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Abstract

Background The spike protein-specific humoral response observed after SARS-CoV- 2 vaccination is decreased

in rheumatoid arthritis (RA) patients treated with rituximab (RTX). However, when analyzed immediately after vac-
cination, the spike-specific T-cell immune response appears to be preserved. The possible persistence of specific T
cells over the long term is underexplored and could be a useful decision-making tool for deciding when to perform
revaccination. This study aimed to assess the persistence of T-cell-mediated immunity after the last SARS-CoV- 2 vac-
cination or infection (named “SARS-CoV- 2 boost”in this study) in RA patients treated with RTX. Clinical and biological
parameters that can influence this immune system were also explored.

Methods Our observational study cohort included 51 RA patients treated with RTX and 24 RA patients treated

with other disease-modifying antirheumatic drugs (DMARDs) who had received at least one dose of the SARS-CoV- 2

mMRNA vaccine. The T-cell immune response was assessed by flow cytometry, which focused on antigen-specific T-cell
characterization between 3 and 18 months after the last SARS-CoV- 2 boost. T-cell activation was assessed by measur-
ing CD69, CD154, CD137 and CD107a surface expression.

Results As expected, even if a lower mean antibody titer was measured in RA patients receiving RTX (RA RTX)
than in RA patients treated with therapies other than RTX (p=0.034), all patients exhibited CD4 +and CD8 +T-cell
spike protein-specific responses, with an even greater spike-specific CD8 +T-cell response in RA RTX patients
(p<0.007). The main finding of our study was that the T-cell response remarkably persisted up to 18 months

after the last SARS-CoV- 2 boost and no difference was found in COVID- 19 severity between RTX- and non-RTX-
treated patients (p=0.770).

Conclusions Even if RTX treatment prevented the SARS-CoV- 2 vaccine-dependent antibody response in RA
patients, a strong spike protein-specific T-cell-mediated response that persisted for up to 18 months after the last
SARS-CoV- 2 boost was found in RA RTX patients. With respect to personalized medicine, analyzing the spike protein-
specific T-cell response might be a valuable strategy for deciding when revaccination is necessary.
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Background

Since late 2019, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV- 2) has spread rapidly worldwide,
causing coronavirus disease 2019 (COVID- 19) with
symptoms ranging from mild to severe. Messenger ribo-
nucleic acid (mRNA) vaccines have been developed to
protect at-risk groups, including those with autoimmune
diseases, such as rheumatoid arthritis (RA) [1-4]. While
treatments like tumor necrosis factor alpha (TNFa)
inhibitors or anti-interleukin- 6 (IL- 6) antibodies do not
increase their risk of severe COVID- 19 [5-7], patients
on corticosteroids or rituximab, a monoclonal antibody
that targets CD20 on B cells [8], required multiple vac-
cine doses and strict isolation due to impaired immune
responses [9—14].

mRNA vaccines may also induce a T-cell response,
which is considered an essential component of the anti-
viral defense arsenal and confers protection against
severe virus infections [15]. Several groups of investiga-
tors have reported that patients with autoimmune dis-
eases treated with RTX and vaccinated with COVID- 19
mRNA vaccines have a cellular immune response even
in the absence of a serological response [16—19]. How-
ever, the persistence of this spike protein-specific T-cell
response has never been explored in RA patients beyond
6 months. Furthermore, long-term analysis of the spike
protein-specific T-cell response could be a useful deci-
sion-making tool for determining whether booster shots
are necessary in patients treated with RTX without an
antibody response.

The spike protein-specific T-cell response is not rou-
tinely quantified in clinical practice. Classical methods
for measuring cell proliferation, cytolytic activity and/or
cytokine production assess the average response of highly
heterogeneous cell populations [20]. Although these
methods provide useful information, they do not allow
in-depth characterization of the nature of the response
and cell populations involved. Furthermore, they often
require specific sample preparation (peripheral blood
mononuclear cell (PBMC) isolation or specific cell type
purification), long incubation times, multiple steps and
thus trained technical staff. To determine complex sig-
natures of immune responses, flow cytometry has been
widely employed for high-throughput analysis of spe-
cific protein expression within complex cell populations,
but its use in clinical practice remains complicated [21].
Cartagena et al. [22] demonstrated that a whole blood-
based flow cytometry approach can be easily imple-
mented for RA patient characterization, stratification and

monitoring and can be used concomitantly for antigen-
specific T-cell analysis. A new procedure relying on the
study of activation-induced markers (AIMs) from whole
blood [23] demonstrated its potential to accurately estab-
lish T-cell phenotypes with only three antigen-specific
T-cell biomarkers, namely, i) CD154, also called CD40-
ligand (CD40L), a protein primarily expressed on acti-
vated T cells that acts as a costimulatory molecule [24];
ii) CD107a, also called lysosomal-associated membrane
protein 1 (LAMP- 1), a marker of degranulation of lym-
phocytes such as CD8* and NK cells; and iii) CD137, also
called tumor necrosis factor receptor superfamily mem-
ber 9 (TNFRSF9), which is induced upon lymphocyte
activation at the surface of most leucocytes and nonim-
mune cells [25].

