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Abstract
Background and purpose: Recent findings document a blunted humoral response to 
SARS-CoV-2 vaccination in patients on anti-CD20 treatment. Although most patients de-
velop a cellular response, it is still important to identify predictors of seroconversion to 
optimize vaccine responses.
Methods: We determined antibody responses after SARS-CoV-2 vaccination in a real-
world cohort of multiple sclerosis patients (n = 94) treated with anti-CD20, mainly rituxi-
mab, with variable treatment duration (median = 2.9, range = 0.4–9.6 years) and time from 
last anti-CD20 infusion to vaccination (median = 190, range = 60–1032 days).
Results: We find that presence of B cells and/or rituximab in blood predict seroconver-
sion better than time since last infusion. Using multiple logistic regression, presence of 
>0.5% B cells increased probability of seroconversion with an odds ratio (OR) of 5.0 
(95% confidence interval [CI] = 1.0–28.1, p = 0.055), whereas the corresponding OR for 
≥6  months since last infusion was 1.45 (95% CI  =  0.20–10.15, p  = 0.705). In contrast, 
detectable rituximab levels were negatively associated with seroconversion (OR = 0.05, 
95% CI = 0.002–0.392, p = 0.012). Furthermore, naïve and memory IgG+ B cells corre-
lated with antibody levels. Although retreatment with rituximab at 4 weeks or more after 
booster depleted spike-specific B cells, it did not noticeably affect the rate of decline in 
antibody titers. Interferon-γ and/or interleukin-13 T-cell responses to the spike S1 domain 
were observed in most patients, but with no correlation to spike antibody levels.
Conclusions: These findings are relevant for providing individualized guidance to patients 
and planning of vaccination schemes, in turn optimizing benefit–risk with anti-CD20.
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INTRODUC TION

B-cell-depleting therapies (BCDTs), in particular anti-CD20 monoclonal 
antibodies, are commonly administered for a broad spectrum of auto-
immune disorders, including multiple sclerosis (MS) [1, 2]. With the out-
break of the COVID-19 pandemic, concerns were raised regarding the 
impact of BCDTs on humoral and cellular immune response to SARS-
CoV-2 infection and vaccination [3]. Since then, several studies have 
reported a blunted antibody response, albeit a largely intact T-cell re-
sponse, in persons with MS (pwMS) treated with BCDTs [4–12]. Failure 
to seroconvert has in particular been observed in pwMS who received 
an anti-CD20 infusion close to the time of vaccination [4, 13]. This ob-
servation has led to discussions regarding whether there is a need to ex-
tend dosing intervals before SARS-CoV-2 vaccination [14, 15]. However, 
the few studies that report on the relation between time since last in-
fusion and vaccine efficacy included patient cohorts that had received 
anti-CD20 treatment with the standard dosing regimen, and with lim-
ited treatment duration [4, 13, 16]. Although a correlation between time 
since last dose and B-cell repletion exists at the group level, variable 
total treatment duration and individual differences may impact on B-
cell repopulation dynamics [17]. Therefore, an ideal dosing interval to 
optimize vaccine response that fits all patients seems unlikely, and there 
is a need for robust biomarkers that can predict vaccine efficacy while 
maintaining the effect of anti-CD20 treatment on relapse rates [10, 12].

The main objective of this study was to determine the impact of 
time since last anti-CD20 infusion, B-cell levels, and rituximab (RTX) 
concentration in plasma on the seroconversion rate after SARS-CoV-2 
mRNA vaccination. Notably, we had access to a cohort of pwMS on 
BCDTs where extended anti-CD20 dosing intervals had already been 
implemented before the start of the pandemic, resulting in a large time 
span since last infusion, thereby providing more robust information on 
possible effects of BCDTs on vaccination responses.

