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Multiple sclerosis (MS) is an immune-driven disease that affects the central nervous system
and is characterized by acute-on-chronic demyelination attacks. It is a major cause of global
neurological disability, and its prevalence has increased in the United States. Conceptual
understandings of MS have evolved over time, including the identification of B cells as key
factors in its pathophysiology. The foundation of MS management involves preventing flares
so as to avoid long-term functional decline. Treatments may be categorized into low-, middle-,
and high-efficacy medications based on their efficacy in relapse prevention. With 24 FDA-
approved treatments for MS, individual therapy is chosen based on distinct mechanisms and
potential side effects. This review provides a detailed update on the epidemiology, diagnosis,
treatment advances, and major ongoing research investigations in MS.
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INTRODUCTION

Multiple sclerosis (MS) is an immune-driven disease characterized by demyelination and
axonal damage in the central nervous system (CNS). It is twice as common in females and
most often diagnosed between 20-40 years of age.' The MS prevalence in the United States
has been steadily increasing over the past several decades, with the approximately 58 cas-
es per 100,000 persons in 1975 increasing to 309.2 cases per 100,000 persons (450.1 per
100,000 for females) during 2010-2019.> This roughly translates to 1 in 300 people in the
United States living with MS, with the incidence being the highest for Black people (10.2
per 100,000 person-years versus 6.2 in white people).” The increase in incidence may be
related to increased awareness, improvements in magnetic resonance imaging (MRI),
and increased sensitivity of diagnostic criteria.

MS RISK FACTORS AND PATHOGENESIS

MS mostly results from environmental factors including Epstein-Barr virus (EBV) infec-
tion, low vitamin D, obesity, and cigarette smoking.*® EBV infection of autoreactive-naive
B cells may be the first step in MS pathogenesis.* These infected B cells remain in lymph
nodes where they present antigens that have similarities to myelin. Autoreactive B cells
and T lymphocytes (B and T cells) then enter the CNS and orchestrate immune attacks.*
Vitamin D typically promotes the development of T regulatory lymphocytes, and so low
vitamin D may lead to an increased number of autoreactive T cells.” Vitamin-D-depen-
dent promoters are also responsible for the regulation of the human leukocyte antigen
HLA-DRBI*1501 gene, which is a MS risk and susceptibility gene.® Genetic risk factors
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for MS also exist, the strongest being major histocompati-
bility complex in chromosome 6p21.3, which contains six
HLA genes, of which the HLA-DRB1*1501 allele has the
strongest association with MS risk.” MS risk is tenfold high-
er in a first-degree relative (0.3% population risk versus 3%
family risk).

The prevalence of MS varies with latitude. There is less
sun exposure at higher latitudes and therefore less vitamin
D production. MS is consequently more prevalent at higher
latitudes: in the southern United States, there are approxi-
mately 272.6 per 100,000 adults living with MS versus 377.4
in the northeastern United States.” More-severe disease has
also been associated with higher latitudes."

MS DIAGNOSIS

Diagnostic criteria

Criteria for MS diagnosis has undergone numerous chang-
es over time. The original Schumacher criteria published in
1965 defined MS as spatial and temporal dissemination of
focal neurological deficits. The current 2017 McDonald cri-
teria still support for the use of surrogate markers to fulfill
criteria for dissemination in space and time. For example,
having simultaneous enhancing and nonenhancing lesions
in the first attack fulfills the dissemination-in-time criteria
without requiring a second clinical attack. Oligoclonal bands,
a marker of inflammatory reaction chronicity, can also fulfill
the dissemination-in-time criteria. The revised criteria aim
to increase sensitivity in detecting MS to expedite treatment
and prevent disability. For the current dissemination-in-
space criteria, MS lesions must be seen in at least two of the
following four locations: cortical/juxtacortical, periventric-

ular, infratentorial, and spinal cord." Sample MS lesions in
these regions are shown in Fig. 1. A more-thorough descrip-
tion with full details of the revised 2017 McDonald criteria
is provided in Table 1.°

Typical clinical syndromes and clinical features
that are atypical of MS

Typical clinical syndromes for MS include optic neuritis, in-
ternuclear ophthalmoplegia, facial sensory loss or trigemi-
nal neuralgia, ataxia, and partial transverse myelitis.'>"?