This study applied a modified version of the afore-
mentioned protocol to explore the persistence of T-cell-
mediated immunity for 3 to 18 months after the last
SARS-CoV- 2 boost in RA patients treated with RTX.
Clinical and biological parameters that can influence this
immune system were also examined. The clinical out-
comes of COVID- 19 patients treated with or without
RTX after SARS-CoV- 2 vaccination were also compared
to understand the clinical impact of this spike protein-
specific T-cell response.

Patients and methods
Patients
Our observational study cohort included anti-citrulli-
nated peptide antibody (ACPA)-positive RA patients
(> 18 years old) who visited the rheumatology depart-
ment of Sainte Marguerite Hospital (Marseille, France)
between April 26 th, 2022, and October 15 th, 2022. All
of them fulfilled the 2010 American College of Rheu-
matology/European Union League Against Rheumatism
(ACR/EULAR) criteria [26] and had received at least one
dose of the Pfizer-BioNTech mRNA anti-SARS-CoV- 2
vaccine. Patients with other rheumatic inflammatory dis-
eases or patients who were not vaccinated were excluded.
In line with the recommendations to space out treat-
ments for patients in remission, the included patients
received rituximab according to the following protocol: 1)
Initial treatment: administration of 1000 mg of rituximab
on days D1 and D15 (two infusions 15 days apart) and the
same protocol at month 6; 2) Consolidation: if CD19 <0
(indicating the absence of detectable B lymphocytes) and
the DAS28 score <2.6 (indicating remission or low dis-
ease activity), then a single dose is administered at month
12 (M12 after the first infusion, D1 only); 3) Spacing
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based on biological and clinical criteria: If CD19 remains
<0 and the patient is still in remission, the interval
between infusions is progressively extended to 9 months,
then 12 months, and potentially up to 18 months. During
the spacing period, patients do not receive other biother-
apies (no other treatments targeting specific mechanisms
of inflammation).

Ethics

All patients provided informed written consent for this
study in accordance with the Helsinki Declaration [27].
Sample collection was approved by the National Eth-
ics Committee under the number DC- 2008—327. Some
bioresources were provided by the Biological Resources
Center of the Assistance Publique — Hopitaux de Mar-
seille (CRB AP-HM, certified NF §96 -900 & ISO 9001
v2015) from the CRB-TBM component (BB- 0033-
00097). Patient data were pseudoanonymized.

Routine sample testing and clinical data collection

A single heparin-anticoagulated blood sample was col-
lected from each patient and sent to the Immunology
Laboratory as part of the standard routine clinical tests.

First, the serum ACPA concentration was confirmed
with an ELISA IMMUNOSCAN CCPlus® kit (Euro Diag-
nostica, Arnhem, The Netherlands) according to the
manufacturer’s recommendations. Immunoglobulin G
(IgQ) antibody titers to cyclic citrullinated peptide (CCP)
were expressed in arbitrary units (AUs)/mL and were
considered positive when they were greater than 25 AU/
mL. IgM rheumatoid factor (RF) levels were also assessed
with an ELISA RF IgM kit (ORGENTEC Diagnostika
GmbH, Mainz, Germany), and the results were consid-
ered positive when more than 20 international units (IU)/
mL were detected.

Disease activity was measured using the Disease Activ-
ity Score calculated with the level of C-reactive protein
(DAS28-CRP) within the day of sample collection [28, 29].

Other RA characteristics were collected from patients’
medical files, including age at RA diagnosis and at blood
collection, sex, prednisone use, and ongoing therapies
such as biologics or conventional synthetic disease-mod-
ifying anti-rheumatic drugs (- DMARDs or csDMARDs).

Second, patient personal history of COVID- 19 and
vaccination (number of doses, vaccination and/or infec-
tion dates) was retrospectively recorded by interviewing
the patient and reading medical records on the day of
sample collection to determine the number of “SARS-
CoV- 2 boosts” and delay since the last vaccine dose or
infection. The vaccine-induced antibody response was
evaluated with the Liaison® immunoluminometric assay
(DiaSorin, Saluggia, Italy). A value above 33,8 bind-
ing antibody units (BAU)/mL was indicative of positive
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SARS-CoV- 2 serology according to the manufacturer’s
instructions.

For patients specifically treated with RTX, specific data
such as the number of previous RTX infusions and the
associated cumulative dose of RTX were collected. The
percentage of remaining CD19 +B cells was measured
using flow cytometry.

Whole blood-based functional assay

A single heparin-anticoagulated blood sample was col-
lected from each patient and sent to the Immunology
Laboratory as part of the standard routine clinical tests.

First, the serum ACPA concentration was confirmed
with an ELISA IMMUNOSCAN CCPlus® kit (Euro Diag-
nostica, Arnhem, The Netherlands) according to the
manufacturer’s recommendations. Immunoglobulin G
(IgG) antibody titers to cyclic citrullinated peptide (CCP)
were expressed in arbitrary units (AUs)/mL and were
considered positive when they were greater than 25 AU/
mL. IgM rheumatoid factor (RF) levels were also assessed
with an ELISA RF IgM kit (ORGENTEC Diagnostika
GmbH, Mainz, Germany), and the results were consid-
ered positive when more than 20 international units (IU)/
mL were detected.

