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Abstract. The etiopathogenesis of type 1 diabetes mellitus
(T1DM) is a complex multifactorial process that involves an
intricate network of genetic, epigenetic, immunological, and
environmental factors. Despite the advances in recent years,
some aspects of the mechanisms involved in triggering the
disease are still unclear. Infections with certain viruses have
been suggested as possible environmental triggers for the
autoimmune process that leads to selective and progressive
destruction of pancreatic B-cells and insufficiency of insulin
production, which is its hallmark. In this review, advances
in knowledge and evidence that suggest the participation of
certain viruses in the mechanisms of disease initiation and
progression are described. It has been accepted that environ-
mental factors, including viruses, can initiate and possibly
sustain, accelerate, or slow down the autoimmune process and
consequently damage insulin-producing pancreatic 3-cells.
Although the role of these agents, especially human enterovi-
ruses, has been exhaustively studied as the most likely triggers
of the activation of autoimmunity that destroys pancreatic islets
and leads to T1DM, certain doubts remain. Clinical epide-
miological and experimental studies in humans and animals
provide consistent and increasing evidence that persistent viral
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infections, especially with human enteroviruses and rotavirus
infections, are associated with an increased risk of the disease
in individuals genetically predisposed to autoimmunity.
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1. Introduction

Type 1 diabetes mellitus (T1DM) is a chronic metabolic
disorder of autoimmune nature, characterized by the selective
and progressive destruction of insulin-producing pancreatic
B-cells by autoreactive T cells, leading to loss of secretory
function and insufficient hormone production (1-3). This
immune system dysregulation is caused by the combined
action of genetic, epigenetic, and environmental factors,
through a complex and varied network of interactions (4,5).

In mammals, insulin is an essential anabolic hormone with
multiple effects on glucose, lipid, protein, and mineral metabo-
lism. It is required for the entry of glucose into muscle and
fat cells, in addition to stimulating the liver to store glucose
in the form of glycogen and to synthesize fatty acids. Insulin
is also required to stimulate amino acid uptake, inhibit the
breakdown of fat in adipose tissue, and stimulate the uptake of
potassium by cells (6).

Given its importance, glucose metabolism needs to be
strictly regulated to ensure a sufficient energy supply to vital
tissues and organs, but not supply an excess. In this context, the
liver plays a critical role in glucose metabolism homeostasis,
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regulating multiple metabolic pathways, including glyco-
genesis, glycogenolysis, glycolysis, and gluconeogenesis (7).
Thus, the controlled expression of genes encoding the liver
enzymes involved in these pathways plays a critical role in
the complex network of interactions between multiple organs.
Therefore, the regulation of the expression of these genes is
essential for the maintenance of long-term glucose metabolism
homeostasis (8).

Control of blood glucose levels depends on a complex and
tightly controlled network of hormones and neuropeptides
released by the brain, pancreas, liver, intestine, adipose tissue,
and muscles (9,10). However, the pancreas plays a critical
role within this network since the pancreatic islets contain
insulin-producing p-cells and glucagon-producing a-cells.
Through these two hormones, the pancreas regulates glucose
metabolism, where insulin lowers blood glucose levels, while
its counterpart, glucagon, helps maintain necessary blood
glucose levels; thus, acting together antagonistically, they
maintain energy homeostasis (9). The loss of this balance, due
to the absence or dysfunction of -cells, generates insulino-
genic and hyperglycemia, which are the classic phenotypes of
T1DM (11).

Evidence suggests that genetic characteristics, notably the
genetics of HLA, specifically of the molecules DQ2 and DQS,
are a necessary but insufficient condition for the development
of TIDM. Thus, other additional factors, including those related
to environmental stress, the individual's microbiome, and
the epigenome, are also important in the pathogenesis of the
disease (1,12). The increase in the incidence of TIDM in recent
decades cannot be explained solely based on genetic factors,
although HLA-DR3-DQ2 or HLA-DR4-DQ8 haplotypes, or
both, are considered risk factors for the disease (13,14).

This suggests that the origin of the disease depends on
the interaction between multiple factors, involving predis-
posing genes and exposure to environmental factors that
act as triggers. Evidence of this is that these processes are
heterogeneous even among genetically related individuals,
suggesting an interaction between a genetic predisposition
and other non-genetic factors, including viral infections (15).
Three phenomena acting in parallel contribute to the onset of
T1DM: Early childhood lifestyle and factors, the dynamics of
immune system development, and the maturation of the gut
microbiome (16).

The potential of viral infections to trigger pancreatic islet
autoimmunity in patients with TIDM has been a longstanding
hypothesis. There is an increasing body of evidence that
implicates persistent infections by certain viruses, particularly
human enteroviruses, as more likely environmental triggers
that may contribute to different stages of disease develop-
ment (17).

Studies show that infections with certain viruses play a
crucial role in the pathogenesis of TIDM and can determine
whether a genetically susceptible individual will develop
this metabolic disease (3,18). Growing evidence points to a
causal relationship between infections by certain viruses,
especially human enteroviruses, and disease onset. Although
the participation of viruses in the etiology of TIDM has been
extensively explored, definitive proof of this causality is still
lacking (18,19). However, there are reports of viral infections
in several individuals with autoimmunity and damage to

insulin-producing pancreatic islet $-cells, in which enterovi-
ruses are the prime suspects (20).

Studies performed in Finland show that viral effects can
encompass all stages of the p-cell damage process, including
those that precede the onset of the disease (18). Among the
strongest candidate viruses, enteroviruses detected in the
pancreas of patients with TIDM stand out. In addition, epide-
miological research, including a meta-analysis of 56 studies,
has shown more infections by these enteroviruses in diabetic
patients than in healthy subjects (18,21,22).

Enteroviruses cause TIDM during experimental infection
of animals. Epidemiological studies in humans indicate that
they are associated with an increased risk of disease and have
been detected in the pancreas of diabetic patients (23,24).
These results provide consistent evidence that enteroviruses
trigger the autoimmune response against pancreatic islets
resulting in inflammation, destruction of B-cells, and initia-
tion of TIDM (20,25). Among the enteroviruses, Coxsackie B
appears to be the primary candidate for the trigger or accel-
eration of islet B-cell autoimmunity in genetically susceptible
individuals, resulting in TIDM (26).

