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Summ a r y

Multiple sclerosis is a chronic autoimmune disorder that affects the central ner-
vous system, causing episodes of neurologic dysfunction and often gradual disease 
progression. The immune system primarily targets myelin, the protective covering 
of nerve fibers, leading to inflammation and damage, and secondary neurode-
generation is a major cause of long-term disability. Common symptoms include 
vision problems, sensory disturbances, muscle weakness, balance difficulties, and 
bladder dysfunction. Important advances in treatment have improved outcomes in 
patients with relapsing forms of multiple sclerosis, particularly through highly 
effective immune-modifying therapies such as CD20-targeting monoclonal anti-
bodies. However, treatment options for progressive forms remain limited, which 
highlights the need for therapies that can prevent progression and promote myelin 
repair. Comprehensive symptom management and lifestyle support are also essential 
to maintaining quality of life and reducing disability.

Multiple sclerosis, a common autoimmune disease of the cen-
tral nervous system, affects the brain, optic nerves, and spinal cord. Its 
hallmark effects are inflammation, demyelination, and neurodegenera-

tion. In traditional descriptions of the disease, the myelin sheaths surrounding 
nerve-cell axons are the main target; peripheral nerve myelin, although structur-
ally similar, is unaffected.

The disease typically manifests with discrete focal attacks that affect vision, 
sensation, strength, and balance, and over time the frequency of attacks decreases 
and progressive worsening with prominent neuronal injury supervenes (Fig. 1). In 
a minority of patients, symptoms are progressive from onset. Diagnosis rests on 
clinical criteria and magnetic resonance imaging (MRI) findings, supplemented by 
clonal expansions of immunoglobulin in cerebrospinal fluid and slowing in central 
nerve conduction velocities as measured by evoked potentials.

Etiologic features of multiple sclerosis include a complex genetic cause, a pre-
disposing Epstein–Barr virus infection, and an immune response centered on  
B and T lymphocytes and microglia. Highly effective therapies, such as CD20-
depleting monoclonal antibodies, provide near-complete protection against re-
lapses and partial protection against progressive symptoms. The achievement of 
greater control of progression and underlying neurodegeneration is the most 
important unmet need in the field.

Or igins

Multiple sclerosis was first formally recognized in the mid-1800s. Its incidence 
appears to have increased during the past century, even when improved diagno-
sis is taken into account.1 In the United States, nearly 1 million people have 
multiple sclerosis, with women affected nearly three times as often as men.2 
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Although both genetic and environmental fac-
tors are implicated in risk, this observed in-
crease in incidence points to some environmen-
tal change.

Genetics

Complex polygenic factors underlie the develop-
ment of multiple sclerosis. Concordance in mono-
zygotic twins is approximately 25%, and siblings 
of affected persons have a 3% lifetime risk of the 
disease. More than 230 risk-associated single-
nucleotide polymorphisms (SNPs) have been iden-
tified, nearly all of which are of small effect (odds 
ratios of 1.1 to 1.3); most are intronic (i.e., not 
within gene coding regions).3 Functional and path-
way studies indicate that numerous variants pro-
mote the activation and responsiveness of the 
immune system to inflammatory stimuli.4 The 
strongest genomewide locus is located within 
the major histocompatibility complex on chromo-
some 6, with more than 30 independent signals 
in this region, and with the class 2 major histo-
compatibility complex gene DRB1*15:01 and its 
extended haplotype carrying the greatest risk. 
Multiple sclerosis alleles tend to cluster with ge-
nome maps for other autoimmune diseases and 
not with neurodegenerative or other brain diseas-
es (Fig. 2). Almost all multiple sclerosis risk vari-
ants have little influence on the disease course, 
lack specificity and sensitivity, and thus have no 
role in diagnosis or management. One locus that 
is associated with disease severity is in the re-
gion encoding dysferlin and a zinc finger protein 
(ZNF638); homozygous carriers have accelerated 
motor disability.6

Epstein–Barr Virus and Other Environmental 
Triggers

Accumulating evidence suggests that multiple 
sclerosis develops, at least in part, as a rare com-
plication of Epstein–Barr virus infection.7 Mul-
tiple sclerosis is rare in persons never exposed to 
Epstein–Barr virus, and initial exposure to the 
virus in adolescence or adulthood, rather than 
earlier in life, is associated with infectious mono-
nucleosis, higher titers of antibodies to viral pro-
teins, and heightened risk.8 Of note, acute infec-
tion with Epstein–Barr virus is usually followed 
by lifelong infection, almost exclusively carried 
in memory B cells, a finding that could help ex-
plain how the disease develops and the success 
of B-cell–directed therapies. Multiple sclerosis risk 
is also weakly associated with vitamin D defi-

ciency, obesity, smoking, and certain gut bacteria, 
including Akkermansia muciniphila.9

Neuropathol o gic a l Fe at ur es

Several patterns of inflammation and tissue 
damage occur over the life span of the illness 
(Fig. 3A).18 Clinical relapses are caused by acute 
focal lesions, whereas all pathological features 
contribute to progressive symptoms.

