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Abstract

Type 1 diabetes mellitus (T1DM) is regarded as an autoimmune disorder characterized
by a progressive loss of β-cells, culminating in insulin deficiency and hyperglycemia.
Currently, T1DM is managed through exogenous insulin administration. Continued efforts
to decipher T1DM pathogenesis have yielded significant progress, which can be harnessed
to develop disease-modifying therapeutic modalities. Immunological and genetic studies
have demonstrated pathogenetic mechanisms that underpin the sensitivity and risk of
developing autoimmunity, ultimately leading to the destruction of β-cells. Genetic and
immunological studies, therefore, suggest that certain individuals are at risk of developing
T1DM; and that autoantibodies against β-cells develop and circulate years before the onset
of symptomatic T1DM. Furthermore, the onset of autoimmunity has been associated with
specific triggers in genetically susceptible individuals. Recent developments have revealed
how viral infections, gut dysbiosis, dietary factors, and obesity trigger autoimmunity and
β-cell damage. In this review, we present the current, consolidated understanding of
T1DM pathogenesis, informed by recent research. We further identify opportunities for
early-detection strategies and drug development targeting the asymptomatic phase of
T1DM to slow disease progression. Currently, immunomodulatory strategies have yielded
promising outcomes in clinical trials. These strategies seek to target immune cells and
inflammatory mediators implicated in the pathogenesis of T1DM. Other strategies include
tolerogenic strategies against autoimmune cells, whilst others employ β-cell protection.
The emergence of regenerative therapies also offers promising avenues toward T1DM.

Keywords: type 1 diabetes; autoimmunity; triggers; gut dysbiosis; viral infections; obesity;
beta cell

1. Introduction
Type 1 diabetes mellitus (T1DM) is an autoimmune disorder characterized by immune-

mediated destruction of pancreatic β-cells, resulting in insulin deficiency and chronic
hyperglycemia. The disease has been historically viewed predominantly as an insulin-
deficient state [1]. Emerging evidence increasingly reframes T1DM as a heterogeneous,
multihormonal, and immunometabolic disorder driven by intricate interactions among
immune pathways, β-cell intrinsic stress, genetic susceptibility, environmental exposures,
and broader endocrine dysfunction [2,3]. Traditionally, its pathophysiology is explained
primarily through human leukocyte antigen (HLA) linked genetic susceptibility and au-
toantibody development. However, recent advances have refined our understanding,
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positioning T1DM as a heterogeneous syndrome driven by complex genetic, environmen-
tal, immunological, and β-cell-intrinsic factors [4–6]. Recent syntheses emphasize that
classical HLA-linked risk interacts with many non-HLA loci, and that diverse immune ef-
fectors (such as autoreactive CD4+ and CD8+ T cells, B cells, and innate immune elements)
contribute to β-cellinjury and the variable pace of disease progression [7,8].

Newer high-resolution immunophenotyping and single-cell studies have clarified
that islet autoimmunity involves multiple T-cell clones and tissue-resident features of
insulitis. This may help explain why some individuals progress rapidly while others
exhibit long preclinical phases. These mechanistic insights have catalyzed innovative
prevention strategies, shifting T1DM from an inevitably progressive disease toward one in
which early detection and intervention may delay or even prevent onset [9–12].

Understanding of pathogenesis has shifted attention toward β-cell fragility and in-
trinsic β-cell “stress” as co-drivers (not merely passive victims). Recent studies have
highlighted that metabolic challenge, viral exposures, and local inflammation can alter
β-cell antigen expression and promote the development of neoantigens, thereby amplify-
ing autoimmune recognition [13–15]. This reframes therapeutic goals toward preserving
“stressed” β-cells and reducing antigen presentation, strategies that may be as important as
broadly suppressing immune cells. This review aims to consolidate developments toward
the pathophysiological understanding of T1DM. We envisage that through this exercise,
opportunities for strategic pharmacological targets for intervention could be identified,
with the goal of preventing or delaying the onset of T1DM.

2. Methodology
This narrative review explores recent advances in understanding the pathophysiology

of T1DM, with particular emphasis on opportunities for early detection and prevention.
Relevant peer-reviewed literature published in English between 2010 and 2026 was iden-
tified through a comprehensive literature search of PubMed, ScienceDirect, and Scopus
using the following search terms: type 1 diabetes, autoimmunity, environmental triggers,
gut dysbiosis, viral infections, and obesity. The reference lists of eligible articles and key
review papers were also screened to identify additional relevant studies that may not have
been captured in the database search.

