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Abstract

Type 1 diabetes (T1D) is an autoimmune disease characterized by (3-cell destruction as a
common trait, in which variability in age at onset, progression rate, and clinical presen-
tation shape heterogeneous phenotypes. Disentangling this heterogeneity is pivotal for
a better understanding of clinical risk, evolution and a precision medicine approach to
the disease. In this context, circulating islet autoantibodies, including the last discovered
Zinc Transporter 8 autoantibodies (ZnT8A), represent crucial tools. This narrative review
provides an overview of the current knowledge on ZnT8A in autoimmune diabetes from
its structural and pathogenetic basis to its clinical relevance and therapeutic perspectives.
A literature search was conducted in PubMed, Scopus, Google Scholar, and ResearchGate
up to March 2026, that included preclinical, pediatric, adult, and assay-comparison studies.
While the identification of ZnT8-targeted antigenic determinants is still ongoing, we dis-
cuss the pathogenic role of a newly identified specific class of antibodies directed against
extracellular ZnT8 epitopes (ZnT8ecA). According to this finding, ZnT8ecA could facilitate
the identification of an early phase of islet injury process, holding promise to provide a
framework for new therapeutic strategies based on masking or modulating surface-exposed
ZnT8 epitopes and interfering with the early stages of the disease. Moving from the role
of ZnT8A in various clinical settings, we also focus on recent advancements in detection
technologies, whose implementation accounts for invaluable contributions to diagnosis,
disease risk, and, contextually, to a better understanding of autoimmune diabetes. Finally,
we provide future perspectives, in T1D and T1-related diseases, for the potential clinical
application of ZnT8A in early diagnosis, risk stratification and profiling, as well as in the
development of targeted therapies as part of precision medicine.

Keywords: type 1 diabetes; type 1 diabetes heterogeneity; zinc transporter 8 (ZnT8)
autoantibodies; islet autoantibodies; type 1 diabetes risk stratification

1. Introduction

Type 1 diabetes mellitus (T1D) is a chronic autoimmune disease characterized by the
selective destruction of pancreatic islet beta cells, leading to an absolute deficiency of insulin
and consequent hyperglycemia [1]. With its highest incidence observed during childhood
and adolescence, and with an impact of more than 8 million people worldwide [2], the
disease represents an important healthcare challenge that implicates serious, life-altering
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threats, and particularly acute glycemic imbalances, in addition to long-term vascular
complications. While an effective treatment for T1D was reached about a century ago
with the breakthrough discovery of insulin [3], the pathogenesis of the disease has been
understood much later, with the association of insulitis and islet-cell autoantibodies (ICA)
first described in 1974 [4]. T1D pathogenesis involves an intricate interplay of environ-
mental triggers and genetic susceptibility, with HLA-DR3/4 (DQ2-DQ8) as the primary
HLA-associated risk, ultimately resulting in the activation of autoreactive immune cells
targeting pancreatic beta cells.

A distinctive trait of this autoimmune process is the presence of circulating islet autoan-
tibodies, which serve as key serological markers for the diagnosis, prediction, and staging
of T1D, being often detected in the serum years before clinical signs and symptoms of the
disease, highlighting their role in identifying individuals at risk [5]. These autoantibodies,
initially identified in the 1980s through radiobinding assays, include those directed against
glutamic acid decarboxylase 65 (GADG65), islet antigen-2 (IA-2), and insulin (IAA) [5,6].
Importantly, they represent markers of 3-cell destruction, as they appear because of the
antigenic response due to T-cell-mediated damage and antigen leakage. Particularly, IAA
and GADA tend to rise in the preclinical phase, whereas IA-2A is typically associated with
more advanced (-cell loss and emerges closer to the disease onset. Moreover, IA-2A is
strongly linked to pancreatic 3-cell destruction, whereas GADA is less disease-specific,
and may also be detected in other autoimmune conditions, such as autoimmune thyroid
disease (AITD). Although the presence of a single autoantibody may indicate increased
risk, the detection of multiple autoantibodies positivity (>2) represents the predictor of
disease progression, even in first-degree relatives.

In recent years, a significant advancement in the field of T1D research has been ob-
tained by microarray mRNA expression strategies for the detection analysis of potential
beta cell targets, leading to the identification of zinc transporter 8 (ZnT8) as a major autoanti-
gen [7]. ZnT8 is a protein prevalently expressed in pancreatic beta cells and plays a critical
role in the transport of zinc into insulin secretory granules [8]. ZnT8 is now recognized as
a target of both humoral (autoantibodies) and cellular (autoreactive T cells) autoimmune
responses in individuals with T1D, playing a significant, and complex pathogenetic role [9].
Remarkably, studies have demonstrated that the measurement of autoantibodies to ZnT8
(ZnT8A), when included in the standard panel of islet autoantibody tests, significantly
enhances the detection rate of diabetes-related autoimmunity [9]. This finding is partic-
ularly important as it enables a more comprehensive identification of individuals with
autoimmune diabetes. Indeed, the detection of ZnT8A generally occurs alongside IA-2,
although ZnT8A may also be found alone, allowing T1D diagnosis even in patients who
might not test positive for the traditionally assessed autoantibodies [5]. Also, the ability
to detect autoantibody profiles early offers a potential window for interventions aimed
at preventing, delaying the progression to overt diabetes, or being prepared for acute
metabolic complications.

More recently, islet autoantibody positivity and their combinations have been the focus
of major studies aimed at identifying, in T1D, specific autoantibody profiles to be associated
with peculiar clinical patterns. Lines of evidence analysing the variety of autoimmune
signatures support the concept of heterogeneous phenotypes within T1D [10], as well as
serological differences with related diseases, including the latent autoimmune diabetes in
adults (LADA), the more recently described immune check-point inhibitors induced-T1D,
and T1D-associated autoimmunity forms. In individuals already positive for other islet
autoantibodies, ZnT8A have the potential to improve risk stratification [6]. Also, further
contributions in this field may derive from the emerging role of sensitive and high-affinity
assays in refining this risk assessment.
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This review aims to provide an updated overview of ZnT8A autoantibodies in T1D and
to explore their potential relevance for clinicians and researchers, seeking new directions
for a more comprehensive understanding of these antibodies in the context of T1D and
related diseases.

