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Abstract
Background Multiple sclerosis (MS) is a chronic and autoimmune disease of the central nervous system (CNS), mainly 
characterized by inflammatory demyelination, which manifests as relapses and diffuse damage and brain volume loss, both 
accounting for neurodegeneration, and therefore, physical disability. MS typically affects young adults and is commonly 
diagnosed in the early years by acute relapses, which then followed through partial or complete remission period. The clini-
cal course of MS is characterized as four major classifications, including relapsing–remitting (RRMS), primary progressive 
(PPMS), progressive relapsing (PRMS), and secondary progressive (SPMS).
Purpose This review provides comprehensive overview of the current treatments and future innovative approaches in the 
treatment of MS.
Results Currently, there is no definite cure for MS. The treatment of MS has mainly been based on the prescription of 
immunosuppressive and immune-modulating agents. However, a number of disease-modifying treatments (DMTs) have 
been designed that reduce the attack rate and delay progression and mainly target inflammation settings in these patients. 
Although remarkable advancements have occurred in the therapy of MS, the rate of progressive disability and early mortal-
ity is still worrisome. Recently, a monoclonal antibody (ocrelizumab) was demonstrated to be beneficial in a clinical trial 
of primary progressive MS. Furthermore, novel treatment strategies concentrating on the remyelination or neuroprotection 
are under evaluation.
Conclusions In spite of prosperous experiences in MS therapy, the future research, hopefully, will bring substantial improve-
ments in the understanding and approaches of MS therapy.

Keywords Multiple sclerosis · Central nervous system · Disease-modifying treatments

Introduction

Multiple sclerosis (MS) is characterized as chronic and 
autoinflammatory setting causing neurodegeneration and 
inflammatory immune responses in the central nervous 

system (CNS), including brain and the spinal cord. MS is the 
most prevalent non-traumatic cause of CNS complications 
in young people worldwide. The immune system has been 
the main culprit of MS [1–5]. In most cases, initial disease 
course of MS is relapsing–remitting (RRMS) with periods of 
relapses followed by periods of remission. In most of the MS 
patients, the relapsing course is further advanced towards a 
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secondary progressive phase (SPMS) [6]. However, in about 
15% of cases, MS is progressed from the initial phase with 
a primary progressive phase (PPMS) lacking superimposed 
relapse periods [6]. Contemporary classification guidelines 
concentrate on the inflammatory image of MS, which can be 
manifested at all phases of the disease and can be targeted 
using disease-modifying treatments (DMTs) [7]. Currently, 
there are a number of DMTs available for the therapy of 
RRMS and their primary purpose is to reduce the relapse 
level and the inflammation severity in CNS [8].

During last decades, several advancements have occurred 
in the treatment of MS. To date, new much efficient treat-
ments for MS therapy are available, after several years of 
treatment with DMTs such as interferon beta (IFNβ) and 
glatiramer acetate (GA) as the main treatment options, fin-
golimod was the first oral DMT, which was approved in 2010 
in United States. Since then, a number of other oral medica-
tions has been validated or are in phase III trials currently 
[9]. Currently, three monoclonal antibodies are approved for 
MS therapy and some other agents are in the final phase of 
development. Although a promising progression in treating 
MS has occurred, the currently available medications are 
unable to respond the future needs raised by the complicated 
nature of MS. Hence, in this review article, we have tried to 
summarize the current available treatments for MS as well 
as draw the novel landscape in MS therapy with prospects 
on the future of disease treatment development.

Previously approved therapies in MS

Injectable drugs

Three major IFNβ products are available for administra-
tion as first-line DMTs to treat relapsing MS. All of these 
products were approved after relevant process of single 
double-blind, placebo-controlled, phase III clinical trials 
[10]. Of three these products, two of them are administered 
subcutaneously and the other one is injected intramuscularly. 
Copaxone, which is a four amino acid synthetic copolymer 
[11], was approved after a single phase III randomized clini-
cal trial [12] and was shown to be effective in treatment of 
RRMS. Copaxone and IFNβ possess various immunomodu-
latory effects but with almost similar function in reducing 
the relapse rate up until about 30% [13].

A large observational cohort study demonstrated that 
IFNβ and Copaxone therapy ameliorates progression of 
disability as evaluated by Expanded Disability Status Scale 
(EDSS) scores after 6 years of medication [14]. IFNβ and 
Copaxone therapy have been known to be generally safe 
and favorably tolerated. However, both IFNβ and Copaxone 
need periodical and long-term self-injections. Among the 
side effects of IFNβ product are increased levels of liver 

enzymes, flu-like symptoms, and injection-site unwanted 
reactions. On the other side, the side effects of Copax-
one are injection-site unwanted reactions as well as post-
injection reactions which are seen in approximately 15% of 
patients [15]. Of the approved medications for MS therapy, 
the humanized antibodies such as daclizumab, natalizumab, 
alemtuzumab [16], and mitoxantrone have been associated 
with promising effects but have drawn safety issues. Paren-
teral administration of these drugs is much prevalent that 
may have severe side effects, such as autoimmune-associated 
complications by alemtuzumab, progressive multifocal leu-
koencephalopathy (PML) by natalizumab, liver injury, skin 
reactions, and colitis by daclizumab, and finally cardiotoxic-
ity and acute leukemia by mitoxantrone. Natalizumab, which 
is a humanized recombinant monoclonal antibody, targets 
α4-integrin [16]. This biological medication interrupts the 
leukocyte migration from the peripheral blood into the CNS 
through inhibiting the binding of leukocytes by α4-integrin 
to the vascular cell adhesion molecule (VCAM) located on 
the endothelial cell [16].

