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ABSTRACT Type 1 diabetes mellitus (T1DM) is a multifactorial disease wherein a genetic predisposition, upon
exposure to environmental factors, triggers seroconversion and subsequent beta-cell destruction. The global
incidence of TIDM has risen in recent decades, underscoring the significant role environmental factors play
in actuating inherent genetic risk. However, the absence of an identifiable unique triggering factor compli-
cates the identification of risk groups. Advances in bioinformatics and epigenetic research are opening new
opportunities for early diagnosis, prevention, and novel therapies for the condition. A comprehensive analysis
of complex molecular pathways will make it possible to develop algorithms for the early diagnosis, disease
course prediction, and therapy personalization based on a patient’s genetic profile. This review systematizes
current data on the genetic and epigenetic heterogeneity of autoimmune diabetes and its potential triggers.
It assesses the regional and ethnic disparities in TIDM incidence globally and within the Russian Federation,
and it discusses the potential of clinical-genetic models for disease prediction.

KEYWORDS type 1 diabetes mellitus, genetic predisposition, epigenetic modifications, trigger mechanisms.
ABBREVIATIONS T1DM - type 1 diabetes mellitus; T2DM - type 2 diabetes mellitus; DM — diabetes melli-
tus; GWAS - genome-wide association study; NGS — next-generation sequencing; ICA - islet cell antibody;
IAA - insulin autoantibody; IA-2 — islet antigen 2; GADA - glutamic acid decarboxylase antibody; ZnT8A -
zinc transporter 8 protein autoantibody; LADA — latent autoimmune diabetes in adults; LADY — latent auto-
immune diabetes in young; IDS — immunology of diabetes society; MODY — maturity-onset diabetes of the
young; MIDD — maternally inherited diabetes and deafness; SNP — single-nucleotide polymorphism, CI —
confidence interval; OS — odds ratio.

INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a severe disease
with significant societal impact whose prevalence
continues to grow globally. According to the Federal
Diabetes Register of the Russian Federation, by 2024,
the prevalence had reached 194.2 cases per 100,000
adults, compared to 146 per 100,000 in 2010 [1]. Data
from the clinical and epidemiological monitoring da-
tabase of diabetes mellitus as of January 01, 2024,
indicate that there are 290,700 people with T1DM in
Russia, accounting for 5.7% of all diabetes mellitus
(DM) cases [2].

A hallmark of T1DM is a strong genetic predispo-
sition, the clinical manifestation of which depends
on exposure to environmental triggers. This interac-
tion initiates an autoimmune process, characterized
by seroconversion (the appearance of autoantibodies)
and followed by the destruction of pancreatic B-cells.
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The strongest genetic associations have been centered
around the HLA-locus (the major histocompatibility
complex) and polymorphic variants in the promoter re-
gion of the insulin (INS) gene. Nevertheless, only 5% of
individuals carrying high-risk HLA haplotypes and 10%
of carriers of risk-associated INS alleles go on to develop
overt T1DM within the first two decades of life [3].

The highest genetic risk for T1DM is tied to spe-
cific alleles of the HLA-DR and HLA-DQ genes with-
in the HLA locus [4]. The primary risk haplotype,
DRB1*03:01-DQA1*05:01-DQB1*02:01, often desig-
nated as DR3-DQ2.5, or simply DR3, demonstrates a
positive association with T1DM in nearly all studied
populations, although the effect’s magnitude varies.
The second most significant haplotype DR4 encom-
passing various DRB1*04:XX alleles exhibits consid-
erable allelic diversity, which complicates precise risk
stratification (Table 1).
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Table 1. Comparison of the risk and protective HLA haplotypes in Caucasian and Mongoloid populations [5]

Haplotype DRB1-DQA1-DQB1 Race OR p-value
DR3 03:01-05:01-02:01 Caucasian 3.64 2 X 107%
’ ' ’ Mongoloid 10.08 0.0009
Caucasian 3.63 3 x 10
04:02-03:01-03:02 -
DRA4 Mongoloid 3.83 0.5216
Caucasian 0.27 0.017
04:03-03:01-03:02 -
Mongoloid 0.46 0.3772

Genome-wide association studies (GWAS) have
helped identify over 100 of the genetic loci associated
with the risk of developing T1DM [6]. Notably, ap-
proximately 90% of these associated variants reside in
noncoding regions of the genome, thus underscoring
the critical role that gene expression regulation plays
in the disease etiology. The lack of complete concor-
dance for autoimmune diseases, even among mono-
zygotic twins, further highlights the contribution of
epigenetic factors.

While most T1IDM cases present a characteristic
clinical picture that does not require a complex dif-
ferential diagnosis, a subset of patients exhibit atypi-
cal manifestations, which can complicate the diagno-
sis. Modern molecular genetic methods are employed
with increasing frequency to refine diabetes classifica-
tion and assess genetic risk. For instance, next-gener-
ation sequencing (NGS) enables high-resolution HLA
allele typing, facilitating the identification of novel
risk and protective alleles [7]. Exome sequencing en-
ables detection of rare variants in the genes respon-
sible for monogenic forms of diabetes, paving the way
for personalized treatment and monitoring strategies
[8]. GWAS and whole-genome sequencing are power-
ful tools for investigating the polygenic architecture
of T1DM, revealing novel risk variants and implicat-
ing the biological pathways not previously considered
relevant to its pathogenesis. The functional character-
ization of noncoding variants, combined with insights
from single-cell technologies, is rapidly expanding our
understanding of the molecular mechanisms underly-
ing T1DM, which is crucial in guiding future research
[6]. Nevertheless, the predictive value of known ge-
netic markers for TIDM remains a subject of debate,
which underscores the need for further large-scale
studies that would take into account the population-
specific genetic structure of diverse ethnic groups
worldwide.

This review focuses on the regional and ethnic
variations in T1DM prevalence and incidence, syn-
thesizes current knowledge on genetic and epigenetic

markers and triggering factors, and tackles the com-
plex polygenic nature of the disease through the lens
of molecular genetic analysis and population genetics.