Article selection followed a structured, multi-step process. Titles and abstracts were
initially screened for relevance to T1DM pathophysiology, early detection, or prevention.
Full-text articles were subsequently retrieved and assessed against predefined inclusion
and exclusion criteria. Studies were included if they addressed advanced or emerging
aspects of T1DM pathophysiology, were published in English, and discussed at least one
aspect of early detection or prevention strategies. Articles focused exclusively on T1DM
management or treatment, without discussion of pathophysiological mechanisms, detec-
tion, or prevention, were excluded. Conference abstracts, non-peer-reviewed publications,
and studies lacking sufficient methodological detail were also excluded.

Priority was given to systematic reviews and meta-analyses as the highest level of syn-
thesized evidence, followed by randomized controlled trials and large prospective cohort
studies. Landmark studies were included irrespective of publication date when they provided
foundational mechanistic insights into T1DM development. More recent mechanistic studies
(2018–2026) were prioritized to reflect advances in understanding autoimmune triggers, im-
mune dysregulation, genetic susceptibility, and the gut microbiome’s role. Where clinical trial
evidence was limited, well-designed observational studies and expert consensus statements
were considered to provide a comprehensive overview of the available evidence.

Conflicting evidence was evaluated and presented transparently throughout the re-
view. Where studies reported divergent findings, particularly regarding environmental
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triggers, dietary factors, or viral contributions to T1DM onset, differences were interpreted
in the context of study design, population characteristics, follow-up duration, diagnostic
criteria, and methodological quality. Rather than imposing consensus, areas of uncertainty
and ongoing scientific debate were highlighted to provide a balanced assessment of the
current evidence base and to identify priorities for future research.

The findings were synthesized using a thematic analysis and organized into key patho-
physiological domains: genetic susceptibility, immune mechanisms, environmental and
microbial triggers, and metabolic interactions relevant to disease initiation and progression.

3. Genetic and Immunological Basis of Pathogenesis
The pathogenesis of T1DM requires the convergence of genetic susceptibility and

additional, as yet incompletely defined factors. Genetic susceptibility involves both HLA
and non-HLA loci [16]. The HLA genes are particularly crucial because they determine
which foreign substances the immune system recognizes as threats. Certain HLA variants
significantly increase the risk of T1DM by making the immune system more likely to mis-
takenly attack the body’s own pancreatic β-cells. However, genetics alone are insufficient to
trigger the disease. HLA class II alleles, principally HLA-DR and HLA-DQ, account for ap-
proximately 50% of familial clustering and confer the strongest known genetic risk [17,18].
Specific haplotype combinations are associated with a spectrum of risk levels, ranging from
high susceptibility to relative protection [19]. Non-HLA loci, including INS, PTPN22, and
CTLA4, contribute additional, more modest risk [20]. It should be noted, however, that
genetic susceptibility alone is insufficient to cause T1DM, as evidenced by concordance
rates of only 25–70% in monozygotic twins [21,22].

On the immunological side, autoreactive CD4+ and CD8+ T cells play a central role in
insulitis, with contributions from B cells and innate immune cells, culminating in progressiveβ-
cell destruction. Studies have indicated that the relative abundance of CD20-expressing B cells
and CD28-expressing T cells may be associated with age at onset, with higher concentrations
linked to earlier disease presentation [23]. On this basis, T1DM has been classified into two
putative endotypes: TIDE1 (higher CD20 and CD28 expression), associated with onset in
infancy, and TIDE2 (lower expression), associated with onset after age 6 [24]. These endotype
classifications, however, are derived from relatively limited datasets and require independent
validation before they can be used to guide clinical stratification.

Single-cell transcriptomic studies have begun to characterize the diversity of T-cell reper-
toires and tissue-resident immune signatures within islets, which may partly account for
variability in disease progression [25]. Islet autoantibodies targeting glutamic acid decarboxy-
lase (GAD), insulin, and tyrosine phosphatase proteins (IA-2/IA-2β) can be detectable months
to years before the onset of hyperglycemia [26]. The presence of multiple autoantibodies is
associated with a substantially higher likelihood of progression from the asymptomatic to
the symptomatic stage [27,28]. Data from large longitudinal cohorts, including the Diabetes
Autoimmunity Study in the Young (DAISY) and The Environmental Determinants of Dia-
betes in the Young (TEDDY), indicate that insulin autoantibodies (IAAs) typically emerge
earliest, often in early childhood. Thereafter, GAD autoantibodies (GADA), IA-2, and ZnT8
autoantibodies appear [29,30]. The presence of more than two autoantibodies is associated
with a markedly increased risk of progression to clinical T1DM [31].

