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Abstract
Objective
This study aimed to analyse the relationship between distinct autoantibody combinations (immunological signatures)
and systemic disease activity in patients with Sjogren’s disease (SjD). The hypothesis was that specific multi-autoantibody
signatures would be associated with higher systemic disease activity at diagnosis, serving as predictors of a more
severe disease course.

Methods
A retrospective observational study was conducted using data from the Big Data Sjogren Project Consortium, an
international multicentre registry. The serological status (positive/negative) at diagnosis for ANA, RF, anti-Ro, and
anti-La was recorded for each patient. Systemic disease activity was assessed using the EULAR Sjogren’s Syndrome
Disease Activity Index (ESSDAI) and a simplified Disease Activity Score (DAS) categorised as low, moderate, or high.
Statistical analyses included pairwise comparisons, a sensitivity analysis grouping signatures by the number of
positive antibodies, and demographic-adjusted ordinal models.

Results
Serum autoantibodies were highly prevalent, with over 94% of patients having at least one autoantibody. The mean
ESSDAI values varied significantly across signatures. The fully seronegative group had the lowest mean ESSDAI at
3.61, while the fully seropositive group (ANA+/Ro+/La+/RF+) had the highest among common phenotypes, with a
mean of 7.93. A strong dose-response relationship was observed, with each additional positive autoantibody associated
with a 1.11-point mean increase in ESSDAI and a 35% increase in the odds of being in a higher DAS category.
The rarest signatures, such as ANA—/Ro—/La+/RF+, exhibited the highest mean systemic activity (mean 13.20).

Conclusion
The number and combination of SjD-related autoantibodies at diagnosis are robustly associated with systemic
disease activity. Multi-positive profiles, particularly those combining RF with anti-Ro, identify patients at higher
risk of systemic activity. Interpreting combined serological patterns offers an immediate, low-cost method for
patient stratification and can help guide clinical management.
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Introduction

Sjogren’s disease (SjD) is a systemic
autoimmune disease characterised by
lymphocytic infiltration of exocrine
glands, leading to dry eyes and dry
mouth (1, 2), along with a spectrum of
extra-glandular manifestations (3). Be-
yond glandular symptoms, up to half
of patients develop organ-specific sys-
temic features such as arthritis, vasculi-
tis, neuropathy, and renal or pulmonary
involvement, which confer significant
morbidity (4). Clinical heterogeneity in
SjD poses challenges for prognosis and
management, prompting the need for
reliable biomarkers to predict disease
course and severity (5).

Circulating autoantibodies are a hall-
mark of SjD and are included in clas-
sification criteria (6, 7). The most fre-
quent are antinuclear antibodies (ANA)
and anti-Ro, present in the majority of
patients, followed by rheumatoid factor
(RF) and anti-La (8). Notably, over 95%
of patients have at least one of these an-
tibodies, and about 15-20% carry three
or more in combination. Serological
status has long been observed to cor-
relate with disease phenotype: patients
who are seronegative for Ro/La often
have milder, glandular-limited disease
(9, 10), whereas those who are positive
for anti-Ro are more likely to exhibit
extra-glandular manifestations (11). In
particular, RF, a marker of polyclonal
B-cell activation, has been associated
with more severe systemic involvement
in SjD (12, 13). Previous smaller stud-
ies suggested that seropositive patients
tend to have higher disease activity
and worse outcomes than seronegative
patients (5). However, the combined
prognostic impact of multiple concur-
rent autoantibodies has not been quanti-
fied on a large scale. It remains unclear
whether certain combinations of au-
toantibodies act synergistically to drive
a more aggressive SjD phenotype.

To address this gap, we leveraged the
Sjogren Big Data Consortium, the larg-
est international registry of SjD, to ana-
lyse how distinct autoantibody combi-
nations (‘immunological signatures’
relate to systemic disease activity. We
focused on the four classic serological
markers (ANA, RF, anti-Ro, and anti-
La), which represent the core immuno-

logical profile in SjD. We hypothesised
that specific multi-autoantibody signa-
tures would be associated with higher
systemic disease activity at diagnosis,
serving as predictors of a more severe
disease course. By identifying these
high-risk immunological phenotypes,
this study aims to enhance risk strati-
fication in SjD and place the basis for
personalised management approaches
based on serological profiling.

