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ABSTRACT
Background Messenger RNA (mRNA) vaccines 
provide robust protection against SARS- CoV- 2 in 
healthy individuals. However, immunity after vaccination 
of patients with multiple sclerosis (MS) treated with 
ocrelizumab (OCR), a B cell- depleting anti- CD20 
monoclonal antibody, is not yet fully understood.
Methods In this study, deep immune profiling 
techniques were employed to investigate the immune 
response induced by SARS- CoV- 2 mRNA vaccines in 
untreated patients with MS (n=21), OCR- treated patients 
with MS (n=57) and healthy individuals (n=30).
Results Among OCR- treated patients with MS, 
63% did not produce detectable levels of antibodies 
(non- seroconverted), and those who did have lower 
spike receptor- binding domain- specific IgG responses 
compared with healthy individuals and untreated 
patients with MS. Before vaccination, no discernible 
immunological differences were observed between 
non- seroconverted and seroconverted OCR- treated 
patients with MS. However, non- seroconverted patients 
received overall more OCR infusions, had shorter 
intervals since their last OCR infusion and displayed 
higher OCR serum concentrations at the time of 
their initial vaccination. Following two vaccinations, 
non- seroconverted patients displayed smaller B 
cell compartments but instead exhibited more 
robust activation of general CD4+ and CD8+ T cell 
compartments, as indicated by upregulation of CD38 
and HLA- DR surface expression, when compared with 
seroconverted patients.
Conclusion These findings highlight the importance 
of optimising treatment regimens when scheduling 
SARS- CoV- 2 vaccination for OCR- treated patients with 
MS to maximise their humoral and cellular immune 
responses. This study provides valuable insights for 
optimising vaccination strategies in OCR- treated 

patients with MS, including the identification of CD38 
and HLA- DR as potential markers to explore vaccine 
efficacy in non- seroconverting OCR- treated patients 
with MS.

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Previous studies indicated that patients with 
multiple sclerosis (MS) treated with anti- 
CD20 have reduced antibody formation and 
increased T cell- mediated immune responses 
upon SARS- CoV- 2 vaccination, associated with 
an increased risk of breakthrough infections 
in patients with MS who did not develop 
antibodies (non- seroconverted). However, there 
is a lack of comprehensive studies that examine 
the immunological differences between 
seroconverted and non- seroconverted patients 
with MS treated with anti- CD20, as well as 
the absence of biomarkers to detect cellular 
immunity in non- seroconverted patients.

WHAT THIS STUDY ADDS
 ⇒ Through our comprehensive immunological 
analysis of patients with MS treated with 
anti- CD20, we found that prior to SARS- CoV- 2 
vaccination, both seroconverting and non- 
seroconverting patients exhibited similar B and 
T cell profiles, but the vaccine only enhanced 
the B cell compartment in seroconverted 
patients, whereas larger T cell responses, 
marked by increased levels of CD38 and HLA- 
DR, were observed in non- seroconverting 
patients. We could directly link those differences 
to the number of anti- CD20 infusions, the time 
since the last treatment and the anti- CD20 
concentration in the blood.
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INTRODUCTION
Multiple sclerosis (MS) is a chronic immune- mediated inflamma-
tory disorder characterised by the immune system attacking the 
protective myelin sheath surrounding nerve fibres in the central 
nervous system. This disrupts nerve signal transmission and 
causes various neurological symptoms.1 Ocrelizumab (OCR), an 
anti- CD20 antibody, effectively treats MS by depleting CD20- 
positive B cells, reducing inflammation and disease progression.2

During the COVID- 19 pandemic, widespread vaccination 
efforts have been crucial in mitigating the severity and trans-
mission of SARS- CoV- 2. This significance was amplified for 
patients undergoing anti- CD20 therapies, as they were previ-
ously associated with a more severe progression of COVID- 19 
before vaccination.3 Although certain patients undergoing anti- 
CD20 treatments can generate detectable levels of antibodies 
(seroconversion),4–9 the majority of patients receiving anti- CD20 
therapies like OCR or rituximab exhibit suboptimal antibody 
responses to SARS- CoV- 2 vaccination, potentially compromising 
their level of protection.4–8 10–14 Indeed, breakthrough infec-
tions are more frequently reported in anti- CD20- treated SARS- 
CoV- 2- vaccinated patients with MS who did not seroconvert, 
although severe infections remain rare.15 We must gain a better 
understanding of the immunological distinctions between sero-
converted and non- seroconverted OCR- treated patients with 
MS, particularly from a clinical perspective to predict which 
patients are at risk of not seroconverting and identify immu-
nological markers to indicate if they are potentially protected 
from severe disease by other arms of the immune system. Our 
previous investigations indicated that OCR serum concentration 
or B cell counts at the time of vaccination were predictive of the 
success of SARS- CoV- 2 receptor- binding domain (RBD)- specific 
antibody formation in OCR- treated patients with MS.4 16 In 
the present study, we aimed to explore the immune dynamics 
following pre- SARS- CoV- 2 and post- SARS- CoV- 2 vaccination 
to identify immunological markers to better categorise patients 
and tailor vaccination strategies to improve immune responses 
and strengthen protection against SARS- CoV- 2.

MATERIALS AND METHODS
Study participants and design
As part of a national prospective longitudinal study (the target- 
to- B! COVID- 19 Study) investigating the humoral response 
following SARS- CoV- 2 vaccination, individuals aged over 18 
years were recruited, including healthy donors, patients with 
relapsing- remitting MS without systemic immunomodulatory 
treatment and patients with MS treated with OCR. The study 
was registered with the Dutch Trial Register (ID NL8900).