This interference possesses a beneficial influence on 
CNS inflammation by blocking the binding and later dia-
pedesis of lymphocytes through the blood–brain barrier 
(BBB). In a placebo-controlled phase III trial, resulting 
in approval of natalizumab, intravenous administration in 
the dose of 300 mg monthly decreased RR up to 68% and 
interrupted disability progression up to 42% by 2 years [17] 
and decreased the MRI activity up to 92% [18]. After that, 
natalizumab was reintroduced in 2006 with description of 
risk management programs [19]. The risk of PML stratifica-
tion in cases with MS on natalizumab underlies duration of 
treatment, prior immunosuppressant utilization, and the anti-
JC virus (JCV) antibody conditions imply to JVC infection 
[20, 21]. This issue permits increased risk stratification in 
treatment with natalizumab [22]. Natalizumab therapy may 
trigger the production of persistent neutralizing antibodies 
(NABs) in 4–6% of cases, typically occurring within the first 
12 months. It has been shown that NABs are related with 
increased rates of infusion-related adverse responses and can 
decrease the treatment efficacy [23].

Alemtuzumab, which is a humanized monoclonal anti-
body, targets CD52 molecule expressed on natural killer 
(NK) cells, lymphocytes, monocytes, and some other granu-
locytes [24, 25]. Alemtuzumab causes quick lymphopenia, 
which takes years to last, through antibody-dependent cel-
lular cytotoxicity (ADCC) [16]. The subcutaneous admin-
istration of alemtuzumab was compared to IFNβ-1 injection 
that was conducted three times a week in two phase III tri-
als of RRMS [26, 27]. It was observed that alemtuzumab 
decreased the annualized relapse rate (ARR) up to 49–55%, 
reduced the rate of progression disability up to 30–42%, and 
attenuated MRI gadolinium-enhancing lesions up to 61–63% 
[27, 28]. In Europeans, alemtuzumab has been prescribed as 
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a first-line therapy in active RRMS, although some neurolo-
gists would administer it as a second-line medication due to 
the risk of secondary autoimmunity following the therapy 
period [23].

Daclizumab, which is a humanized monoclonal antibody, 
targets against the interleukin (IL)-2 receptor subunit CD25 
expressed on T cells [29]. Although daclizumab’s influence 
on decreasing  CD25+ T cells is short and small, it causes 
expansion of  CD56bright NK cells, correlating with the clini-
cal efficiency of the drug [29]. Randomized double-blind 
trials (phase II and III trial) demonstrated that daclizumab 
had promising influence as observed by MRI manifestations 
[30–32] either as supplementary therapy to IFNΒ-β1a or 
placebo. Daclizumab did not show indications of rebound 
effects following treatment stop. Unique side effect of dacli-
zumab is cutaneous complications. Most of the skin com-
plications are patches of eczema, which usually needs no 
medications [33], although mild-to-severe rashes occurred 
in 19% of cases require interrupting the treatment. The skin 
lesions demonstrated nonspecific characteristics of eczem-
atous dermatitis, with infiltration of CD56+ lymphocytes, 
which were not associated with the clinical manifestations 
[33]. Recently, FDA approved daclizumab for treatment of 
RRMS [34]. Daclizumab should be prescribed to patients 
with insufficient response to two or more conventional treat-
ments to MS. It is mandatory for patients to be evaluated for 
liver function before initiating daclizumab therapy as well 
as monthly before each dose, and, afterwards, for up to 6 
months after the last dose of administration [34].

Mitoxantrone functions through inhibiting type II topoi-
somerase and disruption of DNA synthesis. Mitoxantrone 
transmits through the disrupted blood brain barrier (BBB) 
and may stimulate microglial death [35]. It was approved 
by the FDA for rapidly improving SPMS and RRMS 
after a number of clinical trials [36, 37]. Mitoxantrone is 
administered through infusions monthly at doses of 12 mg/
m2, although the cumulative dose is restricted because of 
hematologic and cardiologic side effects. The prescription 
of mitoxantrone was quickly decreased because of severe 
complications like acute leukemia [38] as well as due to 
advent of alternative more efficient and less toxic medica-
tions [23] (Table 1).

