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ARTICLE INFO ABSTRACT

Keywords: Background: Patients with multiple sclerosis (MS) are commonly treated with anti-CD20 therapies. Reduced
Multiple sclerosis seroconversion following COVID-19 vaccination in patients receiving certain anti-CD20 therapies has been re-
COVID-19

ported; however, the immune response following natural infection is poorly characterised. This study aimed to
retrospectively evaluate COVID-19 antibody responses after vaccination and natural infection in patients treated
with anti-CD20 therapies.

Methods: We performed a retrospective review evaluating COVID-19 seroconversion and anti-spike glycoprotein
antibody titres in double-vaccinated patients with MS, or related neuroinflammatory conditions, treated with
anti-CD20 therapies (N = 30) with a confirmed history of natural severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection (n = 14) or without infection (control; n = 16). This single-centre study was performed
at the Yale Multiple Sclerosis Center, where patients treated with anti-CD20 therapies (ocrelizumab, n = 21;
rituximab, n = 5; ofatumumab, n = 4) were systematically checked for SARS-CoV-2 anti-spike antibody levels
throughout the pandemic. Data were collected from March 2020 to March 2022. All patients had received at least
two doses of a Food and Drug Administration (FDA)-approved COVID-19 vaccine. Qualitative anti-spike antibody
seropositivity was determined based on test-specific laboratory reference ranges. For a subset of patients (n =
18), quantitative anti-spike antibody levels were assessed via DiaSorin LIAISON® chemiluminescence immu-
noassay (positive titre was defined as > 13). Vaccination and infection dates were also recorded, and patients
were monitored for adverse COVID-19-related health effects.

Results: Overall, 15/30 (50.0%) patients seroconverted following double vaccination. After infection, 13/14
(92.9%) seroconverted, while 6/16 (37.5%) uninfected patients seroconverted after vaccination. For the 18
patients with quantitative anti-spike antibody titres, mean titre post-vaccination was 37.4. Mean antibody titres
were significantly higher after infection: 540.3 versus 20.1 in the control group (p < 0.05). Of the 14 infected
patients, 13 had mild COVID-19 symptoms and one was asymptomatic. No hospitalisations or deaths were
reported.

Conclusions: This study reports that SARS-CoV-2 anti-spike antibody titres in double-vaccinated MS patients
treated with anti-CD20 therapies were significantly increased post-infection compared with the control group.
Patients treated with anti-CD20 therapy who had confirmed infections displayed mild or asymptomatic infection.
These results provide reassurance that anti-CD20 therapies in double-vaccinated patients do not preclude an
appropriate SARS-CoV-2 antibody response post-infection.

Seroconversion

Anti-CD20 therapy
Disease-modifying therapy
Vaccination

Abbreviations: DMT, disease-modifying therapy; MS, multiple sclerosis; N/A, not applicable; PCR, polymerase chain reaction; SARS-CoV-2, severe acute respi-
ratory syndrome coronavirus 2; SD, standard deviation.
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1. Introduction

The COVID-19 (coronavirus disease 2019) vaccination programme
has been a critical tool for countering the pandemic, both at an indi-
vidual and at a public health level. An effective immunological vaccine
strategy relies on activating both humoral and cellular responses to
reduce transmission and disease severity (Sadarangani et al., 2021). In
multiple sclerosis (MS) and related neuroinflammatory conditions,
disease-modifying therapies (DMTs) — in particular, ocrelizumab, ofa-
tumumab and rituximab, which are anti-CD20 therapies (also known as
B-cell depletion therapies [BCDTs]) — are frequently used in disease
management (Brancati et al., 2021; Roach and Cross, 2020). The
immunomodulatory effects of DMTs result in a substantially compro-
mised immune system; the elimination of B-cell populations by
anti-CD20 therapies specifically impairs the humoral response to
vaccination (Apostolidis et al., 2021; Roach and Cross, 2020). Patients
with MS and related neuroinflammatory conditions receiving anti-CD20
therapies are at an increased risk of infections and impaired responses to
vaccinations (Bar-Or et al., 2020; Krajnc et al., 2022). Accordingly,
concerns about the implications of limited seroconversion in patients
treated with anti-CD20 therapies following COVID-19 vaccination have
been reported (Bar-Or et al., 2020; Cross et al., 2022; Georgieva et al.,
2022; Iannetta et al., 2021; Levit et al., 2022; Smets et al., 2021; Tal-
lantyre et al., 2022). However, there is currently less information
available regarding seroconversion in patients treated with anti-CD20
therapies following natural infection, largely owing to the inability to
distinguish severe acute respiratory syndrome coronavirus 2 (SAR-
S-CoV-2) spike protein seropositivity due to vaccination from natural
infection. More information on the implications of treatment with
anti-CD20 therapy on vaccination responses and outcomes is needed to
inform and develop effective management strategies for patients with
MS and related neuroinflammatory conditions, and to help to address
heightened anxieties regarding possible attenuated vaccine responses
(Baker et al., 2020; Levit et al., 2022). This retrospective analysis eval-
uated qualitative and quantitative seroconversion rates in patients
treated with anti-CD20 therapies, comparing responses following
vaccination with responses following natural infection.

