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Multiple sclerosis (MS) is an autoimmune and chronic inflammatory demyelinating disease of the
central nervous system (CNS), which gives rise to focal lesion in CNS and cause physical
disorders. Atthough environmental factors and susceptibility genes are reported to play a role in
the pathogenesis of MS, its etiology still remains unclear. At present, there is no complete cure,
but there are drugs that decelerate the progression of MS. Traditional therapies are disease-
modifying drugs that control disease severity. MS drugs that are currently marketed mainly aim at
the immune system; however, increasing attention is being paid to the development of new
treatment strategies targeting the CNS. Further, the number of neuroprotective drugs is presently
undergoing clinical trials and may prove useful for the improvement of neuronal function and
survival. In this review, we have summarized the recent application of drugs used in MS treatment,
mainly introducing new drugs with immunomodulatory, neuroprotective, or regenerative
properties and their possible treatment strategies for MS. Additionally, we have presented
Food and Drug Administration-approved MS treatment drugs and their administration methods,
mechanisms of action, safety, and effectiveness, thereby evaluating their treatment efficacy.
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INTRODUCTION

Multiple sclerosis (MS) is one of the malignant diseases that threaten the health of teenagers. Changes
in environment and daily habits modulate the occurrence rate of this disease. MS is a chronic
autoimmune disease of the central nervous system (CNS), which is characterized by demyelination
and loss of nerve axons induced by an abnormal CNS-directed immune response and inflammation
(Dendrou et al., 2015).

MS exhibits different phenotypes. In most patients, it is characterized by recurring clinical
symptoms followed by complete or partial recovery, that is, typical relapsing-remitting MS (RRMS).
After a period, the nervous system gradually deteriorates and a stage termed secondary progressive
MS (SPMY) is established. However, some patients have accumulated disabilities caused by endless
progression of the disease from the onset, which leads to primary progressive MS (PPMS) and
clinically rare progressive relapsing MS (PRMS) (Gajofatto and Benedetti, 2015; Correale et al., 2017;
De Angelis et al., 2018). The course of MS varies greatly among patients. Although significant progress
has been made in the treatment in recent years, MS remains one of the most common causes of
neurological dysfunction in young people. It mainly affects young and middle-aged individuals, with
approximately 30 yr as the peak age of onset, and the ratio of male to female patients is approximately 1:
2. To date, the etiology and pathogenesis of MS have not been fully elucidated. Long onset time, multiple
lesions, and wide spread are the clinical characteristics of MS, disseminating in time and space and
greatly influencing function, economy, and quality of life. The cost of MS treatment is quite high and
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increases with an increase in disability. While current treatment
options with different immunomodulatory or immunosuppressive
effects mainly reduce the frequency and severity of recurrence, they
cannot cure the disease (Klotz et al., 2019).

In recent years, based on the efforts of researchers and the
study of MS drug therapy, new therapeutic drugs have been
discovered and developed. MS is a complex disease and is
classified as an organ-specific T cell-mediated autoimmune
disease, its pathogenesis is not yet fully understood.
Although several proven genetic elements have been
described with regard to MS, many several environmental
risk factors are shown to play an important role with the
focus on vitamin D or ultraviolet B exposure, Epstein-Barr
virus infection, obesity, or smoking (Dobson and
Giovannoni, 2019; Teymoori-Rad et al, 2021). With
increasing understanding of the pathogenesis of MS, it has
been elucidated that environment factors, rather than genetic
factors, play an important role in susceptibility. Furthermore, it
is known that innate and adaptive immune systems and their
effector cells, such as microglia, activated macrophages, and B
and T lymphocytes, can influence the pathogenesis of MS (Oh
et al., 2018; Yamout and Alroughani, 2018). This discovery not
only revealed a new therapeutic target but also laid a foundation
for the search of new therapeutic drugs. In this review, we aimed
to summarize and discuss new findings in MS drug therapy,
including drugs currently undergoing trials and those already
approved by the Food and Drug Administration (FDA),
focusing on latest reports and progress in drug treatment of
diseases to provide a reference for further elucidating the
pathogenesis and potential therapeutic targets of MS.

Types and Characteristics of MS

MS is the most common inflammatory disease of the CNS in
young people. Its clinical symptoms vary, including sensory and
visual impairment, limb weakness, tremor, limb movement
disorder, visceral dysfunction, and mental depression. Lesions
in MS correspond to local demyelination and inflammation,
leading to glial reactions and eventual axonal injury. These
lesions scatter throughout the CNS, including white and gray
matter (Myhr, 2008; Bigaut et al., 2019). Traditionally, according
to the characteristics of the clinical course, MS can be divided into
four different clinical phenotypes: RRMS, SPMS, PPMS, and
PRMS. According to the incidence and prognosis of MS, there
are two rare clinical types of the disease, which overlap with the
above clinical types, including benign and malignant MS. In
benign MS, the number of relapses reduces within 10-15 yr after
onset, while the nervous system still functions well. In contrast,
patients with malignant MS exhibit sudden onset of the disease,
which progresses rapidly with subsequent neurological
deterioration, resulting in disability or death.

