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Summary 
B-cell-depleting agents are among the most commonly used drugs to treat haemato-oncological and autoimmune diseases. They rapidly in-
duce a state of peripheral B-cell aplasia with the potential to interfere with nascent vaccine responses, particularly to novel antigens. We have 
examined the relationship between B-cell reconstitution and SARS-CoV-2 vaccine responses in two cohorts of patients previously exposed to 
B-cell-depleting agents: a cohort of patients treated for haematological B-cell malignancy and another treated for rheumatological disease. B-cell 
depletion severely impairs vaccine responsiveness in the first 6 months after administration: SARS-CoV-2 antibody seroprevalence was 42.2% 
and 33.3% in the haemato-oncological patients and rheumatology patients, respectively and 22.7% in patients vaccinated while actively re-
ceiving anti-lymphoma chemotherapy. After the first 6 months, vaccine responsiveness significantly improved during early B-cell reconstitution; 
however, the kinetics of reconstitution was significantly faster in haemato-oncology patients. The AstraZeneca ChAdOx1 nCoV-19 vaccine and 
the Pfizer BioNTech 162b vaccine induced equivalent vaccine responses; however, shorter intervals between vaccine doses (<1 m) improved 
the magnitude of the antibody response in haeamto-oncology patients. In a subgroup of haemato-oncology patients, with historic exposure to 
B-cell-depleting agents (>36 m previously), vaccine non-responsiveness was independent of peripheral B-cell reconstitution. The findings have 
important implications for primary vaccination and booster vaccination strategies in individuals clinically vulnerable to SARS-CoV-2.
Keywords: SARS-CoV-2, vaccination, rituximab, CD20 depletion, haematological malignancy, rheumatoid arthritis
Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CAR, chimeric antigen receptor T-cell; CI, confidence interval; IgGAM, 
immunoglobulins G,A,M 

Introduction
Biologic, anti-CD20 B-cell-depleting agents are among the 
most commonly used immunotherapeutics in the treatment of 
haematological malignancy and autoimmune diseases [1–3]. 
These agents rapidly induce peripheral B-cell aplasia, with 
the kinetics of subsequent B-cell reconstitution dependent on 
factors including the underlying disease and concurrent im-
munosuppressive treatments. Generally, a detectable B-cell 

population returns between 6 and 9 months after treatment; 
however, B-cell aplasia can be prolonged in some individ-
uals [4, 5] and persistent in those individuals treated with 
anti-CD19 CAR-T cell therapy [6].

The impact of anti-CD20 B-cell depletion on vaccine re-
sponsiveness has been considered with respect to vaccines 
designed to prevent invasive bacterial disease and influenza. 
Increased peripheral B-cell numbers are associated with better 
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serological responses to influenza vaccine in patients previ-
ously treated with rituximab [7], suggesting B-cell reconstitu-
tion is important in overall vaccine responsiveness. However, 
vaccine responsiveness to pure polysaccharide vaccines 
and polysaccharide conjugate vaccines are diminished at 6 
months following treatment with rituximab [8, 9]. Although 
responses to protein antigens such as tetanus toxoid appear 
better preserved following CD20 depletion [8], there is no 
consensus on the optimum time to vaccinate individuals fol-
lowing B-cell depletion. Furthermore, these data do not ex-
plicitly inform upon when a nascent immune response to a 
novel antigen can be made following CD20 depletion because 
vaccine-induced augmentation of existing memory responses 
cannot be excluded. Vaccine responsiveness to SARS-CoV-2 
offers an opportunity to study this process clearly.

Patients with secondary immunodeficiencies are at signifi-
cantly increased risk of morbidity and mortality from COVID-
19 [10]. Although CD8+ T-cell immunity may compensate for 
impaired humoral immunity in patients with haematological 
malignancy infected with SARS-CoV-2 [11], there is also evi-
dence that persistent infection can occur in individuals with 
humoral immunodeficiency that only resolves following treat-
ment with exogenous antibody, indicating humoral immunity 
is non-redundant in some patients [12–14]. In healthy indi-
viduals, there is strong evidence to suggest that SARS-CoV-2 
seropositivity offers protection against future SARS-CoV-2 
infection [15–17] and the vast majority of healthy individuals 
seroconvert following natural infection or vaccination [18].

