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Abstract: This study investigated the incidence and severity of SARS-CoV-2 breakthrough infections
(BIs) and the time to swab reversion in patients with multiple sclerosis (PwMS) after the booster dose
of COVID-19 mRNA vaccines. We enrolled 64 PwMS who had completed the three-dose mRNA
vaccine schedule and had never experienced COVID-19 before. Among the 64 PwMS, 43.8% had
BIs with a median time since the third vaccine dose of 155 days. BIs occurred more frequently
in ocrelizumab-treated patients (64.7%). Patients with a relapsing-remitting MS course showed
a reduced incidence of BIs compared with those with a primary-progressive disease (p = 0.002).
Having anti-receptor-binding domain (RBD) antibodies represented a protective factor reducing the
incidence of BIs by 60% (p = 0.042). The majority of BIs were mild, and the only severe COVID-19
cases were reported in patients with a high Expanded Disability Status Scale score (EDSS > 6). The
median time for a negative swab was 11 days. Notably, fingolimod-treated patients take longer for
a swab-negativization (p = 0.002). Conversely, having anti-RBD antibodies ≥ 809 BAU/mL and an
IFN-γ-specific T cell response ≥ 16 pg/mL were associated with a shorter time to swab-negativization
(p = 0.051 and p = 0.018, respectively). In conclusion, the immunological protection from SARS-CoV-2
infection may differ among PwMS according to DMTs.

Keywords: COVID-19 vaccination; SARS-CoV-2; multiple sclerosis; disease-modifying therapies;
antibody response; T cell response; breakthrough infection
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1. Introduction

Coronavirus Disease-2019 (COVID-19) is a human-to-human transmissible disease
caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), that
emerged in late 2019 as an outbreak and was subsequently declared a global health emer-
gency by the World Health Organization (WHO) on 30 January 2020 [1].

The large-scale vaccination campaign starting at the beginning of 2021 has proven to be
an effective measure to counteract the COVID-19 pandemic by limiting the spread of SARS-
CoV-2 infections and reducing the risk of a severe disease outcome and hospitalization rate.
This led the WHO to declare the end of the COVID-19 pandemic in May 2023. Nevertheless,
COVID-19 still represents a threat to the public health of vulnerable categories [2–4],
including patients with multiple sclerosis (PwMS) [5–7]. Besides COVID-19, other infectious
diseases may have a more severe course in MS patients [8], and the COVID-19 clinical
and scientific experience may represent a kind of “model” for the management of other
infections as well.

Multiple sclerosis (MS) is a neurodegenerative and autoimmune disease that affects
the central nervous system and represents the principal non-traumatic cause of disabil-
ity among young adults in Western countries [9]. The majority of PwMS undergoes im-
munomodulatory or immunosuppressive disease-modifying therapies (DMTs), including
ocrelizumab, fingolimod, cladribine, and interferon (IFN)-β [9]. DMTs administered in
PwMS have a wide range of actions targeting the immune system and result in the potential
impairment of humoral and/or cell-mediated immune responses to both infections and
vaccines. For this reason, during the COVID-19 pandemic, the clinic management of PwMS
was challenging and raised great concern.

Different studies reported that PwMS are more prone to contracting infections and present
a higher risk of infection-related hospitalization and infection-related mortality [10–14].

Our and other groups showed that the majority of PwMS can mount humoral and/or
T cell-specific immune responses to COVID-19 mRNA vaccines, albeit with a lower mag-
nitude than healthy subjects [5–7,15–17]. To note, the magnitude of the immune response
was different according to the ongoing DMTs. Particularly, fingolimod- and ocrelizumab-
treated patients were those who presented a more compromised response to COVID-19
vaccination [5–7,16,18–20].

Despite the effectiveness of the vaccination campaign, breakthrough infections (BIs)
continued to be reported owing to the emergence of SARS-CoV-2 variants escaping the host
immune defense, concomitantly with the reduction of distancing measures and the decline
of vaccine immunity over time [5,21–25]. The onset of new variants is likely favored by the
ongoing replication of the virus, particularly in immunocompromised individuals who are
more prone to establishing persistent infections [26].

It has been reported that the administration of the third dose of COVID-19 vaccines
also contributes to protection against Omicron variants, by reducing the incidence and
severity of BIs in the general population [27–31]. Regarding PwMS, studies reported in the
literature have mainly focused on B-depleted patients [32–34], or have assessed the impact
of clinical factors and/or antibody response on the risk of BIs without taking into account
the T cell response [35–40]. Moreover, they do not investigate factors potentially associated
with the time to swab reversion.

This study aimed to investigate the demographic, clinical, and immunological factors,
both antibody and T cell responses, potentially associated with the risk of BIs, severity of
the outcome, and time of swab negativization in the MS population treated with different
DMTs after the third dose of COVID-19 mRNA vaccines. The study period overlapped
with the onset of the Omicron variant, which was the predominant variant in Italy starting
in January 2022 [41].
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2. Materials and Methods
2.1. Study Cohort and Design

This is a prospective longitudinal single-center study. Patients diagnosed with MS
according to the 2017 McDonald criteria [42] were enrolled at the MS Centre of the De-
partment of Neurosciences of San Camillo Forlanini Hospital (Rome, Italy). We enrolled
PwMS who were on treatment with ocrelizumab, fingolimod, cladribine, or IFN-β for at least
6 months from the enrolment and had received the three doses of COVID-19 mRNA vaccines
(BNT162b2 or mRNA-1273). The exclusion criteria were as follows: previous SARS-CoV-2
infection based on a positive antigenic and/or molecular test by real-time polymerase chain
reaction (PCR) on the swab sample and/or positive anti-nucleoprotein immunoglobulin G
(anti-N-IgG) before the third vaccine dose, HIV infection, and age < 18 years.

