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Abstract
Aims/hypothesis  The UNISCREEN study investigated the feasibility of minimally invasive capillary blood sampling com-
bined with novel antibody tests for population-wide screening of type 1 diabetes and coeliac disease autoantibodies across 
all age groups, with secondary objectives to evaluate the prevalence and age-related distribution of these autoantibodies in 
a general Northern Italian population.
Methods  Between April and October 2023, we screened 1532 residents (50.1% of eligible population) of Cantalupo, Milan, 
aged 1–100 years. Capillary blood samples were collected by fingerprick from all participants. A subset of 20 autoantibody-
positive individuals provided confirmatory venous samples. Islet autoantibody screening employed a novel solid-phase 
capture luciferase immunoprecipitation system (LIPS) 3-screen assay requiring only 1 μl of serum for simultaneous detection 
of GADA, IA-2A and ZnT8A, plus a separate IAA assay. Positive samples underwent confirmatory testing with individual 
LIPS assays using truncated GADA to improve specificity. Coeliac disease screening used a tissue transglutaminase IgA 
(TGA-IgA) LIPS assay. Capillary–venous sample concordance and assay format comparisons validated the methodology.
Results  Among 1454 individuals without known diabetes, islet autoantibody prevalence was 2.3% (95% CI 1.6, 3.2), with 70.6% 
having single autoantibodies and 29.4% having multiple autoantibodies. Among 73 individuals with type 2 diabetes, 9.6% (95% CI 
3.9, 18.8) were islet autoantibody-positive. TGA-IgA prevalence was 3.5% (95% CI 2.7, 4.6) overall, with 3.2% (95% CI 2.3, 4.2) 
newly identified positivity among those without known coeliac disease. Capillary–venous sample concordance was high (85–95% 
across autoantibodies), increasing with antibody level from 66.7% to 100% across terciles. Venous LIPS to bridge-ELISA concordance 
ranged from 50% for GADA to 90% for other autoantibodies, with low-affinity GADA partially accounting for discrepancies. Islet 
autoantibody-positive individuals >15 years (measured by 3-screen solid-phase capture LIPS) had significantly higher median antibody 
levels than those ≤15 years (53.5 vs 19.3 arbitrary units, p=0.006). Coeliac disease autoantibody prevalence declined markedly with 
age from 9.1% (≤15 years) to 0.6% (>75 years) (p<0.001), contrasting with the more stable age distribution of islet autoantibodies.
Conclusions/interpretation  Population-wide autoimmunity screening across all age groups is feasible using minimally invasive 
capillary sampling and advanced immunoassay technology. The substantial prevalence of autoimmunity in clinically unaf-
fected individuals (2.3% for islet autoantibodies, 3.2% for coeliac disease autoantibodies) suggests significant opportunities 
for earlier detection and intervention. Age-related differences in antibody levels and the detection of multiple autoantibodies in 
adults without diabetes warrant longitudinal follow-up to understand natural history and progression risk in older populations.

Keywords  Autoantibodies · Autoimmunity · Capillary blood sampling · Coeliac disease · General population screening · 
Luciferase immunoprecipitation system (LIPS) · Population-based study · Tissue transglutaminase antibodies · Type 1 
diabetes · UNISCREEN study
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LIPS	� Luciferase immunoprecipitation system
scLIPS	� Solid-phase capture luciferase immunopre-

cipitation system
tGADA	� GADA measured using an N-terminally trun-

cated GAD65
TGA-IgA	� Tissue transglutaminase autoantibodies of the 

IgA class

Introduction

Type 1 diabetes and coeliac disease are autoimmune condi-
tions with specific autoantibodies detectable years before 
clinical onset. Though historically viewed as paediatric dis-
orders, both affect individuals across all age groups, with 
variable presentations and progression rates [1–3].

Early detection is crucial for preventing complications 
and modifying prognosis. For type 1 diabetes, benefits 
include reducing diabetic ketoacidosis at diagnosis [4], 

minimising symptoms [5] and enabling disease-modifying 
therapies [6]. For coeliac disease, early detection identifies 
silent cases, enabling treatment and preventing complica-
tions including malabsorption, nutritional deficiencies and 
increased malignancy risk [7].

Disease-specific autoantibodies serve as reliable biomarkers 
for both conditions. For type 1 diabetes, these include GADA, 
IAA, IA-2A and ZnT8A [8]. Multiple islet autoantibodies sig-
nificantly increase progression risk, approaching 90% within 
15 years in children and adolescents [9, 10], though prediction 
is less clear in adults where the clinical significance of autoan-
tibody positivity remains less defined [11–14]. For coeliac dis-
ease, tissue transglutaminase autoantibodies of the IgA class 
(TGA-IgA) is the primary serological marker.

