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Breakthrough SARS-CoV-2 infections and prediction of 
moderate-to-severe outcomes during rituximab therapy 
in patients with rheumatic and musculoskeletal diseases in 
the UK: a single-centre cohort study
Md Yuzaiful Md Yusof*, Jack Arnold*, Benazir Saleem, Claire Vandevelde, Shouvik Dass, Sinisa Savic, Edward M Vital, Paul Emery

Summary
Background Concerns have been raised regarding the reduced immunogenicity of vaccines against COVID-19 
in patients with autoimmune diseases treated with rituximab. However, the incidence and severity of breakthrough 
infections in unbiased samples of patients with specific rheumatic and musculoskeletal diseases are largely unknown. 
We aimed to assess the incidence of breakthrough SARS-CoV-2 infection, compare rates of moderate-to-severe 
COVID-19 with any severe infection event, and evaluate predictors of moderate-to-severe COVID-19 outcomes 
in patients treated with rituximab.

Methods We did a retrospective cohort study in all rituximab-treated patients with rheumatic and musculoskeletal 
diseases in a single centre in Leeds, UK between March 1, 2020 (the index date), and April 1, 2022. Adults aged 
18 years and older, who fulfilled classification criteria for established rheumatic and musculoskeletal diseases, and 
received therapy with at least one rituximab infusion between Sept 1, 2019 (6 months before the pandemic in the UK), 
and April 1, 2022, were eligible for inclusion in the study. SARS-CoV-2 infection was defined by antigen test or PCR. 
COVID-19 outcomes were categorised as mild (from ambulatory to hospitalised but not requiring oxygen support) or 
moderate-to-severe (hospitalised and requiring oxygen support or death). The primary outcome was breakthrough 
COVID-19 infection, which was defined as an infection occurring 14 days or more after the second vaccine dose. 
Predictors of moderate-to-severe COVID-19 outcomes were analysed using Cox regression proportional hazards.

Findings Of the 1280 patients who were treated with at least one cycle of rituximab since Jan 1, 2002, 485 (38%) 
remained on rituximab therapy on April 1, 2022. Of these patients, 400 fulfilled all inclusion criteria and were included 
in our final analysis. The mean age at the index date was 58·9 years (SD 14·6), 288 (72%) of 400 patients were female 
and 112 (28%) were male, 333 (83%) were White, and 110 (28%) had two or more comorbidities. 272 (68%) of 
400 patients had rheumatoid arthritis, 48 (12%) had systemic lupus erythematosus, 48 (12%) had anti-neutrophil 
cytoplasmic antibody-associated vasculitis, and 46 (12%) had other rheumatic and musculoskeletal diseases. During 
the study, 798 rituximab cycles were administered. Of the 398 (>99%) of 400 patients with vaccine data, 372 (93%) 
were fully vaccinated. Over the 774·6 patient-years of follow-up, there was an incremental increase in all SARS-CoV-2 
severity types over the three pandemic phases (wild-type or alpha, delta, and omicron), but most infections were mild. 
The rates of moderate-to-severe COVID-19 were broadly similar across these three variant phases. Of 370 patients 
who were fully vaccinated and with complete data, 110 (30%) had all severity type breakthrough COVID-19, 16 (4%) 
had moderate-to-severe breakthrough COVID-19, and one (<1%) died. In the post-vaccination phase (after 
Dec 18, 2020), the incidence rates of all severity type and moderate-to-severe COVID-19 were substantially lower in 
those who were fully vaccinated compared with unvaccinated or partially vaccinated individuals (22·83 per 100 
person-years [95% CI 18·94–27·52] in those who were fully vaccinated vs 89·46 per 100 person-years [52·98–151·05] 
in those who were partially vaccinated or unvaccinated for infections of all severities, and 3·32 per 100 person-years 
[2·03–5·42] in those who were fully vaccinated vs 25·56 per 100 person-years [9·59–68·10] in those who were partially 
vaccinated or unvaccinated for moderate-to-severe infections). The rate of moderate-to-severe COVID-19 was broadly 
similar to other severe infection events in this cohort (5·68 per 100 person-years [95% CI 4·22–7·63]). In multivariable 
Cox regression analysis, factors associated with an increased risk of moderate-to-severe COVID-19 were the number 
of comorbidities (hazard ratio 1·46 [95% CI 1·13–1·89]; p=0·0037) and hypogammaglobulinaemia (defined by a pre-
rituximab IgG concentration of <6 g/L; 3·22 [1·27–8·19]; p=0·014). This risk was reduced with each vaccine dose 
received (0·49 [0·37–0·65]; p<0·0001). Other factors, including concomitant prednisolone use, rituximab-associated 
factors (eg, rituximab dose and time to vaccination since last rituximab dose), and vaccine-associated factors (eg, 
vaccine type and peripheral B-cell depletion) were not predictive of moderate-to-severe COVID-19 outcomes.

Interpretation This study presented detailed analyses of rituximab-treated patients during various phases of the 
COVID-19 pandemic. In later stages of the pandemic, the SARS-CoV-2 breakthrough infection rate was high but severe 
COVID-19 rates were similar to any severe infection event rate in patients who were vaccinated. The risk–benefit ratio 
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Introduction
As rituximab is a B-cell depleting agent, there are 
concerns regarding safe use of this therapy in the 
context of the COVID-19 pandemic because of its effect 
on humoral immunity. Initial data have shown an 
increased risk of poor outcomes, including deaths, in 
rituximab-treated patients with rheumatic and 
musculoskeletal diseases compared with the general 
population1 and those treated with methotrexate 
monotherapy,2 tumour necrosis factor inhibitors,3 and 
other biological disease-modifying antirheumatic drugs 
(DMARDs) with or without with conventional synthetic 
DMARDs.4,5 Furthermore, rituximab therapy is 
associated with a significantly reduced humoral 
response to COVID-19 vaccination,6–8 although the 
T-cell-mediated immune response is preserved in a 
majority of patients with rheumatic and musculoskeletal 
diseases, irrespective of the humoral response.9–12 
Nevertheless, the extent of protection conferred by the 
T-cell response in rituximab-treated patients with 

rheumatic and musculoskeletal diseases remains 
unclear.

