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Abstract

IMPORTANCE B-cell–depleting monoclonal antibodies are widely used for treatment of multiple
sclerosis but are associated with an impaired response to vaccines.

OBJECTIVE To identify factors associated with a favorable vaccine response to tozinameran.

DESIGN, SETTING, AND PARTICIPANTS This prospective cohort study was conducted in a
specialized multiple sclerosis clinic at a university hospital from January 21 to December 1, 2021. Of 75
patients evaluated for participation who received a diagnosis of multiple sclerosis with planned or
ongoing treatment with rituximab, 69 were included in the study, and data from 67 were analyzed.

EXPOSURES Sex, age, number of previous rituximab infusions, accumulated dose of rituximab,
previous COVID-19 infection, time since last rituximab treatment, CD19+ B-cell count before
vaccination, CD4+ T-cell count, and CD8+ T-cell count were considered potential factors associated
with the main outcome.

MAIN OUTCOMES AND MEASURES Serological vaccine responses were measured by quantitation
of anti-spike immunoglobulin G (IgG) antibodies, anti–receptor-binding domain (RBD) IgG
antibodies, and their neutralizing capacities. Cellular responses to spike protein–derived SARS-CoV-2
peptide pools were assessed by counting interferon gamma spot-forming units in a FluoroSpot assay.

RESULTS Among 60 patients with ongoing rituximab treatment (49 women [82%]; mean (SD) age,
43 [10] years), the median (range) disease duration was 9 (1-29) years, and the median (range) dose
of rituximab was 2750 (500-10 000) mg during a median (range) time of 2.8 (0.5-8.3) years. The
median (range) follow-up from the first vaccination dose was 7.3 (4.3-10.0) months. Vaccine
responses were determined before vaccination with tozinameran and 6 weeks after vaccination. By
using established cutoff values for anti-spike IgG (264 binding antibody units/mL) and anti-RBD IgG
(506 binding antibody units/mL), the proportion of patients with a positive response increased with
the number of B cells, which was the only factor associated with these outcomes. A cutoff for the
B-cell count of at least 40/μL was associated with an optimal serological response. At this cutoff, 26
of 29 patients (90%) had positive test results for anti-spike IgG and 21 of 29 patients (72%) for
anti-RBD IgG, and 27 of 29 patients (93%) developed antibodies with greater than 90% inhibition of
angiotensin-converting enzyme 2. No factor associated with the cellular response was identified.
Depending on the peptide pool, 21 of 25 patients (84%) to 22 of 25 patients (88%) developed a T-cell
response with interferon gamma production at the B-cell count cutoff of at least 40/μL.

CONCLUSIONS AND RELEVANCE This cohort study found that for an optimal vaccine response
from tozinameran, rituximab-treated patients with multiple sclerosis may be vaccinated as soon as
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Key Points
Question Are certain demographic or
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favorable vaccine response to
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Abstract (continued)

possible, with rituximab treatment delayed until B-cell counts have reached at least 40/μL. An
additional vaccination with tozinameran should be considered at that point.

JAMA Network Open. 2022;5(5):e2211497. doi:10.1001/jamanetworkopen.2022.11497

Introduction

B-cell–depleting monoclonal antibodies are widely used for treatment of multiple sclerosis (MS) and
for many other conditions. The treatment is commonly administered at outpatient clinics in intervals
of 3 to 18 months, depending on the indication and duration of treatment, leading to a prolonged
depletion of B cells. Although rarely performed in clinical practice, B-cell counts may be measured
with flow cytometry, which can be used to monitor B-cell–depleting therapies over time.

An adverse effect of B-cell–depleting therapy is that the protective humoral immune response
that normally occurs after infections and vaccinations is weakened or absent.1-6 For many patients
with chronic diseases, such as MS, this poses a challenge for the treating physician when vaccinations
need to be administered after the initiation of B-cell–depleting therapy.7 This problem was brought
into focus in connection with the COVID-19 pandemic caused by SARS-CoV-2, when several studies
showed a higher risk of severe COVID-19 among people with MS and concomitant anti-CD20
therapy.8,9 In addition, ongoing B-cell–depleting therapy has been associated with a decreased
humoral immune response following vaccination against SARS-CoV-2.10-13