The present review presents and discusses the most recent
advances regarding the role of viruses as an environmental
trigger, contributing to the loss of immune self-tolerance and
triggering autoimmunity. A literature review was conducted
using the PubMed, Embase, and Scopus databases, employing
the descriptors: Type 1 diabetes, pathogenesis, virus, and asso-
ciated terms with the appropriate Boolean modifiers. Studies
involving humans or animals, original articles, and review
articles regarding meta-analysis published in recent years
were included, while abstracts, conference papers, editorials,
and unrelated studies were excluded.

2. Pathogenesis of TIDM

T1DM is an organ-specific autoimmune disease that leads to
the destruction of insulin-producing pancreatic -cells, where
the balance between regulatory and effector T cells deter-
mines the risk of developing the disease, activation time, and
duration (27). Its origin is multifactorial, and the pathogenesis
is complex, involving humoral and cellular immune response
abnormalities (28). The mechanisms that trigger the disease
involve the production of autoantibodies against autoanti-
gens produced by insulin-producing pancreatic islet p-cells.
Although these autoantibodies do not play a significant role
in the destruction of these cells, they serve as indicators of an
ongoing destructive process and as a strong predictive marker
of the future development of T1IDM (1,29,30). Pancreatic islet
P cells produce self-antigens among them: Islet cell antigens
(ICA), glutamic acid decarboxylase 65-kilodalton (GADG65),
insulinoma antigen-2 (IA-2), insulin antigen (IA) and zinc
transporter 8 antigen (ZnT8A), which induce the production of
their respective autoantibodies (31,32).

A long-term follow-up longitudinal study showed that
pancreatic islet autoimmunity precedes the onset of TIDM
in prediabetic children and the presence of autoantibodies
does not necessarily lead to overt disease with clinical
symptoms (33). The disease progresses in three predict-
able and identifiable sequential steps before the onset of
symptoms: i) Humoral autoimmunity with the presence of
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Figure 1. The onset of the disease occurs when an individual with a genetic predisposition, particularly linked to HLA Class I, specifically genotypes such as
DR3-DQ2/DR3-DQ2 and DR3-DQ2/DR4-DQ8, as well as haplotypes including DQA10501 and DQB10302, is exposed to various environmental triggers.
These triggers encompass factors such as immune system maturation conditions, infections by specific viruses, and dietary elements rich in AGEs. This expo-
sure can precipitate the breakdown of immune self-tolerance, subsequently leading to the initiation of autoimmunity, primarily of an innate immune response.
This early phase of autoimmunity is characterized by the infiltration of monocytes, macrophages, dendritic cells, NK cells, and autoreactive B cells into the
pancreatic islets, inciting an inflammatory cascade. Following this, a phase involving acquired humoral immunity is activated. This results in autoantibodies
targeting antigens produced by f3-cells, thereby inducing dysglycemia. After the humoral response, cellular immunity is triggered, leading to the proliferation
of self-reactive TCD4+ and TCDS8+ cells directed against $-cells. This immune reaction is accompanied by Treg suppression, ultimately culminating in the
selective destruction of insulin-producing f-cells within the pancreatic islets. Consequently, there is inadequate insulin production, leading to hyperglycemia
and the clinical manifestation of TIDM. HLA, human leukocyte antigen; AGE, advanced glycation end product; NK, natural killer; Tregs, regulatory T cells;

T1DM, type 1 diabetes mellitus.

autoantibodies against antigens produced by pancreatic islet
B-cells but without dysglycemia; ii) cellular autoimmunity
with the presence of autoreactive cells against B-cells with
dysglycemia but no symptoms; iii) and the final stage is
characterized by hyperglycemia and the presence of symp-
toms such as polyuria, thirst, hunger, and weight loss (1,34)
(Fig. 1). Of note, children with autoantibodies to IA, GAD,
and TA-2 showed different progression paths, and insulin
autoantibodies were most correlated with the development
of TIDM (33).

The consumption of advanced glycation end products
(AGEs) may be an environmental component that together
with genetic factors may play a role in the initiation of TIMD.
AGE:s bind to specific cell surface receptors (RAGE) and
have a pro-inflammatory role (35). In the NOD mouse model,
the first cells to infiltrate the pancreas are those of innate
immunity, such as monocytes, natural killer cells, CD11c +
dendritic cells, and ER-MP23 macrophages, with the occur-
rence of insulitis, self-reactive B cells and later, self-reactive
T cells (27).

Humoral autoimmunity. In an observational cohort study, the
majority of the patients tested positive for =1 type of autoan-
tibodies against the autoantigens GAD, IA-2, and ZnT8. The
presented symptoms were similar among participants with or
without autoantibodies, as was the frequency of ketoacidosis.
The positivity for autoantibodies decreased with age, particu-
larly in men compared to women and non-white individuals
compared to white individuals. The body mass index (BMI)
was higher in adults without autoantibodies than in adults with
autoantibodies. Individuals negative for autoantibodies were
found to more likely to have a parent with diabetes and less
likely to have another autoimmune disease (36).

The development of T1DM is preceded by an initial phase
characterized by the presence of insulitis, a type of inflam-
matory response mediated by T Ilymphocytes, followed by the
detection of one or more types of autoantibodies against the
autoantigens produced by the B-cells of the pancreatic islets,
such as IA, GAD, protein tyrosine phosphatase, [A-2 or [A-2f3,
and ZnT8, which are indicative of the immunological onset of
T1DM (37-39). The presence of >1 type of autoantibody marks
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the first stage of the disease; the second stage is marked by
dysglycemia or glucose intolerance, both asymptomatic. The
third stage, in turn, is defined by the clinical manifestation of
T1DM with symptoms of hyperglycemia, such as polyuria,
polydipsia, enuresis, weight loss, blurred vision, and some-
times ketoacidosis or diabetic hyperosmolar syndrome (37,39).

A longitudinal follow-up study of a patient who developed
T1DM 23 years after the idiopathic CD4 lymphocytopenia
diagnosis found that the anti-GAD antibody had already
been present in low titers for at least 16 years and began to
increase 6 months before the onset of illness. Seroconversion
to IA and IA-2 autoantigens was detected during the onset of
disease symptoms. The proportion of CD8/CD4 lymphocytes
increased gradually for 8 years before the disease began, in
particular CD8+ T cells autoreactive against proteins related
to the catalytic subunit of glucose-6-phosphatase specific to
pancreatic islets at the beginning of TIDM. The patient in this
study had idiopathic CD4 lymphocytopenia and a high number
of islet antigen-specific CD8+ T cells that may contribute to
the autoimmune destruction of insulin-producing (3-cells (40).

