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Abstract: Type 1 diabetes (T1D) is an autoimmune disease characterized by the T-cell-mediated
destruction of insulin-producing p-cells in pancreatic islets. It generally occurs in genetically sus-
ceptible individuals, and genetics plays a major role in the development of islet autoimmunity.
Furthermore, these processes are heterogeneous among individuals; hence, different endotypes have
been proposed. In this review, we highlight the interplay between genetic predisposition and other
non-genetic factors, such as viral infections, diet, and gut biome, which all potentially contribute to
the aetiology of T1D. We also discuss a possible active role for (3-cells in initiating the pathological
processes. Another component in T1D predisposition is epigenetic influences, which represent a link
between genetic susceptibility and environmental factors and may account for some of the disease
heterogeneity. Accordingly, a shift towards personalized therapies may improve the treatment results
and, therefore, result in better outcomes for individuals in the long-run. There is also a clear need for
a better understanding of the preclinical phases of T1D and finding new predictive biomarkers for
earlier diagnosis and therapy, with the final goal of reverting or even preventing the development of
the disease.
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1. Introduction

Type 1 diabetes (T'1D) is traditionally viewed as a disease of pancreatic [3-cells being
attacked by autoreactive T lymphocytes, leaving a person in danger of hyperglycaemia-
and hypoglycaemia-related complications [1]. Although its prevalence is only up to 10% of
the total diabetes cases worldwide, its incidence is rising globally [2].

T-lymphocyte-mediated insulitis, followed by the presence of one or more type of
autoantibody (AAb) against insulin, glutamic acid decarboxylase (GAD), protein tyrosine
phosphatase IA-2 or IA-2f3, and zinc transporter 8 (ZnT8), is indicative of the immuno-
logical onset of T1D [1,3,4]. More than one type of AAb present marks stage 1 of T1D.
Stage 2 is marked by dysglycaemia or glucose intolerance. Both stages are asymptomatic;
stage 3, however, is defined by the clinical presentation with symptoms of hyperglycaemia
(polyuria, polydipsia, enuresis, weight loss, blurred vision), sometimes even with diabetic
ketoacidosis (DKA) or diabetic hyperosmolar syndrome [1,3]. Individuals with T1D are also
more susceptible to other autoimmune diseases, such as Hashimoto’s thyroiditis, coeliac
disease, Addison’s disease, vitiligo, and myasthenia gravis [1,5]. Moreover, the associa-
tion of T1D with thyroid autoimmunity and coeliac disease may also be mechanistically
determined [6-8].

The long-term complications include microvascular and macrovascular defects, while
hypoglycaemic events and their severity largely depend on long-term glycaemic control,
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reflected in the blood glucose and HbA . concentrations. Glycaemic control usually cor-
relates with a person’s socioeconomic status and age, and individuals with T1D report
overall poorer quality of life due to the psychological stress they experience [8].

It is becoming apparent that T1D is a highly heterogeneous disease influenced by a
complex network of different factors, such as age, genetic predisposition, and environmen-
tal interactions, and that pancreatic 3-cells play a significant role in initiating pathogenic
processes through the crosstalk with immune cells [9]. The heterogeneity is apparent at
the tissue level (frequency and identity of cellular infiltrates in islets) and at the bedside as
individuals differ in the progression of the disease and response to therapies [10].

2. Pathology of 3-Cells

The early immune responses triggering insulitis are innate and include the activation
of pattern recognition receptors by endogenous “danger signals” or exogenous ligands
produced during viral infections on (3-cells, which is a possible link between environmental
risk factors and the development of T1D [11]. This results in type I interferon (such
as IFN«) production by the 3-cells and other cells present in islets, which initiates the
recruitment of immune cells. Macrophages are among the first responders and the main
cell type producing TNFs. This triggers NF-«B activation in (3-cells, which is mostly pro-
apoptotic [12]. In the later stages, the inflammatory microenvironment in the pancreatic
islets increases the vascular permeability and facilitates the infiltration of naive and non-
islet-reactive T cells in addition to activated T cells [13]. The infiltrates are of predominantly
CD8* T type but also include CD20* B cells, CD4* T cells, and CD68" macrophages [14,15].
They are found within and around pancreatic islets [14]. The (3-cell response to cytokines,
such as IL1- and IFENYy, present in this stage is the activation of the anti-inflammatory
pathways (i.e., IL10, IL4/13) and immune checkpoint proteins (i.e., PDL-1 and HLA-
E) [12,16,17]. Furthermore, pro-inflammatory cytokines disrupt 3-cells’ metabolic and
electrical activity, insulin granule synthesis and content, and gap junction coupling, as well
as excessive generation of reactive oxygen species (ROS) and activation of caspases [18,19].
Both types of immunity remain present throughout the course of the disease [12].

The evidence points to two age-related disease endotypes, namely T1IDE1 and T1DE2
(type 1 diabetes endotype 1 and 2, respectively). In T1IDE1, individuals are younger at the
onset, more frequently carry the HLA-DR4/DQ8 allele, and initially develop anti-insulin
autoantibodies (IAA). The hallmarks of this endotype are insulitis with many CD8" T cells
and CD20M8" B cells, few residual insulin-containing islets (ICIs), and abnormal insulin
processing in the remaining (3-cells. In TIDE2, individuals are older (>13 years) at the
time of clinical manifestation, usually carry the HLA-DR3/DQ?2 allele, and initially present
with anti-GAD Abs (GADA). Insulitis with low levels of CD8" T cells, the CD20'°% B-cell
phenotype, and more residual ICIs and normal insulin processing are indicative of this type,
with weaker evidence for a major T cell role in the pathogenesis [15,20]. Heterogeneity and
possible subtypes of T1D pathophysiology were corroborated by a recent study of pancreas
tissue slices from organ donors, which correlates anatomical and physiological insights.
Alongside the islet infiltration by immune cells and evidence of 3-cell mass reduction,
dysfunction of -cells was observed [21,22]. This could represent a critical early event
in T1D pathogenesis as (3-cell dysfunction exists years before the clinical presentation of
T1D [23].

Indeed, it is becoming obvious that the pathogenesis of T1D involves both pancreatic (3-
cells and immune cells and that the crosstalk between them is of utmost importance in T1D
development [9]. 3-cells are not just passive targets but actively participate and possibly
amplify pathogenic processes [24,25]. They employ compensatory mechanisms in response
to immune stress, which become deleterious in the long-run. During increased insulin
synthesis or other environmental stresses, they adapt their ER and mitochondria functions
by triggering the unfolded protein response (UPR) to restore cellular homeostasis [26-28].
Increased production of proteins can lead to increased concentrations of misfolded proteins
and the accumulation of defective ribosomal products, which serve as neoepitopes in the
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HLA-I presentation pathway. Similarly, other granule proteins, expressed with insulin
during the -cell glucose response, contribute to the HLA-I peptidome presented by f3-
cells [13,29-32]. Interestingly, at the same time, down-regulation of the pathways involved
in the integration of energy metabolism and the regulation of gene expression in 3-cells
occurs [26]. The genes involved in those pathways are critical for insulin release and the
maintenance of the 3-cell phenotype and function [17]. Furthermore, proinflammatory
signalling (following viral infection) induces the dedifferentiation of (3-cells, characterized
by a decreased expression of the key [3-cell genes involved in maintaining {3-cell identity
and function, leading to the loss of insulin production [33,34].

Recent findings also reveal the possible involvement of hybrid and chimeric neoepi-
topes, formed in the transpeptidation reaction in stressed {3-cells, in diabetogenic CD4*
T-cell activation [35-39]. In connection to this, HLA-I hyperexpression has been described
in recently diagnosed and long-term individuals with T1D, as well as in AAb+ donors
before the clinical presentation of the disease. Interestingly, HLA-I was mostly expressed by
a-cells regardless of disease status [40]. They were also found to be functionally impaired,
expressed proinflammatory signals, and had altered gene expression [41-43]. Still, 3-cells
are more affected by this process, suggesting the immune attack of 3-cells is related to the
presence or presentation of insulin [40]. Increased expression of HLA-II and the compo-
nents in the HLA-II antigen processing and presentation pathway was observed in the
[-cells of individuals with T1D as well, and it appears to be unique to T1D. This suggests a
direct role for 3-cells in T1D pathology, acting as professional APCs (antigen-presenting
cells) in the autoimmune response [44]. The exposure of human (3-cells to pro-inflammatory
cytokines IFNe, IL1-f3, and IFNYy results in chromatin remodelling, alternative splicing,
and first exon usage, leading to the differential expression of genes, most notably increased
expression of HLA-I, which, together with ER stress and (3-cell apoptosis, may lead to an
increased presentation of neoantigens, thus contributing to the recruitment of auto-reactive
CD8" T cells that selectively attack (3-cells [16,45]. Neoantigens can also be generated via
differential mRNA splicing and posttranslational modifications, both part of the (3-cell
stress response [13,30].

