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Abstract

Primary Sjogren’s syndrome (pSS) is a systemic autoimmune disease defined by exocrine gland infiltration and systemic involvement.
The management of pSS is hampered by three persistent challenges: seronegativity, heterogeneity, and delayed diagnosis. Up to one-third
of patients lack anti-Sjogren’s-syndrome-related antigen A/B (SSA/SSB) autoantibodies, contributing to misclassification and delayed
recognition. Recent studies have expanded the autoantibody repertoire, identifying novel targets such as anti-D-aminoacyl-tRNA dea-
cylase 2 (DTD2), anti-retroelement silencing factor-1 (RESF1), and anti-calreticulin (CALR), as well as multiplex panels including
anti-salivary protein-1 (SP-1), anti-parotid secretory protein (PSP), and anti-carbonic anhydrase VI (CA6). These can detect disease be-
fore conventional seroconversion, thus offering diagnostic value for seronegative cases. The greatest challenge remains early detection,
as the current reliance on biopsy and late-appearing serologies overlooks subclinical disease. In this context, non-invasive fluid biomark-
ers are transformative, with salivary and tear fluid proteomics (52-microglobulin, clusterin, matrix metalloproteinase-9), exosomal micro
ribonucleic acid (miRNAs), and metabolomic fingerprints providing sensitive indicators of glandular dysfunction and immune activa-
tion. When combined with machine learning, integrated multi-omics panels can achieve diagnostic accuracies comparable to biopsy
while enabling prognostic stratification. Emerging approaches also leverage artificial intelligence (Al) to refine biomarker discovery and
clinical translation. Al-assisted ultrasonography enables reproducible quantification of glandular inflammation, while the application of
integrative Al models to multi-omics datasets can identify biomarker signatures with superior predictive accuracy. Such tools have the
potential to accelerate early diagnosis, automate risk prediction, and guide precision therapeutics in real time. The future use of biomarker
panels in clinical practice should reduce the time to diagnosis, thereby facilitating the anticipation of risk and the provision of therapy
based on the underlying cause. In this review, we describe how pSS exemplifies some of the problems inherent in contemporary autoim-
munity. This multifaceted and diverse condition is now well-positioned to benefit from integrative, biomarker-driven methodologies,
which should lead to improved patient outcomes.

Keywords: BAFF; anti-Ro/SSA; anti-La/SSB; DNA methylation; miRNA; dry mouth; dry eyes; salivary gland ultrasonography; artifi-
cial intelligence; multi-omics

1. Introduction glands, such as interstitial lung disease (ILD), renal tubu-

lar acidosis, peripheral neuropathy, vasculitis, and B-cell

Primary Sjégren’s syndrome (pSS) is a systemic au-
toimmune disease characterized by chronic lymphocytic
infiltration of exocrine glands, most notably the salivary
(Fig. 1) and lacrimal glands, leading to sicca symptoms
such as dry eyes and dry mouth [1]. PSS predominantly af-
fects middle-aged women (female-to-male ratio ~9:1), with
a prevalence of approximately 0.1-0.2% among adults [2—
4]. In addition to dysfunction of the exocrine glands, it fre-
quently presents with a variety of complications outside the

lymphoma (Fig. 2), demonstrating the significant clinical
heterogeneity of pSS [5]. This broad spectrum of presenta-
tions complicates both diagnosis and therapeutic decision-
making, with experts identifying heterogeneity as a major
barrier to progress in research and clinical care [5].
Currently, diagnosis of pSS relies on a combination
of clinical features and objective criteria, such as those
outlined in the 2016 classification system proposed by
the American College of Rheumatology/European League
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Fig. 1. Immunopathogenic mechanisms underlying primary Sjogren’s syndrome. (A) Structural and epithelial alterations in the
salivary glands of patients with pSS. In healthy glands, mucous acini, myoepithelial cells, and ductal segments (intercalated and striated
ducts) coordinate saliva secretion through intact TJs, polarized expression of aquaporins, mucin 5B, and mucin 7, and proper parasympa-
thetic muscarinic signaling. In pSS, TJ breakdown, cytokine overproduction, and anti-M3R autoantibodies impair salivary secretion and
barrier integrity. T cells, B cells, and APCs drive autoantibody production and inflammation, causing epithelial damage and salivary dys-
function. (B) Dysregulated immune activation and epithelial-immune crosstalk in the salivary glands of pSS patients. Microbial triggers
initiate epithelial stress and TJ disruption within the salivary glands, leading to the release of autoantigens (Ro/SSA, La/SSB). This early
phase activates innate immune cells, such as DCs, macrophages, and NK cells, which release cytokines like IL-13, IL-6, TNF-a, and
IFNs to make inflammation worse. In this inflammatory environment, epithelial cells develop APC characteristics by expressing MHC-I
molecules that engage with TCRs on CD8™ cytotoxic T cells, while macrophages present antigens via MHC-II-TCR interactions to acti-
vate CD4™ T cells. Activated CD8™ T cells identify epithelial MHC-I-TCR complexes and release cytotoxic granules, induce apoptosis,
and reveal autoantigens. Furthermore, CD4" Thl and Th17 cells secrete IFN-, IL-17, IL-22, and TNF-qa, thereby sustaining inflam-
mation and epithelial remodeling. Tfh cells interact with B cells via MHC-II-TCR signaling and cytokines (IL-21, BAFF) to promote
germinal-like center formation, plasma cell differentiation, and autoantibody production (anti-Ro/SSA, anti-La/SSB). These interactions
form ELS in the salivary glands, which include T- and B-cell zones, germinal-center B cells with fDC networks, HEVs, infiltrated ductal
and acinar epithelial cells, and perifollicular plasma cells. The resulting autoantibody-antigen immune complexes bind to FcyRIla on
pDCs, amplifying IFN-« production and perpetuating the autoimmune cycle. NKp30-B7H6 signaling on SGECs drives early NK cell
activation. BAFF signaling through BAFF-R, TACI, and BCMA supports B-cell survival, maturation, and plasma cell persistence, re-
inforcing chronic humoral activation. B cells also function as APCs, stimulating CD4™ T cells through MHC-II-TCR engagement and
multiple costimulatory axes, including CD80/CD86-CD28, CD40-CD40L, and ICOSL-ICOS. Cytokines like IL-7 from DC also control
T-cell growth and homeostasis, which keeps the chronic inflammatory circuit going. (C) Peripheral immune cell migration and vascular
infiltration in pSS. Circulating T cells, B cells, pDC, NK cells, and monocytes accumulate within the vascular endothelium, promoting
transendothelial migration into inflamed tissues. As the disease progresses, cytokines, autoantibodies, and immune complexes enter
the systemic circulation, propagating inflammation beyond the exocrine glands and linking glandular autoimmunity to systemic mani-
festations of pSS. This graphical work was created with Inkscape 1.4.2 (https://inkscape.org). Abbreviations: pSS, primary Sjogren’s
syndrome; TJs, tight junctions; M3R, M3 muscarinic acetylcholine receptor; APCs, antigen-presenting cells; SSA, Sjogren’s-syndrome-
related antigen A (Ro); SSB, Sjogren’s-syndrome-related antigen B (La); DCs, dendritic cells; NK, natural killer; IL, interleukin; TNF-c,
tumor necrosis factor alpha; IFNs, interferons; MHC-I, major histocompatibility complex class I; TCRs, T-cell receptors; CD, cluster of
differentiation; MHC-II, major histocompatibility complex class II; Tth, T follicular helper; BAFF, B-cell activating factor; ELS, ectopic
lymphoid structures; fDC, follicular dendritic cell; HEVs, high endothelial venules; FcyRIla, Fc gamma receptor Ila; pDCs, plasmacytoid
dendritic cells; SGECs, salivary gland epithelial cells; BAFF-R, BAFF receptor; TACI, transmembrane activator and CAML interactor;
BCMA, B-cell maturation antigen; ICOS(L), inducible T-cell costimulator (ligand).

Against Rheumatism (ACR/EULAR) [6-8]. These include
evidence of autoimmunity, typically indicated by the pres-
ence of anti-Ro/SSA (Sjogren’s-syndrome-related antigen
A) and anti-La/SSB (Sjogren’s-syndrome-related antigen
B) autoantibodies, or positivity for rheumatoid factor (RF),
as well as histopathological findings of focal lymphocytic
sialadenitis (FLS) from a minor salivary gland biopsy. Al-
though these criteria achieve high specificity (95%) and
sensitivity (96%) [6], their application in routine clinical
practice remains limited. Serologic markers are absent
in approximately one-third of patients, and minor salivary
gland biopsy, while informative, is invasive and subject
to sampling variability [9,10]. Moreover, sicca symptoms
and other non-specific features, such as fatigue, arthral-
gia, and chronic cough, often overlap with numerous other
conditions [11], leading to diagnostic delay or misclas-
sification in many patients [12]. These challenges have
driven an urgent need to identify novel, non-invasive, and
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more specific biomarkers for pSS. Traditional tools such as
anti-SSA/SSB serologies and histopathology remain valu-
able, but are limited by low early sensitivity, lack of dis-
ease specificity, and procedural invasiveness [11]. Recent
advances in molecular profiling and multi-omic technolo-
gies have opened new avenues for biomarker discovery.
For example, autoantibodies that target salivary gland pro-
teins expressed early in pSS, such as anti-salivary protein
1 (SP-1), anti-parotid secretory protein (PSP), and anti-
carbonic anhydrase VI (CA6), have been found in early-
stage or seronegative cases and may enhance diagnostic
sensitivity [11]. In parallel, noninvasive sampling of saliva
and tears has enabled “liquid biopsy”-based approaches,
with cytokine profiling, transcriptomic signatures, and pro-
teomic/metabolomic analyses revealing promising indica-
tors of disease activity and subtype differentiation [13,14].

Building on these advances, the field has en-
tered a transformative phase marked by high-throughput
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biomarker discovery. High-density peptidome arrays com-
bined with machine learning have identified 45 novel au-
toantibodies since 2021 [15]. Notably, multi-marker pan-
els such as anti-DTD2 (D-aminoacyl-tRNA deacylase 2)
and anti-RESF1 (retroelement silencing factor-1) demon-
strate strong predictive value in seronegative patients and
correlate with histopathologic gland damage [16]. Other
combinations, such as immunoglobulin G (IgG) antibod-
ies targeting formin-binding protein 4 (FNBP4), small nu-
clear ribonucleoprotein polypeptide C (SNRPC), and C-
C motif chemokine ligand 4 (CCL4), or IgA antibodies
against small ubiquitin-like modifier 2 (SUMO2) and 2’'-
5’-oligoadenylate synthetase 3 (OAS3), have shown speci-
ficities of up to 97% in pSS cohorts with early-stage or
systemic disease [15]. Concurrently, genetic and epi-
genetic markers, including interferon-induced protein 44-
like (IF144L) hypomethylation and gene panels comprising
hes family bHLH transcription factor 4 (HES4), otoferlin
(OTOF), tetratricopeptide repeat domain 21A (77C214),
and zinc finger CCHC-type containing 2 (ZCCHC?2), have
also shown potential, especially in ethnically diverse and
seronegative populations [17,18]. However, several chal-
lenges remain, including the need for standardized proto-
cols, validation across independent cohorts, and careful in-
terpretation of biomarker heterogeneity in relation to clin-
ical phenotypes [19]. This review synthesizes recent ad-
vances in molecular biomarker research for pSS, with a fo-
cus on compartment-specific discoveries spanning serum
autoantibodies, circulating cytokines and chemokines, sali-
vary and tear proteomics, and transcriptomic, epigenetic,
and metabolomic signatures. By aligning these emerging
biomarkers with clinical presentation and disease course,
we aim to highlight how a precision-medicine framework
can improve early diagnosis, risk stratification, and person-
alized therapeutic decision-making in this complex autoim-
mune disorder.

2. The Landscape of Biomarkers in Primary
Sjogren’s Syndrome
2.1 Immunopathogenesis of Primary Sjégren’s Syndrome

pSS is a complex autoimmune disorder that is trig-
gered in genetically predisposed individuals by environ-
mental factors such as viral infections. It involves a co-
ordinated interaction between epithelial cells and both the
innate and adaptive immune systems (Fig. 1). Rather than
just being passive targets, salivary gland epithelial cells
(SGECs) actively initiate the immune response by express-
ing immunomodulatory features, including toll-like recep-
tors (TLRs), major histocompatibility complex (MHC)
molecules, and co-stimulatory ligands.

2.1.1 Lymphocytic Infiltration and Epithelial Cell
Dysfunction

In the early stages of pSS, the salivary glands are pri-
marily infiltrated by CD41 T cells. As the condition be-

comes chronic, B cells become more prominent, forming
clusters that resemble ectopic germinal centers (GCs). A
key factor in the reduced saliva production and inflamma-
tion is dysfunction of the epithelial barrier, in particular, the
tight junctions (TJs) and ion channels (Fig. 1A). The break-
down of this barrier exposes autoantigens, like Ro/SSA and
La/SSB, which in turn drive a continuous autoimmune re-
sponse [20-22].

2.1.2 Innate Immune Activation and Type I Interferons

Plasmacytoid dendritic cells (pDCs) accumulate in in-
flamed salivary tissue and are a major source of type I inter-
feron (IFN-I), contributing to a persistent “interferon signa-
ture” that is detectable both locally and systemically [23].
These IFNs enhance the production of B-cell survival me-
diators such as B-cell activating factor (BAFF) and drive
the recruitment of lymphocytes via chemokine signaling,
thereby linking innate immune sensing with adaptive im-
mune activation (Fig. 1B). Type I IFNs activate the down-
stream Janus kinase-signal transducer and activator of tran-
scription (JAK-STAT) pathway, which plays a pivotal role
in this process and has emerged as a therapeutic target in
ongoing clinical trials [23,24].

2.1.3 T Cell Dysregulation and Cytokine Networks

Diverse T cell subsets contribute to pSS, with Th1 and
Th17 cells driving early inflammation via interferon gamma
(IFN-v) and interleukin-17 (IL-17). T follicular helper
(Tth) cells promote the formation of GCs and B cell mat-
uration through IL-21 (Fig. 1B). Regulatory T cells are of-
ten dysfunctional, allowing persistent activation. Notably,
IFN-~v—induced ferroptosis of SGECs via signal transducer
and activator of transcription 1 (STAT1) has emerged as a
novel injury mechanism [20,23,25].

2.1.4 B Cell Hyperactivity and Autoantibody Production

BAFF is secreted by epithelial and immune cells and
sustains autoreactive B-cell survival (Fig. 1B). This leads
to hypergammaglobulinemia, RF production, and the gen-
eration of autoantibodies that enter the systemic circulation
(Fig. 1C), including anti-SSA/SSB and emerging markers
(anti-SP-1, anti-CA6), some of which appear years before
clinical onset [26]. Ectopic GCs within glands also increase
the risk of lymphoma, especially mucosa-associated lym-
phoid tissue (MALT) lymphomas [27,28].

2.1.5 Genetic, Epigenetic, and Environmental Triggers

Genetic susceptibility, including variants in human
leukocyte antigen (HLA)-DR, interferon regulatory factor 5
(IRFS5), and STAT4, can synergize with viral exposures such
as Epstein-Barr virus (EBV) or cytomegalovirus (CMV)
to initiate the loss of immune tolerance. Epigenetic alter-
ations, such as abnormal deoxyribonucleic acid methylation
(DNAm) and dysregulated micro ribonucleic acid (miRNA)
profiles, amplify proinflammatory pathways. Moreover,
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circulating exosomal miRNAs (miR-142-3p, miR-1290)
are emerging as both mechanistic indicators and promising
non-invasive biomarkers [29-31].

