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ARTICLE INFO ABSTRACT

Keywords: Background: People with MS treated with anti-CD20 therapies and fingolimod often have attenuated responses to
Multiple sclerosis (MS) initial COVID-19 vaccination. However, uncertainties remain about the benefit of a 3rd (booster) COVID-19
COVID-19

vaccine in this group.

Methods: PwMS without a detectable IgG response following COVID-19 vaccines 1&2 were invited to participate.
Participants provided a dried blood spot +/- venous blood sample 2-12 weeks following COVID-19 vaccine 3.
Humoral and T cell responses to SARS-CoV-2 spike protein and nucleocapsid antigen were measured.

Results: Of 81 participants, 79 provided a dried blood spot sample, of whom 38 also provided a whole blood
sample; 2 provided only whole blood. Anti-SARS-CoV-2-spike IgG seroconversion post-COVID-19 vaccine 3
occurred in 26/79 (33%) participants; 26/40 (65%) had positive T-cell responses. Overall, 31/40 (78%)
demonstrated either humoral or cellular immune response post-COVID-19 vaccine 3. There was no association
between laboratory evidence of prior COVID-19 and seroconversion following vaccine 3.

Conclusions: Approximately one third of pwMS who were seronegative after initial COVID-19 vaccination sero-
converted after booster (third) vaccination, supporting the use of boosters in this group. Almost 8 out of 10 had a
measurable immune response following 3rd COVID-19 vaccine.
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1. Introduction

To date, the COVID-19 pandemic has resulted in over 5 million
deaths worldwide (WHO, 2022). Vaccines have reduced overall
COVID-19 associated morbidity and mortality, but uncertainties remain
about the benefit of COVID-19 vaccination for people with primary and
secondary immunocompromise. We and others have demonstrated that
many people with multiple sclerosis (pwMS) treated with anti-CD20 and
Sphingosine-1-phosphate (S1P) modulators have an attenuated immune
response to the first two doses of COVID-19 vaccination (Tallantyre
et al., 2022; Achiron et al., 2021). Studies have so far largely focused on
humoral immune responses. However, the impact of booster vaccination
in pwMS who mount an inadequate response to initial COVID-19
vaccination is not known. We set out to report humoral and T-cell re-
sponses following a third COVID-19 vaccination in pwMS who were
known to be seronegative after their second COVID-19 vaccine.

2. Methods

A subgroup of pwMS taking part in a seroprevalence study (Tallan-
tyre et al., 2022), were invited to participate. Selection criteria were IgG
negative anti-spike COVID-19 antibody status at week 4-8
post-COVID-19 vaccine 2, and willingness to provide a further blood
sample 2-12 weeks following COVID-19 vaccine 3. All participants were
invited to provide a dried blood spot and a whole blood sample. Dried
blood spot samples were collected as previously described (Tallantyre
et al., 2022) during November 2021-January 2022. Where participants
were willing to attend for blood sampling, a whole blood sample was
collected on the same day. Data on demographics, MS type and treat-
ment, and COVID-19 infection/vaccine dates were derived from the
medical notes during January-February 2022. All participants provided
written informed consent to take part in this study. This study has
Research Ethics Committee approval (REC 19/WA/0058 (Wales REC 3 —
covering samples processed in Cardiff), 05/WSE03/111 (South East
Wales REC — covering samples processed in Cardiff) and 20/NE/0176
(Newcastle North Tyneside REC - covering QMUL samples).

Humoral responses to SARS-CoV-2 (S1 subunit of the spike protein)
following COVID-19 vaccine 3 were measured on dried blood spots
using the FDA-approved Eurolmmun (PerkinElmer) enzyme-linked
immunosorbent assay (ELISA) as per manufacturer instructions. Vali-
dation of the Eurolmmun assay demonstrates that plasma/serum and
DBS specimens produce equivalent results (Zava and Zava, 2021). Re-
sults are expressed as a ratio of the optical density (OD) of the partici-
pant sample over the OD of the calibrator: ratio <0.8 negative, </=0.8
to <1.1 borderline, >/=1.1 positive. This assay provided good agree-
ment with the assays used in our previous study (Kantaro vs Euro-
Immun, n = 23, R2:0.94, kappa=1.0; Globody vs EuroImmun, n = 23,
R?=0.81, kappa=0.83).