Disease activity was measured using the Disease Activ-
ity Score calculated with the level of C-reactive protein
(DAS28-CRP) within the day of sample collection [28, 29].

Other RA characteristics were collected from patients’
medical files, including age at RA diagnosis and at blood
collection, sex, prednisone use, and ongoing therapies
such as biologics or conventional synthetic disease-mod-
ifying anti-rheumatic drugs (- DMARDs or csDMARDs).

Second, patient personal history of COVID- 19 and
vaccination (number of doses, vaccination and/or infec-
tion dates) was retrospectively recorded by interviewing
the patient and reading medical records on the day of
sample collection to determine the number of “SARS-
CoV- 2 boosts” and delay since the last vaccine dose or
infection. The vaccine-induced antibody response was
evaluated with the Liaison® immunoluminometric assay
(DiaSorin, Saluggia, Italy). A value above 33,8 bind-
ing antibody units (BAU)/mL was indicative of positive
SARS-CoV- 2 serology according to the manufacturer’s
instructions.

For patients specifically treated with RTX, specific data
such as the number of previous RTX infusions and the
associated cumulative dose of RTX were collected. The
percentage of remaining CD19 +B cells was measured
using flow cytometry.

Flow cytometry analysis
All the data were collected on a 3-laser, 13-color Cyto-
flex flow cytometer and analyzed using Kaluza Software
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version 2.1 (both from Beckman Coulter Inc.). Com-
pensations between channels were made using samples
labeled with conjugated antibody alone to remove resid-
ual spectral overlap. Flow-Set beads (Beckman Coulter
Inc.) were used daily to control potential variability in
device performance, but no harmonization between the
measured values over the study period was necessary.

Lymphocytes were first gated on their typical side (SS)
and forward (FS) scatter characteristics. Then, T, B, natural
killer (NK) and NKT lymphocytes were gated on their CD3
and CD56 phenotypes. T cells were divided into CD4%"
T cells or CD8* T cells depending on their CD8 expres-
sion. CD69, CD154, CD137 and CD107a expression was
monitored to characterize CD41 or CD8" T-cell activation
phenotypes. For in-depth characterization of activated
cells, CCR7 and CD45RA were used to divide lymphocyte
subsets into naive (CD45RATCCR7%), terminally differ-
entiated effector memory (TEMRA) (CD45RATCCR77),
central memory (CD45RA™CCR7") or effector memory
(CD45RACCR77) subsets. An example of the gating
strategy is given in supplementary Fig. 1.

Flow cytometry parameters

The flow cytometry results were measured through
six different percentages of either CD69TCD154% or
CD697CD137" or CD69*CD107a* or CD154*CD137*
or CD154 +CD107a +or CD137 +CD107a +CD4 +or
CD8" T cells related to the entire CD4" or CD8* T-cell
population (a total of 12 parameters/activator).

Flow cytometry raw percentages were normalized as
stimulation indexes (Stim Index) and calculated either as
ratios between the percentages of cells in the CEFX-pos-
itive condition and those in the negative condition or as
ratios between the percentages of cells in the spike condi-
tion and those in the negative condition for each of the
6 parameters measured for each of both the CD4" and
CD8* T-cell subsets (a total of 12 parameters/activator).

The 12 Stim Index generated between the CEFX and
negative control conditions were only used to validate
the flow cytometry data. The 12 Stim Index generated
between the spike and negative conditions were first
individually compared among patient cohorts to obtain
a detailed overview of lymphocyte subset activation.
Then, as all the parameters of the T subsets evolved in
an equivalent manner when individually considered, the
6 CD4% T-cell Stim Index and the 6 CD8" T-cell Stim
Index were summed to determine the global activation
of CD4* T cells and the global activation of CD8" T
cells, respectively, to obtain a global overview of lym-
phocyte activation (a total of 12 vs 2 parameters).
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Data analysis

The RA patient cohort was divided into two groups:
those treated with RTX (tested group) and those treated
with any other DMARDs (control group). JMP software
version 14.2.0 (SAS Institute Inc., NC, USA) was used
for statistical analysis. For all tests, p values less than 0.05
were considered significant.

Quantitative clinical features are expressed as the means
+standard deviations (SDs) or medians with interquartile
ranges (IQRs) and were compared using Student’s t tests
or nonparametric Wilcoxon tests. Qualitative variables
are expressed as frequencies with percentages and were
compared using x> or Fischer’s exact tests.

Receiver operating characteristic (ROC) analysis was
performed to discriminate patient groups according to
flow cytometry positivity. ROC analysis was based on the
area under the curve (AUC), sensitivity (true positives/
positives [TP/P]) and specificity (true negatives/negatives
[TN/N]). All values are expressed as ranges (between O
and 100%) with 95% confidence intervals.