2.2 Biomarkers for Early Detection and Screening

Early detection of pSS remains a major challenge, par-
ticularly in seronegative individuals or those without clas-
sic extra-glandular involvement. Traditional markers such
as anti-SSA/SSB antibodies often appear later in the dis-
ease course, and are entirely absent in up to 30%-50%
of patients, necessitating more sensitive and non-invasive
tools for early-stage recognition [ 16]. Early epithelial dam-
age and immune infiltration in the salivary glands initiate
molecular changes, such as the release of 52-microglobulin
(B2M), SP-1, and CA®6, that can serve as non-invasive in-
dicators of disease onset.

2.2.1 Autoantibodies for Early Pre-Serologic Detection

Several novel autoantibodies have demonstrated value
in detecting pSS prior to traditional anti-SSA/SSB sero-
conversion. Antibodies targeting SP-1, PSP, and CA6 ap-
pear earlier in disease and may complement or substitute
the classical serologies, especially in seronegative individ-
uals [32]. Together, these autoantibodies form a promising
panel for identifying early-stage SS, offering the ability to
detect disease onset prior to traditional serologic conversion
[33,34]. Anti-CAG6 correlates more closely with ocular in-
volvement, while anti-SP-1 and PSP better reflect salivary
dysfunction [33,35]. These antibodies are especially valu-
able in the screening of younger patients or those with subtle
glandular symptoms.

2.2.2 Salivary Indicators of Early Glandular Dysfunction

Early in pSS, immune-mediated changes disrupt the
epithelial and acinar cell function of the salivary glands,
leading to altered secretion before the occurrence of sig-
nificant tissue destruction. Key early markers include in-
creased levels of innate immune proteins (such as lacto-
ferrin), changes in mucin glycosylation, and elevated elec-
trolyte concentrations, particularly sodium and chloride, re-
flecting both epithelial channel dysfunction and ongoing
inflammation [36,37]. Importantly, even in morphologi-
cally intact glands, acinar cells from pSS patients can show
impaired calcium signaling due to deficits in type 3 inos-
itol 1,4,5-triphosphate (IP3) receptors, leading to reduced
fluid secretion and explaining why secretory dysfunction
can precede overt glandular damage [38]. These molecular
and functional alterations often manifest before measurable
decreases in saliva flow, making them valuable indicators
for pre-clinical or early diagnosis. Salivary analysis offers
a direct window into glandular immune activity. (§2M, a
marker of MHC-I activity, is elevated in the saliva of pSS
patients and correlates with lymphocytic infiltration (focus
score) [39,40]. Electrolyte abnormalities, such as elevated
sodium and chloride levels, result from dysfunctional ep-
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ithelial sodium channels in inflamed ducts and are strongly
correlated with B-cell aggregates (r ~ 0.7) [41].

2.2.3 Proteomic Signatures for Screening and Risk
Flagging

High-throughput proteomic studies have transformed
early detection and risk stratification in pSS by identifying
multi-protein biomarker panels with robust diagnostic per-
formance. A validated salivary panel consisting of com-
plement factor B (CFB), clusterin (CLU), and neutrophil
elastase (NE) has shown excellent accuracy with an area
under the curve (AUC) up to 0.93 in distinguishing pSS
from controls, particularly when combined with anti-SSA
serology and Schirmer’s test [42]. Each protein reflects a
distinct pathological axis: CFB is associated with comple-
ment activation, CLU with tissue stress and cytoprotection,
and NE with neutrophil-mediated inflammation, providing
a multidimensional view of early glandular injury [43,44].
Saliva-based proteomic profiles also differentiate pSS from
non-autoimmune sicca and healthy individuals, typically
showing upregulation of inflammatory proteins and down-
regulation of secretory components [43,44]. In addition, a
proteomic study of extracellular vesicles (EVs) from saliva
and plasma has identified disease-specific proteins, such as
members of the S100 family and neutrophil-related mark-
ers, thereby enhancing diagnostic accuracy and enabling
potential stratification [45]. Tear fluid proteomics further
supports non-invasive screening, with biomarkers such as
matrix metalloproteinase-9 (MMP-9) and lipocalin-1 show-
ing high sensitivity and specificity for pSS diagnosis [46].

2.2.4 Metabolomic Indicators of Subclinical Immune
Activation

Salivary metabolomics has revealed early biochem-
ical disturbances in pSS, providing sensitive indicators
of subclinical immune activation. Among these, dipep-
tides such as phenylalanyl-alanine indicate altered amino
acid and tryptophan metabolism, consistent with sys-
temic inflammation and metabolic reprogramming during
early disease [47]. Other salivary metabolites, such as
tryptophyl-isoleucine and oxidative stress markers like 8-
hydroxyadenine, can further distinguish pSS from non-
autoimmune sicca, highlighting the role of altered amino
acid and oxidative pathways in early disease [47]. Broader
metabolomic profiling confirms that pathways including
tryptophan, tyrosine, and aspartate metabolism are signif-
icantly altered in pSS, correlating with inflammatory in-
jury and immune response [47,48]. In labial salivary gland
tissue, a metabolomic signature that combines kynurenine
(an immune-metabolite linked to anti-SSA autoimmunity)
with specific phospholipids (reflecting lymphocytic infil-
tration) shows robust differentiation of early pSS from other
sicca causes [48]. These findings underscore the value of
metabolomic markers, especially those linked to immune
cell metabolism and oxidative stress, as non-invasive tools
for early detection and risk flagging in SS.
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2.2.5 MicroRNA Panels for the Detection of Early
Inflammatory Activation

Exosome-derived miRNAs in saliva and glandular tis-
sues are emerging as promising, non-invasive biomarkers
for the early detection and screening of pSS. Panels in-
cluding miRNAs such as let-7b-5p and miR-1290 have
emerged as non-invasive biomarkers that mirror early ep-
ithelial stress and immune cell activation, supporting their
potential role in preclinical disease detection [49]. Multi-
ple studies have confirmed that miRNA expression is sig-
nificantly altered in pSS across various tissues and flu-
ids, including saliva, tears, conjunctival cells, and immune
cell subsets [50,51]. Key miRNAs, such as let-7 fam-
ily members, miR-146a, miR-155, miR-181a, miR-30b-
5p, and miR-130a, are consistently deregulated in pSS and
target pathways involved in immune regulation, inflam-
mation, and glandular damage [52]. For example, miR-
146a and miR-155 are upregulated in peripheral blood and
glandular tissues, correlating with disease activity and in-
flammatory cytokine production [52]. Downregulation of
miR-130a and miR-708 in DCs and glandular tissues is as-
sociated with increased cell activation and the release of
pro-inflammatory cytokines [53]. These miRNAs are sta-
ble, easily detected in exosomes, and reflect the underlying
pathophysiology of early glandular inflammation, making
them attractive candidates for early screening and risk flag-
ging in clinical practice.

2.3 Biomarkers for Seronegative and Atypical
Presentations

Approximately one-third of pSS patients present with-
out detectable anti-Ro/SSA or anti-La/SSB autoantibod-
ies. This subgroup is commonly referred to as “seroneg-
ative”, with the patients often facing diagnostic delays or
misclassification due to the absence of conventional mark-
ers and the variable presentation of sicca symptoms, fa-
tigue, or neuropathic features [16,42]. In the absence of
anti-SSA/SSB, seronegative patients often exhibit local an-
tibody responses, such as anti-M3 muscarinic acetylcholine
receptor (M3R) or anti-calreticulin (CALR). These are pro-
duced within ectopic GCs forming at sites of epithelial-
immune crosstalk (Fig. 1A).

2.3.1 Novel Autoantibodies for Seronegative Cases

A study has revealed that anti-DTD2 and anti-RESF1
autoantibodies have been identified in seronegative pSS pa-
tients, where they strongly associate with histopathologic
evidence of glandular infiltration, highlighting their poten-
tial to complement tissue-based diagnosis [16]. These au-
toantibodies correlate with lymphocytic infiltration in the
labial gland, thus potentially substituting for histological
confirmation in selected cases. Similarly, auto-antibodies
against CALR, identified in both seropositive and seroneg-
ative patients, target SGECs and are linked to elevated in-
flammatory markers (erythrocyte sedimentation rate, IgG

subclasses, fibrinogen) and systemic features like weight
loss and vasculitis [42]. The local expression of CALR cor-
relates with immune cell infiltration, making it both a diag-
nostic and a mechanistic marker.

2.3.2 Salivary Gland and Mucosal Markers

Glandular autoantibodies such as anti-M3R and anti-
SP-1/PSP/CA6 are particularly useful in seronegative in-
dividuals. They are frequently found in younger or early-
stage patients prior to the appearance of SSA/SSB, and cor-
relate with glandular dysfunction such as reduced saliva
flow and elevated focus score [32,54,55]. For example, al-
though anti-M3R IgG is not part of the classification crite-
ria, it is negatively correlated with salivary flow rates and
positively correlated with histopathological focus scores,
indicating more severe glandular inflammation and acinar
damage in antibody-positive patients [56].

2.3.3 miRNAs and Non-Coding RNAs in Seronegative
Diagnosis

Salivary exosome-derived miRNAs are highly sta-
ble and accessible in seronegative patients. These miR-
NAs likely reflect local immune activation and epithelial
stress independent of systemic seropositivity, offering an
orthogonal diagnostic axis. Beyond miRNAs, long non-
coding RNAs (CTA-250D10.23, GABPB1-AS1) and cir-
cular RNAs (has_circ_001264) also show promise in strat-
ifying seronegative cases. These RNAs demonstrate differ-
ential expression profiles in glandular tissue and blood, cor-
relating with C-X-C motif chemokine ligand 13 (CXCL13)
levels and B-cell hyperactivity [57-60].

2.3.4 Salivary Proteomic and Metabolomic Profiles

Despite negative serology results, seronegative pSS
patients often show proteomic and metabolic shifts. For
example, a diagnostic panel of CFB, CLU, and NE per-
forms well in early-stage and seronegative pSS [42].
Metabolomic studies further identify kynurenine and
phenylalanyl-alanine as potential indicators of immune dys-
regulation, with the former reflecting IFN-~v-induced tryp-
tophan catabolism [47,61]. These profiles capture bio-
chemical alterations prior to the development of antibodies,
highlighting their value in the preclinical or “incomplete”
pSS phase.

2.4 Biomarkers for Risk Stratification and Prognosis

The clinical course of pSS varies widely, from
glandular-limited disease to systemic complications and
lymphoproliferative disorders. Prognostic biomarkers have
therefore become essential for stratifying patients by dis-
ease severity, extra-glandular involvement, and risk of pro-
gression. The chemokine CXCL13 is consistently associ-
ated with higher scores in the EULAR Sjogren’s syndrome
disease activity index (ESSDAI), systemic manifestations,
and the development of MALT lymphoma. Its overexpres-
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sion in salivary glands and elevated serum levels correlate
with GC-like structures and lymphoid infiltration. A serum
cutoff of 123.45 pg/mL for CXCL13 has been suggested to
identify patients at increased risk of lymphoma [62].

The IFN-I axis remains a dominant pathway in pSS
pathogenesis. Patients with a high interferon-stimulated
gene (ISG) signature exhibit more active systemic disease,
increased autoantibody titers, and reduced response to B-
cell-targeted therapies [63—65]. Corresponding epigenetic
features, such as hypomethylation at IFN-responsive loci
[e.g., [FI44L, interferon-induced protein with tetratricopep-
tide repeats 1 (IFIT1)], serve as stable indicators of height-
ened immune activation. A DNAm-based IFN score identi-
fies pSS patients with earlier onset, high serologic activity,
and increased lymphoma susceptibility [17,66].

BAFF is another critical molecule linked to disease
progression. Elevated BAFF expression in serum, salivary
glands, and epithelial cells reflects chronic immune stimu-
lation and correlates with autoantibody positivity and sys-
temic inflammation [67,68]. Clinical trials of BAFF block-
ade have shown promising results, with baseline BAFF lev-
els predicting therapeutic response [69]. Elevated CXCL13
and BAFF levels reflect the persistence of organized lym-
phoid structures within glandular tissues, which serve as
niches for lymphoproliferative risk (Fig. 1B) and may con-
tribute to extra-glandular dissemination via peripheral im-
mune cell trafficking (Fig. 1C).

Serological markers other than SSA/SSB are increas-
ingly being used for phenotype stratification. Anti-IF116
correlates with high focus scores, hyperglobulinemia, and
GC formation [70], while anti-cofilin-1, anti-a-enolase,
and anti-Rho GDP-dissociation inhibitor 2 (RGI2) are
linked to lymphoma risk. Autoantibodies such as anti-
tonsoku-like (TONSL) and anti-thymopoietin (TMPO) are
associated with ILD, and panels targeting FNBP4, SNRPC,
and CCL4 have shown high specificity for systemic pSS,
even in SSA-negative patients [5,15]. A recent multi-omics
study has identified molecular CLU based on transcrip-
tomic and DNAm profiles. One CLU, characterized by
high IFN activity and CD47/CD8* T cell activation, was
associated with severe systemic disease, lymphopenia, and
cytokine-driven inflammation [71].

2.5 Composite and Omics-Driven Biomarkers for
Precision Diagnosis

Recent advances in high-throughput profiling tech-
nologies have enabled a more holistic approach to
biomarker discovery in primary pSS, moving beyond iso-
lated molecular features toward integrated, multi-parameter
models. Multi-omics analyses now allow integration of
biomarkers across compartments, linking local epithelial
stress (salivary proteomics) (Fig. 1 A), immune gene expres-
sion patterns in affected tissue (Fig. 1B), and circulating in-
flammatory profiles (Fig. 1C).
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Transcriptomic profiling has revealed reproducible
immune expression patterns in pSS, most notably the en-
richment of type I ISG CLUs. Stratification based on IFN-
high versus IFN-low expression identifies patients with dis-
tinct immunological activity, systemic features, and dif-
ferential treatment response [72,73]. The clinical rele-
vance of this signature is further enhanced by the integra-
tion of DNAm data, particularly hypomethylation at IFN-
responsive loci such as /F/44L and [FITI. This reflects
sustained pathway activation and correlates with systemic
manifestations and lymphoma risk [17,66]. Combinatorial
models have emerged as a next-generation diagnostic ap-
proach.

Similarly, metabolomic signatures derived from saliva
and gland tissue have demonstrated potential for compos-
ite diagnostics. The tryptophan-kynurenine pathway, a
marker of IFN-vy-driven immune activation, shows a strong
correlation with anti-SSA positivity, while phospholipid
and dipeptide profiles distinguish early-stage disease from
healthy controls [47,61]. Efforts to merge transcriptomic
and epigenomic data have identified functional patient
CLUs. In one study, four molecular subtypes were identi-
fied based on whole-blood multi-omic profiling, including
transcriptomic and epigenetic data, with one CLU showing
a healthy-like blood immune profile and the others charac-
terized by INF-, lymphoid-, and inflammatory/neutrophil-
associated signatures [74]. The integration of omics-
derived biomarkers into composite panels is being accel-
erated by machine learning models that weigh multiple an-
alytes across platforms. Predictive panels that combine ge-
netic features such as TTC214, HES4, transcriptomic, and
proteomic features have demonstrated near-perfect diag-
nostic accuracy in some ethnic subgroups [ 18], underscor-
ing the potential of this approach in future clinical transla-
tion.