2. Materials and methods
2.1. Patients

We performed a retrospective, single-centre review study at the Yale
Multiple Sclerosis Center, where patients treated with anti-CD20 ther-
apies were systematically and routinely checked for SARS-CoV-2 anti-
spike glycoprotein antibody titres throughout the pandemic. Data were
collected from March 2020 to March 2022 on patients treated with anti-
CD20 therapies (ocrelizumab, n = 21; rituximab, n = 5; ofatumumab, n
= 4) with a diagnosis of MS or related neuroinflammatory conditions
(including autoimmune encephalitis) who were double-vaccinated (and
considered to be fully vaccinated at the time of data collection) with a
US Food and Drug Administration (FDA)-approved COVID-19 vaccine
(either with two doses of an mRNA vaccine [Pfizer-BioNTech BNT172b2
or Moderna mRNA-1273] or with a single dose of Johnson & Johnson
JNJ-78436735 and an mRNA booster vaccine) and had sufficient sero-
conversion data available for analysis. The full analysis comprised 30
patients; 16 (53.3%) of these patients had no history of natural SARS-
CoV-2 infection (control cohort) and 14 (46.7%) had a confirmed his-
tory of natural SARS-CoV-2 infection (Table 1, Fig. 1, Supplemental
Table 1). All patients with a confirmed history of infection had been
infected from December 2021 onwards, during the Omicron BA.1
variant wave (Fig. 1, Supplemental Table 1). This work was carried out
in accordance with the Declaration of Helsinki (World Medical Associ-
ation, 2018) and exemption from ethics approval given the nature of the
study was provided by the Yale University Institutional Review Board.
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Table 1
Patient demographics and infection and treatment history.

Double-vaccinated
patients with confirmed
history of natural

Double-vaccinated
patients without
natural infection

infection
N 16 14
Female, n (%) 10 (62.5) 7 (50.0)
Race, n (%)
White/Caucasian 14 (87.5) 12 (85.7)
Black/African 2 (12.5) 1(7.1)
American
South Asian 0 (0.0) 1((7.1)
Age, years, mean (SD) 51.6 (11.5) 47.6 (16.1)
Seroconverted after 6 (37.5) 9 (64.3)
double vaccination, n
(%)
Seroconverted after N/A 13 (92.9)
SARS-CoV-2
infection, n (%)
Anti-CD20 therapy, n
(%)
Ocrelizumab 13 (81.3) 8 (57.1)
Rituximab 3(18.8) 2(14.3)
Ofatumumab 0 (0.0) 4 (28.6)
Vaccine brand, n (%)
Moderna 10 (62.5) 8(57.1)
Pfizer 5(31.3) 4 (28.6)
Johnson & Johnson 1(6.3) 2(14.3)

N/A, not applicable; SARS-CoV-2, severe acute respiratory syndrome corona-
virus 2; SD, standard deviation.

2.2. Analyses

All patients were evaluated for qualitative anti-spike antibody
seropositivity through chemiluminescence immunoassays. Seroposi-
tivity was based on test-specific laboratory reference ranges, which were
dependent on which chemiluminescence immunoassay was used. Im-
munoassays included SARS-CoV-2 Total Antibody, Spike, Semi-
quantitative (Quest Diagnostics, Greenwich, CT, USA) and LIAISON®
(DiaSorin, Saluggia, Italy).