Acute focal lesions are characterized by peri-
venular disruption of the blood–brain barrier, in-
filtration by mononuclear cells (B and T lym-
phocytes, natural killer cells, and monocytes), 
demyelination, axonal damage, and loss of oli-
godendrocytes, the myelin-producing cells of the 
central nervous system.19 These lesions are often 
most evident in the myelin-rich regions of the 
cerebral hemispheres (cerebral white matter), op-
tic nerves, and spinal cord, but also occur in the 
cerebral cortex and other gray-matter areas that 
contain only sparse myelin.

Acute inflammation typically subsides over 
several weeks, leaving sharply demarcated astro-
cytic scars with various degrees of remyelination 
(plaques). Many lesions manifest with no ongo-
ing inflammation (chronic inactive lesions). In 
other lesions, however, inflammation becomes 
chronic (chronic active lesions), with prominent 
microglia and only sparse lymphocytes; some 
chronic active lesions also gradually enlarge over 
time.20 Paramagnetic rim lesions (defined by a 
rim of increased magnetic susceptibility on MRI 
sequences) are particularly destructive lesions 
with activated iron-containing microglia at the 
advancing border and associated with accelerated 
axonal injury; they are specific to multiple scle-
rosis and associate with greater clinical severi-
ty.21 A distinguishing feature of chronic active 
lesions, in contrast to acute focal lesions, is that 
the blood–brain barrier is relatively intact owing 
to the reestablishment of endothelial tight junc-
tions associated with resolution of perivascular 
inflammation.

Prominent neuronal loss and demyelination 
within the cerebral cortex is another key patho-
logic aspect of the disease, even in early cases.22 
Although some cortical lesions are caused by in-
tracortical plaques, attention has focused on a 
distinctive injury associated with overlying ectopic 
lymphoid follicles composed of aggregates of B, 
T, and plasmablast cells located in the meninges 
adjacent to the pia mater and often overlying 
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deep sulci.23 The close proximity of meningeal 
lymphoid aggregates with damage to underlying 
cortical tissue suggests that secreted factors — 
cytokines, free radicals, or antibodies — could 
be responsible for cortical involvement. In long-

standing and severe cases, extensive changes 
include diffuse microgliosis and astrocytosis, 
variable infiltration of CD8 T cells, widespread 
myelin pallor, axon loss, synaptic injury, and 
global brain and spinal cord atrophy.24

The Traditional ModelA
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Immunopatho genesis

Adaptive Immunity

The success of B-cell–targeted therapies for all 
forms of multiple sclerosis has focused attention 
on the central role of the humoral immune sys-
tem in this disease (Fig. 3B). B-cell invasion in the 
central nervous system is associated with more 
severe tissue damage and a more aggressive 
clinical course.23 Expanded populations of clon-
ally restricted memory B cells in the central ner-
vous system produce oligoclonal immunoglobu-
lins (oligoclonal bands) in the cerebrospinal fluid, 
long used as a diagnostic marker in multiple 
sclerosis.25 Although most antibodies target non-
specific intracellular proteins,26 others are also 
found deposited on degenerating myelin sheaths 
in multiple sclerosis lesions.27 Reactivity has been 
reported against numerous central nervous sys-
tem targets including myelin oligodendrocyte 

glycoprotein, myelin basic protein, glial-cell adhe-
sion molecule, anoctamin-2, and αβ crystallin.28

B cells are also efficient antigen-presenting 
cells, and B-cell mediated activation of pathogenic 
T cells probably plays a role in multiple sclero-
sis.11,12 Interactions between B and T cells could 
also account for the rapid onset of action of  
B-cell–depleting therapies, which reduce brain 
inflammation long before downstream changes in 
antibody levels occur. Expansions of CD4 T cells 
that are reactive against myelin proteins have 
been repeatedly identified.29 Cytotoxic CD8 cells 
are the predominant T-cell subset at the leading 
edge of lesions, and clonally expanded CD8 cells 
have also been shown to react against relevant 
myelin antigens.30

In studies examining the role of Epstein–Barr 
virus in multiple sclerosis,31 investigators have 
found that Epstein–Barr infection of B cells can 
promote migration to the central nervous system,32 
survival, autoantigen presentation to T cells,33 and 
autoantibody production.31 Cerebrospinal fluid 
immunoglobulins and some oligoclonal bands 
react against Epstein–Barr proteins, including 
nuclear antigens (EBNA1 and EBNA3) and the 
activation-associated proteins LMP1 and BRRF2.34 
Several antibodies that are reactive to Epstein–
Barr virus and that are enriched in multiple 
sclerosis have been found to cross-react with nor-
mal human proteins in the central nervous sys-
tem. Some of these antibodies are directed to a 
motif of BRRF2 and are present in the serum of 
some patients years before symptoms begin and 
thus represent a prodromal marker of multiple 
sclerosis risk.35 Antigen-experienced CD4 and 
CD8 T cells that react against Epstein–Barr virus 
have also been identified, some of which cross-
react with brain antigens.12

Innate Immunity

Activated microglia are prominent in chronic ac-
tive plaques and are associated with progressive 
injury to neurons, axons, and oligodendrocytes. 
In patients with long-standing disease, wide-
spread diffuse microgliosis throughout the white 
matter can be observed. Injurious proinflamma-
tory molecules released by microglia include tu-
mor necrosis factor α, interleukin-1, and comple-
ment protein 1q. These, along with interleukin-6 
and granulocyte–macrophage colony-stimulat-
ing factor (GM-CSF) released by B and T lym-
phocytes, promote an activated pathogenic as-
trocyte response with reduced buffering capacity 

Figure 1 (facing page). Evolving Understanding of Mul-
tiple Sclerosis.