Seroconversion to pancreatic islet autoantibodies precedes
disease onset by many years, but the role of humoral auto-
immunity in the initiation and progression of TIDM is still
unclear. A new autoantibody directed to extracellular epitopes
of zinc transporter § antigen (ZnT8ec), expressed in pancreatic
islet cells, was identified in newly diagnosed patients with
the disease, detected by immunofluorescence. When T1DM
patients were compared with healthy controls the positivity
rate for the antibody (ZnT8ecA) was 23.6% (41). The sequen-
tial expression of the autoantibodies: IAA, GADA, TA-2A,
and ZnT8ecA was evaluated in a group of 30 children in a
longitudinal follow-up study from the evolution to the clinical
manifestation of TIDM, and 10 of them were positive for
ZnT8ecA. Notably, ZnT8ecA was the first antibody to appear
in all 10 children (41).

Glutamate is the primary excitatory neurotransmitter and
is inactivated by cellular uptake via subtypes of glutamate
transporters GLT-1 (EAAT?2) and GLAST (EAAT1) (42). It has
been shown that GLT1/EAAT? is expressed in the membrane
of pancreatic islet B-cells and regulates extracellular glutamate
concentrations, preventing induced -cell death. Patients with
T1DM had autoantibodies against (3-cells, but the target antigen
and pathogenic mechanisms are unknown (43,44). It was
hypothesized that GLT1 could be the target of autoantibodies
and may be associated with the pathogenesis of TIDM. ELISA
showed that sera from individuals with TIDM recognized
GLT1 expressed in the brain and pancreatic islets of mice and
COST7 cells transfected with the GLT1 gene. These findings
were validated in two cohorts of patients with TIDM by immu-
nofluorescence assays detecting autoantibodies against GLT1
in 37% of subjects with the disease and none of the healthy
controls (45). Furthermore, in the absence of complement,
autoantibodies against GLT1 markedly reduced the activity of
this transporter in BTC3 cells, inducing the internalization of
GLTI, leading to the death of B-cells. Thus, GLTI is a novel
T1DM autoantigen and anti-GLT1 autoantibodies cause p-cell
death in the presence and absence of complement (45).

The concentrations of autoantibodies GADA and TA2A
showed no statistical difference between the two groups, but
the positivity rate for ZnT8A was higher in the group with

ketoacidosis (46,47). ZnT8 A-positive patients had higher TA2A
titers and a higher prevalence of GADA and IA2A compared
to ZnT8A-negative patients. Multivariate logistic regression
analysis showed that positivity for ZnT8A was associated with
an increased risk of microalbuminuria independent of age,
sex, and BMI. This study concluded that the autoantibody,
ZnT8A, had diagnostic value for ketoacidosis in children with
T1DM, showing greater specificity than the other two auto-
antibody types. In addition, positivity for ZnT8A was related
to a higher titer of IA2A and a higher frequency of multiple
diabetes-related autoantibodies, a risk factor for T1DM, inde-
pendent of microalbuminuria. Thus, positivity for ZnT8A may
be related to ketoacidosis and microalbuminuria, accelerating
the progression of TIDM (48).

A case-controlled study involving 20 patients with
recent-onset T1DM, with six months or less of diagnosis and
testing positive for =1 islet autoantibodies and 20 healthy
controls negative for islet autoantibodies found that 474 genes
were differentially expressed in individuals with T1DM,
most of which were related to host defense, inflammatory,
antibacterial, and antiviral effects, and cell cycle progression.
Conversely, downregulated genes were involved in TIDM
target cell repair, inflammation control, and immune tolerance.
Among the genes were AREG, which is related to the expres-
sion of FOXP3, and the SMADG6 gene which is associated with
immunological tolerance. SMAD6 expression was found to be
negatively correlated with islet ZnT8 autoantibody. PDE12
gene expression, which resists viral pathogens, was reduced
in TIDM and negatively related to the ZnT8A and GADA
autoantibodies levels. Conversely, diabetic patients showed
increased expression of genes encoding long non-coding
RNAs, MALATI1 and NEAT1, which are related to inflam-
matory mediators, autoimmune diseases, and innate immune
response against viral infections (49).

Cellular autoimmunity. Cellular immunity plays a critical role
inthe selective and progressive destruction of insulin-producing
pancreatic islets -cells, with a drastic reduction in the produc-
tion of this hormone and, consequently, in the pathology of
T1DM. Evidence of this is the presence of infiltration of TCD4+
and TCD8+ lymphocytes, B lymphocytes, natural killer (NK)
cells, dendritic cells (DCs), macrophages, and other autoreac-
tive immune cells that recognize pancreatic islets as foreign,
resulting in their destruction, and establishment of the clinical
disease (1,29,50).

CD8+ T cells are responsible for the autoimmune destruc-
tion of insulin-producing B-cells. Rapid disease progression
is associated with an increased number of islet-specific CD8+
T cells with a transitional memory phenotype (51). They
analyzed the phenotype and function of these cells in the
progression of TIDM and identified islet-specific CD8+ T
cells by high-content single-cell mass cytometry in combina-
tion with peptide-loaded Human Leukocyte Antigen (HLA)
tetramer staining. A novel analytical method, DISCOV-R, was
used to characterize rare subsets of CD8+ T cells. Autoreactive
T cells are phenotypically heterogeneous and differ as a func-
tion of the rate of disease progression. Activated islet-specific
memory CD8+ T cells were prevalent in TIDM patients with
a rapid loss of C-peptide. In contrast, the slow progression
of the disease is correlated with a profile of exhaustion and
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expression of multiple inhibitory receptors, reduced produc-
tion of cytokines, and low proliferative capacity. Thus, the
correlation between these properties of autoreactive CD8+ T
cells and the rate of progression of TIDM after its onset can be
considered an attractive phenotypic biomarker of the disease
trajectory (52).

