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A B S T R A C T   

Background and objectives: During the COVID-19 pandemic, B cell depleting therapies pose a clinical concern for 
patients with neuroimmune conditions, as patients may not mount a sufficient immune response to SARS-CoV-2 
infection and vaccinations. Studies to-date have reported conflicting results on the degree of antibody production 
post-SARS-CoV-2 infection and vaccinations in B cell depleted patients, focusing primarily on short-term immune 
profiling. Our objective was to follow longitudinal immune responses in COVID-19 B cell depleted patients with 
neuroimmune disorders post-COVID-19 and SARS-CoV-2-vaccination. 
Methods: CD20 B cell depleted autoimmune patients and age/sex-matched controls positive for SARS-CoV-2 were 
recruited at Dell Medical School, UT Austin between 2020 and 2021, followed prospectively for 12 months and 
evaluated at multiple time points for spike S1 receptor binding domain (RBD) antibody titers, B and T cell 
composition, and frequency of T cells specific for SARS-CoV-2 antigens. 
Results: Immune responses post-SARS-CoV-2 infection and vaccination were evaluated in a cohort of COVID-19 B 
cell depleted neuroimmune patients (n = 5), COVID-19 non-B cell depleted autoimmune patients (n = 15), 
COVID-19 immunocompetent patients (n = 117), and healthy controls (n = 6) for a total of 259 samples in 137 
participants. 4/5 B cell-depleted patients developed detectable anti-spike RBD antibodies, which were boosted by 
vaccination in 2 patients. While spike RBD antibodies were associated with presence of CD20+ B cells, very few B 
cells were required. In contrast, patients whose B cell compartment primarily consisted of CD19+CD20– Bcells 
during acute COVID-19 disease or vaccination did not seroconvert. Interestingly, circulating Bcells in B cell 
depleted patients were significantly CD38high with co-expression of CD24 and CD27, indicating that B cell 
depletion may impact B cell activation patterns. Additionally, all B cell depleted patients mounted a sustained T 
cell response to SARS-CoV-2 antigens, regardless of seroconversion. Specifically, all patients developed naïve, 
central memory, effector memory, and effector memory RA+ T cells, suggesting intact T cell memory conversion 
in B cell depleted patients compared to controls. 
Discussion: We present the longest COVID-19 immune profiling analysis to date in B cell depleted patients, 
demonstrating that both humoral and cellular immune responses can be generated and sustained up to 12 
months post SARS-CoV-2 infection and vaccination. Notably, failure to establish humoral immunity did not result 
in severe disease. We also highlight specific T and B cell signatures that could be used as clinical biomarkers to 
advise patients on timing of SARS-CoV-2 vaccinations.   
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1. Introduction 

B cells are mediators of the adaptive immune response, differentiate 
into plasma cells and plasma blasts, and are thus critical for the gener-
ation of antibodies and immune memory in response to viral pathogens 
and vaccine antigens (LeBien and Tedder, 2008). B cell depleting ther-
apies that target CD19+ and CD20+ B cells have emerged over the last 
decade as a cornerstone treatment approach for rheumatological (Bryl, 
2021), neurological (Lee et al., 2021), and oncological diseases (Pier-
pont et al., 2018). During the coronavirus disease 2019 (COVID-19) 
pandemic, a major clinical question facing patients on these therapies is 
whether they can generate a meaningful immune response to the 
SARS-CoV-2 infection and vaccination compared to the general 
population. 

The main adverse effects of B cell depleting therapies are hypo-
gammaglobulinemia and suboptimal memory responses to infections 
and vaccinations due to depletion of naïve B cells and impaired gener-
ation of new plasma cells and antibodies (Sacco and Abraham, 2018). 
Given the widespread use of B cell depleting therapies, it is important to 
understand what impact these therapies have on immunological mem-
ory to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
acute infection and vaccination. 

Most studies evaluating immune responses in B cell depleted patients 
have focused either on vaccinated patients or patients exposed to SARS- 
CoV-2 with limited patient follow up from timing of the initial disease or 
vaccine exposure. Several studies have demonstrated attenuated or ab-
sent antibody levels in patients on B cell depleting therapies post COVID- 
19 or post SARS-CoV-2 vaccinations (Conte, 2022; Gaitzsch et al., 2021; 
Lucchini et al., 2020; Thornton and Harel, 2020; Zabalza et al., 2021). 
However, other studies have found meaningful humoral responses to 
SARS-CoV-2 infection and vaccinations (Habek et al., 2022; Moser et al., 
2022). Thus, it is currently unresolved whether patients on B cell 
depleting therapies can mount a predictable humoral response post 
exposure to SARS-CoV-2 infection and vaccinations and which factors 
may account for the observed heterogeneity in antibody titer responses. 
Additionally, as B cells can contribute to establishing T cell mediated 
immune responses (Petersone et al., 2018), it is important to assess 
whether Bcell depletion influences T cell responses in B cell depleted 
patients. Some studies have documented preserved T cell immune re-
sponses in B cell depleted patients post SARS-CoV-2 infection and 
vaccination (Apostolidis et al., 2021), though the longevity of these T 
cell immune responses is not known. It is also unclear what the optimal 
time window is between B cell therapy administration and booster 
COVID-19 vaccinations. 