Relapsing Remitting Multiple Sclerosis,
RRMS

RRMS has a remission cycle of relapse and remission, which is
characterized by acute remission (relapse) and relatively stable
intermission (remission). In this phenotype, a patient recovers

Drugs for Multiple Sclerosis

after each attack, leaving no or only mild sequelae. The
condition of the two relapse intervals is stable and has the
best response to treatment, and up to half of the patients with
RRMS may exhibit the secondary progressive type of MS after a
period. The incidence rate of RRMS among women is
approximately twice that among men, and approximately
85-90% of patients with MS present this phenotype. Its
pathogenesis is the production of lumpy demyelinating areas
of varying sizes in the neurocellulose area, and its pathological
characteristics are varying degrees of inflammatory cell
infiltration, demyelination, axonal injury, and astrocyte
hyperplasia. RRMS is the most common type of MS and the
hot spot of clinical research.

Secondary Progressive Multiple Sclerosis,

SPMS

After 10-15 years of illness, approximately 50% of RRMS patients
no longer experience relapse and remission, and show slow
progressive aggravation, which manifests as a stage of
continuous deterioration of disability with or without seizures.

Primary Progressive Multiple Sclerosis,
PPMS

PPMS is rare and onset occurs in a relatively older age, accounting
for approximately 10% of MS occurrence. The disease has a
course duration of 1 yr or more; it progresses slowly showing only
short-term, insignificant symptom improvement with no
remission or recurrence and exhibits poor response to treatment.

Progressive Relapsing Multiple Sclerosis,
PRMS

PRMS is clinically rare and is characterized by gradual
development and aggravation, occasional recurrence, and
continuous progression between two relapses.

Application of Drugs for the Treatment

of MS

Drugs Approved by FDA

The treatment of MS is mainly based on the use of
immunosuppressants and immunomodulators. Until 1993, MS
treatment was not licensed; however, several treatments are now
available (Ziemssen, 2011; Antonio Garcia Merino, 2014; Boster
et al,, 2017; Kidd et al., 2017). Currently, approved drugs for the
treatment of MS are usually disease modifiers, which only reduce
the incidence of the disease and delay its progression in some
patients. It is believed that these treatments are only effective
against the inflammatory component of the disease (Bagherpour
et al.,, 2018). With rapid progress in the development of effective
MS therapeutic drugs, a variety of these drugs are now marketed.
Although many drugs are used to treat MS in the clinic, only a few
of them have been approved by the FDA. At present, the products
approved by the FDA for the treatment of MS include interferon
(IEN)-B, glatiramer acetate (GA), teriflunomide, fingolimod
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TABLE 1 | List of drugs approved by the FDA for the treatment of MS.

Product name

IFN-B-1b (Betaseron) Yu et al.
(2015)

IFN-B-1a (Avonex) Pavelek
et al. (2020)

Glatiramer acetate Song et al.
(2020)

Mitoxantrone Edan et al.
(2004); Burns et al. (2012)

IFN-B-1a (Rebif) Hupperts
et al. (2019)

Natalizumab Zhovtis Ryerson
et al. (2020)

Fingolimod Imeri et al. (2021)

Teriflunomide Buron et al.
(2021)

Tecfidera Naismith et al.
(2020a); Naismith et al.
(2020b)

Alemtuzumab Gross et al.

(2016); Paterka et al. (2016)

Peginterferon beta-1a Menge
et al. (2021)

Daclizumab Cohan (2016);
Gold et al. (2016)

Dosage and
Administration

250 pg i.H. every 2 days

30 pg i.m. once a week

20 mg i.H. once a day

4-12 mg i.v.gtt
every 3 mo

44 ug i.H. every 3 wk

300 mg i.v. every 4 wk

500 pg p.o. once a day

7 or 14 mg p.o. once
a day

240 mg p.o. twice a day

12 mg i.v. once a day

125 pg I.H. every 2 wk

150 mg i.H. once a
month

Pharmacological actions and Mechanisms

Activates the JAK/STAT pathway connected by
IFN receptor, resulting in transcriptional
changes in immune and anti-proliferative genes,
and reduces the migration of lymphocytes
across the BBB

Inhibits the proliferation of MBP-specific T cells
and their penetrating migration to the BBB,
reduces the production of pro-inflammatory
factors, and induces the increase of anti-
inflammatory factors

Competitively binds MHC | and Il molecules of
APC to block MBP specific T cell receptor,
inhibits T cell proliferation, down-regulates the
secretion of inflammatory cytokines, and up-
regulates the production of brain-derived
neurotrophic factor

Embeds into DNA base molecules to inhibit
DNA synthesis, inhibits the presentation of
antigens for T and B cells, reduces the secretion
of proinflammatory cytokines, such as TNF-q,
and enhances anti-inflammatory response

Promotes the balance of Th1 and Th2 cells,
reduces the secretion of proinflammatory
cytokines, enhances the expression of inhibitory
cytokines, and reduces the entry of T cells into
the CNS through the BBB

Anti-a4 integrin monoclonal antibody; binds and
blocks the interaction between a4 integrin and
ligand and prevents lymphocytes from entering
the CNS through the BBB

S1P receptor modulator; protects and repairs
neurons through the BBB and prevents central
memory T cell subsets from migrating to

the CNS

Dihydroorotate dehydrogenase inhibitor;
reduces DNA synthesis, inhibits T and B cell
proliferation and production of cytokines, and
inhibits intercellular adhesion molecule
production

Regulates the levels of Nrf2 and glutathione in
T cells, activates antioxidant genes, and
promotes the transformation of Th1 to Th2

CD52 monoclonal antibody; induces the
clearance of T and B cells and increases the
secretion of brain-derived neurotrophic factor

Reduces the expression of adhesion molecules
on the surface of T cells, inhibits the activation of
T cells, and reduces the infiltration of the CNS

CD25 monoclonal antibody; inhibits IL-2
receptor signal transduction and T cell
activation and proliferation

Drugs for Multiple Sclerosis

Adverse reactions

Influenza-like syndrome, skin reaction at
injection site, headache, leukopenia, etc.

