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ARTICLE INFO ABSTRACT

Keywords: Background: Vaccination against SARS CoV-2 results in excellent personal protection against a severe course of
COVID 19 COVID19. In People with Multiple Sclerosis (PwMS) vaccination efficacy may be reduced by immunomodulatory
SARS Cov2 medications.

Vaccination

Objective: To assess the vaccination induced cellular and humoral immune response in PWMS receiving disease
modifying therapies.

Methods: In a monocentric observational study on PwWMS and patients with Neuromyelitis optica we quantified
the cellular and humoral immune responses to SARS CoV-2.

Results: PWMS receiving glatiramer acetate, Interferon-8, Dimethylfumarate, Cladribine or Natalizumab had
intact humoral and cellular immune responses following vaccination against SARS CoV-2. B-cell depleting
therapies reduced B-cell responses but did not affect T cell responses. Sphingosin-1-Phospate (S1P) inhibitors
strongly reduced humoral and cellular immune responses.

There was a good agreement between the Interferon gamma release assay and the T-SPOT assay used to measure
viral antigen induced T-cell responses.

Conclusion: This study demonstrates that S1P inhibitors impair the cellular and humoral immune response in
SARS CoV-2 vaccination, whereas patients receiving B-cell depleting therapies mount an intact cellular immune
response. These data can support clinicians in counselling their PwMS and NMOSD patients during the COVID 19

Cellular immune response
Humoral immune response
Multiple Sclerosis therapy

pandemic.
1. Introduction benefit by slowing the spread of the virus, as well as conferring an
excellent personal protection against severe COVID-19 (Chen, 2021;
In the ongoing Covid-19 pandemic vaccination is considered the Polack et al., 2020). While there is no evidence to suggest that SARS
most effective measure to provide both: a significant public health CoV-2 vaccination exacerbates MS activity or accelerates disability

Abbreviations: ATZ, Alemtuzumab; BAU, binding antibody units; CLAD, Cladribine; DMF, Dimethylfumarate; GLAT, glatiramer acetate; IGRA, Interferon gamma
release assay; IFN-B, Interferon-beta; IFN-g, Interferon gamma; NAT, Natalizumab; NMOSD, Neuromyelitis optica spectrum disorder; NPA, negative percent
agreement; PBMC, peripheral blood mononuclear cells; PPA, positive percent agreement; PwMS, People with Multiple Sclerosis; S1P, Sphingosin-1-phosphate.
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progression (Garg and Paliwal, 2021) it is known that respiratory in-
fections are a risk factor for MS relapses. Emerging evidence indicates
that COVID-19, too, has a detrimental effect on the clinical course of MS
(Barzegar et al., 2021; Dziedzic et al., 2021).

In People with Multiple Sclerosis (PwMS) Risk factors for severe
COVID-19 have been shown to be the same as have been identified in the
general population (Salter et al., 2021). Although the majority of disease
modifying medications used to treat MS patients have no detrimental
effect on the clinical course of COVID-19 (Laroni et al., 2021; Shar-
ifian-Dorche et al., 2021; Sormani et al., 2021), for B-cell depleting
therapies conflicting evidence has been reported (Hughes et al., 2021;
Simpson-Yap et al., 2021). It remains unresolved whether PWMS treated
with these medications are at a greater risk to acquire SARS CoV-2
infection and to develop a more severe disease course (Shar-
ifian-Dorche et al., 2021).

Thus, SARS CoV-2 vaccination of PWMS is broadly recommended. It
remains a concern, however, whether vaccination exerts its full efficacy
in PWMS receiving immunomodulatory or immunosuppressive treat-
ment. A recent study in Israel was the first to demonstrate a reduced
humoral response to vaccination against SARS CoV-2 in MS patients
treated with B-cell depleting antibodies or Sphingosin-1-Phospate (S1P)
inhibitors (Achiron et al., 2021), a finding subsequently confirmed by
other groups (Ali et al., 2021; Louapre et al., 2021).