4. β-Cell Fragility and “Stress” Responses
Type 1 diabetes was traditionally understood as an immune-mediated disease in which

autoreactive lymphocytes progressively destroy insulin-producing β-cells [15]. Emerging
evidence suggests that β-cells may not be entirely passive targets of this process, but may
possess intrinsic vulnerabilities that render them susceptible to immune-mediated and
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metabolic injury [32]. It should be emphasized that much of this evidence is derived from
in vitro studies and murine models, and its direct applicability to human T1DM remains to
be established. Oxidative damage has been proposed as a contributor to β-cell dysfunction.
Circulating biomarkers of oxidative damage, including malondialdehyde and protein
carbonyls, have been reported to be elevated at early stages of T1DM [33,34]. β-Cells appear
to be relatively susceptible to oxidative damage, partly attributed to the comparatively low
expression of antioxidant enzymes such as superoxide dismutase, glutathione peroxidase,
and catalase [33,35,36]. However, whether these observations reflect a primary pathogenic
mechanism or a consequence of autoimmune inflammation remains unclear.

Loss of β-cell identity has emerged as a potential additional mechanism underly-
ing β-cell dysfunction in diabetes mellitus. Evidence from lineage-tracing studies in
murine models, supported by limited human data, suggests that β-cells may undergo
dedifferentiation. This process is characterized by diminished expression of critical β-cell
transcription factors, including MAF bZIP transcription factor A (MAFA), and of genes
required for glucose-stimulated insulin secretion, such as the glucose transporter Slc2a2
(GLUT2) [37–39]. An increased prevalence of hormone-negative endocrine cells that retain
chromogranin A expression has been reported in individuals with T1DM, lending some
support to this concept [40]. These findings remain preliminary and cannot yet be consid-
ered as a well-established mechanism in human disease. Alterations of the endoplasmic
reticulum (ER), arising from the accumulation of misfolded proteins and disturbances in
calcium homeostasis, have also been implicated in β-cell dysfunction [41,42]. Persistent ER
stress can trigger the unfolded protein response (UPR). When prolonged or dysregulated,
UPR may activate apoptotic pathways, potentially contributing to β-cell loss [43,44]. Mito-
chondrial dysfunction, driven in part by autoimmune-mediated inflammation, may impair
both β-cell survival and glucose-stimulated insulin secretion (GSIS) through disrupted cal-
cium signaling and increased oxidative stress [43,45,46]. However, the precise contribution
of these intracellular mechanisms to the overall rate of β-cell loss in human T1DM remains
unclear. Taken together, these findings support a model in which immune dysregulation
and intrinsic β-cell vulnerability may act in concert to drive disease progression. Never-
theless, the relative contribution of each suggested pathogenic process remains an area of
active investigation (see Figure 1).

 

Figure 1. Type 1 diabetes (T1DM) multifactorial pathogenesis and opportunities for intervention.
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5. Environmental Triggers and Modifiers
The rising incidence of T1DM in genetically stable populations suggests that envi-

ronmental factors may modify disease risk or accelerate progression in susceptible indi-
viduals [47]. Although numerous agents have been studied, including viral infections,
gut microbiota, and nutritional exposures, a definitive environmental trigger has not been
identified, and causal relationships remain to be established for most putative factors (see
Table 1) [18].

Table 1. Summary of current and emerging strategies for the early detection and prevention of type 1
diabetes (T1DM).

Strategy Proposed Mechanism Level of Evidence Current Clinical
Readiness Major Limitation

Autoantibody-based
staging (GAD, IAA, IA-2A,
ZnT8) + genetic
risk scoring

Identification of
individuals at increased
risk and classification
into Stages 1–3 disease
before clinical onset

Strong evidence
from prospective
cohort studies.
Established staging
framework
(Stages 1–3).

Established and
implemented in
research and selected
clinical screening
programs (TrialNet,
ASK, Fr1da).

Limited accessibility in
some regions (low- and
middle-income countries.
Autoantibody profiles
vary across ethnic groups
(lower sensitivity in
non-European).
Some individuals remain
autoantibody-negative.

Teplizumab (anti-CD3
monoclonal antibody)

Delays progression
from Stage 2 to Stage 3
T1DM through
modulation of
autoreactive T-cell
responses.

Strong evidence
from phase 2
clinical trials.
Regulatory
approval granted.

Approved for
delaying progression
to clinical T1DM in
high-risk individuals.
First disease
-modifying therapy.

Variable treatment
response.
Frequent adverse events.
Long-term durability
remains uncertain.

Other immunomodulatory
therapies (rituximab,
abatacept, low-dose IL-2,
golimumab)

Preservation of residual
β-cell function through
modulation of immune
pathways.

Moderate evidence
from phase 2
clinical trials.

Investigational.

Limited evidence for
durable clinical benefit.
Adverse events common.
Not approved for routine
prevention.

Cytokine-targeted
therapies (tocilizumab,
ladarixin)

Inhibition of
pro-inflammatory
cytokine signaling.

Limited evidence
from phase 2 trials. Investigational.

Trials have not
demonstrated
meaningful efficacy
despite acceptable
tolerability.

Rotavirus vaccination
Potential reduction of
virus-associated
autoimmune triggers.

Observational
evidence and
meta-analytic
support.

Established as a
public health vaccine,
but not specifically
for T1DM prevention.

