
Radiol Oncol 2026; 60(1): 76-85.	 doi: 10.2478/raon-2026-0014

76

research article

Impaired booster-induced SARS-CoV-2 
antibody responses in rituximab-treated B-cell 
lymphoma patients despite peripheral B-Cell 
Recovery

Tomaz Jurca1,2, Lucka Boltezar1,2, Miha Orazem1,2, Kristina Fujs Komlos3, Katka Pohar3, 
Sara Jevnikar3, Mario Poljak2,3, Denis Mlakar Mastnak1, Nada Rotovnik Kozjek1,2,  
Bor Vratanar4, Janja Ocvirk1,2,5, Alojz Ihan2,3

1 Institute of Oncology Ljubljana, Ljubljana, Slovenia
2 Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia
3 Institute of Microbiology and Immunology, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia
4 Institute for Biostatistics and Medical Informatics, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia
5 Faculty of Health Sciences, University of Primorska, Izola, Slovenia

Radiol Oncol 2026; 60(1): 76-85.

Received 16 February 2026 
Accepted 24 February 2026

Correspondence to: Prof. Dr. Janja Ocvirk, M.D., Ph.D, Institute of Oncology Ljubljana, Ljubljana, Slovenia. E-mail: jocvirk@onko-i.si

Disclosure: No potential conflicts of interest were disclosed. 

This is an open access article distributed under the terms of the CC-BY license (https://creativecommons.org/licenses/by/4.0/).

Background. Rituximab-treated patients with B-cell lymphoma exhibit profound B-cell depletion and impaired 
vaccine-induced antibody responses. However, it remains uncertain whether recovery of peripheral B-cell counts 
after rituximab is sufficient to restore effective humoral immunity following booster vaccination.
Patients and methods. In this prospective, single-center observational study at the Institute of Oncology Ljubljana, 
adult B-cell lymphoma patients treated with or previously exposed to rituximab received the Comirnaty® mRNA 
COVID-19 vaccine. Antibody responses to the SARS-CoV-2 spike and nucleoprotein were measured at baseline, 14 
days after the second dose, and at 3, 6, 9, and 12 months. A third dose was administered at 6 months. T-cell responses 
(IFN-γ release) were assessed in patients before and after the primary series and booster dose. Lymphocyte subsets 
were analysed pre-vaccination. Adverse events and nutritional status were monitored.
Results. Patients undergoing anti-CD20 therapy showed absent antibody responses. Longer intervals since rituximab 
correlated with peripheral B-cell repopulation. However, even after reaching normal B-cell counts, patients’ antibody 
responses after revaccination remained significantly lower than in controls.
Conclusions. Rituximab is associated with impaired vaccine-induced antibody responses. Despite recovery of 
peripheral B-cell counts, patients with B-cell lymphoma show reduced humoral responses compared with healthy 
individuals following booster COVID-19 vaccination.
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Introduction

Cancer patients are significantly more vulnerable 
to COVID-19 infection due to their immunocom-

promised status, resulting from both the malignan-
cy itself and the effects of oncological treatments.1,2 
Consequently, this population is at increased risk 
of severe disease and higher mortality compared 
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with the general population.2-4 Vaccination against 
COVID-19 is therefore crucial for protecting cancer 
patients; however, the effectiveness of vaccination 
is reduced by certain anticancer therapies.5-7 

In particular, anti-CD20 monoclonal antibody 
therapy, commonly used in the treatment of B-cell 
lymphomas, induces prolonged B-cell depletion, 
leading to impaired antibody production and com-
promised humoral immunity.8,9 As a result, vac-
cine-induced antibody responses, including those 
elicited by COVID-19 vaccines and other routinely 
administered immunizations, are substantially di-
minished in a significant proportion of these pa-
tients.10,11

The association between anti-CD20 therapy 
and reduced vaccine responsiveness is well es-
tablished, and higher peripheral B-lymphocyte 
counts have been associated with improved anti-
body responses following vaccination in patients 
with haematological malignancies10-12 and autoim-
mune diseases.13,14 

However, it remains uncertain whether recov-
ery of peripheral B-cell counts after rituximab is 
sufficient to restore effective humoral immunity 
following booster vaccination.11,15-18

This prospective, non-interventional clinical 
study aimed to investigate the immune response 
elicited by COVID-19 vaccination in patients with 
B-cell lymphoma undergoing different treatment 
modalities.

We hypothesized that B-cell lymphoma patients 
receiving anti-CD20 therapy would show no anti-
body response to vaccination, with increasingly 
better responses as more time elapsed since their 
last rituximab treatment. A stronger response was 
expected in patients who had previously been in-
fected with COVID-19 and subsequently received 
vaccination. We also anticipated more pronounced 
vaccine-related side effects in those with a stronger 
immune response. We anticipated preserved T-cell 
response, except in patients receiving concurrent 
chemotherapy.

Patients and methods
Study design

Adult patients with B-cell lymphoma were pro-
spectively enrolled in a single-center observa-
tional study at the Institute of Oncology Ljubljana, 
Slovenia. The control group consisted of health-
care employers. Once the vaccine became avail-
able and the protocol was approved by the ethics 
committee, we conducted telephone interviews 

with all patients who met the inclusion criteria. 
Approximately one third of eligible patients were 
included. Another third had already been vac-
cinated, and the remaining third declined vacci-
nation. Patient recruitment took place from early 
April to the end of May 2021. 

