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a b s t r a c t 

Objectives: To characterize the kinetics of humoral and T-cell responses in rheumatoid arthritis (RA)- 

patients followed up to 4-6 weeks (T3) after the SARS-CoV-2 vaccine booster dose. 

Methods: Health care workers (HCWs, n = 38) and patients with RA (n = 52) completing the messenger 

RNA vaccination schedule were enrolled at T3. In each cohort, 25 subjects were sampled after 5 weeks 

(T1) and 6 months (T2) from the first vaccine dose. The humoral response was assessed by measur- 

ing anti-receptor-binding domain (RBD) and neutralizing antibodies, the T-cell response by interferon- γ - 

release assay (IGRA), T cell cytokine production, and B cell phenotype at T3 by flow cytometry. 

Results: Patients with RA showed a significant reduction of antibody titers from T1 to T2 and a significant 

increase at T3. T-cell response by IGRA persisted over time in patients with RA, whereas it increased in 

HCWs. Most patients with RA scored positive for anti-RBD, neutralizing antibody and T-cell responses, al- 

though the magnitude was lower than HCWs. The spike-specific-cytokine response was mainly clusters of 

differentiation (CD)4 + T cells restricted in both cohorts and significantly lower with reduced interleukin- 

2 response and CD4-antigen-responding naïve T cells in patients with RA. Unswitched memory B cells 

were reduced in patients with RA compared with HCWs independently of vaccination. 
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Conclusion: COVID-19 vaccine b  

a reduced cytokine response. 

© 2022 The Author(s).
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Since the COVID-19 pandemic appearance, a global effort has 

een made to develop effective vaccines to stem SARS-CoV-2 in- 

ection through the induction of a coordinated B and T cell im- 

une response ( Agrati et al . , 2021 ; Aiello et al., 2022a ; Sette and

rotty, 2021 , 2022 ). Humoral immunity consists of antibodies bind- 

ng the SARS-CoV-2 spike (S) protein that neutralizes the virus, 

hereas cellular immunity includes virus-specific B and T cells, 

hich provide long-term memory and promptly expand following 

e-exposure to antigens ( Sette and Crotty, 2021 , 2022 ). 

Current COVID-19 vaccines include four different platforms: 

essenger RNA (mRNA) vaccines, adenovirus vector-based vac- 

ines, inactivated virus vaccines, and adjuvanted protein vaccines 

 Barouch, 2022 ). 

Several studies have demonstrated the immunogenicity of 

OVID-19 vaccines in the healthy population ( Angyal et al . , 2022 ).

owever, vulnerable subjects, particularly those with immune- 

ediated inflammatory disease (IMID) such as rheumatoid arthri- 

is (RA), needed special attention and were prioritized for vacci- 

ation to mitigate COVID-19 risk. mRNA vaccines are safe in pa- 

ients with RA and, 1 month after the first vaccination cycle, in- 

uce both humoral and T-cell responses, although their magnitude 

s lower than controls ( Jena et al . , 2022 ; Picchianti-Diamanti et al . ,

021 ). However, a progressive waning of the humoral response to 

he COVID-19 vaccine was observed in vaccinated individuals ( Bar- 

n et al . , 2021 ), including patients with RA ( Dayam et al . , 2022 ;

arroni et al . , 2022 ; Le Moine et al . , 2022 ). 

Moreover, different waves of SARS-CoV-2 variants have 

merged, replacing the previous variants, and are often as- 

ociated with increased transmissibility and greater antibody 

scape ( Barouch, 2022 ). Several studies have shown little cross- 

eactivity of neutralizing antibodies induced by primary vaccines 

ith Omicron, whereas T-cell responses induced by vaccines 

how a good cross-reactivity, even to Omicron ( Carreño et al . , 

022 ; Keeton et al . , 2022 ; Liu et al . , 2022 ; Nemet et al . , 2022 ;

arke et al . , 2022 ). 

Except for a study in rituximab-treated patients with RA, few 

tudies on a small and heterogeneous population are available 

n the immunogenicity and safety of the booster dose in IMID 
igure 1. Timing of COVID-19 vaccination and planning of the study enrollment. 

oth health care workers and patients with rheumatoid arthritis received three doses of a

 months (T2) from the first vaccine dose, and after 4-6 weeks from the booster dose (T3

RNA, messenger RNA. 
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ooster strengthens the humoral immunity in patients with RA even with

Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

atients treated with therapies associated with nonresponse to 

wo vaccine doses ( Aikawa et al . , 2022 ; Benucci et al . , 2022 ;

yssum et al . , 2022 ; Schmiedeberg et al . , 2022 ; van der Togt et al . ,

022 ). 

In this prospective multicenter longitudinal observational study, 

e characterized, for the first time, in patients with RA treated 

ith different immunosuppressive agents the antibody and T-cell 

esponse, in terms of cytokine and/or memory T-cell profile, fol- 

owing the COVID-19 mRNA vaccine booster. A proportion of this 

ohort was followed up to investigate the evolution of the immune 

esponses. 

aterial and methods 

The extended version of the Material and methods is included 

s supplemental information. 

tudy design 

This longitudinal multicenter prospective study was conducted 

n patients with a diagnosis of RA according to the European 

eague Against Rheumatism/American College of Rheumatology 

EULAR/ACR) criteria ( Aletaha et al . , 2010 ). Inclusion criteria for pa-

ients with RA were: (i) booster dose of a SARS-CoV-2 mRNA vac- 

ine within the previous 4-6 weeks; (ii) ongoing treatment with a 

iological drug, i.e., tumor necrosis factor (TNF- α), interleukin (IL)- 

 or cytotoxic T-lymphocyte antigen 4 (CTLA-4)-immunoglobulin 

Ig), or Janus Kinase (JAK) inhibitors with or without disease- 

odifying anti-rheumatic drugs (DMARDs), with only DMARDs, or 

ow dosage of corticosteroids (CSs). 

Health care workers (HCWs) were enrolled at the INMI-Lazzaro 

pallanzani-IRCCS (Rome, Italy). 

A follow-up study was performed on the subjects providing 

 blood sample after 5 weeks (T1) and 6 months (T2) from the 

rst vaccine dose and after 4-6 weeks from the booster dose (T3) 

 Figure 1 ). 

