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Introduction: Responses to SARS-CoV-2 vaccination in patients with MS
(pwMS) varies by disease-modifying therapies (DMTs). We perform a meta-
analysis and systematic review of immune response to SARS-CoV-2 vaccines in
pwMS. Methods: Two independent reviewers searched PubMed, Google Scho-
lar, and Embase from January 1, 2019-December 31, 2021, excluding prior
SARS-CoV-2 infections. The meta-analysis of observational studies in epidemi-
ology (MOOSE) guidelines were applied. The data were pooled using a fixed-
effects model. Results: Eight-hundred sixty-four healthy controls and 2203
pwMS from 31 studies were included. Antibodies were detected in 93% healthy
controls (HCs), and 77% pwMS, with >93% responses in all DMTs (interferon-
beta, glatiramer acetate, cladribine, natalizumab, dimethyl fumarate, alem-
tuzumab, and teriflunomide) except for 72% sphingosine-1-phosphate modula-
tors (SIPM) and 44% anti-CD20 monoclonal antibodies (mAbs). T-cell
responses were detected in most anti-CD20 and decreased in S1PM. Higher
antibody response was observed in mRNA vaccines (99.7% HCs) versus non-
mRNA vaccines (HCs: 72% inactivated virus; pwMS: 86% vector, 59% inacti-
vated virus). A multivariate logistic regression model to predict vaccine
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response demonstrated that mRNA versus non-mRNA vaccines had a 3.4 odds
ratio (OR) for developing immunity in anti-CD20 (p = 0.0052) and 7.9 OR in
pwMS on S1PM or CD20 mAbs (p < 0.0001). Antibody testing timing did not
affect antibody detection. Conclusion: Antibody responses are decreased in
SIPM and anti-CD20; however, cellular responses were positive in most anti-
CD20 with decreased T cell responses in SIPM. mRNA vaccines had increased
seroconversion rates compared to non-RNA vaccines. Further investigation in
how DMTs affect vaccine immunity are needed.

immunosuppressive effects of DMTs.>” These complica-

Introduction tions include an increased risk of death due to COVID-19

Disease-modifying therapies (DMTs) and immune recon-
stitution therapies (IRTs) are used to treat patients with
MS (pwMS) to decrease relapses, or new MRI lesions in
the brain and spine, and to slow disability progression.'
The coronavirus disease 2019 (COVID-19) pandemic is
concerning in pwMS due to possible increased suscepti-
bility to COVID-19, considering many potential
interactions with the immune system, neurological com-
plications associated with SARS-CoV-2 infection and the

in pwMS who have significant neurological disability.”
Expert consensus has recommended vaccines in pwMS*
and vaccination is critical as developing immunity to
COVID-19 is protective against serious consequences.’
Multiple observational studies have shown a variable
response to SARS-CoV-2 vaccines in pwMS, and several
concerns were raised in regard to the immunogenicity of
these vaccines in this patient population, particularly on
treatment with high efficacy DMTs. This systematic
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review and meta-analysis aim to assess rates of immune
response, including antibody and T-cell mediated, to
SARS-CoV-2 vaccines in pwMS on different DMTs and
IRTs.

Methods

A systematic review was conducted for manuscripts from
January 1, 2019, until December 31, 2021, by two inde-
pendent reviewers who are neurologists (M.D. and G.G.).
MeSH terms in PubMed, Google Scholar, and Embase
included “multiple sclerosis,” “SARS-CoV-27,
“Coronavirus-19”, “vaccines”, and “vaccinations.” Publi-
cations reporting on antibody or cellular immunity data
related to vaccination response in pwMS were included.
Due to limited data available from larger studies, we also
included case reports and case series. Antibody and cellu-
lar response cut-off values were as defined by the manu-
facturer’s assays performed in each study. Preprint
publications not yet peer-reviewed and immune response
to prior COVID infections were excluded as this was not
the focus of this study. The authors were not contacted
for additional information. Duplicates and non-primary
articles were also excluded (Fig. 1). The Newcastle-Ottawa
Scale was used to measure the strength of each study®
(Table S1).