We hypothesized that the time since the last B cell treatment and 
presence of more CD19+ CD20+ B cells that contain naïve B cells would 
be the driving factor for generation of an antibody response to SARS- 
CoV-2 infection or vaccination. To test this hypothesis, we recruited a 
cohort of patients on B cell depleting therapies who had contracted 
COVID-19 and followed them prospectively for 12 months. Patients 
were evaluated at multiple time points for Spike Subunit S1 Receptor 
Binding Domain (RBD) antibody titers, circulating B and T cell fre-
quencies and SARS-CoV-2 spike, nucleocapsid, membrane and envelope 
protein T cell antigen responses. To our knowledge, we present the 
longest follow up of B cell depleted patients who had experienced SARS- 
CoV-2 infection and vaccinations with detailed immunological 
phenotyping. 

2. Methods 

2.1. Standard protocol approvals, registrations, and patient consents 

Patients positive for COVID-19 by PCR or antigen test on anti-CD20 B 
cell depleting therapies (COVID-19 B cell depleted) and control subjects 
(COVID-19 Controls and Healthy Controls, confirmed to be PCR or an-
tigen negative immediately prior to enrollment and tested seronegative 

for SARS-CoV-2 antibodies) were enrolled between June 2020 and 
January 2021 at the Dell Medical School Neuroimmunology Center at 
University of Texas at Austin (UT Austin) and followed over the course 
of 12 months. Blood samples were collected at early (D8-13), mid (D16- 
34), and late (D52-225) timepoints after symptom onset, or in the case of 
asymptomatic patients, days from first SARS-CoV-2 PCR positive test 
result. Four out of the five B cell depleted patients received two intra-
muscular doses of the Pfizer/BioNTech or Moderna/Spikevax mRNA 
vaccines over the duration of the study (Table 1). 

Patient data were anonymized for analysis. The study was approved 
by the UT Austin Institutional Review Board (IRB ID: 2020-04-0117) and 
was in compliance with the October 2013 Declaration of Helsinki 
principles. All subjects gave written informed consent in adherence to 
local and national regulations. 

2.2. Antibody testing 

The immunoassays for the detection of SARS-CoV-2 S1 RBD IgG 
antibodies were performed by Babson Diagnostics, Inc. using the 
Siemens Healthineers Atellica IM sCOVG assay following manufac-
turer’s instruction (Healthineers, 2022). The relative light units (RLU) 
detected by the analyzer directly correlated with the amount of antibody 
present in the sample. The validated measuring range for sCOVG at the 
Babson Diagnostics laboratory is 0.00 to 107.00 Index where an index 
value ≥1.00 indicated a reactive (Ab positive) result. Samples with a 
result <1.00 were reported as non-reactive (Ab negative). Reactive 
samples with an index value >107.00 were reprocessed by performing 
an additional 1:20 pre-dilution of the sample to provide numeric results 
up to 2140.00 Index. 

2.3. PBMC isolation and cryopreservation 

Venous blood was collected in BD heparin tubes (BD 367874) before 
being pooled into one 50 mL conical tube and diluted 1:1 with PBS + 3% 
FBS and mixed by inversion. The blood mixture was then layered over 
15 mL of Lymphoprep (STEMCELL Technologies 1858) inside a 50 mL 
SepMate tube (STEMCELL Technologies 85,450), after which the man-
ufacturer’s protocol was followed. Once isolated, PBMCs were resus-
pended in sterile filtered freezing media (45% RPMI-1640, 45% FBS and 
10% DMSO) at a minimum of 5 × 106 cells/mL/tube and transferred to 
cryogenic storage tubes. The tubes were stored at -80◦C for 24 h in Mr. 
Frosty freezing containers with isopropyl alcohol, before being trans-
ferred to -150◦C storage. 