Evidence is observational.
Causality remains
unproven.
No randomized
prevention trials.

BCG vaccination

Proposed
immunomodulation
favoring regulatory
immune responses.

Limited evidence
from a small
number of studies.

Investigational for
T1DM prevention.

Requires replication in
larger, adequately
powered trials.

Coxsackie B virus vaccine

Prevention of
enterovirus-associated
autoimmune
activation.

Early evidence from
the phase 1 clinical
trial (adults).

Early-stage clinical
development.

Immunogenicity and
safety demonstrated.
Protective efficacy
against T1DM has not yet
been demonstrated.

Antioxidant
supplementation
(vitamin E)

Reduction of oxidative
stress and enhancement
of antioxidant defense
mechanisms.

Limited-to-
moderate evidence
from small clinical
studies and
meta-analysis.

Investigational.

Small and heterogeneous
studies.
Insufficient evidence for
routine preventive use.
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Table 1. Cont.

Strategy Proposed Mechanism Level of Evidence Current Clinical
Readiness Major Limitation

Microbiota-directed
interventions (targeting gut
dysbiosis, intestinal
permeability)

Modulation of gut
microbiota and
restoration of intestinal
barrier integrity to
reduce immune
dysregulation,
inflammatory signaling,
and β-cell
autoimmunity.

Observational and
animal studies.

Pre-clinical/early
investigational.

Evidence largely
observational or murine;
causality not established;
no clinical trial data
reported in this review.

Antigen-specific and
tolerogenic therapies
(oral/nasal insulin, peptide
immunotherapy,
tolerogenic dendritic cells)

Restoration of immune
tolerance to β-cell
antigens without broad
immunosuppression.

Limited evidence
from clinical trials. Investigational.

No definitive efficacy
demonstrated in
adequately powered
studies.

Regenerative and β-cell
replacement approaches
(stem-cell-derived β-cells,
encapsulated islets,
gene-edited β-cells)

Restoration of
insulin-producing
β-cell mass.

Early clinical and
preclinical
evidence.

Experimental.

Challenges related to
scalability, immune
protection, long-term
durability, and cost.

5.1. Viral Infections

Epidemiological associations have been reported between various viral infections
and T1DM onset, including enteroviruses, mumps, rubella, and SARS-CoV-2 [48]. It is
generally considered more likely that viral infections accelerate rather than initiate the
autoimmune process, potentially by increasing metabolic demand during acute illness [49].
This is because β-cell autoimmunity typically precedes clinical presentation by months
to years. However, evidence for a causal role of enteroviruses remains inconsistent (see
Table 1). Serological and autopsy studies show statistical associations, but causation has
not been established [18].

Among the enteroviruses, Coxsackie B viruses have received the most attention. Viral
RNA has been detected in pancreatic tissues, and experimental data suggest that infection
may reduce NK cell activation, potentially facilitating persistent immune activation [50–52].
A study within the DAISY cohort reported an association between circulating Coxsackie
RNA and subsequent development of islet autoantibodies in genetically susceptible chil-
dren [53]. Sequence homologies between viral proteins and β-cell antigens, such as GAD,
have been proposed as a mechanism for molecular mimicry, though direct experimental
evidence in humans is limited [54]. Rotavirus infection before six months of age has been
associated with an increased risk of IAA development in some cohort studies (see Table 1),
and experimental data suggest that rotavirus can infect pancreatic cells and activate by-
stander immune responses, though these findings require replication [55–57].

For mumps, the upregulation of HLA expression on β-cells has been proposed as a
mechanism to increase vulnerability to immune attack, though supporting human data
are limited. Regarding SARS-CoV-2, evidence of pancreatic cell infection has been re-
ported, and some epidemiological data suggest an increase in T1DM incidence during the
COVID-19 pandemic [58,59]. Recent evidence suggests that molecular/antigen mimicry
may contribute to autoimmune responses following SARS-CoV-2 infection. Churilov et al.
demonstrated that SARS-CoV-2 shares peptide homology with several human endocrine
autoantigens, including proteins associated with pancreatic β-cells and islet autoimmu-
nity [60]. The study identified shared pentapeptide sequences between viral proteins and
endocrine cell antigens. These findings may support the hypothesis that immune responses
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directed against SARS-CoV-2 may cross-react with self-antigens in genetically susceptible
individuals. This mechanism has been proposed as a possible contributor to post-COVID
endocrine autoimmunity, including β-cell dysfunction and the development of T1DM.
Furthermore, broader reviews of coronavirus-induced autoimmunity have highlighted
molecular mimicry as a central mechanism linking SARS-CoV-2 infection to autoimmune
phenomena [60]. However, findings across studies have been mixed, and whether this
reflects a true causal relationship, ascertainment bias, or pandemic-related changes in
healthcare-seeking behavior remains uncertain. For genetically susceptible individuals,
SARS-CoV-2 represents a plausible but unconfirmed candidate trigger.