While paediatric screening programmes demonstrated 
feasibility and benefit [15], comprehensive prevalence data 
across all age groups remain limited [1, 11]. To address these 
gaps, we conducted the UNISCREEN study in Cantalupo, 
Milan, Italy [16, 17], screening 1532 residents aged 1–100 
years using solid-phase capture luciferase immunoprecipita-
tion system (scLIPS) technology, representing a significant 
methodological advancement over traditional approaches. The 
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3-screen scLIPS assay requires just 1 μl of serum to simul-
taneously test for GADA, IA-2A and ZnT8A [18], a 25-fold 
reduction compared with conventional diagnostic assays, with 
faster processing (4 vs 23 h) and fewer procedural steps. This 
dramatic reduction in sample volume requirements makes 
minimally invasive capillary blood collection practical for 
population screening, potentially increasing participation 
rates, particularly in paediatric populations where venepunc-
ture presents a significant barrier. Our primary objective was 
to validate the feasibility of minimally invasive sampling com-
bined with novel antibody tests for population-wide screening 
of type 1 diabetes and coeliac disease autoantibodies. Second-
ary aims included determining the prevalence and age-related 
distribution of type 1 diabetes and coeliac disease autoanti-
bodies across the full age spectrum, with particular focus on 
adults where comprehensive data remain limited.

Methods

Study design and population  The UNISCREEN study took 
place in Cantalupo, a village in the Cerro Maggiore munici-
pality, Milan, Italy, with a population of 3061 residents aged 
0–100 years. The study was approved by the San Raffaele 
Hospital Ethics Committee and registered on ClinicalTrials.
gov (registration no. NCT05841719); the detailed methodol-
ogy is available in previous publications [16, 17].

Following a public awareness campaign through schools, 
community centres, social media and mailings, residents 
aged 1–100 years were invited to participate voluntarily. 
Recruitment occurred between 22 April 2023 and 29 Octo-
ber 2023. Non-residency was the only exclusion criterion. 
Demographic information, including participant sex, was 
obtained by self-report during the screening interview and 
recorded in the case report form. Race/ethnicity data were 
not collected as the study was conducted in a geographi-
cally homogeneous Northern Italian population with limited 
racial/ethnic diversity.

Adult participants provided written informed consent, 
while parents or guardians consented on behalf of minors. 
The study adhered to the principles of the 2013 Declaration 
of Helsinki [19].

Serum sample collection  Trained nurses and physicians 
collected capillary blood samples from each participant via 
fingerprick. If the sample was insufficient, the procedure was 
repeated. The blood was collected in microtubes (Microvette 
200 Z tubes, Sarstedt, Numbrecht, Germany), centrifuged 
and then transferred to fresh tubes for storage at −20°C.

Type 1 diabetes autoantibody screening  All capillary serum 
samples were analysed using two assays: a novel 3-screen 
scLIPS assay and an IAA luciferase immunoprecipitation 

system (LIPS) assay (electronic supplementary material 
[ESM] Methods: Recombinant luciferase-tagged antigens 
production; scLIPS and LIPS immunoassays). The 3-screen 
scLIPS assay simultaneously detected tGADA, IA-2A and 
ZnT8A in just 1 μl of serum, with results available within 4 h 
through a four-step process. This assay uses a nanoluciferase 
reporter system with broader dynamic range than colorimet-
ric ELISA, enhancing quantification accuracy. By leveraging 
liquid-phase antigen–antibody binding, similar to radiobind-
ing assays, it preserves native conformational epitopes that 
can be disrupted when antigens are immobilised on poly-
styrene surfaces. The 3-screen scLIPS demonstrated 98% 
sensitivity and specificity in the Islet Autoantibody Stand-
ardization Program (IASP) 2023 workshop.

The IAA LIPS assay, performed separately due to techni-
cal limitations, used a competitive binding format with nano-
luciferase-tagged insulin and unlabelled insulin (Actrapid, 
NovoNordisk, Denmark) to measure IAA levels [20–22]. 
This assay demonstrated 54.0% sensitivity and 100% speci-
ficity in IASP 2023. The technical constraints that prevented 
incorporating IAA into the multiplex scLIPS assay included: 
different buffer requirements, low IAA levels that would be 
masked by other antibodies and the need for competitive 
binding to minimise nonspecific signals.

