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Responses in Neuroimmunologic Patients

Barbara Kornek, MD ,1 Fritz Leutmezer, MD,1 Paulus S. Rommer, MD,1

Maximilian Koblischke, PhD,2 Lisa Schneider, MSc,3 Helmuth Haslacher, MD,4

Renate Thalhammer, MD,4 Fritz Zimprich, MD, PhD,1 Gudrun Zulehner, MD,1

Gabriel Bsteh, MD, PhD ,1 Assunta Dal-Bianco, MD,1 Walter Rinner, MD,1

Karin Zebenholzer, MD,1 Isabella Wimmer, PhD,1 Anja Steinmaurer, PhD,1

Marianne Graninger, MD,2 Margareta Mayer, MSc,2 Kilian Roedl ,1 Thomas Berger, MD,1

Stefan Winkler, MD,3† Judith H. Aberle, MD,2† and Selma Tobudic, MD3†

Objective: The study was undertaken to assess the impact of B cell depletion on humoral and cellular immune responses
to severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) vaccination in patients with various neuroimmunologic
disorders on anti-CD20 therapy. This included an analysis of the T cell vaccine response to the SARS-CoV-2 Delta variant.
Methods: We investigated prospectively humoral and cellular responses to SARS-CoV-2 mRNA vaccination in
82 patients with neuroimmunologic disorders on anti-CD20 therapy and 82 age- and sex-matched healthy controls. For
quantification of antibodies, the Elecsys anti-SARS-CoV-2 viral spike (S) immunoassay against the receptor-binding
domain (RBD) was used. IFN-gamma enzyme-linked immunosorbent spot assays were performed to assess T cell
responses against the SARS-CoV-2 Wuhan strain and the Delta variant.
Results: SARS-CoV-2-specific antibodies were found less frequently in patients (70% [57/82]) compared with controls
(82/82 [100%], p < 0.001). In patients without detectable B cells (<1 B cell/mcl), seroconversion rates and antibody
levels were lower compared to nondepleted (≥1 B cell/mcl) patients (p < 0.001). B cell levels ≥1 cell/mcl were sufficient
to induce seroconversion in our cohort of anti-CD20 treated patients. In contrast to the antibody response, the T-cell
response against the Wuhan strain and the Delta variant was more pronounced in frequency (p < 0.05) and magnitude
(p < 0.01) in B-cell depleted compared to nondepleted patients.
Interpretation: Antibody responses to SARS-CoV-2 mRNA vaccinnation can be attained in patients on anti-CD20 ther-
apy by the onset of B cell repopulation. In the absence of B cells, a strong T cell response is generated which may help
to protect against severe coronavirus disease 2019 (COVID-19) in this high-risk population.
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The severe acute respiratory syndrome-coronavirus
2 (SARS-CoV-2) virus has caused a worldwide pan-

demic leading to significant morbidity and mortality

particularly in people of higher age and people suffering
from comorbidities.1,2 The currently dominating Delta
variant (B.1.617.2) is associated with even increased rates
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of transmission and disease severity.3 In patients with
immune-mediated neurological disorders on B cell-
depleting therapy, the risk of severe coronavirus disease
2019 (COVID-19) is increased due to impaired humoral
immune responses.4–6

Vaccination is the major key to control the
COVID-19 pandemic. However, recent data indicate that
the immune response to SARS-Cov-2 mRNA vaccination7,8

is attenuated or even abolished on anti-CD20 therapy in
neurologic9–13 and rheumatic diseases.14–16 Reconstitution
of circulating B cells seems to play a critical role in promoting
vaccine responses.10,14

T cell responses are likely to contribute to vaccine
efficacy17,18 and may become even more important given
the emergence of viral variants of concern that evade neu-
tralizing antibodies.19 In addition, T cells contribute to
survival in patients infected with SARS-CoV-2 even in the
context of B cell depleting therapies,20 as shown recently.

An increasing number of studies in rheumatologic
diseases14,16,21 and in multiple sclerosis10,13,21–25 indicate
preserved but altered T cell responses to COVID-19 vac-
cination in anti-CD20 treated patients. Moreover, it was
shown that patients on anti-CD20 therapy who failed to
develop antibodies following vaccination were able to gen-
erate robust T cell responses compared with patients with
preserved humoral vaccine responses.10

In this prospective cohort study, we studied humoral
and T cell responses following SARS-CoV-2 mRNA vacci-
nation in serial samples from 82 patients with neuro-
immunologic disorders on anti-CD20 therapy in order to
determine the impact of B cell depletion on vaccine
responses. This included an analysis of the cellular vaccine
response to the Delta variant, which is of high relevance
in the ongoing COVID-19 pandemic.