Influenza-like syndrome, anemia, fever,
myalgia, weakness, etc.

Skin reaction at the injection site, palpitations,
dyspnea, chest pain, vasodilation, etc.

Intestinal reactions, alopecia, peripheral blood
leukopenia, abnormal liver function, etc.

Influenza-like syndrome, skin reaction at the
injection site, myalgia, abdominal pain,
elevated liver enzymes, etc.

Headache, urinary tract infections, abdominal
pain, fatigue, joint pain, gastroenteritis, etc.

Systemic virus infection, headache, influenza,
gastrointestinal discomfort, abnormal liver
function, angina pectoris

Dyspnea, renal failure, hypertension,
leukopenia, alopecia, etc.

Abdominal pain, diarrhea, nausea, skin itching,
rash, erythema, etc.

Rash, headache, fever, other autoimmune
diseases, etc.

Influenza-like symptoms, injection site reaction,
and deterioration of depression

Severe infections and skin reactions, abnormal
liver function, etc.

Approved

1993

1994

1996

2000

2003

2004

2010

2012

2013

2014

2014

2016

(Continued on following page)
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TABLE 1 | (Continued) List of drugs approved by the FDA for the treatment of MS.

Product name Dosage and Pharmacological actions and Mechanisms Adverse reactions Approved
Administration

Ocrelizumab Patel et al. 300 mg i.v. every 2 wk Monoclonal antibodies against CD20 on Skin reaction at the injection site, headache, 2017
(2021) immature and mature B cells; removes CD20 malignant tumor, etc.

positive B cells using CDC and ADCC
Cladribine Miravalle et al. 10 mg p.o. (3.5 mg/kg Nucleoside analogue; inhibits DNA synthesis Respiratory tract infection, headache, 2019
(2021) cumulative dose and DNA chain termination and cytotoxic to lymphocytopenia, etc.

over 2 yr) lymphocytes and monocytes

Siponimod Spampinato et al. 250 pg or 2 mg p.o. once  S1P-1 receptor modulator; enters the brainand  Increased blood pressure, decreased heart 2019
(2021) a day CNS of MS patients through the BBB, binds to  rate, delayed atrioventricular conduction,

S1P receptor, promotes myelin regeneration, macular edema, respiratory and skin

prevents activation of harmful cells, delays infections, etc.

disability progression, and preserves cognitive

function
Ozanimod Lamb (2020); US 250 ug p.o. once a day A novel S1P and dual subtypes of S1P1 and Respiratory tract infection, urinary tract 2020

Food and Drug S1P5 receptor modulators; enters the brainand  infection, transient decrease of heart rate and

Administration (2020)

CNS through the BBB and binds to S1P
receptors to promote myelin regeneration,

delayed atrioventricular conduction, elevated
blood pressure, etc.

prevents activation of harmful cells, delays
disability progression, and preserves cognitive

function in patients

i.H., subcutaneous injection; i.m., intramuscular injection; i.v.gtt, intravenous drop infusion; i.v., intravenous injection; p.o., per os; IFN, interferon; BBB, blood-brain barrier; MBP, myelin-
basic protein; MHC, major histocompatibility complex; APC, antigen-presenting cells; TNF, tumor necrosis factor; Th, helper T cells; CNS, central nervous system; S1P, sphingosine-1-
phosphate; Nrf2, nuclear factor erythroid 2-related factor 2; IL, interleukin; CD, cluster of differentiation; CDC, complement-dependent cytotoxicity; ADCC, antibody dependent cellular

cytotoxicity.

(FTY), mitoxantrone, natalizumab, dimethyl fumarate, and
alemtuzumab (Table 1).

Interferon (IFN)

IFN was the first cytokine discovered and studied in humans. It
can activate macrophages, increase natural killer cell activity, and
inhibit virus replication; it was originally used in antiviral
therapy. IFN can be divided into three types according to their
origin and structure: a, B, and y. IFN-B is effective, IFN-a is
ineffective, and IFN-y can aggravate the disease (Wittling et al.,
2020; Shen et al., 2021). IFN-p has been recommended as a first-
line drug for patients with RRMS by the FDA. The mechanism of
action of IFN-B involves the inhibition of lymphocyte
proliferation and antigen expression, regulation of anti-
inflammatory  phenotypic cytokinesis products in the
circulatory system and CNS, inhibition of T cell matrix
metalloproteinase activity, and reduction of inflammatory
T cell migration (Shahi et al., 2020).