Automated analysis using JMP’s response screening
platform was used to identify the most discriminative
clinical/biological parameters based on Student’s t test
or ANOVA and false discovery rate (FDR)-corrected p
values. The correlation rate was calculated to analyze the
correlation between the T-cell response and the most dis-
criminative clinical/biological parameter.

Results

Patient characteristics

Fifty-one patients with ACPA-positive rheumatoid
arthritis treated with RTX (RTX-treated RA patients)
and 24 RA patients treated with therapies other than
RTX (non-RTX-treated RA patients, control group) were
enrolled. The clinical characteristics of both groups are
detailed in Table 1.

As expected for RA patients, the final population
comprised more women than men. Patients in the RTX
group were older (p=0.022) and had a longer RA dura-
tion (p<0.001), suggesting that they may have a more
depleted immune system than did those in the control
group.

Regarding therapy, as most of the RA patients in the
control group were newly diagnosed, most of them were
treated with conventional DMARDs. As expected, the
RTX group showed an increase in the Ig titer and in the
CD19 B-cell number as a function of time since the last
RTX infusion (supplementary Fig. 2).

As the RTX group may have been considered at risk
of more severe COVID- 19, it was not surprising that
they had a greater number of vaccine doses (p=0.034).
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Table 1 Study cohort characteristics
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RTX-treated RA Non-RTX-treated RA  pvalue
patients (n=51) patients (n=24)

Age, years (median, IQR) 67 (57-76) 59 (51-63) 0.022*
Gender: Female/Male 45 (88%)/6 (12%) 15 (62.5%)/9 (37.5%) 0.014*
RA duration, years (median, IQR) 22 (13-29) 5(2-14) <0.001*
Treatments:
bDMARDS:

-RTX 100%

- Others (Etanercept, Abatacept, Tocilizumab 0 7 (29%) 0.850
o Monotherapy - 4(16.7%)
Concomitant csDMARDS:

- Methotrexate 20 (39.2%) 11 (45.8%)

- Leflunomide 6 (11.8%) 2(8.3%)

- Others (Sulfasalazine, Hydroxychloroquine) 6 (11.8%)

- None 19 (37.3%) 11 (45.8%)
Prednisone use: 0.710

-No 38 (74.5%) 17 (70.8%)

- 5 mg/day 7 (13.7%) 5 (20.8%)

- 5 mg/day 6 (11.8%) 2 (8.3%)
DAS 28 (mean, SD) 2.96 (1.26) 348 (1.55) 0.150
Number of vaccine doses Median: 3 Median: 3 0.034*

-lor2 3(5.9%) 7(29.2%)

-3 34 (66.7%) 13 (54.2%)

-4 14 (27.5%) 4(16.7%)
History of SARS-CoV-2 infection 25 (49%) 14 (58.3%) 0.770

- Mild symptoms 19 (37.3%) 10 (41.7%)

- Hospitalization/02 5(9.8%) 3(12.5%)

- Intensive care 1(2%) 1(4.2%)
Number of “SARS-CoV-2 boost” (cumulative number of SARS-CoV-2 vaccine doses and Median: 4 Median: 3 0.099
infections)

-<3 0 (0%) 2(8.3%)

-3 51 (100%) 22 (91.7%)
SARS-CoV-2 serology level (BAU/mL) (mean, SD) 562 (768) 839 (645) 0.034*
SARS-CoV-2 serology positivity 30 (59%) 13/14 (93%)# 0.024*
Time between sample collection and last SARS-CoV-2 boost, months (median, IQR) 5(3-8) 4(2-9.75) 0.490

- 0-6 months 30 (58.8%) 15 (62.5%)

-6-12 months 18 (35.3%) 7 (29.1%)

- 12-18 months 3(5.9%) 2 (8.3%)
Number of RTX infusions (median, IQR) 10 (6-16) NA NA
Cumulative dose of RTX, g (median, IQR) 11 (6-20) NA NA
Time between sample collection and last RTX infusion, months (median, IQR) 9.3 (6.5-13.1) NA NA
Time between last RTX infusion and last vaccine dose, months (median, IQR) 56(3.2-7.8) NA NA
CD19 B-cell count, % (mean, SD) 6.84 (9.54) NA NA
Patients with CD19 B-cell count < 6% (clinical criteria) 30 (59%) NA NA
1gG titer, g/L (mean, SD) 8.75(3.35) NA NA

RA Rheumatoid arthritis, RTX Rituximab, /QR Interquartile range, SD Standard deviation, DMARDS Disease-modifying anti-rheumatic drugs, DAS 28 Disease activity
score, SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2, 02 Oxygen, IgG Immunoglobulin G, NA Not applicable, #: SARS-CoV-2 Serology data were

available for only 14 out of 24 non-RTX-treated RA patients
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However, the interval between sample collection and
the last SARS-CoV- 2 boost was not significantly dif-
ferent between patients treated with or without RTX
(p=0.4899). The number of patients with a history of
COVID- 19 was also not significantly different among the
groups (p=0.770). Surprisingly, no difference in COVID-
19 severity was found between RTX-treated patients
and non-RTX-treated patients (p=0.770). Most patients
in both groups had mild symptoms (19/25 (76%) RTX-
treated RA patients versus 10/14 (71%) non-RTX-treated
patients), whereas more severe symptoms were expected
in the RTX group.