However, absent serological responses to SARS-CoV-2 nat-
ural infection and vaccination have been reported in patients 
with secondary immunodeficiency and rheumatological dis-
eases treated with rituximab ([19], AS manuscript in prep-
aration). This occurs in the wider context of diminished 
serological responses to SARS-CoV-2 vaccinations across 
varied diseased and immunosuppressed cohorts [20]. The 
aim of this study was to investigate the relationship between 
B-cell reconstitution and SARS-CoV-2 vaccine responsiveness 
in patients with prior exposure to anti-CD20 B-cell-depleting 
therapies.

Methods
Patients undergoing routine lymphocyte immunophenotyping 
for the purposes of monitoring B-cell reconstitution fol-
lowing exposure to B-cell-depleting agents (i.e. rituximab or 
obinutuzumab) to treat underlying haemato-oncological or 
rheumatological disease, were eligible for this study. In the 
haematology cohort, active chemotherapy was defined as 
any patient receiving B-cell-depleting chemotherapy during 
or within 1 month of completion of the vaccine schedule 
and any patient receiving a BTK inhibitor or PI3K inhibitor. 
Excess plasma from ethylenediaminetetraacetic acid samples 
sent for immunophenotyping was tested for the presence of 
SARS-CoV-2 antibodies; the use of excess sample for add-
itional laboratory testing and assay development and the 
gathering of contemporaneous clinical data was approved 
by the South Birmingham Research Ethics Service (REC 
2002/201). Antibody responses from healthy health care 
workers following vaccination were collected either as part of 
the COCO/PITCH study (REC 20/HRA/1817) or a separate 
University of Birmingham led study (REC 20\NW\0240).

Laboratory studies were undertaken by the University of 
Birmingham Clinical Immunology Service which delivers a 

UKAS accredited diagnostic immunology service for NHS 
hospitals across the West Midlands. Routine peripheral blood 
lymphocyte subset (CD3, CD4, CD8, CD19, CD56/16) enu-
meration was performed using six-colour flow cytometry 
(BD Trucount, Beckon Dickinson, Oxford, UK). SARS-CoV-2 
antibody status following vaccination was determined using 
a human IgG/A/M anti-SARS-CoV-2 ELISA (MK654, The 
Binding Site, Birmingham, UK), which measures the total 
antibody against the SARS-CoV-2 spike glycoprotein. The de-
velopment, verification, and validation of this assay has been 
published elsewhere [21]; the output of this ELISA is reported 
as the IgGAM ratio – a ratio of the sample OD 450 nm div-
ided by that of a calibrator that runs at the assay cut-off. 
Samples producing an IgGAM ratio greater than 1.0 are 
therefore considered seropositive. During validation, a sensi-
tivity of 98.6% (95% confidence interval [CI]: 92.6–100%) 
and specificity of 98.3% (95% CI: 96.4–99.4%) was dem-
onstrated [21]. Serological responses to vaccination are pre-
sented as a seroprevalence and the median IgGAM ratio of 
seropositive results, which provides a semi-quantitative as-
sessment of the magnitude of the antibody response.

The results of lymphocyte immunophenotyping and anti-
body testing were collated with clinical data including SARS-
CoV-2 vaccine received, interval between vaccine dosing and 
timing, and extent of previous rituximab exposure. Data were 
analysed using Graph Pad Prism 9.0 (GraphPad Software, 
San Diego, CA, USA). Continuous variables were analysed 
using the two-tailed Mann–Witney U test.