Patients and Methods
Patients
This study is part of a prospective cohort study performed
at the Medical University of Vienna, Vienna, Austria,
“Characterization of the responsiveness after mRNA
SARS-CoV-2 vaccination in patients with immunodefi-
ciency or immunosuppressive therapy”; Eudra CT
Nr. 2021–000291-11. For this substudy, patients were
recruited at the outpatient clinic of the Department of
Neurology, Medical University of Vienna, Austria
between March 12 and May 31, 2021. Adult patients
(≥18 years of age), with a confirmed diagnosis of an
immune-mediated disease of the central nervous system,
the peripheral nervous system, or the neuromuscular junc-
tion who were going to have a SARS-CoV-2 mRNA vacci-
nation (Pfizer/BioNTech or Moderna) were included in

the study. As the control group, we selected an equal
number of age- and sex-matching individuals from the
original cohort of healthy controls. Participants gave writ-
ten informed consent. The ethics committee of the Medi-
cal University of Vienna, Austria, approved the study
(EK Nr. 1,073/2021).

Study Design
Blood samples for testing for SARS-CoV-2 antibodies, dif-
ferential blood counts, and CD19+ B cell counts were
taken 0 to 28 days before the first vaccination (V1). Sam-
ples for antibody testing were taken 14 to 21 days after
the first vaccination (V2), and 21 to 28 days after the sec-
ond vaccination (V3). Blood samples for peripheral blood
mononuclear cell (PBMC) analysis were taken 1 to
2 weeks (T1) and 6 weeks (T2) after the second vaccina-
tion in a subgroup of patients (n = 38) and age- and sex-
matched healthy controls (n = 16). Serum samples for
antibody tests were stored at the Biobank of the Medical
University of Vienna (MedUni Wien Biobank), a central-
ized facility for the preparation and storage of biomaterial
with certified quality management (ISO 9001:2015).26

PBMCs were isolated by density gradient centrifugation
and stored in liquid nitrogen until further use. Methods
for quantification of CD19+ B cells, quantification of
antibodies, and T cell assays were described previously.14

Quantification of Peripheral CD19+ B Cells
Immunological phenotyping was performed by flow cytometry
(FACS Canto II flow cytometer equipped with FACS Diva
software – both from Becton Dickinson, San Jose, CA, USA)
using the whole blood first stain and then the lyse and wash
method (Becton Dickinson). A combination of monoclonal
antibodies (FITC-labeled anti-CD3, PE-labeled anti-CD16 +

56, PerCP-cy5.5-labeled anti-CD4, PE-Cy7-labeled anti-
CD19, APC-Cy7-labeled anti-CD8, V450-labeled anti-HLA-
DR, V500-labeled anti-CD45, and APC-labeled anti-CD14,
all provided by Becton Dickinson) was used for characteriza-
tion of lymphocyte subsets. In order to recover a significant
B-cell population of at least 50 cells, 20,000 to 500,000 events
were acquired. The LeucoGATE (CD45/CD14) fluorescent
information with forward scatter (FSC) and side scatter (SSC)
was used to set an electronic gate around the lymphoid popula-
tion. Results were expressed as the proportion of CD19 posi-
tive B-cells among total lymphocytes.14

Anti-SARS-CoV-2 Testing
For quantification of antibodies to the receptor-binding
domain (RBD) of the viral spike (S) protein the Elecsys
Anti-SARS-CoV-2 S immunoassay was used.27 The quan-
titation range is between 0.4 and 2500.0 BAU/ml. Values
>0.8 BAU/ml are considered as positive. Results below the
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lower level of quantification were defined as 0.2 BAU/ml
to allow for calculations. Nucleocapsid-specific antibodies
were measured with the qualitative Elecsys Anti-SARS-
CoV-2 assay28 at baseline. Cobas e801 analyzers (Roche
Diagnostics, Rotkreuz, Switzerland) at the Department of
Laboratory Medicine, Medical University of Vienna (certi-
fied acc. to ISO 9001:2015 and accredited acc. to ISO
15189:2012) were used for antibody testing.14