MATERIAL S AND METHODS

Study design and subjects

The study design is shown in Figure  1a. The anti-CD20-treated 
cohort comprised 94 pwMS at the Academic Specialist Clinic, 
Stockholm, Sweden participating in the prospective COMBAT-MS 

study (COMparison Between All immunoTherapies for Multiple 
Sclerosis; Clini​caltr​ials.gov identifier: NCT03193866, EudraCT 
2016–003587-39). All pwMS in this study had received BCDT be-
fore inclusion with either RTX (Mabthera or Rixathon; n = 82), ocre-
lizumab (OCR; n = 10), or ofatumumab (OFA; n = 2) and had received 
two doses with BNT162b2 (Comirnaty) or mRNA-1273 (Moderna). 
Peripheral blood mononuclear cells (PBMCs) and plasma were col-
lected for detection of SARS-CoV-2 specific humoral and cellular 
responses before (n = 10) and/or 4 (n = 94) and/or 12 (n = 25) weeks 
after the second dose (booster) of SARS-CoV-2 vaccine. In addition, 
11 healthy individuals were included and sampled at 4 (n = 11) and 
12 (n  =  1) weeks after booster. See Table  2 for cohort character-
istics. PBMCs were freshly isolated from sodium citrate-containing 
cell preparation tubes (BD Biosciences). All isolated PBMCs were 
cryopreserved in freezing media containing 10% dimethyl sulfoxide 
(Sigma-Aldrich) and stored at −180°C. Plasma were prepared from 
EDTA tubes and stored at −80°C.

Study procedures were conducted under the following eth-
ical permits approved by the Swedish ethical review authority: 
COMBAT-MS, 2017/32–31/4; STOPMSII, 2009/2107–31/2, 2020–
00052, with written informed consent from participants.

Data collection

Patient baseline characteristics were extracted from the Swedish 
Multiple Sclerosis Register (SMSReg) [18]. Clinical relapse events 
[19] were also extracted from the SMSReg, where they are recorded 
at every annual visit and upon acute contacts.

Serological analyses

Detection of SARS-CoV-2 IgG in plasma was performed using a mul-
tiplex antigen-bead array assay as previously described [20]. The 
assay measured IgG reactivity toward the full-length spike glycopro-
tein (spike S1S2 foldon), the spike S1 ectodomain produced in HEK 
cells, and the nucleocapsid protein C-terminal domain produced in 
Escherichia coli (nucleocapsid C). Median fluorescent intensity (MFI) 
and bead count were determined for each antigen. A cutoff of reac-
tivity was defined for the spike protein variants as the mean MFI + 6 

F I G U R E  1  B-cell and plasma rituximab (RTX) levels are better predictors of humoral response after SARS-CoV-2 vaccination than time 
since last anti-CD20 treatment. (a) Study design. SARS-CoV-2 mRNA-vaccinated individuals were sampled before (baseline) and/or 4 and/
or 12 weeks after booster and analyzed for both SARS-CoV-2-specific humoral and cellular responses. (b) Spike S1S2 antibody levels 
measured as median fluorescent intensity (MFI) 4 weeks after booster. Spike S1S2 antibody levels in COVID-19-recovered (N+) and naïvely 
vaccinated (N−) individuals are shown: RTX N+ (n = 20), N− (n = 62); OCR N+ (n = 1), N− (n = 9); OFA N+ (n = 0), N− (n = 2); HC N+ (n = 3), 
N− (n = 8). (c) Proportion of seropositivity 4 weeks after booster in naïvely vaccinated persons with multiple sclerosis (pwMS) on anti-CD20 
treatment (n = 73) and in HC (n = 8). (d–f) Correlations between antibody levels and (d) months since last treatment (at first vaccine dose), 
(e) percentages of B cells (of live lymphocytes), and (f) RTX concentration in plasma, all measured at 4 weeks after booster. (g) Forest plot 
showing the effect of time since last treatment, percentages of B cells, and detectable RTX concentration in plasma on seroconversion after 
SARS-CoV-2 mRNA vaccination in pwMS treated with RTX (n = 55). Dots represent individual data points. Box plots represent median and 
95% confidence interval (CI). Dotted lines indicate cutoff value for antibody positivity. Kruskal–Wallis test with Dunn post hoc multiple 
comparison test was used for statistical analysis, and p-values < 0.05 were considered significant. Spearman r and p-values are shown. 
Multiple logistic regression analysis was used for prediction of seroconversion

http://clinicaltrials.gov
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SD, and for the nucleocapsid protein as the mean MFI + 12 SD of a 
set of 12 negative controls included in each analysis. Samples were 
regarded as seropositive when reactive to at least two viral antigens. 
Seven samples collected 4 weeks after booster in the pwMS cohort 
displayed an MFI value above the cutoff exclusively for the spike S1S2 
foldon and were hence considered to be seronegative in the final as-
sessment. Those samples were excluded for all analyses involving MFI 
values but included in categorical analyses involving serostatus.

