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Objective: To assess the kinetics of the humoral and cell-mediated responses after
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination in
rheumatoid arthritis (RA) patients treated with different immunosuppressive therapies.

Methods: Following vaccine completed schedule, health care workers (HCWs, n = 49)
and RA patients (n = 35) were enrolled at 5 weeks (T1) and 6 months (T6) after the first
dose of BNT162b2-mRNA vaccination. Serological response was assessed by
quantifying anti-receptor-binding domain (RBD)-specific immunoglobulin G (IgG) and
SARS-CoV-2 neutralizing antibodies, while cell-mediated response was assessed by a
whole-blood test quantifying the interferon (IFN)-g response to spike peptides. B-cell
phenotype and IFN-g-specific T-cell responses were evaluated by flow cytometry.

Results: After 6 months, anti-RBD antibodies were still detectable in 91.4% of RA
patients, although we observed a significant reduction of the titer in patients under
Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4)-Ig [median: 16.4 binding antibody units
(BAU)/ml, interquartile range (IQR): 11.3–44.3, p < 0.0001] or tumor necrosis factor (TNF)-
a inhibitors (median: 26.5 BAU/ml, IQR: 14.9–108.8, p = 0.0034) compared to controls
(median: 152.7 BAU/ml, IQR: 89.3–260.3). All peripheral memory B-cell (MBC)
subpopulations, in particular, the switched IgG+ MBCs (CD19+CD27+IgD-IgM-IgG+),
were significantly reduced in RA subjects under CTLA-4-Ig compared to those in
HCWs (p = 0.0012). In RA patients, a significantly reduced anti-RBD IgG titer was
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observed at T6 vs. T1, mainly in those treated with CTLA-4-Ig (p = 0.002), interleukin (IL)-6
inhibitors (p = 0.015), and disease-modifying antirheumatic drugs (DMARDs) ±
corticosteroids (CCSs) (p = 0.015). In contrast, a weak nonsignificant reduction of the
T-cell response was reported at T6 vs. T1. T-cell response was found in 65.7% of the RA
patients at T6, with lower significant magnitude in patients under CTLA-4-Ig compared to
HCWs (p < 0.0001). The SARS-CoV-2 IFN-g-S-specific T-cell response was mainly
detected in the CD4+ T-cell compartment.

Conclusions: In this study, in RA patients after 6 months from COVID-19 vaccination, we
show the kinetics, waning, and impairment of the humoral and, to a less extent, of the
T-cell response. Similarly, a reduction of the specific response was also observed in the
controls. Therefore, based on these results, a booster dose of the vaccine is crucial to
increase the specific immune response regardless of the immunosuppressive therapy.
Keywords: COVID-19, mRNA vaccine, rheumatoid arthritis, whole blood, T-cell response, antibody response,
DMARD (disease-modifying antirheumatic drug), biological therapy
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerges in 2019, causing the actual COronaVIrus Disease 2019
(COVID-19) pandemic. The clinical manifestations are wide
from asymptomatic to mild infection of the upper respiratory
tract until the severe respiratory failure that requires intensive
care unit hospitalization (1–6).

A program of global vaccination is the most successful
strategy to control the COVID-19 pandemic. Evidence is
currently available about the efficacy of mRNA vaccines, such
as BNT162b2 and mRNA-1273 vaccines, in eliciting strong
antibody and cell-mediated immune responses in healthy
subjects (7–9).

Recently, promising data, mainly at 1 month from the
completion of the vaccine schedule, have demonstrated the
immunogenicity and safety of BNT162b2 mRNA vaccine in
rheumatoid arthritis (RA) patients (10–12).

Altogether, these studies show that the humoral response to
BNT162b2 vaccine is immunogenic in the majority of RA
patients, although the response is delayed and decreased
compared to controls (10). In particular, we showed that RA
patients have a lower quantitative immune response (both
antibody- and T cell-specific responses) to BNT162b2 vaccine
compared to a control group of health care workers (HCWs),
even if the vaccine is qualitatively immunogenic for most RA
patients (13).

Recently, it has been shown that the COVID-19 vaccine-
induced immunity decreases over time (14–17), and these results
promoted a booster vaccination to the population to restore the
vaccine efficiency (14, 15). It is unclear if these results are
confirmed in RA patients and whether the immune-
modulating treatments are associated with an impairment of
the B- or T-cell response to vaccine evaluated over time.

Therefore, the aim of the present prospective study was to
evaluate the kinetics of both humoral and cell-mediated
responses after 5 weeks (T1) and 6 months (T6) from the first
org 2
dose of SARS-CoV-2 vaccination in RA patients treated with
different immunosuppressive therapies who completed the
vaccine schedule.
METHODS

Study Population
HCWs were prospectively enrolled at the National Institute for
Infectious Diseases (INMI) Lazzaro Spallanzani-IRCCS
(Approval number 297/2021). Patients with a diagnosis of RA
according to the 2010 criteria of the European League Against
Rheumatism/American College of Rheumatology (EULAR/
ACR) (18) were enrolled at Sant’Andrea University Hospital in
Rome (Approval number 318/2021). Participants were recruited
according to the following criteria: having received two doses of
BNT162b2 mRNA vaccine and be longitudinally sampled after
5 weeks (T1) and 6 months (T6) from the first dose (Figure 1).
The enrolled RA patients were under treatment with a biological
drug with or without methotrexate (MTX) or other disease-
modifying antirheumatic drugs (DMARDs; i.e., sulfasalazine and
leflunomide), with only DMARDs, or low dosage of
corticosteroids (CCSs) (prednisone <7.5 mg/day or equivalent).
RA subjects treated with anti-CD20 or anti-Janus kinase (JAK)
were excluded due to the small number of recruited individuals.
Additional exclusion criterion was recent or remote SARS-CoV-
2 infection. For the enrollment, both HCWs and RA patients
signed a written informed consent.