For patients with confirmed COVID-19, the final antibody measure-
ment before infection was used in the post-vaccination analyses. For
these patients, this antibody measurement occurred anywhere between
2 weeks to nearly 10 months after the second vaccination (Fig. 1, Sup-
plemental Table 1). For patients without infection, the final antibody
measurement before the data cut-off point of March 2022 was used. For
these patients, this measurement occurred anywhere between 19 weeks
to just over 13 months after the second vaccination (Fig. 1, Supple-
mental Table 1). Patients with confirmed COVID-19 also had a mea-
surement of their SARS-CoV-2 spike antibodies performed anywhere
between 1 and 16 weeks after infection, at their first follow-up visit after
infection (Fig. 1, Supplemental Table 1).

All dates of vaccination, infection, and infusion or injection with
anti-CD20 therapy were recorded via retrospective chart review at the
Yale Multiple Sclerosis Center, and patients were monitored for adverse
COVID-19-related health effects at each follow-up visit. Follow-up visits
were every 6 months indefinitely. SARS-CoV-2 infection was confirmed
either through polymerase chain reaction (PCR) or self-reported rapid
antigen testing. Patients with self-reported confirmation informed us via
telephone or at the next follow-up visit of their infection, any COVID-19-
related symptoms and the date of confirmed infection. A systematic
notes review of all patient charts was performed in March 2022.

A subset of 18 patients (10 with a confirmed history of symptomatic
infection by PCR or rapid antigen test; eight without a history of infec-
tion) were quantitatively assessed for anti-spike antibody titres using the
LIAISON chemiluminescence immunoassay. This subset of patients was
available for quantitative assessment because their data were obtained
from a single, fully quantitative chemiluminescence LIAISON
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Fig. 1. Timeline of vaccination, infection and antibody draw dates. Where only one vaccination date is provided, patients received a single dose of Johnson &

Johnson JNJ-78436735 vaccine. Dates are provided in Supplemental Table 1. Ab
respiratory syndrome coronavirus 2.

immunoassay, thereby reducing inter-assay variability and ambiguity. A
positive titre was defined as > 13. Statistical analysis was performed in
RStudio (RStudio, Boston, MA, USA) using the R tool developed by the R
Core Team (The R Foundation, Vienna, Austria). Student’s t-test was
used to determine significant differences in antibody titres for patients
with and without infection, and Fisher’s exact test was used to evaluate
the frequency of seropositivity among all patients.

, antibody draw; COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute

3. Results
3.1. Qualitative seropositivity
Overall, 15 (50.0%) of the 30 patients had seroconverted post-

vaccination. Of the 16 patients with no history of natural infection, six
(37.5%) had seroconverted post-vaccination. Of the 14 patients with a
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Fig. 2. Anti-spike antibody titres in quantitative analysis subset. (A) Post-vaccination titres for all patients in the quantitative analysis subset (n = 18), including
patients with no confirmed history of natural infection (n = 8; black) and patients with confirmed history of natural infection (n = 10; red). The dotted line indicates
the seropositivity threshold (anti-spike antibody titre > 13). (B) Post-vaccination titres for patients with no confirmed history of natural infection (n = 8; black), post-
vaccination pre-infection titres for patients with confirmed history of natural infection (n = 10; red) and post-vaccination post-infection titres for patients with

confirmed history of natural infection (n = 10; blue). * p < 0.05. ns, not significant.
referred to the web version of this article.)

(For interpretation of the references to colour in this figure legend, the reader is
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confirmed history of infection, 13 (92.9%) had seroconverted post-
infection; this represents a significantly higher proportion compared
with those with no history of infection who had seroconverted post-
vaccination (6/16 [37.5%]; p = 0.002).