CLINICAL FEATURES OF TYPE 1 DIABETES
T1DM is a polygenic, multifactorial disorder charac-
terized by immune-mediated or idiopathic destruc-
tion of pancreatic B-cells, leading to absolute insulin
deficiency. A background genetic risk, in combination
with exposure to environmental factors, triggers au-
toimmune processes. These processes are clinically
manifested by the presence of two or more autoanti-
bodies: against islet cells (ICA), insulin (IAA), tyros-
ine phosphatase (IA-2A), glutamic acid decarboxylase
(GADA), and zinc transporter 8 (ZnT8A) [9] (Fig. 1).
The autoimmune pathogenesis of T1DM is substan-
tiated by the presence of specific autoantibodies [11],
along with autoreactive CD8" T cells, CD20" B cells,
CD4* T cells, and CD68* macrophages infiltrating pan-
creatic islets [12]. It was previously hypothesized that
a quantitative defect in the regulatory T-cell (Treg)
pool, which is responsible for blocking the effector
T-cell response and thwarting autoimmunity through
the regulation of the T-cell population size and dif-
ferentiation, was the key mechanism. However, recent
evidence points primarily to qualitative, rather than
quantitative, changes in the Treg function [13, 14].
When T1DM is diagnosed in two or more first-de-
gree relatives, these cases are classified as nuclear
families (familial TIDM). The prevalence of such fa-
milial forms is highest in several countries, includ-
ing Qatar (14.6%), Oman (22%), and Kuwait (33%).
Although these studies did not include genetic as-
sociation analyses, a recent investigation in Qatar
identified the following predominant HLA alleles in
patients from nuclear families: HLA-F*01:01:01G,
HLA-DPA1*01:03:01G, HLA-DRB3*02:02:01G,
HLA-E*01:01:01G, and DRB4*03:01N [15]. This specific
set of alleles is not associated with typical T1DM risk,
a potential indication of distinct genetic associations
within familial T1IDM forms. Furthermore, the search
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Fig. 1. An abbrevi-
ated concept of
the development
of TIDM accord-
ing to the theory
of G.S. Eisenbarth
[10]. The authors
created the original
figure using BioRen-
der and Microsoft
PowerPoint (2016)

Table 2. HLA-alleles and candidate genes associated with predisposition to LADA and the frequency of their occurrence

in patients
Gene/Locus Allele/SNP Frequency in LADA, % OR Reference
HLA-DQA1 rs9272346 68.6 1.45 (1.43-1.48) [17]
HLA-DQB1 rs9273368 50 3.115 (2.85-3.4)
INS rs689 80 1.48 (1.36-1.61) [18]
SH2B3 rs7310615 55 1.28 (1.19-1.38)
PTPN22 rs2476601 16.9 1.52 (1.29-1.79)
CTLA-4 rs231775 49.2 1.39 (1.11-1.74) 1l

for variants in the genes associated with maturity-
onset diabetes of the young (MODY) revealed that
10% of patients were carriers of variants of uncertain
significance or benign variants. Given the presence of
autoimmunity and the absence of pathogenic muta-
tions, a MODY diagnosis could be ruled out in these
cases [15].

Latent autoimmune diabetes in adults (LADA),
which occupies an intermediate position between clas-
sic T1IDM and type 2 diabetes (T2DM), is a condition
deserving of particular attention. According to the
current classification outlined by the Immunology of
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Diabetes Society (IDS), LADA is defined by the fol-
lowing diagnostic criteria: patient age over 30 years,
presence of autoantibodies against pancreatic (3-cells,
and no requirement for insulin therapy for at least six
months after the initial diagnosis. LADA accounts for
approximately 2—12% of all diabetes cases. Multicenter
studies have demonstrated that between 4 and 14% of
patients initially diagnosed with T2DM are subse-
quently found to have LADA upon antibody testing
[16]. Therefore, LADA is a clinically and immunologi-
cally heterogeneous condition necessitating a distinct
approach to diagnosis and management (Table 2).
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The situation with LADY diabetes (latent autoim-
mune diabetes in the young) is less understood: there
are no universally accepted diagnostic criteria or com-
prehensive statistics. According to the available data,
patients with LADA are characterized by the pres-
ence of autoantibodies to pancreatic B-cells. The dis-
ease manifests at a young age (under 30), and the de-
cline in islet cell function and C-peptide levels occurs
more rapidly than in type 2 diabetes, which necessi-
tates earlier insulin therapy initiation. The literature
discusses an increased frequency of anti-thyroid au-
toantibodies in males with LADY, and the presence of
a high titer of GADA autoantibodies significantly in-
creases the risk, placing these patients in a high-risk
group for autoimmune thyroiditis [20]. According to
published data, the prevalence of LADY varies signifi-
cantly across different ethnic groups and age cohorts:
from 10 to 75% among European-origin patients with
a juvenile phenotype and about 12% among Asian-
origin patients [21]. This variability is explained by
the lack of unified diagnostic criteria and differenc-
es in research methodology. There are limited data
on the HLA-region structure in patients with LADY,
and, to date, the presence of two haplotypes is known:
DRB1*03:01~DQA1*05~DQB1*02:01 (HLA-DR3) and
DRB1*09:01~-DQA1*03~DQB1*03:03 (HLA-DRY) [22].

It is important to consider that clinical presentation
of diabetes in young patients may be caused not only
by autoimmune but also by monogenic forms of the
disease. The best-known group of monogenic diabe-
tes is MODY (maturity-onset diabetes of the young),
caused by mutations in the various nuclear genes re-
sponsible for (-cell function. MODY is inherited in
an autosomal dominant manner, has different clini-
cal manifestations, and often does not require insu-
lin therapy in the early stages. In addition to MODY,
rarer genetic variants, such as mitochondrial diabetes
with deafness (MIDD), caused by the m.3243A>G mu-
tation in the MT-TL1 gene of mitochondrial DNA, are
also classified as monogenic forms. MIDD is charac-
terized by impaired insulin secretion and sensorineu-
ral deafness.

