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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-
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Conclusion: COVID-19 vaccine booster strengthens the humoral immunity in patients with RA even with

a reduced cytokine response.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious
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Introduction

Since the COVID-19 pandemic appearance, a global effort has
been made to develop effective vaccines to stem SARS-CoV-2 in-
fection through the induction of a coordinated B and T cell im-
mune response (Agrati et al., 2021; Aiello et al., 2022a; Sette and
Crotty, 2021, 2022). Humoral immunity consists of antibodies bind-
ing the SARS-CoV-2 spike (S) protein that neutralizes the virus,
whereas cellular immunity includes virus-specific B and T cells,
which provide long-term memory and promptly expand following
re-exposure to antigens (Sette and Crotty, 2021, 2022).

Current COVID-19 vaccines include four different platforms:
messenger RNA (mRNA) vaccines, adenovirus vector-based vac-
cines, inactivated virus vaccines, and adjuvanted protein vaccines
(Barouch, 2022).

Several studies have demonstrated the immunogenicity of
COVID-19 vaccines in the healthy population (Angyal et al., 2022).
However, vulnerable subjects, particularly those with immune-
mediated inflammatory disease (IMID) such as rheumatoid arthri-
tis (RA), needed special attention and were prioritized for vacci-
nation to mitigate COVID-19 risk. mRNA vaccines are safe in pa-
tients with RA and, 1 month after the first vaccination cycle, in-
duce both humoral and T-cell responses, although their magnitude
is lower than controls (Jena et al., 2022; Picchianti-Diamanti et al.,
2021). However, a progressive waning of the humoral response to
the COVID-19 vaccine was observed in vaccinated individuals (Bar-
On et al,, 2021), including patients with RA (Dayam et al., 2022;
Farroni et al., 2022; Le Moine et al., 2022).

Moreover, different waves of SARS-CoV-2 variants have
emerged, replacing the previous variants, and are often as-
sociated with increased transmissibility and greater antibody
escape (Barouch, 2022). Several studies have shown little cross-
reactivity of neutralizing antibodies induced by primary vaccines
with Omicron, whereas T-cell responses induced by vaccines
show a good cross-reactivity, even to Omicron (Carreflo et al.,
2022; Keeton et al., 2022; Liu et al, 2022; Nemet et al., 2022;
Tarke et al., 2022).

Except for a study in rituximab-treated patients with RA, few
studies on a small and heterogeneous population are available
on the immunogenicity and safety of the booster dose in IMID
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patients treated with therapies associated with nonresponse to
two vaccine doses (Aikawa et al, 2022; Benucci et al, 2022;
Jyssum et al., 2022; Schmiedeberg et al., 2022; van der Togt et al,
2022).

In this prospective multicenter longitudinal observational study,
we characterized, for the first time, in patients with RA treated
with different immunosuppressive agents the antibody and T-cell
response, in terms of cytokine and/or memory T-cell profile, fol-
lowing the COVID-19 mRNA vaccine booster. A proportion of this
cohort was followed up to investigate the evolution of the immune
responses.

Material and methods

The extended version of the Material and methods is included
as supplemental information.

Study design

This longitudinal multicenter prospective study was conducted
on patients with a diagnosis of RA according to the European
League Against Rheumatism/American College of Rheumatology
(EULAR/ACR) criteria (Aletaha et al., 2010). Inclusion criteria for pa-
tients with RA were: (i) booster dose of a SARS-CoV-2 mRNA vac-
cine within the previous 4-6 weeks; (ii) ongoing treatment with a
biological drug, i.e., tumor necrosis factor (TNF-«), interleukin (IL)-
6 or cytotoxic T-lymphocyte antigen 4 (CTLA-4)-immunoglobulin
(Ig), or Janus Kinase (JAK) inhibitors with or without disease-
modifying anti-rheumatic drugs (DMARDs), with only DMARDs, or
low dosage of corticosteroids (CSs).

Health care workers (HCWs) were enrolled at the INMI-Lazzaro
Spallanzani-IRCCS (Rome, Italy).

A follow-up study was performed on the subjects providing
a blood sample after 5 weeks (T1) and 6 months (T2) from the
first vaccine dose and after 4-6 weeks from the booster dose (T3)
(Figure 1).