As expected, the RTX group exhibited a decreased
antibody titer (562 +768 BAU/mL versus 839 + 645 BAU/
mL, p=0.034). However, a spike protein-specific anti-
body response was observed in only 30/51 (59%) patients
treated with RTX versus 13/14 (93%) patients treated
with other therapies (p=0.024), indicating that the T
response of RTX-treated RA patients should be com-
pared with the response of the control group not only as
a whole but also by dividing the RTX group into two dif-
ferent subgroups (negative or positive serology).

Interestingly, supplementary Fig. 3 shows that the anti-
body response was maintained in both patient groups up
to at least 10 months after the last SARS-CoV- 2 boost
and depended on the time of the last RTX infusion.

Spike protein-specific T-cell response

CD154, CD137 and CD107a expression on CD4" and
CD8* T cells was individually monitored and compared
in 51 patients with ACPA-positive rheumatoid arthritis
patients treated with RTX and 24 RA patients treated with
other therapies to characterize T-cell activation levels and
associated phenotypes upon spike activation (Fig. 1).

There were no significant differences in individual CD4*
T-cell responses between RTX-treated patients and the
control group. However, a greater CD8* T-cell response
was observed in the RTX-treated RA patients for the
CD69"CD154"  (p=0.015), CD1377CD154" (p<0.001),
CD1377CD107a* (p<0.001) and CD107atCD154" (p<0.001)
CD8" T-cell stimulation indexes.

Interestingly, patients who presented significant acti-
vation for one individual parameter might not exhibit
activation for another parameter. Individual activation
patterns were thus indicative of spike-specifically acti-
vated subsets.

Similar results were obtained when RTX-treated RA
patients were divided according to their SARS-CoV- 2
serology (supplementary Fig. 4).

These results were confirmed by the JMP response
screen platform (supplementary Fig. 5), which revealed
no discriminative spike protein-specific CD4% T-cell
responses but several significant differences in CD8%
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T-cell-related features. The activation of three differen-
tiated CD8* T cells (TEMRA, central memory, effector
memory) was greater than that of CD8" naive T cells,
which contributed to the greater number of responses
observed in the RTX-treated RA patients, whereas
only the TEMRA CD4* T cells exhibited a greater
CD697CD154* stimulation index (Supplementary Fig. 6).

Global spike-specific T-cell response

As our goal was rather to globally capture the T-cell response
upon spike activation, we added individual activation param-
eters measured in CD4" or CD8" T cells to obtain CD4™"
and CD8* T-cell global spike-specific response parameters
(% CDA4 T-cell global activation =%CD69tCD1541 CD4* T
cells +%CD69"CD137* CD4" T cells +%CD69*CD107a™
CD4* T cells +%CD1547CD137" CD4T T cells
+%CD1547CD107at CD4" T cells +%CD137TCD107a*
CD4tT T cells, and % CD8" T-cell global activation
=%CD69TCD154% CD8' T cells +%CD69tCD137+
CD8" T cells +%CD69TCD107at CD8' T cells
+%CD1547CD137" CD8" T cells +%CD154TCD107a*
CD8* T cells + %CD137tCD107a™ CD8* T cells).

Global CD4*" and CD8* T-cell activation was then com-
pared between the 51 RA patients treated with RTX and
the 24 RA patients treated with other therapies (Fig. 2).

As shown by the individual T-cell analysis, no sig-
nificant difference (p=0.320) in the global CD4 + T-cell
response was found between the RTX-treated and non-
RTX-treated RA patients. In contrast, compared with
non-RTX-treated RA patients, RTX-treated RA patients
exhibited a stronger CD8" T-cell response (p < 0.001).

Corresponding ROC analyses were also performed
to further visualize how each of these global responses
could discriminate patient groups (Fig. 3).

When the cutoff point was greater than 1.26%, the global
activation of CD4 + T cells exhibited an AUC of 0.57 with
80% specificity and 59% sensitivity, whereas when the cut-
off point was greater than 1.10%, the global activation of
CD8 +T cells exhibited an AUC of 0.81 with 90% sensi-
tivity and 63% specificity. Interestingly, ROC analysis of
global activation parameters better discriminated RA
patients treated with or without RTX than did ROC analy-
sis of each individual parameter (Supplementary Fig. 7).

Persistence of the global spike-specific T-cell response

The persistence of the T-cell response was further
assessed in RTX-treated RA patients by studying the
global spike protein-specific T-cell response as a func-
tion of the time since the last SARS-CoV- 2 boost (Fig. 4).
Both the last anti-SARS-CoV- 2 vaccine and the last
SARS-CoV- 2 infection were considered SARS-CoV- 2
boosts, as both participate in the reactivation of the
immune system.