The class THLA-B*3906 and HLA-A*2402 genes are asso-
ciated with a higher risk of TIDM and promote the early onset
of the disease, suggesting that CD8+ T cells that recognize the
peptides presented in the context of these class I molecules
on cells B play a major role in the autoimmune response that
results in disease (53). A study analyzed the frequency and
phenotype of CD8+ T cells specific for the -cell antigens:
Pre-proinsulin (PPI) and circulating B-specific insulin (InsB)
in HLA-B*3906+ children newly diagnosed T1DM and in
high-risk HLA-A*2402+ children prior to the appearance of
disease-associated autoantibodies and before the diagnosis as
T1DM. Antigen-specific CD8+ T cells were detected using
these HLA class I tetramers, and memory status was assessed
by flow cytometry. HLA-B*3906+ children with TIDM had
an increase in memory CD8+ T cells specific for the prepro-
insulin epitope PP, compared to healthy subjects, matched
by age and HLA genotype. In high-risk HLA-A*2402+
children, the percentage of terminal effector cells within
InsB15-24-specific CD8+ T cells increased before diagnosis
compared to samples collected before the appearance of
autoantibodies. These results indicate that CD8+ T cells auto-
reactive to B-cells restricted by disease-associated HLA class
I molecules exhibit an experienced phenotype to antigens and
show enhanced effector function during the period leading up
to clinical diagnosis (54).

The population of CD8+ T cells specific for 3-cell antigens
in TIDM maintains its self-reactive potential despite having
access to a permanent source of these antigens. The longevity
of these cells was evaluated, and the T-cell multipotency
index was established based on DNA methylation levels.
B-cell-specific CD8+ T cells maintained a stem-like epigenetic
multipotency score. Single-cell assay for transposase-acces-
sible chromatin using sequencing revealed the coexistence of
epigenetic programs of naive T cells associated with those of
individual p-cell specific effector CD8+ T cells. Analysis of
the anatomical distribution of -cell-specific CD8+ T cells and
the setting of stem-associated epigenetic programs showed
that self-reactive CD8+ T cells isolated from mouse lymph
nodes maintained developmentally plastic phenotypic and
epigenetic profiles relative to the same cells isolated from the
pancreas. These data point to a new vision into the lifespan of
B-cell-specific CD8+ T cell responses (55).

Analysis of gene expression by RNA sequencing in
CD4+ and CD8+ T cells, natural killer (NK) and B cells, and
chromatin accessibility by transposase accessible chromatin
sequencing assay (ATAC-seq) occurred. Gene expression was
evaluated in five genetically at-risk children with islet auto-
antibodies, with a median age of 3 years, who progressed to
T1DM and compared with five sex, age,and HLA-DR-matched
children who did not develop the disease. In children with the
disease, the differentially expressed genes (DEGs) were mostly
confined to CD4+ T cells and enriched for genes and pathways
linked to cytotoxicity (56). Several highly expressed DEGs
were validated in a semi-independent cohort of 13 children

who progressed to the disease and 11 who did not. Flow
cytometry revealed that disease progression was associated
with the expansion of CD4+ cells with a cytotoxic phenotype.
The ATAC-seq method showed that progression to TIDM was
associated with the reconfiguration of chromatin regulatory
regions in CD4+ cells, some of them linked to differentially
expressed genes associated with cytotoxicity. These findings
suggest that cytotoxic CD4 T cells play a role in the progres-
sion of TIDM (56,57).

Autoimmune diseases mediated by CD8 T cells result from
the breakdown of self-tolerance mechanisms in self-reactive
CDS8 T cells (58). In TIDM, there is a loss of tolerance to
pancreatic islet autoantigens due to defects in both central
tolerance, which does not eliminate potentially self-reactive
lymphocytes, and peripheral tolerance, which fails to control
self-reactive T cells that have escaped the thymus. This
breakdown of the self-tolerance mechanisms of 3-cell-specific
self-reactive CD8 T cells results in the destruction of these
insulin-producing cells (27,59).

To understand the mechanism by which this occurs, the
fate of (3-cell-specific CD8 T cells was analyzed in non-obese
diabetic (NOD) mice. A stem-like autoimmune progenitor
population was identified in the pancreatic draining lymph
node that self-renewed giving rise to autoimmune mediators
that migrate to the pancreas, where they further differentiate
and destroy B-cells. The transfer of only 20 cell autoimmune
progenitors induced T1DM, while up to 100,000 autoimmune
pancreatic mediators could not. Pancreatic autoimmune medi-
ators are short-lived, stem-like autoimmune progenitors that
must continually seed the pancreas to sustain [3-cell destruc-
tion. Single-cell RNA sequencing and clonal analysis revealed
that autoimmune CD8 T cells are unique T cell differentiation
states with identified characteristics that suggest the transition
from autoimmune progenitor to autoimmune mediator (60).

The molecule CD137 is a member of the tumor necrosis
factor receptor family and modulator of TIDM progression
in NOD mice. CD137 expression on CD4 T cells inhibits the
development of the disease, but on CD8 T cells it promotes
T1DM, increasing CD8 T cells self-reactivity to (-cells (61).
CD137 is expressed in a subpopulation of FOXP3+ CD4 regu-
latory T cells (Tregs), which constitutes the primary source of
soluble CD137 that suppresses T cells, binding to its ligand,
CDI137L, whose expression is increased on activated T cells.
NOD mice transfected with the CD137L gene (NOD.Tnfsf9-/-)
significantly delayed the development of TIDM, had less insu-
litis, and had a reduced quantity of CD8 T cells autoreactive
to B-cells when compared to wild-type NOD mice. Adoptive T
cell transfer showed that CD137L deficiency on myeloid APCs
was associated with TIDM suppression. Conversely, the lack
of CDI37L in T cells increased their diabetogenic activity.
Neither CD137 nor CD137L is required for the development
and homeostasis of FOXP3+ Treg cells. However, CD137 was
critical for TIDM suppressive activity in vivo by FOXP3+
Treg cells, suggesting that the interaction between CD137 and
CDI137L regulates this function (62).