The enrolment was initiated in March 2021, and the follow-up ended in December 2022.
From a cohort previously evaluated in terms of antibody and T cell response to COVID-19
vaccination at baseline (2–4 weeks after the second dose) [6], after 24 weeks from the first
dose, and 4–6 weeks after the third dose [5,7], a subgroup of 64 patients were followed
up until a positive SARS-CoV-2 test or the administration of the fourth vaccine dose to
evaluate the incidence rate of BIs (Figure 1). BIs were stratified based on their severity as
mild, moderate, or severe [43]. Briefly, mild COVID-19 patients had any of the different
signs and symptoms (i.e., fever, cough, sore throat, malaise, headache, etc.) but without
shortness of breath, dyspnea, or abnormal chest imaging; moderate COVID-19 patients had
lower respiratory disease and SpO2 ≥ 94% on room air, while severe COVID-19 patients
required hospitalization.

1 
 

 
Figure 1. Timeline of COVID-19 vaccination schedule and surveillance. After 4–6 weeks from the third
vaccine dose, blood samples were collected to evaluate antibody and T cell response. Abbreviations:
COVID-19, Corona Virus Disease 2019. Created with BioRender.com.

Demographic and clinical data were collected at the time of the third dose, while the
immunological data refer to the evaluation performed 4–6 weeks after the third dose. The
laboratory procedures were carried out following the standardized protocol previously
described [44].

This study was approved by the Ethical Committee of “L. Spallanzani” National
Institute of Infectious Diseases (INMI)-IRCCS (approval numbers 319/2021 and 443/2021)
and was conducted in agreement with the Declaration of Helsinki. A written informed
consent was signed by all participants before taking part in the study.

BioRender.com
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2.2. Anti-SARS-CoV-2 Antibodies

The antibody response to COVID-19 vaccination was evaluated by assessing anti-
receptor-binding domain (RBD) antibodies (Abs), which were expressed as binding anti-
body units (BAU)/mL, and whose cut-off to define a positive response was set at ≥ 7.1.

Concurrently, neutralizing antibodies were evaluated with a micro-neutralization
assay (MNA) using the SARS-CoV-2/Human/ITA/PAVIA10734/2020 (provided by Fausto
Baldanti, Pavia, Italy), as previously described [45]. The neutralization titer was expressed
as the reciprocal of the highest serum dilution (MNA90) at which we observed at least 90%
inhibition of the cytopathic effect. The neutralizing titer was considered positive if ≥ 10,
corresponding to the first dilution tested.

The anti-nucleoprotein immunoglobulin G (Anti-N-IgG) was evaluated to screen the
enrolled cohort for a previous SARS-CoV-2 infection. Subjects scored positive if index
values [(sample (S)/Cutoff (CO)] ≥1.4. Both anti-RBD-IgG and anti-N-IgG were assessed
following the manufacturer’s instructions (Architect® i2000sr Abbott Diagnostics, Chicago,
IL, USA).

2.3. IFN-γ-Spike-Specific T cell Response

The IFN-γ-spike specific T cell response was tested using a whole blood assay. The
blood was collected in lithium heparinized tubes (BD Vacutainer, Becton Dickinson, Flo-
rence, Italy, Cat. 367526) and stimulated in a 48-well plate with a mixture of spike peptides
derived from the SARS-CoV-2 Wuhan spike protein (PepTivator®Prot_S1, Prot_S, and
Prot_S+, Miltenyi Biotec, Bergisch Gladbach, Germany, Cat. 130–127–048, Cat. 130–126–701
and Cat. 130–127–312, respectively) at a final concentration of 0.1 µg/mL [44]. The staphy-
lococcal enterotoxin B (SEB) (Merck Life Science, Milan, Italy, Cat. S4881) was used as a
positive control (Supplementary Figure S1). After an overnight incubation at 37 ◦C with 5%
CO2, plasma was harvested and stored at −80 ◦C until use. The ELLA Simple Plex Human
IFN-γ (3rd Gen.) Assay (Bio-Techne, Minneapolis, MN, USA, Cat. SPCKB-PS-002574) was
used to quantify IFN-γ levels that defined a positive T cell response if ≥ 16 pg/mL. The
values reported are subtracted from the unstimulated control value.

2.4. Statistical Analysis

The statistical analyses were performed using Stata (StataCorp. 2021. Stata Statistical
Software: Release 17. College Station, TX, USA: StataCorp LLC.), R Project Software
(version 4.2.1), and GraphPad (version 9.3.1) (GraphPad Prism, San Diego, CA, USA).
Categorical variables were expressed as absolute and relative percentages, whereas the
quantitative ones were reported as medians and interquartile ranges (IQR). The following
statistical tests were used: the Kruskal–Wallis test to compare groups, the Mann–Whitney
test for pairwise comparison, and the Fisher Exact test to compare categorical variables.