Vaccination was performed using the 
Comirnaty® mRNA vaccine according to the 
manufacturer’s (Pfizer-BioNTech) guidelines. 
Participation in the study did not influence the 
course of lymphoma treatment.

Prior to vaccination, lymphocyte populations 
were analysed in patients. The B-cell and T-cell re-
sponses to the viral nucleoprotein (N) and spike 
(S) protein were assessed before the first vaccina-
tion and again 14 days after the second and third 
dose. Anti-N and anti-S antibody concentrations 
were monitored every three months for one year 
to evaluate the increase and decline of post-vacci-
nation antibodies (anti-S) and to detect potential 
infections through the appearance of anti-N anti-
bodies.

Patients received the 3rd dose at their 6-month 
follow-up visit, while volunteers who had been 
vaccinated earlier, received the 3rd dose 9 months 
after the first dose. The timeline of vaccinations 
and laboratory analyses is presented in Figure 1.

Inclusion criteria

We included patients with a histologically con-
firmed diagnosis of B-cell lymphoma who agreed 
to participate in the study. Eligible patients had 
to have received rituximab at some point during 

FIGURE 1. The timeline of vaccinations and laboratory analyses. 

Time points of sample collection are indicated as follows:
a0 – baseline measurement and first vaccination (second dose administered 21 days later);
a1 – 14 days after the second vaccination;
a2 – 3 months after the first vaccination;
a3 – 6 months after the first vaccination (corresponding to b0 in cancer patients);
b0 – before the third vaccination;
b1 – 14 days after the third vaccination;
b2 – 3 months after the third vaccination.
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their disease course and be between 18 and 80 
years of age.

Exclusion criteria

Patients with a known immunodeficiency (e.g., 
HIV infection, history of solid organ transplan-
tation) and those receiving immunosuppressive 
therapy (e.g., long-term glucocorticoid treatment, 
interleukin therapy, TNF-alpha inhibitors) were 
excluded from the study. We also excluded patients 
who had not yet received treatment for their lym-
phoma and those who had received intravenous 
immunoglobulin within the previous six months. 

Patient population

The study population consisted of patients with 
B-cell lymphoma across various histological sub-
types:

Group L1 included patients with high-grade 
B-cell lymphoma treated with rituximab and the 
regimen with cyclophosphamide, doxorubicin, 
vincristine, and prednisolone (CHOP) who re-
ceived the vaccine during systemic treatment. 
Group L2 included patients with follicular or 
mantle cell lymphoma receiving rituximab main-
tenance therapy. Group L3 included patients 
with various B-cell lymphoma subtypes who had 
completed rituximab plus chemotherapy treat-
ment (primarily rituximab -CHOP [R-CHOP] or 
R-CHOP-like regimens) within 24 months before 
receiving the first vaccine dose. Group L4 included 
patients with various B-cell lymphoma subtypes 
treated with rituximab, either as monotherapy or 
in combination with chemotherapy, more than 24 
months before receiving their first SARS-CoV-2 
vaccine dose.

Sample size estimation was based on the first 
published data. To detect a 50% reduction in B cell 
response, 160 participants (4 groups of 40) were cal-
culated to be required. Healthy volunteers served 
as the control group.

However, due to the very low number of en-
rolled patients, the originally planned group 
structure was not feasible, and the primary objec-
tive was modified to enable a meaningful explora-
tory analysis.

We combined participants in groups L1 and 
L2 into the “on-rituximab” group and those in 
groups L3 and L4 into the “post-rituximab” group. 
Analysis was only possible in the latter group. 
Post-rituximab patients were further stratified by 
B-lymphocyte count, measured before the 1st vac-

cination, into a normal B-lymphocyte group (B > 
0.1 × 10⁹/L), a reduced B-lymphocyte group (B < 0.1 
× 10⁹/L), or an absent B-lymphocyte group.

Due to the small sample size, we excluded in-
dividuals who contracted COVID-19. We also ex-
cluded participants with missing anti-S values, 
those lacking B-lymphocyte count data, and one 
individual whose interval since the last rituximab 
dose was exceptionally long (10 years).

Patients and controls were followed for one 
year. Because the control group did not have a six-
month post-revaccination assessment due to re-
vaccination at nine months, we also excluded the 
b3 measurement (six months after revaccination) 
from the patients’ analysis.

Variables

Primary outcomes were anti-spike (anti-S) anti-
body concentration and interferon-gamma (IFN-γ) 
T-cell responses following primary and booster 
vaccinations. Secondary outcomes included vac-
cine-related adverse events and key nutritional 
and physical-functional parameters.

The main explanatory variable was the pre-
vaccination B-lymphocyte count; patients were 
stratified into three groups based on whether their 
B-cell counts were within the normal range, re-
duced or absent.

Potential confounders comprised age, sex and 
comorbidities.