Single autoantibody testing on capillary samples  To deter-
mine antigen specificity, capillary samples testing positive 
in 3-screen scLIPS underwent individual LIPS assays for 
each autoantibody. GADA was measured using N-terminally 
truncated GAD65 antigen (tGADA) to improve specificity by 
targeting disease-associated epitopes in the middle and C-ter-
minal regions while excluding nonspecific N-terminal binding 
[22–26]. Competition with unlabelled truncated GAD65 dis-
tinguished high-affinity antibodies from low-affinity responses 
that carry lower diabetes risk [27]. IA-2A was detected using 
the intracellular domain of IA-2, which contains the major 
antigenic determinants recognised in type 1 diabetes [28]. 
ZnT8A employed a dimeric construct linking the C-termi-
nal domains containing R325 and W325 variants, enabling 
simultaneous detection of autoantibodies to both major poly-
morphic forms [29]. IAA used nanoluciferase-tagged insulin 
with competition by unlabelled insulin to eliminate nonspe-
cific binding and identify high-affinity autoantibodies associ-
ated with diabetes progression [20, 30]. These assays showed 
the following performance characteristics in the IASP 2023 
workshop: tGADA (86% sensitivity, 98% specificity), IA-2A 
(78% sensitivity, 100% specificity), ZnT8A (76% sensitivity, 
100% specificity) and IAA (54% sensitivity, 100% specificity).

Coeliac disease screening  All samples underwent initial 
screening using the LIPS assay, which uses a recombinant 
transglutaminase–nanoluciferase fusion protein to detect 
TGA-IgA. This approach requires minimal serum volume 
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(1 μl) and demonstrates high analytical performance, with 
sensitivity >95% and specificity >97% in internal compari-
son studies with reference radiobinding and ELISA assays.

Confirmatory testing in venous samples and assay format 
comparison  To confirm the presence of antibodies, venous 
samples were requested from antibody-positive individuals. 
Confirmatory testing of islet antibodies involved re-measuring 
antibody levels using single-antibody LIPS assays and per-
forming bridge-ELISA tests for GADA, IA-2A and ZnT8A. 
We then compared the concordance between these assays. 
For participants who tested positive on the 3-screen scLIPS 
assay, we applied a modified IAA threshold and adopted a 
Bayesian-informed approach similar to that in the Fr1da study 
(described in abstract 21 of the proceedings of the 61st EASD 
Annual Meeting of the EASD [31]). A more detailed expla-
nation of assay conduction is provided in the ESM Methods 
(Detailed autoantibody measurement procedures).

Confirmatory testing of coeliac disease antibodies 
involved re-measuring TGA-IgA and tissue transglutami-
nase IgG (TGA-IgG) autoantibodies by LIPS and by direct 
ELISA (Eu-tTG IgA and Eu-tTG IgG, Eurospital, Trieste, 
Italy), chemiluminescence immunoassay (CLIA) for TGA-
IgA on a BIO-FLASH platform (QUANTA Flash h-tTG 
IgA, Inova Diagnostics, San Diego, USA) and measuring 
anti-endomysial antibodies by indirect immunofluorescence 
using a Monkey oesophagus kit (NOVA Lite, Werfen, Bar-
celona, Spain) (ESM Methods: Other assays).

The methodology for autoantibody threshold selection is 
described in the ESM Methods (Characteristics of autoan-
tibody distributions and threshold selection) and visualised 
in ESM Fig. 1.

Statistical analyses  Descriptive statistics were calculated for 
age distribution and antibody prevalence. Between-group 
comparisons of antibody prevalence across age groups were 
conducted using χ2 tests. The 95% CIs were calculated and 
reported for estimates. Statistical significance was set at 
p<0.05, and all tests were two-tailed.

This study is reported in accordance with the Strengthen-
ing the Reporting of Observational Studies in Epidemiology 
(STROBE) guidelines for cross-sectional studies. Statisti-
cal analyses were performed using R version 4.5.1 (https://​
cran.r-​proje​ct.​org/).

Results

Study feasibility  A total of 1535 residents agreed to partici-
pate in the study, representing 50.1% of the eligible Canta-
lupo population [16]. Capillary blood serum adequate for 
autoantibody testing was collected from 1532 participants 

by fingerprick performed by trained nurses and physicians. 
A single fingerprick was sufficient in 47.1% of participants, 
while 52.9% required ≥2 fingerpricks.

Questionnaire responses demonstrated high acceptability 
of the screening programme, with over 99% of participants 
supporting systematic screening for diabetes, coeliac disease 
and cardiovascular diseases. Initial concerns about capillary 
blood sampling (9.7% of adults, 21.9% of parents) were sub-
stantially reduced post screening, with over 95% finding the 
procedure practical and preferring it over venous sampling 
[16]. Psychological concerns about potential disease diag-
nosis also decreased after screening (from 24.0% to 21.3% 
in adults, 31.7% to 23.4% in parents). Overall satisfaction 
was high, with statistically significant increases in positive 
responses observed after screening (p<0.001).