Anti-RTX enzyme-linked immunosorbent assay

RTX concentrations were measured in plasma of patients treated 
with Mabthera or Rixathon by enzyme-linked immunosorbent assay 
(ELISA). As a standard curve, Mabthera or Rixathon (10 mg/ml di-
luted in NaCl) was diluted in a threefold step into eight standard 
points (range  =  0.14–300 ng/ml) for each treatment respectively. 
Hispec Assay Diluent (BUF049A, Bio-Rad) was used to dilute the 
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standard and plasma samples (dilution 1:50). A sandwich ELISA was 
performed in 96 well MaxiSorp plates (Thermo Fisher Scientific) 
using 1  μg/ml anti-RTX (HCA186, Bio-Rad) in phosphate-buffered 
saline (PBS) as capture antibody, PBS containing 1% bovine serum 
albumin (Cell Signaling technology, #9982) as blocking solution, and 
horseradish peroxidase-conjugated rat anti-RTX antibody (MB2A4, 
Bio-Rad) diluted 1:5000 in Hispec Assay Diluent as detection an-
tibody. RTX concentrations for both Mabthera and Rixathon were 
grouped together in all analyses.

B- and T-cell characterization of PBMCs

PBMCs were thawed in complete RPMI (cRPMI; R8758, Sigma-
Aldrich) containing 10% heat-inactivated fetal bovine serum (F7524, 
Sigma-Aldrich), 100 U/ml penicillin, and 100 μg/ml streptomycin 
(P4458, Sigma-Aldrich), washed and stained with fluorochrome-
conjugated antibodies (Table  1) in the presence of Live Dead 
(Invitrogen) for 15–30 min at room temperature.

For the measurement of spike-specific B cells, B cells were en-
riched from PBMCs using magnetic-bead negative selection (17963, 
StemCell) and then incubated with biotin-conjugated spike recom-
binant protein, both streptavidin-PE and streptavidin-PE-Vio770, 
and antibodies using the SARS-CoV-2 Spike B Cell Analysis Kit 
(130–128-022, Miltenyi Biotec). Measurements were performed on 
an Aurora spectral cytometer (Cytek), and data were analyzed with 
FlowJo v10 (Tree Star).

FluoroSpot

Precoated human interferon-γ (IFN-γ)/interleukin-13 (IL-13) plates 
(FSP-0104, Mabtech) were washed with sterile PBS (Sigma-Aldrich) 
and blocked for 30 min with cRPMI. For the peptide stimulation, 
overlapping peptides spanning the nucleocapsid phosphoprotein 
(Prot_N) and the N-terminal S1 domain of the spike glycoprotein 
(Prot_S1; PepTivator, Miltenyi Biotec) were used and processed as 
previously described [5]. Data are presented as delta-spot forming 
units (ΔSFUs) calculated as the mean SFUs for each condition du-
plicate minus the mean SFUs from the negative controls. Positive 
T-cell responses were defined as ≥12.5 ΔSFUs/2.5 × 105 cells. Nine 
of the 49 samples displayed a positive IFN-γ T-cell response and/or 
an antibody response to the nucleocapsid protein and were catego-
rized as COVID-19-recovered individuals and excluded from further 
analyses.

Statistical analysis

Statistical analyses were performed with GraphPad Prism soft-
ware v9.0.0. Group analyses were tested with a two-sided Mann–
Whitney test or Kruskal–Wallis with Dunn or Šídák post hoc multiple 
comparison test. Correlation was calculated using Spearman rank 

correlation test. A multiple logistic regression model was used for 
prediction of seroconversion.