It is important to note that the published registry 
studies mainly reported outcomes during the pre-
vaccination phase of the COVID-19 pandemic. A 
limitation of registry data is reporting bias, which makes 
estimation of true incidence challenging.13 As rituximab 
is often used in people with refractory disease (eg, 
relapsing autoimmune connective tissue diseases or 
vasculitis) and multiple comorbidities, it is often not 
pragmatic to discontinue this therapy during an 
unexpected infection outbreak, particularly for patients 
with few alternative treatment options. In terms of 
practicality of rituximab use, there are few data on key 
rituximab-specific and vaccine-specific predictors of poor 
outcomes in rituximab-treated patients with rheumatic 
and musculoskeletal diseases and breakthrough 
infections after COVID-19 vaccination. A detailed large 
cohort study could overcome these issues. We aimed to 
assess the incidence of breakthrough SARS-CoV-2 

Research in context

Evidence before this study
Although immunogenicity to COVID-19 vaccination is blunted in 
patients with rheumatic and musculoskeletal diseases who are 
treated with B-cell depleting therapy, there is a paucity of data on 
breakthrough infections in vaccinated patients. Most notably, 
little is known about the true incidence and nature of 
breakthrough infections in this clinically vulnerable population. 
We used COVID-19 filters in PubMed and searched the Cochrane 
Library and medRxiv for articles published in English between 
Jan 1, 2020, and Sept 1, 2022, using the following terms: 
(“rheumatic”) AND (COVID-19 OR SARS-CoV-2) AND 
(“breakthrough”), and identified 40 studies. Of these, only three 
studies assessed breakthrough infections in patients receiving 
immunosuppressive therapies including rituximab. No studies 
reported outcomes during the omicron wave of the pandemic.

Added value of this study
We captured data on a full unbiased cohort of patients treated 
with rituximab with details on specific rheumatic and 
musculoskeletal diseases, as well as multi-morbidities and with 
matched clinical, immunological, B-cell, and vaccination data. 
We also analysed data from various phases of the pandemic. 
We found that, despite a high uptake of vaccination, 
approximately a third of patients had breakthrough SARS-
CoV-2 infections during therapy with rituximab. However, only 
a small proportion of patients had moderate-to-severe 

outcomes, with only one death. The incidence rates of poor 
COVID-19 outcomes were broadly similar across the three 
SARS-CoV-2 variant phases (wild-type or alpha, delta, and 
omicron), and were similar to other severe infection events 
recorded during our observation period. We also identified 
increasing numbers of comorbidities and 
hypogammaglobulinaemia as predictors of these moderate-to-
severe outcomes, and this risk was reduced with each vaccine 
dose received.

Implications of all the available evidence
Our findings show that immunoglobulin concentrations should 
be monitored before and after rituximab therapy, and 
individualised risk-benefit assessment should be done in patients 
with rheumatic and musculoskeletal diseases with comorbidities 
and hypogammaglobulinaemia when making decisions about 
rituximab therapy, since both are consistent predictors for all 
infection types. This study also showed the clinical effectiveness 
of primary and booster COVID-19 vaccination and the need for 
additional mitigation strategies to overcome waning immunity 
after primary vaccination in this vulnerable population, 
emphasising that vaccination remains worthwhile despite B-cell 
depletion. We have quantified the risk of moderate-to-severe 
COVID-19 in patients treated with rituximab, and this risk should 
be balanced against the risk of under-treating patients with 
severe rheumatic and musculoskeletal diseases.

might still favour rituximab in vaccinated patients with severe rheumatic and musculoskeletal diseases who have few 
other treatment options. Increased vigilance is needed in the presence of comorbidities and hypogammaglobulinaemia 
for all infection types.

Funding Wellcome Trust and Eli Lilly.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.
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infection, compare rates of moderate-to-severe COVID-19 
with any severe infection event, and evaluate predictors 
of moderate-to-severe COVID-19 outcomes.

Methods
Study design and participants 
This retrospective, observational, cohort study was done 
in all rituximab-treated patients with rheumatic and 
musculoskeletal diseases in a single centre in Leeds, UK. 
Adults aged 18 years and older, who fulfilled classification 
criteria for established rheumatic and musculoskeletal 
diseases, including rheumatoid arthritis, systemic 
lupus erythematosus (SLE), anti-neutrophil cytoplasmic 
antibody (ANCA)-associated vasculitis, primary Sjogren’s 
syndrome, inflammatory myopathy, systemic sclerosis, 
mixed connective tissue disease, undifferentiated 
connective tissue disease, IgG4-related disease and 
Behçet’s disease, and who received therapy with 
at least one rituximab infusion between Sept 1, 2019 
(6 months before the start of the COVID-19 pandemic in 
the UK), and April 1, 2022, were eligible for inclusion in 
the study. Data for the sex of participants were collected 
from self-report in electronic health records. The options 
were either female, male, or other.

Formal ethics approval was not required because all 
treatment decisions were made before evaluation of data, 
in accordance with the UK National Health Service 
(NHS) Research Ethics Committee guidelines. B-cell 
subset analysis was done in an accredited clinical 
diagnostic laboratory (Haematological Malignancy 
Diagnostic Service, Leeds Teaching Hospitals NHS Trust, 
Leeds, UK). This is a routine clinical test in patients who 
are receiving treatment with rituximab in this region. 
Participants provided written informed consent for the 
study.

Procedures
In patients who received a first cycle of rituximab, this 
regimen comprised 100 mg methylprednisolone and 
1000 mg rituximab given intravenously on days 1 and 14. 
Further cycles comprising the same full-dose regimen or 
half-dose regimen (one 1000 mg rituximab infusion) 
were repeated on clinical relapse. In our department, 
most patients with rheumatoid arthritis received repeat 
cycles with a half-dose regimen in the 8 months after the 
beginning of the pandemic in the UK (March, 2020). A 
decision to continue therapy with a half-dose regimen or 
switch back to a full-dose regimen was made by the 
treating clinicians, depending on clinical response in the 
previous cycle and infection risk profile.