Results
The vaccine responses of 116 patients with previous ex-
posure to anti-CD20 B-cell-depleting agents were measured; 
the demographics of the study population are given in Table 
1. Eighty patients had received treatment for underlying 
haemato-oncological disease and 36 patients had received 
treatment for underlying rheumatological disease. The me-
dian interval between last administration of anti-CD20 
B-cell-depleting agent was 483 days overall and significantly 
longer in haemato-oncology patients than rheumatology pa-
tients (714 days vs 302 days, P = 0.0002). Disease-specific 
characteristics of the haemato-oncology and rheumatology 
cohorts are given in Supplementary Tables 1 and 2. All pa-
tients included in this study had received two doses of a 
SARS-CoV-2 vaccine approved for use in the UK between 
December 2020 and April 2021 (i.e. Pfizer- Tozinameran or 
AstraZeneca - Vaxzeveria). Median interval between admin-
istration of the second dose of vaccine and patient sampling 
for this study was 46.5 days. No patients were receiving im-
munoglobulin replacement therapy at the time of this study, 
excluding the possibility of passive transfer of anti-spike anti-
bodies. Overall seropositivity following vaccination in this 
cohort was 62.9% and the median magnitude of the antibody 
response, quantified by the IgGAM ratio in seropositive in-
dividuals, was 2.98 (Table 1). By comparison, in a cohort of 
36 healthy, age-matched controls (median age 66 years, IQR 
61–73 years, 49% vaccinated with Pfizer, 51% vaccinated 
with AstraZeneca) seropositivity following vaccination was 
97.2% with a median IgGAM ratio in seropositive individ-
uals of 4.87.

Individuals receiving active chemotherapy for haem-
atological malignancy had significantly lower seropreva-
lence than those vaccinated following the completion of 
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chemotherapy (27.3% vs 72.4%, P = 0.0003). There was 
no significant difference in overall anti-SARS-CoV-2 spike 
glycoprotein seropositivity (60.0% vs 69.4%, P = 0.34) or 
the magnitude of the antibody response (IgGAM 2.84 vs 
3.27, P = 0.45) following vaccination between individuals 
with underlying haematological and rheumatological disease 
(Fig. 1A). There was also no significant difference between 
seropositivity or the magnitude of the antibody responses 
following vaccination with either the AstraZeneca or Pfizer 
vaccine in either cohort (Fig. 1B). A shorter interval between 
vaccination (i.e. <1m between vaccine doses) significantly 
improved seropositivity (100% vs 56.9%, P < 0.0001) and 
the magnitude of vaccine responses (IgGAM 4.14 vs 2.79, 
P = 0.04) in haemato-oncology patients but not in rheuma-
tology patients (Fig. 1C). Seroconversion was significantly 
greater amongst recipients of the Pfizer vaccination when 
doses were administered less than 1 month apart (Pfizer vs 
AZ, 100.0% vs 61.5%, P = 0.02) and trends towards greater 
antibody levels in vaccine responders were observed when 
either vaccine was administered using short-interval dosing 
(Fig. 1D).

Immunological correlates of the vaccine responsiveness 
were studied; there were no significant differences in total 
lymphocytes (Fig. 2A), CD3+-positive lymphocytes (Fig. 
2B), CD4+-positive lymphocytes (Fig. 2C), or CD8+-positive 
lymphocytes (Fig. 2D) between individuals mounting a 
serological response to vaccine in either patient group. In 
haemato-oncology patients, the absolute size of the NK 
cell population was significantly larger in patients who re-
sponded to the vaccine; however, the absolute difference was 
small, and was not replicated in rheumatology patients (Fig. 
2E). However, in both haemato-oncology and rheumatology 
patients, the size of the CD19+ B-cell population was signifi-
cantly smaller in patients who had not responded to the vac-
cine (Fig. 2F).

The relationship between the timing of administration of 
anti-CD20-depleting drug, vaccine administration, and vaccine 
responsiveness was investigated. In the haemato-oncology co-
hort, three patients began high-dose chemotherapy following 

