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Objective. Patients with autoimmune inflammatory rheumatic diseases receiving rituximab (RTX) therapy are at
higher risk of poor COVID-19 outcomes and show substantially impaired humoral immune response to anti–SARS–
CoV-2 vaccine. However, the complex relationship between antigen-specific B cells and T cells and the level of B cell
repopulation necessary to achieve anti-vaccine responses remain largely unknown.

Methods. Antibody responses to SARS–CoV-2 vaccines and induction of antigen-specific B and CD4/CD8 T cell
subsets were studied in 19 patients with rheumatoid arthritis (RA) or antineutrophil cytoplasmic antibody–associated
vasculitis receiving RTX, 12 patients with RA receiving other therapies, and 30 healthy controls after SARS–CoV-2 vac-
cination with either messenger RNA or vector-based vaccines.

Results. A minimum of 10 B cells per microliter (0.4% of lymphocytes) in the peripheral circulation appeared to be
required for RTX-treated patients to mount seroconversion to anti-S1 IgG upon SARS–CoV-2 vaccination. RTX-treated
patients who lacked IgG seroconversion showed reduced receptor-binding domain–positive B cells (P = 0.0005), a
lower frequency of Tfh-like cells (P = 0.0481), as well as fewer activated CD4 (P = 0.0036) and CD8 T cells (P = 0.0308)
compared to RTX-treated patients who achieved IgG seroconversion. Functionally relevant B cell depletion resulted in
impaired interferon-γ secretion by spike-specific CD4 T cells (P = 0.0112, r = 0.5342). In contrast, antigen-specific
CD8 T cells were reduced in both RA patients and RTX-treated patients, independently of IgG formation.

Conclusion. In RTX-treated patients, a minimum of 10 B cells per microliter in the peripheral circulation is a candi-
date biomarker for a high likelihood of an appropriate cellular and humoral response after SARS–CoV-2 vaccination.
Mechanistically, the data emphasize the crucial role of costimulatory B cell functions for the proper induction of CD4
responses propagating vaccine-specific B cell and plasma cell differentiation.

INTRODUCTION

Infectious diseases and associated complications are an

important cause of morbidity and mortality in patients with

autoimmune inflammatory rheumatic diseases (1). Increased sus-

ceptibility to infectious diseases in these patients is most likely due

to an immunosuppressive effect of the disease itself and/or

related to immunosuppressive treatment (2). COVID-19, caused
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by SARS–CoV-2, requires particular consideration in patients with
autoimmune inflammatory rheumatic diseases. Rituximab (RTX),
an anti-CD20 monoclonal antibody leading to B cell depletion
and used in autoimmune inflammatory rheumatic diseases like
rheumatoid arthritis (RA) and antineutrophil cytoplasmic
antibody–associated vasculitis (AAV), has been found to be a risk
factor for poor COVID-19–associated outcomes (3,4). Since a
suitable treatment for COVID-19 has not been developed yet,
vaccination is of crucial importance to protect these vulnerable
patients. Meanwhile, various phase III clinical trials have demon-
strated the efficacy and safety of messenger RNA (mRNA)–based
vaccines (BNT162b2 [Pfizer-BioNTech] [5,6] and mRNA-1273
[Moderna] [7]) and viral vector–based vaccines (ChAdOx1 [Astra-
Zeneca] [8] and Ad26.COV2.S [Johnson & Johnson] [9]) to pre-
vent severe COVID-19 disease or death.

In patients with autoimmune inflammatory rheumatic dis-
eases, vaccination is generally regarded as safe and efficacious
(10). However, in patients receiving B cell–depleting therapy with
RTX in particular, hampered humoral and cellular responses fol-
lowing influenza, pneumococcal, and hepatitis B vaccination have
been reported (11–16). Available data on the SARS–CoV-2 vac-
cine response in RTX-treated patients with autoimmune inflam-
matory rheumatic diseases reveal substantially impaired humoral
(17–19), but partly inducible cellular, immune responses (20).
However, little is known about the complex mechanisms of inter-
action between T cells, B cells, and plasma cells, or the level of
B cell repopulation necessary for proper vaccine response among
RTX-treated patients.

In this study, we investigated the characteristics of humoral
and cellular antigen-specific CD4/CD8 and B cell immune
response upon SARS–CoV-2 vaccination in patients treated with
RTX compared to healthy controls and RA patients receiving
other therapies.

PATIENTS AND METHODS

Study participants. Outpatients with rheumatic disease
treated with RTX who received SARS–CoV-2 vaccination accord-
ing to federal and Berlin state recommendations between
February and May 2021 were asked to participate in this study.
We included 16 patients who had RA according to the American
College of Rheumatology/European Alliance of Associations for
Rheumatology 2010 classification criteria (21) and 3 patients
with AAV defined as described by the Chapel Hill Consensus

Conference Nomenclature (22), all of whom were receiving RTX.
In addition, 12 patients with RA who were receiving other thera-
pies and 30 healthy controls were included as control groups. All
participants gave written informed consent in accordance with
the approval of the ethics committee at the Charité University
Hospital Berlin (EA2/010/21, EA4/188/20).

Peripheral blood samples were obtained using EDTA antico-
agulant or serum tubes (BD Vacutainer System; BD Diagnostics)
6–9 days (referred to hereafter as day 7) after vaccinationwith either
2 doses of BNT162b2, 2 doses of ChAdOx1, or 1 dose of
ChAdOx1 followed by 1 dose of BNT162b2. Serologic and B cell
data for healthy controls have partially been published (23). Sam-
ples obtained 3–4 weeks after the second vaccination (referred to
hereafter as day 21) were available for 19 RTX-treated patients
and 12 RA controls. One RTX-treated patient (who had RA) had
concomitant chronic lymphocytic leukemia (CLL); cellular data for
this patient were excluded from the analyses of B cells, CD4 T cells,
and the relationships between humoral immune responses, cell
subsets, and demographic characteristics. Limited baseline T cell,
B cell, and natural killer cell data were available for 16 of the
19 patients receiving RTX (2 AAV patients and 14 RA patients),
11 of the 12RApatients, and 16 of the 30 healthy controls. Regard-
ing the absolute numbers of B cells, CD4 cells, and CD8 cells, there
was no difference between baseline and day 7 after the second
vaccination (data not shown). Participant characteristics are sum-
marized in Table 1, with more detailed information provided in Sup-
plementary Table 1, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.42060.