Peptides
PepMix SARS-CoV-2 peptide pools were bought from
JPT (Berlin, Germany) for T cell stimulation. The pools
cover the entire sequences of the SARS-CoV-2 spike pro-
tein and comprise 15 mer peptides overlapping by
11 amino acids (aas). The spike peptides are split into
2 sub-pools S1 (aa 1–643) and S2 (aa 633–1,273). Pep-
tides were dissolved in dimethyl sulfoxide and diluted in
AIM-V medium for use in ELISpot assays.14

IFN-γ ELISpot Assay
PBMCs collected at 1 to 2 and 6 weeks after the second
vaccine dose were stimulated with pools of peptides cover-
ing the spike (S)-protein of the ancestral Wuhan strain or
the B.1.167.2 (Delta) variant. The S-specific T cells were
identified using IFN-γ ELISpot assays. For ex vivo
ELISpot assays, PBMCs were thawed. A total of 1 to
2 � 105 cells per well were incubated with SARS-CoV-2
peptides (2 μg/ml; duplicates), AIM-V medium (negative
control; 3–4 wells), or PHA (L4144, Sigma; 0,5 μg/ml;
positive control) in 96-well plates coated with 1.5 μg anti-
IFN-γ (1-D1K, Mabtech) for 24 hours. After washing,
spots were developed with 0.1 μg biotin-conjugated anti-
IFN-γ (7-B6-1, Mabtech), streptavidin-coupled alkaline
phosphatase (Mabtech, 1:1000), and 5-bromo-4-chloro-
3-indolyl phosphate/nitro blue tetrazolium (Sigma). For
counting spots, a Bio-Sys Bioreader 5,000 Pro-S/BR177
and Bioreader software generation 10 was used. Data were
calculated as spot forming cells (SFCs) per 106 PBMCs
after subtraction of the spots from the negative control
(mean spot number from 3 to 4 unstimulated wells).14

Statistical Analysis
Missing values were imputed by multiple imputation
using the package “mice” (multivariate imputation by
chained equations). In total 1.2% (1/82) values were miss-
ing for anti-SARS-CoV-2 IgG titers at visit 1 and visit
2 (not in the same participant). Imputation was based on
the anti-SARS-CoV-2 IgG levels at the other visits, lym-
phocyte counts, and B cell counts. For values below the
limit of quantification, half of the limit of quantification
was imputed. The control group was matched to the study
data by age and sex using propensity score matching. This

was implemented using the “MatchIt” package. According
to the distribution, continuous variables are presented as
median with interquartile range (IQR). Categorical vari-
ables of unpaired groups were compared using Fisher’s
exact test. Continuous variables of unpaired groups were
compared by Wilcoxon rank sum test. Differences in
paired groups were compared using McNemar’s test for
categorical variables and Wilcoxon matched pair rank sum
test for continuous variables. Bonferroni correction for
multiple testing was applied when indicated. Correlations
between continuous variables were assessed via Kendall
rank correlation coefficient (τ). Sensitivity analyses were
performed by repeating the analyses after excluding
patients with ocrelizumab treatment, mRNA-1,273
(Moderna) vaccine type or both. To assess the factors that
facilitate seroconversion, univariate logistic regression was
applied. To assess whether the extent of B cell and T cell
responses increased the odds of side effects, univariate and
multivariate logistic regression analyses were performed.
McFadden’s R squared was used as a measure for the
goodness of fit for the logistic regression models. Continu-
ous variables (age, months since last therapy, months since
therapy onset, disease duration, and lymphocyte counts)
and categorical variables (sex and diagnosis) were selected
based on their expected relevance. The diagnosis variable
was grouped into 2 factors (diagnosis of multiple sclerosis
and other). Statistical analysis was performed using R ver-
sion 4.1.0 (R Core Team 2021, Vienna, Austria). The R
packages “ggplot2” and “viridis” were used for graphical
representation. A p value of <0.05 was set as statistically
significant.

Results
Patient Characteristics
Eighty-two patients (median age 40 years [IQR = 22],
72% women) and 82 age- and sex-matched healthy con-
trols were included (Table S1). Patients were diagnosed
with multiple sclerosis (n = 64), followed by neuro-
myelitis optica spectrum disorders (n = 7), myasthenic
syndromes (n = 7), autoimmune encephalitis (n = 2), or
chronic inflammatory demyelinating polyneuropathy
(n = 2). Among the patients, 82 were treated with
rituximab (RTX; n = 76) or ocrelizumab (OCR; n = 6).
Ten patients received comedication (azathioprine n = 3,
tocilizumab n = 3, oral prednisone n = 2, subcutaneous
or intravenous immunoglobulins n = 2, eculizumab
n = 1, or mycophenolate mofetil n = 1). Timing and
dosing of anti-CD20 treatment were performed according
to the discretion of the treating physician. The median
time between the last anti-CD20 infusion and the first
vaccine dose was 6 months (IQR = 5). The time between
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the last infusion and baseline was 0 to 6 months in
43 patients (52%), >6 to 12 months in 27 patients
(33%), and >12 months in 12 patients (15%), respec-
tively. Seventy one of 82 (87%) patients and all healthy
controls received the BNT162b2 (Pfizer/BioNTech) vac-
cine, whereas 11 of 82 (13%) patients were vaccinated
with the mRNA-1,273 (Moderna) vaccine.