Some authors and guidelines recommend vaccinations being given at the earliest 3 months, but
preferably 6 months, after the last administration of a B-cell–depleting agent and that at least 4
weeks pass from vaccination until the next administration.10,14 Others have suggested that
vaccinations should be postponed until the CD19+ B-cell count has reached at least 20/μL,15 but
robust data to support these recommendations are lacking. Although a body of literature on humoral
and T-cell responses after vaccination against SARS-CoV-2 in patients with MS treated with B-cell–
depleting agents emerged in the previous year,11-13,16,17 it is still unknown which factors are most
important for an adequate vaccine response. The purpose of the present study was to investigate
which factors were associated with a favorable vaccine response after vaccination with tozinameran
for protection against COVID-19 disease.

Methods

Study Design and Setting
The study was performed as a single-center, prospective, observational cohort study at the
outpatient clinic of the Department of Neurology at Uppsala University Hospital, Sweden, and
followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
reporting guidelines.18 The study was approved by the Swedish Ethical Review Authority and was
performed in concordance with the Declaration of Helsinki (1964).19 Oral and written consent were
obtained from each participant. No one received compensation or was offered any incentive for
participating in this study.

Standard of Care
All individuals undergoing treatment with rituximab for MS were offered vaccination against SARS-
CoV-2 with tozinameran. Patients were recommended for vaccination if at least 6 months had passed
since their last infusion of rituximab and if their B-cell counts were at least 20/μL. If the B-cell count
was lower than 20/μL, patients were offered to postpone their vaccination (and rituximab
treatment) and a new flow cytometry was performed 2 months later. This was repeated up to 3
times, and then vaccination was recommended regardless of the B-cell count. All patients could
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proceed with vaccination at any time regardless of B-cell count, and some patients opted for
vaccination right away. The Pfizer-BioNTech COVID-19 vaccine tozinameran was used, with 2 doses
given at an interval of 3 weeks. Treatment with rituximab was administered 6 weeks after the second
vaccination dose or later, depending on the prescribed infusion interval. Patients were encouraged
to report any suspected adverse effects of the vaccination or symptoms suggestive of MS-associated
disease relapse.

Participants
Eligible patients (received a diagnosis of MS and had ongoing or planned rituximab treatment) were
followed up at the Department of Neurology, Uppsala University Hospital, Sweden. Two doses of
tozinameran were administered to all patients from January 21 through August 19, 2021. A blood
sample was drawn prior to the first vaccination dose and another sample was drawn 6 weeks after
the second vaccination dose. The last follow-up of patients was conducted on December 1, 2021;
median (range) follow-up from the first vaccination dose was 7.3 (4.3-10.0) months.

Factors Potentially Associated With the Vaccine Response
Data on sex, age at vaccination, number of previous infusions of rituximab, accumulated dose of
rituximab, previous positive SARS-CoV-2 polymerase chain reaction test result, time since last
treatment with rituximab, CD19+ B-cell count prior to vaccination, CD4+ T-cell count, and CD8+ T-cell
count were collected from medical records at the time of the first vaccination dose. The COVID-19–
associated factors were assessed again when the blood sample was drawn after vaccination.

Outcomes
The primary outcomes were serological response and cell-mediated immune response after
vaccination. Serological immune response was defined as 264 binding antibody units (BAU)/mL for
anti-spike (anti-S) IgG and 506 BAU/mL for anti–receptor-binding domain (RBD) IgG (using the World
Health Organization’s international standard, National Institute for Biological Standards and Control
code 20/136), based on a demonstration of 80% vaccine effectiveness against primary symptomatic
COVID-19 infection in a previous study.20 Cell-mediated immune response was defined as interferon
gamma (IFN-γ) spot-forming units (SFUs) exceeding 4 when stimulated with an in-house peptide
pool and exceeding 10 SFUs when stimulated with a commercial peptide pool. The cutoffs were
based on receiver operating characteristic curves, where the highest sensitivity and specificity for the
respective assay were chosen. If a patient sample exceeded the cutoff before vaccination, a 2-fold
increase in SFUs was required after vaccination for the cell-mediated immune response to be
considered positive.