Panel A shows traditional concepts of the natural his-
tory of relapsing multiple sclerosis (MS) before the era 
of highly effective treatment. The purple line indicates 
disease progression. Disease onset begins after a pre-
clinical phase, with environmental risk factors acting 
on a genetically susceptible person. Magnetic reso-
nance imaging (MRI) evidence of preclinical MS is oc-
casionally identified in asymptomatic persons (radio-
logically isolated syndrome [RIS]). The initial attack  
is designated as a clinically isolated syndrome (CIS). 
In the traditional model, during the relapsing phase, 
disability accumulation was thought to result entirely 
from incomplete recovery from relapses, until clinically 
significant relapse-independent disability (secondary 
progressive multiple sclerosis) supervened, on average 
15 to 16 years after clinical onset. Less commonly, pro-
gressive MS developed without earlier relapses (prima-
ry progressive multiple sclerosis; not shown). Panel B 
summarizes more recent concepts regarding the natu-
ral history of MS in the current treatment era. A key 
role of Epstein–Barr virus (EBV) infection has been  
established during the preclinical phase, and specific 
serum autoantibodies cross-reactive to EBV and other 
proteins are present in some patients. With early treat-
ment, attacks are prevented in most patients, but in-
sidious progression independent of relapse activity, 
known as silent progression (or progression indepen-
dent of disease activity), is now evident during the re-
lapsing phase, which reveal that both inflammation 
and neurodegeneration are present throughout the 
disease course. In addition, the time to reach perma-
nent disability milestones and secondary progressive 
multiple sclerosis is substantially lengthened. Scores 
on the Expanded Disability Status Scale range from 0 
to 10, with higher scores indicating worse disability.
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for neurotoxic glutamate and loss of normal 
homeostatic control of synaptogenesis.36

Clinic a l Fe at ur es

Detection

Symptoms are typically first noted in early adult-
hood, although onset as early as 2 years of age 
or as late as the eighth decade of life can occur. 
Monocular vision loss (optic neuritis) or diplopia 

(double vision), sensory changes, weakness, im-
balance, vertigo, and urinary bladder disorders 
are typical early symptoms. Fatigue, heat sensi-
tivity, mental clouding, and electric-shock sensa-
tions evoked by neck flexion (Lhermitte’s sign) 
are also common. New symptoms — relapses or 
attacks — can appear over hours to days and 
then remit over weeks to several months. Early 
in the course of the disease, remissions are often 
robust, but as the disease becomes chronic, the 

Figure 2. Multiple Sclerosis Genetics Landscape.

Genetic susceptibility for multiple sclerosis clusters with other autoimmune diseases, but not with neurodegenerative diseases. Genetic 
associations for 12 diseases (6 neurodegenerative and 6 autoimmune) were extracted from the SPOKE (Scalable Precision Medicine 
Open Knowledge Engine) knowledge graph (which obtains genetic information from the Genome-Wide Association Study Catalog).5 
Each disease (large red circles) is connected to its associated single-nucleotide polymorphisms (SNPs; small pink circles) by pink lines 
(shown in expanded view, inset), overall representing the genetic architecture of all 12 diseases. Diseases and SNPs were clustered with 
the use of the Cytoscape software spring-embedded layout algorithm, which positions diseases next to one another on the basis of 
shared SNP associations. In a subsequent step, genes (blue circles) were arranged with the same layout algorithm on the basis of the 
SNPs they contain within their extended boundaries (connected by blue lines, inset). The strongest genomewide locus for multiple scle-
rosis lies within the major histocompatibility complex on chromosome 6. T1D denotes type 1 diabetes mellitus. Data visualization cour-
tesy of Sergio Baranzini.
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likelihood for recovery lessens. In approximately 
10% of cases, the disease begins as progressive 
worsening without attacks — primary progres-
sive multiple sclerosis — a subtype that has a 
nearly equal incidence in women and men.

Diagnosis is often suspected from the history 
and is supported when the neurologic examina-
tion reveals signs of central nervous system in-
jury, sparing the peripheral nervous system. MRI 
typically reveals multiple sharply demarcated 
lesions in the periventricular, juxtacortical, and 
deep white matter of the cerebral hemispheres and 
in the spinal cord. The presence of a central vein 
in some lesions and paramagnetic rim lesions37 
can be diagnostically helpful (Fig. 4). Acute in-
flammatory lesions are identified by extravasa-
tion of gadolinium dye indicating disruption of 
the blood–brain barrier; lesions tend to be en-
hanced on imaging for approximately 1 month 
and then fade, and nearly all leave a permanent 
visible scar. In early cases, approximately 90% of 
acute focal lesions are asymptomatic, but accu-
mulation of these clinically silent lesions over 
time contributes to progressive disability.38

Lumbar puncture can be an important adjunc-
tive test. Characteristic findings in the cerebro-
spinal fluid include increases in immunoglobulin 
levels and oligoclonal bands, the presence of 
kappa free light chains, modest inflammation 
with mononuclear cells, and normal levels of pro-
tein and glucose. Evoked potentials measure con-
duction velocity in visual, auditory, sensory, and 
motor pathways; delays, especially when asym-
metric, can indicate demyelination. Elevated levels 
of neuron-specific neurofilament light chain and 
the astrocyte marker glial fibrillary acidic pro-
tein (GFAP) can be detected in plasma or serum 
and indicate nervous system injury,39 but at the 
current time these biomarkers have only limited 
use as guides to diagnosis or treatment of indi-
vidual patients.