Study Design
Demographic and clinical data were collected. We assessed the
RA disease activity through the Disease Activity Score based on
C-reactive protein (DAS28crp). Blood was collected in heparin
tubes; the presence of any clinical adverse events was registered.
RA patients were divided into four groups according to drug
treatment: TNF-a inhibitors with or without DMARDs
(hereafter referred to as TNF-a inhibitors), interleukin (IL)-6
February 2022 | Volume 13 | Article 846753
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inhibitors with or without DMARDs/CCSs (hereafter referred to
as IL-6 inhibitors), CTLA-4-Ig with or without DMARDs/CCSs
(hereafter referred to as CTLA-4-Ig), and DMARDs with or
without CCSs (hereafter referred to as DMARDs). Moreover,
within a week from blood collection, the lymphocyte count of the
RA patients was performed. As previously described (19),
the ongoing therapeutic regimen was modified during the
vaccination period according to the ACR indications (18). In
particular, MTX was interrupted for 1 week after the first and
second doses, whereas abatacept (CTLA-4-Ig) was stopped 1
week before and after the first dose only.

Anti-SARS-CoV-2-Specific IgG Evaluation
The humoral response to vaccination was measured as
previously reported (20). The assays detect both the anti-
nucleoprotein-immunoglobulin G (Anti-N-IgG) and the anti-
RBD-IgG (Architect® i2000sr Abbott Diagnostics, Chicago, IL,
USA). Anti-N-IgG is indicated as index value (S/CO) that was
considered positive if ≥1.4, while anti-RBD-IgG was expressed as
binding antibody units (BAU)/ml and indicated as positive
when ≥7.1.

Micro-Neutralization Assay
To evaluate the levels of neutralizing antibodies to SARS-CoV-2,
a micro-neutralization assay (MNA) was performed as described
(21) using the live SARS-CoV-2 virus (strain 2019-nCoV/Italy-
Frontiers in Immunology | www.frontiersin.org 3
INMI1; GISAID accession ID: EPI_ISL_412974). The assay
evaluates the cytopathic effect (CPE) at 48 h post infection
through the inhibition of Vero E6 cell infection by serum
dilution curves. Microplates were observed by light microscope
for the presence of CPE and, then stained with crystal violet
solution containing 2% formaldehyde. Cell viability was
measured by photometer at 595 nm (Synergy™ HTX Multi-
Mode Microplate Reader, Agilent Biotek, Milan, Italy).
Neutralization titer was expressed as the reciprocal of serum
dilution (MNA90) and corresponds to the highest serum dilution
that inhibited at least 90% of the CPE.

B-Cell Phenotype
B-cell evaluation was performed using the B-cell Tubes (22)
according to the manufacturer’s procedure (BD Biosciences, San
Jose, California (CA), USA) (see Supplementary Table S1 for
antibodies and reagents). Briefly, freshly collected whole blood
(300 µl) (HCWs, n = 7; RA, n = 13) was washed three times in a
15-ml tube with 10 ml of FACS Buffer (BD Biosciences, San Jose,
USA) to eliminate the IgG present in the serum. Supernatant was
removed carefully, and 200 µl of blood was transferred in the B-
cell Tube, where lyophilized antibodies were present (CD45,
CD19, CD24, CD27, CD38, IgD, IgM, IgG). Each tube was mixed
gently for 3–5 s and then incubated for 20 min at room
temperature (RT) in the dark. Afterward, 4 ml of BD Lysing
solution (BD Biosciences, San Jose, USA) were added to lyse red
FIGURE 1 | Timeline of the two-dose schedule of BNT162b2 mRNA vaccine and of the enrollment of rheumatoid arthritis (RA) and health care worker (HCW)
individuals. All subjects received the second vaccine dose after 3 weeks from the first one. They were enrolled after 5 weeks (T1) and after 6 months from the first
dose of vaccine (T6). At T1 and T6, blood samples were collected from all the participants.
February 2022 | Volume 13 | Article 846753
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blood cells for 15 min at RT. Finally, cells were spinned down for
5 min at 200 × g and resuspended in 300 µl of FACS Buffer.
Samples were acquired on a BD Lyric cytometer (BD Biosciences,
San Jose, USA), and FlowJo software (version 10.8.1, Tree Star)
was used to analyze the data (see Supplementary Figure S1 for
the gating strategy).

IFN-g Whole-Blood Assay
To evaluate the specific IFN-g-Spike (S)-specific T-cell response,
a whole-blood platform was used (20, 23–29). We stimulated the
whole blood with a pool of peptides that covered the SARS-CoV-
2-S protein sequence (SARS-CoV-2 PepTivator® Prot_S1,
Prot_S, and Prot_S+, cat. 130-127-048, cat. 130-126-701, and
cat. 130-127-312, respectively, Miltenyi Biotec, Germany),
consisting of 15-amino acid length with an 11-amino
acid overlap.

Briefly, 600 µl of whole blood were in vitro stimulated for 24 h
at 37°C (5% CO2) with SARS-CoV-2 PepTivator® Peptide Pools
in a 48-well flat-bottom plate, as described (23). Whole blood
was also stimulated with staphylococcal enterotoxin B (SEB)
(Merck Life Science Cat. S4881) at 200 ng/ml as positive control.
After 20–24 h, plasma was harvested and stored at -80°C until
further use. The IFN-g levels were quantified by an automatic
ELISA (ELLA, protein simple, R&D Systems, Minneapolis, MN,
USA, cat. SPCKB-PS-002574), and the values obtained were
subtracted from the unstimulated control. The detection limit
of the assay was 0.17 pg/ml. IFN-g values ≥16 pg/ml were
considered positive based on a cutoff found by Receiver
Operating Characteristic (ROC) analysis comparing the
response in COVID-19 patients vs. no-COVID individuals
(article in preparation).

Samples used for the intracellular evaluation of the IFN-g
production were also costimulated with a-CD28 and a-CD49d
monoclonal antibodies (BD Biosciences, San Jose, USA), as
described below.