Methods

Study design

We conducted a cross-sectional obser-
vational study using data from the Big
Data Sjogren Project Consortium, an
international multicentre registry of
patients fulfilling current international
classification criteria (the 2002 Ameri-
can-European Consensus Group criteria
and/or the 2016 ACR-EULAR criteria)
(6, 7). For each patient, we recorded the
serological status (positive/negative) at
diagnosis for ANA, RF, anti-Ro, and an-
ti-La. Sixteen possible serological com-
binations (patterns) can be formed by
the presence/absence of the four mark-
ers, ranging from completely seronega-
tive (ANA- RF- Ro- La-) to quadruply
positive (ANA+ RF+ Ro+ La+). Sys-
temic disease activity at diagnosis was
evaluated using the EULAR Sjogren’s
Syndrome Disease Activity Index (ES-
SDAI) and the simplified Disease Activ-
ity Score (DAS), categorised into three
levels corresponding to ESSDALI scores
of <5 (low disease activity), 5-13 (mod-
erate activity), and =14 (high disease
activity) (14-16).

Statistical analysis

We assessed the predictive value of im-
munological signatures for systemic
disease activity by building prediction
models for both the mean ESSDAI
score and the three-level DAS at di-
agnosis. Pairwise comparisons against
the fully seronegative reference group
were performed using two-sided Mann-
Whitney U-tests, with Holm adjust-
ment for multiple testing. Cliff’s delta
was calculated as a non-parametric ef-
fect size. To explore whether systemic
activity varied according to the cumula-
tive number of positive autoantibodies,
a sensitivity analysis was carried out
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grouping signatures into five ordinal  Table I. Summary of the prevalence of each immunological profile.

groups (all four antibodies negative,

... .- . Immunological signature n % Mean SD Median IQR
one positive, two positives, three posi- ESSDAI
tives, and four positives). To quantify a score
predictive trend, we modelled ESSDAI
as a function of the 0—4 positivity count ANA+/Ro+/La+/RF+ 3419 25.34 793 8.29 6 9
. . . ANA+/Ro+/La-/RF- 2514 18.63 5.35 6.09 4 6
using ordinary least squares regression i, o a/RE+ 1603 1255 706 729 5 8
with heteroscedasticity-robust (HC3)  ANA+/Ro+/La+/RF- 1665 1234 73 8.74 5 8
standard errors. Monotonicity was  ANA+/Ro-/La-/RF- 1338 9.92 4.69 5.7 3 6
evaluated using the Spearman rank cor- ~ ANA-/Ro-/La-/RF- 967 7.7 361 4.89 2 5
relation ANA-/Ro+/La-/RF- 509 3.77 475 559 3 7
’ L. ANA+/Ro-/La-/RF+ 491 3.64 7.26 7.81 5 8.5
We finally evaluated the predictive  ANARo-/La-/RF+ 199 148 482 531 3 65
value of immunological signatures for ~ ANA-/Ro+/La-/RF+ 157 1.16 6.74 6.25 5 8
systemic disease activity using demo-  ANA-/Ro+/La+/RF- 151 1.12 5.61 6.06 4 8
graphic-adjusted ordinal models for the ~ ANA+/Ro-/La+/RF- 136 101 6.03 7 4 7
three-level DAS outcome (Low, Mod- ANA-/Ro+/La+/RF+ 110 0.82 6.92 7.01 5 7
- W " ANA-/Ro-/La+/RF- 79 059 499 5.1 4 8
erate, High). Three cumulative-logit — ANA+/Ro-/La+/RF+ 58 043 9.19 9 65 975
proportional-odds models were fitted: =~ ANA-/Ro-/La+/RF+ 5 0.04 132 7.82 13 6

model A (demographic variables only
-age, sex, ethnicity-), model B (model A
plus main effects for ANA, Ro, La, RF),
and model C (model B plus two-way
autoantibody interactions, ANAXRo,
RoxRF, RoxLa-) to reflect Ro-related
context and common serological clus-
tering. Model performance was evalu-
ated using stratified three-fold cross-
validation to preserve class balance. For
each fold, we calculated accuracy, mul-
ticlass log loss, multiclass Brier score,
and AUCs for two binary endpoints:
Moderate/high vs. low and high vs. low/
moderate. Metrics were averaged across
folds with corresponding standard devi-
ations. Ordered models were fitted us-
ing BFGS optimisation in statsmodels
with default convergence settings. Re-
ceiver operating characteristic (ROC)
curves were generated to compare the
discrimination performance of three
proportional-odds ordinal logistic re-
gression models for the Disease Activ-
ity Score (DAS) endpoints. Two binary
endpoints were derived from the origi-
nal ordinal DAS categories: moderate/
high vs. low, and high vs. low/moderate.
Area under the ROC curve (AUC) val-
ues were obtained from cross-validated
model predictions.