2. Materials and Methods

A non-systematic, narrative literature search was conducted using PubMed, Scopus,
Google Scholar, and ResearchGate, covering articles published up to March 2026, with no
lower date restriction to value not only recent but also historically relevant studies. Major
importance was given to the search related to the last 10 years. Search terms, used individ-
ually and in combination through Boolean operators, were grouped into four conceptual
categories: (i) molecular, structural and genetic terms, including “ZnT8A”, “zinc transporter
8”, “SLC30A8” and “extracellular epitope”; (ii) clinical and disease-related terms, including
“type 1 diabetes” “latent autoimmune diabetes in adults” OR “LADA”, “islet autoantibod-
ies”, “immune checkpoint inhibitor-induced diabetes”, “fulminant diabetes”; (iii) terms
relating to other classical islet autoantibodies, including “GADA”, “IA-2A”, “IAA”, “ICA”,
“islet-cell antibodies” OR/AND “multiple autoantibody positivity” used to contextualize
ZnT8A within the broader autoantibody panel; (iv) mechanistic and assay-related terms, in-
cluding “antibody-dependent cellular cytotoxicity” OR “ADCC” “complement-dependent

s

cytotoxicity” “antibody affinity” “radiobinding assay”, “ELISA” and “electrochemilumi-
nescence” OR “ECL assay”; (v) potential therapeutic application, including “Teplizumab”,
“monoclonal antibodies”. Eligible sources encompassed preclinical and animal model
studies, pediatric cohort studies, adult cohort studies, and assay-comparison studies evalu-
ating analytical performance across different detection technologies, in order to provide a
comprehensive, cross-disciplinary perspective covering molecular pathogenesis, clinical
application, laboratory methodology and therapeutic implication. As this is a narrative
review, no systematic assessment of study quality was performed and articles were instead
selected based on relevance, scientific rigor, and contribution to the current understanding

of ZnT8A biology and clinical application.

3. The Link Between ZnT8 and T1D Pathogenesis: From Structure
to Immunogenesis

ZnT8 belongs to the SLC30 protein family, a group of proteins functioning as zinc
transporters. It is highly expressed in pancreatic beta cells, although ZnT8 has also been
identified in several extra-pancreatic tissues, including thyroid cells, Leydig cells [11], and
gastrointestinal enteroendocrine cells [12,13]. Within the insulin-containing secretory gran-
ules, it plays a crucial role in transporting zinc ions (Zn?") essential for insulin biosynthesis
and storage. Acting as a Zn?" /H* transporter, ZnT8 regulates zinc homeostasis and plays
a key role in the processes of insulin preservation, maturation, and release. In fact, the zinc
ion Zn?* transported into the secretory granules is essential for insulin hexamer formation
and for the catalytic activity of carboxypeptidase H, an enzyme that converts proinsulin
into insulin [14] (Figure 1A). Conversely, the biological and pathogenic significance of ZnT8
distribution outside pancreatic beta cells remains incompletely understood and requires
further clarification.

Structurally, ZnT8 is composed of 369 amino acids and contains six transmembrane
domains, with both the N- and C-terminal regions located in the cytoplasm. The C-terminal
domain functions as a zinc sensor. The gene encoding ZnT8, SLC30AS, is located on
chromosome 8q24.11 [8]. Its expression is regulated by the transcription factor Pdx-1 [15].
Studies in murine models have shown that Pdx-1 is downregulated by pro-inflammatory
cytokines such as IL-1f3, alone or in combination with INF-y and TNF-«, suggesting that
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a chronic low-grade inflammatory state may disturb intracellular zinc homeostasis in
humans, leading to a functional decline in insulin content and secretion in response to hy-
perglycemic stimuli [16]. Variants of SLC30A8 have been associated with T1D. In particular,
the polymorphic variant rs13266634, one of the most extensively studied, determines the
presence of arginine (R-325) or tryptophan (W-325) or glutamine (Q-325) at residue 325, de-
pending on whether the inherited allele is C or T, respectively. This amino acid substitution
has been implicated in structural modification that influences ZnT8 functionality and its
immunogenicity [8,14].
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Figure 1. Physiological and pathological roles of ZnT8 in pancreatic 3-cells. (A) Physiological role
of ZnT8 in pancreatic (3 cells: ZnT8 (zinc transporter 8) mediates the transport of Zn?* into insulin
secretory granules, where zinc ions are essential for insulin crystallization, storage, and proper
secretion following glucose stimulation. In pathological conditions, (B) First-phase autoimmune
process: 1. during insulin granule exocytosis, generally hidden extracellular portions of ZnT8
(ZnT8ec), may be transiently exposed on the 3-cell surface, causing the generation of pathogenetic
autoantibodies against these epitopes. 2. Further exposure of the zinc transporter may lead to binding
of specific autoantibodies (ZnT8ecA) to 3-cells. 3. Immune-complex formation may contribute to
progressive 3-cell dysfunction and amplify immune-mediated damage through the activation of
effector immune mechanisms, including complement-dependent cytotoxicity (CDC) and antibody-
dependent cellular cytotoxicity (ADCC); (C) Second-phase autoimmune process: 1. -cell injury and
apoptosis lead to the release of intracellular ZnT8 into the extracellular space; 2. the recognition of
these epitopes by the immune system triggers the production of ZnT8 autoantibodies (ZnT8A). These
antibodies are considered epiphenomenic, as they reflect 3-cell destruction and therefore serve as
biomarkers for T1D diagnosis and staging. Figure was produced with BioRender (biorender.com,
https:/ /BioRender.com/4eho115, accessed on 22 June 2026).

ZnT8A, first identified in 2007, predominantly reacts with the C-terminal region of
the protein, with the primary antigenic epitope comprising amino acids 267-367 [17].
Their affinity varies depending on whether arginine (R) or tryptophan (W) is present
at position 325. In general, the R-325 variant is more frequently associated with ZnT8A
positivity, suggesting a higher immunogenicity compared to the W variant and contributing
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to differential susceptibility to the disease, even if antibody against ZnT8W-325 (ZnT8WA)
has major affinity [18]. Interestingly, ZnT8A can also recognize epitopes out of residue
325, reacting, for example, with viral proteins or Mycobacterium avium paratuberculosis,
suggesting a potential role in the pathogenesis via molecular mimicry [19].