Cohort characteristics  This cohort comprised 55.0% female 
and 45.0% male participants, with mean age 46.0 years 
(IQR 26.9–64.4). Most participants (94.9%) had no diabe-
tes, 0.3% had type 1 diabetes and 4.8% had type 2 diabetes; 
1.0% had coeliac disease (Table 1). Comparison with census 
data showed age and sex distributions similar to the wider 
municipality area (ESM Fig. 2). Response rates varied by 
age group (p<0.001), with highest participation in children/
early adolescents aged 1–15 years (58.7%) and lower rates in 
adolescents and young adults 16–30 years (41.3%) and older 
adults >75 years (42.8%) [16].

Islet autoantibody screening in population without dia‑
betes  Among 1454 individuals without known diabetes, 
31 (2.1%; 95% CI 1.5, 3.0) tested positive using 3-screen 
scLIPS, and two (0.1%; 95% CI 0.0, 0.5) tested positive 
for IAA only. Overall islet autoantibody prevalence was 
2.3% (33/1454; 95% CI 1.6, 3.2) (Table 1, Fig. 1a–d, ESM 
Tables 1, 2).

Single autoantibody testing on capillary samples  To deter-
mine antigen specificity, the same capillary samples that 
tested positive in 3-screen scLIPS (n=36) were retested 
using individual LIPS assays for each autoantibody (Fig. 2a, 
b). tGADA was detected in 30 samples (30/36, 83.3%) by 
single LIPS, which decreased to 16 (16/36, 44.4%) after 
competition with unlabelled antigen. Competition-elimi-
nated samples had lower median screening values (24.4 arbi-
trary units [AU]) than confirmed positives (88.7 AU). Other 
specificities included IA-2A in six samples (6/36, 16.6%), 
ZnT8A in seven samples (7/36, 19.4%) and IAA in six sam-
ples (6/36, 16.7%) using an adjusted threshold. Two samples 
(2/36, 5.6%) tested negative for all individual autoantibodies.

Among the 34 autoantibody-positive individuals in single 
LIPS assays, 24 (24/34, 70.6%) had a single autoantibody 
and ten (10/34, 29.4%) had multiple autoantibodies, repre-
senting 1.6% and 0.6% of the total population, respectively. 

https://cran.r-project.org/
https://cran.r-project.org/
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The most common pattern was tGADA-only (21/34, 61.8%). 
The multiple autoantibody-positive samples comprised 
various combinations, including all four autoantibodies 
(tGADA, IA-2A, ZnT8A and IAA, two individuals), three 
antibodies (tGADA, IAA and ZnT8A, one individual) or 
two antibodies (tGADA with IA-2A, ZnT8A or IAA, two 
individuals each; IAA and ZnT8A, one individual).

Validation of islet autoantibodies in venous samples  Posi-
tive individuals identified during screening were recon-
tacted, and 20 provided venous samples. When venous sam-
ples were retested using LIPS, all 20 individuals remained 
autoantibody-positive. The concordance between capillary 
and venous LIPS results was 90% for tGADA, 95% for IAA, 
90% for ZnT8A and 85% for IA-2A (Fig. 2b).

Concordance between assay formats increased with 
antibody level. When samples were stratified by screening 
value into terciles, capillary-to-venous LIPS concordance 
increased from 66.7% (lowest tercile) to 100% (highest ter-
cile) for most autoantibodies (ESM Table 3). Venous LIPS-
to-bridge-ELISA concordance similarly increased across 
terciles, ranging from 33.3% to 100% depending on the 
autoantibody (ESM Table 4).

Discrepancies between methods occurred predomi-
nantly for GADA, the most prevalent islet autoantibody 
in this cohort. Overall concordance between venous LIPS 
and bridge-ELISA was only 50% for GADA, compared 
with 75–90% for other autoantibodies. The high concord-
ance observed for IAA, ZnT8A and IA-2A, even in lower 
terciles, reflects that most samples were negative for these 
antibodies. Low-affinity GADA detected by LIPS but not 
by bridge-ELISA partially explains the observed discrepan-
cies, as evidenced by improved concordance (75%) with the 
GADA competition assay.

Age‑related patterns of islet autoantibodies  Islet autoan-
tibody prevalence suggests a potentially bimodal pattern: 
3.1% in children/early adolescents ≤15 years, 1.6% in ado-
lescents and young adults 16–30 years, 1.5% in adults 31–45 
years, 0.8% in middle-aged adults 46–60 years, 4.0% in sen-
iors 61–75 years and 3.8% in older adults >75 years (trend 
p=0.15) (Fig. 3c, ESM Table 5).