Red Flags

Systemic symptoms should point to the possibil-
ity of a different autoimmune disorder or a vascu-
lar or neoplastic cause, such as sarcoidosis, sys-
temic lupus erythematosus, small-vessel stroke, 
vasculitis, or lymphoma. A multiple sclerosis 
mimic is more likely in patients who present with 
solitary lesions or pure progressive syndromes. 
In all patients, vitamin B12 deficiency should 
be excluded. When severe optic nerve and spi-
nal cord presentations predominate, autoimmune 

disorders that were previously considered to be 
variants of multiple sclerosis but now are recog-
nized as distinct disorders need to be considered; 
these include neuromyelitis optica, myelin oligo-
dendrocyte glycoprotein antibody–associated dis-
ease, and GFAP disease. Many cases of acute 
disseminated encephalomyelitis can now be re-
classified as myelin oligodendrocyte glycopro-
tein antibody–associated disease. Although the 
clinician should always be alert to the possibility 
of an alternate diagnosis, in the proper clinical 
context, a correct diagnosis of multiple sclerosis 
is usually clear-cut.

Diagnosis

Diagnostic criteria40 require the presence of two 
or more episodes, each lasting more than 24 
hours and separated by at least one month, plus 
abnormalities on examination that indicate lo-
calization to more than one site. In patients who 
are having a first-ever clinical attack (clinically 
isolated syndrome), multiple sclerosis can be di-
agnosed if the MRI documents both an enhanc-
ing and a nonenhancing (e.g., older) lesion. In 
patients with only a single abnormality on ex-
amination, either MRI or evoked responses can 
be used to identify a noncontiguous clinically 
silent abnormality. In patients who present with 
progressive symptoms and gradual worsening 
over a period of more than 6 months, MRI find-
ings or cerebrospinal changes can support the 
diagnosis. A diagnosis is also possible in asymp-
tomatic patients for whom incidental MRI find-
ings are suggestive of multiple sclerosis if those 
findings are supported by additional MRI-based 
criteria or cerebrospinal fluid changes.

Cour se

Traditional concepts stratify multiple sclerosis into 
three principal types, distinguished by whether 
predominant symptoms are attributable to attacks 
or to gradual progression. These designations — 
relapsing–remitting, secondary progressive (which 
follows an earlier relapsing–remitting course), and 
primary progressive — are still useful in the ap-
proach to treatment, and therapies continue to be 
approved by regulators on the basis of these clas-
sifications. However, these phenotypes represent a 
single disease entity, defined by identical genetics 
and epidemiologic and pathologic features.41 The 
development of effective therapies for relapsing 
multiple sclerosis also brought to light a silent 
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progression (also known as progression inde-
pendent of relapse activity) that is present in most 
or all patients42 and was previously obscured by 
a fluctuating neurologic status caused by epi-
sodic relapses followed by gradual recovery of 
various degrees (Fig.  1). Insidious progression, 
rather than relapse-associated injury, represents 
the most important cause of permanent neuro-
logic disability in patients with relapsing–remit-
ting multiple sclerosis.43 The term relapsing (as 
distinguished from relapsing–remitting) multiple 
sclerosis bundles together patients with relaps-
ing–remitting and secondary progressive disease 
who continue to have attacks. In practical terms, 
secondary progressive multiple sclerosis can be 
applied to patients with relapsing–remitting dis-
ease who have substantial walking disability not 
entirely caused by relapses.44

In the era before efficacious therapies for re-
lapse prevention were available, approximately 
half the patients with relapsing–remitting mul-
tiple sclerosis could be expected to enter a sec-
ondary progressive course, with substantial mo-
tor disability, within 15 years after onset of 
disease, and only 20% had no functional limita-
tions. After widespread adoption of efficacious 
therapies beginning in the 1990s, an improved 
long-term prognosis became evident, with a mean 
time of approximately 40 years until the develop-
ment of secondary progressive multiple sclero-
sis.45 Although this advance was probably due, at 
least in part, to benefits of treatment, a change 
in the underlying natural history of the disease 
may also have occurred. With widespread use of 
therapies with higher efficacy over the past de-
cade, an even more favorable long-term outlook 
has emerged. As examples, in open-label exten-
sion trials, after 10 years of continuous treat-
ment with ocrelizumab, more than three fourths 
of patients with relapsing multiple sclerosis had 
no sustained disease worsening,46 and nearly 95% 
of patients who received ofatumumab therapy had 
no disease activity after 5 years of treatment.47 In 
these two trials, improvement from baseline was 
more common than worsening.