However, information on the cellular immune response to vaccina-
tion in PWMS and patients with Neuromyelitis optica spectrum disorder
(NMOSD) is scarce. Gadanie et al. found a robust cellular response in
ocrelizumab treated patients (Gadani et al., 2021). Here we use routine
clinical data to compare the humoral and cellular immune response to
SARS CoV-2 vaccination in PwMS and NMOSD patients receiving
immunomodulatory therapies to gain a better understanding of the
impact of the therapy on the vaccination induced immune response.

2. Methods
2.1. Patients

In our tertiary MS center clinics we routinely determine the antibody
response and the T cell response in all PWMS or Neuromyelitis optica
who obtained their complete vaccination against SARS CoV-2, to allow
better counselling of our patients. The use of de-identified routine
clinical data from patients treated in the MS clinic of the Dept. of
Neurology of the Carl Thiem Hospital in Cottbus was approved by the
local ethics committee (Votum 2021-2124-BO-ff). Data of patients were
included in this study if they had a negative history for Covid-19
infection and their vaccination was completed between two weeks and
three months prior to blood sampling. In addition, an unaltered treat-
ment regimen of disease modifying therapy was required between
vaccination and blood sampling. Each patient was only included once
using the first data set matching the inclusion criteria. Data was ob-
tained from 103 consecutive patients between 1st of June and the 30th
of Sept. 2021. 82 patients were included in the final analysis to asses
post vaccination immune responses. The study cohort consisted of 78
PwMS and 4 patients with NMOSD. Median age was 42 (range 22-70)
there were 54 female and 28 male participants. The reasons to exclude
patient samples is given in Fig. 1.

For the comparison of the two T cell stimulations assays the Inter-
feron gamma release assay (IGRA) and the T-SPOT.COVID all patients
with data sets on both methods were included (n = 91).

2.2. Neutralizing IgG antibodies

Anti-SARS-CoV-2 IgG antibodies were determined using the
LIAISON® SARS-CoV-2 TrimericS IgG assay from Diasorin. Serum or
plasma was processed fully automatically on the LIAISON XL. The
trimeric spike glycoprotein is the stabilized native form of the SARS-
CoV-2 spike protein and a stabilized trimer can accurately detect the
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Fig. 1. The figure shows patient inclusion and exclusion into the study.

presence of neutralizing antibodies IgG. The cut off value is 33.8 binding
antibody units/ml (BAU/ml). A higher value was determined to be
positive. The clinical sensitivity is as high as 98.7% and the clinical
specificity is as high as 99.5%. The test correlates with the



H. Bock et al.

microneutralization test: very good positive percent agreement (PPA):
100%, negative percent agreement (NPA): 96.9%. A value greater than
33.8 BAU/ml is positive. Conversion factor to neutralization assay is
BAU/ml=mIU/ml times 2.6) (Wang et al., 2020). Values greater than
>2080 could only be titrated late in the study or were no longer
available.

2.3. IGRA

SARS-CoV-2-IGRA from EUROIMMUN, Germany was used together
with the corresponding stimulation tube set from EUROIMMUN con-
sisting the three stimulation tubes CoV-2 IGRA BLANK, CoV-2 IGRA
TUBE, CoV-2 IGRA STIM) for using with one sample. Fresh human
whole blood from lithium heparin blood collection tubes is treated in the
individual stimulation tubes and plasma is obtained from this. The
protocol followed the manufacturer’s instructions. Plasma not immedi-
ately processed was stored cell-free under —17 °C for a maximum of 2
weeks. The concentration of released interferon-gamma in the plasma is
then determined. The interferon-gamma concentration in the plasma of
the BLANK represents the individual interferon-gamma background and
was subtracted from the interferon-gamma concentration of the plasma,
in tubes TUBE and STIM. After BLANK subtraction, the interferon-
gamma concentration in the STIM condition must still be higher than
the BLANK value itself in order to ensure a sufficient number and
stimulability of the immune cells. Concentrations greater than 2500IU/
ul were not titrated in the clinical routine analysis. The manufacturer
defines values greater than 120 IU/ul to be stimulable by SARS-CoV-2
antigens values below 100IU/ul are considered negative, values in be-
tween are borderline results.