An alternative mechanism by which ZnT8 protein may trigger autoimmunity has been
clarified through epitope mapping studies, which demonstrate that the HLA-DQ2/DQ8
variants can bind multiple ZnT8 epitopes [9]. Unquestionably, ZnT8 has been identified
as a major CD8+ T-cell autoantigen, with highly immunodominant CD8+ epitopes (e.g.,
186-194) in most HLA-A2+ T1D patients. These findings suggest that ZnT8 may activate
not only humoral, but also cellular immune responses [20].

4. Pathogenic and Diagnostic Roles of ZnT8A in T1D

Over the past 20 years, ZnT8A has been largely considered only a witness of the
lymphocytic attack, with major studies focused on ZnT8A directed against cytoplasmic
epitopes on the C-terminal domain of the transporter [17,21]. Current research advance-
ments, however, suggest that the autoimmune process linking ZnT8A to 3-pancreatic cells
consists of two steps (Figure 1B,C). In the first phase of the autoimmune process, during
glucose-induced insulin granule exocytosis, ZnT8 transiently exposes its extracellular loops
on the 3-cell surface, potentially allowing normally hidden epitopes to become visible
to the immune system, and promoting autoantibody formation [22]. Recently, a specific
extracellular ZnT8 epitope (ZnT8ec), targeted by a distinct subset of autoantibodies, has
been characterized. The unique ability of ZnT8ec autoantibodies (ZnT8ecA) to bind the
surfaces of living 3-cells suggests a potential direct pathogenic role, as they may trigger
antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDC) [23] (Figure 1B). Moreover, it has been highlighted that, when positive, ZnT8ecA
is the earliest detectable autoantibody in T1D, supporting a possible involvement in the
early phases of the autoimmune response [23,24]. Consistent with this hypothesis, ex-
perimental studies in NOD mice models with autoimmune diabetes have explored the
potential therapeutic action of a monoclonal antibody directed against cell-surface ZnT8
(mADb43). This antibody appears to mask ZnT8/insulin exposure and competes with en-
dogenous ZnT8-directed immune responses, ultimately mitigating and even reversing
the mouse pathological state [25]. On the other hand, lines of evidence have pointed out
that only following 3-cell injury, when cellular destruction exposes otherwise sequestered
epitopes, ZnT8A primarily targets intracellular antigens that typically become accessible
to the immune system [17,23]. These epiphenomenic autoantibodies, secondary to 3-cell
damage, are expressed later, in the second phase of the autoimmune process, and are those
commonly tested in overt T1D (Figure 1C).

Disentangling the diverse immunogenic epitopes of the ZnT8 protein is, indeed, an
important challenge to gain further knowledge about T1D autoimmunity. In this regard, pre-
serving the native structure of the antigen is essential for the detection of high-affinity binding
of autoantibodies to conformational epitopes, which have proved to be the most clinically
relevant. Therefore, while denaturation can impair antibody recognition and potentially lead
to false-negative results in immunoassays [21,23,26], advancements in the methodologies may
lead to more specific tests, reveal new details on T1D pathogenesis, and, potentially, even
provide an identity to the historically described, but never fully characterized, islet-cell surface
antibodies (ICSA), reported by Bottazzo and others [4,27]. To sum up, ZnT8A directed against
intracellular C-terminal epitopes is a validated biomarker of islet autoimmunity, with ro-
bust diagnostic and prognostic value confirmed across multiple independent cohorts [6].
Furthermore, evidence from selected cohorts indicates their potential as risk-prediction
biomarkers based on the stratification of ZnT8A by subtype, affinity, and epitope specificity
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(e.g., ZnNTSWA/ZnT8RA, high- versus low-affinity antibodies) [14,18], suggesting that
further investigation in this field may be useful to refine and validate this additional role.
Finally, the hypothesis that ZnT8ecA directly participates in 3-cell injury through ADCC
or complement-dependent cytotoxicity is currently supported mainly by in vitro binding
studies and indirect evidence from murine models, rather than by direct demonstration
of cytotoxicity in human islets or by clinical outcome data [23,24]. Therefore, a possible
direct pathogenic role of ZnT8ecA should be interpreted with appropriate caution, pending
confirmation in larger, independent human studies. The currently known categories of

ZnT8A are recapitulated in Table 1.

Table 1. Summary of different types of ZnT8A.

ég:g;gil; Target/Epitope As;zg;a(;fce Biological Significance Clinical Application Ref.
Epiphenomenic; markers
Established of 3-cell autoimmunity
ZnT8A Intracellular and Preclinical and and disease burden. Cl.inical use in T}D
(intracellular/C- C-terminal clinical stages of T1D Hypothetical diagnosis and risk [6,17,20,21,27-32]
terminal epitopes of ZnT8 g " pathogenetic contribution stratification.
epitopes) via immune amplification
(epitope spreading).
Conformational
epitopes of the Inclusion of both al .
7nT8 C-terminal .. antigenic variants in inical use in T1D
ZnZT:T‘,‘\EI;?{ gnd domain. Main Clin{’é‘;féltf;m;sl g?% 1D diagnostic kits increases diagnosis and risk [33,34]
variants linked to & ’ ZnT8A detection stratification.
W-325 and R-325 sensitivity.
polymorphisms.
Reflects a mature .. .
Conformational stage of %%Lam;%ls?ssg Iﬁ 1115113
epitopes of the autoimmunity; Marker of active and &

High-affinity

ZnT8 C-terminal

present from the

progressive (3-cell

stratification. High

[18,24,35-37]

ZnT8A domain preclinical to the autoimmunity. predictive positive
(aa 268-369). advanced stages value for T1iD
of TID. progression.
: Low predictive value;
If:;i?;ll? Transient appearance, Originate from immature  not sufficient alone to
conformational often in early or early immune responses indicate T1D risk.
Low-affinity ; . pre-autoimmune or cross-reactive B-cell Their detection may
epitopes; e . [17-19,21,26,35,37-39]
ZnT8A s phases; frequently clones. Low specificity. occur using standard ey
unstable binding : . . . . . .
with rapid disappear during Considered a biological ELISA kit (antigen
dissocia’gon follow-up. false positive. denaturation on solid
: phase) and RBA.
Possible direct
pathogenetic role via
ZnT8ecA ADCC or complement
(antibodies Conformational  Potentially very early activation on living
against extracellular stage of T1D natural (3-cells; may represent an Research setting. [22-25]
extracellular ZnT8 epitopes. history. initiating autoimmune
epitopes) event preceding

intracellular antigen
release.