Demographical and clinical data were collected at enrollment, 

nd any clinical adverse event after vaccination was registered. RA 

isease activity was assessed by disease activity score 28 based on 

-reactive protein (DAS28crp hereafter referred to as DAS28). 
 COVID-19 mRNA vaccine. Blood sampling were performed after 5 weeks (T1) and 

). 

http://creativecommons.org/licenses/by/4.0/
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The protocol was approved by the Ethical Committee of INMI- 

azzaro Spallanzani-IRCCS (approval numbers 297/2021, 247/2021, 

nd 318/2021). All participants signed written informed consent. 

xperimental design 

Antibody response was evaluated by anti-nucleoprotein- 

gG (anti-N-IgG) and anti-receptor-binding domain-(RBD)- 

gG. A microneutralization assay was performed as de- 

cribed ( Matusali et al . , 2021 ) using the SARS-CoV- 

/Human/ITA/PAVIA10734/2020. For the interferon (IFN)- γ -release 

ssay, whole blood was stimulated overnight with a peptide mix 

overing the entire SARS-CoV-2 S protein and with staphylococcal 

nterotoxin B (SEB) as a positive control, as described ( Aiello et al . ,

021 , 2022b ). Plasma IFN- γ levels were measured using an auto- 

atic enzyme-linked immunosorbent assay (ELLA, protein simple). 

or flow cytometry, whole blood was stimulated overnight with S 

eptide mix ( Farroni et al . , 2022 ), and cells were stained for the

ntracellular cytokines and T and B cell phenotypes ( Carsetti et al., 

020 ) (Supplemenatary Table 1 and Supplementary Figure 1). 

tatistical analysis 

Continuous measures were reported as median and interquar- 

ile range. We performed Kruskal-Wallis and Friedman tests to 

ompare several groups (for unpaired and paired data, respec- 

ively) adjusted with Dunn’s multiple comparisons test; Mann- 

hitney U-test for pairwise comparisons, chi-square, Fisher 

ests, and Cochran’s Q test for proportions. Bonferroni correc- 

ion was used when appropriate. Correlations were evaluated 

y nonparametric Spearman’s rank test and reported with rho 
oefficient. (

Table 1 

Demographical and clinical information of the 90 enrolled subjects at T3. 

Characteristics Rhe

N (%) 52 

Age median (IQR) 61 

Female N (%) 43 

Origin N (%) West Europe 44 

East Europe 5 (9

Asia 1 (1

South America 2 (3

Rheumatologic treatment N (%) TNF- α inhibitors 7 (1

IL-6 inhibitors + /-DMARDs/CSs 13 

CTLA-4-Ig + /-DMARDs/CSs 12 

DMARDs + /- CSs 12 

JAK inhibitors + /-DMARDs/CSs 8 (1

Disease activity median (IQR) DAS28crp 3.2 

Lymphocytes count N (%) 42 

Lymphocytes count N (%) 

Median x 10 3 /μl (IQR) 

TNF- α inhibitors 6 (1

2.5 

IL-6 inhibitors + /-DMARDs/CSs 11 

1.8 

CTLA-4-Ig + /-DMARDs/CSs 12 

2.2 

DMARDs + /- CSs 7 (1

2.1 

JAK inhibitors + /-DMARDs/CSs 6 (1

1.9 

Therapy, median years (IQR) 5.4 

TNF- α inhibitors 2.9 

IL-6 inhibitors + /-DMARDs/CSs 6.1 

CTLA-4-Ig + /-DMARDs/CSs 7.4 

DMARDs + /- CSs 5.4 

JAK inhibitors + /-DMARDs/CSs 3.4 

Abbreviations: CSs, corticosteroids; CTLA-4, Cytotoxic T-lymphocyte antigen 4; DAS2

modifying anti-rheumatic drugs; Ig, immunoglobulin; IL, interleukin; IQR, interquarti
a Mann-Whitney U-statistic test; b Chi-square test; c Kruskal-Wallis test; d available o

197 
esults 

haracteristics of the enrolled population 

We prospectively enrolled 52 patients with RA and 38 HCWs. 

he two cohorts significantly differed in age ( P < 0.0 0 01) ( Table 1 ).

mong patients with RA, we enrolled seven subjects treated 

ith TNF- α inhibitors, 13 with IL-6 inhibitors with or without 

MARDs/CSs (named IL-6 inhibitors), 12 with CTLA-4-Ig with or 

ithout DMARDs/CSs (named CTLA-4-Ig), 12 with DMARDs with 

r without CSs (named DMARDs) and eight under JAK inhibitors 

ith or without DMARDs/CSs (named JAK inhibitors). Treatment 

ubgroups did not differ in lymphocyte count or treatment dura- 

ion ( Table 1 ). 

Neither disease flares nor severe adverse reactions were ob- 

erved in our cohorts, as also reported by others ( Connolly et al . ,

022 ; Spinelli et al . , 2022 ). Mild, transient, systemic, and local side

ffects (pain at the injection site, mild fever, arthromyalgia, fatigue) 

ere reported by 12 patients following COVID-19 vaccination. 

umoral response after the booster dose 

Enrolled subjects were naïve to SARS-CoV-2 infection as con- 

rmed by undetectable anti-N antibodies (data not shown). At T3, 

ll HCWs and almost all patients with RA (51/52, 98.1%) had a pos- 

tive anti-RBD-IgG response ( Figure 2a and Table 2 ). Within the 

A cohort, the quantitative-specific response was not significantly 

ifferent among treatment subgroups. However, compared with 

CWs, significantly lower anti-RBD-IgG titers were found in pa- 

ients under IL-6 ( P- value = 0.003), CTLA-4-Ig ( P- value = 0.001), or

AK inhibitors ( P- value = 0.0 0 09) and DMARDs ( P- value = 0.023)

 Figure 2b and Table 2 ). 
umatoid arthritis-patients Health care workers P -value 

(57.8) 38 (42.2) 

(55-69) 44 (30-51) < 0.0001 a 

(82.7) 29 (76.3) 0.594 b 

(84.6) 37 (97.4) 0.135 b 

.6) 0 (0) 