Demographical and clinical data were collected at enrollment,
and any clinical adverse event after vaccination was registered. RA
disease activity was assessed by disease activity score 28 based on
C-reactive protein (DAS28crp hereafter referred to as DAS28).
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Figure 1. Timing of COVID-19 vaccination and planning of the study enrollment.

Both health care workers and patients with rheumatoid arthritis received three doses of a COVID-19 mRNA vaccine. 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).

mRNA, messenger RNA.
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The protocol was approved by the Ethical Committee of INMI-

Lazzaro Spallanzani-IRCCS (approval numbers 297/2021, 247/2021,
and 318/2021). All participants signed written informed consent.

Experimental design

Antibody response was evaluated by anti-nucleoprotein-

IgG (anti-N-IgG) and anti-receptor-binding domain-(RBD)-
IgG. A microneutralization assay was performed as de-
scribed (Matusali et al, 2021) wusing the SARS-CoV-

2/Human/ITA/PAVIA10734/2020. For the interferon (IFN)-y-release
assay, whole blood was stimulated overnight with a peptide mix
covering the entire SARS-CoV-2 S protein and with staphylococcal
enterotoxin B (SEB) as a positive control, as described (Aiello et al.,
2021, 2022b). Plasma IFN-y levels were measured using an auto-
matic enzyme-linked immunosorbent assay (ELLA, protein simple).
For flow cytometry, whole blood was stimulated overnight with S
peptide mix (Farroni et al., 2022), and cells were stained for the
intracellular cytokines and T and B cell phenotypes (Carsetti et al.,
2020) (Supplemenatary Table 1 and Supplementary Figure 1).

Statistical analysis

Continuous measures were reported as median and interquar-
tile range. We performed Kruskal-Wallis and Friedman tests to
compare several groups (for unpaired and paired data, respec-
tively) adjusted with Dunn’s multiple comparisons test; Mann-
Whitney U-test for pairwise comparisons, chi-square, Fisher
tests, and Cochran’s Q test for proportions. Bonferroni correc-
tion was used when appropriate. Correlations were evaluated
by nonparametric Spearman’s rank test and reported with rho
coefficient.

International Journal of Infectious Diseases 125 (2022) 195-208
Results
Characteristics of the enrolled population

We prospectively enrolled 52 patients with RA and 38 HCWs.
The two cohorts significantly differed in age (P <0.0001) (Table 1).
Among patients with RA, we enrolled seven subjects treated
with TNF-«¢ inhibitors, 13 with IL-6 inhibitors with or without
DMARDs/CSs (named IL-6 inhibitors), 12 with CTLA-4-Ig with or
without DMARDs/CSs (named CTLA-4-Ig), 12 with DMARDs with
or without CSs (named DMARDs) and eight under JAK inhibitors
with or without DMARDs/CSs (named JAK inhibitors). Treatment
subgroups did not differ in lymphocyte count or treatment dura-
tion (Table 1).

Neither disease flares nor severe adverse reactions were ob-
served in our cohorts, as also reported by others (Connolly et al.,
2022; Spinelli et al., 2022). Mild, transient, systemic, and local side
effects (pain at the injection site, mild fever, arthromyalgia, fatigue)
were reported by 12 patients following COVID-19 vaccination.

Humoral response after the booster dose

Enrolled subjects were naive to SARS-CoV-2 infection as con-
firmed by undetectable anti-N antibodies (data not shown). At T3,
all HCWs and almost all patients with RA (51/52, 98.1%) had a pos-
itive anti-RBD-IgG response (Figure 2a and Table 2). Within the
RA cohort, the quantitative-specific response was not significantly
different among treatment subgroups. However, compared with
HCWs, significantly lower anti-RBD-IgG titers were found in pa-
tients under IL-6 (P-value = 0.003), CTLA-4-Ig (P-value = 0.001), or
JAK inhibitors (P-value = 0.0009) and DMARDs (P-value = 0.023)

(Figure 2b and Table 2).