completion of the vaccine schedule (median: 73 days) and all 
were seropositive. Eleven patients were vaccinated while re-
ceiving short-interval, high-dose chemotherapy for leukaemia 
or lymphoma and universally did not respond to vaccination; 
these two groups are excluded from this analysis. In haemato-
oncology patients, there were no significant differences be-
tween vaccine responsiveness and the interval between the 
administration of last anti-CD20 depletion and vaccine ad-
ministration (Fig. 3A, left panel), however, in rheumatology 
patients, seropositivity following vaccination was associated 
with a significantly longer interval between the last adminis-
tration of CD20-depleting agents and the administration of 
SARS-CoV-2 vaccination (Fig. 3A, right panel). In the first 
6 months after the administration of an anti-CD20 B-cell-
depleting agent, only 42.9% of haemato-oncology patients 
and 33.3% of rheumatology patients produced a serological 
response to vaccination (Fig. 3B). In haemato-oncology pa-
tients, vaccine responsiveness increased to 100% following 
this initial 6-month period remaining high up to 18 months 
from last B-cell depletion. Beyond 18 months, however, 
haemato-oncology patients appeared less vaccine responsive. 
In rheumatology patients, progressive increases in overall 
vaccine responsiveness were observed the greater the interval 
between last administration of B-cell depletion and vaccine 
administration. No relationship was observed between total 
prior exposure to CD20 depletion and the magnitude of the 
antibody response to vaccination (Fig. 3C).

The relationship between B-cell reconstitution following 
B-cell depletion and vaccine responsiveness was explored in 
more detail (Fig. 3D). B cells were undetectable in the majority 
of patients in the first 6 months following B-cell depletion. 
B-cell reconstitution was significantly slower in rheumatology 
patients compared to haemato-oncology patients: in the 
7–12-month window following B-cell depletion, 77.8% of 
haemato-oncology patients compared to 22.2% of rheuma-
tology patients achieving normal B-cell count (P = 0.005). 
However, in haemato-oncology patients, long-range sec-
ondary immunodeficiency, defined by a failure to respond to 
SARS-CoV-2 vaccination, may persist for years after cessation 

Table 1: Patient characteristics and demographics 

 Overall Haematology Rheumatology 

n 116 80 36
Age 69.0 (60.0–75.8) 70.0 (60.3–76.0) 65.0 (59.0–70.75)
Female, n (%) 52 (44.8) 30 (37.5) 22 (61.1)
Anti-SARS-CoV-2 spike glycoprotein seropositivity, n (%) 73 (62.9) 48 (60.0) 25 (69.4)
IgGAM Ratioa 2.98 (2.21–4.17) 2.84 (2.11–3.64) 3.27 (2.20–4.33)
Previous PCR proven SARS-CoV-2 infection 4 (3.4) 3 (3.8) 1 (2.8)
Vaccination, n (%)
AstraZeneca ChAdOx1 nCoV-19 64 (55.2) 43 (53.8) 21 (58.3)
Pfizer BioNTech 162b 47 (40.5) 32 (40.0) 15 (41.7)
Unknown 5 (4.3) 5 (6.3) 0 (0.0)
Median interval between vaccine doses (days)b 70 (34–83) 77 (66–86) 32 (27–53)
Median cycles of B-cell-depleting therapy 6.0 (6.0–14.0) 6.0 (6.0–18.0) 6.0 (2.3–10.8)
Median interval between last B-cell depletion to second vaccine dose (days) 483 (276–1134) 714 (346–1686)c 302 (256–493)
Median interval from second vaccine dose to sampling (days) 46.5 (35.8–63.3) 45.0 (34.0–64.0) 50.0 (40.0–57.0)

Median and interquartile ranges are provided.
aOnly seropositive samples included.
bExcludes four patients where date of first vaccine dose unknown.
cExcludes patients receiving B-cell depletion within 1 month of second dose of vaccination.
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of B-cell-depleting therapies and appears independent of per-
ipheral B-cell numbers.

Discussion
SARS-CoV-2 has disproportionately affected patients with 
secondary immunodeficiencies arising from their underlying 
conditions and/or treatment. Despite public health measures 
designed to protect vulnerable individuals [22], mortality rates 
in these patients are significantly greater than in the general 
population [10]. Evidence suggests that humoral immunity is 
an essential component of effective immunological responses 
and a biomarker of subsequent protection against SARS-
CoV-2 [15–17]. Understanding how to optimize vaccination 
strategies to ensure immunologically vulnerable individuals 

achieve meaningful serological responses is, therefore, of sig-
nificant public health importance.

