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ABSTRACT

Background: Some multiple sclerosis (MS) dis-
ease-modifying therapies (DMTs) impair
responses to vaccines, emphasizing the impor-
tance of understanding COVID-19 vaccine
immune responses in people with MS (PwMS)
receiving different DMTs.
Methods: This prospective, open-label observa-
tional study enrolled 45 participants treated
with natalizumab (n = 12), ocrelizumab
(n = 16), fumarates (dimethyl fumarate or
diroximel fumarate, n = 11), or interferon beta
(n = 6); ages 18–65 years inclusive; stable on
DMT for at least 6 months. Responder rates,
anti-SARS-CoV-2 spike receptor-binding
domain IgG (anti-RBD) geometric mean titers
(GMTs), antigen-specific T cells, and vaccina-
tion-related adverse events were evaluated at
baseline and 8, 24, 36, and 48 weeks after first
mRNA-1273 (Moderna) dose.
Results: At 8 weeks post vaccination, all natal-
izumab-, fumarate-, and interferon beta-treated
participants generated detectable anti-RBD IgG
titers, compared to only 25% of the ocrelizumab

cohort. At 24 and 36 weeks post vaccination,
natalizumab-, fumarate-, and interferon beta-
treated participants continued to demonstrate
detectable anti-RBD IgG titers, whereas partici-
pants receiving ocrelizumab did not. Anti-RBD
GMTs decreased 81.5% between 8 and 24 weeks
post vaccination for the non-ocrelizumab-trea-
ted participants, with no significant difference
between groups. At 36 weeks post vaccination,
ocrelizumab-treated participants had higher
proportions of spike-specific T cells compared to
other treatment groups. Vaccine-associated side
effects were highest in the ocrelizumab arm for
most symptoms.
Conclusions: These results suggest that
humoral response to mRNA-1273 COVID-19
vaccine is preserved and similar in PwMS trea-
ted with natalizumab, fumarate, and inter-
feron beta, but muted with ocrelizumab. All
DMTs had preserved T cell response, including
the ocrelizumab cohort, which also had a
greater risk of vaccine-related side effects.
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Key Summary Points

Certain disease-modifying therapies
(DMTs) for multiple sclerosis (MS) may
impair immune responses to vaccines.

We evaluated responder rates, anti-SARS-
CoV-2 RBD IgG titers, antigen-specific
T cells, and adverse events following
SARS-CoV-2 vaccination in people with
MS (PwMS) on various DMTs.

Humoral response to mRNA-1273 COVID-
19 vaccine was similar in PwMS treated
with natalizumab, fumarate, and
interferon beta, but muted with
ocrelizumab.

T cell response to mRNA-1273 was similar
with all DMTs evaluated, including
ocrelizumab.

A trend toward greater risk of vaccine-
related side effects was observed in the
ocrelizumab cohort.

INTRODUCTION

COVID-19 is a potentially fatal respiratory ill-
ness caused by the novel coronavirus SARS-
CoV-2, which has developed into the ongoing
global pandemic [1, 2]. As of June 2022, over
one million people in the USA and over six
million worldwide have lost their lives to
COVID-19 [2, 3]. Mass vaccination is one of the
best tools available to curtail the pandemic [4].
In December 2020, two messenger ribonucleic
acid (mRNA) vaccines, each demonstrating
greater than 94% efficacy at preventing symp-
tomatic COVID-19 infection, were authorized
for emergency use by the US Food and Drug
Administration [5–7]. At the time of authoriza-
tion, there were limited data regarding vaccine
efficacy for individuals receiving immunosup-
pressant or immunomodulating medications.