Table 1
Demographical and clinical information of the 90 enrolled subjects at T3.
Characteristics Rheumatoid arthritis-patients Health care workers P-value
N (%) 52 (57.8) 38 (42.2)
Age median (IQR) 61 (55-69) 44 (30-51) <0.0001%
Female N (%) 43 (82.7) 29 (76.3) 0.594b
Origin N (%) West Europe 44 (84.6) 37 (97.4) 0.135
East Europe 5(9.6) 0 (0)
Asia 1(1.9) 1(2.6)
South America 2 (3.9) 0(0)
Rheumatologic treatment N (%) TNF-« inhibitors 7 (13.4) -
IL-6 inhibitors +/-DMARDs/CSs 13 (25) -
CTLA-4-Ig +/-DMARDs/CSs 12 (23.1) -
DMARDSs +/- CSs 12 (23.1) -
JAK inhibitors +/-DMARDs/CSs 8 (15.4) -
Disease activity median (IQR) DAS28crp 3.2 (2.3-3.5) -
Lymphocytes count N (%) 42 (80.8) 0(0)
Lymphocytes count N (%) TNF-« inhibitors 6 (14.3) - 0.174¢
Median x 103/ul (IQR) 2.5 (2.0-3.3)
IL-6 inhibitors +/-DMARDs/CSs 11 (26.2) -
1.8 (1.3-2.3)
CTLA-4-Ig +/-DMARDs/CSs 12 (28.6) -
2.2 (1.8-2.8)
DMARDS +/- CSs 7 (16.7) -
2.1 (1.4-2.3)
JAK inhibitors +/-DMARDs/CSs 6 (14.3) -
1.9 (1.3-2.5)
Therapy, median years (IQR) 5.4 (2.4-8.4)4 -
TNF-« inhibitors 2.9 (1.8-12) -
IL-6 inhibitors +/-DMARDs/CSs 6.1 (5.2-7.8) -
CTLA-4-Ig +/-DMARDs/CSs 7.4 (2.3-10.9) - 0.250¢
DMARDs +/- CSs 5.4 (2.5-6.6) -
JAK inhibitors +/-DMARDs/CSs 3.4 (1.1-4.2) -

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

DAS28crp, disease activity score 28 based on C-reactive protein; DMARDSs, disease-

modifying anti-rheumatic drugs; Ig, immunoglobulin; IL, interleukin; IQR, interquartile range; JAK, Janus Kinase; N, number; TNF, tumor necrosis factor.
3 Mann-Whitney U-statistic test; PChi-square test; “Kruskal-Wallis test; davailable only 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-« 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 (MNAg), 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 MNAg,: 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
Within RA patients with
patients with RA HCWs cohort RA vs HCWs
N (%) 52 (57.8) 38 (42.2)
Antibody Qualitative Anti-RBD 51 (98.1) 38 (100) >0.999P
response response antibodies
responders
N (%)
Anti-RBD TNF-ot- 7/7 (100) - 0.2132 >0.999°
antibodies inhibitors
responders IL-6 13/13 (100) - >0.999°
within the inhibitors+/-
subgroups DMARDSs/CSs
N (%) CTLA-4-Ig 12/12 (100) - >0.999P
inhibitors +/-
DMARDSs/CSs
DMARDSs +/- 12/12 (100) - >0.999P
CSs
JAK 7/8 (87.5) - 0.174b
inhibitors+/-
DMARDs/CSs
Quantitative Anti-RBD 1701 (816-2843) 4516 <0.0001¢
response titers (3098-5477)
binding
antibody units
/ml median
(IQR)
TNF-« 2214 (835-2767) - 0.829¢ 0.1264
inhibitors
IL-6 1272 (670-3691) - 0.003¢
inhibitors+/-
DMARDs/CSs
CTLA-4-Ig 1598 (379-3434) - 0.001¢
inhibitors +/-
DMARDs/CSs
DMARDs +/- 2264 (521-4671) - 0.023¢
CSs
JAK 1082 (735-2309) 0.0009¢
inhibitors+/-
DMARDSs/CSs
S-specific Qualitative S responders 36 (69.2) 38 (100) <0.0001°
interferon-y response N (%)
T cell response S responders TNF-« 6/7 (85.7) - 0.211° 0.156°
within the inhibitors
subgroups IL-6 10/13 (76.9) - 0.014°
N (%) inhibitors+/-
DMARDSs/CSs
CTLA-4-Ig 5/12 (41.7) - <0.0001°
inhibitors +/-
DMARDSs/CSs
DMARDS -+/- 9/12 (75) - 0.011°
CSs
JAK 6/8 (75) - 0.027b
inhibitors+/-
DMARDs/CSs
Quantitative S interferon-y 34.5 (12.4-141.9) 425.9 <0.0001¢
response levels (196-792)
pg/ml median
(IQR)
TNF-« 43.5 (29.6-144.6) - 0.164¢ 0.024¢
inhibitors
IL-6 48.5 (14.9-168.5) - 0.0002¢
inhibitors+/-
DMARDSs/CSs
CTLA-4-Ig 12.8 (0.26-34.3) - <0.0001¢
inhibitors +/-
DMARDs/CSs
DMARDs 34.5 (15.6 -219) - 0.0015¢
+/-CSs
JAK 40.4 (15.4-85.4) - 0.0010¢
inhibitors+/-
DMARDs/CSs