The participants underwent a two- dose vaccination schedule 
with the mRNA- 1273 vaccine (Moderna, Cambridge, Massa-
chusetts, USA), administered 42 days apart according to the 
Dutch national vaccination guidelines. Peripheral blood was 
collected before vaccination (baseline; day 0) and 7 days after 

the second vaccination at day 49 (±2 days). In addition, finger-
pricks were taken on day 28, day 42 and day 70 post- first vacci-
nation and were used for measuring the antibody responses 
(figure 1A). Peripheral blood mononuclear cells (PBMCs) were 
isolated on days 0 and 49 and cryopreserved in liquid nitrogen 
until required. Nucleocapsid (N) serology and interferon- 
gamma (IFN-γ) ELISpot after N peptide stimulation assays were 
conducted at days 0 and 49 to confirm the absence of any prior 
SARS- CoV- 2 infection among the participants. The time between 
the last OCR infusion and the first vaccination and the number 
of past infusions were recorded as indicators of OCR therapy.

RBD and N protein ELISA
SARS- CoV- 2 spike RBD and N IgG levels were measured 
following previously established protocols.17 18 RBD and N 
proteins were generated as described previously.18 To analyse the 
samples, they were diluted 1:1200 and tested for the presence 
of IgG antibodies targeting the RBD and N. The cut- off value 
was determined based on the 98th percentile of signal intensities 
observed in 240 pre- outbreak plasma samples. To quantify the 
signals, a serially diluted calibrator was employed, comprising 
pooled convalescent plasma, and this calibrator was included on 
each plate. The calibrator was assigned an arbitrary value of 100 
arbitrary units (AU) per mL (AU/mL). The results were reported 
as AU/mL, representing a semiquantitative assessment of the 
concentrations of IgG antibodies. The antibody titres of days 0, 
42 and 49 were determined in plasma and for time points 28 
and 70 in serum.

Ocrelizumab ELISA
Plasma samples were collected from the patients with MS 
receiving OCR treatment and stored at day 0 and day 42 post- 
first SARS- CoV- 2 vaccination, to measure OCR concentration. 
The measurement was conducted using an ELISA developed by 
Sanquin Diagnostic Services in Amsterdam, the Netherlands.16 
This ELISA method involved the use of polyclonal anti- idiotype 
antibodies specific to OCR, which were used to capture OCR 
from the serum sample. A biotinylated polyclonal anti- OCR 
conjugate was then employed to detect the bound OCR, 
following a sandwich ELISA approach. To generate the anti- 
idiotype antibodies, rabbits were immunised according to previ-
ously described protocols.19 Concentrations of OCR in the serum 
samples were determined by comparing the absorbance with a 
serially diluted calibrator present on each plate. The lower limit 
of quantitation for the assay was established as 0.0025 µg/mL.

Whole blood flow cytometry
Cellular immune populations were assessed using fresh whole 
blood following the methods described in previous studies.20 21 
Briefly, 200 µL of fresh whole blood was incubated with two 
respective antibody panels encompassing 38 unique human 
immune markers (see online supplemental table 1) for 30 min 
at room temperature (RT) in the dark. Subsequently, samples 
were treated with BD FACS Lysing solution (BD Biosciences) for 
10 min at RT in the dark, followed by washing and fixation with 
1% paraformaldehyde (PFA) for 20 min at 4°C in the dark. After 
additional washing, samples were resuspended in phosphate- 
buffered saline (PBS) containing 0.5% bovine serum albumin 
(BSA) and 2 mM EDTA. Count Bright Plus Absolute Counting 
Beads (ThermoFisher) were added just before data acquisition 
to determine absolute cell numbers. The samples were acquired 
using a BD FACSymphony.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

