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Abstract

The impact of distinct disease-modifying therapies (DMTSs) on severe acute res-
piratory syndrome-coronavirus 2 (SARS-CoV-2) vaccination efficacy in patients
with multiple sclerosis (MS) is still enigmatic. In this prospective comparative
study, we investigated humoral and cellular immune-responses in patients with
MS receiving interferon beta, natalizumab, and ocrelizumab pre-vaccination and
6 weeks post second SARS-CoV-2 vaccination. Healthy individuals and interferon
beta-treated patients generated robust humoral and cellular immune-responses.
Although humoral immune responses were diminished in ocrelizumab-treated
patients, cellular immune-responses were reduced in natalizumab-treated pa-
tients. Thus, both humoral and cellular immune responses should be closely
monitored in patients on DMTs. Whereas patients with a poor cellular immune-
response may benefit from additional vaccination cycles, patients with a dimin-
ished humoral immune-response may benefit from a treatment with SARS-CoV-2
antibodies in case of an infection.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

The impact of distinct disease-modifying therapies on severe acute respiratory
syndrome-coronavirus 2 (SARS-CoV-2) vaccination efficacy in patients with mul-
tiple sclerosis (MS) is widely enigmatic.

WHAT QUESTION DID THIS STUDY ADDRESS?

We investigated the efficacy of SARS-CoV-2 vaccination on humoral and cellu-
lar immune-responses in patients with MS treated with interferon beta, natali-
zumab, and ocrelizumab.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) constitutes a sub-
stantial risk for patients with multiple sclerosis (MS). Most
patients with MS receive distinct disease modifying treat-
ments (DMTs) to prevent disease progression. Such treat-
ments can be classified into three categories based on their
mode of action into immune-modulatory, anti-trafficking,
as well as immune-cell depleting therapies and might dif-
ferentially increase the risk associated with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion." As a consequence, patients with MS are prioritized
for vaccination in some countries. SARS-CoV-2 vacci-
nation induces immune protection toward COVID-19
in healthy individuals by generating both humoral and
cellular immune responses.> Previous experience from
other vaccinations suggest reduced vaccination efficacy
in patients treated with some immune-suppressive MS
therapies."* Most studies indicate no effect of the proto-
typic immune-modulating drug interferon beta, which
features a pleiotropic mode of action, including altera-
tion of T-cell differentiation,” on the generation of hu-
moral and cellular immune-responses to influenza.*®
In contrast, B-cell depleting therapies, such as ocreli-
zumab, have been shown to reduce particularly humoral
immune-responses to vaccination against tetanus toxoid
or influenza.” Furthermore, first studies demonstrate re-
duced SARS-CoV-2 antibody titers as a consequence of
vaccination in patients with MS treated with B-cell deplet-
ing therapies.® For anti-trafficking agents, such as natali-
zumab, which primarily acts by inhibiting central nervous
system (CNS) invasion of leukocytes by blocking VLA-4,’
some studies indicated a reduced generation of humoral
immune-responses to influenza,* whereas others did not
find differences in humoral vaccine efficacy against teta-
nus toxoid or keyhole limpet hemocyanine.

Although the impact of DMTs on the humoral vacci-
nation response has been well studied in MS, their impact
on cellular vaccination response remains enigmatic. To

ASCPT

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Although the SARS-CoV-2 vaccination generated a robust humoral and cellu-
lar immune response in both healthy individuals and interferon beta-treated
patients, humoral responses are diminished in ocrelizumab-treated patients and
cellular immune responses are reduced in natalizumab-treated patients.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

Our results may assist individual risk management of patients with MS treated
with distinct therapies by suggesting improved exposition prophylaxis and post-
exposition treatment with monoclonal SARS-CoV-2 antibodies for ocrelizumab
patients and additional vaccination cycles for natalizumab patients.

obtain clinical guidelines for patients with MS, we stud-
ied the effects of prototypic DMTs—namely the immune
modulatory interferon beta, the anti-trafficking agent na-
talizumab, and the B-cell depleting therapy ocrelizumab
on both humoral and cellular antigen-specific immune
responses to SARS-CoV-2 vaccination.