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.

2 Fisher test; PFisher test with Bonferroni correction («/5, P <0.01); “Kruskal-Wallis test; 9Kruskal-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 3 P-value
N (%) 25 (100%) 25 (100%) 25 (100%)
Qualitative Antibody responders N (%) HCWs 25/25 (100%) 25/25 (100%) 25/25 (100%) -
response RA 24/25 (96%) 2325 (92%) 25/25 (100%) 0.223¢°
T cell responders N (%) HCWs 25/25 (100%) 25/25 (100%) 25/25 (100%) -
RA 17/25 (68%) 17/25 (68%) 18/25 (72%) 0.8192
Quantitative Anti-RBD titers HCWs 3377 (1647-4839) 178 (132-271) 4608 (3040-6408) <0.0001P
response binding antibody units/ml median (IQR) RA 785 (458-1678) 45 (19-94) 1653 (969-3166) <0.0001"
Spike interferon-y levels HCWs 262 (118-531) 196 (66-490) 525 (234-812) 0.0120
pg/ml median (IQR) RA 39.4 (5.3-177) 70.6 (8.7-180) 43.5 (14.5-168.5) 0.961°

Abbreviations: HCW, health care worker; IQR, interquartile range; N, number; RA, rheumatoid arthritis; RBD, receptor-binding domain.

2 Cochran’s Q test; PFriedman test were performed for the statistical analysis.

Neutralizing serum antibodies were evaluated in patients with
RA and in 28/38 HCWs. All HCWs and most patients with RA
(48/52, 92.3%) showed a detectable neutralizing activity (Figure 2c,
d). Significant different neutralizing titers were found compar-
ing IL-6 inhibitors, CTLA-4-Ig- and DMARDs-treated patients, and
HCWs (P-value = 0.015, P-value 0.011, and P-value 0.047,
respectively). In both cohorts, anti-RBD-IgG and neutralizing an-
tibody titers significantly correlated (HCWs: rho = 0.491, P-
value = 0.0079 and RA: rho = 0.576, P <0.0001) (Figure 2e, f).
In contrast, no correlation was found between antibody titers and
lymphocyte count, DAS28, or years of therapy in patients with RA
(Supplementary Figure 2a-c).

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

Antibody response to the COVID-19 vaccine was monitored in
patients with RA (n = 25), and HCWs (n = 25) longitudinally sam-
pled at T1-T3 (Figure 1). JAK inhibitors-treated patients with RA
were excluded due to their limited number.

In HCWs, we found a significant reduction of anti-RBD-IgG
titers from T1 to T2, followed by a significant increase from T2
to T3 (for both P <0.0001) (Figure 3a and Table 3). Similarly, in
patients with RA, we observed a significant reduction in anti-RBD-
IgG titers from T1 to T2 (P-value = 0.0004) and a significant 2-fold
and 37-fold increase at T3 from T1 (P-value = 0.0089) and T2 (P
<0.0001), respectively (Figure 3b and Table 3). In stratifying pa-
tients with RA, the antibody response significantly varied from T2
to T3 regardless of the ongoing treatment (Figure 3c). In contrast,
no difference was observed over time in the proportion of antibody
responders for both cohorts (Table 3).

B cell phenotype in patients with RA and HCWs

By flow cytometry, we observed a comparable frequency of total
B cells between patients with RA (n = 28) and HCWs (n = 13) af-
ter the booster dose (Figure 4a). Naive B cells were significantly in-
creased in patients with RA (P-value = 0.045) (Figure 4b), whereas
a reduction trend of plasma blasts was observed (Figure 4c). More-
over, the unswitched memory B cells were significantly reduced
(P-value = 0.036) compared with HCWs, whereas memory B cells
and switched memory B cells showed only a trend of reduction
in patients with RA (Figure 4d-f). No significant differences were
found among patients under different treatments, probably due to
the small sample investigated.

