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Serum and Tissue Biomarkers Associated With Composite
of Relevant Endpoints for Sjögren Syndrome (CRESS) and
Sjögren Tool for Assessing Response (STAR) to B Cell–
Targeted Therapy in the Trial of Anti–B Cell Therapy in
Patients With Primary Sjögren Syndrome (TRACTISS)

Elena Pontarini,1 Elisabetta Sciacca,1 Farzana Chowdhury,1 Sofia Grigoriadou,1 Felice Rivellese,2

William J. Murray-Brown,1 Davide Lucchesi,1 Liliante Fossati-Jimack,1 Alessandra Nerviani,2

Edyta Jaworska,1 Giulia Maria Ghirardi,1 Chiara Giacomassi,1 Paul Emery,3 Wan Fai Ng,4 Nurhan Sutcliffe,5

Colin Everett,3 Catherine Fernandez,3 Anwar Tappuni,2 Raphael Seror,6 Xavier Mariette,6 Raphael Porcher,7

Giulia Cavallaro,8 Alfredo Pulvirenti,8 Gwenny M. Verstappen,9 Liseth de Wolff,9 Suzanne Arends,9

Hendrika Bootsma,9 Miles J. Lewis,2 Constantino Pitzalis,2 Simon J. Bowman,10

and Michele Bombardieri,2 on behalf of the Trial for Anti–B Cell Therapy in Patients With Primary Sjögren
Syndrome study research group

Objective. This study aimed to identify peripheral and salivary gland (SG) biomarkers of response/resistance to B
cell depletion based on the novel concise Composite of Relevant Endpoints for Sjögren Syndrome (cCRESS) and can-
didate Sjögren Tool for Assessing Response (STAR) composite endpoints.

Methods. Longitudinal analysis of peripheral blood and SG biopsies was performed pre- and post-treatment from
the Trial of Anti–B Cell Therapy in Patients With Primary Sjögren Syndrome (TRACTISS) combining flow cytometry
immunophenotyping, serum cytokines, and SG bulk RNA sequencing.

Results. Rituximab treatment prevented the worsening of SG inflammation observed in the placebo arm, by inhibiting
the accumulation of class-switched memory B cells within the SG. Furthermore, rituximab significantly down-regulated
genes involved in immune-cell recruitment, lymphoid organization alongside antigen presentation, and T cell co-
stimulatory pathways. In the peripheral compartment, rituximab down-regulated immunoglobulins and auto-antibodies
together with pro-inflammatory cytokines and chemokines. Interestingly, patients classified as responders according
to STAR displayed significantly higher baseline levels of C-X-C motif chemokine ligand-13 (CXCL13), interleukin (IL)-22,
IL-17A, IL-17F, and tumor necrosis factor-α (TNF-α), whereas a longitudinal analysis of serum T cell–related cytokines
showed a selective reduction in both STAR and cCRESS responder patients. Conversely, cCRESS response was better
associated with biomarkers of SG immunopathology, with cCRESS-responders showing a significant decrease in SG B
cell infiltration and reduced expression of transcriptional gene modules related to T cell costimulation, complement acti-
vation, and Fcγ-receptor engagement. Finally, cCRESS and STAR response were associated with a significant improve-
ment in SG exocrine function linked to transcriptional evidence of SG epithelial and metabolic restoration.

Conclusion. Rituximab modulates both peripheral and SG inflammation, preventing the deterioration of exocrine
function with functional and metabolic restoration of the glandular epithelium. Response assessed by newly developed
cCRESS and STAR criteria was associated with differential modulation of peripheral and SG biomarkers, emerging as
novel tools for patient stratification.
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Department of Health and Social Care.
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INTRODUCTION

Primary Sjögren syndrome (pSS) is a systemic autoimmune
disease characterized by chronic inflammation of the exocrine
glands, mainly the salivary and lacrimal glands, leading to
impaired secretory function and sicca symptoms. Most patients
report fatigue and pain, and approximately 30% to 50% of
patients develop systemic manifestations.1 Currently, the treat-
ment of pSS is mainly symptomatic with tears and saliva substi-
tutes, saliva-stimulating agents, and analgesics, together with
systemic corticosteroids and immunosuppressants for patients
with systemic involvement. However, the efficacy of these treat-
ments is modest, and a proper disease-modifying treatment aim-
ing at reducing disease activity is missing.2

The pathogenic role of B cells in pSS is well established, and
B cell abnormalities are hallmarks of the disease, resulting in the
presence of circulating autoantibodies, peripheral B cell
subset alterations,3,4 and B cell predominance in advanced sali-
vary gland (SG) lesions with organization of ectopic germinal cen-
ters (GCs) in approximately 30% to 40% of patients.5 B cell
hyperactivity in pSS also leads to an increased risk of developing
non-Hodgkin B cell lymphomas.6

