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Abstract

There is growing concern that multiple sclerosis (MS) patients on certain therapies may be at higher risk for severe corona-
virus disease 2019 (COVID-19). We conducted a systematic literature review to examine the available data on U.S. therapies
approved to treat MS and the risk of SARS-CoV-2 infection or severe COVID-19 outcomes. We conducted searches in
PubMed, Embase, and the WHO COVID-19 database through May 2, 2021, and retrieved articles describing clinical data
on therapies approved to treat MS and the risk of infection with SARS-CoV-2 or the effects of such therapies on clinical
outcomes of COVID-19. The literature search identified a total of 411 articles: 97 in PubMed, 227 in Embase, and 87 in the
WHO database. After excluding duplicates and screening, we identified 15 articles of interest. We identified an additional
article through a broader secondary weekly search in PubMed. Thus, ultimately, we reviewed 16 observational studies. Avail-
able data, which suggest that MS patients treated with anti-CD20 monoclonal antibodies may be at increased risk for severe
COVID-19, are subject to relevant limitations. Generally, studies did not identify increased risk for COVID-19 worsening
with other therapies approved to treat MS. Based on observational data, biological plausibility, novelty of the drug-event
association, and public health implications in a subpopulation with potential impaired response to the COVID-19 vaccines,
this safety signal merits further monitoring.

Keywords Multiple sclerosis - COVID-19 - SARS-CoV-2 - Anti-CD20 monoclonal antibody - Immunomodulatory
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection is characterized by a wide range of clini-
cal presentations, from asymptomatic to severe or fatal ill-
ness, sometimes with persistent debilitating symptoms. The
strongest predictor for disease severity is age over 65 years
[1]. Adults of any age with certain underlying medical condi-
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interference with DNA synthesis in lymphocytes, depletion
of immune cells, and/or changes in cytokine secretion pat-
tern [4]. The effect of treatments on the immune system may
be short-lasting or may last for months or even years [5].
Although some medications have a well-defined mechanism
of action, for others, the mechanism remains poorly defined
[4].

Multiple studies have evaluated the association between
therapies approved to treat MS and COVID-19 risk and
severity. Several of these studies reported an increased risk
of severe COVID-19 outcomes in MS patients on anti-CD20
monoclonal antibody therapies [3, 6, 7]. In order to gain a
more complete understanding of these emerging data, we
conducted a systematic literature review to evaluate the
available data on therapies approved to treat MS and the risk
of SARS-CoV-2 infection or severe COVID-19 outcomes.

Methods
Search strategy

We focused on therapies approved to treat MS identified to
have potential biological mechanisms relevant to SARS-
CoV-2 infection and severity, namely, sphingosine-1-re-
ceptor (S1P) modulators (fingolimod, siponimod, ozani-
mod), monoclonal antibodies (natalizumab, alemtuzumab,
and the anti-CD20 agents ocrelizumab and ofatumumab),
fumarates (dimethyl fumarate, diroximel fumarate, mono-
methyl fumarate), teriflunomide, and cladribine. We did
not include interferons or glatiramer acetate as we focused
the search on therapies approved to treat MS specifically
believed to increase the risk of infection, as reflected in

their U.S. FDA labeling. We did not consider MS symp-
tomatic therapies (e.g., dalfampridine) and therapies
approved for MS exacerbations (e.g., acthar gel/cortico-
tropin). Although we did not purposely aim to include
rituximab, an anti-CD20 agent not approved for use as
a treatment for MS in the United States and other many
countries, some of the publications analyzed ocrelizumab
and rituximab jointly or provided results for rituximab.

We conducted the capstone database search on January
28, 2021, in PubMed, Embase, and the WHO COVID-
19 database and retrieved articles describing clinical data
on therapies approved to treat MS and the risk of infec-
tion with SARS-CoV-2 or the effects of these therapies
on clinical outcomes of COVID-19. We considered both
published articles from peer-reviewed journals and arti-
cles posted online (at repositories such as MedRxiv.org) in
advance of peer review. We repeated the same searches on
April 4, 2021, and May 2, 2021, including data from Janu-
ary 1, 2021, through April 4, 2021, and through May 2,
2021, respectively (Table 1). We also conducted a second-
ary more sensitive weekly search in PubMed from January
10, 2021, through May 2, 2021 (Table 2).