RESULTS

Study cohort characteristics

The patient demographics and study design are shown in Table  2 
and Figure 1a, respectively. The treatment duration and the interval 
between the last anti-CD20 infusion and the first vaccine dose dis-
played a range of 0.4–9.6 years and 60–1032 days, respectively, thus 
covering a wide time span. Although 52% of patients did not receive 
treatment for >6 months, no relapses had been recorded.

Time since last dose, B-cell levels, and RTX 
concentration as determinants of seroconversion

The specific SARS-CoV-2 antibody response was analyzed 4 weeks 
after booster in healthy controls (HC) and pwMS on BCDTs. 

TA B L E  1  List of anti-human antibodies used for lymphocyte 
immunophenotyping by flow cytometry

Brand Antigen Fluorochrome Clone

BD Horizon CCR6/
CD196

BV605 11A9

eBioscience CCR7/
CD197

PerCP-Cy5.5 3D12

eBioscience CD10 AF647 SN5c

BD Horizon CD127 BV480 HIL-7R-M21

BioLegend CD19 SN685 HIB19

BD Horizon CD20 BV711 2H7

BioLegend CD25 PE BC96

BD Horizon CD27 BV650 M-T271

BioLegend CD3 SB550 SK7

BioLegend CD38 AF488 HIT2

BD Horizon CD4 BV510 SK3

BioLegend CD45RO PerCP UCHL1

BD Pharmingen CD8 AF700 RPA-T8

BioLegend CXCR3/
CD183

PE-Cy7 G025H7

BioLegend CXCR5/
CD185

BV421 J252D4

BD Horizon HLA-DR BV480 G46-6

BioLegend HLA-DR APC-Cy7 L243

BioLegend IgG APC-Cy7 M1310G05

BD Horizon IgG BV510 G18-145

BioLegend IgM BV570 MHM-88

BioLegend PD-1/
CD279

PE-TxRed EH12.2H7
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Positive antibody levels and/or T-cell responses to the nucleocap-
sid protein were used to separate between naïvely vaccinated and 
COVID-19-recovered individuals who received the vaccine. COVID-
19-recovered pwMS treated with RTX displayed higher levels of 
antibody to the spike S1S2 domain compared to naïvely vaccinated 
pwMS (p = 0.0074), with a similar tendency for OCR-treated sub-
jects and HC (Figure 1b). In the naïvely vaccinated cohort, serocon-
version occurred to a higher degree in HC compared to pwMS (100% 
and 74%, respectively), without significant differences in antibody 
levels (Figure 1b,c). In line with previous studies [4], seroconversion 
was more frequent in patients who received the booster ≥6 months 
after the last anti-CD20 dose (odds ratio [OR] = 6.9, p = 0.0067), and 
the OR for B cells > 0.5% and detectable RTX was 15.0 (p = <0.0001) 
and 0.02 (p = <0.0001), respectively. However, time since last treat-
ment did not correlate with levels of antibody to the spike S1S2 do-
main (r = 0.0839, p = 0.5100; Figure 1d). Instead, B-cell levels and 
RTX concentration both displayed a strong correlation to antibody 
levels compared to time since last infusion (r = 0.4891, p = <0.0001; 
r = −0.4670, p = <0.0004, respectively; Figure 2e,f). When combined 
in a multiple logistic regression model, both presence of >0.5% B 
cells (OR = 5.0, 95% CI = 1.0–28.1, p = 0.055) and RTX concentration 
(OR = 0.05, 95% CI = 0.002–0.392, p = 0.012) were stronger predic-
tors of seroconversion than time since last infusion (OR = 1.45, 95% 
CI = 0.20–10.15, p = 0.705; Figure 1g).