Despite the well-recognized role of B cells in pSS pathogen-
esis, the beneficial role of B cell depletion therapy with rituximab, a
chimeric anti-CD20 (a B cell–specific membrane protein) mono-
clonal antibody, remains elusive. Several single-arm, open-label,
and randomized controlled trials (RCTs) evaluated the efficacy of
rituximab in pSS, showing an improvement in pSS symptoms,
such as fatigue, dryness, and pain but also of systemic inflamma-
tory manifestations. Following on from early, small-scale studies
showing promising results,7 two large RCTs, Tolerance and Effi-
cacy of Rituximab in Primary Sjogren’s Syndrome (TEARS)8 and
Trial of Anti–B Cell Therapy in Patients With pSS (TRACTISS),9

administering one and two cycles of rituximab, respectively, did
not meet their primary endpoints, indicating either lack of efficacy
or low sensitivity to change of the primary endpoint. Of note, the
reanalysis of both the TEARS and TRACTISS trials, based on the

recently developed Composite of Relevant Endpoints for Sjögren
Syndrome (CRESS)10 and Sjögren Tool for Assessing Response
(STAR)11, demonstrated a significantly higher response rate in
patients who received rituximab compared to placebo arm. This
prompted an analysis of peripheral compartment, histopathology,
and SG transcriptomic signatures to identify biomarkers of
response/resistance. To date, the TRACTISS is the largest multi-
center, placebo-controlled, phase III trial investigating the impact
of two cycles of receiving rituximab (or placebo) at baseline and
24 weeks, with a follow-up at 48 weeks.12 Despite the unmet pri-
mary endpoints (>30% reduction in fatigue or oral dryness mea-
sured by visual analog scale [VAS]), patients who received
rituximab showed an improvement in secondary endpoints, like
unstimulated whole salivary flow (UWSF),9 and SG total ultra-
sound (US) score.10,11,13 The higher response rates reported for
concise CRESS (cCRESS) and candidate STAR scores in the
patients who received rituximab are driven by the improvement
in clinical EULAR Sjögren Syndrome Disease Activity Index
(ESSDAI) and UWSF, alongside a reduction of serum rheumatoid
factor (RF) and immunoglobulin-G (IgG) level.10,11

Overall, these subanalyses suggested that rituximab could

help to preserve the exocrine function of SGs if administered

when a residual glandular function is still present. However, the

impact of rituximab on SG inflammation is still unclear because

it has only been explored in small observational studies, with

conflicting results possibly caused by the differences in the

study design, disease stage, and the degree of SG inflammation

but also different timing in the assessment of post-treatment SG

biopsies. In addition, peripheral/histologic biomarkers of

response/resistance are still lacking to enable patients’ stratifi-
cation. Here, we present the peripheral, histologic, and tran-

scriptomic analysis of longitudinal matched blood and labial

SG (LSG) biopsies in the pSS cohort receiving rituximab or pla-

cebo within the TRACTISS trial, according to treatment

response re-evaluated using the cCRESS and STAR composite

endpoints.
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PATIENTS AND METHODS

Study cohort and sample collection. The TRACTISS
study was approved by Leeds Research Ethics Committee (ref-
erence 10/H1307/99). Patients received either two doses, two
weeks apart, of intravenous rituximab (1,000 mg) or placebo
(250 mL saline) in two courses at weeks 0 and 2, 24, and 26
in combination with corticosteroid in both arms.12 Demo-
graphic, clinical, and laboratory parameters of the whole pSS
cohort (n = 133)9 in comparison with the SG biopsy cohort
(n = 29) are shown in Supplementary Tables 1 and 2. Patients
provided written informed consent for LSG biopsies at weeks
0, 16, and 48. Treatment response at 48 weeks was assessed
using the cCRESS10 and candidate STAR11 composite scores
and the ESSDAI improvement from baseline.

LSG biopsies histology. The histology protocol is
detailed in Supplementary Methods. All primary and secondary
antibodies are listed in Supplementary Table 3. Whole slide
images were acquired with Hamamatsu NanoZoomerS60 Slide
Scanner. Based on B cell, T cell, and follicular dendritic cell
(FDC) staining, inflammatory infiltrate organization was scored
using semiquantitative grading by two independent operators.

Digital imaging analysis for histologic assessment.
The digital imaging analysis was performed using QuPath open
source software (version 2.0-m9).14,15 For each sample, more
than one lobule was analyzed to achieve the recommended min-
imum glandular area of 8 mm2.16 On hematoxylin and
eosin (H&E) images, the foci (≥50 periductal mononuclear
cells) were enumerated manually, whereas total SG and
aggregate areas were digitally measured. The focus score
and the aggregate (foci) area fractions were calculated as
follows:

Focus score = infiltrate number × 4½ �=total SGarea mm2� �

Aggregate area fraction %ð Þ
= aggregate area mm2� �

×100
� �

=total SGarea mm2� �

For immunofluorescence stainings (CD20, CD3, and
CD138), the total SG area and area and count of positive cells
were digitally quantified to calculate the positive cell area fraction
and positive cell density as follows:

Positive cell area fraction %ð Þ
= positive cell area mm2� �

×100
� �

=total SGarea mm2� �

Positive cell density cell number=mm2� �

=positive cell number=total SGarea mm2� �

RNA extraction and bulk messenger RNA
sequencing of LSG biopsies. One LSG lobule per patient was
stored in RNAlater solution for 24 hours at 4�C and transferred
at −80�C for long-term storage. SG RNA was extracted using
RNeasy Micro Kit (Qiagen) as per the manufacturer’s instructions,
quantified and checked for integrity using Qubit-2.0 Fluorometer
(Invitrogen) and TapeStation (Agilent Technologies), respectively.
Total RNA (500 ng) was outsourced for the sequencing of bulk
messenger-RNA (mRNA). Bulk mRNA sequencing of LSG biop-
sies and transcriptomic analysis are detailed in Supplementary
Methods.

Flow cytometry and cytokines detection. Flow cytom-
etry and cytokines detectionFlow cytometry on peripheral blood
mononuclear cells and cytokine detection in serum are described
in Supplementary Methods.