Multiple sclerosis (MS) is the most common
inflammatory, demyelinating,

neurodegenerative disease of the central ner-
vous system, with an estimated prevalence of
almost one million people in the USA [8, 9].
Risk factors for severe COVID-19 in people with
MS (PwMS), identified in real-world registry
studies, included older age, Black race, and
cardiovascular comorbidities [10–12], similar to
the general population. Many disease-modify-
ing therapies (DMTs) used to treat PwMS alter
the immune system [13], and previous studies
have demonstrated that some DMTs impair
immune response to vaccination [13–18]. In
particular, anti-CD20 therapies result in a dra-
matic attenuation of the humoral immune
response to vaccines, especially those utilizing
novel antigens [19–22]. The spike glycoprotein
mediates viral entry of SARS-CoV-2 into host
cells [23]; therefore, antibodies against the spike
glycoprotein are believed to be an important
component of immunity to SARS-CoV-2 and are
detectable in more than 99% of patients with
polymerase chain reaction (PCR)-confirmed
COVID-19 [24]. As such, both mRNA vaccines
encode epitopes of the spike glycoprotein as the
target immunogen [5, 6]. Anti-SARS-CoV-2
spike receptor-binding domain IgG (anti-RBD)
antibodies can be readily measured using com-
mercially available assays, allowing semi-quan-
titative assessment of humoral immunity
following natural infection and vaccination
[25]. The ability of vaccines to induce a coor-
dinated induction of both humoral- and cell-
mediated responses is important in preventing
severe disease or death from SARS-CoV-2 infec-
tion in PwMS who are receiving immunother-
apy [26].

Robust data across multiple DMTs with dif-
ferent mechanisms of action are needed to
understand immune responses to SARS-CoV-2
vaccines in PwMS. The aim of this study was to
evaluate and compare the effect of DMTs on the
immune response to mRNA vaccines utilizing a
single center, with uniform treatment, vacci-
nation, and sample acquisition protocols. Our
hypothesis, based on existing literature, was
that PwMS treated with interferon beta, fuma-
rates, or natalizumab would exhibit normal
humoral responses to mRNA vaccines, whereas
ocrelizumab treatment would result in relative
blunting.
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METHODS

Study Design and Participants

The recruitment goal for this prospective, open-
label observational study was 120 participants,
with 30 in each treatment arm. We included
PwMS, aged 18–65 years old, who had been on
their current DMT for at least 6 months: natal-
izumab (minimum of six doses), ocrelizumab
(minimum of two full cycles), fumarates (in-
cluding dimethyl fumarate [DMF] and dirox-
imel fumarate [DRF]), or any interferon beta
products (Fig. 1). DMT selection was limited to
those most frequently used in our center, with
all interferon beta products included to maxi-
mize recruitment in that treatment arm. For
consistency, participation was limited to recip-
ients of the Moderna mRNA-1273 vaccine. A
washout period of 12–20 weeks from last infu-
sion was recommended for eligible participants
receiving ocrelizumab. We excluded patients
with known history of COVID-19 infection;
concurrent intravenous or subcutaneous
immunoglobulin treatment (including tix-
agevimab/cilgavimab); corticosteroids received
within 30 days of first vaccine dose; lym-
phopenia (absolute lymphocyte count\ 0.5 9

109/L); recent immunization with non-COVID
vaccine (within 4 weeks); additional COVID-19
vaccine dose; and pregnancy or lactation. Par-
ticipation fell short of the recruitment goal

because many patients were ineligible at study
initiation, having either received the vaccine
more than 8 weeks prior or received the BioN-
Tech/Pfizer BNT162b2b vaccine.

Ethics

The study was conducted according to local
regulations and in compliance with the princi-
ples of the Declaration of Helsinki 1964. All
instructions, regulations, and agreements of the
protocol, and applicable International Confer-
ence on Harmonisation guidelines, were
adhered to, and the study protocol was
approved by the Institutional Review Board of
Saint Barnabas Medical Center (Study Number
21-02). Patients were informed of the results of
their antibody testing. Patients were advised
about the recommended timing of vaccination
within the course of routine clinical care with
their MS specialist. As with a clinical trial,
patients were made aware of the right to with-
draw from the study at any time.

Study Procedures

Eligible participants provided written informed
consent. Participants had their demographics,
medical history, and initial serum samples col-
lected either (1) within 1 week of the first dose
of the mRNA-1273 vaccine or (2) 8 weeks fol-
lowing the initial dose of mRNA-1273.

Fig. 1 Study design. aIncluding dimethyl fumarate and
diroximel fumarate. bAny interferon and peginterferon
beta-1a. cMeasured using sCOVg, Siemens Healthineers.
dMeasured using T cell receptor sequencing (ImmunoSEQ