2.6 Emerging and Translational Biomarkers

The pursuit of novel biomarkers in pSS continues to
evolve toward frontier technologies and exploratory tar-
gets that extend beyond conventional serology and tran-
scriptomics. Novel biomarkers such as exosomal RNAs
and tear-derived cytokine panels are emerging as indicators
of local epithelial stress and immune activation (Fig. 1B),
while animal models faithfully replicate these processes in
early glandular lesions (Fig. 1A).

Exosomes are nanoscale extracellular vesicles that
carry proteins, lipids, and nucleic acids. They are increas-
ingly recognized as being stable, cell-specific reporters
of disease activity. In pSS, salivary- and serum-derived
exosomes have been found to contain distinct proteomic
and RNA cargos, reflecting epithelial stress, B-cell activa-
tion, and immune dysregulation [75,76]. Proteomic anal-
yses have revealed enrichment of epithelial-derived pro-
teins associated with ferroptosis, while exosomal miRNAs
(e.g., let-7b-5p) and circular RNAs (e.g., has_circ_001264)
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demonstrate diagnostic specificity and correlation with im-
mune cell infiltration [49,58]. Exosomes are accessible via
non-invasive sampling and remain stable under standard
storage conditions, making them attractive for future point-
of-care diagnostics.

The tear film represents another promising matrix for
biomarker discovery, particularly in ocular-dominant phe-
notypes of pSS. Beyond classical tests like Schirmer’s test
and ocular staining, multiplex tear proteomics has revealed
a constellation of upregulated cytokines (IL-1c, IL-6, IL-
17A, CXCL13) and downregulated secretory proteins such
as lactoferrin and lipocalin-1 [39,46,77]. Tear autophagy-
related 5 (ATGS) levels are significantly elevated in SS dry
eye and correlate with ocular surface damage, suggesting
its potential as a disease-specific biomarker [78]. Ongo-
ing efforts to develop composite tear panels may offer non-
invasive alternatives to glandular biopsy and help stratify
ocular disease severity.

Insights from animal models continue to inform stud-
ies on early-phase biomarker identification. In IL14a-
transgenic and nonobese diabetic mice, the development of
anti-SP-1 and anti-M3R antibodies precedes clinical fea-
tures, thereby validating their utility in preclinical detec-
tion [56,79,80]. Additionally, experimental interventions
targeting the IFN and BAFF pathways have led to predicted
changes in the expression of downstream biomarkers, pro-
viding a translational bridge between mechanistic studies
and clinical monitoring [80].

3. Clinical Manifestations of Primary
Sjogren’s Syndrome

3.1 Beyond Sicca: The Myth of “Glandular-Limited”
Disease

Transcriptomic evidence highlights the extensive im-
mune dysregulation lurking beneath glandular-only symp-
toms. In a multi-omic analysis of >300 pSS cases, three
of four molecular endotype CLUs exhibited pronounced
activation of innate and adaptive immune pathways, de-
spite having similar clinical phenotypes [74]. One CLU
was dominated by IFN-stimulated gene expression, another
by B-cell activation (upregulated B-cell receptor signaling
and IL-7 pathways), and a third by broad inflammatory cy-
tokine signatures [74,81]. Strikingly, only the fourth sub-
set, representing approximately 25% of patients, showed
a “healthy-like” profile with minimal transcriptomic de-
viation [81]. Thus, the majority of pSS patients, includ-
ing many classified as glandular-limited, demonstrate sig-
nificant immunoactive signatures in blood transcriptomics.
Even within the clinically “quiet” subgroup, those posi-
tive for anti-Ro/SSA antibodies show upregulation of IFN-
inducible genes compared to healthy individuals [81]. This
pervasive IFN-I signature in ostensibly mild cases has been
detected in peripheral blood, salivary gland tissue, tears,
and saliva [82]. Upregulation of transcripts like myxovirus
resistance 1 (MX1), IFITI, and ISG15 is common, reflect-

ing an antiviral state that correlates with disease-specific
autoantibodies and focal lymphocytic infiltration in glands
[83]. Notably, pDCs, the key producers of IFN-¢, infiltrate
the salivary glands in pSS but not in sicca-control glands
[73], reinforcing the observation that local IFN activation
occurs even in patients without overt systemic disease.

Beyond transcriptomes, proteomic and cellular data
confirm that sicca-dominant patients often mount the same
immune responses that are classically associated with sys-
temic involvement. For example, elevated serum levels
of IFN-induced chemokines, such as CXCL10/interferon
gamma-induced protein 10 (IP-10) and CXCLI11, and an-
tiviral proteins like MX1 are detectable in many glandular-
only pSS cases [84]. These circulating biomarkers are
tightly correlated with salivary gland IFN activity and lym-
phocytic infiltration, providing a window into “hidden”
glandular inflammation [84]. B-cell hyperactivity is an-
other hallmark, and patients with pure sicca symptoms fre-
quently exhibit high titers of RF or anti-Ro/La antibodies,
reflecting an ongoing adaptive immune response. BAFF,
a cytokine crucial for B-cell survival, is significantly ele-
vated in the blood and salivary tissue of pSS patients, even
in the absence of systemic lesions [85,86]. BAFF levels
correlate with autoantibody titers and global disease activ-
ity, indicating that clinical dryness does not equate to im-
munological calm. On the contrary, patients with the high-
est BAFF concentrations show exuberant B-cell activation
and may even develop lymphoid follicles in their salivary
glands [85,87]. Such ectopic GC-like structures can arise
in so-called “limited” disease and are known precursors to
lymphoma, a serious systemic complication [85]. Type I
and II IFNs themselves consistently drive BAFF produc-
tion by monocytes and glandular cells [86,88,89], creating
a feed-forward loop of B-cell stimulation even in patients
without clinically obvious extra-glandular symptoms.

Recent epigenetic data further substantiate the pres-
ence of immunopathological changes from the onset of dis-
ease, irrespective of phenotype. DNA methylation profil-
ing of blood from pSS patients identified IFN-regulated
genes (/FI44L, MX1, IFITT) that were hypomethylated and
therefore presumably transcriptionally poised. This was ob-
served across different patient subgroups, including those
with predominantly sicca manifestations [17,74]. Such epi-
genetic alterations were not seen in healthy controls, thus
reinforcing the notion of an intrinsic “ready-to-activate”
state of the immune system in pSS patients generally. In
essence, the molecular groundwork for systemic autoim-
munity is laid even in glandular-focused disease. The tradi-
tional dichotomy of “mild sicca” versus “severe systemic”
is blurred in light of findings that IFN pathway genes show
a similar hypomethylation status in patients with only dry
eyes as in those with multi-organ involvement [74]. As a
result, two individuals with similar tear and saliva gland
symptoms might be at opposite ends of a molecular activity
spectrum: one with minimal immune perturbation, and the
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other with high IFN-BAFF signaling. This unseen hetero-
geneity is masked by the overlapping phenotypes. Fig. 1 il-
lustrates the concept further. Sex-based clinical differences
and multisystem manifestations can intersect in complex
ways, underscoring that outward phenotype alone (male
with female, or sicca-only with systemic) often fails to pre-
dict the underlying immune landscape.

Collectively, these insights recast “glandular-limited”
pSS as part of a trajectory of pathogenic activity rather
than as a benign or interim stage. In fact, longitudinal data
show that most pSS patients will eventually develop extra-
glandular complications over time [85]. The magnitude of
subclinical immune activation may be what differentiates
patients who progress from those who remain sicca-only.
For example, a high IFN gene signature in blood is asso-
ciated with greater disease activity and higher odds of sys-
temic features (vasculitis, arthritis), whereas patients who
lack this signature tend to have more restricted disease [85].
Intriguingly, a predominant type II IFN (IFN-v) signature
has been linked to specific and severe outcomes like lym-
phoma [90], suggesting that different molecular patterns
confer different risks. “Mild” pSS may therefore be a mis-
nomer, as many ostensibly mild cases already have the im-
munologic ingredients for severe disease. Recognizing this
hidden immunopathology has practical implications, and a
biomarker-driven approach to pSS is paramount. Through
early profiling of the patients” IFN status, BAFF levels,
or B-cell gene expression, clinicians may be able to iden-
tify high-risk individuals among the sicca-only population
[85,91]. Rather than feeling reassured that a patient with no
arthritis or vasculitis is safely “low risk™, it can now be ap-
preciated that molecular red flags, an IFN-high, BAFF-rich
profile, dense GC-like foci on gland biopsy, and epigenetic
derepression of immune genes may signal impending sys-
temic involvement, even in the absence of current systemic
symptoms [84]. In summary, advanced omics have un-
masked a critical truth: pSS patients with glandular symp-
toms only may harbor disease that is as immunologically
active as “full-blown” cases.

3.2 Sex, Hormones, and the Molecular Immune Switch

PSS exhibits one of the strongest female predisposi-
tions among autoimmune diseases, with ~90% of patients
being women [79,92]. This profound sex bias influences
not only the disease prevalence but also clinical patterns,
with female patients more often developing comorbid thy-
roid autoimmunity and chronic pain syndromes. Although
fewer in number, male pSS patients have higher rates of se-
vere extra-glandular complications such as ILD and lym-
phoma [92]. As shown in Fig. 2, these differences un-
derscore how sex-based factors fundamentally shape the
pSS immune landscape, warranting their consideration in
prognostic stratification. Indeed, male sex is associated
with elevated lymphoma risk, especially in the presence
of biomarkers like RF and cryoglobulins, whereas females
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tend to mount stronger B-cell autoimmune responses [92].
The mechanistic underpinnings for this “molecular immune
switch” between the sexes involve an interplay of genetic
(sex chromosome) dosage, hormonal milieu, and epigenetic
regulation.

3.2.1 X-Chromosome Dosage and Gene Escape

The X chromosome carries numerous immune-
regulatory genes that are relevant to pSS, including TLR7,
CD40 ligand (CD40LG), forkhead box P3 (FOXP3), and
interleukin 2 receptor subunit gamma (/L2RG) [93]. A key
genetic distinction is that females possess two X chromo-
somes, one of which is normally inactivated, while males
have only one. Certain X-linked genes can escape X-
inactivation, resulting in biallelic expression in females
[94,95]. This includes TLR7 (encoding Toll-like receptor
7 at Xp22) and CD40LG, both of which are crucial for an-
tiviral and B-cell signaling. TLR7 overexpression can am-
plify TLR pathways and downstream IFN-I production, a
signature immune pathway in pSS [93-95]. Female pSS pa-
tients have higher 7LR7 expression and 7LR7 hypomethy-
lation in their immune cells compared to men, correlating
with elevated IFN-I activity [94,95]. The net effect is a
“double dose” of pro-autoimmune gene expression in fe-
males when X-linked immune genes are variably expressed
from both X copies [96]. Epidemiological data support this
gene-dosage model: women with an extra X chromosome
(47, XXX) have about a 2.5-3-fold higher prevalence of
pSS than 46, XX women, and an estimated 40-fold greater
risk than 46, XY men. In other words, each additional X
copy confers substantial autoimmune susceptibility. This
X-linked dosage effect appears to be a stronger risk factor
for pSS than any single-gene polymorphism, accounting for
the marked female predominance of the disease [97]. No-
tably, a similar enrichment of 47, XXX karyotypes is seen
in systemic lupus, reinforcing the paradigm that X chro-
mosome “load” is directly tied to autoimmune risk [90,98].
X-linked genes that escape inactivation [CD40LG, C-X-C
motif chemokine receptor 3 (CXCR3), IL2RG] are signif-
icantly hypomethylated and overexpressed in the salivary
gland tissue of pSS patients [23], suggesting that both ge-
netic dose and epigenetic derepression of the X chromo-
some contribute to female-biased immune activation.

3.2.2 Modulation by Estrogen, BAFF, and Type |
Interferon

Sex hormones further tilt the immune balance, with
estrogens generally promoting humoral immunity. For ex-
ample, 173-estradiol can enhance B-cell survival and anti-
body production [99]. Female pSS patients show higher B-
cell hyperactivity and autoantibody titers than males [92],
consistent with the pro-B-cell influence of estrogen. An-
other key mediator is the BAFF cytokine, which is essen-
tial for B cell maturation and longevity. BAFF levels are
elevated in pSS patients (even more so than in related au-
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toimmune diseases) and correlate with autoantibody lev-
els [69,100]. Importantly, estrogen can indirectly increase
BAFF production, as demonstrated in other autoimmune
contexts. In Graves’ disease, circulating BAFF levels were
higher in women than in men, and exogenous estrogen in-
creased serum BAFF levels in autoimmune thyroiditis mice
[101]. This hormone-BAFF link offers a mechanistic basis
for elevated B-cell responses in females: estrogen signal-
ing sustains BAFF-driven survival of autoreactive B cells,
whereas androgens tend to restrain B-cell maturation and
may counter-regulate BAFF. Men have higher androgen
levels and a lower incidence of pSS and lupus, suggesting
that androgens exert immunosuppressive effects [99,102].
Androgen levels wane with age in both sexes, thereby shift-
ing the balance and potentially contributing to disease emer-
gence in midlife. Intriguingly, the onset of pSS in women
peaks around the peri-menopausal period [103], when es-
trogen levels decline. While estrogen is generally consid-
ered to be immunostimulatory, its loss may remove pro-
tective effects on glandular tissue. Estrogen supports the
health of salivary and lacrimal epithelial cells, inhibiting
Fas-mediated apoptosis [104,105]. Animal models confirm
that estrogen replacement protects exocrine glands from at-
rophy [104,105]. Thus, menopause-related falls in the es-
trogen level could facilitate glandular damage and autoanti-
gen release, triggering pSS in susceptible women. More-
over, hormonal fluctuations during menarche, pregnancy,
and postpartum are thought to modulate pSS disease ac-
tivity [106], further implicating sex hormones in the dy-
namics of this disease. On a molecular level, estrogen can
enhance the innate immune response, with estradiol sig-
naling via estrogen receptor alpha causing an increase in
IFN-I production [106]. IFN-I is a central cytokine axis in
pSS pathogenesis, driving gene expression signatures and
systemic features. Female pSS patients typically exhibit
a signature of high expression of IFN-regulated genes in
blood and salivary glands. This IFN-I hyperactivity is as-
sociated with extra-glandular manifestations and serologi-
cal autoimmunity. The ability of estrogen to amplify the
TLR7 and IFN pathways provides a plausible explanation
as to why women develop a stronger interferogenic re-
sponse than men [30,106]. In contrast, testosterone and its
derivatives can be immunoprotective. For example, andro-
gen activity supports lacrimal and meibomian gland func-
tion, and dihydrotestosterone has been shown to suppress
pro-inflammatory gene expression in human meibomian
gland epithelial cells [102]. A deficiency of androgens,
as occurs in aging or in certain endocrinopathies, has been
linked to worse glandular dryness [107], hence reinforcing
the notion that estrogen-androgen balance modulates pSS
severity.