Humoral Response to SARS-CoV-2 Vaccination
At baseline (V1), 3 patients and 1 healthy participant had
detectable antibodies against the SARS-CoV-2 spike (S) RBD.

After the first vaccination (V2), fewer patients on
anti-CD20 therapy (28 of 82, 33%) generated an antibody
response compared with healthy controls (80 of 82, 98%,
p < 0.001, Fisher’s exact test). Median SARS-CoV-2

FIGURE 1: Humoral immune response to SARS-CoV-2 mRNA vaccination in patients on anti-CD20 therapy and in healthy
controls. (A) Seroconversion rates before vaccination (V1), after the first vaccination (V2), and after the second vaccination (V3).
(B) Anti-SARS-CoV-2 RBD S-antibody levels before (V1), after the first (V2), and after the second vaccination (V3). (C) Individual
trajectories of anti-SARS-CoV-2 RBD S-antibody levels across the 3 visits. (D) Anti-SARS-CoV-2 RBD S-antibody levels according
to the presence or absence of peripheral B cells (≥ 1 cell/μl). (E) Scatter plot of antibody levels to the RBD of the S protein and
the percentage of peripheral B cells with linear regression line including a 95% CI. Each data point is a participant and the solid
horizontal lines represent the group medians. The dotted lines represent the cutoff (IgG titers <0.8 BAU/ml are considered
negative). Participants are marked as follows: Rituximab, green; Ocrelizumab, blue; BNT162b2 vaccine, circle; mRNA-1,273
vaccine, triangle. CI = confidence interval; HC = healthy control; S = viral spike; SARS-CoV-2 = severe acute respiratory
syndrome-coronavirus 2; RBD = receptor-binding domain.
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S-specific antibody levels were lower in patients on anti-
CD20 therapy (<0.4 BAU/ml) compared with healthy con-
trols (43.7 BAU/ml [IQR = 61], p < 0.001, Wilcoxon
rank sum test).

After the second vaccination (V3), all healthy controls
developed humoral immune responses against the SARS-
CoV-2 virus. The frequency of seroconverters among B cell-
treated patients increased from 33% to 70% (57 of
82 patients) after the second vaccination (p < 0.001,
McNemar’s test). Median antibody levels in patients (26.5
BAU/ml [IQR = 1,026]) were lower compared with
healthy controls (1,711 BAU/ml [IQR= 1665], p < 0.001,
Wilcoxon rank sum test; Fig 1A, B). Individual trajectories
across the three visits are shown in Figure 1C.

In patients with detectable circulating B cells (≥1
cell/μl), the seroconversion rate was 100% (36/36) at V3
(see Fig 1D). In patients without detectable B cells (<1
cell/μl), the seroconversion rate was 46% (21/46). Com-
paring antibody levels in patients with different percent-
ages of circulating B cells showed that all patients with
more than 0% but less than 1% detectable B cells were
able to generate an antibody response, suggesting that the
presence of peripheral B cells per se allows seroconversion
irrespective of the B cell level (p < 0.001, Fisher’s Exact
test; τ = 0.65, Kendall’s tau; see Fig 1E). Sensitivity ana-
lyses, excluding patients with ocrelizumab treatment,
mRNA-1,273 (Moderna) vaccine type or both, confirmed
the results (Table 1).

Logistic regression analysis was performed in order
to evaluate a potential association among age, sex, months
since the last infusion, months since the onset of therapy,
disease duration, diagnosis, and lymphocyte counts with
seroconversion. However, only the time since the last
infusion increased the odds for seroconversion (odds ratio
[OR] = 1.46, 95% confidence interval [CI] = 1.2–1.86,
p < 0.001; Fig 2).