In the subset of 40 participants who provided whole blood samples,
humoral responses were also measured using the Bio-Plex Pro-Human
SARS-CoV-2 (N/RBD/S1/S2 subunits of spike protein) alongside the
VIROTROL SARS-CoV-2 single-level control (Bio-Rad) and performed
according to manufacturer’s instructions on a Bio-Plex 200 (Bio-Rad). T-
cell responses to SARS-CoV-2 were measured in these participants, using
a commercially available whole blood assay (ImmunoServ Ltd), as
previously described (Scurr et al., 2022). Briefly, 10 ml heparinised
venous blood from each patient was collected and processed within 24 h
of blood draw. Whole blood samples were stimulated with peptides
(Miltenyi-Biotec) spanning the entire spike (RBD/S1/S2) protein (S),
nucleocapsid phosphoprotein (NP) and membrane glycoprotein (M).
Additional tubes containing phytohaemagglutinin-L (Sigma) or nothing
were run alongside as positive and negative controls, respectively.
Whole blood samples were incubated at 37 °C for 20-24 h before har-
vesting plasma from each sample to quantify IFN-g by ELISA (Bio-
Legend). SARS-CoV-2-specific T-cell responses were identified as
positive using previously defined criteria for differentiating naive
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controls from prior COVID-19 vaccinated and/or infected individuals
(sensitivity 96.0% and specificity 84.4%) (Scurr et al., 2022).

2.1. Statistical analysis

Humoral and T-cell response rates to COVID-19 vaccine 3 are
expressed using descriptive statistics. Fisher’s Exact test and a two-
sample t-test were used to explore the relationship between prior
COVID-19 infection and immune response to COVID-19 vaccine 3. Sta-
tistical analysis was performed in Stata v16 (Stata corp ltd).

3. Results

Of 188 potential participants invited, 81 participated. 79 partici-
pants provided a dried blood spot sample, of whom 38 also provided a
whole blood sample; 2 provided only whole blood. Fifty-eight (72%)
were women, mean age 45.8 years, 55 were receiving ocrelizumab and
15 fingolimod, 9 were on other immunosuppressants (in some cases for
co-morbidity rather than MS — see Table 1 for further details) and 2
received no DMT (Table 1). Vaccine type for initial (1st and 2nd) and
booster (3rd) vaccination is given in Table 1; the majority received
mRNA-based vaccines as their booster (3rd) dose. Mean interval from
vaccine 3 to blood draw was 5.9 (SD 1.4) weeks.

Anti-spike IgG data from dried blood spot samples (Eurolmmun
assay) demonstrated that 26 of 79 (33%) participants seroconverted
post-COVID-19 vaccine 3. Eight of 52 (15%) people receiving ocrelizu-
mab seroconverted, 7 of 15 (47%) people taking fingolimod, and all 11
(100%) of those on other/no DMT. Six people had borderline results: 3
on ocrelizumab and 3 on fingolimod. People who received the CHAdOx1
nCoV-19 (Oxford/AstraZeneca) vaccine for their initial (1st and 2nd)
vaccination were more likely to seroconvert that those who received the
BNT162b2 (Pfizer-BioNTech — 2 doses) for their initial vaccine course
(odds ratio, OR 3.85, 95% confidence interval 1.24-11.97, p = 0.02)
(Table 1).

Of the 38 participants who had paired whole blood samples (Bio-rad

Table 1
Clinical and demographic features of the study population.