Functional Analysis by Intracellular
Staining and Flow Cytometry
To assess if the T-cell subpopulations CD4 and CD8 mount a
SARS-CoV-2-S-specific response, we analyzed the IFN-g-S-
specific T-cell frequency by flow cytometry. To this aim, cells
from whole blood were stimulated with the spike peptide pool
and then fixed before the flow cytometry analysis. Briefly, spike
peptide pool (0.1 mg/ml) was used to stimulate whole blood from
RA and HCWs for 24 h with a-CD28 together with a-CD49 (1
mg/ml each). After collecting plasma, whole blood was cultured
for another 5 h in the presence of brefeldin A (1 mg/ml) (cat.
B7450, Life Technologies, Monza, Italy) to inhibit cytokine
secretion. Then, blood was harvested and stained with Fixable
Viability stain 700 (BD Biosciences, San Jose, USA) for 10 min at
RT protected from light. Red blood cells were lysed with BD
Lysing Solution (BD Biosciences, San Jose, USA) 1X+ 4% of
formaldehyde for 10 min at RT, then cells were washed with 1 ml
of Phosphate Buffered Saline (PBS) and centrifuged at 600 × g for
5 min. Cells were fixed with 4% formaldehyde for 5 min, washed
again with 1 ml of PBS, and centrifuged at 600 × g for 5 min.
Frontiers in Immunology | www.frontiersin.org 4
At the end of the procedure, cells were frozen in Fetal Calf Serum
(FCS) + 10% Dimethyl Sulfoxide (DMSO) until further analysis
(see Supplementary Table S1 for the complete list of reagents
and stimuli used for flow cytometry analysis) (30, 31). Stimulated
and fixed cells were thawed at 37°C, washed twice with PBS 1X at
600 × g for 5 min and transferred to a 96-well round plate
(COSTAR, Sigma Aldrich, Milan, Italy) to proceed with the
staining procedures. Here, 100 ml/sample of Perm/Wash 1X (BD
Biosciences, San Jose, USA) were added for 10 min at RT to
permeabilize cells. Subsequently, cells were washed in PBS 1X for
5 min at 600 × g. Then, cells were stained for the surface and
intracellular markers, prepared in Brilliant Stain Buffer (BD
Biosciences, San Jose, USA) (see Supplementary Table S1 for
the complete list of antibodies and reagents). After 1 h at 4°C,
samples were washed twice in Perm/Wash 1X (30, 31). Samples
were acquired on a BD Lyric cytometer (BD Biosciences, San
Jose, USA), and the analyses were performed with FlowJo
software (version 10.8.1, Tree Star) and stratified according to
the drug treatment (see Supplementary Figures S2A, B for the
gating strategy). We considered as positive an IFN-g-S-specific
T-cell response if the percentage of the SARS-CoV-2 peptide-
stimulated cells was at least 2-fold higher compared to that of the
unstimulated control and if a minimum of 10 events were
present within the cytokine gate (32).

Statistical Analysis
GraphPad software (GraphPad Prism 8 XML ProjecT) was used
to analyze the results. The continuous variables IFN-g levels and
anti-RBD and MNA90 titers were reported as median and
interquartile range (IQR), while categorical variables were
stated as count and proportion. The following non-parametric
statistical inference tests were used: the Kruskal–Wallis test for
comparisons among groups; the Mann–Whitney U-test and
Wilcoxon test for pairwise comparisons (for unpaired and
paired data, respectively). Bonferroni correction was applied
when appropriate. Categorical variables were analyzed by the
chi-square test. Correlations between assays were evaluated by
non-parametric Spearman’s rank test. A Spearman’s rho >0.7
indicated a high correlation, 0.7 > rho > 0.5 indicated a moderate
one, and rho <0.5 indicated a low correlation. Two-tailed p-
values were considered significant if <0.05, except for subgroup
analyses of RA patients, where a Bonferroni correction was
applied with a significant two-tailed p-value threshold of
0.0125 (a/4) or 0.025 for the B-cell analysis (a/2).
RESULTS

Demographic and Clinical Characteristics
of the Enrolled Subjects
We prospectively enrolled 84 vaccinated individuals: 35 RA
patients and 49 HCWs. Significant differences were found for
age (p < 0.0001) but not for sex or origin between the two
groups (Table 1).

The RA enrolled cohort was stratified according to the drug
treatment: 5 patients were under TNF-a inhibitors, 8 were under
February 2022 | Volume 13 | Article 846753
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IL-6 inhibitors, 11 were under CTLA-4-Ig, and 11 were under
DMARDs only. At vaccination, the median treatment duration
for TNF-a inhibitors was 3.3 years (IQR: 2.0–13.8), for IL-6
inhibitors 6.4 years (IQR: 5.3–9.8), for CTLA-4-Ig 6.3 years
(IQR: 2.2–10.3), and for DMARDs 5.3 years (IQR: 2.6–8.3).
Non-serious adverse events to vaccine were reported by either
RA patients or HCWs, such as pain at the injection site,
headache, or mild fever. Moreover, no serious adverse events
(i.e., requiring hospitalization, resulting in death, or life
threatening) were reported in vaccinated individuals.

Humoral Response Persists 6 Months
After SARS-CoV-2 Vaccination in Health
Care Workers and Rheumatoid Arthritis
Patients
We evaluated the humoral response by assessing the anti-RBD
IgG and neutralizing antibodies. All enrolled individuals were
negative for anti-N antibodies, confirming that the cohort was
naive for SARS-CoV-2 (data not shown). All HCWs (49, 100%)
and most RA subjects (32/35, 91.4%) showed a detectable anti-
RBD-IgG response after 6 months from vaccination (Figure 2A
and Table 2). However, RA patients under TNF-a inhibitors and
CTLA-4-Ig showed a significant lower anti-RBD IgG median
titer compared to HCWs (p = 0.0034 and p < 0.0001,
respectively) (Figure 2B). By contrast, we did not find
significant differences for the anti-RBD antibody response in
IL-6 inhibitors or DMARD-treated individuals (Table 2 and
Figure 2B). We also evaluated the neutralization activity in the
sera of all RA patients and in 42/49 HCWs (Figure 2C). We
found that the majority of HCWs (37/42, 88%), but only 15/35
Frontiers in Immunology | www.frontiersin.org 5
(42.8%) RA patients, showed detectable neutralizing antibodies.
In particular, a neutralizing activity was present in 2/5 (40%)
patients treated with TNF-a inhibitors, 5/8 (62.5%) patients
under IL-6 inhibitors, 1/11 (9.1%) under CTLA-4-Ig, and 7/11
(63.6%) DMARD-treated patients. Moreover, a significant lower
neutralizing titer was observed in patients treated with TNF-a
inhibitors or CTLA-4-Ig compared to HCWs (p = 0.017 and p <
0.0001, respectively) (Figure 2D). A strong significant
correlation was observed between the neutralizing antibody
and anti-RBD IgG titers in both HCWs (rho = 0.700, p <
0.0001) and RA patients (rho = 0.870, p < 0.0001)
(Figures 3A, B), while there was no correlation between the
number of lymphocytes and the anti-RBD antibody titer (rho =
-0.234, p = 0.198) (data not shown).