The first generation of IFN-p was approved by the FDA in
1993 and is the earliest disease-modifying treatment used for MS.
Two kinds of IFN-B compounds exist, IFN-B-1a and IFN-B-1b,
both of which must be injected (Zettl et al., 2018). IFN is a small
protein that can be degraded or cleared quickly; thus, it is
administered frequently, ranging from every other day to once
a week (Jain and Jain, 2008). Currently, three parenteral IFN-f
preparations are approved for the treatment of MS: IFN-B-1b is
subcutaneously injected every other day, IFN-p-la is
subcutaneously injected three times a week, and IFN-B-1a is
injected intramuscularly once a week. IFN-f is an

immunomodulatory drug with multiple targets; however, its
exact mode of action is not yet completely clear (Filippini
et al, 2017). The therapeutic effect of IFN-B has been
determined, and its greatest advantage is that it has no
deleterious side effects, such as malignant tumors or
teratogenicity (Rommer and Zettl, 2018). Its limitations
include side effects, such as skin reactions (from erythema and
itching to infection and even necrosis), influenza symptoms,
muscle pain, joint pain, chills, headache, and body weakness.
Therefore, injection-related adverse events can negatively
influence  compliance, and the need for frequent
administration may become an obstacle to MS treatment
(Mohr et al.,, 2001; Patti, 2010; Beer et al., 2011; Menzin et al.,
2013).

Glatiramer Acetate (GA)

GA, approved by the FDA in 1996, is an immunomodulating
amino acid copolymer (Aharoni, 2013). Its mechanism of action
involves the activation of T cells and induction of Th2 cell
production. Th2 cells can promote the production of anti-
inflammatory cytokines, such as interleukin (IL)-4, IL-10, and
TGF-p, thus playing an immunomodulatory role. Commonly, a
dose of 20 mg once a day is administered subcutaneously. At
present, no additional benefit of a higher GA dose has been found,
and the effect of the drug on the recurrence rate of MS after 2 yr of
treatment is similar to that of IFN-p (Comi et al., 2011; La Mantia
etal., 2015; van Dijkman et al., 2018). Although GA is safe, some
patients still experience adverse reactions. Skin reaction at the site of
injection is frequent, and fat atrophy may occur. Injection-related
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reactions include blushing, chest pain, palpitations, urticaria, and
dyspnea; these side effects and the need for daily injection lead to a
huge burden, which negatively influences treatment sustainability
(Patti, 2010; Beer et al.,, 2011; Krysko et al.,, 2020).

Teriflunomide

Teriflunomide is an inhibitor of pyrimidine synthase
(dihydroorotate dehydrogenase). It plays a neuroprotective
role by inhibiting dihydroorotate dehydrogenase, blocking
the synthesis of DNA and RNA, and reducing the
proliferation of immune cells (Bar-Or et al, 2014).
Teriflunomide is a daily oral disease modification therapy
approved for the treatment or relief of recurrent MS. This
compound is the main active metabolite of leflunomide, a
drug approved for the treatment of rheumatoid arthritis.

Teriflunomide  selectively  and  reversibly  inhibits
dihydrophosphate  dehydrogenase, which is the key
mitochondrial enzyme for deoxypyrimidine synthesis

required for the rapid division of B and T lymphocytes.
Through this cellular static effect, teriflunomide has the
potential to limit the immune response that leads to MS
activity (Gold and Wolinsky, 2011; Confavreux et al., 2014).
Related studies have shown that 14 mg of the drug can
significantly reduce the annual recurrence rate of MS per
patient and the risk of disability progression lasting at least
12 wk. Further, it has been reported that 7 mg of teriflunomide
can significantly reduce the annual recurrence rate of MS;
however, this dose has no significant effect on disability
progression. In addition, extended studies have shown that
long-term  (approximately = 8.5yr)  treatment  with
teriflunomide can maintain the efficacy of drug. Diarrhea,
nausea, thinning of hair (alopecia), and increased
concentration of alanine aminotransferase are the most
common adverse reactions associated with teriflunomide
(O’Connor et al, 2011; Confavreux et al., 2012; Wolinsky
et al., 2013; Confavreux et al., 2014).

Fingolimod (FTY)

FTY, the first oral immunosuppressant and a sphingosine-1-
phosphate receptor (S1PR) modulator, was approved by the FDA
in 2010 as an oral drug for the treatment of MS. The main
mechanism of action is to inhibit the release of lymphocytes from
the peripheral lymphoid tissue by binding to S1PR on the surface
of lymphocytes after phosphorylation or to induce lymphocytes
in peripheral blood to migrate back to the peripheral lymphoid
tissue and reduce their entry into the CNS. In addition, FTY can
directly regulate the expression of SIPR on the surface of
oligodendrocytes and neurons through the blood-brain barrier
(BBB), and plays a role in neuroprotection and repair. Five
different types of S1PRs exist, among which FTY binds to
S1PR 1, 3, 4, and 5, and the immunomodulatory effect of FTY
may be mediated by SIPR1. The internalization of the receptor
makes it impossible for immune cells to leave the lymphoid tissue
or enter the CNS to promote an autoimmune response. The
results of clinical trials show that FTY is effective in patients with
recurrent MS, and oral administration can reduce the treatment
burden of the injection (Cohen et al., 2016; Matko et al., 2020).

