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Abstract
Background: There is limited knowledge about T cell responses in patients with multiple sclerosis (MS)
after 3 doses of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) mRNA vaccine.
Objectives: Assess the SARS-CoV-2 spike antibody and T cell responses in MS patients and healthy con-
trols (HCs) after 2 doses (2-vax) and 3 doses (3-vax) of SARS-CoV-2 mRNA vaccination.
Methods:We studied seroconversion rates and T cell responses by flow cytometry in HC and MS patients
on fingolimod or ocrelizumab.
Results: After 2-vax, 8/33 (24.2%) patients in ocrelizumab group, 5/7 (71.4%) in fingolimod group, and
29/29 (100%) in HC group (P= 5.7× 10−11) seroconverted. After 3-vax, 9/22 (40.9%) patients in ocreli-
zumab group, 19/21 (90.5%) in fingolimod group, and 7/7 (100%) in HC group seroconverted (P=
0.0003). The percentage of SARS-CoV-2 peptide reactive total CD4+ T cells increased in HC and ocre-
lizumab group but not in fingolimod group after 2-vax and 3-vax (P< 0.0001). The percentage of IFNγ and
TNFα producing total CD4+ and CD8+ T cells increased in fingolimod group as compared to HC and
ocrelizumab group after 2-vax and 3-vax (P< 0.0001).
Conclusions: MS patients on ocrelizumab and fingolimod had attenuated humoral responses, but pre-
served cytokine producing T cell responses compared to HCs after SARS-CoV-2 mRNA vaccination.
Clinical Trials Registration: NCT05060354.
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Introduction
Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and the disease caused by it, corona-
virus disease 2019 (COVID-19), has posed many
challenges for patients with multiple sclerosis (MS)
especially those on high efficacy immunotherapies.
Vaccination against COVID-19 is safe in patients
with MS,1,2 but patients on certain disease modifying
therapies (DMTs) may have decreased humoral and
cell-mediated responses to vaccines. Prior studies
have shown that humoral responses to vaccination
are decreased in patients on anti-CD20 therapy with

preserved cell-mediated responses, and that patients
on sphingosine 1-phosphate (S1P) receptor-targeting
therapies have decreased humoral and cell-mediated
responses after 2 doses of vaccine.3–7

Third doses of vaccine in MS patients on a variety of
DMTs were safe without increasing the risk of relapse
activity.8 However, the impact of a 3rd dose of
vaccine on humoral and cell-mediated responses in
patients on high efficacy therapies is still under inves-
tigation. Studies to date have shown that in patients on
anti-CD20 therapy and fingolimod a 3rd dose may
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modestly increase anti-SARS-CoV-2 spike antibody
levels.9 A recent study that examined the capacity
of T cells from ocrelizumab treated patients to
respond to Delta and Omicron spike protein variants
showed that the T cell response was increased after
the 3rd dose.10

The goal of our study is to characterize humoral and
cell-mediated responses after 2 doses (2-vax) and 3
doses (3-vax) of mRNA vaccination in MS patients
on high efficacy immunotherapy and in healthy con-
trols (HC). We also specifically evaluated memory
T cell subsets and cytokine producing CD4 and
CD8 T cells, which provides more detailed analyses
than previously reported.

Materials and methods

Participants and blood samples
Subjects were selected from a research study at the
Brigham’s Multiple Sclerosis Center approved by
the Massachusetts General Brigham Human
Research Committee (IRB # 2021P001156). The
inclusion criteria for the study were: MS patients
meeting 2017 McDonald Criteria,11 aged 18–65 on
fingolimod or ocrelizumab for at least 3 months
prior to their 1st mRNA vaccine (either BNT162b2,
Pfizer-BioNTech, or mRNA-1273, Moderna) and
HCs who also received 2 or 3 doses of mRNA vac-
cines. After informed consent, blood samples were
collected 2–3 months after the 2nd mRNA vaccine
dose (2-vax) and were assessed for SARS-CoV-2
spike antibody, nucleocapsid and immunoglobulin
levels (Supplementary Material, Appendix A). Some
MS patients and HC received a 3rd mRNA vaccine
(3-vax) and had additional blood samples collected
1–2 months later. Patients who developed
COVID-19 infection or had a positive nucleocapsid
antibody (<1.00 COI) were excluded. Demographic
information for each subject, DMT and MS history
was extracted from the Harvard Multiple Sclerosis
Patient Database (2002P001045).