Entire cohort (n = 81)

Age (mean; SD)

Gender (F:M;%F)

Vaccine 1 and 2 type (n
[n,% seroconverted]

BNT162b2 (Pfizer-
BioNTech - 2 doses)

CHAdOx1 nCoV-19

45.8; 11.1
58:23, 72%

27 (5, 19%)

45 (21, 47%)

(Oxford/AstraZeneca)

Unknown 9 (0, 0%)

Vaccine 3 type (available BNT162b2 (Pfizer-BioNTech) n = 54
for n = 57) mRNA-1273 (Moderna) n = 2

CHAdOx1 nCoV-19 (Oxford/AstraZeneca) n = 1
Interval between 27.0 (24.0-29.4)
vaccination 2 and 3

(weeks) (median, IQR)

DMT n (%) DMT duration Interval from last
(mean (SD) infusion to vaccine
years) 3 (mean (SD)

weeks)

Ocrelizumab 55 2.2 (0.64) 20.9 (24.2)

(67.9%)
Fingolimod 15 5.9(1.7) -
(18.5%)

Alemtuzumab 2(2.5%) 7.5 (n/a) -

Natalizumab 2 (2.5%) 2.4 (2.0) -

Rituximab 1 (1.3%) 4.5 (n/a) -

Other/none* 6 (7.3%) - -

Abatacept for co-existent seronegative arthritis n = 1, Copaxone generic
formulation n = 1, Oral Cladribine n = 1, prednisolone 15 mg od for a person
with MS who was previously considered to have neuromyelitis optica (Aqua-
porin 4 and MOG negative) n = 1, none n = 2.
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assay), concordance for Euroimmun seropositivity was 100%, but an
additional 9 (24%) people seronegative on DBS analysis were found to
be anti-spike positive (Fig. 1), giving a Kappa coefficient for agreement
of 0.76. The assays appeared to have good correlation (+*=0.89), which
persisted when only samples with a positive result on at least one assay
were included (r2:0.86) (Supplementary Figs. 1 and 2).

Anti-spike T-cell responses were positive in 26/40 (65%) partici-
pants, including 24/27 (86%) on ocrelizumab and 0/6 (0%) on fingo-
limod (Fig. 2). Overall, 31/40 (78%) demonstrated either humoral or
cellular immune response post-COVID-19 vaccine 3; this rose to 35/40
(88%) when including IgG results from whole blood.

Laboratory evidence of COVID-19 infection (either antibody or T-cell
response to nucleocapsid) was present in 14/40 (35%), of whom 2 had
prior laboratory-confirmed COVID-19. There was no association be-
tween presence or absence of laboratory evidence of prior COVID-19
infection and either T-cell response or anti-spike seroconversion
following COVID-19 vaccine 3 as measured by Fishers exact test. How-
ever, evidence of prior infection appeared to be associated with a higher
magnitude T-cell response (p < 0.0001, 2 sample t-test) (Fig. 3a).
Following the exclusion of 2 outliers with very low IgG responses, there
was no significant difference in quantitative IgG response between those
with and without evidence of prior infection (p = 0.33) (Fig. 3b). Six of
81 (7.5%) participants experienced PCR-confirmed COVID-19 infection
subsequent to vaccine 3 and blood sampling. Four of these six had either
T-cell or antibody response to SARS-CoV-2 spike when tested prior to
developing COVID; all recovered without antivirals or hospital
admission.

4. Discussion

We show that a third of pwMS who were seronegative after initial
COVID-19 vaccination seroconverted after booster (3rd) vaccination,
and between 8 and 9 out of 10 had a measurable immune response to
COVID-19, depending on the IgG assay used. These findings support the
use of booster vaccinations in this group. Many pwMS exposed to disease
modifying therapies (DMTs) have an attenuated response to initial
COVID-19 vaccination. This has been most profound when measuring
humoral immunity in those exposed to anti-CD20s and fits with data
showing an increased vulnerability to COVID-19 among this group
(Simpson-Yap et al., 2021, Sormani et al., 2021, Garjani et al., 2022).