.9) 1 (2.6) 

.9) 0 (0) 

3.4) - 

(25) - 

(23.1) - 

(23.1) - 

5.4) - 

(2.3-3.5) - 

(80.8) 0 (0) 

4.3) 

(2.0-3.3) 

- 0.174 c 

(26.2) 

(1.3-2.3) 

- 

(28.6) 

(1.8-2.8) 

- 

6.7) 

(1.4-2.3) 

- 

4.3) 

(1.3-2.5) 

- 

(2.4-8.4) d - 

(1.8-12) - 

(5.2-7.8) - 

(2.3-10.9) - 0.250 c 

(2.5-6.6) - 

(1.1-4.2) - 

8crp, disease activity score 28 based on C-reactive protein; DMARDs, disease- 

le range; JAK, Janus Kinase; N, number; TNF, tumor necrosis factor. 

nly for 39/52 subjects. 
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Figure 2. Patients with RA have a reduced antibody response compared with HCWs after the booster dose. 

SARS-CoV-2-specific anti-RBD-IgG ( a, b ) and neutralizing ( c, d ) antibodies were detected in all HCWs (n = 38) and in the majority of patients with RA (51/52). Anti-RBD-IgG 

( b ) and neutralizing ( d ) antibodies were reported by stratifying patients with RA according to the ongoing drug treatment: TNF- α inhibitors (n = 7), IL-6 inhibitors with or 

without DMARDs/CSs (n = 13), CTLA-4-Ig with or without DMARDs/CSs (n = 12), DMARDs with or without CSs (n = 12) and JAK inhibitors with or without DMARDs/CSs 

(n = 8). Anti-RBD-IgG and neutralizing antibodies were determined in sera samples, and reported as BAU/ml and reciprocal of dilution (MNA 90 ), respectively. Anti-RBD-IgG 

titers and neutralizing antibodies analyzed in 28 HCWs ( e ) and 48 patients with RA ( f ) correlate each other. ( a-d ) Red horizontal lines indicate medians. Statistical analysis 

was performed using Mann-Whitney U-test for pairwise comparisons ( a, c ), whereas Kruskal-Wallis test adjusted with Dunn’s multiple comparisons test to compare groups 

( b, d ) and P < 0.05 was considered significant. Dashed lines in the figure indicate the threshold value of each test (anti-RBD: 7.1 BAU/mL and MNA 90 : 8). Nonparametric 

Spearman’s rank test was used for correlations (rho coefficient). 

Abs, antibodies; BAU, binding antibody units; CSs, corticosteroids; CTLA-4, cytotoxic T-lymphocyte antigen 4; DMARDs, disease-modifying anti-rheumatic drugs; HCWs, health 

care workers; Ig, immunoglobulin; IL, interleukin; JAK, Janus Kinase; MNA, microneutralization assay; RA, rheumatoid arthritis; RBD, receptor-binding domain; TNF, tumor 

necrosis factor. 
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Table 2 

Serological and T cell specific response at T3. 

Characteristics P- value 

patients with RA HCWs 

Within RA 

cohort 

patients with 

RA vs HCWs 

N (%) 52 (57.8) 38 (42.2) 

Antibody 

response 

Qualitative 

response 

Anti-RBD 

antibodies 

responders 

N (%) 

51 (98.1) 38 (100) > 0.999 b 

Anti-RBD 

antibodies 

responders 

within the 

subgroups 

N (%) 

TNF- α- 

inhibitors 

7/7 (100) - 0.213 a > 0.999 b 

IL-6 

inhibitors + /- 

DMARDs/CSs 

13/13 (100) - > 0.999 b 

CTLA-4-Ig 

inhibitors + /- 

DMARDs/CSs 

12/12 (100) - > 0.999 b 

DMARDs + /- 

CSs 

12/12 (100) - > 0.999 b 

JAK 

inhibitors + /- 

DMARDs/CSs 

7/8 (87.5) - 0.174 b 

Quantitative 

response 

Anti-RBD 

titers 

binding 

antibody units 

/ml median 

(IQR) 

1701 (816-2843) 4516 

(3098-5477) 

< 0.0001 c 

TNF- α
inhibitors 

2214 (835-2767) - 0.829 c 0.126 d 

IL-6 

inhibitors + /- 

DMARDs/CSs 

1272 (670-3691) - 0.003 d 

CTLA-4-Ig 

inhibitors + /- 

DMARDs/CSs 

1598 (379-3434) - 0.001 d 

DMARDs + /- 

CSs 

2264 (521-4671) - 0.023 d 

JAK 

inhibitors + /- 

DMARDs/CSs 

1082 (735-2309) 0.0009 d 

S-specific 

interferon- γ
T cell response 

Qualitative 

response 

S responders 

N (%) 

36 (69.2) 38 (100) < 0.0001 b 

S responders 

within the 

subgroups 

N (%) 

TNF- α
inhibitors 

6/7 (85.7) - 0.211 a 0.156 b 

IL-6 

inhibitors + /- 

DMARDs/CSs 

10/13 (76.9) - 0.014 b 

CTLA-4-Ig 

inhibitors + /- 

DMARDs/CSs 

5/12 (41.7) - < 0.0001 b 

DMARDs + /- 

CSs 

9/12 (75) - 0.011 b 

JAK 

inhibitors + /- 

DMARDs/CSs 

6/8 (75) - 0.027 b 

Quantitative 

response 

S interferon- γ
levels 

pg/ml median 

(IQR) 

34.5 (12.4-141.9) 425.9 

(196-792) 

< 0.0001 c 

TNF- α
inhibitors 

43.5 (29.6-144.6) - 0.164 c 0.024 d 

IL-6 

inhibitors + /- 

DMARDs/CSs 

48.5 (14.9-168.5) - 0.0002 d 

CTLA-4-Ig 

inhibitors + /- 

DMARDs/CSs 

12.8 (0.26-34.3) - < 0.0001 d 

DMARDs 

+ /-CSs 

34.5 (15.6 -219) - 0.0015 d 

JAK 

inhibitors + /- 

DMARDs/CSs 

40.4 (15.4-85.4) - 0.0010 d 

Abbreviations: CSs, corticosteroids; CTLA-4, cytotoxic T-lymphocyte antigen 4; DMARDs, disease-modifying anti-rheumatic drugs; HCWs, health care workers; 

Ig, immunoglobulin; IL, interleukin; IQR, interquartile range; JAK, Janus Kinase; N, number; RA, rheumatoid arthritis; RBD, receptor-binding domain; S, spike; 

TNF, tumor necrosis factor. 
a Fisher test; b Fisher test with Bonferroni correction ( α/5, P ≤0.01); c Kruskal-Wallis test; d Kruskal-Wallis test adjusted with Dunn’s multiple comparisons test 

( P < 0.05). In bold are reported values that are significant. 
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Table 3 

Longitudinal observation of the T cell and antibody responses. 