Cell stimulation assay and FACS analysis
Peripheral blood mononuclear cells (PBMCs)
from HC-2-vax (n= 8), fingolimod-2-vax (n= 6),
ocrelizumab-2-vax (n= 10), HC-3-vax (n= 5)
fingolimod-3-vax (n= 10) and ocrelizumab-3-vax
(n= 9) were isolated by density gradient centrifuga-
tion and stimulated with 4 μg/ml of PepTivator®
SARS-CoV-2 Prot_S. Cell stimulation assay and flow
cytometric analysis is described in Supplementary
Materials, Appendix B. Graphs were made using
GraphPad Prism version 8.4.2 (464).

Statistical analysis
The difference in spike antibody levels between
groups was assessed with the Kruskal–Wallis test
for three groups comparisons. The difference in sero-
conversion rates between groups was assessed with
the Fisher’s exact test. Paired samples after 2-vax
and 3-vax were compared using a Wilcoxon signed
rank test and McNemar’s test. Association between
spike antibody levels and immunoglobulins was
examined using Spearman’s correlation coefficient.
Differences in T cell responses between groups was
determined with ordinary one-way ANOVA and
Sidak’s multiple comparisons test. We used P<
0.0001, P< 0.0003, P< 0.005, and P< 0.05 to indi-
cate statistical significance. Statistical analyses were
performed in the statistical package R (http://www.r-
project.org/) for antibody responses and GraphPad
Prism version 8.4.2 (464) for T cell responses.

Results

Baseline demographics of enrolled participants

Second dose vaccine group. The 2-vax cohort con-
sisted of 33 ocrelizumab patients, 7 fingolimod
patients and 29 HC. Blood samples were drawn at a
median [IQR] of 83 [24] days after 2nd dose of
mRNA vaccine for the ocrelizumab group, 95 [19]
days for the fingolimod group, and 76 [24] days for
the HC group. Additional participant demographic
data and information on the subset of participants
that were examined for T cell responsivity are
shown in Table 1.

Third dose vaccine group. The 3-vax cohort con-
sisted of 22 ocrelizumab patients, 21 fingolimod
patients, and 7 HC. Blood samples were drawn a
median [IQR] of 62 [39.8] days after the 3rd dose
of mRNA vaccine for the ocrelizumab group, 62 [4]
days for the fingolimod group, and 70 [7] days for
the HC group. Additional participant demographic
data and information on the subset of participants
that were examined for T cell responsivity are
shown in Table 1.

Anti-SARS-CoV-2 humoral response is reduced in MS
patients compared to HCs
Within the 2-vax group, 13/40 (32.5%) of MS patients
seroconverted compared to 29/29 (100%) in the HC
group (Fisher’s exact test, P= 1.2× 10−9). When
stratified by DMT, the proportion who seroconverted
in the ocrelizumab group was 8/33 (24.2%), com-
pared to 5/7 (71.4%) in the fingolimod group, and
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29/29 (100%) in the HC group (Fisher’s exact test, P
= 5.7× 10−11) (Supplementary Table 1).

The median [IQR] spike antibody level after 2-vax
was <0.4 [0] U/mL in the ocrelizumab group, 3.82
[4.18] U/mL in the fingolimod group, which was sig-
nificantly different from the HC group which had a
median [IQR] spike antibody level of 1659 [1374]
U/mL (Kruskal–Wallis test, P= 8.1× 10−12)
(Figure 1 and Supplementary Table 1).

After the 3rd vaccination, 28/43 (65.1%) of MS
patients seroconverted as compared to 7/7 (100%)
of HC (Fisher’s exact test, P= 0.08). The proportion
who seroconverted in the ocrelizumab group was 9/
22 (40.9%), compared to 19/21 (90.5%) in the fingo-
limod group, and 7/7 (100%) in the HC group
(Fisher’s exact test for difference, P= 0.0003)
(Supplementary Table 1).

The median [IQR] spike antibody level after 3-vax
was <0.4 [20.1] U/mL in the ocrelizumab group,
19.3 [215.4] U/mL in the fingolimod group, which

was significantly different when compared to the
HC group who had a median [IQR] spike antibody
level of >2500 [0] U/mL (Kruskal–Wallis test, P=
8.6× 10−6) (Figure 1 and Supplementary Table 1).

In the ocrelizumab patients, there was no correlation
between spike antibody level and serum IgG (rs=
0.194; P= 0.386), IgM (rs= 0.262; P= 0.238), or
IgA (rs= 0.210; P= 0.347).