Drugs for Multiple Sclerosis

The related side effects of FTY in the trial included cardiac
autonomic nervous dysfunction, high infection rates (especially
herpes infection), melanoma, and eye problems associated with
the development of macular edema. Additionally, animal studies
have reported teratogenicity and embryonic lethality, including
organ defects, especially permanent truncus arteriosus and
ventricular septal defects (Cohen et al, 2010; Findling et al.,
2020).

Mitoxantrone

Mitoxantrone, an immunosuppressant, is a topoisomerase II
inhibitor that inhibits cellular DNA replication, transcription,
and repair. It was originally used to treat diseases, such as myeloid
leukemia and prostate cancer. In 2000, mitoxantrone was
approved by the FDA for the treatment of patients with
worsening RRMS and SPMS, and its effect on the treatment of
RRMS was definite. Mitoxantrone is similar to an embedding
agent in the treatment of MS when it is embedded in DNA base
molecules, which inhibits DNA synthesis and the presentation of
antigens, such as T and B cells, reduces the secretion of
inflammatory cytokines, such as tumor necrosis factor (TNF),
and plays an immunosuppressive and neuroprotective role
(Jeffery and Herndon, 2004; Martinelli et al., 2009). The drug is
administered once every 3mo for 2yr, which can reduce the
recurrence frequency, lesion formation, and disability rate
associated with MS. However, the clinical application of
mitoxantrone is limited because of its side effects, including
cardiotoxicity, hair loss, constipation, and abnormal liver function.

Potential New Drugs for MS

MS is a complex inflammatory autoimmune disease of unknown
etiology. It is believed that the pathogenesis of MS mainly occurs
as an immune response to myelin or myelin-forming cells
(oligodendrocytes) owing to the presence of abnormally
activated T cells in the CNS, which leads to progressive
demyelination in the CNS and neurodegenerative diseases.
Macrophages, self-reactive CD8'T cells, Thl and Th17 cells,
and clonal expanded B cells have been reported to dominate
the inflammatory infiltration of the BBB. Further, a number of
autoantibodies and autoreactive T cells have been found in
patients with MS (Bittner et al, 2014; Lombardo et al., 2019).
Inflammatory cytokines produced by self-reactive T cells passing
through the BBB and the CNS can cause damage to myelin and
surrounding tissues, and microglia and astrocytes in the CNS are
activated during inflammation and produce pro-inflammatory
mediators that worsen the disease (Dendrou et al., 2015). The
classification of MS is also an important reference for the choice
of therapeutic drugs. It is suggested that we should combine the
typing of MS with the factors affecting the CNS and the
corresponding types of immune cells to study whether
different influencing factors act on different parts of the
nervous system, resulting in different types of MS in order to
further study the pathogenesis of MS and find a new target for MS
therapy. Therefore, based on the above, we focus on adaptive
immune responses in T and B cells, as well as myeloid cells of the
innate immune system (dendritic cells (DCs), astrocytes,
microglia, and oligodendrocytes), to discuss the role of drugs
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TABLE 2 | Drugs undergoing phase Il and il clinical trials for the treatment of MS.

Product name Clinical trials Pharmacological actions and Mechanisms References
(Phase)
Rituximab 1] CD20 monoclonal antibody; promotes the rapid extinction of B cells Zhong et al. (2020); Chisari et al.
(2021)

Laquinimod 1] Regulates pro-inflammatory or anti-inflammatory cytokines secretion by Th1 and Th2 cells,  Jolivel et al. (2013); Luhder et al.
and increase of brain-derived neurotrophic factor (2017)

Simvastatin 1] Inhibits MHC I restricted antigen presentation, down-regulates T cell activation and Chataway et al. (2014)
proliferation, and induces the transition from proinflammatory Th1 to Th2

Ipilimumab 1] Monoclonal antibody; effectively blocks the molecule of CTLA-4 and humanized antibody ~ Gerdes et al. (2016)
targeting cytokine LINGO-1

Ibudilast Il Non-selective phosphodiesterase inhibitor; inhibits pro-inflammatory cytokines, promotes Fox et al. (2018); Naismith et al.

Mycophenolate mofetil 1l

Amiloride 1]

Epigallocatechin-3- Il

gallate

Cannabinoids 1]

neurotrophic factors, and weakens activated glial cells

Inhibits leukocyte apoptosis, weakens endothelial adhesion, and inhibits the migration of T
and B cells

Type-| acid-sensitive ion channel inhibitor; inhibits sodium and calcium influx into axonal and
oligodendrocytes cells and protects neurons and myelin sheath from damage

Inhibits brain inflammation, neuronal injury, T cell proliferation, and TNF-a secretion in
encephalitis

Cannabis receptor agonist; regulates the activation of cannabis receptors, resulting in a
significant reduction of inflammatory cytokines and promoting the induction of anti-
inflammatory cytokines

(2021)

Michel et al. (2014); Xiao et al.
(2014)

Vergo et al. (2011)

Spagnuolo et al. (2018)

Al-Ghezi et al. (2019)

Erythropoietin 1l Reduces the secretion of pro-inflammatory factors, maintains the integrity of the BBB, and  Moransard et al. (2017); Gyetvai
increases the number of brain-derived neurotrophic factor positive cells and et al. (2018)
oligodendrocytes