Measurements included age, sex, type of MS treatment,
positive/negative antibody detection, and T cell responses
to SARS-CoV-2. Time after vaccination was completed
(defined as after second dose after mRNA vaccines or
after single dose for other vaccines) and time of anti-
CD20 monoclonal antibody treatment were collected after
the initial analysis as these could be confounders for vac-
cine response (Figs. 2 and 3).

Statistical analysis was performed using SAS version 9.4
(SAS Institute Inc., Cary, NC), Descriptive statistics were
reported. Proportions were compared using either chi-
square tests or Fischer’s exact test, and continuous vari-
ables were compared using Student’s f test or Wilcoxon
rank sum test when appropriate. A multivariate logistic
regression model was developed predicting SARS-CoV-2
antibody positivity by adjusting for anti-CD20 versus
S1PM, time after vaccination was completed, the timing
of anti-CD20 monoclonal antibodies (mAbs), and vaccine
type. Sensitivity analyses were performed by applying dif-
ferent times of CD20 administration with vaccine timing.

Results

We identified 1277 articles and screened 857 after 420
duplicates were removed. We excluded 698 articles and
then assessed 159 articles for eligibility by removing 104
articles that did not investigate the primary aims of this
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review and 24 were not primary articles. Thirty-one arti-
cles were included in the analysis (Fig. 1)

Antibody response to SARS-CoV-2
vaccination

Data from 864 healthy controls and 2203 pwMS were
included. Healthy controls were included from the same
studies as the pwMSs although some studies did not
include controls. Antibody responses to SARS-CoV-2
were detected in 93% of healthy controls (803/864) and
77% (1687/2203) of pwMS. Positive antibodies were
found in 100% pwMS who were not on treatment (215/
215). PwMS on DMTs except for anti-CD20 or SIPM
(sphingosine 1-phosphate modulators) developed >93%
positive antibody responses: 96% pwMS on Dbeta-
interferons (179/187), 95% pwMS on glatiramer acetate
(76/80), 99% on dimethyl fumarate/diroximel fumarate
(200/203), 100% natalizumab (189/189), 100% alem-
tuzumab (20/20), 97% cladribrine (173/178), and 93%
teriflunomide (111/120). Seventy-two percent of S1PM
(197/274) and 44% (327/737) of pwMS on anti-CD20
mAbs had positive antibody responses (Fig. 2).

SARS-CoV-2 vaccination type

Vaccinations in healthy controls included mRNA (73.5%,
650/864), inactivated virus (24.8%, 635/8640), vector in
0.2% (2/864), and unknown in 1.55% (13/864). For
healthy controls, mRNA vaccinations resulted in 99.7%
(633/635) and 72.4% (155/214) of inactivated virus with
positive antibodies. For pwMS, mRNA was the most
common vaccine administered (90.0%, 1982/2203), fol-
lowed by inactivated virus (6.8%, 150/2203), unknown
(2.6%, 57/2203), and vector (0.6%, 14/2203). PwMS who
received mRNA vaccines had the highest rates of COVID-
19 seropositivity 78.2% (1549/1982), with 85.7% (12/14)
in vector vaccines, and 58.7% (88/150) for the inactivated
viral vaccine (p < 0.0001). Similar trends were seen in the
DMTs where nearly all pwMS who received mRNA vacci-
nes had seropositivity except for pwMS on CD20 or SIP
modulators, with lower seropositivity noted with vector
or inactivated viral vaccines (Table 1).

