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Abstract Identifying effective therapies for the treatment
of progressive forms of multiple sclerosis (MS) is a high-
ly relevant priority and one of the greatest challenges for
the global MS community. Better understanding of the
mechanisms involved in progression of the disease, novel
trial designs, drug repurposing strategies, and new
models of collaboration may assist in identifying
effective therapies. In this review, we discuss various
therapies under study in phase II or III trials, including
antioxidants (idebenone); tyrosine kinase inhibitors
(mas i t i n i b ) ; sph ingos ine recep to r modu l a to r s
(siponimod); monoclonal antibodies (anti-leucine-rich re-
peat and immunoglobulin-like domain containing neurite
outgrowth inhibitor receptor-interacting protein-1,
natalizumab, ocrelizumab, intrathecal rituximab);
hematopoetic stem cell therapy; statins and other possible
neuroprotective agents (amiloride, riluzole, fluoxetine,
oxcarbazepine); lithium; phosphodiesterase inhibitors
(ibudilast); hormone-based therapies (adrenocorticotro-
phic hormone and erythropoietin); T-cell receptor peptide
vaccine (NeuroVax); autologous T-cell immunotherapy

(Tcelna); MIS416 (a microparticulate immune response
modifier); dopamine antagonists (domperidone); and nu-
tritional supplements, including lipoic acid, biotin, and
sunphenon epigallocatechin-3-gallate (green tea extract).
Given ongoing and planned clinical trial initiatives, and
the largest ever focus of the global research community
on progressive MS, future prospects for developing
targeted therapeutics aimed at reducing disability in pro-
gressive forms of MS appear promising.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory, auto-
immune, demyelinating, and neurodegenerative disease
of the white and gray matter within the central nervous
system (CNS) [1]. At diagnosis, approximately 85 % of
patients present with relapsing–remitting MS (RRMS),
which is characterized by alternating episodes of neuro-
logical disability (relapses or attacks) followed by com-
plete or partial recovery of symptoms [2]. About two-
thirds of patients diagnosed with RRMS will eventually
make a transition to secondary progressive MS (SPMS)
within 2 decades of onset [1]. However, about 10 % of
patients with MS present with primary progressive MS
(PPMS), punctuated by gradually worsening neurologi-
cal disability from symptom incipience with no distinct
relapses or remissions [2]. The term “progressive MS”
often refers to the combined population of patients with
SPMS and PPMS.
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Although substantial progress has been made in the devel-
opment of effective drug therapies for RRMS over the last 2
decades, as evidenced by the current 12 US Food and Drug
Administration (FDA)-approved disease-modifying drugs for
RRMS [3], no convincingly effective therapies exist for pro-
gressive forms of MS [4, 5]. This is while > 1 million people
(more than half of the 2.3 million population affected by MS
worldwide) are living with a progressive form of MS [6]. Iden-
tifying effective therapies for progressive forms of MS repre-
sents a significant unmet need for patients, and a top priority for
the global MS research community [7]. This challenging topic
has recently attracted much attention, and increasing focus, as
evidenced by the establishment in 2012 of the Progressive MS
Alliance, the largest initiative aimed at speeding the develop-
ments of new treatments for progressive MS while overcoming
existing research barriers [8, 9].

In the present article, we highlight the therapeutic implica-
tions based on known pathogenic mechanisms involved in
MS, and the challenges of defining a progressive phenotype.
We will then review prior unsuccessful trials for progressive
MS followed by a detailed discussion of candidate therapeu-
tics under investigation in phase II or III ongoing or planned
trials. Finally, future directions for trials in progressive MS
will be discussed.

Insights into Pathogenesis and Therapeutic
Implications

The exact mechanism(s) of disease progression in MS remains
unknown; however, our understanding of MS pathogenesis has
significantly evolved over the last few decades with the advent of
modern methodological tools in neuroimmunology, neurobiolo-
gy, and neuroimaging. The various, and even conflicting, mech-
anisms that have been suggested to be involved in the pathogen-
esis of MS are outside the scope of this paper. A prevailing
hypothesis involves a systemic adaptive inflammatory autoim-
mune process in the early stages that eventually results in the
chronic activation of the CNS intrinsic innate immune system
that ultimately leads to neurodegeneration [10]. While active
demyelinating plaques associated with inflammation and
blood–brain barrier (BBB) injury are the main neuropathological
features of RRMS, in the progressive stages of the disease active
neurodegenerat ion occurs on the background of
mild-to-moderate inflammation.Major factors suggested to drive
neurodegeneration include microglia activation and associated
oxidative injury [11], resulting in mitochondrial insults and ener-
gy failure [12], and age-dependent iron accumulation in myelin
and oligodendrocytes leading to oxidative tissue damage [10,
13].