Flupirtine 1] Activates inward rectifier potassium channels, plays a neuroprotective role and up-regulates ~ Shirani et al. (2016)
Bcl-2 to increase neuronal survival

Lamotrigine 1] Pressure-sensitive sodium channel antagonist; exerts neuroprotective effect by inhibiting Yang et al. (2015)
intracellular calcium accumulation

Riluzole 1] Inhibits the release of glutamate at the ends of nerves and reduces axonal injury Chataway et al. (2020)

Fluoxetine 1l Inhibits the function of the Rho protein family, promotes myelin repair, and increases the level ~ Milo (2015)
of anti-inflammatory factor IL-10 in serum

Oxcarbazepine 1l A neuroprotective agent; inhibits microglial activity and neuronal sodium load Cunniffe et al. (2021)

CD, cluster of differentiation; Th, helper T cells; MHC, major histocompatibility complex; CTLA-4, cytotoxic T cell antigen-4; LINGO-1, leucine-rich repeat and immunoglobulin domain-

containing protein 1; TNF, tumor necrosis factor; BBB, blood-brain barrier; Rho, IL, interleukin.

in the treatment of patients with MS and some animal models
with the aim of finding new targets and strategies for the
development of therapeutic drugs for MS.

Although several therapeutic drugs for MS are available in the
clinic, immunomodulatory drugs to control the recurrence of MS
or completely cure the disease are not enough and the treatment
cost is quite high. However, because of deleterious side effects,
adverse reactions caused by cyclophosphamide in the treatment
of MS cannot be ignored; for example, cyclophosphamide in the
treatment of MS often causes adverse reactions, such as
peripheral leukopenia, gastrointestinal reactions, hemorrhagic
cystitis, malignant tumors, and increased infertility. Thus, it is
not used clinically (La Mantia et al., 2007; Patti and Lo Fermo,
2011; Findling and Sellner, 2021). Glucocorticoid drugs, such as
methylprednisolone, are mainly used for the treatment of acute

MS (Sato et al., 2012). Therefore, the need to develop new drugs
and approaches for the treatment of MS persists. In recent years,
with the in-depth study of MS, researchers have explored the
mechanism of the immune system in inflammatory
demyelination, neuronal injury, and myelin regeneration as
well as the association between the immune system and CNS
to find a better and more effective treatment strategy for MS. At
present, research on MS therapeutic drugs is developing rapidly,
and a number of these drugs are undergoing phase II and III
clinical trials (Table 2) and basic study (Table 3).

MS Drugs Acting on dendritic cells (DCs)

DCs are full-time antigen-presenting cells that do not only
efficiently absorb, process, and present antigens as well as
mediate antigen-specific immune responses but also regulate
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TABLE 3 | Drugs that are being studied for the treatment of MS in recent years.

Drugs for Multiple Sclerosis

Drugs name Animal Pharmacological actions and Mechanisms References
model

Rapamycin EAE Inhibits the activation of Th1 cells and superfunction of Th17 cells Li et al. (2020)

Tacrolimus, FK506 EAE Inhibits the dephosphorylation of nuclear factors in active T lymphocytes, reduces the  Kim et al. (2017)
secretion of IL-2, and inhibits the proliferation and activation of T cells

Methylprednisolone EAE Regulates the gene expression of CD4*T lymphocytes, induces the proliferation of Treg  De Andres et al. (2018)
cells, and reduces the secretion of proinflammatory cytokines

Metformin CPz Activates AMPK pathway, induces oligodendrocyte and myelin proliferation, and Largani et al. (2019)
reduces the proliferation of astrocytes and microglia

Aspirin EAE Increases the level of IL-11, up-regulates Treg cells, and decreases Th1 and Th17 cells  Pahan and Pahan (2019)
response

Trichostatin A EAE Histone deacetylase inhibitor; promotes the induction of peripheral T cell tolerance, Jayaraman et al. (2017)
reduces the migration of T cells to the spinal cord, and reduces neuronal injury

Ruxolitinib EAE Decreases the proportion of Th17 cells and the level of inflammatory factors, and Hosseini et al. (2021)
increases the balance of Tregs and level of anti-inflammatory cytokines

Tofacitinib EAE Inhibits DCs expression of costimulatory molecules, activates marker molecules and Zhou et al. (2016)
pro-inflammatory factors, inhibits antigen-specific T cell activation and differentiation,
and reduces spinal cord leukocyte infiltration

Hydroxyfasudil CPz Reduces microglial-mediated neuroinflammation and promotes the production of Wang et al. (2019)
astrocyte-derived BDNF and the regeneration of NG2 oligodendrocyte precursor cells

a-lipoic acid EAE Inhibits the proliferation of T lymphocytes and macrophages in the CNS and reduces  Baldassari and Fox (2018)
axonal injury

Cornus iridoid glycoside EAE Limits the entry of T cells into the CNS and the activation of microglia, increases the ~ Qu et al. (2019)
expression of BDNF and mature oligodendrocytes, reduces OPC, inhibits brain JAK/
STAT1/3, and reduces pro-inflammatory cytokines