 ⇒ These findings emphasize the significance of incorporating 
treatment frequency, time since last treatment, and anti- 
CD20 levels in the blood into the scheduling of SARS- CoV- 2 
vaccination for MS patients to optimize both their humoral 
and cellular immune responses, with the latter being 
detectable through measurements of CD38 and HLA- DR 
expression on circulating T cell subsets.
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Figure 1 Circulating immune profiles of OCR- treated patients with MS. (A) SARS- CoV- 2- unexposed patients with MS without treatment (n=21), patients 
with MS treated with OCR (n=57) and healthy controls (HC; n=30) were followed over time after Moderna SARS- CoV- 2 mRNA vaccination. Blood or serum 
samples were collected at specified time points pre- vaccination and post- vaccination. (B) IgG titres to SARS- CoV- 2 RBD before vaccination, 28 days after 
the first, before the second, and 7 and 28 days after the second vaccination. (C) The area under the curve was obtained to quantify the overall anti- RBD IgG 
antibody responses. (D,E) Age (D) and sex (E) distribution in HC, MS control, and anti- RBD IgG+ or anti- RBD IgG− OCR- treated patients with MS. (F–H) The 
time since the last OCR treatment (F), the concentration of OCR at the day of the first vaccination (G). (H) Correlation plot between the OCR concentration 
and the time since last OCR treatment at baseline. (I) The number of OCR infusions before the first vaccination (J) FIt- SNE two- dimensional map and 
cluster identification from FlowSOM analysis of the high- dimensional flow cytometry immune panel, separated across groups and major adaptive immune 
populations displayed in each projection. (K) Surface expression intensity of indicated markers projected on the FIt- SNE map. (L) The number of circulating 
neutrophils, monocytes, NK cells, B cells, CD4+ T cells, CD8+ T cells and γδ T cells per μL of blood on day 0 before the first vaccination. (M) Volcano plot 
showing the abundance of circulating immune cells fold change of anti- RBD IgG+ versus anti- RBD IgG− OCR- treated patients with MS (x- axis) and their 
Wilcoxon signed- rank test p values (y- axis) at day 0. Statistical significance between groups was determined with Wilcoxon signed- rank test (F, G, I and L) 
with Bonferroni- Holm multiple comparison correction (C, D and K). Associations in (H) were calculated using Spearman rank correlation. The p values are 
depicted as *<0.05, **<0.01 and ****<0.0001. AU, arbitrary units; MS, multiple sclerosis; NK, natural killer; ns, not significant; OCR, ocrelizumab; RBD, 
receptor- binding domain.
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Computational flow cytometry analysis
The Spectre R package22 was used for computational analysis 
of the data. Initially, the samples were loaded into FlowJo V.10 
software, and single cells were gated. Anomalies were identified 
and removed using the flowAI R package.23 Next, an arcsinh 
transformation was applied, and data points below the detec-
tion limit were compressed to reduce noise during the clustering 
process. To address batch effects, the samples were integrated 
using reciprocal principal component analysis (rPCA) from the 
Seurat toolkit for cellular genomics,24 which was implemented in 
Spectre. The rPCA approach projected the data from one batch 
into the PCA space of another batch. Cells were then paired 
across datasets using a mutual nearest- neighbour approach,24 
enabling normalisation of expression levels. A single batch 
was chosen as the ‘reference’ batch, and each other’s batch 
was integrated with the reference batch to minimise overall 
runtime. For subset discovery and high- dimensional FlowSOM 
data analysis,25 the flow cytometry data were analysed using all 
non- dynamic surface molecules as input. Visualisation of the 
flow cytometry data was also performed using Flt- SNE in this 
analysis.26 Cluster identities were annotated manually by three 
individuals independently: monocytes (FSCintCD14+), neutro-
phils (FSCintSSCintCD16hiCD10hi), natural killer (NK) cells 
(CD56+), B cells (CD19+), CD4 T cells (CD3+CD4+), CD8 T 
cells (CD3+CD8+) and gamma- delta T cells (TCRgd+CD3+), 
T follicular helper (Tfh) cells (CD3+CD4+CXCR5+), memory 
T helper (Th) cells (CD3+CD4+CD45RA−CXCR5−). Multiple 
circulating immune populations were then manually annotated 
in subclusters based on marker expression: B cells (naïve CD27−
CD38−, transitional CD38+CD10+, memory CD27dimCD38−, 
DN- like CD19hiCD11c+CD21−, activated CD27dimCD38−
CD11c+ B cells, plasmablast CD20−CD27+CD38+CD138− 
and plasma cells CD20−CD27+CD38+CD138+), CD4+ 
T cells (central memory (CM) CD45RA−CD27+, effector 
memory (EM) CD45RA−CD27−, EM CD45RA+ (EMRA) 
CD45RA+CD27−, stem cell memory CD45RA+CD27+CD95+, 
naïve CD45RA+CD27+CD95−), CD8+ T cells (CM CD45RA−
CD27+, EM CD45RA−CD27−, EMRA CD45RA+CD27−, 
stem cell memory CD45RA+CD27+CD95+, naïve CD45RA+C-
D27+CD95−). Lymphocytes from the T cell activation/exhaus-
tion panel were clustered and plotted by FIt- SNE and CD4+ T 
cell subsets were manually annotated based on marker expres-
sion: Tfh cells (Tfh1 CXCR3+CCR6−CCR4−, Tfh2 CXCR3−C-
CR6−CCR4+, Tfh17 CXCR3−CCR6+CCR4+), memory Th 
cells (Th1 CXCR3+CCR6−CCR4−, Th1Th17 CXCR3+C-
CR6+CCR4−, Th2 CXCR3−CCR6−CCR4+, Th9 CXCR3−C-
CR6+CCR4−, Th17 CXCR3−CCR6+CCR4+, CXCR3+Th17 
CXCR3+CCR6+CCR4+). Additional markers, including 
HLA- DR and CD38, were used to study the immune dynamics 
and activation of T cell subsets.

IFN-γ ELISpot assay
SARS- CoV- 2 spike- specific IFN-γ T cell responses were deter-
mined by ELISpot assay, which was performed according to 
the manufacturer’s recommendations and as described before 
(Mabtech).27 On the initial day of the experiment, the PBMC 
samples were thawed and placed in culture at a temperature 
of 37°C with a 5% CO2 environment. The following day, the 
cells were counted, and 200 000 cells were plated per well into 
ELISpot 96- well plates (Mabtech) that were coated with an IFN-γ 
capture antibody (Mabtech). Specific pools of 15- mer peptides 
representing two regions of the glycoprotein spike 1 and spike 
2 and N (JPT Innovative Peptide Solutions) were introduced to 

the cultures at a concentration of 1 µg/mL per peptide. Positive 
controls were stimulated with CD3/CD28 antibodies, while 
negative dimethyl sulfoxide (DMSO) controls did not receive 
any stimulation. Two or three biological replicates were taken 
along per patient and condition. After 16 hours, the cells were 
discarded, and the plates were stained using the Human IFN-γ 
ELISpot BASIC kit (ALP) (Mabtech) following the instructions 
provided by the manufacturer. Subsequently, the spots were 
counted using an AID plate reader.