Salient clinical data, laboratory measures, and 
treatment characteristics were obtained from patient 
medical records. Comorbidity count was calculated using 
summation of the presence of 14 major medical 
conditions (hypertension, diabetes, ischaemic heart 
disease, stroke or transient ischaemic attacks, previous 
cancer, asthma, chronic obstructive pulmonary disease, 

interstitial lung disease, bronchiectasis, chronic kidney 
disease, epilepsy, multiple sclerosis, dementia, and 
depression) as previously described.14

SARS-CoV-2 infection was confirmed by antigen test or 
PCR test. Severity of COVID-19 was assessed and 
classified according to the WHO Working Group 
definition as follows: mild, which comprised no 
symptoms, requiring ambulatory care, or hospitalised 
but without the need for oxygen therapy (WHO grade 1–4); 
moderate, which required hospitalisation and oxygen 
therapy (WHO grade 5); and severe, which required 
ventilation support, admission to an intensive care unit 
(ICU), or led to death (WHO grade 6–10).15 Breakthrough 
SARS-CoV-2 infection was defined as infection that 
occurred 14 days or more after the second vaccine dose in 
a two-dose series (a fully vaccinated individual). 
Individuals who received only one vaccine dose in a two-
dose series were classified as partially vaccinated.

Severe infection events were defined as non-SARS-
CoV-2 infections resulting in hospitalisation for more 
than 24 h or requiring intravenous antibiotics (excluding 
concurrent admission for SARS-CoV-2-associated 
infection). Data for SARS-CoV-2 infection and severe 
infection events were obtained from electronic health 
records, pathology results servers, hospital discharge 
letters, clinic letters, correspondences from general 
practitioners, and medical case notes.

Full blood counts were processed at a single accredited 
diagnostic laboratory at Leeds Teaching Hospitals NHS 
Trust (Leeds, UK). Total serum immunoglobulin concen
trations were measured by nephelometry before and 
around 4–6 months after each rituximab cycle (normal 
range for IgM 0·5–2·0 g/L; IgA 0·8–4·0 g/L; and IgG 
6·0–16·0 g/L). Hypogammaglobulinaemia was defined 
as an IgG concentration of less than 6 g/L.

Peripheral blood B-cell subsets (naive, memory, and 
plasmablast cells) were enumerated using highly 
sensitive flow cytometry, as previously described,16 
at week 0 and week 2, without knowledge of clinical 
status other than time since rituximab treatment. A six-
colour flow cytometry protocol (CD3, CD14, CD19, CD27, 
CD38, and CD45) that counted 500 000 events was used. 
Naive (CD19+CD27–), memory (CD19++CD27+), and 
plasmablast (CD19+/–CD27++CD38++) counts were 
enumerated using CD45 to identify the total leukocyte 
population for calculation of absolute B-cell subset 
numbers, using CD3 and CD14 to exclude contaminating 
leukocyte populations. Complete B-cell depletion was 
defined as a total B-cell count less than 0·0001 × 10⁹ 
cells/L at 2 weeks after rituximab treatment.

Outcomes
The primary outcome was breakthrough COVID-19 
infections in patients who were fully vaccinated. Other 
outcomes included COVID-19 infections and other 
severe infection events recorded in all patients during 
our observation period.
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Statistical analysis
Descriptive statistics were summarised using means 
with SDs or medians with IQRs or ranges for continuous 
variables and n (%) for categorical variables. Associations 
between categorical variables were tested by Fisher’s 
exact test if the expected number was five or less, 
otherwise χ² tests were done. Patients contributed patient-
years of follow-up between the index date (March 1, 2020) 
in those with previous rituximab exposure or the start 
date of rituximab treatment in those who initiated the 
therapy and either the date of death, switch to different 
biological DMARDs or therapies, or final follow-up visit. 
Rates for each outcome (all severity type COVID-19, 
moderate-to-severe COVID-19, SARS-CoV-2 infections 
between three variant phases, pre-vaccination vs post-
vaccination phases, and breakthrough infections in those 
who received two vaccine doses) were estimated by 
dividing the counts by their corresponding person-years 
of interest, with 95% CIs. Specific details of each 
estimation are described in the appendix (pp 2–3).

For survival analyses only, patients who had multiple 
SARS-CoV-2 infections were censored at the time of 
detection of their first infection. Survival analyses for 
categorically distributed variables were calculated using 
Kaplan-Meier plots and log-rank tests. For the survival 
prediction of moderate-to-severe COVID-19 outcomes, in 
multivariable analysis, only variables with p<0·20 in 
univariable analysis were included in the model. Missing 
data were estimated by multiple imputation by chained 
equations and 20 multiple imputation sets were used to 
provide stability of results. Sensitivity analysis was done 
on imputed data and inclusion of a variable of interest 
(ie, depth of B-cell depletion [complete vs incomplete]) in 
multivariable analysis. The proportional hazard 
assumption was tested by examining Schoenfeld 
residuals plots. Cox regression (proportional hazards) 
was done using backward elimination, with p<0·20 
associated with the deviance used for exclusion from the 
model. All statistical analysis was done using Stata MP 
version 16 and IBM SPSS version 27 for Windows.

Role of the funding source 
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
Of the 1280 patients who were treated with at least one 
cycle of rituximab since Jan 1, 2002, 485 (38%) remained 
on rituximab therapy at the date when the data were last 
updated (April 1, 2022; figure 1). Of these patients, 400 
(82%) fulfilled all inclusion criteria and were included in 
the final analysis.