Enzyme-linked immunosorbent assay and surro-
gate SARS–CoV-2 neutralization test. The assays were per-
formed according to the manufacturer’s instructions, as
previously described (23). Briefly, serum samples were diluted at
1:100 in sample buffer, pipetted onto strips of 8 single wells of a
96-well microtiter plate, and precoated with recombinant SARS–
CoV-2 spike or nucleocapsid proteins. Calibrators, a positive con-
trol, and a negative control were carried out on each plate. After
incubation for 60 minutes at 37�C, wells were washed 3 times
and peroxidase-labeled anti-IgG or anti-IgA antibody solution
was added, followed by a second incubation step for 30 minutes.
After 3 additional washing steps, substrate solution was added
and the samples were incubated for 15–30 minutes in the dark.
Optical density (OD) values were measured on a POLARstar
Omega plate reader (BMG Labtech) at 450 nm and at 620 nm.
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Finally, OD ratios were calculated based on the sample and cali-
brator OD values. To identify individuals who had previously been
infected with SARS–CoV-2, we measured antibodies against the
nucleocapsid protein (not a vaccine component) on day 7 after
the second vaccination (Supplementary Figure 1, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060).

Isolation and staining of peripheral blood mononu-
clear cells (PBMCs). PBMCs were prepared by density-
gradient centrifugation using Ficoll-Paque Plus solution
(GE Healthcare Biosciences). For antigen-specific T cell analysis,
PBMCs were cryopreserved at −80�C. For surface staining,
1–3 × 106 cells were suspended in 50 μl of phosphate buffered
saline (PBS)/0.5% bovine serum albumin/EDTA and 10 μl Brilliant
Buffer (BD Horizon). Cells were stained for 15 minutes on ice and
washed afterwards with Dulbecco’s PBS containing 1% fetal calf
serum (FCS; Biowest) (810g, for 8 minutes at 4�C). For intracellu-
lar staining after T cell stimulation, cells were first stained for
30 minutes with 1:1,000 BUV395 Live/Dead (Invitrogen) in PBS,
followed by 5 minutes with 2.5 μl Fc Block (Miltenyi Biotech) in
50 μl resuspended cells. Cells were fixed in Lyse/Fix (Becton
Dickinson), permeabilized with FACS Perm II solution (Becton
Dickinson), and intracellularly stained.

Staining of antigen-specific B cells. To identify
receptor-binding domain (RBD)–specific B cells, recombinant
purified RBD (DAGC149; Creative Diagnostics) was labeled with
either Alexa Fluor 647 or Alexa Fluor 488 as previously described
(23). Double-positive cells were considered antigen-specific. A
blocking experiment using unlabeled RBD at 100-fold concentra-
tion was performed to ensure specificity of detection.

Peptide stimulation of antigen-specific T cells. For
each stimulation, 2 × 106 PBMCs obtained from 15 healthy con-
trols, 12 RA controls, and 19 RTX-treated patients were thawed
and washed twice in prewarmed RPMI 1640 medium (containing
0.3 mg/ml glutamine, 100 units/ml penicillin, 0.1 mg/ml streptomy-
cin, 10% FCS, and 25 units/ml DNase I [Roche International]), rested
for 1 hour in culture medium (RPMI 1640 with glutamine, antibiotics,
and 10% FCS) and stimulated with SARS–CoV-2 spike (PepMix
SARS–CoV-2 [S B.1.1.7]; JPT) (24) or T Cell TransAct (Miltenyi
Biotech) in the presence of allophycocyanin (APC)–conjugated
anti-CD107a (clone H4A3; BioLegend) for 16 hours. Brefeldin A
(10 μg/ml; Sigma-Aldrich) was added after 2 hours. Due to cell num-
ber limitations, T Cell TransAct stimulation was not carried out for all
participants. CD4 T cells coexpressing CD154 and CD137 were
considered antigen-specific. Spike-specific CD8 T cells were identi-
fied based on activation-dependent coexpression of CD137 and

Table 1. Characteristics of the study participants*

Healthy controls
(n = 30)

RA controls
(n = 12)

RTX-treated patients
(n = 19)†

Age, years
Median (IQR) 57 (46.25–79.5) 68 (63–79.5) 58 (56.5–65)
No. <50 9 1 3
No. 50–69 12 5 13
No. >69 9 6 3

Sex, no. female/male 15/15 9/3 14/5
Vaccine, no.
2× BNT162b2 24 11 14
2× mRNA-1273 0 0 1
2× ChAdOx1 3 1 1
1× ChAdOx1, 1× BNT162b2 3 0 3

Immunosuppression, no.
MTX – 8 4
Leflunomide – 1 0
Sulfasalazine – 0 1
AZA – 0 1
JAK inhibitor – 4 2
TNF inhibitor – 1 0
Abatacept – 2 1
Prednisolone‡ – 3 8
DAS28, median (IQR) – 2.58 (1.70–3.99) 2.65 (1.96–3.41)

Time since last RTX treatment,
median (IQR) months

– – 9 (6–13.5)

Duration of RTX treatment,
median (IQR) years

– – 3 (2–6)

* IQR = interquartile range; MTX = methotrexate; AZA = azathioprine; TNF = tumor necrosis factor; DAS28 = Disease
Activity Score in 28 joints.
† Included 16 patients with rheumatoid arthritis (RA) and 3 patients with antineutrophil cytoplasmic antibody–associated
vasculitis.
‡ The maximum prednisolone dosage was 5 mg/day in the RA group and 7.5 mg/day in the rituximab (RTX) group.