Univariable Poisson regressions were performed to estimate the incidence rate ratio
(IRR) of SARS-CoV-2 infections according to the demographic, clinical, and immunological
data. Variables with p < 0.2 were entered into the multivariable model, which was chosen
with the minor Bayesian information criterion (BIC). The quantile regression analysis on the
median was performed to estimate the time to swab conversion according to demographic,
clinical, and immunological responses. Two-tailed p-values < 0.05 were considered statisti-
cally significant. Post-hoc power analysis has been performed for the main outcomes and
for univariable models, to evaluate the statistical power of our sample size using G*Power
software (version 3.1.9.7) [46]. According to the post hoc sample size calculation, our study
was able to detect significant differences of IRRs of at least 2.5 for the primary outcome,
incidence of SARS-CoV-2 breakthrough infections, and a reduction of about 75% in the
analysis of antibody and T cell-specific immune response, after sample collection, with a
power of 80% and an alpha error of 0.05.
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3. Results
3.1. Characteristics of the Studied Population

Within a cohort of 134 PwMS previously evaluated for the immune response to COVID-
19 vaccination [5–7], 64 individuals were followed up to investigate the BI incidence in
the MS cohort. The demographic and clinical characteristics of the enrolled subjects are
reported in Table 1. The cohort had a median time since MS diagnosis of 15 years and was
characterized by a female predominance of 67%, as expected in autoimmune diseases. The
majority of PwMS (92.2%) showed a relapsing-remitting phenotype. All the enrolled PwMs
were under DMTs: 17 (26.6%) subjects were treated with ocrelizumab, 26 (40.6%) with
fingolimod, 6 (9.4%) with cladribine, and 15 (23.4%) with IFN-β. A minority of subjects
(21.9%) reported having comorbidities such as metabolic or cardiovascular diseases.

Table 1. Demographic and clinical characteristics of the 64 enrolled PwMS.

Patients’ Characteristics

Total 64 (100)

Age, median (IQR) years 49 (41.5–55.5)
Age class, n (%)

23–39 16 (25.0)
40–49 19 (29.7)
50–70 29 (45.3)

Gender: Female, n (%) 43 (67.2)
Origin: Italian, n (%) 62 (96.9)

Presence of comorbidities, n (%) 14 (21.9)
BMI (kg/m2), median (IQR) 24 (21–26)

Vaccination-First dose with Comirnaty, n (%) 59 (92.2)
MS duration, median (IQR) years 15 (7–25)

MS treatment, n (%)
Cladribine 6 (9.4)
Fingolimod 26 (40.6)

Interferon beta 15 (23.4)
Ocrelizumab 17 (26.6)

MS treatment duration, median months (IQR) 5 (2–9)
EDSS score, median (IQR) 2 (0.5–4.3)

<3 37 (58.8)
≥3 27 (42.2)

MS phenotype, n (%)
Primary-progressive (PP) 5 (7.8)
Relapsing-Remitting (RR) 59 (92.2)

Lymphocytes count × 103/µL, median (IQR) 1.3 (0.7–1.7)
Days from booster dose to sample, median (IQR) 48 (43–51)

Among PwMS with SARS-CoV-2 breakthrough infection 28 (43.7)

Days from 3rd dose to infection, median (IQR) 155 (108–205)
Days to negative swab, median (IQR) 11 (9–15)

COVID-19 therapy, n (%)
Anti-viral therapy 5 (17.9)

Monoclonal therapy 11 (39.3)
Non-steroidal anti-inflammatory drugs or paracetamol or no therapy * 12 (42.9)

Severity of COVID-19, n (%)
Mild disease 21 (75.0)

Moderate disease 5 (17.9)
Severe disease 2 (7.1)

IQR: interquartile range; BMI: body mass index; EDSS: Expanded Disability Status Scale; PwMS: patients with multiple
sclerosis; * two patients reported not having taken any therapy. In bold are reported the patient’s characteristics.

3.2. Incidence of Breakthrough Infections and Clinical Features

During the study period, out of 64 PwMS, 28 (43.8%) experienced BIs with a median
time since the third vaccine dose of 155 days (Table 1). BIs occurred more frequently among
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PwMS treated with ocrelizumab (11/17, 64.7%) compared to those under fingolimod (10/26,
38.5%), IFN-β (6/15, 40%), and cladribine (1/6, 16.7%). Indeed, 39.3% of the total BIs were
reported in subjects treated with ocrelizumab, 35.7% with fingolimod, 21.4% with IFN-β,
and 3.6% with cladribine (Table 2). A different incidence of BIs was also observed according
to sex; in the male population, 61.9% of subjects had a SARS-CoV-2 infection compared
with only 35% of females. A significantly lower BI incidence rate was observed in PwMS
with higher MS severity, reported as Expanded Disability Status Scale score (EDSS ≥ 3
IRR: 0.22, 95%CI: 0.08–0.66, p = 0.006). Moreover, PwMS with a relapsing-remitting disease
showed an 88% lower rate of BI incidence (IRR: 0.12, 95%CI: 0.03–0.46, p = 0.002) compared
to those with a primary-progressive disease (Table 2).

Table 2. Incidence of SARS-CoV-2 breakthrough infections according to the demographic and clinical
characteristics of PwMS after the booster dose of COVID-19 vaccination.

Patients’ Characteristics
SARS-CoV-2 BIs Univariable Multivariable

No Yes Total IRR 95%CI p IRR 95%CI p

Total, n (%) 36 (56.3) 28 (43.8) 64 (100)
Age, median (IQR) years 50 (45.5–58) 47.5

(38–53.5)
49

(41.5–55.5)
23–39 8 (22.2) 8 (28.6) 16 (25.0) Ref.
40–49 10 (27.8) 9 (32.1) 19 (29.7) 1.01 0.39–2.63 0.979
50–70 18 (50.0) 11 (39.3) 29 (45.3) 0.66 0.27–1.64 0.371

Gender, n (%)
Female 28 (77.8) 15 (53.6) 43 (67.2) Ref.
Male 8 (22.2) 13 (46.4) 21 (32.8) 2.19 1.04–4.6 0.038

Country of birth, n (%)
Italy 34 (94.4) 28 (100) 62 (96.9) - - -

Abroad 2 (5.6) 0 (0) 2 (3.1) - - -
Presence of comorbidities, n (%)

No 27 (75.0) 23 (82.1) 50 (78.1) Ref.
Yes 9 (25.0) 5 (17.9) 14 (21.9) 0.69 0.26–1.83 0.460

BMI (kg/m2), median (IQR) 24
(20.9–25.9) 24 (22–26.6) 24

(21.3–26.2)
≤24 18 (50.0) 14 (50.0) 32 (50.0) Ref.
>24 18 (50.0) 14 (50.0) 32 (50.0) 1.03 0.49–2.16 0.938

Vaccination-First dose, n (%)
Comirnaty 33 (91.7) 26 (92.9) 59 (92.2) Ref.