Regulatory CD4+ T cells (Tregs) act as protectors against
T1DM, recognizing antigens such as insulin or pancreatic islet
peptides, presented in the context of HLA-DQG6 or DR15, which
are protective haplotypes against diabetes (63). This interac-
tion generates the production of anti-inflammatory cytokines,
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such as IL-10 and TGF-f and this activation of antigen-specific
Tregs protects B-cells from destruction through four mecha-
nisms: 1) Damage to cells occurs when CD4+ T cell effectors
recognize antigens of islet cells presented by APCs, in the
HLA-DQS8 or DR4 context, which is a risk for TIDM, and are
activated and migrate to the pancreas, where they induce [-cell
destruction (64). Antigen-specific Tregs act by suppressing
effector CD4+ T cells and preventing their migration to the
pancreas through the release of anti-inflammatory cytokines.
ii) Effector CD8+ T cells in pancreatic islets recognize
self-antigens presented in the HLA-A2 context by 3-cells and
destroy these cells. Tregs can suppress effector CD8+ T cells
and prevent [-cell destruction by releasing anti-inflammatory
cytokines. iii) Tregs can reduce antigen-independent gran-
zyme-mediated APC death. iv) Alternatively, Tregs can induce
antigen-dependent APC death when the antigen is presented to
the T cell receptor (TCR) of Tregs (63).

3. Role of viruses in the development of TIDM

The rapid growth in the incidence of T1DM suggests that
environmental factors, including viruses, play a significant
role in the pathogenesis of the disease. Some microbial agents
may act as risk or protective factors for the disease. To date,
two hypotheses have attempted to explain these effects: The
hygiene hypothesis suggests that exposure to these agents in
early childhood stimulates immunoregulatory mechanisms
that protect against autoimmunity. The triggering hypothesis
suggests that specific agents can damage insulin-producing
[(-cells and contribute to autoimmunity (23,65,66). Certain
viruses, particularly enteroviruses, are the primary suspects
and candidates for risk factors of TIDM. According to epide-
miological studies, they can cause disease in animals and are
associated with an increased risk of diabetes in humans, in
addition to being detected in the pancreas of patients with
T1DM. The possible protective effect of certain microbes
has been investigated in animal models and epidemiological
studies, in which certain enteric agents and gut microbiome
patterns were associated with a reduced risk of TIDM (20,23).
Growing evidence continues to implicate enteroviruses as
the most likely triggering agents of autoimmunity in TIDM
patients, possibly through persistent infections, contributing
to different stages of the disease (17,67). A meta-analysis
included 38 studies covering 5,921 subjects from all continents,
including 2,841 TIDM patients and 3,080 healthy controls.
Pooled analysis showed that enterovirus infection was posi-
tively associated with disease in European, African, Asian,
Australian, and Latin American populations, but inconclusive
for North America. This association between enterovirus
infection and TIDM was found in blood and tissue samples,
but no association was observed in stool samples (68). Among
the viruses that may be associated with an increased risk for
T1DM, enteroviruses, primarily Coxsackie, echoviruses, in
addition to rotavirus and, to a lesser extent, mumps, parainflu-
enza, rubella, and cytomegaloviruses stand out (20,23,68,69).
The long-term interaction between genetic, epigenetic, and
environmental factors, including viral infection, can increase
or decrease an individual's likelihood of developing an auto-
immune disease, depending on the imbalance between risk
factors and protective effects; three main mechanisms have

been proposed to explain the development of autoimmunity
in TIDM: molecular mimicry, epitope spread, and bystander
activation (70).

Studies report the association between viral infections and
the development of TIDM, but the immunological mecha-
nisms involved and the link between viral infections and
disease onset or progression are still unclear (71). One of the
most commonly discussed possibilities is molecular mimicry
which involves cross-reactive immunity against epitopes
shared between viruses and human pancreatic (3-cells. Thus,
molecular mimicry may cause the activation of self-reactive
T cells in TIDM, activated by a virus that carries an epitope
bearing a strong similarity to certain structures present in
human B-cells (72). This triggers a cross-reactive autoimmune
response that eliminates the viral infection and the B-cells of
the pancreatic islets. This mechanism may explain how certain
viruses may play a role in triggering TIDM (71,73).

Certain viruses infect and damage pancreatic 3 cells,
whose innate antiviral immune response can be modulated
by specific viral RNA receptors and sensors, including the
melanoma differentiation-associated gene 5 (MDAS), encoded
by the IFIH1 gene (74). MDAS has been specifically linked
to inflammation and cell death of pancreatic cells from
rotavirus-infected mice models (75). Activation of the MDAS
receptor limits rotavirus infection through the induction of
the interferons and pro-inflammatory cytokine production but
may also facilitate progression to an autoimmune response
with the destruction of pancreatic -cells. Polymorphisms in
the IFTHI1 gene, which encodes MDAS, are associated with an
increased risk of T1IDM (76).

MDAS receptor activation is associated with inflamma-
tory and immunoregulatory responses from pancreatic islets
to viral infections and is expressed in pancreatic endocrine
cells with preferential localization to a-cells compared to
B-cells, suggesting that a-cells are better equipped than
[B-cells to respond to viral infections and initiate viral clear-
ance mechanisms. This difference appears to make [-cells
more susceptible to the establishment of persistent low-grade
viral infections. MDAS is increased in patients with new-onset
T1DM, possibly because of elevated inflammatory condi-
tions (77).

Growing evidence shows that the post-translational
processing of peptides may play a role in the immune response
under pathological conditions by molecular mimicry. This
mechanism appears particularly relevant in TIDM, as epit-
opes resulting from post-translational splicing derived from
disease-related antigens linked to HL A class I and IT complexes.
CD4+ and CD8+ T cell-mediated immune responses in TIDM
patients confirmed its immunogenicity (78). Peptide processing
theoretically generates large sequencing variability, increasing
the frequency of human-viral zwitter peptides, which share
complete sequence homology, regardless of whether they
originate from human or viral antigens, impairing discrimina-
tion between self and non-self-antigens by T cells, increasing
the risk of virus-triggered autoimmune responses (79).

Linear sequence similarities in amino acid motifs are not
the only criterion for developing molecular mimicry autoim-
munity. Autoreactive immune cells are prepared by molecular
mimicry, becoming sensitized but not causing apparent disease.
However, subsequent environmental insults can induce these
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previously sensitized autoreactive cells to induce autoim-
mune disease (80). The association between viral infections
and autoimmune diseases has long been reported as events
that precede target organ inflammation (81). Virally-infected
mice that were later challenged following viral shedding,
with a nonspecific immune insult developed autoimmune
disease (82). Conventional inflammatory responses to specific
pathogens induced autoimmune disease in animals primed
with a molecular mimic for a CNS antigen (83). Therefore,
activation of the immune system alone is not a necessary
condition for autoimmune disease, but the environment in
which sensitized immune cells are exposed to antigens is an
important factor in the onset of the disease (80).