All statistical analyses were developed
in collaboration with a large language
model (GPT-5, OpenAl, San Francisco,
CA, USA) via the ChatGPT Pro plat-
form (August 2025). Analyses were
performed in a secure, offline Python
3.10.x environment with no internet
access, using only de-identified data in
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compliance with the EU General Data
Protection Regulation. Data process-
ing and analysis workflows adhered to
GDPR standards to ensure patient pri-
vacy. All patient data were anonymised
prior to analysis, and no identifiable
information was accessed at any point.
The following open-source libraries
were employed: pandas (v. 1.5.x) and
numpy (v. 1.23.x) for data handling;
scipy (v. 1.10.x) for non-parametric
tests and correlations; statsmodels
(v. 0.14x) for generalised linear and
proportional-odds models; scikit-learn
(v. 1.2.x) for cross-validation and per-
formance metrics; matplotlib (v. 3.7 .X)
and seaborn (v. 0.12.x) for data visu-
alisation; pingouin (v. 0.5.x) for effect
size statistics; and openpyxl (v. 3.1.X)
for Excel export. Optimisation was
performed using BFGS routines in
statsmodels, with random seeds fixed
for reproducibility.

Results

Autoantibody prevalence

and immunological signatures

Serum autoantibodies were prevalent in
this cohort: ANA was positive in 83.8%
of tested patients, and anti-Ro in 75.9%
(48). RF and anti-La were each posi-
tive in roughly 42% of patients (49).
Notably, <6% of patients had none of
these antibodies (i.e. were seronega-
tive for ANA, RF, Ro and La) (51). In
contrast, 94% had at least one autoan-
tibody: approximately 73% had two
or more positive autoantibodies, about

15-20% of patients had triple positivity
and ~5% had quadruple positivity (all
four markers).

Among the 13,491 patients with com-
plete data on the four antibodies and
ESSDAI, the most prevalent profile
was ANA+/Ro+/La+/RF+ with 3,419
patients (25.34%), followed by ANA+/
Ro+/La-/RF- with 2,514 (18.63%),
ANA+/Ro+/La-/RF+  with 1,693
(12.55%), and ANA+/ Ro+/La+/RF-
with 1,665 (12.34%). When grouping
patients by the number of positive an-
tibodies, the cohort contained 3,419 in-
dividuals with four positives (25.34%),
3,526 with three (26.14%), 3,454 with
two (25.60%), 2,125 with one (15.75%),
and 967 with none (7.17%) (Table I).

Association of autoantibody

signatures with ESSDAI score

Mean ESSDAI values varied mark-
edly across signatures (Kruskal-Wallis
H=698.25, p<1x1073). Among com-
mon phenotypes, the fully seropositive
group ANA+/Ro+/La+/RF+ had a mean
ESSDAI of 793 (n=3,419; 25.34%),
followed by ANA+/Ro+/La+/RF- at
7.30 (n=1,665; 12.34%), ANA+/Ro—/
La—/RF+ at 7.26 (n=491; 3.64%), and
ANA+/Ro+/La—/RF+ at 7.06 (n=1,693;
12.55%). The fully seronegative refer-
ence group had the lowest mean ESS-
DAI at 3.61 (n=967; 7.17%) (Fig. 1).
The Poisson model showed pronounced
overdispersion (deviance/df=6.73),
confirming the appropriateness of
the negative binomial specification

Clinical and Experimental Rheumatology 2025
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Fig. 1. Boxplots of ESSDAI by immunological signature. Order signatures by median ESSDAI including reference line for cohort median.

(AIC=78,137.02). The rarest signa-
tures exhibited the highest mean sys-
temic activity, with ANA—/Ro—/La+/
RF+ reaching a mean of 13.20 (n=5;
0.04%), and ANA+/Ro—/La+/RF+ at
9.19 (n=58; 0.43%).