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

At T3, most patients with RA (36/52, 69.2%) showed an IFN-
y-S-specific response (Table 2). However, significantly different
proportions of responders were observed compared with HCWs
(38/38, 100%, P <0.0001) (Figure 5a and Table 2). In particular,
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the response rate of CTLA-4-Ig-treated patients (5/12, 41.7%) was
significantly lower than that of HCWs (P <0.0001), whereas pa-
tients with RA under TNF-«, IL-6 or JAK inhibitors and DMARDs
did not show significant differences in the number of respon-
ders compared with HCWs (P-value = 0.156, P-value = 0.014, P-
value = 0.011, and P-value = 0.027) (Table 2). In contrast, IFN-
y levels were significantly lower in all patients with RA than in
HCWs regardless of treatment (Figure 5a, b, and Table 2).

No correlation was found between IFN-y-S-specific response
and lymphocyte count, DAS28, or years of therapy in patients with
RA (Supplementary Figure 2d-f). Moreover, in both cohorts, no sig-
nificant correlations were observed between the IFN-y-S-specific
response and anti-RBD-IgG or neutralizing titers (Supplementary
Figure 3a-d). Among patients with RA, 35 subjects were full re-
sponders showing neutralizing activity, anti-RBD antibody, and T-
cell responses; only one was a nonresponder, whereas 16 were par-
tial responders (presenting at least one response). Among them,
the majority had neutralizing and anti-RBD antibody response but
not T-cell response (Figure 5c and Supplementary Table 2).

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

Cell-mediated response to the COVID-19 vaccine was monitored
over time concomitantly with the serological response (Figure 1).
In HCWs, the booster dose favored a significant increase of the
IFN-y -S-specific response compared with T2 (P-value = 0.0089)
(Figure 6a and Table 3). In contrast, in patients with RA, the T-cell
response did not show significant modulations (Figure 6b), but it
persisted over time, retaining significantly lower IFN-y levels than
HCWs (P <0.0001) even after the booster dose. These results were
consistent across all treatments. Indeed, in stratifying patients with
RA, the IFN-y-S-specific response was stable from T2 to T3 inde-
pendently of therapy (Figure 6c). Moreover, equal or similar pro-
portions of T cell responders were observed over time in both co-
horts (Table 3).

Multi-functional cytokine production in patients with RA is impaired
compared with controls

At T3, the response to SARS-CoV-2 vaccination was evaluated by
also investigating the frequency of clusters of differentiation (CD)4*
and CD8" T cells producing IFN-y, IL-2, or TNF-« in response
to S protein. HCWs and patients with RA significantly differed
in the antigen-specific CD4 T-cell response rate (P-value = 0.016)
(Figure 7a). Among responders, patients with RA showed a signifi-
cantly lower frequency of the total S-specific response than HCWs
(P-value = 0.0003) (Figure 7a). The response of patients with RA
was characterized mainly by IFN-y and TNF-« (P-value = 0.008),
whereas HCWs produced all IFN-y, TNF-«, and IL-2 (Figure 7b).
In particular, CD4* T cells of patients with RA failed to produce
IL-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-« 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.

of IFN-y-specific CD4" T cells (P-value = 0.002) and a trend of
a lower frequency of TNF-a-specific CD4* T cells compared with
HCWs (Figure 7c).

Only the proportions of TNF-- (P-value 0.029) and IL-2-
specific CD4* T cell responders (P <0.0001) were significantly re-
duced in patients with RA compared with HCWs (Figure 7c).

Regarding the total Tc1-specific CD8 cytokine response, a lower
number of responders was found compared with the CD4" T cell
subset in both cohorts (Supplementary Figure 4a). Moreover, no
differences were found in terms of magnitude or response rate
between patients with RA and controls (Supplementary Figure
4a). In both cohorts of responders, CD8" T cells produced only
IFN-y in response to S (Supplementary Figure 4b, c). Based on
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this result and due to the reduced number of CD8* T cell re-
sponders, no further analyses were done within the CD8* T cell
compartment.

We also assessed if the low number of total CD4 responders
was due to the lymphocyte counts, but no correlation was found
(Supplementary Figure 3e).