Icariin CPz Improves the recovery of myelin, enhances the repair of NF200 positive axons, increases ~ Zhang et al. (2017)
the number of mature oligodendrocytes in APC/Olig2, and prevents the loss of neuron-
derived neurotrophic factors (such as NGF)

Icariin EAE Reduces microglia infiltration and spinal cord inflammation and demyelination, and Shen et al. (2015); Cong et al.
inhibits Th1 and Th17 cells differentiation (2020)

Pulsatilla saponin A3 EAE Inhibits inflammatory Th1 and Th17 responses and transforms Th1 into Th2 Ip etal. (2015); Ip et al. (2017)

Dendrosomal nano- CPzZ Inhibits the activation of astrocytes and microglia and protects oligodendrocytes and ~ Motavaf et al. (2020)

curcumin (DNC) myelin cells

Bilobalide EAE Inhibits the infiltration of T cells and macrophages, reduces the expansion of Miao et al. (2020)
neuroinflammation, and causes the apoptosis of oligodendrocytes in the CNS

6-Gingerol EAE Inhibits the entry of inflammatory cells from the periphery into the CNS, inhibits the Han et al. (2019)
activation of DCs, and induces tolerance

Artemisinin EAE Inhibits inflammatory Th1 and Th17 responses and transforms immune responsive Th1  Khakzad et al. (2017)
into Th2 cells

9,10-Anhydrodehydroartemisinin EAE Reduces the levels of CNS and peripheral immune system infiltrating inflammatory cells  Lv et al. (2021)
Th1 and Th17

Artesunate EAE Inhibits the migration of pathogenic T cells into the CNS Thome et al. (2016)

EAE, experimental autoimmune encephalomyelitis; CPZ, cuprizone; Th, helper T cells; IL, interfeukin; CD, cluster of differentiation; AMPK, adenosine monophosphate-activated protein
kinase; DCs, dendritic cells; BDNF, brain-derived neurotrophic factor; CNS, central nervous system,; OPC, oligodendrocyte progenitor cell; NF200, neurofilament 200 kDa; APC, antigen-
presenting cells; Olig2, oligodendrocyte transcription factor-2; NGF, nerve growth factor.

immune induction and maintain immune homeostasis.
Increasing evidence has shown that DCs play an important
role in the pathogenesis of MS and it is the balance cells

between Th1/Th2 and Th17/Treg. MS is an autoimmune
disease mediated by Th cells. Therefore, the treatment of MS
with DCs as targets has become a research hotspot. DCs are
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divided into immature DCs, mature DCs, and semi-mature DCs
according to their state of maturity. The main function of
immature DCs is antigen presentation, whereas the main
function of mature DCs is to induce T cell activation. Based
on their phenotypic function, they can be divided into two
categories: conventional DCs and plasmacytoid DCs (Macri
et al., 2016; Rosa et al., 2020).

Kim et al. (Kim et al.,, 2016) found that minocycline-treated
DCs (Mino-DCs) could induce the differentiation of Foxp3™
T cells with low expression of MHC II and costimulatory
molecules and high expression of PDL-1. Injection of MOG;s.
ss-shocked  Mino-DCs into  experimental autoimmune
encephalomyelitis (EAE) mice could improve the clinical
symptoms of EAE. Krivenko et al. (Krivenko et al., 2020)
evaluated the effect of fluoxetine on the production of IL-6
and IL-1 p by DCs in MS and showed that the compound
could inhibit the production of these cytokines, indicating that
fluoxetine could exert an anti-inflammatory effect on MS by
regulating the production of pro-inflammatory cytokines by DCs.
Further, Chen et al. (Chen et al., 2018) showed that DCs treated
with atorvastatin maintained a stable semi-phenotype and low
levels of costimulatory molecules and pro-inflammatory
cytokines. The drug significantly reduced disease activity in
EAE mice, regulated Th17/Treg balance, significantly reduced
Th17 cells, and increased regulatory T cells, which is expected to
become a new strategy for the treatment of MS in the future.
Additionally, Wang et al. (Wang et al., 2016) showed that
daphnetin could significantly inhibit the reaction of Thl and
Th17 cells as well as the activation, maturation, and antigen
presentation of DCs. At the same time, NF-kB signal decreased
significantly in DCs treated with daphnetin accompanied by the
induction of heme oxygenase-1 (a negative regulator of
inflammatory signal). Mondal et al. (Mondal et al., 2018) have
also reported that aspirin reduces the development of EAE driven
by myelin basic protein-specific T cells, increases the amount of
Foxp3 and IL-4 in T cells, and inhibits the differentiation of
T cells into helper T cells (Th17 and Th1 cells).

MS Drugs Acting on Astrocytes and
Microglia

The exact etiology and pathogenesis of MS remain unclear. Its
possible pathological features include the activation of astrocytes
and microglia. A variety of pro-inflammatory and anti-
inflammatory cytokines and chemokines secreted by activated
astrocytes and microglia can be used as direct or indirect immune
mediators or inflammatory mediators in the pathogenesis of MS
(Yi et al,, 2019). In addition, Magnus et al. (Magnus et al., 2004)
suggested that both microglia and astrocytes could absorb
apoptotic cells, and the phagocytosis of microglia and
astrocytes is determined by the nearby microenvironment,
both of which play important roles in the occurrence and
development of MS.