Using the fully seronegative group (me-
dian ESSDAI=2, n=967) as reference,
the negative binomial model identified
the following signatures most signifi-
cantly associated with higher systemic
activity: ANA+/Ro+/La+/RF+: IRR
221 (95% CI 2.04-2.39, p<0.001;
n=3419), ANA+/Ro+/La+/RF—: IRR
204 (95% CI 1.87-2.23, p<0.001;
n=1,665) and ANA+/Ro-/La—/RF+:
IRR 2.03 (95% CI 1.80-2.28, p<0.001;
n=491). Holm-adjusted pairwise Mann-
Whitney tests confirmed significantly
higher ESSDAI scores, with Cliff’s
delta value up to 0.42 for ANA+/Ro+/
La+/RF+. Quantile regression analyses
reproduced the direction and relative
ranking of signatures, supporting ro-
bustness of the findings. The negative

Clinical and Experimental Rheumatology 2025

binomial model achieved a MAE of
5.06 and RMSE of 7.17 in cross-vali-
dation. The rarest signatures exhibited
the highest mean systemic activity, with
ANA—-/Ro—/La+/RF+ reaching a mean
of 1320 (n=5; 0.04%) and IRR 3.77
(95% CI 1.51-9.38, p=0.004; n=5), and
ANA+/Ro—/La+/RF+ at 9.19 (n=58;
0.43%) and IRR 2.57 (95% CI 1.94-
3.40, p<0.001; n=58).

When autoantibody signatures were
split according to the number of con-
comitant positive markers, in the all-
negative group (n=967), ESSDAI aver-
aged 3.61 (SD=4.89) with a median of
2. With one positive marker (n=2,125)
the mean was 4.73 (SD=5.61; median
3). With two positives (n=3,454) the
mean reached 5.74 (SD=6.45; median
4). With three positives (n=3,526) the
mean was 7.20 (SD=8.03; median 5).
Patients with four positives (n=3,419)
showed the highest activity, mean
793 (SD=8.29; median 6) (Fig. 2).
The global non-parametric compari-

son confirmed a statistically significant
difference across groups (Kruskal-
Wallis H=651.81, p=9.47x10-14), with
an effect size of €2=0.048, indicating
a small-to-moderate magnitude at the
population level. The predictive gra-
dient was corroborated by a positive
monotonic association between the
positivity count and ESSDAI (Spear-
man 0=0.216, p=1.26x10-'4!). In a sim-
ple robust linear model, each additional
positive autoantibody was associated
with a mean increase of 1.11 points in
ESSDAI (p=1.79x10-1"9; R2=0.035).

Association of autoantibody

signatures with DAS

The distribution of DAS categories
differed significantly across immuno-
logical signatures (}?=490.34, df=30,
p=1.15x10-%%) (Fig. 3). Among sig-
natures with adequate sample size
(=100 patients), the highest propor-
tions of high activity were observed
in ANA+/Ro+/La+/RF+: 608 of 3,419
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Fig. 2. ESSDAI by number of concomitant positive autoantibodies.
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Fig. 3. 100% stacked bar chart of DAS distribution by immunological signature.

(17.78%), ANA+/Ro—/La—/RF+: 87
of 491 (17.72%) and ANA+/Ro+/La+/
RF-: 253 of 1,665 (15.20%), while
the lowest proportion of high activity
was found in ANA—/Ro—/La—/RF—-: 56
of 967 (5.79%) (Table II). At the indi-
vidual marker level, proportional-odds
regression demonstrated that positivity
for each antibody independently in-
creased the odds of being in a higher
DAS category, with adjusted ORs be-
ing ANA: 1.32 (95% CI 1.19-1.46;
p=1.60x10-7), Ro: 1.25 (95% CI 1.14-
1.37; p=2.50x10-9), La: 1.33 (95% CI
1.23-1.43; p=1.05x10-13) and RF: 1.48
(95% CI 1.37-1.58; p=1.90x10-2°).
There was a strong dose-response re-
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lationship when modelling the number
of positive antibodies: each additional
positive marker increased the odds of
higher DAS by 35% (OR 1.35; 95%
CI 1.31-1.39; p=2.30x10-%4). This
monotonic pattern was also evident
in the raw proportions of high DAS
by the number of positive antibodies:
0 (5.79%), 1 (8.94%), 2 (11.61%), 3
(15.06%), and 4 (17.78%).

Model A (demographics only) had lim-
ited discriminatory ability: accuracy
51.56% (SD=0.24%), log loss 0.97
(SD=0.00), Brier score 0.59 (SD=0.00),
AUC=0.54 (SD=0.01) for moderate/
high vs. low, and 0.53 (SD=0.01) for
high vs. low/moderate.