Optic neuritis is characterized by reduced visual acuity,
afferent pupillary defects, and impaired color vision, and is
typically unilateral in MS." Visual acuity in optic neuritis is
often better than no light perception. Pain during eye move-
ment is common." Visual deficits regularly nadir at 2 weeks,
and recover within 4 weeks."

Weakness or numbness in MS typically presents over hours
to days, unlike strokes that present within minutes. MS
symptoms often last for days to months, with some symp-
toms becoming permanent. MS relapse typically lasts for at
least 24 hours. When a fluctuation of prior MS symptoms
occurs for less than 24 hours, it is considered a “pseudo-
relapse;,” which is common after the acute inflammatory pe-
riod. Risk factors for a pseudorelapse include infection,
stress, and heat."

The initial presentation of MS often impacts the disease
course. Optic neuritis at the initial presentation is associated
with a more favorable course."” In contrast, cerebellar dys-

function at onset is associated with worse prognosis (shorter
time to a score of 6 on the Expanded Disability Status Scale).®
Initial spinal cord involvement is similarly associated with
faster disability progression, relapse risk, and poor treatment

w-
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Fig. 1. Juxtacortical/cortical, periventricular, spinal cord, and brainstem lesions in multiple sclerosis. A (coronal) and B (axial): MRI T1-post contrast
images show enhancement in the intraorbital segment of the optic nerve consistent with right optic neuritis (arrows). C: Right posterior periven-
tricular lesion on axial T2-FLAIR (arrow). D: Ventral medullary demyelinating lesion on T2-FLAIR (arrow). E: MR cervical cord sagittal STIR demon-
strating C2-3, C4, and C7 demyelinating lesions (arrows). F: Axial T2-FLAIR with demyelinating lesion in left brachium pontis (arrow). G (sagittal)
and H (axial): T2-FLAIR images demonstrate left frontal juxtacortical demyelinating lesion (arrows).
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Table 1. Revised 2017 McDonald criteria for the diagnosis of MS®
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Number of attacks Number of lesions

Additional requirements for MS diagnosis

>2 >2 None
22 1 Clear evidence of previous attack with a lesion in a distinct anatomical location
=2 1 Dissemination in space:
1) An additional clinical attack at a different CNS site OR
2) MRI evidence of T2-weighted lesions in =2 of 4 areas (periventricular, corticalfjuxtacortical,
infratentorial, and spinal cord)
1 22 Dissemination in time:
1) An additional clinical attack OR
2) MRI evidence of gadolinium enhancing and nongadolinium enhancing lesions OR
3) CSF oligoclonal bands
1 1 Dissemination in space AND dissemination in time
0 1 >1 year of disease progression AND 2 of the following:
1) T2-weighted hyperintense lesion in 1 of 3 brain areas (periventricular, cortical/juxtacortical,
and infratentorial)
2) T2-weighted hyperintense lesion in >2 spinal cord areas
3) Oligoclonal bands
response.'** headaches, seizures, and encephalopathy.** Strokes may be

Mimics of MS include Lyme neuroborreliosis, neuromy-
elitis optica (NMO), myelin oligodendrocyte glycoprotein
antibody disease (MOGAD), autoimmune glial fibrillary
acidic protein (GFAP) astrocytopathy, CNS vasculitis, and
neurosarcoidosis. Neuroborreliosis should be considered in
the clinical context of a patient with recent tick exposure that
often occurs in woodland areas with skin manifestations
such as rash or cranial neuropathy (neurological manifesta-
tions are often the second most common after dermatologi-
cal symptoms).*' Testing may include a serum Lyme anti-
body index in the cerebrospinal fluid (CSF), since serum
Lyme IgM testing can produce false positives, especially in
cases of systemic autoimmune disease such as systemic lu-
pus erythematosus (SLE).”> NMO and MOGAD are both
demyelinating diseases that can mimic MS. When patients
present with acute optic neuropathy, clinicians may distin-
guish between MS and these disorders by performing serum
tests for water channel aquaporin-4 and myelin oligoden-
drocyte glycoprotein (MOG) in the CNS.” Cell-based as-
says are more sensitive and specific for diagnosing NMO
and MOGAD; testing should be performed in cases of op-
tic neuritis, tumefactive lesions, or longitudinally extensive
transverse myelitis. Care should be taken for low-positive
MOG titers (e.g., 1:40), which can represent a false positive
in MS.? Other neuroinflammatory disorders such as GFAP
astrocytopathy can present with longitudinal myelitis; in
such cases, clinicians may perform a complete antineuronal
antibody panel (of both the serum and CSF) to detect GFAP-
IgG.** CNS vasculitis can be primary or secondary to systemic
rheumatological diseases such as SLE, and often presents with

