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Abstract
Background and Objectives
Some disease-modifying treatments impair response to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) vaccines in multiple sclerosis (MS), potentially increasing the
risk of breakthrough infections. We aimed to investigate longitudinal SARS-CoV-2 antibody
dynamics and memory B cells after 2 and 3 messenger RNA (mRNA) vaccine doses and
their association with the risk of COVID-19 in patients with MS on diﬀerent treatments
over 1 year.
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Methods
Prospective observational cohort study in patients with MS undergoing SARS-CoV-2 mRNA
vaccinations. Antispike (anti-S) immunoglobulin G (IgG) titers were measured by chemiluminescence microparticle immunoassay. Frequencies of spike-speciﬁc memory B cells were
measured on polyclonal stimulation of peripheral blood mononuclear cells and screening of
secreted antibodies by ELISA.
Results
We recruited 120 patients with MS (58 on anti-CD20 antibodies, 9 on sphingosine
1-phosphate (S1P) receptor modulators, 15 on cladribine, 24 on teriﬂunomide (TFL), and
14 untreated) and collected 392 samples up to 10.8 months after 2 vaccine doses. When
compared with untreated patients, anti-CD20 antibodies (β = −2.07, p < 0.001) and S1P
modulators (β = −2.02, p < 0.001) were associated with lower anti-S IgG, while TFL and
cladribine were not. Anti-S IgG decreased with months since vaccine (β = −0.14, p < 0.001),
independently of treatments. Within anti-CD20 patients, anti-S IgG remained higher in
those with greater baseline B-cell counts and were not inﬂuenced by postvaccine anti-CD20
infusions. Anti-S IgG increase after a 3rd vaccine was mild on anti-CD20 and S1P modulators. Spike-speciﬁc memory B-cell responses were weaker on S1P modulators and antiCD20 than on TFL and inﬂuenced by postvaccine anti-CD20 infusions. The frequency of
breakthrough infections was comparable between DMTs, but the risk of COVID-19
was predicted by the last measured anti-S IgG titer before infection (OR = 0.56, 95%
CI = 0.37–0.86, p = 0.008).
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Glossary
anti-S = antispike; CLD = cladribine; DMTs = disease-modifying treatments; IgG = immunoglobulin G; mRNA = messenger
RNA; MS = multiple sclerosis; PBS = phosphate-buﬀered saline; S1P-mod = sphingosine 1-phosphate receptor modulators;
SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; TFL = teriﬂunomide.

Discussion
Postvaccine anti-S IgG titers decrease over time regardless of MS treatment and are associated with breakthrough COVID-19.
Both humoral and speciﬁc memory B-cell responses are diminished on S1P modulators. Within anti-CD20–treated patients,
B-cell count at ﬁrst vaccine determines anti-S IgG production, whereas postvaccine anti-CD20 infusions negatively aﬀect spikespeciﬁc memory B cells.

Postvaccine antibody titers against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) decrease over time in
the general population, reﬂecting a progressive reduction in
vaccine eﬃcacy and the need of vaccine boosters.1,2 In addition to circulating antibodies, vaccine-induced memory responses (both T and B cells) are also relevant for developing a
rapid immune reaction in case of virus encounter.3-5
Patients with multiple sclerosis (MS) represent a fragile
population with higher susceptibility to severe COVID-19,
especially those with greater age, with neurologic disability,
with comorbidities, or treated with some disease-modifying
treatments (DMTs).6 Several studies have shown that antiCD20 monoclonal antibodies and sphingosine 1-phosphate
receptor modulators (S1P-mod) impair both antibody production and memory adaptive immune responses to SARSCoV-2 vaccines,7-10 with recent data suggesting an increased
frequency of breakthrough infections on such DMTs.11-13 It
is, however, unclear to what extent the higher susceptibility to
breakthrough infections is mediated by impaired humoral or
cellular adaptive responses, rather than by other potential
DMT-related mechanisms.

Serum samples were collected at t0 (within 2 weeks before the
ﬁrst vaccine dose), t1 (21–35 days after the second dose), and
at each following clinical visit (as required by treating neurologist). Serum samples were also collected at diﬀerent time
points after a 3rd vaccine dose (if administered). Ethylene
diamine tetra-acetic acid blood samples were additionally collected in a subgroup of patients between 3 and 5 months after
the 2nd vaccine dose for the assessment of SARS-COV-2–
speciﬁc memory B-cell response.
All patients with MS included in the study were regularly seen
at our center (usually every 3 months, as required by treating
neurologist). Breakthrough COVID-19 was deﬁned as a
positive molecular PCR test for SARS-CoV-2, and patients
were asked to report such events as quickly as possible to the
treating neurologist by telephone. Patients were also directly
asked for the occurrence of COVID-19 during each clinical
visit. Samples collected after breakthrough infections were
excluded from all analyses.