Statistical analysis. Differences in quantitative variables
between two groups were analyzed by Mann–Whitney two-tailed
U-test or independent samples t-test as appropriate after assess-
ing the data distribution using Shapiro–Wilk normality test. For
multiple comparisons, Kruskal–Wallis test with Dunn’s post hoc
correction or two-way analysis of variance (ANOVA) was used.
Wilcoxon’s rank sum test was used for paired analysis. The χ2 test
with Yates’s correction or Fisher’s exact test, as appropriate, was
used in the contingency table analysis. Spearman’s rank analysis
was performed for non-parametric variable correlations. P values
less than 0.05 were considered significant. Statistical analyses
were performed using GraphPad Prism 9.0.

Data sharing statement. The SG RNA-sequencing
(RNA-seq) data, including longitudinal expression of individual
genes and their transcript level according to histology, clinical
parameters, and clinical response, in pSS patients recruited in
the TRACTISS trial, are publicly available at the interactive web
interface https://tractiss.hpc.qmul.ac.uk/

RESULTS

Correlation of clinical, histologic, and biologic
parameters. As part of the TRACTISS sub-analysis, clinical,
serological, and histologic analyses were performed on matched
blood and lip biopsy samples collected according to Figure 1A.
First, we looked at correlations among clinical, immunologic, and
histopathological features at baseline (Figure 1B). Objective mea-
surements of secretory function, such as unstimulated and stimu-
lated salivary flow and Schirmer’s test, but also foci average area,
showed the strongest correlation with patient’s dryness assessed
on a VAS. Of note, Schirmer’s test showed an inverse correlation
with SG US and circulating RF. SG histologic measurements,
such as focus score, foci area, B and T cell density, and area frac-
tion but also B cell aggregates counts, had significant correlations

RITUXIMAB IMPROVES EXOCRINE FUNCTION WITH EPITHELIAL/METABOLIC RESTORATION 3
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Figure 1. Correlogram of baseline clinical, immunologic, and histopathological variables in the TRACTISS cohort. (A) The TRACTISS sub-anal-
ysis of peripheral blood and LSG biopsies. (B) Correlation matrix of baseline clinical, serological, and histologic variables of TRACTISS cohort
(n = 133). Histology is available for a subset of patients (n = 29). The size of the circle encodes for the magnitude of each correlation, whereas
the color of the dot denotes the value of the Spearman correlation coefficient (r). The P values are adjusted for multiple testing with false discovery
rate correction and are shown within the dots when statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Changes overtime (weeks 0, 16,
24, 36, and 48) in circulating Igs (IgG, IgM, and IgA), RF, and complement C4 in the group that received placebo (n = 63) and the group that
received rituximab (n = 62). Mean ± SEM values are shown. Wilcoxon’s rank sum test was performed within groups and Mann–Whitney U test
between groups. Two-way analysis of variance mixed model (time:treatment ratio) appears on side square brackets. *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001. ESSDAI, EULAR Sjögren’s syndrome disease activity index; ESSPRI, EULAR Sjögren’s Syndrome Patient Reported
Index; PBMC, peripheral blood mononuclear cell; PGA, physician global assessment; PRA, patient reported assessment; RF, rheumatoid factor;
SG, salivary gland; TRACTISS, Trial for Anti–B Cell Therapy in Patients With Primary Sjögren Syndrome; VAS, visual analog scale.
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Figure 2. Rituximab prevents glandular B cell infiltration and ELS development. (A) Representative images of LSGs for focus score assessment
and B (CD20+) and T (CD3+) cell quantification. (B) Changes overtime in focus score, (C) aggregate area fraction, (D and E) T and B cell density,
(F) B/T cell density ratio, and (G) T (blue) and B cell (green) area fraction. ns P ≥ 0.05, *P < 0.05, **P < 0.01. (H) Representative image of ectopic
germinal center organization with CD21+ FDC network within B cell aggregate, with peri-aggregate CD138+ plasma cells at week 48. Changes
overtime in the (I) number of B cell aggregates with FDC networks and (J) the ELS prevalence. ns P ≥ 0.05, *P < 0.05, ****P < 0.001. (K) Represen-
tative images depicting semiquantitative grading for aggregate organization. For grade 3, B cell aggregate is outlined (bottom, left), within which the
FDC network forms (bottom, middle), overlaid in right, bottom panel. Changes overtime in the (L) semiquantitative grading (one line per patient) and
(M) plasma cell density. Data from patients who received placebo (n = 12) and patients who received rituximab (n = 8). ns P ≥ 0.05. (B–F and M)
Individual patient data are shown on left graph (Wilcoxon’s rank sum test within groups) and mean ± SEM of the groups that received placebo
and rituximab on the right graph. Two-way analysis of variance mixed model (time:treatment ratio) appears on side square brackets. ELS, ectopic
lymphoid structure; FDC, follicular dendritic cell; n/a, not available; non Seg, non segregated; seg, segregated; ns, not significant; .
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with serum IgM levels. Similarly, IgM and IgG serum levels showed
the strongest positive correlations with RF. Among the histologic
parameters, the foci average area and area fraction were the only
histologic parameters positively correlating with the US total score
(Figure 1B; Supplementary Figure 1A). When assessing the longi-
tudinal effect of rituximab, Igs (IgA, IgG, and IgM) and RF were sig-
nificantly reduced alongside an increment of C4 compared to
placebo (Figure 1C.