evident in MRI in cases of CNS vasculitis.** Although pa-
tients with neurosarcoidosis present heterogeneously, in
rare cases lesions present with scattered demyelinating le-
sions with or without leptomeningeal enhancement (“seed
and spread;” for example, myelitis in one area moves up and
down as it becomes more inflamed).?

MS pathology is isolated to the CNS, and systemic inflam-
matory markers such as erythrocyte sedimentation rate and
C-reactive protein are therefore nonspecific and unhelpful for
MS diagnosis.”® Serum antinuclear antibody can be mildly el-
evated in patients with MS, but at rates similar to the general
population.”” Anti-aquaporin-4 and anti-MOG tests are rec-
ommended for patients with optic neuritis,”® tumefactive brain
lesions, or longitudinally extensive spinal cord lesions (>3
segments) to detect NMO and MOG-associated disorder.
Current research has found that serum neurofilament light
chain has potential efficacy as a biomarker for ongoing in-
flammatory activity, although this test currently has restrict-
ed availability.”

Clinical features atypical for MS include bilateral or severe
optic neuritis with poor recovery, headache, acute or sub-
acute cognitive impairment, dizziness or vertigo without
brainstem or cerebellar findings, sensory loss in the extrem-
ities without clear CNS patterns, and complete transverse
myelopathy.'?

MRI in MS

MRI is the gold standard imaging procedure for MS. The
current recommendation in the 2021 Consortium of Multi-
ple Sclerosis Centers North American Imaging in MS Co-
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operative is to perform baseline brain MRI (with gadolini-
um if required according to the drug label) prior to initiating
or switching disease-modifying therapy (DMT); a new base-
line brain MRI scan without gadolinium contrast is then rec-
ommended at 3-6 months after the treatment onset, followed
by annual brain MRI without gadolinium contrast while the
patient is undergoing DMT." There are some important lim-
itations to the existing guidelines. First, unlike in prior guide-
lines, gadolinium-based contrast agents are no longer rou-
tinely recommended, particularly during monitoring of the
course of MS treatment." Second, spinal cord MRI is not rec-
ommended for routine follow-up monitoring of disease ac-
tivity, however, 15% of spinal cord lesions can be asymptom-
atic and so many neurologists specializing in MS perform
annual MRI monitoring of both the spinal cord and brain."*
Third, the current imaging guidelines do not recommend the
implementation of quantitative MRI measures, new imaging
features, or volumetric analysis in routine clinical practice."
Fat suppression may be utilized on MRI, which is particularly
helpful for acute optic neuritis diagnosis. Fat can appear hy-
perintense on T1-weighted MRI; fat suppression therefore al-
lows for better visualization of contrast enhancement in acute
optic neuritis.* Furthermore, in the appropriate clinical con-
text, MRI may be performed at the lumbosacral spine in the
workup of patients with suspected MS to exclude mimic dis-
eases such as MOGAD with conus involvement.*? Moreover,
up to 8.2% of patients with MS may have one or multiple cra-
nial nerves with root/entry zone enhancement; however, more
longitudinal enhancement should prompt workup for neu-
rosarcoidosis, infection, and neoplastic disorders.”