2.4. T-SPOT.COVID

T-cell mediated immune response to SARS-CoV-2 vaccination (and/
or infection) was determined using the T-SPOT.COVID (Oxford Immu-
notec). The Enzyme Linked ImmunoSpot enumerates the CD4 as well as
CD8 T-cells that respond to stimulation with antigens of SARS-CoV-2 by
secretion of interferon-g (IFN-g). This is immobilized on the bottom of
the microtiter by IFN-g-specific antibodies. In the development step each
spot corresponds to one activated T-cell. The assay was performed ac-
cording to the manufacturers’ instruction. 2.5 x 10"5 peripheral blood
mononuclear cells (PBMC) were seeded into each of four microtiter
wells for the nil control, the spike protein (S1) stimulation, the nucle-
ocapsid stimulation and the positive control. The test is considered
positive if at least one stimulation shows 8 or more spots (more than the
nil control), negative if no stimulation produced more than 4 spots and
borderline for all other spot constellations.

Current vaccines induce serologic responses to the spike protein,
while an infection exposes the immune system to the inner proteins as
well. Thus, a positive spike- and a negative nucleocapsid-stimulation
indicates vaccination, whereas an infection results in positive results
to both antigens.

2.5. Statistics

For visualization and statistical analyses Graphpad Prism 8.2
(GraphPad Software Inc.) was used. Normal distribution of data was
assessed using the Shapiro Wilk test. Since not all data passed the
normality test more than two groups were compared using the Kruskal-
Wallis test followed by Dunn’s multiple comparison test. For all analyses
a p-value < 0.05 was regarded as significant.
3. Results
3.1. Comparison of the IGRA and T-SPOT.COVID assays

Both assays rely on the viral antigen induced induction of IFN-g
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secretion in T-cells. While the T-SPOT assay is a semiquantitative
assay that is based on the counting of individual T-cells that respond to
antigenic stimulation, the IGRA quantifies the total amount of IFN-g
released from all cells in the sample upon challenge with viral anti-
gens. In our cohort there was a 79% agreement (70 of 91 sample pairs)
between both methods. Converting results considered “borderline” ac-
cording to the manufacturers instruction into “positive” increased the
agreement between both methods to 88% (80 of 91 sample pairs)
(Table 1).

3.2. IgG responses

Vaccination induced spike-protein-specific IgG responses in patients
treated with Interferon-8 (IFN-8), glatiramer acetate (GLAT), Dime-
thylfumarate (DMF), Natalizumab (NAT), Cladribine (CLAD), Alemtu-
zumab (ATZ) were indistinguishable from IgG responses elicted in
untreated MS patients. In agreement with previous studies the IgG re-
sponses observed in patients receiving S1P inhibitors or B-cell depleting
therapies were strongly diminished (Fig. 2a). While the IgG titer
reflecting protective immunity against Covid 19 remains unknown, the
assay cut off indicating a spike-protein-specific IgG response is 33.8
BAU/ml. Using this cut off, B-cell responses were detectable in 9 of 16
ocrelizumab 2 of 4 Rituximab and 1 of 1 ofatumumab treated patient.
(Fig. 2a and Tab S1). All PwMS who had detectable CD19+ B-cells in the
peripheral blood in FACS analysis mounted a vaccination induced IgG
response whereas there was a great heterogeneitiy of the IgG response in
PwMS with complete depletion of B-cells from the peripheral blood. (
TabS1).

Under S1P treatment B-cell responses were detectable in 4 of 5 fin-
golimod and 1 of 1 ozanimod and lof 1 siponimod treated patients.
Although the absolute number of patients in this subgroup is small, in
fingolimod treated PwMS higher lymphocyte counts were associated
with IgG titers. (DATA in BRIEF Tab2)