Statistical analyses
Summary statistics, (connected) violin plots, stacked plots, 
volcano plots and heatmaps were created in R. The ranking 
metric used in the heatmaps is a score that combines fold change 
and p value.28 Statistical significance was assessed using Mann- 
Whitney or Wilcoxon signed- rank test using  wilcox. test function 
with Bonferroni- Holm multiple comparison correction in R. 
Other details, if any, for each experiment are provided in the 
relevant figure. A detailed description of the multivariate anal-
yses clinical determinants of seroconversion is provided with 
online supplemental table 2. P values lower than 0.05 were 
considered statistically significant.

Data availability
All raw and processed data presented in this study are available 
at http://flowrepository.org/id/FR-FCM-Z6K4.29

RESULTS
Number and timing of OCR treatment indicative of 
seroconversion in patients with MS
The impact of OCR therapy on the efficacy of SARS- CoV- 2 
mRNA vaccination was studied in patients with MS without 
(n=21) or with OCR treatment (n=57) and compared with 
healthy controls (n=30) (figure 1A). On average, MS was 
diagnosed 11 years earlier (median; IQR 8–19 years). None 
of the participants had a history of COVID- 19- related symp-
toms. Blood or serum samples were collected at specific time 
points before and after Moderna SARS- CoV- 2 mRNA vacci-
nation (figure 1A). Using a standardised ELISA, SARS- CoV- 2 
spike RBD- specific IgG antibodies were measured at five time 
points pre- vaccination and post- vaccination (figure 1B). We 
identified two groups of OCR- treated patients with MS: those 
who seroconverted (37% (21 of 57) patients) and those who 
never seroconverted (63% (36 of 57) patients) (figure 1B). The 
magnitude of the spike RBD- specific IgG responses in serocon-
verted OCR- treated patients with MS remained lower across all 
time points compared with healthy individuals and untreated 
patients with MS (figure 1B,C). OCR- treated patients (overall 
44 years±10; anti- RBD IgG+ 45 years±9; anti- RBD IgG− 43 
years±11) were slightly younger compared with the MS control 
group (48±10 years) and healthy controls (48 years±10, not 
significant) (figure 1D), and females were over- represented in all 
groups (healthy controls 60% female, MS 76% female, MS- OCR 
overall 72% female, MS- OCR anti- RBD IgG+ 76% female and 
MS- OCR anti- RBD IgG− 25–69% female) (figure 1E). Further 
analysis revealed that OCR- treated patients with MS who did not 
seroconvert after vaccination had a shorter interval since their 
last OCR infusion, although not significant (figure 1F), accom-
panied by higher OCR concentration at the day of first vaccina-
tion (figure 1G). The two parameters, timing since the last OCR 
treatment and OCR concentration on the day of the first vacci-
nation, exhibited a significant negative correlation (figure 1H; 
r=−0.73, p=5.5e- 10). Moreover, non- seroconverted patients 
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with MS had received a greater number of OCR infusions before 
first vaccination (figure 1I). These associations were not influ-
enced by age, gender or disease duration (online supplemental 
table 2), although time since the last OCR treatment or the 
OCR concentration was also not significantly associated in a 
univariate or multivariate logistic regression model. However, 
our earlier study in a larger MS cohort did find a significant 
correlation between OCR concentration and patients’ ability to 
seroconvert.16 Together, these findings indicate that the number 
of treatments and possibly the timing since the last treatment, 
and overall OCR levels in the blood could be taken into consid-
eration when timing the patient’s SARS- CoV- 2 vaccination.

Deep immune profiling of the SARS-CoV-2 vaccine-induced 
immune response in OCR-treated patients with MS
To comprehensively analyse the cellular immune response, 
we employed high- dimensional flow cytometry on 38 unique 
immune parameters and performed Flt- SNE dimensionality 
reduction followed by FlowSOM clustering. By evaluating the 
surface expression intensity of commonly used population- 
specific markers, the major circulating immune populations were 
identified and annotated (figure 1J,K). Absolute cell numbers of 
the seven major immune compartments (neutrophils, mono-
cytes, NK cells, B cells, CD4 T cells, CD8 T cells and γδ T cells) 
per μL of blood before the first vaccination could not predict 
which patients would seroconvert upon SARS- CoV- 2 vaccina-
tion (figure 1L), neither could a more in- depth analysis of 39 
uniquely identified circulating immune cell subsets (figure 1M).

SARS-CoV-2 vaccine-induced B cell responses in 
seroconverted OCR-treated patients with MS
We performed deep immune profiling at 7 days post- second 
SARS- CoV- 2 vaccination (day 49) to elucidate immunological 
differences between seroconverted and non- seroconverted OCR- 
treated individuals. Seroconverted OCR- treated patients with 
MS displayed a more prominent presence of circulating B cells 
at this time point (figure 2A). However, the levels of circulating 
B cells were still lower compared with untreated patients with 
MS and healthy controls (figure 2A). Additional dimensionality 
reduction analysis identified distinct circulating B cell compart-
ments, including naïve B cells, transitional B cells, plasmablasts, 
plasma cells, memory B cells, double negative (DN)- like B cells 
and activated B cells (figure 2B). These B cell compartments 
were annotated using established markers (figure 2C).8 At base-
line, the OCR- treated patients showed a significant decrease in 
the majority of B cell populations compared with non- treated 
individuals, regardless of whether they had seroconverted or 
not (online supplemental file 1). However, the impact of OCR 
treatment on the circulating plasmablast and plasma cell popu-
lation at this particular time point was relatively minor. This can 
be attributed to the fact that as B cells progress into antibody- 
secreting cells, such as plasmablasts and plasma cells, they grad-
ually lose CD20 surface expression.30 At day 49, seroconverted 
OCR- treated patients with MS demonstrated similar levels of 
transitional B cells, plasmablasts and plasma cells compared with 
untreated seroconverted patients with MS, although lower levels 
of naïve, memory, DN and activated B cells were observed. Inter-
estingly, non- seroconverted OCR- treated patients had signifi-
cantly lower plasmablast, plasma cells, naïve and transitional B 
cells compared with seroconverted OCR- treated and untreated 
patients with MS, while having similar levels of memory, DN 
and activated B cells (figure 2D,E). Indeed, seroconverted OCR- 
treated patients with MS demonstrated a similar enlargement of 