STEFANSKI ET AL936

http://onlinelibrary.wiley.com/doi/10.1002/art.42060
http://onlinelibrary.wiley.com/doi/10.1002/art.42060


interferon-γ (IFNγ) and CD107a and IFNγ, respectively. Subjects
whose samples showed an increase in frequency after stimulation
of at least 2-fold compared to unstimulated control were defined
as responders.

Analytical methods. All flow cytometric analyses were per-
formed using a BD FACS Fortessa (BD Biosciences). To ensure
comparable mean fluorescence intensities over the time of the anal-
yses, Cytometer Setup and Tracking beads (BD Biosciences) and
RainbowCalibration Particles (BDBiosciences) were used. For flow
cytometric analysis, the following fluorochrome-labeled antibodies
were used: BUV737-conjugated anti-CD11c (clone B-ly6; BD),
BUV395-conjugated anti-CD14 (clone M5E2; BD), BUV395-
conjugated anti-CD3 (clone UCHT1; BD), BV786-conjugated anti-
CD27 (clone L128; BD), BV711-conjugated anti-CD19 (clone
SJ25C1; BD), BV605-conjugated anti-CD24 (clone ML5; BD),
BV510-conjugated anti-CD10 (clone HI10A; BD), BV421-
conjugated anti-CXCR5 (clone RF8B2; BD), phycoerythrin (PE)–
Cy7–conjugated anti-CD95 (clone APO-1/Fas; ThermoFisher),
PE-CF594–conjugated anti-IgD (clone IA6-2; BioLegend), APC-
Cy7–conjugated anti-CD38 (clone HIT2; BioLegend), PE–Cy7–
conjugated anti-IgG (clone G18-145; BD), biotin-conjugated anti-
IgA (clone G20-359; BD), BV650-conjugated anti-IgM (clone
MHM-88; BD), fluorescein isothiocyanate (FITC)–conjugated anti-
HLA–DR (clone L234; BioLegend), PE-conjugated anti-CD21
(clone B-ly4; BD), APC-conjugated anti-CD22 (clone S-HCL-1;
BD), FITC-conjugated anti–tumor necrosis factor (anti-TNF) (clone
Mab11; BioLegend), BV650-conjugated anti-IFNγ (clone 4S.B3;
BD), BV786-conjugated anti-CD40L (clone 24-31; BioLegend),
and PE-CF594–conjugated anti-CD137 (clone 4B4-1; BioLegend).
The absolute number of B cells was measured with Trucount (BD),
and samples were processed according to the manufacturer’s
instructions (B cells were defined as CD19+CD45+CD3−CD14−
CD16−CD56− lymphocytes).

Sorting of plasmablasts, B cells, and T cells from
peripheral blood for single-cell analysis. As previously des-
cribed (23), cells were enriched from peripheral blood using
StraightFrom Whole Blood CD19, CD3, and CD138 MicroBeads
(Miltenyi Biotec) according to the manufacturer’s instructions.
Sorted populations were identified as plasmablasts (DAPI−CD3−
CD14−CD16−CD38++CD27++), memory B cells (DAPI−CD3−
CD14−CD16−CD38−CD27+), and activated T cells (DAPI−CD3+
CD14−CD16−CD38++HLA–DR+). The 3 sorted populations
were pooled and further processed for single-cell RNA
sequencing.

Single-cell RNA library preparation and single-cell
transcriptome sequencing. Sequencing was performed on a
NextSeq500 device (Illumina) using High Output v2 Kits (150 cycles)
with the recommended sequencing conditions for 50 GEX libraries
and as previously described (23). In particular, transcriptome profiles

were merged and normalized, variable genes were detected, and
Uniform Manifold Approximation and Projection (UMAP) was per-
formed with default parameter settings using FindVariableGenes,
RunPCA, and RunUMAPwith 30 principal components. Expression
values are represented as ln (10,000 × UMIsGene) /UMIsTotal +1).
Transcriptionally similar clusters were identified using shared nearest
neighbor (SNN) modularity optimization, SNN resolutions ranging
from 0.1 to 1.0 in 0.1 increments were computed, or gating was
performed manually using Loupe Browser (10x Genomics). Data
from transcriptome and immune profiling were merged using the
same cellular barcodes.

Statistical analysis. All samples included in the final analy-
ses had at least 1 × 106 events with a minimum threshold for
CD19+ cells of 5,000 events, apart from RTX-treated patients: mini-
mum recorded CD19+ events in the RTX group were 16 and
45 events, in 2 different patients, of >1 million total recorded events.
Flow cytometric data were analyzed by FlowJo software version
10.7.1 (TreeStar). GraphPad Prism software version 5 was used for
statistical analysis. For comparison of multiple groups, two-way anal-

ysis of variance with Šid�ak’s post test for multiple comparisons or
Kruskal-Wallis with Dunn’s post test was used. Spearman’s correla-
tion coefficient was calculated to detect possible associations
between parameters or disease activity. P values less than 0.05 were
considered significant. Data on cellular subsets for 1 patient receiving
RTX who had concomitant CLL were excluded from the analyses of
B cells, CD4 T cells, and the relationships between humoral immune
responses, cell subsets, and demographic characteristics. For
1 patient receiving RTX and 6 healthy controls there was not enough
material to perform fluorescence-activated cell sorting T cell staining
for activated T cells. A correlation matrix was calculated using the
base R and corrplot package (R Foundation for Statistical Comput-
ing) using the Spearmanmethod (n = 17 for the RTX group; 1 patient
excluded due to concomitant CLL and 1 patient excluded due to par-
tially missing T cell data).

Data and materials availability. All data, code, and
materials used in the analysis are available at https://datadryad.org/
stash/. In particular, the genetic data are available in a gene bank.