Rituximab prevents SG B cell infiltration and
ectopic GC organization. LSG biopsies, collected at weeks
0, 16, and 48 (Figure 1A), were stained for H&E (Figure 2A) to
quantify the degree of LSG inflammation. There was no difference
in the focus score between patients who received placebo and
those who received rituximab at week 48 or a change in focus
scores between week 0 and 16 or 48 within each group
(Figure 2B). However, because the focus score only assesses
the number of inflammatory infiltrates/area without discriminating
the size of the aggregates, a quantitative assessment of aggre-
gates was performed, measuring their average absolute size and
area relative to the total gland area (area fraction). The LSGs of
patients who received rituximab showed significantly smaller
aggregates and lower foci area fraction at week 48 compared to
the LSGs of patients who received placebo (Figure 2C; Supple-
mentary Figure 1B).

The effect of rituximab on aggregate size is likely explained by
its impact on B cell infiltration. Accordingly, patients who received
rituximab had significantly lower B cell density and B cell area frac-
tion (Figure 2E and G) at 48 weeks. More specifically, rituximab
seemed to prevent the increase in B cell infiltration observed in
the placebo group by week 48, despite the peripheral repopula-
tion occurring after week 16 (Supplementary Figure 1C). In con-
trast, T cells showed no difference between the group who
received rituximab and the placebo group, both in terms of area
fraction and cell density (Figure 2D and G). The effects on B cell
infiltration were confirmed on a second cutting level
(Supplementary Figure 1D) and by the B/T cell density ratio, which
was reduced in the rituximab arm by week 48 (Figure 2F).

By preventing the increase of SG B cell infiltration, rituximab
also prevented the development of FDC networks within B cell
aggregate (Figure 1H). Lower count of B cell aggregate positive
for CD21+ FDC and a lower prevalence of ectopic lymphoid struc-
tures (ELSs) were observed in patients who received rituximab,
compared to placebo by week 48 (Figure 2I and J). Although
ELSs are known to be local niches for maturation/differentiation
of autoreactive B and plasma cells, to date, there are no data por-
traying their evolution over time in the SGs of patients with pSS. In
this cohort, the assessment of ELSs in serial LSG biopsies
revealed a worsening of aggregate organization in patients who
received placebo compared to rituximab. Small aggregates at
baseline (G0, G1, and G2 non-segregated) tended to change
toward larger diffuse foci with clear B/T cell segregation

(G2 segregated) and presence of FDC networks (G3), features of
ELSs, in patients who received placebo by week 48 (Figure 2K
and L). On the other hand, no difference was observed in plasma
cells surrounding the inflammatory aggregates (Figure 2M).

Two rituximab cycles prevent the progression of SG
inflammation. To further explore the effects of rituximab versus
placebo on LSGs, we performed bulk RNA-seq and applied cellu-
lar deconvolution methods. Considering the variety of
transcriptome-based, cell-type quantification methods,17 both
deconvolution and marker gene–based methods were first com-
pared and validated against histopathology (Supplementary
Figure 2A and B). xCell,18 a gene signature–based deconvolution
tool identifying 35 immune-cell signatures, was selected because
it showed the best correlations with histopathology in our dataset
(Supplementary Figure 2A and B). At week 48, LSGs of placebo
patients showed an enrichment of immune cells, such as B cells,
CD4+ and CD8+ T cells, and dendritic cell (DC) subsets compared
to baseline, indicating an evolution/worsening of SG immunopa-
thology over time (Figure 3A). In contrast, receiving rituximab
decreased and/or prevented further enrichment of immune cells
within LSGs, except for the myeloid compartment (Figure 3B).

To differentiate the effects of the first and second cycles of
rituximab on the immune cell subsets, the delta change (Δ) varia-
tion in the xCell enrichment scores between baseline and week
16 or 48 (Δ for week 48 [Δ48]) was calculated. As expected,
receiving rituximab affected the B cell compartment, in particular,
memory B cells (class-switched memory B cells) or DCs
(Figure 3C and D; Supplementary Figure 2C). However, a signifi-
cant reduction in the memory B cells was only observed after
the second cycle (Δ48) (Figure 3C and D). Consistent with our his-
tologic data, T cell subsets (naive, central memory, effector mem-
ory, T helper-1, T helper-2, and T regulatory) did not show
significant changes over time (Supplementary Figure 2D).

When looking at the changes in individual gene expression
over time, rituximab reduced the expression of several genes
linked to ectopic GC organization and functionality
(Figure 3E–G), like CD19, interleukin (IL)-21, IL-21 receptor, and
C-X-C motif chemokine ligand (CXCL) 13, and cell subsets driving
follicular and extrafollicular response in the SGs of patients with
pSS. Accordingly, T follicular and T peripheral helper cell19 mod-
ules were reduced after the second infusion of rituximab
(Figure 3H).