these B cell compartments as compared with those in untreated 
patients with MS and healthy controls, while these enlarge-
ments were absent in non- seroconverting OCR- treated patients 
with MS (figure 2F). Additionally, a strong positive correlation 
between the count of naïve, transitional and memory B cell 
subsets at day 0 and day 49, and the corresponding antibody 
titres at days 49 and 70, respectively, was observed (figure 2G). 
This correlation was most pronounced in seroconverted OCR- 
treated patients with MS (figure 2G). Non- seroconverted OCR- 
treated patients with MS were not plotted in this correlation, as 
B cell populations were largely absent in this subgroup. These 
findings suggest that the dynamics and composition of B cell 
subsets post- vaccination significantly contribute to the genera-
tion and persistence of antibody responses in some OCR- treated 
patients with MS.

Robust activation of T cell subsets in seroconverted and non-
seroconverted OCR-treated patients with MS
In the absence of cross- reactive neutralising antibodies, CD8+ 
T cells form an important second line of protection as they 
recognise conserved viral peptides in emerging variants31–34 and 
ameliorate disease severity.20 35–37 Building upon the observation 
that some OCR- treated patients with MS displayed no antibody 
response to the SARS- CoV- 2 mRNA vaccination regimen, we 
conducted a comprehensive analysis of the T cell compartments. 
Following two vaccinations (day 49), all groups exhibited an 
increase in IFN-γ spot- forming units, indicative of SARS- CoV- 2 
spike- specific T cell activation (figure 3A). In accordance with a 
previous study,6 non- seroconverted OCR- treated patients with 
MS displayed a more substantial T cell activation compared with 
seroconverted OCR- treated patients with MS (figure 3A). High- 
dimensional flow cytometry analysis identified different subsets 
of T cells, including CD4+ Tfh cells, CD4+ Th cells, and subsets 
of CD4+ and CD8+ T cell populations, including naïve, stem cell 
memory (SCM), EM, terminally differentiated EMRA and CM 
(online supplemental files 2 and 3). Significant inflation of CD4+ 
Th2 (CXCR3+ and CXCR3−), Th17 (CXCR3+ and CXCR3−) 
and naïve, CM and SCM CD8+ T cell compartments and a 
decrease in CD4+ Th1 and Th9 subsets were observed in sero-
converted and non- seroconverted OCR- treated patients with 
MS upon vaccination, while CD4+ Tfh2 and SCM responses 
were uniquely induced in non- seroconverted OCR- treated 
patients with MS (figure 3B). Healthy controls mainly increased 
CM and SCM CD8+ T cell compartments (figure 3B). Interest-
ingly, untreated patients with MS predominantly increased Th2 
(CXCR3+ and CXCR3−) and Th17 (CXCR3+ and CXCR3−) 
subsets (figure 3B). Next, expression of CD38 and HLA- DR was 
investigated (figure 3C,D), as these markers are known to be 
specifically upregulated on recently activated T cells and their 
expression is associated with viral clearance and recovery in 
healthy individuals21 38 and OCR- treated patients with MS.39 
Several CD8+ T CM, EM, EMRA, and CD4+ T CM and EM 
populations were significantly activated in non- seroconverted 
OCR- treated patients with MS, whereas only CD8+ T CM cells 
demonstrated robust activation in seroconverted OCR- treated 
patients with MS (figure 3D–I). A significant increase of CD8+ 
T CM activation was also observed in untreated patients with 
MS and healthy controls, although to a lesser extent without 
any CD38 and HLA- DR upregulation (figure 3D,E). Correla-
tion analysis revealed a significant link between the activation of 
CD8+ T CM cells and the magnitude of the SARS- CoV- 2 spike- 
specific T cell response, as measured by IFN-γ production upon 
spike stimulation, in non- seroconverted OCR- treated patients 
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with MS (figure 3J,K). No such correlation was identified in the 
other groups (figure 3J,K).

These results highlight that the robust and generalised T cell 
response is uniquely observed in non- seroconverting OCR- 
treated patients with MS.