RESULTS

Cohorts and participant characteristics. This study
recruited 19 patients receiving RTX (16 patients with RA and
3 patients with AAV [RTX group]), 30 healthy controls, and
12 patients with RA receiving other therapies as an additional
control group (RA group). Most study participants were vacci-
nated twice with the mRNA vaccine BNT162b2; 1 RTX-treated
patient was vaccinated twice with mRNA-1273. Three healthy
controls, 1 RA control, and 1 RTX-treated patient were vacci-
nated twice with the viral vector vaccine ChAdOx1. According to
national recommendations, 3 RTX-treated patients and 3 healthy
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controls received 1 dose of ChAdOx1 followed by a heterologous
vaccination with 1 dose of BNT162b2.

Regarding demographic characteristics, healthy controls
were age-matched to RTX-treated patients and were younger
than RA patients. As is typical for patients with rheumatic dis-
eases, the majority of RA patients and RTX-treated patients were
women. Disease activity at the time of first vaccination was com-
parable between the RA control group and RTX group. At the
time of vaccination, median time since the last RTX treatment
was 9 months. RTX-treated patients had received B cell–
depleting therapy on average for 3 years, and presented with a
range of circulating B cell numbers of 0–484/μl blood. Demo-
graphic characteristics and additional treatments for all study par-
ticipants are summarized in Table 1. (Further details on the patient
cohorts are provided in Supplementary Table 1, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060.)

Impaired humoral immune response upon SARS–
CoV-2 vaccination in RA patients and RTX-treated
patients. Antibody responses to SARS–CoV-2 vaccines were
assessed in all individuals on day 7 after the second vaccination.
All healthy controls became positive for anti–spike S1 (anti-S1)
IgG and IgA and showed >90% SARS–CoV-2 neutralization.
Notably, IgA and IgG anti-vaccine titers were significantly dimin-
ished on day 7 after the second vaccination in the RA control
group, and especially in the RTX group, compared to the healthy
control group (Figure 1A). Anti-S1 IgG antibodies were detected
in 8 (66.7%) of 12 patients in the RA group and 8 (42.1%) of
19 patients in the RTX group. Simultaneously, 5 (41.7%) of
12 patients in the RA group and 9 (47.4%) of 19 patients in the
RTX group developed anti-S1 IgA antibodies. Virus-neutralizing
antibodies were found in only 8 (66.7%) of the 12 RA control
patients and 9 (47.4%) of the 19 RTX-treated patients (Figure 1A).

Two RTX-treated patients with unknown prior infection (iden-
tified as anti-nucleocapsid protein positive) (Supplementary
Figure 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42060) developed
high titers of anti-S1 IgG, IgA, and neutralizing-antibodies compa-
rable with the titers in healthy controls.

Delayed serologic response in RTX-treated patients.
As previously reported (25), patients with autoimmune inflamma-
tory rheumatic diseases may show a delayed humoral immune
response after vaccination. To address this possibility, we
obtained additional blood samples from patients in the RA and
RTX groups 3–4 weeks (day 21) after the second vaccination
(Figure 1B). Two RA patients and 5 RTX-treated patients devel-
oped positive IgG antibodies; IgA was detected in 2 patients in
the RA group and 1 patient in the RTX group 3–4 weeks after
the second vaccination. Neutralizing antibodies were detected in
2 patients in the RA group and 6 patients in the RTX group at this

later time point. Among the RTX-treated patients who did not
show seroconversion on day 7 after the second vaccination, there
was a significant increase in IgG and neutralizing-antibody forma-
tion at the later time point (Figure 1C). Notably, IgG titers corre-
lated with neutralizing antibodies (r = 0.8957, P < 0.0001)
(Figure 1D). Thus, and considering the delayed vaccine response,
10 (83.3%) of 12 RA patients and 13 (68.4%) of 19 RTX-treated
patients showed IgG seroconversion with neutralizing antibodies
after SARS–CoV-2 vaccination, even though at lower titers com-
pared to those in healthy controls.

Interestingly, the data suggested that RTX-treated patients
had a potential dichotomous response: 13 of 19 RTX-treated
patients showed seroconversion to IgG (RTX IgG+), while 6 of
19 did not (RTX IgG−). To identify potential factors resulting in
IgG seroconversion among RTX-treated patients, further study
addressed potential differences between the 2 groups. With
regard to comedication, we found a negative correlation between
prednisolone dose and IgG formation as well as B cell counts,
while there was no significant relationship with the use of metho-
trexate (Supplementary Figures 2A–C, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42060). There was no association between the Dis-
ease Activity Score in 28 joints in RA and vaccine-induced
humoral response (Supplementary Figure 2D).

Requirement of aminimum of 10 B cells per microli-
ter in the peripheral circulation for specific IgG induc-
tion. We analyzed the B cell compartment (gating strategy
shown in Figure 2A) and RBD-specific B cells (Figure 2B) among
the different groups. RTX-treated patients presented with signifi-
cantly lower relative and absolute B cell numbers compared to
healthy controls and RA controls (Figure 2C). Notably, a signifi-
cant difference in the frequency and absolute number of B cells
was also found between IgG+ RTX-treated patients and
RTX-treated patients who did not show seroconversion
(Figure 2D). In our RTX cohort, 10 B cells per microliter in the
peripheral circulation (or 0.4% of lymphocytes accordingly) was
identified as the minimum needed to mount seroconversion to
anti-S1 IgG among RTX-treated patients (Figure 2D).