5.2. Obesity

The relationship between obesity and T1DM is complex. While obesity is an estab-
lished driver of insulin resistance in type 2 diabetes (T2DM), its role in T1DM is less clearly
defined, and evidence of a direct causal relationship is limited [61]. Some studies suggest
a bidirectional association between obesity and the development of T1DM. T1DM may
promote weight gain through exogenous insulin administration. In addition, carbohydrate
overconsumption driven by hypoglycemia avoidance may lead to obesity. The excess adi-
posity may, in turn, be associated with accelerated autoimmune progression in susceptible
individuals [61].

A meta-analysis of 24 studies reported higher fat mass and body mass index in children
with T1DM than in controls [62]. Two Polish studies reported conflicting findings: one
retrospective study found no association between T1DM onset and obesity, whereas a
subsequent study identified high BMI as a potential risk factor for faster β-cell depletion
and increased serum levels of pro-inflammatory cytokines [63]. In adults with latent
autoimmune diabetes, high BMI has been correlated with a higher frequency of IA-2
autoantibodies [64]. Maternal obesity has been associated with increased T1DM risk in
offspring in some studies, though the mechanistic basis for this association remains poorly
understood [61]. Preclinical studies using high-fat, high-carbohydrate diets suggest that
glucotoxicity and lipotoxicity may contribute to β-cell fragility, and elevated free fatty acids
may promote inflammatory signaling [61,65,66]. While these mechanistic hypotheses are
biologically plausible, they are largely based on animal data, and their direct relevance to
human T1DM pathogenesis has not been established (see Table 1).

5.3. Nutrition and Gut Health

Observational studies have examined associations between dietary patterns and T1DM
risk. However, causal inferences are limited by confounding and heterogeneity across
studies. Breastfeeding has been associated with a modest protective effect, while early
weaning has been associated with increased risk in some cohorts [67]. Clinical trials
comparing early versus late gluten introduction have not demonstrated a protective effect of
delayed exposure [68]. Early introduction of cow’s milk has been associated with increased
risk in epidemiological studies. It has been hypothesized that peptides in bovine proteins
may resemble islet antigens, potentially stimulating cross-reactive immune responses.
Amarasekara et al. (2026) reported that in healthy neonates and infants up to 4 months of
age, short peptides are absorbable from the intestines, and in premature babies, may persist
for a longer period of infancy due to the intestinal window period [69]. Experimental data
in mice fed B1 casein support the biological plausibility of this mechanism [70], though
human evidence remains associative.

Vitamin D deficiency has been associated with increased risk of T1DM, potentially
reflecting its immunomodulatory functions (see Table 1). In vitro studies have demon-
strated that vitamin D can protect β-cells from inflammation-induced exhaustion, in part
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by activating BRG1/BRM-associated factor (BAF) chromatin-remodeling complexes [71]. A
recent clinical trial reported that vitamin D supplementation reduced the plasma TNF-α
levels and insulin requirements [72]. However, this is a single trial, and its findings require
replication before firm conclusions can be drawn.

Intestinal permeability has been proposed as a contributor to T1DM pathogenesis.
Cross-sectional and prospective studies suggest that increased intestinal permeability
may precede the symptomatic stage of T1DM [73,74]. A study by Harbison et al. (2019)
reported that children with islet autoimmunity exhibited gut dysbiosis, characterized by
reductions in Prevotella and Butyricimonas genera and lower abundance of short-chain
fatty acid (SCFA)-producing bacteria, and that those who progressed to clinical T1DM had
greater intestinal permeability than non-progressors [74]. An experimental murine study
by Pöystiet al. (2023) demonstrated induced gut dysbiosis. These findings were associated
with increased intestinal permeability, elevated circulating endotoxin levels, and promoted
CXCL10 production by islet macrophages and β-cells [75]. Zonulin, a protein that regulates
tight junction permeability, has been found to be elevated prior to the symptomatic stage
of T1DM in some studies [76,77]. These findings are consistent with a role for gut barrier
dysfunction in T1DM pathogenesis, though the available evidence is largely observational
or derived from animal models. Whether increased intestinal permeability is a cause, a
consequence, or an epiphenomenon of the autoimmune process remains unclear.

6. Opportunities for Early Detection and Intervention
Informed by the pathophysiological framework outlined above, several preventive

strategies have been investigated that target distinct stages of the disease process. These
include immunomodulatory therapies, antigen-specific tolerance induction, antioxidant
approaches, vaccine strategies, and regenerative medicine. The evidence base varies
considerably across these areas, and the section below summarizes the current findings
with attention to the level of evidence supporting each approach.