[-cells, as part of the endocrine system, are capable of long-distance communication
by the secretion of insulin and other granule proteins, as well as exosome-derived proteins
(GAD56 and IA-2) directly into the bloodstream. Under stress, they also secrete high
amounts of (pre)proinsulin and insulin peptides [13]. Furthermore, stress, such as elevated
cytokine levels, impairs cell-cell communication, which is necessary for normal insulin
secretion [18]. Endocrine secretion of autoantigens facilitates their uptake by APCs outside
of the pancreas, again emphasising the active role of 3-cells in potentiating immune
responses against themselves [13]. Figure 1 outlines the interplay of different pathogenic
influences initiating the autoimmune response on 3-cells during T1D progression to overt
disease.
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Figure 1. Simplified scheme of the pathogenic influences on Beta-cells in T1D. aabs—autoantibodies,
aag.—autoantigen, ER—endoplasmic reticulum, EVEs—endogenous viral elements, [FNs—interferons,
neoags.—neoantigens, ROS—reactive oxygen species, UPR—unfolded protein response.

3. Genetic Predisposition

The overall risk of T1D in the general population is moderately low (with the excep-
tion of some populations, such as Sardinian and Finnish, with over 35% incidence), and
most studies found significant differences in the genetic, immunologic, metabolic, and
clinical characteristics of T1D in people with different ethnic backgrounds. This risk is
15-fold higher among the relatives of individuals with T1D [46]. Interestingly, children
in T1D families have different risks depending on the sex of a person with T1D [47,48].
Another proof for the genetic contribution to T1D is an association between disease-causing
variants in the genes connected with immune function and the occurrence of T1D. Studies
largely employ two different approaches for studying T1D genetics, namely candidate gene
association studies and genome-wide linkage analysis studies (GWAS) [46,49]. Some of the
genes connected to T1D pathology are shown in Table 1.

Table 1. Genes connected to T1D pathology and their influence on 3-cell and/or immune cell

functions.
Gene Name Gene Function(s) References
BACH? Regulating proinflammatory Cytokine-inducgd apoptotic pathways in pancreatic 3-cells [46]
(crosstalk with PTPN2)
CIQTNF6 Participating in the BCR signalling pathway/cytotoxicity [50]
CCR5 T}, cell development/chemokine-induced signalling [50]

Modulating thymic T cell selection
CD226 Impact on peripheral memory/effector CD8" T cell activation and function [51,52]
Reducing regulatory functions of Foxp3™ Tregs

Participating in early lymphocyte activation
CD69 Limiting the inflammatory response [53]
Influencing the signalling of NK cells

Regulating the mitophagy for mitochondrial quality control [54]

CLECTI6A Possible involvement in 3-cell fragility

COL6A6 / [55]
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Table 1. Cont.
Gene Name Gene Function(s) References
CTLA4 Controlling the p'rohferatlon of Tregs in thfe periphery [56]
Regulating pancreas autoimmunity
CTSH Regulating cytokines inside 3-cells for proapoptotic signal transduction [49]
Modulating antigen presentation
ERBB3 Modulating cytokine-induced {3-cell apoptosis (531
Implication in the generation of 3-cells, insulin expression
GLIS3 Maintaining 3-cell functions and mass [46,50,57]
Exerting antiapoptotic effects

HIP14 Regulating 3-cell apoptosis and insulin secretion [50]

IFIH1 Mediating the innate immune system’s interferon response to certain viruses [46,49]

Participating in (3-cell response to viral dsSRNA !
IKZF1 Regulating immune cell development [50]
IL2/IL.21 Influencing T(;,) cell differentiation and inflammatory response [50]
IL27 Modulating T cell subsets and regulating inflammatory response [53]
Variants causing abnormalities in sensitivity to IL2, which is critical to T-regulatory cell
IL2RA function [46]
Potential altering of the balance between Tregs and Teffs
IL7R Involvement in antigen binding, Ig production, and cytotoxicity [50]
MRPS21-PRPF3 / [55]
NRIR Negative regulator of interferon response [55]
PRKCQ Influencing T cell function/apoptosis/innate immune response [50]
Inducing B-cell apoptosis after interaction with increased local levels of interferon

PTPN2 Influencing 3-cell response to viral dsSRNA [46,49]
PTPN22 Participating in T cell receptor signalling pathway [53]
SH2B3 Participating in growth factor and cytokine signalling [50]

Associated with insulin secretion
STX4 Downregulating the expression of chemokine genes associated with inflammation and the [50]
apoptosis of pancreatic islets
Decreasing the translocation and activation of NF-kB, thus decreasing the apoptosis
TASP1 Cleaving the MLL protein, which is required for proper HOX gene expression [55]
Downregulating the intrinsic apoptotic pathway
TNFAIP3 Regulating the expression levels of ZnT8 [50]
Essential for insulin production and secretion
Regulating the effects of cytokines inside 3-cells for proapoptotic signal transduction
TYK2 Mediating interferon response in connection to resistance to various infections [50,58,59]
Mediating Th1- and Th17-type immune reactions
UBASH3A Downregulating the NF-kB signalling pathway upon T cell receptor stimulation, thus [46,60]

reducing the IL2 expression

A genetic link between T1D and T2D is of special interest as the associated loci for
them were thought to be almost completely separated despite the partially shared phenotype.
Newer studies, however, found several shared risk genes or genetic polymorphisms [59,61-64].
Some of the genes located in shared risk loci interact to mutually regulate important islet
functions that are disturbed by disease-associated variants, leading to 3-cell dysfunc-
tion [61]. The regulatory impacts on shared genes and pathways generate overlapping
biological mechanisms, which mediate pleiotropic effects on T1D and T2D. Interestingly, a
high-risk genetic profile for T1D modifies the biological pathways that increase the risk of

developing both T1D and T2D but not vice versa [65].
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The DR3-DQ2 and DR4-DQ8 haplotypes of HLA class II genes are well established
as major risk factors of T1D [66-68], and at least one is present in 90% of individuals with
T1D and both in 40% (for apparently healthy controls, these numbers are 30% and 3%,
respectively). However, they only partly explain the increased risk for T1D development as
they influence seroconversion but not the age of the onset, clinical progression, or C-peptide
loss [15]. HLA-I alleles HLA-A*24 and HLA-B*39 and non-HLA genes, such as INS, CTLA4,
PTPN22, and IL-2RA, are also widely accepted as having an impact in T1D and could
improve the understanding of disease heterogeneity [49,69]. In this domain, at least a part
of the missing genetic component can be attributed to undetected rare and low frequency
variants in at least 40 different loci, which have larger effect sizes and play more significant
roles in susceptibility to common diseases, including T1D [70,71].

Protective alleles have also been described, which are present more frequently in the
general population as opposed to individuals with T1D [46,72]. For example, the DR1501-
DQ6 protective haplotype has been linked to higher frequencies of islet Ag-specific CD4*
effector T (Teff) and regulatory T (Treg) cells. Interestingly, Teffs, although still capable
of expressing IFN-y and IL-4, were more likely to express IL-10 when compared to Teffs
from people with susceptible haplotypes, and Tregs successfully suppressed Teffs in an
Ag-specific manner, indicating a possible mechanism of action for a haplotype-dependent
effect on T1D pathology [73]. Since T1D and coeliac disease share their main susceptibility
alleles, HLA-DQ?2 and HLA-DQS8, which contribute to the coexistence of both diseases,
it is plausible that some other genes also have an influence. Research on the Slovenian
population revealed a dual role of PTPN22 rs2476601 polymorphism in increased risk for
T1D and protection against coeliac disease [74].

The genetic pathways involved in different stages of the disease are highly diver-
gent, and genetics is currently the only tool capable of detecting those at risk before the
development of islet autoimmunity [75]. More and more genetic-based evidence points
to the predisposition at the (3-cell level, with risk variants affecting the susceptibility to
pro-apoptotic stimuli and influencing 3-cell phenotypes [50,57,76]. New in-depth analyses
of the potential role of genetic variants in the progression from islet autoimmunity to
clinical T1D at the genome-wide level using next-generation sequencing identified several
novel risk genes associated with T1D. They are associated with the progression from islet
autoimmunity to overt T1D and are particularly involved in the pathways critical to the
response to viral infections and interferon signalling in 3-cells and autoimmunity develop-
ment in T cells [55,66]. In fact, more than 80% of the identified candidate genes in T1D are
expressed in (3-cells [17,77]. Therefore, the identification of new classes of genetic variants
involved in T1D is important for better risk prediction, understanding of the pathology,
and possible intervention [24,63,75,78].

In summary, genetic studies in the past found over 50 associated regions; however,
most associated variants (except HLA, PTPN22, IFIH1, CTSH, TYK2, and FUT?2) are in-
volved in gene regulation and only HLA-II, INS, and PTPN22 show substantial effects
on T1D. Taken together, they explain fewer than 50% of the heritability in T1D, and inte-
grative multi-omic approaches, such as genome and transcriptome analysis, epigenetics,
and chromatin conformation, in relevant cell types and disease context will be important
to uncover the rest of the causative variants [49,75,79]. Furthermore, T1D-linked SNPs
alter the expression of many genes involved in immune signalling and 3-cell destruction,
as well as in viral responses. Specifically, polymorphisms in IFN-inducible genes link
autoimmunity and {3-cell failure with the viral response in T1D [77,80].

4. Environmental Risk Factors in Connection to Genetic Predisposition

Environmental effects on T1D pathology have been implied in the last century, and,
in the former years, there was a plethora of different studies trying to determine its in-
volvement in T1D. The rapid change in incidence magnitude, differences in risk of diabetes
among different ethnic groups, and observations of disease prevalence in immigrants,
which tend to acquire the same risk of T1D as the native population, corroborate increasing
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evidence for different environmental factors playing a role in T1D pathology [53,81]. Fur-
thermore, studies of different living environments in connection with pollutants suggest
their implication in T1D pathology, although the evidence for the direct involvement of air
pollutants/toxins is inconclusive [82-84]. Instead, the risk of T1D seems to be inversely
correlated to early exposure to environmental microbial diversity [85,86].