Decay of the Antibody Response From T1
to T6 in Health Care Workers and
Rheumatoid Arthritis Patients
To assess the decay of the humoral response to BNT162b2-
mRNA vaccine, 42 (85.7%) HCWs and 29 (82.8%) RA patients
were longitudinally sampled at T1 and T6. Among the RA
patients, 5 subjects under treatment with TNF-a inhibitors, 7
under IL-6 inhibitors, 10 under CTLA-4-Ig, and 7 under
DMARDs were followed up. The anti-RBD IgG titer was
reduced at T6 compared to T1 in both HCWs (T1 median:
1,891 BAU/ml, IQR: 1,314–3,794 vs. T6 median: 149.4 BAU/ml,
IQR: 82.35–226.8, p < 0.0001) (Figure 4A) and RA patients (T1
median: 784.7 BAU/ml, IQR: 448.8–2,006 vs. T6 median: 44.9
BAU/ml, IQR: 19.5–115.2, p < 0.0001) (Figure 4B). Among RA
patients, a significantly reduced titer was observed mainly in
TABLE 1 | Demographical and clinical characteristics of the 84 enrolled subjects at T6.

Characteristics RA patients Health care workers p-value

N (%) 35 (41.7) 49 (58.3)
Age median (IQR) 59 (55–66) 51 (45–56) <0.0001*
Female N (%) 28 (80) 39 (79.6) 0.963§

Origin N (%) West Europe 31 (88.6) 48 (98) 0.288§

East Europe 2 (5.8) 1 (2)
Africa 1 (2.8) 0 (0)
Sud America 1 (2.8) 0 (0)

Rheumatologic Treatment N (%) TNF-a inhibitors ± DMARD 5 (14.3) –

IL-6 inhibitors ± DMARD/CCS 8 (22.9) –

CTLA-4-Ig ± DMARD/CCS 11 (31.4) –

DMARD ± CCS 11 (31.4) –

Disease activity median (IQR) DAS28crp T6 3.3 (2.4–4.0) –

Therapy Years 5.4 (2.5–10.3) –

Lymphocytes count N (%) 32 (91.4) 0 (0)
Lymphocytes count N (%) Median ×103/µl (IQR) TNF-a inhibitors ± DMARD 5 (15.6) – 0.276#

2.5 (2.2–3.8)
IL-6 inhibitors ± DMARD/CCS 8 (25) –

1.9 (1.5–2.5)
CTLA-4-Ig ± DMARD/CCS 11 (34.4) –

2.4 (1.8–2.9)
DMARD ± CCS 8 (25) –

2.2 (1.6–2.5)
Fe
bruary 2022 | Volume 13 | Artic
DMARDs, disease-modifying antirheumatic drugs; CCS, corticosteroid; RA, rheumatoid arthritis; DAS28, Disease Activity Score 28; N, number; IQR, interquartile range.
*Mann–Whitney U-statistic test.
§Chi-square test.
#Kruskal–Wallis test.
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those treated with IL-6 inhibitors (T1 median: 518.9 BAU/ml,
IQR: 441.4–1,016 vs. T6 median: 53.5 BAU/ml, IQR: 32.1–101,
p = 0.015), CTLA-4-Ig (T1 median: 507.3 BAU/ml, IQR: 212.3–
986.9 vs. T6 median: 20.3 BAU/ml, IQR: 9.1–49, p = 0.002), and
DMARDs ± CCSs (T1 median: 3,170 BAU/ml, IQR: 942.9–4,797
vs. T6 median: 129.3 BAU/ml, IQR: 44.9–244.7, p = 0.015)
(Figure 4C). An almost significant decrease of the antibody
titer was also observed in RA patients treated with TNF-a
inhibitors (T1 median: 1,239 BAU/ml, IQR: 520.1–3,706 vs. T6
median: 26.5 BAU/ml, IQR: 14.9–108.8, p = 0.062).

Memory B Cells Are Reduced in
Rheumatoid Arthritis Patients Compared
to Health Care Workers at T6
To assess the B-cell compartment of RA patients likely to explain
the reduced antibody response at T6, we evaluated the B-cell
subpopulation by flow cytometry. We did not observe significant
differences between RA patients and HCWs in terms of
Frontiers in Immunology | www.frontiersin.org 6
percentage of total B cells, naïve B cells, transitional B cells,
and plasma blasts (Supplementary Figures S3A–D).

Memory B cells (MBCs) (CD27+CD38-) were significantly
reduced in subjects under CTLA-4-Ig compared to those in
HCWs (CTLA-4-Ig median: 8.36%, IQR: 7.0–17.1 vs. HCW
median: 29.4%, IQR: 20.9–32.6, p = 0.0012) (Figure 5A). In
detail, a significant reduction in the unswitched MBCs
(CD27+IgD+) (CTLA-4-Ig median: 3.6%, IQR: 1.1–5.8 vs.
HCW median: 13.1%, IQR: 10.7–16.5, p = 0.014) (Figure 5B)
and in the switched MBCs (CD27+IgD-) (CTLA-4-Ig median:
8.0%, IQR: 4.6–9.7 vs. HCW median: 14.7%, IQR: 11.0–19.2, p =
0.0033) was observed (Supplementary Figure S3E). Looking at
the switched compartment (CD27+IgG+IgM- or CD27+IgG-

IgM+ or CD27+IgG-IgM-), a significant reduction was observed
in the IgG+ switched MBCs of only CTLA-4-Ig-treated patients
compared to those of HCWs (CTLA-4-Ig median: 2.9%, IQR:
1.8–3.9 vs. HCW median: 8.0%, IQR: 3.7–8.9, p = 0.0093)
(Figure 5C, left panel). We did not find significant differences
BA
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FIGURE 2 | Humoral response elicited by SARS-CoV-2 vaccination after 6 months in HCWs and RA patients. Evaluation of SARS-CoV-2-specific anti-RBD (A, B)
and neutralizing (C, D) antibodies 6 months after vaccination in the total of HCWs (n = 49) and RA patients (n = 35) analyzed. (B, D) RA patients were divided
according to drug treatment into four groups: TNF-a inhibitors (n = 5), IL-6 inhibitors with or without DMARD/CCS (n = 8), CTLA-4-Ig with or without DMARD/CCS
(n = 11), and DMARD with or without CCS (n = 11). Anti-RBD (A, B) and neutralizing (C, D) antibodies were quantified in serum samples and expressed as binding
antibody units (BAU)/ml and reciprocal of dilution (MNA90), respectively. Medians were indicated by red horizontal lines, and dashed lines represent the cutoff of each
test (anti-RBD: 7.1 BAU/ml and MNA90: 8). Mann–Whitney U-test with Bonferroni correction (p ≤ 0.0125) was used for the statistical analysis. SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2; CCS, corticosteroid; DMARDs, disease-modifying antirheumatic drugs; RA, rheumatoid arthritis; RBD, receptor-binding
domain; HCWs, health care workers.
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comparing the results from the patients under TNF-a inhibitor-
treated subjects with the results from the controls (Figures 5A–C
and Supplementary Figures S3A–D). Regarding the B-cell
subpopulations and memory cell compartment, we did not
find significant differences analyzing the results from patients
treated with IL-6 inhibitors or DMARDs compared to those
from the HCWs (data not shown).