6.1. Advances in Early Detection

Identification of high-risk individuals before clinical onset is central to prevention
strategies. Contemporary screening programs integrate genetic risk scoring with islet
autoantibody testing, enabling classification into defined disease stages, i.e., autoimmu-
nity without dysglycemia (Stage 1), dysglycemia without clinical diabetes (Stage 2), and
symptomatic disease (Stage 3) [12,78]. Early detection programs in Europe, the United
States, and Australia have demonstrated reductions in diabetic ketoacidosis (DKA) at
diagnosis and facilitated enrolment into prevention trials, though population-level im-
pact data remain limited [79–81]. Screening is currently largely directed at first-degree
relatives of affected individuals, who carry a 15–20-fold higher risk than the general popu-
lation [82,83]. Concordance rates in monozygotic twins of 25–70%, compared with 6–7% in
dizygotic twins and siblings, highlight the contribution of both genetic and non-genetic
factors [21,22]. In a retrospective cohort of 3015 first-degree relatives, 1.59% were islet
autoantibody-positive, and more than half progressed to T1DM within five years [81].
Structured screening initiatives such as TrialNet and the Diabetes Prevention Trial (DPT-1)
have built on these findings [22,84,85]. The DPT-1 screened over 80,000 individuals and
evaluated whether parenteral or oral insulin could delay T1DM in high-risk relatives;
however, neither intervention reduced diabetes incidence significantly [85,86]. These find-
ings highlight the difficulty of translating pathophysiological hypotheses into effective
preventive interventions.

Individuals with other autoimmune conditions, particularly autoimmune thyroid
disease and coeliac disease, are at increased risk of T1DM, reflecting shared immunogenetic
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susceptibility [21,87]. Data from the Autoimmunity Screening for Kids (ASK) study in
Colorado demonstrated a higher prevalence of multiple islet autoantibodies in children
with coeliac disease or a family history of coeliac disease [88]. Autoantibody detection in
this program used high-affinity radiobinding assays (RBAs) and electrochemiluminescence
(ECL) techniques for GAD, IAA, IA-2A, and ZnT8. The persistent positivity triggered
follow-up at 3–6-month intervals, with oral glucose tolerance testing (OGTT) and optional
continuous glucose monitoring (CGM) for high-risk subgroups [89,90].

Several important limitations complicate the early detection of T1DM. A minority
of children with T1DM are antibody-negative at diagnosis, potentially representing true
idiopathic (type 1B) diabetes, testing performed before seroconversion, or misclassification
of monogenic forms [90–92]. Autoantibody profiles and HLA susceptibility patterns differ
across ethnic groups, which may limit the sensitivity and generalizability of antibody-based
diagnostic algorithms in non-European populations [93]. In many low- and middle-income
settings, including parts of sub-Saharan Africa, children frequently present with advanced
DKA, reflecting limited public awareness, restricted access to healthcare, and misdiagnosis
as common infectious or gastrointestinal conditions [94,95].

C-peptide measurement is useful for assessing residual β-cell function but is subject
to important interpretive challenges in pediatric populations. These include physiological
variation with age and puberty, overlap with early T2DM, and the confounding effect
of the transient post-diagnosis “honeymoon phase”. During this phase, partial β-cell
recovery may occur, leading to a temporary decrease in insulin requirements [96–98]. In
adults, distinguishing T1DM from T2DM remains challenging, as the conditions share
overlapping clinical features. Therefore, misclassification becomes more common with
increasing age at onset [99–101]. Approximately one in six individuals with a clinical
diagnosis of T1DM may retain C-peptide levels within the T2DM range and have low
autoantibody positivity [99,100].

Conversely, a substantial proportion of individuals who ultimately develop severe in-
sulin deficiency consistent with T1DM are not commenced on insulin at diagnosis [102,103].
Genetic risk analyses from large UK cohorts suggest that approximately two-thirds of adults
who are autoantibody-negative but treated as having T1DM are unlikely to have true au-
toimmune T1DM [101]. These diagnostic uncertainties highlight the need for improved
biomarkers and classification criteria, particularly for adult-onset disease (see Table 1).

6.2. Immunomodulatory Prevention Strategies

Immunomodulatory therapies aim to attenuate the autoimmune destruction of β-cells.
Teplizumab, an anti-CD3 monoclonal antibody, has demonstrated the most significant clini-
cal advance to date (see Table 1). This biologic has achieved regulatory approval based on a
phase 2 trial that showed it delayed progression from Stage 2 to Stage 3 T1DM by a median
of approximately 48 months in approximately 43% of participants [104–106]. This repre-
sents the first disease-modifying therapy approved for the prevention of T1DM. However,
important limitations should be noted. The therapeutic responses were heterogeneous, sys-
temic administration was associated with a high frequency of adverse events (at least one
event in 99.5% of participants across five clinical trials, including lymphopenia, which was
generally transient) [107,108], and the long-term durability of the effect remains uncertain.

