation of MRI
activity [109]. Concerns with anti-CD20 therapies
mainly regard infusion reactions, hypogammaglob-
ulinemia and increased risks of infections; see, for
example, [110]. Apart from B cells anti-CD19,
antibodies also target plasmablasts and certain
plasma cell populations. Inebilizumab, an anti-
CD19 monoclonal antibody, has undergone early
testing in RRMS, but is now being developed for
neuromyelitis optica and myasthenia gravis, two
autoantibody-mediated inflammatory neurological
diseases [111, 112].

Autologous haematopoietic stem cell transplanta-
tion

The use of autologous haematopoietic stem cell
transplantation (AHSCT) in MS has emerged as a
treatment option almost entirely based on empiric
evidence from observational studies [113, 114]. In
most current AHSCT protocols, haematopoietic
stem cells are first collected, after which a condi-
tioning regime is used to deplete bone marrow
cells. After wash out of cytostatic drugs, autolo-
gous stem cells are given back, usually together
with anti-thymocyte globulins to kill any remaining
T cells. It is not until recently a first randomized
trial comparing AHSCT with standard care was
completed in 110 patients, showing a hazard ratio
of 0.07 for disability progression in the AHSCT arm
[115]. A major concern has been the risks of
adverse events, in particular treatment-related
mortality, which has been estimated at 2.1% in a
meta-analysis [113]. In contrast, no treatment-
related mortality was detected in a recent
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nationwide registry-linkage study of a contempo-
rary cohort, however, finding a long-lasting effect
on infection risk [116]. In current guidelines,
AHSCT is considered an experimental treatment
option for younger patients with high inflammatory
activity, usually in context of an insufficient
response to regular high effective DMTs, and a
limited accumulated level of disability [117].

Targeting of EBV-infected cells

An advanced cell therapy for elimination of EBV-
infected cells is ATA188, which comprise HLA-
matched donor T cells that have been sensitized
against EBV antigens and given to recipients.
Preliminary safety and efficacy data from a small
trial in progressive MS were recently presented
[118], in turn corroborating safety data from a
previous small trial [119].

Immunomodulators with intracellular mechanisms of action

Dihydroorotate dehydrogenase inhibitors

Dihydroorotate dehydrogenase inhibitors interfere
in the pyrimidine biosynthesis pathway, reducing
the proliferation of T lymphocytes, but also exert
more complex immunomodulatory effects, includ-
ing modulation of cytokine production [120]. Ter-
iflunomide (Aubagio) is the active metabolite of
leflunomide, a drug used in rheumatoid and
psoriatic arthritis, where a 14 mg tablet once daily
is approved for RRMS and a 7 or 14 mg tablet for
RMS in the EU and United States, respectively.
Approval was based on two phase III trials com-
paring 7 and 14 mg teriflunomide with placebo,
showing a 31% (both doses) and a 22/36% reduc-
tion in ARR, respectively [121, 122]. In a small
additional phase III trial, RRMS patients were
randomized to 7 or 14 mg teriflunomide, or sub-
cutaneous IFN-B-la, finding a similar ARR
between the 14 mg group and the comparator,
but a higher ARR (+86%) in the 7 mg arm [123].
The time to treatment failure, which was the
primary outcome, did not differ between treatment
arms. Teriflunomide has a complex pharmcoki-
netic profile that includes enterohepatic re-uptake,
resulting in clinically significant plasma concen-
trations remaining many months after stopping
drug intake, unless applying rapid elimination by
administration of cholestyramine or activated
charcoal. Due to suspected teratogenicity, it
should be used with care in fertile women. A
second-generation dihydroorotate dehydrogenase
inhibitor, vidofludimus, has been tested in pre-
clinical MS models and a phase I study, and

recently reported phase II study outcomes [124,
125].