T1 T2 T3 P- value 

N (%) 25 (100%) 25 (100%) 25 (100%) 

Qualitative 

response 

Antibody responders N (%) HCWs 25/25 (100%) 25/25 (100%) 25/25 (100%) - 

RA 24/25 (96%) 23/25 (92%) 25/25 (100%) 0.223 a 

T cell responders N (%) HCWs 25/25 (100%) 25/25 (100%) 25/25 (100%) - 

RA 17/25 (68%) 17/25 (68%) 18/25 (72%) 0.819 a 

Quantitative 

response 

Anti-RBD titers 

binding antibody units/ml median (IQR) 

HCWs 3377 (1647-4839) 178 (132-271) 4608 (3040-6408) < 0.0001 b 

RA 785 (458-1678) 45 (19-94) 1653 (969-3166) < 0.0001 b 

Spike interferon- γ levels 

pg/ml median (IQR) 

HCWs 262 (118-531) 196 (66-490) 525 (234-812) 0.012 b 

RA 39.4 (5.3-177) 70.6 (8.7-180) 43.5 (14.5-168.5) 0.961 b 

Abbreviations: HCW, health care worker; IQR, interquartile range; N, number; RA, rheumatoid arthritis; RBD, receptor-binding domain. 
a Cochran’s Q test; b Friedman test were performed for the statistical analysis. 
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Neutralizing serum antibodies were evaluated in patients with 

A and in 28/38 HCWs. All HCWs and most patients with RA 

48/52, 92.3%) showed a detectable neutralizing activity ( Figure 2c , 

 ). Significant different neutralizing titers were found compar- 

ng IL-6 inhibitors, CTLA-4-Ig- and DMARDs-treated patients, and 

CWs ( P- value = 0.015, P- value = 0.011, and P- value = 0.047,

espectively). In both cohorts, anti-RBD-IgG and neutralizing an- 

ibody titers significantly correlated (HCWs: rho = 0.491, P- 

alue = 0.0079 and RA: rho = 0.576, P < 0.0 0 01) ( Figure 2e , f ).

n contrast, no correlation was found between antibody titers and 

ymphocyte count, DAS28, or years of therapy in patients with RA 

Supplementary Figure 2a-c). 

inetic of the antibody-specific response after COVID-19 vaccination 

Antibody response to the COVID-19 vaccine was monitored in 

atients with RA (n = 25), and HCWs (n = 25) longitudinally sam- 

led at T1-T3 ( Figure 1 ). JAK inhibitors-treated patients with RA 

ere excluded due to their limited number. 

In HCWs, we found a significant reduction of anti-RBD-IgG 

iters from T1 to T2, followed by a significant increase from T2 

o T3 (for both P < 0.0 0 01) ( Figure 3a and Table 3 ). Similarly, in

atients with RA, we observed a significant reduction in anti-RBD- 

gG titers from T1 to T2 ( P- value = 0.0 0 04) and a significant 2-fold

nd 37-fold increase at T3 from T1 ( P- value = 0.0089) and T2 ( P

 0.0 0 01), respectively ( Figure 3b and Table 3 ). In stratifying pa-

ients with RA, the antibody response significantly varied from T2 

o T3 regardless of the ongoing treatment ( Figure 3c ). In contrast, 

o difference was observed over time in the proportion of antibody 

esponders for both cohorts ( Table 3 ). 

 cell phenotype in patients with RA and HCWs 

By flow cytometry, we observed a comparable frequency of total 

 cells between patients with RA (n = 28) and HCWs (n = 13) af-

er the booster dose ( Figure 4a ). Naïve B cells were significantly in-

reased in patients with RA ( P- value = 0.045) ( Figure 4b ), whereas

 reduction trend of plasma blasts was observed ( Figure 4c ). More- 

ver, the unswitched memory B cells were significantly reduced 

 P- value = 0.036) compared with HCWs, whereas memory B cells 

nd switched memory B cells showed only a trend of reduction 

n patients with RA ( Figure 4d - f ). No significant differences were

ound among patients under different treatments, probably due to 

he small sample investigated. 

ARS-CoV-2-spike-specific T-cell response after the booster dose 

At T3, most patients with RA (36/52, 69.2%) showed an IFN- 

-S-specific response ( Table 2 ). However, significantly different 

roportions of responders were observed compared with HCWs 

38/38, 100%, P < 0.0001) ( Figure 5a and Table 2 ). In particular,
200 
he response rate of CTLA-4-Ig-treated patients (5/12, 41.7%) was 

ignificantly lower than that of HCWs ( P < 0.0 0 01), whereas pa- 

ients with RA under TNF- α, IL-6 or JAK inhibitors and DMARDs 

id not show significant differences in the number of respon- 

ers compared with HCWs ( P- value = 0.156, P- value = 0.014, P- 

alue = 0.011, and P- value = 0.027) ( Table 2 ). In contrast, IFN-

levels were significantly lower in all patients with RA than in 

CWs regardless of treatment ( Figure 5a , b , and Table 2 ). 