METHODS

Forty-one patients with MS treated with interferon
beta (n = 13), natalizumab (n = 9), or ocrelizumab
(n = 19) and 30 healthy individuals were recruited at
the Department of Neurology of the University Clinic in
Miinster between February and December 2021 (Figure
S1A, Table 1). EDTA-blood and serum samples were
withdrawn prior to the first SARS-CoV-2 vaccination and
6 weeks following the second vaccination. Peripheral
blood mononuclear cells (PBMC) were isolated using
Lymphoprep density gradients and cryo-conserved.'
Serum was aliquoted and frozen at —80°C. Antibody ti-
ters were determined in serum by SARS-CoV-2 S1/RBD
IgG Ab ELISA (IBL International) and titers above 11
units/ml were considered as a positive result, as recom-
mended by the manufacturer. T-cell responses were in-
vestigated in thawed PBMC. For proliferation analysis,
PBMC were stained with eFluor670 (ThermoFisher) fol-
lowing the manufacturer’s instructions and 2 x 10° cells/
ml were incubated in RPMI/10% fetal bovine serum
(FBS) +5 ug/ml recombinant SARS-CoV-2 spike protein
(Miltenyi Biotech) for 5 days. After 2 days 125 U/ml IL-2
(Invitrogen) were added. Proliferation was determined by
flow cytometry (Cytoflex, Beckman Coulter) in CD4 and
CD8 memory T cells (ZombieNIR™CD45FSC°VSSC'oY
CD3*CD56 CD4/~CD8*~CD45R0O*and CD45RO"CD27")
by eFluor670 dilution. Cytokine production was ana-
lyzed in overnight rested PBMC following incubation in
RPMI/10% FBS +10 upg/ml SARS-CoV-2 protein/1 ug/
ml CD28.2 (BD Biosciences) for 6 h. After 2 h, 10 ug/
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TABLE 1 Patient demographics

HD
n 30
Median age, years (25%—75%) 40 (30-53)

Females 19/30 (63.33%)
Median disease duration, years (25%—75%) NA
Median treatment duration, years (25%—75%) NA
Median last treatment cycle, days (25%—75%) NA

Previous SARS-CoV-2 infection 0/30 (0%)
Vaccine
BNT162b2 (Pfizer-BioNTech)
mRNA-1273 (Moderna)

AZD1222 (AstraZeneca) 1/30 (3.33%)

AZD1222 (AstraZeneca) + BNT162b2 0/30 (0%)
(Pfizer-BioNTech)
AZD1222 (AstraZeneca) + mRNA-1273 0/30 (0%)

(Moderna)

4/30 (16.13%)
25/30 (83.33%)

INF-B NAT OCR

13 9 19

42 (32-54) 37 (31-44) 48 (31-57)
10/13 (76.92%) 9/9 (100.0%) 8/19 (42.11%)

9.71 (5.92-10.80)
8.16 (5.33-9.81)

8.86 (4.80-12.30)
5.03 (1.86-9.12)

12.76 (4.21-19.28)
2.92 (1.63-3.72)

Continuous Continuous 182.0 (168.0-226.0)
0/13 (0%) 0/9 (0%) 0/19 (0%)

10/13 (76.92%) 8/9 (88.89%) 16/19 (84.21%)
1/13 (7.69%) 0/9 (0%) 3/19 (15.79%)

0/13 (0%) 0/9 (0%) 0/19 (0%)

0/13 (0%) 1/9 (11.11%) 0/19 (0%)

2/13 (15.38%) 0/9 (0%) 0/19 (0%)

Abbreviations: HD, healthy donors; INF-p, interferon beta; NA, not applicable; NAT, natalizumab; OCR, ocrelizumab.

ml Brefeldin A (ThermoFisher) was added. Cells were
stained for flow cytometry using lineage defining antibod-
ies prior to intracellular staining of cytokines using Fix +
Perm solution (ThermoFisher) according to the manufac-
turer’s instructions.

Statistical analyses of resulting data were performed
with GraphPad Prism V6 using Wilcoxon matched-pairs
signed-rank test; *p < 0.05, **p < 0.01, **p < 0.001,
D < 0.0001.