Drugs with oral administration

Teriflunomide has been approved for treatment of mild-to-
moderate rheumatoid arthritis (RA). This drug interrupts the 
mitochondrial enzyme involved in de novo pyrimidine syn-
thesis dihydroorotate dehydrogenase (DHODH) [39]. Stud-
ies in two phase III trials in RRMS demonstrated that terif-
lunomide decreased the ARR in comparison to placebo up 
to 31–36%, the level of disability progression up to 26–27%, 
and the MRI gadolinium-enhancing lesions displayed 80% 

reduction [40, 41]. Studies showed that teriflunomide dem-
onstrated same effects on the ARR and treatment interrup-
tion compared with subcutaneous IFNβ-1a administration 
[42]. Teriflunomide has been evaluated in a double-blind, 
randomized, placebo trial on patients with clinically isolated 
syndrome (CIS) having silent MRI lesions and it led to pro-
crastination in the time to a second relapse and amelioration 
in the recent MRI lesions [43]. Among the side effects of 
teriflunomide are alanine aminotransferase (ALT) increase, 
diarrhea, headache, nausea, and hair thinning [44]. The most 
usual reason for stopping the treatment with teriflunomide 
is ALT elevation; hence a periodical ALT evaluation within 
the first 6 months of treatment and afterwards every second 
month is suggested [44].

The recently approved oral DMT for treatment of RRMS 
is delayed-release dimethyl fumarate (DMF), which is 
administered in a 240 mg dose capsule twice a day. Although 
its mechanism of action has not fully characterized yet, it 
has been proposed that DMF activates the nuclear factor 
(erythroid-derived 2)-like 2 (Nrf2) pathway [45].

DMF was examined in two phase III trials in RRMS, 
demonstrating a reduction of ARR up to 44–53%, the rate 
of disability progression up to 22–32%, and the MRI gad-
olinium-enhancing lesions up to approximately 75–94% 
[46, 47]. Moreover, the phase III trials indicated that DMF 
therapy led to decreased clinical and MRI disease activity 
[48]. The prevalent side effects of DMF are nausea, diar-
rhea, flushing, and abdominal pain [47]. Moreover, DMF 
may induce leucopenia and elevate liver transaminases.

Fingolimod, approved by FDA in 2010, was the first line 
of oral treatment for relapsing forms of MS. The drug is 
administered as 0.5 mg dose capsule once daily. Fingolimod 
is sphingosine-1-phosphate (S1P) receptor antagonist and 
functions non-selectively in degrading the S1P1 receptor on 
lymphocytes [49, 50]. The drug captures T lymphocytes in 
secondary lymphatic tissues, and therefore, leads to amelio-
ration of inflammation in MS [51].

Fingolimod was evaluated in two phase III trials in RRMS 
and demonstrated a reduction in ARR up to 48–55%, the 
rate of disability progression up to 25–30%, and the MRI 
gadolinium-enhancing lesions over 80% [52]. In comparison 
to IFNβ-1a, intramuscular injection of fingolimod once in a 
week caused a decline in ARR up to 52%, the rate of disability 
progression up to 25%, and the MRI gadolinium-enhancing 
lesions over 50% [53]. A fingolimod phase III trial in patients 
with PPMS resulted in no postponement of disability progres-
sion [54]. Most prevalent side effects of fingolimod are cough, 
diarrhea, headache, back pain, and upper respiratory tract 
infection [55]. It is suggested to perform electrocardiogram 
monitoring steadily for 6 h after the first dose of fingolimod 
due to the possibility of bradycardia and atrioventricular block 
upon first administration. In one of the phase III trials, a death 
case was observed because of a fulminant primary varicella 
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zoster. Afterwards, examination for varicella zoster infection 
is recommended in cases under therapy with fingolimod. 

Moreover, it is advised to perform vaccination in case with no 
infection history [53] (Table 1).

Table 1  Medications with approved clinical trials for treatment of MS

Strategy Name of the drug Type Clinical trial References

Injectable drugs Copaxone IFNβ product Phase III [12]
Natalizumab Targets α4-integrin Phase III [16–18]
Alemtuzumab Targets CD52 molecule Phase III [26, 27]
Daclizumab Targets CD25 Phase II and III trial [30–32]
Mitoxantrone Inhibits type II topoisomerase [36, 37]

Drugs with oral administration Teriflunomide Interrupts the mitochondrial 
enzyme involved in de novo 
pyrimidine synthesis of 
DHODH

Two phase III trials [40, 41]

Delayed-release dimethyl 
fumarate (DMF)

Activates the nuclear factor 
(erythroid-derived 2)-like 2 
(Nrf2) pathway

Two phase III trials [46–48]

Fingolimod Degrades the S1P1 receptor Two phase III trials [52, 54]
Recent Monoclonal antibodies Rituximab Targets CD20 Two phase II trial [56, 57]

Ocrelizumab Targets CD20 Phase II [60]
Ofatumumab Targets CD20 Two phase II [64, 65]

Other recent drugs Laquinimod Interrupts CD4+ T cells and 
macrophages infiltration into 
the CNS

Two phase III trials [70, 71]

Cladribine Integrates into the DNA of 
dividing cells leading to 
apoptosis

Two double-blind randomized 
trials

[76, 77]

Depletion of circulating T 
and B

Randomized double-blind 
phase IIb trial

[81]

Siponimod Targets S1P-1 and S1P-5 Phase II trial [86]
Ozanimod Modulates S1P receptor Phase II trial [26]

Transplantation of autologous 
bone marrow

Autologous HSCT – Phase I [88, 90]
Phase II [92]