2.4. Unstimulated PBMC flow cytometry 

PBMCs were thawed for 4 min at 37 ◦C and quickly transferred to 9 
mL of cold FACS wash buffer (FWB1), comprised of 1x PBS with 2% FBS 
and 5 mM EDTA. The suspended samples were then spun at 1500 rpm at 
4 ◦C for 8 min. The supernatant was then decanted, and cells were 
resuspended in 10 mL of cold FWB1, with trypan blue used for counting 
on a hemocytometer. The suspended samples were then spun at 1500 
rpm at 4◦C for 8 min, decanted and resuspended at a concentration of 
1×107 cells/ml. 3–5 million cells were isolated for Panel A (Supp Table 
1), and 1-3 million cells were isolated for Panel B (Supp Table 2). 
Samples were spun at 1500 rpm at 4◦C for 5 min and then decanted for 
staining. Panel A’s B cell binding spike tetramers were formed from 
biotinylated SARS-CoV-2 spike protein and fluorophore-conjugated 
streptavidin per the manufacturer’s instructions with 5 µL per test for 
PE and 10 µL per test for BUV395 conjugated tetramers. For Panel B, the 
CCR7 antibody stain was added to each sample and incubated at 37 ◦C 
for 15 min before the rest of the cocktail was added and incubated for an 
additional 30 min at 4 ◦C. For Panel A, the antibody cocktail was added 
to each sample and incubated for 30 min at 4 ◦C. After incubation, 1 mL 
cold FWB1 was added to each sample spun at 1500 rpm @ 4◦C for 5 min 
then decanted, with this step being repeated a second time. Cells were 
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briefly vortexed before addition of 100 µL of Cytofix (BD 554655) fol-
lowed by a 20 min incubation in the dark at 4 ◦C. After incubation, 1 mL 
of cold FWB1 was added to each sample then centrifuged at 1800 rpm @ 
4C for 5 min, decanted, and resuspended in 250 µL of FWB1. The sam-
ples were then run on a Cytek Aurora (Ultraviolet, Violet, Blue, Yellow- 
green, and Red). Gating schemes for Panel A are shown in Supp Fig. 1 
and gating schemes for Panel B are shown in Supp Fig. 2. 

2.5. Stimulation assay 

PBMCs were thawed at 37 ◦C and quickly transferred to 9 mL of cold 
T cell media (Supp Table 3). Cells were centrifuged at 1500 RPM for 7 
min at 4 ◦C. The supernatant was then decanted and the remaining pellet 
was resuspended in 10 mL of cold media, with Trypan Blue used for 
counting on a hemocytometer. The cells were then centrifuged at 1500 
RPM for 7 min at 4◦C, decanted, and resuspended at 1 × 107 cells/mL in 
media. The cells were then incubated with anti-CD40 antibody (0.5 ng/ 
mL) for 15 min at 37◦C/5% CO2. Meanwhile, 1 mg/mL stocks for each 
stimulation peptide pool (cytomegalovirus (CMV), SARS-CoV-2 spike 
(S), SARS-CoV-2 membrane (M), SARS-CoV-2 nucleocapsid (N), SARS- 
CoV-2 envelope (E); kindly provided by Dr. Alessandro Sette and Dan-
iella Weiskopf) were diluted to 2 ug/mL (2X concentration)in medium. 
100 µL of each 2X stimulus solution was added to a designated well for 
each patient sample in a 96-well round-bottom plate. 100 µL of PBMCs 
treated with CD40 antibody (1.0 × 106 cells/100 µL) was added to the 
appropriate stimulus solution for a final stimulus peptide concentration 
of 1 µg/mL. The plate was then incubated for 24 h at 37◦C/5% CO2 

2.6. Stimulated PBMC flow cytometry 

Cells from the stimulation assays were then centrifuged at 1500 RPM 
for 5 min at 4 ◦C, decanted, and vortexed. 100 µL of the master mix 
(Panel C, Supp Table 4) was added to each sample, vortexed, and 
incubated for 30 min at 4 ◦C in the dark. After incubation, cells were 
washed twice with 1 mL cold FWB2, comprised of PBS with 1% fetal 
bovine serum, and spun at 1500 rpm @ 4 ◦C for 5 min. The cell as were 
briefly vortexed before addition of 100 µL of Cytofix (BD 554655) 

followed by a 20 min incubation in the dark at 4 ◦C. After incubation, 1 
mL of cold FWB2 was added to each sample then centrifuged at 1800 
rpm @ 4◦C for 5 min, decanted, and resuspended in 250 µL of FWB2. A 
Cytek Aurora (Ultraviolet, Violet, Blue, Yellow-green, and Red) was used 
to acquire flow cytometry data. To avoid bias by a single marker of 
activation, multiple activation markers were used. Gating schemes for 
Panel C are shown in Supp Fig. 3. The stimulation index was calculated 
by dividing the frequency of the indicated T cell subset that is positive 
for the indicated activation markers in the antigen-stimulated versus 
unstimulated conditions. 

2.7. Data analysis 

All flow data was analyzed using FlowJo (v10.8.1) with gating 
strategies shown in Supp Figs. 1–3. Graphing and analyses were con-
ducted using R 4.1.0. For pairwise comparisons, the Wilcoxon rank-sum 
test was used with Benjamini/Hockberg p-value corrections. The pack-
ages scales, lubridate, along with the tidyverse were used for analysis 
(Grolemund and Wickham, 2011; Hadley Wickham, 2022; Wickham 
et al., 2019). 

2.8. Data availability 

Anonymized data used within this article will be made available by 
request from any qualified investigator. 

3. Results 

3.1. Study cohort 

We enrolled a total of 5 patients on anti-CD20 B cell depleting 
therapies (rituximab, n = 2 or ocrelizumab, n = 3) who were confirmed 
by SARS-CoV-2 RT-PCR (Table 1). The control cohort for RBD antibody 
trajectory analysis consisted of age- and sex-matched patients including 
5 healthy non-B cell depleted controls (Healthy Controls, HC), and 132 
COVID-19 controls (CC) made up of 15 autoimmune non-B cell depleted 
COVID-19+ controls, and 117 non-autoimmune non-B cell depleted 

Table 1 
B cell depleted patient demographics.  