An increase in the incidence of T1D can also be associated with increased penetrance
of susceptibility genes. T1D incidence peaks at pubescence, and pubertal changes may
contribute to the acceleration of T1D onset in female individuals with T1D, especially in
those who carry the IL6-174CC genotype of the IL6 gene, regulated by oestrogen [81].

Potential triggers of islet autoimmunity include diet, toxins, and infections that affect
children in utero, perinatally, and during childhood [53,87]. The birth method also appears
to have a role in the predisposition to T1D since children birthed by a caesarean section are
thought to have a greater risk [87,88]. All of the above can influence the perturbations in
the ecosystem of the gut microbiota [89,90]. In terms of diet, cow milk, the introduction
of cereals and eggs, exposure to toxic chemicals, and decreased vitamin D intake has also
been proposed to increase the risk for T1D [53,81]. On the other hand, exposure to maternal
microbiome, breastfeeding, vitamin D, zinc, nicotinamide, and vitamins C and E appear
to protect against islet autoimmunity. Maternal microbiota and breastmilk are of special
importance as they help to establish the mucosal immune system of newborns [81,91,92].

4.1. Viral Infections

As more epidemiological and pathological evidence builds up, infections, particularly
by viruses, and their possible involvement in T1D pathology, are being investigated [93].
There is plenty of circumstantial evidence for the involvement of enteroviral infections in
pancreatic and other tissues [94-96]. For example, individuals with T1D have detectable
anti-enteroviral antibodies and Coxsackievirus B (CVB) RNA in the blood and stool 6 to
12 months before AAb development, and recently diagnosed individuals with T1D have
detectable enterovirus infections within their pancreata and islets [95,97]. Moreover, in the
pancreatic cellular infiltrates of individuals with T1D, there is a high expression of TLR3/4,
indicative of a proinflammatory innate immune response to an infection [98]. Enterovirus
capsid protein VP1 was found in the islets of individuals with T1D both close to the time
of onset [80] and several years after [53], although many attempts in the past have failed
to demonstrate viral existence in the pancreas because of very low viral RNA concentra-
tions [80]. The persistence of CVB4 in pancreatic 3 cells disturbs insulin maturation with
the release of antigenic proinsulin by {3 cells and causes abnormalities in cellular functions
and DNA methylation, as well as a steep decline in glucose-induced insulin secretion [99].
Enteroviral (-cell tropism stems from several factors, with the most prominent being
the presence of enteroviral receptors on (3-cells (for example, Coxsackie and Adenovirus
Receptor—CAR) [77,100]. CAR-SIV, a specific isoform of CAR, is selectively and highly
expressed in 3-cells [77], and CAR expression in the pancreata of individuals with T1D is
increased compared to healthy controls [97,98]. Moreover, children who carried the minor
SNP allele rs6517774 in the CAR gene region were more likely to develop islet autoimmu-
nity [97]. Another important discovery favouring enteroviral (3-cell tropism was specific
-cell intracellular factors that the virus can hijack for successful infection and replication
in p-cells [77]. At the same time, [3-cells are thought to upregulate a range of anti-viral
proteins in response to an interferon encounter [77,101]. Furthermore, risk-associated ge-
netic variants found in susceptible individuals are associated either with altered interferon
responses [77,98,100,102], impairment of the virus clearance, or inducement of the cytokine
storm and destruction of 3-cells, substantiating the possible role of viruses in initiating the
diabetogenic process [58]. It was also demonstrated that viral particles spread to neigh-
bouring sites via extracellular vesicles, thus evading immune responses from the host [103].
This suggests that a prolonged low-grade infection of 3-cells, owing to defective antiviral
resistance, triggers the presentation of both 3-cell and viral antigens at the cell surface, a
potentiated inflammatory response, [3-cell damage, and autoantigen release [77,100,101].
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The theory is supported by observations of incomplete antibody responses to enteroviruses
in children with T1D and interferon and HLA-I hyperexpression, indirect evidence for
(entero)viral infection [53,80]. 3-cells also display a very low expression of antioxidants
and high expression of cytokine and Toll-like receptors. All this, together with the fact that
[3-cells are terminally differentiated, rarely proliferate, and are sensitive to the interferon
response, might explain why they are so susceptible to viral infections [77].

New methods in the detection of viral RNA (for example, single-molecule in situ
hybridization, smFISH) can confirm the presence of viral mRNA throughout the whole
pancreas with high sensitivity, specificity, and accuracy and at lower viral loads than by clas-
sical immunostaining and even PCR [95]. In association with this is the fact that individuals
with T1D are more susceptible to future infections by bacteria, viruses, fungi, and para-
sites, which is connected to defects of the innate and adaptive immune responses [53,104].
Another virus that is commonly associated with T1D pathology is rotavirus, although
it is better documented in animal models than in humans, and the potential effects of
rotavirus vaccination on T1D development remain unclear [105,106]. The world epidemic
of COVID-19 indicated the possible involvement of SARS-CoV-2 in T1D pathogenesis,
and there are several clinical case reports describing the new onset of T1D in COVID-
19 patients [107-109]. Indeed, SARS-CoV-2 has been shown to infect and replicate in
the cells of the human endocrine and exocrine pancreas and elicit 3-cell impairment in
glucose-dependent insulin secretion and f3-cell apoptosis [110,111]. Whether COVID-19-
induced f-cell damage is transient or permanent and whether SARS-CoV-2 can linger
in the p-cell, causing chronic infection, and induce T1D on its own will require further
investigations [112].

An interesting phenomenon of T1D is its seasonality, but the role of geographical
location is still debatable because of sparse epidemiological data from equatorial regions,
although there are reports of such seasonality disappearing close to the equator [80,81].
Seasonal patterns appear to be connected to environmental exposure to seasonal respiratory
infections [81] and enteroviral infections [80] in colder months. Nevertheless, autoimmunity
is probably not caused solely by a virus infection but is rather a consequence of simulta-
neous disadvantageous factors, for example, change in diet and sun exposure. Defects in
the circadian clock regulators lead to stress in immune cells, which, in turn, exacerbate
the proinflammatory response from f3-cells. Again, environmental factors only play a
substantial role in connection with a genetic predisposition, as is evident in children with a
high-risk HLA allele, which acquired autoantibodies against islet cells during enteroviral
infection more often than those without HLA risk [80]. Studies of environmental waters
showed the presence of enteroviruses, and it has been suggested that free-living amoebae
serve as their reservoir. Hence, this may be a manner of the transmission of these viruses
and consequently contribute to the spread of T1D [113,114]. The hygiene hypothesis, par-
ticularly the lack of intestinal parasites in the more developed parts of the world, has also
been linked to the spreading T1D pandemic [53,115]. There has been an increased interest
in the vaccination of individuals at risk of or with overt T1D, although some evidence is
not conclusive [93,116,117]. The BCG vaccine has been proposed as a possible solution in
T1D prevention and treatment as it induces a response that incites the selective death of
autoreactive T cells and the simultaneous expansion of Tregs. Preliminary clinical trials
show promising results [53]. Another study found that AHR (aryl hydrocarbon receptor)
signalling reduced autoimmune responses in T1D. AHR serves as a molecular sensor to
many environmental signals, again linking their possible involvement in T1D [118].

4.2. Endogenized Viral Elements in the Genome

Another important group of viral entities connected to T1D pathology is human en-
dogenized retroviruses (HERVs). They represent a potential link between genetic and
environmental factors and can be transactivated by environmental viruses, such as en-
teroviruses, and by inflammatory stimuli [119,120]. Of note, CVB4, the enterovirus most
frequently mentioned in connection to T1D pathology, was recently found to induce the
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transcription of a HERV-W-Env (the envelope protein of HERV-W) in primary cell cultures,
such as monocytes, macrophages, and pancreatic cells [120]. Its role in T1D pathology
is further supported by its detection in individuals with T1D, particularly in pancreatic
acinar cells near the pancreatic lesions. Furthermore, anti-HERV-W-Env Abs have been
detected in the sera of individuals with T1D and of those at risk for developing T1D, their
presence overlapped with or preceded AAbs, and the extent of HERV-W-Env expression
seems to be correlated with disease progression. In 3-cells, HERV-W-Env inhibits insulin
secretion, possibly through its interaction with TLR4, which could also lead to decreased
B-cell functionality and viability. In favour of this is the fact that TLR4 signalling down-
stream elements, such as NF-«B, MyD88, and TRIF, are upregulated in individuals with
T1D. HERV-W-Env also affects immune cells. It promotes macrophage recruitment within
the pancreas, induces expression of proinflammatory cytokines in monocytes, and incites T
cell responses with superantigen characteristics [119]. HERVs have also been associated
with the activation of autoreactive T cells and the generation of IFN-y [98].