Several diseases and syndromes are routinely mistaken
for MS in clinical settings. These include migraine (22% of
cases), fibromyalgia (15% of cases), nonspecific or nonlocal-
izing neurological symptoms with abnormal MRI presenta-
tion (12% of cases), conversion disorder/functional neuro-
logical disorder (11% of cases), and NMO (6% of cases).*
Other diseases that may be considered in a differential di-
agnosis of MS include MOGAD,?® CNS vasculitis,” neuro-
sarcoidosis,” CNS manifestations of autoimmune diseases
such as Sjogren’s syndrome, SLE, and antiphospholipid an-
tibody syndrome,” chronic lymphocytic inflammation with
pontine perivascular enhancement responsive to steroids,”
and Bechet’s syndrome.” MRI is helpful for distinguishing
MS from other disorders. MS lesions are typically 3 mm or
larger. Migraines and chronic ischemic disease can present
with subcortical and periventricular lesions, which should
touch the ventricular surface. Moreover, chronic ischemic
disease typically causes central brainstem hyperintensities
on T2-weighted images while MS brainstem lesions are lo-
cated peripherally. Demyelinating white-matter lesions (T2-
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Fig. 2. Brain MRI findings show scattered T2-FLAIR hyperintensities
in the subcortical distribution (A and B). While there is "ventricular cap-
ping" of white matter hyperintensity seen in image (B), there are no dis-
crete, ovoid perpendicular periventricular lesions (ie. "Dawson's fin-
gers") that one would expect to see in demyelinating disease. A similar
pattern could also be seen in migraineurs. Images (C) and (D) point to
subcortical <3 mm T2-FLAIR hyperintensities in a migraine patient
(arrows). These are too small and in the wrong location for demye-
linating disease.

weighted hyperintensities) are often associated with hypoin-
tensities in T1-weighted images.* Sample lesions of axial
brain MRI findings in migraine headache and chronic isch-
emic disease are shown in Fig. 2.

CSF analysis in MS

CSF analysis in MS typically consists of the cell count, pro-
tein and glucose levels, oligoclonal bands, and the IgG index
and synthesis rate.* Oligoclonal bands are observed in 80%
of first MS attacks and in more than 90% of patients with
MS at some point. CSF tests that are considered less sensi-
tive or specific for diagnosing MS mimics include angioten-
sin-converting enzyme*? and myelin basic protein (MBP);
however, these tests can be considered in certain cases where
necessary.” A meningitis panel or bacterial or fungal cultures
may be necessary to rule out infection. Atypical features in
MS include absence of oligoclonal bands, cell count >50
WBC/mm’, and a protein concentration of >100 mg/dL.*
Oligoclonal band testing paired with (or replaced by) mea-
surement of kappa free light chains (kFLC) in the CSF in-



creases diagnostic yield. Comparative studies have found
CSF KFLC concentrations to be highly sensitive and specific
in all forms of MS without the need for a corresponding se-
rum sample.*

Predictors of disability in MS

The median life expectancy of patients with MS is approxi-
mately 76 years, which is comparable to the average life ex-
pectancy of 77 years in the United States population.* Co-
morbidities such as hyperlipidemia, hypertension, and
vascular risk factors accelerate disability progression by at
least approximately 6 years.* More-severe disability and sec-
ondary progressive MS course are also associated with male
sex (in relapse-onset MS),* older age at onset (40 years or
older),” and spinal cord lesions.”

Socioeconomic consequences of MS

MS also has profound socioeconomic consequences, which
are further amplified in low-income patients; one systemat-
ic review noted that, when compared with the general popu-
lation, patients with MS have 15%-30% lower employment
rates, lower earnings, higher absenteeism and presenteeism,
increased work disability, and greater reliance on social wel-
fare programs.” Furthermore, patients living in areas with
greater socioeconomic deprivation are often predisposed to
a higher risk of disability due to disparities in access to and
quality of care.”®

MS TREATMENTS

Acute MS relapse management

Acute flares in a patient with MS are associated with new
symptoms or old ones that have worsened. Most patients with
MS flares will not require emergency care unless they pres-
ent with strength, gait, or vision impairment.” The use of in-
travenous (IV) corticosteroids (e.g., 1,000 mg of IV methyl-
prednisolone daily for 3-5 days) may shorten the flare duration,
but this does not impact the overall disability outcome.”
One exception is optic neuritis, for which the Optic Neuri-
tis Treatment Trial”” found that patients treated with high-
dose steroids had better visual outcomes at 6 months. Oral
prednisone at 1,250 mg daily can be a substitute for 1 g of IV
methylprednisolone. Plasma exchange can be considered for
patients with symptoms that are refractory to IV steroids.”
IV immunoglobin monotherapy can be considered in cases
of acute MS relapse in patients with contraindications to plas-
mapheresis and IV steroid therapy, although there is less ev-
idence supporting this.”
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Therapy for long-term MS management

As of March 2023, 24 different DM Ts had been approved for
MS treatment, including injectable, oral, and infused medi-
cations.™ Given this expansive list, this review focuses on the
latest monoclonal antibody treatment regimens as well as
representative treatments from other disease-modifying
classes.