Evaluation of Humoral Immune Response After SARS-CoV-2 Vaccination
Antibodies against nucleocapsid, RBD, and spike were determined with a V-PLEX SARS-CoV-2 Panel
2 (IgG) kit (Meso Scale Diagnostics). A V-plex SARS-CoV-2 Panel 2 (ACE2) kit was used to determine
the antigen neutralization capacity in an angiotensin-converting enzyme 2 (ACE-2)
competitive assay.

Evaluation of Cell-Mediated Response After SARS-CoV-2 Vaccination
Following stimulation with either a commercial peptide pool (Mabtech) containing 100 peptides
derived from the human SARS-CoV-2 spike protein or an in-house–developed peptide pool of 8
peptides derived from the spike protein21,22 (eTable 1 and eTable 2 in the Supplement), the number
of SFUs was determined with a Mabtech IRIS FluoroSpot reader, and spots were analyzed using
Mabtech Apex software, version 1.1. A detailed description of this assay is available in the eMethods
in the Supplement.
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Statistical Analysis
Graphs and statistical analyses were generated with Prism 9 (GraphPad). The Wilcoxon matched-
pairs signed rank test was used for comparisons between paired samples, and the Mann-Whitney test
was used for nonpaired comparisons. Correlations were described with the Spearman rank
coefficient of correlation. Receiver operating characteristic curves were generated to assist in
selecting the optimal cutoffs. A multiple logistic regression model was used to describe B-cell
recovery. Multiple linear regression models were used to investigate which factors were associated
with anti-S IgG levels and IFN-γ SFU levels. A 2-tailed P < .05 was considered statistically significant.
For details see the eMethods in the Supplement.

Results

Participants
Of 75 individuals assessed for eligibility in the study, 69 were included, and data from 67 were
analyzed (eFigure 1 in the Supplement). Of them, 60 had ongoing rituximab treatment and 7 were
rituximab-naive. For 60 patients with ongoing rituximab treatment, the mean (SD) age was 43 (10)
years, 49 were women (82%), 11 were men (18%), 49 (73%) had relapsing-remitting MS, and the
median Expanded Disability Status Scale score was 2.0 (range, 0.0-8.0). The median (range) dose of
rituximab was 2750 (500-10 000) mg during a median (range) time of 2.8 (0.5-8.3) years. Other
descriptive data for the participants are presented in Table 1.

Safety
The vaccination strategy resulted in a median (range) rituximab postponement of 11 (−3 to 37) weeks.
Three patients (5%) had MS-associated disease activity between the last rituximab infusion before
vaccination and the end of the study. One patient had a mild clinical relapse with numbness in the
legs lasting less than 1 week. Two additional patients had subclinical magnetic resonance imaging–
documented MS-associated disease activity. No unexpected adverse effects, severe MS-associated
disease activity, or cases of COVID-19 infection were reported after vaccination.

Initial B-Cell Counts and Kinetics of B-Cell Recovery
Approximately 6 months after the last rituximab infusion (median, 26 weeks; range, 25-34 weeks),
data on B-cell counts were available for 48 patients. A wide diversity in the initial B-cell counts
(median, 17/μL; range, 0/μL-163/μL) was observed (eFigure 2 in the Supplement). Nineteen patients
(40%) had a B-cell count lower than 10/μL (median, 1/μL; range, 0/μL-8/μL), and 29 patients (60%)
had a B-cell count of at least 10/μL (median, 37/μL; range, 11/μL-163/μL). In the group with B-cell
counts lower than 10/μL, the rate of increase in B-cell counts was lower (simple linear regression line
slope, 7.5; R2, 0.43, P < .001) than for patients with at least 10/μL (simple linear regression line slope,
18.2; R2, 0.24; P < .001), with a significant difference in the regression line slopes (P = .007).

To investigate factors associated with slow mobilization of B cells (B-cell counts <10/μL at 6
months), we created a logistic regression model in which age, sex, accumulated dose, treatment
duration, and treatment interval were covariates and B-cell count lower than 10/μL or at least 10/μL
as the binary classifier. Treatment duration was the only variable that had a nonoverlapping 95% CI in
the model. Slow mobilizers had a median (range) treatment duration of 4.0 (0.8-6.9) years and fast
mobilizers, 2.1 (0.5-6.0) years (P = .002).