Influence of RTX concentration and B-cell levels on 
seroconversion

To assess whether RTX concentrations impact seroconversion in a 
dose-dependent matter, pwMS on RTX were categorized according 
to their plasma level of RTX at 4 weeks after booster. We here ob-
served a seemingly linear decrease in seroconversion with increased 
RTX concentrations, where 97.0% of individuals with an RTX con-
centration below the detection limit (<7  ng/ml) successfully sero-
converted. In contrast, for individuals with the highest levels of RTX 
(≥91 ng/ml), the seroconversion rate was only 12.5% (Figure 2a). A 
similar tendency was observed when classifying individuals accord-
ing to percentages of B cells at 4 weeks after booster (Figure  2b). 
As expected, percentages of B cells correlated well with RTX con-
centration (r = −0.6731, p = <0.0001), although detectable levels of 
RTX did not necessarily result in complete depletion of B cells in all 
individuals (Figure 2c). Interestingly, levels of RTX above the detec-
tion limit could be observed up to 321 days after last dose, although 
waning in concentration strongly correlated with time (r = −0.6700, 
p  = <0.0001) and became undetectable approximately 8  months 
after last dose in 71.9% of the individuals (Figure 2d).

Among individuals with ≤0.5% B cells, 14 of 15 (93.3%) had 
detectable RTX in plasma, and only 4 of 15 (26.7%) had serocon-
verted. However, among the individuals with >0.5% B cells and 
RTX below detection limit, all (28 of 28) seroconverted. Moreover, 
among the seronegative individuals with >0.5% B cells, all (five of 
five) had detectable levels of RTX in plasma, whereas only six of 34 TA
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(17.6%) seropositive individuals also had detectable levels of RTX 
(p = 0.0089; Figure 2e).

Correlation of B- and/or T-cell subpopulations 
with the humoral response

To further characterize the effect of lymphocyte subpopulations 
on seroconversion after vaccination, we performed a detailed 

immunophenotyping of both B and T cells (Figure 3a). We found that 
antibody titers correlated with the percentages of naïve and mem-
ory IgG+ B cells (Figure 3b,c), and inversely correlated with percent-
ages of CD27+ and total memory B cells. In contrast, there was no 
association between antibody titers and percentages of T-cell sub-
populations except for CD8+ T cells expressing CXCR5.

In line with these results, seronegative individuals with B cells 
> 0.5% displayed higher percentages of immature transitional 
B cells (p = 0.0335) and lower levels of naïve B cells (Figure 3d), 

F I G U R E  2  Dose-dependent influence of rituximab (RTX) and B-cell levels on seroconversion after SARS-CoV-2 mRNA vaccination. (a, b) 
Percentage of positive antibody responses in persons with multiple sclerosis (pwMS) on RTX in relation to (a) RTX concentration in plasma 
(n = 60) and (b) percentage of B cells (of live lymphocytes) in peripheral blood (n = 65). (c) Correlation between RTX concentration and 
percentage of B cells (of live lymphocytes) among pwMS on RTX (n = 55). (d) Correlation between RTX concentration and days since last RTX 
infusion (n = 60). (e) Levels of RTX concentration in plasma per serostatus and percentage of B cells. Dots represent individual data points. 
Kruskal–Wallis test with Dunn post hoc multiple comparison test was used for statistical analysis, and p-values < 0.05 were considered 
significant. Spearman r and p-values are shown. Ab, antibody; ns, not significant
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F I G U R E  3  SARS-CoV-2 antibody levels correlate with percentages of B-cell subpopulations. (a) Exemplar gating strategy for flow 
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whereas transitional B-cell levels correlated with RTX concentra-
tions (Figure  3e). These findings suggest that in addition to the 
levels of B cells, their maturation stage after repopulation might 
also impact the ability to mount a humoral response following 
vaccination.

Effect of RTX dosing on humoral response when 
given 4–6 weeks after booster

To determine the effect of BCDTs on pre-existing antibody levels, 
we compared SARS-CoV-2 antibody titers 4 and 12 weeks after the 
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booster in pwMS who did or did not receive an RTX infusion be-
tween the two time points. A trend of waning antibody titers was 
observed in all subgroups, regardless of whether they were treated 
between sample time points or previous COVID-19 infection 
(Figure 4a). In addition, the fold-change in spike S1S2 antibody levels 
between 4 and 12 weeks correlated well with the initial antibody lev-
els at 4 weeks (r = −0.5925, p < 0.0001), suggesting antibody half-life 
kinetics, rather than retreatment with anti-CD20, to be the major 
cause of waning antibody titers (Figure 4b).