Other 3 (8.3) 2 (7.1) 5 (7.8) 1.06 0.25–4.45 0.940
MS duration (years),

median (IQR)
16.2

(8.5–23.1) 12.9 (5.8–25) 15 (7.5–24.5)

≤15 17 (47.2) 16 (57.1) 33 (51.6) Ref.
>15 19 (52.8) 12 (42.9) 31 (48.4) 0.79 0.37–1.67 0.539

MS treatment, n (%)
Cladribine 5 (13.9) 1 (3.6) 6 (9.4) 0.32 0.04–2.69 0.297
Fingolimod 16 (44.4) 10 (35.7) 26 (40.6) 0.97 0.35–2.66 0.948

Interferon beta 9 (25.0) 6 (21.4) 15 (23.4) Ref.
Ocrelizumab 6 (16.7) 11 (39.3) 17 (26.6) 2.21 0.82–5.97 0.118

MS treatment duration
(years), median (IQR) 6.5 (2–9.1) 3.7 (1.8–7.9) 5.1 (1.9–8.6)

≤5 14 (38.9) 17 (60.7) 31 (48.4) Ref.
>5 22 (61.1) 11 (39.3) 33 (51.6) 0.49 0.23–1.04 0.062

EDSS score, median (IQR) 3 (0.5–5) 1.8 (0.5–3) 2 (0.5–4.3)
<3 17 (47.2) 20 (71.4) 37 (58.8) Ref. Ref.
≥3 19 (52.8) 8 (28.6) 27 (42.2) 0.40 0.18–0.9 0.029 0.22 0.08–0.66 0.006

MS phenotype, n (%)
Primary-progressive (PP) 1 (2.8) 4 (14.3) 5 (7.8) Ref. Ref.
Relapsing-Remitting (RR) 35 (97.2) 24 (85.7) 59 (92.2) 0.33 0.11–0.94 0.039 0.12 0.03–0.46 0.002

Lymphocytes count ×
103/µL, median (IQR)

1.3 (0.7–1.6) 1.3 (0.7–1.8) 1.28
(0.65–1.67)

≤1.28 18 (54.6) 11 (45.8) 29 (50.9) Ref.
>1.28 15 (45.4) 13 (54.2) 28 (49.1) 1.35 0.61–3.02 0.461

BI: breakthrough infection; PwMS: patients with multiple sclerosis; IQR: interquartile range; BMI: body mass index;
EDSS: Expanded Disability Status Scale; IRR: incidence rate ratio; CI: confidence interval; Ref: reference category;
univariable Poisson regression. In bold are reported the patient’s characteristics and the significant values.
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3.3. Incidence of Breakthrough Infections and Immune Response

PwMS who did not have BIs showed a significantly higher seroconversion rate (31/36,
86.1%) after the third vaccine dose than those who had BIs (17/28, 60.7%) (p = 0.039). How-
ever, there were no significant differences in the magnitude of the antibody response after
the third vaccine dose between PwMS who had BIs and those uninfected (135 BAU/mL,
(IQR: 1–1337) vs. 352 BAU/mL, (IQR: 24–5513), p = 0.136), albeit a slightly higher antibody
production was observed in those uninfected (Figure 2A). Among patients without BIs,
fingolimod-treated patients were the most represented group with a frequency of 44%
compared to 36% in patients with BIs (Table 2), and this likely influenced the overall result.
Indeed, it is well known that fingolimod limits the ability for both T and B cell-specific
responses. Therefore, although most patients receiving fingolimod therapy seroconverted,
the antibody levels are low. Consequently, when comparing those without BIs with those
who had BIs, even though there was a significant difference in the number of serocon-
verted individuals, there was no significant change in the antibody production between
the two groups. Moreover, neither the neutralizing titer nor the IFN-γ T cell response
significantly differed between PwMS who experienced BIs and the uninfected patients,
both in terms of qualitative (p = 0.320 and p = 0.126, respectively) or quantitative response
(p = 0.801 and p = 0.447, respectively) (Figure 2B,C).

1 
 

 Figure 2. Antibody and IFN-γ-specific T cell responses after the third dose of COVID-19 vaccine. The
enrolled PwMS (n = 64) were stratified into two groups: BIs group (n = 28), which included those who
had COVID-19 after the third dose, and no BIs group (n = 36), which included those who did not have
COVID-19 during the follow-up period. (A) Anti-RBD-IgG were expressed as binding antibody units
(BAU)/mL, (B) neutralizing antibodies as the reciprocal of the dilution (MNA90), while (C) IFN-γ
levels were subtracted from the unstimulated-control value and reported in pg/mL. The cut-off of
each test is indicated by the black dashed line (anti-RBD-IgG: 7.1 BAU/mL; MNA90: 10 reciprocal
dilution and spike: 16 pg/mL). Each colour dot represents a different treatment as shown in the
legend. A Mann–Whitney test was performed for pairwise comparison and Fisher Exact test was to
compare the proportion of responders. A p-value < 0.05 was considered significant. Abbreviations:
COVID-19, Coronavirus Disease 2019; PwMS, patients with multiple sclerosis; BIs, breakthrough
infections; RBD, receptor-binding domain; IgG, immunoglobulin; Abs, antibodies; IFN, interferon;
N, number.