Methods

SARS-CoV-2 Serological Analysis and Baseline
Cell Sorting
Quantiﬁcation of serum immunoglobulin G (IgG) antibodies
against SARS-CoV-2 spike (S) protein (including the
receptor-binding domain) was performed using a commercial
chemiluminescence microparticle immunoassay by Abbot
(quantiﬁcation limits 21–40,000 AU/mL, cutoﬀ for positivity
= 50 AU/mL).17 Total CD19+ B cells and CD19+CD27+
memory B cells were also measured at t0 using ﬂuorescenceactivated cell sorting.

Study Population and Blood Samples
This is a prospective single-center observational cohort study
initiated in February 2021 at the Neurocenter of Southern
Switzerland.8 Inclusion criteria were as follows: a diagnosis of
MS14; age older than 18 years; and being scheduled for SARSCoV-2 messenger RNA (mRNA) vaccine (mRNA-1273 or
BNT162b2).15,16 Exclusion criteria were as follows: medical
treatments inﬂuencing response to vaccines other than MS

Antigen Specific Memory B Cell Repertoire
Analysis (AMBRA)
To determine the frequency of antigen-speciﬁc memory
B cells, peripheral blood mononuclear cells were isolated by
Ficoll-Paque Plus (Cytiva) gradient and seeded in replicative
cultures of 96-well U-bottom plates at 3 × 104 cells/well.18
Cells were stimulated with 2.5 μg/mL of R848 (Invivogen)
in Roswell Park Memorial Institute 1640 complete medium

Several questions remain to be answered to optimize vaccine
response in MS, and this is relevant for future expected
COVID-19 waves. We therefore aimed to investigate the effect of various DMTs on longitudinal antibody dynamics,
eﬃcacy of boosters, speciﬁc memory B-cell responses, and
risk of COVID-19 within a prospective cohort of patients with
MS on diﬀerent DMTs and followed-up for over 1 year.
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DMTs; having experienced a symptomatic laboratoryconﬁrmed SARS-CoV-2 infection.
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supplemented with 2 mM glutamine, 1% (v/v) nonessential
amino acids, 1% (v/v) sodium pyruvate, 50 U/mL of penicillin, 50 μg/mL of streptomycin, 50 U/mL of Kanamycin,
0.1% Beta-Mercaptethanol (all from Gibco), 10% fetal bovine serum (Hyclone), 0.5% Transferrin (30 μg/mL)
(LubioScience), and 1,000 U/mL of interleukin-2 (produced in house from transfected J558L cells). Cells were
cultured at 37°C, 5% CO2 for 12 days. Speciﬁc IgG antibodies were measured in the culture supernatants using inhouse–developed ELISA.
ELISA
To measure antibodies in the memory B-cell culture supernatants, 96-well plates were coated overnigt at 4°C with 2.5 μg/
mL of the recombinant SARS-CoV-2 (2019-nCoV) S protein
(S1 + S2 extracellular domain) in phosphate-buﬀered saline
(PBS) (Sino Biological Inc). Uncoated plates were used as
control (no Ag). Plates were washed and blocked with Blocker
Casein in PBS supplemented with 0.05% Tween 20 (Sigma
Aldrich) for 1 hour at room temperature. Plates were subsequently incubated with 25 μL of undiluted supernatant for 1
hour at room temperature. After washing with PBS containing
0.1% Tween-20 (PBS-T), alkaline phosphatase–conjugated
goat anti-human IgG (dilution 1:500; from Southern Biotech)
was added and incubated for 45 minutes at room temperature.
Plates were washed 3 times with PBS-T, and 4-nitrophenyl
phosphate (Sigma-Aldrich) substrate was added, and the absorbance of 405 nm was measured by a microplate reader
(BioTek). The frequency of S-speciﬁc B cells was calculated
according to the Poisson distribution and expressed per million
cells. Cultures containing IgG antibodies reacting to uncoated
plates were excluded from the analysis.