The decline in SARS-CoV-2 spike antibodies was also accom-
panied by a decrease in spike-specific IgG+ B cells (Figure  4c-f), 
whereas the total B-cell levels instead increased in these patients. 
As expected, RTX treatment after Week 4 postvaccination led to the 
complete depletion of both total and spike-specific B cells at Week 
12 (Figure 4d,e).

SARS-CoV-2 specific T-cell responses after 
vaccination

We assessed SARS-CoV-2-specific T-cell responses in an IFN-γ/IL-13 
FluoroSpot assay for a subset of pwMS (n  =  49). For naïvely vac-
cinated individuals, an exclusive IFN-γ and/or IL-13 T-cell reactivity 
toward the spike protein (S1), but not to the nucleocapsid protein 
(N), was observed 4 weeks after booster (Figure 5a).

Seventy percent of the naïvely vaccinated pwMS developed a 
positive IFN-γ T-cell response 4 weeks after booster. The same pro-
portion (70%) were seropositive at that time, but populations did 
not overlap and all seronegative pwMS had a positive IFN-γ T-cell 
response (Figure 5b). Interestingly, a higher proportion of individuals 
(34/40, 85%) displayed a positive IL-13 response (Figure  5c). Only 
three patients had no response to either IFN-γ or IL-13, resulting in 
a positive IFN-γ and/or IL-13 response of 92.5% in this subgroup. 
When comparing the number of spike S1-specific T-cell responses in 
seropositive and seronegative individuals, no significant differences 
were observed for either IFN-γ (Figure  5d) or IL-13 (Figure  5e) at 
4 weeks after booster. Similar to the waning antibody titers, there 
was a modest but significantly weaker T-cell response for both IFN-γ 
and IL-13 (p  =  0.0488 and p  =  0.0283, respectively) at 12 weeks 
compared to 4 weeks after booster, with no difference in the de-
cline rate between IFN-γ and IL-13 (p = 0.4173; Figure 5f,g). No cor-
relation between IFN-γ or IL-13 SFUs toward the spike protein (S1) 
and spike S1S2 antibody levels 4 weeks after booster were observed 
(r = −0.1267, p = 0.4359; r = 0.1105, p = 0.4971, respectively).

DISCUSSION

In this study, we evaluated humoral and cellular SARS-CoV-2 im-
mune responses following mRNA-based vaccination in a subcohort 
of participants in an observational MS drug trial (COMBAT-MS) 
receiving anti-CD20 treatment, mainly RTX. This cohort is charac-
terized by a high variability in anti-CD20 treatment duration and 

interval between the last anti-CD20 infusion and vaccination and is 
therefore suitable for finding more robust predictors of seroconver-
sion. We find that B-cell levels are a better predictor of seroconver-
sion than time since last infusion and that presence of RTX in blood 
is an even stronger indicator of an impaired humoral response after 
vaccination.

Several studies have reported an association between seroconver-
sion after SARS-CoV-2 vaccination and time since the last anti-CD20 
treatment [7, 21, 22]. However, even among patients with extended 
dosing intervals, unsuccessful seroconversion occurs, suggesting that 
individual differences in B-cell repopulation makes time since last 
treatment an uncertain predictor [10]. Instead, B-cell count at the time 
of first vaccination has been suggested to be a better predictor of vac-
cine response [4, 21]. We found that B-cell levels 4 weeks after booster 
not only correlated better with SARS-CoV-2-specific antibody titers, 
but were also a better predictor of seroconversion than time since last 
infusion. Similarly, plasma RTX levels also correlated to antibody titers 
and predicted seroconversion. Further analyses indicated that the rate 
of seroconversion increased progressively with higher B-cell levels and 
lower RTX concentrations. When all three parameters were analyzed 
together, presence of RTX was a better predictor than both time since 
last infusion and B-cell levels. To be noted, all 28 pwMS with both 
>0.5% B cells and RTX below detection limit seroconverted, and all 
five pwMS with >0.5% B cells who did not seroconvert had detectable 
RTX levels. Taken together, these data indicate that the combination 
of B-cell levels and RTX concentration might increase prediction of 
vaccine efficacy for anti-CD20-treated individuals. Because the main 
cohort of this study was treated with RTX, OCR and OFA concen-
trations were not measured in the few patients included. The phar-
macokinetics and dosing regimens of these three anti-CD20 agents 
differ from each other [23, 24], making it even more difficult to use 
time since last treatment as a general predictor of vaccine efficacy. 
The predictive value of drug concentration and B-cell levels should be 
evaluated for OCR and OFA in future studies to determine whether 
drug concentration can be used as a general predictive marker for all 
three anti-CD20 agents.