Patient Sex Age Acute COVID-19 
Symptoms 

COVID-19 
Severity 

SARS-CoV-2 
Vaccination 

Autoimmune 
Disorder 

Comorbidities B Cell 
Depleting 
Therapy 

Other Medications 

B1 Female 34 Fever, Cough, Fatigue, 
Anorexia, Myalgia, Nasal 
Congestion, Headache, 
Nausea, Anosmia, Ageusia, 
Neck Pain, Night Sweats 

Mild N/A Multiple 
Sclerosis 

N/A Rituximab Naltrexone, Vitamin B12 

B2 Female 33 Asymptomatic Mild Pfizer Multiple 
Sclerosis 

N/A Ocrevus Topiramate 

B3 Female 25 Fever, Cough, Anorevia, 
Sore Throat, Nasal 
Congestion, Headache, 
Anosmia 

Mild Pfizer Multiple 
Sclerosis 

N/A Ocrevus Nitrofurantoin 

B4 Female 40 Fever, Cough, Fatigue, 
Anorexia, Shortness of 
breath, Myalgia, Sore 
Throat, Nasal Congestion, 
Headache, Diarrhea, 
Nausea, Vomiting, 
Anosmia, Ageusia, 
Reduced Mobility, Muscle 
Weakness 

Mild Pfizer Multiple 
Sclerosis 

Hypertension Ocrevus Amlodipine, Ferrous 
Gluconate, Norethindrone 
Acetate 

B5 Female 44 Fever, Cough, Fatigue, 
Myalgia, Sore Throat, 
Headache, Diarrhea, 
Nausea, Vomiting, 
Abdominal Pain, Rash, 
Chills, Sweats 

Hospitalized Moderna Lupus, Sjogrens 
Syndrome 

Diabetes, H 
pylori Gastritis, 
Fatty Liver 

Rituximab Azithromycin, Enoxaparin, 
Ceftriazone, Vancomycin, 
Hydroxychloroquine, 
Metformin  
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COVID-19+ controls. Our total cohort consisted of 259 samples from 
137 participants. 

3.2. SARS-CoV-2 spike antibody plasma titers 

We measured SARS-CoV-2 RBD-reactive IgG antibody titers in 
plasma using Siemens Healthineers Atellica IM sCOVG. Four out of the 
five B cell depleted patients in our cohort had detectable RBD IgG an-
tibodies at one or more timepoints post-infection (patients B2-B5), as 
shown in Figs. 1 and 5. B cell depleted patients on average had a lower 
initial antibody response to SARS CoV-2 (Fig. 1C), though two patients 
reached antibody titers comparable to COVID-19 controls within the 
first 30 days post symptom onset. 

Over the course of 12 months post SARS-Co-V-2 infection, the rate of 
decline of RBD IgG antibodies in B cell depleted patients remained 
similar to the COVID-19 controls, even after anti-CD20 treatment 
(Figs. 1 and 5). Antibody titers increased in response to vaccination in 
two out of four B cell depleted vaccinated patients (Fig. 5). At 12 
months, 2 of the 5 B cell depleted patients had sustained positive anti-
body titers. These results demonstrate that patients on B cell depleting 
therapies can effectively seroconvert in response to SARS-CoV-2 acute 
infection and/or vaccinations. 

3.3. Peripheral Blood Mononuclear Cell (PBMC) flow cytometry results 

In evaluating B cells by flow cytometry, all B cell depleted patients 
had detectable B cells at the early (day 8–13), mid (day 16–34), or late 
(day 52–225) timepoints from COVID-19 symptom onset. Across all 

timepoints combined, B cell depleted patients had a significantly lower 
frequency of B cells compared to COVID-19 controls and healthy con-
trols (CC p = 7.5e-5, HC p = 3.2e-3) (Fig. 2A). Due to CD20 B cell 
depletion, a larger percentage of circulating B cells were CD20–(CC =
7.5e-5, HC = 4.7e-4) across all timepoints combined, although the fre-
quency of this population among live cells was not significantly different 
(CC p = 0.90, HC p = 0.98) (Fig. 2B and C). Interestingly, a larger 
proportion of CD20+ B cells, which comprises most B cell subsets, 
including naïve and transitional B cells, compared to CD19+CD20– 

plasmablasts/plasma cells, correlated with a positive antibody response 
to SARS-CoV-2 RBD protein (Fig. 5). Notably, two patients who either 
did not seroconvert or weakly seroconverted primarily had 
CD19+CD20– B cells (Fig. 5, Participants B1 and B5) compared to 
COVID-19 controls who had both CD20+ and CD20– B cells. 