Humoral Immune Response
Serum samples from 48 patients before vaccination and samples from 60 patients after vaccination
who were treated with rituximab were analyzed as well as 7 samples after vaccination from patients
with MS who were never exposed to anti-CD20 treatment. The anti-S IgG antibodies were detected
at protective levels (>264 BAU/mL) in 43 of 60 patients (72%) treated with rituximab after
vaccination, and anti-RBD antibodies were detected at protective levels (>506 BAU/mL) in 34 of 60
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patients (57%). However, 17 of 60 patients (28%) did not attain protective levels of anti-S or
anti-RBD antibodies after vaccination. Anti-S and anti-RBD antibody levels did increase after
vaccination in patients treated with rituximab, but the response was lower than in patients with MS
without anti-CD20 treatment (Figure 1A). The anti-S and anti-RBD antibody levels were correlated
with the B-cell counts in peripheral blood (Figure 1B and C). The median (range) B-cell count in
rituximab-treated patients who attained neither protective anti-S nor anti-RBD antibody levels was

Table 1. Patient Demographic and Clinical Data at the Time of the First SARS-CoV-2 Vaccine Dose

Characteristic

No. (%)

Ongoing rituximab (n = 60) Anti-CD20 naive (n = 7)
Age, mean (SD), y 43 (10) 36 (10)

Sex

Female 49 (82) 5 (71)

Male 11 (18) 2 (29)

Time since MS diagnosis, median (range), y 9.4 (1.2-28.9) 0.2 (0.0-9.1)

MS phenotype

PPMS 2 (3) 1 (14)

RRMS 44 (73) 5 (71)

SPMS 14 (23) 1 (14)

Time since SPMS diagnosis, median (range), y 6.3 (0.13-10.0) NA

EDSS score, median (range) 2.0 (0.0-8.0) 2.0 (0.0-5.5)

Disease-modifying treatment prior to rituximab

0 8 (13) 5 (71)

1 27 (44) 1 (14)

2 14 (23) 1 (14)

3 9 (15) 0 (0)

4 2 (3) 0 (0)

Interferon-β 40 (67) 1 (14)

Dimethyl fumarate 8 (13) 2 (29)

Fingolimod 2 (3) 0 (0)

Glatiramer acetate 16 (27) 0 (0)

HSCT 2 (3) 0 (0)

IVIG 10 (17) 0 (0)

Natalizumab 8 (13) 0 (0)

Ocrelizumab 1 (2) 0 (0)

Teriflunomide 2 (3) 0 (0)

Ongoing rituximab therapy

Infusion interval of 6 mo 52 (87) NA

Infusion interval of 12 mo 8 (13) NA

Duration of treatment, median (range), y 2.8 (0.5-8.3) NA

Accumulated dose, median (range), mg 2750 (500-10 000) NA

CD19+ B-cell count before vaccination

Median (range), /μL 38 (0-348) NA

≥40 29 (48) NA

30-39 8 (13) NA

20-29 10 (17) NA

10-19 8 (13) NA

0-9 5 (8) NA

Time from infusion to test before vaccination,
median (range), wk

34 (25-79) NA

Time from test before vaccination to test after
vaccination, median (range), d

9 (0-258) NA

Participants with ≥1 positive SARS-CoV 2 PCR or IgG
test results

8 (13) 2 (29)

Participants with only negative SARS-CoV-2 PCR
test results

28 (47) 2 (29)

Abbreviations: EDSS, Expanded Disability Status Scale;
HSCT, hematopoietic stem cell transplantation; IgG,
immunoglobulin G; IVIG, intravenous immunoglobulin;
MS, multiple sclerosis; NA, not applicable; PCR,
polymerase chain reaction; PPMS, primary progressive
multiple sclerosis; RRMS, relapsing-remitting multiple
sclerosis; SPMS, secondary progressive multiple
sclerosis.
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22/μL (0/μL-154/μL) compared with 51/μL (13/μL-348/μL) in the remainder of the cohort (P < .001).
Of 60 rituximab-treated patients, 45 (75%) reached 90% or greater inhibition of S–ACE-2 binding,
and 44 (73%) reached 90% or greater inhibition of RBD–ACE-2 binding. All 7 patients who were anti-
CD20–naive reached 90% or greater inhibition of both S–ACE-2 and RBD–ACE-2 binding (Figure 2A).
Inhibition of both S–ACE-2 and RBD–ACE-2 binding was correlated with B-cell counts in peripheral