A further challenge is the apparent dissociation between biomarker and clinical out-
comes observed across immunotherapy trials (see Table 1). Meta-analyses of non-antigen-
specific immunotherapies consistently demonstrate the preservation of C-peptide and
reductions in exogenous insulin requirements, yet these effects have generally not been
accompanied by statistically significant improvements in HbA1c or fasting plasma glu-
cose [109]. The Protégé trial, for example, reported significant C-peptide preservation at
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two years with teplizumab but no significant difference in HbA1c between the treatment
and placebo groups at any time point [110]. Whether this discordance reflects limitations in
trial design, insufficient statistical power, or genuine biological constraints on the extent to
which β-cell preservation translates into glycemic improvement remains contested [111].
Resolving this question has important implications for trial endpoint selection and future
regulatory pathways.

Other immune-targeted approaches under evaluation include rituximab (anti-CD20).
The administration of rituximab results in the depletion of autoantibody-producing B cells
and delayed C-peptide decline by approximately 8.2 months in a phase 2 trial of recent-onset
T1DM [112]. A subsequent trial combining rituximab with autologous expanded regulatory
T cells (Tregs) did not achieve statistically significant delay in disease progression, despite
numerically improved outcomes compared with Treg monotherapy [113]. Adverse events
were reported in 93% and 80% of participants in these two trials, respectively [83,113].
Abatacept (costimulation blockade), low-dose IL-2 (to expand regulatory T cells), and
golimumab (anti-TNF-α) have each shown biological activity in phase 2 trials, including a
43% reduction in C-peptide decline with golimumab after 52 weeks [114,115]. However,
none has yet demonstrated durable, clinically meaningful endpoints, and the overall
evidence base for these agents remains insufficient to support routine use outside of
clinical trials.

Cytokine-blockade strategies have demonstrated limited efficacy. A phase 2 trial of
tocilizumab (IL-6 receptor inhibitor) did not prevent β-cell functional decline or alter T-cell
frequencies [116]. Similarly, a phase 2 trial of ladarixin (IL-8 receptor inhibitor) failed to
demonstrate efficacy in patients with newly diagnosed disease [117]. Both studies reported
acceptable tolerability (see Table 1).

6.3. Vaccine Strategies

Viral associations with T1DM have motivated vaccine-based prevention strategies.
Observational data have suggested a reduced incidence of T1DM in rotavirus-vaccinated
cohorts. A large nationwide cohort study by Rogers et al. (2019) reported a 33% reduction
in T1DM risk associated with the completion of all rotavirus vaccine doses [118]. This
finding has been partially corroborated by a subsequent meta-analysis reporting a 13% risk
reduction [119]. Whilst these findings are promising, they are observational findings, and
may be subject to confounding; randomized trial data are not available (see Table 1).

The Bacillus Calmette–Guérin (BCG) vaccine has been proposed to confer some pro-
tection against T1DM progression, with one study by Doupis et al. (2021) reporting a delay
of approximately 2.5 years with a single dose administered at age 9 [120]. The proposed
mechanism involves the immunomodulation of T-lymphocyte responses, favoring regula-
tory and cytotoxic T-cell populations. However, this evidence is limited to a small number
of studies, and the finding requires replication in adequately powered trials.

A multivalent inactivated Coxsackie B vaccine was evaluated in a phase 1 trial in
adults (NCT04690426) [121]. The vaccine was immunogenic and well-tolerated, with no
evidence of T1DM induction or an increase in islet autoantibodies in genetically susceptible
participants [121]. Whether it confers protection against T1DM development has not yet
been established and requires further investigation.

6.4. Antioxidant Strategies

Given evidence implicating oxidative damage in β-cell vulnerability, antioxidant
supplementation has been investigated as an adjunctive strategy (see Table 1). Vitamin
E, a lipid-soluble antioxidant, has been the most extensively studied agent in T1DM. A
clinical study by Gupta et al. in 40 children (20 with T1DM, 20 controls) demonstrated
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that 600 mg of vitamin E daily for 3 months significantly reduced the malondialdehyde
(MDA) levels and increased glutathione (GSH) concentrations in the T1DM group, which
suggests enhanced antioxidant defense [122]. A subsequent meta-analysis of 7 randomized
controlled trials reported that vitamin E supplementation was well-tolerated and associated
with a significantly lower HbA1c than the placebo [123]. These findings are promising;
however, the trials included are small, heterogeneous, and of variable quality, and larger
confirmatory studies are needed before vitamin E supplementation can be recommended
as a preventive strategy (see Table 1).

6.5. Antigen-Specific and Tolerogenic Therapies

Antigen-specific approaches seek to re-establish immune tolerance to β-cell antigens
without broadly suppressing the immune system. Clinical trials have evaluated oral and
nasal insulin administration, peptide-based immunotherapy, and tolerogenic dendritic
cell strategies [124–127]. To date, none of these approaches has demonstrated definitive
efficacy in preventing or substantially delaying the onset of clinical T1DM in adequately
powered trials. The evidence remains at an early stage, and these strategies are best re-
garded as promising avenues for further investigation rather than established interventions
(see Table 1).