3.2.3 Epigenetic Factors and the Interferon Switch

Beyond DNA sequence, sex differences in epigenetic
regulation can affect the immune dysregulation observed
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in pSS. Genome-wide methylation studies have revealed
that pSS patients exhibit significant DNA hypomethyla-
tion at numerous immune genes relative to healthy con-
trols [23,99]. Notably, many of these demethylated loci are
ISGs and X-linked genes, implicating both the IFN pathway
and the X chromosome in disease pathogenesis [30]. Hy-
pomethylation leads to overexpression of the corresponding
genes, effectively acting as an epigenetic amplifier of im-
mune activation. For instance, the prominent ISG /F144L is
significantly upregulated in the B cells of pSS patients, and
its promoter is concurrently hypomethylated [17]. Higher
IFI44L expression (and lower methylation) correlates with
disease activity indices and immunoglobulin levels, high-
lighting IFI44L as both a molecular effector and a candi-
date biomarker of the pSS IFN signature. More broadly, an
“IFN methylation score”, based on the degree of demethy-
lation of IFN-regulated genes, has been used to define pa-
tient subsets in pSS [30]. Patients with the most severe sys-
temic disease show pronounced hypomethylation of IFN
genes and CLU in epigenetic analyses [23]. Intriguingly,
several X-linked immune genes, such as CD40LG, IL2RG,
and Wiskott-Aldrich syndrome (WAS), are among those hy-
pomethylated in pSS salivary glands [23], suggesting the
convergence of sex chromosome effects and epigenetics.
Female-biased factors such as X-escape and estrogen can
influence epigenetic marks. For example, estrogen recep-
tor signaling recruits chromatin-modifying enzymes that in-
duce DNA demethylation at specific promoters. Lifelong
exposure to estrogens, in tandem with genetic X-dose ef-
fects, is likely to skew the epigenome of immune cells in
females toward an autoimmune-prone state.

3.3 Clinical Clusters Versus Immune Endotypes: Where
Do They Align and Diverge?

PSS exhibits striking heterogeneity, prompting efforts
to classify patients into clinical CLUs based on symptoma-
tology and immune endotypes based on underlying molecu-
lar profiles. Clinical CLUs identified by data-driven analy-
ses often distinguish patients with predominant sicca symp-
toms (dryness with fatigue/pain) from those with significant
systemic involvement [108]. For example, a large interna-
tional cohort study defined four symptom-based CLUs: low
symptom burden, dryness-dominant with low pain/fatigue,
dryness with high pain, and high symptom burden (HSB)
across all domains [108]. Notably, patients in the HSB
CLU reported severe fatigue and pain, but paradoxically
had milder objective disease (fewer organ complications,
normal lab markers) than other CLUs [108,109]. There-
fore, self-reported symptom severity does not always mir-
ror immunological activity. In fact, HSB patients are often
heavily treated with immunosuppressants, despite the ab-
sence of high levels of serologic or inflammatory markers,
highlighting a divergence between symptomatic CLUs and
classical immune features [108].
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In contrast, immune endotyping of pSS has revealed
subgroups defined by molecular drivers such as IFN-I
signaling, B-cell activation, and epigenetic modifications.
Roughly half of pSS patients demonstrate a prominent IFN-
regulated gene signature (“IFN-high” endotype) character-
ized by upregulation of ISGs in blood and tissue [110].
The IFN-high endotype correlates strongly with seroposi-
tivity (anti-SSA/SSB antibodies) and higher systemic dis-
ease activity [110,111], aligning with clinically “active”
disease CLUs. Indeed, a recent multi-cohort study inte-
grating transcriptomes found that circulating IFN-«¢ pro-
tein levels (detectable in ~75% of patients) were signifi-
cantly associated with systemic manifestations at baseline
and predicted new extra-glandular complications over 5
years [110]. This suggests that an IFN-driven endotype un-
derlies the propensity for systemic disease, in contrast to
patients lacking this signature who tend to have more lo-
calized sicca symptoms. Other immune endotypes have
been proposed based on B-cell hyperactivity markers. For
instance, elevated levels of BAFF and CXCL13 define a
serologically active endotype linked to autoantibody pro-
duction, GC formation, and lymphoma risk [112,113]. Pa-
tients in this category often align with CLUs having B-cell-
rich pathology (parotid gland swelling, lymphadenopathy)
rather than purely symptomatic complaints. In one study,
“B-cell active, low symptoms” (BALS) patients formed a
distinct CLU with high immunologic activity but surpris-
ingly low dryness/fatigue burden [114]. However, over
time, this BALS subgroup showed worsening disease states
and accounted for a disproportionate share of serious out-
comes like lymphoma. In contrast, the converse CLU of
low systemic activity and high symptoms (LSAHS) showed
few immunologic derangements and no lymphomas [114].
These findings illustrate where clinical and immune stratifi-
cations align and where they diverge. CLUs defined by ob-
jective systemic involvement (BALS, high systemic activ-
ity) map to immune endotypes such as IFN-high or BAFF-
high profiles, whereas CLUs defined by subjective symp-
toms (HSB, LSAHS) often lack a distinct immune signa-
ture.

Several high-profile analyses support this interplay.
McCoy et al. [108] observed that symptom-based CLUs
with high pain/fatigue did not correlate with elevated in-
flammatory markers, emphasizing a “neuro-immune” or
nociceptive dimension to pSS that is distinct from classic
autoimmune endotypes. In contrast, molecular CLU of pSS
patients by multi-omics data (transcriptomics and DNAm)
yielded four robust endotypes, of which one had minimal
immune activation, and the others were defined by strong
IFN-driven inflammation, T cell/B cell activation, and cy-
tokine excess [115,116]. Interestingly, the clinically mild
“seronegative” patients likely populate the low-immune
CLU, whereas patients with high IFN scores, lymphope-
nia, and hypergammaglobulinemia populate the immune-
active CLUs [117]. Thus, partial alignment can be found
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when considering clinical CLUs versus immune endotypes.
Groups with systemic complications generally exhibit the
corresponding immune signatures (IFN, BAFF/CXCL13,
etc.), whereas those defined by patient-reported sicca symp-
toms or fatigue may diverge, reflecting mechanisms (neu-
roimmune pain, glandular dysfunction) that are not cap-
tured by standard immune biomarkers [108].

3.4 Organ Tropism as a Surrogate for Immune Axis
Activation

The pattern of organ involvement in pSS, or organ
tropism, often serves as a clinical proxy for the dominantly
active immune axis. In essence, the specific organs targeted
by pSS can reflect how the immune system is misfiring.
Patients with disease confined to exocrine glands (salivary
and lacrimal) and presenting primarily with sicca symptoms
tend to have a more localized autoimmune response. In con-
trast, patients with extra-glandular manifestations (arthri-
tis, vasculitis, lung or kidney involvement) usually harbor
a broader systemic immune activation [110]. For exam-
ple, systemic vasculitic features such as palpable purpura,
skin ulcers, or glomerulonephritis almost invariably indi-
cate the presence of circulating immune complexes (RF-
IgG complexes), cryoglobulins, and hypocomplementemia
[118-120], pointing to a B-cell-driven immune complex
axis. Accordingly, patients with cutaneous vasculitis in pSS
are often those with high titers of RF, hypergammaglobu-
linemia, elevated BAFF levels, and an IFN-I gene signature
that perpetuates B-cell activation [110]. Clinically, this cor-
responds to the classic “high-risk” pSS phenotype that is
prone to systemic damage and lymphoma. Indeed, retro-
spective analyses have shown that individuals who develop
lymphoma often have a history of organ-specific compli-
cations such as vasculitis, parotid gland enlargement, or
lymphadenopathy, together with serological hallmarks of
B-cell hyperactivity [anti-Ro/SSA, low complement com-
ponent 4 (C4), etc.] [114].

Conversely, patients whose organ tropism is limited to
the glands (salivary/lacrimal) and have no major systemic
involvement often lack those immune signatures. These
sicca-dominant patients may be seronegative and have nor-
mal complement levels, suggesting only modest engage-
ment of the adaptive immune axis. Their pathology may
be driven more by local tissue-specific factors (glandular
epithelial stress and local T/B cell foci) than systemic IFN
surges [114]. This concept is supported by epigenetic data.
For instance, patients with no systemic manifestations ex-
hibit higher DNAm (quiescence) at IFN-regulated gene loci
such as [FI44L and IFIT], whereas those with multisystem
disease show pronounced hypomethylation (activation) at
these loci in immune cells [17]. In other words, the lack of
organ spread correlates with a silenced IFN axis. Clinicians
intuitively use organ tropism as a guide. PSS patients who
present solely with dry eyes and mouth (no arthritis, no vas-
culitis) are often thought to have a more benign immunolog-

&% IMR Press


https://www.imrpress.com

ical profile, whereas those with Iung lesions or neuropathy
raise suspicion of an “immune-high” state needing systemic
therapy.

Specific organ involvement can map to particular im-
mune pathways. For example, arthritis in pSS tends to be
associated with higher IL-21 levels and a skewing of Tth-
B cell interactions, analogous to rheumatoid-like inflam-
mation of joints [113]. A 2021 study found that pSS pa-
tients with active synovitis had significantly elevated IL-
21 and IL-22 levels, correlating with altered B and T cell
subsets (lower memory B cells, higher CD4™1 T cell acti-
vation) [113]. This suggests the Th17/Tth axis drives ar-
ticular disease. In contrast, pulmonary involvement (such
as ILD) in pSS often co-occurs with high titers of SSA/Ro
and RF, implicating the immune-complex/IFN axis. Inter-
estingly, the /L-1/4« transgenic mouse model of pSS reca-
pitulates this, as the mice progress from glandular lesions
to lung involvement in parallel with escalating B-cell ac-
tivation and autoantibody production [121]. The /L-/4«
model demonstrates that once the B-cell axis reaches a cer-
tain threshold where it produces immune complexes that
deposit in organs, the pathology extends to the lungs and
even the kidneys [121]. Thus, lung and renal tropism in
pSS can be viewed as a surrogate for high-level B-cell
immunity driving systemic immune complex deposition.
Likewise, peripheral neurologic involvement in pSS spans
multiple mechanisms. Small-fiber neuropathy might re-
late to chronic IFN-mediated dorsal root ganglion dam-
age, whereas mononeuritis multiplex (vasculitic neuropa-
thy) clearly implicates the immune complex-complement
cascade. The presence of mononeuritis or central nervous
system lesions in pSS patients almost always flags an ag-
gressive immune phenotype requiring prompt immunosup-
pression [121].

Sex-based differences in organ tropism also reflect un-
derlying immune axis biases. Recent research has identi-
fied TLR7, an X-linked innate sensor, as a key driver of
female-biased manifestations in pSS [122]. In a murine
model of pSS, female mice exhibited more severe nephri-
tis and hypergammaglobulinemia than male mice, whereas
the males had more dacryoadenitis (lacrimal gland inflam-
mation) [122]. Knocking out TLR7 protected females from
systemic inflammation and reduced renal disease and au-
toantibodies, but intriguingly led to worse glandular disease
in males [122]. This indicates that TLR7-driven IFN sig-
naling disproportionately favors certain organ-specific dis-
eases in females (kidney, systemic autoimmunity), again
linking an organ (kidney) with an immune axis (7LR7-
IFN« pathway). These findings reinforce the notion that
behind each manifestation of pSS lies a dominant immune
pathway. Gland-restricted disease is often tied to local lym-
phocytic infiltration and epithelial triggers, whereas sys-
temic organ disease usually indicates the dominance of a
systemic cytokine or B-cell axis (IFN-I, BAFF-CXCL13
cascade, or Th17 cytokines).
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3.5 Toward Biomarker-Defined Clinical Phenotypes

As our understanding in this field deepens, pSS phe-
notypes are starting to be redefined not just by their clinical
presentation, but also by the biomarker profiles that drive
them. The ultimate goal is to integrate serologic, genomic,
and molecular markers into the clinical taxonomy of pSS
to yield biomarker-defined phenotypes that can guide per-
sonalized therapy. This approach stems from the recogni-
tion that traditional phenotypes (sicca-only versus systemic
pSS) are quite broad and can miss critical distinctions in
the underlying immunopathology [108]. For instance, two
patients may both have “high systemic activity” clinically,
but one might be IFN-high and the other [FN-low, with very
different responses to therapy [110]. The incorporation of
biomarkers such as the IFN-I signature, BAFF levels, or
unique epigenetic marks is likely to resolve such differ-
ences.

A prime example is the IFN-I signature. Rather than
treating pSS as one disease, investigators now stratify pa-
tients by IFN status, leading to novel insights in the research
context. Trutschel e al. [110] showed that an IFN-« “high”
subgroup could be identified by a combination of gene ex-
pression and serum protein assays. This subgroup had much
higher levels of disease activity and rates of systemic pro-
gression than IFN-low patients. The translational impli-
cations are that selective targeting of the IFN axis (e.g.,
with anifrolumab, an anti-IFN receptor antibody) might be
specifically effective in IFN-positive pSS. Although not
yet approved for pSS, anifrolumab has revolutionized the
care of lupus patients and is under early investigation for
the treatment of pSS [123]. In line with the paradigm of
biomarker-defined phenotypes to guide treatment, clinical
trials of an IFN inhibitor for pSS would likely enroll pa-
tients identified by the IFN gene signature assay. A similar
logic applies to BAFF, given the elevated BAFF levels in
many pSS patients and the disappointing results of BAFF
blockade in unstratified trials to date. Future studies may
focus on patients with BAFF-high endotypes, possibly de-
fined by concurrent high CXCL13 or autoantibody titers.
Such patients should, in theory, derive greater benefit from
BAFF inhibition [113].

Beyond individual markers, composite biomarker
scores are emerging to capture the multidimensional im-
mune landscape of pSS. One promising tool is the DNAm-
based IFN score, which assesses epigenetic activation of the
IFN pathway. In a recent study, the DNAm IFN score was
calculated from the methylation level of several ISGs [rad-
ical S-adenosyl methionine domain-containing 2 (RSAD?2),
IFIT1, IFI44L]. This was elevated in 59% of pSS pa-
tients and was strongly associated with earlier disease on-
set, seropositivity (Ro/La antibodies), hypergammaglobu-
linemia, low C4, and the likelihood of concurrent or future
lymphoma [66]. Importantly, this epigenetic score provides
a stable, blood-based biomarker that can define a clinically
relevant phenotype. Patients with a high DNAm IFN score
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represent the classic, high-risk immune-active phenotype,
whereas those with a low DNAm IFN score belong to the
more benign phenotypes. The authors propose the adoption
of such an IFN score for patient stratification in trials and
for monitoring disease activity [66]. Along similar lines,
high-throughput proteomics and machine learning are being
harnessed to generate multivariate biomarker panels. Berry
et al. [124] identified distinct serum protein networks cor-
responding to clinical subtypes of pSS. By overlaying pro-
teomic data on their previously defined clinical CLUs, they
could pinpoint which pathways were enriched in each sub-
type [e.g., IL-6 signaling, metabolic stress regulators such
as Forkhead box protein O1 (FOXO1) and BTB domain and
CNC homolog 1 (BACHI)] [124]. Strikingly, when they
re-analyzed a clinical trial of tocilizumab (IL-6 blockade)
by stratifying patients according to these biomarker-defined
subtypes, only the subset with the strongest IL-6 signature
showed significant improvement in fatigue [124]. Had the
trial been restricted to IL-6-high patients, the therapy may
have been found to be effective for that particular pheno-
type, highlighting the power of biomarker-defined pheno-
typing.