Methods

Enumeration of lymphocyte subsets using flow 
cytometry

For enumeration of peripheral lymphocyte sub-
sets, 50 µL of fresh peripheral blood was stained 
using the BD Multitest™ 6-Color TBNK reagent 
(Becton Dickinson, Franklin Lakes, New Jersey, 
USA), containing monoclonal antibodies CD3 
FITC, CD16+CD56 PE, CD45 PerCP-Cy5.5, CD4 PE-
Cy7, CD19 APC, and CD8 APC-Cy7, together with 
BD Trucount™ beads (Becton Dickinson, Franklin 
Lakes, New Jersey, USA). After a 20-minute incu-
bation, red blood cells were lysed and samples 
were fixed by adding 450 µL of BD FACS Lysing 
Solution™ (Becton Dickinson, Franklin Lakes, 
New Jersey, USA) followed by a 15-minute incu-
bation. Samples were acquired within 1 hour on 
a BD FACSCanto II flow cytometer and analysed 
using BD FACSCanto™ Clinical Software (Becton 
Dickinson, Franklin Lakes, New Jersey, USA).
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B-cell antibody response

It was measured in plasma using the Elecsys Anti-
SARS-CoV-2 S test (Roche Diagnostics, Mannheim, 
Germany) for the quantitative detection of total 
anti-SARS-CoV-2 antibodies against the S pro-
tein receptor-binding domain (RBD), and the 
Elecsys Anti-SARS-CoV-2 test (Roche Diagnostics, 
Mannheim, Germany) for the qualitative detec-
tion of total anti-SARS-CoV-2 antibodies against 
the N protein. Testing was performed on the co-
bas e411 analyzer (Roche Diagnostics, Mannheim, 
Germany) using blood samples collected in EDTA 
tubes and centrifuged for 5 minutes at 3 000 rpm.

CoV-2-specific T-cell response

It was measured using flow cytometry. Briefly pe-
ripheral blood mononuclear cells were stimulated 
with S-RBD and N peptide pools. Following stim-
ulation, cells were fixed, permeabilized, stained 
with monoclonal antibodies against CD3, CD4, 
CD69, and IFN-γ, and analysed by flow cytometry 
using a BD FACSCanto II with subsequent analysis 
in FACSDiva software (Becton Dickinson, Franklin 
Lakes, New Jersey, USA).

All microbiological tests were conducted at the 
Institute of Microbiology and Immunology, Faculty 
of Medicine, University of Ljubljana, Slovenia.

Adverse events 

Adverse events were assessed and graded from 1 to 
5 according to the Common Terminology Criteria 
for Adverse Events (CTCAE) of the National 
Cancer Institute.

Key nutritional and physical-functional 
parameters 

Nutritional Risk Screening (NRS), Global 
Leadership Initiative on Malnutrition (GLIM) cri-
teria, body weight (BW), Body Mass Index (BMI), 
Fat-Free Mass Index (FFMI), phase angle (PA), and 
handgrip strength (HGS) were monitored in pa-
tients and controls at baseline. In patients, follow-
up assessments were conducted at 3-month inter-
vals over a 12-month period.

Follow up

Assessments were performed at baseline (prior to 
the first vaccination), 14 days after the second dose, 
and at 3, 6, 9, and 12 months following the initial 
vaccination. The third dose was given at month 

6 in patients and at month 9 in controls, with an 
additional evaluation conducted 14 days after the 
third vaccination.

Investigators surveyed patients, and blood 
samples were collected during routine outpatient 
visits. Averse events were monitored via question-
naires and telephone interviews.

Ethical aspects

This study was conducted in accordance with the 
ethical principles of the Declaration of Helsinki 
and the International Council for Harmonisation 
of Technical Requirements for Pharmaceuticals 
for Human Use (ICH-GCP) guidelines. The study 
and its amendment were approved by the National 
Medical Ethics Committee of the Republic of 
Slovenia on March 24, 2021, and October 21, 2021 
(Approval No. 0120-109/2021/9). Prior to enrolment, 
all participants received written information and 
provided informed consent after being fully in-
formed about the study objectives and procedures. 
The study was conducted in compliance with all 
applicable national and international regulations, 
including the General Data Protection Regulation 
(GDPR). Participation in the study did not alter 
or interfere with the treatment of malignant dis-
ease. Only individuals who voluntarily consented 
to both vaccination and participation in the study 
were included.

Data analysis 

We examined the association between B-cell count 
and time since rituximab using linear regression 
in patients who were no longer receiving rituxi-
mab at baseline (measurement a0).

Vaccine response was evaluated across four 
groups: healthy controls and cancer patients with 
baseline B-cell counts of 0, between 0 and 0.1, 
and ≥ 0.1 × 10⁹/L (the latter representing a normal 
B-cell count). For each measurement, we estimat-
ed the geometric mean anti-S antibody concen-
tration and its 95% confidence interval. At each 
time point, anti-S titres were log-transformed to 
adjust for right-skewness. Means and 95% confi-
dence intervals were calculated on the log scale 
and then back-transformed, yielding geometric 
means with their corresponding 95% confidence 
intervals.

For formal comparisons, we focused on the con-
trol group and cancer patients with B-cell counts 
≥ 0.1 × 10⁹/L; the remaining B-cell groups were not 
analysed because they contained too few partici-
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pants for separate analysis. Linear mixed-effects 
models were used to assess whether vaccine re-
sponse differed between these two groups over 
time. Two nested models were compared to test 
the group-by-measurement interaction. The first 
model included group and measurement as fixed 
effects and participant ID as a random intercept; 
the second model additionally included the group 
× measurement interaction. The outcome was log-
transformed anti-S, and the models were com-
pared using a likelihood ratio test. In addition, we 
were particularly interested in whether the two 
groups differed at time points a1 and b1 (after the 
first and second vaccination, respectively). Due to 
the small sample size (only 7 cancer patients were 
available at a1 and 4 at b1), we used Welch’s t-test 
on log(anti-S), rather than model-based marginal 
means, to compare the two groups at a1 and b1.