The OLYMPUS trial strongly suggests a pathogenic role of B
lymphocytes in some patients with early PPMS [14]. This notion
is further substantiated by postmortem brain tissue from some

patients with SPMS that demonstrated meningeal lymphoid fol-
licles containing proliferating B cells [15]. While the presence of
these lymphoid-like follicles has not been yet been reported in
the meninges of PPMS brain tissue, diffuse T-cell and
B-cell-driven meningeal inflammation has been shown, and
was associated with a more severe clinical course, and more
extensive demyelination and neurite loss in the cortical gray mat-
ter [16]. Interestingly, fingolimod, which failed to achieve its
primary and secondary end points in a phase III clinical trial in
patients with PPMS appears to increase the number of B cells in
the cerebrospinal fluid (CSF) [17].

While the varying aspects of disease pathogenesis point to the
potential benefit of a combination therapy approach (including
anti-inflammatory, neuroregenerative/neurorehabilitative, and
neuroprotective treatments) [2, 18], a key question that remains
involves the potential existence of innate differences in the in-
flammatory response, if any, in relapsing versus progressive
forms of MS given the failure of classic anti-inflammatory ap-
proaches in progressive MS [10].

Progressive MS Phenotype

While debates about whether PPMS and SPMS are part of the
same disease spectrum or separate entities are still ongoing [19],
an ever increasing amount of clinical and imaging evidence sug-
gests that PPMS represents a spectrum of progressive MS phe-
notypes [20]. However, PPMS still remains a distinct course in
the 2013 revision of defining the clinical course of MS because
of the absence of acute attacks prior to clinical progression [20];
yet its pathological differences from SPMS are considered abso-
lute rather than relative by some [21].

Natural history studies have shown that conversion to a sec-
ondary progressive course is the key determinant of long-term
prognosis, independent of disease duration and early relapse fre-
quency [22], and that disability worsening proceeds at a similar
rate in SPMS and PPMS regardless of the initial disease course
[23]. However, it has been shown that both pre- and
post-progression relapses may accelerate time to disability mile-
stones in progressive MS, a finding that implies possible benefi-
cial effect of immunomodulatory therapies in patients with
single-attack progressive MS and SPMS who have ongoing re-
lapses [24].

It has recently been suggested that absence of a
relapsing-remitting phase in patients with PPMS could be ex-
plained by lesions localizing in clinically silent regions of the
CNS that cumulate to result eventually in physical disability.
This is supported by findings from the long-term follow-up of
individuals with radiologically isolated syndrome, suggesting
the presence of a presymptomatic phase in patients with
PPMS [25]. Among the 34 % of patients with radiologically
isolated syndrome who developed an initial clinical event
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related to demyelination within the CNS over a 5-year
follow-up period, 11.7 % fulfilled the criteria for PPMS [25].

Previous Trials

Nearly 50 phase II or III clinical trials including patients with
progressive forms of MS have been completed over the last
30 years [18]. The major strata of therapeutics studied included
immunosuppressants or chemotherapeutics, immunomodulators,
and neuroprotectants [18]. The only disease-modifying drug spe-
cifically approved by the FDA for SPMS is mitoxantrone. How-
ever, the use of this agent is limited because of its cardiotoxic
effects and lifetime risk of leukemia postexposure [26]. Current-
ly, there are no FDA-approved therapies specific for the treatment
of PPMS [2].

Therapeutics that failed to show “clinically significant and
reproducible efficacy” in reducing or halting disability progres-
sion in progressive MS, based on phase III trials, included aza-
thioprine [27], ciclosporin [28], cyclophosphamide [29], plasma
exchange [29], intravenous (IV) immunoglobulin [30] (though 1
study showed a borderline significant delay in time to sustained
progression on Expanded Disability Status Scale (EDSS) in pa-
tients with PPMS) [31], sulfasalazine [32], interferon (IFN)-β1a
[33] and IFN- β1b [34, 35], glatiramer acetate [36], linomide
(study terminated early owing to serious cardiopulmonary side
effects and pancreatitis) [37], cladribine [38], rituximab (IV infu-
sion) [14], MBP8298 (dirucotide) [39], dronabinol [40], hy-
droxyurea (no efficacy based on interim analysis) [41],
alemtuzumab (phase II) [42], and, most recently, fingolimod
[43].While unsuccessful trials of immunomodulating and immu-
nosuppressantmedications propose a shift to neuroprotective and
neuroregenerative strategies, it is important to distinguish be-
tween failed trials and failed therapeutics [18, 44]. For instance,
as we will point out later, although a trial of IV rituximab in
patients with PPMS failed to show any significant beneficial
impact on disease progression [14], subgroup analyses suggested
a possible benefit in younger patients (≤51 years of age) with
inflammatory lesions on magnetic resonance imaging (MRI).
This has encouraged a trial of combined IVand intrathecal ritux-
imab given the possibility of intrathecal compartmentalization of
inflammatory cells. Another example applies to the failed trial of
fingolimod for PPMS in which > 40 % of patients were
> 50 years of age, and > 85 % had no gadolinium-enhancing
lesions onMRI at baseline [43]. Taking into account the result of
subgroup analysis from the rituximab study, a subgroup analysis
of the failed fingolimod trial might be informative.