SARS-CoV-2-Spike-Specific T-Cell
Response at T6 in Health Care Workers
and Rheumatoid Arthritis
All HCWs, but one, showed an IFN-g-S-specific response (48/49,
97.9%), whereas in RA patients a significantly different
proportion of responders and a lower quantitative IFN-g
response was observed compared to controls (23/35, 65.7%,
p < 0.0001) (Table 2 and Figure 6A). In particular, patients
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under CTLA-4-Ig showed the lowest number of responders (3/
11, 27.3%) (Table 2) associated with significantly lower IFN-g-S-
specific levels compared to HCWs (p < 0.0001) (Figure 6B).
Differently, no significant differences were found between the
IFN-g-S-specific response of RA subjects under TNF-a
inhibitors, IL-6 inhibitors, or DMARDs compared to that of
HCWs (p = 0.172, p = 0.197, and p = 0.022, respectively). Most
RA patients showed a positive response to SEB stimulus, used as
positive control. However, the magnitude of the response was
significantly lower compared to that of HCWs (RA median:
3,163 pg/ml, IQR: 1,598–6,698 vs. HCW median: 6,172 pg/ml,
IQR: 3,422–9,447, p = 0.0027) (Supplementary Figure S4A). In
detail, patients under TNF-a inhibitors and DMARDs showed
the lowest response to SEB stimulus (TNF-a median: 1,170 pg/
ml, IQR: 889–4,380, p = 0.011 vs. DMARD median: 2,918 pg/ml,
IQR: 1,598–4,301, p = 0.006) (Supplementary Figure S4B).
TABLE 2 | Serological and T-cell specific response at T6.

Characteristics RA patients Health care
workers

p-value

N (%) 35 (41.7) 49 (58.3)
Antibody response Qualitative

response
Anti-RBD Ab responders,
N (%)

32 (91.4) 49 (100) 0.069§

Anti-RBD Ab responders within the
subgroups,N (%)

TNF-a inhibitors 5/5 (100) – 0.641§ >0.999§

IL-6 inhibitors±
DMARD/CCS

8/8 (100) – >0.999§

CTLA-4-Ig±
DMARD/CCS

9/11 (81.8) – 0.031§

DMARD±CCS 10/11 (90.9) – 0.183§

Quantitative
response

Anti-RBD Abs,
BAU/ml Median (IQR)

44.9 (16.1–
129.3)

152.7 (89.3–
260.3)

<0.0001*

TNF-a inhibitors 26.5 (14.9–
108.8)

– 0.054# 0.0034*

IL-6 inhibitors±
DMARD/CCS

70.4 (36.6–
109.6)

– 0.023*

CTLA-4-Ig±
DMARD/CCS

16.4 (11.3–
44.3)

– <0.0001*

DMARD±CCS 129.3 (22.5–
342.3)

– 0.521*

Spike-specific IFN-g T-
cell response

Qualitative
response

Anti-S responders, N (%) 23 (65.7) 48 (97.9) <0.0001§

Anti-S responders within the
subgroups,
N (%)

TNF-a inhibitors±
DMARD

4/5 (80) – 0.007§ 0.178§

IL-6 inhibitors±
DMARD/CCS

8/8 (100) – >0.999§

CTLA-4-Ig±
DMARD/CCS

3/11 (27.3) – <0.0001§

DMARD±CCS 8/11 (72.7) – 0.017§

Quantitative
response

Anti-S IFN-g,
pg/ml Median (IQR)

45.3 (6.3–
121.4)

199.5 (81.8–
310.8)

<0.0001*

TNF-a inhibitors±
DMARD

83.1 (27.7–
268.4)

– 0.033# 0.172*

IL-6 inhibitors±
DMARD/CCS

133.7 (22.6–
241.2)

– 0.197*

CTLA-4-Ig±
DMARD/CCS

6.3 (1.2–
23.6)

– <0.0001*

DMARD±CCS 87.8 (9.5–
121.4)

– 0.022*
February
 2022 | Volume 1
3 | Artic
DMARDs, disease-modifying antirheumatic drugs; CCS, corticosteroid; RA, rheumatoid arthritis; N, number; IQR, interquartile range; Abs, antibodies; RBD, receptor-binding-domain; S, spike.
§Chi-square test.
*Mann–Whitney U-statistic test.
#Kruskal–Wallis test.
In bold are only those values that were significant after multiplicity correction by the Bonferroni method (a/4=0.0125).
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We then evaluated the correlation between the B- and T-cell
arms of the immune response. No significant correlations
between SARS-CoV-2 IFN-g-S-specific response and
neutralizing or anti-RBD antibody titer were observed in
HCWs (rho = 0.102, p = 0.525 and rho = 0.078, p = 0.598,
respectively) (Figures 7A, B). By contrast, moderate significant
correlations were found in RA patients between the spike IFN-g
response and neutralizing antibodies (rho = 0.480, p = 0.0035) or
anti-RBD antibodies (rho = 0.565, p = 0.0004) (Figures 7C, D).
Overall, among RA patients, 14 were full responders
(neutralizing activity, anti-RBD antibody and T-cell responses),
3 were not responders, and 18 were partial responders. Among
these, 9 scored positive for both spike IFN-g- and anti-RBD
antibody responses, 8 for only anti-RBD antibodies, and 1
subject showed a neutralizing and anti-RBD antibody response
(Figure 7E). There was no correlation between the number of
lymphocytes and the IFN-g-S-specific response (rho = 0.082, p =
0.654) (data not shown).