Among autoantibody-positive individuals, those >15 
years (n=29) had significantly higher median antibody levels 
(53.5 AU, range 15.3–1375.1) than those ≤15 years (n=7; 
median 19.3 AU, range 16.1–21.6) (p=0.006) (Fig. 3a–c), 

Table 1   Characteristics of study participants at screening: demographics, clinical parameters and autoantibody profile

Data are presented as mean ± SD or n (%). p values are from Kruskal–Wallis test for continuous variables or χ2 test for categorical variables 
comparing across diabetes status groups
a BMI data were missing for 34 participants
b Percentages refer to the 78 participants with diabetes

Characteristic Overall
N=1532

No diabetes
N=1454

Type 1 diabetes
N=5

Type 2 diabetes
N=73

p value

Age, years 46.0 ± 23.1 44.6 ± 22.8 54.9 ± 23.0 72.7 ± 8.7 <0.001
Female sex 843 (55.0) 810 (55.7) 2 (40.0) 31 (42.5) 0.068
BMI, kg/m2 23.4 ± 4.8 23.3 ± 4.8 25.6 ± 4.4 26.4 ± 4.5 <0.001
BMI ≥30 kg/m2a 124 (8.3) 110 (7.7) 1 (20.0) 13 (17.8) 0.006
HbA1c, mmol/mol 36.3 ± 6.0 35.5 ± 4.1 72.2 ± 15.3 50.0 ± 11.1 <0.001
HbA1c, % 5.5 ± 0.6 5.4 ± 0.4 8.7 ± 1.4 6.7 ± 1.0 <0.001
HbA1c ≥48 mmol/mol (≥6.5%) 52 (3.4) 10 (0.7) 5 (100.0) 37 (50.7) <0.001
Diabetes therapyb <0.001
  No 11 (14.1) 0 (0.0) 0 (0.0) 11 (15.1)
  Insulin 9 (11.5) 0 (0.0) 4 (80.0) 5 (6.8)
  Other 53 (67.9) 0 (0.0) 0 (0.0) 53 (72.6)
  Insulin plus others 5 (6.4) 0 (0.0) 1 (20.0) 4 (5.5)
  Missing 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
History of gestational diabetes 26 (1.7) 24 (1.7) 1 (20.0) 1 (1.4) 0.007
3-Screen scLIPS positive (AU ≥15) 36 (2.3) 31 (2.1) 1 (20.0) 4 (5.5) 0.006
IAA LIPS positive (AU ≥0.55) 9 (0.6) 2 (0.1) 4 (80.0) 3 (4.1) <0.001
3-Screen scLIPS or IAA positive 44 (2.9) 33 (2.3) 4 (80.0) 7 (9.6) <0.001
TGA-IgA LIPS positive 54 (3.5) 54 (3.7) 0 (0.0) 0 (0.0) 0.219
Confirmed coeliac disease 16 (1.0) 15 (1.0) 1 (20.0) 0 (0.0) <0.001
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Fig. 1   Distribution of autoantibodies in capillary blood samples. Fre-
quency histograms (a, c, e) and box plots with individual values (b, d, 
f) show autoantibody levels. (a, b) Combined tGADA/IA-2A/ZnT8A 
scLIPS assay (cut-off: 15 AU, dashed line), with points coloured by 
diabetes status: type 1 diabetes (T1D, red); type 2 diabetes (T2D, 

blue); no diabetes (transparent). (c, d) IAA assay (cut-off: 0.55 AU, 
dashed line), coloured by diabetes status. (e, f) TGA-IgA assay, col-
oured by coeliac disease (CD) status (CD: magenta; no CD: transpar-
ent), with cut-offs for positive (6 AU) and borderline (3.5 AU) results 
indicated by dashed lines. Grey areas denote borderline regions
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Fig. 2   Distribution of autoantibodies in screening and confirmatory 
testing for type 1 diabetes and coeliac disease. Lollipop plots show 
antibody levels in individuals autoantibody positive at the screening 
stage in ascending order of AU in screening assays (a, c), coloured 
by disease status: type 1 diabetes (T1D, red), type 2 diabetes (T2D, 
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magenta), no CD (transparent) for panel (c). Individual ID numbers 

below (b) and (d) also correspond to (a) and (c), respectively. Dashed 
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Tilemaps compare single-antibody assay score concordance across 
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reflecting differences in both autoantibody profiles and 
individual antibody levels between age groups. This differ-
ence was specific to positive individuals, as autoantibody-
negative groups showed no age-related difference in assay 
background (p=0.71).

Islet autoantibodies in type 2 diabetes  Among 73 individu-
als with type 2 diabetes, seven (9.6%; 95% CI 3.9, 18.8) had 
islet autoantibodies (Table 1, ESM Table 2). Excluding indi-
viduals with IAA-only positivity on insulin therapy, since 
the IAA interpretation is confounded, prevalence of islet 
autoantibodies was 7.8% (5/64; 95% CI 3.4, 17.0). These 
individuals showed no significant differences in age, BMI 
and HbA1c compared with autoantibody-negative individuals 
with type 2 diabetes (ESM Table 6).

