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ABSTRACT

The year 2025 has brought significant
progress in understanding the patho-
genesis of Sjogren’s disease (SjD). By
2025, SjD is no longer conceived as a
gland-restricted sicca disorder driven
by isolated B-cell hyperactivity or in-
terferon signalling, but as a dynamical-
ly organised epithelial-stromal-immune
ecosystem. Recent advances in immu-
nogenetics, epigenomics, and single
cell/spatial multi-omics have revealed
that disease initiation precedes overt
lymphocytic infiltration and is rooted
in epithelial interferon licensing and
metabolic reprogramming. Stromal fi-
broblasts and vascular mural cells sub-
sequently acquire immunoregulatory
states that scaffold tertiary lymphoid
structures, sustaining antigen presen-
tation, autoantibody generation, cyto-
toxic lymphocyte activity, and chronic
inflammation. Beyond descriptive map-
ping, patient-derived organoid models
have now provided causal validation,
demonstrating that epithelial dysfunc-
tion is mechanistically actionable and
partially reversible. Collectively, these
converging lines of evidence reposition
SjD as a mechanistically programma-
ble and endotype-stratifiable disease,
explaining clinical heterogeneity and
opening the path toward precision med-
icine. Reflecting this conceptual shift,
an international consensus formalised
the nomenclature change from ‘syn-
drome’ to ‘disease’, reinforcing its sys-
temic and biologically unified nature.

Introduction:

a new conceptual map

By 2025, advances in available tech-
nologies have shifted the conceptual
framework of Sjogren’s disease (SjD)
away from viewing epithelial dysfunc-
tion, B-cell hyperactivity, and inter-
feron signalling as discrete analytical
entry points. These tools now allow us

to examine the disease as a cohesive
tissue ecosystem, revealing how these
processes intersect within a shared bio-
logical context. Within this ecosystem,
epithelial cells are not passive targets
but active players that sense danger and
license immune responses. Stromal fi-
broblasts and vascular mural cells join
them as partners in shaping the micro-
environment. Together, these elements
create niches that sustain tertiary lym-
phoid structures (TLS), where antigen
presentation, cytokine production, and
immune cell interactions are continu-
ously reinforced. This environment
nurtures interferon-driven epithelial
states, cytotoxic lymphocyte activity,
and persistent autoantibody production,
establishing chronic inflammation and
even predisposing to lymphoma (1).
The 2024-2025 literature has expanded
earlier frameworks by integrating multi-
omic, genetic, and functional insights,
moving from conceptual models to
experimentally validated mechanisms.
The consequence of this integrated
view is a new therapeutic orientation:
treatments and biomarkers are increas-
ingly tailored to biological endotypes,
with precision medicine emerging as a
practical reality. Reflecting this change,
an international consensus has now of-
ficially adopted the term ‘Sjogren’s
disease’ instead of ‘syndrome’, empha-
sising its systemic nature and moving
away from the outdated primary/sec-
ondary dichotomy (2).

Genetics

Numerous susceptibility loci, located
both within and outside the major his-
tocompatibility complex (MHC), have
been linked to SjD, as demonstrated
by multiple case control studies (3).
Among these, the human leukocyte
antigen (HLA) class II gene alleles,
situated in the 6p21.3 region, are the
primary genetic contributors to SjD

Clinical and Experimental Rheumatology 2025



Sjogren’s disease pathogenesis: one year in review 2025 / L.G. Chatzis et al.

Table I. Genetic insights into Sjogren’s disease.

Concept Key point References
HLA class II susceptibility Strongest genetic signal in SjD (3-5)
Modest effect sizes indicate polygenicity (3-5)
Non-HLA loci and IFN pathways Risk variants in IRF5, STAT4, TNFAIP3, IL12A, OAS1 (5,6)
TNFAIP3 variants linked to lymphoma (7,8)
Large-scale GWAS reveal additional risk loci (6, 10)
Ancestry-specific architecture & PRS Population-specific loci (Han Chinese, Taiwan Han) (9, 10)
PRS improve genetic stratification (9-11)
Distinct genetic patterns in Ro/SSA* vs Ro/SSA* (11)
Serological endotypes Ro/SSA* enriched for IL12A, IRF5, STAT4 (11)
Ro/SSA* associated with JAK3 (11)
ANA"*/SSA* shows intermediate genetic loading (11)
X-chromosome contribution Escape from X-inactivation (TLR7, CXorf21) (12)
Increased immune gene dosage — heightened IFN responses (12)
TLR?7 signalling Variants alter nucleic acid sensing and IRF7 activation (13)
DDX6-CXCRS5 locus Five functional SNPs in DDX6—-CXCRS region (14)
Additional genes implicated (e.g. ILIORA, BCLIL, TRAPPC4) (14)
DDXG6 regulates antiviral RNA sensing (14)
CXCRS guides B/T follicular trafficking in GC-like niches (14)