Cellular Response to SARS-Cov-2 Vaccination
To assess whether or not SARS-CoV-2 vaccination gener-
ated T cell responses in our patient cohort, PBMCs col-
lected at 1 to 2 weeks and 6 weeks after the second
vaccine dose were stimulated with pools of peptides cover-
ing the spike (S)-protein of the ancestral Wuhan strain or
the B.1.167.2 (Delta) variant. The S-specific T cells were
identified using IFN-γ ELISpot assays. T cell responses
were induced in 32 of 38 (84%) patients and 16 of
16 (100%) healthy controls with lower levels in patients
(median SFCs/106 PBMC 183) compared with controls
(median SFCs/106 PBMC 340; Fig 3A). There was no

TABLE 1. Sensitivity Analysis: SARS-CoV-2 Antibody Levels and Correlation with Percentage of Peripheral B
cells After Excluding Patients with Ocrelizumab Treatment or mRNA-1,273 (Moderna) Vaccine or Both

SARS-CoV-2 S IgG levels
(median BAU/ml, IQR)

Correlation between percentage of
peripheral B cells and SARS-CoV-2

IgG S levels

<1 B cell/μl ≥1 B cell/μl p
Kendall rank correlation

coefficient (τ) p

Without ocrelizumab (n = 76) 0.2 (3.84) 1,101 (2286) <0.001 0.66 <0.001

Without mRNA-1,273 vaccine (n = 71) 0.44 (6.70) 1237.50 (2286) <0.001 0.64 <0.001

Without ocrelizumab and mRNA-1,273
vaccine (n = 65)

0.2 (6.06) 1237.50 (2286) <0.001 0.65 <0.001

IQR = interquartile range; S = viral spike; SARS-CoV-2 = severe acute respiratory syndrome-coronavirus 2.

FIGURE 2: Odds ratios of univariate logistic regression
assessing seroconversion. Each of the variables was tested
individually against seroconversion in all patients on anti-
CD20 therapy in a univariate regression model. Due to quasi-
complete separation, the B cell-variables were excluded. MS
= multiple sclerosis. [Color figure can be viewed at www.
annalsofneurology.org]
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difference in the rate or magnitude of T cell response
between those vaccinated with BNT/Pfizer (24/29 (83%),
median SFCs/106 PBMC 179) or Moderna vaccine (8/9

(89%), median SFCs/106 PBMC 280; see Fig 3B, C).
The response rate did not differ between the Wuhan
strain (21/28 [75%] and the Delta variant (20/28 [71%]),

FIGURE 4: Correlation between the time since last anti-CD20 treatment and vaccine responses. (A) Scatter plot of antibody
levels to the RBD of the spike protein and time since last anti-CD20 treatment with linear regression line including a 95%
CI. (B) Scatter plot of SFCs/106 PBMC and time since last anti-CD20 treatment dose, with linear regression line including a 95%
CI. Participants are marked as follows: Rituximab, green; Ocrelizumab, blue; BNT162b2 vaccine, circle; mRNA-1,273 vaccine;
triangle. CI = confidence interval; SARS-CoV-2 = severe acute respiratory syndrome-coronavirus 2; PBMC = peripheral blood
mononuclear cell; RBD = receptor-binding domain; SFC = spot forming cell.

FIGURE 3: T cell response to SARS-CoV-2 vaccination. (A) SARS-CoV-2-specific T cell response rates in patients and healthy
controls (HCs), (B) by vaccine type (BNT = Biontec/Pfizer), and (C) in relation to treatment and B cell status. (D) T cell response
against peptide pools derived from the Wuhan (wildtype [wt]) strain versus the B.1.617.2 (Delta) variant. (E) T cell response at
1 and 2 (T1) and 6 weeks (T2) after the second vaccine dose and (F) in patients with (B+) or without detectable B cells (B�). Bars
indicate proportion of patients with a T cell response; each circle is a participant, and the solid horizontal lines represent group
medians; dotted lines indicate the cutoff (T cells ≤46 spot forming cells [SFCs] per 106 PBMC are considered negative). SARS-
CoV-2 = severe acute respiratory syndrome-coronavirus 2.
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but the magnitude of the individual responses was signifi-
cantly lower against the Delta variant (p < 0.05, Wilcoxon
matched-pairs signed rank test; see Fig 3D). Longitudinal
analysis of T cell responses with matched samples at 1 to
2 weeks and 6 weeks after the second vaccine dose showed
that T cell responses were still detected at 6 weeks in
10 of 16 (63%) patients, and at levels that were similar
compared to weeks 1 and 2 (see Fig 3E).