Therapeutics Under Investigation

Here, we review the various therapies under study for progres-
sive forms of MS, in alphabetical order.

Adrenocorticotropic hormone

While adrenocorticotropic hormone (ACTH) has been approved
for use in MS exacerbations for many years because of its ste-
roidogenic properties, recent data suggest that ACTH may ben-
efit certain conditions through corticosteroid-independent mech-
anisms [45]. For instance, ACTH has been shown to improve
brain function in infantile spasms (an epileptic encephalopathy of
early infancy with limited treatment options) compared with the
use of glucocorticosteroids [45, 46]. It has been suggested that
ACTH exerts anti-inflammatory effects (via modulation of regu-
latory T cells, inhibition of activation of nuclear factor kappa B
(NF-κB), and possibly triggering CNS-restricted release of nor-
adrenalin and acetylcholine), and may have neuroprotective ef-
fects in spinal cord injury and ischemic brain injury [45, 47].
These aspects provide support for future scientific efforts in pro-
gressive MS. A phase II trial of ACTH in progressive MS is
underway (NCT01950234).

Biotin

Biotin is a water-soluble vitamin belonging to the B complex
family, and an essential micronutrient that acts as a cofactor
for decarboxylase enzymes [48]. High doses of biotin have
been found to prevent the progression and even reverse the
course of “biotin-responsive basal ganglia disease”, an auto-
somal recessive disorder characterized by subacute encepha-
lopathy of childhood onset with extrapyramidal and pyrami-
dal manifestations [49, 50]. Recently, a small case series of
patients with a characteristic leukodystrophy involving
periventricular white matter, corticospinal tract, cerebellar pe-
duncles, and optic radiations, with clinical manifestations of
relapsing episodes of cerebellar ataxia and optic neuropathy
were reported to respond to high doses of biotin [51]. One of
those patients was later discovered to have SPMS [52]. In an
open-label pilot study, high doses of biotin (100–300 mg/day)
in patients with SPMS and PPMS were shown to have an
impact on disease progression in those with optic neuropathy,
homonymous hemianopia, and spinal cord involvement [52].
The preliminary results of a phase III trial of high-dose biotin
(MD1003) in progressive MS (NCT02220933) has shown
improvement in MS-related disability outcomes (13 % of the
exposed group vs 0 % of placebo group had improvement of
Expanded Disability Status Scale or timed 25-foot walk at
month 9 (confirmed at month 12) [53].

Amiloride, Fluoxetine, and Riluzole

Amiloride is a potassium-sparing diuretic capable of
inhibiting acid-sensing ion channels, a property that has been
linked to possible neuroprotective effects [54, 55]. It has been
found to reduce functional neurologic deficits in experimental
allergic encephalomyelitis (EAE) studies [54, 55]. Riluzole, is
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an inhibitor of tetradotoxin-sensitive voltage-gated sodium
channels, with antiglutamatergic profile, and the only
established disease-modifying treatment for amyotrophic lat-
eral sclerosis [56]. Fluoxetine is a selective serotonin reuptake
inhibitor that has been suggested to have neuroprotective
properties by supression of microglia activation, and NF-κB
(a family of transcription factors with an essential role in in-
flammation and innate immunity) activity, and enhancement
of the production of the brain-derived neurotrophic factor in
animal models [57–59]. A 4-arm phase II trial of amiloride,
fluoxetine, and riluzole (compared with placebo) is currently
in progress (NCT01910259).