The potential for the 3rd vaccination to augment sero-
conversion rates was measured in a set of 13 ocrelizu-
mab treated patients and 3 fingolimod patients. Five
out of 13 (38.5%) ocrelizumab patients seroconverted
after 2-vax, compared to 6/13 (46.1%) after 3-vax
(McNemar’s test, P=1, Wilcoxon signed rank test
for change in level P= 0.035). The median [IQR]
change in the ocrelizumab group was 0 [21.9]. 1/3
(33.3%) fingolimod patients seroconverted after
2-vax, compared to 2/3 (66.7%) after 3-vax
(McNemar’s test, P= 1, Wilcoxon signed rank test
for change in level P= 0.37). The median [IQR]
change in the fingolimod group was 4.18 [16.24].

Figure 1. Spike antibody levels (U/mL) in HC, fingolimod and ocrelizumab groups after 2nd and 3rd dose of vaccine shown
on the y-axis. Patients are stratified by groups on the X axis. HC-2 vax (n= 29) indicates the HC group after 2 doses of
vaccine; HC-3 vax (n= 7) indicates the HC group after 3 doses of vaccine. Fin-2 vax (n= 7) indicates the fingolimod group
after 2 doses of vaccine; Fin-3 vax (n= 21) indicates the fingolimod group after 3 doses of vaccine; Ocr-2 vax (n= 33)
indicates the ocrelizumab group after 2 doses of vaccine; Ocr-3 vax (n= 22) indicates the ocrelizumab group after 3 doses of
vaccine. Statistical significance between groups is shown with **** symbolizing p< 0.0001.
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Total T cells and SARS-Cov-2 Prot_S peptide reactive
activation of T cells compared to the unstimulated
condition
There was a significant increase in the percentage of
total SARS-CoV-2 Prot_S reactive CD4+ T cells in
the HC and ocrelizumab group compared to the fingo-
limod group after 2-vax and 3-vax (P< 0.0001,
Sidak’s multiple comparisons test) (Figure 2(a)).
There was a significant increase in the absolute
number of CD4+ T cells in the HC group as com-
pared to the fingolimod group after 2-vax (P=
0.0091) and after 3-vax (P< 0.0001). There was
also a significant difference in the absolute number
of CD4+ T cells in the HC group as compared to
the ocrelizumab group after 2-vax (P= 0.0094) and
after 3-vax (P= 0.0003). There was a significant
increase in the absolute number of CD4+ T cells in

the ocrelizumab group as compared to the fingolimod
group after 2-vax but did not reach significance after
3-vax (P< 0.0001) Sidak’s multiple comparisons test)
(Figure 2(b)). There was no significant difference in
the percentage and absolute number of total CD8+
T cells for the three groups after 2-vax and 3-vax
(Figure 2(c) and (d)).

SARS-CoV-2 Prot_S reactive CD4+ and CD8+ T
cell activation (CD69/CD137++) was evaluated by
comparing with the unstimulated condition. There
was a significant increase in the percentage of
SARS-CoV-2 Prot_S reactive activation of CD4+ T
cells as compared to the unstimulated condition
among all three groups after 2-vax and 3-vax
(CD4-HC 2-vax− vs HC 2-vax+: P= 0.008,
CD4-Fin 2-vax− vs Fin 2-vax+: P= 0.0043,