Fumarates

Fumarates derive from fumaric acid, which occur
naturally in certain mushrooms, lichen and moss
and are named after the earth smoke plant
(Fumaria officinalis). Different preparations of
fumarates have been used to treat psoriasis since
long, whilst not until much later an effect on MS
disease activity was discovered [126]. A special oral
preparation of dimethyl fumarate (DMF; Tecfidera)
has been approved for RRMS and RMS in the EU
and United States, respectively (Table 1). In two
placebo-controlled phase III trials, 240 mg of DMF
taken twice daily reduced ARR with 45 and 53%,
respectively [127, 128]. The mechanism of action of
DMF includes effects on nuclear factor erythroid 2-
related factor 2, a transcription factor involved in
cellular redox reactions, and an increase in oxida-
tive responses in myeloid cells, in turn downregu-
lating activated lymphocytes [66, 129]. Flushing,
abdominal pain, diarrhoea and nausea are com-
mon and have a negative effect on tolerability. In
addition, rare cases of PML cases have been
recorded, often, but not always associated with
concomitant lymphopenia [130]. A second-genera-
tion fumarate, diroximel fumarate (Vumerity), was
recently approved in the United States, based on
comparative studies with DMF demonstrating less
gastrointestinal side effects, whilst still yielding
similar concentrations of the active metabolite
monomethyl fumarate (MMF) [131, 132]. Similarly,
a delayed-release preparation of MMF (Bafiertam)
has been launched in the United States based on
bioavailability and gastrointestinal tolerability
studies in healthy subjects [133].

Bruton’s tyrosine kinase inhibitors

Inhibitors of Bruton’s tyrosine kinase (BTK) repre-
sent an emerging drug class in MS. BTK is involved
in intracellular signalling downstream of cell sur-
face receptors in both lymphocytes (including the B
cell and Fc-y receptors) and cells of the innate
immune system, which may allow to modulate
immune reactions both in the periphery and in the
brain. So far, evobrutinib has completed a phase II
study in RRMS, demonstrating a superior effect on
imaging, but not clinical outcomes compared with
placebo and with phase III testing ongoing [134].
Tolebrutinib recently completed a dose-finding
study and will enter phase III testing soon
(NCT03889639). Fenebrutinib has been tested in
other autoimmune conditions and will now directly
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enter phase III trials in RRMS and PPMS [135].
Finally, BIIBO91 has completed a phase I testing
[136].

Modulation of costimulatory activation

The effect of modulating costimulatory activation of
T cells has been tested in a placebo-controlled
phase II trial in RRMS with the CTLA4-Ig fusion
protein abatacept. The study was terminated pre-
maturely due to slow recruitment, but did not
suggest a beneficial effect on imaging outcomes
[137].

Tolerization therapies

Glatiramer acetate

Tolerization therapies have a long history in MS
clinical research, even if the exact antigens still are
unknown. Based on the unexpected finding that a
random mixture of four amino acids enriched in
myelin ameliorated experimental MS-like disease
in animals, glatiramer acetate (GA; Copaxone)
became the second drug class to be approved for
MS after interferons. The approval of GA was based
on a small placebo-controlled phase III trial in
RRMS, later supported by a larger study in CIS and
a trial comparing two different GA formulations
against placebo [138-140]. Further, large-scale
head-to-head studies comparing interferons with
GA have shown a similar effect on clinical out-
comes [141, 142]. Initially given as a 20 mg daily
subcutaneous injection, a three times weekly
administration of 40 mg GA was found to reduce
the frequency of injection-site reactions whilst
retaining a similar effect on ARR (—34% compared
to placebo) [143, 144]. The exact mechanism of
action of GA is not known, but is thought to involve
a shift towards a more neuroprotective immune
response [40]. Apart from tolerability issues relat-
ing to frequency of injections, the safety profile is
innocuous.

Other tolerization therapies

More recent attempts at inducing immune toler-
ance for myelin antigens include ATX-MS-1467,
which is a mixture of four immunodominant pep-
tide fragments from MBP. In two smaller dose-
escalation trials, preliminary evidence of a benefi-
cial effect on imaging outcomes was observed
without major adverse events [145]. In contrast,
trials with tiplimotide, an altered peptide ligand
derived from MBP, had to be halted due to disease
exacerbation likely linked to encephalitogenic
potential of the administered peptide [146]. A third

example is a relatively large placebo-controlled
phase II trial with a DNA vaccine encoding MBP,
which only showed a trend towards a beneficial
effect in one of the dose groups [147]. Recently,
preliminary safety results regarding an innovative
approach of linking myelin peptides to red blood
cells have been reported [148].