Clinical and treatment characteristics and laboratory 
measures at index date or rituximab initiation are 
described in table 1. The mean age at the index date was 
58·9 years (SD 14·6), 288 (72%) of 400 patients were 

female, 112 (28%) were male, and 333 (83%) were White. 
272 (68%) of 400 patients had rheumatoid arthritis, 
48 (12%) had SLE, 48 (12%) had ANCA-associated 
vasculitis, and 46 (12%) had other rheumatic and 

All patients 
(n=400)

Rheumatoid 
arthritis (n=272)

Other rheumatic 
and musculoskeletal 
diseases (n=128)

Age, years 58·9 (14·6) 62·4 (12·9) 50·2 (14·5)

Sex

Female 288 (72%) 191 (70%) 97 (76%)

Male 112 (28%) 81 (30%) 31 (24%)

Ethnicity or race

White 333 (83%) 239 (88%) 94 (73%)

South Asian 43 (11%) 25 (9%) 18 (14%)

Southeast Asian 6 (2%) 1 (<1%) 5 (4%)

Afro-Caribbean 7 (2%) 2 (1%) 5 (4%)

Mixed race 11 (3%) 5 (2%) 6 (5%)

Diagnosis

Rheumatoid arthritis 272 (68%) 272 (100%) ··

Systemic lupus erythematosus 48 (12%) ·· 48 (38%)

Antineutrophil cytoplasmic antibody-
associated vasculitis

48 (12%) ·· 48 (38%)

Inflammatory myopathies 14 (4%) ·· 14 (11%)

Primary Sjogren’s syndrome 13 (3%) ·· 13 (10%)

Systemic sclerosis 6 (2%) ·· 6 (5%)

IgG4-related disease 5 (1%) ·· 5 (4%)

Undifferentiated CTD 4 (1%) ·· 4 (3%)

Mixed CTD 3 (1%) ·· 3 (2%)

Behçet’s disease 1 (<1%) ·· 1 (1%)

Disease duration, years 11·7 (6·3–16·2) 13·5 (8·2–16·6) 7·2 (2·8–12·5)

(Table 1 continues on next page)

See Online for appendix

Figure 1: Study flowchart

1280 patients in Leeds treated with rituximab for any
rheumatological diagnosis since Jan 1, 2002

400 received at least one rituximab cycle between
Sept 1, 2019, and April 1, 2022, and included in
final analysis

25 initiated with cycle 1 of rituximab therapy 
375 established treatment with rituximab

795 excluded as not currently on rituximab 
611 no response to treatment 
130 died

54 moved out of area

485 patients reviewed against inclusion criteria

85 excluded as did not receive rituximab
therapy between Sept 1, 2019, and
April 1, 2022
52 rituximab not required because of

other predominant pathology
(eg, osteoarthritis) or comorbidities

33 had prolonged remission
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musculoskeletal diseases. 19 (5%) of 400 patients had 
pre-rituximab hypogammaglobulinaemia (IgG <6 g/L) 
and 110 (28%) had two or more comorbidities.

The total follow-up time was 774·6 person-years. The 
mean follow-up per patient was 1·9 years (SD 0·4). 
798 cycles of rituximab were administered during this 

study to 400 patients; the median number of rituximab 
cycles administered was two (range 1–5; IQR 1–2). 
In patients who received repeated cycles of rituximab, the 
median time to retreatment was 50 weeks for cycle 1 
(IQR 35–65; n=272), 41 weeks for cycle 2 (33–52; n=101), 
and 35 weeks for cycle 3 (30–39; n=20). 81 (20%) patients 
were treated with MabThera, 315 (79%) with Truxima and 
four (1%) with Rixathon. In 349 patients for whom post-
rituximab B-cell data were available, 255 (73%) had 
complete B-cell depletion (including plasmablast 
depletion) and 302 (87%) had complete CD20 cell 
depletion (naive and memory B cells) using highly 
sensitive flow cytometry.

At the end of follow-up, 27 (7%) of 400 patients 
discontinued rituximab (12 non-response and subse
quently switched to different biological DMARDs or 
therapies, 14 deaths, and one escalation to intravenous 
cyclophosphamide for concurrent scleromalacia 
perforans). The causes of deaths were interstitial lung 
disease progression (four patients), COVID-19 (three 
patients), infective exacerbation of bronchiectasis 
(two patients), stroke (one patient), multi-organ failure 
(one patient), end-stage heart failure (one patient), 
cardiac tamponade (one patient), and upper 
gastrointestinal malignancy (one patient).

Vaccination data were available in 398 (>99%) of 
400 patients. There was a high uptake of COVID-19 
vaccination, and 372 (93%) patients were fully vaccinated 
(ie, completed both doses in a two-dose series). 21 (5%) of 
400 patients were unvaccinated, five (1%) of 398 patients 
had received one vaccine dose, 47 (12%) had received two 
doses, 223 (56%) had received three, and 102 (26%) had 
received four vaccine doses. Of the 359 patients for 
whom the primary two-dose vaccine series was known, 
243 (68%) received the ChAdOx1 nCoV-19 adenoviral 
vector vaccine (Oxford-AstraZeneca) as their primary 
vaccine and the remaining 116 (32%) had the BNT162b2 
mRNA vaccine (Pfizer-BioNTech).

Of the 377 patients who received at least one vaccine 
dose, 25 (7%) initiated therapy with rituximab; all were 
vaccinated at least 6 weeks before therapy. In the 
352 patients with previous rituximab exposure, 
36 (10%) received their first vaccine dose within 3 months 
of previous rituximab treatment, 55 (16%) between 
3–6 months of previous rituximab treatment, and 
261 (74%) more than 6 months after rituximab treatment. 
The median time to vaccination from the last rituximab 
treatment was 47 weeks (IQR 25-62).