There was a significantly higher frequency and mag-
nitude of T cell response in B cell-depleted patients
(19/19 [100%], median SFCs/106 PBMC 280) as

compared to nondepleted patients (13/19 [68%], median
SFCs/106 PBMC 90) at 1 to 2 weeks after the second vac-
cine dose (p < 0.05, Fisher’s exact test, p < 0�01,
Wilcoxon rank sum test; see Fig 3F). This difference was
even more pronounced at 6 weeks after the second vaccine
dose with SARS-CoV-2 T cell responses detectable in
11 of 12 (92%) B cell-depleted patients (median
SFCs/106 PBMC 268) compared with 1 of 6 (17%) of
nondepleted patients (median SFCs/106 PBMC
14, p < 0.01, Fisher’s exact test, p < 0�01, Wilcoxon rank
sum test; see Fig 3F). The correlation between the interval

TABLE 2. Univariate Logistic Regression Model Assessing Seroconversion in Anti-CD20 Treated Patients

Variable

Univariate analysis

OR (95% CI) p R2

Age 0.97 (0.94–1.00) 0.081 0.031

Sex, female 0.54 (0.16–1.59) 0.287 0.012

Disease, multiple sclerosis 0.85 (0.24–2.59) 0.778 0.001

Disease duration, years 0.99 (0.92–1.07) 0.803 0.001

Months since anti-CD20 onset 0.99 (0.97–1.00) 0.121 0.024

Months since last anti-CD20 1.46 (1.20–1.86) 0.001 0.228

Lymphocytes/mcl 1.00 (1.00–1.00) 0.569 0.003

CI = confidential interval; OR = odds ratio; R2 = McFadden’s R squared.

TABLE 3. Antibody and T Cell Levels in Patients With or Without Side Effects After the Second Vaccine Dose
(Wilcoxon Rank Sum Test)

Side
effects

Anti-SARS-CoV-2 S IgG levels
(median, IQR), n = 78

SFCs/106 PBMC
(median, IQR), n = 38

In patients with
side effects

In patients without
side effects pa

In patients with
side effects

In patients without
side effects pa

Fever 794 (1,930.7) 20.7 (886.3) 0.769 345.0 (244.4) 179.0 (205.0) 0.775

Local
reaction

20.7 (1,316.8) 194 (701.7) 1.000 248.5 (355.0) 145.0 (110.0) 1.000

Nausea 429 (2,499.8) 23.2 (989.8) 1.000 535.0 (745.0) 179.5 (213.8) 0.145

Shivering 969 (2,498.7) 20.7 (886.3) 0.690 420.5 (50.8) 179.0 (205.0) 0.240

Fatigue 8.51 (1,447.3) 38.6 (971.8) 1.000 265.0 (359.5) 145.0 (205.0) 0.820

Headache 27.5 (1,908.2) 25.6 (971.8) 1.000 248.5 (360.1) 180.0 (200.0) 1.000

Sweating 808 (1,576.8) 25.6 (959.8) 1.000 255.0 (340.0) 182.5 (311.9) 1.000

Myalgia 50.8 (1,142.5) 25.6 (1043.8) 1.000 240.0 (327.8) 180.0 (325.0) 1.000

IQR = interquartile range; SARS-CoV-2 = severe acute respiratory syndrome-coronavirus 2.
aAfter Bonferroni correction for multiple testing.
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from the last treatment to vaccination and the SARS-
CoV-2 antibody levels is presented in Figure 4A (τ=0.65,
Kendall’s tau, p < 0.001). Furthermore, an inverse correla-
tion was observed between SARS-CoV-2 T cell levels and
the time interval from last anti-CD20 treatment to vacci-
nation (τ=-0.28, Kendall’s tau, p < 0.05; see Fig 4B).

Adverse Events
In patients, data on adverse events were systematically
recorded until visit 3. Local and systemic reactions after
the first and after the second vaccine dose included fever
(7/79 [9%] and 21/78 [27%]), local reaction (60/79
[76%] and 64/78 [82%]), nausea (8/79 [10%] and 8/78

[10%]), shivering (6/79 [8%] and 13/78 [17%]), fatigue
(27/79 [34%] and 34/78 [44%]), headache (13/79 [16%]
and 32/78 [41%]), sweating (5/79 [6%] and 13/78
[16%]), and myalgia (7/79 [9%] and 15/78 [19%]),
respectively. Transient worsening of pre-existing neuro-
logic symptoms was reported in 6 of 79 (8%) patients
after the first vaccination and in 8 of 78 (10%) patients
after the second vaccination. Two infections (bacterial
respiratory tract infection and urinary tract infection) and
one serious adverse event (herpes zoster) occurred.
Relapses requiring steroid therapy were reported in one
patient after the first vaccination and in 2 patients after
the second vaccination (Table 2).