Antibody assays in anti-CD20 monoclonal
antibody treatments

We also compared immune responses to two different
anti-CD20 mAbs, rituximab, and ocrelizumab. Ocre-
lizumab is a fully humanized mAb and rituximab is a chi-
meric (mouse/human) mAb. Out of 737 patients on anti-
CD20, 63 patients were on rituximab and 534 patients
were on ocrelizumab. We then performed subgroup
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Figure 1. Flow chart of systematic review of SARS-CoV2 vaccination responses in patients with multiple sclerosis.

analyses within the anti-CD20 mAb cohort and compared
the proportions of patients who had a positive antibody
response. However, pwMS on anti-CD20 mAbs who
received the mRNA vaccines had 44.6% (300/673) posi-
tive antibodies as compared to 27.6% (8/29) who received
the inactivated viral vaccine (chi-square test, p = 0.071).
Time when antibody testing was performed after the sec-
ond vaccine dose did not affect response.

When we compared pwMS on ocrelizumab versus
rituximab, 60.5% (46/76) of rituximab patients had a
positive antibody response as compared to 40.6% (226/
556) of ocrelizumab patients (chi-square test, p = 0.001,
Fig. 3). We then performed a multivariate logistic regres-
sion model to determine whether vaccine response was
affected by anti-CD20 type (ocrelizumab versus ritux-
imab) and vaccine type (mRNA versus non-mRNA vacci-
nes) with controlling for test time. In this logistic
regression model, the specific CD20 immunotherapy did
affect the probability of developing a protective humoral

response with an odds ratio (OR) of 3.068 in rituximab
as compared to ocrelizumab (95% confidence interval
(CI): 1.639, 5.745; p = 0.0005) and time when antibodies
were tested after immunization did not affect odds of
positive antibodies (OR 1.142, 95% CI 0.585-2.229,
p = 0.6983). Moreover, receiving the mRNA vaccine ver-
sus a non-mRNA vaccine resulted in a 3.437 OR for
developing immunity (95% CI: 1.447, 8.166; p = 0.0052).

Antibody assays in anti-CD20 monoclonal
antibodies and fingolimod treated pwMS

We then compared antibody responses in anti-CD20
mAbs (N =579) versus fingolimod or siponimod
(N = 180). The other SIPM was excluded (ozanimod)
due to not knowing which S1PM were included or which
vaccine was administered. When examining vaccine
response in pwMS on CD20 mAbs and fingolimod by
type of vaccine, higher rates of antibody responses were

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1323



COVID Vaccines in MS G. Y. Gombolay et al.

A B

100+ 1001 — [ Negative
Il Positive
754 754
= =
@
O 50- § 50
o [
o o
25+ 254
0- 0-

HC PwMS NoDMTIFN GA DMF CdA TER NTZ ALZ S1PMCD20
Disease Modifying Therapy

Figure 2. (A) Proportions of positive SARS-CoV2 antibodies after vaccination in healthy controls (HC) as compared to patients with MS (PwMS).
(B) Proportions of positive SARS-CoV2 antibodies after vaccination in PWMS by type of DMT (disease-modifying therapy), including interferon-beta
(IFN), glatiramer acetate (GA), dimethyl fumarate/diroximel fumarate (DMF), cladribine (CdA), teriflunomide (TER), natalizumab (NTZ), alem-
tuzumab (ALZ), sphingosine-1 phosphate modulators (S1PM), and anti-CD20 monoclonal antibodies (CD20).
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Figure 3. (A) Proportion of patients on anti-CD20 monoclonal antibodies (mAbs) and sphingosine-1-phosphate modulators with positive SARS-
CoV-2 antibodies by vaccine type (mRNA vaccine versus non-mRNA vaccine). (B) Proportion of patients who were positive for SARS-CoV-2 anti-
bodies post-vaccination by anti-CD20 mAbs.

noted in mRNA vaccines (54%, 330/612) as compared to 53% (264/499) who received BNT162b2 mRNA vaccine
non-mRNA vaccines (27%,16/59, chi-square p < 0.0001). (chi-square p-value = 0.2894). Timing of antibody assay
No differences were observed in mRNA vaccine type with after the second vaccination did not affect the rates of
58% (66/113) in mRNA-1273 vaccines as compared to antibody positivity, with 54% (216/398) and 53% (108/
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Table 1. Grouped data from all 31 publications.