We assessed breakthrough SARS-CoV-2 infections in 
370 patients who received at least two vaccine doses and 
with complete data. 110 (30%) patients had breakthrough 
COVID-19 (all severity), 16 (4%) had moderate-to-severe 
COVID-19, and there was 1 (<1%) death (table 2). The 
mean time to all severity COVID-19 and moderate-to-
severe COVID-19 after the second vaccine dose was 
32·2 weeks (SD 12·2) weeks and 28·5 weeks (12·4), 
respectively. Concomitant conventional synthetic 

All patients 
(n=400)

Rheumatoid 
arthritis (n=272)

Other rheumatic 
and musculoskeletal 
diseases (n=128)

(Continued from previous page)

Comorbidities

Diabetes 45 (11%) 24 (9%) 21 (16%)

Coronary artery disease 34 (9%) 30 (11%) 4 (3%)

Hypertension 98 (25%) 66 (24%) 32 (25%)

Heart failure 16 (4%) 8 (3%) 8 (6%)

Stroke 12 (3%) 7 (3%) 5 (4%)

Asthma 29 (7%) 18 (7%) 11 (9%)

Chronic obstructive pulmonary disease 25 (6%) 19 (7%) 6 (5%)

Interstitial lung disease 37 (9%) 22 (8%) 15 (12%)

Bronchiectasis 25 (6%) 22 (8%) 3 (2%)

Previous tuberculosis 13 (3%) 9 (3%) 4 (3%)

Previous cancer 55 (14%) 48 (18%) 7 (5%)

Chronic kidney disease 24 (6%) 10 (4%) 14 (11%)

Depression 21 (5%) 15 (6%) 6 (5%)

Comorbidity count* 1 (0–6) 1 (0–6) 1 (0–5)

Biological naive 237 (59%) 113 (42%) 124 (97%)

Previous cyclophosphamide 57 (14%) 5 (2%) 52 (41%)

Number of previous rituximab cycles* 4 (0–19) 6 (0–19) 2 (0–18)

Concomitant conventional synthetic 
DMARDs

272 (68%) 172 (64%) 100 (78%)

Methotrexate 196 (49%) 162 (60%) 34 (27%)

Mycophenolate mofetil 41 (10%) 2 (1%) 39 (30%)

Azathioprine 23 (6%) 2 (1%) 21 (16%)

Tacrolimus 5 (1%) 1 (<1%) 4 (3%)

Sulfasalazine 4 (1%) 4 (1%) 0

Leflunomide 3 (1%) 1 (<1%) 2 (2%)

Concomitant antimalarials 49 (12%) 16 (6%) 33 (26%)

Concomitant prednisolone 110 (28%) 40 (15%) 70 (55%)

Daily prednisolone dose, mg 2·8 (6·5) 0·7 (1·8) 7·3 (9·9)

Immunoglobulin, g/L

IgM (normal range 0·5–2·0) 0·83 (1·61) 0·78 (0·57) 0·91 (1·88)

IgA (normal range 0·8–4·0) 2·72 (1·63) 2·89 (1·53) 2·36 (1·78)

IgG (normal range 6·0–16·0) 10·93 (4·17) 10·68 (3·47) 11·47 (5·34)

Low IgG (<6 g/L) 19 (5%) 11 (4%) 8 (6%)

Lymphocyte count, ×10⁹/L 1·48 (1·03) 1·52 (1·15) 1·40 (0·75)

Pre-rituximab peripheral B cells

Total B cells, ×10*⁹/L 0·0947 (0·13)† 0·0858 (0·12)‡ 0·1144 (0·15)§

Naive B cells, ×10*⁹/L 0·0833 (0·12)† 0·0776 (0·12)‡ 0·0960 (0·13)§

Memory B cells, ×10*⁹/L 0·0093 (0·03)† 0·0067 (0·02)‡ 0·0151 (0·03)§

Plasmablast cells, ×10*⁹/L 0·0021 (0·01)† 0·0016 (0·00)‡ 0·0033 (0·01)§

Data are n (%), mean (SD), or median (IQR), unless otherwise indicated. CTD=connective tissue disease. 
DMARDs=disease modifying anti-rheumatic drugs. *Data are median (range). †n=381. ‡n=263. §n=118.

Table 1: Clinical and treatment characteristics and laboratory measures at index date or rituximab initiation
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DMARD treatment was associated with the frequency of 
breakthrough infections in fully vaccinated patients 
(85 [34%] of 252 patients who were treated with rituximab 
and concomintant DMARD vs 21 [18%] of 118 patients on 
rituximab monotherapy; p=0·0016), but not with the rate 
of moderate-to-severe breakthrough infections (ten [4%] 
of 252 patients who were treated with rituximab and 
concomitant DMARD vs six [5%] of 118 patients on 
rituximab monotherapy; p=0·79).

We compared SARS-CoV-2 infection rates between 
three variant phases (wild-type or alpha, delta, and 
omicron). We found an incremental increase in all 
severity types over the three phases; the highest rate 
during omicron was 63·21 infections per 100 person-
years (95% CI 49·75–80·32). However, most cases were 
mild (58·50 mild infections per 100 person-years [95% CI 
45·61–75·03] during omicron vs 16·93 mild infections 
per 100 person-years [12·37–23·17] for delta and 
2·72 mild infections per 100 person-years [1·54-4·79] for 
wildtype or alpha). The rates of moderate-to-severe 
COVID-19 were broadly similar across the three variant 
phases (figure 2).

In the overall study follow-up, the rates for all severity 
types and moderate-to-severe COVID-19 were 18·07 per 
100 person-years (95% CI 15·31–21·33) and 3·49 per 
100 person-years (2·39–5·08), respectively (table 2). 
11 (3%) of 400 patients had recurrent SARS-CoV-2 
infection episodes (detected at least 3 months after their 
previous infection). Details of patients with moderate-to-
severe infection and the treatments or interventions 
received are described in the appendix (pp 4–8). In our 
region, the COVID-19 vaccination programme 
commenced from Dec 18, 2020. In the post-vaccination 
phase, the rates of both all severity and moderate-to-
severe infections were substantially lower in the fully 
vaccinated group than in those who were unvaccinated 
or partially vaccinated (22·83 per 100 person-years 
[95% CI 18·94–27·52] in those who were fully vaccinated 
vs 89·46 per 100 person-years [52·98–151·05] in those 
who were partially vaccinated or unvaccinated for 
infections of all severities, and 3·32 per 100 person-years 
[2·03–5·42] in those who were fully vaccinated vs 25·56 

per 100 person-years [9·59–68·10] in those who were 
partially vaccinated or unvaccinated for moderate-to-
severe infections; table 2). Moreover, those who received 
at least one additional vaccine dose (ie, three or more 
doses) were less likely to develop either all severity or 
moderate-to-severe COVID-19 compared with those who 
received two vaccine doses (Kaplan-Meier log-rank test, 
χ² 54·35; p<0·0001 and χ² 40·18; p<0·0001, respectively; 
figure 3).