4.3. Gut Biome

The role of the microbiome in T1D is also the subject of much interest as the pres-
ence of the specific and varied intestinal microbiota is critical in the development of the
innate immune system, most importantly Ty;7 and Treg lymphocytes, for maintaining
the mucosal barrier and producing different metabolites and vitamins [121]. Specifically,
short-chain fatty acids (SCFAs) produced through the bacterial intestinal fermentation of
dietary complex carbohydrates act as major mediators of crosstalk between the microbiome
and human host. They also participate in the regulation of glucose, lipid, and energy
metabolism, and modulation of gene expression, cell proliferation, and inflammation [122].
Their role in T1D is not completely understood and can be positively or negatively cor-
related with the risk of T1D, which depends on the microbial species and the type of
SCFA produced [121-123]. Individuals with T1D are reported to have reduced diversity
(dysbiosis) of their microbiota [53,88]. The microbiome shifts towards Gram-negative bac-
teria and results in increased release of LPS, thus stimulating a proinflammatory response,
although most studies excluded the small intestine microbiome, which is better linked
to the pancreas [53]. At the same time, intestinal permeability increases due to an SCFA-
mediated impaired intestinal integrity. Accordingly, exogenous antigens and the microbial
components can translocate into the circulation and promote systemic inflammation and au-
toimmune progression [123,124]. Consequently, alteration of the microbiome composition
could lead to the loss of immune tolerance, which precedes the onset of T1D [125].

Alterations in the gut virome in children have been linked to autoimmune conditions,
including T1D, although the results are inconclusive as of yet [126,127]. Studies of intestinal
proteomes and metabolomes corroborated the role of microbiota in mucosal barrier func-
tion and modulating the immune response, respectively [88]. Although the mycobiome
represents only 0.1% of the intestinal microbiome, its role in maintaining the homeostasis
of the body seems to be significant, and the analysis of the mycobiome composition in
the adults with T1D and T2D compared to the control group demonstrated differences
in the profile of the gut mycobiota of individuals with T1D [128]. Studies of birth mode
and breastfeeding influences on the microbiome in connection with T1D development and
intestinal viromes are offering an interesting view on the matter; however, the evidence is
scarce and inconclusive [88]. On the other hand, the use of broad-spectrum antibiotics early
in life had a positive association with an increased risk for developing T1D [88,129]. If the
intestinal microbiota influences islet autoimmunity, this should also be detectable outside
the intestinal mucosa. Indeed, one group [130] examined the systemic anti-commensal Ab
response against intestinal bacteria and linked high-risk HLA haplotypes with these Abs
in serum and future T1D diagnosis. Diet is an important factor in intestinal microbiome
composition and it, in turn, exerts its influence, not only directly stimulating an appropriate
immune response but also through the epigenetic regulation of immune cells with metabo-
lites, such as butyrate, acetate, polyphenols, and vitamins. In dysbiosis, the metabolome
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balance is disturbed, consequently influencing aberrant crosstalk between bacteria and the
host’s immune system [131,132].

5. Epigenetic Factors in T1D Pathology

Epigenetic regulation is a link between genetic information and environmental influ-
ences and results in cells’ observable phenotype [133]. In T1D, it plays an important role as
GWAS studies map many of the SNP variants to enhancer regions, which are important
for transcription factor binding, thus regulating gene expression [49,134]. Under certain
inflammatory stimuli, especially prolonged, latent enhancers form epigenetic memory
through methylation marks and do not return to their latent state. Instead, they express a
more potent response on the next exposure to inflammatory signals, which influences the
disease onset and severity [49]. Since specific DNA methylation patterns are established
during embryogenesis and foetal development through a programmed process, potential
vulnerability to environmental-exposure-related epigenetic alterations at these stages may
induce permanent physiological changes, potentially leading to a variety of diseases later
in life. This happens through genome imprinting and environmental epigenetic modi-
fication, notably maternal enteroviral infections. Furthermore, studies have shown that
prenatal exposure to maternal adverse life events results in lasting and broad functional
DNA methylation changes in innate and adaptive immune genes and the genes involved
in glucose metabolism [135].

SNPs can influence the regulation of chromatin conformation and the binding affinity
of the transcription factors, therefore disrupting the three-dimensional genome organisation
and expression of immune genes in T1D. A recent study [136] identified novel non-coding
risk SNPs in the T}; and Treg in individuals with T1D, which disrupted the enhancer activ-
ity by inhibiting the transcription factor binding of the genes involved in immune responses.
Epigenetic modifications, specifically the methylation status of genes, are connected with
T1D risk and appear to act independently of genetic variants. Hypomethylation (sign
of transcription activation) of CpG sites in the HLA-DQB1, HLA-II connected genes, and
GADG65 gene have been observed, as well as global hypomethylation of the CpG sites within
the promoter regions of the genes in individuals with T1D. The hypermethylation of the
IL2RA gene promoter reduces the expression of the IL2ZRA (CD25) protein, which is impor-
tant in the immune regulation of the inflammatory response by Treg cells. The methylation
status of the INS gene promoter is considered to influence the insulin expression in 3-cells
and the medullary thymic epithelial cells and, therefore, have an indirect influence on the
antigen presentation and maintenance of self-tolerance against 3-cells [137]. Observations
of longitudinally different DNA methylation patterns in individuals with T1D prior to
diagnosis and islet autoimmunity, when compared to healthy controls, corroborate the
idea of epigenetic modifications having an impact in T1D pathogenesis [138]. The gut
microbiome interactions with the human epigenome are of special importance as bacterial
metabolites, such as SCFAs, polyphenols, and vitamins, can act as cofactors for the key
epigenetic enzymes. Dysbiosis affects the methylation and acetylation status of DNA and
histones and influences ncRNA binding and miRNA expression in different T1D-related
genes, including NF-KB P65, CTLA4, IL2, and FOXP3 [31,131].

Genetic variation can also be linked to chromatin misfolding and aberrant gene ex-
pression in T cells. Single-cell transcriptional profiling of the immune cell population in the
pancreases of individuals with T1D also revealed increased expression of the KRAB-Zinc
finger proteins (KRAB-ZFPs) that work as repressors of specific endogenous retroviruses,
again relating the involvement of these elements to disease etiopathogenesis. It will be
essential to ascertain whether chromatin misfolding occurs at KRAB-ZFP genes in humans
with T1D [139].

Taken together, the methylation status of DNA, 3D chromatin landscape, and genetic
variants in non-coding regions affect cells’ transcriptome and may consequently influence
the intensity of the immune response and increase the risk for T1D [49], especially in the
context of in utero development [135].
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6. Extracellular Vesicles and Non-Coding RNAs

The role of extracellular vesicles and non-coding RNAs (ncRNAs) in T1D pathology is
a relatively new and exciting area of research. The evidence indicates that several groups
of ncRNAs, including miRNAs and long non-coding RNAs, are partakers in regulating
(-cell functions during the T1D pathological processes and potential biomarkers for early
diagnosis and prognosis of the disease [140-142]. Recent findings by our group [143]
and others [144-146] link extracellular vesicles (EV) from (-cells and immune cells and
extracellular-vesicles-derived human-miRNAs with T1D pathology. Different subpopu-
lations of EVs from (3-cells arise from a response to inflammatory cytokines [147], act as
cell-to-cell communication mediators, and are potential disease biomarkers and promis-
ing therapeutic tools [141]. They promote TLR-binding miRNA partitioning into small
EVs [144], which can be transported through long distances and internalized by phagocytes,
where they trigger an endosomal TLR7/8 mediated response, resulting in more cytokine
production, thus mutually propelling the inflammatory response. MiRNAs presumably
mimic the action of the pathogen ssRNA recognized by TLR7/8, consequently inducing the
same innate response [143]. Other authors also consider the theory of molecular mimicry as
being a possible cause of cross-reactivity between viral components and islet proteins. They
could generate viral-human zwitter peptides (peptides that share a complete sequence
homology irrespective of where they originate) [53,148]. MiRNAs have also been con-
nected to Tregs in individuals with T1D, most notably the upregulation of miR-125a-5p
and downregulation of miR-342, which could exert their influence through the obstruction
of Treg migration to the pancreas and through cytokine signalling, respectively [149]. Fur-
ther, miRNAs could serve as highly sensitive biomarkers, providing better information
regarding the onset and severity of T1D since the changes in specific plasma miRNAs were
associated with different T1D phases and established biomarkers of T1D, such as C-peptide
and HbA1lc [145,150]. Other ncRNAs, such as circular RNAs, regulate cellular functions
and may contribute to the cytokine-mediated 3-cell dysfunction occurring during the initial
phases of T1D [151].

7. Conclusions and Perspectives

Type 1 diabetes (T1D) is a T-cell-mediated autoimmune disease of pancreatic (3-cells,
with the possible interplay of antiviral responses and other environmental factors on top of
the genetic susceptibility. This ultimately leads to an aberrant (3-cell stress response and the
immune-mediated destruction of 3-cells in the pancreata of predisposed individuals [11].

At the time of clinical presentation, much of the 3-cell mass is usually gone, and too
many children still present with severe symptoms. Furthermore, individuals with T1D
are in danger of long-term complications, which is reflected in shorter life expectancy
compared to other people [8]. Recent research points to T1D being a heterogeneous disease
as not all the islets are affected equally and individuals with T1D respond differently to
therapies [10,21]. Moreover, two distinct endotypes have been proposed recently, with
different characteristics and disease progress [15]. An early hallmark of the disease is
insulitis, characterized by autoreactive T cell infiltrations [12]. 3-cells seem to play a pivotal
role in the initiation of the disease and are not just passive targets as was traditionally
believed [13,29].