COVID Vaccines in MS

Patient population

SARS-Cov-2 antibody positive/Total, % (N)

ALL

Vaccine type

mRNA

Inactivated viral

Vector

Unknown

Healthy controls

Multiple sclerosis (Total)

Untreated
Interferon-beta

Glatiramer acetate
Dimethyl fumarate/Diroximel fumarate

Cladribine
Teriflunomide
Natalizumab
Alemtuzumab

Sphingosine-1 phosphate modulators (Total)

Fingolimod
Unspecified

Anti-CD20 mAb (Total)

Ocrelizumab
Rituximab
Unspecified

92.9 (803/864)
76.6 (1687/2203)
100 (215/215)
95.7 (179/187)
95.0 (76/80)
98.5 (200/203)
97.2 (173/178)
92.5 (111/120)
100 (189/189)
100 (20/20)
71.9 (197/274)
72.7 (160/220)
68.5 (37/54)
44.4 (327/737)
40.6 (226/556)
60.5 (46/76)
61.8 (47/76)

99.7 (633/635)

78.2 (1549/1982)

72.4 (155/214)
58.7 (88/150)

100 (2/2)
85.7 (12/14)

100 (13/13)
66.7 (38/57)

100 (206/206) - - 100 (9/9)
99.4 (158/159) 75.0 (21/28) - -

100 (65/65) 73.3(11/15) - -

100 (176/176) 88.9 (24/27) - -

99.4 (164/165) 42.9 (3/7) 100 (6/6) -

100 (99/99) 57.1(12/21) - -

100 (183/183) - - 100 (6/6)
100 (19/19) 100 (1/1) - -

75.5 (179/237) 36.4 (8/22) 75.0 (6/8) 57.1 (4/7)
76.8 (152/198) 36.4 (8/22) 75.0 (6/8) -

71.1 (32/45) - - 57.1 (4/7)
44.6 (300/673) 27.6 (8/29) — 54.3 (19/35)
39.5 (211/534) - - 68.2 (15/22)
66.7 (42/63) - - 30.8 (4/13)
61.8 (47/76) 27.6 (8/29) - -

Proportion of subjects who had positive antibody responses after COVID-19 vaccination, listed by diagnosis and treatment, and vaccine type.

Bolded titles are patient groupings.
pwMS, patients with multiple sclerosis; mAb, monoclonal antibody.

217) in the combined anti-CD20 and S1PM group had
detectable antibodies when tested at <1 month and
>1 montbh, respectively (chi-square, p = 0.0895).

We then performed a logistic regression model predict-
ing vaccine response with CD20 mAb versus fingolimod,
mRNA vaccine versus non-mRNA vaccine, mRNA vaccine
type, and test time as predictor variables. PwMS on
S1PM were more likely to develop an antibody response
with an OR of 7.86 (95% CI 4.984-12.389, p < 0.0001) as
compared to CD20 mAb. The mRNA vaccine increased
odds of response 5.472 (95%CI 2.701-11.088, p < 0.0001)
as compared to non-mRNA vaccines with no differences
observed between mRNA-2173 versus BNT 162b2 (1.250,
95%CI 0.827-1.890, p = 0.2900). Time after vaccination
for antibody testing did not affect probability of antibody
detection (OR 1.028, 95% CI 0.795-1.328, p = 0.8354).
Sensitivity analysis including the timing of anti-CD20
administration in relation to the timing of vaccination
was included and the model of mRNA versus non-mRNA
vaccine response remained robust (OR 2.406 to 3.962).

For fingolimod, 88% (137/156) of mRNA vaccines had
seropositivity as compared to 8/22 (36%) of non-mRNA
vaccines (p < 0.0001). In a logistic regression model,
mRNA vaccination resulted in a 6.5 OR for seropositivity
(95% CI 1.949, 21.680, p = 0.0023) as compared to non-
mRNA vaccines. No differences within mRNA vaccine
type were observed (96%, 25/26 mRNA-1273 as

compared to 82% (112/130) BNT162b2 mRNA vaccines—
Fisher’s exact test, p = 0.1547). The mRNA vaccine type
and test time to predict vaccine response were examined
in this model but the results were not significant
(Table 2).