Results 

Between April 2 and May 28, 2021, a total of 35 
patients were initially enrolled into four primary 
groups:

L1 (n = 5): Rituximab and CHOP regimen, L2 (n 
= 15): Rituximab maintenance treatment, L3 (n = 5): 
Rituximab combined with chemotherapy within 
24 months prior to the first vaccination and L4 (n 
= 10): Rituximab monotherapy or in combination 
with chemotherapy more than 24 months before 
the first vaccination.

During the study, five patients were excluded 
for various reasons: one patient from L1 due to 
protocol violations, two patients (from L2 and L4) 
lost to follow-up, one patient from L2 who with-
drew consent, and one patient from L4 with an ex-
tremely low antibody response 10 years after bone 
marrow transplantation (not a primary exclusion 
criterion). Due to the limited sample size, the ini-
tial four groups were consolidated into two:

Group 1 (on rituximab, n = 17): Patients receiv-
ing rituximab during vaccination (4 from L1, 13 
from L2) and Group 2 (post-rituximab, n = 13): 
Patients who had received rituximab previously (5 
from L3, 8 from L4). 

We excluded measurements from individuals 
who contracted COVID-19. We also excluded par-
ticipants with missing anti-S values. Thus, of 30 
eligible patients, only 25 were included in the final 
analysis.

On January 8, 2021, 41 healthy volunteers were 
enrolled in the control group. Of these, 24 com-
pleted the study. The primary reasons for study 
discontinuation were early administration of the 
third dose, missing blood samples, and incomplete 
sample collections.

The patient and volunteer groups were not ide-
ally matched with respect to age and sex (Table 1). 

Relationship between time since last 
rituximab and lymphocyte B-cell count

Our first aim was to investigate the relation-
ship between B-cell count and time since the last 
rituximab administration. Patients were divided 
into three groups: those with absent B cells, those 
with B-cell counts below the normal threshold 
of 0.1 × 10⁹ cells/L, and those with normal B-cell 
counts. The data are shown in Figure 2. We ob-
serve that patients still receiving rituximab (i.e., 
negative days since rituximab) have a B-cell count 
of zero. Over time, however, B cell counts gradu-

TABLE 1. Demographic characteristics of the patient and volunteer groups 

Characteristic Overall  
N = 66

Patients  
N = 25

Volunteers 
N = 41 p-value1

Sex: n (%) 0.039

      male 17 (26%) 10 (40%) 7 (17%)

      female 49 (74%) 15 (60%) 34 (83%)

Age: mean (Q1, Q3) 51 (39, 62) 65 (56, 68) 42 (36, 53) < 0.001

1 Pearson’s Chi-squared test; Wilcoxon rank sum exact test

FIGURE 2. Relationship between time since last rituximab and 
lymphocyte B-cell count

Each point represents a single patient’s measurement. Patients with 
B-cell counts of 0, 0–0.1, and > 0.1 × 109 cells/L are represented as red, 
orange, and blue dots, respectively.

The solid line shows the fitted linear regression based solely on subjects 
who have stopped receiving rituximab (i.e., time > 0), and the shaded 
region indicates the 95% confidence interval for the fitted regression 
line. 
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ally increase. This relationship was examined us-
ing a linear regression model; the fitted regression 
line and its 95% confidence interval are shown in 
Figure 2. Only data from patients who had stopped 
receiving rituximab (positive days) were analysed. 
Results indicate that the association between time 
since rituximab cessation and B-cell count is sta-
tistically significant (Table 2), and the adjusted 
R-squared of the model is 50%. 

Relationship between B-cell count and 
anti-S concentration

Our second objective was to evaluate changes in 
anti-S antibody concentrations following vaccina-
tion, and compare these across four groups (pa-
tients with B-cell counts of 0, 0–0.1, and > 0.1 × 10⁹ 
cells/L, and healthy volunteers). Figure 3 presents 

the geometric mean of antibody concentrations for 
each time point in each group, along with 95% con-
fidence intervals.

After the first two vaccinations (primary se-
ries), the group with B-cell counts > 0.1 displayed 
a geometric mean response similar to the volunteer 
group. Although antibody concentration increased 
after the third vaccination, the rise was significantly 
lower in patients compared to the volunteer group. 
Welch’s t-tests, performed on the log-transformed 
values, showed no statistically significant differ-
ence between these two groups at the measurement 
after completion of the primary vaccination series 
but revealed statistically significant differences at 
the measurement following the third vaccination 
(Table 3). These observations suggest an interaction 
between measurement time (a1 and b1) and group 
(volunteers or patients with B-cell counts > 0.1). To 

TABLE 2. Linear regression model results of the relationship between B-cell count and time post last rituximab

Term Estimate SE t df p CI lower CI upper

(Intercept) -0.03 0.08 -0.37 9 0.718 -0.20 0.14

Years post rituximab 0.10 0.03 3.32 9 0.009 0.03 0.18

CI = confidence interval; SE = standard error

FIGURE 3. Geometric mean anti-S antibody concentrations in three patient subgroups and healthy volunteers following 
primary and booster vaccinations

Patient subgroups with B-cell counts of 0, 0–0.1, and > 0.1 × 109 cells/L, and healthy volunteers are shown in red, orange, blue, and green, 
respectively.