Tr e atmen t

Acute Relapses

Multiple sclerosis relapses, including initial at-
tacks, can be treated with high-dose glucocorti-
coids for 3 to 5 days, sometimes followed by a 

Figure 3 (facing page). Immunopathogenesis of Multiple 
Sclerosis.

Multiple pathologic features acting over the life span 
of the illness contribute to relapses, progression, and 
disability (Panel A). Acute focal inflammatory white-
matter lesions are responsible for relapses but are more 
often asymptomatic; hallmarks are perivenous inflam-
mation with lymphocytes and monocytes, disruption of 
the blood–brain barrier with leakage of plasma proteins, 
demyelination associated with activated microglia, as-
trocyte proliferation (gliosis), and axonal loss with sec-
ondary retrograde and anterograde degeneration. Acute 
lesions can evolve to become slowly enlarging (“smol-
dering”) chronic active lesions, some with a rim of acti-
vated microglia at the leading edge (paramagnetic rim 
lesions), stressed oligodendrocytes, and progressive 
axonal injury; other acute lesions become inactive, and 
in some, partial remyelination can occur. B-cell–rich 
lymphoid aggregates form in the deep sulci of the me-
ninges, producing underlying cortical demyelination 
and neuronal loss. In long-standing cases, widespread 
microglial inflammation and astrogliosis throughout 
the nervous system is present, associated with myelin 
pallor and ongoing axonal damage; these changes can 
be superimposed on age-related neurodegeneration.  
B cells can contribute to tissue damage in multiple scle-
rosis through varied mechanisms (Panel B). Antigen 
presentation of self-peptide fragments derived from 
major histocompatibility complex (MHC) molecules 
and other proteins expressed in B cells trigger low avidi-
ty activation of a pool of responding T cells, which can 
be restimulated through higher avidity interactions with 
multiple sclerosis–associated viral and bacterial com-
ponents as well as cross-reactive myelin antigens.10-12 
Polarized B cells expressing higher than normal levels  
of disease-associated cytokines (interleukin 6, tumor 
necrosis factor-α [TNF-α], and lymphotoxin-α [LT-α]) 
and lower levels of regulatory molecules (interleukin-10 
and interleukin-35) promote inflammation.13 Autoanti-
bodies targeted to myelin and other components of the 
central nervous system, produced by B-cell–derived 
plasmablasts and plasma cells, may also contribute to 
tissue injury. B cells receive feedback from T cells, in 
particular T follicular helper cells, which are prominent 
in the nervous system of persons with multiple sclero-
sis.14 Toll-like receptors expressed on B cells can recog-
nize damage-associated signals (pathogen-associated 
molecular pattern molecules [PAMPs] and damage- 
associated molecular pattern molecules [DAMPs]),  
further stimulating inflammation. There is extensive 
cross-talk between microglia and astrocytes,15 as well as 
between B and T lymphocytes.16 Many cell–cell interac-
tions amplify damage, while others promote resilience 
and repair.17 B cells are also the long-term reservoir of 
Epstein–Barr virus persistence, and B cells infected 
with Epstein–Barr virus are thought to play a catalytic 
role in these processes. ANO2 denotes anoctamin-2, 
CRYAB αβ crystallin, CSF cerebrospinal fluid, GlialCAM 
glial-cell adhesion molecule, MBP myelin basic pro-
tein, MOG myelin oligodendrocyte glycoprotein, and 
RASGRP2 RAS guanyl-releasing protein 2.
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taper lasting 1 to 2 weeks. Glucocorticoids can 
speed the tempo of recovery and may have mod-
est longer-term benefits.48 Mild attacks are often 
not treated. Severe attacks that are unresponsive 
to glucocorticoid therapy can benefit from plas-
ma exchange, typically administered as a course 
of 5 to 7 exchanges.

Prophylaxis for Relapsing Multiple Sclerosis

Many disease-modifying drugs are approved for 
the treatment of relapsing forms of multiple scle-
rosis (Fig. 5). Each reduces the frequency of re-
lapses and the development of new lesions seen 
on MRI. These agents also are indicated for pa-
tients with secondary progressive multiple sclero-
sis who continue to have relapses. Highly effec-
tive therapies include monoclonal antibodies 
directed at CD20-expressing B cells that are in-

fused every 6 months (humanized ocrelizumab, 
chimeric ublituximab, and rituximab)49-51 or sub-
cutaneously every month (fully human ofatumu-
mab)52; the α4 integrin expressed on B and T cells 
administered by infusion every 4 or 6 weeks (na-
talizumab),53,54 or the pan-lymphocyte–depleting 
antigen CD52 (alemtuzumab).55

Owing to their favorable safety and efficacy 
profiles, monoclonal antibodies directed against 
CD20-expressing B cells have emerged as the 
first-line therapy of choice in many settings.56 
Anti-CD20 agents inhibit new lesion formation 
by 99%, and with continued use most patients 
can expect to remain relapse-free. However, ben-
efits against underlying progression are incom-
plete, and in some patients there is progression 
of disability despite treatment. Although each 
anti-CD20 agent has distinct pharmacokinetic, 

Figure 4. Features of Multiple Sclerosis on MRI.