Neutralizing assays were performed in four studies.
One study found that 17% (4/24) of patients on fin-
golimod had neutralizing antibodies as compared to
healthy controls (100%, 69/69).” The neutralizing anti-
bodies correlated with anti-RBD antibody titers
(p = 0.0024) but p = 0.591 which is a low correlation
coefficient. A case report of a patient on teriflunomide
had a good neutralization response.® Another study look-
ing at neutralization found that 100% of controls (5/5)
and untreated pwMS (5/5) had neutralizing antibodies,
with decreased neutralization in CD20 and S1PM. This
study also showed an association between neutralization
and RBD antibodies with a significant but low correlation
coefficient (p = 0.5604 and 0.0156).” Neutralization anti-
bodies were decreased CD20 compared to controls.'

Cellular response to SARS-CoV-2 vaccination

. . 7,9-12,36 13 .
Six studies and one case report ~ examined T-cell

responses in pwMS on DMTs. Three studies used
interferon-y (IFNg) release assays, two used activation-
induced markers (AIM), and one used the T-Detect assay.
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Table 2. Logistic regression models in patients with MS on anti-CD20
monoclonal antibodies or fingolimod.

Variable OR 95% ClI p value
Anti-CD20 mAb and fingolimod
DMT
CD20 mAb Reference Reference Reference
Fingolimod 7.86 4.984, 12.389 <0.0001
Vaccine type
Non-mRNA Reference Reference Reference
mRNA 5.472 2.701, 11.088 <0.0001
BNT162b2 Reference Reference Reference
mRNA-1273 1.250 0.827, 1.890 0.2900
Test time*
30 days or less Reference Reference Reference
More than 30 days 1.028 0.795, 1.328 0.8354
Anti-CD20 mAb
Ocrelizumab Reference Reference Reference
Rituximab 3.068 1.639, 5.745 0.0005
Vaccine type
Non-mRNA Reference Reference Reference
mRNA 3.437 1.447, 8.166 0.0052
Test time*
30 days or less Reference  Reference Reference
More than 30 days 1.142 0.585, 2.229 0.6983
Fingolimod
Vaccine type
Non-mRNA Reference Reference Reference
mRNA 6.500 1.949, 21.680 0.0023
Test time*
30 days or less Reference Reference Reference
More than 30 days 1.398 0.902 (2.1660 0.1337

Bolded titles are each patient grouped by DMTs.

OR, odds ratio; Cl, confidence interval; mAb, monoclonal antibody;
DMT, disease-modifying therapy.

*Test time: timing of antibody testing after second vaccine dose.

For the IFN-y release assays, 100% (93/93) of controls
and 91% (50/55) of pwMS on CD20 mAbs developed
positive responses.”'"> As for other DMTs, when mea-
suring cellular responses through IFNg release, 89% (25/
28) IFN-B, 70% (14/20) Cladribine, and lowest in fin-
golimod with 14% (5/35).”

One study by Apostolidis et al.' using AIM found that
100% of CD20 patients had CD4 and CD8 T cell
responses after vaccination in all pwMS on anti-CD20
therapy, even in those who failed to generate anti-
receptor binding domain (RBD) IgG.'® Another study by
Sabatino et al.” using AIM had different results. This
study examined CD4" and CD8" T cells pre- and post-
vaccination in healthy controls and pwMS (untreated,
glatiramer acetate, dimethyl fumarate, natalizumab, S1P
modulators, rituximab, and ocrelizumab).” CD4" T cells
increased in all groups including controls and pwMS
post-vaccination as compared to pre-vaccination CD4" T