Our findings are aligned with the mechanistic action of the MS
DMTs. Seroconversion after COVID-19 vaccine 3 occurred in a high
proportion of those on fingolimod, but only around 1 in 6 of those on
anti-CD20 therapy, in keeping with another recent study of humoral
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Fig. 2. Box and whisker plots of quantitative anti-spike T-cell responses (IFN-g
concentration in plasma following stimulation) according to disease modifying
therapy (fingolimod [n = 6] vs ocrelizumab [n = 28]). The box represents the
interquartile range intersected by the median; whiskers the range. The dotted
line represents the positive/negative cut off value.

response (Konig et al., 2022). The profound and selective B-cell deple-
tion seen in pwMS on anti-CD20s is likely to explain this tendency to-
wards an inability to generate class-switched SARS-CoV-2 specific
memory B-cells and subsequent anti-SARS-CoV2 IgG production. In
contrast to humoral response, T-cell responses were not demonstrated in
any of the 6 people we studied on fingolimod but were present in the
majority of those on ocrelizumab. Other studies have demonstrated
robust or even augmented T-cell responses to either COVID-19 vaccines
1&2 (Gadani et al., 2021; Brill et al., 2021; Apostolidis et al., 2021), or
COVID-19 infection in pwMS on antiCD20 therapy (Asplund Hogelin
et al., 2021). Our study used a whole-blood IFN-y release assay to
measure SARS-CoV2-specific T-cell responses. The finding that none of
the participants taking fingolimod generated a detectable T-cell
response requires further thought. It may be that this response is truly
absent, or that there are too few circulating T-cells to allow detectable
responses. However, another study using an ELISpot assay (which cor-
rects for lymphopenia) has recently reported results consistent with our
findings (Achiron et al., 2022), suggesting that the attenuated T-cell
response in pwMS on fingolimod is not simply a consequence of lym-
phopenia. Further explanations could be that the relevant T-cells are
trapped in secondary lymphoid organs due to the mode of action of
fingolimod, or that circulating fingolimod in whole blood samples
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Fig. 3. Box and whisker plots of (a) quantitative anti-spike T cell responses
(IFN-g concentration in plasma following stimulation) and (b) quantitative anti-
spike IgG titres measured using the Eurolmmun ELISA on dried blood spots
according to evidence of prior COVID-19 infection (defined by either T-cell or
antibody responses directed against the nucleocapsid antigen). N = 26 samples
had no evidence of prior infection, and n = 12 had evidence of prior infection.
The box represents the interquartile range intersected by the median; whiskers
the range. The dotted line represents the positive/negative cut off value.

blocks in vitro responses.

We found that the proportion of people who seroconvert following
vaccine 3 depends to some degree on the assay used. For many patho-
gens, epidemiological study and consensus on assays has evolved over
years to provide quantifiable laboratory correlates (typically IgG con-
centrations) that infer protection against infection and/or severe out-
comes of infection (Plotkin, 2010). Due to its recency, the clinical
correlates of measurable antibody and T-cell responses to COVID-19 are
not yet established, and there is no consensus on the best-performing
assay in terms of sensitivity, specificity and clinical correlate. The two
assays we used appeared well correlated, suggesting that they are reli-
ably measuring the same response, but the cut-off for EuroImmun
appeared more conservative than Bio-Plex (Supplementary Figs. 1 and
2). This highlights the importance of assay selection, and the consider-
ation of borderline values when interpreting results, until laboratory
correlates of protection are better established.