Eligibility criteria

We included peer- and non-peer-reviewed articles meeting
each of the two following criteria:

i. Studies evaluating risk of SARS-CoV-2 infection and
clinical course of COVID-19 with individual or class
of drugs approved to treat MS

Table 1 Literature search strategy to identify observational studies describing clinical data on therapies approved to treat multiple sclerosis and
the risk of infection with SARS-CoV-2 or the effects of these therapies on clinical outcomes of COVID-19 (I)

Date of search

January 28, 2021, April 4, 2021, and May 2, 2021

Period included
Database
PubMed

Through May 2, 2021

((multiple sclerosis) AND ((covid) OR (sars-cov2) OR (novel coronavirus) OR (severe acute respiratory syndrome

coronavirus 2)) AND ((disease modifying therapy) OR (ocrelizumab) OR (natalizumab) OR (siponimod) OR
(fingolimod) OR (ozanimod) OR (dimethyl fumarate) OR (diroximel fumarate) OR (monomethyl fumarate) OR
(teriflunomide) OR (alemtuzumab) OR (cladribine) OR (ofatumumab))Filters: Humans, English, Spanish

Embase

“multiple sclerosis” AND (“disease modifying therapy” OR “disease modifying treatment” OR “ocrelizumab” OR

“natalizumab” OR “siponimod” OR “fingolimod” OR “ozanimod” OR “dimethyl fumarate” OR “monomethyl
fumarate” OR “teriflunomide” OR “alemtuzumab” OR “cladribine” OR “ofatumumab”) AND (“coronavirus
disease 2019” OR “‘severe acute respiratory syndrome coronavirus 2””) AND ([article]/lim OR [conference
abstract]/lim OR [conference paper]/lim OR [conference review]/lim OR [data papers]/lim OR [editorial]/lim OR
[erratum]/lim OR [letter]/lim OR [note]/lim OR [review]/lim OR [short survey]/lim) AND [embase]/lim AND
([english]/lim OR [spanish]/lim) AND [humans]/lim AND [2020-2021]/py

World Health Organization

(tw:(multiple sclerosis)) AND (tw:(ocrelizumab or natalizumab or siponimod or fingolimod or ozanimod or dime-

thyl fumarate or diroximel fumarate or monomethyl fumarate or teriflunomide or alemtuzumab or cladribine or

ofatumumab)) AND la:(“en” OR “es”)
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Table 2 Literature search

. . Date of search
strategy to identify

Weekly

observational studies describing
clinical data on therapies
approved to treat multiple
sclerosis and the risk of
infection with SARS-CoV-2 or
the effects of these therapies on
clinical outcomes of COVID-
19 (ID)

Period included
Database
PubMed

January 10, 2021-May 2, 2021

(((((((((((((multiple sclerosis) OR (ocrelizumab) OR (natalizumab) OR
(dimethyl fumarate) OR (cladribine) OR (ofatumumab) OR (fin-
golimod) OR (siponimod) OR (ozanimod) OR (diroximel fumarate)
OR (monomethyl fumarate) OR (alemtuzumab) OR (terifluno-
mide))))))))))))) AND ((COVID-19) OR (SARS-CoV-2))

ii. Studies that diagnosed COVID-19 based on symptoms
or laboratory test results

Study selection

Two authors (SPV and MH) screened titles and abstracts to
select articles that sought to provide a quantitative, inferen-
tial analysis of the association between therapies approved to
treat MS and SARS-CoV-2 infection or COVID-19 severity.
We excluded case reports, purely descriptive epidemiologi-
cal studies, reviews, letters, and publications unrelated to the
question of interest.

Data extraction and synthesis

Two or more epidemiologists (SPV, KL, AM, MH) per-
formed full text review of each of the included studies.
Then, the entire study team discussed each manuscript.
After reaching consensus on the epidemiological assess-
ment, the lead epidemiologist for each manuscript extracted
descriptive and quantitative summary measures [first author,
objective, study design, setting (data source, study period),
study population, exposure, outcomes, results, additional
comments] of the studies included in the systematic review
(Supplemental Table 1), which were reviewed by all authors.
We did not quantitatively summarize findings across studies.

Results

The literature search identified a total of 411 articles: 97 in
PubMed, 227 in Embase, and 87 in the WHO COVID-19
database. After excluding duplicates (n=199) and screen-
ing through review of the abstracts (or full manuscript
when the articles did not include an abstract), we identified
15 articles of interest (Fig. 1). One additional article was
identified through the secondary weekly search in PubMed.
Thus, ultimately, we reviewed 16 observational studies [3,
6—20]. Summaries of the 16 observational studies included
in the review are shown in Supplemental Table 1. As the
mechanisms of action for therapies approved to treat MS
and COVID-19 immunology are not well understood, it is
challenging to classify them into distinct pharmacological

groups [21]. For this review, we presented the results in three
groups: (i) cell depletion (anti-CD20 monoclonal antibod-
ies), (ii) immunomodulators (interferons and glatiramer
acetate), and (iii) other therapies.