We compared the rates of SARS-CoV-2 infection with 
any severe infection event. 44 severe infection events 
were recorded in 34 patients over 774·6 person-years 
of follow-up (5·68 per 100 person-years [95% CI 
4·22–7·63]). The most common infections were lung 
and urinary tract infections. Sources of severe infection 
events are shown in the appendix (p 9). The rate of severe 
infection events in this cohort was similar to the rate of 
moderate-to-severe COVID-19 for the overall cohort 
(3·49 per 100 person-years [95% CI 2·39–5·08]) and in 

Infections Infections per 100 person-years (95% CI)

All severity COVID-19 

Pre-vaccination programme (before Dec 18, 2020) 16 in 16 patients 5·59 (3·42–9·12)

Post-vaccination programme (after Dec 18, 2020), unvaccinated or partially vaccinated 14 in 13 patients 89·46 (52·98–151·05)

Post-vaccination programme (after Dec 18, 2020), fully vaccinated (breakthrough infections) 110 in 100 patients 22·83 (18·94–27·52)

Overall study follow-up 140 in 129 patients 18·07 (15·31–21·33)

Moderate-to-severe COVID-19

Pre-vaccination programme (before Dec 18, 2020) 7 in 7 patients 2·44 (1·17–5·13)

Post-vaccination programme (after Dec 18, 2020), unvaccinated or partially vaccinated 4 in 4 patients 25·56 (9·59–68·10)

Post-vaccination programme (after Dec 18, 2020), fully vaccinated (breakthrough infections) 16 in 16 patients 3·32 (2·03–5·42)

Overall study follow-up 27 in 27 patients 3·49 (2·39–5·08)

Table 2: Rates of all severity and moderate-to-severe COVID-19 in rituximab treated patients pre-vaccination and post-vaccination

Figure 2: Severity of COVID-19 across the three variants phases
Comparison of severity of COVID-19 (mild, moderate-to-severe, and all severities) 
between the three variant phases (wild-type or alpha, delta, and omicron). 
The y-axis is transformed to a log10 scale. Data are summarised as infection rate 
per 100 patient-years and the error bars denote 95% CIs.
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fully vaccinated patients (3·32 per 100 person-years 
[95% CI 2·03–5·42; table 2).

We evaluated key predictors of moderate-to-severe 
COVID-19 outcomes using Cox regression propor
tional hazards, including salient clinical and laboratory 
measures and treatment characteristics, key rituximab-
specific variables (rituximab dose, number of previous 
rituximab cycles, low IgG before rituximab treatment, 
B-cell subsets, and depth of B-cell depletion), and 
vaccine-specific variables (vaccine type, time to 
vaccination from previous rituximab treatment, and 
number of vaccine doses received). In univariable 
analysis, previous history of cyclophosphamide therapy, 
number of comorbidities, concomitant oral prednisolone, 
concomitant oral prednisolone dose, and low IgG were 

associated with an increased risk of moderate-to-severe 
COVID-19 outcomes. By contrast, the number of vaccine 
doses received reduced this risk.

In multivariable analysis, only the number of 
comorbidities (hazard ratio 1·46 [95% CI 1·13–1·89]; 
p=0·0037) and low IgG before rituximab treatment (3·22 
[1·27–8·19]; p=0·014) were associated with an increased 
risk of moderate-to-severe COVI-19 outcomes. This risk 
was reduced with each vaccine dose received (0·49 
[0·37–0·65]; p<0·0001; table 3). Results for sensitivity 
analyses were similar (table 3).

Discussion
In this study, we have presented detailed analyses of a 
comprehensive cohort of patients with rheumatic and 
musculoskeletal diseases who were treated with 
rituximab during various phases of the COVID-19 
pandemic. Our cohort is representative of patients with 
rheumatic and musculoskeletal diseases who are 
receiving rituximab in the UK and the salient clinical 
characteristics (age, sex distribution, disease duration, 
and comorbidites) of our cohort are comparable to real-
world data of rituximab-treated patients from registries 
in Europe.17–20 By capturing data from a broad spectrum 
of patients with rheumatic and musculoskeletal diseases 
with matched clinical, immunological, B-cell, and 
vaccination data, as well as medium-term follow-up, this 
study offers insights into the pragmatic use of rituximab 
in the context of a pandemic and a foundation for safe 
monitoring of rituximab therapy.

In this study, there was a high uptake of COVID-19 
vaccination. However, the rate of breakthrough infections 
was high. A high breakthrough infection rate might 
be expected in immunosuppressed individuals and 
accordingly, the number of breakthrough infections in 
our study was higher than in the general population 
in England (9·8 per 100 person-years).21 Similarly, the 
rate of moderate-to-severe SARS-CoV-2 breakthrough 
infection in this cohort was higher than the general 
population in England (0·48 per 100 person-years), 
although the incidence was broadly similar to people 
with comorbidities, including end-stage kidney disease, 
haematological malignancy, and those who are 
immunocompromised (range 1·7 to 7·6 per 100 person-
years).21 The rate of moderate-to-severe breakthrough 
infections in our cohort was slightly higher than in 
rituximab-treated patients with immune-mediated 
inflammatory diseases in the USA (29 [2%] of 1696).22 
This difference could be due to the population studied 
(ie, the US study included patients with neuro
inflammatory disease and fewer patients with multi-
morbidity and concomitant DMARD use).