DISCUSSION
We performed in- depth humoral and cellular immune 
profiling upon two SARS- CoV- 2 vaccinations in untreated 
and OCR- treated patients with MS and were able to 
stratify OCR- treated patients with MS into those who were 

Figure 2 Distinct B cell responses in seroconverted OCR- treated patients with MS after vaccination. (A) The number of circulating B cells per μL of blood 
on day 49 (7 days after the second vaccination) in healthy control (HC, n=30), untreated MS controls (MS, n=21), seroconverted OCR- treated patients with 
MS (anti- RBD IgG+, n=21) and non- seroconverted OCR- treated patients with MS (anti- RBD IgG−, n=36). (B) FIt- SNE two- dimensional projection and cluster 
identification of circulating B cell populations from FlowSOM analysis of high- dimensional flow cytometry immune panel. The FIt- SNE projection is separated 
across groups and time points (day 0 and day 49). (C) The surface expression intensity of indicated markers is projected on the FIt- SNE map. (D) The number 
of circulating naïve B cells, transitional B cells, plasmablast, plasma cells, memory B cells, double negative (DN)- like B cells and activated B cells per μL of 
blood 7 days after the second vaccination (day 49). (E) Volcano plot showing the abundance of circulating immune cells fold change of patients with anti- 
RBD IgG+ versus anti- RBD IgG− MS (x- axis) and their Wilcoxon signed- rank test p values (y- axis) at day 49. (F) Heatmap representing changes in B cell 
population counts per μL blood when comparing baseline (day 0) with day 7 post- second vaccination (day 49) within the different groups, blue indicating 
a reduction of that specific population between the time points, red an increase and white populations were not affected. (G) Correlations between the 
number of B cells 7 days after the second vaccination (day 49) and levels of anti- RBD IgG at 7 (day 49; top) or 28 days (day 70; bottom) after the second 
vaccination. Statistical significance was determined using a Wilcoxon signed- rank test (F,G) with Bonferroni- Holm multiple comparison correction (A and E). 
Associations in (G) were calculated using Spearman rank correlation. The p values are depicted as *<0.05, **<0.01, ***<0.001 and ****<0.0001. AU, 
arbitrary units; MS, multiple sclerosis; ns, not significant; OCR, ocrelizumab; RBD, receptor- binding domain.
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Figure 3 Non- seroconverted OCR- treated patients with MS experience enhanced T cell activation after the second SARS- CoV- 2 vaccination. (A) Number 
of spike- specific IFN-γ–producing T cell spots (SFU) before vaccination and 7 days post- second vaccination are plotted side by side in healthy controls (HC, 
n=8), untreated MS controls (MS, n=10), seroconverted OCR- treated patients with MS (anti- RBD IgG+, n=7) and non- seroconverted OCR- treated patients 
with MS (anti- RBD IgG−, n=17). Results are shown as the average number of SFUs of S1 and S2 together per 2×105 cells after subtracting the SFU of 
unstimulated wells. (B) Heatmap representing changes in circulating T cell population counts per μL blood when comparing baseline (day 0) with day 7 
post- second vaccination (day 49) within the different groups, blue indicating a reduction of that specific population between the time points, red an increase 
and white populations were not affected (HC, n=30; MS, n=21; anti- RBD IgG+, n=21; and anti- RBD IgG−, n=36). (C) Representative flow analysis plots 
showing the expression of HLA- DR and CD38 in CD8 central memory (CM) T cells pre- vaccination and 7 days post- second vaccination. (D) Volcano plot 
showing the circulating T cell populations expressing both HLA- DR and CD38 fold change of day 49 vs day 0 (x- axis) and their Wilcoxon signed- rank test 
p values (y- axis). (E–I) Frequency of CD38+HLA- DR+ CD8+ T CM (E), CD8+ T effector memory (EM; F), CD8+ T EF CD45RA+ (EMRA; G), CD4+ T CM (H) and 
CD4+ T EM (I) before (D0) and 7 days after second vaccination (D49). (J) Correlations of the number of spike- specific IFN-γ-producing T cell spots and the 
frequency of CD38+HLA- DR+ circulating CD8+ and CD4+ T cell populations at day 0 and day 49. (K) Correlation plots between the number of spike- specific 
IFN-γ-producing T cell spots and the frequency of CD38+HLA- DR+ circulating CD8 CM separated by group. Statistical significance was determined using a 
Wilcoxon signed- rank test (A (left)–C, E–I) with Bonferroni- Holm multiple comparison correction (A: right). Associations in J and K were calculated using 
Spearman rank correlation. The p values are depicted as *<0.05, **<0.01, ***<0.001 and ****<0.0001. IFN-γ, interferon- gamma; MS, multiple sclerosis; 
ns, not significant; OCR, ocrelizumab; RBD, receptor- binding domain; S1, spike 1; S2, spike 2; SCM, stem cell memory; SFU, spot- forming unit; Tfh, T follicular 
helper; Th, T helper.
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seroconverted and those who did not. Our findings revealed 
that only one- third of OCR- treated patients with MS sero-
convert after SARS- CoV- 2 mRNA vaccination, although at 
lower levels compared with untreated patients with MS and 
healthy individuals. Seroconverted OCR- treated patients 
with MS had received fewer anti- CD20 treatments and 
had a longer interval between their last treatment and the 
initial vaccination, which was associated with reduced levels 
of circulating OCR as also observed previously.16 40 41 Our 
study is the first to perform in- depth immune profiling on 
circulating immune cell compartments before initial vacci-
nation, but was unable to identify a factor that could be used 
to predict a patient’s ability to generate an anti- RBD IgG 
antibody response. However, seroconverted OCR- treated 
patients with MS exhibited significantly higher numbers 
of circulating B cell populations 7 days post- second vacci-
nation compared with those who did not seroconvert. 
Furthermore, B cell numbers correlated with the antibody 
response, which was in line with previous observations.4 40 42 
However, the overall antibody titres and circulating B cell 
numbers were lower compared with untreated patients 
with MS and healthy controls, indicating that the B cell 
response is suboptimal in OCR- treated patients with MS 
just as expected. Interestingly, our deep immune profiling 
of the T cell compartments demonstrates that specific 
subsets of memory CD8+ and CD4+ T cell compartments 
are highly activated in non- seroconverting OCR- treated 
patients with MS, as demonstrated by a strong upregula-
tion of activation markers CD38 and HLA- DR. Although 
the activation of T cells after anti- CD20 treatment has been 
observed before,5–7 27 40 43 44 our study points to an under-
appreciated relationship between the dynamics of antibody- 
producing B cell responses and the dynamics of the overall 
T cell activation. It also highlights the importance of eval-
uating CD38 and HLA- DR expression on T cell responses 
in addition to humoral responses in OCR- treated patients 
with MS to gain further understanding of the breadth of 
protective immune response in these patients after vacci-
nation. Overall, our study demonstrates patients treated 
with B cell- depleting medications are likely to benefit from 
personalised vaccination schedules which take into account 
reducing the frequency of OCR treatments and allowing 
a sufficient interval from the last treatment before vacci-
nation. Patient- optimised vaccination may increase the 
production of neutralising antibodies against SARS- CoV- 2 
while maintaining a robust cellular immune response. Our 
findings are in line with a recently published population 
pharmacokinetic model which estimated the terminal half- 
life of OCR in patients with MS at 26 days, while the extent 
of B cell depletion in the blood was greater in patients with 
increasing OCR exposures.45 The effect of B cell- depleting 
therapies on longitudinal memory B cell formation and the 
antibody half- life warrants further investigation.