Collectively, the poor response of susceptible (3-cells to enteroviral exposure could
lead to their persistent infection, which, combined with an aberrant INF-mediated re-
sponse, could result in significant changes in (3-cell functions, such as ER stress, unfolded
protein response, synthesis of novel autoantigens, dedifferentiation, and apoptosis. This
might lead to inadvertent hyperexpression of HLA-I, increased presentation of neoanti-
gens, and novel epitope spreading to neighbouring cells. At the same time, chemokine-
mediated APC infiltration could result in HLA-II upregulation and autoreactive naive T
cell recruitment [44,77,98,100-103]. Disease-causing variants in some genes are linked with
either a diminished virus clearance or inducing an immune hyper response, suggesting that
a prolonged low-grade infection of (3-cells leads to potentiated inflammatory responses,
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which could then trigger the autoimmune process. Furthermore, gene variants in IFN-
inducible genes link autoimmunity and (3-cell failure with the viral response in T1D [53,80].
Research of candidate genes in recent years also points to faulty (3-cell functions, further
reinforcing the evidence for an active role of 3-cells in T1D pathology [50,58]. On top of
that, 3-cells are also capable of long-distance communication and could, consequently, at-
tract immune cells and exacerbate immune responses towards themselves [13,16,35-37,45].
Recent research of extracellular vesicles (EV) and EV-derived human-miRNAs further
corroborates the active role of -cells in T1D pathology. EVs with miRNA from (3-cells
arise from a response to inflammatory cytokines and are capable of long-distance transport.
At distant locations, they trigger an endosomal TLR7/8-mediated response in phagocytes,
exacerbating the inflammatory response. Moreover, miRNAs could function as sensitive
biomarkers since different miRNAs are characteristic of different T1D stages [143-145].

The theory of environmental factors, including diet, microbiome, toxins, and, above
all, infections, being responsible for the initiation of islet autoimmunity is gaining ground
in recent years [53,81]. A lack of early exposure to environmental microbial diversity and
the dysbiosis of the gut microbiota ecosystem are supposed to lead to the loss of immune
tolerance and thus confer a greater risk for T1D development [85,86,88,125]. Enteroviral
infections seem to have an important role in T1D pathology as [3-cells are supposed to be
susceptible to enteroviruses. There, they could establish a persistent infection, leading to an
ineffective antiviral response by (3-cells and subsequent attraction of immune cells [58,77,94].
Endogenized viral elements, which can be transactivated by exogenous viruses, were
also found to impair {3-cell insulin secretion and are associated with the activation of
autoreactive T cells and the generation of IFN-y [98,119,120].

Since epigenetic regulation links genetic information with environmental influences, it
is not surprising that many GWAS studies map numerous SNP variants to enhancer regions.
They can also influence the chromatin conformation and the binding of the transcription
factors. Under prolonged inflammatory stimuli, latent enhancers form epigenetic memory
through methylation changes. Ultimately, epigenetic regulation affects cells’ transcriptome
and may consequently influence the intensity of the immune response and increase the risk
for T1D [49].

Currently, only genetics is capable of detecting those at risk prior to the development
of islet autoimmunity [75], and most studies are based on candidate gene association and
GWAS methods [46]. Only recently, the first in-depth analysis of the potential role of genetic
variants using whole-genome sequencing was performed [55]. This opened the path for
the use of integrative multi-omic approaches in the future search for causative variants and
new biomarkers and cell types involved in T1D [17,44,101].

The up-to-date bedside approach combines early diagnosis with early treatment and
closed-loop insulin pump systems, which, in concert, help to maintain a fairly constant
glucose concentration and low levels of HbA. in the long-run, thus delaying or preventing
long-term complications associated with diabetes. Most preventive trials have not provided
favourable long-term results and were variable in individuals’ responses, which could stem
from the heterogeneity between different stages and among individuals with T1D [152]. As
mentioned before, endotype theory predicts different treatments are needed for different
endotypes, although all lead to similar clinical presentation [15]. Novel therapies, mediating
the immune system instead of suppressing it, are already being evaluated in the clinic.
Furthermore, combination therapies, targeting immune cells, cytokines, and 3-cells with
respect to endotype, are more likely to achieve durable remission in T1D [15,29]. There
is also a strong rationale for vaccination and/or antiviral drugs against viral entities
implicated in T1D pathology [153,154]. Imaging studies for assessing the (3-cell mass would
help to determine the disease stages and the severity of the autoimmune processes in islets.
Longitudinal measurements of the pancreas volume may lead to a better prediction for
risk of progression from normoglycaemia to dysglycaemia and, ultimately, to clinical onset.
Moreover, determining pancreas sizes may help predict glucose variance in individuals
with T1D [152]. A better understanding of the involvement of T cell autoimmunity in T1D
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is crucial to find early molecular markers for future detection and prevention strategies. In
the future, it would be sensible to apprehend the role of environmental factors in engaging
T lymphocytes and other immune cells as well as their influence on 3-cells. We also need to
understand how innate and adaptive immunity interact with one another and with (3-cells
and elucidate consecutive steps for inflammatory derailment in T1D in greater detail. In
addition to this, since islet-reactive T (and B) cells have been observed in healthy people,
it will be vital to understand the features of this benign state and how and why it shifts
towards the pathological state. To do that, we need to form a detailed description of the
cellular interplay between (3-cells and the immune system and their divergence throughout
the disease development according to age and disease endotypes in the peripheral blood
and, more importantly, in the pancreas [15]. Accordingly, a shift towards individualized
therapies based on the knowledge of the heterogeneity of the disease may improve the
treatment results and, therefore, result in a better outcome for individuals with T1D in the
long-run [155].

Author Contributions: Conceptualization, A.Z. and K.T.P; writing—original draft preparation, A.Z,;
writing—review and editing, K.T.P,, T.T,, RS, B.CK., BJB.,and DSS.; supervision, ] K. and T.B. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the financial support from the Slovenian Research Agency
(research core funding P3-0343).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

14.

15.

Draznin, B.; Aroda, V.R.; Bakris, G.; Benson, G.; Brown, EM.; Freeman, R.; Green, J.; Huang, E.; Isaacs, D.; Kahan, S.; et al.
Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—2022. Diabetes Care 2022, 45, S17-S38. [CrossRef]
Mobasseri, M.; Shirmohammadi, M.; Amiri, T.; Vahed, N.; Fard, H.H.; Ghojazadeh, M. Prevalence and Incidence of Type 1
Diabetes in the World: A Systematic Review and Meta-Analysis. Health Promot. Perspect. 2020, 10, 98-115. [CrossRef]

Dayan, C.M.; Korah, M.; Tatovic, D.; Bundy, B.N.; Herold, K.C. Changing the Landscape for Type 1 Diabetes: The First Step to
Prevention. Lancet 2019, 394, 1286-1296. [CrossRef]

Beik, P; Ciesielska, M.; Kucza, M.; Kurczewska, A.; Kuzminska, J.; Ma¢kowiak, B.; Niechciat, E. Prevention of Type 1 Diabetes:
Past Experiences and Future Opportunities. J. Clin. Med. 2020, 9, 2805. [CrossRef]

Frommer, L.; Kahaly, G.J. Type 1 Diabetes and Autoimmune Thyroid Disease—The Genetic Link. Front. Endocrinol. 2021, 12,
618213. [CrossRef]

Cai, Y; Yan, ].; Gu, Y.; Chen, H.; Chen, Y.; Xu, X.; Zhang, M.; Yu, L.; Zheng, X.; Yang, T. Autoimmune Thyroid Disease Correlates
to Islet Autoimmunity on Zinc Transporter 8 Autoantibody. Endocr. Connect. 2021, 10, 534-542. [CrossRef]

Prieto, J.; Singh, K.B.; Nnadozie, M.C.; Abdal, M.; Shrestha, N.; Abe, R.A.M.; Masroor, A.; Khorochkov, A.; Mohammed, L. New
Evidence in the Pathogenesis of Celiac Disease and Type 1 Diabetes Mellitus: A Systematic Review. Cureus 2021, 13, e16721.
[CrossRef]

DiMeglio, L.A.; Evans-Molina, C.; Oram, R.A. Type 1 Diabetes. Lancet 2018, 391, 2449-2462. [CrossRef]

Li, Y; Sun, F; Yue, T.-T.; Wang, E-X.; Yang, C.-L.; Luo, J.-H.; Rong, S.-J.; Xiong, F; Zhang, S.; Wang, C.-Y. Revisiting the
Antigen-Presenting Function of Beta Cells in T1D Pathogenesis. Front. Immunol. 2021, 12, 6907838. [CrossRef]

Ahmed, S.; Cerosaletti, K.; James, E.; Long, S.A.; Mannering, S.; Speake, C.; Nakayama, M.; Tree, T.; Roep, B.O.; Herold, K.C.; et al.
Standardizing T-Cell Biomarkers in Type 1 Diabetes: Challenges and Recent Advances. Diabetes 2019, 68, 1366-1379. [CrossRef]
Lernmark, A. Etiology of Autoimmune Islet Disease: Timing Is Everything. Diabetes 2021, 70, 1431-1439. [CrossRef]

Colli, M.L.; Szymczak, F.; Eizirik, D.L. Molecular Footprints of the Inmune Assault on Pancreatic Beta Cells in Type 1 Diabetes.
Front. Endocrinol. 2020, 11, 568446. [CrossRef]