Anti-leucine-rich Repeat and Immunoglobulin-like
Domain Containing Neurite Outgrowth Inhibitor
Receptor-interacting Protein-1 Antibody

Leucine-rich repeat and immunoglobulin-like domain con-
taining neurite outgrowth inhibitor receptor–interacting
protein-1 (LINGO-1) is a cell surface protein expressed in
neural cells, and a negative modulator of axonal myelination
via inhibition of the differentiation of oligodendrocyte precur-
sor cells to mature oligodendrocytes [60, 61]. Blockage of
LINGO-1 may therefore represent a potential strategy for
remyelination, and axonal preservation in MS [62]. In an
EAE study, anti-LINGO-1 antibodies improved axonal integ-
rity and new myelin sheath formation, resulting in functional
recovery. In a recent phase II trial of BIIB033 (a novel
anti-LINGO-1 monoclonal antibody) in patients with a first
acute optic neuritis episode, results showed an improved av-
erage difference in latency recovery (7.55 ms at 24 weeks; p=
0.05) as measured by full-field visual evoked potential) [63].
A separate phase II trial of BIIB033 to investigate the impact
of anti-LINGO-1 on disease progression in patients with
RRMS and SPMS is currently ongoing (NCT01864148).

Domperidone

It is well known that dopamine plays a key role in the regula-
tion of prolactin secretion mainly by inhibiting the anterior
pituitary lactotrophs [64]. Domperidone is a dopamine-2 re-
ceptor antagonist widely used in Canada and Europe as a
prokinetic agent for gastroparesis, and to induce lactation by
increasing prolactin secretion (as a side effect) [65]. EAE
studies suggest that prolactin can promote myelin repair [66,
67], and thereby may have a potential role as a remyelinating
therapy in MS [62, 66]. These data are in alignment with the
well-established data of the benefits of pregnancy in reducing
disease activity in MS, an observation that may be, in part,
related to higher prolactin levels [68]. A phase II trial of oral
domperidone in patients with SPMS is currently underway in
Canada (NCT02308137).

Erythropoietin

Increasing evidence suggest that erythropoietin (EPO), originally
known as hematopoietic growth factor, is part of a potent endog-
enous neuroprotective system in the brain [69]. EPO has been
shown to have antiapoptotic, antioxidative, anti-inflammatory,
neurotrophic, and plasticity-modulating effects in animal models
of various neurological diseases [70]. In EAE studies, EPO has
been shown to reduce clinical severity, axonal injury and demy-
elination, and diminish glial expression of major histocompati-
bility complex class II [71]. A small-sized open-label pilot study
of EPO in patients with progressiveMS showed both clinical and
electrophysiological improvement of motor function with
high-dose EPO [72]. A phase II trial of EPO in progressive MS
is planned (NCT01144117).

Hematopoetic Stem Cell Therapy

Hematopoietic stem cell transplantation has been proposed as
a second-line therapy for refractory MS, presumably by erad-
icating the autoreactive cells, resetting the aberrant immune
response to self-antigens, and possibly promoting regenera-
tive processes in the CNS [73, 74]. Early clinical trials showed
only a modest benefit [75, 76]; however, long-term follow-up
results suggested a significant improvement in disease
progression-free survival rate in patients with active inflam-
mation [77]. Over the last decade, multiple efforts have been
made to optimize the cell source, patient selection, and the
safety and tolerability of stem cell-based therapies [74]. In a
recent phase II trial, high-dose immunosuppressive therapy
and autologous hematopoietic cell transplantation without
maintenance therapy was found to be effective for inducing
sustained remission of active RRMS at 3 years [78]. While
autologous hematopoietic stem cell transplantation is based on
utilizing hematopoietic cells to repopulate the immune system
following high-dose immunosuppression, infusion of mesen-
chymal cells or autologous unfractionated bone marrow is not
preceded by immunosuppression. In an open-label
proof-of-concept trial in patients with SPMS with clinical ev-
idence of optic nerve involvement, infusion of autologous
bone marrow-derived mesenchymal stem cells improved vi-
sual acuity and visual evoked response latency, and increased
optic nerve area [79]. A phase II trial of autologous bone
marrow infusion in patients with SPMS or PPMS is in prog-
ress (NCT01815632).

Ibudilast

Ibudilast is a nonselective phosphodiesterase inhibitor that has
been suggested to have immunomodulatory and neuroprotec-
tive effects [80, 81]. Ibudilast inhibits leukotrienes and nitric
oxide synthesis, and reduces tumor necrosis factor-α from
astrocytes and microglial cells [81, 82]. A phase II trial of
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ibudilast in patients with RRMS demonstrated no beneficial
effect on the rate of newly active lesions and relapses but
reduced brain atrophy rate, suggesting a potential neuropro-
tective role [83]. A phase II trial of ibudilast in progressiveMS
is in progress (NCT01982942).