Figure 2. Peptivator® SARS-CoV-2 Prot_S peptide reactive percentage, absolute cell number and activated total CD4+
and CD8+ T cell from PBMCs of the HC, fingolimod and ocrelizumab groups after 2nd and 3rd dose of vaccine shown on
the y-axis. Patients are stratified by groups on the X axis. HC-2 vax (n= 8) indicates the HC group after 2 doses of vaccine,
Fin-2 vax (n= 6) indicates the fingolimod group after 2 doses of vaccine, Ocr-2 vax (n= 10) indicates the ocrelizumab group
after 2 doses of vaccine, HC-3 vax (n= 5) indicates the HC group after 3 doses of vaccine, Fin-3 vax (n= 10) indicates the
fingolimod group after 3 doses of vaccine, Ocr-3 vax (n= 9) indicates the ocrelizumab group after 3 doses of vaccine. Plus
(+) indicates presence of PepTivator® SARS-CoV-2 Prot_S peptide and minus (−) indicates absence of PepTivator®
SARS-CoV-2 Prot_S peptide (negative control). PBMCs were stimulated with SARS-CoV-2 peptide: PepTivator®
SARS-CoV-2 Prot_S at a concentration of 4 μg/ml and BrefeldinA at a concentration of 10 μg/ml for 18 h and unstimulated
cells containing only media were used as negative control, followed by staining with antibodies and flow cytometry.
(A) Percentage of total CD4+ T cells (B) Absolute number of total CD4+ T cells (C) Percentage of total CD8+ T cell
(D) Absolute number of total CD8+ T cells © Percentage of PepTivator® SARS-CoV-2 Prot_S peptide reactive activated
total CD4+ T cells compared to negative control (F) Percentage of PepTivator® SARS-CoV-2 Prot_S peptide reactive
activated total CD8+ T cells compared to negative control. Sidak’s multiple comparisons test, ****P< 0.0001,
***P< 0.0003, **P< 0.005, *P < 0.05.
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CD4-Ocr 2-vax− vs Ocr 2-vax+: P= 0.0064,
CD4-HC 3-vax− vs HC 3-vax+: P= 0.023, CD4-Fin
3-vax− vs Fin 3-vax+: P= 0.014, CD4-Ocr 3-vax−

vs Ocr 3-vax+: P= 0.029, Sidak’s multiple compari-
sons test). There was significant increase in the per-
centage of SARS-CoV-2 Prot_S reactive activation
of CD8+ T cells as compared to the unstimulated con-
dition in the fingolimod and ocrelizumab groups after
2-vax and HC after 3-vax (CD8-Fin 2-vax− vs Fin
2-vax+: P= 0.0043, CD8-Ocr 2-vax− vs Ocr
2-vax+: P= 0.0003, CD8-HC 3-vax− vs HC 3-vax+:
P= 0.01, Sidak’s multiple comparisons test)
(Figure 2(e) and (f)).

IFNγ and TNFα producing total T cells
The percentage of SARS-CoV-2 Prot_S reactive
IFNγ and TNFα producing CD4+ and CD8+ T
cells in the fingolimod group was increased compared
to HC and the ocrelizumab group after 2-vax and

3-vax (P < 0.0001, Sidak’s multiple comparisons
test) (Figure 3(a)–(d)).

SARS-CoV-2 Prot_S reactive activation (CD69/
CD137++) of IFNγ and TNFα producing CD4+
and CD8+ T cells was evaluated by comparing with
the unstimulated condition. There was a significant
increase in the percentage of SARS-CoV-2 Prot_S
reactive activation of IFNγ and TNFα producing
CD4+ T cells after 2-vax among all three groups
and after 3-vax in fingolimod and ocrelizumab
groups as compared to the unstimulated condition
(IFNγ HC 2-vax− vs HC 2-vax+: P= 0.0009, IFNγ
Fin 2-vax− vs Fin 2-vax+: P= 0.0043, IFNγ Ocr
2-vax− vs Ocr 2-vax+: P= 0.0010, IFNγ Fin 3-vax−

vs Fin 3-vax+: P= 0.023, IFNγ Ocr 3-vax− vs Ocr
3-vax+: P= 0.040, TNFα HC 2-vax− vs HC 2-vax+:
P=0.005, TNFα Fin 2-vax− vs Fin 2-vax+: P=0.0062,
TNFα Ocr 2-vax− vs Ocr 2-vax+: P= 0.0014,