In this study, we have examined the relationship between 
B-cell reconstitution and SARS-CoV-2 vaccine responsiveness 
in two cohorts of patients treated with anti-CD20 B-cell-
depleting agents. We demonstrate that 37.1% of individuals 
do not mount a serological response to SARS-CoV-2 vaccin-
ation and show the magnitude of the serological response in 
vaccine responders is diminished compared to healthy con-
trols. The overall non-response rate in our cohort is greater 
than that observed in the OCTAVE study of varied immuno-
compromised individuals (≈11%). Furthermore, both the 
haemato-oncology and rheumatology subgroups of this study 
had higher non-response rates than their equivalent, un-
selected subgroups in OCTAVE (Haematological malignancy: 

Figure 1: Serological responses to SARS-CoV-2 immunizations in patients treated with anti-CD20 B-cell-depleting agents. (A) Overall serological 
response in haemato-oncology, rheumatology patients and healthy controls. (B) Serological response to AstraZeneca and Pfizer vaccines. (C) Serological 
response to short (<1 m) and longer (>1) dosing intervals in haemato-oncology and rheumatology patients. (D) Serological response to short (<1m) and 
longer (>1) dosing intervals in recipients of the AstraZeneca and Pfizer vaccines. Points represented as stars represent individuals previously known to 
have PCR+ SARS-CoV-2 infection. IgGAM ratios less than 1.0 are considered negative and represented by the grey zone on each graph.
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40.0% vs 11.1%, rheumatological disease: 30.6% vs 1.8%), 
demonstrating the potent effect of B-cell depletion on vaccine 
responsiveness [19].

Our observations that patients receiving active treatment 
for leukaemia or lymphoma respond poorly to SARS-CoV-2 
vaccination and, that following treatment for high-grade 
lymphomas, patients responded well to vaccination are con-
sistent with interim analysis from the PROSECO study [23]. A 
similar study has also looked at vaccine responses exclusively 
in patients with chronic lymphocytic leukaemia: although the 
overall response rate following the second vaccination in this 
cohort was 75%, the majority had not received active treat-
ment and further studies are needed to investigate the relative 
impact of disease progression and treatment on the develop-
ment of secondary immunodeficient states.

In patients with immune-mediated inflammatory condi-
tions including rheumatoid arthritis, psoriasis, and psoriatic 

arthritis, previous studies have shown the detrimental ef-
fect of methotrexate on vaccine responsiveness to the Pfizer 
BioNTech162b2 vaccine; seroconversion rates of approxi-
mately 70% are observed in these patients [24, 25]. In our 
rheumatology cohort, B-cell-depleting therapy reduced vac-
cine responsiveness to 33.3% in those vaccinated within 6 
months of B-cell depletion, consistent with an Austrian study 
of rheumatoid arthritis patients vaccinated with either the 
Pfizer or Moderna mRNA vaccines [26]. In that study, the 
strongest determinant of a serological response to vaccin-
ation was the percentage of B cells within the total peripheral 
lymphocyte population. Concordantly, we observe that vac-
cine responsiveness significantly improves as B-cell reconsti-
tution proceeds and exceeds 75% after the initial 6 months.

Several of our observations are of direct and immediate 
relevance to vaccination strategies in vulnerable individ-
uals. First, there was no difference in seropositivity or the 

Figure 2: Lymphocyte and lymphocyte subset enumeration in SARS-CoV-2 vaccine responders and non-responders. (A) Total lymphocyte count, 
(B) CD3+ T lymphocytes, (C) CD4+ T lymphocytes, (D) CD8+ T lymphocytes, (E) CD16/56+ natural killer cells, (F) CD19+ B lymphocytes. Grey zone 
represents the normal range for each cell population.
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magnitude of the antibody response between patients vaccin-
ated the AstraZeneca or Pfizer vaccination. Second, shorter 
dosing intervals (<1 month) induced significantly better re-
sponses in heamato-oncology patients with a trend towards 
the same pattern of results in rheumatology patients. In par-
ticular, seroconversion was significantly greater in recipients 
of the Pfizer vaccine when delivered at short intervals with 
trends towards increased antibody responses when either vac-
cine was used with short interval dosing. This is in contrast to 
observations from the PITCH study, where, in healthy indi-
viduals, extended dosing intervals were associated with higher 
levels of neutralizing antibody following vaccination [18]. 
Further studies are necessary to consider the validity of this 
observation, its underlying immunological mechanisms, and 
wider impact in other disease cohorts. Third, the percentage 
of patients mounting humoral immune responses significantly 
increases 6 months after the last administration of B-cell de-
pletion. Although T-cell responses that may offer some pro-
tection against severe COVID-19 have been demonstrated in 
58% of patients with immune-mediated inflammatory disease 
following vaccination [26], further immunizations, delivered 
at least 6 months after the last administration of B-cell-
depleting drugs, may be necessary to optimize long-term pro-
tection. An argument can be made to closely monitor immune 
reconstitution to guide the timing of future immunizations, 