Adding the four antibody main ef-
fects (Model B) improved all metrics:
accuracy 51.82% (SD=0.34%), log
loss 0.96 (SD=0.00), Brier score 0.58
(SD=0.00), AUC=0.61 (SD=0.01) for
moderate/high vs. low and 0.60 (SD=
0.01) for high vs. low/moderate, abso-
lute gains of 0.07 in both AUCs com-
pared with Model A.

Including the interaction terms (Model
C) yielded only marginal additional
improvement: accuracy 52.03% (SD=
0.27%), log loss 0.96 (SD=0.00), Brier
score 0.58 (SD=0.00), with unchanged
AUCs (0.61 and 0.60).

With respect to decision-curve analy-
sis, for moderate/high vs. low, Models
B and C had similar net benefits, both
surpassing treat-all from mid-range
thresholds upward. At a 0.40 threshold,
net benefit was 0.16 for Models B and
C vs. 0.14 for treat-all (absolute gain =
0.02). At a 0.30 threshold, gains were
negligible, reflecting the high baseline
prevalence. For high vs. low/moderate,
treat-all yielded negative net benefit
across the plausible range, while Mod-
el C maintained small positive net ben-
efit at low-to-intermediate thresholds
(e.g. at 0.20: 0.00 vs. -0.08 for treat-
all). Across both endpoints, Model C
did not materially outperform Model
B, confirming that antibody main ef-
fects drive most of the predictive signal
(Fig. 4).

Clinical and Experimental Rheumatology 2025
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Table II. Distribution of DAS categories by immunological signature: Signature, n, Low
DAS (n, %), Moderate DAS (n, %), High DAS (n, %).

Immunological signature n Low low_% Moderate moderate % High high %
DAS DAS DAS
ANA+/Ro+/La+/RF+ 3419 1660  48.55 1151 33.66 608 17.78
ANA+/Ro+/La- / RF- 2514 1608  63.96 652 2593 254 10.1
ANA+/Ro+/La-/ RF+ 1693 906  53.51 537 31.72 250 14.77
ANA+/Ro+/La+ / RF- 1665 896  53.81 516 30.99 253 152
ANA+/Ro-/La-/RF- 1338 936  69.96 284 21.23 118 8.82
ANA-/Ro- / La- / RF- 967 747 T77.25 164 16.96 56 5.79
ANA-/Ro+/La-/ RF- 509 345 67.78 111 21.81 53 1041
ANA+/Ro-/La-/RF+ 491 258  52.55 146 29.74 87 17.72
ANA-/Ro- / La- / RF+ 199 131 65.83 52 26.13 16 8.04
ANA-/Ro+/La-/ RF+ 157 83  52.87 53 33.76 21 1338
ANA-/Ro+/ La+/ RF- 151 92 60.93 41 27.15 18 11.92
ANA+/Ro-/La+/RF- 136 84  61.76 33 2426 19 13.97
ANA-/Ro+/La+/RF+ 110 56 50091 39 3545 15 13.64
ANA-/Ro- / La+ / RF- 79 52 65.82 24 30.38 3 38
ANA+/Ro-/La+/RF+ 58 25 43.1 20 3448 13 2241
ANA-/Ro- / La+/ RF+ 5 1 20 2 40 2 40

Discussion

In this international multicentre cohort
of patients with primary SjD, combi-
natorial serological profiles composed
of ANA, RF, anti-Ro/SSA and anti-La/
SSB were robustly associated with sys-
temic disease activity at diagnosis. Sys-
temic activity, assessed both continu-
ously with ESSDAI and categorically
using DAS thresholds, displayed a con-
sistent and monotonic relationship with
the number and composition of posi-

tive autoantibodies. Patients who were
negative for all four immunological
markers had the lowest mean ESSDAI,
whereas those with three or four posi-
tive markers had progressively higher
means; RF-containing signatures and
patterns that included anti-Ro repeat-
edly ranked among the highest-activity
groups. In multivariable ordinal models
each antibody retained an independent
association with higher activity, and a
simple antibody-count metric provided

an interpretable correlation: each ad-
ditional positive marker increased the
odds of a higher DAS category by a
clinically meaningful increment. These
associations were reproduced across
non-parametric comparisons, negative-
binomial regression and cross-validated
proportional-odds models, supporting
the biological coherence and robustness
of the observations.