Accordingly, modular analysis based on co-expressed
genes20,21 showed how rituximab treatment down-regulated
modules associated with immune response initiation,
complement-dependent and antibody-mediated cytotoxicity
(known mechanisms of rituximab action initiated by Fcγ receptor
engagement, module 11), T cell costimulation, and interferon-γ
(module 7) signaling (Supplementary Figure 3A andB) by week 48.
Of note, modules associated with SG restoration, such as retinoid
metabolism (module 13) involved in SG morphogenesis,22 were
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Figure 3. Rituximab prevents the glandular infiltration of memory B cells and the expression of ectopic germinal center–related genes. Heatmaps
with xCell average score for each cell type at weeks 0 and 48, in the LSG of (A) patients who received placebo and (B) patients who received ritux-
imab. xCell score delta change for (C) B cells and (D) B cell subsets between week 16 (Δ16) and week 48 (Δ48). Mann–Whitney U test was used.
Ns P ≥ 0.05, **P < 0.01. (E) Scatter plots comparing longitudinal gene expression changes between weeks 48 and 0 in patients who received pla-
cebo and those who received rituximab, on the x and y axis, respectively. Genes with greater absolute fold change following patients receiving
rituximab or placebo are shown in red and blue, respectively. (F) Changes over time in the expression of genes involved in the ectopic lymphoid
structure organization and (G) germinal center reaction. Blue (placebo) and red (rituximab) lines represent the negative binomial mixed-effects
model fitted for each gene with 95% confidence interval for the fixed effects. (H) Changes in the Tph and Tfh cell modules over time. Blue (placebo)
and yellow (rituximab) lines represent the normal mixed-effects model fitted for Tph and Tfh cell module scores. The P values of the week:treatment
ratio interaction model are shown on top. Data from patients who received placebo (n = 12) and patients who received rituximab (n = 8) are shown.
Δ16, delta change for week 16-0; Δ48, delta change for week 48-0; aDC, activated dendritic cell; CCR, C-C motif chemokine receptor; DC, den-
dritic cell; cDC, conventional DC; CR, complement receptor; CXCL, C-X-C motif chemokine ligand; CXCR, C-X-C motif chemokine receptor;
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MF, macrophage; MMP, matrix metalloproteinase; Mono, monocyte; MS, xx; MUC, mucin; mv, micro vascular; ns, not significant; OSCAR, oste-
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Figure 4. Differential evolution in transcriptomic and histologic changes in labial salivary gland biopsies driven by sex. (A) Tile plot depicts the cor-
relation among the top 10 PCs of transcriptomic data and clinical variables at week 48. Black outlined tiles show significant correlations. The load-
ing plots identify genes that have the largest effect on (B) PC1 and (C) PC2. Loadings close to −1 or 1 and close to 0 indicate, respectively, genes
with strong and weak influence on the component. (D) Gene Ontology pathways associated with DEGs down-regulated in patients who received
rituximab versus those who received placebo at week 48. The dashed line represents adjusted P = 0.05. Dot sizes are proportional to the ratio
between the number of genes found as DEGs and those included in the pathway. (E) Volcano plot showing DEGs between patients who received
placebo and those who received rituximab at week 48. Blue dots represent genes with q < 0.05. (F) Supervised clustering of normalized DEGs
between patients who received rituximab and placebo at week 48. Longitudinal histologic assessment of (G) B cell and (H) T cell density in LSG
biopsies of male (yellow) and female (purple) patients who received placebo. Wilcoxon’s rank sum test was used within groups and Mann–Whitney
U test between groups. Data are shown from the LSG biopsies of patients who received placebo (n = 7) and rituximab (n = 6). *P < 0.05, ns P
≥ 0.05. ACTA; ACTB; ACTN; Adj, adjusted; BATF; BCL; BCR, B cell receptor; CCR; CKM; CLEC; CNMD; CR, complement receptor; CXCL, C-
X-C motif chemokine ligand; CXCR, C-X-C motif chemokine receptor; DC, dendritic cell; DDX, DEAD box; DEG, differentially expressed gene;
DMB, dimethylene blue; DOA; DOK; DPA, dual-photon absorptiometry; DRA; DRB, 5,6-dichlorobenzimidazole riboside; EBI, Epstein-Barr
virus–induced gene; EIF, eukaryotic initiation factor; ESSDAI, EULAR Sjögren Syndrome Disease Activity Index; FcγR, Fcγ receptor; FCAMR;
FCMR; FCER; FCRL, Fc receptor–like; FDR, false discovery rate; GIMAP; GMCSF; GPSM; GZMB; HCK; IFN, interferon; IGHG; IGHGP; IGHM;
IGHV; IGKV; IRF, IFN regulatory factor; LCK, lymphocyte-specific kinase; LINC; LT, lymphotoxin; LTB, lymphotoxin-B; MHC, major histocompat-
ibility complex; MMP, matrix metalloproteinase; MUC, mucin; MYH; MYL; n/a, not available; NCF, neutrophil cytosolic factor; NCR, noncoding
region; NEB, xx; NKG, natural killer cell receptor group; NK-kB; NPIPB; NRAP, nebulin-related–anchoring protein; ns, not significant; PC, principal
component; PDCD, pyruvate dehydrogenase complex deficiency; PILRA; PRKY; Rec, receptor; RPS, ribosomal protein; RTX, rituximab; SCIMP;
SLA, soluble liver antigen; SMIM; SMR; SOCS, suppressor of cytokine signaling; SPIB; SPRR; TCL; TCR, T cell Rec; TMEM; TNF, tumor necrosis
factor; TNFRSF, TNR Rec superfamily; TRBC; TTTY; TXLNGY; UBD; UBE; USP, ubiquitin-specific protease; VPREB; XIST.
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up-regulated after two rituximab infusions (Supplementary
Figure 3C).