No correlation was found between IFN- γ -S-specific response 

nd lymphocyte count, DAS28, or years of therapy in patients with 

A (Supplementary Figure 2d-f). Moreover, in both cohorts, no sig- 

ificant correlations were observed between the IFN- γ -S-specific 

esponse and anti-RBD-IgG or neutralizing titers (Supplementary 

igure 3a-d). Among patients with RA, 35 subjects were full re- 

ponders showing neutralizing activity, anti-RBD antibody, and T- 

ell responses; only one was a nonresponder, whereas 16 were par- 

ial responders (presenting at least one response). Among them, 

he majority had neutralizing and anti-RBD antibody response but 

ot T-cell response ( Figure 5c and Supplementary Table 2). 

ARS-CoV-2-spike-specific T-cell response persists over time 

Cell-mediated response to the COVID-19 vaccine was monitored 

ver time concomitantly with the serological response ( Figure 1 ). 

n HCWs, the booster dose favored a significant increase of the 

FN- γ -S-specific response compared with T2 ( P- value = 0.0089) 

 Figure 6a and Table 3 ). In contrast, in patients with RA, the T-cell

esponse did not show significant modulations ( Figure 6b ), but it 

ersisted over time, retaining significantly lower IFN- γ levels than 

CWs ( P < 0.0 0 01) even after the booster dose. These results were

onsistent across all treatments. Indeed, in stratifying patients with 

A, the IFN- γ -S-specific response was stable from T2 to T3 inde- 

endently of therapy ( Figure 6c ). Moreover, equal or similar pro- 

ortions of T cell responders were observed over time in both co- 

orts ( Table 3 ). 

ulti-functional cytokine production in patients with RA is impaired 

ompared with controls 

At T3, the response to SARS-CoV-2 vaccination was evaluated by 

lso investigating the frequency of clusters of differentiation (CD)4 + 

nd CD8 + T cells producing IFN- γ , IL-2, or TNF- α in response 

o S protein. HCWs and patients with RA significantly differed 

n the antigen-specific CD4 T-cell response rate ( P- value = 0.016) 

 Figure 7a ). Among responders, patients with RA showed a signifi- 

antly lower frequency of the total S-specific response than HCWs 

 P- value = 0.0 0 03) ( Figure 7a ). The response of patients with RA

as characterized mainly by IFN- γ and TNF- α ( P- value = 0.008), 

hereas HCWs produced all IFN- γ , TNF- α, and IL-2 ( Figure 7b ).

n particular, CD4 + T cells of patients with RA failed to produce 

L-2 in response to S and showed a significantly lower frequency 
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Figure 3. The antibody response to COVID-19 vaccine increases in HCWs and patients with RA after the booster dose. 

The antibody response was evaluated in the HCWs ( a ) and patients with RA ( b ) followed over time (n = 25 for each group). Blood sampling were performed after 5 weeks 

(T1) and 6 months (T2) from the first vaccine dose and after 4-6 weeks from the booster dose (T3). On the left of both panels A and B we reported the histograms showing 

the fold change calculated with respect to T1. ( c ) The antibody response was reported by stratifying patients with RA based on drug treatment: TNF- α inhibitors (n = 4), IL-6 

inhibitors with or without DMARDs/CSs (n = 6), CTLA-4-Ig with or without DMARDs/CSs (n = 9) and DMARDs with or without CSs (n = 6). Anti-RBD-IgG were determined in 

sera samples and expressed as BAU/ml. Black dashed lines identify the cut-off used to define a positive responder (anti-RBD: 7.1 BAU/ml). Statistical analysis was performed 

using Friedman test adjusted with Dunn’s multiple comparisons test. A P < 0.05 was considered significant. 

BAU, binding antibody units; CSs, corticosteroids; CTLA-4, cytotoxic T-lymphocyte antigen 4; DMARDs, disease-modifying anti-rheumatic drugs; HCWs, health care workers; 

Ig, immunoglobulin; IL, interleukin; RA, rheumatoid arthritis; RBD, receptor-binding domain; TNF, tumor necrosis factor. 
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f IFN- γ -specific CD4 + T cells ( P- value = 0.002) and a trend of

 lower frequency of TNF- α-specific CD4 + T cells compared with 

CWs ( Figure 7c ). 

Only the proportions of TNF- α- ( P- value = 0.029) and IL-2- 

pecific CD4 + T cell responders ( P < 0.0 0 01) were significantly re-

uced in patients with RA compared with HCWs ( Figure 7c ). 

Regarding the total Tc1-specific CD8 cytokine response, a lower 

umber of responders was found compared with the CD4 + T cell 

ubset in both cohorts (Supplementary Figure 4a). Moreover, no 

ifferences were found in terms of magnitude or response rate 

etween patients with RA and controls (Supplementary Figure 

a). In both cohorts of responders, CD8 + T cells produced only 

FN- γ in response to S (Supplementary Figure 4b, c). Based on 
201 
his result and due to the reduced number of CD8 + T cell re- 

ponders, no further analyses were done within the CD8 + T cell 

ompartment. 

We also assessed if the low number of total CD4 responders 

as due to the lymphocyte counts, but no correlation was found 

Supplementary Figure 3e). 

Almost all enrolled individuals responded to SEB stimulus in 

erms of total and single cytokine response (Supplementary Figure 

a-f). In HCWs, either CD4 + or CD8 + T cells produced the three cy- 

okines (Supplementary Figure 5b, c, e, f ) . In contrast, the CD4 + T

ell compartment of patients with RA produced mainly IFN- γ and 

NF- α, whereas only a few patients produced IL-2 (Supplementary 

igure 5b,c). Interestingly, in patients with RA, a higher number of 
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Figure 4. Evaluation of the B cell phenotype by flow cytometry. 

B cell subpopulations were evaluated by flow cytometry in HCWs (n = 13) and patients with RA (n = 28). Patients with RA were color-coded according to the treatment. 

B cells were gated as CD19 + CD3 − ( a ), naïve B cells as CD24 + CD27 − ( b ), plasma blasts as CD27 + CD24 − ( c ), memory B cells as CD24 high CD27 + ( d ), switched memory B cells 

as CD27 + IgD − ( e ) and unswitched memory B cells as CD27 + IgD + ( f ). Each dot represents an individual, and the red horizontal line represents the median. Mann-Whitney 

U-test was used for the statistical analysis and P < 0.05 was considered significant. 