Figure 3. Peptivator® SARS-CoV-2 Prot_S peptide reactive percentage and activated IFNγ and TNFα producing total CD4
+ and CD8+ T cells from PBMCs of HC, fingolimod and ocrelizumab groups after 2nd and 3rd dose of vaccine shown on
the y-axis. Patients are stratified by groups on the X axis. HC-2 vax (n= 8) indicates HC group after 2 doses of vaccine, Fin-2
vax (n= 6) indicates fingolimod group after 2 doses of vaccine, Ocr-2 vax (n= 10) indicates ocrelizumab group after 2 doses
of vaccine, HC-3 vax (n= 5) indicates HC group after 3 doses of vaccine, Fin-3 vax (n= 10) indicates fingolimod group after
3 doses of vaccine, Ocr-3 vax (n= 9) indicates ocrelizumab group after 3 doses of vaccine. Plus (+) indicates presence of
PepTivator® SARS-CoV-2 Prot_S peptide and minus (−) indicates absence of PepTivator® SARS-CoV-2 Prot_S peptide
(negative control). PBMCs were stimulated with SARS-CoV-2 peptide: PepTivator® SARS-CoV-2 Prot_S at a
concentration of 4 μg/ml and BrefeldinA at a concentration of 10 μg/ml for 18 h and unstimulated cells containing only
media were used as negative control, followed by staining with antibodies and flow cytometry as described in materials and
methods. Data was analyzed using FlowJo software version 10.7.1 and the graphs were made using GraphPad Prism version
8.4.2 (464). (A) Percentage of IFNγ producing CD4+ T cells (B) Percentage of TNFα producing CD4+ T cells (C)
Percentage of IFNγ producing CD8+ T cells (D) Percentage of TNFα producing CD8+ T cell©(E) Percentage of
PepTivator® SARS-CoV-2 Prot_S peptide reactive activated IFNγ producing CD4+ T cells compared to negative control
(F) Percentage of PepTivator® SARS-CoV-2 Prot_S peptide reactive activated TNFα producing CD4+ T cells compared to
negative control (G) Percentage of PepTivator® SARS-CoV-2 Prot_S peptide reactive activated IFNγ producing CD8+ T
cells compared to negative control (H) Percentage of PepTivator® SARS-CoV-2 Prot_S peptide reactive activated TNFα
producing CD8+ T cells compared to negative control. Sidak’s multiple comparisons test, ****P< 0.0001, ***P < 0.0003,
**P< 0.005, *P< 0.05.
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TNFα Fin 3-vax− vs Fin 3-vax+: P= 0.014, TNFα
Ocr 3-vax− vs Ocr 3-vax+: P= 0.019, Sidak’s mul-
tiple comparisons test) (Figure 3(e) and (f)). There
was a significant increase in the percentage of
SARS-CoV-2 Prot_S reactive activation of IFNγ
and TNFα producing CD8+ T cells after 2-vax
among all three groups but did not reach significance
after 3-vax as compared to the unstimulated condition
(IFNγ HC 2-vax− vs HC 2-vax+: P= 0.0002, IFNγ
Fin 2-vax− vs Fin 2-vax+: P= 0.034, IFNγ Ocr
2-vax− vs Ocr 2-vax+: P= 0.0007, IFNγ HC 3-vax−

vs HC 3-vax+: P = 0.01, TNFα HC 2-vax− vs HC
2-vax+: P= 0.0004, TNFα Fin 2-vax− vs Fin
2-vax+: P= 0.034, TNFα Ocr 2-vax− vs Ocr 2-vax+:
P= 0.0010, Sidak’s multiple comparisons test)
(Figure 3(g) and (h)).

The absolute number of IFNγ producing CD4+ T cells
was higher in fingolimod and ocrelizumab groups as
compared to HC after 2-vax (IFNγ Fin 2-vax vs HC
2-vax: P= 0.012, IFNγ Ocr 2-vax vs HC 2-vax: P=
0.03, Sidak’s multiple comparisons test)
(Supplementary Figure 1(a)). The absolute number of
TNFα producing CD4+ T cells was higher in the ocre-
lizumab as compared to fingolimod group and HC after
2-vax (TNFα Ocr 2-vax vs Fin 2-vax: P= 0.02, TNFα
Ocr 2-vax vs HC 2-vax: P= 0.005, Sidak’s multiple
comparisons test) (Supplementary Figure 1(b)). The
absolute number of IFNγ and TNFα producing CD8
+ T cells was higher in fingolimod as compared to
ocrelizumab group and HC after 2-vax (P<0.0001,
Sidak’s multiple comparisons test) (Supplementary
Figure 1(c) and (d)). There was no statistical difference
in the absolute numbers of IFNγ and TNFα producing
CD4+ and CD8+ T cells across all three groups after
3-vax.