One area of practice in MS that has changed over the years
is the early initiation of high-efficacy treatment. Recent re-
search supported high-efficacy therapy that commences
within 2 years of disease onset, since this is associated with
lessened disability after 6-10 years compared with delaying
such therapies.”* In one comparison study of patients who
underwent high-efficacy therapy versus those who under-
went moderate-efficacy therapy, 68% and 52% of patients
achieved no evidence of disease activity (NEDA) at 1 year,
respectively, and 52% and 19% achieved NEDA at 2 years.”
However, not all patients require high-efficacy therapy; clin-
ically stable patients on mild- or moderate-efficacy therapy
do not need to change their medication regimen. Similarly,
patients with relatively few lesions or older patients with MS
do not require such strong medications.

Low-, medium-, and high-efficacy treatments are com-
piled in Table 2.

Mild-efficacy therapies

Interferons

Interferons (IFNs) including beta-1a®” and beta-13>* were
developed during the 1990s. They work by binding to cell
surface receptors and initiating signaling pathways that lead
to increased antiviral, antiproliferative, and immunomodu-
latory gene products that ultimately inhibit proinflammato-
ry cytokines and T-cell activation.®" Initially considered a
platform therapy, tolerability restricts their use due to com-
mon flu-like side effects from injections.

Glatiramer acetate
GA functions via two mechanisms: 1) reducing interleu-
kin-17 and IFN-y production via autologous CD4+ T cells,

Table 2. Low-, moderate-, and high-efficacy treatments for multiple
sclerosis®®

Low-efficacy Moderate-efficacy High-efficacy
treatments treatments treatments
® |nterferons ® Cladribine* ® Qcrelizumab

® Glatiramer acetate @ s1p inhibitors® ® Ofatumumab

o Teriflunomide ® Fumarates ® Natalizumab
® Alemtuzumab

*May be considered to have moderate-to-high efficacy.
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thereby inhibiting proinflammatory cytokines, and 2) mim-
icking MBP regions, thereby functioning as a decoy receptor
via molecular mimicry to be targeted by the immune system
of the body.*** GA is the only MS drug that does not require
laboratory monitoring.* The main side effect is skin hard-
ening at the injection site.**

Teriflunomide

Teriflunomide®* is an oral therapy that inhibits dihydrooro-
tate dehydrogenase, which in turn reduces the levels of acti-
vated B and T lymphocytes. Teriflunomide is often admin-
istered to patients who have been treated with mild-efficacy
injectables and who experience injection fatigue. There may
also be a use for teriflunomide in older patients who wish to

de-escalate treatment.

Moderate-to-high efficacy therapies

Cladribine

Cladribine (2-chlorodeoxyadenosine) works by incorporat-
ing into DNA and inhibiting DNA polymerase and ribonu-
cleotide reductase (enzymes involved in DNA synthesis and
transcription), thereby creating DNA strand breaks.® Cladrib-
ine consists of two oral treatment courses administered ap-
proximately 1 year apart, and has been found to deplete the
total T- and B-cell counts by 40%-50% and 80%, respective-
ly.® Cladribine may be considered a high-efficacy therapy af-
ter both courses. Side effects include lymphopenia (in 21.6%
of cases) and herpetic infections.” There is a black-box warn-
ing for malignancies, although more than 10 years of safety
data had not indicated increased malignancy risk. However,
additional cladribine treatment during the 2 years after the
second treatment course is associated with increased ma-
lignancy incidence (0.91 events per 100 patient-years).”"

s1p inhibitors

s1p inhibitors such as fingolimod, siponimod, ozanimod,
and ponesimod””* block the egress of lymphocytes from
lymph nodes. They are effective at preventing MS relapse,
but also have the side effect of increased infection risk, in-
cluding that of progressive multifocal leukoencephalopathy
(PML) and cryptococcal meningitis, as well as the risk of re-
bound relapse after drug discontinuation; there have been
52 documented cases of severe MS rebound after fingolimod
withdrawal.”