Anti-CD20 monoclonal antibodies

Several observational studies have identified a potential
increased COVID-19 severity risk in MS patients being
treated with anti-CD20 monoclonal antibodies. A study
by Sormani et al. in an Italian cohort of 844 MS patients
with SARS-CoV-2 infection found increased risk of severe
COVID-19 in people treated with ocrelizumab or rituxi-
mab (OR, 2.37; 95% CI, 1.18-4.74) when compared to
untreated individuals, after adjusting for region, age, sex,
progressive MS course, Expanded Disability Status Scale
(EDSS), disease duration, body mass index (BMI), comor-
bidities, and recent methylprednisolone use [7]. They
found similar results when comparing anti-CD20 mono-
clonal antibodies to dimethyl fumarate (OR, 2.11; 95%
CI, 1.03-4.33). The North American COViMS Registry
by Salter et al. with 1,626 MS patients with SARS-CoV-2
infection identified an increased risk of hospitalization for
COVID-19 in patients taking rituximab compared with
those untreated (OR, 4.56; 95% CI, 2.10-9.90); although
the point estimate for the risk of hospitalization for ocre-
lizumab was increased, the association was apparently not
as strong as with rituximab (OR, 1.63; 95% CI, 0.98-2.72)
[3]. A multi-country study by Simpson-Yap et al., pub-
lished as a pre-print, which included 2,340 MS patients
with SARS-CoV-2 infection, identified an increased
risk for hospitalization, ICU admission, and ventilator
use with rituximab (OR, 2.43; 95% CI, 1.48-4.02; OR,
3.93; 95% CI, 1.56-9.89; OR, 4.00; 95% CI, 1.54-10.39,
respectively) and an increased risk for hospitalization
with ocrelizumab (OR, 1.56; 95% CI:, 1.01-2.41), when
compared to dimethyl fumarate; the risk for ICU admis-
sion with ocrelizumab was nearly significant (OR, 2.30;
95%, 0.98-5.39). The comparisons of rituximab and ocre-
lizumab with other pooled therapies, and also with natali-
zumab, showed similar trends for all outcomes investi-
gated [6]. In a cross-sectional survey in Iran conducted by
Safavi et al. among 712 MS patients, being on anti-CD20
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Fig.1 Literature review flow-
chart

Identification

411

therapies, compared to being on glatiramer acetate, inter-
ferons, dimethyl fumarate, or teriflunomide, was found
associated with an increased risk for suspected COVID-
19 (RR, 3.55; 95% CI, 1.45-8.68); suspected COVID-19
was identified by fever and cough or fever and shortness
of breath or a presumptive diagnosis based on sugges-
tive chest computed tomography [9]. Another relatively
small study conducted in Poland by Czarnowska et al.,
which included 396 MS patients with confirmed SARS-
CoV-2 infection being treated with therapies approved to
treat MS, found that patients on ocrelizumab had a higher

@ Springer

risk of COVID-19 hospitalization [18]. A U.S. study by
Reder et al. using the IBM Explorys EHR database, which
included 30,478 MS patients with an open prescription
for a MS therapies—344 of them being SARS-CoV-2
infection positive—found that anti-CD20 therapy, when
compared to fumarates, was associated with the highest
risk for PCR-confirmed COVID-19 (OR, 3.25; 95% CI,
2.31-4.64) and also when compared to natalizumab (OR,
2.32;95% CI, 1.56-3.57) and interferons (OR, 4.65; 95%
CI, 3.23-6.82) [17]. In exploratory analyses, the Italian
study also showed a trend for worse clinical outcomes with
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longer duration of anti-CD20 therapies when compared to
other therapies [7]. The Spanish study by Zabalza et al.,
after adjusting for age, Barcelona residence, contact with
a confirmed case, any comorbidity, and disease duration,
found that time on anti-CD20 treatment (ocrelizumab

or rituximab) was an independent risk factor for SARS-
CoV-2 infection (OR per 2 years, 3.48; 95% CI, 1.44-8.45)
[12] (Table 3, Supplemental Table 1).