Figure 1. Humoral Immune Response to SARS-CoV-2 Proteins After Vaccination With Tozinameran
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JAMA Network Open | Neurology Serological Response to SARS-CoV-2 Vaccine Among Patients With MS Receiving Rituximab

JAMA Network Open. 2022;5(5):e2211497. doi:10.1001/jamanetworkopen.2022.11497 (Reprinted) May 11, 2022 6/14

Downloaded From: https://jamanetwork.com/ by a Uppsala University User  on 09/13/2022



blood (Figure 2B and C). Inhibition of S–ACE-2 and RBD–ACE-2 was correlated with anti-S antibody
levels and anti-RBD antibody levels, respectively (eFigure 4 in the Supplement).

T-Cell–Mediated Immune Response
Peripheral blood mononuclear cells (PBMCs) obtained prior to vaccination from 40 patients with MS
treated with rituximab and PBMCs obtained after vaccination from 52 patients were analyzed as well

Figure 2. Angiotensin-Converting Enzyme 2 (ACE-2) Neutralizing Capacity of Anti-Spike (Anti-S) and Anti-Receptor-Binding Domain (Anti-RBD) Antibodies After
Vaccination with Tozinameran
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as PBMCs obtained after vaccination from 7 CD20-naive patients with MS. Stimulation with 2
different spike protein peptide pools resulted in increased IFN-γ SFUs in rituximab-treated patients
after vaccination, with similar results in CD20-naive patients (Figure 3 and eFigures 6, 7, and 8 in the
Supplement). An analysis of cells secreting interleukin 2 and cells co-secreting IFN-γ and interleukin
2 rendered comparable results (eFigure 5 in the Supplement). After vaccination, the IFN-γ SFU
response was positive in 42 of 46 (91%) rituximab-treated patients with MS (with no history of a
positive SARS-CoV-2 polymerase chain reaction test result) using the Mabtech peptide pool, and 38
of 46 patients (83%) using the in-house peptide pool. In 37 of 46 patients (80%), a positive IFN-γ
response was observed with both peptide pools, and 3 of 46 patients (7%) were negative for an
IFN-γ response with both pools.

Factors Associated With Humoral and T-Cell Responses
In multiple linear regression analyses of the potential factors associated with the humoral and T-cell
responses, only the B-cell count before vaccination was independently associated with anti-S IgG

Figure 3. Cellular Response to SARS-CoV-2–Derived Peptides After Vaccination With Tozinameran
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Interferon gamma (IFN-γ) secretion in response to
24-hour stimulation with a positive control (anti-
cluster of differentiation 3 antibodies), a commercially
available peptide pool containing 100 peptides
derived from the spike protein of SARS-CoV-2, or an
in-house peptide pool containing 8 validated peptides
from the spike protein of SARS-CoV-2. Secretion was
quantitated by counting spot-forming units (SFUs) in a
FluoroSpot assay. Horizontal lines represent median
values; closed circles, patients with negative test
results for SARS-CoV-2 using a polymerase chain
reaction (PCR) test prior to vaccination; open triangles,
patients with positive SARS-CoV-2 test results using
PCR test prior to vaccination. NS indicates not
statistically significant.
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levels after vaccination (eTable 3 and eFigure 3 in the Supplement), and no variable was significantly
associated with IFN-γ SFUs.

B-Cell Count Cutoff
An analysis was conducted to determine the optimal cutoff of B-cell counts (Table 2 and eTable 4 in
the Supplement). A cutoff value of 40/μL rendered a protective anti-S response in 26 of 29
rituximab-treated patients (90%), a protective anti-RBD response in 21 of 29 patients (72%), and an
S–ACE-2 as well as an RBD–ACE-2 inhibition greater than 90% in 27 of 29 patients (93%). The T-cell
mediated response was independent of B-cell count. At the B-cell cutoff of 40/μL, 22 of 25 patients
(88%) had positive results in the T-cell assay using the Mabtech peptide pool, and 21 of 25 patients
(84%) had positive results in the T-cell assay using the in-house peptide pool.

Discussion

A key finding of this cohort study was that the number of B cells in peripheral blood was associated
with serological immune responses to vaccination with tozinameran in patients treated with the
monoclonal anti-CD20 antibody rituximab.