5. Role of ZnT8 Autoantibodies in T1D and T1D-Related
Clinical Settings

5.1. T1D Heterogeneity and Autoantibody-Based Disease Risk Staging

T1D is a heterogeneous autoimmune disorder whose clinical manifestations represent
only the late stage of a complex pathogenic process involving genetic susceptibility, in
particular high-risk HLA genotypes, family history, and environmental triggers, such as
viral infections [10]. Consistent with this biological background of genetic, immunological,
and metabolic variables, every patient will manifest types of disease that differ in age at
onset, aggressiveness of the autoimmune response, rate of 3-cell destruction, and overall
clinical course. Disease heterogeneity manifests in age at onset, intensity of the autoimmune
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response, rate of 3-cell destruction, and overall clinical course, influencing both prognosis
and response to disease-modifying therapies.

The staging system for T1D proposed by the American Diabetes Association and
Juvenile Diabetes Research Foundation defines the disease as a progressive autoimmune
process that begins years before symptoms, and in which three distinct phases can be
recognized: stage 1, characterized by normoglycemia with >2 islet autoantibodies; stage
2, associated with dysglycemia; and stage 3, corresponding to clinically overt diabetes.
Therefore, among available biomarkers, islet autoantibodies, including ZnT8A, play a
crucial role not only in diagnosis but also in staging and defining risk stratification [6].
Since their discovery, the presence of multiple autoantibodies has been associated with more
rapid (3-cell decline and a higher probability of progression to insulin dependence [40,41].

Altogether, the number and combination of islet autoantibodies, including IAA,
GADA, IA-2A, ZnT8A, and ICA, define disease stage, with single positivity indicating early
autoimmunity and multiple positivity identifying individuals at highest risk of progression
from stage 1 to stage 2 and 3 [6]. In particular, the presence of multiple autoantibodies and
higher titers of those more specific, such as IAA and IA-2, is associated with an increased
risk of progression to clinical disease, while younger age at seroconversion represents one of
the main determinants of a more rapid course of the disease [10]. However, single positivity
for ZnT8A confers a markedly higher risk of progression to T1D compared with single
positivity for IAA, GADA, or IA-2A, with reported odds ratios up to 50 [10]. Longitudinal
studies [42—44] focused on autoantibody profiles were synthesized and expanded within
The Environmental Determinants of Diabetes of the Young (TEDDY) study [45] in which
two distinct settings were identified based on whether the first detectable autoantibody was
IAA or GAD65. The IAA-first phenotype was more frequent in younger children, peaking
within the first year of life and declining by 3—4 years; it was associated with higher genetic
risk, earlier onset, and faster progression to clinical disease. In contrast, the GADA-first
phenotype was more common at a slightly older age, typically emerging between 2 and
3 years and reaching a plateau around 4 years; this profile was often associated with single
autoantibody positivity and a minor and slower risk of progression [10,46]. There was no
specific profile in ZnT8A-first individuals [46].

5.2. Diagnostic and Predictive Value of ZnT8 Autoantibodies

ZnT8A has emerged as an important component of the diagnostic evaluation of
autoimmune diabetes, including T1D (Table 2). Positivity to ZnT8 in Caucasians with T1D
has been reported between 60-80%, and the inclusion of ZnT8A in islet autoantibody panels
significantly improves diagnostic sensitivity over 90% [21], particularly in patients who are
negative for classical markers such as GAD65, IA-2A, and IAA [35,47]. In some individuals,
ZnT8A represents the only detectable marker of 3-cell autoimmunity, enabling earlier and
more accurate identification of autoimmune diabetes [28,48]. This diagnostic contribution
is particularly relevant in adult patients presenting with atypical metabolic phenotypes,
where distinguishing autoimmune diabetes from T2D can be challenging [29,49]. Beyond
their diagnostic value, ZnT8A also provides important information for predicting the
development of autoimmune diabetes. Islet autoantibodies often appear years before the
onset of hyperglycaemia, reflecting an ongoing immune-mediated attack against pancreatic
-cells. In this context, the detection of ZnT8A, especially when present alongside other
islet autoantibodies, helps identify individuals who are at a higher risk of progressing to
overt T1D [30,31]. Longitudinal studies have shown that seroconversion to ZnT8A may
occur during the preclinical phase of the disease, offering a potential window for early
monitoring and preventive strategies [28,32].
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Table 2. Summary of clinical associations with ZnT8A.
Clinical Context Main Findings About Prevalence Notable Clinical Associations Ref.
Prevalence often 60-80% in Caucasian : : s
Newly Diagnosed T1D populations, can be lower in other ethnicities Contributes to 1pcreased (?verall sensitivity [28]
(i.e., Asian) of autoantibody testing for T1D.
Can appear years before clinical onset, often I;?ﬁgi‘fg;iﬁfgﬁgﬁgﬁ?eg(s)gbtﬁegsvg?
First-Degree Relatives at Risk after the appearance odf_IAéA afld GADA in progression to T1D. High—a ffinity ZnTSA [6]
younger individuals. may further refine risk prediction.
Measurement might be useful in cases with
Post Clinical Onset of T1D Titers tend to decline over time. long-standing diabetes and unclear [28]
classification to confirm
autoimmune etiology.
Islet autoantibodies are detected in a minority of Iréf?:ﬂp é:f:;ceﬁ%fndiﬁi:;l)ig;zse (;ff E:ﬂ itd
Fulminant type 1 diabetes cases; no ZnT8A p(:Slgvity has been reported autoantibodies hel }’) s distinguish it from [5]
o date. classical autoimmune diabetes.
Islet autoantibodies are present in fewer than
Immune-checkpoint half of cases (<50%), typically as a single positive Presence and number of autoantibodies
inhibitolrl-irel dcuceg d lzl?;betes antibody; among these, GADA is more contribute to differential diagnosis from [5,50]
commonly detected than ZnT8A, which remains other forms of autoimmune diabetes.
an infrequent finding.
Low prevalence in youth with T2D, but
positivity might be associated with a more May aid in differentiating between
T2D/LADA T1D-like metabolic profile. Prevalence in LADA  autoimmune and non-autoimmune forms of [5]
can be higher than in typical adult-onset T1D in diabetes in adults.
some studies.
Individuals with Other Presence might indicate shared autoimmune
Autoimmune Diseases Generally lower prevalence compared to T1D. mechanisms or increased risk of [17]

developing T1D.