pathogenesis, although they confer only
a modest risk for disease development
(maximum odds ratio of approximately
3) (3). Several alleles, including the
HLA-DRB1*03:01, DQA1%*05:01, and
DQB1*02:01, have been shown to con-
fer the strongest and most consistent as-
sociations with Sjogren’s disease across
diverse ancestries; however, their direct
clinical implications remain limited
(4). Beyond the HLA region, multiple
non-HLA genes and single gene poly-
morphisms (SNPs) have been impli-
cated in disease susceptibility and im-
mune dysregulation. The most of these
non-HLA variations involve the inter-
feron (IFN) pathway or IFN-inducible
genes, including SNPs in IRF5, STAT4,
TNFAIP3, IL12A and OAS1 genes (5).
Polymorphisms within the IRF5 locus
-such as the 5-bp CGGGG insertion/
deletion in the promoter region and the
downstream SNP rs10488631- have
been associated with elevated risk of
developing SjD and increased IRF5 ex-
pression in peripheral blood mononu-
clear cells and salivary gland epithelial
cells. Notably, the Ro/SSA-negative
subgroup lacks the IRF5 promoter vari-
ant, showing genetic similarities to pri-
mary biliary cholangitis (PBC), which
probably suggests divergent pathogenic
pathways among SjD subtypes.

With the advent of genome-wide as-
sociation studies (GWASs), a powerful
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and unbiased approach for identifying
links between genetic variants and bio-
logical traits, and the increasing use of
polygenic risk scores, the study of SjD
genetics has entered a new era. This
was clearly summarised in a large-scale
GWAS meta-analysis by Khatri ef al.,
including 3,232 patients and 17481
controls of European descent, identify-
ing ten novel significant susceptibility
loci outside the HLA region: CD247,
NABI1, PTTG1-MIR146A, PRDMI-
ATGS5, TNFAIP3, XKR6, MAPT-
CRHR1, RPTOR-CHMP6-BAIAPG,
TYK2,and SYNGRI (6). Interestingly,
combining polygenic risk scores con-
ferred a 12-fold increased risk of devel-
oping SjD, which decreased to 5.5-fold
when HLA loci were excluded. Of par-
ticular interest, TNFAIP3 and its regu-
latory partner TNIP1 act to suppress
TLR-induced apoptosis and provide
negative feedback control of the NF-xB
signalling pathway. Single-nucleotide
polymorphisms (SNPs) in TNFAIP3,
such as rs2230926, have been linked to
an increased risk of lymphoma among
SjD patients in both Caucasian and
Asian populations, though not neces-
sarily to heightened SjD susceptibility
overall (7). However, this variant did
not show a significant association in an
Ttalian cohort, whereas another SNP,
rs6920220, was identified as potential-
ly relevant (8).

Similarly, the largest hospital-based
GWAS conducted in a distinct ancestry,
the Taiwan Han population, comprising
11,390 SjD patients and 113,900 control
subjects, confirmed previously identi-
fied HLA associations (such as HLA-
DRB1*15:01 and HLA-DQA1%03:01)
and uncovered eight novel loci associ-
ated with SjD (IQCJ, CTXN3, HLA-
DRB9, MTCO3P1, PSMG3-ASI,
ATRNLI1, SMYD4, and TENM1). In
addition, it successfully replicated the
well-known in Han Chinese risk variant
rs117026326, which is located within
the GTF2I gene on chromosome 7 (9).
The calculated polygenic risk score
based on the GWAS results for pSS pa-
tients revealed that SjD shares a similar
genetic background with other autoim-
mune diseases, including rheumatoid
arthritis and systemic lupus erythema-
tosus (10).

To date, most genetic investigations
have focused primarily on anti-Ro/
SSA-positive cases, leaving the Ro/
SSA-negative subgroups largely un-
explored. Of particular interest, ANA-
positive but SSA/SSB-negative indi-
viduals -commonly classified within
the broader seronegative category- pre-
sented with an intermediate polygenic
risk scores when HLA variants were
considered. Nevertheless, when only
non-HLA variants were assessed, their
scores were comparable to Ro/SSA-
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positive patients (11). These findings
imply that the ANA-positive-Ro/SSA-
negative subgroup may constitute a dis-
tinct genetic entity, meriting separate
analysis in future research. Conversely,
when comparing Ro/SSA-negative cas-
es to the overall SjD cohort, the JAK3
locus appeared as a unique risk variant
in this subgroup, opening new thera-
peutic avenues involving JAK/STAT
pathway inhibitors.