Strategies to restore myelina-
tion

Opicinumab Binds to LINGO-1 and pro-
motes remyelination

Phase I [111]

Mesenchymal stem cells MSC engraftment Modulates the anti-inflamma-
tory environment

Phase II [115]

Autologous MSCs Reduces the inflammation Clinical trial [116]
Strategies targeting T cell Antigen-coupled cell toleriza-

tion
– Phase I [124]

Preventing the encephalito-
genicity of myelin-reactive 
T cells

– Phase II [126, 127]

Autologous T-cell vaccine – Placebo-controlled, double-
blind trial

[128]
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New drugs in trial

Monoclonal antibodies

There are three anti-CD20 agents, namely, ocrelizumab, 
rituximab, and ofatumumab, which function to deplete 
pre-B cells and mature B cells, that have been evaluated 
for MS therapy [25]. Rituximab targets CD20 and has 
been utilized to treat MS and patients with neuromyelitis 
optica. Rituximab in a phase II trial was accompanied with 
reduction in recent MRI gadolinium-enhancing lesions up 
to 91%. Moreover 78% of cases manifested an infusion-
related side effect. Occurrence of infection had same rate 
in both groups [56]. A small phase II trial of intrathe-
cal rituximab demonstrated low efficacy as observed with 
evaluation of CSF biomarkers [57]. While treatment with 
rituximab caused a transient and incomplete depletion of 
B cells in the CSF samples, the impression on peripheral B 
cells was favorable and lasting [57]. It has been suggested 
that rituximab can be a choice in RRMS patients with no 
respond to first- and second-line medications, in patients 
with other autoimmune disorders [58], and in cases with 
stable RRMS who change their therapies from natalizumab 
to other DMT because of high PML risk [59].

Ocrelizumab in a phase II RRMS trial reduced the rate 
of MRI enhancing lesions [60]. Although infection side 
effects were equal between RRMS and placebo groups, 
infusion-related adverse effects were seen in the ocreli-
zumab group more frequently than in the placebo group. 
Studies have indicated that ocrelizumab reduced the 
annual relapse rate up to 46 and 47%, in OPERA I and II 
phase III trials, respectively [61]. Furthermore, a reduction 
of clinical disability by 40% was reported. As well, ocreli-
zumab caused a reduction of the count of T1 gadolinium-
enhancing lesions in the brain up to 94% [61].

It was also observed that 47.9 and 47.5% of patients 
with ocrelizumab therapy in OPERA I and OPERA II, 
respectively, after 96 weeks demonstrated no evidence of 
MS relapses, disability progression, and T2 or gadolinium-
enhancing T1 lesions [62]. A phase III clinical trial, named 
ORATORIO, evaluated intravenous ocrelizumab 600 mg 
every 6 months for PPMS therapy and compared it to pla-
cebo group [63]. The first drug in trial, namely, ocrelizumab, 
demonstrated primary and secondary efficacy results in a 
phase III PPMS survey. Ocrelizumab displayed significant 
decrease in the relative risk of 12-week confirmed disability 
progression (CDP) up to 24% and 24-week CDP up to 25% 
[63]; as well, ocrelizumab therapy reduced the volume of T2 
hyperintense lesions and decreased the loss of whole brain 
volume in comparison to placebo group [63].

Ofatumumab is a monoclonal antibody, which is also 
prescribed for lymphocytic leukemia. It interrupts the 

early activation of the B lymphocyte and demonstrates 
lower antigenicity. Ofatumumab was evaluated in a small 
phase II clinical trial and demonstrated promising results, 
resulting in a 99% decrease in MRI activity and no signifi-
cant side effects [64]. The effectiveness and safety of ofa-
tumumab were measured in a phase II trial in 232 patients 
with RRMS in comparison to placebo, demonstrating a 
90% decrease of MRI lesions after 12 weeks of therapy 
initiation. Therapy with 60 mg dose displayed five serious 
side effects, while no cases of opportunistic infections or 
PML were observed [65] (Fig. 1).

Laquinimod

Laquinimod is a carboxamide derivative, which was 
validated to decrease disease activity in RRMS patients, 
but with intense side effects [66]. Laquinimod has been 
assessed for treatment of neurodegenerative disease like 
Huntington’s disease and progressive RRMS [67]. Studies 
on the EAE (experimental autoimmune encephalomyelitis) 
mice, the animal model of MS, indicated that laquinimod 
caused a decline in overall inflammation, axonal injury, 
and demyelination [68]. Apparently, laquinimod interrupts 
CD4+ T cells and macrophage infiltration into the CNS. 
The drug also causes an increase in the serum level of 
brain-derived neurotrophic factor, which may have pro-
tective effects against neuronal damages [69]. Two phase 
III trials of ALLEGRO (Assessment of Oral Laquinimod 
in Preventing Progression in Multiple Sclerosis) [70] and 
BRAVO (Benefit–Risk Assessment of Avonex and Laquin-
imod) [71] have evaluated the efficacy of laquinimod in 
RRMS patients. ALLEGRO indicated that laquinimod led 
to a mild, but significant decrease of relapse rate and dis-
ease progression [70].