Statistical Analysis
Variables were expressed as median with interquartile range or
counts with percentages. Multivariate mixed-eﬀect linear models with individual patients as random eﬀect were used to test
several variables (ﬁxed eﬀects) for association with longitudinal
log-transformed postvaccine antispike (anti-S) IgG, adjusted by
age and sex. Mann-Whitney and Wilcoxon matched-pair tests
were also used to test for diﬀerences in anti-S IgG between
groups as appropriate. Logistic regression was used to test
variables for association with the occurrence of COVID-19
during follow-up. For this analysis, the last measured anti-S IgG
titer before infection was used for patients who developed
COVID-19, and the mean anti-S IgG titer across all time points
was used for those who did not develop COVID-19.
Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consents were obtained from all patients
included in the study. The study was approved by Canton
Ticino ethics committee (CETI3863).
Data Availability
Anonymized data not published within this article will be
made available by request from any qualiﬁed investigator.

Results
Longitudinal Changes in SARS-CoV-2 Anti-S IgG
Titers After 2 Vaccine Doses
A total of 120 patients were recruited between February 25,
2021, and April 16, 2021. Of them, 58 were treated with anti-

Table 1 Demographic Characteristics, Type of Vaccine, SARS-CoV-2 Anti-S IgG Serostatus at t0, Anti-S IgG Titers at t1
(21–35 Days After the Second Vaccine Dose), Time Between the Second Vaccine Dose and Last Serum Sample
Collected (Before Third Dose), and the Number of Breakthrough COVID-19 Cases After Vaccine for All Patients
and Stratified by Disease-Modifying Treatment
Variables

All

Anti-CD20

S1P-mod

CLD

TFL

No therapy

No. of patients

n

120

58

9

15

24

14

Age

y

55 (46.4–61.0)

56.0
(49.1–60.9)

52.5
(49.8–57.0)

51.0 (41.2–59.8)

55.8 (45.4–66.7)

51.8 (44.8–59.0)

Gender

Females

74 (61.7)

39 (67.2)

5 (55.5)

7 (46.7)

13 (54.2)

10 (71.4)

Vaccine

BNT162b2

111 (92.5)

54 (93.1)

8 (88.9)

14 (93.3)

23 (95.8)

12 (85.7)

4 (6.9)

1 (11.1)

1 (6.7)

1 (4.2)

2 (14.3)

mRNA-1273 9 (7.5)
SARS-CoV-2 IgG serostatus at Negative
t0

116 (96.7)

56 (96.6)

9 (100)

14 (93.3)

24 (100)

13 (92.8)

SARS-CoV-2 IgG at t1 (AU/mL) AU/mL

1,331 (358,232)

62 (0.0–751)

82 (32–160)

6,346
(4,010–14,932)

6,853 (2,79119,322)

12,402 (2,59227,937)

Time between the 2nd dose
and last sample

mo

5.0 (3.7–6.5)

4.3 (3.3–5.7)

3.4 (3.2–3.5)

5.2 (4.1–6.5)

5.9 (5.2–6.7)

6.5 (5.9–7.6)

Breakthrough COVID-19

Yes

25 (20.8)

12 (20.7)

2 (22.2)

3 (20.0)

5 (20.8)

3 (21.4)

Abbreviations: anti-S = antispike; CLD = cladribine; S1P-mod = sphingosine 1-phosphate receptor modulators; SARS-CoV-2 = severe acute respiratory
syndrome coronavirus 2; TFL = teriflunomide.
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Figure 1 Longitudinal Dynamics of SARS-Cov-2 Anti-S IgG Titers in Patients With MS Under Treatment With Anti-CD20
Antibodies, S1P Modulators (S1P-Mod), Cladribine (CLD), Teriflunomide (TFL), and No Therapy

Anti-S IgG titers are shown on a logarithmic scale. Anti-S = antispike;
MS = multiple sclerosis.