The X chromosome seem to play a
pivotal role in the pronounced female
predominance of SjD, as it harbours nu-
merous immune-related genes such as
CXorf21 and TLR7 (12). These genes
can escape X-chromosome inactiva-
tion, resulting in overexpression, im-
mune system hyperactivation, and ulti-
mately susceptibility to autoimmunity.
Notably, this mechanism has been dem-
onstrated so far in systemic lupus ery-
thematosus (SLE), which shares several
immunopathological features with SjD
(12). Several studies have highlighted
a robust association between splicing
variations and SNPs in the TLR7 gene
and the onset and progression of SjD
(13). Recent data indicate that TLR7
overactivation in plasmacytoid den-
dritic cells (pDCs) and other immune
cells promotes immune dysregulation.
TLR7-mediated IFN-o. production acti-
vates both IRF7 and IRF5/NF-kB sig-
nalling pathways, which in turn leads to
pro-inflammatory cytokine release.
Given the overlapping genetic and mo-
lecular features between SLE and SjD,
Wiley et al. explored the DDX6-CX-
CRS5 locus (14). Five functional SNPs
were identified, including rs57494551,
located in an intron of DDX6, as well
as rs4938572, rs4936443, rs7117261,
and rs4938573 within the promoter/
enhancer region. Chromatin mapping
across this locus further revealed sev-
eral additional candidate genes, namely
Inc-PHLDBI-1, ILIORA, BCLIL, and
TRAPPC4. DDX6 (DEAD-box RNA
helicase 6) is a central regulator of the
viral RNA recognition pathway of the
innate immune system and a key modu-
lator of type I interferon responses,
whereas CXCRS5 (C-X-C chemokine
receptor type 5) plays a critical role in
adaptive immunity by guiding B cells
and T follicular helper cells into ger-
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minal centres and germinal-centre-like
structures such as those forming in the
salivary glands of patients with SjD and
the kidneys of patients with SLE (14).

Take home messages

* Strongest single-gene associations in
SjD lie within the HLA class IIregion
(e.g. HLA-DRB103:01, DQA105:01,
DQB1*02:01), although even these
confer only modest risk (odds ratios
in the ~2-3 range) (3-6, 10).

e Numerous non-HLA loci (especially
genes involved in the interferon path-
way and innate immunity, e.g. IRF5,
STAT4, TNFAIP3) also contribute
to SjD susceptibility, highlighting a
complex multigene architecture be-
yond the classical HLA risk (5-10).

e Genetic risk stratification is now
more feasible via polygenic risk
scores (PRS) and large GWAS, with
evidence of ancestry-specific loci
and gene dosage effects (for example
X-chromosome genes such as TLR7
may help explain female predomi-
nance in SjD) (9-13).

Epigenetics

The epigenome has gained increasing
attention in elucidating the pathomecha-
nisms of the disease. DNA methyla-
tion affects multiple immune and epi-
thelial cell types implicated in disease
pathophysiology, including B cells, T
cells, monocytes, and SGECs (15-16).
Epigenome-wide association studies
(EWAS) in SjD patients have revealed
widespread hypomethylation at CpG
sites, particularly within genes involved
in type I IFN signalling, such as STAT1,
IFI44L, IFITMI1, MXI1, IRFs, and
USP18 (17). Noteworthy, the number of
differentially methylated loci was high-
er in B cells than in T cells, and many of
these sites correlated with disease activ-
ity and autoantibody positivity.

Chi et al. (18) conducted a cluster anal-
ysis of DNA methylation patterns in
labial minor salivary gland tissue from
131 participants (64 cases and 67 non-
cases) in the Sjogren’s International
Collaborative Clinical Alliance (SIC-
CA) registry (18). The investigators
identified four distinct methylation-
based clusters: clusters 1 and 2 were
predominantly composed of SjD pa-

tients, while clusters 3 and 4 included
less than 40% of the total SjD cases and
most non-cases. Although self-reported
symptoms did not differ significantly
among clusters, disease severity corre-
lated with DNA methylation patterns;
more severe SjD cases were enriched
in clusters 1 and 2, while milder cases
were more frequently found in clusters
3 and 4. These findings shed light on
the role of epigenetic regulation in the
clinical heterogeneity and disease ac-
tivity of SjD.