During viral infections, a significant quantity of T cells
are activated in a T cell receptor (TCR)-independent and
cytokine-dependent manner, by a mechanism known as
‘bystander activation’. Type I interferons, IL-18, and IL-15, are
the most important factors that induce bystander activation of
T cells, each of which plays a somewhat different role (84).
Bystander-activated T cells do not have specificity for the
pathogen but can affect the course of the immune response to
an infection. For example, Bystander-activated CD8+ T cells
participate in protective immunity by secreting cytokines,
such as interferon-y. Conversely, they also cause damage to
the host by exerting cytotoxic effects facilitated by NK cell
activation receptors, such as NKG2D, and cytolytic molecules,
such as granzyme B. Interestingly, there is a strong association
between the cytolytic function of bystander-activated CD8+ T
cells and liver injury in patients with acute infection with the
hepatitis A virus (84,85).

Bystander activation occurs when CD8+ and CD4+ T
cells are activated in an antigen-independent manner in the
absence of TCRs. This alternative mechanism encompasses
activation through soluble factors or membrane-bound mole-
cules that bind to receptors other than the TCR (84). In certain
viral infections, this activation is beneficial for clearing the
virus but also triggers the activation of autoreactive T cells
in individuals genetically predisposed to autoimmunity (86).
Memory T cells are the most vulnerable to bystander activa-
tion as they express cytokines and co-signaling receptors.
This activation occurs due to an inflammatory environment,
co-signaling ligands, and interactions with neighboring
cells (70).

Several types of T cell populations, such as NKT, and
Tyd, in addition to conventional CD4+ and CD8+ T cells,
can be induced to exhibit innate-type effector function
through bystander activation (86,87). Antigen-specific T
cells are the hallmark of the adaptive immune response,
while non-antigen-related T cells in an inflammatory envi-
ronment proliferate and synthesize effector cytokines. In
a viral infection, antigen-specific T cells are activated by
cytokines to ensure protective immunity. Bystander activa-
tion of various types of T cells in the absence of antigen
recognition with the production of inflammatory cytokines
may also contribute to the elimination of a pathogen.
Conversely, the function of bystander-activated T cells may
also be a mechanism in the pathogenesis of autoimmune
disease. Studies have reported that non-antigen-related T
cell infiltration into inflammatory tissues participates in an
autoimmune response (87).

Role of enteroviruses. Human enteroviruses are small,
non-enveloped, positive-sense, single-stranded RNA viruses
belonging to the Picornaviridae family and the Enterovirus
genus, which includes 7 species involved in human diseases,
including Poliovirus and Coxsackie, which constitute five
groups: The A group with 24 serotypes, the B group with
6 serotypes, the C group with 23 serotypes, the D group with
5 serotypes and the Echoviruses group (88,89). They are
responsible for several human infections, ranging from asymp-
tomatic to mild and severe diseases, as well as certain chronic
autoimmune diseases, including T1IDM (25).

Although they are highly cytolytic, enteroviruses can
persist in various tissues, including pancreatic islets, and this
persistence is hypothesized to play a role in the pathogenesis of
T1DM. Viral persistence is the result of virus-host coevolution
leading to cellular resistance to lysis due to mutations or down-
regulation of the viral receptor and reduced replication (90).
Group B coxsackieviruses are more commonly implicated
in the development of TIDM. Its persistence in pancreatic
cells can trigger autoimmunity in genetically predisposed
individuals, destroying insulin-producing 3-cells through the
activation of inflammation. The persistence of this virus in
the intestine, blood cells, and thymus has been reported and
possibly contributes to a certain extent to the pathogenesis of
T1DM (26,90).

Environmental factors can initiate and possibly sustain,
accelerate, or delay pancreatic $-cell damage. The role of these
factors has been extensively studied, and viruses, especially
enteroviruses, stand out as the most likely candidates. The
detection of enteroviruses in TIDM patients in randomized
trials confirmed the importance of human enteroviruses in
the pathogenesis of the disease (17). Genetic susceptibility and
innate and acquired immune responses against enteroviruses
may somehow contribute to the breakdown of tolerance to
self-antigens. The frequency with which this occurs, the
mechanisms and pathways of activation of virus-induced auto-
immunity, and the destruction of -cells in TIDM have yet to
be determined (91).

The detection of enteroviruses in the serum, blood, feces,
nasal swabs, and pancreatic tissue of patients with T1DM,
before or close to the clinical onset of the disease, suggests
an association between infections with these viruses and the
disease (24). However, definitive evidence of the role of these
pathogens in the onset and progression of the disease is still
lacking. Emerging evidence suggests that chronic human
enterovirus infections occur in the pancreas of patients with
T1DM. However, the lack of sensitive molecular techniques
capable of detecting low quantities of viral proteins and RNA
remains an obstacle. Enterovirus RNA has been frequently
detected in various tissues of patients with TIDM and the
presence of the virus in pancreatic islets suggests persistent
slow-replicating infection that may have a role in the autoim-
mune response, which results in TIDM (24,92).

Functionally, the thymus can be compared to a computer
highly specialized in orchestrating central immune self-toler-
ance, a necessary condition for the survival of the species, from
the evolutionary pressure imposed by the hostile environment
and the autotoxicity inherent to the stochastic generation of the
diversity of immune cell receptors that characterize the adap-
tive immune response. The presentation of self-antigens in the
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thymus is responsible for the clonal deletion of autoreactive
T cells, which arise during the random recombination of gene
segments that encode variable parts of the TCR. At the same
time, the presentation of autoantigens in the thymus generates
Tregs that can inhibit, in the periphery, the autoreactive T cells
that have escaped negative selection in the thymus. Thus, the
autoimmunity against neuroendocrine glands is due to a defect
in intrathymic programming breaking the immune self-toler-
ance that can be genetic or acquired during, for example, an
enteroviral infection (93).