Idebenone

Idebenone, is a synthetic analog of coenzyme Q10, an endoge-
nous antioxidant found in all cellular membranes, and a constit-
uent of the adenosine triphosphate-producing electron transport
chain of mitochondria [84]. In addition to antioxidant properties,
idebenone has been shown to exert anti-inflammatory effects
in vitro [85]. Idebenone use in Friedreich's ataxia and Leber's
hereditary optic neuropathy, both of which are thought to be
mitochondrial disorders, has shown beneficial effects. In a recent
animal study, idebenone was found to protect hippocampal
HT22 cells from glutamate-induced cell death in vitro, although
idebenone-treated EAE mice did not exhibit any clinical benefit
with respect to reducing inflammation, demyelination, and axo-
nal injury [86]. Given that mitochondrial dysfunction may play a
key role in progressive axonal loss in MS, further investigations
as a therapeutic option for progressive forms of MS are rational.
A phase II trial of idebenone in PPMS is currently underway
(NCT01854359).

Lipoic Acid

Lipoic acid is a natural antioxidant with signal transduction
modulatory pathways, and has been suggested as a potential
therapeutic agent in diseases associated with oxidative stress
such as diabetic neuropathy, Alzheimer’s disease, and MS
[87]. Lipoic acid has been shown to suppress EAE by
inhibiting the entry of T cells into the CNS [88]. In a recent
small size phase I study, lipoic acid was well tolerated in
patients with MS and associated with a reduction in matrix
metalloproteinase-9 and soluble intercellular adhesion
molecule-1 [89]. A phase II/III trial of lipoic acid in patients
with SPMS is underway (NCT01188811).

Lithium

Accumulating evidence indicates that lithium, one of the
oldest antipsychotic medications, exhibits its therapeutic ef-
fects through inhibition of glycogen synthase kinase-3
(GSK-3), a serine–threonine protein kinase and major regula-
tor of inflammation [90]. It has been shown in EAE studies
that pre-treatment with lithium suppressed the onset of disease
activity [91]. When lithium was administered after the induc-
tion of EAE, it reduced disease severity and facilitated partial
recovery [91]. It has therefore been suggested that GSK-3
could be a target for future treatments in MS. A pilot phase

I/II trial of lithium in progressive forms of MS is underway
(NCT01259388).

Masitinib

Masitinib is a selective tyrosine kinase inhibitor that modu-
lates migration, survival, and degranulation of mast cells [92].
Increasing evidence suggests that mast cells actively play a
role in pathogenesis of MS by releasing vasoactive mediators
that sustain inflammatory cascade, disrupting the BBB, and
stimulating activated T cells, amongst other mechanisms [93,
94]. In a phase IIa proof-of-concept trial, masitinib was, over-
all, well tolerated and found to have positive but not statisti-
cally significant effect on clinical progression in patients with
progressive MS [95]. A phase IIb/III study of masitinib in
patients with relapse-free SPMS or PPMS is in progress
(NCT01433497).

MIS416

MIS416 is a myeloid-directed microparticle immune response
modifier (derived from Propionibacterium acnes), which was
originally developed as a vaccine adjuvant [96]. MIS416 has
been suggested to modulate T-cell-mediated autoimmune re-
sponses in EAE by simultaneously activating innate Toll-like
receptor 9 and nucleotide-binding oligomerization
domain-containing protein 2 [96]. The restricted uptake of
MIS416 by phagocytic cells has been suggested to lead to
targeted modulation of the innate immune system [97].
MIS416 was initially used in patients with SPMS outside of
a formal clinical trial setting under compassionate use legisla-
tion in New Zealand. Recently, in a phase Ib/IIa clinical trial,
MIS416 was shown to suppress the development of proin-
flammatory T helper (Th)1, Th2, and Th17 cells in EAE,
and to increase the serum levels of IFN-γ and
IFN-γ-associated proteins in 19 patients with SPMS [97]. A
phase IIb trial is underway to further investigate the effect of
MIS416 in progressive forms of MS (NCT02228213) [98].

Natalizumab

Monoclonal antibodies, first used to treat cancer, are highly
specific immunoglobulins against candidate target antigens,
the discovery of which has revolutionized the treatment of
autoimmune diseases [99]. Two monoclonal antibodies have
been approved for treatment of relapsing forms of MS
[natalizumab (Tysabri; Biogen, Research Triangle Park, NC,
USA) and alemtuzumab (Lemtrada; Genzyme, Cambridge,
MA, USA)], with several more are under investigations in
clinical trials or preclinical development phase.