Across all timepoints combined, B cell depleted patients demon-
strated fewer IgDhigh IgM+ B cells (CC p = 8.1e-6, HC p = 1.9e-3) with a 
trend toward a higher percentage of IgG+ B cells compared to COVID-19 
controls (CC p = 2.4e-2, HC p = 0.15) (Fig. 2D). Additionally, circulating 
B cells displayed significantly elevated expression of CD38 in B cell 
depleted patients (CC p = 1.2e-6, HC p = 4.7e-4) (Fig. 2E), a marker 
associated with antibody secretion and activation. The circulating 
CD38+ B cells differed in CD24+ and CD27+ expression between in-
dividuals (Fig. 2F and G), with a higher frequency of both CD38+CD27+

(CC p = 7.3e-5, HC p = 4.7e-4) and CD38+CD24+ (CC p = 4.3e-4, HC p =
5.6e-3) cells across all timepoints in B cell depleted patients (Fig. 2F and 
G). The percentage of B cells responding to spike was significantly 
higher in the B cell depleted patients likely due to having an overall 
lower number of diverse naïve non-Spike responding B cells in 

Fig. 1. Longitudinal SARS-CoV-2 spike RBD antibody titers in COVID-19 B cell depleted patients. Spike RBD antibody titers over (A) 12 months and (B) first 40 days 
post symptom onset for COVID-19. (C) Comparison of peak spike RBD antibody titer detected per patient in samples from the first 30 days. The cut-off for a positive 
antibody response is 1 a.u. (dotted line). For pairwise comparisons the Wilcoxon rank-sum test with Benjamini-Hochberg corrections was used. For asymptomatic 
patients, days from their first SARS-CoV-2 PCR positive test result were used instead of days from symptom onset. 
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circulation as a result of depletion (Fig. 2H, CC p = 7.5e-5, HC p = 4.7e- 
4). 

Interestingly, when evaluating CD38 expression between the CD20– 

and CD20+ B cell fractions, the CD20+ fraction in the B cell depleted 
patients had an increased percentage of CD38+ compared to COVID-19 
controls across all timepoints (CD20– B cells: CC p = 0.15, HC p = 0.77; 
CD20+ B cells: CC = 7.4e-5, HC = 3.2e-3) (Fig. 2I and J). This rela-
tionship is also true when looking at CD38 and CD27 co-expression, 
particularly for the early timepoint (CD20– B cells: CC p = 1.00, HC p 
= 0.66; CD20+ B cells: CC p = 0.057, HC p = 0.048) although the effect 
weakens with all timepoints combined (CD20– B cells: CC p = 0.077, HC 
p = 0.85; CD20+ B cells: CC p = 0.30, HC p = 0.30) (Fig. 2K and L). 

The frequency of CD4+ T cells was slightly elevated in B cell depleted 
patients (Fig. 3A), although this difference was not statistically signifi-
cant. B cell depleted patients had comparable CD8+ T cell frequencies to 
COVID-19 matched controls across all timepoints (Fig. 3H). CD4+ sub-
sets, including OX40+, Tfh, naïve, central memory (TCM), effector 
memory (TEM), effector memory CD45RA (TEMRA), and CD8+ T cell 
subsets, including CD8+ CD69+, CD8+ CD25+, CD8+ CXCR5+ were 
comparable to the COVID-19 matched controls (Fig. 3B–K). Altogether, 
immunophenotyping of the T cell compartment did not reveal any sta-
tistically significant differences in T cell subsets between B cell depleted 
patients and controls. 

3.4. T cell responses to SARS-CoV-2 antigens 

All evaluated patients with COVID-19, regardless of B cell depletion 

status or seroconversion, mounted an activated T cell response to SARS- 
CoV-2 antigens, as assessed by in vitro T cell stimulation assays with 
peptide pools evaluating the SARS-CoV-2 spike (S), nucleocapsid (N), 
and membrane (M) proteins. After stimulation for 24 h, activated CD4+

T cells were quantified by flow cytometry, based on increased expression 
of CD40L, CD69 and OX40 (Fig. 4). Activation in response to stimulation 
was primarily observed for CD4+ T cells (Fig. 4A-B), with less robust 
activation of CD8+ T cells assessed by 41-BB and CD69 (Fig. 4C). Both 
COVID-19 controls and B cell depleted groups followed a similar pattern 
of mild reactivity at the early (8–13 days post symptoms onset) time-
point and higher reactivity at the late timepoint (52–225 days post 
COVID-19 symptom onset), consistent with prior studies (Dan et al., 
2021). Envelope protein stimulation showed no reactivity at either 
timepoint, consistent with other studies (Grifoni et al., 2020) 
(Fig. 4A–C). 

All patients on B cell depleted therapies developed detectable SARS- 
CoV-2 reactive T cells that differentiated into TEM, TCM, TEMRA sub-
sets (Fig. 4D,E). Interestingly, there was a lower frequency of naïve T 
cells across all timepoints in B cell depleted patients in response to 
cytomegalovirus (CMV), spike, nucleocapsid, and membrane protein 
stimulation compared to COVID-19 controls (Fig. 4D,E). 