Interestingly, ZnT8A titers tend to decline relatively rapidly after disease onset, sug-
gesting that their presence may be particularly informative in the early stages of (3-cell
autoimmunity [51]. In this regard, in a study by Wenzlau et al. ZnT8A titers have been
shown to decrease exponentially after clinical onset, with a half-life ranging from 26 to
530 weeks, reflecting the marked interindividual variability observed in C-peptide de-
cline [32]. A similar trend between ZnT8A kinetics and C-peptide decline suggests that
ZnT8A titers reduction could potentially be considered a marker of a decrease in the f3-
cell reserve. Consistent with this hypothesis, Steck et al. found that ZnT8A positivity
at diagnosis was associated with a faster rate of C-peptide loss in young children with
newly diagnosed T1D, together with IA-2A positivity, younger age, and a higher number
of autoantibodies [52]. Not surprisingly, a systematic review of six studies concluded that
most of the available evidence supports that ZnT8 A-positivity is associated with a higher
frequency of diabetic ketoacidosis (DKA) and metabolic instability at disease onset, partic-
ularly in pediatric patients, likely due to the faster C-peptide decline and more extensive
-cell loss. However, conflicting data exist, and further prospective studies are needed
to confirm this association [53]. Similarly, other research confirms that in children with
newly diagnosed T1D, ZnT8A positivity is associated with older age at diagnosis, higher
presence of multiple antibody positivity, higher presentation at diagnosis with diabetic
ketoacidosis [54], more severe (3-cell dysfunction [55], and a 3.9-fold increased incidence of
severe hypoglycaemia [56]. Finally, ZnT8A is emerging as a predictive biomarker for the
response to immunomodulatory therapy. This aspect will be later analyzed in the Future
Directions chapter.

5.3. Immunological Characteristics and Temporal Dynamics of ZnT8A

ZnT8A exhibits variable affinity and epitope recognition, reflecting different phases
of the autoimmune process. In individuals at risk for T1D, ZnT8A may be detected as
either low-affinity or high-affinity antibodies [35]. Low-affinity ZnT8A generally recognizes
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linear epitopes in the C-terminal domain of ZnT8 and is typically observed in the early
or less developed stages of the autoimmune response. These antibodies can be transient
and usually show a lower predictive value for the progression of clinical diabetes [18].
Conversely, high-affinity ZnT8A recognizes more complex conformational epitopes, in-
dicating a more advanced autoimmune response, often linked with epitope spreading, a
process in which immune reactivity extends to additional epitopes within the same antigen
or related proteins [36,38]. The persistent presence of high-affinity ZnT8A is strongly
correlated with an increased risk of progressing to full-blown T1D. The clinical relevance of
ZnT8A is also supported by its distinct temporal dynamics compared with other islet au-
toantibodies. While insulin autoantibodies often appear early in the autoimmune cascade,
ZnT8A may arise later during the disease process or exhibit different persistence patterns
following clinical diagnosis [32,51]. These differences in timing provide additional insight
about the stages of 3-cell autoimmunity and may reflect differences in the underlying
immunopathogenic mechanisms. For this reason, the kinetic profile of ZnT8A contributes
to a more comprehensive understanding of autoimmune progression and enhances the
interpretation of autoantibody testing in both clinical and research settings [30,42].

5.4. ZnT8A in Risk Stratification and Adult-Onset Autoimmune Diabetes

ZnT8A contributes to the stratification of patients according to their risk of progression
and clinical phenotype. Autoantibody profiling that includes ZnT8A improves the ability
to distinguish autoimmune diabetes from phenotypic type 2 diabetes (T2D), particularly
in adult patients with ambiguous clinical presentations [29,57]. This information is par-
ticularly relevant in conditions such as Latent Autoimmune Diabetes of Adults (LADA),
a form of diabetes that prevalently occurs in individuals over 35 years of age and shares
characteristics of both T1D and T2D. LADA is characterized by autoimmune destruction
of pancreatic 3-cells, similarly to T1D, but with a slower progression and the absence of
acute metabolic manifestations at onset, features that resemble T2D. The rate of disease
progression varies considerably among individuals and may significantly influence thera-
peutic decisions and clinical management [58,59]. The diagnosis of LADA is supported by
the presence of islet autoantibodies, including ICA, IAA, GADA, IA-2A, and ZnT8A [60].
However, patients with T1D frequently present with multiple autoantibody positivity
during the early stages of the disease. Indeed, it has been reported that approximately 70%
of individuals with T1D exhibit positivity for three to four islet autoantibodies, whereas
fewer than 10% show positivity for only one [1,35,61]. Conversely, the absence of three or
more of these autoantibodies strongly argues against autoimmune diabetes, suggesting
instead a possible diagnosis of Maturity-Onset Diabetes of the Young (MODY) [62].

Finally, fulminant T1D, a subtype of T1D, is characterized by rapid destruction of
pancreatic 3-cells, severe hyperglycemia, and ketoacidosis that, if not rapidly recognized,
can become life-threatening. Although its exact pathogenesis remains unclear, a role for
genetic susceptibility as well as viral infections has been suggested. A key characteristic of
this condition is the general absence of islet autoantibodies, which distinguishes it from
classical autoimmune diabetes [5,63].

5.5. Clinical Relevance of ZnT8A

Overall, several features distinguish ZnT8A from other classical diabetes-associated au-
toantibodies. Notably, ZnT8A may be detected in patients who are negative for traditional
markers of 3-cell autoimmunity, thereby addressing an important diagnostic gap [47,64].
In addition, the diagnostic specificity of ZnT8A can be affected by genetic variation in the
SLC30AS8 gene. In particular, the Arg325Trp polymorphism has been shown to influence
both the prevalence of ZnT8A and the specific epitopes recognized [33,34]. This genetic
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modulation of antibody specificity represents a distinctive feature not commonly observed
with other islet autoantibodies.