In Panel A, sagittal T2 FLAIR (fluid-attenuated inversion recovery) shows multiple lesions involving the corpus callosum with their major 
axis oriented toward the ependymal surface of the ventricle (Dawson’s fingers). In Panel B, postcontrast axial T2 FLAIR shows multiple 
white-matter lesions within the corona radiata bilaterally, consistent with demyelination. Circumferential halos surround the T2 bright 
cores (arrows); these changes are related to vasogenic edema often associated with blood–brain barrier disruption in acute inflammatory 
lesions. In Panel C, a T1 postcontrast MPRAGE (magnetization-prepared rapid gradient echo) image from the patient in Panel B shows 
heterogeneous enhancement within five of the white-matter lesions in the section, indicating active inflammation and demyelination.  
In Panel D, a sagittal T2 TIRM (turbo inversion recovery magnitude) sequence of the cervical spine shows a short segment with focally 
increased T2 signal at the dorsal C2–C3 level (arrow). In Panel E, an axial T1 MPRAGE image of a patient with long-standing disease 
shows lesions that reveal T1 signal intensity that is lower than that of the gray matter; these lesions are defined as “black holes,” radio-
logic correlates of lesions that are characterized by greater tissue disruption. In Panel F, a sagittal magnitude image from 3D Echo Planar 
Imaging (3D-EPI) acquisition reveals multiple lesions with a classic perivenular distribution and a positive central vessel sign (arrows). In 
Panel G, an axial phase image from 3D-EPI acquisition highlights a paramagnetic rim surrounding a nonenhancing lesion within the left 
centrum semiovale (arrow); paramagnetic rim lesions can represent a radiologic correlate of chronically active plaques. Images courtesy 
of Simone Sacco.
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pharmacodynamic, and immunogenicity profiles, 
all provide outstanding control of focal brain 
inflammation and clinical relapses.49-52 One head-
to-head comparison trial found that rituximab 
was noninferior to ocrelizumab over a 2-year pe-
riod.57 A longer-term observational study showed 
a higher risk of infections and hospitalizations 
with rituximab than with ocrelizumab,58 and de-
clines in serum immunoglobulin levels also ap-
peared to be steeper with rituximab than with 
ocrelizumab or ofatumumab.58,59 Long-term com-
parative-effectiveness studies of the different anti-
CD20 agents are still needed. Anti-CD20 agents 
are attractive for use in women who are contem-
plating pregnancy, because protection against 
disease activity extends beyond the period of  
B-cell depletion in peripheral blood and thus 
treatment given before conception can provide 
protection throughout gestation.60 Extended in-
terval dosing has also been proposed as a more 
general strategy to reduce the risk and cost of 
treatment.61,62 Another advantage of anti-CD20 
drugs is that following cessation of treatment, 
rebound disease activity is not observed, in con-
trast with some agents that inhibit lymphocyte 
trafficking (natalizumab and fingolimod).63

Natalizumab is associated with progressive 
multifocal leukoencephalopathy, a devastating 
viral infection of the nervous system, but can 
be used safely in patients who test seronegative 
for polyomavirus. The pan-lymphocyte–depleting 
monoclonal antibody alemtuzumab (anti-CD52) 
provides long-standing protection after one or 
two annual infusions; however, the risks of new 
autoimmunity, cancer, and prothrombotic events 
have limited the widespread use of this drug. 
Autologous hematopoietic stem-cell transplanta-
tion is an off-label approach that also appears to 
provide long-term benefit to patients with re-
lapsing multiple sclerosis,64 but the risks of im-
munosuppressant drugs used in conditioning 
regimens are a safety concern; a late-stage clini-
cal trial is underway (ClinicalTrials.gov number, 
NCT04047628).

Long-term prospective trials and real-world 
experience suggest that currently the most effec-
tive control of relapsing disease is achieved with 
initiation of high-efficacy therapy at the earliest 
possible time.64-66 This practice has largely re-
placed strategies that began with a less effective 
therapy and advanced to a more effective one 
when breakthrough disease occurred. Also un-
derway are randomized clinical trials that should 

further clarify the role of high-efficacy therapy 
as compared with tiered treatment regimens in 
patients with early disease (NCT03500328 and 
NCT03535298). Irrespective of the initial agent 
chosen, in patients who have drug-related side 
effects or incomplete control of relapse or MRI-
detected disease activity, a change in treatment 
may be warranted.

Secondary Progressive Multiple Sclerosis

As noted, patients with secondary progressive 
multiple sclerosis who continue to have relapses 
can be treated with agents approved for relaps-
ing multiple sclerosis. However, many patients 
with secondary progressive multiple sclerosis do 
not have relapses, yet they continue to have in-
sidiously progressive disability. Currently, there 
are no approved treatment options for nonrelaps-
ing secondary progressive multiple sclerosis.