This study was performed according to the Declaration
of Helsinki following approval of the local ethics commit-
tee under 2010-182-f-S. All participants signed informed
consent.

Data will be available upon request from the corre-
sponding authors.

RESULTS

To investigate the effect of distinct DMTs on humoral
immune response to SARS-CoV-2 vaccination, SARS-
CoV-2 spike antibodies were determined in serum of
healthy individuals and patients with MS treated with
distinct DMTs prior vaccination and 6 weeks following
the second vaccination (Figure S1A, Table 1). None of
the participants had previous clinical signs or symptoms
of COVID-19 as supported by negative baseline antibody
titers (Table 1, Figure 1a). Healthy individuals, and in-
terferon beta and natalizumab-treated patients generated
comparable amounts of SARS-CoV-2 spike protein anti-
bodies, whereas antibodies were only detected in three of
19 ocrelizumab-treated patients investigated for antibody

titers (Figure 1a). One ocrelizumab patient with partly re-
covered B cell frequencies (pre-vac.: 0.04%/lymphocytes,
post-vac.: 4.46%/lymphocytes) 6 weeks following second
vaccination generated an antibody titer comparable to
healthy individuals (Figure 1la, black box). These data
indicate that B-cell depleting ocrelizumab diminishes
humoral immune responses to vaccination against SARS-
CoV-2, whereas it is sustained under interferon beta and
natalizumab therapy. Because anti-viral vaccination ef-
fects are not limited to humoral responses, we determined
the impact of distinct DMTs on T-cell proliferation and
cytokine production in response to SARS-CoV-2 spike
protein ex vivo (Figure S1A). Following vaccination, in-
terferon beta and ocrelizumab-treated patients exhibited
enhanced T-cell responses to spike proteins compared
to prior vaccination, including proliferation of CD8 and
CD4 memory T cells as well as TNF-a and IL-2 produc-
tion by CD4 memory T-cells (Figure 1b). T-cell prolifera-
tion and cytokine production were comparable between
interferon beta-treated patients and healthy controls,
whereas cytokine production by CD4 memory T-cells was
enhanced in ocrelizumab-treated patients (Figure 1b). In
contrast, CD8 and CD4 memory T-cell responses were di-
minished in patients treated with natalizumab, pointing
toward an impaired cellular immune-response in these
patients.

DISCUSSION

Our data exemplify that distinct immune-modulatory
therapies have an impact on generating a full vaccination
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FIGURE 1 Humoral and cellular immune responses to SARS-CoV-2 proteins in patients with MS under disease-modifying

therapy upon vaccination. (a) Humoral immune responses. Left: Proportion of B cells (CD197CD20™) within lymphocytes
(CD45"FSCVSSC'*"Zombie™) quantified by flow cytometry of PBMC isolated prior first (open symbols) and 6 weeks after second
vaccination (closed symbols) from 30 healthy donors (HD, blue) and 41 patients with MS under therapy with interferon beta (IFN-f, green,
n = 13), natalizumab (NAT, orange, n = 9), or ocrelizumab (OCR, red, n = 19). Right: SARS-CoV-2 spike protein antibody titers in the
serum of 30 HD and 41 patients with MS (13 IFN-f, 9 NAT, and 19 OCR). The green line indicates the threshold for positive Ab evaluation.
(b) Cellular immune responses investigated in PBMC from 30 HD and 41 patients with MS (13 IFN-f, 9 NAT, 19 OCR). Reactivity of CD4
memory T cells and CD8 memory T cells in response to SARS-CoV-2 spike protein in vitro. Top: Representative dot plots for proliferation
and TNF-a production of CD4 memory T cells. Center: Proliferation of CD8 and CD4 memory T cells; bottom: TNF-a and IL-2 production
of CD4 memory T cells. Error bars indicate the median with interquartile range. Statistical analyses were performed with GraphPad Prism
V6 using Wilcoxon matched-pairs signed-rank test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. HD, healthy donors; MS, multiple
sclerosis; PBMC, peripheral blood mononuclear cell; SARS-CoV-2, severe acute respiratory syndrome-coronavirus 2