CSs, corticosteroids; CTLA-4, cytotoxic T-lymphocyte antigen 4; DMARDs, disease-modifying anti-rheumatic drugs; HCWs, health care workers; Ig, immunoglobulin; IL, inter- 

leukin; JAK, Janus Kinase; RA, rheumatoid arthritis; TNF, tumor necrosis factor. 
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L-2 responders was found in the CD8 compartment (Supplemen- 

ary Figure 5e, f). 

haracterization of the spike-specific cytokine profile in HCW and 

atients with RA 

A Boolean gating analysis ( Roederer et al., 2011 ) was performed 

o identify the triple, double, or single cytokine-producing popula- 

ions (IFN- γ and/or TNF- α and/or IL-2) in response to S ( Figure 7d )

nd the specificity of the response was evaluated by comparing it 

ith that to SEB (Supplementary Figure 5g). 

The frequency of S-specific CD4 + T cells IFN- γ + TNF- α+ IL- 

 

+ (triple-positive), IFN- γ −TNF- α+ IL-2 + (double-positive), or IFN- 
−TNF- α−IL-2 + (single-positive) was significantly reduced in pa- 

ients with RA compared with HCWs ( P- value = 0.035, P- 

alue = 0.013 and P- value = 0.0 0 04, respectively) ( Figure 7d ). 

The antigen-specific response of HCWs was characterized 

ainly by single cytokine-producing CD4 + T cells (IFN- γ −TNF- 
−IL-2 + , IFN- γ −TNF- α+ IL-2 −, IFN- γ + TNF- α−IL-2 −). Similarly, in 

atients with RA, we observed a predominant single cytokine pro- 
f

202
le based on IFN- γ + TNF- α−IL-2 − and IFN- γ −TNF- α+ IL-2 − CD4 + 

 cells ( P < 0.0 0 01) ( Figure 7d ). Interestingly, unlike patients with

A, HCWs had all the different combinations of cytokine-producing 

opulations in response to SEB, likely due to the stronger stim- 

lus. Within each cohort, significant differences were found in 

erms of cytokine frequency ( P < 0.0 0 01 for both) (Supplementary 

igure 5g). 

emory T cell phenotype 

We further evaluated whether the booster dose influences T 

ell phenotype by analyzing the expression of CD45RA and CCR7 

n total CD4 + and CD8 + T cells ( Geginat et al . , 2003 ; Tian et al . ,

017 ) arthromyalgia). In the CD4 + T cell subset, central mem- 

ry cells (T CM 

) were found to be significantly reduced in patients 

ith RA ( P < 0.0 0 01), whereas the terminally differentiated effec- 

ors (T EMRA ) and effector memory (T EM 

) cells were increased com- 

ared with controls ( P < 0.0 0 01 and P- value = 0.01, respectively)

 Figure 8a ). The main difference was found for the T EMRA popu- 

ation. Regarding CD8 + T cells, both cohorts significantly differed 

or T , T , and naïve populations; T and naïve were de- 
CM EMRA CM 
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Figure 5. IFN- γ T cell response detected by IGRA is reduced in patients with RA compared with HCWs after the booster dose. 

( a ) Spike-specific IFN- γ T cell response evaluated by IGRA was detected in all HCWs (n = 38) and in the majority of patients with RA (36/52). ( b ) T cell response was 

showed also stratifying patients with RA according to drug treatment: TNF- α inhibitors (n = 7), IL-6 inhibitors with or without DMARDs/CSs (n = 13), CTLA-4-Ig with or 

without DMARDs/CSs (n = 12), DMARDs with or without CSs (n = 12) and JAK inhibitors with or without DMARDs/CSs (n = 8). IFN- γ levels were quantified by automatic 

enzyme-linked immunoassay and reported after subtracting the unstimulated control value. The cut-off was set at 16 pg/ml (dashed line). ( c ) Venn diagram represents 

the number of responders for anti-RBD IgG, neutralizing antibodies and IFN- γ T cell response. Statistical analysis was performed using Mann-Whitney U-test for pairwise 

comparisons ( a ), whereas Kruskal-Wallis test adjusted with Dunn’s multiple comparisons test to compare groups ( b ). A P- value < 0.05 was considered significant. 

Abs, antibodies; CSs, corticosteroids; CTLA-4, cytotoxic T-lymphocyte antigen 4; DMARDs, disease-modifying anti-rheumatic drugs; HCWs, health care workers; IFN, inter- 

feron; IGRA, IFN- γ -release assay; Ig, immunoglobulin; IL, interleukin; JAK, Janus Kinase; RA, rheumatoid arthritis; RBD, receptor-binding domain; TNF, tumor necrosis factor. 
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reased ( P- value = 0.0079 and P- value = 0.0012), whereas T EMRA 

ugmented compared with HCWs ( P- value = 0.0025) ( Figure 8b ). 

Then, we evaluated the phenotype in the S-specific CD4 + T cells 

roducing any cytokine among IFN- γ , TNF- α, or IL-2. We found a 

ignificant reduction of naïve T cells in patients with RA compared 

ith HCWs ( P- value = 0.037). The other subpopulations, except 

he T EM 

, also showed a trend of reduction, although not significant 

 Figure 8c ). In response to SEB, both cohorts showed a memory T 

ell phenotype similar to the results observed after S stimulation 

Supplementary Figure 6). 

iscussion 

SARS-CoV-2 vaccination is one of the most effective strategies 

o protect communities by preventing severe outcomes and death 

rom COVID-19 ( Istituto Superiore di Sanità (ISS), 2021 ). Compared 

ith previous studies, this is the first multicenter study that inves- 

igates the B and T-cell responses to the vaccine booster dose in 

atients with RA evaluating the cytokine profile of antigen-specific 

 cells and the B and T cell memory compartments. 

We showed that the antibody response was detected in almost 

ll patients with RA and HCWs independently of the time point. 

his response significantly decreased from T1 to T2 and increased 
203 
t T3 in both cohorts, regardless of the immunosuppressive ther- 

py. In contrast, the T-cell response remained stable over time, 

lthough the magnitude was significantly lower in patients with 

A than HCWs, even after the booster dose. Subjects with no T- 

ell response at T1 do not acquire it even at subsequent doses (T2 

nd T3) ( Gilboa et al . , 2022 ; Hurme et al . , 2022 ). The lowest mag-

itude and T-cell response rate were found in CTLA-4-Ig-treated 

atients, confirming what was previously observed ( Farroni et al . , 

022 ; Petrone et al . , 2022 ; Picchianti-Diamanti et al . , 2021 ). Most

atients with RA show a “full response” (both humoral and cellu- 

ar) to the vaccine. 