In the RTX group, there was a direct relationship between B
cell numbers and humoral anti-vaccine response, as indicated by
the significant correlations of the absolute number of B cells
(Figure 2E) andB cell frequency (Supplementary Figure 3A, available
on the Arthritis & Rheumatologywebsite at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060) with anti-S1 IgG titers (r = 0.5975,
P = 0.0044 and r = 0.6391, P = 0.0021, respectively) and the even
stronger correlations of absolute number of B cells and B cell fre-
quency with neutralizing antibodies (r = 0.7296, P = 0.0003 and
r = 0.7744, P < 0.0001, respectively). These findings clearly sug-
gest that humoral protection elicited by vaccination is dependent
on the critical availability of B cells in RTX-treated patients. In the
RA and healthy control groups we did not find a significant
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Figure 1. Reduced and delayed humoral immune response to SARS–CoV-2 vaccination in patients with rheumatoid arthritis (RA) and
patients treated with rituximab (RTX). A, Anti-S1 IgG antibody titer, anti-S1 IgA antibody titer, and inhibition score indicating antibody neutral-
ization, determined by enzyme-linked immunosorbent assay (ELISA) for spike protein S1 IgG, ELISA for spike protein S1 IgA, and blocking
ELISA for virus neutralization, respectively, in peripheral blood samples obtained from healthy controls (HCs; n = 30), RA controls (n = 12),
and RTX-treated patients (n = 19) on day 7 after the second SARS–CoV-2 vaccination. Symbols represent individual subjects; horizontal lines
show the mean. B, Anti-S1 IgG antibody titer, anti-S1 IgA antibody titer, and antibody neutralization in serum samples obtained from 12 RA
patients and 19 RTX-treated patients on day 7 after (d7) and 3–4 weeks after (d21) the second vaccination. Linked symbols represent individ-
ual subjects; open bars show the mean. Two-way analysis of variance with Šid�ak’s post test was used for comparisons. The interaction effect
was not significant. C, Delayed IgG response on day 21 in 5 of the 11 RTX-treated patients who did not initially show seroconversion (on day
7 after the second vaccination). Linked symbols represent individual subjects. D, Significant correlation, determined by Spearman’s correla-
tion test, between IgG titers and inhibition score of antibody neutralization among RTX-treated patients. Solid and dotted curved lines show
the sigmoidal model with 95% confidence bands. Red indicates previously infected subjects; green indicates subjects who were vaccinated
twice with ChAdOx1; blue indicates subjects who received 1 dose of ChAdOx1 followed by a heterologous vaccination with 1 dose of
BNT162b2. Dotted lines indicate the upper limit of normal. ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by Kruskal-Wallis with Dunn’s
post test in A, by Mann-Whitney test in C.
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correlation between B cell numbers and serologic response (data
not shown), suggesting that the correlation between B cell numbers
and IgG response is restricted to patients with B cell counts below
the lower limits of normal.

Significantly lower frequencies and numbers of
antigen-specific B cells in RTX-treated IgG nonre-
sponders. Next, we studied SARS–CoV-2–specific B cell
responses in RTX-treated patients, using flow cytometry to

Figure 2. Reduction in the frequencies and numbers of total B cells and antigen-specific B cells in RTX-treated patients, and correlation of B
cell numbers with humoral immune response. A, Representative flow cytometry plots of receptor-binding domain (RBD)–positive B cells, plas-
mablasts (PBs), and non-plasmablast B cell subsets based on IgD/CD27 classification. B, Representative flow cytometry plots of RBD+ B cells
before and after blocking with unlabeled RBD. C and D, Frequency and absolute number of CD19+ B cells in healthy controls, RA controls, and
RTX-treated patients (C) and in IgG+ RTX-treated patients compared to IgG− RTX-treated patients (D) on day 7 after the second SARS–CoV-2
vaccination. Dotted line in D indicates the minimum number of B cells needed to mount seroconversion to anti-S1 IgG. E, Correlations between
the number of CD19+ B cells and humoral immune response, as indicated by IgG formation and neutralizing capacity, in RTX-treated patients.
F and G, Frequency and absolute number of RBD+ cells among total CD19+ B cells in healthy controls, RA controls, and RTX-treated patients
(F) and in IgG+ RTX-treated patients compared to IgG− RTX-treated patients (G) on day 7 after the second vaccination. H, Correlations
between the number of RBD+ B cells and humoral immune response, as indicated by IgG formation and neutralizing capacity, in RTX-treated
patients. I, Frequencies of RBD+ B cell subsets (bars) and Ig isotype distribution (pie charts) in healthy controls, RA controls, and RTX-treated
patients on day 7 after the second vaccination. DN = double negative. In C, D, F, and G, symbols represent individual subjects; horizontal lines
show the mean. In E and H, vertical lines indicate the upper limit of normal; dotted lines show the 95% confidence interval. Red indicates pre-
viously infected subjects; green indicates subjects who were vaccinated twice with ChAdOx1; blue indicates subjects who received 1 dose
of ChAdOx1 followed by a heterologous vaccination with 1 dose of BNT162b2. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. See Figure 1 for
other definitions.
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quantify RBD-specific B cells in peripheral blood (23) (gating strat-
egy shown in Figure 2B). While no significant difference was seen
between healthy controls, RA patients, and RTX-treated patients
(Figure 2F), RTX-treated patients who did not show seroconver-
sion after the second vaccination (RTX IgG−) had significantly
reduced frequencies and absolute numbers of RBD+ specific B
cells compared to IgG+ RTX-treated patients (Figure 2G). The
number (Figure 2H) and frequency (Supplementary Figure 3A) of
RBD+ B cells in RTX-treated patients correlated significantly with
the induction of IgG (r = 0.8662, P < 0.0001 and r = 0.6898,
P = 0.0008 respectively) and neutralizing antibodies (r = 0.7915,
P < 0.0001 and r = 0.5674, P = 0.0070, respectively).

Subsequent analyses addressed the distribution of RBD-
specific B cells among B cell subsets (5 RTX-treated patients
were excluded from the analysis due to very limited RBD+
B cell numbers, which did not permit a reliable analysis of the
corresponding B cell subsets). As previously shown for healthy
controls (23), RA control and RTX-treated patients who
were able to mount RBD+ B cells were also able to generate
IgG+ plasmablasts upon vaccination. We found no significant
difference between the groups regarding RBD+ B cell subset
distribution or Ig isotypes (Figure 2I and Supplementary
Figures 3B and C).