IFNγ and TNFα producing memory T cells
We found a significant increase in the percentage of
SARS-CoV-2 Prot_S reactive TNFα producing
central memory (Tcm) CD4+ cells in ocrelizumab
group as compared to fingolimod group (P= 0.004)
and HC (P= 0.04) by Sidak’s multiple comparisons
test after 2-vax but not after 3-vax (Figure 4(a)).
There was no significant difference in the percentage
of IFNγ producing Tcm CD4+ cells across all three
groups after 2-vax and 3-vax (Supplementary
Figure 2(a))

The percentage of TNFα producing effector memory
(Tem) CD4+ cells was significantly higher in ocrelizu-
mab (P= 0.0252) and fingolimod groups (P= 0.0002)
as compared to HC after 2-vax. After 3-vax, HC
(P<0.0001) and fingolimod groups (P= 0.008), both

showed an increased percentage of TNFα producing
Tem CD4+ cells as compared to ocrelizumab group,
Sidak’s multiple comparisons test (Figure 4(b)).
There was a significant increase in the percentage
of IFNγ producing Tem CD4+ cells in fingolimod
as compared to ocrelizumab group and HC after
2-vax. (P<0.0001). After 3-vax, HC (P= 0.003) and
fingolimod groups (P<0.0001), both showed an
increase in the percentage of IFNγ producing Tem
CD4+ cells as compared to ocrelizumab group,
Sidak’s multiple comparisons test (Supplementary
Figure 2(b)).

The percentage of TNFα and IFNγ producing termin-
ally differentiated effector memory (Temra) CD4+
cells was significantly higher in the fingolimod
group as compared to ocrelizumab group and HC
after 2-vax (P< 0.0001) as well as 3-vax, (TNFα
Fin 3-vax vs Ocr 3-vax: P= 0.0014, TNFα Fin
3-vax vs HC 3-vax: P= 0.02, IFNγ Fin 3-vax vs
Ocr 3-vax: P= 0.0006, IFNγ Fin 3-vax vs HC
3-vax: P= 0.0021, Sidak’s multiple comparisons
test) (Figure 4(c) and Supplementary Figure 2(c)).

The percentage of TNFα producing Tcm CD8+ cells
was significantly higher in ocrelizumab group as
compared to HC (P= 0.03, Sidak’s multiple compar-
isons test) after 2-vax but not after 3-vax
(Figure 4(d)). There was no significant difference
in the percentage IFNγ producing Tcm CD8+ cells
across all three groups after 2-vax and 3-vax
(Supplementary Figure 2(d)). There was no signifi-
cant difference in the percentage of TNFα and
IFNγ producing Tem CD8+ cells across all three
groups after 2-vax and 3-vax (Figure 4(e) and
Supplementary Figure 2(e)). However, there was a
significant increase in the percentage of TNFα and
IFNγ producing Temra CD8+ cells in fingolimod
group as compared to ocrelizumab group (TNFα
P= 0.0055, IFNγ P= 0.0048, Sidak’s multiple
comparisons test) after 2-vax but not after 3-vax
(Figure 4(f) and Supplementary Figure 2(f)).

Discussion
In this study, we found that MS patients on ocrelizu-
mab and fingolimod had lower seroconversion rates
and median spike antibody levels after 2-vax and
3-vax doses of mRNA vaccines when compared to
a cohort of HC and that 3rd dose of mRNA
vaccine may increase seroconversion rates in
patients on ocrelizumab and fingolimod. We also
found relatively preserved T cell responses. The
ocrelizumab group and HC had higher percentage
of CD4+ T cells specific to SARS-CoV-2 Prot_S
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Figure 4. Peptivator® SARS-CoV-2 Prot_S peptide reactive percentage of TNFα producing memory CD4+ and CD8+ T
cells from PBMCs of HC, fingolimod and ocrelizumab groups after 2nd and 3rd dose of vaccine shown on the y-axis.
Patients are stratified by groups on the X axis. HC-2 vax (n= 8) indicates HC group after 2 doses of vaccine, Fin-2 vax (n=
6) indicates fingolimod group after 2 doses of vaccine, Ocr-2 vax (n= 10) indicates ocrelizumab group after 2 doses of
vaccine, HC-3 vax (n= 5) indicates HC group after 3 doses of vaccine, Fin-3 vax (n= 10) indicates fingolimod group after 3
doses of vaccine, Ocr-3 vax (n= 9) indicates ocrelizumab group after 3 doses of vaccine. Plus (+) indicates presence of
PepTivator® SARS-CoV-2 Prot_S peptide. PBMCs were stimulated with SARS-CoV-2 peptide: PepTivator®
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peptide as compared to fingolimod patients after
2-vax and 3-vax. There was also increased CD4+
T cell activation indicated by CD69/CD137++
cells in response to SARS-CoV-2 Prot_S peptide in
all three groups after 2-vax and 3-vax as compared
to the unstimulated condition. We found a higher
percentage of IFNγ and TNFα producing CD4+
and CD8+ T cells in the fingolimod group as com-
pared to ocrelizumab group and HC after 2-vax
and 3-vax. Importantly, these subsets of cytokine
producing CD4+ and CD8+ T cells have been asso-
ciated with effective COVID vaccine responses,12–14

and our results suggest that effector T cell responses
are preserved with both therapies, and higher in
fingolimod-treated patients.