3.3. T-cell responses

IFN-B, GLAT, DMF NAT or ATZ or CLAD did not affect the cellular
immune response to vaccination as measured using the IGRA. The two
patients with negative IGRA results were clearly positive in the T-spot
test (data not shown). Furthermore, B-cell depletion in PwMS which
inhibited the humoral response had little or no effect on the cellular
immune response. Upon stimulation IFN-g release was detectable in all
but one patient, who, interestingly, had a weak but detectable IgG
response. (Fig. 2b and Tab. S1) In contrast, S1P inhibition resulted in an
almost complete absence of T-cell responses in both IGRA and T-SPOT
assays. The only PWMS treated with S1P inhibitors who developed a
weak T-cell response had been vaccinated with Ad26.COV2.S (Janssen)
adenoviral vaccine. (Tab. S2)

4. Discussion

We utilized routine clinical data to investigate the humoral and
cellular responses of PWMS and patients with NMOSD to SARS-CoV-2
vaccination in a single center observational study. To determine

Table 1
Comparison of IGRA and T-SPOT.COVID Results to Determine Cellular Immune
Responses

T SPOT.COVID
Neg pos border* total
IGRA Neg 10 3 0 13
Pos 6 62 5 73
border* 2 3 0 5
Total 18 68 5 91

" Borderline results as defined by the manufacturer.
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Fig. 2. Spike protein specific IgG production (A) and SARS CoV-2 specific IFN-g production (B) in PwMS and NMOSD patients. Horizontal bars indicate median. A
p<0.05 was considered statistically significant. * p<0.05; ** p< 0.01; ***p< 0.001.

cellular responses, we used two independent methods. The IGRA de-
termines the overall IFN-g production in stimulated blood samples and
provides easily quantifiable data, whereas in the T-SPOT assay the
number of T-cells responding to a specific antigen is counted. Since the
T-SPOT assay uses the spike protein and the nucleocapsid antigen in two
separate stimulations, it can be used to distinguish between immune

responses induced by Covid-19 infection and those elicited by vaccina-
tions. Our data demonstrates good agreement between both assays,
suggesting that either one is suitable to determine T-cell responses in
clinical routine diagnostics.

Our results indicate that the majority of immunomodulators used to
treat PWMS have no effect on the immune response to SARS-CoV-2
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vaccination and on average patients treated with these medications
developed the same humoral and cellular response levels as the un-
treated control group. In contrast, we detected significantly impaired
humoral responses in patients treated with B-cell depleting therapies or
with S1P inhibitors. Unfortunately, the latter group also showed a
lowered or absent T-cell response. This observation is in good agreement
with previous reports (Achiron et al., 2021; Ali et al., 2021; Louapre
et al., 2021).

Importantly, despite being weaker than in untreated PwMS, IgG re-
sponses in 6 out of 7 patients treated with S1P inhibitors and 10 out of 17
patients treated with ocrelizumab remained above the assay cut-off,
indicating a weak but detectable humoral immune response. While it
is not known which IgG levels reflect protection against SARS-CoV-2
infection or severe disease courses, it is likely that the very low titers
observed in these patient groups are not protective. (Khoury et al., 2021)
Consequently, the ability of these patients to mount an immune response
suggests that they may benefit from additional booster vaccinations.
This hypothesis is supported by a study investigating the B cell response
to booster vaccination in Rituximab treated rheumatologic patients.
(Simon et al., 2021)

In contrast to the impaired humoral response our results demonstrate
an intact T-cell response to SARS-CoV-2 vaccination in PwMS and
NMOSD patients treated with B-cell depleting antibodies. This obser-
vation is in agreement with very recent studies investigating T-cell re-
sponses in vaccinated MS patients. (Apostolidis et al., 2021; Brill et al.,
2021; Gadani et al., 2021; Tortorella et al., 2021)

Although the number of participants in this observational mono-
centric study is relatively small for each treatment group, our key results
are statistically significant. Another limitation of this investigation is
that no data on the pre-vaccination immune-status is available and thus,
previous exposure to SARS-CoV-2 may have occurred. However, apart
from PwMS who were excluded for their known history of COVID dis-
ease, no other study participant showed an anti-nucleocapsid T-cell
response in the T-SPOT assay, which exclusively indicates antigen
contact by infection. Since the vast majority of our patients received
mRNA based vaccines, it would be of great interest to obtain similar data
on PwMS who received vector based vaccines.