3.2. Quantitative titres

Overall, eight (44.4%) of the 18 patients in the quantitative analysis
subset had positive anti-spike antibody titres post-vaccination but pre-
infection (seropositivity threshold was defined as > 13). However, all
of these positive titres were considered to be relatively low (Fig. 2A).
The mean post-vaccination titre for all 18 patients in the subset was
37.4, and there was no significant difference in titre between the pa-
tients with a confirmed history of infection (51.2) and those without a
history of infection (20.1) (p = 0.25) (Fig. 2B). For the 10 patients in the
subset with a confirmed history of infection (9/10 of whom sero-
converted post-infection), the mean post-infection titre was 540.3. This
was significantly higher than that for the eight patients in the subset
without a history of infection, whose mean post-vaccination titre was
20.1 (p < 0.05) (Fig. 2B).

3.3. Patient health

Among the 14 patients with a confirmed history of infection, 13
patients had mild symptoms and one patient was asymptomatic. There
were no hospitalisations or deaths recorded during the analysis period.

4. Discussion

These results demonstrate that a significantly greater proportion of
the patients who experienced increased immune stimulation via a
confirmed history of natural SARS-CoV-2 infection in addition to double
vaccination exhibited qualitative seropositivity compared with the pa-
tients without a history of SARS-CoV-2 infection. The patients with a
confirmed history of infection also exhibited a significant increase in
anti-spike antibody titres compared with the patients without a history
of infection. All patients with a confirmed history of infection experi-
enced mild symptoms or were asymptomatic and none required hospi-
talisation. Further, there were no notable differences in COVID-19
symptoms between patients who had seroconverted post-vaccination
and those who had not. These results provide reassurance to clinicians
and patients that humoral immune responses to COVID-19 vaccination
and natural infection in patients treated with anti-CD20 therapies may
not be as poor as previously thought (Bar-Or et al., 2020; Cross et al.,
2022; Faissner et al., 2022; Georgieva et al., 2022; Hughes et al., 2021;
lannetta et al., 2021; Milo et al., 2022; Smets et al., 2021; Tallantyre
et al., 2022), and add to the growing body of evidence supporting the
continued use of COVID-19 vaccination in pandemic and infection
management strategies in patients treated with anti-CD20 therapies
(National Multiple Sclerosis Society, 2022).

This growing body of evidence provides further encouragement and
indicates that cellular immune responses — in addition to humoral im-
mune responses — to COVID-19 vaccinations may be sufficient in the
majority of DMT-treated patients with MS. However, these responses are
reduced in comparison with untreated, healthy controls, in line with
what is expected for immunosuppressive therapies. A large, multicentre
study in Israel (Milo et al., 2022) assessed both humoral and cellular
immune responses in DMT-treated patients with MS following three
doses of the Pfizer mRNA vaccine, compared with untreated healthy
vaccinated controls. Overall, cellular and humoral responses in the
DMT-treated patients with MS were encouraging and not significantly
worse than in the control cohort. Among the patients treated with
anti-CD20 therapies, there was a reduction in humoral seropositivity
seen in those treated with ocrelizumab compared with the control
cohort. However, the investigators also reported a correlation between
improved seroconversion and the timing of vaccination around the
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6-monthly infusion schedule, indicating that vaccination more than 5
months post-infusion is optimal (Milo et al., 2022). Reassuring cellular
responses after vaccination were also observed in a small study in Ger-
many focusing on immune responses to mRNA vaccination in
ofatumumab-treated patients with MS (Faissner et al., 2022). Although
humoral responses were found to be impaired in ofatumumab-treated
patients compared with healthy controls, the cellular immune
response remained robust and notably included a strong type 1 T-helper
cell presence (Faissner et al., 2022). Similar results were observed in a
large, prospective, multicentre study in Italy (Tortorella et al., 2022)
that compared humoral- and T-cell specific responses in DMT-treated
patients with MS following two doses of an mRNA vaccine with those
of untreated healthy vaccinated controls. Overall, cellular and humoral
responses in the DMT-treated patients with MS were reassuring,
although the ocrelizumab-treated patients did exhibit significantly
reduced antibody response rates and titres compared with the control
cohort (Tortorella et al., 2022). However, it should be noted that the
attenuated vaccine response in ocrelizumab-treated patients is an ex-
pected outcome and is also seen in response to common vaccines, such as
those for tetanus, pneumococcus and influenza (Bar-Or et al., 2020).
Furthermore, there is a potential confounding effect of the MS disease
state itself contributing to impaired immune responses, in addition to
immunosuppression due to anti-CD20 therapies or other DMTs (Bar-Or
et al., 2020; Graves and Killestein, 2022).