Flow cytometry analysis revealed that, after 6 months from
the first dose of mRNA vaccine, the IFN-g-specific response is
mainly detectable within the CD4+ T cells more than within the
CD8+ T cell compartment, both in HCWs and in RA patients
(Figures 8A, B). The CD4+ T-cell response was observed in 43%
HCWs (3/7) and in 34% of the RA patients (11/32) (Figure 8A).
No differences were observed also considering the magnitude of
the response in both HCWs and RA patients (median CD4+IFN-
g+ HCWs: 0.001%, IQR 0.00–0.05 vs. median CD4+IFN-g+ RA:
0.00%, IQR: 0.00–0.43, p = 0.5). By contrast, we did not detect a
CD8+ IFN-g response in none of the HCWs and only in 12.5% of
the RA patients (4/32) (median CD8+IFN-g+ HCWs: 0.00%, IQR
0.00–0.00 vs. median CD8+IFN-g+ RA: 0.00%, IQR: 0.00–0.00,
p = 0.5) (Figure 8B). However, both HCWs and RA patients
showed an IFN-g-specific response to the positive control (SEB),
Frontiers in Immunology | www.frontiersin.org 8
providing evidence of the not impaired cytokine production
(Supplementary Figures S5A, B).

Decay of the T Cell-Specific Response
From T1 to T6
Afterward, we evaluated the kinetics of the cellular response
comparing the results from the two time points, T1 and T6. In
HCWs, a significant reduction of the magnitude of the SARS-
CoV-2 IFN-g-S-specific response was observed at T6 compared
to T1 (T1 median: 282.7 pg/ml, IQR: 136.2–570.4 vs. T6 median:
194.3 pg/ml, IQR: 87.0–331.1, p = 0.0049) (Figure 9A). By
contrast, no significant differences were reported in the entire
RA patient cohort, in which the T-cell response remains more
stable over time (T1 median: 39.4 pg/ml, IQR: 5.3–177 vs. T6
median: 51.8 pg/ml, IQR: 8.7–180, p = 0.717) (Figure 9B). Also
stratifying RA patients according to the drug treatment, no
significant differences were found: TNF-a inhibitors (T1
median: 89.6 pg/ml, IQR: 42.5–254.6 vs. T6 median: 83 pg/ml,
IQR: 28–268, p > 0.999), IL-6 inhibitors (T1 median: 41.3 pg/ml,
IQR: 19.5–80.5 vs. T6 median: 170 pg/ml, IQR: 30.6–258, p =
0.297), CTLA-4-Ig (T1 median: 7.42 pg/ml, IQR: 3.03–35.3 vs.
T6 median: 7.10 pg/ml, IQR: 2.4–27.6, p = 0.160) and
DMARDs±CCSs (T1 median: 130 pg/ml, IQR: 17.2–364 vs. T6
median: 91.0 pg/ml, IQR: 45.3–268, p = 0.578) (Figure 9C). A
quantitatively increased T-cell response at T6 compared to T1
was found in 11/42 (26.2%) HCWs (median proportion of
increase: 69.7%) and in 12/29 (41.4%) RA patients (median
proportion of increase: 185%). A reduction of the quantitative
T-cell response at T6 compared to T1 was found in 30/42
(71.4%) HCWs (median proportion of reduction: 61.6%) and
in 16/29 (55.2%) RA patients (median proportion of reduction:
43.9%). No significant differences were found comparing these
two groups (p = 0.2). One subject for each group maintained a
BA

FIGURE 3 | Anti-RBD and neutralizing antibodies correlate with each other in both HCWs and RA patients. Correlation between anti-RBD-IgG titers and neutralizing
antibodies in 42 HCWs (A) and 35 RA patients (B). Anti-RBD and neutralizing antibodies were quantified in serum samples and expressed as binding antibody units
(BAU)/ml and reciprocal of dilution (MNA90), respectively. Dashed lines identify the cutoff of each test (anti-RBD: 7.1 BAU/ml and MNA90: 8). Statistical analyses were
performed using Mann–Whitney U-test with Bonferroni correction (p ≤ 0.0125). Correlation between assays was assessed by non-parametric Spearman’s rank test,
and p < 0.05 was considered significant. CCS, corticosteroid; DMARDs, disease-modifying antirheumatic drugs; RA, rheumatoid arthritis; RBD, receptor-binding
domain; HCWs, health care workers.
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stable T-cell response. Finally, among RA patients, 2 subjects
initially negative at T1 scored positive at T6.
DISCUSSION

Currently, vaccination is the most powerful tool to fight the
COVID-19 pandemic in the general population and in particular
in the fragile populations, such as RA patients. Although evidence is
showing suboptimal humoral and cellular immune responses to
COVID-19 vaccination in immunocompromised individuals (10,
20, 33, 34), there is a paucity of data regarding the over-time
evaluation of both T- and B-cell responses in RA patients.