A few studies did not find an association between anti-
CD20 therapies use and SARS-CoV2 infection or severe

Table 3 Quantitative studies of anti-CD20 therapies approved to treat multiple sclerosis or used off-label and clinical course of COVID-19

First author Study location  Anti-CD20 therapy Reference Outcome Risk estimate*
OR (95% confidence
interval)

Simpson-Yap Multi-country  Ocrelizumab Dimethyl fumarate Hospitalization 1.56 (1.01-2.41)

ICU admission 2.30 (0.98-5.39)

Ventilator support 1.04 (0.41-2.64)

Death 0.49 (0.16-1.52)

Pooled other therapies Hospitalization 1.75 (1.29-2.38)
ICU admission 2.55 (1.49-4.36)

Ventilator support 1.60 (0.82-3.14)

Death 0.76 (0.34-1.69)

Natalizumab Hospitalization 1.86 (1.13-3.07)
ICU admission 2.13 (0.85-5.35)

Ventilator support 1.34 (0.42-4.24)

Death 0.53 (0.13-2.24)

Rituximab Dimethyl fumarate Hospitalization 2.43 (1.48-4.02)

Sormani Italy Ocrelizumab or rituximab
Ocrelizumab or rituximab
Salter North America  Ocrelizumab
Rituximab
Sen Turkey Ocrelizumab or rituximab

Studies without risk estimates

Czarnowska
Reder

Poland
U.S.

Ocrelizumab

Ocrelizumab or rituximab

Pooled other therapies

Natalizumab

No treatment
Dimethyl fumarate

No treatment

Fingolimod or natalizumab

NA
NA

ICU admission
Ventilator support
Death
Hospitalization
ICU admission
Ventilator support
Death
Hospitalization
ICU admission
Ventilator support
Death

Severe COVID-19¥

Hospitalization

ICU admission and/or
ventilator support

Death
Hospitalization

ICU admission and/or
ventilator support

Death
Severe COVID-19%

Hospitalization

Hospitalization

3.93 (1.56-9.89)
4.00 (1.54-10.39)
1.22 (0.35-4.18)
2.76 (1.87-4.07)
4.32 (2.27-8.23)
6.15 (3.09-12.27)
1.90 (0.73-4.93)
2.88 (1.18-7.05)
3.23 (1.17-8.91)
5.52 (1.71-17.84)
1.70 (0.38-7.62)
2.37 (1.18-4.74)
2.11 (1.03-4.33)
1.63 (0.98-2.72)
0.91 (0.46-1.80)

0.47 (0.17-1.30)
4.56 (2.10-9.90)
1.92 (0.61-6.07)

2.81 (0.45-17.70)
0.64 (0.26-1.60)

25.00% (5 out of 25)
23.60% (29 out of 123)

Abbreviations: COVID-19 coronavirus disease 2019, OR odds ratio, /CU intensive care unit, NA non-applicable

“Statistically significant risk estimates are bolded

¥Severe COVID-19 characterized by a 3-level variable: death or ICU admission; pneumonia or hospitalization; milder disease

§Severe COVID-19 characterized by a 3-level variable: death or ICU admission; hospitalization; other
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COVID-19 (Table 3, Supplemental Table 1). A U.S. study by
Kovvuru et al. with 42,899 patients with MS (115 COVID-
19 cases) conducted in TriNetX, an electronic health record
(EHR) database, did not identify differences in clinical
outcomes of hospitalization, ICU care, intubation, or death
between those on MS immunosuppressive therapies and
those who were not [20]. The multi-center retrospective
French study by Louapre et al. with 347 MS patients did not
find an association of hospitalization for COVID-19 with
anti-CD20 therapies, but its small sample size limited the
ability to detect any associations [10]. Similarly, a relatively
small study in Turkey among 309 MS patients with SARS-
CoV-2 infection did not identify an increased risk of severe
COVID-19 in people treated with rituximab or ocrelizumab
when compared to fingolimod or natalizumab [19].

Interferons and glatiramer acetate
Because we focused on therapies specifically believed

to increase the risk of infection, we did not include
interferons or glatiramer acetate in the search strategy.

Nevertheless, our search returned studies that analyzed
risks with interferons and glatiramer acetate along with
other therapies. In contrast to the studies of anti-CD20
monoclonal antibodies, some studies have identified a
potential reduced risk of developing COVID-19 in MS
patients being treated with interferons or glatiramer ace-
tate (Table 4). However, definitive conclusions regarding
a potential protective effect cannot be drawn without com-
parison to an appropriate untreated MS patient population.
Reder et al. showed that MS patients with a prescription for
interferon or glatiramer acetate in the Explorys database
were less likely to develop COVID-19 than MS patients
on any other MS therapy (0.61% vs. 1.27%; p <0.0001
and 0.51 vs. 1.31%; p <0.0001, respectively); when using
fumarates as the reference, the adjusted odds ratios for
COVID-19 with use of interferon-beta and glatiramer ace-
tate were 0.70 (95% CI: 0.45-1.08) and 0.54 (0.34-0.84),
respectively. The authors did not identify differences in
risk with glatiramer acetate compared to interferons [17].
An updated analysis of the French cohort study presented
at the MS Virtual Conference 2020 suggested a reduced