Coeliac disease autoantibody screening  Of 1532 individu-
als screened, 54 (3.5%; 95% CI 2.7, 4.6) tested positive for 
TGA-IgA (>6 AU), with 14 additional borderline results 
(0.9%; 95% CI 0.5, 1.5) (Fig. 1e, f, Table 1, ESM Table 7). 
Excluding 16 individuals with known coeliac disease, 48 
of 1516 (3.2%; 95% CI 2.3, 4.2) were newly identified as 
positive. Of the newly identified positives, 25 (1.6%; 95% CI 
1.01, 2.29) had TGA-IgA levels ≥60 AU (more than tenfold 
the cut-off), meeting the European Society for Paediatric 
Gastroenterology Hepatology and Nutrition diagnostic cri-
teria for coeliac disease [32].

Assay concordance of coeliac disease autoantibodies by 
antibody level  Twenty-four positive individuals provided 
venous samples for confirmatory testing. Concordance 
between assay formats varied by initial antibody level 
(Fig. 2c, d). For high positive results (≥60 AU), LIPS con-
firmed 100% of individuals, followed by ELISA at 86.4%, 
CLIA at 81.8% and immunofluorescence at 68.2%. Among 
intermediate levels (20–60 AU, n=8), only LIPS maintained 
100% confirmation while other methods ranged from 37.5% 
to 62.5%. For low positive results (6–20 AU, n=5), LIPS 
confirmed 80% whereas other methods confirmed 40% or 
less.

Age‑related pattern of TGA‑IgA antibodies  The prevalence 
of TGA-IgA showed a striking age-related decline: 9.1% 
(95% CI 5.8, 14.0) among those ≤15 years, 3.9% (95% CI 
1.7, 8.2) in the 16–30 years age group, 4.5% (95% CI 2.5, 
8.0) among those 31–45 years, 3.0% (95% CI 1.6, 5.4) in the 
46–60 years age group, 0.9% (95% CI 0.2, 2.9) among those 
61–75 years and 0.6% (95% CI 0.0, 4.0) in individuals >75 
years (χ2 trend p<0.001) (Fig. 3e, f, ESM Table 5). This 
age-related pattern persisted even after excluding individuals 
with known coeliac disease.

Discussion

Our population-based screening demonstrates the feasibility 
and potential value of comprehensive autoimmunity screen-
ing across all age groups using minimally invasive capillary 
blood sampling combined with advanced immunoassay tech-
nologies. The study provides valuable insights into both the 
methodological requirements for population-wide screening 
and the prevalence and distribution of type 1 diabetes and 
coeliac disease autoantibodies in a general Northern Italian 
population spanning from childhood to advanced age.

The feasibility of large-scale autoantibody screening has 
been enhanced by advances in immunoassay technology. 
A notable methodological advancement in our study was 
the use of the novel high-throughput, plate-based scLIPS 
assay, which requires only 1 μl of serum to test for three 
islet autoantibodies.

Our screening programme used a two-stage autoantibody 
approach similar to the Fr1da study [15], but with key dif-
ferences. The Fr1da study screened capillary blood samples 
from children using a commercial 3-screen ELISA, retest-
ing samples above the 97.5th percentile with reference 
radiobinding assays, with venous blood testing confirming 
autoantibody status in children with at least two positive 
autoantibodies. This two-stage design was implemented to 
balance screening efficiency with diagnostic accuracy: the 
ELISA serves as a high-throughput first-line screening tool, 
while radiobinding assays, considered the reference stand-
ard with superior specificity, are used for confirmation and 
precise autoantibody quantification to determine the number 
of positive autoantibodies and stratify type 1 diabetes risk 
[33]. Notably, the Fr1da study did not include IAA testing 
in the initial screening for all children, reserving it instead 
for those already positive for other autoantibodies. The com-
mercial 3-screen bridge-ELISA used in Fr1da requires larger 
sample volumes (25 μl) and longer processing times (23 h 
vs 4 h for our scLIPS), with more procedural steps (eight vs 
four). Unlike Fr1da, we included IAA as a frontline test in 
our initial screening panel, enabling more comprehensive 
autoantibody profiling. Additionally, we employed a trun-
cated tGADA assay to improve specificity [23, 25].