Rituximab is a B-cell depleting agent that has increasingly been used off-label for treatment of
MS in the last decade. It is well tolerated and associated with a large reduction in disease activity.23,24

In the early stages of the COVID-19 pandemic, it was reported that rituximab and other B-cell
depleting agents were associated with an increased risk of developing severe COVID-19, which was
consistent with results from larger studies9 and with a prepandemic study showing an increased risk
of serious infections.25 Therapy with B-cell–depleting agents is also associated with a weakened or
absent humoral vaccine response,1-6 which led to the recommendation that vaccinations should be
made at the earliest 3 to 6 months after the last rituximab infusion.10,14 We surmised that time from
last infusion was a proxy for B-cell counts, and we hypothesized that low B-cell counts would be
associated with poor vaccine responses. When vaccines for SARS-CoV-2 became widely available, we
therefore offered patients the opportunity to postpone their vaccination until their B-cell counts
reached 20/μL (approximately 10% of the typical value for B-cell counts in peripheral blood) to
increase their chances of getting a protective vaccine response. There were 2 main drawbacks with

Table 2. Humoral and Cell-Mediated Response With Various Cutoff Values for B-Cell Count

Response

No. (%)

CD19+ B-cell count used as cutoff for vaccination, /μL

>0 >10 >20 >40 >60 >80
No. of patients 60 55 47 29 18 14

Antibody response, BAU/mL

Patients with anti-S >264 43 (72) 43 (78) 38 (81) 26 (90) 16 (89) 13 (93)

Anti-S, mean (SD) 683 (634) 744 (627) 809 (650) 962 (709) 938 (664) 1008 (711)

Patients with anti-RBD>506 34 (57) 34 (62) 30 (64) 21 (72) 14 (78) 11 (79)

Anti-RBD, mean (SD) 988 (1102) 1077 (1109) 1186 (1158) 1457 (1307) 1445 (1297) 1601 (1426)

ACE-2 inhibition assay (% inhibition)

Patients with ACE-2–S inhibition >90% 45 (75) 45 (82) 40 (85) 27 (93) 17 (94) 13 (93)

Inhibition ACE-2–S, mean (SD) 90 (17) 94 (10) 95 (9) 96 (9) 97 (10) 96 (12)

Patients with ACE-2–RBD inhibition >90% 44 (73) 44 (80) 39 (83) 27 (93) 17 (94) 13 (93)

Inhibition ACE-2–RBD, mean (SD) 86 (25) 92 (15) 93 (13) 95 (13) 95 (16) 94 (18)

Patients with positive T-cell response (%)

No. 52 48 42 25 16 13

IFN-γ Mabtech peptide pool 48 (92) 44 (92) 38 (90) 22 (88) 13 (81) 11 (85)

IFN-γ in-house peptide pool 44 (85) 40 (83) 36 (86) 21 (84) 12 (75) 10 (77)

Abbreviations: ACE-2, angiotensin-converting enzyme 2; anti-RBD, anti–receptor-binding domain antibodies; anti-S, anti-spike antibodies; BAU, binding antibody units; IFN-γ,
interferon gamma; S, spike.
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this strategy. If the effectiveness of the vaccination was not dependent on B-cell counts, patients
would have been exposed to an unnecessary risk of COVID-19 that would have been prevented by an
earlier vaccination. Patients were instructed to view themselves as individuals at increased risk for
serious COVID-19 and follow the US Centers for Disease Control and Prevention guidelines.26 None of
the participants developed severe COVID-19 requiring hospitalization. Postponed treatment with
rituximab may also lead to a resurgence of disease MS-associated activity even though evidence
suggests that rituximab infusions can be safely postponed to an interval of more than 1 year.27

Reassuringly, only 1 patient experienced a mild relapse, with complete remission within a week.
Our multivariate regression analysis indicated that B-cell counts were the most decisive factor

for an adequate serological response. In previous studies, time from last infusion has often been put
forward as an explanatory variable for the various responses to SARS-CoV-2 vaccination among
patients treated with B-cell–depleting agents.12,13,28 This observation is hardly surprising because
time from last infusion is a major determinant of the B-cell count. Notably, our data showed a large
interindividual variability in the rate of B-cell recovery. Six months after the last rituximab infusion,
40% of patients had B-cell counts lower than 10/μL. This calls into question the general
recommendation of performing vaccinations 3 to 6 months after the last infusion of a B-cell–
depleting agent. Instead, relying on the measurement of B-cell counts appears to be the rational
approach and is feasible in many hospital settings. We also noted that patients partitioned into 2
groups depending on their initial B-cell counts at 6 months. Patients with low B-cell counts (<10/μL)
were slow mobilizers and increased their B-cell count by a mean of 7.5 cells per month. For patients
with B-cell counts of at least 10/μL, the rate of recovery was much higher, with a mean of 18 cells per
month. Using these data, it should be possible to make a rough estimate of when the target value of
the B-cell count can be reached.