Moreover, ZnT8A has proven useful in distinguishing LADA from phenotypic T2D,
contributing to a more refined classification of diabetes and supporting more accurate
clinical management [29]. Interestingly, a condition in which transient islet autoantibodies
may appear is immune checkpoint inhibitor- induced diabetes [50,65]. This form of autoim-
mune diabetes accounts for about 1% of adverse events associated with therapeutic use of
immune checkpoint inhibitors, such as nivolumab or pembrolizumab, but it is difficult to
manage due to abrupt onset, rapid insulin deficiency, and frequent diabetic ketoacidosis.
Islet autoantibodies are observed in fewer than half of these patients; when present, they
are generally detected as a single positive antibody, with GADA being more frequently
identified than ZnT8A, which remains an infrequent finding [50,65]. Taken together, these
characteristics highlight the importance of ZnT8A as a complementary biomarker for the
diagnosis, prediction, and stratification of autoimmune diabetes (Table 2).

5.6. ZnT8A and Other Autoimmune Diseases

ZnT8A, initially identified as a marker of autoimmune diabetes, has also been investi-
gated in relation to other autoimmune disorders. In patients with T1D and LADA, autoim-
mune thyroid disease (AITD) represents the most common autoimmune comorbidity [66].
As previously reported for GADA [67], an increased risk of developing autoimmune
thyroiditis in individuals with T1D has more recently also been associated with ZnT8A
positivity [66]. This relationship may be partially explained by the distribution of the ZnT8
transporter in tissues other than pancreatic islets, including follicular and parafollicular
epithelial cells of the thyroid gland [68,69]. For instance, a study conducted in the Sardinian
population investigated the potential role of Mycobacterium avium subspecies paratuber-
culosis (MAP) infection in autoimmune thyroid disease, identifying antibodies capable
of reacting both with mycobacterial epitopes and with ZnT8-derived epitopes. Notably,
these cross-reactive antibodies were detected in patients with Hashimoto’s thyroiditis,
supporting the hypothesis that environmental factors may contribute to the initiation
of autoimmune responses in autoimmune thyroiditis through mechanisms of molecular
mimicry [69]. Based on these findings, ZnT8A positivity in diabetic patients could be
considered a potential indicator of increased risk for AITD. Conversely, in individuals with
Hashimoto’s thyroiditis, the presence of ZnT8A may represent a marker of predisposition
to the development of diabetes [66].

Other autoimmune conditions, such as Addison’s disease (AD), have also been re-
ported to show ZnT8A positivity [70-73], reflecting the coexistence of autoimmune diabetes
or an increased susceptibility to T1D. However, a recent adult cohort (43 AD Bulgarian
patients) found no ZnT8A positivity among those with T1D [74] suggesting ZnT8A may
be uncommon in some ethnic adult AD populations. In parallel, experimental studies
demonstrated ZnT8 transporter expression in adrenal tissue in animal models, suggest-
ing the possibility, although still unproven, of a direct pathogenetic role for ZnT8-related
autoimmunity outside pancreatic beta cells [75,76].

Interestingly, ZnT8A have also shown immunological reactivity with multiple food-
derived proteins, including lentil, wheat, and peanut antigens [77]. These findings further
support the hypothesis that cross-reactivity and molecular mimicry may contribute to the
generation or amplification of ZnT8-directed autoimmune responses.

Overall, although ZnT8 expression remains predominantly restricted to pancreatic
beta cells and ZnT8A are therefore considered highly specific markers of T1D, accumulating
evidence suggests that their detection in other autoimmune disorders may reflect both the
frequent coexistence of autoimmune endocrinopathies and, potentially, shared immune

https://doi.org/10.3390/endocrines7030031


https://doi.org/10.3390/endocrines7030031

Endocrines 2026, 7, 31

11 of 19

mechanisms involving molecular mimicry or limited extra-pancreatic ZnT8 expression.
Nevertheless, the biological and pathogenic significance of ZnT8A outside T1D remains
incompletely understood. Further studies are needed to clarify the tissue distribution of
ZnT8 and the clinical relevance of these cross-reactive antibodies.

6. Recent Advances in ZnT8 Autoantibody Detection Technologies

The detection of ZnT8A has become a crucial tool for the diagnosis and prediction of
type 1 diabetes (T1D). Detection methods have evolved significantly over the years (Table 3),
progressing from traditional techniques such as radiobinding assays (RBA) to ELISA and
more recent automated platforms that perform chemiluminescence assay (CLIA/ECL)
using recombinant autoantigens. These autoantigens are represented by the intracellular
C-terminal domain of the protein, including both ZnT8R-325 and ZnT8W-325 variants,
often combined into a single dimeric compound to enhance diagnostic sensitivity [38].
Historically, RBA has traditionally been regarded as the reference method for detecting islet
autoantibodies. In this assay, radiolabeled antigen is maintained in solution, preserving a
relatively native conformation and enabling the detection of antibodies with a wide range
of affinities. However, the use of radioactive reagents, specialized laboratory infrastructure,

and limited automation have restricted its routine use in clinical laboratories [17,18,35].

Table 3. Comparison of ZnT8A detection methods.

Main Disadvan-

Method Principle of Assay Main Advantages tages/Limitations Ref.
. . Use of radioactive
Radiobinding Assay Iménlr}réopr?lplt%hon (t)f ra?g}lzl?eled High sensitivity, effective for ~ materials, potential safety (3]
(RBA) n1oantigen by autoantibodies conformational epitopes. concerns, lower ;
in serum. throushput
ghput.
Enzyme-linked immunosorbent Accessible, higher throughput May have suboptimal
ELISA assay using immobilized ZnT8 than RBA, relatively performance for certain [37,39]
antigen to capture antibodies. cost-effective. conformational epitopes.
I High disease specificity,
Electrochemiluminescence-based . i S 1 :
ECL Assay detection of high-affinity ZnT8 superior posmye predictive Specu%hzed gqulpment [37]
autoantibodies value for T1D risk compared is required.
' to RBA.
DNA-barcoded ZnT8R and ZnT8W; Smarl; S?gu;ii"?ﬁ:g;ﬁgg{red; Lower accuracy compared
Agglutination-PCR antibody binding brings DNA tags ltP l/ d }t, i ¢ ¢ t to RBA; PCR-based [66,78,79]
(ADAP) into proximity, enabling ligation and mfu P elx etec 10r}bo dl{P o workflow and specialized e
PCR signal amplification. our islet autoantibodies, equipment are required.
Non-radioactive.
Non-radioactive. Highly
ZnT8 fused to luciferase; sensit@ve assay.
LIPS Assay autoaqt1bod1es _1mmunoprec1p1tate Conformational ep}topeg Spec1f1c reagents .and [80-82]
the antigen-luciferase complex and  preserved. Cheap, quick, high expertise are required.
light emission is measured. throughput, low blood
volume sample.
Full-length ZnT8 are incorporated on
nanoparticles/ liposomes to Enhanced sensitivity and More complex preparation
. maintain its native quaternary specificity due to better omp . prepan
Proteoliposome-based . - . . . of antigen; a specialized [83]
structure; they are immobilized on a protein folding; potential latform is required
platform to be detected by a sensible multiplexing applications. b q '
microarray system.
Simultaneous detection of PP
Immunoassay in which bivalent IgG ZnT8A and GADA in a hi\f;ieligz iir‘;sel;;wet}; :
Bridge ELISA with autoantibodies act as a molecular single assay; 1% 8
. ; : e ZnT8 polymorphic
baculovirus-expressed bridge between a no radioactivity. : : 305 [84,85]
chimeric antigen solid-phase-immobilized chimeric variants (i.e.,, Q325) ¢