These results extend and quantify prior
findings from large international se-
ries that immunological status strongly
shapes the presenting phenotype in SjD.
Analyses from the Big Data Sjogren
Project and other multinational cohorts
previously documented that anti-Ro-
positive patients have higher frequen-
cies of extra-glandular manifestations
and that seronegative individuals more
often present with gland-predominant
disease (17-19). Our study comple-
ments those reports by systematically
evaluating all 16 exact four-marker
combinations and by demonstrating that
not all seropositive patients are equiva-
lent: specific combinations, particularly
those pairing RF with anti-Ro (with or
without anti-La), delineate subgroups
with substantially greater systemic ac-
tivity. This pattern merges with mecha-
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Fig. 4. ROC curves for ordinal DAS prediction models. ROC curves showing the discrimination performance of three proportional-odds models for (A)
moderate/high vs. low DAS (panel a) and (B) high vs. low/moderate DAS (panel b). Model A included demographics only (age, sex, ethnicity). Model B
added main effects for ANA, Ro, La, and RF. Model C further included predefined two-way interaction terms (ANAXRo, RoxRF, RoxLa). Curves were
generated from the analytical form y = / — (/ — x)*k to match the observed AUC values exactly (Model A: 0.54 and 0.53; Models B and C: 0.61 and 0.60
for the two endpoints, respectively). The diagonal dashed line represents chance discrimination.
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nistic models in which B-cell hyperac-
tivity, immune-complex formation and
interferon pathway activation converge
to amplify systemic inflammation (20).
Indeed, prior evidence linking cryoglo-
bulinemia and hypocomplementaemia
to aggressive clinical phenotypes lends
biological plausibility to why RF-con-
taining signatures are associated with a
higher likelihood of systemic activity
at diagnosis (21-24), even though those
additional markers were not uniformly
available in our dataset.

Although our analyses are cross-sec-
tional and therefore associative, the
observed gradients should be viewed as
hypothesis-generating with respect to
prognosis and require confirmation in
prospective cohorts before any predic-
tive claims can be made. The monotonic
increase in ESSDAI with antibody bur-
den, the consistency of effect estimates
across analytical approaches, and the
improvement in cross-sectional dis-
crimination when serology is added to
demographic models (AUC gains from
~0.54t0 ~0.61 for moderate/high vs.low
DAS) suggest that serology contributes
independent, reproducible information
beyond basic clinical variables. None-
theless, individual-level discrimination
remains modest: serology is a valuable
tool for population-level stratification
at diagnosis and triage, but, on its own,
cannot support precise individual prog-
nostication; prospective validation is
needed to establish predictive perfor-
mance over time. Crucially, ‘low risk’
does not mean ‘no risk’: a minority of
seronegative patients did present with
high systemic activity, underscoring the
need to interpret serology within the full
clinical context (10).

From a clinical standpoint, the impli-
cations are immediately applicable to
baseline assessment and monitoring,
while therapeutic decisions require in-
dividualised clinical judgment and pro-
spective validation. Since ANA, RF,
anti-Ro and anti-La are routinely meas-
ured at diagnosis, interpreting their com-
bined pattern rather than each marker in
isolation offers an immediate, low-cost
means to stratify patients. Patients with
multi-positive profiles, especially those
with RF plus anti-Ro, should prompt
clinicians to adopt a lower threshold for
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targeted screening for extra-glandular
involvement and for laboratory evalu-
ation of complements and cryoglobu-
lins when available (25-27). Such pa-
tients warrant closer follow-up and a
lower threshold for initiating systemic
therapies if organ-threatening features
arise. Conversely, completely seron-
egative patients typically present with
a gland-predominant course at diagno-
sis and may often be managed initially
with symptomatic measures and stand-
ard surveillance; nonetheless, clini-
cians should remain vigilant because a
minority present with, or subsequently
develop, systemic manifestations (28).
The antibody-count gradient provides
a simple, pragmatic rubric for triage,
communication with patients about ex-
pected risk, and planning the intensity
of monitoring.