Looking further into the role of B- and T-cell subsets on sero-
conversion, we observed a strong positive correlation between 
naïve B cells and antibody levels. This is in line with a recent study 
by Schulz et al. [25, 26] and the importance of a pre-existing naïve 
B-cell pool for successful seroconversion after SARS-CoV-2 vac-
cination. In addition, five of 11 pwMS with B-cell repopulation 
(>0.5% B cells of live lymphocytes) and detectable levels of RTX 
did not develop a humoral response to the vaccine. As the samples 
were collected 4 weeks after the booster and contained a high per-
centage of immature B cells, it is possible that early repopulation 
explains the failure to seroconvert in these patients. When limiting 
the analysis to the pwMS with >0.5% B cells, the seronegative in-
dividuals displayed a higher proportion of transitional B cells com-
pared to the seropositive individuals. Percentages of transitional B 
cells also correlated to RTX concentration, further supporting the 
concept of a more recent B-cell reconstitution among seronegative 
pwMS [27, 28].
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F I G U R E  4  Rituximab (RTX) treatment between 4 (4w) and 12 weeks (12w) postvaccination does not impact SARS-CoV-2-specific 
antibody levels. (a) Spike S1S2 antibody levels among seroconverted persons with multiple sclerosis (pwMS) on anti-CD20 between 4 and 
12 weeks after booster. Individuals with a likely previous COVID-19 infection (N+) were separated from naïvely vaccinated (N−) subjects 
as in b. Further subdivision is shown between individuals who received treatment between the sample time points (open gray circles; n 
[N−] = 8, n [N+] = 2) and those who did not receive treatment (black circles; n [N−] = 25, n [N+] = 7). (b) Correlation between the spike S1S2 
antibody levels at 4 weeks and the fold-change in antibody levels between 4 and 12 weeks after booster in pwMS on anti-CD20 treatment 
who were seroconverted at 4 weeks. (c) Representative dot plots for detection of spike-specific B cells in pwMS and healthy controls (HC) 
at baseline and 4 weeks after booster. (d, e) Percentages of B cells of live lymphocytes (d) and percentages of spike-specific IgG+ B cells (e) 
4 and 12 weeks after booster in a subset of pwMS on RTX who did not receive (black circles, n = 8) or did receive (open gray circles, n = 4) 
RTX between these time points. (f) Spike S1S2 antibody levels 4 and 12 weeks after booster in the same pwMS cohort as in d and e. Dots 
represent individual data points. Dotted lines indicate cutoff value for antibody positivity. Wilcoxon matched-pairs signed rank test was 
used for statistical analysis, and p-values < 0.05 were considered significant. Spearman r and p-values are shown. MFI, median fluorescent 
intensity; ns, not significant; PE, phycoerythrin
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Contrary to our previous results on the immune response to 
COVID-19 natural infection among pwMS, we did not observe a cor-
relation between antibody titers and levels of circulating T follicular 
helper (Tfh) cells [5]. However, we found a positive correlation be-
tween antibody levels and CXCR5+CD8+ T cells, a subset of T cells 
that in vitro have been shown to have Tfh-like characteristics in as-
sisting B cells in antibody production and supporting B-cell survival 
[29, 30].

In agreement with previous studies, we observed a decline 
in antibody levels over time in all groups [31, 32]. Interestingly, 
treatment with RTX >4 weeks after vaccine boost did not impact 
on the decline rate of spike-specific antibodies. Thus, the decline 
in antibody levels observed probably results from the half-life of 
spike-specific IgG, which is estimated to be approximately 30 days 

[33]. However, the depletion of spike-specific memory B cells 
by RTX redosing after vaccination needs to be characterized in 
more detail, as it could have clinical consequences in the case of 
reinfection.