ZnT8/GAD65

antigen (ZnT8/GADS65), expressed
via baculovirus-insect cell system.

Eukaryotic expression
preserves native
conformational epitopes;
high specificity and accuracy.

Baculovirus expression
requires specialized cell
culture expertise.

With the advent of ELISA for ZnT8A detection, this method gradually replaced RBA,

being more accessible in clinical laboratories due to its lower technical complexity, ability
to provide quantitative results, and compatibility with automated systems. However,
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the immobilization of antigens on solid surfaces can alter the conformational epitopes of
ZnT8, which are essential for antibody recognition [17]. Consequently, ELISA may detect
antibodies of both high and low affinity, including those that are transient or biologically
less relevant for T1D [37,39]. Antibody affinity, defined as the strength of interaction
between an antibody and its epitope, influences which populations of ZnT8A are ultimately
detected: high-affinity antibodies recognize mature conformational epitopes, while low-
affinity antibodies may bind linear epitopes or arise from cross-reactive responses, often
exhibiting limited predictive value [18,38].

Therefore, isolated ZnT8A positivity by ELISA requires careful interpretation and
longitudinal follow-up, as many of these antibodies may disappear over time without pro-
gressing to clinical disease [38]. In recent years, significant advances have been made with
CLIA and ECL assays, offering high sensitivity and automation. These assays are more ef-
fective in detecting high-affinity autoantibodies, thereby improving disease specificity [37].
Indeed, studies involving a large cohort of patients showed that many individuals tested
positive for ZnT8A by RBA, particularly those with a single autoantibody seropositivity,
had negative results with ECL assays [38]. Affinity analysis confirmed that these discordant
antibodies were mainly low-affinity, declined over time, and did not predict progression
to T1D [38]. Despite these technological advances, a major limitation remains the absence
of an international calibrator for ZnT8A. This hinders standardization across laborato-
ries and platforms, making it difficult to compare quantitative results between studies or
clinical implementations.

Finally, in research contexts, an important strategy is to improve, in a diagnostic setting,
both analytical sensitivity, as well as the proper folding and structural stability of ZnT8.
This latter challenge is particularly cumbersome, as ZnT8 is a transmembrane protein, and
the maintenance of its conformational epitopes is crucial. Therefore, techniques such as
agglutination polymerase chain reaction-based assays [86], luciferase immunoprecipitation
systems, [80] and combined bioengineering and nanotechnology approaches [83], as well as
baculovirus-based expression of antigens [84] have emerged and proven to be innovative
strategies for autoantibody detection, improving epitope preservation and assay sensitivity,
and representing a promising approach for future immunological diagnostics (Table 3).

Briefly, Antibody Detection by Agglutination-PCR (ADAP) is based on DNA-barcoded
autoantigens (ZnT8R and ZnT8W) that, in the presence of specific autoantibodies, foresees
subsequent PCR amplification steps [78]. Although less accurate than RBA, it can be
useful in screening programs because it requires a very small sample volume for multiplex
detection, besides being rapid and fully automated [79].

Luciferase immunoprecipitation systems (LIPS) is a liquid-phase assay in which ZnT8
is fused to luciferase with maintenance of native antigen conformation [81,82]. LIPS may
be considered a highly sensitive assay with a wide dynamic range, and it can detect au-
toantibodies at very low concentrations, improving early and accurate identification of
autoimmune responses. However, clinical implementation is limited by the need for recom-
binant constructs and specialized equipment, as well as inadequate standardization [80,81].

Bioengineering and nanotechnology approaches, such as proteoliposome antigen
integration, are designed to ensure the integrity of the native structure of the ZnT8 epitopes
by simulating the natural membrane environment of the transporter [83]. For instance,
full-length ZnT8 may be incorporated into proteoliposomes, which are then immobilized
on a plasmonic gold platform [83]. This approach increases analytical sensitivity and
specificity, but its clinical implementation is still limited by technical complexity.

Another potential strategy has employed the baculovirus-insect cell system, whose
expression preserves eukaryotic native conformational epitopes, combined with an ELISA
test. The bridge ELISA is an immunoassay in which IgG autoantibody acts as a molecular
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bridge between a solid-phase antigen and a biotinylated form of the same antigen used as
detection molecule [85]. This principle has been applied using a ZnT8/GAD65 chimeric
molecule for the simultaneous detection of ZnT8A and GADA in a single assay, reaching a
specificity of 98% and an AUC of 0.95 [84]. However, sensitivity is moderate, and the lack
of validation in pre-diabetic populations currently limits its clinical applicability as single
test [84].

Overall, even if these techniques have shown high analytical performance in experi-
mental settings, their predictive value in non-diabetic populations has not yet been fully
validated, limiting their current clinical utility [38].

7. Future Directions

The implementation of early detection strategies for islet autoantibodies in T1D has
enabled the identification of the disease during its preclinical stages. In this context, ZnT8A
serve as both a diagnostic and prognostic marker of 3-cell destruction and may become
a potentially important tool in a variety of clinical settings, leading to precision medicine
(Figure 2). Alongside this role, a pathogenic impact of ZnT8A has been elucidated, suggest-
ing that the exposure of an extracellular epitope of the ZnT8 protein may be responsible for
triggering the autoimmune attack [23]. Masking these molecules during the early phase of
[3-cell destruction could therefore represent a novel therapeutic intervention method [25].