Reduced frequencies of Tfh-like and activated CD4
and CD8 T cells in RTX-treated IgG nonresponders. We
next investigated how the dynamics of CD4/8 T cell subsets
interrelate with the induction of vaccine-specific B cells and
IgG. In contrast to B cells, there was no significant difference
regarding the frequency, absolute numbers, or memory forma-
tion of CD4 T cells (Supplementary Figures 4A and C, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42060) and CD8 T cells (Supple-
mentary Figures 4B and D) between healthy controls, RA con-
trols, and RTX-treated patients. A subsequent analysis
addressed the differences between vaccine responders and
nonresponders in the RTX group (representative gates shown
in Figure 3A). Interestingly, patients who lacked anti-vaccine
IgG antibodies showed significantly lower frequencies of circu-
lating Tfh-like CD4 T cells, defined as CD4+CXCR5+PD1+, as
well as of activated CD4/8 T cells coexpressing CD38+HLA–
DR+ (Figure 3B). Activated CD4 T cell frequencies correlated
significantly with absolute B cell numbers (r = 0.5490,
P = 0.0122) (Figure 3C). These data suggest an impaired bidi-
rectional T cell–B cell interaction in patients with gradual B cell
depletion that results in insufficient vaccination-induced humoral
immunity.

Impaired cytokine secretion of antigen-specific CD4
T cells is characteristic of IgG− RTX-treated patients and
correlates with absolute B cell number. The overall occur-
rence of spike-specific CD4 T cells (representative gates shown

in Figure 3D and Supplementary Figure 5A, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060) in stimulated compared to unsti-
mulated samples was found to be similar in all groups: 86.7%
of healthy controls (13 of 15), 83% of RA controls (10 of 12),
and 73.7% of RTX-treated patients (14 of 19) (Figure 3E). This
finding was also consistent with a comparable magnitude of
response between the groups (Figure 3F) as well as similar
memory subset distribution (Supplementary Figure 5E). A more
detailed study of the RTX group showed that the majority of
IgG+ RTX-treated patients (10 [76.9%] of 13) versus 50% of
IgG− RTX-treated patients (3 of 6) showed an appropriate
increase in antigen-specific CD4 T cells upon stimulation. With
regard to functional analyses of cytokine secretion by spike-
specific CD4 T cells, RTX-treated patients who did not show
seroconversion had significantly reduced TNF production
(Figure 3G) and IFNγ production (Figure 3H) compared to
IgG+ RTX-treated responders (representative gates shown in
Supplementary Figure 5B).

Since most patients in the nonseroconverted RTX group
had very low circulating B cell counts, we wondered if there
was a relationship between reduced B cell numbers and
impaired cytokine production by antigen-specific CD4+ T cells.
Indeed, IFNγ production, but not TNF production, was signifi-
cantly correlated with absolute B cell numbers (r = 0.5342,
P = 0.0112 for IFNγ), suggesting the importance of B cell cost-
imulatory functions for the proper and interactive induction of
CD4 responses.

Lower antigen-specific CD8 responses in RA
patients and RTX-treated patients. Compared to unstimu-
lated samples, 93.3% of healthy control samples (14 of 15)
but only 58.3% of RA control samples (7 of 12) and 57.9% of
RTX-treated patient samples (11 of 19) showed an increase in
spike-specific CD8 T cells coexpressing CD137 and IFNγ (rep-
resentative gates shown in Figure 3J and Supplementary
Figure 5C) upon stimulation (Figure 3K). To assess the degranu-
lation function of CD8 T cells, we analyzed the coexpression of
CD107a and IFNγ. The responder rate for CD8 T cells coex-
pressing CD107a and IFNγ after stimulation was low overall,
with 60% in the healthy control group (9 of 15), 41.6% in the
RA control group (5 of 12), and 42.1% in the RTX group (8 of
19) (data not shown). Regarding the amplitude of CD8
responses, the frequencies of spike-specific CD8 T cells coex-
pressing CD137 and IFNγ (Figure 3L), and CD107a and IFNγ
(Supplementary Figure 5D), as well as their memory subset dis-
tribution, were comparable between all groups (Supplementary
Figure 5E).

Correlation of antigen-specific and activated T cell
subsets with RBD+ plasmablasts. To identify further predic-
tive factors of IgG seroconversion in RTX-treated patients,
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we constructed a correlation matrix (Figure 4) including antigen-
specific T cell and B cell subsets as well as demographic data.
IgG titers and neutralizing antibodies correlated significantly with
RBD+ plasmablasts and memory compartments, as we have
previously shown (23). Furthermore, neutralizing antibodies cor-
related significantly with the frequency of activated CD38+HLA–
DR+ CD4/8 T cells as well as with IFNγ- and TNF-producing
antigen-specific CD4 T cells. Activated CD38+HLA–DR+ CD4/8
T cells also correlated significantly with RBD+ plasmablasts,
while circulating Tfh-like CD4 T cells correlated significantly with

total RBD+ B cells. Notably, there was a significant correlation
of TNF- and IFNγ-producing antigen-specific CD4 T cells with
RBD+ plasmablasts and switched memory B cells. There was
no significant correlation of IgG titer with age or time since the last
RTX infusion.

Interestingly, antigen-specific CD8 responses induced upon
stimulation did not correlate significantly with humoral immunity,
or with B cell or CD4 T cell subsets, suggesting an independent,
more direct antigen-driven cellular immunity compared to the
CD4–CD19 interaction required for IgG formation.