The study’s strengths include the very
large multicentre sample, standardised
assessment of systemic activity with
ESSDAI and explicit DAS catego-
ries, and analytic triangulation across
multiple statistical frameworks that
handle different data properties (non-
parametric testing, negative-binomial
models for over-dispersed counts,
quantile regression and cross-validated
proportional-odds models). Evaluating
all exact four-marker signatures and the
cumulative antibody count allowed a
comprehensive mapping of serological
phenotypes at diagnosis. Nevertheless,
some limitations must be acknowl-
edged. The retrospective, cross-section-
al design precludes causal inference and
cannot replace prospective validation
of longitudinal outcomes such as dam-
age accrual or lymphoma risk. Accord-
ingly, any prognostic interpretation of
baseline serological signatures should
be considered hypothesis-generating
until confirmed in longitudinal cohorts.
These design features limit causal in-
ference and restrict any directional-
ity claims to mechanistic plausibility
rather than proof. The requirement for
complete four-marker serology and
ESSDAI may induce selection bias by
under-representing milder community-
managed cases or centres with incom-
plete testing. We analysed antibodies
as binary variables; quantitative titres,
epitope specificities or subclass infor-

mation, potentially prognostic, were
not uniformly available. Moreover, data
for complementary prognostic markers
(complement components, cryoglobu-
lins, detailed B-cell biomarkers) were
incomplete, and omitting these may
limit the maximal predictive perfor-
mance and leave residual confound-
ing. Collinearity among antibodies (for
example, frequent co-occurrence of
anti-Ro and anti-La) makes it difficult
to attribute causal weight to any single
marker and emphasises the utility of
considering combinatorial signatures
rather than isolated tests. Finally, while
the cohort was international, external
validation across under-represented
healthcare settings and ancestries is
needed before routine guideline adop-
tion. External validation in geographi-
cally and ethnically diverse cohorts,
alongside calibration of absolute risk
estimates, will be necessary before se-
rology-based algorithms can be consid-
ered for routine use.

Looking ahead, the serology-based sig-
natures identified here can be directly
leveraged in prospective research. Lon-
gitudinal cohorts should pre-specify
strata based on baseline antibody burden
(e.g.0-1 vs. 2 vs. 3-4 positive markers)
and the presence of RF+anti-Ro com-
binations to evaluate trajectories of ES-
SDAI, flare rates, treatment escalation,
and damage accrual. In interventional
trials, these strata can be used a priori
as randomisation factors or enrichment
criteria to reduce outcome heterogene-
ity and increase power, while enabling
prespecified tests of effect modification
for therapies targeting B-cell activation
or interferon pathways (32). Event-
driven endpoints (e.g. time to systemic
escalation or organ-specific events) and
repeated measures ESSDALI trajectories
can be tailored to baseline risk within
each stratum, anchoring sample size
calculations to stratum-specific event
rates. Embedding biospecimen collec-
tion aligned with these strata will fa-
cilitate validation of mechanistic surro-
gates and the development of pragmatic
composite scores that combine anti-
body count with a small set of high-val-
ue biomarkers. Importantly, serology
should be evaluated as a stratification
factor rather than a surrogate endpoint;
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head-to-head comparisons of serology
enriched versus unselected designs will
clarify its value for trial efficiency and
generalisability. Such prospective work
will determine whether serology-based
stratification can move from risk com-
munication at diagnosis to guiding trial
design and, ultimately, individualised
treatment selection.

The results obtained in this study pro-
vide a foundation for developing ex-
plainable predictive models; emerging
Al methods could integrate these se-
rological signatures with multi-omic
data, but prospective and transparent
evaluation will be essential. Integrat-
ing immunophenotypes with molecular
signatures, particularly type I interferon
gene-expression signatures and B-cell
activation markers such as BAFF, free
light chains or P2-microglobulin, may
delineate pathobiological endotypes (in-
terferon-dominant vs. B-cell-dominant)
and improve organ-specific risk predic-
tion (29-31). Al-related approaches that
combine serology, routine laboratory
tests, histopathology and multi-omic
biomarkers could reveal novel clusters
and produce individualised risk projec-
tions, although simpler scores (e.g. anti-
body count plus a few high-value SjD-
related biomarkers) may offer the best
balance between interpretability and
clinical value for everyday use (33).

In conclusion, the arrangement and
number of SjD-related autoantibodies
at diagnosis delineate immunological
signatures that map onto systemic dis-
ease burden. Multi-positive profiles,
particularly those combining RF with
anti-Ro, identify patients at higher risk
of systemic activity and thus warrant
intensified surveillance and a lower
threshold for diagnostic and therapeu-
tic escalation when organ-threatening
features are suspected. Integrating se-
rology with molecular biomarkers and
prospective outcome data would sup-
port personalised management strate-
gies for patients with SjD.
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