The data presented in this study provides clear evidence on the
cellular and humoral immune responses in MS and NMOSD patients
receiving disease modifying therapies. With the notable exception of
S1P inhibitors no treatment investigated inhibited the cellular immune
response. Furthermore, the majority of patients treated with S1P in-
hibitors and half of the patients receiving B cell depleting therapies did
show a low but detectable vaccination induced SARS-CoV-2 spike pro-
tein specific IgG production. This leaves only a small group of patients
receiving S1P inhibitors for whom we could detect no immune response
after vaccination.

We believe that these results may aid clinicians in their decision to
select the best immunomodulatory treatments for PwMS under the cir-
cumstances of the pandemic and to make informed decisions on the
potential benefit of additional vaccinations.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Credit author statement

H. Bock Investigation, Formal analysis, writing review and editing,
T. Juretzek* Investigation, Formal analysis, writing review and editing,
R. Handreka Investigation, Resources, writing review and editing, J.
Ruhnau formal analysis, writing review and editing, M. Lobel con-
ceptualisation, writing review and editing, project administration, K.
Reuner Resources, writing review and editing, H. Peltroche resources
writing review and editing, A. Dressel** conceptualisation, Resources,

Multiple Sclerosis and Related Disorders 59 (2022) 103554

formal analysis, writing original draft.

Declaration of Competing Interest

AD has participated in advisory boards from several manufacturers
of medications used to treat multiple sclerosis. Since 2016 all financial
compensation has been directly paid to his institution. His institution
also received research funding for investigators initiated studies from
Novartis. The other authors declare no conflict of interest.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.msard.2022.103554.

References

Achiron, A., Mandel, M., Dreyer-Alster, S., Harari, G., Magalashvili, D., Sonis, P.,
Dolev, M., Menascu, S., Flechter, S., Falb, R., Gurevich, M., 2021. Humoral immune
response to COVID-19 mRNA vaccine in patients with multiple sclerosis treated with
high-efficacy disease-modifying therapies. Ther. Adv. Neurol. Disord. 14,
17562864211012835.

Ali, A., Dwyer, D., Wu, Q., Wang, Q., Dowling, C.A., Fox, D.A., Khanna, D., Poland, G.A.,
Mao-Draayer, Y., 2021. Characterization of humoral response to COVID mRNA
vaccines in multiple sclerosis patients on disease modifying therapies. Vaccine 39
(41), 6111-6116.

Apostolidis, S.A., Kakara, M., Painter, M.M., Goel, R.R., Mathew, D., Lenzi, K., Rezk, A.,
Patterson, K.R., Espinoza, D.A., Kadri, J.C., Markowitz, D.M., C, E.M., Mexhitaj, L.,
Jacobs, D., Babb, A., Betts, M.R., Prak, E.T.L., Weiskopf, D., Grifoni, A.,
Lundgreen, K.A., Gouma, S., Sette, A., Bates, P., Hensley, S.E., Greenplate, A.R.,
Wherry, E.J., Li, R., Bar-Or, A., 2021. Cellular and humoral immune responses
following SARS-CoV-2 mRNA vaccination in patients with multiple sclerosis on anti-
CD20 therapy. Nat. Med. 27 (11), 1990-2001.

Barzegar, M., Vaheb, S., Mirmosayyeb, O., Afshari-Safavi, A., Nehzat, N.,
Shaygannejad, V., 2021. Can coronavirus disease 2019 (COVID-19) trigger
exacerbation of multiple sclerosis? A retrospective study. Mult. Scler. Relat. Disord.
52.

Brill, L., Rechtman, A., Zveik, O., Haham, N., Oiknine-Djian, E., Wolf, D.G., Levin, N.,
Raposo, C., Vaknin-Dembinsky, A., 2021. Humoral and T-cell response to SARS-CoV-
2 vaccination in patients with multiple sclerosis treated with ocrelizumab. JAMA
Neurol.

Chen, Y.T., 2021. The effect of vaccination rates on the infection of COVID-19 under the
vaccination rate below the herd immunity threshold. Int. J. Environ. Res. Public
Health 18 (14).