Principal component analysis identifies the main
factors influencing SG inflammation over time. Principal
component (PC) analysis was applied to LSG transcriptomic data
at weeks 0, 16, and 48, followed by linear regression analysis to
correlate demographic and clinical features to the top 10 PCs
responsible for observed variations between rituximab and pla-
cebo groups. Surprisingly, in addition to SG focus score and the
foci area fraction, sex appeared as a key influencer of the PC1,
responsible for 25.6% of the variation between placebo and ritux-
imab patients at week 48 (Figure 4A). Of note, foci area and IgM
serum level significantly correlate to PC1 at baseline, similar to
focus score and IgG level at week 16 (Supplementary Figure 4A–-
D). Inspection of the loadings scores for the first two PCs showed
chemokine ligand genes regulating B and T cell trafficking, such
as CXCL13 and CCL19, and lymphoid organization genes like
lymphotoxin-β among the top 10 genes that mostly influence
PC1 and PC2 at week 48 (Figure 4B and C).

Analysis of differentially expressed genes (DEGs) at week
48 demonstrated down-regulation of genes and pathways linked
to immune-cell activation and ectopic GC organization in rituxi-
mab patients compared to placebo (Figure 4D–F). Pathway anal-
yses showed an increase of several B and T cell pathways in
placebo arm compared to rituximab, including leukocyte migra-
tion, T cell costimulation pathways, DC chemotaxis, major histo-
compatibility complex class II antigen presentation, B cell
receptor and Ig receptor, and CD40 receptor complex pathways
(Figure 4D; Supplementary Figure 4E).

Of note, the heatmap with DEGs at week 48 highlighted a
clear segregation of the placebo patients in two clusters matching
with sex. LSGs of female patients with pSS showed a selective
up-regulation of inflammatory genes (Figure 4F; Supplementary
Figure 4F). Looking at the LSG inflammation progression in the
patients who received placebo, segregated by sex, only female
patients showed a higher T cell (CD3+) density by week 16, with
an increase in B cell infiltration (CD20+) by week 48 (Figure 4G
and H). Overall, this indicates that female patients with pSS dis-
play worse SG inflammation progression over time compared to
male counterparts.

Longitudinal changes in SG histology and
transcriptomic modules in association with treatment
response. When patients who received rituximab were stratified
by response, patients who responded to cCRESS showed a sig-
nificant reduction in SG B cell infiltration (reflecting a similar trend
in the aggregate area fraction and size; Supplementary Figure 5)
over time by week 48 (Figure 5A), compared to patients who did
not respond to cCRESS, despite the peripheral B cell depletion
(Figure 5B) occurring in both patients who did and did not

respond. Similar results were not confirmed in patients who
responded to STAR (Supplementary Figure 6A), suggesting that
cCRESS may better mirror glandular activity by giving equal
weight to the glandular versus systemic domains. Next, we
applied modular analysis to identify clinically relevant molecular
pathways associated with the treatment response (Figure 5C). In
keeping with the B cell histology data, patients who responded
to cCRESS showed a significant down-regulation of molecular
pathways associated with SG immunopathology, including com-
plement activation, Fc receptor engagement and T cell activation
(modules 3, 8, and 11; Figure 5D). In parallel, patients who
responded to cCRESS also showed a progressive improvement
in UWSF (Figure 5F), mirrored by the up-regulation of molecular
pathways indicative of functional and metabolic restoration of the
glandular epithelium (modules 5, 9, and 14; Figure 5E), with similar
results for patients who responded to STAR (Figure 5G; Supple-
mentary Figure 6B). Total list of genes for each module for the
Cemitool analysis and the associated pathways are present in
Supplementary Tables 4 and 5. Because of the lack of biopsies
from male patients in the group who received rituximab, we could
not assess the influence of sex on treatment response.

Identification of peripheral biomarkers associated
with SG inflammation and clinical response to
receiving rituximab. To identify predictors of treatment
response, the baseline histologic and peripheral blood parame-
ters were segregated according to response criteria defined using
either ESSDAI minimal clinical improvement (MCI), cCRESS, or
candidate STAR score. Analysis of baseline histology or routine
blood parameters (Igs, RF, and complement) did not identify any
predictors of treatment response (Supplementary Figure 7).
Baseline circulating B cell frequency was also not associated with
clinical response, but higher repopulation rates at week 24
occurred in patients who responded according to ESSDAI (Sup-
plementary Figure 8A).