At first, BRAVO did not support the beneficial effect 
of laquinimod in reducing the annual relapse rate [71]. 
However, later by adjusting the groups for the number of 
patients having frequent lesions and increased T2 lesion 
volume, the relapse rate was observed. Overall laquinimod 
demonstrated more marked influences on the disease dis-
ability progression as well as brain atrophy in relation to 
influence on relapses rate and recent MRI lesion occur-
rence [72]. The safety and efficacy of laquinimod have 
been investigated via a phase III of RRMS (CONCERTO) 
and a phase II of PPMS (ARPEGGIO). Both of these 
studies intended to evaluate the efficacy of two doses of 
laquinimod, namely, 0.6 and 1.5 mg/day, in comparison 
to placebo. Nonetheless, the evaluation of higher doses 
of laquinimod was stopped following the occurrence of 
cardiovascular complications in eight cases in 2016 [1] 
(Table 1).



30 M. Gholamzad et al.

1 3

Cladribine

Cladribine, an adenosine deaminase-resistant purine nucleo-
side, is prescribed as chemotherapeutic agent primarily for 
the treatment of hairy cell leukemia as well as other neo-
plasms [73]. Cladribine preferentially acts on monocytes 
lymphocytes and integrates into the DNA of dividing cells 
leading to apoptosis [74]. Although cladribine selectively 
causes depletion of circulating T- and B-cell numbers, it 
shows little effect on NK cell count [75]. In two double-blind 
randomized trials, the cladribine intravenous administra-
tion was examined for PPMS, SPMS therapy and indicated 

promising outcomes [76, 77]. Moreover, it was evaluated 
as an oral agent for RRMS [75]. In a placebo-controlled 
trial, cladribine was evaluated for RRMS therapy, which 
decreased both the severity and prevalence of relapses and 
reduced the MRI-enhancing lesions [78]. The 120-week 
evaluation indicated that the clinical favorable effects of 
3.5 mg/kg cladribine used in the initial 2 years of the trial 
on disability, relapses, and MRI outcome can last for at least 
4 years in most of the patients [79, 80].

A randomized double-blind phase IIb trial of cladribine 
tablets in 3.5 mg/kg dose as supplementary to IFN-β therapy 
in 2-year evaluation on relapsing MS patients indicated that 

Fig. 1  Therapeutic targets of monoclonal antibodies in treatment of 
MS. The illustration depicts schematic view of an intracranial blood 
vessel that goes into the CNS. Most of the targets for the currently 
available monoclonal antibody to treat MS patients are located in the 
blood vessel, or better put, the peripheral players in mechanobiology 
of the immune system. Anti-CD20 monoclonal antibodies, including 
rituximab, ocrelizumab, and ofatumumab deplete B cells. The α4β1 
integrin (VLA-4) receptors on B and T cells are blocked by natali-
zumab, leading to inhibition of these cells to bind vascular cell adhe-
sion protein (VCAM) and cross through blood brain barrier (BBB) 

into the CNS. Alemtuzumab causes depletion of CD52-expressing B 
and T cells, and therefore, memory and regulatory T (Treg) cells are 
substituted. Through targeting the CD25 subunit of the IL2Rα on T 
cells, daclizumab, instead of depleting T cells, functions in increasing 
the number of  CD56bright NK cells, triggering tolerogenic or immu-
noregulatory response. By blocking LINGO-1, opicinumab stimu-
lates differentiation of oligodendrocyte (OG) precursor and, therefore, 
remyelination occurs. Opicinumab has been beneficial during the 
damage phase in the CNS, including axonal damage, demyelination, 
microgliosis, and reactive astrocytosis
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number of relapses was decreased (23%) in patients treated 
with cladribine plus IFNβ in comparison to 56% relapse rate 
in patients with placebo plus IFNβ therapy [81]. On the other 
hand, the average numbers of recent enhancing T1 and active 
T2 lesions were decreased after cladribine plus IFNβ therapy 
in comparison to placebo plus IFNβ regimen treatment [81]. 
Another study demonstrated that both doses of cladribine 
significantly caused a delay in MS diagnosis in comparison 
to placebo [82].

Using the 2010 McDonald criteria, it was demonstrated 
that cladribine 3.5 mg/kg significantly decreased the risk of 
more disability and relapse exacerbation in comparison to 
placebo [83]. Cladribine was prescribed for the treatment 
of RRMS in Russia and Australia, but was stopped after a 
while. Nonetheless, a meta-analysis of performed phase III 
trials of approved DMTs for RRMS as well as the CLARITY 
trial did not confirmed an elevated risk of cancer due to clad-
ribine [84]. It seems that a long-term screening is needed to 
evaluate the safety of cladribine and approved DMDs for the 
risk of cancer [84].

Siponimod and ozanimod

Siponimod, also called BAF312, is a regulator of sphingo-
sine pathway and is available for oral administrations. It acts 
more selectively in comparison to fingolimod by targeting 
S1P-1 and S1P-5 [85]. Siponimod was evaluated in a phase 
II trial for RRMS treatment and resulted in amelioration of 
brain MRI lesions and relapses rate [86].