In this study, we describe the immune response to BNT162b2
vaccine in RA patients vaccinated following ACR indications (19).
Frontiers in Immunology | www.frontiersin.org 9
Accordingly, patients under MTX have interrupted the therapy 1
week after the first and the second dose of the vaccine, while
patients under CTLA-4-Ig have interrupted the drug for 1 week
before and after only the first dose. The results indicate that
neutralizing and anti-RBD IgG titers after BNT162b2 vaccine
significantly decrease over time in both HCWs and RA patients.
Importantly, patients under TNF-a inhibitors and CTLA-4-Ig
showed a significantly lower anti-RBD IgG median titer at T6
compared to HCWs, and this was associated with a reduction in
the MBC compartment. Qualitative and quantitative IFN-g
responses were reduced in RA patients at T6 compared to the
controls, as reported for the T1 (20). Among the RA patients,
those under CTLA-4-Ig treatment were the most affected at T6.
However, surprisingly, within the RA patients, we observed
subjects who developed a T-cell-specific response at T6 (2/29)
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FIGURE 4 | Kinetics of the humoral response induced by SARS-CoV-2 vaccination in HCWs and RA patients. Evaluation of the humoral response in 42 HCWs (A)
and 29 RA patients (B) who were longitudinally sampled after 5 weeks (T1) and 6 months (T6) from the first vaccine dose. (C) RA patients were stratified based on
the drug treatment: TNF-a inhibitors (n = 5), IL-6 inhibitors with or without DMARD/CCS (n = 7), CTLA-4-Ig with or without DMARD/CCS (n = 10), and DMARD with
or without CCS (n = 7). Anti-RBD antibodies were quantified in serum samples and expressed as binding antibody units (BAU)/ml. Dashed lines indicate the cutoff of
the test (anti-RBD: 7.1 BAU/ml). Statistical analysis was performed using Wilcoxon test, and p < 0.05 was considered significant. SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; CCS, corticosteroid; DMARDs, disease-modifying antirheumatic drugs; RA, rheumatoid arthritis; RBD, receptor-binding domain;
HCWs, health care workers.
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FIGURE 5 | Evaluation of memory B-cell phenotype of RA patients by flow cytometry. Frequency of memory B cells of HCWs (n = 7) and RA patients (n = 13) was
evaluated by flow cytometry. Within RA patients, 5 subjects were treated with TNF-a inhibitors and 8 with CTLA-4-Ig. Frequency of (A) memory B cells (CD27+CD38-),
subdivided also as (B) unswitched memory B cells (CD27+IgD+) and (C) switched memory B cells, is shown. Within the switched memory B cells, CD27+IgG+IgM-,
CD27+IgG-IgM+, and CD27+IgG-IgM- cells were included. Values are reported as percentage of total CD19+CD45+ B cells. Each dot represents an individual, and the
red horizontal line represents medians. Mann–Whitney U-test with Bonferroni correction (p ≤ 0.025) was used for the statistical analysis. RA, rheumatoid arthritis; HCWs,
health care workers.
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FIGURE 6 | T-cell response after SARS-CoV-2 vaccination in HCWs and RA patients. (A) Evaluation of IFN-g-spike-specific T-cell response 6 months after
vaccination in the total of HCWs (n = 49) and RA patients (n = 35). (B) RA patients were stratified based on drug treatment in four groups: TNF-a inhibitors (n = 5),
IL-6 inhibitors with or without DMARD/CCS (n = 8), CTLA-4-Ig with or without DMARD/CCS (n = 11), and DMARD with or without CCS (n = 11). T-cell response to
spike antigen was assessed by measuring IFN-g levels in plasma harvested from stimulated whole-blood samples. The reported IFN-g values were subtracted from
the background. Dashed lines identify the cutoff of the test (spike: 16 pg/ml). The red horizontal lines indicate the median. Statistical analyses were performed using
Mann–Whitney U-test with Bonferroni correction (p ≤ 0.0125). SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CCS, corticosteroid; DMARDs,
disease-modifying antirheumatic drugs; RA, rheumatoid arthritis; HCWs, health care workers.
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(initially scored negative at T1). Moreover, comparing the
quantitative T-cell response at T6 vs. T1, we observed an
increase of this response in 41.4% of RA patients compared to
the 26.2% of HCWs. These results may indicate that the fragile
population of RA has a delayed T cell-specific response. Further
studies are needed to confirm it. Clinically, BNT162b2 vaccine
showed a good safety profile during the 6-month follow-up
without serious adverse events and disease relapses. Notably,
none of the RA patients had a breakthrough infection.

Regarding the vaccine-induced humoral immunogenicity
after 6 months from the completed vaccination, we found that
the anti-RBD antibody response was still detectable in all HCWs
Frontiers in Immunology | www.frontiersin.org 11
and in the majority of RA patients, although the titer was
significantly reduced in those under TNF-a inhibitors and
CTLA-4-Ig compared to HCWs. Neutralizing antibodies
scored positive in most HCWs (88%), whereas only 42.8% of
RA patients showed a detectable neutralizing activity. Moreover,
we found that the anti-RBD and neutralizing antibodies
significantly correlated in RA patients and in HCWs. In RA
subjects, a moderately significant correlation between the anti-
RBD antibody titer and SARS-CoV-2 IFN-g-S-specific T-cell
response was found, highlighting the persistence of a good
coordination between the two components of the immune
system (35). In contrast, the strong correlation between
BA
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FIGURE 7 | Correlation between T-cell response and anti-RBD or neutralizing antibodies in HCWs and RA patients. Correlation between neutralizing antibodies and
the IFN-g-spike-specific T-cell response in HCWs (A) and RA subjects (C). Correlation between anti-RBD antibodies and the IFN-g-spike-specific T-cell response in
HCWs (B) and RA subjects (D). Anti-RBD and neutralizing antibodies were quantified in serum samples and expressed as binding antibody units (BAU)/ml and
reciprocal of dilution (MNA90), respectively. T-cell response to spike antigen was assessed by measuring IFN-g levels and reported after subtracting the background.
Dashed lines identify the cutoff of each test (anti-RBD: 7.1 BAU/ml; MNA90: 8 and spike: 16 pg/ml). Correlation between assays was assessed by non-parametric
Spearman’s rank test (p < 0.05). (E) Venn diagram shows positive results with anti-RBD IgG, neutralizing antibodies and IFN-g T-cell response. RA, rheumatoid
arthritis; RBD, receptor-binding domain; HCWs, health care workers.
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humoral and T-cell response observed early after vaccination in
HCWs (7) was lost over time probably due to the rapid induction
of the cell response at T1 in the healthy population that leads to a
fast decay over time. Conversely, RA patients mount a more
delayed response that leads to a correlation with the antibody
response still present at later time points.

Following vaccination, the immune system is activated and
produces short-lived plasma cells together with transient
structures called germinal centers (GCs), where antigen-
activated B cells differentiate into MBCs and into high-affinity
long-lived antibody-producing plasma cells. During recalls,
MBCs differentiate into long-lived plasma cells or can enter
again in the GC reaction, expanding more and differentiate into
plasma cells, as the immunological memory protects individuals
from reinfections (36–42). Our results show a significant
reduction of total MBCs and switched MBC subpopulations in
RA patients treated with the CTLA-4-Ig compared to controls;
moreover, the frequency of plasma blasts was lower in both
CTLA-4-Ig and TNF-a inhibitor-treated patients even if the
difference was not significant.