Whether or not viruses can disrupt thymus function and play
a role in the pathogenesis of autoimmune diseases is an open
question (94). It is known that through the synthesis and presen-
tation of HLA-linked neuroendocrine autoantigens, thymic
epithelial cells (TECs) play a crucial role in programming
central immune self-tolerance to neuroendocrine functions (93).
Insulin-like growth factor-2 (IGF-2) is the dominant polypep-
tide of the insulin family expressed in these cells in different
animal species and humans. Thymic infection by coxsacki-
evirus B4 (CV-B4) may compromise the thymus function
and interfere with the intrathymic programming of tolerance
to insulin antigen family and secondarily to insulin-secreting
pancreatic islet p-cells (95). Productive thymus infection by
this virus occurs after oral inoculation in mice. Infection of a
murine medullary TEC line induces a significant decrease in
Igf2 gene expression and IGF-2 production. It is hypothesized
that inhibition of Igf2 expression in infected TECs can lead to
a breakdown of central immune self-tolerance. This leads to

the triggering of autoimmune responses against self-antigens
produced by insulin-secreting pancreatic islet (3-cells (96).

Thymus gland dysfunction can be a crucial step in
organ-specific autoimmune diseases such as TIDM. Viruses
can disrupt thymic functions by inducing thymic atrophy,
dysfunction, apoptosis, and impaired lymphocyte matura-
tion (97). Enteroviruses have been widely associated with the
pathogenesis of TIDM due to enterovirus-induced thymic
dysfunction in natal or perinatal life. Infection of the thymus
by enteroviruses can interfere with T cell maturation or lead to
the production of autoreactive T cells, both being potentially
involved in the development of TIDM. It has been shown
that CV-B4 infection can have multiple effects on the thymus
resulting in the dysregulation of tolerance involved in the patho-
genesis of TIDM, but the specifics require further study (95).
The possible mechanisms by which CV-B4 can trigger the
autoimmune response that leads to TIDM are shown in Fig. 2.

It has been suggested that only a minority of pancreatic
[B-cells appear to be infected at any one time. Furthermore,
enteroviruses can become defective and stop replicating,
which may explain why they are rarely isolated from pancre-
atic tissues. It appears that enteroviral infection of [3-cells
largely depends on the innate and adaptive immunity of the
host. Thus, viruses may play a role in TIDM at multiple levels,
including stimulating chronic autoimmunity and generating
inflammation that leads to f-cell dysfunction or destruction.
This stressful situation contributes to autoimmunity, creating
a vicious circle (98).
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The Environmental Determinants of Diabetes in the
Young (TEDDY) study is the largest multicenter prospective
study of young children with genetic susceptibility to TIDM
that aimed to identify the environmental causes of the disease.
Metagenomic sequencing of monthly stool samples paired with
healthy controls collected from newborns until the detection of
islet autoimmunity or TIDM was performed (99). Enterovirus
B was the only virus identified in the human virome with a
significant association with islet autoimmunity. Although there
was no difference between the frequencies between cases and
controls, children with prolonged excretion of enterovirus
B were more likely to develop TIDM. Interestingly, human
mastadenovirus C infection early in life was less frequent in
children who developed islet autoimmunity than in those who
did not, suggesting a protective effect. An association between
a polymorphism in the coxsackie virus and the adenovirus
receptor human gene with susceptibility to TIDM led the
authors to propose that competition for receptor binding
between the adenovirus and the coxsackie virus conferred the
protective effect of the adenovirus (69).

The coincidence of periodic epidemiological patterns of
incidence of infections by enteroviruses and TIDM stimulated
the first suspicions of the association of these viruses with
the onset of the disease (100). Furthermore, there is a strong
correlation between genetic susceptibility to islet autoimmu-
nity and enterovirus infection. Clinical and epidemiological
findings point to the coxsackie B virus as a potential triggering
mechanism of an autoimmune reaction against -cells, leading
to an increase in inflammation, destruction of these cells, and
T1DM development (25). Conversely, NOD mice immunized
with a vaccine against coxsackievirus Bs were protected from
the accelerated onset of the disease without causing inflam-
mation of the pancreatic islets and preventing the progression
of the disease induced by this virus in the animal model that
develops the disease spontaneously (101).

Several serotypes of group B coxsackieviruses result in
chronic infections in human cells both in vivo and in vitro, but
the mechanisms leading to the persistence of these enterovi-
ruses and autoimmunity against pancreatic [3-cells are still not
fully understood (102). A carrier-state-type persistent infection
model using a PANC-1 human pancreatic cell line and two
different coxsackie B strains was used to assess virus-induced
changes in the cell transcriptome. Clear changes were observed
in the gene expression of factors associated with the pancre-
atic microenvironment, such as the secretory pathway and
lysosomal biogenesis during persistent infection. In addition,
the antiviral response pathways were activated differently by
the two viral strains. It was revealed that there were extensive
transcriptional responses in persistently infected pancreatic
cells resulting in notable alterations, with some opposing and
some similar changes between the two strains (103).

A study in Taiwan showed that the incidence of T1DM
was significantly higher in children aged 0-6 years old,
decreasing in adolescents aged 13-19 years old. The risk of
developing the disease in children aged 0-6 years infected
with an enterovirus was significantly higher than in uninfected
individuals. Furthermore, the incidence of TIDM in children
aged 0-6 years old was positively correlated with isolation
rates of the Coxsackie virus A species, but no association after
7 years of age (104). The complex interactions of epigenetic

and environmental genetic factors, especially the viruses, can
trigger autoimmune reactions against autoantigens produced
by P cells responsible for destroying these cells, and thus,
the subsequent development of TIDM. Growing evidence
continues to implicate persistent enteroviral infections as
the most likely potential environmental trigger for TIDM.
Consistent evidence also suggests that enteroviral infections
may contribute by acting at different stages of TIDM develop-
ment (17).

The NOD female mouse model is suitable for studying
T1DM since these mice spontaneously develop the disease,
and this can be accelerated by certain viruses. Toll-like 3
(TIr3-/-) and wild-type (TIr3+/+) knockout female NOD
mice were used to assess the role of this receptor in trig-
gering TIDM. Islet samples from Tlr3+/+ and Tlr3-/-animals
infected and uninfected with CV-B4 were analyzed by
immunostaining, laser capture microdissection, and real-time
reverse transcription-quantitative PCR. Tlr3+/+ mice showed
a higher incidence of insulitis and expression of CXCLI10,
IL1B, TNFa, and TGFP1 compared with Tlr3-/-. After CV-B4
infection, NOD TIlr3+/+ mice had a higher incidence of insu-
litis and T cell infiltration 3 days post-infection compared with
Tlr3-/-mice also infected with CV-B4. The results indicated
that the Toll-like receptor 3 was required to create an inflam-
matory microenvironment of pancreatic islets, increasing
insulitis and the expression of cytokines that favor the devel-
opment of CV-B4-induced T1DM in female NOD mice (105).