Thus, type 1 diabetes is a clinically and genetically
heterogeneous group of diseases. The improvement in
molecular genetic diagnostics facilitates the identifica-
tion of a wide spectrum of rare forms, and this may
lead to revision of the current diabetes classification
in the future.

PREVALENCE AND INCIDENCE OF TYPE 1 DIABETES

The analysis of epidemiological patterns, including re-
gional and ethnic variations, as well as patient sex and
age, helps identify the associations and potential risk
factors of T1DM development, although these data do

not always indicate causality. Previously termed “ju-
venile diabetes,” TIDM was once considered one of
the most common chronic childhood conditions; how-
ever, disease onset can occur at any age.

Globally, TIDM prevalence remains an epidemi-
ological riddle, with significant disparities even be-
tween neighboring regions. For instance, the inci-
dence rate in Estonia is less than one-third of that
in Finland, despite their geographical proximity (less
than 120 km apart) and shared Finno-Ugric ethnic
background [23].

A large multicenter prospective study spanning 25
years (1989-2013) across 22 European countries doc-
umented a substantial increase in TIDM incidence
among children and adolescents in nearly all regions.
The only exceptions were two centers: Catalonia
(Spain) and Marche (Italy). The most rapid increase
was observed in Katowice (Poland), reaching 6.6%
per year. Across Europe, the average annual increase
in incidence was 3.4% (95% confidence interval (CI):
2.8-3.9%).

The rate of increase was similar between boys and
girls in the 0—4 and 5-9 age groups. However, in the
10—14 age group, the incidence rose more rapidly in
boys. A four-year cyclicity was noted in several cen-
ters, with the last peak occurring in 2012, although
the mechanism underlying this phenomenon remains
unexplained [24]. Subsequent years have continued to
show this overall upward trend in incidence among
children and adolescents, as confirmed by more recent
epidemiological reviews [25] (Table 3).

In the United States, according to the 2021 National
Diabetes Statistics Report, 1.7 million American
adults (5.7% of all adults with diagnosed diabetes)
have T1DM and require insulin therapy [26]. The
SEARCH study, conducted across five U.S. medical
centers (2002—-2017), reported an increasing incidence
of T1IDM among the youth across ethnic groups: 4.84%
in Asian/Pacific Islander, 4.14% in Hispanic, and 2.93%
in non-Hispanic Black youth. Incidence among chil-
dren went from 19.5 per 100,000 in 2003 to 22.2 per
100,000 in 2018. The peak incidence occurs at age 10
for children aged 0-19 years and at age 16 for adoles-
cents aged 10-19 years. The peak occurs later in boys
(age 12) than in girls (age 10), and earlier in Hispanic
and Asian youth compared to other ethnic groups [27].
Recent data confirm that these trends persist, not-
withstanding regional fluctuations [28] (Table 3).

Within the Russian Federation, significant re-
gional variability in prevalence is observed. In 2024,
the highest rates were recorded in regions of the
European North (Arkhangelsk and Vologda region,
Republic of Karelia), exceeding 275 cases per 100,000
adults [2]. One hypothesis for this high prevalence is
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Table 3. Countries with >200,000 T1DM cases in 2024 (excluding Russia)*

Total Country
number | population,
Country of per

T1DM | thousand
patients | population

Regional and ethnic characteristics with references

USA | 1476,859| 345427

An increase in incidence has been observed in the Mountain West (Arizona, Colorado,
Idaho, New Mexico, Montana, Utah, Nevada, and Wyoming) and East South Central
(Alabama, Kentucky, Mississippi, and Tennessee) regions [29]. Regarding ethnic dis-
parities, the highest frequency is noted among the Caucasian population, followed by

African Americans, Hispanics, and other ethnic minorities. Recently, an increase in new
T1DM cases among African Americans has been reported [30].

India 940,840 | 1,450,936

Data on T1DM incidence in India are limited; however, a relatively high incidence
is observed in South India (Karnataka and Tamil Nadu) compared to the North
(Haryana) [31]. Studies on ethnic differences are scarce and require further research.

China | 598,906 | 1,419,321

The highest incidence is noted in the Northeast (Heilongjiang, Liaoning provinces)
and North. The primary inhabitants of these provinces are Han Chinese [32, 33].
Unfortunately, data from the studies on epidemiological and ethnic differences are
limited due to uneven access to healthcare in China.

Brazil 499,902 211,999

The highest prevalence is observed in the southern states (Parand, Rio Grande do
Sul) and the southeastern state of Sao Paulo [34]. T1D is most frequently diagnosed
in individuals of Caucasian descent, followed by Pardo (Brazilians of mixed ancestry),
Afro-Brazilians, and indigenous peoples [35, 36].

Great

Britain | 520,794

69,138

The highest incidence is noted in the North (Scotland), the East (Yorkshire and the
Humber), and the West Midlands region (Birmingham) [37]. The vast majority of T1D
cases affect individuals of Caucasian ethnicity, followed by those of Mongoloid ethnici-

ty (excluding Chinese), and individuals of Negroid ethnicity [38].

Germany | 336,936 84,552

The highest incidence is observed in the west (Ludwigslust-Parchim district) and
east (Vorpommern-Greifswald district) of Mecklenburg-Vorpommern, as well as in
the west (Leer, Oldenburg districts), southwest (Emsland district), and northwest
(Aurich, Ammerland districts) of Lower Saxony [39]. Most T1D patients are ethnic
Germans, followed by individuals of Eastern European, Southern European, and

Turkish descent [40, 41].

Canada | 243,390 39,742

The highest incidence is noted in the northwest of Canada (Newfoundland and Labrador
province) [42]. The majority of T1D patients are of Caucasian descent, while minorities
include Indigenous peoples of Canada and individuals from Pacific Island nations [43].

Saudi

Arabia e

33,963

Data on T1D incidence are limited; the few available studies indicate a higher frequen-
cy in the eastern part of the country (Dhahran) [44]. Regarding ethnic differences,
Arabs and Bedouins are more susceptible to T1D [45].