Mallone, R.; Eizirik, D.L. Presumption of Innocence in Type 1 Diabetes: Why Are Beta Cells Such Vulnerable Autoimmune Targets
in Type 1 Diabetes? Diabetologia 2020, 63, 1999-2006. [CrossRef]

Rodriguez-Calvo, T.; Richardson, S.J.; Pugliese, A. Pancreas Pathology During the Natural History of Type 1 Diabetes. Curr.
Diabetes Rep. 2018, 18, 124. [CrossRef]

Carré, A ; Richardson, S.J.; Larger, E.; Mallone, R. Presumption of Guilt for T Cells in Type 1 Diabetes: Lead Culprits or Partners
in Crime Depending on Age of Onset? Diabetologia 2020, 64, 15-25. [CrossRef]


http://doi.org/10.2337/dc22-S002
http://doi.org/10.34172/hpp.2020.18
http://doi.org/10.1016/S0140-6736(19)32127-0
http://doi.org/10.3390/jcm9092805
http://doi.org/10.3389/fendo.2021.618213
http://doi.org/10.1530/EC-20-0650
http://doi.org/10.7759/cureus.16721
http://doi.org/10.1016/S0140-6736(18)31320-5
http://doi.org/10.3389/fimmu.2021.690783
http://doi.org/10.2337/db19-0119
http://doi.org/10.2337/dbi18-0034
http://doi.org/10.3389/fendo.2020.568446
http://doi.org/10.1007/s00125-020-05176-7
http://doi.org/10.1007/s11892-018-1084-3
http://doi.org/10.1007/s00125-020-05298-y

Genes 2022, 13, 706 14 of 19

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Colli, M.L.; Ramos-Rodriguez, M.; Nakayasu, E.S.; Alvelos, M.L;; Lopes, M.; Hill, ].L.E.; Turatsinze, ].V.; Coomans de Brachene, A;
Russell, M.A; Raurell-Vila, H.; et al. An Integrated Multi-Omics Approach Identifies the Landscape of Interferon-o-Mediated
Responses of Human Pancreatic Beta Cells. Nat. Commun. 2020, 11, 2584. [CrossRef]

Szymeczak, F; Colli, M.L.; Mamula, M.J.; Evans-Molina, C.; Eizirik, D.L. Gene Expression Signatures of Target Tissues in Type 1
Diabetes, Lupus Erythematosus, Multiple Sclerosis, and Rheumatoid Arthritis. Sci. Adv. 2021, 7, eabd7600. [CrossRef]
Benninger, R.K.P.; Dorrell, C.; Hodson, D.J.; Rutter, G.A. The Impact of Pancreatic Beta Cell Heterogeneity on Type 1 Diabetes
Pathogenesis. Curr. Diabetes Rep. 2018, 18, 112. [CrossRef]

Vilas-Boas, E.A.; Carlein, C.; Nalbach, L.; Almeida, D.C.; Ampofo, E.; Carpinelli, A.R.; Roma, L.P.; Ortis, F. Early Cytokine-
Induced Transient NOX2 Activity Is ER Stress-Dependent and Impacts 3-Cell Function and Survival. Antioxidants 2021, 10, 1305.
[CrossRef]

Krischer, J.P; Liu, X.; Lernmark, A, Hagopian, W.A.; Rewers, M.].; She, ].-X.; Toppari, J.; Ziegler, A.G.; Akolkar, B. Characteristics
of Children Diagnosed with Type 1 Diabetes before vs after 6 Years of Age in the TEDDY Cohort Study. Diabetologia 2021, 64,
2247-2257. [CrossRef]

Panzer, ].K.; Hiller, H.; Cohrs, C.M.; Almaga, J.; Enos, S.J.; Beery, M.; Cechin, S.; Drotar, D.M.; Weitz, ].R.; Santini, J.; et al. Pancreas
Tissue Slices from Organ Donors Enable in Situ Analysis of Type 1 Diabetes Pathogenesis. JCI Insight 2020, 5, €134525. [CrossRef]
Moin, A.S.M.; Butler, A.E. Alterations in Beta Cell Identity in Type 1 and Type 2 Diabetes. Curr. Diabetes Rep. 2019, 19, 83.
[CrossRef]

Evans-Molina, C.; Sims, E K.; Dimeglio, L.A.; Ismail, H.M.; Steck, A.K.; Palmer, ].P; Krischer, ].P; Geyer, S.; Xu, P.; Sosenko, ]. M. 3
Cell Dysfunction Exists More than 5 Years before Type 1 Diabetes Diagnosis. JCI Insight 2018, 3, e120877. [CrossRef]

Eizirik, D.L.; Pasquali, L.; Cnop, M. Pancreatic 3-Cells in Type 1 and Type 2 Diabetes Mellitus: Different Pathways to Failure. Nat.
Rev. Endocrinol. 2020, 16, 349-362. [CrossRef]

Erdem, N.; Montero, E.; Roep, B.O. Breaking and Restoring Immune Tolerance to Pancreatic Beta-Cells in Type 1 Diabetes. Curr.
Opin. Endocrinol. Diabetes Obes. 2021, 28, 397-403. [CrossRef]

Vig, S.; Lambooij, ].M.; Zaldumbide, A.; Guigas, B. Endoplasmic Reticulum-Mitochondria Crosstalk and Beta-Cell Destruction in
Type 1 Diabetes. Front. Immunol. 2021, 12, 669492. [CrossRef]

Kim, Y.K,; Sussel, L.; Davidson, H.W. Inherent Beta Cell Dysfunction Contributes to Autoimmune Susceptibility. Biomolecules
2021, 11, 512. [CrossRef]

Muralidharan, C.; Linnemann, A.K. Beta-Cell Autophagy in the Pathogenesis of Type 1 Diabetes. Am. |. Physiol.-Endocrinol. Metab.
2021, 321, E410-E416. [CrossRef]

Roep, B.O.; Thomaidou, S.; van Tienhoven, R.; Zaldumbide, A. Type 1 Diabetes Mellitus as a Disease of the 3-Cell (Do Not Blame
the Immune System?). Nat. Rev. Endocrinol. 2020, 17, 150-161. [CrossRef]

Rodriguez-Calvo, T.; Johnson, J.D.; Overbergh, L.; Dunne, J.L. Neoepitopes in Type 1 Diabetes: Etiological Insights, Biomarkers
and Therapeutic Targets. Front. Immunol. 2021, 12, 667989. [CrossRef]

Carre, A.; Mallone, R. Making Insulin and Staying Out of Autoimmune Trouble: The Beta-Cell Conundrum. Front. Immunol. 2021,
12, 639682. [CrossRef]

Balakrishnan, S.; Kumar, P; Prabhakar, B.S. Post-Translational Modifications Contribute to Neoepitopes in Type-1 Diabetes:
Challenges for Inducing Antigen-Specific Tolerance. Biochim. Biophys. Acta (BBA)-Proteins Proteom. 2020, 1868, 140478. [CrossRef]
Oshima, M.; Knoch, K.P; Diedisheim, M.; Petzold, A.; Cattan, P.; Bugliani, M.; Marchetti, P.; Choudhary, P; Huang, G.C,;
Bornstein, S.R; et al. Virus-like Infection Induces Human (3 Cell Dedifferentiation. JCI Insight 2018, 3, €97732. [CrossRef]

Liu, Y;; Kepple, ].D.; Shalev, A.; Hunter, C.S. LDB1-Mediated Transcriptional Complexes Are Sensitive to Islet Stress. Islefs 2022,
14, 58-68. [CrossRef]

Baker, R.L.; Jamison, B.L.; Haskins, K. Hybrid Insulin Peptides Are Neo-Epitopes for CD4 T Cells in Autoimmune Diabetes. Curr.
Opin. Endocrinol. Diabetes Obes. 2019, 26, 195-200. [CrossRef]

Wang, Y.; Sosinowski, T.; Novikov, A.; Crawford, F; White, J.; Jin, N.; Liu, Z.; Zou, J.; Neau, D.; Davidson, HW.; et al. How
C-terminal Additions to Insulin B-Chain Fragments Create Superagonists for T Cells in Mouse and Human Type 1 Diabetes. Sci.
Immunol. 2019, 4. [CrossRef]

Reed, B.; Crawford, F; Hill, R.C.; Jin, N.; White, J.; Krovi, S.H.; Marrack, P.; Hansen, K.; Kappler, ].W. Lysosomal Cathepsin
Creates Chimeric Epitopes for Diabetogenic CD4 T Cells via Transpeptidation. J. Exp. Med. 2020, 218, €20192135. [CrossRef]
Reed, B.K.; Kappler, ].W. Hidden in Plain View: Discovery of Chimeric Diabetogenic CD4 T Cell Neo-Epitopes. Front. Immunol.
2021, 12, 669986. [CrossRef]

Mannering, S.I; Rubin, A F,; Wang, R.; Bhattacharjee, P. Identifying New Hybrid Insulin Peptides (HIPs) in Type 1 Diabetes. Front.
Immunol. 2021, 12, 2-7. [CrossRef]