Miscellaneous

Laquinimod is a quinoline derivative with similar-
ities to linomide, for which late stage trials for
RRMS were interrupted due to an emerging safety
signal [149]. Laquinimod is believed to modulate
innate immune responses including microglia and
was shown to reduce ARR modestly, but with a
relatively stronger effect on risk of disability pro-
gression in a first phase III trial in RRMS, however,
not replicated by a subsequent trial [150, 151].
Similarly, minocycline, an antibiotic with addi-
tional inhibitory effects on microglial activation,
displayed a lowered risk of conversion from CIS to
definite MS compared with placebo at 6 but not
24 months and was not superior to placebo when
added to subcutaneous IFN-B-1a [152, 153]. Roli-
pram, originally developed as an anti-depressant,
is an inhibitor of phosphodiesterase-4 inhibitor,
which has been shown to suppress Thl autoim-
munity in EAE. However, a clinical trial was
prematurely terminated due to poor tolerability
and a suspected increase in disease activity [154].
Polyphenon E, a green tea extract containing high
levels of antioxidant epigallocatechin-gallate, did
not show evidence of a beneficial effect, whilst also
being hepatotoxic [155]. Based on accumulating
evidence of an important role of viruses, in partic-
ular EBV, in the pathogenesis of MS, raltegravir, an
anti-retroviral drug, was tested in a small phase II
trial, however, not providing evidence of an effect
[156]. In a larger phase II trial temelimab, a
monoclonal binding the human endogenous retro-
virus-W protein, which has been associated with
nerve and myelin damage in MS brain tissue, did
not achieve its primary outcome, however, with
some evidence of tissue protective effects on MRI-
based measures [157, 158]. In an ongoing phase II
study, temelimab is now tested as add-on to
rituximab in relapsing forms of MS
(NCT04480307).

Regenerative and neuroprotective strategies

Oral small molecules
An expanding number of substances have been
tested or are currently undergoing testing for
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improving remyelination or providing neuroprotec-
tion. Clemastine, a first-generation anti-histaminic
with anti-muscarinic properties being identified as
a remyelination promoting substance in a high-
throughput screen, was shown to improve nerve
conduction in MS-related chronic optic neuropathy
in a phase II trial [159, 160]. Additional studies are
ongoing, including a multiarm study comprising
also pioglitazone, dantrolene and hydroxychloro-
quine (NCT03109288, NCT02521311). Similarly, a
small but positive effect on remyelination was
shown with a brain penetrant histamine H3 recep-
tor blocker, GSK239512, in a phase II study [161].
In contrast, a multiarm phase II trial in SPMS
testing three different drugs with potential neuro-
protective effects, amiloride, fluoxetine and rilu-
zole, did not result in superior outcomes compared
with placebo [162]. Ongoing studies include two
trials examining the potential of nanocrystalline
gold to treat remyelination failure and impaired
neuronal redox state (NCT03993171,
NCT03536559) [163].

Biologicals

Monoclonal antibodies blocking proteins that inhi-
bit axonal growth and myelination include eleza-
numab recognizing repulsive guidance molecule A,
opicinumab, directed at leucine-rich repeat and
immunoglobulin domain-containing Nogo recep-
tor-interacting protein 1 (LINGO-1), recombinant
human immunoglobulin M22 for which the target
antigen is not known, and VX15/2503, an anti-
semaphorin 4D antibody [164-167, 168]. Except
for opicinumab, trial data are still limited and
results from the two opicinumab trials have been
mixed. This is also the case for ozanezumab, which
bind neurite outgrowth inhibitor (NOGO-A), where
trials in MS have been terminated and a phase II
trial in amyotrophic lateral sclerosis was negative
[169]. Similarly, erythropoietin, a growth factor
with neuroprotective effects in experimental mod-
els, was not effective in a phase II progressive MS
study [170].