Figure 3. Correlation of the frequencies of activated CD4 T cells and interferon-γ (IFNγ)–positive antigen-specific CD4+ T cells with
absolute B cell counts. A, Representative flow cytometry plots of activated CD4 and CD8 T cells and Tfh-like CD4 T cells. Values are the
percent of cells. B, Significant decrease in the frequencies of the indicated cell types in RTX-treated patients who did not respond to
SARS–CoV-2 vaccination (RTX IgG−). C, Correlation of the frequency of activated CD4 T cells with B cell count in RTX-treated patients.
D, Representative flow cytometry plots of antigen-specific CD4 T cells (CD137+CD40L+) in peripheral blood mononuclear cells from a
healthy control, left unstimulated, stimulated with SARS–Cov-2 spike peptide mix, or stimulated with TransAct. Values are the percent of
cells. E–G, Responder rate (E) and frequency of antigen-specific CD4 T cells (F) after stimulation with B.1.1.7 SARS–CoV-2 spike peptide
mix, and production of tumor necrosis factor (TNF)–positive (G) and IFNγ+ (H) spike-specific CD4+ T cells in healthy controls (n = 15), RA
controls (n = 12), and RTX-treated patients (n = 18), and in IgG+ RTX-treated patients (n = 12) and IgG− RTX-treated patients (n = 6).
I, Correlation of the frequency of IFNγ+ antigen-specific CD4 T cells with B cell count in RTX-treated patients. J, Representative flow
cytometry plot of antigen-specific CD8 T cells (CD137+IFNγ+). K and L, Responder rate (K) and frequency of antigen-specific CD8+ T cells
(L) after stimulation with B.1.1.7 SARS–CoV-2 spike peptide mix. In B, F–H, and L, symbols represent individual subjects; horizontal lines
show the mean. In C and I, dotted lines show the 95% confidence interval. In E and K, bars show the mean � SD. Red indicates previously
infected subjects; green indicates subjects who were vaccinated twice with ChAdOx1; blue indicates subjects who received 1 dose
of ChAdOx1 followed by a heterologous vaccination with 1 dose of BNT162b2. * = P < 0.05, ** = P < 0.01. See Figure 1 for other
definitions.
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Reduced circulating follicular B cell frequency in IgG−
RTX-treated patients. To further investigate the specific dif-
ferences during SARS–CoV-2 vaccination in RTX-treated
patients, we sorted CD27++CD38++ plasmablasts, CD27+
memory B cells, and HLA–DR+CD38+ activated T cells as indica-
tors of the ongoing adaptive immune response after vaccination.
The cytometrically enriched cells were subsequently analyzed

using Drop-Seq single-cell RNA sequencing (23). Unsupervised
analysis using UMAP for Dimension Reduction identified 15 dis-
tinct clusters: 4 B cell clusters, 3 plasmablast clusters, and 8 clus-
ters of activated T cells (Figures 5A–C). Here, clusters 3 and
5 were of particular interest: cluster 3 is enriched with circulating
follicular-like B cells expressing CXCR5 and CCR6 and cluster
5 contains CD40LG, PDCD1, and ICOS expressing Tfh-like CD4

Figure 4. Correlation of humoral and cellular vaccine responses in rituximab (RTX)–treated patients. The Spearman’s correlation matrix shows
the relationships between humoral responses, receptor-binding domain (RBD)–positive B cell subsets, activated CD4 and CD8 T cells, antigen-
specific CD4 and CD8 T cell response, month since last RTX dose, and demographic characteristics of the patients. A total of 17 RTX-treated
patients were included in the analysis (due to partial missing data for 2 patients). Red circles indicate negative correlations; blue circles indicate
positive correlations. Size and color intensity indicate the strength of correlation. Values inside the circles are the correlation coefficient. Only cor-
relations with P ≤ 0.05 are shown. PBs = plasmablasts; DN = double negative; TNF = tumor necrosis factor; IFN = interferon; TCM = central
memory T cells; TEM = effector memory T cells; TEMRA = terminally differentiated effector memory T cells.
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T cells. Follicular B cells and CD40LG+PD1+ Tfh cells were sub-
stantially reduced in RTX-treated patients, with the reduction
most pronounced among IgG nonresponders in the RTX group

(Figure 5D and Supplementary Figures 6 and 7, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060).

Figure 5. Diminished frequencies of follicular T and B cells in RTX-treated patients, determined by single-cell transcriptome and Cellular Indexing
of Transcriptomes and Epitopes by Sequencing (CITE-seq) analyses. A, Uniform Manifold Approximation and Projection (UMAP) clustering of
peripheral blood CD27++CD38++ plasmablasts, CD27+ memory B cells, and T cells. Samples from 2 healthy controls (healthy donors [HDs]),
4 RA controls, and 5 RTX-treated patients (3 responders [R] and 2 nonresponders [NR] to SARS–Cov-2 vaccine) were isolated and sorted by
fluorescence-activated cell sorting for single-cell sequencing. B, Relative expression levels of selected signature genes in the 15 identified clusters
(total number of cells sequenced 38,038). Larger circles indicate higher expression.C, UMAP clustering of cells in samples from 2 healthy controls,
4 RA controls, 2 IgG− RTX-treated patients (RTX nonresponders), and 3 IgG+ RTX-treated patients (RTX responders) (top) and cluster frequency
comparison for clusters 3 and 5 (bottom). Symbols represent individual subjects; bars show the mean. D, UMAP representation of the expression
levels of CCR6, CXCR5, CD40LG, and PDCD1 in healthy controls, RA controls, and RTX-treated nonresponders and responders. See Figure 1 for
other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42060/abstract.
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DISCUSSION

SARS–CoV-2 vaccines have been approved based on their
protection against COVID-19 in clinical trials (5–8). However, certain
patient groups receiving immunosuppressive therapies appear to
develop insufficient humoral and cellular responses (18,23,26,27),
but limited data about the underlying impairments are available. Pro-
tection through immunization is achieved by an orchestrated immune
response between different cellular subsets of innate immunity (anti-
gen-presenting cells) and adaptive immunity, such as B cells and T
cells. Anti–B cell therapies such as anti-CD20 antibodies (RTX, obinu-
tuzumab, and ocrelizumab) and inhibitors of Bruton’s tyrosine kinase
are associatedwith poor humoral immune response to SARS–CoV-2
vaccination in patients with autoimmune inflammatory rheumatic dis-
eases (17–20), multiple sclerosis (28), and CLL (29). Since B cell
depletion enhances the risks of poor COVID-19 outcomes (3), but
also can reduce anti–SARS–CoV-2 vaccine responses, it is of utmost
importance to delineate the level of B cell repopulation necessary to
achieve anti-vaccine responses and get insights into the complex
relationship between antigen-specific B cells and T cells.