CD20 antibodies (ocrelizumab = 32, rituximab = 25, and
ofatumumab = 1), 9 treated with S1P-mod (ﬁngolimod = 7,
ozanimod = 2), 15 treated with cladribine (CLD), 24 treated
with teriﬂunomide (TFL), and 14 were untreated. All patients
received 2 mRNA vaccine doses (BNT162b2 = 111, mRNA1273 = 9, median time between doses = 28 [28–30] days) and
had serum collected at t0 and t1. Six patients had no further
samples, 114 had ≥1, 37 had ≥2, and 1 had 3 additional
samples (total number of samples = 392, up to 10.8 months
after the 2nd dose). Table 1 summarizes baseline demographic characteristics, anti-S IgG titers measured at t1 and
time interval between the 2nd vaccine dose and last serum
sample collected (before potential 3rd vaccine dose).
A mixed-eﬀect model was created with DMTs, months between the 2nd vaccine dose and serum sample as ﬁxed eﬀects
predicting anti-S IgG, and individual patients as random eﬀect.
Compared with untreated patients, anti-CD20 and S1P-mod
were associated with lower anti-S IgG titers over follow-up,
while TFL and CLD were not (Figure 1 and Table 2). Anti-S
IgG also progressively decreased with months since 2nd vaccine dose (Figure 1 and Table 2), and this was independent of
DMTs. Age and sex were not associated with anti-S IgG titers.
Determinants of SARS-CoV-2 Anti-S IgG After 2
Vaccine Doses in Anti-CD20–Treated Patients
We have previously shown that baseline CD19+ B cells and
time since previous anti-CD20 infusion were associated with
anti-S IgG production at 1 month after vaccination.8 We extended this analysis using a mixed-eﬀect model with CD19+
B-cell count at t0, months between the 1st vaccine dose and
previous anti-CD20 infusion, and months between the 2nd
vaccine dose and serum sample as ﬁxed eﬀects. Anti-S IgG
4

titers decreased with longer time since the 2nd vaccine dose,
but remained constantly higher in patients with greater
CD19+ B-cell counts at t0, especially those with >20 CD19+
B cells/μL (β = 2.56, p < 0.001, Figure 2A and Table 2). Time
(months) since the last prevaccine anti-CD20 infusion was
associated with anti-S IgG in univariate (3–6 vs 0–3: β = 0.38,
p = 0.537; 6–9 vs 0–3: β = 1.15, p = 0.055; >9 vs 0–3: β = 1.78,
p = 0.005), but not in the multivariate model (Table 2).
Notably, the number of CD19+CD27+ memory B cells at t0
was low, with all but 1 patient having ≤2 CD19+CD27+
memory B cells/μL (Figure 2B).
We investigated whether anti-CD20 infusions performed after
the 2nd vaccine dose also inﬂuenced following anti-S IgG
titers. Twenty-six patients were seropositive at t1, and 18 of
them received anti-CD20 infusions after t1. Anti-S IgG titers
decreased over time regardless of whether anti-CD20 infusions were performed after t1 (Figure 2C). Patients who received compared with those who did not receive anti-CD20
after t1 had similar anti-S IgG at the following sample
(629.7 [69.5–1,727.8] vs 324.3 [146.9–1,252.9], respectively;
Mann-Whitney p = 0.911).
Humoral Response to the Third Vaccine Dose
Based on experts’ recommendation, patients with postvaccine
anti-S IgG lower than 2,000 AU/mL were given priority access to receive a 3rd vaccine dose. Seventy-seven patients
received a 3rd dose at 6.9 (5.8–8.0) months after the 2nd dose
(anti-CD20 n = 45, S1P-mod n = 8, TFL n = 13, CLD n = 7,
untreated n = 4) and had at least 1 sample collected afterward
(median time to sample = 35 [29–47] days). A second following sample was also available from 25 patients at a median
of 124 (101–152) days after the 3rd vaccine dose.
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Table 2 Multivariate Mixed-Effect Linear Models Predicting Log-Transformed Anti-S IgG Titers After the Second Vaccine Dose
in All Individuals Included in the Study (Upper Table) and Those Treated With Anti-CD20 Antibodies (Lower Table)
Group

Fixed effects

β

p Value

Random effects

SD

All patients (n = 120)

Months since the 2nd vaccine dose

−0.14

<0.001

Individual patient

1.15

Untreated

—

—

Residual

0.35

TFL

−0.05

0.896

—

—

CLD

−0.30

0.489

—

—

S1P-mod

−2.02

<0.001

—

—

Anti-CD20

−2.07

<0.001

—

—

0.939

—

—

—

—

—

—

DMT

−0.0007

Age
Sex

Anti-CD20 (n = 58)