T-MAP COVID). Anti-RBD IgG SARS-CoV-2 spike
receptor binding domain, DMT disease-modifying therapy,
MS multiple sclerosis
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Participants who received the mRNA-1273 vac-
cine prior to enrollment were screened for prior
asymptomatic exposure to SARS-CoV-2 using a
commercial anti-nucleocapsid assay (Abbott
Architect, Abbott Diagnostics, Abbott Park, IL).
Post-vaccine serum collections were performed
at 8 (± 1 week), 24 (± 2 weeks), 36 (± 2 weeks),
and 48 (± 4 weeks) weeks from the initial vac-
cine dose. All serum samples were analyzed to
assess anti-RBD IgG titers using a semi-quanti-
tative commercial assay (Siemens Healthineers
sCOVg assay, Tarrytown, NY) [27]. Antigen-
specific T cells were assessed 36 weeks after the
first dose of mRNA-1273 using T cell receptor
(TCR) sequencing (ImmunoSEQ T-MAP COVID,
Adaptive Biotechnologies, Seattle, WA), which
aligns TCR sequences to a library of TCR clones
enriched in convalescent patients who were
naturally infected with SARS-CoV-2. Spike-
specific TCR templates were used to compare
T cell responses between groups.

Outcome Measures

The primary outcome was geometric mean
titers (GMTs) of anti-RBD IgG at 8 weeks from
initial vaccine dose. Given that previous obser-
vational studies have found that interferon beta
treatments do not reduce antibody titers fol-
lowing vaccination, this treatment arm was
used as the reference group for comparison of
anti-RBD titers [14, 28, 29]. Secondary outcome
measures included comparison of GMTs at
subsequent time points, assessment of spike-
specific T cells, proportion of participants with a
fourfold and twofold increase in anti-RBD titer
from baseline, and any detectable anti-RBD IgG.

Exploratory analyses included vaccine-re-
lated adverse events reported using a pre-de-
fined questionnaire at the week 8 study visit;
breakthrough COVID-19 infections confirmed
by reverse transcription PCR or antigen testing;
and the correlation between duration of current
DMT use and GMT for each treatment. All
serum samples were tested for anti-nucleocapsid
IgG as a screen for asymptomatic exposure to
SARS-CoV-2 virus.

Statistical Analysis

Statistical analyses were performed using
GraphPad Prism 9. Demographics were com-
pared using either chi-square (categorical vari-
ables) without multiple comparisons or one-
way analysis of variance (ANOVA; continuous
variables) with multiple comparisons when
overall p\0.05. GMT values were compared
using one-way ANOVA with Tukey’s correction
for multiple comparisons. Anti-RBD value of 0.5
(50% of the lower limit of detection) was
imputed for specimens below the lower limit of
detection or when no baseline serum was col-
lected. The response rates and GMTs for each
time point for each treatment were summa-
rized. Differences in response rates between
groups were analyzed using a chi-square test.

RESULTS

Participants

As of December 6, 2021, we enrolled 45 partic-
ipants in the following treatment groups:
natalizumab (n = 12), ocrelizumab (n = 16),
fumarates (n = 11 [10 DMF and 1 DRF]), and
interferon beta (n = 6). Table 1 reports the
baseline demographics and clinical characteris-
tics of the study cohort according to DMT.
Overall, 82% were female, with a mean (SD) age
of 49 (11) years across all participant groups.
The only statistically significant imbalances
between treatment groups were race and dura-
tion of exposure to current DMT. The imbal-
ance was a consequence of a lack of racial
heterogeneity in the ocrelizumab group, and
significantly longer interferon beta exposure
relative to other treatments.

Post-vaccination Anti-RBD IgG Levels
by DMT

At the 8-week post-vaccination time point, all
natalizumab-, fumarate-, and interferon beta-
treated participants generated detectable anti-
RBD IgG titers. There was no difference in GMTs
between these three treatment arms. However,
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in the ocrelizumab-treated participant cohort,
only 25% of participants had detectable anti-
RBD IgG titers (Table 2) and titers were found to
be significantly lower than the other treatment
arms (Fig. 2). Only one (6.25%) participant
receiving ocrelizumab had a fourfold or greater
increase in anti-RBD titer from baseline, and
only four (25%) had a twofold increase.

At 24 weeks post vaccination, all natal-
izumab-, fumarate-, and interferon beta-treated
participants continued to have detectable anti-
RBD IgG titers compared with no (0%) ocre-
lizumab-treated participants (Table 2). Overall
anti-RBD GMTs for non-ocrelizumab-treated
participants decreased from 217.9 to 40.4 (ar-
bitrary units) between 8 and 24 weeks, an 81.5%
reduction. There were no significant differences

in GMTs between these groups at 24 weeks.
These trends continued through to 36 weeks
post vaccination, when all DMT groups except
ocrelizumab had detectable anti-RBD IgG titers
(Table 2). No statistical analysis was performed
at the planned 48-week interval because most
samples were excluded for one of the following
reasons: administration of additional vaccine
doses, SARS-CoV-2 exposure, or monoclonal
antibody treatment.