*Data sources: The IDF Diabetes Atlas (prevalence —

https: / / diabetesatlas.org /data-by-indicator /type-1-diabetes-estimates / people-with-type-1diabetes-all-age-groups)
and UN Data (population — https: / /data.un.org/default.aspx).

historical ethnic admixture with Finno-Ugric popula-
tions, among whom T1DM frequency is also elevated.

The lowest prevalence was observed in the Eastern
Caucasus and Caspian regions, particularly in the
Chechen Republic (61.6 cases per 100,000 adults). Low
rates were also recorded in the Republic of Sakha
(Yakutia), Khabarovsk region, and the Jewish autono-
mous region (100—124 cases per 100,000 in 2024). The
lowest registered prevalence was in the Chukotka au-
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tonomous region (43.9 cases per 100,000); however,
these data have not been updated since 2019, compli-
cating comparisons with other regions [2].

In conclusion, both the global and regional epide-
miology of T1DM are characterized by a significant
heterogeneity, underscoring the necessity for a com-
prehensive investigation of the factors influencing dis-
ease distribution, including the genetic, ethnic, and
environmental determinants.



REVIEWS

THE ROLE OF ENVIRONMENTAL FACTORS IN

REALIZING THE GENETIC RISK OF TYPE 1 DIABETES
Environmental factors act as triggers that promote
the realization of genetic predisposition to T1DM, as
evidenced by the substantial increase in incidence
over recent decades [25]. The dynamics of this in-
crease cannot be explained by changes in the fre-
quency of inherited genetic variants, which has re-
mained relatively stable. The fact that concordance
for autoimmune diseases in monozygotic twins is less
than 100% (ranging from 13 to 61%), coupled with ac-
cumulated data on the epigenetic mechanisms of gene
expression regulation, underscores the importance of
further investigating the influence of external factors
on the actuation of inherent genetic risk.

Several epidemiological studies [46, 47] have iden-
tified past viral infections as primary potential trig-
gers. These include human enterovirus A (e.g.,,
Coxsackievirus A4, A2, A16, Enterovirus A71), human
enterovirus B (e.g., Echovirus, Coxsackievirus B), ru-
bella virus, cytomegalovirus, mumps virus, rotavirus,
human herpesvirus 6 (HHV-6), parvovirus B19, influ-
enza virus (e.g., HIN1), and the SARS-CoV-2 infection
[48, 49].

The first proposed mechanisms by which viruses
may trigger an autoimmune response are molecular
mimicry, epitope spreading, bystander activation, and
the bystander effect [50]. The results from retrospec-
tive and cohort studies assessing the role of upper
and lower respiratory tract infections of various eti-
ologies remain contradictory. That is likely to be due
to the insufficient molecular verification of pathogens,
which limits the ability to identify the specific infec-
tious agents associated with T1DM development [46].

However, enteroviruses have garnered particular
attention, as children with T1DM are found to more
frequently exhibit the immunoreactive enteroviral
protein VP1 in B-cells compared to controls. This is
associated with increased expression of protein kinase
R, degradation of the cell survival marker MCL1, and,
consequently, heightened susceptibility to apoptosis
[51].

The complex interrelationships between the gut mi-
crobiota composition, the immune system, and intesti-
nal wall permeability in TIDM pathogenesis are being
intensively investigated, although several mechanisms
remain unclear. Systematic reviews based on the 16S
rRNA sequencing analysis have shown that T1DM
patients exhibit a decreased Firmicutes/Bacteroidetes
ratio, reduced relative abundance of Clostridium and
Prevotella, along with an increased proportion of
Bacteroides and Ruminococcus compared to controls.

These microbial shifts are understood to contribute
to impaired intestinal permeability, chronic inflamma-

tion, and activation of autoimmune reactions, poten-
tially facilitating the realization of the T1DM genetic
risk, although causality requires further investigation
[52].

For instance, a bioinformatic analysis of the
B:9-23 epitope from various bacteria revealed that
Parabacteroides distasonis carries peptide sequences
similar to the insulin B-chain, which can potentially
trigger an autoimmune response. Interestingly, T-cell
clones targeting preproinsulin peptides were found to
exhibit high cross-reactivity with peptides from the
Bacteroides and Clostridium species [53].

Bidirectional Mendelian randomization has indicat-
ed that the presence of the phylum Bacteroidetes is
associated with an increased risk of TIDM (OR = 1.24;
95% CI: 1.01-1.53; p = 0.044). Subcategories, includ-
ing the class Bacteroidia and order Bacteroidales,
also showed statistically significant contributions
(OR = 1.28; 95% CI: 1.06-1.53; p = 0.009). In con-
trast, bacteria belonging to the genus Eubacterium
eligens had a protective quality (OR = 0.64; 95%
CI: 0.50-0.81; p = 2.84 x 10*) [54].

Furthermore, intestinal permeability is increased in
T1DM patients even before the clinical onset, specifi-
cally during the preclinical stage characterized by the
presence of two or more autoantibodies, without signs
of impaired carbohydrate metabolism. This is likely
to do with zonulin activation, a key regulator of tight
junctions in the gut, whose modulation increases in-
testinal permeability, alongside alterations in the com-
position and quantity of the protective mucus layer
[55, 56].

A comparative metaproteomic analysis of fecal
samples from T1DM patients, individuals at the pre-
clinical stage of T1DM, and controls revealed a link
between altered gut microbiome, intestinal permeabil-
ity, and the host immune system. Decreased levels of
Alistipes and Faecalibacterium prausnitzii, along with
increased Bacteroidetes, was observed in both T1DM
and preclinical subjects. These changes correlated
with elevated levels of inflammatory proteins (galec-
tin-3 and fibrillin-1) and increased intestinal permea-
bility resulting from enhanced mucin degradation and
reduced butyrate production [57].

Other environmental factors that potentially in-
crease T1DM risk include absence of breastfeeding,
cesarean section, early antibiotic exposure, psychologi-
cal stress, and specific dietary patterns (high intake of
dairy products, eggs, and root vegetables) [58].