In the univariable Poisson regression, we showed that the presence of an antibody
response (anti-RBD ≥ 7.1 BAU/mL) represented a protective factor, reducing the incidence
rate of BIs in the MS population by 67% (IRR: 0.33, 95%CI: 0.15–0.7, p = 0.004) (Table 3).
After adjusting for EDSS score and disease phenotype, having anti-RBD response ≥ 7.1
BAU/mL still conferred a 60% reduction in the BI incidence rate (IRR: 0.40, 95%CI: 0.17–
0.97, p = 0.042). Instead, no significant associations were found between the incidence rate
of BIs and IFN-γ levels or neutralizing antibodies (p = 0.187 and p = 0.362, respectively).
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Table 3. Incidence rate ratios for SARS-CoV-2 infection in 64 PwMS according to antibody and T
cell-specific immune response evaluated after 2–4 weeks from the booster dose.

Immune Response
No BI BI Total Univariable Multivariable

36 (56.3) 28 (43.8) 64 (100) IRR 95%CI p aIRR 95%CI p

anti-RBD IgG
(BAU/mL)

continuous, median
(IQR)

352
(24–5513)

135
(1–1337)

272
(8–4222)

score: Negative (<7.1) 5 (13.9) 11 (39.3) 16 (25.0) Ref. Ref.
score: Positive (≥7.1) 31 (86.1) 17 (60.7) 48 (75.0) 0.33 0.15–0.7 0.004 0.40 0.17–0.97 0.042

IFN-γ T cell-specific response (pg/mL)
continuous, median

(IQR) 30 (1–222) 188
(1–578) 79 (1–349)

<16 17 (47.2) 10 (35.7) 27 (42.2) Ref. Ref.
≥16 19 (52.8) 18 (64.3) 37 (57.8) 1.61 0.74–3.49 0.228 0.55 0.22–1.34 0.187

Neutralizing antibodies
continuous, median

(IQR) 15 (5–320) 5 (5–160) 8 (5–320)

<10 17 (47.2) 15 (53.6) 32 (50.0) Ref. Ref.
≥10 19 (52.8) 13 (46.4) 32 (50.0) 0.83 0.39–1.74 0.618 0.68 0.30–1.55 0.362

PwMS: patients with multiple sclerosis; RBD: receptor-binding domain; IFN: interferon; BI: breakthrough infection;
IRR: incidence rate ratio estimated with Poisson regression; aIRR: IRR adjusted for EDSS score and phenotype; CI:
confidence interval; Ref: reference category. In bold are reported the patient’s immunologic variables and the
significant values.

3.4. COVID-19 Severity

The majority of BIs (21/28, 75%) were mild, while 17.9% (5/28) were moderate. Only
two cases of severe COVID-19 requiring hospitalization were reported and involved male
subjects under fingolimod and ocrelizumab treatment (Table 4).

Most PwMS who had mild COVID-19 were under fingolimod (8/21, 38.1%) therapy;
differently, the majority of those with moderate COVID-19 were under ocrelizumab treat-
ment (4/5, 80%). Regarding COVID-19 therapy, 11 PwMS with mild disease reported
having assumed antiviral (n = 4) or monoclonal antibodies (n = 7), whereas 10 PwMS
took non-steroidal anti-inflammatory drugs (NSAIDs) or paracetamol. Most patients with
moderate COVID-19 were treated with monoclonal antibodies (Table 4). Stratifying by
DMTs, we observed that monoclonal antibodies or antivirals were administered mostly to
fingolimod- or ocrelizumab-treated patients, whereas patients undergoing IFN-β treatment
took NSAIDs or paracetamol (Supplementary Table S1).

The two severe COVID-19 patients showed a higher EDSS score (median: 6.5, IQR:
6.5–6.5) compared to those with mild (median: 2.0, IQR: 0–2.5) or moderate disease (median:
1.5, IQR: 1.0–1.5) (Table 4).

None of the demographic, clinical, or immunological variables were significantly
associated with COVID-19 severity.

3.5. Time of Swab Negativization

Among the 25 infected PwMS for whom the time of swab negativization was avail-
able, the median time to have a negative swab was 11 days (IQR: 9 –14 days) (Table 1).
Despite antiviral or monoclonal antibody therapies, patients treated with fingolimod took
a significantly longer time for a swab reversion (7 days, 95%CI: 2.84–11.16, p = 0.002) than
PwMS under IFN-β (Table 5). A similar trend was observed also for ocrelizumab-treated
patients, albeit not statistically significant (3 days, 95%CI: −1.16–7.16, p = 0.148). Instead,
PwMS under cladribine and IFN-β showed similar times for swab reversion.
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Table 4. Demographic and clinical characteristics of the 28 PwMS enrolled according to the
COVID-19 severity.