Further reanalysis of this dataset (19),
coupled with another dataset from the
Gene Expression Omnibus repository
(GSE110007), showed consistent hy-
pomethylation in genes involved in
immune responses to Epstein-Barr vi-
rus (EBV) infection, such as SLAM7,
RUNX3, Bcl-2, FAS, and CD247.
In addition, several X-linked genes
(CD40LG, SHROOM?2, PLP1, WAS,
IL2RG, CXCR3, and SASH3) were
significantly hypomethylated, suggest-
ing a possible epigenetic contribution
to female predominance of SjD. Nota-
bly, hypomethylation of the WAS gene
may disrupt cytoskeletal dynamics and
lymphocyte signalling.
N6-methyladenosine (m6A) is the most
abundant reversible post-transcription-
al modification in eukaryotic mRNA,
with METTL14 being one of the prin-
cipal methylases involved. Overex-
pression of EZH2 and METTL3 in B
cells from patients with SjD was re-
cently found to be associated with in-
creased disease activity, as indicated by
elevated ESSDAI scores. EZH2 con-
tributes to disease progression by sup-
pressing B-cell apoptosis through the
epigenetic modification ‘H3K27me3’.
Furthermore, METTL3-mediated m6A
alteration enhances the stability and
expression of EZH2 mRNA, thereby
further promoting B cell activation
and amplifying autoimmune processes.
Collectively, suppression of the EZH2
pathway may alleviate disease mani-
festations, offering a promising new
therapeutic strategy for the manage-
ment of SjD (20).

Recent epigenomic studies have also
drawn attention to the dysregulation of
various microRNAs (miRNAs). Despite
heterogeneity across 23 studies -likely
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Table II. Epigenetic insights into Sjogren’s disease.

Concept Key points References
IFN-related CpG hypomethylation Hypomethylation in interferon-stimulated genes (STAT1, IFI44L, IFITM1, MX1) (15-17)
Epigenetic dysregulation observed in immune and epithelial cells (15, 16)
Stronger methylation effects in B cells (17)
Methylation-based patient clusters Four distinct epigenetic clusters in salivary glands (18)
IFN-dominant clusters correlate with increased disease severity (18,19)
External datasets confirm immune-driven epigenetic divergence (19)
Pathogenic epigenetic enzymes EZH2 promotes B-cell survival and dysregulated immunity (20)
METTL3 stabilises EZH2 via m°A modification (20)
MicroRNAs as biomarkers and regulators miR-146a/b involved in IFN-driven inflammatory circuits (21,22)
miR-155 associated with lymphomagenesis (22)
miR-92a-3p linked to subclinical atherosclerosis (23)
miR-23b-3p exerts protective NF-kB-suppressive effects (25)

due to differences in sample size, pro-
cessing and analytical methods- certain
miRNAs, including miR-146a/b, miR-
155, and miR-188, have been repeat-
edly implicated (21). Notably, miR-
146a and miR-146b were consistently
upregulated in PBMCs, salivary glands
and, saliva of SjD patients, with their
expression levels correlating with dis-
ease activity markers such as the ESS-
PRI score and salivary gland ultrasound
findings (19). The role of miR-155 re-
mains controversial, as studies reported
increased, decreased, or unchanged
expression levels. However, it is func-
tionally linked to T-cell regulation via
targeting SOCS, and its expression in
CD4* T lymphocytes has been connect-
ed to disease activity. Bruno et al. ob-
served miR-155 upregulation in SjD pa-
tients who experienced non-Hodgkin’s
lymphoma (NHL), that was correlated
positively with focus score, BAFF-R,
and IL-6R levels- biomarkers of aber-
rant B cell activation and lymphom-
agenesis (22). Furthermore, Zehrfeld et
al. identified miR-92a-3p as a potential
biomarker for the early molecular de-
tection of subclinical atherosclerosis in
SjD, reflecting an association between
its expression profiles and increased
cardiovascular risk (23). Finally, Carva-
jal et al. aimed to elucidate how IFN-y
influences the expression of hsa-miR-
424-5p and hsa-miR-513c-3p, which
regulate proteins associated with pro-
tein degradation and secretory function
-namely ATF6, SEL1L, HERP, XBP-1s,
and GRP78 (24). The authors pointed
out that IFN-y downregulates hsa-miR-
424-5p, leading to elevated expression
of ATF6 and SELI1L transcripts. On the
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other hand, hsa-miR-513c-3p is shown
to be upregulated, resulting in decreased
XBP-1s and GRP78 transcript and pro-
tein levels.

In addition to their diagnostic and path-
ogenic significance, recent evidence
suggests that specific miRNAs may also
hold therapeutic potential by acting as
molecular safeguards against autoim-
mune diseases, including SjD. In this
context, Cai et al. investigated both an
animal model and submandibular gland
epithelial cells lines and demonstrated
that miR-23b-3p, which is downregulat-
ed in NOD mice, can alleviate disease
manifestations when overexpressed.
Mechanistically, miR-23b-3p exerts its
protective effect by targeting SOX6 and
inhibiting the NF-xB signalling path-
way, thereby attenuating inflammation
and tissue damage (25).