Our work adds to the growing body of evidence indicating that pa-
tients with MS receiving immunosuppressive anti-CD20 therapies are
not at greater risk of serious COVID-19 when compared with the general
risk in the wider public, both before and after vaccination (Cross et al.,
2022; Hughes et al., 2021). In a large (n = 1703) multicentre sub-study
of the ALITHIOS trial, most COVID-19 cases in ofatumumab-treated
patients with MS were mild or moderate (222 [90.6%] of 245 cases)
(Cross et al., 2022). Additionally, 98.4% (241) of all patients with
COVID-19 had recovered by the point of study cut-off, with none of these
patients permanently discontinuing ofatumumab treatment. Further-
more, of the 476 ofatumumab-treated patients in the ALITHIOS trial
who were considered fully vaccinated at the time of the study, only
seven (1.5%) had breakthrough COVID-19. Of these seven patients, five
had mild or moderate symptoms, one had severe disease and one had
life-threatening disease, with all seven patients recovering from the
disease (Cross et al., 2022). Similar reassuring findings relating to
COVID-19 disease severity were reported in a large analysis of
ocrelizumab-treated patients with MS (Hughes et al., 2021). Despite not
assessing for COVID-19 severity after vaccination, this study found that
of the 358 cases of COVID-19 across the analysed clinical trial and
post-marketing cohorts of ocrelizumab-treated MS patients, 49.7%
(178) were asymptomatic, mild or moderate, and 70.9% (254) of pa-
tients had recovered, or were recovering, at the time of the analysis
(Hughes et al., 2021).

Limitations of the current study include the small cohort size and
short follow-up period. The lack of availability of antibody titres in
patients without a history of infection who received a subsequent third
dose of the COVID-19 booster vaccine also limits the study; this would
have provided a more equivalent number of antigen exposures to the
double-vaccinated patients with a confirmed history of natural SARS-
CoV-2 infection, and could have therefore served as a more accurate
comparison. Future work should therefore focus on comparing antibody
titres after triple vaccination with titres after double vaccination plus
natural infection. Additionally, immune responses after COVID-19
vaccination and natural infection are well known to wane over time
(Feikin et al., 2022; Ferdinands et al., 2022; Goldberg et al., 2022;
Pérez-Alos et al., 2022). This is an important consideration for the re-
sults of our study as post-vaccination antibody titres were measured over
a broad range of different times for each participant following double
vaccination. These post-vaccination measurements were also generally
measured after a longer time period post-vaccination when compared
with the time period between natural infection and the post-infection
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antibody measurements. Therefore, to factor in waning immunity,
future work should analyse post-vaccination and post-infection antibody
titres in MS patients treated with anti-CD20 therapies at similar time
points after vaccination and infection, respectively. Finally, the accepted
definition of ‘fully vaccinated’ at the time of data collection was two
doses of an mRNA vaccine (Pfizer or Moderna) or a single Johnson &
Johnson vaccine with an mRNA booster vaccine (Centers for Disease
Control and Prevention, 2022). However, this definition has evolved
over time, and guidance now indicates additional booster vaccines
depending on medical history.

5. Conclusions

Ultimately, this work provides reassurance that anti-CD20 therapy in
patients with MS and related neuroinflammatory conditions does not
preclude an appropriate humoral response to COVID-19 vaccination and
natural infection, contributing to the growing body of evidence
informing MS and neuroinflammatory disease management and care
during the COVID-19 pandemic. Additionally, this work suggests that
increased frequency of immune stimulation plays an important role in
developing a robust humoral response. Future work should be directed
at investigating the implications of reinfection, especially given the poor
immune-boosting effects of the Omicron variant (Reynolds et al., 2022).
It should also compare the immunostimulatory effects of triple vacci-
nation relative to those of double vaccination plus natural infection, as
well as examine the maintenance and longevity of antibody titres in this
patient population in order to better define the duration of the humoral
response to COVID-19 vaccination and infection.
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