When comparing baseline serum cytokines levels involved in
T and B cell responses, we observed significantly higher baseline
levels of peripheral CXCL13, IL-22, IL-17A, IL-17F, and tumor
necrosis factor (TNF)-α in patients classified as responders
according to STAR, but not cCRESS, response criteria
(Figure 6A–C), but not in SGs (Supplementary Figure 8B–D). The
cytokine pattern in the STAR-responder patients was similar to
the patients with an ESSDAI MCI of 3 points (Figure 6C and D),
suggesting that patients who were more immunologically active
systemically were more amenable to immunomodulation with
rituximab. Accordingly, longitudinal analysis of serum cytokines
confirmed a reduction in cytokine levels from baseline only in ritux-
imab responders patients according to STAR and/or cCRESS
(Figure 6E and F).
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Figure 5. Histologic and transcriptomic changes associated to treatment response. Longitudinal changes in (A) LSG B cell area fraction and cir-
culating B cells (B) in the rituximab and placebo groups, segregated according to cCRESS response. Data from patients who received placebo
(n = 12) and rituximab (n = 8) are shown. Statistical analysis by Wilcoxon’s rank sum test within groups was performed (top square brackets).
Mann–Whitney U test between patients classified as responders or non responders was performed. The statistic for the week:treatment ratio inter-
action model on side square brackets is shown. ns P ≥ 0.05, *P < 0.05, ***P < 0.001, ****P < 0.0001. (C) Heatmap of gene modules changes over
time (weeks 0, 16, and 48) in rituximab cCRESS-responders patients. Pathway enrichment analysis of modules (modules 3, 8, and 11) (D) down-
regulated and (E) up-regulated (modules 5, 9, and 14) fromweek 0 to week 48 in rituximab cCRESS-responders patients. The vertical dashed gray
line indicates adjusted P = 0.01. Data are shown from patients who received rituximab (n = 6). Data from the LSG biopsies of patients who received
rituximab (n = 6) are shown. Unstimulated salivary flow changes over time in (F) the group that received placebo (n = 66) and rituximab (n = 66), and
within patients who received rituximab (n = 66), segregated according to (F) cCRESS and (G) STAR response. ns P ≥ 0.05, *P < 0.05, ***P
< 0.001, ****P < 0.0001. CaMK, Ca2+/calmodulin-dependent protein kinase; cCRESS, concise Composite of Relevant Endpoints for Sjögren Syn-
drome; ECM, extra cellular matrix; FCGR, Fcγ receptor; GABA, γ-aminobutyric acid; GLUT, glucose transporter; IFN, interferon; n/a, not available;
NES, normalized enrichment score; NMDA, N-methyl-D-aspartate; ns, not significant; PD, programmed cell death; Ras, rat sarcoma; Rec, recep-
tor; TCR, T cell Receptor.
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Figure 6. Serum and tissue biomarkers associated with treatment response. (A) Table summarizing the cytokine serum level up-regulated in
patients who received rituximab (n = 60) classified as responders according to ESSDAI improvement, cCRESS, and STAR scores. (B–D) Compar-
ison of mean value of cytokines levels in serum between responder and non-responder patients according to the ESSDAI improvement, cCRESS,
and STAR scores. Mann–Whitney U test was used between responder and non-responder groups for each cytokine. Longitudinal analysis of
cytokines level according to (E) cCRESS and (F) STAR response criteria. Mean ± SEM values are shown. Statistical analysis by Wilcoxon’s rank
sum test within groups is shown (top square brackets). Mann–Whitney U test was used between responder and non-responder patients at each
time point. The statistic for the week:treatment ratio interaction model on side square brackets. Data from patients who received placebo (n = 55)
and rituximab (n = 54) are shown. ns P ≥ 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. cCRESS, concise Composite of Relevant End-
points for Sjögren Syndrome; CXCL, C-X-C motif chemokine ligand; ESSDAI, EULAR Sjögren Syndrome Disease Activity Index; IFN, interferon; IL,
interleukin; MCI, minimal clinical improvement; ns, not significant; STAR, Sjögren Tool for Assessing Response; TNF, tumor necrosis factor.
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DISCUSSION

Consensus on the efficacy of rituximab treatment in patients
with pSS has been lacking, primarily because of two previous
large RCTs—TEARS and TRACTISS—that failed to meet their pri-
mary endpoints. TEARS and TRACTISS were conducted before
the use of ESSDAI as inclusion or response criteria. However,
the recent reanalysis of TRACTISS and TEARS using the novel
composite endpoints cCRESS and candidate STAR10,11 demon-
strated a significantly higher response rate in patients who
received rituximab versus those who received placebo in both
studies. These novel observations reconcile with the observed
improvement in biologic and histologic parameters previously
reported in smaller studies (reviewed in Grigoriadou et al and Ver-
stappen et al).7,23

Here, we took advantage of the unique characteristics of the
TRACTISS cohort in which blood and SG biopsies matched were

collected over three times points (baseline and at 16 and

48 weeks), allowing an in-depth analysis of longitudinal changes

in peripheral biomarkers, SG inflammation, and their relevance to

clinical response. In particular, compared to previous studies

evaluating peripheral blood and/or SG histology, at the study end-

point and over a shorter follow-up in smaller cohorts,7,23 the

TRACTISS evaluates the ability of rituximab to improve/prevent

evolution in SG immunopathology and systemic inflammation

compared to its natural disease evolution in patients with pSS

who received placebo. The combination of in-depth SG immuno-

phenotyping linked with RNA-seq transcriptomic profiling

unravels key mechanisms by which two cycles of rituximab

resulted in the improvement or prevention of further progression

of SG inflammation associated with amelioration or stabilization

of exocrine gland function in the TRACTISS cohort over the

48 weeks of treatment. These results were in line with the previ-

ously reported improvement of unstimulated salivary flow9 and

SG total US score13 in the TRACTISS cohort, confirming the

importance of US as a sensitive surrogate of SG immunopathol-

ogy in our cohort. Of note, baseline total US score positively cor-

related with the foci area in line with previous observations.24

Differently from a previous study that identified higher base-
line median B cell numbers in the parotid glands of patients who
responded to rituximab,25,26 we could not identify any baseline
SG predictors of disease response to rituximab in the TRACTISS
trial. However, the combined baseline analysis of such a data-rich
cohort highlighted several interesting correlations between SG
immunopathology and parameters of B cell activation, including
circulating IgG, IgM, and RF, the latter being an independent pre-
dictor of SG lymphoma progression.27 The analysis of repeated
SG biopsies, using traditional histopathology with digital image
analysis quantitative assessment, showed that the focus score
was unchanged over time in comparison to patients who received
placebo. Treatment with rituximab prevented the enlargement of

SG aggregates measured as aggregate area fraction and mean
aggregate size, confirming that these assessments are signifi-
cantly more reliable and sensitive to change, compared to the tra-
ditional focus score.15

The first key novel observation in the longitudinal assessment
of SG immunopathology in patients who received placebo is that
the organization of inflammatory aggregates evolved over the
48 weeks of the study. In particular, further recruitment of B cells
into the SG with higher degrees of lymphoid organization of
ectopic GCs could be observed over 48 weeks in the placebo
arm, associated with the increase in transcriptomic signatures
critical for B and T cell recruitment, activation, and costimulation,
which was efficiently prevented by rituximab. These findings are
in line with the existing evidence that rituximab reduces the total
number of SG-infiltrating B cells, both in LSGs28–31 and parotid
SGs,32,33 despite the different rituximab dosage and administra-
tion regimen. This observation should prompt a rethinking of the
notion that SG immunopathology is stable over time34 and focus
the longitudinal assessment of SGs in clinical trials both in terms
of amelioration from baseline but also lack of progression.