Recent years have also highlighted the role of vi-
tamin D deficiency, which may disrupt immune regu-
lation and increase the risk of autoimmune diseases,
including T1DM. Studies indicate that low vitamin D
levels in children are associated with a higher disease
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risk, particularly in those with a genetic predisposi-
tion [59].

Moreover, current publications analyze the impact
of urbanization, air pollution, and environmental fac-
tors on the immune status and the incidence of au-
toimmune diseases, including T1DM. Air pollution,
especially fine particulate matter, may promote in-
flammatory responses and immune dysregulation [60].

The COVID-19 pandemic has drawn researchers’
attention to the role of viral and post-viral immune
reactions: emerging data suggest an increase in T1DM
cases among children following SARS-CoV-2 infec-
tion, although the mechanisms underlying this phe-
nomenon are not fully understood and remain under
debate [61, 62].

In summary, the role played by environmental fac-
tors in the realization of the genetic risk of T1IDM is
evident. However, the absence of a single specific trig-
ger complicates the identification of at-risk groups
and the development of targeted preventive strate-
gies.

GENETIC RISK FACTORS FOR AUTOIMMUNE DIABETES
In the general population, the lifetime risk of devel-
oping T1DM is approximately 0.4%. The contribution
of genetic predisposition is estimated at 40—60%. The
risk to the second monozygotic twin, if one twin is al-
ready diagnosed, is approximately 25—50%, whereas
for dizygotic twins, this figure does not exceed 6%.
Nearly all twins with detected autoantibodies even-
tually develop clinical T1IDM. In a Finnish popula-
tion-based cohort of 22.650 twin pairs, the cumulative
incidence of TIDM among initially discordant mo-
nozygotic twins was 65%; by age 60, 78% had experi-
enced persistent seroconversion or developed T1DM
[63]. The risk is higher in the siblings of patients,
reaching 5-10% by age 20, while for the children of
parents with T1DM, the risk is lower: 6—9% for the
children of affected fathers and 1.3—4% for the chil-
dren of affected mothers [64]. Furthermore, healthy
siblings sharing two identical HLA haplotypes with an
affected relative are at a higher risk than those shar-
ing one or no haplotype [65].

Early research focused on the HLA region on the
short arm of chromosome 6, revealing a significant
contribution of genes, alleles, and haplotypes of the
major histocompatibility complex (MHC) to T1DM de-
velopment [66]. An HLA haplotype is a group of HLA
genes inherited together as a single Mendelian trait.
The combination of two such haplotypes constitutes an
individual’s HLA genotype. The most significant risk
haplotypes are DRB1%03:01-DQA1*05:01-DQB1*02:01
(HLA-DR3) and DRB1*04:XX-DQA1*03:01—
DQB1%03:02 (HLA-DR4-DQ8). The highest risk is
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to compound heterozygotes carrying both haplo-
types (OR = 17). The risk is lower with homozy-
gous combinations or a single haplotype. At least
one of these haplotypes is present in 85% of T1DM
patients. Conversely, some HLA class II haplotypes,
such as HLA-DRB1*15:01-DQA1%*01:02-DQB1*06:02
(HLA-DR15-DQ6.2), are capable of strong protective
effects, reducing T1DM risk by more than 20-fold
[67].

An investigation of the genomic architecture of
HLA-DRBI1 in the Swedish population demonstrat-
ed that changes in the amino acid residues (71, B74,
and P86 significantly influence T1DM risk. These al-
terations modify the antigen—anchor sequences pl,
p4, p7, and possibly p6. The highest risk is associated
with the “lysine-alanine-glycine” motif (OR = 3.64;
p = 3.19 x 10%). Other motifs, such as “glutamine-
alanine-valine” (OR = 2.55; p = 0.025), “arginine-al-
anine-glycine” (OR = 1.93; p = 0.043), and “arginine-
alanine-valine” (OR = 1.56; p = 0.003), are associated
with a lower risk, whereas the “arginine-glutamine-
glycine” and “arginine-glutamine-valine” motifs dem-
onstrate a pronounced protective capacity (OR = 0.11;
p = 4.23 X 10*). The presence of the “lysine-alanine-
glycine” motif is associated with increased frequen-
cy of IA-2A autoantibodies (OR = 2.13) but a low-
er frequency of GADA (OR = 0.83) [68]. Although
the prevalence of HLA-DR3 and HLA-DR4-DQ8 in
Caucasian populations reaches 4.5% and 12.5%, respec-
tively, TIDM develops in less than 1% of carriers of
these haplotypes [69] (Table 4).

Subsequent studies of candidate genes have iden-
tified other loci associated with the risk of develop-
ing TIDM. A key example is the INS gene. The INS
gene possesses a variable number of tandem re-
peats (VNTR) in its 5’-untranslated region. Class I
VNTR alleles (26—63 repeats) are associated with
an increased risk of TIDM (OR > 2), whereas class
IIT VNTR alleles (140-210 repeats) exert a protec-
tive effect [65]. The efficiency of INS intron 1 splic-
ing influences insulin expression in the thymus,
thereby regulating the selection of insulin-specific
T cells [77]. Furthermore, mutations in the INS gene
are a known cause of neonatal diabetes, leading to
impaired preproinsulin maturation and pancreatic
B-cell death [78].