The mean estimates and their 95% confidence intervals were calculated on the log-transformed scale due to the skewed distribution of the original 
data, then back-transformed for display. Confidence intervals for the B = 0 and 0 < B < 0.1 groups were omitted because of the limited sample size 
and the high concentration of zeros.
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formally assess this interaction, we used a mixed-
effects model and compared the model with inter-
action against the model without the interaction. 
The difference between the two models was statis-
tically significant (χ^2 (1) = 18.96, p < 0.001).

CoV-2-specific T-cell response

CoV-2-specific T-cell responses were assessed in 
patients before and 14 days after both the primary 
vaccination and the booster dose. However, due to 
technical issues, all measurements of T-cell inter-
feron responses following stimulation with N and 
S peptides were unusable.

Adverse effects

Adverse effects were mostly mild. No significant 
differences were observed between patient groups 
and volunteers after the primary and booster vac-
cination. CTCAE grades after revaccination were 
significantly higher than those observed after the 
first dose (mean grade 1,09 vs. 0,86, p = 0.011). No 
significant correlations were found between the 
anti-S antibody response and the severity of ad-
verse effects at either time point.

Nutritional and physical-functional 
parameters

At baseline, anthropometric and functional meas-
urements were compared between cancer patients 
and healthy volunteers.

Patients had a significantly higher body weight 
(mean 77.8 ± 16.8 kg) compared to volunteers (mean 
69.7 ± 15.0 kg; p = 0.037), as well as a higher BMI 
(28.0 ± 5.4 vs. 24.8 ± 5.1 kg/m²; p = 0.012).

Although patients had slightly higher FFMI val-
ues (mean 18.8 ± 2.6 vs. 17.7 ± 2.4), this difference 
was not statistically significant (p = 0.306).

A marked difference was observed in phase 
angle, a parameter reflecting cellular integrity. 
Patients had significantly lower values compared to 

controls (mean 5.17 ± 0.88 vs. 6.41 ± 0.72; p < 0.0001). 
The phase angle was slightly lower in the group of 
patients on rituximab (mean 4.947, SD 0.665) com-
pared to the group of patients after rituximab treat-
ment (mean 5.469, SD 1.051); however, the differ-
ence was not statistically significant (p = 0.134) and 
the sample size was too small to analyse a potential 
impact of the phase angle on the increase in anti-S 
antibodies following vaccination.

No significant difference was found in hand-
grip strength measured by dynamometry (pa-
tients: 33.8 ± 9.3 kg, volunteers: 36.3 ± 10.2 kg; p = 
0.280), although a trend toward lower strength was 
observed among patients.

During the 12-month period, there was no clini-
cally significant deterioration or improvement in 
the nutritional and functional status of the moni-
tored patients.

Discussion

The number of enrolled patients was very low, so 
the primary objective was adjusted to allow explor-
atory analysis. Patients with COVID-19 infection at 
any time, including during the study, were exclud-
ed because their inclusion could have confounded 
the assessment of vaccine-induced antibody re-
sponses. In addition, the small number of infected 
patients precluded meaningful separate analyses 
or comparisons with uninfected participants. 

Because treatment-naïve lymphoma patients 
were excluded, extending the recruitment period 
would likely not have increased the number of pa-
tients enrolled in the study.

Due to technical issues, the measurements of 
CoV-2-specific T-cell responses yielded unreliable 
results and could not be used.

Adverse effects were generally mild and compa-
rable between cancer patients and healthy volun-
teers, with slightly higher CTCAE grades observed 
after revaccination. No association was found be-
tween adverse effect severity and the anti-S anti-
body response.

At baseline, cancer patients had higher body 
weight and BMI than controls, while no statistical-
ly significant differences were observed in FFMI 
or handgrip strength. In contrast, phase angle was 
significantly lower in patients, indicating impaired 
cellular integrity. Due to the limited sample size, 
more detailed subgroup analyses and assessment 
of the impact of nutritional and functional param-
eters on vaccine-induced antibody responses were 
not feasible.

TABLE 3. Welch’s t-test results for log-transformed anti-S antibody concentrations 
(U/mL), comparing the B > 0.1 × 109 cells/L group with the volunteer group at 14 
days post-primary and post-booster vaccination

Measurement Group Geometric mean (SD) Welch’s t-test

a1
control 1 510 (650) t (df = 6.8) = 0.05  

p = 0.963B ≥ 0.1 1 482 (1 079)

b1
control 20 442 (3 572) t (df = 3.1) = 3.62  

p = 0.035B ≥ 0.1 3 617 (2 510)
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We observed that patients still receiving rituxi-
mab had a B-cell count of zero. However, in pa-
tients post rituximab, the number of B cells gradu-
ally increased. The association between time since 
rituximab cessation and B-cell count was statisti-
cally significant in our study, consistent with exist-
ing evidence(19, 20). 

In the subsequent analysis of antibody concen-
trations following vaccinations, we focused only 
on patients with normal B‐lymphocyte counts be-
cause of the small sample size.

After the first two vaccinations (primary series), 
the group of patients with normal B‐cell counts 
showed a geometric mean response similar to the 
control group. However, after the third vaccina-
tion, the increase in their antibody concentration 
was substantially lower. 