Table 4 Studies of Interferon/glatiramer acetate therapies and clinical course of COVID-19

First author Study location Exposure Reference Outcome Risk estimate*
OR (95% confidence Interval)
Simpson-Yap ~ Multi-country Interferon Dimethyl fumarate Hospitalization 0.89 (0.46-1.70)
ICU admission 0.54 (0.11-2.73)
Ventilator support 0.18 (0.02-1.52)
Death 0.31 (0.03-2.82)
Glatiramer acetate ~ Dimethyl fumarate Hospitalization 1.06 (0.53-2.10)
Death 0.56 (0.10-3.25)
Sormani Italy Interferon No treatment Severe COVID-19¥ 0.67 (0.28-1.65)
Dimethyl fumarate 0.60 (0.24-1.55)
Glatiramer acetate ~ No treatment Severe COVID-19¥ 0.77 (0.29-2.00)
Dimethyl fumarate 0.68 (0.26-1.78)
Salter North America  Interferon Hospitalization 0.35 (0.08-1.57)
ICU admission and/or 0.29 (0.04-2.32)
ventilator support

Death 0.56 (0.06-5.49)
Glatiramer acetate ~ No treatment Hospitalization 1.15 (0.51-2.61)
Death 0.86 (0.16-4.56)
Sen Turkey Interferon or glati-  Fingolimod or natalizumab  Severe COVID-19* 0.64 (0.32-1.27)

Studies without risk estimates

ramer acetate

Czarnowska Poland Interferon-p NA
Glatiramer acetate
Reder U.S Interferon-f NA

Glatiramer acetate

Hospitalization

Hospitalization

3.66% (3 out of 82)
11.90% (5 out of 42)
25.00% (10 out of 40)
11.40% (4 out of 35)

Abbreviations: COVID-19 coronavirus disease 2019, OR odds ratio, /CU intensive care unit, NA non-applicable

“Statistically significant risk estimates are bolded

¥Severe COVID-19 characterized by a 3-level variable: death or ICU admission; pneumonia or hospitalization; milder disease

§Severe COVID-19 characterized by a 3-level variable: death or ICU admission; hospitalization; other
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risk of severe COVID-19 in patients treated with inter-
feron-beta or glatiramer acetate [5].

Other therapies

A few studies have focused on other therapies approved
to treat MS. A small cross-sectional study conducted in
Italy, Spain, and Denmark by Dalla Costa et al. identified
a trend for an increased risk of infection with alemtuzumab
and cladribine when compared to interferons or glatiramer
acetate, independent of age, sex, and disease course (OR,
3.78;95% CI, 1.00-15.93). However, this study had limited
power, did not account for relevant factors such as disability
and comorbidities, used as comparators therapies for which
protective effects on the risk of severe COVID-19 are pre-
sumed, and was subject to selection bias because those who
were sicker and those who died (who might be on more
aggressive immunosuppressive treatments) did not respond
to the survey [16]. The larger studies by Salter et al., Simp-
son-Yap et al., and Sormani et al. did not identify increased
risk for COVID-19 worsening with drugs other than anti-
CD20 agents [3, 6, 7]. Sormani et al. also noted that recent
use (less than one month prior to SARS-CoV-2 infection) of
methylprednisolone was associated with a worse COVID-
19 outcome (OR, 5.24; 95% CI, 2.20-12.53) [7]. Similarly,
Salter et al. identified recent treatment (2 months prior to
SARS-CoV-2 infection) with corticosteroids as a risk fac-
tor for increased COVID-19 severity. Studies in other popu-
lations have also shown that long-term corticosteroid use
may increase the risk of COVID-19-related hospitalizations
[22]. Thus, immunosuppression achieved with corticoster-
oids before infection may be a risk factor for a more severe
infection, notwithstanding the therapeutic effects of corti-
costeroids in severe COVID-19 [23, 24].

Discussion

We found that current evidence suggests that MS patients
treated with anti-CD20 monoclonal antibodies may be at
increased risk for severe COVID-19. Generally, studies did
not identify increased risk for COVID-19 worsening with
other MS therapies. A few studies have identified a potential
reduced risk of COVID-19 and severity in MS patients being
treated with interferons or glatiramer acetate.