Almost all enrolled individuals responded to SEB stimulus in
terms of total and single cytokine response (Supplementary Figure
5a-f). In HCWs, either CD4* or CD8* T cells produced the three cy-
tokines (Supplementary Figure 5b, c, e, f). In contrast, the CD4* T
cell compartment of patients with RA produced mainly IFN-y and
TNF-«, whereas only a few patients produced IL-2 (Supplementary
Figure 5b,c). Interestingly, in patients with RA, a higher number of
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IL-2 responders was found in the CD8 compartment (Supplemen-
tary Figure 5e, f).

Characterization of the spike-specific cytokine profile in HCW and
patients with RA

A Boolean gating analysis (Roederer et al., 2011) was performed
to identify the triple, double, or single cytokine-producing popula-
tions (IFN-y and/or TNF-« and/or IL-2) in response to S (Figure 7d)
and the specificity of the response was evaluated by comparing it
with that to SEB (Supplementary Figure 5g).

The frequency of S-specific CD4" T cells IFN-y *TNF-o*IL-
2+ (triple-positive), IFN-y ~"TNF-o*IL-2* (double-positive), or IFN-
y ~TNF-a~IL-2* (single-positive) was significantly reduced in pa-
tients with RA compared with HCWs (P-value 0.035, P-
value = 0.013 and P-value = 0.0004, respectively) (Figure 7d).

The antigen-specific response of HCWs was characterized
mainly by single cytokine-producing CD4* T cells (IFN-y~TNF-
o~ IL-2F, IFN-y ~TNF-o*IL-2~, IFN-y *TNF-o~IL-27). Similarly, in
patients with RA, we observed a predominant single cytokine pro-
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file based on IFN-y*TNF-o~IL-2~ and IFN-y ~TNF-o*IL-2~ CD4*
T cells (P <0.0001) (Figure 7d). Interestingly, unlike patients with
RA, HCWs had all the different combinations of cytokine-producing
populations in response to SEB, likely due to the stronger stim-
ulus. Within each cohort, significant differences were found in
terms of cytokine frequency (P <0.0001 for both) (Supplementary
Figure 5g).

Memory T cell phenotype

We further evaluated whether the booster dose influences T
cell phenotype by analyzing the expression of CD45RA and CCR7
in total CD4*tand CD8*T cells (Geginat et al., 2003; Tian et al,
2017) arthromyalgia). In the CD4" T cell subset, central mem-
ory cells (Tcy) were found to be significantly reduced in patients
with RA (P <0.0001), whereas the terminally differentiated effec-
tors (Tgmra) and effector memory (Tgy;) cells were increased com-
pared with controls (P <0.0001 and P-value = 0.01, respectively)
(Figure 8a). The main difference was found for the Tgyra popu-
lation. Regarding CD8* T cells, both cohorts significantly differed
for Tcm, Temra, and naive populations; Ty and naive were de-
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Figure 5. IFN-y T cell response detected by IGRA is reduced in patients with RA compared with HCWs after the booster dose.

(a) Spike-specific IFN-y 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-« 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-y 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-y 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-y-release assay; Ig, immunoglobulin; IL, interleukin; JAK, Janus Kinase; RA, rheumatoid arthritis; RBD, receptor-binding domain; TNF, tumor necrosis factor.

creased (P-value = 0.0079 and P-value = 0.0012), whereas Tgyra
augmented compared with HCWs (P-value = 0.0025) (Figure 8b).

Then, we evaluated the phenotype in the S-specific CD4* T cells
producing any cytokine among IFN-y, TNF-«, or IL-2. We found a
significant reduction of naive T cells in patients with RA compared
with HCWs (P-value = 0.037). The other subpopulations, except
the Tgy, also showed a trend of reduction, although not significant
(Figure 8c). In response to SEB, both cohorts showed a memory T
cell phenotype similar to the results observed after S stimulation
(Supplementary Figure 6).

Discussion

SARS-CoV-2 vaccination is one of the most effective strategies
to protect communities by preventing severe outcomes and death
from COVID-19 (Istituto Superiore di Sanita (ISS), 2021). Compared
with previous studies, this is the first multicenter study that inves-
tigates the B and T-cell responses to the vaccine booster dose in
patients with RA evaluating the cytokine profile of antigen-specific
T cells and the B and T cell memory compartments.