3.5. Patient immune trajectory timelines 

In Fig. 5, data from RBD antibody testing, PBMC flow cytometry, and 
SARS-CoV-2 T cell stimulation were compiled for B cell depleted pa-
tients demonstrating individualized trajectories of immune responses to 

Fig. 2. Longitudinal characterization of circulating B cells in COVID-19 B cell depleted patients, COVID-19 and healthy controls. Timepoints were grouped into early 
(days 8-13), mid (days 16-34), and late (days 52-225) in days from symptom onset, or for asymptomatic patient, days from first SARS-CoV-2 PCR positive test. (A) 
Frequency of B cells in live PBMCs. (B) Frequency of CD19+ CD20- cells in B cells and (C) live PBMCs. (D) Average Isotype frequency of B cells per group. Frequency 
of (E) CD38+, (F) CD27+CD38+, (G) CD24+CD38+, and (H) spike responsive B cells (CD19+ and/or CD20+). Frequency of (I) CD38+ in CD20- B cells, (J) CD38+
in CD20+ B cells, (K) CD38+CD27+ in CD20- B cells, and (L) CD38+CD27+ in CD20+ B cells. 
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both acute SARS-CoV-2 infection and vaccination. All numbered events 
were scaled to post symptom onset of COVID-19 (day 0, PSO). 

Participant B1 did not develop a measurable RBD antibody response 
and had very low detectable CD20+ B cells. This patient’s COVID-19 
symptom onset occurred 190 days (6.2 months) post B cell depletion 
and the patient was not vaccinated over the course of 364 days of follow 
up PSO. 

Participant B2 developed COVID-19 180 days (5.9 months) post B 
cell depletion. The patient mounted a detectable RBD antibody titer that 
increased in response to vaccination. This patient had detectable live B 
cells at the time of acute COVID-19 symptoms, with a majority of CD20+

B cells. Of note, this patient was seronegative on day 2 and sero-
converted by day 9 post SARS-CoV-2 PCR, and antibodies persisted even 
after B cell depletion therapy administration on day 30 post SARS-CoV-2 
PCR. 

Participant B3 developed COVID-19 149 days (4.9 months) post B 
cell depletion and displayed a detectable RBD antibody titer in response 
to COVID-19 infection, which peaked by day 100 PSO, with the patient 
found to be seronegative by day 351 PSO. The patient was seronegative 
at days 8 and 12 PSO but was positive by day 100 PSO, despite receiving 
B cell depletion therapy on day 36 PSO and no vaccination events 
occurring prior to day 100 PSO. The patient did not have a higher RBD 
antibody response post vaccinations administered on day 143 and 164 
PSO. 

Participant B4 developed COVID-19 104 days (3.4 months) post B 
cell depletion, and remained seronegative on days 12, 20, and 34 PSO. 
By day 57 PSO, the patient was vaccinated and by day 100 PSO, there 
was a high titer of antibodies detected, which declined but sustained as 

positive until at least day 383 PSO. Spike stimulated T cell response was 
observed at both day 12 and day 204 PSO. 

Participant B5 developed COVID-19 107 days (3.5 months) post B 
cell depletion and remained seronegative on days 9 and 20 PSO. By day 
45 PSO, the patient developed a detectable RBD antibody response, 
which declined such that the patient was seronegative at days 101 and 
213 PSO. The patient received B cell depletion therapy on day 80 and 94 
PSO, and was vaccinated on day 117 and 145 PSO, but did not develop 
an increase in spike antibody titer post vaccination. Spike specific T cell 
response was seen on day 11 PSO and persisted to at least day 103 PSO. 

4. Discussion 

The goal of this study was to evaluate longitudinal humoral and 
cellular immune responses in patients on B cell depleting therapies in 
response to SARS CoV-2 viral infection and vaccination in comparison to 
non-B cell depleted COVID-19 patients and healthy controls. To our 
knowledge, we present the longest follow up course of comprehensive 
immunological trajectories in the B cell depleted patient population post 
COVID-19 infection and vaccinations. 

In our cohort, 80% of patients (4/5, B2-B5) on B cell depleting 
therapies developed detectable spike RBD antibodies in response to 
native SARS-CoV-2 infection and/or vaccination. Two of the four pa-
tients (B2 and B4) who seroconverted demonstrated sustained RBD 
antibody titers for up to 12 months post initial SARS-CoV-2 exposure. 
Patient B1 who failed to develop SARS-CoV-2 antibodies, only had 
detectable CD19+CD20– B cells at the time of acute COVID-19 disease 
and was hypogammaglobulenimic. In comparison, all of the patients 