Primary Progressive Multiple Sclerosis

Ocrelizumab reduced the annual risk of progres-
sion by approximately 25% in patients with pri-
mary progressive multiple sclerosis.67 This effect 
could translate, on average, to more than 7 years 
of additional independent ambulation.68 Ocreliz-
umab also preserved arm and hand function in 
patients with advanced disability who were non-
ambulatory.69 Thus, although ocrelizumab has 
been only modestly effective, it should be con-
sidered for use in treating most patients with 
primary progressive multiple sclerosis, especially 
in younger and less disabled patients who have 
signs of inflammatory activity on MRI.

Symptom Management

In addition to proper use of disease-modifying 
therapies, appropriate management of symptoms 
can improve the patient’s quality of life.70 Pro-
moting a healthy lifestyle and addressing psy-
chosocial and disease-specific symptoms in the 
context of a trusting clinician–patient relation-
ship is essential. Low levels of vitamin D should 
be corrected.71 Physical-therapy regimens to pre-
vent deconditioning and maintain functional 
independence are important,72 and heat-sensitive 
patients can use cooling methods such as swim-
ming or exercising in a cool room or wearing 
cooling garments. Vaccinations that are recom-
mended for use in the general population are safe 
in patients with multiple sclerosis, with the ex-
ception of live vaccines in patients receiving im-
munosuppressant therapies.73 Advance planning 
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1981
First MRI 
scan of
a patient 
with MS

1984
Cyclophosphamide; cytotoxic (IV) 

1993
Interferon B-1b; immune modulator (subcutaneously every other day)

1996
• Glatiramer acetate; immune modulator (subcutaneously daily; later higher dose 3 times/wk)
• Interferon B-1a; immune modulator (intramuscularly weekly; later higher dose 3 times/wk)

1988
Myelin-reactive 
autoimmune
T cells identified

1998
Axonal

transections 
in lesions

2012
Teriflunomide; dihydro-orotate dehydrogenase 
inhibitor immune suppressant (orally daily)

1999
Autoantibodies deposited 
on degenerating myelin 
sheaths

Therapeutic Landmarks

LOW EFFICACY

MODERATE EFFICACY

HIGH EFFICACY

Discovery Landmarks

2006
Natalizumab; 
anti-a4B1 McA 
traffic inhibitor 
(IV monthly); 
relaunched with 
risk-mitigation 
assay

2010
Fingolimod; S1P 

modulator, traffic 
inhibitor (orally 

daily)

2016
Siponimod; 
selective 
S1P 1/5 
modulator, 
traffic 
inhibitor 
(orally daily)

2016
Autologous 
hemato-
poietic 
stem-cell 
transplantation

2019
Cladribine; lymphocytotoxic 

(orally for 4 or 5 days, repeat 4 wk 
later; identical course at 1 yr)

2013
Dimethyl 
fumarate; 
immune 
modulator 
inhibits Nrf2 
degradation 
(orally twice 
daily)

2014
Alemtuzumab; 
panlymphocyte/ 
monocyte depletor 
McA (IV for 5 days; 
after 1 yr IV for 3 days)

2017
Ocrelizumab; 
B-cell depletor 
anti-CD20 McA 
humanized (IV 
every 6 mo; later 
subcutaneously 
every 6 mo)

Ocrelizumab; B-cell 
depletor anti-
CD20 McA 
humanized (IV 
every 6 mo; later 
subcutaneously  
every 6 mo)

Ublituximab 
B-cell 
depletor 
anti-CD20
McA (IV 
every 6 mo)

2022

2022

• Causal evidence for EBV in MS
• Serum autoantibodies in some 

   patients with MS

2002
Premyelinating oligodendrocyte arrest

2004
Ectopic B-cell–rich lymphoid follicles in meninges

2004
Natalizumab; 

anti-a4B1 McA traffic 
inhibitor (IV monthly); 

withdrawn early 2005 
owing to PML cases

2007
MOGAD

2008
MRI paramagnetic rim lesions

2008
Rituximab; 
B-cell depletor 
anti-CD20 McA 
(IV every 6 mo)

2020
B-cell–mediated

molecular mimicry via:

2020

2020

Ozanimod; selective 
S1P 1/5 modulator, 
traffic inhibitor
(orally daily)

2021
Ponesimod; 
selective S1P 
1/5 modulator, 
traffic inhibitor 
(orally daily)

• Antigen presentation 
  of self-MHC peptides 

  to T cells
• Autoantibodies 

  cross-reactive with 
  EBNA-1

Figure 5. Timeline of Selected Advances in Multiple Sclerosis.

Discovery landmarks are shown above the timeline, and therapeutic landmarks are shown below. Therapies are also grouped according 
to efficacy tiers, with high efficacy treatments shown in green shading, moderate efficacy treatments in blue shading, and low efficacy 
in pink shading. IM denotes intramuscular, IV intravenous, McA monoclonal antibody, MHC major histocompatibility complex, MOGAD 
myelin oligodendrocyte glycoprotein antibody–associated disease, and PML progressive multifocal leukoencephalopathy.
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for patients who may become pregnant is recom-
mended before initiating treatment.74 A compre-
hensive treatment plan to address pain, depres-
sion, sleep disruption, fatigue, spasticity, multiple 
sclerosis–related deconditioning, and bladder, 
bowel, and sexual dysfunction is important. Ef-
fective management of coexisting conditions 
that can accumulate with age and promotion of 
social engagement could help to improve long-
term outcomes. Fatigability and weakness may 
respond to potassium channel blockers (4-ami-
nopyridine or 3,4-diaminopyridine). Because high-
efficacy treatments almost completely eliminate 
new inflammatory lesions, surveillance MRI scans 
are often unnecessary in patients whose condi-
tion is clinically stable.