CURRENT
OLINICAL ki PRECISION EARLY
APPLICATIONS
read g MEDICINE IN T1D DIAGNOSIS
Already used in . .
clinical practice * Early diagnosis * Increased sensitivity
* Risk stratification for T1D
* Personalized * Population screening
PPLICATIONS monitoring and therapy in at-risk individuals
. S « Identification of
Promising preclininal stages

applications
expected in the
near future

PRECLINICAL
. APPLICATIONS

- RISK Anti ZnT8 APPLICABILITY
Investigational
use, currenlty at STRATIOFICATI(?N & Antibodies TO T1D AND
preclinical or eary oA RELATED DISEASES
research stage « Integration with « Identification of
autoantibodies and A patients with other
gepetlcs A0 autoimmune diseases
* Prediction of T1D ° atrisk for T1D and

progression
* Disease subtype
identification

related diseases

DEVELOPMENT
OF TARGETED
THERAPIES

« Development of
monoclonal antibodies
and small-molecule

inhibitors
o B-cell function
prediction and
preservation

Figure 2. Schematic illustration of future clinical applications of ZnT8A. Figure was produced with
BioRender (biorender.com, https://BioRender.com/4eho115, accessed on 22 June 2026). Arrows
point towards its potential use and directions.

This approach aligns with modern disease-modifying strategies that combine classic in-
sulin replacement therapy with immunotherapy and cell replacement to achieve long-term
remission [87]. For instance, the recent FDA approval of teplizumab, an anti-CD3 mono-
clonal antibody, represents a significant advance, as it can delay disease onset by preserving
[3-cell function [88]. Data from the phase III PROTECT trial demonstrated that teplizumab
improves 3-cell preservation, as reflected by enhanced C-peptide responses; however, it
does not significantly reduce the need for exogenous insulin, indicating that, while its effect
is meaningful, it is insufficient to restore full functional insulin independence [89].
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Indeed, responses to teplizumab may differ based on participants’ characteristics.
For instance, in the TrialNet prevention trial, the response to teplizumab versus placebo
was greater among ZnT8A negative, with respect to ZnT8A-positive cohorts [90]. Con-
versely, the presence or absence of other autoantibodies was not associated with clinical
response. The authors speculated that ZnT8A positivity may identify a more fulminant or
advanced immune phenotype, with T cells less susceptible to teplizumab-induced modula-
tion [90]. These findings have direct implications for patient selection in prevention trials
and suggest that ZnT8A status should be systematically considered in the design of future
immunotherapy studies.

Furthermore, ZnT8 has been identified as a possible therapeutic target, paving the
way for new combined therapeutic strategies that more specifically inhibit the autoimmune
response. In this regard, preclinical studies in mice have shown that monoclonal antibodies
can block ZnT8 extracellular epitopes, potentially preventing their presentation on the
(3-cell surface and thereby reducing the initiation of autoimmune responses [25].

Although targeting ZnT8 has raised concerns about interference with its physiological
role in insulin secretion, ZnT8 knockout mice do not exhibit significant dysglycaemia under
normal conditions, developing metabolic alterations only under metabolic stress, such as a
high-fat diet. This suggests that early therapeutic blockade of ZnT8 could slow autoimmune
[3-cell destruction without major impairment of insulin secretion, particularly if supported
by appropriate metabolic management [25]. In this context, integrating the broader T-cell-
modulating effect of teplizumab with a ZnT8-targeted monoclonal antibody may provide a
more specific mechanism to limit autoimmune activation and potentially preserve insulin
secretory capacity. This could represent an example of how different mechanisms of action
of distinct immunotherapeutic approaches can be effectively integrated.

ZnT8 represents a particularly attractive immunological target, with several distinc-
tive features compared to others. These include its 3-cell specificity, its involvement in
the early stages of disease, and its transient exposure during exocytosis, which allows
access to monoclonal antibodies. Monoclonal antibodies directed against ZnT8 could act,
instead of by systemic immunosuppression, via an antigen-shielding mechanism, thereby
promoting localized immunomodulation with fewer systemic side effects. In this context,
anti-ZnT8 monoclonal antibodies may have the potential to prevent, and possibly even
reverse, the underlying pathogenic mechanisms (Figure 2). ZnT8 targeting, however, is
currently limited to preclinical models and remains hypothesis-generating. Translational
studies in humans will be essential before developing a specific therapy, particularly to
assess safety, effects on normal (3-cell physiology, and overall efficacy within the complex
pathophysiology of T1D.

Another important perspective is represented by advances in technologies, since im-
provement in ZnT8A detection methods promotes and inevitably becomes intertwined with
the growing knowledge about T1D and related diseases. To this end, it is essential to ad-
dress some current methodological limitations, particularly the heterogeneity of analytical
techniques used over time, as different assays vary in sensitivity and in their ability to de-
tect antibodies with different affinities, thereby limiting comparability across studies. This
limitation is further compounded by the absence of a standard ZnT8A calibrator, which hin-
ders the effective harmonization and comparison of results between different laboratories.
Moreover, historically, researchers have focused on antibodies targeting well-characterized
intracellular epitopes, potentially leaving the pathogenic mechanisms unexplored [17,21].
Therefore, working on these gaps through more standardized approaches and a broader ex-
ploration of ZnT8A immune targets may be an essential step to refine its role in prediction,
stratification, and therapeutic intervention in T1D.
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8. Limitations

It should be acknowledged that, as a narrative rather than a systematic review, this
work does not follow a fully reproducible, predefined protocol for study identification,
selection, and quality appraisal, and is therefore susceptible to selection bias. Besides, it
should be recognized that selection included papers in English text only.

9. Conclusions

This review recapitulates and analyzes current knowledge regarding the immunopathogenic
significance of ZnT8A, its clinical applications in autoimmune diabetes, technological ad-
vances, and emerging perspectives for targeted immunotherapeutic strategies. Collectively,
this body of evidence supports the role of ZnT8A as a major biomarker in T1D. Indeed,
although the discovery of ZnT8A has followed that of the other T1D-associated classical
autoantibodies, it has provided significant added value to both the diagnosis and prognosis
of the disease, improving diagnostic sensitivity and the positive predictive value of islet an-
tibody tests. However, further research in this field could enhance diagnostic performance
in T1D and pave the way for methodological and technical advancements, as well as for
potential therapeutic applications.
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