particularly given our observation that B-cell reconstitution 
is disease dependent. Further studies may also consider when 
CD20 depletion can be restarted following vaccination so as 
not to jeopardize the development of nascent humoral im-
mune responses. Finally, it is interesting to note that vaccine 
unresponsiveness can persist for years in haemato-oncology 
patients and, beyond 36 months from last CD20 depletion, 
appears independent of the absolute size of the peripheral 
B-cell population. Understanding the immunopathogenesis of 
persistent secondary immunodeficiency is essential to guiding 
supportive immunological care for patients, particularly in 
the context of emergent immunochemotherapies [27].

There are limitations to our study. First, although all pa-
tients in this study had prior exposure to anti-CD20-depleting 
agents, their underlying diagnoses and prior treatments are 
heterogenous and may represent confounding variables that 
influence vaccine responsiveness. Second, lymphocyte enumer-
ation was not undertaken at the time of vaccination but at non-
fixed timepoints following the second vaccination (median: 
46.5 days). Although this time interval is short and immune 
reconstitution occurs slowly, we cannot exclude the possi-
bility that this may have an effect. Third, this study only con-
siders vaccine responsiveness and not vaccine efficacy; further 
studies must explore the relationship between these parameters 
and define the correlates of immunity in vulnerable cohorts, 

Figure 3: Immune reconstitution following CD20 depletion and vaccine responsiveness. (A) Time between last administration of anti-CD20 B-cell-
depleting treatment and vaccine administration (left panel—haemato-oncology patients [red], right panel—rheumatology patients [blue]). (B) 
Seropositivity following SARS-CoV-2 vaccination with respect to time from last administration of anti-CD20 B-cell depletion. (C) Association between the 
magnitude of antibody responses and total prior exposure to anti-CD20 B-cell-depleting agents. IgGAM ratios less than 1.0 are considered negative and 
represented by the grey zone on the graph. (D) B-cell reconstitution and its association with vaccine responsiveness following treatment with anti-CD20 
B-cell-depleting agents. Grey zones represent normal range for cellular populations.
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particularly against highly transmissible SARS-CoV-2 variants. 
This may necessitate the interrogation of vaccine-induced T-cell 
responses to SARS-CoV-2, which are induced in some, but 
not all, patients following vaccination in haemato-oncology 
and rheumatology cohorts but have not been studied herein 
[20, 26]. Finally, we have only considered biologic anti-CD20 
B-cell-depleting agents and not other targeted therapies that 
specifically interfere with normal B-cell function: for example, 
Bruton tyrosine kinase inhibitors have also been shown to pro-
foundly inhibit SARS-CoV-2 vaccine responses [28].

In conclusion, we demonstrate vaccine responsiveness is 
significantly impeded by active chemotherapy for haemato-
logical malignancy and in the first 6 months following any 
B-cell-depleting agent. Based on these observations, additional 
immunizations may be necessary at least 6 months after B-cell 
depletion to optimize vaccine responsiveness; monitoring im-
mune reconstitution may facilitate optimal vaccine timing. 
Further studies are needed to investigate whether shorter vac-
cine intervals may improve immunological responsiveness in 
vulnerable individuals. Finally, based on our findings, we also 
recommend that individuals who do not respond to SARS-
CoV-2 vaccinations should be evaluated further for secondary 
immunodeficiency, particularly if anti-CD20-depleting ther-
apies were last administered 18 months or more prior to vac-
cination.

Supplementary data
Supplementary data are available at Clinical and Experimental 
Immunology online.
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