response to SARS-CoV-2 with some therapies predomi-
nantly affecting the humoral (i.e., the B-cell depleting ther-
apy ocrelizumab) and others the cellular immunity (i.e., the
trafficking agent natalizumab; Figure S1B). In line with pre-
vious observations regarding influenza vaccination,*"'™*>
interferon beta does not impair humoral and cellular re-
sponses toward SARS-CoV-2 vaccination. In contrast,
we observed diminished humoral immune responses in
ocrelizumab-treated patients, proposing that B-cell deplet-
ing therapies prevent development of protective antibody
levels, whereas cellular immune-responses were not im-
paired. Our results confirm earlier observations® of a larger
cohort; thus, validating the sensitivity of the applied meth-
ods. Notably, the cellular immune response was enhanced
in these patients compared with healthy individuals. So far,
it remains enigmatic whether a robust cellular vaccination
response is sufficient to prevent severe disease courses in
case of a COVID-19 infection. Thus, additional safety meas-
ures should be considered to prevent virus exposition. In
case of COVID-19 infection, ocrelizumab-treated patients
may benefit from treatment with anti-SARS-CoV-2 mono-
clonal antibodies like bamlanivimab,'® etesevimab, casiriv-
imab,'” imdevimab, or sotrovimab.'®

In contrast to interferon beta and ocrelizumab, the
effect of natalizumab on vaccination efficacy in general
has yet to be resolved. Whereas some studies report main-
tained development of protective antibody titers against
recall (tetanus toxoid) and neoantigens (keyhole limpet
hemocyanin),’® others find reduced humoral responses
toward influenza vaccination.*'*'>%° Here, we clearly
demonstrated that natalizumab treatment of patients
with MS has no impact on humoral immune response
to SARS-CoV-2 vaccination, whereas it diminishes cel-
lular immune responses. The blockade of VLA-4 by na-
talizumab primarily inhibits extravasation of leukocytes
into the CNS. Less well-known effects of VLA-4 blockade
include alterations in T-cell activation by interferences
with T-cell/antigen-presenting cell interaction, as well
as increase T-cell suppression by regulatory lymphocyte
subsets, which may contribute to the observed reduced T-
cell proliferation compared to healthy controls and other

DMTs in natalizumab-treated patients with MS. For ex-
ample, preclinical infection models revealed reduced IL-
12p40 mRNA levels in dendritic cells as well as reduced
T-cell activation, including cytokine production as a con-
sequence of blockade of VLA-4/VCAM-1 interaction.”
Furthermore, VLA-4 blockade directly affects T-cell/APC
interaction by altering the formation of the immuno-
logical synapse” and respective knock-out experiments
showed a skewing of T-cell differentiation toward regu-
latory subsets.”® VLA-4 is involved in antigen-dependent
stimulation of T cells by modulating SLP-76 phosphor-
ylation.** In addition, natalizumab therapy results in an
increase of NK cells in the blood, which are known to
suppress antigen-activated T cells.'® In summary, VLA-4
blockade affects T-cell activation directly by interfering
with antigen-presentation and costimulation as well as
indirectly by strengthening regulatory lymphocytes, thus
providing possible explanations for the reduced efficacy
of SARS-CoV-2 vaccination on cellular immune responses
in natalizumab-treated patients with MS. Although
natalizumab-treated patients benefit from SARS-CoV-2
vaccinations by developing protective antibody titers,
their long-term protection by T-cell mediated immunity
may be impaired. Thus, these patients may benefit from
additional vaccination cycles to boost cellular immunity.

We are well-aware of the shortcomings of this study. Due
to the limited sample size further studies are warranted to
confirm these data in a larger cohort and to elucidate long-
term vaccination efficacy. Furthermore, longitudinal stud-
ies could elucidate the efficacy of additional vaccination
cycles on humoral and cellular immune responses.

In summary, our results emphasize the requirement to
monitor both humoral and cellular immune responses to
assess vaccination efficacy. Thereby, we were able to derive
clinical guidelines to optimize risk management of pa-
tients with MS treated with distinct immune-modulating,
anti-trafficking, and immune-cell depleting therapies
by improved exposition prophylaxis and post-exposition
treatment with monoclonal SARS-CoV-2 antibodies for
ocrelizumab-treated patients and additional vaccination
cycles for natalizumab-treated patients.
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