Indeed, recent studies demonstrated that humoral immune 
responses can be enhanced in OCR- treated patients, by 
either decreasing the overall number of OCR treatments 
and/or increasing the interval between OCR treatment and 
vaccination; however, the implications for other cellular 
compartments remain to be investigated.46–48 Correlations 
between clinical parameters and vaccine response provide 
valuable information for clinicians in managing and tailoring 
treatments for patients with MS, considering their immu-
nological profiles and disease characteristics. However, 
this study also has some limitations. The study design was 

observational, which may introduce biases, and we could not 
exclude all potential confounding factors due to the limited 
sample size.45 None of the included patients were infected 
by SARS- CoV- 2 during the course of our study. Infections 
following our final time point were not reported as part 
of the study; hence, the protective effect of the reduced 
SARS- CoV- 2 RBD- specific antibody titres in seroconverted 
OCR- treated patients with MS could not be established. 
We also measured N- specific antibody titres before the first 
vaccination to verify the patient’s self- reported COVID- 19 
negative status. It is important to note that the OCR treat-
ment may have negatively affected the patient’s ability to 
generate N- specific antibodies upon infection, resulting in 
false negatives. Finally, the functional implications of the 
observed T cell activation and its potential role in amelio-
rating disease severity in OCR- treated patients with MS 
without detectable antibody response require further inves-
tigation. Studying the activation status of T cell responses 
in non- seroconverted patients with MS after OCR therapy 
in relation to breakthrough infections and/or severity would 
provide these insights, but may be challenging in terms of 
achieving sufficient numbers of patients in these patient 
groups to perform these analyses.

In conclusion, this study provides important insights into 
the immune response to SARS- CoV- 2 vaccination in anti- 
CD20- treated patients. The findings suggest that while 
the antibody response may be suboptimal in OCR- treated 
patients with MS, the induction of broad CD4+ and CD8+ 
T cell responses may provide additional protection against 
severe disease. These valuable insights may be exploited for 
optimising vaccination strategies in OCR- treated patients.
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 1 

Supplementary Figure 1 Circulating immune profiles of OCR-treated MS patients. 1 

(a) The number of circulating naïve B-cells, transitional B-cells, plasmablast, plasma cells, 2 

memory B-cells, double negative (DN) like B-cells, and activated B-cells per μl of blood at 3 

baseline (day 0). Statistical significance was determined using a Wilcoxon signed-rank test with 4 

Bonferroni-Holm multiple comparison correction. The p-values are depicted as *<0.05, **<0.01, 5 

***<0.001, and ****<0.0001. (b) Volcano plot showing the abundance of circulating B-cell 6 

population fold change of anti-RBD IgG+ vs. anti-RBD IgG- MS patients (x-axis) and their 7 

Wilcoxon signed-rank test p-values (y-axis) at day 0.  8 

 9 

Supplementary Figure 2 FIt-SNE two-dimensional (2D) map for CD4+ T-cell subsets based 10 

on the CD4 panel. Subclustered FIt-SNE projection of total CD3+ T-cells (a), CD4+ T helper (Th) 11 

cells (b), and CD4+ T follicular helper (Tfh) (c). FIt-SNE projection and cluster identification 12 

from FlowSOM analysis are indicated on the left and surface expression intensity of the 13 

indicated markers is projected on the FIt-SNE map in the middle. Relative expression of T-cell 14 

activation markers CD38 and HLA-DR is shown on the right.  15 

 16 

Supplementary Figure 3 FIt-SNE two-dimensional (2D) map for CD8+ and CD4+ T-cell 17 

subsets based on the immune panel. Subclustered FIt-SNE projection of CD8+ T-cell subsets 18 

(a) and CD4+ T-cell subsets (b). FIt-SNE projection and cluster identification from FlowSOM 19 

analysis (left), surface expression intensity of the indicated markers projected on the FIt-SNE 20 

map (middle-left). Relative expression of T-cell activation markers CD38 and HLA-DR (middle-21 

right). CD27 and CD45RA expression superimposing the FIt-SNE T-cell subset clusters 22 

confirmed with conventional 2D analysis (right).  23 

 24 
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Supplementary Table 2: multivariate analyses of clinical determinants of seroconversion 

 

Table showing results for multivariate analyses to investigate potential influences of clinical 

confounders on seroconversion, using a logistic regression model, in MS patients treated with 

ocrelizumab (OCR). As the IgG responses showed a non-linear distribution (also after 

logarithmic transformation) this outcome variable did not meet assumptions for a multivariate 

linear regression model.  