Patients’ Characteristics
COVID-19 Severity

Mild Disease Moderate Disease Severe Disease Total p

Total 21 (75.0) 5 (17.9) 2 (7.1) 28 (100)
Age, median (IQR) years 47 (39–53) 49 (30–55) 47.5 (46–49) 47.5 (38–53.5) 0.969

Age class, n (%) 0.511
23–39 6 (28.6) 2 (40) 0 (0) 8 (28.6)
40–49 6 (28.6) 1 (20) 2 (100) 9 (32.1)
50–70 9 (42.9) 2 (40) 0 (0) 11 (39.3)

Gender, n (%) 0.293
Female 13 (61.9) 2 (40) 0 (0) 15 (53.6)
Male 8 (38.1) 3 (60) 2 (100) 13 (46.4)

Presence of comorbidities, n (%) 0.696
No 16 (76.2) 5 (100) 2 (100) 23 (82.1)
Yes 5 (23.8) 0 (0) 0 (0) 5 (17.9)

BMI (kg/m2), median (IQR) 24.2 (22.8–26.8) 22.1 (21.8–23.6) 24.5 (23.2–25.8) 24 (22–26.6) 0.571
Vaccination-First dose type, n (%) 1.000

Comirnaty 19 (90.5) 5 (100) 2 (100) 26 (92.9)
Other 2 (9.5) 0 (0) 0 (0) 2 (7.1)

MS duration, median (IQR)
months(?) 15 (5.7–24.8) 10.7 (9.1–14) 19.1 (7.9–30.3) 12.9 (5.8–25) 0.763

MS treatment, n (%) 0.463
Cladribine 1 (4.8) 0 (0) 0 (0) 1 (3.6)
Fingolimod 8 (38.1) 1 (20) 1 (50) 10 (35.7)

Interferon beta 6 (28.6) 0 (0) 0 (0) 6 (21.4)
Ocrelizumab 6 (28.6) 4 (80) 1 (50) 11 (39.3)

MS treatment duration, median
(IQR) months 4.7 (1.9–8) 1.9 (1.8–4.1) 6.7 (3.4–9.9) 3.7 (1.8–7.9) 0.310

EDSS score, median (IQR) 2 (0–2.5) 1.5 (1–1.5) 6.5 (6.5–6.5) 1.8 (0.5–3) 0.064
<3 16 (76.2) 4 (80.0) 0 (0) 20 (71.4) 0.089
≥3 5 (23.8) 1 (20.0) 2 (100) 8 (28.6)

MS phenotype, n (%) 0.253
Primary-progressive (PP) 2 (9.5) 1 (20) 1 (50) 4 (14.3)
Relapsing-Remitting (RR) 19 (90.5) 4 (80) 1 (50) 24 (85.7)

Lymphocytes count × 103/µL,
median (IQR)

1.3 (0.7–1.7) 1.5 (1.2–1.7) 1.5 (0.2–2.7) 1.3 (0.7–1.8) 0.912

COVID-19 therapy, n(%) 0.098
Anti-viral therapy 4 (19.1) 1 (20.0) 0 (0) 5 (17.9)

Monoclonal therapy 7 (33.3) 4 (80.0) 0 (0) 11 (39.3)
NSAIDs, paracetamol or no therapy 10 (47.6) 0 (0) 2 (100) 12 (42.9)

Days from booster dose to infection,
median (IQR) 153 (105–169) 204 (154–204) 263 (258–268) 154.5

(108–204.5) 0.129

anti-RBD IgG (BAU/mL), median
(IQR)

continuous 407 (2–2319) 1 (0–4) 268 (0–537) 135 (1–1337) 0.160
<7.1, n (%) 6 (28.6) 4 (80) 1 (50) 11 (39.3) 0.090
≥7.1, n (%) 15 (71.4) 1 (20) 1 (50) 17 (60.7)

IFN-γ T cell-specific response
(pg/mL), median (IQR)

continuous 166 (1–564) 238 (207–353) 365 (0–729) 188 (1–578) 0.957
<16, n (%) 8 (38.1) 1 (20) 1 (50) 10 (35.7)

0.823≥16, n (%) 13 (61.9) 4 (80) 1 (50) 18 (64.3)
Neutralizing antibodies, median

(IQR)
continuous 20 (5–160) 5 (5–5) 23 (5–40) 5 (5–160) 0.323
<10, n (%) 10 (47.6) 4 (80) 1 (50) 15 (53.6)

0.655≥10, n (%) 11 (52.4) 1 (20) 1 (50) 13 (46.4)

IQR: interquartile range; BMI: body mass index; NSAIDs, non-steroidal anti-inflammatory drugs; PwMS: patients
with multiple sclerosis; RBD: receptor-binding domain; IFN: interferon; EDSS: Expanded Disability Status Scale.
In bold are reported the patient’s characteristics.
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Table 5. Days to SARS-CoV-2 clearance in 25 PwMS with breakthrough infections.

Quantile Regression Model

Patient’s Characteristic Univariable Multivariable

Coefficient * 95%CI p Coefficient ** 95%CI p

Age class, years n (%)
23–39 Ref.
40–49 3.00 −3.07; 9.07 0.317
50–70 0.00 −5.78; 5.78 1.000

Gender, n (%)
Female Ref.
Male 0.00 −5.03; 5.03 1.000

Presence of comorbidities, n (%)
No Ref.
Yes −5.00 −10.6; 0.6 0.078

BMI (kg/m2), median (IQR) −0.21 −0.79; 0.37 0.459
Vaccination-First dose, n (%)

Comirnaty Ref.
Other −3.00 −11.63; 5.63 0.479

MS duration, median (IQR) years 0.00 −0.29; 0.29 1.000
MS treatment, n (%)

Cladribine 0.00 −8.52; 8.52 1.000
Fingolimod 7.00 2.84; 11.16 0.002

Interferon beta Ref.
Ocrelizumab 3.00 −1.16; 7.16 0.148

MS treatment duration, median
(IQR) years −0.41 −0.76; −0.05 0.028

EDSS score, median (IQR) 0.00 −1.32; 1.32 1.000
<3 Ref.
≥3 0.00 −5.13; 5.13 1.000

MS phenotype, n (%)
Primary-progressive (PP) Ref.
Relapsing-Remitting (RR) 0.00 −7.2; 7.2 1.000

Lymphocytes count × 103/µL,
median (IQR) −2.36 −6.46; 1.75 0.244

COVID-19 therapy, n (%)
Anti-viral therapy Ref.