G. Y. Gombolay et al.

cells, except for SIP modulators which had no difference
pre and post-vaccination. For spike tetramer-positive
CD8" T cells, about 40% of controls and 27% to 56% of
MS (untreated, glatiramer acetate, dimethyl fumarate,
natalizumab, S1P modulators, rituximab, and ocre-
lizumab), patients developed post-vaccination CD8" T
cells with the lowest in the SIP group.” In addition, T
cells are capable of recognizing mutant SARS-CoV-2 vari-
ants that partially escape humoral-based immunity."
Another assay to detect SARS-CoV-2 specific T cells is
the T-Detect assay, which sequences T-cell receptors
(TCR) to identify SARS-CoV-2 TCR sequences. When
used in ocrelizumab patients who had negative SARS-
CoV-2 antibodies, 100% (27/27) had positive SARS-CoV-
2 T cells.”®

Discussion

MS is a chronic inflammatory, demyelinating, and neu-
rodegenerative disease affecting the central nervous sys-
tem. The SARS-CoV-2 pandemic has presented a clinical
concern for patients with multiple sclerosis (pwMS) as
treatments may increase adverse outcomes in SARS-CoV-
2 infection.””

Vaccine-mediated immunity

Immunological studies have shown a coordinated interac-
tion between T and B lymphocytes of the adaptive
immune system for immunological memory and produc-
tion of neutralizing antibodies following recognition of
vaccine antigens by innate immune cells.”® The different
types of SARS-CoV-2 vaccines include mRNA vaccines
(BNT162b2 or mRNA-1273), vector-mediated, and inacti-
vated virus. These vaccines induce robust humoral and
cellular immune responses against the SARS-CoV-2 spike
protein.’**’ Quantitative measurement of SARS-CoV-2
antibodies is used to approximate a protective antibody
response, as receptor-binding domains antibodies have
been shown to be neutralizing against infection.*' The
mRNA vaccines were more likely to produce an antibody
response in controls and pwMS as compared to other
vaccines, especially the inactivated viral vaccine. The
majority of patients with measured responses to the inac-
tivated viral vaccine were from a single study'* that also
used a different antibody detection assay than the other
studies, so the differences observed could be either the
vaccine itself or the assay performed. However, the assay
has been validated, so the differences are most likely due
to the vaccine type.

Vaccine immunity involves both B-cell-mediated anti-
body responses and T-cell responses.'® T cells are critical
to generate antibody-producing plasma cells, long-lived
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memory cells, and to eliminate virus-infected cells. Early
and robust T-cell responses have been associated with
mild or asymptomatic COVID-19 infection even when
antibodies are absent.*” *® Additionally, T cells can recog-
nize mutant SARS-CoV-2 variants that partially escape
humoral-based immunity.'® It is still unclear which com-
bination of the immune responses is responsible for the
best immunity to SARS-CoV-2, both in healthy subjects
and in patients on B and T cell-depleting therapies. Pro-
tective humoral responses vary by vaccine type,*” but this
highlights the need for vaccination for any potential pro-
tective immunity. Factors that may affect antibody
responses including DMT, lymphopenia, and age, but the
majority of older patients, including 85 years old or older
will develop an immune response, so age is less likely to
be a factor.

DMTs can affect immune responses to SARS-CoV-2
vaccines. DMTs that do not seem to affect vaccine
responses are beta-interferons, glatiramer acetate, teri-
flunomide, dimethyl/diroximel fumarate, and natal-
izumab. Interestingly, decreased antibody response to the
influenza vaccine has been observed in natalizumab,*®
whereas 100% of pwMS on natalizumab in this meta-
analysis demonstrated seropositivity to SARS-CoV-2 vac-
cination. PWMS on immune reconstitution therapies such
as alemtuzumab and cladribine also had SARS-CoV-2
antibody responses, although 93% of cladribine patients
had positive antibodies, with 99% response to mRNA
vaccines. The most profound effect observed was associ-
ated with anti-CD20 mAbs and S1P1 modulators, with
decreased detection of SARS-CoV-2 antibodies. However,
T cell responses were observed in the majority of patients
on CD20 mAbs despite blunted humoral responses. Since
anti-CD20 mAbs and S1P1 modulators had the most sig-
nificant impact on antibody response to SARS-CoV2 vac-
cinations, we focus on mechanisms of vaccine responses
in these two DMT classes.