Lymphoid-specific phosphatase (LYP), encoded by
the PTPN22 gene (chromosome 1pl3), is involved in
the regulation of the T-cell activity. The functional
polymorphism rs2476601 (c.1858C>T, p.R620W), prev-
alent in Northern Europe, boosts tyrosine kinase ac-
tivity and alters the composition of the regulatory
T-cell (Treg) population. Although this might seem
counterintuitive given the suppressive activity of
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Table 4. The prevalence of risk and protective HLA haplotypes in various ethnic groups in the Russian Federation

. . . Frequency in . . .
Ethnicity High-risk HLA loci OR | T1D patients, Protective HLA loci and geno- | Frequency in OR
and haplotypes % types controls, %
DRB1*04—DQA1*03:01— 10 017 DRB1*11-DQA1#*05:01— 195 ~
DQB1%03:04 : : DQB1*03:01 :
Russian
DRB1*04-DQA1*03:01- DRB1*13-DQA1%01:02—
(M‘[’ig?w) DQB1%03:02 5.99 8.5 DQB1*06:02/8 8.5 -
DRB1*017(3)-DQA1%05:01— il 10 DRB1*07-DQA1%02:01— 155 ~
DQB1%02:01 : DQB1#02:01 :
DRB1*04—DQA1*03:01— 999 ~ DRB1*11-DQA1*05:01— 01 5
DQB1*03:04 : DQB1*03:01 :
Russian
DRB1*04-DQA1%03:01— DRB1*13-DQA1%01:02—
(Vo[l%’]da) DQB1#03:02 4.26 11.6 DQB1*06:02/8 Lo -
DRB1%017(3)-DQA1%05:01— | , o 74 DRB1*07—DQA*02:01— ~11 ~
DQB1%02:01 : : DQB1%02:01
DRB1*04—DQA1*03:01— ~ 115 DRB1*11-DQA1*05:01— 398 ~
DQB1*03:02 : DQB1%03:01 :
Nenets | DRB1*017(3)-DQA1%05:01— ~ L DRB1*13-DQA1*01:02— 164 ~
[70] DQB1%02:02 : DQB1*06:02/8 :
DRB1*01-DQA1%01:01— ~ 33 DRB1*07-DQA1%02:01— o5 ~
DQB1*05:01 : DQB1*02:01 ~
DRB1*04—DQA1*03:01— DRB1*07—DQA*02:01—
DQB1*03:02 = = DQB1%02:01 A C
Udmurts | DRB1*017(3)-DQA1*05:01— 10 26
[71] DQB1%02:02 DRB1*07-DQA*02:01— 8.76 <018
DQA1*03:01-DQB1*03:02 wmw/u | 1, , - DQB1*03:03
02:01 :
Tuvans DRB1*03-DQAI*05:01— 6.3 926.7 _ _ _
[72] DQB1%02:01 : :
DRB1*04-DQB1*03:02 8.82 28 DRB1*15-DQB1*06:02/8 26.3 0.04
Ba[sg?rs DRB1*17-DQB1*02:01 6.47 58
DRB1*11-DQB1*03:01 14 0.18
DQA1*03:01-DQB1*03:02 10.62 32
DRB1*08—DQA1*03:01— DRB1*15-DQA1¥01:02—
Buryats DQB1%03:02 783 6.1 DQB1%06:02/8 98 025
[74] DRB1*04—DQA1*03:01— DRB1*11-DQA1%05:01—
DQB1#03:02 5.78 8.9 DQB1*03:01 4.7 0.35
DRB1*017(3) 8.47 30.4 DRBI1*11 8.8 0.1
Yakuts
[75]
DRB1*04 4.97 46.1 DQB1*06:02/8 19.6 0.17
. DQB1*03:02 4.04 52 DRB1*15 28.6 0.03
atars
[76]
DRB1*017(3) 2.42 51.4 DQB1*06:02/8 31 0.11
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Tregs, it is believed to reflect a more complex im-
mune response regulation [79].

The cytotoxic T-lymphocyte-associated antigen-4
(CTLA-4) gene, located on chromosome 2q33, encodes
a co-receptor that suppresses cytotoxic T-cell activa-
tion and interleukin-2 (IL-2) production. The polymor-
phic variants rs3087243 and rs231775 are associated
with an increased risk of T1IDM (OR = 1.31 and 1.47,
respectively) [26]. In cancer therapy, immune check-
point inhibitors blocking the CTLA-4 and PD-1/PD-L1
pathways are used and can sometimes trigger auto-
immune reactions, including diabetes that resembles
T1DM. An analysis of 91 such diabetes cases revealed
that most patients (71%) received anti-PD-1 therapy,
and that the dominant HLA haplotypes were DR4,
DR3, DRY, and A2 [80].

The UBASHS3A gene (also known as STS-2, TULA,
and CLIP4), located in the 21g22.3 locus on human
chromosome 21, is expressed predominantly in T cells
and encodes a ubiquitin-associated protein containing
the SH3 domain (UBASH3A) [81]. UBASH3A inhibits
T-cell receptor (TCR)-induced signaling to nuclear
factor-kB (NF-kB), leading to suppressed IL-2 expres-
sion. Additionally, UBASH3A regulates the synthesis
and dynamics of the CD3/TCR coreceptor complex,
further attenuating signal transduction and reduc-
ing IL-2 production. The minor alleles of polymor-
phisms rs80054410 (g.43836010T>C) and rs11203203
(g.43836186G>A) enhance UBASH3A expression in
human naive T cells, which is associated with T1DM
risk [82]. A statistically significant additive effect on
the T1DM risk (p = 0.029) was also identified in the
concurrent presence of SNP rs11203203 in UBASH3A
and SNP rs2476601 in PTPN22 [83].

Substantial contributions to T1DM development
are also made by the interleukin-2 receptor subunit
alpha (IL2RA) gene, cytokine genes (primarily IL-4
and IL-13), and the interferon-induced helicase
IFIH1 gene [4]. The IL2ZRA gene comprises eight ex-
ons and encodes the alpha chain of the IL-2 receptor,
a potent lymphocyte growth factor. IL2ZRA expression
in regulatory T cells (CD4*CD25") is essential for im-
mune response control and for preventing autoim-
munity. Studies have shown that the rs52580101 poly-
morphism, located in intron 1 of IL2ZRA, is the most
prevalent among T1DM patients [84].