Take home messages

e Extensive hypomethylation of CpG
sites in immune and epithelial cells-
particularly in genes involved in
type I interferon (IFN) signalling
(e.g. STAT1, IFI44L, IFITM1, MX1,
IRFs, USP18) is a hallmark epigenet-
ic feature in Sjogren’s disease (SjD)
(15-17,19).

» Epigenetic profiles (especially DNA
methylation clusters) correlate with
clinical heterogeneity in SjD: pa-
tients with more severe disease fall
into methylation clusters character-
ised by distinct patterns, suggesting
epigenetic modifications may help
stratify disease severity (18, 19).

e Epigenetic mechanisms (including
DNA methylation changes, histone-
modifying enzymes like EZH2/

METTL3 and deregulated microR-
NAs such as miR-146a/b, miR-155)
represent both biomarker opportuni-
ties and therapeutic targets in SjD
(20-25).

Environmental factors and
hormonal influences

Among the environmental exposures
comprising the exposome, infections
— particularly viral — have emerged as
notable contributors to the pathogenesis
of SjD. The mechanisms by which in-
fections induce a breakdown in immune
tolerance include molecular mimicry,
epitope spreading, and bystander acti-
vation.

EBV has been extensively studied in
this context. It has been shown to stim-
ulate lymphocytic activation within ec-
topic germinal centres, and EBV-infect-
ed autoreactive B cells have been iden-
tified in these structures within the sali-
vary glands of patients with SjD (24).
Several studies have reported increased
levels of EBV DNA in biopsy-obtained
samples, along with a higher preva-
lence and elevated titres of antibodies
against EBV antigens in SjD compared
to controls -findings that have been
associated with viral reactivation (26-
27). In a recent analysis of previously
healthy female individuals experienc-
ing primary EBV infection, Hudson
and his group provided compelling
evidence that autoantibody production
may be driven by acute EBV infection
(28). Specifically, anti-Ro52 and anti-
Ro60 autoantibodies were detectable as
early as seven days post-infection, with
undergoing class switching from IgM
to IgG.

2023



Sjogren’s disease pathogenesis: one year in review 2025 / L.G. Chatzis et al.

Although a structural similarity be-
tween the viral antigen EBNA-1 and
the La/SSB autoantigen has been iden-
tified, a study involving a SjD patient
with chronic active EBV infection, did
not detect any cross-reactivity between
the isolated anti-La/SSB autoantibodies
and EBNA-1 (29). Therefore, molecu-
lar mimicry alone may not fully explain
autoantibody production in SjD.
Beyond EBV, a recent nationwide,
population-based, case-control study,
involving 5,751 SjD patients and
28,755 matched controls, demonstrat-
ed a significant association between
prior herpes zoster exposure and an in-
creased risk of SjD (30). Importantly,
this association was most pronounced
when the interval between the last re-
corded varicella-zoster virus (VZV) in-
fection and the index date was less than
three months, highlighting a potential
temporal link between viral reactiva-
tion and disease onset.

Growing data also points to a possible
role of SARS-CoV-2 infection in SjD-
like immunopathology. Minor salivary
gland biopsies from patients recover-
ing from COVID-19 have revealed fo-
cal lymphocytic infiltrates resembling
those observed in SjD (31).

Cui et al. explored a potential causal
relationship  between Helicobacter
pylori (H.pylori) infection and SjD
using a bidirectional Mendelian ran-
domisation (MR) approach (32). Lev-
eraging publicly available databases
and a large-scale GWAS, the authors
minimised the influence of cofounding
factors and reverse causality on corre-
lation effects. Their findings provided
genetic evidence that H.pylori infec-
tion may elevate the risk of developing
SjD, while conversely, SjD itself may
predispose individuals to a higher risk
of H.pylori infection.