Another frontier is the incorporation of novel
biomarkers such as IL-14a and TLR7 gene expression
to refine phenotypes. IL-14a, a B-cell growth factor
implicated in pSS pathogenesis, has been proposed as a
biomarker to stratify patients with severe dry eye disease
[125]. High IL-14« levels are often accompanied by high
BAFF and identify a subset of pSS patients with early and
severe ocular sicca, distinguishing them from non-SS dry
eye and even rheumatoid arthritis-associated dry eye [125].
This suggests an “IL-14/BAFF-driven sicca” phenotype,
for which early B-cell-targeted therapy may be indicated.
On the other hand, TLR7 overexpression has been linked to
subgroups with expanded age-associated B cells and more
severe systemic disease in females [122]. In the future, we
envision that male pSS patients with mild glandular disease
and low TLR7 expression could be classified and treated
differently from female patients with high 7LR7-IFN
activation and multi-organ involvement.

Composite endpoints and phenotypic classifications
are being refined to ensure that clinical trials enroll more
homogeneous patient subsets [123]. In this regard, the
Composite of Relevant Endpoints for Sjogren’s Syndrome
proposal incorporates both patient-reported and biological
Ultimately, the aim is that pSS patient care
will be guided by a biomarker panel. For example, if Pa-
tient A is “IFN-high, BAFF-high, epithelial autoantibody-
positive”, indicating an IFN-I/B-cell axis phenotype, they
will be treated with an IFN inhibitor or B-cell therapy.
If Patient B is “seronegative, IFN-low, high pain”, indi-
cating a neuropathic sicca phenotype, they will be treated
with symptomatic and neuro-modulatory therapies, rather
than aggressive immunosuppression. Even within classic
phenotypes like “SSA-positive” pSS, additional biomark-

measurcs.
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ers such as specific DNAm signatures or CXCL13 levels
may further define whether the patient is on a trajectory to-
ward lymphoma or remains a benign variant [66].

Taken together, these advances highlight a paradigm
shift in which pSS can no longer be adequately described by
glandular versus systemic phenotypes alone. Instead, dis-
tinct immunobiological endotypes are emerging, each de-
fined by a dominant pathway and a characteristic biomarker
profile. By aligning patients with endotypes such as IFN-
high, B-cell activation-high, or metabolic dysregulation,
researchers can move beyond symptom clusters and to-
ward mechanistic subgroups [63,74,124]. Table 1 (Ref.
[17,48,61,63,73,74,84,110,112,126—141]) summarizes the
current evidence by presenting the major endotypes, their
key biomarkers, and the typical clinical outcomes.

4. Comprehensive Laboratory and Imaging
Findings
4.1 Diagnostic and Prognostic Roles of Autoantibodies in
Sjogren’s Syndrome

4.1.1 Diagnostic Autoantibodies: From Conventional
Serologies to Expanded Serologic Panels

Anti-Ro/SSA and anti-La/SSB autoantibodies remain
central to SS diagnosis, but their clinical utility has been
refined by advances in biomarker discovery and testing
methodologies [18,142]. Anti-Ro/SSA generally exhibits
higher sensitivity than anti-La/SSB but slightly lower speci-
ficity in the serologic diagnosis of pSS (Table 2, Ref.
[15,27,34,143—-149]). The specimen matrix primarily af-
fects sensitivity rather than specificity, with saliva test-
ing markedly reducing anti-SSA/SSB detection compared
with serum while maintaining similarly high specificity.
These autoantibodies are often detected by immunodif-
fusion or enzyme-linked immunosorbent assay (ELISA)
methods [150,151]. Isolated anti-SSB positivity was rec-
ognized as rare (3.6% of cases) and non-specific, while
anti-SSA cross-reacted with systemic lupus erythematosus
(SLE) [152,153]. RF and antinuclear antibodies (ANAs)
were adjunct markers, but low specificity limited their stan-
dalone diagnostic value [150]. The 2016 ACR/EULAR cri-
teria integrated anti-SSA positivity or labial salivary gland
biopsy (focus score >1) as diagnostic pillars. Approxi-
mately 17.2% of pSS patients are seronegative, while anti-
SSA antibodies are present in 81.5% and anti-SSB anti-
bodies in 32.3% of cases, indicating that a subset lacks
these markers and may require invasive biopsies for diag-
nosis [9,154]. This led to the use of three autoantibodies
for early disease detection, namely anti-SP-1, anti-PSP, and
anti-CA6. These emerging tissue-specific autoantibodies
have shown complementary diagnostic value by filling crit-
ical gaps left by anti-Ro/SSA and anti-La/SSB, particularly
in early-stage and seronegative pSS, but they do not sur-
pass the traditional markers in overall performance. There
was a study reporting that 76% of patients with early pSS
symptoms (<2 years) tested positive for SP-1 or CA6, com-
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Table 1. Classification of primary Sjogren’s syndrome patient endotypes: biomarker profiles and clinical outcomes.

Endotypes Core biomarkers

Clinical outcomes

IFN-high

IFN-a [110], OAS family [129]

IFI44, MXI [73], IFI44L [17], IFI27
[126], Siglec-1 [127], CXCLI10 [128],

High ESSDAI, multi-organ activity, seropositive, hyper-
IgG, mild cytopenia; TCXCL10, 82M; higher risk of
vasculitis, ILD, neuropathy [63,74,110,112]

B-cell activation-high

MZB1[132], XBPI [133]

CXCL13 [130], BAFF/TNFSFI3B [131],
IgG, RF, anti-Ro/SSA, anti-La/SSB [84],

B-cell-driven ESSDAI domains (LN, skin, kidney,
neuro); fcryoglobulinemia, systemic vasculitis, MALT
lymphoma risk (GC-like, low C4, high CXCL13/82M)
[112,130,134,135]

Metabolic dysregulation

sphingolipids, acylcarnitine,

nine/tryptophan ratio [48,61,136—139]

JPhosphatidylcholine, |lysoPC, altered
kynure-

Fatigue/pain-predominant phenotype; high symptom
burden despite limited ESSDAI discrimination [140,
141]

IFN, interferon; /F144, interferon-induced protein 44; MX1, myxovirus resistance 1; [FI44L, interferon-induced protein 44-like;

IF127, interferon alpha inducible protein 27; Siglec-1, sialic-acid-binding Ig-like lectin 1; CXCL, C-X-C motif chemokine ligand;

0AS, 2'-5'-oligoadenylate synthetase; BAFF, B-cell activating factor; TNFSF13B, tumor necrosis factor superfamily member 13B;

IgG, immunoglobulin G; RF, rheumatoid factor; SSA, Sjogren’s-syndrome-related antigen A (Ro); SSB, Sjogren’s-syndrome-

related antigen B (La); MZB1, marginal zone B and B1 cell-specific protein; XBP1, X-box binding protein 1; lysoPC, lysophos-
phatidylcholine; ESSDAI, EULAR Sjogren’s Syndrome Disease Activity Index; 52M, Beta-2 microglobulin; ILD, interstitial lung
disease; LN, lupus nephritis; MALT, mucosa-associated lymphoid tissue; GC-like, germinal center-like; C4, complement compo-

nent 4; |, decrease; 1, increase.

pared to only 31% who showed positivity for traditional
markers in the same cohort [32]. Additionally, 19% of
confirmed pSS patients tested positive for anti-SP-1 de-
spite negative SSA/SSB results, highlighting that conven-
tional serology alone can miss a significant subset of cases
[155]. Another study reported the diagnostic value of anti-
SP-1 (sensitivity 58.3%, specificity 70.0%, AUC = 0.688)
and anti-PSP (sensitivity 75.0%, specificity 63.3%, AUC =
0.720) in pSS patients who were seronegative for classical
SSA/SSB. Among 13 cases negative for SSA/SSB, 11 were
positive for these novel biomarkers [143]. Nevertheless, the
reported sensitivity and specificity of these tissue-specific
autoantibodies vary considerably across studies worldwide,
and the ACR (2018) explicitly highlighted concerns about
their “lack of specificity”, underscoring the need for cau-
tious interpretation and further validation [156].

The Sj6 test is a commercial diagnostic panel that in-
tegrates conventional serology (anti-Ro/SSA, anti-La/SSB,
ANA, RF) with early, gland-specific autoantibodies (anti-
SP-1, anti-PSP, anti-CA6) to enhance early detection of
Sjogren’s disease in routine practice. In adult cohorts,
Beckman et al. [144] reported a cumulative sensitivity of
89.9% and specificity of 78.7% for the complete panel, es-
tablishing robust performance beyond traditional markers
alone. Independent confirmation from the EULAR 2016
dataset demonstrated similar accuracy (sensitivity 91.4%
and specificity 79.8%), reinforcing external validity across
populations and testing settings. Novel biomarkers alone
demonstrated specificity of 83.5% but limited sensitivity of
49.8%; however, when combined with conventional anti-
SSA/SSB markers (which demonstrated 74.9% sensitivity
and 79.8% specificity), the integrated seven-marker panel
achieved superior diagnostic performance with cumulative
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sensitivity of 91.4% and specificity of 79.8%, demonstrat-
ing that the novel biomarkers provide genuine complemen-
tary diagnostic value rather than redundant testing [ 145].

Recent developments in high-throughput proteomics
and machine learning-based peptidome analysis have fa-
cilitated the identification of more than 45 novel autoan-
tibody targets in pSS [15]. Among these, the panel com-
bining FNBP4, SNRPC, and CCL4 demonstrates excellent
specificity for distinguishing seronegative Sjogren’s dis-
ease (SjD) from healthy controls (97%) and non-Sjogren’s
sicca syndrome (95%), particularly in SSA-negative indi-
viduals. A five-marker panel adding anti-M3 and anti-
lysine (K)-specific demethylase 6B (KDM6B) increases
sensitivity to 46% while maintaining 95% specificity versus
healthy controls, though specificity decreases to 84% when
differentiating from non-Sjégren’s sicca syndrome [15].

Anti-Ro/SSA and anti-La/SSB autoantibodies remain
the serologic backbone for pSS, while novel autoantibod-
ies can enhance detection, particularly in early or seroneg-
ative disease, without consistently surpassing the perfor-
mance and specificity of conventional markers (Table 2).
Broad clinical adoption of novel autoantibodies and panels
will require standardized assays, harmonized cut-offs, and
multicenter validation against biopsy and longitudinal out-
comes.

4.1.2 Autoantibody Profiles and Their Role in Systemic
Risk and Glandular Damage

Phenotype stratification and prognosis in pSS increas-
ingly rely on autoantibody profiles, with ongoing transition
from traditional markers like anti-Ro/SSA and anti-La/SSB
to novel serological biomarkers that delineate glandular,
systemic, and high-risk subsets. Fig. 3 presents an overview
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of the progress to date on biomarker discovery in pSS and
the translational relevance.

Beyond their central role in diagnosis, classic autoan-
tibodies such as anti-Ro/SSA and anti-La/SSB are instru-
mental in disease stratification in pSS, correlating with se-
vere exocrine gland dysfunction, including reduced sali-
vary flow, higher lymphocytic focus scores, and recur-
rent parotid swelling [157,158]. Their presence also re-
flects systemic B-cell hyperactivity, as evidenced by asso-
ciations with hypergammaglobulinemia, RF positivity, and
increased lymphoma risk [157,159]. In contrast, seronega-
tive SS patients demonstrate a higher prevalence of ocular
dryness (abnormal Schirmer I tests) and ILD, but a lower
risk of thrombocytopenia [9]. Other conventional biomark-
ers, such as ANA and RF, function as nonspecific mark-
ers of systemic immune activation and B-cell dysregula-
tion, yet offer limited utility in defining organ-specific risk
[157,160,161].

These limitations have driven the search for novel au-
toantibodies that not only support diagnosis but also aid
in prognostication. Tissue-specific autoantibodies such as
anti-SP-1, anti-CA6, and anti-PSP, initially introduced for
early detection, have demonstrated prognostic relevance by
identifying ongoing acinar damage and subclinical lympho-
cytic infiltration, particularly in seronegative patients with
persistent glandular dysfunction [162,163]. Their presence
correlates with reduced salivary flow and histological signs
of glandular injury, independent of classic serologies, high-
lighting their role in stratifying patients with localized glan-
dular pathology even in the absence of systemic autoimmu-
nity [33,162,164].

Further expanding the biomarker repertoire, anti-
DTD?2 and anti-RESF1 IgG autoantibodies have emerged
as promising non-invasive indicators in seronegative pSS.
These markers are significantly associated with labial sali-
vary gland focus score positivity and effectively discrimi-
nate pSS from sicca controls [16]. When combined with
clinical variables (platelet count, SSB, ANA, RF, and sali-
vary flow), they improve the prediction of abnormal glan-
dular histopathology, potentially reducing the need for in-
vasive biopsies and paving the way toward biomarker-
driven, non-invasive diagnostic strategies [165].

In the context of lymphoma surveillance, a sali-
vary autoantibody panel comprising anti-cofilin-1, anti-
a-enolase, and anti-RGI2 has shown high discriminatory
power, with preliminary results indicating excellent sen-
sitivity and specificity for both distinguishing pSS/MALT
lymphoma from healthy controls and identifying lymphoma
risk within pSS populations [27]. While these findings are
promising, independent validation is essential before clini-
cal implementation.

Other autoantibodies have shown potential in systemic
disease monitoring. Early work by Liu ef al. [166] iden-
tified anti-mouse double minute 2 (MDM?2) autoantibod-
ies as systemic disease markers in pSS, demonstrating sig-
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nificant positive correlation with ESSDAI disease activ-
ity scores and significant negative correlation with circu-
lating complement (C3/C4) and hematologic parameters
(platelet count, hemoglobin). More recently, Engelke et
al. [15] identified two distinct IgA autoantibody panels
with organ-specific associations in pSS. A pulmonary panel
[TONSL, IL-6, cathepsin L (CTSL), Fas-associated factor 1
(FAF1), proline-rich 12 (PRR12), and keratin 20 (KRT20)]
correlated significantly with pulmonary involvement based
on ESSDAI scores, while a salivary gland panel [CCL4,
SNRPB, and AE binding protein 1 (AEBP1)] was associ-
ated with high-grade lymphocytic infiltration on salivary
gland biopsy.

Anti-N-methyl-D-aspartic acid receptor subunit 2
(NR2) antibodies are implicated in neuropsychiatric man-
ifestations, detected in 20% of serum and 12% of cere-
brospinal fluid (CSF) samples, correlating with hippocam-
pal atrophy, memory impairment, and depression [167,
168]. Besides, anti-IFI16 antibodies, present in nearly
one-third of pSS patients, mark a more aggressive disease
phenotype characterized by abnormal Schirmer’s test re-
sults, higher salivary gland focus scores, ectopic GC-like
structures, hypergammaglobulinemia, and high-titer ANA
[70]. Importantly, their prognostic value extends even to
SSA/SSB-positive patients, suggesting a potential role in
refining risk stratification across serological subsets [70].

Collectively, these findings support the integration
of expanded serologic profiles into precision stratification
frameworks for pSS, particularly in cases where classic
markers fall short in capturing the full spectrum of glan-
dular and systemic manifestations.

4.2 Genetic and Epigenetic Biomarkers

Genetic and epigenetic biomarkers have become cen-
tral to the understanding and diagnosis of pSS, a complex
autoimmune disease defined by exocrine gland dysfunction
and chronic inflammation. Large-scale genome-wide asso-
ciation studies conducted prior to 2020 established that the
strongest genetic predisposition to pSS resides within the
HLA region, particularly alleles such as HLA-DQAI, HLA-
DQBI, and HLA-DRBI that govern antigen presentation
and immune regulation [169]. Additional non-HLA genes,
including interferon regulatory factor 5 (/RF5), signal trans-
ducer and activator of transcription 4 (S7T474), and TNFa-
induced protein 3-interacting protein 1 (TNIPI), also con-
tribute to disease susceptibility but exert more modest ef-
fects across populations [169]. Notably, many risk variants
map to intergenic or regulatory regions, implying their in-
fluence is mediated via epigenetic mechanisms rather than
direct coding alterations [169].