The reduced antibody response to COVID-19 vaccine is likely
due to the well-known effect of the CTLA-4-Ig and TNF-a
inhibitors on the reduction of the frequency of MBCs in the
human peripheral blood (43–45). TNF-a is essential for
lymphoid microarchitecture, and an impairment in B-cell
function has been reported in RA patients treated with anti-
TNF-a agents (45, 46). On the other hand, abatacept (CTLA-4-
Ig) by binding with high-affinity CD80/CD86 molecules can
affect T costimulation signals expressed by the antigen-
presenting cells (47). In this context, a reduction in the
humoral immunogenicity to pneumococcal and influenza
vaccine has been shown in CTLA-4-Ig-treated patients (48).
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Correlates of protection against SARS-CoV-2 infection are
not yet established, and, up to now, we evaluated B- and T-cell
parameters altogether (49–51). Therefore, looking at the overall
specific B- and T-cell responses, patients may be stratified as full
responders (both humoral and cellular), not responders, or
partial responders (only humoral or T-cell response). Based on
this stratification, in our cohort of RA patients, we found that
after 6 months from the first dose of SARS-CoV-2 vaccine, 14/35
(40%) RA patients were full responders, 18/35 (51.4%) were
partial responders, and only 3 (8.6%) were not responders.
Regarding the antibody response, the full responders present
both a good anti-RBD antibody titer and a good neutralizing
antibody activity, which is one of the best predictors of in vivo
vaccine efficacy, although it has not been possible so far to obtain
a commercial test suggestive of a good correlate of protection
(52). Nevertheless, this stratification may help to prioritize the
vaccine schedule for RA patients; indeed, the full responders may
follow the vaccination schedule as for the healthy individuals.
Differently, the partial and/or not responders are very likely to be
at higher risk for COVID-19 despite the complete vaccination,
underlining the need for a tailored strategy. Although data on the
immunogenicity effect of a third booster dose in the immune‐
mediated inflammatory disease patients are still lacking, an
earlier administration could be hypothesized in not responders
or partial responders, as already suggested by others (53).

Recently, we reported that the therapeutic strategy suggested
by ACR (19) to interrupt MTX or CTLA-4-Ig (1 week before and
after the first dose of the vaccine administration) reduced the
negative impact on antibody production previously described
(33, 34). Moreover, this strategy was beneficial also for those
under CTLA-4-Ig, albeit with a significant lower antibody titer
compared to HCWs. Importantly, this temporary therapy
BA

FIGURE 8 | Evaluation of IFN-g-S-specific T-cell response by flow cytometry. Cells from whole blood from HCWs (n = 7) and RA patients (n = 32) were stimulated
for 24 h with spike peptide pool, and the percentage of IFN-g-specific T cells was assessed by flow cytometry. Graphs show the frequency of the (A) CD4+ and (B)
CD8+ IFN-g-specific T-cell response (after subtraction of the unstimulated sample) in HCWs and RA patients. Each dot is a different HCW or RA individual, and red
lines indicate the median. Mann–Whitney U-test was performed for the statistical analysis, and the p-value ≤0.05 was considered significant. RA, rheumatoid arthritis;
HCWs, health care workers.
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interruption did not affect the RA disease activity, as indicated by
the stability of the DAS28crp parameter throughout the
vaccination period.

In the effort of increasing the chances of complete protection,
additional strategies may be explored such as a longer suspension
of immunosuppressive agents during the vaccine administration,
as well as the switch to drugs that have mechanisms of action
Frontiers in Immunology | www.frontiersin.org 13
with a reduced impact on vaccine immunogenicity (13). The use
of a heterologous vaccination may help in enhancing the
immune response, as recently reported by a systematic review
in the general population, although the immunogenicity was
higher in the population vaccinated with ChAdOx1-S followed
by BNT162b2 rather than vice versa (54). In patients with a “not
responder” or “partial responder“ profile, a further clinical
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FIGURE 9 | Kinetics of the cell-mediated response induced by SARS-CoV-2 vaccination in HCWs and RA patients. Evaluation of the spike IFN-g response in 42
HCWs (A) and 29 RA patients (B) who were longitudinally sampled after 5 weeks (T1) and 6 months (T6) from the first vaccine dose. (C) RA patients were stratified
in four groups: TNF-a inhibitors (n = 5), IL-6 inhibitors with or without DMARD/CCS (n = 7), CTLA-4-Ig with or without DMARD/CCS (n = 10), and DMARD with or
without CCS (n = 7). T-cell response to spike antigen was assessed by measuring IFN-g levels in plasma harvested from stimulated whole-blood samples. IFN-g
values were reported as median after subtracting the background. Dashed lines indicate the cutoff (spike: 16 pg/ml). Statistical analysis was performed using the
Wilcoxon test, and p < 0.05 was considered significant. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CCS, corticosteroid; DMARDs, disease-
modifying antirheumatic drugs; RA, rheumatoid arthritis; HCWs, health care workers.
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option is the use of monoclonal antibodies against SARS-CoV-2-
S glycoprotein as primary or secondary prophylaxis prior to or
after any known SARS-CoV-2 exposure. Unpublished data from
the “prevent” study are likely to support this indication,
confirming robust efficacy and long-term prevention (55).
Importantly, in parallel, on December 8, 2021, the Food and
Drug Administration authorized the use of monoclonal
antibodies for pre-exposure prevention of COVID-19 in high-
risk population (56).

The main limitation of this study is the small size of the
cohort, which may restrict its power, especially for the
comparison of the effects of vaccination among the different
RA treatments. However, it is important to underline that the
enrolled patients are representative of the RA subjects under
different immunosuppressive therapies, and that the patients
were well characterized, both clinically and immunologically.
Finally, the RA cohort and HCWs significantly differed in age,
but we previously showed that the immune impairment is
associated with the ongoing immunosuppressive therapies
more than with the age (20). The main strength of the study is
that, for the first time to our knowledge, we deeply characterized
over time both humoral and cellular immune responses to
BNT162b2 vaccine in RA patients, providing evidence of the
kinetics, waning, and drug-induced impairment.

In conclusion, this study shows a significant reduction of the
humoral response after 6 months of completed COVID-19
vaccination in both HCWs and RA patients regardless of the
immunosuppressive therapy. Interestingly, the T-cell response
was significantly decreased in HCWs, whereas it was mostly
stable in RA patients. Considering the importance of a
coordinated action of both humoral and cell-mediated
responses to gain viral protection, our data support the
execution of a booster dose of vaccine and a careful timeline of
withdrawing some immunosuppressive agents to protect RA
individuals from SARS-CoV-2 infection and hospitalization.
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