Increasing evidence has also highlight-
ed the dynamic interplay between the
gut microbiome and immune-mediated
disorders, such as inflammatory bowel
diseases, diabetes mellitus, and SLE.
Similarly, gut microbiota dysbiosis has
been implicated in SjD, with patients
exhibiting significantly reduced mi-
crobial diversity compared to healthy
controls, a pattern that correlates with
greater disease severity (33). In this
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context, Wang et al. through a two-
sample MR analysis, identified a pro-
tective effect of genus Eubacterium
coprostanoligenes group, which may
mitigate disease progression by down-
regulating CXCL6 expression (34).
The exact association between tobac-
co use and SjD remains ambiguous.
A recent meta-analysis of five studies
showed a statistically negative cor-
relation between current smoking and
disease onset and development (35) ,
whereas data on former smokers are
still inconsistent. When smoking sta-
tus was categorised as ‘never’ ver-
sus ‘ever’ smokers, the frequency of
“ever” smokers was found to be signifi-
cantly higher among SjD patients (36).
Bandeira et al. suggested that smoking
may influence the clinical expression
of an evolving connective tissue dis-
ease, potentially modifying its pheno-
type (37). This complexity reflects di-
vergent patterns seen in other immune-
mediated diseases -for instance, the
protective role in ulcerative colitis in
comparison with the detrimental effect
in Crohn’s disease. Equally important
is the alternative explanation of reverse
causality; patients might quit smoking
in response to early sicca symptoms
prior to diagnosis (37). This possibility
emphasises the need for prospective,
longitudinal studies to clarify causa-
tion. In the interim, the selection of
non-SjD sicca individuals as controls
may help bypass the question of dry-
ness symptoms being the trigger for
smoking cessation.

The immunomodulatory function of
vitamin D is essential for maintaining
immune homeostasis, primarily by sup-
pressing excessive immune responses.
Hence, vitamin D deficiency may ex-
acerbate autoimmune conditions by
impairing regulatory mechanisms and
promoting pro-inflammatory processes.
Several meta-analyses have reported
an association between low vitamin D
levels and increased SjD severity and
activity (38). Nonetheless, conflicting
results from other studies underscore
the need for further investigation. Of
note, a vitamin D-related SNP, VDR
rs7975232, has been proposed as a
potential risk factor for SjD, although
its relevance appears to be population-

specific (39). Therefore, additional
large-scale, multi-ethnic genetic studies
are urgently warranted to unravel the
interaction between vitamin D, genetic
susceptibility and disease progression.

Given the strong female predomi-
nance of SjD and frequent onset around
menopause, sex hormones have long
been implicated in the pathogenesis of
the disease. Turner et al. investigated
hormonal risk factors and steroidal
hormones levels in patients with SjD
and non-SjD sicca. They reported that
patients with SjD were less likely to
report hirsutism and displayed lower
androstenedione and testosterone pre-
menopause levels when compared with
non-SjD sicca. Furthermore, androsten-
edione levels were inversely correlated
with minor salivary gland focus score,
suggesting a protecting role for andro-
gens in modulating salivary gland in-
flammation (40).

Although precise estimates remain elu-
sive, SjD has been reported as an im-
mune-related adverse event in patients
undergoing treatment with immune
checkpoint inhibitors (ICIs) (41-42).
For instance, blocking the PD-1/PD-L1
pathway has been shown to enhance
T cell activation, leading to lympho-
cytic infiltration of the salivary gland
epithelium (43). In a related hypoth-
esis, Pringle et al. proposed that ICI-
induced sicca manifestations may be
driven by dysregulated IFN-vy signal-
ling, suggesting a novel form of type
II interferonopathy (44). Additionally,
Pellegrino et al. described a clinical
case of atezolizumab-induced SjD in a
patient with triple-negative breast can-
cer, in which early diagnosis allowed
for effective management without in-
terruption of oncologic therapy, result-
ing in almost complete clinical resolu-
tion of the adverse event (45).

Take home messages

e Environmental infectious exposures,
including EBV, VZV, SARS-CoV-2,
H. pylori, and gut microbiota dys-
biosis, play a significant role in SjD
pathogenesis by promoting loss of
immune tolerance through mecha-
nisms such as molecular mimicry,
epitope spreading, and bystander
activation (24, 26-34).
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e Hormonal influences, vitamin D
deficiency, smoking behaviour, and
iatrogenic immune modulation (e.g.
immune checkpoint inhibitors) col-
lectively shape susceptibility to, and
clinical expression of, SjD under-
scoring the interplay between im-
mune, endocrine, and environmen-
tal factors in disease development
(35-45).