Role of rotaviruses. Rotaviruses have long been implicated
as a potential environmental agent that triggers TIDM. The
proposed mechanism involves molecular mimicry between
the external capsid antigen of human rotavirus, VP7 protein,
and the autoantigen tyrosine phosphatase IA-2 of the pancre-
atic islets, the molecular target of autoimmunity in TIDM.
The major epitope of the intracytoplasmic domain of the
TA-2 antigen has been shown to share 56% homology with
a sequence of the rotavirus VP7 protein (106). The role of
rotavirus VP7 protein in accelerating diabetes has also been
demonstrated experimentally in NOD mice infected with
rhesus monkey rotavirus (107,108).

Rotavirus and other viruses have historically been consid-
ered one of the environmental factors that trigger TIDM (108).
A positive association was found between seroconversion
to rotavirus VP7 protein and the increase in autoantibodies
to GAD, IA-2, and insulin antigens associated with TIDM;
thus, rotavirus infection is a trigger for the development of
pancreatic islet autoimmunity in genetically predisposed
children. A later study reinforced the theory of molecular
mimicry between the rotavirus protein VP7 and the pancreatic
islet peptides, IA2 and GADS, demonstrating how the same
epitope sequences in these peptides bind to TIDM-associated
HLA-DRBI1#04 molecules and can induce T cell proliferative
responses (109,110).

Rotavirus infection generates activated immune cells with
a Thl phenotype that migrates to the pancreas where it can
trigger autoimmunity through two mechanisms: i) molecular
mimicry in which cross-reactive Thl cells that recognize both
the rotavirus and host peptide results in the release of cytokines
and chemokines, which recruit and activate cytotoxic T cells
that damage the islets resulting in the subsequent release of
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islet antigens that activate APCs, which then feedback in to the
autoimmune process. ii) Bystander activation of nonspecific
autoreactive Thl cells and rotavirus-specific Thl cells leads
to inflammation, increasing infiltration of cytotoxic T cells
and destruction of islets promoting the release of autoantigens,
which activates autoreactive Thl cells by a TCR-dependent
mechanism. The self-reactive T cells activated in this manner
mediate islet damage by releasing more antigens that feedback
on the autoimmune response (108,111). In Fig. 3, a proposal
showing the possible mechanisms by which rotaviruses trigger
the autoimmune response that leads to TIDM is shown.
Rotavirus infections were initially identified as possible
triggers for the initiation of TIDM due to the similarities
between viral peptide sequences and human pancreatic islet
peptide sequences in carriers of the disease (111). Furthermore,
rotavirus infection increases the risk of TIDM in NOD mice.
Research on the association between rotavirus infections with
the risk of the disease in humans has produced mixed results and

suggested the involvement of other factors, such as age and diet.
With the global availability of rotavirus vaccines, studies have
evaluated whether rotavirus vaccination alters the incidence of
T1DM and have found no associations, protective or otherwise.
These studies suggest a possible etiologic relationship between
certain wild-type rotavirus infections and T1DM (110).
Epidemiological and immunological data suggest a strong
link between rotavirus infection and two high-incidence auto-
immune pathologies: Celiac disease (CD) and TIDM. The role
of current oral rotavirus vaccines is being elucidated, with a
positive protective association against these autoimmune
diseases so far demonstrated (108), highlighting the potential
role of rotaviruses as triggers of TIDM. Two recent studies
suggest that the complete routine vaccination schedule against
rotavirus decreased the incidence of TIDM in children. The
first was performed in Australia (112). The second was a longi-
tudinal cohort study involving 1,474,535 children in the United
States, conducted by Rogers et al (113), from 2001 to 2017, using
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data from a health insurer in the country. Participants were
classified as vaccinated when they received the series of one
of the rotavirus vaccines (three doses of RotaTeq or two doses
of Rotarix), or at least one dose without completing the series;
as unvaccinated if they had not received any of the vaccines,
and those born before its existence. Children who completed
the rotavirus vaccine series had a 33% reduced risk of TIDM
compared to unvaccinated children. Those who completed
the RotaTeq pentavalent vaccine series had a 37% lower risk
of developing the disease. Partial vaccination was not associ-
ated with the incidence of TIDM. The authors concluded that
rotavirus vaccination is associated with a reduction in TIDM
incidence, and that rotavirus immunization may be the first
practical measure for prevention of TIDM (113). However, a less
comprehensive cohort study involving 880,629 children found
no evidence that rotavirus vaccination prevented T1DM (114).

In addition to viruses from the Picornaviridae family,
which includes enteroviruses, such as Coxsackievirus B, and
from the Reoviridae family, including Rotavirus, other viruses
belonging to different families, such as the Togaviridae family
(for example Rubella virus), the Paramyxoviridae family
(for example Mumps virus), the Herpesviridae family (for
example Cytomegalovirus and Epstein Barr virus), and the
Coronaviridae family (for example SARS-CoV-2), have been
identified as potential environmental factors associated with
the risk of developing TIDM (3).

4. Conclusions

Viral infections are potential candidates as environmental
triggers of TIDM. However, certain aspects require further
clarification, such as the absence of generalized cytopathic
effects on the pancreas of patients with the disease. Additionally,
there is no closely related temporal association between such
infections and disease onset, although there is strong evidence
that at least some viruses act as environmental triggers in
T1DM. The exact mechanisms by which this occurs remains to
be definitively proven. Furthermore, viruses have rarely been
isolated from the pancreas of individuals with TIDM, possibly
due to the inaccessibility of the organ. Data available in the
literature point to the role of viruses, notably enteroviruses, in
the etiopathogenesis of the disease, especially during possible
persistent or chronic recurrent infections of pancreatic p-cells.
The detection, with a certain frequency, of RNA and viral
proteins in the pancreatic tissues of individuals with TIDM
represents strong evidence of latent infection or slow replica-
tion of these viruses. However, the mechanism by which they
act to trigger the autoimmune process that leads to selective
and progressive destruction of insulin-producing pancreatic
[-cells, with disease initiation and progression, is still unclear.
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