Fig. 3. Longitudinal characterization of circulating T cells in COVID-19 B cell depleted patients, COVID-19 and healthy controls. Timepoints were grouped into early 
(days 8-13), mid (days 16-34), and late (days 52-225) in days from symptom onset, or for asymptomatic patients, days from first SARS-CoV-2 PCR positive test. 
Trajectory plots of CD4+ and CD8+ T cell subset frequencies. (A) Frequency of CD4+ T cells and CD4+ subtypes including (B) OX40+ CD4+ T cells, (C) Tfh CD4+ T 
cells, (D) Naïve CD4+ T cells, (E) TCM, (F) TEM, (G) TEMRA. (H) Frequency of CD8+ T cells and frequency of subtypes in CD8+ cells including (I) CD69+ CD8+ T 
cells, (J) CD25+ CD8+ T cells, and (K) CXCR5+ CD8+ T cells. 
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Fig. 4. COVID-19 T cell stimulation in B cell 
depleted patients. Stimulation Index to cyto-
megalovirus (CMV), spike (S), nucleocapsid 
(N), membrane (M), and envelope (E) mega-
pools for (A) OX40+ CD69+ CD4+ T cells, (B) 
CD40L+ CD69+ CD4+ T cells, (C) 
41BB+CD69+ CD8+ T cells. Average percent-
ages of Naïve, TCM, TEM, and TEMRA for CMV, 
PMA, S, N, and M megapool stimulation in (D) 
OX40+ CD69+ CD4+ T cells and (E) CD40L+
CD69+ CD4+ T cells. Timepoints were grouped 
into early (days 8-13) and late (days 52-225) in 
days from symptom onset, or for asymptomatic 
patients, days from first SARS-CoV-2 PCR posi-
tive test.   
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who developed a RBD antibody response had detectable CD20+ B cells 
during the acute SARS-CoV-2 infection, though very few CD20+ B cells 
were necessary for the response. This finding is in line with other recent 
publications demonstrating that timing from the last B cell depletion and 
threshold of B cell presence impact generation of antibodies (Apostoli-
dis et al., 2021; König et al., 2021; Mrak et al., 2021; Rimar et al., 2021; 
Sabatino et al., 2022; Sormani et al., 2021; Tolf et al., 2022). Our results 
extend prior COVID-19 investigations in B cell depleted patients sug-
gesting that it is the presence of CD20+ B cells in acute disease that is 
predictive of seroconversion and that CD19+CD20– B cells alone may not 
be sufficient, consistent with the fact that CD19+CD20– B cells comprise 
plasmablasts and plasma cells. 

Additionally, compared to our control cohort, B cell depleted 

patients had lower peak spike RBD titer at the sampled timepoints in the 
first 30 days. This finding suggests that while spike RBD titer can be 
established in B cell depleted patients, it may not be comparable to the 
titer in non-immunosuppressed individuals, as demonstrated by patients 
B3 and B5, and may potentially not be fully protective. Of note, SARS- 
CoV-2 RBD antibody titer does not reflect the total spike antibody 
fraction, which is often higher than S1 RBD antibody titer, though the 
RBD titer better reflects the neutralizing antibody titer (Yuan et al., 
2021). Interestingly, patient B5 who developed a very low S1 RBD 
antibody response to both SARS-CoV-2 infection and vaccination had a 
diagnosis of lupus and Sjogren’s and was on other immunosuppressant 
therapies in addition to B cell depletion with rituximab. Additionally, 
this patient had been receiving 1000 mg rituximab twice every 6 months 

Fig. 5. B cell depleted COVID-19 immune trajectories over one year. Humoral and cellular response trajectories and clinical event timeline over a course of 12 
months in B cell depleted patients. (A, E, I, M, Q) B cell frequency of all PBMCs via flow cytometry (dashed lines, right axis), and spike RBD IgG antibody titer (solid 
lines, left axis). The black dotted line is at 1 a.u. indicating the positivity threshold for the spike RBD IgG antibody assay. (B, F, J, N, R) Percent of B cells positive for 
CD20 at each patient visit. (C, G, K, O, S) T cell dynamics across visits with stimulation indices of CD4+ and CD8+ T cells (solid lines, left axis) and frequency of 
CD4+, CD8+, and Tfh T cells in unstimulated PBMCs (dashed lines, right axis). (D, H, L, P, T) Patient timeline of clinical events including B cell depleting therapy 
administration, symptom onset, seroconversion, vaccination, and hospitalization. In asymptomatic patient B2, days from their first SARS-CoV-2 PCR positive test 
result was used instead of days from symptom onset. 

S.A. Bazzi et al.                                                                                                                                                                                                                                 



Multiple Sclerosis and Related Disorders 68 (2022) 104195

9

for 5 years, a double dose compared to typical B cell depletion regimens 
in MS patients (B1-B4), suggesting that higher dose of immunosup-
pression may influence seroconversion post SARS-CoV-2 infection. 
Studies to-date have provided disparate results on whether patients on B 
cell depleting therapies can develop antibodies in response to 
SARS-CoV-2 infection and/or vaccination. In patients with MS, some 
studies support variable generation of antibodies on B cell depleting 
therapies (Moser et al., 2022; Apostolidis et al., 2021; König et al., 2021) 
while studies in patients with lupus, vasculitis, and lymphoma largely do 
not demonstrate antibody production (Gaitzsch et al., 2021; Marty et al., 
2022; Simon et al., 2022). In context of these studies, the observation of 
our patient with lupus developing very low RBD antibody titers raises 
the question of whether the type of autoimmune disorder, higher dosing 
of B cell therapy, or concomitant immunosuppression with multiple 
drugs may influence the humoral response to SARS-CoV-2 infection 
and/or vaccination. 