Four studies were notable for having more sophisticated
methodology, even though three of these relied on voluntary
reporting from treating neurologists and health care profes-
sionals. The Italian multi-center, registry-based, retrospec-
tive, observational study by Sormani et al., after adjusting
for region, age, sex, MS disease phase (RRMS vs. progres-
sive), EDSS, disease duration, BMI, presence of comorbidi-
ties, and recent methylprednisolone use, although not for

covariates such as other prior immunomodulators and socio-
economic indicators, showed increased COVID-19 severity
among MS patients with being treated with rituximab or
ocrelizumab [7]. The authors used no therapy and fuma-
rates as reference groups. The study also suggested increased
COVID-19 severity among MS patients with advanced dis-
ease and disability and those on methylprednisolone in the
month preceding the first symptoms of COVID-19 and, in
exploratory analyses, an increasing trend with longer anti-
CD20 therapy duration. The large multi-country, multi-
center, retrospective, cross-sectional study by Simpson-Yap
et al. identified consistent associations of rituximab with
increased risk of hospitalization, ICU admission, and ven-
tilator use and of ocrelizumab with hospitalization and ICU
admission when using dimethyl fumarate, pooled therapies,
and natalizumab as comparators [6, 25]. These analyses
included adjustments for age, sex, MS phenotype, and dis-
ability, and additionally for comorbidities, BMI, and smok-
ing in subgroup analyses where these data were available,
although they did not adjust for covariates such as treatment
duration, prior immunomodulation, and socioeconomic indi-
cators. The North American registry-based, retrospective,
cross-sectional study by Salter et al. identified increased
disability as independently associated with worse clini-
cal severity by using multivariable models that included a
fixed set of covariates, including age, sex, race, ambulation,
smoking history, glucocorticoids use, comorbidities, and
therapies used to treat MS [3]. The authors also identified
older age, Black race, cardiovascular comorbidities, obesity,
and recent treatment with corticosteroids as risks factors for
worse outcomes. Rituximab showed associations with worse
outcomes compared to other therapies. Also, although the
risk for hospitalization with ocrelizumab was also nominally
increased, the association was not as strong as with rituxi-
mab. The fourth study was the EHR-based, retrospective
cohort study by Reder et al., in which the authors by using
fumarates as the comparator and adjustments for age, sex,
BMI, comorbidities, and race found that patients with MS
were less likely to develop COVID-19 when treated with
interferons and glatiramer acetate but more likely when
treated with rituximab or ocrelizumab [17].

Similarly to what has been seen in the general population,
MS patients at increased risk for severe COVID-19 tend to
be older and have more comorbidities and higher disability
[3, 6, 7, 10, 25]. Progressive MS phenotype also appears
to be associated with higher COVID-19 severity [10, 25].
On the other hand, younger patients, those required to work
on site, and those with a lower level of disability might be
at higher exposure risk [12, 14]. In observational studies,
when comparing MS patients with untreated individuals or
with individuals treated with other therapies, disentangling
the effects of modification of immunity from differences in
patient and disease characteristics, including, but not limited
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to, age, relevant comorbidities, MS disease course, treatment
duration, prior immunomodulation, disability, and higher
risk activities, as well as their potential interactions, is par-
ticularly challenging.

Biological plausibility

An effective immune response against SARS-CoV-2 infec-
tion requires both arms of the immune system, innate and
adaptive [26, 27].

Anti-CD20 monoclonal antibody therapies are not
expected to affect responses of the innate immune system,
which are critical for initial viral control [28]. They selec-
tively bind to B-cells that express CD20 antigen, leading to
B-cell depletion mediated through complement-dependent
cytotoxicity and antibody-dependent cell-mediated cytotox-
icity [4, 21]. Additionally, these therapies also target a sub-
population of T-cells expressing CD20 on their surface [29].
Importantly, anti-CD20 monoclonal antibodies reduce type II
pneumocyte response to infections and prevent CD4 + T-cell
priming, thereby attenuating the clearance of viral infec-
tions from the respiratory tract [21]. Anti-CD20 therapies
also impact directly on the production of IL-6 by B cells
[5]; it has even been suggested that a moderately reduced
immune response due to lack of peripheral B cells might
play a favorable role on patients on these therapies [28]. In
this review, rituximab, which is often used as an off-label
medication to treat MS, has been found associated with an
apparent higher increased risk for COVID-19 worsening than
ocrelizumab [3, 6]. Salter et al. argued that, in their study, the
differences might be due to longer treatment duration with
rituximab because ocrelizumab was more recently available
[3]. At least in the United States, these differences could also
be influenced by differential socioeconomic status and access
to care (FDA approved a rituximab biosimilar in 2018).