Correlation of Post-vaccination Anti-RBD
IgG Levels with Treatment Duration

Duration of ocrelizumab, natalizumab, and
fumarate treatment did not correlate with anti-

Table 1 Baseline demographics

Ocrelizumab Natalizumab Fumarate Interferon beta p value

n 16 12 11 6

Age, mean ± SD (range), years 52.6 ± 7.3

(38–64)

42.9 ± 13.7

(20–59)

48.5 ± 11.5

(27–62)

50.2 ± 9.3

(40–65)

0.135

Female, n (%) 12 (75.0) 10 (83.3) 10 (90.9) 5 (83.3) 0.764

Racea

White, n (%) 16 (100) 5 (50) 6 (67) 3 (50) 0.015

Black, n (%) 0 (0) 5 (50) 3 (33) 3 (50) 0.015

Body mass index, mean ± SD 32.8 ± 9.9 27.3 ± 6.2 27.3 ± 4.1 27.0 ± 6.4 0.112

Time since MS onset, mean ± SD

(range), years

16.3 ± 7.3

(4.5–29.4)

14.3 ± 12.3

(2.4–39.2)

15.8 ± 9.5

(4.1–33.2)

10.6 ± 4.6

(5.2–17.2)

0.603

Time since MS diagnosis, mean ± SD

(range), years

10.5 ± 8.1

(2.2–24.4)

10.8 ± 9.5

(1.4–26.1)

12.8 ± 9.2

(3.1–30.2)

10.1 ± 5.0

(5.2–17.2)

0.721

EDSS score, mean ± SD (range)a 2.8 ± 1.6

(1.5–6.0)

1.9 ± 1.2

(1.0–4.5)

2.1 ± 0.5

(1.5–3.0)

2.5 ± 1.1

(1.5–4.0)

0.445

Duration of DMT exposure,

mean ± SD (range), months

27.3 ± 8.7

(16–42)

51.2 ± 50.8

(10–185)

49.8 ± 35.1

(12–95)

108 ± 54.1

(61–206)

0.0007b

DMT washout, mean ± SD (range),

days

129.8 ± 34.1

(83–192)

N/A N/A N/A N/A

Statistical analysis was one-way analysis of variance with multiple comparisons against all groups when overall p\ 0.05, or
chi-square (categorical variables) without multiple comparisons
DMT disease-modifying therapy, EDSS Expanded Disability Status Scale, MS multiple sclerosis, N/A not available
aData not available for all participants
bParticipants receiving interferon beta therapy had a longer duration of DMT exposure
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RBD titer (Fig. 3 and Table 3). We did observe a
positive correlation between duration of inter-
feron beta treatment and anti-RBD titer
(p = 0.042) but these findings should be inter-
preted with caution because of the small sample
size. No correlation was observed between
ocrelizumab washout duration and anti-RBD
titer (Fig. 4).

Post-vaccination Cell-Mediated Responses
by DMT

Participants treated with natalizumab had a
higher absolute number of T cells at 36 weeks
post vaccination than participants treated with
ocrelizumab, fumarates, or interferon beta
(Table 4), an expected finding based on the

mechanism of action. However, participants
treated with ocrelizumab showed a higher pro-
portion of spike-specific T cells, relative to par-
ticipants in the other DMT groups, at 36 weeks
post vaccination (Table 4 and Fig. 5).

Safety

No anaphylactic events or life-threatening
responses occurred after the first or second
doses of the mRNA-1273 vaccine in our partic-
ipant cohorts. The most commonly reported
adverse events were injection site pain and
fatigue. Ocrelizumab-treated participants were
more likely to experience myalgias following
vaccination (p\ 0.05), with a trend toward

Table 2 Anti-RBD IgG levels at 8 weeks post initial vaccine dose

Ocrelizumab Natalizumab Fumarate Interferon beta p value

8-Week analysis

n 16 12 11 6

Anti-RBD GMT ± geometric SD 1.1 ± 0.7 210.3 ± 1.9 248.4 ± 1.8 184.0 ± 2.6 \ 0.0001