Marin et al. Arthritis Research & Therapy (2025) 27:86 Page 7 of 14
( A) LT4 CD69+CD107A+ Stim Index LT4 CD69+CD137+Stim Index LT4 CD69+CD154+ Stim Index
1 1 5
09 09
x 08 —_———— =08 08 p=08 4 p=0.19
3 3 § =
£ o7 2 o7 -
@ 06 5 06 A a2
§ 05 2 0s g g
8 o4 2 o4 2 £ .
é 03 g 03 —— g g : . o ¥
= o2 . A 5 o2 ;. ‘ 5 r.& K
A L
01 . 01 ] [ | )
e & | v 0 § | :
RA no RTX RARTX+ RA no RTX RARTX+ RA no RTX RA RTX+
Patient Patient Patient
LT4 CD137+CD154+ Stim index LT4 CD137+CD107A+ Stim Index LT4 CD154+CD107A+ Stim Index
1 1 1
o - p-02 © - p-om = p=077
08 % 08 x 08
§ A 2 2
§ 07 E 07 A E 0.7 A
"z 06 2 06 3 06
g 05 'g 05 'g 0s
g 04 rar E 04 g 04 =
é 03 ® E 03 é 03
5 5 02 5 o2

SI R T

.

| °
s
2 6T e
il

RAno RTX RA no RTX RARTX+ RA no RTX RARTX+
Patient Patient Patient
(B) LT8 CD69+CD107A+ Stim Index LT8 CD69+CD137+Stim index LT8 CD69+CD154+ Stim index
s 5 s
45 45 a5
x o . 4 o
245 p=008 g as p=01 g 35 p=0015"
£ E 3
a3 3 ° 3 3
£ 25 5 25 3 25
2 A a a
8 2 A Q 2 o
g 15 Y g 15 % 15
@
B 1 }:A B A B 4 iy
05 0s 2 ™ A 05 i
: - e : s, b : = ¥ N
RAno RTX RARTX+ RA no ATX RARTX+ RAno ATX RARTX+
PATIENTS PATIENTS PATIENTS
LT8 CD137+CD154+Stim index LT8 CD137+CD107A+Stim index LT8 CD154+CD107A+Stim index
5 5 5
45 -_ p<ooor 45 p<0.001* 45 p<0.001*
L 4 " o 4 L x 4
2 s A - A % s A
£ £ £ A
3 3 % 3 3 3
3 P A Fd
® 25 S 25 85 25
g . 8 2 s 8 2
—+5 3 w
é 15 a é 15 . A‘ g 15 e
B o4 —ee g —‘i g o1 == i
Y T m Wy 4
0 0 0 =l
RAno RTX RA no RTX RARTX+ RAno RTX RARTX+

PATIENTS PATIENTS PATIENTS
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In RTX-treated RA patients, both CD4* and CD8™
T-cell global specific responses against spike peptides
were stable for 22/51 patients (43%) for up to 6 months,
including 7/51 (14%) patients whose response persisted
between 9 and 12 months and 3/51 (6%) patients whose
response persisted up to 18 months after the last SARS-
CoV- 2 boost. Similar observations were made when all

individual parameters were considered (supplementary
Fig. 8).

Clinical and biological parameters impacting the global
spike-specific T-cell response

Clinical and biological parameters that might influ-
ence the spike protein-specific T-cell response in
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RA patients treated with RTX were then studied via
automated response screen analysis (Supplementary
Table 1). Features related to patient age, sex, RA (symp-
tom duration, associated treatments (bDMARDS,
csDMARDs, corticosteroid therapy), disease activity
(DAS28)), SARS-CoV- 2 parameters (serology, number
of months since the last SARS-CoV- 2 boost, number
of vaccine doses) and RTX therapy (cumulative dose
of RTX, number of months since last RTX infusion,
level of CD197" B cells, IgG titer, time between last RTX
infusion and last infection or vaccine dose) were con-
sidered. No relationship was found for the global spike
protein-specific CD4" T-cell response or clinical fea-
tures. In contrast, SARS-CoV- 2 serology was inversely
correlated with the global CD8% T-cell spike protein-
specific response. The correlation between both param-
eters was thus studied (R?=0.64, Fig. 5).

Discussion
The aim of this study was to assess SARS-CoV- 2-spe-
cific T-cell-mediated immunity and T-cell retention up
to 18 months after the last SARS-CoV- 2 boost (vac-
cine or infection) in RA patients treated with RTX. Our
study included 51 RA patients treated with RTX and 24
patients treated with other DMARDs or without treat-
ment, all with at least one dose of the anti-SARS-CoV- 2
mRNA vaccine (minimum of 3 SARS-CoV- 2 boosts).
From the start of the SARS-CoV- 2 epidemic, it was
shown that the humoral response was defective in
patients treated with RTX. Numerous teams have rapidly
demonstrated that the T response is preserved, but no
study of the persistence of this T-cell response has been
carried out in RA patients; however, this information
could be valuable for improving the spacing of additional
doses of SARS-CoV- 2 vaccines.
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Humoral response in the study cohort

Since the beginning of the SARS-CoV- 2 pandemic,
numerous studies have shown that anti-CD20 treat-
ments such as RTX induce a decrease in the anti-spike
antibody response following SARS-CoV- 2 vaccination
[11, 12, 30]. This decrease in humoral response in RTX-
treated patients was confirmed in our cohort: 59% of
RTX-treated patients had positive SARS-CoV- 2 serol-
ogy, whereas 93% of non-RTX-treated patients had
positive SARS-CoV- 2 serology, with significantly lower
antibody levels in RTX-treated patients. As other param-
eters reflecting the humoral response, such as the Ig titer
or CD19 B-cell count, the observed decrease in SARS-
CoV- 2 serology seemed to be directly linked to the time
since the last RTX infusion. However, the percentage of
patients with positive SARS-CoV- 2 serology tended to
be greater in our study than in most previously published
studies, such as Furer et al. [31] (40% after 3 doses) and
Mrak et al. [32] (33% after 3 doses, 58% after 4 doses).