Fumarates

Fumarates (dimethyl, diroximel, and monomethyl fuma-
rate) are oral medications that work via various pathways to
both suppress proinflammatory cytokines (e.g., NF-kB) and
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activate the nuclear factor E2 pathway that leads to increased
antioxidant enzyme synthesis.”® Taking fumarates twice dai-
ly has been found to approximately halve the frequency of
MS relapses.”” Dimethyl fumarate’” was approved for re-
lapsing-remitting MS (RRMS) in 2013. Up to 30% of patients
on dimethyl fumarate can experience nausea or flushes.
Nausea rates are lower for diroximel fumarate.** This drug
class is considered to have a lower infection risk than high-

efficacy therapy.
High-efficacy therapies

Ocrelizumab

Ocrelizumab was approved for both RRMS and primary
progressive MS (PPMS) in 2017.%%%% It works by depleting
CD20 B cells and is administered via infusion every 6 months.
Although MS is historically considered a T-cell disease, block-
ade of B-cell autoreactivity inhibits neuroinflammation
through several pathways, including 1) preventing B cells
from acting as antigen-presenting cells that activate autore-
active T cells, 2) preventing B cells from releasing proinflam-
matory cytokines, 3) preventing B cells from transforming
into plasma cells that may produce myelin-directed autoan-
tibodies, and 4) preventing B cells from forming meningeal
lymphoid follicles.** An interim analysis of an open-label
phase IIIb study found that patients with MS treated using
ocrelizumab demonstrated a 75% increase in NEDA after 1
year compared with an IFN p-1a group.”” Furthermore, a
post-hoc analysis in the phase III ORATORIO study on
PPMS found that ocrelizumab slowed the accumulation of
T2-weighted lesions.* The side effects of ocrelizumab in-
clude decreased responsiveness to vaccines and increased
risks of mucosal and herpetic infections.””

Ofatumumab

Another anti-CD20 B-cell therapy, ofatumumab, was ap-
proved for RRMS in 2020 and is administered via monthly
self-injection.®® Its side-effects profile is similar to that of
ocrelizumab.** Given the lack of a need for premedication,

patients can inject ofatumumab at home.***

Natalizumab

Natalizumab is a monoclonal antibody that was approved
for MS in 2004 and is administered via infusion every 4
weeks.” The advantage of natalizumab over conventional
DMTs is decreased peripheral immunosuppression due to a
more-targeted effect. Natalizumab binds to a4f1 integrin to
prevent vascular cell adhesion protein 1-mediated leukocyte
transmigration across the blood—-brain barrier. It should be
noted that screening for JC virus (JCV) is necessary in pa-
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Table 3. Selected MS DMTs with baseline and routine monitoring information (continued)

Associated references

Additional information

Screening tests

CBC, CMP at 3 months,

Dose
Rebif 44 meg SQ TIW,

Efficacy

Class

Drug (brand name)

INF B-1a

59, 60

® Fu-like symptoms, depression,

Low

Immuno-

and injection-site irritation

6 months, and then yearly

Avonex 30 mcg

modulator

(Avonex, Rebif, Plegridy)

IM once a week,

and INF beta-1b (Betaseron)

Plegridy 125 mcg

IM once every 2 weeks.

Betaseron 0.3 mg

SQ every other day
14 mg PO daily

67

® Hair thinning (10%); avoid in patients

CBC, CMP, Quantiferon Gold,

Low

Pyrimidine

Teriflunomide
(Aubagio)

with liver disease
e Category X in pregnancy.