A study conducted in Kuwait demonstrated that
the IL-4 (CC) and IL-13 (AA/Q) genotypes come
with risk. Co-inheritance of the IL-4 CC genotype
(—590C/T, rs2243250) and the IL-13 AA/Q genotype
polymorphism p.(Argl130Glu) with the high-risk HLA
genotypes (HLA-DQ@ and HLA-DR) was also identi-
fied. These findings advance our understanding of
the genetic predisposition to T1DM in Kuwaiti chil-
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Table 5. Significant non-HLA genetic associations with
T1DM risk*

Gen SNp | BSK | OR | 95% CI | p-value
INS rs689 | T | 221 |[208-2.34]| 1 x 100
PTPN22 | rs2476601 | T | 1.98 |[1.82-2.15]| 2 x 10
CTLA-4 | rs926169 | T | 128 |[L.15-142]| 9 x 10°
UBASH3A |rs11203203| A | 114 | [1.1-1.17] | 3 x 107
IFIH1 | rs1990760 | A | 1.18 |[1.11-1.23]| 2 x 10
BACH? |rs11755527| G | 1.13 [[1.08-1.19]| 5 x 10

*Data source: GWAS Catalog —
https: / /www.ebi.ac.uk /gwas /home

dren [85]. The data are consistent with the results
from Saudi Arabia, where young T1DM patients (age
of onset <13 years) carrying high-risk HLA variants
also showed an increased frequency of IL-4 rs2070874
(C/C) SNP [86].

The cytosolic viral RNA sensor IFIH1 (also known
as MDADJ5) is a gene that significantly affects T1DM
risk and plays a key role in antiviral immunity.
A non-synonymous polymorphism — rs1990760 — in
this gene results in an alanine-to-threonine substi-
tution at position 946 [87]. Given the role played by
IFIH1 in antiviral immunity, attempts have been made
to look for enteroviral RNA in patients with autoan-
tibodies or recently diagnosed T1DM. Although the
studies remain limited by sample size, they are an im-
portant contribution to our understanding of the role
of viruses as triggers of the autoimmune process [88].

The product of the BACHZ2 gene accelerates the
cytokine-induced apoptosis of pancreatic B-cells via
the activation of the JNK1/BIM signaling pathway,
whereas BACH?Z overexpression exerts the opposite
effect. SNPs rs375724724 and rs11755527 are reported
to be associated with T1DM risk in Caucasians, and
SNP rs3757247 is associated with risk in the Japanese
population [89]. Conversely, SNP rs11755527 showed
no association with T1DM in a Southern Brazilian
population of mixed ethnic ancestry, highlighting po-
tential ethnic differences in the prevalence and sig-
nificance of this variant [90] (Table 5).

Given the accumulated data on the multiple ge-
netic variants associated with T1DM and the absence
of clear inheritance patterns, it has been proposed
that disease development be considered to result
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from the additive interaction of genes, or epistasis
[91]. Consequently, in 2014, a multifactorial logistic re-
gression model, GRS-1, was developed, incorporating
high-risk HLA variants and 40 additional SNPs. The
efficacy of the model was evaluated using the data
from the German longitudinal studies “BABYDIAB”
and “BABYDIET.” Use of HLA variants alone yielded
an area under the ROC curve (AUC) of 0.82 (95% CIL
0.80—0.83), while the inclusion of additional SNPs in-
creased the AUC to 0.87 (95% CI: 0.86—0.88) [92].

The ongoing study “The Global Platform for the
Prevention of Autoimmune Diabetes-02” (GPPAD-02)
aims to assess the possibility of primary T1DM pre-
vention through daily oral administration of fixed in-
sulin doses. The concept involves stimulating anti-
gen uptake for presentation to the immune system
to maintain tolerance. The inclusion criterion is high
genetic risk, assessed either by 46 SNPs or by three
SNPs if a first-degree relative has T1DM. Screening
of 50,669 infants conducted from October 2017 to
December 2018 identified high genetic risk in 1.1% of
those examined, corresponding to an approximately
10% probability of developing multiple B-cell autoan-
tibodies by age 6 [93].

With the expanding list of identified SNPs, a new
genetic model, GRS-2, incorporating 67 SNPs, was
proposed. It demonstrated a statistically significant
improvement in risk prediction (the AUC increased
from 0.893 to 0.92; p < 0.0001) according to the UK
Biobank data [94]. Further modification of the model
(GRS-2"), by including SNPs from the HLA-DQ locus
(rs9273363) and non-HLA loci (rs926169, rs10788599,
and rs56380902), improved risk prediction in both
the European and African American populations [95].
Notably, a model specifically designed for African
Americans showed better performance (AUC 0.871)
than the European model, underscoring the necessity
of using population-specific values for T1DM risk as-
sessment [96].

EPIGENETIC MODIFICATIONS
Discordance in genetically associated diseases among
monozygotic twins may be due to epigenetic modifi-
cations formed through the interaction of the geno-
type with the environment. These changes result in
a unique phenotype. Monozygotic twins are epige-
netically indistinguishable during early life; howev-
er, differences in the overall content and distribution
of DNA 5-methylcytosine and histone acetylation are
observed in older age groups, consistent with the con-
cept of epigenetic drift [97].

Epigenetic regulation involves modifications of gene
expression that do not alter the nucleotide sequence
but are heritable. The main epigenetic mechanisms

include DNA methylation, post-translational histone
modifications, and RNA interference.

For a DNA segment to be used as a template, the
promoter and other gene regulatory regions, includ-
ing enhancers, must be accessible to transcription fac-
tors and other regulatory complexes. DNA methyl-
ation reduces chromatin accessibility in regulatory
regions, which can impair the binding of transcrip-
tion factors and consequently alter gene expression
[98]. Methylation is a form of covalent DNA mod-
ification that does not change its sequence and in-
volves the transfer of a methyl group (CH,) from
S-adenosylmethionine to the 5-position of the cy-
tosine pyrimidine ring [99]. The effects of methyla-
tion depend on its location: methylation within the
gene’s body is associated with reduced transcriptional
processivity of RNA polymerase, while methylation
in the promoter or first intron is linked to impaired
transcription initiation [100].