Natalizumab is a humanized IgG4 monoclonal antibody
that targets the α4-chain of α4β1 integrin and other
α4-integrin-containing adhesion molecules, thereby
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inhibiting the adhesion of lymphocytes to the endothelium
and blocking lymphocyte extravasation into the CNS through
the BBB [100]. In an open-label phase IIa proof-of-concept trial
of IV natalizumab in patients with progressive MS, results
showed reductions in CSF inflammatory biomarkers, specifically
osteopontin, chemokine (C-X-C motif) ligand 13 and matrix
metalloproteinase-9, as well as CSF markers of axonal damage
and demyelination [i.e., neurofilament light chain, and myelin
basic protein (MBP)], thereby supporting potential beneficial
effect of natalizumab in progressive MS [101]. Preliminary re-
sults from a phase III trial of natalizumab in patients with SPMS
(ASCEND; NCT01416181) showed that the study did not
achieve its composite primary end point, defined as the percent-
age of patients with confirmed progression of disability on one or
more of the following components: EDSS, Timed 25-FootWalk,
and 9-Hole Peg Test [102].

NeuroVax

Selective immunotherapies targeted to restore self-tolerance to
the autoantigens presumed responsible for the pathogenesis of
MS remains an interesting approach. As such, several vaccine
strategies including T cell, T-cell receptor (TCR) peptide, and
DNA-based vaccinations have been pursued and, on the surface,
appear to reflect more selective therapies for MS [103–104]. In
an open-label single arm study of 27 patients withMS (including
10 patients with SPMS and 3 patients with PPMS), monthly
intramuscular injection of a trivalent TCR peptide induced a
surge of proliferating interleukin-1-secreting TCR
peptide-specific T cells concomitant with restoration of defi-
cient expression of forkhead box P3 (an important transcription
factor in the development and function of regulatory T cells) to
higher than normal levels [105, 106]. A phase II study of
NeuroVax (a TCR peptide vaccine; Immune Response
BioPharma, Atlantic City, NJ, USA) in patients with SPMS is
planned to be started soon (NCT02057159).

Phenytoin, and Oxcarbazepine

It has been shown in experimental animal models that loading of
partially demyelinated axons with sodium ions results in an ac-
cumulation of calcium ions, which triggers a cascade of degra-
dative enzyme activity and finally leads to axonal degeneration
[107]. Partial blockade of sodium channels is therefore thought to
have neuroprotective properties [107–109]. As such,
sodium-blocking agents such as phenytoin, lamotrigine, carba-
mazepine, or oxcarbazepine, and even newer agents such as
safinamide and flecainide have been suggested to have potential
neuroprotective effects in MS [109].

In a phase II trial of lamotrigine versus placebo in patients
with SPMS, lamotrigine treatment was unexpectedly found to be
associated with greater annual cerebral volume loss in the first
year compared with placebo; an effect reversed partially on

discontinuation of treatment [110]. However, the rate of decline
on Timed 25-Foot Walk speed assessments was reduced in the
treatment group compared with placebo [110]. The interpretation
of the results was also further complicated by a nonadherence
rate of up to 50 % in lamotrigine group.

It is known that treatment of acute optic neuritis, a common
manifestation of MS, with steroids has little or no impact on the
eventual extent of recovery [111]. Optical coherence tomography
of retinal nerve fiber layer and MRI of optic nerve following
optic neuritis have shown volume loss (neuroaxonal loss) in
correlation with impaired visual function [112]. In a phase II trial
of phenytoin versus placebo in patients with acute optic neuritis,
treatmentwith phenytoin (4mg/kg/day) within 2weeks of symp-
tom onset was found to have a 30 % protective effect on retinal
nerve fiber layer thickness and a 34 % protective effect on mac-
ular volume at 6 months following acute optic neuritis, using
optical coherence tomography [113].

A phase II trial of oxcarbazepine in SPMS assessing the
change in the content of neurofilament light chain in CSF, a
proposed surrogate marker of neurodegeneration, as well as
clinical disability and imaging outcomes is underway
(NCT02104661).

Rituximab and Ocrelizumab: 2 Anti-CD20 Monoclonal
Antibodies

Rituximab is a chimeric IgG1 monoclonal antibody that targets
CD20 on B cells, thereby depleting B cells by several mecha-
nisms, including apoptosis, direct antibody-dependent cellular
cytotoxicity, and complement-dependent cytolysis [100]. Al-
though rituximab is not FDA-approved for MS, it is commonly
used as an off-label therapy. A phase III trial of IV rituximab in
patients with PPMS did not show any significant difference in
time to reach confirmed disease progression. The results from
preplanned subgroup analyses, however, suggested that it may
affect disease progression in younger patients, particularly those
with inflammatory lesions on brain MRI [14]. Given that the
progressive phase of MS is thought to be associated with intra-
thecal compartmentalization of inflammatory cells, it has been
suggested that intrathecal administration of immunosuppressants
may represent a promising new approach in progressive MS
[114]. A phase II trial of combined IV and intrathecally admin-
istered rituximab (vs placebo) in patients with SPMS is currently
ongoing (NCT01212094). This is also the first trial to monitor
immune activity in the CNS of patients with MS using a micro-
dialysis catheter for CSF sampling [8].