Emerging treatment concepts

Since the launch of interferons more than 20 years
ago, there has been an intense debate of the
optimal use of MS DMTs. In part, this relates to
the high costs that most DMTs command, but
more recently also relating to the benefit-risk with
long-term use. One of the early discussion points
that still is pertinent is how to evaluate the clinical
and cost effectiveness combined with the difficulty

to extrapolate results from trials with relatively
short duration; see, for example, [171]. It is clear
that increasing disability affecting both physical
and mental capacities exerts a heavy toll on
affected individuals, but also leads to high societal
costs [3]. Disability evolves over many years, and
the typical two-year duration of a phase III trial
gives limited sensitivity to detect differences across
treatment arms. More recent data from long-term
extension studies of phase III trials, however,
demonstrate that differences in risk of disability
progression between the more effective DMT and
the comparator remain, suggesting that timing of
start of effective therapy is key to minimize long-
term consequences of MS; see, for example, [172].
This notion is also supported by observations
outside of controlled trials, where disability accu-
mulation and conversion to progressive disease in
real-world cohorts of patients can be reduced with
early start of highly effective DMTs, for example
alemtuzumab, natalizumab and anti-CD20 mono-
clonals [173, 174]. Another important aspect is
that disability accumulation today mainly occurs
independent of relapses, also implying that
absence of relapse activity not necessarily can be
interpreted as a sufficient treatment response [55].
This contrasts with current treatment guidelines
and reimbursement policies, which normally rec-
ommend so called first-line DMTs, such as inter-
ferons, GA, terifflunomide or DMF, unless there are
signs of highly active disease [175, 176]. It is
important to consider also the safety and tolera-
bility profile of DMTs. So far, there are more limited
data on comparative safety outcomes across dif-
ferent therapies, but it is evident that anti-CD20
DMTs benefit from experiences with long-term use
in rheumatic disorders, as well as more recent
studies in MS [110, 177]. Notably, rituximab, an
anti-CD20 DMT, has by far the lowest rate of
treatment interruptions when compared with mul-
tiple currently available alternatives [178, 179].
Whilst rituximab is not formally approved for MS,
it is increasingly used off-label for this indication
in some countries based on data from early con-
trolled trials and larger observational studies; for
references, see [180]. This also points towards
another aspect of MS DMTs, namely that increas-
ing competition not has resulted in lowered drug
costs. On the contrary, US Medicaid MS DMT costs
almost tripled from 2011 to 2017 as a result of a
shift to more expensive drugs and lack of price
reductions for DMTs going off patent [181]. Even in
high-income countries, such as the United States,
patients may express greater concerns for out-of-
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pocket drug costs than drug efficacy or side effects
[182]. Collectively, rituximab therefore combines a
high degree of efficacy with a known safety profile,
but also has a drastically lower cost than currently
available alternatives.

It is still not clear to what degree DMTs primarily
acting on the adaptive arm of the immune system
also may affect brain inherent disease processes,
which become more important in later disease
stages. Ocrelizumab, an anti-CD20 monocolnal,
was the first DMT to be approved for PPMS, even if
the relative effect compared with placebo was
relatively modest [27]. In light of this, there are
now attempts to address if higher doses may give
a better therapeutic response [183], even if the
lack of effect of earlier trials with intrathecal
administration of anti-CD20 drugs tempers expec-
tations [184-186]. Another approach is to target
simultaneously both the adaptive and innate
immune systems, which is fuelling the hopes
around brain penetrant inhibitors of BTK. So far,
however, there is hardly any clinical evidence that
modulation of microglia or other innate immune
responses affects disease progression in MS. On
the other hand, there are preliminary evidence for
efficacy of certain remyelination-enhancing agents
[160, 161], even if the clinical relevance still
remains uncertain. However, an increasing knowl-
edge of the molecular regulation of oligodendro-
cyte differentiation and the myelination process
likely will increase chances of developing repara-
tive strategies [187]. Taken together, it may then
be speculated if the future treatment of MS will
combine a highly effective DMT acting on the
adaptive immune system, such as anti-CD20 or
agents specifically targeting disease-driving
immune cells, with drugs that target disease
processes in the brain tissue or enhance repara-
tive responses.
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