Ozanimod is another oral drug that selectively modu-
lates S1P receptor. Ozanimod was successfully evaluated 
in a phase II trial with promising ameliorative effects as 
measured through MRI manifestations [26].

Transplantation of autologous bone marrow

A number of studies using animal models have demonstrated 
that syngeneic bone marrow transplantation leads to immu-
nosuppression which can exert antigen-specific tolerance 
[87]. Over the course of past few years, because of the high 
rate of adverse occurrences related to bone marrow trans-
plantation, it was set aside as a therapy for MS patients only 
in cases that failed to respond to all other treatments and 
represented a poor prognosis [88]. Studies show that high-
dose immune ablation and autologous hematopoietic stem 
cell transplantation (HSCT) could regenerate the cells of 
immune system repertoire and weaken the immune toler-
ance [89], and therefore, negatively impress the final out-
come with clinical complication. Phase I clinical trials have 
demonstrated that autologous HSCT may ameliorate the 
disease activity, and therefore, improve the life quality in 
MS patients [88, 90]. A phase II trial evaluating the efficacy 

of HSCT versus mitoxantrone in treatment of RRMS and 
SPMS revealed that HSCT decreased new T2 count, enhanc-
ing lesions, and the AAR in comparison to mitoxantrone 
medication [91]. In a phase II trial during 6–7 years of 
screening, it was observed that 70% of the patients receiving 
an aggressive immune-ablative treatment after a HSCT with 
graft depletion of autoreactive lymphocytes did not represent 
any signs of disease activity, manifested through relapses, 
new MRI lesions, and EDSS progression [92]. Despite these 
observations are promising, and attempts and advancements 
has decreased the risks and side effects, there are many 
uncertainties about the exertion of HSCT as a potential 
second-line treatment for MS refractory [93, 94] (Table 1).

By removing the mature lymphocytes from the graft 
before transplantation, it was observed that graft-mediated 
immune responses were eliminated accompanied by benefi-
cial effects on decreasing disease activity [92]. However, it 
seems that therapeutic approaches by exerting HSCT in MS 
need to be reconsidered alongside with the contribution of 
ever-growing array of available therapeutic approaches and 
designing more sophisticated trials.

Strategies to restore myelination

Remyelination happens during initial phases of MS devel-
opment, and the repair mechanism in the CNS face impair-
ments over time, particularly when the disease tends to be 
chronic [95]. During the repair steps, it is vital for oligo-
dendrocyte precursor cells (OPC) to be differentiated into 
mature cells [95]. The crosstalk between the immune system 
and OPC possesses particular specifications in MS setting 
[96, 97]. The process of neurodegeneration is seen early in 
the course of the MS and repeated demyelination episodes 
can result in local elimination of myelin producing OPCs 
[98]. Most data on the demyelination procedure have been 
achieved from investigations performed on animal models 
of MS [99].

It has been shown that tocopherol derivative TFA-
12, a member of the vitamin E family, that displays anti-
inflammatory properties induces differentiation of OPC, 
and therefore, leads to repair of myelin in EAE mice [100]. 
Expression of myelin gene in oligodendrocytes is induced 
by lithium chloride through exerting Akt/CREB and Wnt/β-
catenin signaling pathways [101]. Indomethacin, which is a 
non-steroidal anti-inflammatory drug (NSAID), can cross 
through the blood brain barrier (BBB) and promote OPC 
differentiation into mature cells. As a result, indomethacin 
can trigger remyelination through Wnt/β-catenin pathway 
[102]. Furthermore, nuclear retinoid X receptor (RXR)-γ, 
by ligation to receptors inside the OPC, positively modulates 
the remyelination via stimulating the differentiation of OPC 
[103, 104].
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In vitro experiments have indicated that miconazole and 
clobetasol can increase differentiation of oligodendrocytes 
from human OPC by glucocorticoid receptor and mitogen-
activated protein kinase signaling pathways [105].

As a specific transmembrane protein of nervous system, 
leucine-rich repeat and immunoglobulin domain contain-
ing 1 (LINGO-1) can possibly be a therapeutic target with 
respect to remyelination. Oligodendrocytes express LINGO-
1, which inhibits the potential of these cells to differentiate 
and myelinate. Moreover, LINGO-1 is expressed on axons 
and confers regeneration of axons [106, 107]. Antibodies 
against LINGO-1 lead to differentiation of OPC in lesions 
displaying demyelination and alleviate axonal injuries [108, 
109].

Opicinumab, a human monoclonal antibody, binds to 
LINGO-1 and promotes remyelination and retrieves [110]. 
As the first remyelinating therapeutics, anti-LINGO-1 anti-
bodies have been tried in humans. In a phase I randomized 
trial of opicinumab, one or two doses over 100 mg/kg were 
tolerated and did not demonstrate intense side effects with 
low immunogenicity [111].

In a study, human induced pluripotent stem cells (iPS) 
were differentiated into OPCs and transferred to a mouse 
with myelin-deficiency [112]. These OPCs were differenti-
ated into astrocytes and oligodendrocytes and caused myeli-
nation of the brains of the host animal, and ultimately led to 
increased survival rate [112]. Nonetheless, with respect to 
the multifocal nature of MS, repeated transplantation of the 
OPC is needed in all the lesions with demyelination pres-
entations [98].