6.6. Regenerative and β-Cell Replacement Approaches

Regenerative strategies aim to restore insulin secretory capacity rather than prevent
autoimmune destruction. Stem-cell-derived β-like cells and encapsulated islet transplan-
tation have entered early-phase clinical trials, with some reports of insulin independence
in selected recipients [128–130]. Gene-editing technologies have been explored to develop
immune-evasive β-cells that resist rejection and autoimmune attack [131]. While these
advances represent an important frontier in the field, major challenges remain regarding
scalability, the long-term durability of transplanted cells, and the adequacy of immune
protection strategies. Current evidence is insufficient to evaluate the clinical utility of these
approaches, and they should be considered investigational (see Table 1).

7. Authors’ Perspective and Conclusions
Advances in understanding T1DM pathophysiology have identified a window of

opportunity for early intervention. The demonstration that islet autoantibodies emerge
months to years before clinical onset, and that the disease can be staged on the basis of
autoimmunity and glycemic status, has transformed prevention from a theoretical goal to
an active area of clinical investigation. The regulatory approval of teplizumab, which delays
progression from Stage 2 to Stage 3 T1DM by a median of approximately 4 years, represents
the most important clinical milestone to date, establishing proof-of-concept for a disease-
modifying therapy [104–106]. Nevertheless, it is important to emphasize that teplizumab
remains the exception rather than the rule, i.e., the vast majority of preventive strategies
investigated to date remain investigational, and none beyond selected immunomodulatory
therapies has demonstrated sufficient efficacy in adequately powered trials to support
routine clinical use.

Several evidence-based priorities emerge from current knowledge. First, broader
implementation of genetic risk scoring and autoantibody screening may facilitate the earlier
identification of individuals at increased risk, particularly among first-degree relatives of af-
fected individuals, who carry a 15–20-fold higher risk than the general population. In most
settings, autoantibody testing is currently reserved for diagnostic confirmation. Given that
autoimmunity precedes clinical onset by years, earlier deployment as a risk-stratification
tool is scientifically justified and increasingly feasible. Development of affordable, scal-
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able diagnostic platforms will be essential to extend these benefits to low- and middle-
income settings.

Second, viral triggers, particularly enteroviruses, remain a compelling but uncon-
firmed target for vaccine-based prevention. The phase 1 trial of the Coxsackie B vaccine
PRV-101 demonstrated acceptable safety and immunogenicity. However, whether it confers
meaningful protection against T1DM remains to be evaluated in adequately powered
phase 2 and phase 3 trials [120]. Future studies will need to carefully evaluate the potential
implications of molecular mimicry when developing vaccine-based prevention strategies,
given the theoretical risk that immune responses directed against viral antigens could
cross-react with β-cell autoantigens in genetically susceptible individuals.

Third, despite biological plausibility, the evidence linking early nutritional expo-
sures, antioxidant supplementation, and gut barrier function to T1DM risk remains largely
observational or preclinical. These strategies should currently be regarded as hypothesis-
generating rather than practice-changing. Prospective intervention studies are needed to
determine whether modifiable dietary factors, microbiome-targeted strategies, or antioxi-
dant approaches can meaningfully reduce disease incidence in at-risk populations before
any clinical recommendations can be made.

Important unresolved questions continue to limit progress. The mechanistic basis
for the dissociation between C-peptide preservation and glycemic improvement observed
across immunotherapy trials remains unclear, and its resolution is critical for future trial
design and endpoint selection. The relative contributions of immune dysregulation and
intrinsic β-cell vulnerability to disease progression remain incompletely understood. Re-
cruitment of children into prevention trials is complicated by the early age of onset, and the
anatomical inaccessibility of the pancreas constrains direct mechanistic study in humans.
Finally, the multifactorial etiology of T1DM suggests that no single intervention is likely
to be sufficient; combination strategies targeting both immune and β-cell pathways will
probably be necessary for durable disease modification.

In summary, while the field has advanced substantially from purely reactive manage-
ment toward stage-specific prevention, this progress must be interpreted with appropriate
caution. Autoantibody-based staging and teplizumab represent genuinely established ad-
vances; however, regenerative approaches, antigen-specific tolerogenic therapies, vaccine
strategies, microbiota-directed interventions, and antioxidant supplementation remain
at early or investigational stages, and their clinical utility has not yet been established.
Translating current promise into population-level benefit will require scalable screening
infrastructure, rigorous replication of early-phase findings in larger and more diverse
trials, and a clearer understanding of which biological pathways are most amenable to
intervention at each stage of disease.
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