M

—

F

−0.004

0.984

−0.12

<0.001

Individual patient

1.04

0 cells/μL

—

—

Residual

0.40

1–20 cells/μL

1.12

0.011

—

—

>20 cells/μL

2.56

<0.001

—

—

0–3 mo

—

—

—

—

3–6 mo

0.24

0.625

—

—

6–9 mo

0.22

0.673

—

—

>9 mo

−0.04

0.942

—

—

0.02

0.204

—

—

—

—

—

—

Months since the 2nd vaccine dose
CD19+ cell count

Time between the 1st vaccine dose and previous anti-CD20

Age
Sex

M

—

F

−0.42

—

—
0.188

Abbreviations: anti-S = antispike; CLD = cladribine; DMTs = disease-modifying treatments; S1P-mod = sphingosine 1-phosphate receptor modulators; SARSCoV-2 = severe acute respiratory syndrome coronavirus 2; TFL = teriflunomide.
Individual patient ID is used as random effect to take into account interindividual variability.

The increase in anti-S IgG titers at the 1st sample after the 3rd
vaccine dose was mild on anti-CD20 (229 [0–598] AU/mL)
and S1P-mod (68.2 [28.7–1,083] AU/mL), but larger on
TFL (14,237 [9,268–31,463] AU/mL) and CLD (17,462
[8,516–26,466] AU/mL, Figure 3). Compared with untreated patients, post-3rd dose anti-S IgG titers were lower in
those on anti-CD20 (β = −2.23, p < 0.001) and S1P-mod
(β = −2.25, p = 0.003) and inversely associated with time
elapsed between the 3rd dose and serum sample (β = −0.14,
p < 0.001, Figure 3).
Frequency of Antigen-Specific Memory B Cells
We were interested in investigating whether those DMTs
negatively inﬂuencing the humoral response to the vaccine
(i.e., anti-CD20 and S1P-mod) also impaired the development of virus-speciﬁc memory B cells, when compared with DMTs with no inﬂuence on vaccine-induced
anti-S IgG titers (e.g., TFL). SARS-CoV-2–speciﬁc circulating memory B cells were therefore measured from samples collected at 4.4 (3.5–5.0) months after the 2nd vaccine
Neurology.org/NN

dose from a total of 40 patients (anti-CD20 n = 24, S1Pmod n = 6, TFL n = 10).
Figure 4 shows the results obtained from the analysis of patients on TFL and S1P-mod. The ﬁgure also reports for each
patient the frequency of CD19+ B cells at t0 (before the 1st
vaccine dose) and serum anti-S IgG antibody titers measured
at t1 (21–35 days after the 2nd vaccine dose). SARS-CoV2–speciﬁc memory B cells were found, albeit at variable frequencies, in 8 of 10 patients on TFL, with no clear association
with either CD19+ B-cell frequency at t0 or anti-S IgG titers at
t1 (Figure 4A). By contrast, SARS-CoV-2–speciﬁc memory
B cells were undetectable or very low in all patients on S1Pmod (Figure 4B). Some speciﬁc memory B cells against
SARS-CoV-2 were detected in the 2 patients treated with
ozanimod (3113 and 3114), whereas the remaining 4 patients
on ﬁngolimod had no response at all (Figure 4B).
The same analysis was performed in patients on anti-CD20
treatment, and these were stratiﬁed according to whether patients

Neurology: Neuroimmunology & Neuroinflammation | Volume 10, Number 1 | January 2023
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Figure 2 Determinants of Anti-S IgG Titers in Patients With
MS Treated With Anti-CD20 Antibodies