We showed that the antibody response was detected in almost
all patients with RA and HCWs independently of the time point.
This response significantly decreased from T1 to T2 and increased

203

at T3 in both cohorts, regardless of the immunosuppressive ther-
apy. In contrast, the T-cell response remained stable over time,
although the magnitude was significantly lower in patients with
RA than HCWs, even after the booster dose. Subjects with no T-
cell response at T1 do not acquire it even at subsequent doses (T2
and T3) (Gilboa et al., 2022; Hurme et al.,, 2022). The lowest mag-
nitude and T-cell response rate were found in CTLA-4-Ig-treated
patients, confirming what was previously observed (Farroni et al.,
2022; Petrone et al., 2022; Picchianti-Diamanti et al., 2021). Most
patients with RA show a “full response” (both humoral and cellu-
lar) to the vaccine.

To optimize the balance between vaccine immunogenicity
and disease activity, CTLA-4-Ig and methotrexate were inter-
rupted during the first vaccine cycle according to ACR indications
(Mikuls et al., 2021), whereas no modification of the ongoing ther-
apy was made for the booster. Our study demonstrates the legit-
imacy of this strategy both in terms of safety and vaccine im-
munogenicity. Indeed, no disease flares were observed, and most
patients showed an antibody response that further increased after
the booster. The only discrepancy arises from T-cell response that
did not change after the booster dose. Because the lowest magni-
tude of response was associated with CTLA-4-Ig therapy, its inter-
ruption after each dose may optimize vaccine immunogenicity, as



C. Farroni, A. Aiello, A. Picchianti-Diamanti et al.

A

International Journal of Infectious Diseases 125 (2022) 195-208

RA-patients

10000 10000~
- i ) ]
E 100 g 1000
2 2
s 100 5 1004
z z
£ 0] = 07
o o
= =
r% 14 ‘g' 14
0.1 T T T 0.1
™ T2 T3
RA-patients
TNF-a inhibitors IL-6 inhibitors +/- DMARDs/CSs
10000 10000
T 1000+ 2 1000
D =)
= 100 2
z £
= 107 ™
£ £
£ =
[7) 14 n
0.1 T T T 0.1 P T T
™ T2 T3 T T2 T3
CTLA-4-lg +/- DMARDs/CSs DMARDs +/- CSs
10000~ 10000-
T 10001 T 1000~ C‘\S_—___4
2 2
> 1004 5 1004
2 2
s - [T -
< 107 < 197
=< =
R & 1
0.1 0.1 T T

T3

v

™ T2 T3

Figure 6. The IFN-y 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-« 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-y 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-y -release assay; IL, interleukin; RA, rheumatoid arthritis; RBD, receptor-binding domain; TNF, tumor necrosis factor.

stated by the last ACR indications (Tang et al., 2022; Tedeschi et al.,
2022).

Our results highlight the benefit of a vaccine booster in patients
with RA as it guarantees the maintenance of a high seroconversion
rate and induces a 2-fold quantitative increase of the humoral re-
sponse compared with the first vaccination cycle. Interestingly, al-
though antibody levels continued to be lower, the increase in pa-
tients with RA was higher than that observed in HCWs, likely be-
cause HCWs might have already achieved a plateau of the response
with the two vaccine doses. In contrast, in patients with RA, the
initial lower response allows a significant antibody expansion af-
ter the booster. A similar trend was observed in larger cohorts
of rheumatologic patients (Corradini et al., 2022; Syversen et al.,
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2022), who likely need longer time to achieve a quantitatively
higher humoral response, suggesting the potential benefits of ad-
ditional booster doses. Moreover, an epidemiological study showed
the increased efficacy of mRNA vaccines in preventing COVID-19
hospitalization from the second to the third dose in both immuno-
competent (82% vs 97%, respectively) and immunocompromised in-
dividuals (69% vs 88%, respectively) (Tenforde et al., 2022).

In contrast, in patients with RA, the T-cell response did not
change over time in terms of both magnitude and response rate,
whereas a significant increase was observed in HCWs after the
booster dose. This discrepancy might be caused by the detrimental
effect of immunosuppressive therapies on T cells in patients with
RA (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-y and TNF-a 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-y, TNF-«, IL-2) within HCWs or RA responders. (c) Frequency of CD4" IFN-y* T cells, CD4*
TNF-a* 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, ¢, 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-y, IL-2, or TNF-a 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.