Two factors may influence the vaccine antibody
response in these patients: the cumulative RTX dose and
the delay between the last RTX infusion and the vaccina-
tion [9, 11, 33, 34].

The seropositivity rate clearly increased when patients
were vaccinated more than 6 months after their last RTX
infusion. In our cohort, half of the RTX-treated patients
(49%) had a history of SARS-CoV- 2 infection in addi-
tion to vaccination, which could have enhanced anti-
SARS-CoV- 2 immunity. This immune boost could have
been a confounder, but the number of months since last
COVID boost, the number of months since last vaccine

dose, number of COVID vaccine doses and the num-
ber of months since last COVID infection, were not
significantly impacting both CD4 +and CDS8 + T-cell
responses.

On the other hand, the median time between two RTX
infusions was greater than 9 months in our study, while
the usual infusion interval was six months. Indeed, the
included patients received rituximab according to the
recommendations to space out treatments for patients in
remission. This long interval could have limited the inter-
pretability of the results, however, the number of months
since last RTX infusion, the number of months between
last RTX infusion and last COVID infection, the RTX
cumulative dose (g), the CD19 (%) and the number of
months between last RTX infusion and last vaccine dose,
were not significantly impacting both CD4 +and CD8
+ T-cell responses.

This suggests that increasing the delay between con-
secutive RTX infusions in the context of COVID- 19 may
have favored a better humoral response.

T-cell response in RA patients treated with RTX or other
DMARDs

The goal of our study was to explore the cellular
CD4" and CD8* T-cell responses in 51 RA patients
treated with RTX and 24 RA patients treated with
other DMARDs. CD4% and CD8% T-cell-activated
subpopulations were examined using an early activa-
tion marker (CD69) and specific activation markers
(CD107a for degranulation, CD154 for costimulation
and CD137 for antigen-specific stimulation). Specific
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CD4" and CD8" T-cell responses against spike pep-
tides were largely greater than the positivity threshold
in both patient groups, with significantly greater CD8"
T-cell-specific responses in RA patients treated with
RTX than in those not treated with RTX, despite the
older age, longer history of RA and elevated number of
DMARDs. Spike-specific CD4* T-cell responses were
not significantly different between the two groups.

These results are consistent with those of Zonozi
et al. [18], who reported greater SARS-CoV- 2-spe-
cific CD8% T-cell responses in 33 individuals who
received anti-CD20 therapy than in 44 nontreated
controls.

Long-term persistence of the global spike-specific T-cell
response

Both global CD4* and CD8* T-cell responses remained
stable beyond 6 months in 43% of the patients for whom
we had data available and even up to 18 months after the
last SARS-CoV- 2 boost in 3 patients from our cohort of
RTX-treated RA patients. The persistence of the T-cell
response was studied in relation to the last SARS-CoV-
2 boost (vaccine or infection) to consider potential new
immune stimulation induced by SARS-CoV- 2 infection
occurring between the last vaccine administration and
blood sampling. In contrast to the present study, most
previous investigations explored the T-cell response
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until 1.5 months after the last vaccine dose [17, 35, 36].
Mrak et al. assessed T-cell response persistence in RTX-
treated patients and showed no significant difference in
the T-cell response between day 15 and day 42 after the
second dose of the vaccine [37].

Our study is the first to investigate the T-cell-specific
response up to 18 months after the last SARS-CoV- 2
boost in RA patients treated with RTX. The persistence of
a spike-specific T-cell response after SARS-CoV- 2 vacci-
nation was demonstrated up to 6 months after the last vac-
cine dose by Woopen et al. in multiple sclerosis patients
treated with anti-CD20 therapies. In this study, only five
patients were treated with RTX, and nonspecific interferon
tests were used to assess the T-cell response [38].

Factors influencing the cellular response

We also sought to investigate the clinical or biologi-
cal features that influence the T-cell response in RTX-
treated patients. None of the studied factors influenced
the CD4 + T-cell response. However, we found that the
CD8 + T-cell response was inversely correlated with the
SARS-CoV- 2 antibody response.

These results corroborate the observations of Madelon
et al. [39]. It can be hypothesized that a stronger cellular
response in RTX-treated RA patients counterbalanced
the lower humoral response, as described by Apostolidis
et al. [40]. One hypothesis to explain the greater T-cell
activation in those patients could be the presence of more
activated antigen-presenting cells (e.g., monocytes) at the
time of vaccination as a result of B-cell depletion [41].