the exception of patient 3034 (in which a mild response was
observed), speciﬁc memory B cells were undetectable in all patients who received anti-CD20 after the 2nd vaccine dose, even in
those individuals with greater CD19+ B-cell counts at t0 and antiS IgG titers at t1 (Figure 5A). Speciﬁc memory B cells were also
absent in most of the patients who did not receive anti-CD20
after the 2nd vaccine dose, but clearly measurable responses were
present in the only 2 patients who had detectable CD19+ B cells
at t0 and anti-S IgG at t1 (3026 and 3073, Figure 5B).
Association Between Anti-S IgG and SARS-CoV-2
Memory B-Cell Response With Risk of COVID-19
Twenty-ﬁve patients developed COVID-19 during follow-up
(age = 53.9 [46.0–57.9], 17 [68%] females, 21 [84%] after 3
vaccine doses and 4 [16%] after 2 vaccine doses). COVID-19
cases were equally distributed across treatments with 12/58
(20.7%) patients on anti-CD20, 3/15 (20%) on CLD, 2/9
(22.2%) on S1P-mod, and 5/24 (20.8%) on TFL and 3/14
(21.4%) untreated. No COVID-19 case was life-threatening or
required mechanical ventilation; 2 patients were hospitalized
(both on anti-CD20). Seven patients (6 on anti-CD20 and
1 on S1P-mod) received early treatment (≤5 days from the
beginning of symptoms) with monoclonal antibodies against
S-protein of SARS-CoV-2 (sotrovimab).
COVID-19 patients had a last serum sample collected at 72
(50–102) days before infection. The median anti-S IgG at
these time points was 324.6 (0.0–1,457.5) AU/mL, when
compared with 676.0 (29.5–4,605.3) AU/mL considering all
remaining samples. Last measured anti-S IgG titer predicted
risk of infection (OR = 0.56, 95% CI = 0.37–0.86, p = 0.008),
and this was independent of age, sex, number of vaccine doses
received, and DMTs (all not signiﬁcant). Regarding, memory
B-cell response, the proportion of patients who developed
COVID-19 was 2/14 (14.3%) among those who tested positive
for SARS-CoV-2–speciﬁc memory B cells and 6/26 (23.1%)
among those who tested negative for SARS-CoV-2–speciﬁc
memory B cells (OR = 0.55, 95% CI = 0.10–3.21, p = 0.511).

Discussion

6

(A) Relation between baseline CD19+ B-cell count at t0 and temporal trends in
anti-S IgG titers in anti-CD20–treated patients. (B) Relation between total CD19+
B-cell count at t0 and CD19+CD27+ memory B-cell count at t0 in anti-CD20–
treated patients; (C) Effect of administration of anti-CD20 infusions after the 2nd
vaccine dose on anti-S IgG titers; a blue circle indicates that the patient has in the
meanwhile received an anti-CD20 infusion. Anti-S IgG titers and cell counts are
shown on a logarithmic scale. Anti-S = antispike; IgG = immunoglobulin G.

The development of vaccines against SARS-CoV-2 has played a
major role in the prevention of COVID-19 and, most importantly, of severe forms of disease over the last year. However,
antibody response to SARS-CoV-2 vaccines can be weakened
by speciﬁc MS DMTs. We made use of a large cohort of
patients with MS with repeated serial samples and detailed
clinical follow-up over 1 year to describe longitudinal anti-S IgG
dynamics after 2 and 3 vaccine doses, the development of
SARS-CoV-2 speciﬁc memory B cell responses, and their potential relation with breakthrough COVID-19.

received (n = 12, Figure 5A) or did not receive (n = 12,
Figure 5B) anti-CD20 infusions between the 2nd vaccine dose
and SARS-CoV-2–speciﬁc memory B-cell measurement. With

We conﬁrm that anti-CD20 and S1P-mod negatively inﬂuence anti-S IgG production at 1 month after 2 vaccine
doses, whereas this response is not impaired by other DMTs
such as TFL and CLD. Afterward, anti-S IgG titers
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Figure 3 Changes in SARS-CoV-2 Anti-S IgG Titers After a Third Vaccine Dose in Patients Stratified by Disease-Modifying
Treatment

Anti-S IgG titers are shown on a logarithmic scale. Anti-S = antispike; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.

progressively declined over time independently of DMTs, as
observed in the general population.19 Similarly, anti-CD20
and S1P-mod negatively inﬂuence the humoral response to a
3rd vaccine dose, whereas patients on TFL and CLD had a
rapid increase in anti-S IgG titers, comparable with that of
untreated patients. These ﬁndings are consistent with recent
reports20-22 and suggest that one should expect only a mild
increase in anti-S IgG with additional boosters in antiCD20–treated and S1P-mod–treated MS patients.
Among patients treated with anti-CD20 antibodies, we
observed a highly variable postvaccine humoral production
ranging from absent to very high anti-S IgG titers over
follow-up, with the main determinant of such diverse response being the CD19+ B-cell count during vaccine administration. We found a mild anti-S IgG production
already in patients with ≥1 CD19+ B cells/μL during the 1st
vaccine dose, as in the study conducted by Kornek et al.,23
but a threshold of 20 CD19+ B cells/μL was associated with
sustained high anti-S IgG titers over time, similar to those
observed in untreated patients. This was achieved even in
the presence of very low CD19+CD27+ memory B-cell
counts, which is relevant because of the evidence supporting
their pathogenic role in MS and the associated risk of disease reactivation.24,25
Several reports have suggested the time interval between the
last anti-CD20 infusion and vaccination determines the extent
of anti-S IgG production.7,26-28 We replicated this in our cohort, but the association disappeared when baseline CD19+
Neurology.org/NN