Any detectable anti-RBD IgG, n (%) 4 (25) 12 (100) 11 (100) 6 (100) \ 0.0001

[Twofold increase, n (%) 4 (25) 12 (100) 11 (100) 6 (100) \ 0.0001

[ Fourfold increase, n (%) 1 (6.3) 12 (100) 11 (100) 6 (100) \ 0.0001

24-Week analysis

n 4 10 9 6

Anti-RBD GMT ± geometric SD 0.5 ± 1.0 44.8 ± 2.1 46.2 ± 1.5 27.8 ± 2.7 0.012

[Twofold increase, n (%) 0 (0) 10 (100) 9 (100) 6 (100) \ 0.0001

[ Fourfold increase, n (%) 0 (0) 10 (100) 9 (100) 6 (100) \ 0.0001

36-Week analysis

n 8a 7 8 4

Anti-RBD GMT ± geometric SD 0.5 ± 1.0 23.7 ± 2.8 16.7 ± 1.8 10.0 ± 2.7 0.008

[Twofold increase, n (%) 0 (0) 7 (100) 8 (100) 4 (100) \ 0.0001

[ Fourfold increase, n (%) 0 (0) 7 (100) 8 (100) 4 (100) \ 0.0001

GMT values were compared using one-way analysis of variance with Tukey’s correction for multiple comparisons
Anti-RBD IgG SARS-CoV-2 spike receptor binding domain, GMT geometric mean titer
aTwo participants in the ocrelizumab cohort received prophylactic tixagevimab/cilgavimab to prevent COVID-19 infections
and were therefore excluded from 36-week anti-RBD GMT analyses because of cross-reactivity
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higher rates of all side effects except injection
site pain (Table 5).

Vaccine Efficacy

None of the serum samples collected at 8 or
24 weeks had detectable anti-nucleocapsid IgG,
indicating neither breakthrough COVID-19 nor
asymptomatic SARS-CoV-2 exposure during
those post-vaccination intervals. No known

breakthrough COVID-19 infections were repor-
ted or detected until the 36-week analysis, at
which time two asymptomatic exposures were
identified. Twelve symptomatic COVID-19
infections (four ocrelizumab; four natalizumab;
three fumarate; one interferon beta) were
reported between 36-week and 48-week sample
collections, corresponding to the emergence of
the Omicron variant.

Fig. 2 Anti-RBD IgG levels at a 8 weeks post initial
vaccine dose and b 8, 24, and 36 weeks post initial vaccine
dose. Anti-RBD IgG were quantified by Siemens Health-
ineers’ SARS-CoV-2 IgG (sCOVg) assay at a 8 weeks and
b 8, 24, and 36 weeks post initial vaccine dose. The dotted

line indicates the threshold of detection. Anti-RBD IgG
SARS-CoV-2 spike receptor binding domain, GMT
geometric mean titer
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Fig. 3 Anti-RBD IgG titer by duration of treatment.
Anti-RBD is shown by duration of a ocrelizumab, b na-
talizumab, c fumarate, and d interferon beta treatment.
Anti-RBD IgG were quantified by Siemens Healthineers’
SARS-CoV-2 IgG (sCOVg) assay at 8 weeks post initial

vaccine dose. The dotted line indicates the threshold of
detection. Anti-RBD IgG SARS-CoV-2 spike receptor
binding domain. aOcrelizumab Y-axis differs from other
DMTs.

Table 3 Anti-RBD IgG titer by duration of treatment

r p value

Ocrelizumab duration vs. anti-RBD IgG titer 0.009 0.973

Natalizumab duration vs. anti-RBD IgG titer - 0.122 0.707

Fumarate duration vs. anti-RBD IgG titer - 0.278 0.408

Interferon beta duration vs. anti-RBD IgG titer 0.828 0.042

Geometric mean titer values were compared using one-way analysis of variance with Tukey’s correction for multiple
comparisons
Anti-RBD IgG SARS-CoV-2 spike receptor binding domain
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DISCUSSION

Our study evaluated the effect of DMTs on the
humoral response to the COVID-19 mRNA
vaccine in PwMS using a quantitative measure-
ment of anti-RBD IgG with a strong correlation
with serum neutralizing activity [27]. All par-
ticipants in the natalizumab-, fumarate-, and

interferon beta-treated arms generated a
humoral immune response to the COVID-19
mRNA vaccine, which persisted at lower levels
up to 36 weeks after the initial dose. Although
similar GMTs were noted in the natalizumab,
fumarates, and interferon beta treatment
groups, we observed dramatically reduced anti-
SARS-CoV-2 antibody titers in the ocrelizumab-
treated group, as observed in other studies
[12, 18, 21, 30], with most ocrelizumab-treated