Benkahla, M.A.; Sabouri, S.; Kiosses, W.B.; Rajendran, S.; Quesada-masachs, E.; von Herrath, M.G. HLA Class I Hyper-Expression
Unmasks Beta Cells but Not Alphax Cells to the Immune System in Pre-Diabetes. |. Autoimmun. 2021, 119, 102628. [CrossRef]
Brissova, M.; Haliyur, R.; Saunders, D.; Shrestha, S.; Dai, C.; Blodgett, D.M.; Bottino, R.; Campbell-Thompson, M.; Aramandla,
R.; Poffenberger, G.; et al. Alpha Cell Function and Gene Expression Are Compromised in Type 1 Diabetes. Cell Rep. 2018, 22,
2667-2676. [CrossRef] [PubMed]


http://doi.org/10.1038/s41467-020-16327-0
http://doi.org/10.1126/sciadv.abd7600
http://doi.org/10.1007/s11892-018-1085-2
http://doi.org/10.3390/antiox10081305
http://doi.org/10.1007/s00125-021-05514-3
http://doi.org/10.1172/jci.insight.134525
http://doi.org/10.1007/s11892-019-1194-6
http://doi.org/10.1172/jci.insight.120877
http://doi.org/10.1038/s41574-020-0355-7
http://doi.org/10.1097/MED.0000000000000646
http://doi.org/10.3389/fimmu.2021.669492
http://doi.org/10.3390/biom11040512
http://doi.org/10.1152/ajpendo.00151.2021
http://doi.org/10.1038/s41574-020-00443-4
http://doi.org/10.3389/fimmu.2021.667989
http://doi.org/10.3389/fimmu.2021.639682
http://doi.org/10.1016/j.bbapap.2020.140478
http://doi.org/10.1172/jci.insight.97732
http://doi.org/10.1080/19382014.2021.2016028
http://doi.org/10.1097/MED.0000000000000490
http://doi.org/10.1126/sciimmunol.aav7517
http://doi.org/10.1084/jem.20192135
http://doi.org/10.3389/fimmu.2021.669986
http://doi.org/10.3389/fimmu.2021.667870
http://doi.org/10.1016/j.jaut.2021.102628
http://doi.org/10.1016/j.celrep.2018.02.032
http://www.ncbi.nlm.nih.gov/pubmed/29514095

Genes 2022, 13, 706 15 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Nigi, L.; Brusco, N.; Grieco, G.E.; Licata, G.; Krogvold, L.; Marselli, L.; Gysemans, C.; Overbergh, L.; Marchetti, P.; Mathieu, C,;
et al. Pancreatic Alpha-Cells Contribute Together With Beta-Cells to CXCL10 Expression in Type 1 Diabetes. Front. Endocrinol.
2020, 11, 630. [CrossRef] [PubMed]

Wendt, A.; Eliasson, L. Pancreatic «-Cells—The Unsung Heroes in Islet Function. Semin. Cell Dev. Biol. 2020, 103, 41-50. [CrossRef]
[PubMed]

Russell, M.A; Redick, S.D.; Blodgett, D.M.; Richardson, S.J.; Leete, P.; Krogvold, L.; Dahl-Jergensen, K.; Bottino, R.; Brissova, M.;
Spaeth, ].M.; et al. HLA Class II Antigen Processing and Presentation Pathway Components Demonstrated by Transcriptome and
Protein Analyses of Islet 3-Cells from Donors with Type 1 Diabetes. Diabetes 2019, 68, 988-1001. [CrossRef]

Ramos-Rodriguez, M.; Raurell-vila, H.; Colli, M.L.; Alvelos, M.I.; Subirana-Granés, M.; Juan-mateu, J.; Norris, R.; Turatsinze, J.;
Nakayasu, E.S.; Webb-Robertson, B.-].M.; et al. The Impact of Pro-Inflammatory Cytokines on the Beta-Cell Regulatory Landscape
Provides Insights into the Genetics of Type 1 Diabetes. Nat. Genet. 2019, 51, 1588-1595. [CrossRef]

Redondo, M J.; Steck, A.K.; Pugliese, A. Genetics of Type 1 Diabetes. Pediatr. Diabetes 2018, 19, 346-353. [CrossRef]

Pociot, F; Lernmark, A. Genetic Risk Factors for Type 1 Diabetes. Lancet 2016, 387, 2331-2339. [CrossRef]

Vandewalle, J.; Van der Auwera, B.].; Amin, H.; Quartier, E.; Desouter, A.K.; Tenoutasse, S.; Gillard, P.; De Block, C.; Keymeulen,
B.; Gorus, EK.; et al. Genetic Variation at ERBB3/IKZF4 and Sexual Dimorphism in Epitope Spreading in Single Autoantibody-
Positive Relatives. Diabetologia 2021, 64, 2511-2516. [CrossRef]

Diedisheim, M.; Carcarino, E.; Vandiedonck, C.; Roussel, R.; Gautier, ].; Venteclef, N. Regulation of Inflammation in Diabetes:
From Genetics to Epigenomics Evidence. Mol. Metab. 2020, 41, 101041. [CrossRef]

Pang, H.; Luo, S.; Huang, G.; Xia, Y.; Xie, Z.; Zhou, Z. Advances in Knowledge of Candidate Genes Acting at the Beta-Cell Level
in the Pathogenesis of TIDM. Front. Endocrinol. 2020, 11, 119. [CrossRef]

Huang, Z; Qi, G.; Miller, ].S.; Zheng, S.G. CD226: An Emerging Role in Immunologic Diseases. Front. Cell Dev. Biol. 2020, 8, 564.
[CrossRef] [PubMed]

Shapiro, M.R.; Yeh, W.I; Longfield, J.R.; Gallagher, J.; Infante, C.M.; Wellford, S.; Posgai, A.L.; Atkinson, M.A.; Campbell-
Thompson, M.; Lieberman, S.M.; et al. CD226 Deletion Reduces Type 1 Diabetes in the NOD Mouse by Impairing Thymocyte
Development and Peripheral T Cell Activation. Front. Immunol. 2020, 11, 2180. [CrossRef] [PubMed]

Toniolo, A.; Cassani, G.; Puggioni, A.; Rossi, A.; Colombo, A.; Onodera, T.; Ferrannini, E. The Diabetes Pandemic and Associated
Infections: Suggestions for Clinical Microbiology. Rev. Med. Microbiol. 2019, 30, 1-17. [CrossRef] [PubMed]

Vecchio, F.; Messina, G.; Giovenzana, A.; Petrelli, A. New Evidence of Exocrine Pancreatopathy in Pre-Symptomatic and
Symptomatic Type 1 Diabetes. Curr. Diabetes Rep. 2019, 19, 92. [CrossRef]

Onengut-Gumuscu, S.; Paila, U.; Chen, W.M,; Ratan, A.; Zhu, Z; Steck, A K.; Frohnert, B.I.; Waugh, K.C.; Webb-Robertson, B.].M.;
Norris, ].M.; et al. Novel Genetic Risk Factors Influence Progression of Islet Autoimmunity to Type 1 Diabetes. Sci. Rep. 2020, 10,
19193. [CrossRef]

Hosseini, A.; Gharibi, T.; Marofi, F; Babaloo, Z.; Baradaran, B. CTLA-4: From Mechanism to Autoimmune Therapy. Int.
Immunopharmacol. 2020, 80, 106221. [CrossRef]

Scoville, D.W.; Jetten, A.M. GLIS3: A Critical Transcription Factor in Islet 3-Cell Generation. Cells 2021, 10, 3471. [CrossRef]
Mine, K.; Yoshikai, Y.; Takahashi, H.; Mori, H.; Anzai, K.; Nagafuchi, S. Genetic Susceptibility of the Host in Virus-Induced
Diabetes. Microorganisms 2020, 8, 1133. [CrossRef]

Mori, H.; Takahashi, H.; Mine, K.; Higashimoto, K.; Inoue, K.; Kojima, M.; Kuroki, S.; Eguchi, T.; Ono, Y.; Inuzuka, S.; et al.
TYK2 Promoter Variant Is Associated with Impaired Insulin Secretion and Lower Insulin Resistance in Japanese Type 2 Diabetes
Patients. Genes 2021, 12, 400. [CrossRef]

Mordes, J.P,; Cort, L.; Liu, Z.; Eberwine, R.; Blankenhorn, E.P; Pierce, B.G. T Cell Receptor Genotype and Ubash3a Determine
Susceptibility to Rat Autoimmune Diabetes. Genes 2021, 12, 852. [CrossRef]

Kaur, S.; Mirza, A.H.; Overgaard, A.].; Pociot, E; Sterling, ]J. A Dual Systems Genetics Approach Identifies Common Genes,
Networks, and Pathways for Type 1 and 2 Diabetes in Human Islets. Front. Genet. 2021, 12, 630109. [CrossRef] [PubMed]
Howlader, M.; Sultana, M.1.; Akter, F.; Hossain, M. Adiponectin Gene Polymorphisms Associated with Diabetes Mellitus: A
Descriptive Review. Heliyon 2021, 7, 07851. [CrossRef] [PubMed]

Robertson, C.C.; Inshaw, J.R.J.; Onengut-Gumuscu, S.; Chen, W.-M.; Santa Cruz, D.F; Yang, H.; Cutler, A.].; Crouch, D.].M,;
Farber, E.; Bridges, S.L., Jr.; et al. Fine-Mapping, Trans-Ancestral and Genomic Analyses Identify Causal Variants, Cells, Genes
and Drug Targets for Type 1 Diabetes. Nat. Genet. 2021, 53, 962-971. [CrossRef] [PubMed]

Inshaw, J.R.J.; Sidore, C.; Cucca, F; Stefana, M.I.; Crouch, D.J.M.; Mccarthy, M.I.; Mahajan, A.; Todd, J.A. Analysis of Overlapping
Genetic Association in Type 1 and Type 2 Diabetes. Diabetologia 2021, 64, 1342-1347. [CrossRef]