To optimize the balance between vaccine immunogenicity 

nd disease activity, CTLA-4-Ig and methotrexate were inter- 

upted during the first vaccine cycle according to ACR indications 

 Mikuls et al . , 2021 ), whereas no modification of the ongoing ther-

py was made for the booster. Our study demonstrates the legit- 

macy of this strategy both in terms of safety and vaccine im- 

unogenicity. Indeed, no disease flares were observed, and most 

atients showed an antibody response that further increased after 

he booster. The only discrepancy arises from T-cell response that 

id not change after the booster dose. Because the lowest magni- 

ude of response was associated with CTLA-4-Ig therapy, its inter- 

uption after each dose may optimize vaccine immunogenicity, as 
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Figure 6. The IFN- γ T cell response detected by IGRA remains stable in HCWs and patients with RA after COVID-19 vaccine booster dose. 

T cell response was evaluated by IGRA in the HCWs ( a ) and patients with RA ( b ) followed over time (n = 25 for each group). Blood sampling were performed after 5 weeks 

(T1) and 6 months (T2) from the first vaccine dose and after 4-6 weeks from the booster dose (T3). ( c ) T cell response was reported by stratifying patients with RA according 

to therapy: TNF- α inhibitors (n = 4), IL-6 inhibitors with or without DMARDs/CSs (n = 6), CTLA-4-Ig with or without DMARDs/CSs (n = 9) and DMARDs with or without 

CSs (n = 6). IFN- γ levels were measured by automatic enzyme-linked immunoassay and reported after subtracting the unstimulated control value. The cut-off was set at 16 

pg/ml (dashed lines). Statistical analysis was performed using Friedman test adjusted with Dunn’s multiple comparisons test. A P- value < 0.05 was considered significant. 

Abs, antibodies; CSs, corticosteroids; CTLA-4, cytotoxic T-lymphocyte antigen 4; DMARDs, disease-modifying anti-rheumatic drugs; HCWs, health care workers; IFN, inter- 

feron; Ig, immunoglobulin; IGRA, IFN- γ -release assay; IL, interleukin; RA, rheumatoid arthritis; RBD, receptor-binding domain; TNF, tumor necrosis factor. 
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tated by the last ACR indications ( Tang et al . , 2022 ; Tedeschi et al . ,

022 ). 

Our results highlight the benefit of a vaccine booster in patients 

ith RA as it guarantees the maintenance of a high seroconversion 

ate and induces a 2-fold quantitative increase of the humoral re- 

ponse compared with the first vaccination cycle. Interestingly, al- 

hough antibody levels continued to be lower, the increase in pa- 

ients with RA was higher than that observed in HCWs, likely be- 

ause HCWs might have already achieved a plateau of the response 

ith the two vaccine doses. In contrast, in patients with RA, the 

nitial lower response allows a significant antibody expansion af- 

er the booster. A similar trend was observed in larger cohorts 

f rheumatologic patients ( Corradini et al . , 2022 ; Syversen et al . ,
204 
022 ), who likely need longer time to achieve a quantitatively 

igher humoral response, suggesting the potential benefits of ad- 

itional booster doses. Moreover, an epidemiological study showed 

he increased efficacy of mRNA vaccines in preventing COVID-19 

ospitalization from the second to the third dose in both immuno- 

ompetent (82% vs 97%, respectively) and immunocompromised in- 

ividuals (69% vs 88%, respectively) ( Tenforde et al . , 2022 ). 

In contrast, in patients with RA, the T-cell response did not 

hange over time in terms of both magnitude and response rate, 

hereas a significant increase was observed in HCWs after the 

ooster dose. This discrepancy might be caused by the detrimental 

ffect of immunosuppressive therapies on T cells in patients with 

A ( Kosmaczewska et al . , 2014 ; Sauzullo et al . , 2018 ). 
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Figure 7. Multi-functional cytokine profile of CD4 + T cells in response to spike stimulation at T3: in patients with RA the response is impaired for IL-2 and reduced for 

IFN- γ and TNF- α compared with HCWs. 

( a ) Graph shows the total cytokine response in HCWs (n = 13) and RA (n = 15) responders. Responders and nonresponders for each group are reported in the tables. ( b ) 

Pie charts show the proportion of the CD4 + T cells producing cytokines (IFN- γ , TNF- α, IL-2) within HCWs or RA responders. ( c ) Frequency of CD4 + IFN- γ + T cells, CD4 + 

TNF- α+ T cells and CD4 + IL-2 + T cells in HCWs and RA responders. Differences between responders and nonresponders for each group and for each cytokine are reported 

in tables below the corresponding graphs. ( d ) Cytokine profile of CD4 + T cells was evaluated only in the responders using Boolean gate combination; graph shows the 

frequency of the different subsets of CD4 + T cells producing cytokines in HCWs and RA. Pie charts show the proportion of cytokine-producing subsets within the different 

groups. Background cytokine production (unstimulated condition) was subtracted from each stimulated condition. Statistical analysis was performed using Mann-Whitney 

U-test for data reported in a, c, and d with a P- value < 0.05 considered significant. Friedman test was used for pie charts (b and d) to compare the median frequency of 

the antigen-responding T cells expressing IFN- γ , IL-2, or TNF- α within the HCW or patients with RA group; the chi-square test was used for contingency tables. Median is 

represented by red lines, and each dot represents a different HCW or patient with RA. 