Volunteers had a longer interval between the 
second and third vaccination than patients, which 
would be expected to reduce, rather than increase, 
the observed group difference. Consequently, 
identical vaccination schedules would likely have 
resulted in an even larger difference. 

Our principal finding is that B-cells, even after 
their counts normalize post-rituximab therapy, 
remain functionally inferior to those in a healthy, 
rituximab-naïve cohort. This defect is not appar-
ent in the modest antibody response to the prima-
ry vaccination series but becomes evident in their 
inability to generate high antibody concentration 
upon revaccination.

Rituximab, a B-cell-depleting therapy, signifi-
cantly impacts the humoral immune response to 
COVID-19 vaccines. However, once B lymphocytes 
repopulate, patients can develop antibodies in re-
sponse to COVID-19 vaccination. The literature 
indicates that the presence of B cells is crucial for 
seroconversion and antibody production post-vac-
cination in rituximab-treated patients.12,13,21 This re-
sponse is enhanced when there is a longer interval 
between the last rituximab dose and vaccination, 
allowing for B-cell reconstitution.10,22 Studies con-
sistently show that the presence of detectable B cells 
is a strong predictor of a positive serologic response 
to COVID-19 vaccines in rituximab-treated patients 
and a minimum of 10 B-cells/μL (0.01 × 10⁹ cells/L) 
in peripheral circulation is often required for sero-
conversion.12,13 The interval between the last rituxi-
mab treatment and vaccination is critical. A longer 
duration allows for B-cell reconstitution, which is 
associated with higher rates of seroconversion.23-25 
For instance, a period greater than six months from 
the last rituximab dose to the booster vaccine sig-
nificantly increases the likelihood of a positive an-

tibody response26. Revaccination with additional 
doses has been shown to improve antibody concen-
trations more effectively than a single booster dose, 
especially in patients with detectable B cells.17,27,28

Even without a robust humoral response, T-cell-
mediated immunity can be induced in rituximab-
treated patients. This cellular immunity may pro-
vide some degree of protection against COVID-19, 
highlighting the importance of vaccination even 
when B-cell numbers are low.29,31

In the available literature on oncological pa-
tients treated with rituximab, B-cell repopulation 
has generally been associated with improved vac-
cine responsiveness; however, the extent and du-
rability of humoral immune recovery following 
normalization of peripheral B-cell counts, particu-
larly in the setting of booster vaccination, remain 
insufficiently characterized.

Clinical implications

Our findings suggest that normalization of pe-
ripheral B-cell counts after rituximab should not 
be used as the sole criterion for assessing vaccine-
induced protection in patients with B-cell lym-
phoma. Despite apparent immune reconstitution, 
these patients may remain insufficiently protected 
following booster vaccination. This underscores 
the need for individualized vaccination strategies, 
including optimized timing and booster dosing 
based on immune recovery.

Strengths

A key strength of this study is the focused as-
sessment of COVID-19 vaccine–induced humoral 
immunity in patients with B-cell lymphoma who 
had achieved peripheral B-cell repopulation after 
rituximab therapy. This design allowed us to dem-
onstrate preserved antibody responses after pri-
mary two-dose vaccination, comparable to healthy 
controls, while identifying a significantly reduced 
response following booster vaccination. These 
findings provide clinically relevant evidence that 
apparent B-cell recovery does not ensure sus-
tained vaccine responsiveness. The prospective 
design and systematic follow-up, including moni-
toring of nutritional status, further strengthen the 
validity of the results.

Limitations

The primary limitation of this study is the small 
sample size, which restricts statistical power and 
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broader generalizability. However, given the rar-
ity of the disease and the strict inclusion criteria 
in a single-center setting, recruitment of a larger 
cohort was not feasible. In addition, T-cell–medi-
ated immune response data were not interpretable 
due to technical issues.

Future directions

Future multicenter studies with larger cohorts are 
needed to better characterize qualitative aspects 
of B-cell reconstitution after anti-CD20 therapy. In 
particular, analyses of B-cell subpopulations and 
memory responses may help clarify the mecha-
nisms underlying impaired booster responses and 
support the development of optimized vaccination 
strategies.

Conclusions 

In patients with B-cell lymphoma treated with 
rituximab, recovery of peripheral B-cell counts 
does not ensure sustained humoral immunity af-
ter COVID-19 vaccination. Although antibody re-
sponses after the primary two-dose vaccination 
were comparable to those of healthy controls, this 
response was not maintained after booster vacci-
nation, with significantly inferior antibody levels 
observed after the third dose. These findings indi-
cate prolonged functional impairment of vaccine-
induced immunity beyond numerical B-cell re-
population and underscore the need for individu-
alized vaccination strategies.

Acknowledgments 

The authors gratefully acknowledge the Institute 
of Microbiology and Immunology at the University 
of Ljubljana, led by Prof. Miroslav Petrovec, M.D., 
Ph.D., for conducting all microbiological analyses 
at their own expense as a contribution to this sci-
entific research.

The authors also thank the Slovenian Research 
and Innovation Agency ARIS for financial support 
through grants Nr. P3-00083, P3-0144 and P3-0321.