Several studies have identified specific DNA meth-
ylation profiles in TIDM genetic risk regions, such as
the INS gene promoter (SNP rs689), IL2ZRA, tumor
necrosis factor-alpha (TNFa), and HLA class II haplo-
types [101-103]. A limitation of the early studies was
that methylation levels were measured only after dis-
ease onset, since changes could have been caused by
chronic hyperglycemia, active autoimmune processes,
and medication. However, the “DAISY” case-control
study identified DNA hypermethylation preceding
seroconversion, confirming the significant contribu-
tion of epigenetic changes to the realization of genetic
T1DM risk [104].

Reduced FoxP3 gene expression is associated with
the development of several autoimmune diseases, in-
cluding T1IDM. DNA methylation in CD4* T cells from
patients with LADA was found to be significantly in-
creased compared to controls. The FoxP3 promoter
region was also hypermethylated in CD4* T cells, ac-
companied by decreased FoxP3 mRNA expression
levels (normalized to (-actin), as measured by real-
time PCR [105].

Histones undergo post-translational modifications of
specific amino acid residues in the N-terminal region.
These modifications regulate the chromatin structure,
significantly influencing gene transcription, DNA re-
pair, and chromosome condensation. One significant
study revealed increased methylation of lysine 9 on
histone H3 (H3K9me2) at the CTLA-4 gene promoter
and simultaneously decreased H3K9me2 at the ICOS
gene promoter in T1IDM patients, which was associ-
ated with the development of T-cell autoimmunity
[106]. Monocytes from T1DM patients had lower levels
of H3K9Ac (4 kb upstream of HLA-DRB1) and high-
er levels of H3K9Ac (4 kb upstream of HLA-DQB1)
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Fig. 2. Examples of the epigenetic markers of TIDM according to the studies by Hu Qibo et al. [109], Miao Feng et al.
[106], and Pahkuri Sirpa et al. [102]. The authors created the original figure using BioRender

[3]. Increased acetylation at these sites correlated
with enhanced transcription in a monocyte cell line.
However, at the time of the study, it was impossible
to determine whether these differences were a cause
of the disease or a consequence of chronic hypergly-
cemia. Yanfei Wang et al. identified increased levels
of histone H3 acetylation (H3AC) in T-lymphocytes
from T1DM patients using Western blotting. A sub-
group analysis showed no significant difference in
global acetylation levels between compensated and
uncompensated patients. A positive correlation was
also established between acetylation levels in the
ICOS promoter region (—137/—55) and ICOS mRNA
expression (r = 0.655, p = 0.021). Bivariate correlation
between ICOS mRNA expression and clinical param-
eters (glucose level, glycated hemoglobin, C-peptide,
GADA titer, and blood pressure) confirmed a positive
association between GADA titer and ICOS mRNA ex-
pression [107].

Histone deacetylases (HDACSs) catalyze the removal
of acetyl groups from histone tails using coenzyme A.
Based on intracellular localization, HDACs are divided
into three classes: Class I — HDAC 1, 2, 3, and 8 (ex-
clusively nuclear); Classes Ila and IIb — HDAC 4, 5,
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6, 7, 9, and 10 (predominantly cytoplasmic); and Class
IIT — sirtuin (SIRT) enzymes 1-7 (localized in the nu-
cleus, cytoplasm, or mitochondria) [108]. For exam-
ple, HDAC3 can upregulate the Bcl-xl protein (a key
regulator of the mitochondrial apoptosis pathway) by
suppressing microRNA-296-5p expression, leading to
inhibited apoptosis of B lymphocytes, which are di-
rectly involved in the autoimmune response against
pancreatic 3-cells [109]. The scientific community is
actively discussing the potential therapeutic use of
HDAC inhibitors (HDACI). For instance, the polyami-
nobenzamide pan-HDACi THS-78-5 protects against
IL-1B-induced B-cell death by attenuating inducible
nitric oxide synthase expression and NF-xB trans-
activation, and the highly selective HDAC3 inhibitor
BRD3308 exhibited protective properties in vitro and
in vivo [110] (Fig. 2).

MicroRNAs control gene expression through influ-
ence on mRNA stability and translation through di-
rect inhibition and degradation. Epigenetic changes in
microRNAs affect the cell cycle and immune response
[111]. For example, microRNA-21 (miR-21), whose
overexpression impairs 3-cell development in ani-
mal models, increases caspase-3 levels and accelerates
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B-cell apoptosis by targeting Bcl-2 gene translation
[112]. MicroRNA-146a (miR-146a) reduces the pro-in-
flammatory response by suppressing the TRAF6 and
IRAK]1 genes. Decreased miR-146a expression has
been noted in T1IDM patients; in animal models, in-
creased TRAF6 expression was found to worsen glu-
cose-induced endothelial damage. Reduced miR-146a
expression is also associated with increased GADA
antibody titers [113].

CONCLUSIONS

The clinical variability of type 1 diabetes (T1DM) is
due to its significant genetic heterogeneity and the
presence of epistatic interactions between target
genes. The loci associated with T1DM exhibit sub-
stantial differences in frequency and penetrance, with
variations observed even in neighboring regions, not
to mention different ethnic groups.

Identifying the specific trigger factors contribut-
ing to seroconversion remains a subject of active sci-
entific research. However, given the significant global
increase in T1DM incidence, the important role of
epigenetic modifications in actuating genetic risk be-
comes evident. Epigenetic changes may serve as the
link between genetic predisposition and external en-

vironmental exposures, explaining the variability in
disease course and age of onset.

In this context, the identification of new candidate
genes, the creation and refinement of logistic regres-
sion risk assessment models, and in-depth study of
epigenetic mechanisms open broad prospects for re-
searchers, not only for early diagnosis and potential
prevention of T1DM, but also for developing funda-
mentally new therapeutic approaches. Utilizing the
latest spatial genomics methods and integrating ge-
netic and epigenetic data will allow for a more de-
tailed study of the complex intercellular and intra-
cellular interactions shaping the pathological process.

Thus, further development of genomic and epig-
enomic analysis techniques, along with the implemen-
tation of personalized medicine approaches, will con-
tribute significantly to our understanding of T1DM
pathogenesis and to the creation of effective methods
for the prevention and treatment of this autoimmune
disease. ®
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