Monoclonal therapy 4.00 −2.3; 10.34 0.204
NSAIDs, paracetamol or no

therapy −1.00 −7.13; 6.13 0.738

Severity of COVID-19, n (%)
Mild illness Ref.

Moderate illness 4 −1.90; 9.90 0.174
Severe illness 1 −11.0; 13.0 0.865

Days from booster dose to sample,
median (IQR) 0.04 −0.3; 0.39 0.796

Anti-RBD IgG (BAU/mL), median
(IQR)

continuous −0.0004 −0.001; 0.0003 0.245 −0.001 −0.001; 0.0002 0.163
score: Negative (<7.1), n (%) Ref. Ref.
score: Positive (≥7.1), n (%) −4.00 −8.31; 0.31 0.067 −2.73 −7.27; 1.81 0.225

<809 Ref. Ref.
≥809 −6.00 −10.7; −1.3 0.015 −4.39 −8.8; 0.01 0.051

IFN-γ T cell-specific response
(pg/mL), median (IQR)

continuous −0.0018 −0.006; 0.003 0.422 −0.002 −0.006; 0.003 0.446
<16, n (%) Ref. Ref.
≥16, n (%) −5.00 −9.77; −0.23 0.041 −5.88 −10.65; −1.10 0.018

Neutralizing antibodies, median
(IQR)

continuous −0.01 −0.03; 0.01 0.178 −0.01 −0.03; 0 0.135
<10, n (%) Ref. Ref.
≥10, n (%) 0.00 −3.71; 3.71 1.000 −2.5 −7.5; 2.5 0.310

CI: confidence interval; Ref: reference category; NSAIDs, non-steroidal anti-inflammatory drugs; PwMS: patients
with multiple sclerosis; RBD: receptor-binding domain; IFN: interferon; EDSS: Expanded Disability Status
Scale. * Estimated by univariable median regression model; ** estimated by median regression model after
adjusting for the time elapsed from sample collection. In bold are reported the patient’s characteristics and the
significant values.
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Conversely, having a high anti-RBD antibody titer (≥ 809 BAU/mL) and an IFN-γ-
specific T cell response (≥ 16 pg/mL) were associated with a significantly shorter time for a
negative swab (−6.00 days, 95%CI: −10.7–−1.3, p = 0.015; −5.00 days, 95%CI: −9.77–−0.23,
p = 0.041, respectively). This result was also confirmed after adjusting for time elapsed from
sample collection (anti-RBD: −4.39 days, 95%CI: −8.8–0.01, p = 0.051; T cell: −5.88 days,
95%CI: −10.65–−1.10, p = 0.018, respectively) (Table 5). Instead, neutralizing titers did not
show any impact on the time needed for SARS-CoV-2 clearance.

4. Discussion

To the best of our knowledge, this is the first longitudinal prospective study investi-
gating the demographic, clinical, and immunological factors potentially associated with
both the risk of SARS-CoV-2 infection, disease severity, and the time for swab reversion in
a cohort of PwMS treated with different DMTs after the third dose of COVID-19 vaccines.

The majority of the current studies have mainly focused on B-depleted patients [32–34]
and the role played by clinical features and/or the only antibody response on the incidence
and severity of BIs [35–40]. On the other hand, evidence regarding the impact of DMTs
other than anti-CD20 agents or T cell responses on the incidence and severity of BIs is
limited, as is the identification of clinical or immunological factors potentially associated
with the time to swab reversion.

The identification of clinical and immune markers associated with reduced incidence
or severity of SARS-CoV-2 infections and the timing of negativization are needed to improve
the clinical management of PwMS under immunosuppressive therapies.

In this study, we found that 43.8% (28/64) of PwMS experienced a BI after three doses
of COVID-19 mRNA vaccine. This relatively high incidence rate of SARS-CoV-2 infection
is likely due to the spread of the Omicron variant in Italy, which coincided with the follow-
up period of the study [41]. Omicron variants are known to be less pathogenic than the
previous ones; however, they are highly transmissible despite vaccination [27,29,47]. The
first-generation mRNA vaccines were designed against the spike protein of the Wuhan
strain; thus, it is conceivable that they offered reduced protection against the Omicron
variant that is highly mutated in the spike protein compared to any others [48,49].

The majority of BIs (75%) were mild, thus confirming the less pathogenic character of
the Omicron variant and the protective role of vaccination against the severe disease. These
results corroborate what was observed in larger cohorts of PwMS [40,50,51]. Only two
cases of severe COVID-19 were reported in our cohort, specifically in two PwMS showing
high disability levels. One patient was undergoing fingolimod therapy while the other one
was treated with ocrelizumab.

Interestingly, the male population of our MS cohort seems to be more prone to BIs
than females (61.9% males vs. 35% females). This greater susceptibility to COVID-19 may
be ascribed to biological and genetic differences, particularly to the different innate and
adaptive immune responses reported between males and females [52].

Among the clinical factors, the phenotype and severity of MS disease were associ-
ated with greater protection against infection. Having a relapsing-remitting phenotype
significantly reduced the BI incidence rate in PwMS by 88% compared to those with a
primary-progressive disease, which is in agreement with previous data [53]. Unlike the
primary-progressive MS that progresses more gradually with the slow accumulation of
neurological disability, the relapsing-remitting disease is characterized by relapses, which
are exacerbations or attacks of neurological dysfunction, followed by remissions, which are
periods without obvious disease activity [54].