LFTs monthly for first 6 months

synthesis

inhibitor

Long half-life, can stay in body for
1 year; must use cholestyramine

elimination protocol

64

® Flushing, chest pain after injection,

No laboratory monitoring required

20 mg SQ daily

Low

Receptor

GA

and lipoatrophy

or 40 mg TID
CBC, complete blood count; CMP, comprehensive metabolic panel; HSV, herpes simplex virus; IM, intramuscular; ITP, immune thrombocytopenia; IV, intravenous; JCV, John Cunningham virus; LFT, liver

function tests; PML, progressive multifocal leukoencephalopathy; PO, per oral; SQ, subcutaneous; TB, tuberculosis; UA, urinalysis; VZV, varicella zoster virus.

decoy

(Copaxone or Glatopa)

Baskaran AB et al. J C N -

tients taking natalizumab, since JCV can cause PML. Natal-
izumab was initially withdrawn from the market due to PML
cases in 2005,” but returned in 2006 with a Risk Evaluation
and Mitigation Strategy program based on JCV serology.
The current PML rate is <1:10,000 in JCV-negative patients.”®
Monitoring laboratory tests include CBC with differential,
CMP, and JC virus every 6 months.”

Alemtuzumab
Alemtuzumab is an anti-CD52 monoclonal antibody with
high efficacy that is administered via injection.” It is often
utilized for RRMS and in MS cases that do not respond to
multiple medications due to its side-effects profile that in-
cludes significant risks of secondary autoimmune thyroid
disease, TB, HSV, and infusion reactions.”

Therapies with their recommended baseline and routine
monitoring tests are summarized in Table 3.

ONGOING RESEARCH AND
TREATMENTS UNDERGOING
INVESTIGATION FOR MS

Hematopoietic stem cell transplant

Autologous hematopoietic stem cell tranplantation (aHSCT)
has been investigated for use in treatment-refractory relaps-
ing MS since the 1990s. The available data have been ob-
tained in four retrospective studies, five single-arm clinical
trials, and two randomized controlled trials. Typical candi-
dates for HSCT are younger patients with RRMS with high
relapse rates (i.e., >2 relapses in 1 year) and the ability to walk
without support from a cane or other assistive device.” The
theoretical basis of HSCT for RRMS is that it diminishes
pathogenic clones of autoreactive lymphocytes, thereby re-
generating the tolerance of the immune system to CD34+
hematopoietic stem cells.”

Uncertainty remains as to where aHSCT fits in the overall
treatment protocol for RRMS. The various studies that have
investigated its use in RRMS involved different study popu-
lations, control groups, therapeutic protocols, and outcome
measures, with the treatment-related mortality rate ranging
from 0% to 4% depending on the regimen.”

Bruton’s tyrosine kinase inhibitors

Bruton’s Tyrosine Kinase Inhibitor (BTKi) regimens remain
under investigation regarding MS treatment, including the
use of masitinib, fenebrutinib, tolebrutinib, evobrutinib, remi-
brutinib, and orelabrutinib.”® The putative benefit of BTKi
over traditional CD20 depleters is that BTKi block an en-
zyme required for B-cell maturation, thereby more selec-
tively removing autoreactive B cells while sparing more-tol-
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erant B cells (vs. CD20 depleters that broadly diminish B-
cell reserves).”® Autoreactive B cells depend more on Bruton's
tyrosine kinase signaling than normal B cells do.” BTKi may
also modulate proinflammatory macrophages and microg-
lia, making them attractive for use in progressive MS. Masi-
tinib has demonstrated favorable results in phase ITb/III stud-
ies, including slowed disability progression in patients with
PPMS with no signs of active inflammation.'® Tolebrutinib,
which is more brain-penetrant, demonstrated promising re-
sults for RRMS treatment in a phase IIb study.'" Evobrutinib
and remibrutinib are currently being investigated for use in
RRMS.

Remyelination

Remyelination involves the production of a new myelin sheath
around CNS axons. It requires a complex set of processes in-
cluding various cell differentiation, migration, and signaling
pathways.'” A systematic review and meta-analysis of remy-
elination treatments revealed that 88 different therapies have
been tested preclinically, 28% of which entered clinical tri-
als and nearly all of which failed in phase IL.'* Research into
remyelination is ongoing and it presents potential opportu-
nities for the future.

CONCLUSION

The prevalence of MS has increased over time. The diagnos-
tic criteria for MS have become more sensitive to allow for
earlier treatments. Early initiation of high-efficacy treatments
may reduce or prevent disability accumulation. However, it
remains important to recognize atypical MS syndromes in
order to avoid unnecessary treatment in diseases that may
mimic it.
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