References
1.	 Yang L, Chai P, Yu J, Fan X. Effects of cancer on patients with COVID-19: a sys-

tematic review and meta-analysis of 63,019 participants. Cancer Biol Med 
2021; 18: 298-307. doi: 10.20892/j.issn.2095-3941.2020.0559

2.	 Venkatesulu BP, Chandrasekar VT, Girdhar P, Advani P, Sharma A, Elumalai 
T, et al. A systematic review and meta-analysis of cancer patients affected 
by a novel coronavirus. JNCI Cancer Spectr 2021; 5: pkaa102. doi: 10.1093/
jncics/pkaa102

3.	 Khoury E, Nevitt S, Madsen WR, Turtle L, Davies G, Palmieri C. Differences 
in outcomes and factors associated with mortality among patients with 
SARS-CoV-2 infection and cancer compared with those without cancer: a 
systematic review and meta-analysis. JAMA Netw Open 2022; 5: e2210880. 
doi: 10.1001/jamanetworkopen.2022.10880 

4.	 Giannakoulis VG, Papoutsi E, Siempos II. Effect of cancer on clinical out-
comes of patients with COVID-19: a meta-analysis of patient data. JCO Glob 
Oncol 2020; 6: 799-808. doi: 10.1200/GO.20.00225

5.	 Tang K, Wei Z, Wu X. Impaired serological response to COVID-19 vaccination 
following anticancer therapy: a systematic review and meta-analysis. J Med 
Virol 2022; 94: 4860-8. doi: 10.1002/jmv.27956

6.	 Becerril-Gaitan A, Vaca-Cartagena BF, Ferrigno AS, Mesa-Chavez F, 
Barrientos-Gutierrez T, Tagliamento M, et al. Immunogenicity and risk of se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection after 
coronavirus disease 2019 (COVID-19) vaccination in patients with cancer: a 
systematic review and meta-analysis. Eur J Cancer 2022; 160: 243-60. doi: 
10.1016/j.ejca.2021.10.014

7.	 Sakuraba A, Luna A, Micic D. Serologic response following SARS-COV2 vac-
cination in patients with cancer: a systematic review and meta-analysis. J 
Hematol Oncol 2022; 15: 15. doi: 10.1186/s13045-022-01233-3

8.	 Shields AM, Venkatachalam S, Shafeek S, Paneesha S, Ford M, Sheeran T, 
et al. SARS-CoV-2 vaccine responses following CD20-depletion treatment 
in patients with haematological and rheumatological disease: a West 
Midlands Research Consortium study. Clin Exp Immunol 2022; 207: 3-10. 
doi: 10.1093/cei/uxab018

9.	 Perry C, Luttwak E, Balaban R, Shefer G, Morales MM, Aharon A, et al. 
Efficacy of the BNT162b2 mRNA COVID-19 vaccine in patients with B-cell 
non-Hodgkin lymphoma. Blood Adv 2021; 5: 3053-61. doi: 10.1182/bloo-
dadvances.2021005094

10.	 Vijenthira A, Gong I, Betschel SD, Cheung M, Hicks LK. Vaccine response 
following anti-CD20 therapy: a systematic review and meta-analysis of 
905 patients. Blood Adv 2021; 5: 2624-43. doi: 10.1182/bloodadvanc-
es.2021004629

11.	 Lim SH, Stuart B, Joseph-Pietras D, Johnson M, Campbell N, Kelly A, et al. 
Immune responses against SARS-CoV-2 variants after two and three doses 
of vaccine in B-cell malignancies: UK PROSECO study. Nat Cancer 2022; 3: 
552-64. doi: 10.1038/s43018-022-00364-3 Moor

12.	 Tanguay M, Boutin M, Laumaea A, Salaciak M, Mendoza A, Cassis C, et al. 
B-cell cytopenia and time to last B-cell-depleting therapy predict response 
to SARS-COV-2 vaccines in patients with lymphoproliferative disorders. 
Vaccine 2022; 40: 1203-7. doi: 10.1016/j.vaccine.2022.01.040

13.	 Stefanski AL, Rincon-Arevalo H, Schrezenmeier E, Karberg K, Szelinski F, 
Ritter J, et al. B cell numbers predict humoral and cellular response upon 
SARS-CoV-2 vaccination among patients treated with rituximab. Arthritis 
Rheumatol 2022; 74: 934-47. doi: 10.1002/art.42060

14.	 Asplund Hogelin K, Ruffin N, Pin E, Hober S, Nilsson P, Starvaggi Cucuzza C, 
et al. B-cell repopulation dynamics and drug pharmacokinetics impact SARS-
CoV-2 vaccine efficacy in anti-CD20-treated multiple sclerosis patients. Eur J 
Neurol 2022; 29: 3317-28. doi: 10.1111/ene.15492

15.	 Haggenburg S, Hofsink Q, Lissenberg-Witte BI, Broers AEC, van Doesum 
JA, van Binnendijk RS, et al. Antibody response in immunocompromised 
patients with hematologic cancers who received a 3-dose mRNA-1273 
vaccination schedule for COVID-19. JAMA Oncol 2022; 8: 1477-83. doi: 
10.1001/jamaoncol.2022.3227

16.	 Avivi I, Luttwak E, Saiag E, Halperin T, Haberman S, Sarig A, et al. BNT162b2 
mRNA COVID-19 vaccine booster induces seroconversion in patients with 
B-cell non-Hodgkin lymphoma who failed to respond to two prior vaccine 
doses. Br J Haematol 2022; 196: 1329-33. doi: 10.1111/bjh.18029

17.	 Pinder CL, Jankovic D, Fox TA, Kirkwood A, Enfield L, Alrubayyi A, et al. 
Humoral and cellular responses to SARS-CoV-2 in patients with B-cell 
haematological malignancies improve with successive vaccination. Br J 
Haematol 2023; 202: 1091-103. doi: 10.1111/bjh.18962

18.	 Schubert L, Koblischke M, Schneider L, Porpaczy E, Winkler F, Jaeger U, et 
al. Immunogenicity of COVID-19 vaccinations in hematological patients: 
6-month follow-up and evaluation of a 3rd vaccination. Cancers (Basel) 
2022; 14: 1962. doi: 10.3390/cancers14081962



Radiol Oncol 2026; 60(1): 76-85.