Moreover, we found a significantly lower incidence rate of BIs in patients with greater
MS severity (EDSS ≥ 3), although a higher EDSS, in those infected with SARS-CoV-2,
was associated with an increased risk of severe COVID-19 [53,55,56]. Our results may be
explained by the nature of the MS itself. MS is a central nervous system autoimmune disease
in which damage to myelin causes symptoms including muscle weakness, thus resulting in
walking difficulties and problems of coordination [54]. Therefore, it is reasonable to think
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that PwMS with a higher degree of disability have maintained greater social distancing
measures, thus limiting the possibility of being infected. Consequently, this unexpected
correlation between lower incidence of BIs and MS severity could be considered a reverse
causality as the severity of the disease does not represent a protective factor for SARS-CoV-
2 infection.

To note, SARS-CoV-2 infections in PwMS occurred after about 5 months from the third
dose, a time corresponding to the initial waning of the humoral response as previously
reported in several longitudinal studies [5,7,22,23,25,39]. A protective role of SARS-CoV-2
antibody levels against the Delta variant (HR = 0.57) and lower protection for the Omicron
cases (HR = 1.40) was observed by Sormani and colleagues [35].

In this study, we observed a significantly lower seroconversion rate among subjects
who had BI than uninfected subjects. Having an anti-RBD response ≥ 7.1 BAU/mL still
conferred a 60% reduction of the BI incidence rate after adjusting for EDSS score and disease
phenotype. Anti-RBD antibodies can be directed against different epitopes in the RBD of
the spike protein, but not all of them can neutralize the infectious capacity of the virus [57].
Non-neutralizing antibodies are antibodies that can bind to viruses but cannot neutralize
them. They can mediate protection against viruses through different strategies other than
classical neutralization assays. For instance, non-neutralizing antibodies can mediate
antibody-dependent cellular cytotoxicity, antibody-dependent cellular phagocytosis, and
complement activation, and their binding can expose epitopes for neutralizing antibody
binding possibly increasing the virus neutralization efficacy [58]. Our data highlight the
important role of the antibody response in COVID-19 protection as supported by the higher
frequency of BIs observed in ocrelizumab-treated patients (64.7%). Ocrelizumab is an
anti-CD20 monoclonal antibody that acts by depleting B lymphocytes. This mechanism
prevents PwMS treated with ocrelizumab from mounting an appropriate humoral response
to vaccines or infections [5–7,33,37,39,59,60]. The lack of the antibody response makes
ocrelizumab-treated patients a high-risk category for COVID-19 and longer persistence of
SARS-CoV-2 infection, despite having a T cell-specific response [61].

Our results confirm what was reported by Novak and colleagues, who showed a
rate of 59% in BIs after the third SARS-CoV-2 mRNA vaccination in ocrelizumab-treated
patients without resulting in a severe outcome [33]. Moreover, it has been reported that
patients treated with anti-CD20 agents showed a risk almost four times higher of having
SARS-CoV-2 infection compared to patients under different DMTs with a hazard ratio (HR)
of 3.72 [50].

As far as we know, this study showed for the first time an association between anti-
body and T cell-specific responses with a more rapid swab reversion. Specifically, having
high anti-RBD antibody titers (≥ 809 BAU/mL) and an IFN-γ-specific T cell response sig-
nificantly reduced the time required to obtain a negative swab by about 4.39 and 5.88 days,
respectively, as confirmed by the multivariable analysis. On the contrary, the treatment
with fingolimod significantly delayed the swab reversion by about 7 days. This result
agrees with the mechanism of action of this immunosuppressive drug. Indeed, fingolimod
is a sphingosine-1-phosphate receptor modulator that retains lymphocytes in the lymph
nodes, thereby reducing the number of T and B cells in circulation [62]. Consequently,
patients treated with fingolimod are incapable of mounting an appropriate T cell response
to vaccines and infections [6,63].

Considering the pivotal role played by the cell-mediated immune response in fighting
SARS-CoV-2 infections by removing infected cells [64], it is reasonable to think that the lack
of T cell response in fingolimod-treated patients is responsible for the longer time taken for
swab reversion.

Some limitations of the study need to be acknowledged. The small sample size of the
cohort may have limited the emergence of significant associations. Moreover, the reduced
number of cladribine-treated patients may have restricted their ability to demonstrate
significant differences compared with other DMTs. However, the robustness of the reported
data was confirmed by the multivariable analysis. The small number of PwMS with severe
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COVID-19 may have limited our ability to identify clinical and immunological factors
associated with disease severity. The collected data were rigorously checked by the investi-
gators and by those who carried out the analyses; however, we cannot completely rule out
the presence of reporting bias. Furthermore, it is reasonable to think that precautions such
as social distancing taken by patients with greater MS severity may have influenced the
incidence of infection in our cohort.

On the other hand, this work has some strengths. This is a longitudinal and prospective
study with a long-term follow-up. The cohort was well characterized both immunologically
and clinically, allowing an in-depth analysis of SARS-CoV-2 incidence, severity, and timing
of swab negativization. Moreover, we used standardized methods to detect antibody and T
cell-specific responses.

5. Conclusions

In conclusion, this study provides evidence of the real-world impact of clinical and
immunological data on both the incidence and severity of SARS-CoV-2 infection and on
the timing of negativization in a cohort of PwMS undergoing DMTs after the third dose
of COVID-19 mRNA vaccine. Our results showed that having a high antibody titer and
T cell response favor a more rapid viral clearance, whereas treatment with fingolimod is
associated with a delayed timing of swab reversion. These findings suggest different im-
munological protection from SARS-CoV-2 infection according to DMTs and, if confirmed in
larger-scale population studies, they would be relevant to optimize the clinical management
of PwMS.
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