Immunomodulatory effects of interferon beta-1b include
the enhancement of suppressor T cell activity, reduction of
pro-inflammatory cytokine production, downregulation of
antigen presentation, and inhibition of lymphocyte traffick-
ing into the central nervous system [30]. Based on the anti-
viral effects of type I interferon, and on the dampening of
type I interferon responses in the host by the SARS-CoV-2
infection, MS patients who are being treated with interferon-
beta are hypothesized to be at lower risk for COVID-19 or
its severe forms [5, 21]. This hypothesis is aligned with the
results from a recently published study by Sormani et al.
using updated data from Italy and France [7, 10], in which
interferon was associated with decreased COVID-19 sever-
ity [31]. The same study also showed increased COVID-
19 severity with anti-CD20 therapies. The mechanisms by
which glatiramer acetate exerts its effects in patients with
MS are not fully understood. Treatment with glatiramer ace-
tate may interfere with the recognition of foreign antigens
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in a way that would undermine defenses against infection.
There is no evidence that glatiramer acetate does this, but
there has not been a systematic evaluation of this risk [32].
It has been suggested that glatiramer acetate causes a shift
from a pro-inflammatory to an anti-inflammatory response.
Also, glatiramer acetate blocks IFN-y-mediated activation
of macrophages, which is thought to play an essential role in
acute respiratory distress syndrome (ARDS) [28].

Fumarates also have a less well-understood therapeutic
mechanism of action [4]. While fumarates may decrease
lymphocyte counts, treated patients have functional T and
B cells; have stable serum IgA, IgG, IgM, and IgG1-4 over
2 years of treatment; and have adequate seroprotective
responses to inactivated vaccines [17, 33]. In vitro studies
showed that dimethyl fumarate blocks pro-inflammatory
cytokine production and can inhibit macrophage function.
Thus, this immunomodulatory effect could be potentially
beneficial [28].

S1P modulators bind 1 of the 5 subtypes of S1P receptors
resulting in internalization of the receptor and sequestration
of lymphocytes in lymph nodes. S1P modulators are also
able to cross the blood—brain barrier, where they may have
other direct effects [4]. Fingolimod is associated with an
increased risk of mild infections, mainly involving the lower
respiratory tract and increased risk for herpes virus infec-
tions or reactivations [28]. A possible beneficial effect on
COVID-19 is predicted by studies showing that S1P signal-
ing is involved in mediating lung injury in ARDS and that
fingolimod promotes the integrity of the pulmonary endothe-
lial barrier [5, 28].

Cladribine is a purine analogue taken up into rapidly
proliferating cells such as lymphocytes and incorporated
into DNA, leading to cell death [4]. The effect of cladrib-
ine is mainly on CD4 +and CDS8 + T cells, and also B cells.
Accordingly, transient lymphopenia (most often mild to
moderate) is a common adverse event. The effects on innate
immune cells such as neutrophils, monocytes, and NK cells
are minor. Due to the lymphopenia, the risk of infection
with SARS-CoV-2 may be increased in patients on clad-
ribine [28].

Teriflunomide, an active metabolite of leflunomide, selec-
tively and reversibly inhibits the mitochondrial enzyme dihy-
droorotate dehydrogenase, impairing pyrimidine synthesis,
resulting in a cytostatic effect on proliferating lymphocytes
[4]. It reduces immune activation without significant immu-
nosuppression. This function may be potentially beneficial
in SARS-CoV-2 infection and may prevent an excessive host
immune response. Moreover, teriflunomide may decrease
SARS-CoV-2 replication inside the infected cell. Thus, it
may be useful through both antiviral and immunomodula-
tory effects [5, 28].

Natalizumab is a humanized monoclonal antibody that
selectively binds a4 integrin subunit expressed on the
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surface of lymphocytes, preventing the migration of lym-
phocytes into the CNS [4]. Its treatment is associated with
increased risk of progressive multifocal leukoencephalopa-
thy (PML) in seropositive patients to the John Cunningham
(JC) virus, although extended interval dosing regimens have
greatly decreased such risk [5]. Based on the recent studies
showing that SARS-CoV-2 may use integrin to enter the
human cells [34], natalizumab as an antibody against a4
integrin might be protective against the infection [28].