Dziedzic, A., Saluk-Bijak, J., Miller, E., Niemcewicz, M., Bijak, M., 2021. The impact of
SARS-CoV-2 infection on the development of neurodegeneration in Multiple
Sclerosis. Int. J. Mol. Sci. 22 (4).

Gadani, S.P., Reyes-Mantilla, M., Jank, L., Harris, S., Douglas, M., Smith, M.D., Calabresi,
P.A., Mowry, E.M., Fitzgerald, K.C., Bhargava, P., 2021. Discordant humoral and T
cell immune responses to SARS-CoV-2 vaccination in people with multiple sclerosis
on anti-CD20 therapy. medRxiv.

Garg, R.K., Paliwal, V.K., 2021. Spectrum of neurological complications following
COVID-19 vaccination. Neurol. Sci.

Hughes, R., Whitley, L., Fitovski, K., Schneble, H.M., Muros, E., Sauter, A., Craveiro, L.,
Dillon, P., Bonati, U., Jessop, N., Pedotti, R., Koendgen, H., 2021. COVID-19 in
ocrelizumab-treated people with multiple sclerosis. Mult. Scler. Relat. Disord. 49,
102725.

Khoury, D.S., Cromer, D., Reynaldi, A., Schlub, T.E., Wheatley, A.K., Juno, J.A.,
Subbarao, K., Kent, S.J., Triccas, J.A., Davenport, M.P., 2021. Neutralizing antibody
levels are highly predictive of immune protection from symptomatic SARS-CoV-2
infection. Nat. Med. 27 (7), 1205-1211.

Laroni, A., Schiavetti, I., Sormani, M.P., Uccelli, A., 2021. COVID-19 in patients with
multiple sclerosis undergoing disease-modifying treatments. Mult. Scler. 27 (14),
2126-2136.

Louapre, C., Ibrahim, M., Maillart, E., Abdi, B., Papeix, C., Stankoff, B., Dubessy, A.L.,
Bensa-Koscher, C., Creange, A., Chamekh, Z., Lubetzki, C., Marcelin, A.G., Corvol, J.
C., Pourcher, V., Covisep, Bio-coco-neuroscience study, g., 2021. Anti-CD20
therapies decrease humoral immune response to SARS-CoV-2 in patients with
multiple sclerosis or neuromyelitis optica spectrum disorders. J. Neurol. Neurosurg.
Psychiatry.

Polack, F.P., Thomas, S.J., Kitchin, N., Absalon, J., Gurtman, A., Lockhart, S., Perez, J.L.,
Perez Marc, G., Moreira, E.D., Zerbini, C., Bailey, R., Swanson, K.A.,
Roychoudhury, S., Koury, K., Li, P., Kalina, W.V., Cooper, D., Frenck Jr., R.W.,
Hammitt, L.L., Tureci, O., Nell, H., Schaefer, A., Unal, S., Tresnan, D.B., Mather, S.,
Dormitzer, P.R., Sahin, U., Jansen, K.U., Gruber, W.C., Group, C.C.T., 2020. Safety
and efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 383 (27),
2603-2615.

Salter, A., Fox, R.J., Newsome, S.D., Halper, J., Li, D.K.B., Kanellis, P., Costello, K.,
Bebo, B., Rammohan, K., Cutter, G.R., Cross, A.H., 2021. Outcomes and risk factors
associated with SARS-CoV-2 infection in a North American registry of patients with
Multiple Sclerosis. JAMA Neurol. 78 (6), 699-708.


https://doi.org/10.1016/j.msard.2022.103554
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0001
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0001
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0001
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0001
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0001
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0002
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0002
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0002
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0002
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0003
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0003
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0003
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0003
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0003
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0003
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0003
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0004
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0004
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0004
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0004
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0005
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0005
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0005
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0005
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0006
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0006
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0006
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0007
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0007
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0007
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0009
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0009
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0010
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0010
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0010
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0010
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0011
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0011
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0011
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0011
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0012
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0012
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0012
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0013
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0013
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0013
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0013
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0013
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0013
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0014
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0014
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0014
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0014
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0014
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0014
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0014
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0015
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0015
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0015
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0015