More recent studies published have expanded the
biomarker landscape by highlighting the role of epigenetic
modifications. Epigenome-wide association studies found
pronounced hypomethylation of ISGs such as /F/44L, ep-
ithelial stromal interaction 1 (EPSTI1), IFITI, and MX1,

&% IMR Press


https://www.imrpress.com

Keratoconjunctivitis sicca (KCS)

Chronic lymphocytic

N\

Xerostomia

1933

1950s —1980s

Clinical Recognition of Sjogren’s Syndrome

Henrik Sjégren first described the syndrome based on clinical
symptoms of dry eyes and mouth, establishing the foundation for
future biomarker discovery. Diagnosis relied solely on patient-
reported symptoms and physical examination, with no laboratory-
based markers.

Autoantibody Era

The discovery of anti-Ro/SSA and anti-La/SSB autoantibodies
marked the first serological biomarkers for SS. Detection was
performed using immunodiffusion and ELISA, offering moderate
sensitivity (40-68%) and specificity (80-85%), but leaving many
seronegative cases undiagnosed.

DNA duplication_

£

PCR protocol

Classic serological assays

Samples ara loaded
into 2 96-wall microplata

Antibody-conjugated
microsphare sats are addad

Samples ara analyzed with a luminax analyzer
and the results will be graphically presented

Pathogens bind captura
antibodies than fluorascant

2012

dded

Luminex Xmap protocol

2015

Novel Antibodies for Early Diagnosis

High-throughput g9 new enabling
earlier and more sensitive detection, especially in patients negative
for traditional markers. Multiplex assays increased diagnostic reach
and reduced the need for invasive biopsies.

Salivary Proteomic Biomarkers

Detection methods typically involve liquid chromatography-tandem

combined with  targeted

immunoassays to quantify specific salivary proteins, enabling high

in ion. These advances

improved diagnostic accuracy and allowed for easier, patient-friendly

AV

Liquid Chromatography

salivary Sample Acquisition

-Tandem Mass Spectrometry

Genome - Based Biomarker Identification

2020 - 2023

2023 - 2024

Genetic and Epigenetic Biomarkers

Genome-wide association studies, along with DNA methylation and
other epigenetic alterations, have offered detailed, cell-specific and
mechanistic understanding of the disease. Machine learning
algorithms (LASSO, SVM-RFE, Random Forest) have further improved
the discovery of diagnostic panels with high sensitivity and specificity,
particularly in ethnically diverse groups.

P
@
mass  spectrometry  (LC-MS/MS)
and
sample collection.
QU e s
)é/\ D o2
L Z)
/ \ Y chromatin M.,
o\ I
o o
Chromosoma

Integration of tre

Multi-Omic Stratification

ic, genomic, ic, and

epigenomic data enabled precise patient subtyping and risk

stratifi

Multi-omic

and

supporting
development.

medicine and targeted therapy

Whle
B ... W8

@ © Epigenomics

A
A

Metabolomics
Multi-omic stratification

s
&

_

Big data

Cloud computing (storage)  Pr

| ok
| ‘ | Output data
-
“ ‘HHH\H\

—

[ |

Artificial intelligence-driven data analysis

2024 - 2025

Fig. 3. Evolution of biomarker discovery in Sjogren’s syndrome. Following its clinical recognition in 1933 based on symptoms
of dry eyes and mouth, the diagnostic approach to SS has advanced through several key milestones. These include the discovery of
autoantibodies (1950s—1980s), novel serologic and salivary protein biomarkers (2012-2015), and the incorporation of genetic and epi-
genetic insights (2020-2023). Recent integration of multi-omics data (2023-2024) and Al-driven precision models (2024-2025) has
enabled earlier, non-invasive, and personalized diagnosis with high accuracy, marking a paradigm shift toward precision medicine. This
graphical work was created with Inkscape 1.4.2 (https://inkscape.org). Abbreviations: KCS, keratoconjunctivitis sicca; SS, Sjogren’s
syndrome; SSA, Sjogren’s-syndrome-related antigen A (Ro); SSB, Sjogren’s-syndrome-related antigen B (La); ELISA, enzyme-linked
immunosorbent assay; DNA, deoxyribonucleic acid; PCR, polymerase chain reaction; LC-MS/MS, liquid chromatography-tandem mass

spectrometry; miRNA, micro ribonucleic acid; LASSO, least absolute shrinkage and selection operator; SVM, support vector machines;

RFE, recursive feature elimination; Al, artificial intelligence.
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Al-Driven Precision Biomarkers

Artificial intelligence and machine learning models analyzed vast
datasets to identify multi-gene panels and novel markers. These
methods achieved high diagnostic accuracy supported non-invasive,
rapid, and indivi i di is and
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Table 2. Diagnostic accuracy of classic and novel autoantibody panels in Sjogren’s disease.

Markers/Panels Cohorts/Settings Sensitivity (%) Specificity (%) References
Conventional SSA/SSB Autoantibodies (Traditional Markers)
pSS (n = 100), controls (n = 140) 49.0 87.5 [146]
Anti-Ro/SSA pSS (n=31), non-pSS (n = 64) 76.7 88.7 [147]
. pSS (n = 238), controls (n = 135) 48.0-79.0 70.0-100 [148]
Single-marker panels
pSS (n = 100), controls (n = 140) 29.0 95.0 [146]
Anti-La/SSB pSS (n=31), non-pSS (n = 64) 524 100 [147]
pSS (n = 238), controls (n = 135) 39.0-44.0 100 [148]
Multi-marker panel Anti-Ro/SSA + Anti-La/SSB (combination) JSS (n =27), non-JSS (n=78) 55.6 92.2 [34]
Novel Autoantibody Panels (Emerging/Early Sjogren’s Markers)
. pSS (n = 60), controls (n = 60) 58.3 70.0 [143]
Anti-SP-1 IgG
JSS (n=27), non-JSS (n = 78) 3.7 85.9 [34]
. pSS (n = 60), controls (n = 60) 75.0 63.3 [143]
Anti-PSP IgG
JSS (n=27), non-JSS (n=78) 14.8 82.1 [34]
Single-marker panels . JSS (n =27), non-JSS (n = 78) 37.0 68.0 [34]
Anti-CAG6 IgG
pSS (n = 60), controls (n = 60) 32.0 71.7 [143]
Anti-cofilin-1 76.0 82.0
Anti-a-enolase pSS (n=50), pSS/MALT (n = 20), controls (n = 50) 82.0 74.0 [27]
Anti-RGI2 84.0 74.0
Anti-SP-1+Anti-PSP (combination) pSS (n = 60), controls (n = 60) 84.6 100 [143]
eSjA (anti-SP-1, CA6, PSP) JSS (n=27), non-JSS (n="78) 3.7 85.9 [34]
The Sjo® test (anti-SP-1, PSP, CA6, ANA, RF) Confirmed SS (n = 267), controls (n = 189) 91.4 79.8 [145]
. Confirmed SS (n = 267), controls (n = 189) 91.4 79.8
. The Sjo® test (anti-SP-1, PSP, CA6, Ro/SSA, La/SSB, ANA, RF)
Multi-marker panels Confirmed SS (n = 248), controls (n = 143) 89.9 78.7 [144]
3-marker panel (anti-FNBP4, SNRPC, CCL4) . 30.0 (Ro/SSA-)  97.0 (HC), 95.0 (NSS)
. Ro/SSA-SjD (n =90), HC (n = 118), NSS (n = 44) [15]
5-marker panel (anti-FNBP4, SNRPC, CCL4, M3R, KDM6B) 46.0 (Ro/SSA-)  95.0 (HC), 84.0 (NSS)
8-marker panel (anti-BTBD7, CCL4, M5, HNRNPA1, KDM6B, pSS (n = 347), non-pSS (n = 136), controls (n = 123) 73.0 94.0 [149]
TMPO, TONSL, and OAS3)
Anti-cofilin-1+Anti-a-enolase+Anti-RGI2 pSS (n=50), pSS/MALT (n = 20), controls (n = 50) 86.0 93.0 [27]

pSS, primary Sjogren’s syndrome; SSA, Sjogren’s-syndrome-related antigen A (Ro); SSB, Sjogren’s-syndrome-related antigen B (La); JSS, juvenile Sjogren’s syndrome; SP-1, salivary protein 1; PSP, parotid secretory
protein; CA6, carbonic anhydrase VI; IgG, immunoglobulin G; RGI2, Rho GDP-dissociation inhibitor 2; MALT, mucosa-associated lymphoid tissue; eSjA, early Sjogren’s syndrome autoantibodies; ANA, antinuclear
antibody; RF, rheumatoid factor; HC, healthy controls; NSS, non-Sjogren’s syndrome; Ro/SSA—, anti-Ro/SSA-negative (seronegative); FNBP4, formin-binding protein 4; SNRPC, small nuclear ribonucleoprotein
polypeptide C; CCL4, C-C motif chemokine ligand 4; SjD, Sjogren’s disease; M3R, M3 muscarinic acetylcholine receptor; KDM6B, lysine (K)-specific demethylase 6B; BTBD7, BTB domain containing 7; M5,
muscarinic acetylcholine receptor subtype 5; HNRNPA 1, heterogeneous nuclear ribonucleoprotein Al; TMPO, thymopoietin, TONSL, tonsoku-like; OAS3, 2’-5"-oligoadenylate synthetase 3.
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correlating with overactivation of the interferon pathway
and disease severity. In particular, /F/44L hypomethyla-
tion in B cells drives gene overexpression that serves as
a feedback regulator of IFN signaling. Methylation pro-
filing of affected tissues reveals global hypomethylation
linked to immune cell infiltration, which can be partially
restored following therapy with rituximab [17,169,170].
Beyond DNAm, dysregulated miRNAs, including miR-
155 and miR-92a-3p, can modulate immune responses and
are associated with complications such as lymphoma and
atherosclerosis [23,169]. These miRNAs circulate in blood
and saliva, suggesting they could potentially serve as min-
imally invasive biomarkers and therapeutic targets [171].
Concurrently, metabolomic and proteomic profiling have
identified serum metabolites and immune signatures, re-
spectively, that stratify disease subtypes and inform tar-
geted therapies [172,173].

The integration of multi-omics data and machine
learning has further revolutionized biomarker discovery.
Metabolomic profiling has identified serum markers such as
2-hydroxypalmitic acid, L-carnitine, and cyclic adenosine
monophosphate that distinguish pSS with an AUC value of
1.00, thus implicating amino acid and lipid metabolism in
disease pathogenesis and providing non-invasive diagnostic
tools [172]. Transcriptomic and proteomic analyses have
revealed distinct immune endotypes driven by IFN signal-
ing and metabolic pathways, informing precision therapies
such as JAK inhibitors and BAFF blockade [174].

Despite this progress, the diagnosis of pSS faces sev-
eral significant challenges that impede standardization and
broader clinical applicability. A fundamental issue is the
technical harmonization of epigenetic biomarkers such as
IFI44L hypomethylation. This requires aligning data anal-
ysis pipelines across different methylation platforms, such
as 450K and EPIC arrays, correcting for batch effects, and
implementing uniform pre-analytical protocols that cover
sample collection and processing. Without these measures,
the variability introduced by platform differences and ex-
perimental batches risks compromising diagnostic accuracy
[175]. Moreover, because the IFN-related epigenetic sig-
nature, including /F/44L hypomethylation, is not exclusive
to pSS but also present in other autoimmune diseases such
as SLE, multi-marker panels validated in diverse ethnic co-
horts are needed to enhance disease specificity [30,66]. An-
other challenge lies in translating machine learning-derived
diagnostic signatures involving genes such as HES4 and
OTOF into routine clinical practice. This requires rigor-
ous external validation, transparent algorithms, and calibra-
tion according to the established transparent reporting of
a multivariable prediction model for individual prognosis
or diagnosis (TRIPOD) + artificial intelligence (AI) guide-
lines. Compliance with regulatory frameworks such as the
Food and Drug Administration (FDA) of the United States
oversight of laboratory-developed tests and in vitro diag-
nostic regulations in the European Union is indispensable.
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In the absence of compliance with these frameworks, ma-
chine learning models risk being rejected by regulatory bod-
ies and clinicians, limiting their clinical utility [176].

In conclusion, the integration of genetic, epigenetic,
and multi-omics data is reshaping the understanding and
management of pSS. This integrative approach improves
diagnostic precision, enables patient stratification by dis-
ease activity, and can reveal novel therapeutic targets.
Widespread clinical implementation will require overcom-
ing the various technical, validation, and regulatory chal-
lenges. This may be achieved through coordinated multi-
center efforts, rigorous standardization, and regulatory har-
monization to deliver reliable and reproducible pSS diag-
nostic tools.

4.3 Ocular and Oral Tests
4.3.1 Salivary Fluid Biomarkers

Salivary biomarkers have emerged as promising first-
line diagnostic tools for pSS, as they offer several advan-
tages over conventional methods, such as salivary gland
biopsy. These biomarkers are derived from a simple, in-
expensive, and non-invasive collection of saliva, making
them feasible in many clinical settings [177,178]. Com-
pared to evaluation by histopathological biopsy, assays for
salivary biomarkers are less reliant on subjective interpre-
tation from test readers, thus reducing diagnostic variability
and increasing reproducibility [145,179].

Multi-marker salivary panels that include proteins
[e.g., tripartite motif-containing protein 29 (TRIM29),
CLU] and cytokines (e.g., IL-4, IL-5) have demonstrated
high diagnostic accuracy, often exceeding 90% sensitiv-
ity and specificity combined. For example, TRIM29 in
combination with serum anti-Ro/SSA antibodies achieved
an AUC of 0.995, outperforming biopsies [180]. TRIM29
alone showed an AUC of 0.88, indicating strong potential
for early detection [180]. Conversely, 52M, a classical sali-
vary biomarker linked to immune activation and glandular
damage, showed moderate diagnostic performance alone
(AUC = 0.661, sensitivity 68.7%, specificity 59.3%), em-
phasizing the importance of combining multiple markers
for better discrimination [181].

The high sensitivity of salivary biomarkers makes
them particularly valuable in early or preclinical pSS, when
symptoms are subtle or absent and traditional serologic
tests may be negative [44]. Salivary components reflect lo-
calized glandular inflammation and immune dysregulation,
and can therefore detect disease activity before overt clin-
ical signs appear. Proteomic analyses have identified el-
evated levels of inflammatory proteins such as neutrophil
elastase and CALR in saliva, correlating with glandular
pathology and shedding light on disease mechanisms [179].

Advanced methods like liquid chromatography-
tandem mass spectrometry (LC-MS/MS) allow for precise
quantification of low-abundance salivary proteins and
facilitate the use of multi-analyte panels that improve
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diagnostic accuracy and address the heterogeneity of
pSS [179]. Saliva testing also avoids the invasiveness of
biopsies and allows repeated, non-invasive sampling for
the monitoring of disease progression [42].