EAE and toxic demyelination induced by cuprizone (CPZ)
are commonly used in animal models of MS that are used to
study demyelination and remyelination during the infiltration
of inflammatory cells in the CNS. Wang et al. (Wang et al,

Drugs for Multiple Sclerosis

2020) showed that fasudil could inhibit microglial-mediated
neuroinflammation and promote astrocyte-derived nerve
growth factor and ciliary neurotrophic factor in CPZ-
induced demyelination. Arsenic trioxide is used to treat a
variety of autoimmune diseases. An et al. (An et al., 2020)
showed that this compound could reduce demyelination,
inflammation, microglial activation, and the expression of
IL-2, IFN-y, IL-1 B, IL-6, and TNF-a in EAE mice. It is
expected to become a new drug for the treatment of MS.
Honokiol, a nano-liposome developed by Hsiao et al. (Hsiao
et al., 2020), is a drug that could reduce the number of IL-67,
Iba-1" TNF', Iba-1" IL-12 p40", and CD3" IFN-yp+cells
infiltrating the spinal cord and clearing the inhibitory effect
of nanosome-encapsulated honokiol on the infiltration of
activated microglia and Thl cells into the spinal cord.
Studies on microglia have shown that resveratrol-treated
microglia can significantly inhibit the production of nitric
oxide and TNF-a (Pallares et al, 2012). The same study
emphasized the inhibitory effect of resveratrol on NF-kB in
microglia (Nishikawa et al., 2015). In our laboratory, we found
that cornel iridoid glycoside, icariin, and epimedium flavonoids
could improve the symptoms of neurological damage in EAE
and CPZ mice and inhibit the over-activation of microglia and
astrocytes in the brain; thus, they may be potential effective
drugs for the treatment of MS (Yin et al., 2012; Yin et al., 2014;
Liang et al., 2015; Qu et al., 2016; Zhang et al., 2017; Qu et al,,
2019).

MS Drugs Acting on Oligodendrocytes
Oligodendrocytes wrap nerve fibers in the CNS with a special cell
membrane to form a myelin sheath. In MS, the loss of myelin and
oligodendrocytes impairs jumping signal transduction, leading to
neuronal loss and dysfunction (Yeung et al., 2019). The limited ability
of oligodendrocyte progenitor cells to differentiate into mature cells is
the main reason for the low efficiency of myelin repair in the CNS.
Oligodendrocytes are important cells for the regeneration of myelin
sheath and axons. To ensure myelin regeneration, oligodendrocyte
progenitor cells must migrate from the demyelinating area of the
subependymal zone of the lateral ventricle and then mature into
oligodendrocytes to promote myelin regeneration.

Manousi et al. (Manousi et al., 2021) identified some new small
molecules that could promote oligodendrocyte differentiation,
even in the presence of the oligodendrocyte differentiation
inhibitor p57Kip2 and found subsets that could promote
human oligodendrocyte genesis and myelin formation in vitro.
Among them, danazol and parbendazole promote
oligodendrocyte differentiation and myelin repair. It has been
reported that astaxanthin has a protective effect against
neurodegenerative diseases and can reduce CNS damage
caused by oxidative stress. Lotfi et al. (Lotfi et al, 2021)
showed that astaxanthin plays a beneficial role in reducing
demyelination and oligodendrocyte death in an MS rat model.
Astragalus polysaccharides are the main bioactive components of
the astragalus membrane, which can prevent demyelination in
EAE and CPZ mice. Ye et al. (Ye et al,, 2021) showed that
astragalus polysaccharides inhibited the dryness of neural stem
cells and promoted the differentiation of neural stem cells into
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oligodendrocytes and neurons. Ghaiad et al. (Ghaiad et al., 2017)
also showed that resveratrol could increase the expression of
oligodendrocyte transcription factor-1 and promote myelin
regeneration, which has a potential value in the treatment of MS.
In summary, the adaptive immune response T and B cells as
well as myeloid cells of the innate immune system (dendritic cells,
astrocytes, and microglia) are not only components of the CNS
but also participate in the regulation of neuroimmune
inflammatory response as immune helper cells in the CNS.
Their roles in the occurrence and development of MS cannot
be ignored. However, to date, the mechanism of their action in
MS is not yet completely clear, and the therapeutic target is still
vague. Therefore, the target of effective intervention in their
pathogenic process, that is promoting neuroprotection, could
be a feasible treatment to alleviate MS, which may also be the
target of drug development in the future. However, although a
few studies based on the above exist, further experimental and
clinical evidence is needed, which is expected to provide new
ideas and strategies for the prevention and treatment of MS.

Summary

MS is characterized by peripheral and central inflammation,
demyelination, and neurodegeneration. Although currently
available MS treatments reduce the recurrence of the disease,
they do not promote tolerance to myelin-specific T lymphocytes
to ensure long-term protection against MS. Therefore, the
treatment of MS is one of the biggest treatment challenges. To
develop new and effective treatments for patients with MS, the
mechanism of the disease needs to be fully clarified and understood,
which may be multifactorial. However, the incomplete
understanding of the pathogenesis of MS and lack of suitable
animal models make it difficult to identify potential target
pathways and new therapeutic drugs. Although the clinical use
of some MS treatment drugs can alleviate the process of the disease,
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