H. Bock et al. Multiple Sclerosis and Related Disorders 59 (2022) 103554

Sharifian-Dorche, M., Sahraian, M.A., Fadda, G., Osherov, M., Sharifian-Dorche, A., Sormani, M.P., De Rossi, N., Schiavetti, I., Carmisciano, L., Cordioli, C., Moiola, L.,
Karaminia, M., Saveriano, A.W., La Piana, R., Antel, J.P., Giacomini, P.S., 2021. Radaelli, M., Immovilli, P., Capobianco, M., Trojano, M., Zaratin, P., Tedeschi, G.,
COVID-19 and disease-modifying therapies in patients with demyelinating diseases Comi, G., Battaglia, M.A., Patti, F., Salvetti, M., Musc-19 Study, G., 2021. Disease-
of the central nervous system: a systematic review. Mult. Scler. Relat. Disord. 50, modifying therapies and coronavirus disease 2019 severity in Multiple Sclerosis.
102800. Ann. Neurol. 89 (4), 780-789.

Simon, D., Tascilar, K., Fagni, F., Schmidt, K., Kronke, G., Kleyer, A., Ramming, A., Tortorella, C., Aiello, A., Gasperini, C., Agrati, C., Castilletti, C., Ruggieri, S., Meschi, S.,
Schoenau, V., Bohr, D., Knitza, J., Harrer, T., Manger, K., Manger, B., Schett, G., Matusali, G., Colavita, F., Farroni, C., Cuzzi, G., Cimini, E., Tartaglia, E., Vanini, V.,
2021. Efficacy and safety of SARS-CoV-2 revaccination in non-responders with Prosperini, L., Haggiag, S., Galgani, S., Quartuccio, M.E., Salmi, A., Repele, F.,
immune-mediated inflammatory disease. Ann. Rheum. Dis. Gerarda Altera, A.M., Cristofanelli, F., D’Abramo, A., Bevilacqua, N., Corpolongo, A.,

Simpson-Yap, S., De Brouwer, E., Kalincik, T., Rijke, N., Hillert, J.A., Walton, C., Puro, V., Vaia, F., Capobianchi, M.R., Ippolito, G., Nicastri, E., Goletti, D., Group, L.
Edan, G., Moreau, Y., Spelman, T., Geys, L., Parciak, T., Gautrais, C., Lazovski, N., C.-V.S., 2021. Humoral- and T-cell-specific immune responses to SARS-CoV-2 mRNA
Pirmani, A., Ardeshirdavanai, A., Forsberg, L., Glaser, A., McBurney, R., Schmidt, H., vaccination in patients with MS using different disease-modifying therapies.
Bergmann, A.B., Braune, S., Stahmann, A., Middleton, R., Salter, A., Fox, R.J., van Neurology.
der Walt, A., Butzkueven, H., Alroughani, R., Ozakbas, S., Rojas, J.I., van der Mei, I., Wang, C., Li, W., Drabek, D., Okba, N.M.A., van Haperen, R., Osterhaus, A., van
Nag, N., Ivanov, R., Sciascia do Olival, Dias, A.E., Magyari, M., Brum, D., Mendes, M. Kuppeveld, F.J.M., Haagmans, B.L., Grosveld, F., Bosch, B.J., 2020. A human
F., Alonso, R.N., Nicholas, R.S., Bauer, J., Chertcoff, A.S., Zabalza, A., Arrambide, G., monoclonal antibody blocking SARS-CoV-2 infection. Nat. Commun. 11 (1), 2251.

Fidao, A., Comi, G., Peeters, L., 2021. Associations of disease-modifying therapies
with COVID-19 severity in Multiple Sclerosis. Neurology 97 (19), e1870-e1885.


http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0016
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0016
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0016
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0016
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0016
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0017
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0017
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0017
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0017
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0019
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0019
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0019
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0019
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0019
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0021
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0021
http://refhub.elsevier.com/S2211-0348(22)00069-4/sbref0021