Nevertheless, the clinical adoption of saliva testing
faces challenges, such as standardized collection protocols.
Protein measurements are markedly influenced by differ-
ences between stimulated and unstimulated saliva and by
variation in salivary flow rates [182,183]. Additionally,
pre-analytical factors such as sample timing, storage, and
contamination risks must be rigorously controlled to en-
sure reliable results [183]. To enable tailored diagnostic
and prognostic applications, the phenotypic and ethnic di-
versity of pSS requires validation of biomarker panels in
varied populations and across disease subtypes, including
sicca-dominant, systemic, and lymphoma-associated forms
[184].

Other promising strategies include the application of
machine learning to identify interferon pathway-enriched
biomarkers such as TTC21A and ZCCHC2, enabling im-
proved subtype classification and diagnosis [18]. Func-
tional and molecular docking studies have also identified
new therapeutic approaches (e.g., Cathepsin S inhibitors)
to reduce glandular inflammation [185,186]. The devel-
opment of point-of-care tests for salivary proteins such as
TRIM29 and 32M should result in more reliable diagnostic
tools, especially in resource-poor settings [187].

4.3.2 Tear Fluid Biomarkers

Tear fluid is increasingly recognized as a valuable
source of biomarkers for systemic disease assessment, par-
ticularly in the diagnosis of pSS [14]. Recent compre-
hensive analyses have highlighted significant dysregula-
tion in the tear proteomic profile. For example, an in-
creased ratio of MMP-9 to lactoferrin has been identified
as a distinguishing feature of SS patients [46]. The anal-
ysis of tear biomarkers has progressed substantially since
surface-enhanced laser desorption/ionization time-of-flight
mass spectrometry was first used in 2005 to identify 10
novel biomarkers. Current antibody microarray technology
can quantify multiple markers simultaneously using mini-
mal tear volumes. This is a critical advance for SS patients
with compromised tear production [188]. Notably, the 2016
EULAR classification system for SS incorporates objec-
tive measures of ocular involvement through ocular staining
scores (OSS) and Schirmer’s test. However, it does not in-
tegrate molecular signatures, creating a significant gap be-
tween clinical practice and emerging science [189]. High-
lighting this point, Akpek ef al. [190] demonstrated that
IL-8 levels in tear fluid can differentiate SS-related dry eye
from non-SS dry eye with greater precision than traditional
tests, which showed only limited sensitivity (Schirmer I:
74.6%; tear breakup time: 61.8%). The diagnostic land-
scape has further evolved, with tear ATG5 emerging as a
robust biomarker with 94.6% sensitivity and 93.6% speci-
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ficity at a cutoff value of >4.0 ng/ug total protein. This
result vastly outperforms the OSS criteria (32.7% sensitiv-
ity at a cutoff >5) included in EULAR 2016 [191].

From a methodological standpoint, tear collection
techniques have progressed from invasive microcapillary
approaches to the now-standard use of Schirmer strips,
prevalent in most contemporary studies. These address
the challenge of obtaining sufficient tear volume from pa-
tients with diminished tear production [192]. Recent in-
novations include the use of a fluorescence-based photo-
detection device to measure lactoferrin levels without anti-
body dependence, significantly reducing the cost compared
to traditional ELISA methods while maintaining diagnos-
tic accuracy [193]. Current implementation strategies in-
volve the use of multi-marker panels organized by func-
tion: antimicrobials (lysozyme, lactoferrin), immune reg-
ulators (defensins, antibodies), metabolic process compo-
nents (epidermal fatty acid-binding protein), and inflamma-
tory markers [S100 calcium binding protein A6 (S100A6),
MMP-9, cystatin S (CST4)] [194]. In particular, SI00A6
appears to be positively correlated with rheumatoid arthritis
in SS patients, suggesting utility for identifying overlapping
autoimmune conditions. Machine learning approaches are
now also being applied to tear proteomics. These can im-
prove diagnostic precision and address concerns about po-
tential limitations of the EULAR 2016 criteria, which many
clinicians have argued lack sensitivity for the detection of
early-stage disease. Despite these advances, standardiza-
tion remains a major challenge as protein profiles vary
significantly between aqueous-deficient and lipid-deficient
phenotypes [57]. As point-of-care testing continues to de-
velop, the integration of tear fluid molecular signatures with
clinical findings promises to address the controversial is-
sues between traditional classification systems and modern
molecular diagnostics. This may potentially require revi-
sion of the EULAR criteria to reflect recent scientific ad-
vances [14].

4.3.3 Schirmer’s Test: Reduced Tear Production

The Schirmer test is a widely utilized diagnostic tool
for evaluating tear production, particularly in patients with
suspected keratoconjunctivitis sicca (KCS), dry eye syn-
drome, or excessive tear production [195]. This test uti-
lizes the principle of capillary action, whereby the aque-
ous component of the tear film moves along a standard-
ized paper strip. The extent of migration is directly corre-
lated with the volume of tear production [196]. A Schirmer
test result of <5 mm/5 min in at least one eye is con-
sidered a positive indication of tear deficiency [142]. In
the 2016 EULAR criteria, this result assigns 1 point to-
ward the 4-point diagnostic threshold [197]. Despite its
widespread adoption, the Schirmer test has received neg-
ative feedback regarding its reproducibility, with studies
showing variable sensitivity ranging from 39.5% to 97.4%
depending on the cutoff points used [195]. The modified
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Schirmer test, or Jones test, applies anesthetic drops be-
fore testing, intending to measure only basal tear produc-
tion. However, some researchers question whether “pure”
basal tears can truly be measured with anesthesia, as stim-
ulation of the lid margin can increase tear turnover by up to
300% [196]. An age-related decline in tear flow is well doc-
umented, with older adults exhibiting significantly lower
tear flow rates than younger individuals, as measured by
both gravimetric and strip-based methods [198]. Alongside
other assessments, the Schirmer test plays a crucial role in
SS diagnosis, although its correlation with subjective symp-
toms remains controversial [199,200]. Recent modifica-
tions have attempted to address these limitations by stan-
dardizing the placement techniques and environmental fac-
tors during testing. Nevertheless, persistent challenges re-
main in terms of reliability, particularly for monitoring ther-
apeutic efficacy in clinical trials [195].

4.3.4 Sialometry and the Sialochemistry Test

Salivary gland dysfunction in SS is evaluated through
sialometry, which measures salivary flow, and sialochem-
istry, which analyzes the composition of saliva. While
sialometry detects reduced flow in later disease stages,
sialochemistry can identify early biochemical changes in
saliva, making it a noninvasive and sensitive tool for early
SS diagnosis [201].

4.3.4.1 Sialometry Test. Sialometry serves as a diagnos-
tic tool through two primary approaches: the collection of
whole saliva represents the combined secretion from all
salivary glands, while the collection of glandular saliva
isolates the secretion from specific glands [202]. The
whole saliva collection method is widely utilized due to
its simplicity, rapid execution, and lack of need for spe-
cialized equipment. However, from an analytical perspec-
tive, whole saliva has limited diagnostic value, as it does
not allow the assessment of individual gland dysfunction
or gland-specific sialochemical alterations [203,204]. Tra-
ditionally, sialometry is performed by collecting unstim-
ulated whole saliva, where the patient quietly spits ac-
cumulated saliva into a pre-weighed tube over a period
of 5-15 minutes. Alternatively, the collection of stimu-
lated saliva involves chewing paraffin or gauze to enhance
flow, or even isolating parotid gland secretions using suc-
tion cups and gustatory stimulation [205,206]. The 2016
ACR/EULAR classification criteria for SS incorporate un-
stimulated whole saliva flow as one of the weighted items.
One point is assigned for a flow rate of <0.1 mL/min,
reflecting its value as an objective measure of glandular
dysfunction [142]. A longitudinal study has revealed that
overall, sialometry values remain relatively stable over five
years in established SS patients. This suggests limited util-
ity for monitoring disease progression in routine clinical
practice [207]. However, at the individual level, significant
fluctuations in salivary flow may occur, reflecting disease

&% IMR Press

heterogeneity or response to therapy [207]. The diagnos-
tic value of sialometry is enhanced when combined with
other modalities, such as minor salivary gland biopsy or
salivary gland ultrasound, with a study showing the com-
bination increases the specificity for SS to 95% [208]. Re-
cent advances in salivary gland imaging and proteomics
may further refine the role of sialometry, especially as part
of a multi-modal diagnostic approach. Sialometry remains
a cornerstone of SS diagnosis and is included in the 2016
ACR/EULAR criteria. However, its limitations in terms of
sensitivity, specificity, and longitudinal monitoring high-
light the need for it to be used alongside other clinical, sero-
logical, and imaging assessments for optimal patient care
[207,209].

4.3.4.2 Sialochemistry. Sialochemical analysis of glandu-
lar saliva samples can reveal distinct alterations in elec-
trolyte and protein (enzyme) composition in SS, reflect-
ing the impact of autoimmune-mediated damage on the se-
cretory cells of individual salivary glands [210]. Sialome-
try involves collecting unstimulated whole saliva (spitting
into a pre-weighed tube over 5-15 minutes) or stimulated
saliva (using paraffin or gustatory agents). A flow rate of
<0.1 mL/min indicates glandular dysfunction. The 2016
ACR/EULAR classification criteria assigns one point when
this criterion is met, alongside OSS >5, and serological
markers like anti-Ro/SSA antibodies [189]. Sialochemical
analyses typically reveal SS-specific alterations, including
elevated sodium (Na't) and chloride (CI") levels and re-
duced phosphate (PO,43") concentrations, even after adjust-
ing for diminished flow rates [201]. However, differentia-
tion of these changes from those caused by acute glandular
inflammation remains challenging, as both conditions dis-
rupt the electrolyte balance [36].

4.3.5 Ocular Staining

The Sjogren’s International Collaborative Clinical Al-
liance (SICCA) grading system employs fluorescein and
lissamine green (or rose Bengal) to assess ocular surface
damage in SS. The methodology was incorporated into
the 2016 ACR/EULAR classification criteria [142], which
considers an OSS >5 (or van Bijsterveld score >4) as a
weighted diagnostic item (1 point), aligning with SICCA-
derived thresholds to improve specificity compared to ear-
lier criteria [142]. This revision prioritized objective signs
over subjective symptoms, as studies consistently show
that SS patients exhibit higher OSS and more severe struc-
tural/conjunctival damage compared to non-SS dry eye, de-
spite similar symptom severity [211]. For example, a 2025
study found that conjunctival staining strongly correlates
with systemic biomarkers like anti-SSA/SSB antibodies,
thus reinforcing its utility in identifying SS-related dry eye
[212]. Longitudinal data indicate that both SS and non-SS
patients show improvement in staining scores over time.
Those with SS typically start with worse baseline scores and
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often require more intensive treatment. Despite these ad-
vances, challenges remain with the reproducibility of OSS,
as interpreter variability can affect diagnostic consistency
[213]. Emerging evidence suggests that corneal staining
patterns may serve as biomarkers for SS, with central papil-
lary staining and filaments being distinctive features. These
developments underscore the dual role of ocular staining as
a diagnostic tool and as a measure of disease activity, al-
though standardization is still needed to address reliability
concerns. While the OSS demonstrates high inter-grader
reliability among trained ophthalmologists [intraclass cor-
relation coefficient (ICC) of 0.91 for the right eye and 0.90
for the left eye], its implementation in general practice re-
mains challenging [213]. When combined with conjuncti-
val assessment, corneal staining offers the highest probabil-
ity of correct diagnosis (0.49) compared to any single test
alone, making it invaluable for both diagnosis and monitor-
ing of treatment response [214]. Recent research has also
questioned the classical mechanisms of fluorescein stain-
ing, suggesting more complex interactions than previously
understood [215].

4.4 Histopathological Evaluation of Salivary Gland
Biopsy

Labial salivary gland (LSG) biopsy remains the defini-
tive histopathologic test for confirming pSS diagnosis, par-
ticularly in patients presenting with sicca symptoms in the
absence of anti-Ro/SSA antibodies [216]. A significant
level of lymphoid infiltration substantially increases the
likelihood of lymphoma development in pSS. The FLS
and inflammatory foci count, which quantify mononuclear
cells per 4 mm?, are strongly correlated with both ocu-
lar and serologic manifestations of the disease when as-
sessed using standardized histopathological protocols such
as those established by Daniels et al. [217]. Beyond
FLS assessment, LSG biopsy specimens frequently ex-
hibit additional morphologic patterns of chronic inflamma-
tion, including nonspecific chronic sialadenitis and scle-
rosing chronic sialadenitis [218]. LSG biopsy is widely
available and minimally invasive, allowing evaluation of
autoimmune disease-active cells within SS target organs
[158]. With a focus score of >1 focus/4 mm? represent-
ing the best diagnostic indicator for the salivary compo-
nent of SS and evaluation of significant autoimmune ac-
tivity, LSG biopsy remains crucial despite acknowledged
limitations [158]. The technique demonstrates sensitivity
ranging from 63.5-93.7% and specificity of 61.2—100%,
though false positives can occur, particularly in older indi-
viduals and those with concurrent inflammatory conditions
[219]. Recent studies highlight the importance of evalu-
ating additional morphologic features, such as acinar atro-
phy, ductal dilatation, and GCs or lymphoepithelial lesions,
which provide prognostic information and help stratify lym-
phoma risk [220,221]. Comparative studies between labial
and parotid gland biopsies indicate both tissues enable SS
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diagnosis, though labial glands demonstrate more inflam-
mation, while parotid glands reveal more B-lymphocyte-
related features and GCs [222,223]. Immunohistochemi-
cal staining for markers including CD3, CD20, B-cell lym-
phoma 6 (Bcl6), and emerging biomarkers such as BAFF,
enolase 1, and MMP?9 further improves diagnostic accuracy
and may predict treatment response or disease progression
[223-225].

However, conventional tissue biopsy exhibits notable
limitations, particularly in detecting early or subclinical dis-
ease. LSG biopsy primarily identifies advanced glandular
lesions and frequently misses early inflammatory changes,
potentially leading to delayed diagnoses [61,226]. No-
tably, specificity may be overestimated in elderly popula-
tions due to age-related fibrosis and nonspecific lympho-
cytic infiltration, emphasizing the need for careful inter-
pretation [158]. These constraints have prompted inves-
tigation of complementary diagnostic approaches. Inte-
grating non-invasive fluid biomarkers with machine learn-
ing offers a promising alternative for early and subclin-
ical pSS detection, particularly in heterogeneous popula-
tions [227]. Non-invasive biomarkers derived from saliva
and tears, such as proteomic, metabolomic, and exosomal
miRNA signatures, have the capacity to detect glandular
inflammation and immune dysregulation before the emer-
gence of overt histopathological changes, thereby facilitat-
ing substantially earlier case identification and therapeutic
intervention [44,226,228].

Machine learning models integrated with fluid
biomarkers address the inherent heterogeneity of pSS
by simultaneously processing complex, multi-omic data
to identify disease-specific diagnostic patterns [61,229].
These algorithms capture dynamic molecular changes and
immune responses that vary significantly across individu-
als and disease subtypes, improving diagnostic sensitivity
and specificity in diverse patient populations [61,226].
When analyzed using machine learning approaches such
as random forests and elastic-net regression, salivary and
tear proteomic/metabolomic panels achieve high diag-
nostic accuracy (AUC 0.82-0.88, sensitivity 80—-100%,
specificity 84-100%) for pSS, including in early-stage
and anti-SSA-negative cases where conventional biopsy
interpretation remains challenging [42,44,61,172,180,226].