In contrast, Stefanski et al. [42] showed that the CD8™*
T-cell response was independent of the B-cell count

and antibody response and that patients with a signifi-
cantly lower B-cell count and an absence of an antibody
response had a poorer CD4" T-cell response. The con-
trasting results between the current study and that of
Stefanski et al. might rely on the small sample size (51 vs
19 RTX-treated patients, respectively) and the different
samples used to analyze the T-cell response, which was
performed by flow cytometry not on fresh whole blood
but on cryopreserved PBMCs in the latest study.

Clinical consequences of immunological findings

The beneficial effect of the spike protein-specific T-cell
response on the risk of severe COVID- 19 has been
established by Zonozi et al. [18], who demonstrated that
vaccinated patients receiving RTX had a 4.8-fold reduced
risk of moderate/severe/critical/fatal COVID- 19 com-
pared to nonvaccinated patients, despite the absence of
an antibody response.

In our cohort of vaccinated patients, we observed
no difference in the severity of SARS-CoV- 2 infection
between RTX-treated (n =51) and non-RTX-treated (n
=24) RA patients. These results suggest that after SARS-
CoV- 2 vaccination, RA patients treated with RTX are not
at greater risk of severe COVID- 19 than are RA patients
receiving other therapies. This suggested that the pres-
ence of a T-cell response was sufficient to protect against
severe forms of SARS-CoV- 2 infection even in the
absence of an antibody response.

These data need to be confirmed in a larger RA cohort
study [15].
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A new method for assessing the T-cell response in whole
blood

The method used herein relies on a flow cytometry-based
functional assay performed on whole blood. It enables
the triggering of immune cascades similar to what can be
observed in vivo, prevents cell loss during sample prepa-
ration, requires minimal technical skills and laboratory
material and can thus be used in clinical practice. Using
this method, we performed the first whole blood-based
study of antigen-specific T-cell responses in RTX-treated
patients, whereas previous studies investigated T-cell
activation in PBMCs or isolated cells using methods
such as measurement of cytokine secretion (ELISPOT
method) or immunostaining of intracellular cytokines.
Another major advantage of the implemented procedure
was the ability to simultaneously assess four activation
biomarkers (CD69, CD154, CD107a and CD137) that,
both individually and in combination, provide important
information about spike-specific activation patterns of
T cells. This new flow cytometry-based technology was
thus more specific (use of multiple antigen-specific bio-
markers) and more sensitive (multiplexed global activa-
tion parameters) than other commonly used techniques
for assessing T-cell activation.

Strengths and limitations of this study
The strengths of this study include the use of a homoge-
neous group of RA patients treated with RTX, the evalua-
tion of the T-cell response in all included patients thanks
to a technology directly assessing the T-cell response in
whole blood and the long follow-up (up to 18 months)
of patients. Additionally, we think that the scope of our
results is important because they could be extended to
hematologic cancer patients treated with anti-CD20,
where a greater number of CD8 + T cells has also been
associated with improved COVID- 19 survival, despite
impaired humoral immunity, and 77% of patients had
detectable SARS-CoV- 2-specific T-cell responses [15].
However, this study has several limitations. Although
this study was performed on the largest homogeneous
group of RTX-treated RA patients described so far, the
size of our cohort remains small, especially for the num-
ber of follow-ups at 18 months which was limited. It
would be interesting to increase the number of patients
recruited in future studies. Furthermore, it did not
include healthy vaccinated controls, as we worked with
anonymized patients for whom we had no clinical data.
Since this was a retrospective study, it was not possible
to determine their last vaccination or infection date, so
we could not interpret those data. Moreover, informa-
tion about COVID- 19 was collected retrospectively
and may therefore be subject to recall bias. Indeed, due
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to the retrospective nature of the work, it’s possible that,
for instance, silent COVID- 19 infections occurred in
these patients. However, our study goals constrained the
possibility of follow-up within the recruitment period.
Consequently, our study was conducted retrospectively,
without longitudinal assessments. Finally, we do not have
information on SARS-CoV- 2 infection in nonvaccinated
RTX-treated patients to compare their clinical outcomes
with those of vaccinated patients.

Conclusion

RA patients treated with RTX are known to have an
impaired humoral immune response after receiving the
SARS-CoV- 2 vaccine. Our results, similar to those of
other studies, further confirmed that the anti-SARS-
CoV- 2 T-cell response is rather strong, at least equiva-
lent to that of CD4" T cells and even better than that
of CD8™ T cells, in patients with RA treated with other
therapies. More interestingly, both CD4" and CDS8"
T-cell responses persisted for at least 6 and up to 18
months after the last SARS-CoV- 2 vaccine or infection,
respectively.

Although larger studies are needed to understand and
characterize the clinical protection conferred, the data
from our cohort strongly suggest the ability of the SARS-
CoV- 2 vaccine to drive T-cell immunity in RA patients
treated with RTX over time. Finally, the simple method
used for analyzing the specific T-cell response against
the spike protein could be a valuable approach for guid-
ing personalized medicine and objectively deciding when
revaccination is necessary for each patient.
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