Of relevance, a significant difference in the evolution of B cell
infiltration over time was only observed in clinical responders
patients, defined according to the novel composite endpoints
criteria,10,11 suggesting that amelioration of SG immunopathology
is a sensitive biomarker of clinical response when using compos-
ite endpoints that include objective assessment of exocrine func-
tion. The lack of new B cell migration within the SG after
rituximab is possibly driven by the down-regulation of B lympho-
cyte chemoattractant chemokine CXCL13, observed in both cir-
culation and within the SG tissue of patients who received
rituximab. Over-expression of lymphoid chemokine CXCL13
and, to a lesser degree, CXCL12 lymphoid chemokines within
SGs in patients with pSS exerts a critical role during ectopic lym-
phoid formation.35

To what extent rituximab is able to target B cells within the
SGs and whether preferential B cell subpopulations are preferen-
tially targeted remains rather elusive. Here, using gene signature–
based deconvolution tools applied to SG RNA-seq data, we
identified preferential targeting of the memory compartment, in
particular, switched memory B cells. Of note, the histologic and
transcriptomic changes within LSG biopsies occurred only after
the second cycle of rituximab, suggesting that a more prolonged
depletion of circulating B cells may be required to observe signifi-
cant changes in the SG persisting 6 months after rituximab was
last received.

We observed longitudinal changes in T cell subsets infiltrat-
ing the SG, again showing opposing trends in patients who
received rituximab versus those who received placebo. It was
particularly interesting to observe the down-regulation of gene
signatures specific to T cell subsets functionally related to GC for-
mation and extrafollicular B cell activation, including T follicular
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helper and T peripheral helper, which have been shown to be
expanded in both the peripheral blood36,37 and SGs of patients
with pSS.38,39

The profound changes observed in SG immunopathology
after receiving rituximab were mirrored by the clear evidence of
the re-established expression of molecular pathways indicative
of functional andmetabolic restoration of the glandular epithelium.
This pattern was observed in patients who were clinically
responders to cCRESS, showing a preservation and/or improve-
ment in the exocrine function, with similar observations for candi-
dateSTAR responders.

These data provide a mechanistic explanation for the overall
amelioration of UWSF in the group that received rituximab com-
pared to placebo over 48 weeks, previously reported in the
TRACTISS trial,9 and further support preliminary findings in
parotid glands.40 Furthermore, our data suggest that this process
is related to both improvements in the SG histopathology in ritux-
imab responders patients combined with the prevention of dis-
ease progression, observed in the placebo group.

Peripheral profiling of inflammatory cytokines involved in T
and B cell responses at baseline identified several biomarkers
associated with clinical response to rituximab according to STAR,
but not cCRESS, criteria. These results suggest that (i) systemic
evidence of immune activation is a prerequisite for clinical
response to rituximab in some patients with SS, and (ii) STAR,
which gives larger weight to ESSDAI compared to the ocular
and oral response items (equally weighted in CRESS), captures
changes in systemic disease in our trial. In keeping with the obser-
vation of a higher clinical response rates in immunologically active
patients at baseline, receiving rituximab induced a longitudinal
reduction of peripheral cytokines selectively in patients who
responded to STAR criteria and, to lesser extent, cCRESS cri-
teria, confirming that clinical response in a subset of patients is
associated with the normalization of systemic inflammation.

In summary, the present work highlighted that rituximab can
profoundly impact the underlying disease process, reducing
peripheral immune activation and SG inflammation when received
as repeated infusions and for a longer schedule compared to the
majority of previously conducted clinical trials. These effects over
placebo are related both to the improvement of SG immunopa-
thology and the prevention of further evolution of local disease in
untreated patients. Remarkably, the observed differences in cellu-
lar and molecular pathology over time are associated with clinical
improvement assessed using novel composite endpoints such
as cCRESS10 and candidate STAR,11 which include objective
measurement of exocrine function together with systemic disease
and are currently being validated as primary endpoints for future
clinical trials. Although the TRACTISS has provided the largest
and most accurate longitudinal SG sample collection with linked
cellular and molecular pathology data reported so far, it repre-
sents a relatively small cohort compared to randomized clinical tri-
als conducted in other rheumatic conditions.41,42 As such, the

novel cellular and molecular pathology biomarkers reported in this
study will require further validation. Such work is currently being
implemented as part of the IMI2-NECESSITY consortium
(https://www.imi.europa.eu/projects-results/project-factsheets/
necessity), which will provide access to longitudinal labial and
parotid biopsies from recently completed clinical trials, including
ones in which patients received abatacept43 and a most recent
trial in which patients received rituximab in combination with
anti-BAFF monoclonal antibody (belimumab).44,45
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