TABLE 4. Logistic Regression Analyses Evaluating the Odds for Side Effects Depending on a Change in Anti-
SARS-CoV-2 S IgG Levels by 100 BAU/ml and Change in T Cell Levels by 10 SFCs/106 PBMC

SARS-CoV-2 antibody levels and side effects

Univariate analysis Multivariate analysisa

Side effect (dependent variable) OR (95% CI) p R2 OR (95% CI) p R2

Fever 1.05 (0.99–1.10) 0.082 0.032 1.05 (0.99–1.11) 0.100 0.136

Local reaction 1.03 (0.96–1.11) 0.453 0.008 1.02 (0.96–1.10) 0.574 0.040

Nausea 1.05 (0.97–1.12) 0.214 0.028 1.04 (0.97–1.12) 0.276 0.085

Shivering 1.06 (1.00–1.12) 0.049 0.053 1.06 (0.99–1.13) 0.092 0.175

Fatigue 1.01 (0.97–1.06) 0.564 0.003 1.01 (0.96–1.06) 0.639 0.067

Headache 1.02 (0.98–1.08) 0.322 0.009 1.02 (0.97–1.08) 0.404 0.078

Sweating 1.04 (0.98–1.10) 0.227 0.020 1.03 (0.97–1.10) 0.317 0.056

Myalgia 1.01 (0.95–1.06) 0.794 0.001 1.01 (0.95–1.07) 0.803 0.054

SFCs/106 PBMC and side effects

Univariate analysis Multivariate analysisa

Side effect (dependent variable) OR (95% CI) p R2 OR (95% CI) p R2

Fever 1.01 (0.99–1.02) 0.380 0.624 1.00 (0.98–1.02) 0.884 0.670

Local reaction 1.01 (0.99–1.04) 0.585 0.596 1.01 (0.99–1.04) 0.613 0.597

Nausea 1.02 (1.00–1.05) 0.039 0.836 1.02 (1.00–1.05) 0.138 0.862

Shivering 1.01 (0.98–1.02) 0.579 0.751 1.00 (0.98–1.02) 0.763 0.757

Fatigue 1.01 (1.00–1.03) 0.207 0.517 1.01 (0.99–1.04) 0.263 0.574

Headache 1.00 (0.98–1.02) 0.921 0.513 1.00 (0.98–1.02) 0.732 0.569

Sweating 0.99 (0.96–1.01) 0.576 0.648 0.99 (0.96–1.01) 0.499 0.669

Myalgia 0.99 (0.96–1.01) 0.543 0.621 0.99 (0.95–1.01) 0.407 0.633

CI = Confidence interval; OR = odds ratio; R2 = McFadden’s R squared; SARS-CoV-2 = severe acute respiratory syndrome-coronavirus 2; PBMC
= peripheral blood mononuclear cell; SFC = spot forming cell.
aThe multivariate analysis was adjusted for age, sex, and vaccine type.
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There were no significant differences of anti-SARS-
CoV-2 antibody levels or T cell levels between patients with
or without side effects (Table 3). Accordingly, univariate
and multivariate logistic regression after adjusting for age,
sex, and vaccine type did not show increased odds of side
effects depending on antibody or T cell levels (Table 4).

Discussion
Under the ongoing SARS-CoV-2 pandemic, patients with
immune-mediated neurologic disorders on anti-CD20
therapy are at increased risk for severe COVID-19.4–6

Although the approved mRNA vaccines confer high levels
of protection in immunocompetent individuals,7,8 recent
data indicate that vaccine efficacy is reduced in B cell-
depleted patients.9–16

In this prospective cohort study, we found that in
patients with different neuroimmunologic disorders on
anti-CD20 therapy seroconversion rates and antibody
levels were reduced after the first and the second SARS-
CoV-2 vaccination compared with healthy individuals.
Although we assessed seroconversion rates and antibody
levels, our study design does not enable us to define a level
of protection against (severe) COVID-19 in anti-CD20
treated patients. Antibody levels as correlates of protection
have been suggested in nonimmunocompromised individ-
uals after vaccination with the ChAdOx1n-CoV-19 vac-
cine.29 However, in B cell-depleted individuals, the
immune response to vaccination differs on both a humoral
and cellular level.10,13 Therefore, the humoral correlates of
protection found in immunocompetent individuals29 may
not apply to our cohort.