Early epithelial sensing and
metabolic divergence as drivers

of innate-adaptive immune

crosstalk in SjD

Recent evidence has repositioned the
initiating events of SjD upstream of
lymphocytic infiltration, highlighting
salivary gland epithelial cells as ac-
tive innate immune sentinels rather
than passive targets. These epithe-
lial cells in salivary glands act as
sentinels, sensing nucleic acids and
initiating interferon responses before
lymphocytic infiltration occurs (46).
Metabolic profiling further reinforces
the concept of compartment-specific
immunopathology. Luo et al. (47)
profiled immune cell metabolism and
found that innate subsets were heavily
reliant on respiratory chain activity,
whereas adaptive populations such
as B and T lymphocytes displayed
enriched nucleic acid and amino acid
metabolism. These metabolic pro-
grams highlight fundamental differ-
ences in distinct energetic demands
within the glandular microenviron-
ment and how immune cell compart-
ments adapt to the glandular microen-
vironment reflecting. Extending this
immunometabolic and transcriptional
convergence across autoimmune phe-
notypes, Lin et al. (48) identified
STAT1 and CDS8A as shared central
nodes linking SjD with Hashimoto
thyroiditis, underscoring the exist-
ence of conserved adaptive immune
activation signatures that transcend
individual target organs.

Metabolic rewiring within the Sjogren’s
salivary gland microenvironment also
plays a critical role in modulating im-
mune cell responses, in particular on
CD4* T cells, as recently demonstrated
by Certo et al. (49). This work showed
increased metabolic demand in the
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presence of tertiary lymphoid struc-
tures in the salivary glands accompa-
nied by a switch to increased glycolysis
and downstream aberrant lactate pro-
duction. Interestingly, several lactate
transporters on immune cells have been
identified and shown to be able to in-
fluence immune cell activation and dif-
ferentiation, alongside their tissue-re-
tention (50). In the context of Sjogren’s
disease, inflammation leads to increase
lactate levels, able to enhance/increase
disease-specific release of IL-21 within
TLS, a key B cell activator, an effect
that could be abrogated by blocking
SLC5A12, an inducible lactate trans-
porter restricted to CD4* T cells and
more recently found on B cells where
lactate promotes the release of pro-in-
flammatory cytokines in a SLC5A12-
dependent manner (51). Of relevance,
pharmacological and genetic impair-
ment of SLC5A12 was able to disrupt
tertiary lymphoid structure formation in
a mouse model of viral-induce siaload-
enitis (49).

Take home messages

e Salivary gland epithelial cells serve
as active innate immune sentinels,
sensing nucleic acids and initiating
type I interferon responses upstream
of lymphocytic infiltration, thereby
fostering early crosstalk between ep-
ithelial and immune compartments
(46,55).

e Distinct metabolic programmes in
innate versus adaptive immune cells
(e.g. reliance on mitochondrial respi-
ration in innate subsets vs up-regula-
tion of nucleic-acid and amino-acid
metabolism in B/T lymphocytes)
highlight how metabolic rewiring
in the glandular microenvironment
contributes to compartment-specific
immunopathology in SjD (47, 48).

Bulk and single-cell transcriptional
profiling and spatial dissection of
the epithelial-stromal-immune
eco-system in SjD

Building on the emerging paradigm
that epithelial interferon licensing acts
as the initiating checkpoint in SjD,
next-generation single-cell and spatial
multi-omics have begun to clarify how
this early innate activation is translated

into structured, tissue-level immunopa-
thology. At the systemic level, McDer-
mott et al. showed that even naive B
cells display a primed interferon signa-
ture, while CD4* and CD8* T cells are
skewed toward Thl-polarised effector
states, thus indicating that pathogenic
programming is already established be-
fore tissue infiltration (52). Within the
salivary glands, using bulk RNA se-
quencing linked to cell deconvolution
approaches, Pontarini et al. demon-
strated the coexistence of follicular and
extrafollicular B-cell activation able to
stratify patients by rheumatoid factor
and double anti-Ro/SSA and anti-La/
SSB seropositivity. Interestingly this
work highlighted a rheumatoid factor-
dependent, ectopic germinal centre-
independent extrafollicular signature
strongly associated with activation
of type-1 interferon and viral sensing
through the RIG-1 pathway, providing
a molecular rationale for the clinical
heterogeneity of SjD (53).

In addition to RF-driven salivary gland
transcriptomic signatures, Inamo et
al. recently unravelled key transcrip-
tional differences between classic
anti-SSA+ SjD and SjD patients with
anti-centromere antibodies (ACA), a
subset characterised by distinct clinical
characteristics. Using single-cell RNA
sequencing, T cell and B cell receptor
sequencing and spatial transcriptomics
they demonstrated the following key
salivary gland signatures able to dif-
ferentiate the two subsets including en-
richment of memory B cells in ACA+
SjD, activated interferon signature in
anti-SSA+ compared to TGFf signal-
ling enhancement in ACA+ SjD (54).
Using imaging mass cytometry, Wu et
al. further localised cytotoxic CD8* T
cells at the epithelial-immune interface,
supporting a model of direct epithe-
lial injury beyond B cell-driven mecha-
nisms (55). Nayar et al. (56) added a
stromal dimension by uncovering fibro-
blast and mural cell states with active
immunoregulatory properties within
tertiary lymphoid structures, implying
that the stromal compartment actively
instructs, rather than passively accom-
modates, immune organisation. These
paradigm-shifting insights have only
become accessible through single-cell
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and spatial technologies, which have
redefined pSS not as a uniform lym-
phocytic infiltrate, but as a dynamically
organised epithelial-stromal-immune
ecosystem-initiated by interferon-li-
censed epithelium, actively scaffolded
by immune-reprogrammed stromal
niches, and diversified through coexist-
ing follicular, extrafollicular, and cyto-
toxic immune programs. Collectively,
these findings support a model in which
SjD encompasses at least two dominant
and a third transitional endotype, IFN-
epithelial/CD8*, BAFF-GC-driven B
cell, and stromal-immune, each with
distinct molecular trajectories and po-
tential therapeutic implications.