This method demonstrated excellent performance com-
pared with traditional ELISA approaches in both capil-
lary and venous samples. The high concordance between 
capillary and venous samples (85–100%) validates the 
use of minimally invasive capillary blood collection for 
initial screening, potentially increasing participation rates 
in future screening initiatives. These findings align with 
our previously reported feasibility and acceptability data, 
where 87.5% of adults and 92.0% of children’s parents 
preferred capillary blood sampling over venous sampling 
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Fig. 3   Age distribution, autoan-
tibody profiles and prevalence 
rates in population screen-
ing for type 1 diabetes and 
coeliac disease. Age distribu-
tion histogram of screened 
individuals (a). Lollipop plots 
of autoantibody screening assay 
AU showing autoantibody-
positive individuals arranged by 
age (x-axis) (b, d, e). Diabetes 
status is indicated by shape: 
type 1 diabetes (T1D) as dia-
monds, type 2 diabetes (T2D) 
as squares and no diabetes as 
circles (b, d). Islet autoantibody 
combinations as ascertained by 
single LIPS assays in capillary 
samples are shown by colour 
(b, d). Coeliac disease (CD) 
status is shown by colour: CD in 
magenta and no CD transparent 
(e). Dashed lines show cut-offs 
for positivity (b, d, e) or tenfold 
the threshold (e). Bar plots of 
3-screen islet autoantibody or 
TGA-IgA prevalence across the 
indicated age groups (c, f). For 
CD, autoantibody prevalence 
is shown as observed (orange) 
or adjusted by adding already 
known CD cases (green). Ab+, 
autoantibody-positive
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[16], a rate similar to that demonstrated in recent Swedish 
studies for home-based capillary sampling [34].

Our concordance analysis stratified by initial antibody 
level provides guidance for screening programme design. 
Since assay format agreement increased substantially with 
higher antibody levels, different confirmation strategies 
may be appropriate based on initial screening results. For 
islet autoantibodies, agreement increased from 55% in the 
lowest tercile to 85% in the highest tercile, and for coeliac 
disease autoantibodies from less than 40% for antibody 
levels <20 units to more than 80% for levels >60 units 
(approximately ten times the threshold). These data sug-
gest that low-titre positives require careful interpretation 
considering clinical context and multiple autoantibody 
positivity, and possibly require longitudinal follow-up 
rather than immediate intervention, given the lower con-
firmation rates across assay platforms at lower antibody 
levels.

We identified islet autoantibody positivity in 2.3% of indi-
viduals without known diabetes, with 27.3% of positives 
having multiple autoantibodies. This prevalence is higher 
than our previous work in Northern Italy in the 1990 Cre-
mona study, which found 1% of adults with normal glucose 
tolerance had GADA positivity [35]. Several factors may 
explain this: more comprehensive screening testing for all 
four major islet autoantibodies rather than focusing primar-
ily on GADA and IA-2A, more sensitive assay technology 
and a broader age range, capturing age groups with poten-
tially higher autoantibody prevalence.

The detection of multiple islet autoantibodies in some 
general population adults without clinical diabetes rep-
resents an intriguing finding. In children, the presence of 
multiple islet autoantibodies establishes stage 1 type 1 dia-
betes diagnosis [8], with 90% risk of progression to clinical 
disease within 15 years [9, 10]. However, progression rates 
in adults with multiple autoantibodies appear substantially 
slower and more variable [11–14]. Our prior Cremona study 
found that none of the adults with GADA or IA-2A and 
normal glucose tolerance developed diabetes over 8 years of 
follow-up [35], and the SNAIL study documented individu-
als who remained diabetes-free for at least 10 years despite 
multiple islet autoantibodies [11]. Continuing longitudinal 
follow-up of older general population adults with multiple 
islet autoantibodies identified in our study may yield valu-
able insights into the natural history of islet autoimmunity 
when progression is slow or absent, immunologic or meta-
bolic features associated with non-progression and potential 
biomarkers predicting which adults with autoimmunity will 
progress vs remain stable.

One of our most striking observations was the signifi-
cantly higher islet autoantibody levels in post-adolescent 
positive individuals compared with pre-pubertal individu-
als (median 53.5 vs 19.3 AU, p=0.006), with a 64-fold 

difference in maximum values. This finding has important 
implications for risk stratification. Buzzetti et al previously 
identified a bimodal distribution of GADA levels in late-
onset autoimmune diabetes, demonstrating that individuals 
with high GADA levels had more prominent insulin defi-
ciency and more severe autoimmunity compared with those 
with low GADA levels [13]. Although our study differs in 
examining pre-clinical screening rather than diagnosed dia-
betes, the observation of age-related differences in antibody 
levels suggests that antibody level stratification might be 
valuable not only in clinical diabetes classification but also 
in screening contexts. Current staging criteria for presymp-
tomatic type 1 diabetes [8] do not account for age-related 
differences in antibody levels, applying the same thresholds 
from childhood to adulthood. Our findings suggest that age-
specific thresholds or age-adjusted risk stratification algo-
rithms might improve accuracy of progression prediction, 
though prospective longitudinal studies are needed to deter-
mine whether age-specific antibody level thresholds improve 
risk prediction.