Fig. 4 Anti-RBD IgG titer by ocrelizumab washout
period. Anti-RBD is shown by duration of time since
the last dose (washout period) of ocrelizumab. Anti-RBD
IgG were quantified by Siemens Healthineers’ SARS-CoV-
2 IgG (sCOVg) assay at 8 weeks post initial vaccine dose.
The dotted line indicates the threshold of detection. Anti-
RBD IgG SARS-CoV-2 spike receptor binding domain

Table 4 T cell analyses at 36 weeks post vaccination

Ocrelizumab Natalizumab Fumarate Interferon beta p value

n 10 7a 5b 3b

T cells per sample,

mean ± SD

150,639 ± 57,275 234,587 ± 38,830 122,911 ± 82,295 137,531 ± 23,885 0.03

Spike-specific T cells per

sample, mean ± SD

943.9 ± 486.2 551.0 ± 237.7 195.8 ± 156.6 174.0 ± 21.1 0.003

Proportion of spike-specific

T cells, mean ± SD

0.0065 ± 0.0029 0.0024 ± 0.0012 0.0015 ± 0.0003 0.0013 ± 0.0001 0.0003

Antigen-specific T cells were assessed using T cell receptor (TCR) sequencing (ImmunoSEQT-MAP COVID, Adaptive
Biotechnologies) at 36 weeks after the first dose of mRNA-1273. Spike-specific TCR templates were used to compare T cell
responses between groups
aTwo samples were excluded owing to asymptomatic COVID-19
bThe fumarate and interferon beta groups had fewer T cell samples because additional consent required for T cell testing
was not obtained for the excluded participants

Fig. 5 T cell responses 36 weeks after SARS-CoV-2
vaccination in people with MS (PwMS) treated with
disease-modifying therapies (DMTs). Proportion of spike-
specific T cells is shown 36 weeks after SARS-CoV-2
vaccination in PwMS treated ([ 6 months) with ocre-
lizumab, natalizumab, fumarate, or interferon beta DMT
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participants having no detectable anti-RBD
antibodies.

Our results fit with the study hypothesis and
the findings of the ocrelizumab VELOCE study,
which found attenuated humoral responses to
tetanus toxoid and dramatic muting with novel
antigens (keyhole limpet hemocyanin) [20].
Anti-CD20 medications, including ocrelizumab,
ofatumumab, and off-label rituximab, act by
depleting circulating B lymphocytes [21], and
many patients receiving ocrelizumab therapy
fail to develop antibodies to SARS-CoV-2 fol-
lowing natural infection and recovery from
COVID-19 [31]. In a recent study, PwMS treated
with anti-CD20 DMT had reduced B cell func-
tional responses, poor generation of antigen-
specific memory B cells, and low antibody
responses to the SARS-CoV-2 mRNA vaccine
[21]. In other studies, PwMS treated with anti-
CD20 DMTs or fingolimod have had a lower
antibody response following SARS-CoV-2 vac-
cination [18, 32, 33]. In the present study, no
correlation was observed between length of
time of treatment with an anti-CD20 DMT and
SARS-CoV-2 vaccination response, whereas
Sabatino et al. observed a negative correlation
between SARS-CoV-2 vaccination response and
duration of anti-CD20 DMT [33]. The reasons
for this discrepancy are not known but it may
be related to the shorter median time and
smaller range on anti-CD20 DMTs in this study

(27.3 [16–42] months vs. median of 33.4–-
45.7 months in Sabatino et al.). In addition,
PwMS treated with anti-CD20 DMTs are at an
increased risk of more severe COVID-19 [12]. Of
patients treated with rituximab, only 49%
showed humoral responses and 32% generated
a cell-mediated response after SARS-CoV-2 vac-
cination, compared with 100% and 88% in
healthy controls, respectively [34]. A recent
meta-analysis and systemic review of nearly all
US Food and Drug Administration-approved
DMTs corroborated lower B cell response in
PwMS treated with anti-CD20 and lower T cell
response in interferon-treated PwMS, and
demonstrated reduced COVID-19 vaccine
effectiveness in those treated with S1PRM and
anti-CD20 [35]. Limitations of prior studies
include differences in DMTs, differences in
vaccination and treatment protocols, and dis-
parate geographic area.