B-cell counts were included in the same regression model.
Timing of CD19+ B-cell repopulation can largely vary after
anti-CD20 infusions between patients and within the same
individual.29,30 Our results suggest CD19+ B-cell count (rather
than time since last anti-CD20 infusion) provides a more reliable prediction of the humoral response to SARS-CoV-2
vaccines. It is of interest that we did not ﬁnd any evidence that
anti-CD20 infusions administered after vaccination could
negatively inﬂuence anti-S IgG titers and patients who received
anti-CD20 after the 2nd vaccine dose did not have a more rapid
drop in anti-S IgG. This implies that vaccine-induced antibody
production predominantly takes place within a rather limited
period of time and that following B-cell depletion does not
directly inﬂuence circulating antibodies.
In addition to humoral immunity, cellular mechanisms are also
induced by vaccines, and many studies have shown potent
speciﬁc CD4+ and CD8+ T-cell responses against SARS-CoV-2
after mRNA vaccination, even in patients treated with antiCD20 antibodies.9,31-33 The memory B-cell response has been
instead less investigated, with studies showing how these are
also negatively inﬂuenced by anti-CD20 and S1P-mod.9,10 We
observed that a large proportion of patients treated with TFL
have a good frequency of circulating memory B cells speciﬁc for
SARS-CoV-2 S antigen, even several months after vaccination.
By contrast, this memory B-cell response was impaired in patients treated with S1P-mod. There were some hints for a
possible diﬀerence between ozanimod (mild response) and
ﬁngolimod (no response), which is interesting but needs to be
interpreted with caution given the small sample size.
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Figure 4 SARS-CoV-2–Specific IgG+ Memory B-Cell Response Measured in Patients With MS on Treatment With Teriflunomide (A) and S1P Modulators (B), With Relative CD19+ B-Cell Counts at t0 (Before First Vaccine Dose) and
Anti-S IgG Measured at t1 (21–35 Days After the Second Dose)

Numbers in the bottom panels indicate frequency of S-specific memory B cells in 10e6 peripheral blood mononuclear cells (PBMCs). Anti-S = antispike; MS =
multiple sclerosis; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.

Diminished/absent speciﬁc memory B-cell responses were also
found in patients treated with anti-CD20, with the remarkable
exception of those few individuals who had detectable CD19+
B cells during the 1st vaccine dose and did not receive further
8

anti-CD20 infusions between vaccine and memory B measurements. Taken together with the results of anti-S IgG
measurements, these data suggest that prevaccine anti-CD20
infusions and related CD19+ B-cell count during vaccination
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Figure 5 SARS-CoV-2–Specific IgG+ Memory B-Cell Response Measured in Patients With MS on Treatment With Anti-CD20
Who Received Anti-CD20 Infusions After the Second Vaccine Dose (A) and Did Not Receive Anti-CD20 Infusions
After the Second Vaccine Dose (B), With Relative CD19+ B-Cell Counts at t0 (Before First Vaccine Dose) and Anti-S
IgG Measured at t1 (21–35 Days After the Second Dose)

Numbers in the bottom panels indicate frequency of S-specific memory B cells in 10e6 peripheral blood mononuclear cells (PBMCs). Anti-S = antispike; MS =
multiple sclerosis; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.

inﬂuence both immediate anti-S IgG production and the development of SARS-CoV-2–speciﬁc memory B cells, whereas
postvaccine anti-CD20 infusions do not aﬀect circulating anti-S
IgG titers but remove SARS-CoV-2–speciﬁc memory B cells.
Despite not being powered to provide insights into the severity of
COVID-19, we highlight how all breakthrough infections in our
cohort were mild to moderate in severity, similar to what has been
recently reported by other studies.11-13 One relevant question that
Neurology.org/NN