Conclusions a nd Fu t ur e 
Dir ec tions

The unmet need is for better control of progres-
sive disability and a halt to neurodegeneration, 
processes that are thought to be mediated by 
treatment-resistant B cells, including CD20-neg-
ative plasmablasts and plasma cells, cytotoxic 
CD8 T cells, and neurotoxic glial cells.75 An ad-
ditional complexity is that inflammation in pro-
gressive multiple sclerosis is largely sequestered 
behind an intact blood–brain barrier, a factor that 
impedes the delivery of many systemically ad-
ministered drugs, whereas in relapsing multiple 
sclerosis, B cells in the peripheral circulation are 
incriminated and the blood–brain barrier is dis-
rupted.

One hypothesis was that higher doses of anti-
CD20 monoclonal antibodies might achieve great-
er benefits against progression, but recent clin-
ical trials with ocrelizumab showed no added 
benefit.76 Targeting CD20-negative plasmablasts 
with CD19-directed strategies is an alternative 
approach, either with monoclonal antibodies or 
chimeric antigen receptor (CAR) T cells that can 
effectively cross the blood–brain barrier. A case 
series involving the use of CD19 CAR T cells to 
treat several autoimmune diseases showed dra-
matic clinical benefit, with marked reductions 
of disease-associated autoantibodies and no re-
currence of disease activity after the return of  
B cells to the circulation.77 These findings have 
raised the possibility that the immune system 
was reset in those cases. The use of CAR T cells 
directed against other B-cell targets (e.g., B-cell 
maturation antigen) is also a possible treatment 

approach.78 There is widespread interest in small-
molecule inhibitors of Bruton’s tyrosine kinase 
(BTK) that can block B-cell maturation and im-
munoglobulin production; BTK is also expressed 
in microglia (and peripheral macrophages), where 
it augments proinflammatory signaling. More 
than a dozen small-molecule BTK inhibitors 
have been developed, each differing in avidity, 
specificity for BTK, and central nervous system 
permeability. Two relatively nonselective BTK in-
hibitors, evobrutinib79 and tolebrutinib,80 were not 
superior to the comparator teriflunomide in re-
lapsing multiple sclerosis. Tolebrutinib was mod-
estly more effective than placebo in nonrelaps-
ing secondary progressive multiple sclerosis81 but 
reportedly failed in primary progressive multiple 
sclerosis. In contrast, the more selective BTK 
inhibitor fenebrutinib was efficacious in both 
relapsing and primary progressive multiple scle-
rosis,82,83 and another selective inhibitor, remi-
brutinib, is currently in late-stage clinical trials 
(NCT05147220).

Beyond B-cell therapies, efforts to reduce in-
flammation include targeting the proinflamma-
tory epitope of fibrin, which is deposited in the 
subendothelia of multiple sclerosis lesions and 
triggers microglial activation,84 as well as ap-
proaches that are directed against cytotoxic T cells. 
Another area of experimental therapeutics is fo-
cused on enhancing myelin repair within lesions 
by promotion of the differentiation of oligoden-
droglial precursor cells to remyelinate denuded 
but still-viable axons. A particularly promising 
target is the M1 muscarinic receptor, and a pre-
liminary clinical trial with the over-the-counter 
drug clemastine improved visual evoked-poten-
tial latencies in patients with relapsing multiple 
sclerosis, a finding that suggests that remyelin-
ation of the visual pathways had occurred.85

Considerable interest exists around testing the 
concept that eradication of Epstein–Barr virus 
would prevent or ameliorate multiple sclerosis.31 
A theoretical challenge to any vaccination ap-
proach is the possibility that the vaccine might 
trigger or worsen multiple sclerosis if the epit-
opes used for immunization cross-react with 
critical host proteins. Antiviral drugs, or virus-
directed T-cell therapy, would presumably be free 
of this risk.

Finally, it is possible that the initiation of 
highly effective treatment at the earliest possible 
time point could disrupt lymphoid niches and 
block microglial activation responsible for pro-
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gressive disease. Clinical-trial data indicate that 
long-term clinical stability, accompanied by nor-
malization of immunoglobulin levels in spinal 
fluid,86-88 and even resetting of immune reper-
toires,89 is achievable, at least in some patients. 
With the possibility of presymptomatic diagno-
sis,35 trials of even earlier therapy could be con-
ceptualized, as undertaken in type 1 diabetes 
mellitus90 and rheumatoid arthritis.91 With earlier 
recognition and more effective therapies, future 
treatment guidelines could evolve away from the 
need for lifetime therapy and toward early in-
duction treatment followed by maintenance and 

off-treatment monitoring regimens to maintain 
complete suppression of disease activity and, po-
tentially, cure.92 Such a vision can only be realized 
with further advances in the research and science 
of both the underlying biologic factors of the 
disease and innovative treatment approaches.
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