Our data are in line with recent studies, suggesting
that B cell-depletion may affect humoral immune responses
to vaccination.9–16 However, in contrast to other
reports,9,14 higher seroconversion rates were observed in our
cohort. Furthermore, we show that seroconversion strongly
correlated with the onset of B cell reconstitution, with a cut-
off level of 1 B cell/μl required for antibody induction fol-
lowing vaccination. Whereas our cohort mainly consisted of
younger people on anti-CD20 monotherapy, including also
patients with longer intervals between the last anti-CD20
treatment dose and vaccination, further differences in sero-
conversion rates may be due to small sample sizes, but also
due to higher age,9,15,16 the use of immunosuppressive
comedication,14,16 as well as the underlying disease.14–16

Thus, the cutoff level of 1 B cell/μl is not an absolute fea-
ture, as there are cases of poor seroconversion despite the
presence of B cells and seroconversion with no peripheral B
cells.10,13,14

Seroconversion rates may also be influenced by dif-
ferences in the anti-CD20 treatment regimen itself,

because timing, dosing, and differences between anti-
CD20 antibodies may influence the kinetics of B cell
reconstitution.30,31 Accordingly, a longer time from the
last infusion was associated with seroconversion in our
cohort, whereas other parameters, such as the overall treat-
ment period or disease duration, did not impact
seroconversion.

Currently, it is not recommended to extend the dos-
ing intervals due to a potential risk of disease reac-
tivation.32 However, limited data indicate that reducing
the frequency of dosing does not compromise efficacy in
patients with multiple sclerosis on anti-CD20 ther-
apy.33,34 Although our study was not designed to draw
conclusions on clinical implications of our data, the small
number of patients experiencing relapses support these
observations. In clinical practice, therefore, monitoring of
B cell reconstitution may be justified in stable patients in
order to facilitate humoral vaccine responses. Furthermore,
in contrast to previous findings in immunocompetent
individuals,35 we could not find an association between
side effects and antibody or T cell levels after vaccination
in our cohort.

Although most vaccine efforts have focused on the
generation of humoral immune responses, T cell-mediated
immunity also contributes to vaccine efficacy in healthy
controls17,18 and may be important for the protection
against mutant SARS-CoV-2 variants.19 Moreover, recent
data indicate that T cell responses may reduce the disease
burden in patients infected with COVID-19 even in the
context of B cell depleting therapies.20

In this study, we showed that most of our anti-
CD20 treated patients developed robust SARS-CoV-2 T
cell immunity in response to vaccination. These data are
in line with preliminary reports, suggesting that patients
on anti-CD20 therapy can generate T cell responses
against COVID-19, even in the absence of humoral
immunity.10,13,14,21–25 However, here, we show that the
T cell response was even more robust and sustained in B
cell-depleted (<1 cell/μl) compared to nondepleted
(≥ 1cell/μl) patients. In line with this finding, we also
observed that a longer interval between the last infusion
and vaccination was associated with lower T cell
responses. The mechanisms leading to these observations
are incompletely understood. In accordance to our results,
anti-CD20 treated patients with multiple sclerosis were
shown to generate robust CD4 and CD8 T cell responses
following mRNA vaccination.10 These findings suggest
that patients on anti-CD20 therapy can develop some
protection against severe COVID-19 on a cellular level, if
the humoral vaccine response is compromised.

In our patients, the SARS-CoV-2 Wuhan strain as
well as the Delta variant induced similar T cell responder
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rates to vaccination, but the quantity of the IFN-γ SFC
response to the Delta variant was lower. The Delta variant
is associated with increased transmissibility, increased dis-
ease severity,3 and reduced vaccine efficacy.36 Because
mutant variants may escape neutralizing antibodies,19 pre-
served cellular immunity following vaccination may
become even more important for vaccine-induced protec-
tion against SARS-CoV-2-induced disease.

In summary, our data show that following COVID-
19 vaccination, patients with various neuroimmunologic
disorders on anti-CD20 therapy are able to generate
humoral responses with the onset of B cell repopulation
or cellular responses in the absence of circulating B cells.
Although our data need to be confirmed in clinical set-
tings, they indicate that anti-CD20 therapy does not pre-
clude COVID-19 vaccine efficacy in a population at risk
for severe COVID-19.
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