Unlike most screening programmes that reserve IAA test-
ing for individuals already positive for other autoantibodies 
[15], we included frontline IAA screening for all partici-
pants. This comprehensive approach had limited incremental 
yield, identifying only one additional participant (0.1% of 
total screened) beyond what would have been detected by 
3-screen scLIPS alone. However, IAA testing did provide 
valuable antibody characterisation for individuals already 
identified as 3-screen positive. The interpretation of IAA 
is particularly challenging in insulin-treated individuals, as 
exogenous insulin exposure can induce antibodies mecha-
nistically distinct from those in autoimmune diabetes. To 
improve cost-effectiveness in future screening programmes, 
our data suggest reserving IAA testing for individuals 
already positive for other islet autoantibodies, while main-
taining comprehensive antibody characterisation in relevant 
cases, or including frontline IAA screening primarily in 
children where IAA-only positivity is more common and 
clinically relevant.

The detection of islet autoantibodies in 7.8% of insulin-
naive individuals with clinically diagnosed type 2 diabetes 
aligns with previous Italian studies [13, 36] and supports the 
value of autoantibody testing for improving diabetes clas-
sification. The predominance of GADA in autoantibody-
positive adults aligns with prior findings reporting GADA 
as the dominant marker in adult-onset autoimmune diabetes 
[36], with multiple autoantibodies being less prevalent with 
increasing age of onset. Accurate diabetes classification has 
important clinical implications, as individuals with autoim-
mune diabetes typically require earlier insulin therapy and 
may benefit from different treatment approaches compared 
with those with type 2 diabetes.
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For coeliac disease autoimmunity, we identified TGA-IgA 
positivity in 3.2% of individuals without known coeliac dis-
ease, identifying substantial undiagnosed autoimmunity that 
warrants clinical follow-up. This prevalence notably exceeds 
the 0.4% we observed in the 1990 Cremona study using 
radiobinding assay [37], possibly reflecting improved assay 
sensitivity, genuine increase in coeliac disease prevalence 
over the past three decades or different age distributions 
between cohorts. The striking inverse relationship between 
coeliac disease autoantibody prevalence and age (declin-
ing from 9.1% in children or early adolescents to 0.6% in 
older adults, p<0.001) contrasts markedly with the more 
stable age distribution of islet autoantibodies. This pattern 
might reflect generational differences in gluten exposure or 
other environmental risk factors, increased clinical diagno-
sis and treatment in younger generations due to heightened 
awareness, potential development of oral tolerance to gluten 
in some individuals over time or differential survival rate 
related to untreated coeliac disease complications in older 
generations. Unlike type 1 diabetes screening where the role 
in adults remains debated, the clinical benefits of identifying 
undiagnosed coeliac disease in adults are well-established. 
Untreated coeliac disease, even when asymptomatic, carries 
risk of malabsorption, nutritional deficiencies, osteoporosis 
and malignancy risk [7], supporting the value of coeliac dis-
ease screening across all age groups.

Several limitations must be acknowledged. Our study was 
designed primarily to demonstrate feasibility rather than 
provide definitive prevalence estimates. Despite recruiting 
50% of the target population, self-selection bias cannot be 
excluded, though our demographic similarity to the over-
all Cerro Maggiore population suggests reasonable repre-
sentativeness. Participation rates varied by age group, with 
lower rates among adolescents/young adults (38.4%) and 
older adults (42.6%) compared with other groups (52–58%), 
likely reflecting work commitments or mobility limitations 
rather than health-related selection bias. The cross-sectional 
design precludes assessment of autoantibody development or 
progression to clinical disease in this report, though longitu-
dinal follow-up is planned. Although sex-stratified analyses 
were not performed due to the feasibility focus and limited 
sample sizes in autoantibody-positive subgroups, the bal-
anced sex distribution (55% female, 45% male) representa-
tive of the general population supports generalisability of 
findings to both sexes. Our study population from a single 
Northern Italian district may not be representative of other 
geographical regions or ethnic groups. The limited number 
of individuals with diagnosed type 1 diabetes (n=5) and coe-
liac disease (n=16) restricts precision of estimates for assay 
sensitivity in established disease.

Our comprehensive population-based screening study 
demonstrates the feasibility and potential value of autoim-
munity screening across all age groups using minimally 

invasive capillary blood sampling and advanced immuno-
assay technologies. The substantial prevalence of autoim-
munity in clinically unaffected individuals (2.3% for islet 
autoantibodies, 3.2% for coeliac disease autoantibodies) 
suggests significant opportunities for earlier intervention, 
improved disease classification and more personalised treat-
ment approaches. The detection of multiple islet autoanti-
bodies in some general population adults warrants further 
investigation to understand factors associated with slow or 
absent progression to clinical disease. While further research 
is needed to establish clinical significance of autoantibody 
positivity in different age groups, optimal screening strate-
gies and cost-effectiveness, our findings provide important 
foundational data for developing evidence-based, age-appro-
priate screening programmes that could ultimately reduce 
the burden of these important autoimmune conditions.
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