Strengths of this study include the rigorous 
methodology for data collection and extraction and the 
inclusion of all rituximab-treated patients with rheumatic 
and musculoskeletal diseases over various phases of the 
pandemic and SARS-CoV-2 variants (wild-type or alpha, 

Figure 3: SARS-CoV-2 breakthrough infection according to the number of vaccine dose received
Kaplan-Meier survival graphs of breakthrough SARS-CoV-2 infection of any severity (A) and moderate-to-severe 
SARS-CoV-2 infection (B), as measured from the time of second vaccine dose. Survival was compared between 
patients who received two vaccine doses only versus those who received booster vaccination. Each curve is provided 
with number at risk and number of failures (ie, those who had infection between timepoints) in brackets. Each 
patient censored during follow-up is marked with vertical black line on the curve. Log-rank plot testing was used to 
test the equality of survivor function. The shaded areas represent 95% CIs.
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delta, and omicron). In the later stages of the pandemic, 
the SARS-CoV-2 infection rate was high but the 
moderate-to-severe COVID-19 rate was broadly similar to 
the rate of moderate-to-severe COVID-19 in the pre-
vaccination phase and the rate of any severe infection 
events in the vaccinated cohort. This finding was 
consistent with the findings of studies reporting that the 
cumulative incidences of both SARS-CoV-2 delta and 
omicron breakthrough infections were high in patients 
with immune-mediated inflammatory diseases on 
immunosuppressants, including rituximab, but these 
rates were similar to those reported in patients with 
immune-mediated inflammatory diseases who were not 
on immunosuppressants and those reported in healthy 
controls; furthermore, disease severity was mostly 
mild.23,24 Meanwhile, another study that included 
rituximab-treated patients reported that SARS-CoV-2 
infections in the initial omicron wave were associated 
with a 71% reduction in the risk of hospitalisation or 
death compared with the earliest time period of the 

pandemic.25 Moreover, the rate of moderate-to-severe 
SARS-CoV-2 breakthrough infections in our cohort was 
similar to the pre-pandemic severe infection event rate 
from global randomised trials and long-term extension 
studies of rituximab in patients with rheumatoid arthritis 
(3·94 per 100 person-years)26 and from registries of 
rituximab use in patients with rheumatoid arthritis and 
other rheumatic and musculoskeletal diseases (range 
5·0–6·6 per 100 person-years).17,27,28 Thus, it is important 
to identify factors associated with poor COVID-19 
outcomes and severe infection events to allow 
individualised risk–benefit assessment with regard to 
rituximab treatment decisions.

As expected, the risk of moderate-to-severe COVID-19 
outcomes was increased with each comorbidity. In terms 
of rituximab-specific factors, pre-rituximab hypogamma
globulinaemia increased the risk of moderate-to-severe 
COVID-19 outcomes. This finding is concordant with a 
cohort study that identified lower IgG concentrations as a 
predictor of poor immunogenicity after vaccination with 

Univariable analysis, HR (95% CI); 
p value, N

Multivariable analysis, HR (95% CI); 
p value, N

Sensitivity analysis (with multiple imputation), 
multivariable analysis HR (95% CI); p value

Age, per 10 years* 0·95 (0·73–1·22); p=0·67, 400 Not included in multivariable analysis Not included in multivariable analysis

Female sex 1·02 (0·43–2·42); p=0·96, 400 Not included in multivariable analysis Not included in multivariable analysis

Other ethnicities vs white 1·20 (0·45–3·16); p=0·72, 400 Not included in multivariable analysis Not included in multivariable analysis

Disease duration, per year 0·99 (0·95–1·04); p=0·78, 400 Not included in multivariable analysis Not included in multivariable analysis

Connective tissue disease diagnosis vs rheumatoid 
arthritis

2·02 (0·94–4·31); p=0·070, 400 Included in multivariable analysis but 
removed from final model as p<0·20

Included in multivariable analysis but removed 
from final model as p<0·20

Previous exposure to biological DMARDs 0·64 (0·29–1·42); p=0·27, 400 Not included in multivariable analysis Not included in multivariable analysis

Previous therapy with cyclophosphamide 3·20 (1·44–7·12); p=0·0044, 400 Included in multivariable analysis but 
removed from final model as p<0·20

Included in multivariable analysis but removed 
from final model as p<0·20

Comorbidity count, per count 1·69 (1·32–2·15); p<0·0001, 400 1·46 (1·13–1·89); p=0·0037, 398 1·46 (1·13–1·89); p=0·0037

Number of previous rituximab cycles 1·02 (0·95–1·11); p=0·56, 400 Not included in multivariable analysis Not included in multivariable analysis

Full-dose rituximab vs half-dose rituximab 1·51 (0·62–3·64); p=0·36, 400 Not included in multivariable analysis Not included in multivariable analysis

Concomitant conventional synthetic DMARDs† 1·12 (0·49–2·55); p=0·79, 400 Not included in multivariable analysis Not included in multivariable analysis

Concomitant daily oral prednisolone 3·18 (1·50–6·78); p=0·0027, 400 Not included in multivariable analysis because 
of collinearity with prednisolone dose

Not included in multivariable analysis because of 
collinearity with prednisolone dose

Concomitant daily oral prednisolone dose, mg 1·06 (1·02–1·11); p=0·0079, 400 1·04 (0·99–1·10); p=0·13, 398 1·04 (0·99–1·10); p=0·13

Naive B cells, ×10⁹/L‡ 1·00 (0·99–1·00); p=0·93, 381 Not included in multivariable analysis Not included in multivariable analysis

Memory B cells, ×10⁹/L‡ 0·99 (0·95–1·03); p=0·53, 381 Not included in multivariable analysis Not included in multivariable analysis

Plasmablasts, ×10⁹/L‡ 1·00 (0·94–1·06); p=0·90, 381 Not included in multivariable analysis Not included in multivariable analysis

Complete depletion at 2 weeks after rituximab 
treatment

1·48 (0·50–4·36); p=0·47, 349 Not included in multivariable analysis Included in multivariable analysis but removed 
from final model as p<0·20

Lymphocyte count, ×10⁹/L 0·97 (0·56–1·68); p=0·91, 400 Not included in multivariable analysis Not included in multivariable analysis

Low IgG (<6 g/L) 7·19 (3·04–16·70); p<0·0001, 400 3·22 (1·27–8·19); p=0·014, 398 3·22 (1·27–8·19); p=0·014