Failure to demonstrate a correlation between
ocrelizumab washout duration and anti-RBD
titer was presumably a consequence of sample
size and relatively short washout periods.
Although the time since last anti-CD20 treat-
ment was positively predictive of a humoral
vaccine response in previous studies
[18, 21, 32], some with longer median washout
periods [34], no correlation has been observed
in others despite washout periods of up to
10 months [33].

Table 5 Vaccine side effects at 8 weeks from initial dose

Ocrelizumab Natalizumab Fumarate Interferon beta

All side effects, n (%) 15 (93.8) 9 (75.0) 10 (90.9) 6 (100.0)

Injection site pain 12 (75.0) 7 (58.3) 8 (72.7) 5 (83.3)

Fatigue 14 (87.5) 7 (58.3) 6 (54.5) 4 (66.7)

Headache 9 (56.3) 5 (41.7) 3 (27.3) 0 (0.0)

Myalgia* 11 (68.8) 2 (16.7) 6 (54.5) 2 (33.3)

Arthralgia 7 (43.8) 2 (16.7) 2 (18.2) 0 (0.0)

Fever 7 (43.8) 3 (25.0) 1 (9.1) 0 (0.0)

Chills 8 (50.0) 2 (16.7) 4 (36.4) 2 (33.3)

Comparisons were made using one-way analysis of variance with Tukey’s correction for multiple comparisons
*Statistical significance of p\ 0.05
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T cell responses to SARS-CoV-2 vaccination
were found to be varied across the different
DMT groups in this study, with natalizumab-
treated participants showing the highest mean
numbers of T cells, but ocrelizumab-treated
participants displaying the highest proportion
of spike-specific T cells in response to SARS-
CoV-2 vaccination. Interestingly, several other
studies have also demonstrated that PwMS
receiving ocrelizumab DMT have an attenuated
humoral response but preserved T cell response
[36–38].

In PwMS, injection site pain, fatigue, and
headache are common COVID-19 vaccine side
effects [30], similar to our observations. The
overall rate of vaccine side effects was high
(75–100%); ocrelizumab-treated participants
experienced significantly more reports of
myalgia with mRNA-1273 compared with those
treated with natalizumab, fumarates, or inter-
feron beta. As of the 24-week time point, no
breakthrough COVID-19 infections were repor-
ted in the study participants and there were no
indications of asymptomatic cases. Since then,
as the Omicron variant has become widespread,
at least 14 breakthrough SARS-CoV-2 cases have
been reported. Of those, 12 were symptomatic
(four in participants treated with natalizumab,
four in participants treated with ocrelizumab,
three in participants treated with fumarates,
and one in participants treated with inter-
feron beta), as well as two asymptomatic cases
in participants treated with natalizumab.

LIMITATIONS

There are several limitations to this study,
including sample size. Our recruitment goal was
not met owing to several factors, including
vaccine hesitancy and the exclusion of BioN-
Tech/Pfizer vaccine recipients and patients
vaccinated more than 8 weeks prior to initiation
of the study. Cellular immunity was not evalu-
ated as part of the 8-week interim analysis,
although vaccine-specific T cell response to
SARS-CoV-2 was subsequently evaluated from
36 weeks post vaccination. The relative impor-
tance of both humoral and cell-mediated
mechanisms in protective immunity to SARS-

CoV-2 in the context of DMTs is not yet fully
understood; this will be crucial to identify,
especially for PwMS who failed to seroconvert.
The study was not powered to address clinical
efficacy of the Moderna vaccine in specific
treatment arms, and not all MS DMTs were
evaluated.

CONCLUSION

These results suggest that humoral response to
mRNA-1273 COVID-19 vaccination is preserved
in PwMS treated with natalizumab, fumarates,
and interferon beta, but not ocrelizumab. Clin-
ical data are needed to confirm the impact of
the attenuated immune response. The benefit of
treatment interruption or postponing ocre-
lizumab for the purpose of immunization
should be considered and weighed against the
risk posed by withholding treatment for multi-
ple sclerosis. Findings from our study provide
healthcare practitioners with additional quan-
titative data on the immune response to mRNA-
1273 COVID-19 vaccination in PwMS treated
with various DMTs.
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