Due to the limited sample size of the cohort, the number of potential confounders 

studied was limited to sex and age, which are well-known determinants of serological 

responses. To verify this, we studied univariate associations between other potential 

confounders and seroconversion which were all non-significant in our dataset (BMI p:0.79, 

disease duration p:0.49, another comorbidity p:0.17).  

   We repeated the analyses presented in figures on the time since the last OCR infusion 

(Fig. 1f), the OCR concentration at baseline (Fig. 1g), and the number of OCR infusions at 

baseline (Fig. 1i) by construction of separate univariate and multivariate logistic regression 

models (presented with odds ratio (OR) and associated 95% confidence interval). In the 

univariate logistic regression models, time since last OCR infusion and OCR concentration at 

baseline did not reach significance while the multivariate models did not show evidence of 

confounding by age and sex. The number of OCR infusions at baseline was significantly 

associated with seroconversion and was also not influenced by age and sex.  

 

 univariate model multivariate model 

corrected for age and sex 

time since last OCR infusion OR 0.99 95% CI: 0.98-1.00 OR 0.99 95% CI: 0.98-1.00 

OCR concentration at baseline OR 1.05 95% CI: 0.99-1.15 OR 1.06 95% CI: 0.99-1.15 

the number of OCR infusions at 

baseline 

OR 1.65 95% CI: 1.15-2.48 OR 1.69 95% CI: 1.15-2.65 

OCR: ocrelizumab, OR: odds ratio  
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Supplemental Table 1. Whole blood immunophenotyping and CD4 subtyping antibody panels 

 

 Panel Antibody Clone Fluorochrome Dilution Vendor Cat no 

Immune-

phenotype 

panel 

CD45RA HI100 BUV395 1:400 BD 740298 

CD8 RPA-T8 BUV496 1:1000 BD 612942 

CD14 M5E2 BUV563 1:400 BD 741360 

CD95 DX2 BUV615 1:100 BD 752346 

TCRgd 11F2 BUV661 1:400 BD 750019 

CD16 3G8 BUV737 1:1000 BD 612786 

CD4 SK3 BUV805 1:800 BD 612887 

CD71 M-A712 BV421 1:400 BD 562995 

CD20 2H7 BV480 1:400 BD 566132 

CD3 UCHT1 BV570-P 1:200 Biolegend 300436 

CD11c B-ly6 BV605 1:100 BD 563929 

CD27 L128 BV650 1:100 BD 563228 

CCR6 11A9 BV711 1:100 BD 563923 

HLA-DR G46-6 BV750 1:800 BD 746912 

CD45RB MT4 (6B6) BV786 1:400 BD 744655 

CD57 NK-1 BB515 1:400 BD 565285 

PD1 EH12.1 BB700 1:400 BD 566460 

CD138 MI15 PE 1:100 BD 552026 

CD10 HI10a PE-CF594 1:400 BD 562396 

CD56 B159 PE-Cy5 1:100 BD 555517 

CD24 ML5 PE-Cy7 1:200 BD 561646 

CD38 HIT2 APC 1:50 BD 555462 

CD19 SJ25C1 R718 1:400 BD 566946 

CD21 Bu32 APC/FIRE750 1:400 Biolegend 354920 

BD Brilliant Stain buffer plus BD 566385 

CD4/CD8 

activation panel 

CD45RA HI100 BUV395 1:600 BD 740298 

CD8 RPA-T8 BUV496 1:1000 BD 612942 

CD27 L128 BUV563 1:400 BD 748705 

CD38 HIT2 BUV615 1:200 BD 751138 

CD137 4B4-1 BUV661 1:200 BD 741642 

CD40-L TRAP1 BUV737 1:200 BD 748983 

CD4 SK3 BUV805 1:800 BD 612887 

CD127 HIL-7R-M21 BV421 1:200 BD 562436 

CD15S CSLEX1 BV510 1:800 BD 563529 

CD3 UCHT1 BV570-P 1:200 Biolegend 300436 

CCR7 2-L1-A BV605 1:100 BD 566754 

TIGIT 741182 BV650 1:400 BD 747840 

CXCR3 1C6/CXCR3 BV711 1:200 BD 563156 

HLA-DR G46-6 BV750 1:800 BD 746912 

TIM-3 7D3 BV786 1:200 BD 742857 

CCR6 11A9 BB515 1:100 BD 564479 

PD1 EH12.1 BB700 1:400 BD 566460 

ICOS DX29 PE 1:100 BD 557802 

CCR4 1G1 PE-CF594 1:400 BD 565391 

CTLA-4 BNI3 PE-Cy5 1:400 BD 555854 

CD25 M-A251 PE-Cy7 1:400 BD 557741 

CXCR5 RF8B2 APC-R700 1:200 BD 565191 

CD226 11A8 APC/FIRE750 1:100 Biolegend 338320 

BD Brilliant Stain buffer plus BD 566385 
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