Ocrelizumab is another IgG1 monoclonal antibody against
CD20 B cells. In contrast to rituximab, it is a humanized mono-
clonal antibody, thereby having fewer anti-idiotypic reactions
[100]. Prompted by positive results from the subgroup analysis
of the IV rituximab trial [14], a phase III trial of ocrelizumab in
patients with PPMS with the inclusion criteria adjusted based on
the subgroup analysis was designed (NCT01194570).
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Preliminary results from the ORATORIO study showed that pa-
tients who were treated with ocrelizumab had a 24 % lower risk
of confirmed disability progression after 12 weeks than those
who were treated with the placebo [115].

Simvastatin

Statins (hydroxymethylglutaryl-CoA reductase inhibitors) are
widely prescribed and well tolerated in the treatment of hyper-
cholesterolemia. However, they also exert immunomodulatory
and neuroprotective properties and have been shown to improve
cerebrovascular hemodynamics [116]. These properties make
statins an attractive candidate drug in patients with later stages
ofMSwhen dysfunction of brain parenchymal cells and vascular
endothelial cells occur [117, 118]. Studies of statins in EAE and
open-label trials in patients with MS have shown decreased dis-
ease activity [119, 120]. In a recent phase II trial of simvastatin
versus placebo in patients with SPMS, simvastatin was found to
reduce significantly the annualized rate of whole brain atrophy
compared with placebo [−0.25 % per year adjusted difference in
atrophy rate between the 2 groups (p=0.003), a 43 % reduction
in annualized rate of atrophy] [121]. These results provide sup-
port for the advancement to a phase III trial of statins for progres-
sive MS.

Siponimod

Siponimod (BAF312) is an oral modulator of sphingosine
1-phosphate (S1P) receptor that acts selectively on S1P-1 and
S1P-5, demonstrating greater selectivity than fingolimod [122].
It reduces recirculation and infiltration of potentially
autoaggressive lymphocytes into the CNS and may have direct
CNS effects by modulating neurobiological processes via S1P-1
and S1P-5 receptors on astrocytes and oligodendrocytes [123,
124]. S1P receptor modulators have been suggested to exert
neuroprotective and regenerative actions in the CNS, in addition
to anti-inflammatory effects [125]. In an adaptive dose-ranging
phase II trial in patients with RRMS, siponimod was shown to
reduce brainMRI lesions and relapses by up to 80% (vs placebo)
[126]. A phase III trial of siponimod in patients with SPMS is
currently in underway (NCT01665144) [127].

Sunphenon Epigallocatechin-3-gallate

Sunphenon epigallocatechin-3-gallate (EGCg), a major constitu-
ent of green tea, has emerged as a potential neuroprotective agent
for the treatment of neurological disorders associated with harm-
ful effects of reactive oxygen species [128, 129]. In EAE studies,
EGCg has been shown to have both anti-inflammatory properties
by influencing T-cell proliferation and inhibiting the activation of
NF-κB, and neuroprotective properties by acting as a free radical
scavenger [130, 131]. A phase II/III trial of oral Sunphenon

(Taiyo International, Minneapolis, MN, USA) EGCg in patients
with progressive MS is underway (NCT00799890).

Tcelna

Autologous T-cell immunotherapy has been suggested to deplete
or regulate the pathogenic myelin reactive T cells that maintain
autoimmune processeswithin the CNS of patients withMS [132,
133]. Tcelna (imilecleucel-T; Opexa Therapeutics, The Wood-
lands, TX, USA), formerly known as Tovaxin, is a T-cell immu-
notherapy that consists of an autologous pool of T-cell lines
raised against selected immunodominant peptides derived from
MBP, myelin oligodendrocyte glycoprotein (MOG), and
proteolipid protein [134]. The immunodominant peptides are
selected on an individual basis by prescreening for reactivity
against overlapping peptide libraries including the
above-mentioned 3 major myelin antigens [134]. Tcelna is there-
fore suggested to be specifically tailored to each patient's immune
response profile to putative myelin autoantigens. A phase II trial
of subcutaneous injection of Tcelna in patients with SPMS is
underway (NCT01684761).