Alemtuzumab is a fully humanized monoclonal antibody
that selectively binds CDS5?2 antigen on lymphocytes, leading
to T and B-lymphocyte depletion [4]. It acts via antibody-
dependent cellular cytotoxicity and complement-dependent
cytotoxicity. It also activates pro-apoptotic pathways on
CD52-expressing cells. Given the lymphopenia, the inci-
dence of infection in the early months after treatment with
alemtuzumab is high. Following the initial depletion, alem-
tuzumab produces a lymphocyte reconstitution from a new
lineage [28].

Limitations

The observational studies included in this review present
limitations that should be taken into account when interpret-
ing the results. The large majority of studies had limited
sample size, which limited the ability to detect associations;
assess the effect of the different MS therapy classes on more
severe outcomes, such as requirement for ventilation, ICU
stays, or death; analyze the MS therapies independently;
and/or conduct relevant adjustments [7-12, 14, 16-20].
Studies conducted in EHR databases may have missed
out-of-network COVID-19 diagnoses and outcomes; also,
data completeness may be affected by the high medical
workload during the pandemic [17, 20]. Most studies were
subject to selection bias—some of them analyzed younger
and healthier populations and missed patients with higher
degree of neurological disability and hospitalized patients
[8,9, 12-14, 16, 18, 19]; others used reporting of COVID-
19 cases who had been in contact with their neurologists
and, therefore, may have selected more moderate-to-severe
cases (i.e., underreporting of mild cases), individuals receiv-
ing therapies with the stronger immunosuppressive effects,
and/or those with more frequent contacts with treating neu-
rologists [3, 6, 7, 10, 25]; fatal cases were not represented
or were likely underrepresented in these studies [3, 6-10,
12-14, 16, 18, 19]. Also, if the factors that influence sample
selection also influence the variables of interest, the rela-
tionship between these variables of interest can become dis-
torted [35]. In these latter studies, collider bias may relate to
greater proportions of people who have experienced an event
such as hospitalization with COVID-19, have volunteered
their participation in a large-scale study, or have been tested
for active infection—who particularly early in the pandemic,

were likely patients showing severe symptoms, patients at
higher risk of infection and severe illness, or patients who
were tested due to MS and/or its immunosuppressive treat-
ment. Also, in some settings, physician’s decisions to hospi-
talize MS patients with SARS-CoV-2 infection might have
been influenced not only by the clinical condition, but also
by the MS coexistence [18] and the use of therapies with
the stronger immunosuppressive effects. This could repre-
sent a threat to the internal validity of the study findings
because associations induced by collider bias are properties
of the sample rather than the individuals that comprise it
[35]. None of the reviewed studies included information on
therapeutic management that might have influenced COVID-
19 clinical progression. Lastly, since some studies analyzed
therapies approved to treat MS with presumed beneficial
effects on COVID-19 risk and severity (e.g., interferon-beta)
[9, 16] and therapies with markedly different mechanisms of
action, specifically in regard to immunosuppressive effects
on COVID-19 risk [8-10, 12, 14, 19, 20], results aggregated
across treatments could reflect heterogeneous results.

Conclusions

Despite their limitations, available data at the time of this
review suggested increased COVID-19 severity among
MS patients with advanced disease and disability [7, 10],
those being treated with anti-CD20 therapies (rituximab or
ocrelizumab) [3, 6, 7, 17, 25], and those with recent use of
glucocorticoids [7]. It also suggested that patients with MS
were less likely to acquire PCR-confirmed COVID-19 when
treated with interferons and glatiramer acetate [17].

With the advent of effective immunizations against
COVID-19, there are emerging data on responsiveness to
vaccinations in patients treated with immunosuppressive
therapies, including therapies approved to treat MS. Despite
recently published studies showing impaired humoral
response to mRNA COVID-19 vaccines in patients treated
with certain therapies approved to treat MS, it remains pos-
sible that an adequate T cell vaccine response could still
occur that leads to protection [36—41]. Ongoing studies of
immune response to COVID-19 vaccines and COVID-19
vaccine effectiveness in patients on therapies approved to
treat MS may help clarify the question.

In conclusion, available data, which suggest that MS
patients treated with anti-CD20 monoclonal antibodies may
be at increased risk for severe COVID-19, are subject to rel-
evant limitations. It appears that other therapies approved to
treat MS are not associated with increased COVID-19 risk
and severity. A few studies have indicated a potential reduced
risk of COVID-19 and clinical severity in MS patients being
treated with interferons or glatiramer acetate. Based on obser-
vational data, biological plausibility, novelty of the drug-event
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association, and public health implications in a subpopulation
with potential impaired response to the COVID-19 vaccines,
this safety signal merits further monitoring.
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