Anti-CD20 mAbs

Anti-CD20 mAbs had the greatest effect on antibody
response in all the DMTs. This observation may be logical
since anti-CD20 mAbs deplete B cells and B cells produce
antibodies. However, antibodies are primarily produced
by long-lived plasma cells. Plasma cells do not express
CD20 and persist despite prolonged anti-CD20 mAb
administration.”” Interestingly, even though anti-CD20
mAbs do not eliminate plasma cells, anti-CD20 mAbs
affect antibody production including IgG by CD20-
negative long-lived plasma cells that are produced prior
to any anti-CD20 administration and should not be
affected by anti-CD20 medications. Some studies report
that the timing of vaccination versus infusion affects the

COVID Vaccines in MS

likelihood of seropositivity, whereas others do not. The
presence of CD19" and/or CD20" cells were associated
with an increased likelihood of antibody response in some
studies” 1'% but not in others'®'>%%; the presence of
CD19'/CD20" cells is somewhat correlated with tim-
ing''>1719%0 but was not consistently in all patients.'®

This observation highlights the mechanism by which
anti-CD20 mAbs decrease the antibody response to vac-
cines. Naive B cells express CD20 and are activated upon
encounter with specific antigen. They then differentiate to
mature B cells through multiple steps, including prolifera-
tion, which may or may not require T cell help. After
proliferation, B cells then differentiate into short-lived
plasma cells, germinal center (GC) B cells, and/or mem-
ory B cells. The short-lived plasma cells remain in periph-
eral lymphoid tissues and can give rise to CD20-negative
long-lived plasma cells. GC B cells can also give rise to
long-lived plasma cells.”’ While CD20 mAbs reduce circu-
lating CD20" B cells, CD20 mAbs may not be able to effi-
ciently clear the B cells that reside in secondary lymphoid
organs and tissues.*” Long-lived plasma cells also reside in
the bone marrow and pathogenic antigen-secreting cells
may continue to arise from GC B cells and autoreactive
memory B cells.”’ >* Thus, it may be GC or memory B
cells that are being targeted by anti-CD20 mAbs and
reducing inflammation in MS.

We observed that a higher proportion of patients
developed positive antibody responses in rituximab versus
ocrelizumab. Rituximab is a chimeric monoclonal anti-
body whereas ocrelizumab is a humanized monoclonal
antibody.” As compared to rituximab, ocrelizumab binds
to an alternate but overlapping epitope and in vitro stud-
ies have reported that ocrelizumab has enhanced
antibody-dependent cell-mediated cytotoxicity and less
complement-dependent cytotoxicity than rituximab.’®>’
Thus, one possible explanation for the increased serologic
response in rituximab could be that ocrelizumab is poten-
tially more effective at depleting B cells. However, in
pwMS on anti-CD20 mAbs who received mRNA vaccines,
a higher proportion of patients on rituximab (27%)
received the mRNA-1273 vaccine as compared to ocre-
lizumab (8%) (Fischer’s exact test, p = 0.009) and the
type of CD20 mAb did not correlate with positive anti-
body responses in the multivariate logistic regression
model. The type of mRNA vaccine may explain the differ-
ences in antibody response in rituximab versus ocre-
lizumab.

Other factors such as timing of vaccines related to anti-
CD20 mAb infusions and lymphocyte counts likely affect
both serological and cell-mediated responses to vaccina-
tions, which were not included in the analyses due to lim-
ited data. This is a limitation of our analysis. However,
some studies associated higher vaccine antibody levels
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with higher lymphocyte'® or B cell counts,'™'>'” whereas

other studies found no correlation with B cell counts or
lymphocyte counts with seropositivity.”>*' Additionally,
timing of infusions related to vaccination affected anti-
body response in that a longer time that had passed from
the last infusion to vaccination was more likely to result
in positive antibody response.”>*> For example, antibodies
may be more likely to be detected farther away from vac-
cination such as 143 days after vaccination,'® suggestive
of a delayed immune response.'” However, since our
analysis did not support this hypothesis, it may the tim-
ing of infusion that is affecting this response. While the
timing of infusion in relationship with vaccination was
not available for most patients, sensitivity analysis showed
in our model with vaccine type that infusion timing did
not affect antibody response. Also, despite B cell deple-
tion, some pwMS still had detectable antibodies in ocre-
lizumab?* and in other DMTs, such as alemtuzumab.?’