needed to be addressed was whether vaccine-induced circulating
SARS-CoV-2 antibody titers and cellular responses actually reﬂect
the risk of experiencing breakthrough COVID-19. Studies support
this hypothesis in the general population, with an inverse association between neutralizing antibody titers and risk of breakthrough
COVID-19.34,35 Some recent studies have also suggested patients
with MS treated with anti-CD20 and S1P-mod are at a higher risk
of breakthrough COVID-19, but whether this eﬀect is related to
lower circulating SARS-CoV-2 antibodies is less clear.11-13 In our
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cohort, the last anti-S IgG titer measured in the 25 patients who
developed breakthrough symptomatic COVID-19 was lower than
all remaining samples and was a better predictor of infection than
the DMT being used. As to memory B-cell responses, individuals
with evidence of SARS-CoV-2–speciﬁc memory B cells had numerically lower cases of symptomatic COVID-19 during follow-up
when compared with those with no SARS-CoV-2–speciﬁc
memory B cells. The diﬀerence was not statistically signiﬁcant, but
the study was not powered to investigate this. Taken together,
these results suggest that lower anti-S IgG titers likely inﬂuence the
risk of breakthrough COVID-19 in MS (probably more than the
speciﬁc DMTs themselves). The presence of speciﬁc memory
B cells may also be relevant to build a rapid immune response to
the virus and decrease the chance of developing symptoms, but
this needs to be conﬁrmed by other studies.
Strengths of the study include the prospective design of data and
sample collection, which minimizes the risk of recall bias (especially for COVID-19) and loss of follow-up. Second, the
collection of longitudinal samples allowed us to study anti-S IgG
dynamics over time overall and stratiﬁed by various DMTs and
biological parameters, in contrast with most of the studies performed to date in which postvaccine humoral response has been
measured at single time points. Third, the availability of regularly
collected clinical data and the exclusion of samples after conﬁrmed COVID-19 made it possible to disentangle vaccineinduced anti-S IgG production from the potential contribution
of infectious events. Moreover, this is, to our knowledge, the ﬁrst
study able to integrate clinical data, prevaccine biological parameters, humoral and cellular markers of response to vaccines
at multiple time points, and risk of breakthrough COVID-19
from the same large cohort of patients with MS.
Limitations of the study include the small number of patients on
treatments other than anti-CD20 and the lack of data regarding
additional MS DMTs (e.g., dimethyl fumarate and natalizumab), but previous studies have not shown concerns for therapies other than anti-CD20 and S1P-mod for SARS-CoV-2
vaccine response. Anti-S IgG measurements were performed in
all patients at t0 and t1, but the timing of following samples was
variably distributed across patients. However, potential interindividual diﬀerences and the eﬀect of time were statistically
taken into account. We cannot exclude that some patients had
asymptomatic COVID-19 after vaccination or mild symptoms
that did not prompt individuals to perform a molecular PCR
test, but all patients included in the study have been carefully
followed up at our center and were suggested to be tested for
COVID-19 even in case of very mild symptoms. An association
between lower anti-S IgG titers and breakthrough COVID-19
was found, but the study was not powered to detect diﬀerences
in severity of disease. Similarly, the study was not powered to
detect a statistically signiﬁcant association between speciﬁc
memory B response and the risk of breakthrough COVID-19.
Finally, we did not include data on memory T-cell responses in
this work. Other studies have already investigated this showing a
robust speciﬁc T-cell response after SARS-CoV-2 vaccine,
which could at least partly explain the similar frequency of
10

breakthrough infections across DMTs with diverse eﬀect on
vaccine-induced humoral response.
To conclude, we demonstrate how vaccine-induced SARS-CoV-2
anti-S antibody titers progressively decrease over time in patients
with MS independently of DMTs and are associated with risk of
breakthrough COVID-19. Both short-term production of anti-S
IgG and speciﬁc memory B-cell responses are diminished in individuals treated with S1P-mod and anti-CD20 antibodies. Within
patients on anti-CD20, prevaccine and postvaccine infusions differentially inﬂuence humoral and memory B-cell responses to the
vaccine. Given that postponing anti-CD20 infusions by a few
months can be considered relatively safe,30 and anti-CD20 treatment is associated with a higher risk of severe COVID-19,6,13 we
suggest that a personalized dosing time regimen could represent a
strategy to optimize vaccine response, particularly in selected
patients with additional risk factors for worse COVID-19 outcomes (e.g., older age, high disability, and comorbidities). Larger
studies are needed to further investigate the potential inﬂuence of
MS DMTs on the outcome and severity of breakthrough
COVID-19, with potential clinical implications for administering
further vaccine doses and providing early treatment.
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