A previous showed that antibody levels of 264 BAU/mL for anti-S and 506 BAU/mL for anti-RBD
were associated with 80% vaccine effectiveness against primary symptomatic COVID-1920;
therefore, we used these values as targets for an adequate vaccine response. The proportion of
patients reaching these target values increased with B-cell counts to a level of at least 40/μL, when
the number of patients with a positive response started to approach its maximum value. One of the
main functions of the anti-S and anti-RBD antibodies is to inhibit the ability of the SARS-CoV-2 virus
to bind to ACE-2, which is the functional receptor on cell surfaces through which the virus enters host
cells. Therefore, the neutralizing capacity of the antibodies should also be considered. Using a cutoff
of 90% for the ACE-2 inhibition assay, 93% of patients developed functional neutralizing antibodies
if their B-cell count was at least 40/μL. Some patients developed high levels of functional anti-S and
anti-RBD antibodies despite low B-cell counts. Thus, if the priority lies with generating a vaccine
response in some patients, vaccination should be considered early. But if a robust serological vaccine
response in all patients is prioritized, then vaccination should be postponed until the B-cell count
reaches at least 40/μL.

Analyzing T-cell responses to SARS-CoV-2 infection is less straightforward than serological
responses, and different methods have been used in the past.11,12,16,17 We used 2 different peptide
pools derived from the SARS-CoV-2 spike protein. The in-house pool was designed to include 8
peptides in total but with broad human leukocyte antigen coverage. The number of peptides may
limit the sensitivity of the in-house pool but increases its specificity.21 The commercial pool does not
provide sequence information but is sold as a SARS-CoV-2 S defined pool. The increased number of
peptides in the commercial pool likely improves its sensitivity but may compromise its specificity
owing to the known risk of sequence overlap between endemic coronaviruses and
SARS-CoV-2.22,29,30 We used a FluoroSpot assay to evaluate cell-mediated immunity because of its
superior sensitivity and its ability to simultaneously measure different analytes secreted at a single-
cell level.31 Nearly all patients developed a T-cell response, which was independent of the B-cell
counts in our regression model.
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Limitations
This study has limitations. Decreasing levels of neutralizing antibodies after vaccination are a
concern, and treatment with rituximab may increase the rate of waning. We measured the response
6 weeks after the second dose of the vaccination, when vaccine responses are likely at their peak,
but the duration of the response was not studied and is unknown. Booster doses of the vaccination
may improve the longevity of vaccine responses, but this was also not investigated. Further studies
are needed to address these issues. In previous studies, a robust T-cell response was associated with
better outcome of COVID-19 infection,32,33 but established cutoff values connected to clinical
efficacy are still lacking. It is therefore difficult to know to what degree the T-cell response protects
against future infection with SARS-CoV-2 or whether it diminishes the severity of COVID-19 disease,
especially in the face of a poor serological response.

Conclusions

This cohort study found that the number of B cells in the peripheral blood was associated with the
immune responses to vaccination with tozinameran among patients treated with the monoclonal
anti-CD20 antibody rituximab. These results favor early vaccination without considering time from
last infusion or B-cell count because some patients generated a functional serological response
anyway, and T-cell responses appeared to develop independently of B-cell count. The results also
suggest that an additional vaccine dose may be considered when the B-cell count reaches 40/μL to
ensure that as many patients as possible will generate an adequate vaccine response. This approach
is achievable by delaying treatment with rituximab, which appeared in the present study to be safe.
It is possible that the approach used in this study may also be used to assess the feasibility of
vaccination using other mRNA vaccines against SARS-CoV-2 as well as for patients treated with other
monoclonal anti-CD20 antibodies. Further studies are needed to determine whether a similar
approach is useful for other vaccines.
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