As previously demonstrated (Farroni et al., 2022), we show that other study shows that in unvaccinated patients with RA antigen-
the S response is mainly driven by CD4*+ T cells in both cohorts. responding CD4* T cells mostly produce IFN-y; the IL-2 produc-
Analyzing the T cell-specific response, patients with RA are charac- tion is reduced, and only few double-positive IFN-y [IL-2 cells are
terized by an antigen-specific CD4 T-cell response associated with present in the periphery (Ponchel et al., 2012). Moreover, it has
an IL-2 reduced production compared with HCWSs. The high re- been reported that CTLA-4-Ig therapy reduces the bioavailability
sponse to SEB observed in RA suggests that these patients have the of soluble IL-2 receptors by decreasing IL-2 levels (Weisman et al.,
ability to respond to a strong and nonspecific stimulus, although 2006). It is well known that IL-2 is involved in lymphocyte activa-
with a lower magnitude than HCWs. Moreover, we found a higher tion, differentiation, survival, and maintenance of the T-regulatory
number of IL-2 responders within the CD8* T cells in patients with cell compartment (Kosmaczewska et al., 2014; Zhang et al., 2022).

RA. This result requires further investigation. The lower cytokine Here, we also show that the S-specific T-cell response is char-
response observed in patients with RA independently of the stimu- acterized by the induction of a similar memory cell phenotype in
lus used (SEB or S) suggests its association with the rheumatologic both cohorts; this agrees with another setting of patients vacci-
condition per se and/or the ongoing therapy. nated for influenza (Uchtenhagen et al., 2016). In contrast, in both

Our results agree with Dayam et al. (2022) reporting, in a dif- total CD4* and CD8* T cells of patients with RA, we observed a
ferent experimental setting, that the IL-2 production is reduced in higher frequency of effector and/or Tgyra Mmemory subpopulations
SARS-CoV-2-vaccinated IMID patients compared with controls. An- compared with HCWSs. 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; Tcy, central memory; Ty, effector memory; Tgwmra, terminally differentiated effector
memory; Uns, unstimulated.
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with RA, we found a significant increase of naive B cells and a de-
crease of unswitched memory B cells compared with HCWs, which
seems to be independent of COVID-19 vaccination and likely as-
sociated with the rheumatologic status, as reported (Moura et al.,
2010; Wang et al., 2013, 2019).

Some limitations are acknowledged. First, the proportion of re-
sponders detected by flow cytometry is lower than in other ex-
perimental settings involving samples from SARS-CoV-2-vaccinated
subjects (Gao et al.,, 2022; Tarke et al., 2022). However, the in vitro
conditions (SARS-CoV-2 peptides composition and concentration)
used are different, making the comparison difficult to perform. This
study was conducted using whole blood samples and not periph-
eral blood mononuclear cells, potentially limiting the detection of
the response (Hoffmeister et al.,, 2003). Second, the small size of
the cohorts might limit the robustness of the data and did not
allow us to study in detail the impact of the immunosuppressive
treatments in patients with RA. Moreover, the lack of a control
group of untreated patients with RA does not allow us to verify
whether the impairment of the immune response observed might
be RA-specific or more associated with the treatment used.

However, the RA cohort is representative of subjects under dif-
ferent therapies and is well followed clinically and immunologi-
cally. The two cohorts differed by age, but we previously showed
that the reduced immune response is associated with immuno-
suppressive therapy and not with age (Picchianti-Diamanti et al.,
2021).

The main strengths of this study are the longitudinal observa-
tion of both adaptive immune responses and the immune charac-
terization by flow cytometry of B cells and of the antigen-specific
T-cell response to COVID-19 mRNA vaccines in patients with RA
and HCWs.

In conclusion, this study demonstrates that the booster dose
leads to a gain of the antibodies compared with the levels after
the first vaccination cycle. In contrast, T-cell response remains sta-
ble over time in patients with RA, as reported in healthy subjects
(Hurme et al., 2022), even if it is lower than in HCWs. Despite
the reduced IL-2-specific production, the specific memory T-cell re-
sponse is similar in patients with RA and HCWs, indicating the im-
portance of COVID-19 vaccination in this vulnerable population.
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