Determination of specific T-cell responses after SARS-CoV-2 
vaccination confirm previous studies, namely that specific T-cell 
responses characterized by the release of IFN-γ arise even in the 
absence of detectable antibodies in naïvely vaccinated pwMS on 
BCDTs [4–6, 22]. Interestingly, in most pwMS we also observed a 
specific IL-13 response at similar levels as IFN-γ. For both cytokines, 
we observed a slight decline in SFUs between 4 and 12 weeks after 
booster, which is in line with previous studies that have reported 
waning of IFN-γ-producing T cells both after natural infection [34] 
and after mRNA vaccination [35]. IL-13 can be produced by many 

F I G U R E  5  Development of SARS-CoV-2 specific T-cell response in anti-CD20-treated persons with multiple sclerosis (pwMS) after 
vaccination. (a) Representative images of the interferon-γ (IFN-γ)/interleukin-13 (IL-13) FluoroSpot after stimulation with the positive 
control (anti-CD3), negative control (medium only), and SARS-CoV-2-specific peptides (N and S1) in one naïvely vaccinated pwMS 4 weeks 
after booster (4w). (b, c) Serology status and IFN-γ (b) and IL-13 (c) response after stimulation with SARS-CoV-2-specific peptides (N and S1) 
4 weeks after booster in naïvely vaccinated pwMS (n = 40). (d, e) Comparison of the IFN-γ (d) and IL-13 (e) response between seropositive 
(Ab+, n = 28) and seronegative (Ab−, n = 12) individuals 4 weeks after booster. (f) Number of IFN-γ and IL-13 delta-spot forming units (ΔSFUs) 
4 and 12 weeks after booster (12w) in pwMS on anti-CD20 (n = 12). (g) Fold-change in ΔSFUs between 4 and 12 weeks in pwMS with a 
response to IFN-γ (n = 7) and IL-13 (n = 10) above cutoff at 4 weeks after booster. Dots represent individual data points. Box plots represent 
median and 95% confidence interval. Dotted lines indicate cutoff value for T-cell-positive samples. Mann–Whitney and Wilcoxon matched-
pairs signed rank test was used for statistical analyses, and p-values < 0.05 were considered significant. 4w, 4 weeks after booster; 12w, 
12 weeks after booster; Ab, antibody; ns, not significant
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immune cell types, but is particularly associated with CD4 T helper 
2 (Th2) cells [36]. However, although studies have shown that SARS-
CoV-2 mRNA vaccination induces a biased Th1 response and unde-
tectable or low Th2 responses [37, 38], a recent study by Liu et al. 
[39] showed an increased frequency of IL-13-expressing CD4+ T 
cells 2 weeks after vaccination. No correlation between IFN-γ or IL-
13 T-cell responses to the spike S1 domain and spike S1S2 antibody 
levels was observed.

This study is not without limitations. For instance, to evaluate 
vaccine effectiveness, we differentiated naïvely vaccinated from 
COVID-19-recovered individuals using the presence of nucleocapsid-
specific antibodies and/or T-cell responses as a marker. This could 
have led to an overestimation of the naïvely vaccinated group, be-
cause nucleocapsid-specific antibodies decline rapidly and T-cell re-
sponses were only assessed in a subset of pwMS [40–42]. Another 
limitation is that we analyzed B-cell levels and RTX concentrations 
approximately 1 month after the second vaccine dose and hence 
cannot approximate the levels of B cells and RTX at the actual time 
of vaccination. However, given the nature of B-cell repopulation ki-
netics and RTX pharmacokinetics, this limitation would not affect 
most of the analyses.

In conclusion, our results confirm the role of B-cell reconstitution 
levels after anti-CD20 treatment as a predictor of humoral response 
after vaccination and highlight the use of RTX plasma measurement 
as a better predictor than time since last infusion. These findings 
provide a tool for more precise individualized assessments of pre-
dictors of vaccine responses in anti-CD20-treated pwMS, which may 
lead to improved benefit–risk with this class of MS disease modula-
tory therapy.
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