Therefore, we aimed to investigate humoral and cellular
responses in RTX-treated patients versus controls. Consistent

with previous data (17–19,25), serologic IgG conversion with for-

mation of neutralizing antibodies was significantly lower and

delayed in both RA controls and RTX-treated patients, with an

even more pronounced effect in the RTX cohort, compared to

healthy controls. This finding was closely linked to the availability

of peripheral B cells, activated CD4/8 T cells, as well as circulating

Tfh-like cells. Another risk factor identified for developing a sub-

stantially diminished vaccination response was the prednisolone

dose. Ongoing antigen exposure through mRNA vaccines seems

to permit prolonged germinal center (GC) maturation (30), which

might be an explanation for the further increase in antibody titers

over an additional period in some patients.
Besides the IgG nonresponders in the RTX group, 2 patients

in the RA group with normal B cell numbers did not develop anti-

S1 IgG antibodies. After completing the analysis, it appears that

the underlying cause is most likely related to impaired T cell

responses: in 1 patient due to inhibition of costimulation by abatac-

ept, consistent with a prior report (18). The other patient, who was

treated with a JAK inhibitor, lacked cytokine production by antigen-

specific T cells after receiving 2 doses of the ChAdOx1 vaccine.

Even though significantly lower IgG responses were reported after

2 doses of ChAdOx1 in healthy individuals (31), it remains to be

delineated whether the treatment and/or selected vaccine may

account for this finding. Induction of vaccine-specific IgG in individ-

uals vaccinated with ChAdOx1/BNT162b2 was comparable with

that in individuals vaccinated with 2 doses of BNT162b2. Interest-

ingly, IgA formation was comparable across all groups, although

the protective potency of IgA remains to be determined.
Of utmost importance, our RTX cohort showed a correla-

tion between IgG seroconversion, neutralizing antibodies, and

absolute B cell number. A minimum of 10 B cells per microliter in
the peripheral circulation is a candidate biomarker for a high likeli-
hood of an appropriate cellular and humoral vaccination
response. Patients with B cell numbers below this range not only
presented with lower antigen-specific B cells, but they also
showed substantially diminished circulating Tfh-like CD4 T cells,
reduced activated CD4/8 T cells coexpressing CD38 and HLA–
DR, as well as impaired IFNγ secretion of spike-specific CD4 T
cells. The frequency of IFNγ-secreting antigen-specific CD4 T
cells also correlated with the absolute number of B cells, suggest-
ing that these cells interact to achieve proper anti-S1 responses.
Mechanistically, the current data suggest the critical role of avail-
able costimulatory B cell functions for the induction of proper
CD4 Th response. This finding is consistent with observations of
previously described impaired B cell–T cell crosstalk in RTX-
treated patients (32–34), leading to reduced frequencies of acti-
vated T cells (34), down-regulation of CD40L in CD4 T cells
(32,33), and reduced antigen-specific CD8 T cells after influenza
vaccination (14).

With regard to the induction of antigen-specific CD8 T cells
upon stimulation, the RTX and RA groups both showed a tendency
toward reduced responder rates compared to the healthy control
group, although it was not statistically significant. However, other
than for antigen-specific CD4 T cells, neither B cell depletion nor
IgG formation correlated with spike-specific CD8 T cells, suggest-
ing that their induction occurred independently upon SARS–
CoV-2 vaccination. It is not clear how these vaccine-specific CD8
T cells provide antiviral protection on clinical grounds.

The debate about what correlates with protection after vacci-
nation against SARS–CoV-2 is ongoing, while it is widely
accepted that neutralizing antibodies are a reliable surrogate of
protection against virus variants (35,36). The threshold for protec-
tive SARS–CoV-2 IgG titer is still unknown, although non-human
primate studies suggest that it is likely already very effective at
low titers (37). Our study provides evidence that detection of
RBD-specific B cells and spike-specific CD4 T cells may provide
cellular correlates of this response, while the CD8 response
occurred in an independent manner. The role of these 2 lines of
vaccine response needs to be further delineated.

Limitations of this study are the small number of RA and RTX-
treated patients and the heterogeneity of the groups (including dif-
ferent disease-modifying antirheumatic drug [DMARD] regimens
and different vaccination strategies). In this regard, Mrak et al (38)
analyzed the impact of comedication on vaccination response in
74 RTX-treated patients and did not observe differences in the
levels of antibodies in the presence or absence of concomitant
treatment with conventional synthetic DMARDs (csDMARDs) or
prednisolone. This finding suggests that the impact of RTX on B
cells is more relevant than the effect of csDMARDs.

Here, we present a first study investigating humoral as well
as antigen-specific T cell and B cell responses in RTX-treated
patients after SARS–CoV-2 vaccination. Mechanistically, the data
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provide insights into the crucial role of available B cells equipped
with proper costimulatory function to interactively cross-talk with
CD4 T cells. These functions likely result in GC formation, plasma
cell differentiation, and vaccine-specific IgG production. As a clin-
ical consequence, we propose a range of absolute B cell numbers
signifying expansion of vaccine responses after RTX treatment,
which may support optimization of vaccination protocols among
this vulnerable patient group.
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