However, while B-cell-depleting therapies may reduce
anti-SARS-CoV-2 antibodies and memory B cell
responses, in contrast, the majority of patients had evi-
dence of vaccine-generated antigen-specific CD4" and
CD8" T-cell responses following vaccination with mRNA
vaccines, due to T cell priming.'®"!

Sphingosine-1 phosphate modulators

S1PM also reduced antibody responses to SARS-CoV-2
vaccination in pwMS. Decreased antibody response to
other vaccines has been reported in influenza®® although
as high as 85% response in pwMS on fingolimod.”® Lower
rates of antibody response to tetanus toxoid vaccine as
compared to influenza vaccine has also been noted in
pwMS on fingolimod®® and decreasing varicella-zoster
viral antibodies after starting fingolimod.”® SIPM decrease
S1P receptor expression on lymphocytes, which prevents
their egress from lymph nodes. Therefore, lymphocytes
do not circulate to the central nervous system and inhibit
inflammatory responses.”” SIPM has shown to decrease
antibody-ssecreting cells and immunoglobulins potentially
by its effects on dendritic cells (DCs), follicular T help
cells (Tth), and T helper (Th) cell subsets, including Thl,
Th2, and Th17, in the spleen. Fingolimod has been shown
to decrease the migration of DCs to the spleen. DCs are
important antigen-presenting cells that interact with B
cells and CD4™ naive T cells to initiate Tfh. Tth, Th2, and
Th17 cells to generate humoral responses. By reducing
DCs, Tfh, and Th cells, B cells are less likely to produce
antibodies.®'

Other vaccine studies in siponimod demonstrated that
antibodies to influenza vaccination and to pneumococcal
polysaccharide vaccine, T-cell independent processes, were
comparable to placebo.®® Further studies to compare the

G. Y. Gombolay et al.

differences in SARS-CoV-2 vaccines versus other vaccines
are needed to understand which components promote
immune response and then improve vaccination efficacy.
Additionally, lymphopenia may also affect antibody titers
in SIPM although this was not included in this analysis
due to insufficient data.'” Limited studies are available on
how S1PM affects the cellular response to COVID vacci-
nation; however, T-cell responses to the influenza vaccine
were detected in pwMS on fingolimod.®

Conclusion

Additional studies are needed to further understand the
mechanisms of how vaccines induce immunity in order
to improve immunity in those on DMTs. The studies
included in this meta-analysis were cohorts, case series,
and case studies. Publication may affect the results
although pwMS on anti-CD20 with both positive and
negative antibody responses were published. PwWMS on
anti-CD20 therapy or an S1P-modulator may have
blunted, but not absent, antibody responses to the
COVID-19 vaccines. Nevertheless, they likely benefit from
protective or at least partially protective T-cell
responses.’’ This immunity may be sufficient to prevent
symptomatic infection, severe disease or death from
COVID-19. Anti-CD20 treatment may result in a worse
clinical outcome, but this could also be complicated by
data suggesting that pwMS with higher disability have
worse clinical outcomes. Time interval from the last
CD20 mAb administration likely affects vaccine-mediated
antibody responses and thus optimal timing of CD20
mAb administration should be assessed in larger studies.
For pwMS, vaccination to SARS-CoV-2 should occur as
soon as possible prior to starting treatment, especially if
CD20 mAb or S1PM are being considered. However, the
balance of delaying DMTs and IRTs for vaccination must
be weighed against the risk for disease activity.”®®* Vacci-
nations are recommended and are safe in pwMS.°>® Fur-
ther investigation is needed to assess how vaccine types
affect the immunogenic response in pwMS.
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