CD20+ B cell repopulation was variable in timing in different pa-
tients in our cohort, though CD19+CD20– B cells were found in all B cell 
depleted patients throughout the evaluated time course at comparable 
levels to both healthy and COVID-19 controls. Intriguingly, circulating B 
cells were significantly higher for CD38 and either CD24 or CD27 and 
trended towards being disproportionately IgG+ with significantly less 
IgDhigh IgM+ B cells. These B cell markers have previously been associ-
ated with transitional (CD27– CD24high CD38high), mature naïve 
(CD27low CD38high), antigen-experienced (CD27high CD38high), and 
memory B cells (CD27var CD38− ), marginal zone B cells (CD27+IgMhigh 

IgD+) (Bautista et al., 2020) as well as plasmablasts (CD20− CD27high 

CD38high) (Palanichamy et al., 2009). 
Another interesting observation in our cohort was that patients who 

developed antibodies in response to SARS-CoV-2 infection and/or 
vaccination, sustained RBD-specific antibody titers, even after receiving 
their next dose(s) of B cell depletion, albeit at lower levels than controls. 
This finding is in line with known downregulation of CD20 on plasma 
cells and plasmablasts, suggesting that the SARS-CoV-2-specific B cells 
have differentiated into the latter cell types and are no longer suscep-
tible to CD20 depletion. This finding generalizes to other vaccinations 
for B cell depleted patients requiring two-three step vaccines (e.g. hep-
atitis and herpes zoster), suggesting that administration of the second or 
third step vaccinations could be successfully timed in close proximity 
following B cell depletion as long as the first vaccination triggered 
plasmablast (CD19+CD20– B cell) generation. 

In terms of T cell immune responses, we observed an increased fre-
quency of SARS-CoV-2 (S, N, and M) reactive T cells in all patients post 
SARS-CoV-2 infection regardless of B cell depletion or vaccination sta-
tus. Stimulation with SARS-CoV-2 peptide pools demonstrated that T 
cells had vigorous antigen recall responses similar to patients who are 
not on B cell depletion therapies. All patients had responding naïve, 
TCM, TEM, and TEMRA CD4 T cells, with no deficit in memory subsets in 
depleted patients, suggesting intact T cell memory conversion. These T 
cell immune responses were sustained over time for at least 3-10 months 
post COVID-19. Thus, our data are in line with other studies demon-
strating that T cell immunity is not impaired in B cell depleted patients 
(Apostolidis et al., 2021; Gadani et al., 2021; Habek et al., 2022). 
Further, our data demonstrate that patients with MS on B cell depleting 
therapies who do not develop antibodies or have very low titers may still 
have a mild COVID-19 disease course, suggesting that other arms of the 
immune system, such as T cells and possibly natural killer cells, are 
capable of controlling the infection in the absence of a strong antibody 
response. These findings support the idea that antibody titers are not the 
only important metric of a successful immune response (Sette and 
Crotty, 2021). 

Ultimately, the question is the relative extent to which antibodies 
versus cellular immunity are critical to modulating the COVID-19 dis-
ease course and preventing future COVID-19 re-infections. In prior 
studies, lymphoma patients on B cell therapies have long and severe 
clinical courses (Gaitzsch et al., 2021; Kos et al., 2020). Conversely, 

patients with MS on B cell depleting therapies typically have a mild 
COVID-19 disease course (Safavi et al., 2020; Schiavetti et al., 2022; 
Sormani et al., 2022; Wurm et al., 2020) unless other co-morbidities are 
present. To better understand which aspects of the immune system 
contribute to disease severity and re-infections in immunocompromised 
patients, future studies should compare humoral, cellular, and innate 
immune responses in large longitudinal cohorts. 

Our study has limitations, including a small sample size of B cell 
depleted patients and a higher number of MS patients compared to pa-
tients with other rheumatological and oncological conditions. However, 
our study focuses for the first time on a longitudinal cohort of B cell 
depleted patients from a personalized medicine standpoint by per-
forming deep immunological assessment of both the humoral and 
cellular compartments in patients over the course of 12 months. The 
results of our study expand the knowledge on immune trajectories post 
SARS-CoV-2 infection and vaccination and demonstrate that patients on 
B cell depleting therapies are capable of mounting an effective adaptive 
immune response in association with a mild clinical disease course. 

5. Conclusion 

In conclusion, we found that B cell depleted patients contracting 
COVID-19 are able to develop spike RBD antibody responses, although 
antibody titers were generally lower and not sustained across patients. A 
minimal number of CD20+ B cells was necessary to establish spike RBD 
antibody titer. Interestingly, the majority of circulating B cells post- 
CD20 depletion were CD38high, suggesting an activated state of B 
cells. Similar to other studies, we found that T cell responses to SARS- 
CoV-2 antigens were preserved even if patients did not seroconvert. In 
summary, our study presents the longest follow up of B cell depleted 
patients, highlighting specific T-and B cell signatures that can be used in 
the clinical setting to advise patients on timing of SARS-CoV-2 
vaccination. 
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