Take home messages

e Advanced single-cell and spatial tran-
scriptomic analyses reveal that SjD is
not merely a uniform lymphocytic
infiltrate but rather a dynamically
structured epithelial-stromal-immune
ecosystem, initiated by interferon-li-
censed epithelium and scaffolded by
stromal niches (52-56).

* Distinct molecular endotypes appear
(e.g. IFN-epithelial/CD8*, BAFF/
GC-driven B-cell, stromal-immune),
each with specific transcriptional sig-
natures and spatial context, offering
opportunities for tailored therapeutic
stratification (52, 53, 55, 56).

Functional modelling and causal
validation through patient-derived
organoids

Patient-derived salivary gland orga-
noids have recently enabled true mech-
anistic experimentation, moving be-
yond observational profiling to causal
testing of epithelial-immune crosstalk.
In a landmark study, Meudec et al. (57)
demonstrated that interferon-driven
epithelial dysfunction directly impairs
cholinergic-induced secretory respons-
es, a functional lesion that was partially
reversible with JAK inhibition, thus
providing experimental proof that epi-
thelial interferon licensing is not merely
correlative but mechanistically patho-
genic and pharmacologically targeta-
ble. Complementing this, independent
reports have shown that salivary gland
stem/progenitor cells undergo prema-
ture senescence, resulting in diminished
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regenerative capacity and suggesting
that failure of epithelial repair actively
contributes to disease chronicity rather
than reflecting bystander exhaustion
(58). A third, genetically anchored lay-
er of causality derives from Mendelian
randomisation, as demonstrated by Xu
et al., who implicated CD27 expression
on B cells as pathogenic while CD3
expression on naive Tregs appeared
protective reinforcing a bidirectional
model in which genetic determinants
can tune both effector amplification and
regulatory insufficiency (59). Together,
these converging experimental and ge-
netic approaches demonstrate that pSS
is not solely an inflammatory state but
a mechanistically programmable and,
at least partially, reversible epithelial-
immune disease, providing a functional
basis for patient-tailored therapeutic in-
tervention.

Take home messages

* Patient-derived salivary-gland orga-
noid models demonstrate that inter-
feron-driven epithelial dysfunction
is not merely correlative but mecha-
nistically pathogenic in SjD, and that
this dysfunction is, at least partially,
reversible via JAK-inhibition (57).

e Salivary-gland stem/progenitor cell
senescence and Mendelian-randomi-
sation evidence (e.g. CD27 on B
cells as risk, CD3 on naive Tregs as
protective) support a model of SjD
as a mechanistically programmable
epithelial-immune disease, opening
the way for functionally targeted
therapies (58, 59).

Conclusions

Recent advances in multi-omics, func-
tional modelling, and genetic inference
have substantially refined the current
understanding of SjD. The cumulative
literature from 2024-2025 allow us to
recognise the disease as a tissue-specif-
ic epithelial-stromal-immune network
rather than a process driven solely by
B-cell hyperactivity or interferon sig-
nalling. Epithelial licensing, stromal
reprogramming, and immune heteroge-
neity appear to cooperate in sustaining
chronic inflammation, offering a plausi-
ble explanation for the marked clinical
variability observed among patients.

The emergence of patient-derived or-
ganoids and Mendelian randomisation
provides experimental and genetic sup-
port for a mechanistically actionable
and potentially reversible disease pro-
cess. These insights reinforce the need
for endotype-based stratification and
encourage the development of target-
ed therapeutic strategies grounded in
discrete pathogenic pathways. Future
work should prioritise integrating mo-
lecular profiling into clinical decision-
making, validating biomarkers linked
to treatment response, and determining
whether early intervention in specific
biological endotypes can modify long-
term outcomes, including lymphoma
risk and extra-glandular progression.
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