Although precise immune correlates of COVID protection are lack-
ing, measurable antibody and T-cell responses are almost certainly
associated with milder subsequent disease. Virus-specific CD4+ and
CD8+ T cell responses produce effector cytokines and exert cytotoxic
activity. Antibodies can directly neutralize virus and reduce viral load,
or effect functions including antibody-dependent cellular cytotoxicity
and complement deposition. Recent studies have demonstrated that
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newer SARS-CoV-2 variants appear less susceptible to the neutralizing
activity of COVID-19 vaccine-elicited antibodies (Chen et al., 2021;
Wang et al., 2021a, 2021b). On the other hand, SARS-CoV-2-specific
T-cell epitopes appear to be conserved among emerging variants
(Tarke et al., 2021), suggesting that T-cell responses may be particularly
important in attenuating current COVID-19 severity. In a recent popu-
lation study following COVID-19 vaccine roll out, the risk of COVID-19
was shown to be 1.79 (1.57-2.03) times higher in PwMS on ocrelizumab
and 1.40 (1.20-1.63) higher in those on fingolimod compared to the
general population (Garjani et al., 2022), supporting clinical relevance
of our findings. In our small cohort, three participants had laboratory
confirmed COVID-19 after vaccine 3 but all cases were mild.

We found that people who had received CHAdOx1 nCoV-19 (Oxford/
AstraZeneca) for their initial vaccine course had a higher chance of
seroconverting than those who had originally received BNT162b2
(Pfizer-BioNTech). Evidence suggests that the BNT162b2 is more
immunogenic than CHAdOx1 nCoV-19 (Munro et al.,, 2021), which
likely explains this observation. It must be noted that our cohort was
selected based on seronegative status after initial vaccine course, and so
may have been relatively enriched with people who initially received
CHAdOx1 nCoV-19, and subsequently seroconverted in response to a
more immunogenic vaccine.

This work is subject to several limitations. Firstly, while higher
incidence and/or worse outcomes of COVID-19 infection have been
observed in people receiving anti-CD20 (Simpson-Yap et al., 2021;
Sormani et al., 2021), and fingolimod (Garjani et al., 2022), some (but
not all Garjani et al. (2022)) of these studies were performed prior to the
widespread availability of booster vaccines, and the clinical implications
of our laboratory findings remain uncertain. Secondly, our small sample
size is a limitation to statistical analysis, in particular subgroup analyses.
Finally, it is possible that the T-cell responses seen following booster
vaccination were initially generated following the initial vaccine course,
however the improvement in the proportion who mount a serological
response to vaccination still provides a rationale for people with MS to
take up booster vaccinations.

5. Conclusion

The main practical implication of this work is that a third dose of
COVID-19 vaccination appears to provide additional benefit to people
with MS who have failed to respond to the initial vaccine course. All
people with MS should therefore be encouraged to follow vaccination
schedules in order to obtain maximal possible protection. T-cell and
antibody testing of pwMS on certain DMTs may allow more individu-
alised counselling on infection risk. Those with detectable IgG anti-
bodies against the spike protein are likely to have greater clinical
protection that those with borderline or absent responses; breakthrough
infections have been linked to antibody titre in an Italian cohort (Sor-
mani et al.,). This highlights the importance of ensuring full vaccination
prior to treatment initiation with fingolimod and anti-CD20 monoclonal
antibodies in particular.

Given the time taken to generate an immune response, vaccination
should occur a minimum of 2, and preferably 4 weeks prior to admin-
istration of immunosuppressive agents. This should also be considered
where people with MS are switching between disease modifying therapy
for any reason. However, uncertainties remain over whether DMTs
should be interrupted in an attempt to augment immune response to
vaccination; this study is not powered nor designed to answer these
questions. These questions are highly relevant to in clinical practice, and
along with the clinical correlates and durability of these immune re-
sponses, they will require further longitudinal studies.

Supplementary Fig. 1.Correlation between IgG titres as measured
by Eurolmmun ELISA and using the Bio-Plex Pro-Human SARS-CoV-2 —
all samples.

Supplementary Fig. 2.Correlation between IgG titres as measured
by Eurolmmun ELISA and using the Bio-Plex Pro-Human SARS-CoV-2 —
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samples testing positive on Bio-Plex Pro-Human SARS-CoV-2 only
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