CD4, cluster of differentiation 4; HCWs, health care workers; IFN, interferon; IL, interleukin; ns, not significant; RA, rheumatoid arthritis; TNF, tumor necrosis factor. 
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As previously demonstrated ( Farroni et al . , 2022 ), we show that

he S response is mainly driven by CD4 + T cells in both cohorts. 

nalyzing the T cell-specific response, patients with RA are charac- 

erized by an antigen-specific CD4 T-cell response associated with 

n IL-2 reduced production compared with HCWs. The high re- 

ponse to SEB observed in RA suggests that these patients have the 

bility to respond to a strong and nonspecific stimulus, although 

ith a lower magnitude than HCWs. Moreover, we found a higher 

umber of IL-2 responders within the CD8 + T cells in patients with 

A. This result requires further investigation. The lower cytokine 

esponse observed in patients with RA independently of the stimu- 

us used (SEB or S) suggests its association with the rheumatologic 

ondition per se and/or the ongoing therapy. 

Our results agree with Dayam et al . (2022) reporting, in a dif- 

erent experimental setting, that the IL-2 production is reduced in 

ARS-CoV-2-vaccinated IMID patients compared with controls. An- 
205 
ther study shows that in unvaccinated patients with RA antigen- 

esponding CD4 + T cells mostly produce IFN- γ ; the IL-2 produc- 

ion is reduced, and only few double-positive IFN- γ /IL-2 cells are 

resent in the periphery ( Ponchel et al . , 2012 ). Moreover, it has

een reported that CTLA-4-Ig therapy reduces the bioavailability 

f soluble IL-2 receptors by decreasing IL-2 levels ( Weisman et al., 

006 ). It is well known that IL-2 is involved in lymphocyte activa- 

ion, differentiation, survival, and maintenance of the T-regulatory 

ell compartment ( Kosmaczewska et al . , 2014 ; Zhang et al . , 2022 ). 

Here, we also show that the S-specific T-cell response is char- 

cterized by the induction of a similar memory cell phenotype in 

oth cohorts; this agrees with another setting of patients vacci- 

ated for influenza ( Uchtenhagen et al., 2016 ). In contrast, in both 

otal CD4 + and CD8 + T cells of patients with RA, we observed a 

igher frequency of effector and/or T EMRA memory subpopulations 

ompared with HCWs. Analyzing the B cell phenotype of patients 
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Figure 8. Different modulation of the memory T cell phenotype in CD4 + and CD8 + T cells and in the antigen-responding CD4 + T cells at T3 between patients with RA and 

HCWs. 

T cell phenotype in HCWs (n = 15) and patients with RA (n = 30) characterized in total CD4 + ( a ) or CD8 + ( b ) T cells gated according to the expression of CD45RA and CCR7. 

Pie charts represent the distribution of CD4 + or CD8 + subpopulations (CD45RA + / −CCR7 + / −) in HCWs or patients with RA. Colors reported in the graphs correspond to the 

single population represented in the wedges of the pies. ( c ) The frequency of CD45RA and CCR7 of antigen-responding CD4 + T cells was evaluated within HCWs (n = 13) 

and patients with RA (n = 15) responders. Pie charts represent the proportion of the CD45RA + / −CCR7 + / − in HCWs or patients with RA. Statistical analysis was performed 

using Mann-Whitney U-test for graphs with a P- value < 0.05 considered significant. Median is represented by red lines, and each dot represents a different HCW or patient 

with RA. Friedman test was used for pie charts to compare the frequencies within each group. 

CD, cluster of differentiation; HCWs, health care workers; RA, rheumatoid arthritis; T CM , central memory; T EM , effector memory; T EMRA , terminally differentiated effector 

memory; Uns, unstimulated. 

206 



C. Farroni, A . Aiello, A . Picchianti-Diamanti et al. International Journal of Infectious Diseases 125 (2022) 195–208 

w

c

s

s

2

s

p

s  

c

u

s

e

t  

t

a

t

g

w

b

f

c

t

s

2

t

t

T

a

l

t

b

(  

t

s

p

F

F

i

E

u

l

C

M

c

c

E

L

a

A

t

E

M

B  

p

c

t

D

A

t

e

b

f

C

t

a

a

A

t

t

S

f

R

A  

A  

A  

A  

A

A  

A  

B

B

B  

C  

C  

C  
ith RA, we found a significant increase of naïve B cells and a de- 

rease of unswitched memory B cells compared with HCWs, which 

eems to be independent of COVID-19 vaccination and likely as- 

ociated with the rheumatologic status, as reported ( Moura et al . , 

010 ; Wang et al . , 2013 , 2019 ). 

Some limitations are acknowledged. First, the proportion of re- 

ponders detected by flow cytometry is lower than in other ex- 

erimental settings involving samples from SARS-CoV-2-vaccinated 

ubjects ( Gao et al . , 2022 ; Tarke et al . , 2022 ). However, the in vitro

onditions (SARS-CoV-2 peptides composition and concentration) 

sed are different, making the comparison difficult to perform. This 

tudy was conducted using whole blood samples and not periph- 

ral blood mononuclear cells, potentially limiting the detection of 

he response ( Hoffmeister et al . , 2003 ). Second, the small size of

he cohorts might limit the robustness of the data and did not 

llow us to study in detail the impact of the immunosuppressive 

reatments in patients with RA. Moreover, the lack of a control 

roup of untreated patients with RA does not allow us to verify 

hether the impairment of the immune response observed might 

e RA-specific or more associated with the treatment used. 

However, the RA cohort is representative of subjects under dif- 

erent therapies and is well followed clinically and immunologi- 

ally. The two cohorts differed by age, but we previously showed 

hat the reduced immune response is associated with immuno- 

uppressive therapy and not with age ( Picchianti-Diamanti et al . , 

021 ). 

The main strengths of this study are the longitudinal observa- 

ion of both adaptive immune responses and the immune charac- 

erization by flow cytometry of B cells and of the antigen-specific 

-cell response to COVID-19 mRNA vaccines in patients with RA 

nd HCWs. 

In conclusion, this study demonstrates that the booster dose 

eads to a gain of the antibodies compared with the levels after 

he first vaccination cycle. In contrast, T-cell response remains sta- 

le over time in patients with RA, as reported in healthy subjects 

 Hurme et al . , 2022 ), even if it is lower than in HCWs. Despite

he reduced IL-2-specific production, the specific memory T-cell re- 

ponse is similar in patients with RA and HCWs, indicating the im- 

ortance of COVID-19 vaccination in this vulnerable population. 
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