In line with the above observations, we found that
Tem responses including IFNγ producing Tem CD4
+ cells were higher in fingolimod group as compared
to ocrelizumab group and HC, and the percentage of
TNFα producing Tem CD4+ cells were increased in
ocrelizumab and fingolimod patients as compared to
HC after 2-vax. After 3-vax, fingolimod group as
well as HC showed an increase in the IFNγ and
TNFα producing Tem CD4+ cells but ocrelizumab
group did not.

In contrast to the increased Tem response seen with
fingolimod, the Tcm response was decreased. The
preserved Tem response is in line with the medica-
tion’s mechanism of action of trapping naïve and
Tcm cells in secondary lymphoid organs without
affecting Tem cells.15–17 Prior studies have shown
that Tem CD4+ cells were the dominant activated T
cell phenotype upon viral exposure, and that these
responses are durable over time.18,19

Our results add to prior work which has demonstrated
that a 3rd dose of vaccine may modestly increase
spike antibody response in patients on anti-CD20
and S1P receptor-targeting therapies.9 Prior studies
have shown that ocrelizumab treated patients have
preserved SARS-CoV-2 specific T cell responses
after a series of 2 mRNA vaccines20–22 and that 3rd

dose of vaccine in ocrelizumab treated patients may
increase cellular immune response.10,23 However,
emerging data has shown that use of B-cell depleting
medications is a risk factor for developing a break-
through infection, which argues that T cell responses
alone may not be sufficient in this population to
provide immunity.24

Our results differ from prior studies on fingolimod-
treated patients which have shown impaired cellular
and humoral immune responses to vaccination.7,25–27

This may be because we examined different subsets
of T cells including total CD4+ and CD8+ T cells,
IFNγ and TNFα producing CD4+ and CD8+ T cells
as well as memory T cells. Preserved T cell responses
are of increasing clinical relevance especially consider-
ing new variants which may escape antibody neutral-
ization. Multiple studies have found that despite
Omicron’s numerous mutations and reduced suscepti-
bility to neutralizing antibodies, T cell responses were
overall preserved.28,29

Our study is limited by a relatively small sample size,
specifically with regards to the group that had longitu-
dinal data to follow comparing 2-vax vs 3-vax. We
acknowledge that biospecimens were collected at 2–3
months after vaccination for 2-vax group and 1–2
months for 3-vax group, which could lead to some dif-
ferences in the counts observed. Though our study ana-
lyzed seroconversion rates and spike-antibody levels,
we did not specifically assess safety data for 3-vax or
analyze subsequent COVID-19 infection. We also
acknowledge that our MS group of patients was older
than the control group, which is a limitation because
response to vaccination declines with age.30 We also
did not evaluate the correlation between T cell and
humoral responses or relationship with CD19 count.

In conclusion, our data shows that 3rd dose of mRNA
COVID-19 vaccines may increase seroconversion
rates and spike antibody levels in MS patients
treated with anti-CD20 and S1P receptor-targeting
therapies and that T cell responses are overall pre-
served in this patient population.

Figure 4. (Continued)
SARS-CoV-2 Prot_S at a concentration of 4 μg/ml and BrefeldinA at a concentration of 10 μg/ml for 18 h followed by
staining with antibodies and flow cytometry as described in materials and methods. Data was analyzed using FlowJo
software version 10.7.1 and the graphs were made using GraphPad Prism version 8.4.2 (464). (A) Percentage of TNFα
producing central memory CD4+ T cells (Tcm) (B) Percentage of TNFα producing effector memory CD4+ T cells (Tem)
(C) Percentage of TNFα producing terminally differentiated effector memory CD4+ T cells (Temra) (D) Percentage of
TNFα producing central memory CD8+ T cells (Tcm) (E) Percentage of TNFα producing effector memory CD8+ T cells
(Tem) (F) Percentage of TNFα producing terminally differentiated effector memory CD8+ T cells (Temra). Sidak’s multiple
comparisons test, ****P < 0.0001, ***P< 0.0003, **P< 0.005, *P< 0.05.
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