On the other hand, there is declined recruitment rate of 
OPC in MS lesions; hence chemoattractants like Sema3A 
receptor neuropilin-1 can be regarded as a new class of ther-
apies to ameliorate remyelination process [113]. Nowadays, 
it is not fully determined that remyelination could hinder 
the neurodegeneration process. However, it seems to have 
the potential of restoring neuronal function or limitation of 
degeneration of nerve components at least [98]. As a result, 
new much more sophisticated approaches of remyelination 
therapies could possibly be part of MS therapy in the future 
implementations (Table 1).

Mesenchymal stem cells

Mesenchymal stem cells (MSC) can be obtained from 
bone marrow and then be engrafted lacking the necessity 
for immunosuppressive interventions. It seems that the 
therapeutic potential of MSC is systemic [114]. The thera-
peutic mechanisms of action by MSC transplantation are 
due to anti-inflammatory modulations of the environment. 
In a phase II trial evaluating the potential of MSC for MS 
therapy, no remarkable adverse events were reported [115]. 

Another trial in MS patients with amyotrophic lateral scle-
rosis indicated that intrathecal and intravenous injection of 
autologous MSCs was almost safe; its implementation raised 
quick immunomodulatory outcomes [116].

Strategies targeting T cell

Despite varieties in the activation circumstances or subpop-
ulation of MS T cells, healthy subjects may also develop 
immune responses against MS related antigens such as 
myelin oligodendrocyte protein (MOG), myelin proteins 
including basic protein (MBP), and proteolipid protein 
(PLP) [117–120]. Nonetheless, it has proposed that possible 
mechanisms of disease initiation and perpetuation might be 
epitope spreading, molecular mimicry, and bystander acti-
vation. As a result, it seems that an alternative therapeu-
tic strategy in MS could be restoring self-tolerance toward 
autoantigens by means of immunization approaches [121]. 
Furthermore, stimulation of tolerance in T cells [122], par-
ticularly regulatory T cells (Treg) signaling could be promis-
ing in restoring self-tolerance [123]. A phase I trial disclosed 
that it is possible to implement antigen-coupled cell toleriza-
tion in MS subjects [124]. Animal studies as well as human 
trials in MS patients by vaccination with T-cells have been 
performed [125, 126]. Phase II, placebo-controlled clinical 
trials through preventing the encephalitogenicity of myelin-
reactive T cells in MS patients have been established [126, 
127].

It was indicated that targeting MOG, MBP and PLP anti-
gens through myelin-reactive T-cells was accompanied with 
safety in RRMS patients, although 44% of cases were previ-
ously receiving DMTs [127]. A placebo-controlled, double-
blind autologous T cell vaccine (TCV) trial was carried out 
in progressive MS, in which 19 RPMS patients were under 
therapy with attenuated autologous T cells against various 
antigens derived from MBP, MOG, and PLP [128]. It was 
observed that the TCV trial on these patients was safe rep-
resenting no serious side effects. Moreover, it was associ-
ated with promising effects on relapses and disability of the 
patients [128]. It seems that exertion of various peptides 
and several anti-myelin T-cell lines was responsible for the 
desirable effects [128] (Table 1).

Epigenetic therapy

Epigenetics is defined as heritable modifications in gene 
expression occurring without alterations in the nucleotide 
sequence of DNA. DNA methylation, histone modifications, 
and microRNA-associated gene expression regulation are 
the main mechanisms for epigenetic regulations [129–131]. 
Several studies have demonstrated that an array of aberrant 
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regulation of these mechanisms lead to pathogenesis of auto-
immune disease such as MS [29, 132–134]. Acknowledging 
the aberrant epigenetic regulations involved in the etiopa-
thology of autoimmune diseases has drawn the attention 
towards an array of researches to dissect the tissue-/cell-spe-
cific epigenetic clinical markers for early diagnosis as well 
to develop novel medications. The novel therapeutic trend, 
called ‘epigenetic therapy’, includes medications with the 
ability to regulate methylation patterns, histones tails, and 
expression pattern of miRNAs. Among these medications 
are currently compounds like histone deacetylase (HDAC) 
inhibitors and DNA methyltransferase (DNMT) inhibitors. 
In patients with MS, studies have been carried out in animal 
models and in vitro trials, which seem promising to pass 
clinical trials in the future.