Beyond diagnostic accuracy, non-invasive biomarker
collection represents a distinct clinical advantage. Saliva
and tear sampling is safe, painless, and readily repeat-
able, facilitating longitudinal disease monitoring and re-
ducing patient burden compared to invasive tissue biopsy.
These fluids directly reflect the pathophysiology of af-
fected salivary and lacrimal glands, providing organ-
specific molecular insights without requiring invasive pro-
cedures [226,228,230]. Identified diagnostic markers in-
clude immune-metabolites (kynurenine), phospholipids,
and immunologically-active proteins [lipocalin 2 (LCN2),
signal regulatory protein alpha (SIRPA)], alongside exo-
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somal RNAs [44,61,228,231]. The combination of fluid
biomarkers with objective, automated machine learning
analysis replaces operator-dependent biopsy interpretation
with standardized, reproducible diagnostic models [42,61].

Despite these advantages, broader validation remains
necessary before clinical translation. Large, multicenter
studies are required to confirm biomarker robustness and
reproducibility across geographically diverse populations
and disease phenotypes [39,42]. Standardization of sample
collection protocols, analytical processing procedures, and
rigorous machine learning model validation frameworks is
essential for enabling clinical adoption [44,232,233]. Ulti-
mately, integrating non-invasive fluid biomarkers with ma-
chine learning can overcome tissue biopsy limitations by
enabling early, repeatable, and individualized detection of
subclinical pSS, even in heterogeneous populations, though
broad validation and standardization are prerequisites be-
fore these approaches can supplement or replace biopsy in
routine clinical practice [233].

4.5 Imaging Methods

Salivary gland ultrasonography (SGUS) has become
an essential non-invasive, non-irradiating imaging tech-
nique for evaluating parotid and submandibular gland in-
volvement in both primary and secondary SS [158,234].
Over the past decade, SGUS has evolved from a supple-
mentary imaging tool into a standardized diagnostic com-
ponent of SS assessment [235]. Before 2020, SGUS in-
terpretation was largely subjective, demonstrating limited
reliability (x <0.40) and being predominantly applied in
seronegative cases [235,236]. The lack of standardized ac-
quisition protocols and high operator dependence resulted
in considerable inter-observer variability and inconsistent
diagnostic outcomes [235,237].

From 2023 to 2025, technological advances have
transformed SGUS into a more objective and reproducible
diagnostic method through the integration of Al-assisted
ultrasonography [238]. Al-assisted tools have addressed
inter-observer variability in assessing glandular inflamma-
tion in early pSS by enhancing reproducibility and diagnos-
tic precision through deep learning and radiomics-based ap-
proaches [239,240]. Advanced architectures such as multi-
layer perceptron, residual network (ResNet), fully convolu-
tional DenseNet (FCN-DenseNet), and U-shaped network
(U-Net), trained on large annotated SGUS datasets, provide
automated scoring and segmentation that match or exceed
human expert performance [239,241-243]. These mod-
els achieve high reliability, with the best-performing algo-
rithms reporting Cohen’s kappa values around 0.7, which
surpass the average inter-observer agreement of x = 0.67
and align closely with intra-observer consistency values
of k = 0.71 [239]. Automated segmentation tools fur-
ther demonstrate intersection-over-union (IoU) scores up
to 0.85, exceeding typical inter-observer agreement (IoU =
0.76) and nearly matching intra-observer performance (IoU
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=0.84) [242,244]. In diagnostic performance, Al-enhanced
SGUS models show specificity up to 99% and sensitivity
comparable to or greater than operator-based scoring, with
AUC values reaching 0.93 [245-247]. These systems also
process images at high speeds (approximately 24.5 frames
per second), minimizing subjectivity and improving consis-
tency across examinations [242].

As a result, Al-driven SGUS scoring has markedly
improved inter-rater reliability (ICC = 0.9328) [248,249],
particularly benefiting anti-SSA-negative patients (nega-
tive predictive value = 92%) [249]. Recent studies also
show strong correlations between SGUS findings and dis-
ease activity (ESSDAIL: r = —0.88) as well as inflamma-
tory biomarkers (IL-6: r = 0.735; 52M: r = 0.734) [248].
Continuous developments in salivary gland assessment, in-
cluding quantification of glandular fibrosis and evaluation
of cytokine profiles alongside clinical and imaging find-
ings, have advanced understanding of glandular pathol-
ogy and support individualized patient management in SS
[250,251].

Concurrently, molecular and omics-based approaches
add complementary diagnostic insights. Gene-level analy-
ses employing machine learning algorithms such as least
absolute shrinkage and selection operator (LASSO) and
random forest have identified transcriptomic biomark-
ers (IFI27, HES4) validated through reverse transcription
quantitative polymerase chain reaction [18,252]. Sali-
vary exosome studies targeting interferon-stimulated genes
(ISG15) provide non-invasive diagnostic opportunities,
while proteomic and metabolomic profiling using LC-
MS/MS and ultra-high-performance liquid chromatogra-
phy high-resolution mass spectrometry differentiates SS pa-
tients based on unique protein and metabolic signatures
[47,229,253].  Single-cell RNA sequencing of immune
cells further elucidates disease-specific cellular heterogene-
ity and immune dysregulation [254,255].

Despite these considerable achievements, several val-
idation and implementation challenges remain. Broader
multicenter and multiethnic studies are required to assess Al
model generalizability across populations and imaging sys-
tems [246,247,256]. Establishing international standardiza-
tion of SGUS acquisition, scoring, and Al integration is es-
sential for consistent performance and regulatory approval
[256,257]. Furthermore, clinical integration demands ex-
plainable, user-friendly Al interfaces, while prospective
and longitudinal studies should clarify their impact on dis-
ease monitoring and outcomes [247,256,257].  Finally,
compliance with medical device regulations and ethical
standards remains pivotal to achieving safe, equitable, and
effective clinical deployment [247,256].

4.6 AI-Driven Precision Biomarkers

Al and machine learning methods are reshaping the
diagnostic and prognostic landscape of pSS by augment-
ing histopathology, imaging, and multi-omics analysis. To-
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gether, these approaches aim to reduce observer variabil-
ity, quantify tissue injury with greater precision, and enable
endotype-guided clinical decision-making.

Advanced neural network models for automated anal-
ysis of labial salivary gland biopsies achieve high AUC val-
ues for both focus score classification and disease diagno-
sis on digitized hematoxylin and eosin-stained slides, with
external validation across six European expert centers con-
firming diagnostic accuracy while identifying novel histo-
logical disease subtypes [258]. Notably, YOLOvS8 mod-
els enhanced with multi-dimensional attention modules and
custom S-MPDIoU loss functions have been specifically
optimized for precise lymphocyte detection in biopsy im-
ages, addressing the challenge of small cell size and distin-
guishability [241]. The improved YOLOvVS model achieved
a 9.1% increase in recall and 3.2% improvement in mAP.5
compared to baseline YOLOvS, with an average of >30
lymphocytes detected per image from 600 annotated labial
gland biopsy patches [241]. Additionally, automated im-
age analysis systems, such as convolutional neural net-
works based on ResNet-152, reduce pathologist subjectiv-
ity in focus score assessment, achieving 89.47% sensitivity
and 88.24% specificity while addressing interobserver dis-
agreement that historically affects diagnostic consistency
[243].

Beyond histopathology classification, machine learn-
ing algorithms effectively predict disease severity and com-
plications through multiple complementary approaches.
Random forest algorithms achieve an AUC of 0.854 for
differentiating rheumatoid arthritis-Sjogren’s overlap from
uncomplicated SS through LASSO-based feature selection
combined with Shapley Additive exPlanations (SHAP)-
based model interpretability analysis, establishing age, anti-
Ro/SSA antibodies, and systemic inflammatory markers
(C-reactive protein, RF) as key discriminators with quan-
tifiable feature importance values [259]. In parallel, XG-
Boost models integrate molecular genetic data (includ-
ing N7-methylguanosine-related genes and their expression
profiles) to predict pSS risk stratification with high accu-
racy and specificity, providing gene-level disease predic-
tion [260].

Recent advances in deep learning have shown promis-
ing potential in overcoming the limitations of manual
operator-dependent scoring systems in SGUS by allowing
objective image interpretation, thereby addressing the sig-
nificant inter-rater disagreement [De Vita score, Outcome
Measures in Rheumatology (OMERACT) score] that has
limited the clinical application of SGUS despite its value as
a non-invasive diagnostic tool for pSS [234,261]. For in-
stance, convolutional neural networks based on the ResNet-
50 architecture achieve a specificity of 86.9% for pSS de-
tection, compared to 80.1% with conventional operator-
based scoring, while maintaining a comparable sensitivity
of approximately 59.4% versus 61.4% [245]. A more com-
plex model employing five convolutional layers has demon-
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strated diagnostic accuracy of 99%, with corresponding
sensitivity and specificity nearing 98% and 99%, respec-
tively, in test datasets [247]. In addition to classification,
deep learning-based segmentation algorithms such as fully
convolutional networks, deep neural networks, DenseNet,
U-Net, and LinkNet enable high-fidelity delineation of sali-
vary gland boundaries, matching the precision of expert
radiologist annotations [242,262]. These technologies fa-
cilitate advanced radiomic feature extraction and texture
analysis, significantly reducing evaluation time and min-
imizing inter-reader subjectivity [242,262]. Collectively,
these developments highlight the role of Al in standardiz-
ing SGUS interpretation and advancing its integration as a
reproducible, operator-independent diagnostic tool in rou-
tine pSS care [234]. However, despite these encouraging
results, Al-assisted SGUS still faces several challenges in
SS diagnosis. Conventional SGUS shows reduced diag-
nostic sensitivity in anti-Ro/SSA—negative patients, sug-
gesting that algorithms trained mainly on anti-Ro/SSA—
positive cases may underperform in this subgroup and re-
quire targeted validation [249]. Generalizability is also lim-
ited by variations across imaging devices and acquisition
protocols [263]. Furthermore, inter-rater variability per-
sists despite OMERACT standardization, although consen-
sus atlases and structured training can improve consistency
[235,264]. Finally, the inherently low signal-to-noise of
ultrasound further complicates the automated feature ex-
traction [262]. To overcome these obstacles, future models
should be trained on multi-center and multi-device datasets,
validated externally, and supported by standardized imag-
ing protocols and bias-mitigation strategies to ensure repro-
ducibility and broad clinical adoption.

Computed tomography (CT)-based Al achieves per-
formance comparable to expert readers in pSS. In a head-
to-head study with 50 test patients, an Al system reached
96% accuracy with 100% sensitivity and 92% specificity
for pSS detection, matching experienced radiologists and
clearly outperforming inexperienced readers [265]. Ra-
diomics pipelines that extract first-order, shape, and texture
features from segmented parotid glands further improve
discrimination and maintain strong performance on tempo-
ral validation with an AUC 0f 0.96 [266]. These approaches
enable objective quantification of CT signs of gland injury,
including parenchymal atrophy, ductal changes, and fat de-
position, thereby improving reproducibility and standard-
ization [266].

Beyond single-modality imaging, multi-omics inte-
gration with machine learning has identified distinct pSS
endotypes characterized by differential immune dysregu-
lation. A landmark European study (Soret et al., 2021
[74]) identified four molecular clusters using comprehen-
sive multi-omics data from 304 pSS patients: an IFN-a-
dominant cluster with high type I and type I IFN signatures,
a B-cell hyperactivation cluster with increased peripheral
B-cell frequencies, a neutrophil-driven cluster with aber-
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rant DNA methylation patterns, and a minimal-disease clus-
ter. Subsequent studies and comprehensive reviews have
further confirmed and expanded these endotype classifica-
tions [267]. Machine learning algorithms trained on in-
tegrated transcriptomic, proteomic, metabolomic, and im-
munophenotyping datasets reliably identify disease endo-
types and predict therapeutic responses, enabling endotype-
matched treatment selection for improved patient outcomes
[74]. Metabolomic profiling combined with machine learn-
ing identifies disease-specific metabolite signatures asso-
ciated with pulmonary involvement and disease activity
severity in pSS patients, while deep learning models ap-
plied to salivary gland biopsy images predict risk of extra-
glandular organ involvement with high accuracy [268,269].
These complementary multi-omics approaches collectively
provide a framework for rational, data-driven therapeu-
tic selection tailored to individual patient disease endo-
types [233,267]. Nevertheless, clinical translation of these
multi-omics biomarker signatures faces significant obsta-
cles rooted in disease heterogeneity and validation limita-
tions. The diverse clinical and molecular phenotypes, com-
bined with divergent sample collection protocols and ana-
lytical methodologies, produce inconsistent biomarker sig-
natures with poor reproducibility across cohorts [74,233,
270]. Many biomarker studies employ small, single-center
designs without adequate longitudinal validation, prevent-
ing confirmation of stability and generalizability [74,184,
233]. Furthermore, variable bioinformatics pipelines, in-
consistent feature selection approaches, and disparate ma-
chine learning methodologies complicate translation and re-
strict clinical adoption [233,270,271]. Regulatory barriers
compound these challenges, as most multi-omics biomark-
ers lack rigorous multi-cohort validation and regulatory ap-
proval, while clear clinical decision thresholds and diagnos-
tic workflow integration pathways remain undefined [270,
271]. To overcome these obstacles, coordinated strategies
are essential. International collaboration across rheuma-
tology centers should harmonize biospecimen collection,
omics analysis, and data reporting protocols to increase co-
hort diversity and statistical power [74,233,272]. Estab-
lishing consensus guidelines similar to oncology standards
would standardize procedures and enhance reproducibility.
Secure, privacy-compliant federated Al and cloud-based
analytics platforms will enable data harmonization and ro-
bust multi-cohort analysis across healthcare systems [272].
A stepwise validation approach progressing from discovery
through multi-cohort validation to prospective clinical tri-
als will demonstrate clinical utility and cost-effectiveness
[270,271,273].

In summary, Al-enabled histopathology, ultrasound,
CT, and multi-omics analysis collectively advance objec-
tive assessment of glandular damage and systemic risk in
pSS while laying the groundwork for precision stratifica-
tion. Real-world deployment now depends on robust exter-
nal validation, standardized acquisition and analysis pro-
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tocols, and regulatory-grade evidence that demonstrates re-
producibility, clinical utility, and economic value across di-
verse care settings.

5. Future Directions

Future research in pSS should focus on validating
multi-omics biomarkers and integrating novel autoantibod-
ies, epigenetic markers, and non-invasive diagnostics into
clinical practice. The development of DNA assembly
strategies in both basic research and biomedical applica-
tions could open up opportunities for the exploration of
novel biomarkers [274]. Moreover, crucial biomarkers of
TJ dysfunction in saliva should be considered for both non-
invasive diagnostic tests and the management of pSS [275].
Stratification based on immune endotypes may enable per-
sonalized therapy, while Al-assisted imaging and machine
learning can further refine diagnosis and monitoring. Eluci-
dation of the links between IFN signaling, B-cell activation,
and metabolic dysfunction should provide a scientific ba-
sis for the development of targeted, mechanism-based treat-
ments.

6. Conclusions

Conventional autoantibodies and newly developed
biomarkers are now being combined to allow earlier and
more precise diagnosis of pSS, as well as improved risk
stratification, even in seronegative cases. Advances in sali-
vary and tear-based multi-analyte panels, Al-driven imag-
ing, and multi-omics profiling have contributed to more
precise disease monitoring and facilitated the development
of targeted, pathway-specific therapies. While these in-
novations hold substantial promise for personalized man-
agement, their implementation into routine clinical prac-
tice will require the resolution of challenges relating to test
standardization, different patient demographics, and clini-
cal adoption.
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