Future Research Directions, and Conclusions

The long list of therapeutic agents currently in development for
the treatment of PPMS and SPMS provides some reason for
optimism that molecular and cellular therapeutic targets will
eventually be identified that modulate these 2 clinical
phenotypes.

Previous failed clinical trials illustrate that broad targeting
of adaptive immune responses outside the CNS against cur-
rently unidentified autoantigens is not a viable strategy, and
that inflammatory activity likely shifts towards innate immune
responses within the brain and spinal cord in later disease
stages. In addition, accumulation ofmyelin loss, axonal injury,
and subsequent neurodegeneration amplify the clinical impact
of this chronic disorder.

Neu r o l og i s t s , c l i n i c a l n e u r o s c i e n t i s t s , a nd
neuroimmunologists have long struggled to develop beneficial
pharmacotherapies for the progressive phase of MS. The reasons
are multiple and include 1) an incomplete understanding of the
disease process; 2) the lack of animal models that reliably predict
therapeutic responses in patients; and 3) agents that have good
CNS bioavailability. Also, clinical trial designs that have been
employed in patients with RRMS may be less relevant to pro-
gressive forms of MS.

The EAE model is still employed to identify potentially
effective pharmacological agents for MS. In experimental
mice, depending on the encephalitogenic antigen and the ma-
jor histocompatibility complex genotype, different clinical
EAE disease courses are observed [135]. When induced in
PL/J and B10.PL (H-2u) mice, EAE is typically acute and
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monophasic. In SJL (H-2s) mice, the disease course is relaps-
ing–remitting. Vaccination of C57BL/6 (H-2b) mice MOG
peptide 35–55 results in a chronic progressive disease course,
resembling PPMS. Levy et al. [136] recently demonstrated
that immunization of non-obese diabetic mice with
MOGp35–55 initially leads to relapsing–remitting EAE be-
tween days 20–70 after inoculation, followed by a chronic
progressive stage. This experimental model is currently con-
sidered by many to be the most relevant in reflecting the ini-
tiation of RRMS and subsequent transitioning to SPMS.
While glatiramer acetate and natalizumab were tested in
EAE and subsequently successfully developed in clinical trial
programs, a large number of therapeutic agents that ameliorat-
ed EAE failed in patients with MS.

Ideally, clinical trials for progressiveMS should not only test a
potential therapeutic, but also develop meaningful clinical trial
methodology. Ontaneda et al. [18], in a recent review article,
eloquently formulated several recommendations for key aspects
of future trials of progressive MS (intervention selection, study
participants, trial design, outcome measures, and CSF bio-
markers) based on lessons learned from prior clinical trials. Fur-
ther research on the identification of clinically meaningful out-
comes for MS clinical trials should be encouraged. Given prior
instances of early termination of unsuccessful clinical trials in
progressive MS, and the importance of efficient completion of
trials, application of novel trial designs should be considered
[137]. An adaptive design helps to address uncertainties about
choices made during the planning phase of a trial by allowing
modifications to trial and/or statistical methods of ongoing trials
[138]. Heterogeneity of findings should be assessed based on
predefined subgroup analysis, and not post hoc exploratory anal-
ysis. Multi-arm trials should to be encouraged as investigation of
multiplemedications simultaneouslyminimizes exposure time to
placebo and cost, and can potentially result in faster ways of
finding effective treatments [139]. Drug repurposing needs to
be considered; yet, developing systemic and rational approaches
for the identification of repurposing candidates in order to max-
imize the chance of success in clinical development remains a
challenge [140]. Although fully validated and reliable bio-
markers still remains to be identified, even in relapsing–remitting
MS, the challenge is when it comes to progressive forms of MS
given that many of the studied biomarkers so far are aimed at
capturing the predominantly inflammatory disease activity rather
than the neurodegenerative aspects of the disease. While this
continues to remain an active area of research, overall it appears
that brain atrophy is the preferred method of monitoring the
neurodegenerative process in progressive MS [141]. In addition,
axonal- and glial-based biomarkers in CSF (e.g., neurofilament
chains [142, 143], glial fibrillary acidic protein, tau and S100b
protein) [144], and metabolomics profiling methods have re-
ceived much attention [145]. CSF analysis and banking, and
biomarker adaptive designs have therefore been encouraged in
trials of progressiveMS [146]. Last, but not least, global research

collaboration is also a necessity to overcome the challenges of
progressive MS, as evidenced by multiple lines of research
boosted by the Progressive MS Alliance over the last few of
years.

Overall, given ongoing and planned clinical trial initiatives,
and the largest ever focus of the research community on pro-
gressive MS, future prospects for developing targeted
disease-modifying drugs for progressive forms of MS appear
promising.
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