Therapy with trichostatin A (TSA), a HDAC inhibitor, 
led to ameliorated spinal cord inflammation, demyelina-
tion, neuronal and axonal loss, and improvement of disabil-
ity in the relapsing period of EAE C57BL/6 mice through 
decreased inflammatory cell infiltration into the CNS 
[135]. Vorinostat, a HDAC inhibitor, interrupted dendritic 
cell (DC)-directed Th1 and Th17-polarizing production of 
cytokine and improved EAE by decreasing CNS inflamma-
tion and demyelination, mediated by Th1 and Th17 cells. 
Moreover, vorinostat therapy in EAE mice, led to down-
regulation of costimulatory molecules of DCs, including 
CD80 and CD86, and HLA-DR. As a consequence, vori-
nostat conferred favorable therapeutic effects in EAE mice 
and seems promising for the treatment of human MS in the 
future [136]. Valproic acid (VPA) is a HDAC inhibitor and 
has been accompanied with beneficial therapeutic effects in 
EAE mice, as represented with alleviated disease severity 
and duration. The beneficial outcomes were manifested by 
diverging the development of CD4+ T cells from Th1 and 
Th17 to Th2 and Treg profile; thus, downregulation of the 
proinflammatory cytokines such as tumor necrosis factor 
(TNF)-α, IFN-γ, IL-1β, and IL-17 in the spinal cord was 
manifested. Furthermore, VPA treatment led to increased 
expression of IL-4, which is an anti-inflammatory cytokine. 
Treatment with VPA reduced the infiltration and accumu-
lation of lymphocytes and macrophages in spinal cords of 
EAE mice [137]. All of these outcomes are in line with posi-
tive therapeutic effects for MS.

Curcumin is a naturally polyphenolic phytochemical com-
pound that inhibits the function of lysine acetyltransferase 
enzymes. Curcumin decreases the severity of EAE in rats 
through suppressing the infiltration of inflammatory cells 
into the spinal cord. Curcumin therapy in animal models 
resulted in down-expression of IL-6, IL-17, IL-21, STAT3, 
TGFβ, and RORγ, suggesting that curcumin prevents dif-
ferentiation of CD4+ T cells to Th17 cell, a main player 
in MS [138]. Oral administration of Resveratrol activates 
Sirt1 (deacetylase enzyme), resulting in limited neuronal 

damage in EAE female SJL/J mice [139]. In EAE mice, 
5-aza-2′-deoxycytidine (Decitabine, a DNMT inhibitor) 
caused both the count and immunosuppressive activity of 
Foxp3+ Tregs. Moreover, effector cells in the periphery 
were suppressed [140]. By suppressing the CNS inflamma-
tion, 5-aza-2′-deoxycytidine seems promising in MS therapy. 
It was also revealed that suppressing the miR-326 expres-
sion led to reduced count of Th17 cells, and thus, improved 
disease severity, proposing the miR-326 potential in Th17 
polarization and MS therapy [141]. Although the exertion 
of epigenetic therapy has just started, there are convincing 
observations in animal models of MS. If epigenetic drugs 
are prosperous in other disorders like cancer and autoim-
mune diseases, this new trend of therapeutic approach will 
hopefully be used in treatment of MS patients in the future.

Future directions

It appears that monoclonal antibodies, relative to other 
approaches, could win the completion of best practice 
therapy for MS patients; a great deal of research has been 
diverged to this path. Therapeutics by monoclonal antibod-
ies has conferred the opportunity to targeting pathogen-
esis mechanisms of the immune system, including CD20 
(rituximab), CD25 (daclizumab), CD52 (alemtuzumab), and 
VLA-4 (natalizumab). Regarding such approaches, the final 
challenge for physicians will be to recognize the well-suited 
drug for patients. In recent years, assessing monoclonal 
antibodies targeting IL-17A and anti-LINGO-1 has gained 
attentions and been exciting future approach in treatment 
of MS patients. Modulation of IL-17A signaling could be 
a promising strategy for designing therapeutics in several 
autoinflammatory settings. The function of anti-LINGO-1 
therapy through evaluations by phase II proof-of-concept 
trial could be interesting. Despite seemingly high efficacy 
of these new drugs, potential adverse effects of them on 
immune surveillance of the CNS and host’s immune system 
are still not well known. Therefore, we will have to carefully 
monitor the patients that are receiving such medications to 
disclose the potential side effects precisely. Other than that, 
identification of new molecular pathogenesis aspects of MS 
will hopefully open new horizons for designing novel thera-
peutics for these patients.

Concluding points

The well-suited treatment approach for MS therapy is still 
controversial. Choosing the treatment approach should 
consider the circumstance of the inflammation. Drugs like 
alemtuzumab and natalizumab are preferred in individuals 
with active MS. Over the course of past years, the marked 
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impression on increasing life expectancy in the population 
underlies in primary prevention. MS has been speculated 
to be the result of the interactions between the genetic 
factors and environmental agents. Among the factors pre-
sent in environment, infection with the Epstein–Barr virus 
(EBV), vitamin D deficiency, smoking, obesity, and lack of 
exposure to intestinal parasites are contributing agents of 
the MS risk. Giving that researches about preventing MS 
are of high priority nowadays, developments of prevention 
approaches seem to be on the fast track. Treating the right 
patient with the suitable drug soon in the initiation steps of 
the disease course, before disability would occur, could be 
accompanied with long-term positive results. It is not far 
from expectations that over the next decades, further infor-
mation from techniques interested in preventing MS and 
on methodologies to prevent neurons or promote remyeli-
nation would change the image of MS therapy. Finally, the 
future of MS therapy would largely be contingent upon a 
comprehensive understanding of the immunopathogenesis 
of MS.
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