Number of COVID-19 vaccine doses received 0·44 (0·33–0·58); p<0·0001, 398 0·49 (0·37–0·65); p<0·0001, 398 0·49 (0·37–0·65); p<0·0001

mRNA vaccine vs vector vaccine 0·68 (0·27–1·72); p=0·42, 380 Not included in multivariable analysis Not included in multivariable analysis

Timing of first vaccination since last rituximab dose, 
weeks§

1·00 (0·99–1·01); p=0·86, 352 Not included in multivariable analysis Not included in multivariable analysis

Timing of vaccination since last rituximab dose, 
>26 weeks vs ≤26 weeks§

2·04 (0·60–6·89); p=0·25, 352 Not included in multivariable analysis Not included in multivariable analysis

Risk factors are clinical or serological characteristics at rituximab treatment index date or at rituximab initiation. DMARDs=disease modifying anti-rheumatic drugs. *Age was not a significant predictor even 
when dichotomised to either two groups (<65 years vs ≥65 years old) or three groups (0–50 years, 51–64 years, and ≥65 years. †Concomitant DMARDs excluded those who were on anti-malarial monotherapy. 
‡B-cell subset count is ×109 cells/L; for each subset multiply by 1000 before analysis. §The 25 patients who initiated therapy with rituximab during this study were excluded from these analyses.

Table 3: Univariable and multivariable analyses (with multiple imputation) of risk factors for moderate-to-severe COVID-19 outcomes
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the BNT162b2 vaccine in patients with rheumatic and 
musculoskeletal diseases.29 We and others have shown 
that a low IgG concentration is an established predictor 
of severe infection events within the first 12 months of 
rituximab therapy and in repeated cycles in patients with 
rheumatic and musculoskeletal diseases.27,30 Thus, 
immunoglobulin concentrations should be monitored at 
baseline and before each rituximab cycle, particularly 
in patients with comorbidities, to discern those at an 
increased risk of severe infection.

The continued effectiveness of B-cell depletion 
in patients with rheumatic and musculoskeletal diseases 
depends on repeated rituximab cycles to maintain 
depletion or low numbers of B cells, which sparks 
concerns in the context of a pandemic. Several studies 
reported poor immunogenicity to COVID-19 vaccination 
in patients with undetectable or low numbers of 
peripheral B cells.10,31,32 Nevertheless, similar to our 
previous findings for any severe infection event,30 in a 
fully adjusted model, this study showed that low B-cell 
numbers, the depth of depletion as measured using 
highly sensitive flow cytometry after rituximab therapy, 
and the number of previous rituximab cycles were not 
associated with an increased risk of moderate-to-severe 
COVID-19 outcomes. Therefore, the implications of 
absence of SARS-CoV-2 antibodies after vaccination 
must be weighed in view of other known risk factors for 
poor outcomes, as well as the changing pandemic burden 
and SARS-CoV-2 variants when informing patients and 
making clinical decisions regarding rituximab therapy.

Liew and colleagues33 reported a shorter time to 
breakthrough infection after the second vaccine dose 
in patients with rheumatic and musculoskeletal diseases 
treated with various therapies, including rituximab 
(mean 112 days, SD 60). By contrast, the median time to 
breakthrough infection in our cohort was over 30 weeks, 
which was consistent with the waning of humoral 
immunity 6 months after vaccination. Thus, our study 
provides support for the importance of booster COVID-19 
vaccination and the development of new longer-lasting 
vaccines. Moreover, this study also provides assurance 
that risk of moderate-to-severe outcomes could be 
reduced with each vaccine dose received, particularly 
for patients who need repeated rituximab cycles and 
those who cannot access other newer and effective 
therapies, such as pre-exposure anti-SARS-CoV-2 
monoclonal antibodies34 for infection prevention.

This study has some limitations. First, PCR and 
antigen testing were not widely available in the UK 
during the first four months of the COVID-19 pandemic. 
Hence, the rate of SARS-CoV-2 infection during the pre-
vaccination period could be underestimated. Second, 
because of the single-centre nature of the study design, 
our findings might not be generalisable to other health-
care services outside the UK, which might have different 
demographics and access to therapy. Moreover, most of 
our patients had rheumatoid arthritis and we mostly 

used rituximab retreatment on clinical relapse. Thus, our 
findings might not be extrapolatable to patients with 
specific rheumatic and musculoskeletal diseases, such as 
ANCA-associated vasculitis, in which a fixed retreatment 
strategy is frequently used. Third, the absence of a 
control group, the paucity of rituximab-treated patients 
who were unvaccinated, the small sample size, and 
insufficient power calculation for multivariable 
regression analysis limit our ability to interpret the 
effectiveness of COVID-19 vaccination. Our sample size 
was also insufficient to address other important 
questions, including factors associated with poor 
outcomes in different phases of the pandemic and in 
relation to different SARS-CoV-2 variants. Fourth, data 
for B-cell depletion at 2 weeks after rituximab treatment 
were missing for some patients at the beginning of the 
pandemic because of social restrictions that restricted 
hospital attendance for post-infusion blood testing 
(51 [13%] of 400). Multiple imputation with chained 
equations was used to reduce potential bias in parameter 
estimation. Finally, concomitant therapy with 
conventional synthetic DMARDs was used in roughly 
two-thirds of patients in our cohort, and daily oral 
corticosteroids were used in roughly a third; thus, the 
effectiveness or lack of effectiveness of COVID-19 
vaccination should not be attributed to rituximab alone. 
Advice on withholding methotrexate or mycophenolate 
mofetil for 2 weeks after vaccination to improve vaccine 
immunogenicity was not protocolised during this study, 
although vaccination was avoided in first 3 months after 
rituximab treatment where possible.

In conclusion, breakthrough SARS-CoV-2 infection 
was common in rituximab-treated patients, but most 
COVID-19 cases were mild. Later in the pandemic, there 
have been less severe SARS-CoV-2 variants, increased 
use of vaccination, less social restrictions, and new 
therapies. The risk–benefit ratio might favour rituximab 
in vaccinated patients with severe rheumatic and 
musculoskeletal diseases who have few other treatment 
options. Increased vigilance is needed in the presence of 
comorbidities and low IgG concentrations for all 
infection types.
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