Jurca T et al. / Impaired vaccine response despite B-cell recovery 85

19.	 Anolik JH, Friedberg JW, Zheng B, Barnard J, Owen T, Cushing E, et al. B cell 
reconstitution after rituximab treatment of lymphoma recapitulates B cell 
ontogeny. Clin Immunol 2007; 122: 139-45. doi: 10.1016/j.clim.2006.08.009

20.	 Kurokawa T, Hase M, Tokuman N, Yoshida T. Immune reconstitution of B-cell 
lymphoma patients receiving CHOP-based chemotherapy containing rituxi-
mab. Hematol Oncol 2011; 29: 5-9. doi: 10.1002/hon.947 Lim

21.	 Moor MB, Suter-Riniker F, Horn MP, Aeberli D, Amsler J, Moller B, et al. 
Humoral and cellular responses to mRNA vaccines against SARS-CoV-2 in 
patients with a history of CD20 B-cell-depleting therapy (RituxiVac): an 
investigator-initiated, single-centre, open-label study. Lancet Rheumatol 
2021; 3: e789-97. doi: 10.1016/S2665-9913(21)00251-4

22.	 Fattizzo B, Rampi N, Barcellini W. Vaccinations in hematological patients in 
the era of target therapies: lesson learnt from SARS-CoV-2. Blood Rev 2023; 
60: 101077. doi: 10.1016/j.blre.2023.101077 

23.	 Gurion R, Rozovski U, Itchaki G, Gafter-Gvili A, Leibovitch C, Raanani P, et 
al. Humoral serological response to the BNT162b2 vaccine is abrogated in 
lymphoma patients within the first 12 months following treatment with 
anti-CD2O antibodies. Haematologica 2022; 107: 715-20. doi: 10.3324/
haematol.2021.279216

24.	 Onishi A, Matsumura-Kimoto Y, Mizutani S, Tsukamoto T, Fujino T, Miyashita 
A, et al. Impact of treatment with anti-CD20 monoclonal antibody on the 
production of neutralizing antibody against anti-SARS-CoV-2 vaccination in 
mature B-cell neoplasms. Infect Drug Resist 2023; 16: 509-19. doi: 10.2147/
IDR.S396271

25.	 Shree T, Shankar V, Lohmeyer JJK, Czerwinski DK, Schroers-Martin JG, 
Rodriguez GM, et al. CD20-targeted therapy ablates de novo antibody 
response to vaccination but spares preestablished immunity. Blood Cancer 
Discov 2022; 3: 95-102. doi: 10.1158/2643-3230.BCD-21-0222

26.	 Tsutsumi Y, Ito S, Horikita F, Moriki A, Teshima T. COVID‑19 antibody produc-
tion by vaccination in chemotherapy with CD20 antibody for B‑cell lym-
phoma. Mol Clin Oncol 2023; 19: 96. doi: 10.3892/mco.2023.2692

27.	 Mrak D, Simader E, Sieghart D, Mandl P, Radner H, Perkmann T, et al. 
Immunogenicity and safety of a fourth COVID-19 vaccination in rituximab-
treated patients: an open-label extension study. Ann Rheum Dis 2022; 81: 
1750-6. doi: 10.1136/ard-2022-222579

28.	 Debie Y, van Dam PA, Goossens ME, Peeters M, Vandamme T. Boosting 
capacity of a fourth dose BNT162b2 in cancer patients. Eur J Cancer 2023; 
179: 121-3. doi: 10.1016/j.ejca.2022.11.016

29.	 Riise J, Meyer S, Blaas I, Chopra A, Tran TT, Delic-Sarac M, et al. Rituximab-
treated patients with lymphoma develop strong CD8 T-cell responses 
following COVID-19 vaccination. Br J Haematol 2022; 197: 697-708. doi: 
0.1111/bjh.18149

30.	 Komlodi-Pasztor E, Escarra-Senmarti M, Bazer DA, Bhatnagar A, Perez 
Heydrich CA, Messmer M, et al. The immune response to Covid-19 mRNA 
vaccination among Lymphoma patients receiving anti-CD20 treatment. 
Front Immunol 2024; 15: 1433442. doi: 10.3389/fimmu.2024.1433442

31.	 Gressens SB, Wiedemann A, Dechenaud M, Dupuis J, Gallien S, Melica G, 
et al. Anti-SARS-CoV-2 cellular response after 2 and 3 doses of BNT162b2 
mRNA vaccine in lymphoma patients receiving anti-CD20 antibodies. 
Vaccine 2023; 41: 1550-3. doi: 10.1016/j.vaccine.2023.01.064