Nyaga, D.M.; Vickers, M.H.; Jefferies, C.; Fadason, T.; O’Sullivan, ].M. Untangling the Genetic Link between Type 1 and Type 2
Diabetes Using Functional Genomics. Sci. Rep. 2021, 11, 13871. [CrossRef]

Sticht, J.; Alvaro-benito, M.; Konigorski, S. Type 1 Diabetes and the HLA Region: Genetic Association Besides Classical HLA
Class II Genes. Front. Genet. 2021, 12, 683946. [CrossRef]

Nygard, L.; Laine, A.-P; Kiviniemi, M.; Toppari, J.; Harkonen, T.; Knip, M.; Veijola, R.; Lempainen, J.; llonen, J. Tri-SNP
Polymorphism in the Intron of HLA-DRA1 Affects Type 1 Diabetes Susceptibility in the Finnish Population. Hum. Immunol. 2021,
82,912-916. [CrossRef]


http://doi.org/10.3389/fendo.2020.00630
http://www.ncbi.nlm.nih.gov/pubmed/33042009
http://doi.org/10.1016/j.semcdb.2020.01.006
http://www.ncbi.nlm.nih.gov/pubmed/31983511
http://doi.org/10.2337/db18-0686
http://doi.org/10.1038/s41588-019-0524-6
http://doi.org/10.1111/pedi.12597
http://doi.org/10.1016/S0140-6736(16)30582-7
http://doi.org/10.1007/s00125-021-05546-9
http://doi.org/10.1016/j.molmet.2020.101041
http://doi.org/10.3389/fendo.2020.00119
http://doi.org/10.3389/fcell.2020.00564
http://www.ncbi.nlm.nih.gov/pubmed/32850777
http://doi.org/10.3389/fimmu.2020.02180
http://www.ncbi.nlm.nih.gov/pubmed/33013915
http://doi.org/10.1097/MRM.0000000000000155
http://www.ncbi.nlm.nih.gov/pubmed/30662163
http://doi.org/10.1007/s11892-019-1223-5
http://doi.org/10.1038/s41598-020-75690-6
http://doi.org/10.1016/j.intimp.2020.106221
http://doi.org/10.3390/cells10123471
http://doi.org/10.3390/microorganisms8081133
http://doi.org/10.3390/genes12030400
http://doi.org/10.3390/genes12060852
http://doi.org/10.3389/fgene.2021.630109
http://www.ncbi.nlm.nih.gov/pubmed/33777101
http://doi.org/10.1016/j.heliyon.2021.e07851
http://www.ncbi.nlm.nih.gov/pubmed/34471717
http://doi.org/10.1038/s41588-021-00880-5
http://www.ncbi.nlm.nih.gov/pubmed/34127860
http://doi.org/10.1007/s00125-021-05428-0
http://doi.org/10.1038/s41598-021-93346-x
http://doi.org/10.3389/fgene.2021.683946
http://doi.org/10.1016/j.humimm.2021.07.010

Genes 2022, 13, 706 16 of 19

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Zhao, L.P,; Papadopoulos, G.K.; Lybrand, T.P.; Moustakas, A.K.; Bondinas, G.P,; Carlsson, A.; Larsson, H.E.; Ludvigsson, J.;
Marcus, C.; Persson, M.; et al. The KAG Motif of HLA-DRB1 (B71, B74, B86) Predicts Seroconversion and Development of Type 1
Diabetes. eBioMedicine 2021, 69, 103431. [CrossRef]

Jiang, Z.; Ren, W,; Liang, H.; Yan, J.; Yang, D.; Luo, S.; Zheng, X,; Lin, G.-W.; Xian, Y.; Xu, W,; et al. HLA Class I Genes Modulate
Disease Risk and Age at Onset Together with DR-DQ in Chinese Patients with Insulin-Requiring Type 1 Diabetes. Diabetologia
2021, 64, 2026-2036. [CrossRef]

Pang, H.; Xia, Y.; Luo, S.; Huang, G.; Li, X,; Xie, Z.; Zhou, Z. Emerging Roles of Rare and Low-Frequency Genetic Variants in Type
1 Diabetes Mellitus. |. Med. Genet. 2021, 58, 289-296. [CrossRef]

Qu, H.Q.; Qu, J.; Bradfield, ].; Marchand, L.; Glessner, J.; Chang, X.; March, M.; L, J.; Connolly, J.J.; Roizen, J.D.; et al. Genetic
Architecture of Type 1 Diabetes with Low Genetic Risk Score Informed by 41 Unreported Loci. Commun. Biol. 2021, 4, 908.
[CrossRef] [PubMed]

Thomas, N.J.; Dennis, ]. M.; Sharp, S.A.; Kaur, A.; Misra, S.; Walkey, H.C.; Johnston, D.G.; Oliver, N.S.; Hagopian, W.A.; Weedon,
M.N,; et al. DR15-DQ6 Remains Dominantly Protective against Type 1 Diabetes throughout the First Five Decades of Life.
Diabetologia 2021, 64, 2258-2265. [CrossRef] [PubMed]

Wen, X.; Yang, J.; James, E.; Chow, I.-T; Reijonen, H.; Kwok, W.W. Increased Islet Antigen-Specific Regulatory and Effector CD4+
T Cells in Healthy Subjects with the Type 1 Diabetes Protective Haplotype. Sci. Immunol. 2020, 5, eaax8767. [CrossRef]
Schweiger, D.S.; Goricar, K.; Hovnik, T.; Mendez, A.; Bratina, N.; Brecelj, J.; Vidan-Jeras, B.; Battelino, T.; Dolzan, V. Dual Role of
PTPN22 but Not NLRP3 Inflammasome Polymorphisms in Type 1 Diabetes and Celiac Disease in Children. Front. Pediatr. 2019, 7,
63. [CrossRef]

Grant, S.FA.; Wells, A.D.; Rich, S.S. Next Steps in the Identification of Gene Targets for Type 1 Diabetes. Diabetologia 2020, 63,
2260-2269. [CrossRef] [PubMed]

Yang, G.H.; Fontaine, D.A.; Lodh, S.; Blumer, ].T.; Roopra, A.; Davis, D.B. TCF19 Impacts a Network of Inflammatory and DNA
Damage Response Genes in the Pancreatic 3-Cell. Metabolites 2021, 11, 513. [CrossRef] [PubMed]

Richardson, S.J.; Morgan, N.G. Enteroviral Infections in the Pathogenesis of Type 1 Diabetes: New Insights for Therapeutic
Intervention. Curr. Opin. Pharmacol. 2018, 43, 11-19. [CrossRef]

Pedersen, K.; Haupt-Jorgensen, M.; Krogvold, L.; Kaur, S.; Gerling, I.C.; Pociot, F.; Dahl-Jergensen, K.; Buschard, K.; Dk, K.P.
Genetic Predisposition in the 2/-5" A Pathway in the Development of Type 1 Diabetes: Potential Contribution to Dysregulation of
Innate Antiviral Immunity. Diabetologia 2021, 64, 1805-1815. [CrossRef]

Enczmann, J.; Balz, V.; Hoffmann, M.; Kummer, S.; Reinauer, C.; Doing, C.; Fortsch, K.; Welters, A.; Mayatepek, E.; Meissner,
T.; et al. Next Generation Sequencing Identifies the HLA-DQA1*03:03 Allele in the Type 1 Diabetes Risk-Associated HLA-DQ8
Serotype. Genes 2021, 12, 1879. [CrossRef]

Geravandi, S.; Liu, H.; Maedler, K. Enteroviruses and T1D: Is It the Virus, the Genes or Both Which Cause T1D. Microorganisms
2020, 8, 1017. [CrossRef]

Tremblay, ].; Hamet, P. Environmental and Genetic Contributions to Diabetes. Metab. Clin. Exp. 2019, 100S, 153952. [CrossRef]
[PubMed]

Taha-Khalde, A.; Haim, A.; Karakis, I.; Shashar, S.; Biederko, R.; Shtein, A.; Hershkowits, E.; Novack, L. Air Pollution and
Meteorological Conditions during Gestation and Type 1 Diabetes in Offspring. Environ. Int. 2021, 154, 106546. [CrossRef]
[PubMed]

Di Ciaula, A.; Portincasa, P. Relationships between Emissions of Toxic Airborne Molecules and Type 1 Diabetes Incidence in
Children: An Ecologic Study. World ]. Diabetes 2021, 12, 673-684. [CrossRef]

Montresor-Lopez, J.A.; Reading, S.R.; Yanosky, J.D.; Mittleman, M.A ; Bell, R.A.; Crume, T.L.; Dabelea, D.; Dolan, L.; D’Agostino,
R.B.; Marcovina, S.M.; et al. The Relationship between Traffic-Related Air Pollution Exposures and Allostatic Load Score among
Youth with Type 1 Diabetes in the SEARCH Cohort. Environ. Res. 2021, 197, 111075. [CrossRef] [PubMed]

Nurminen, N.; Cerrone, D.; Lehtonen, J.; Parajuli, A.; Roslund, M.; Lénnrot, M.; Ilonen, J.; Toppari, J.; Veijola, R.; Knip, M.; et al.
Land Cover of Early-Life Environment Modulates the Risk of Type 1 Diabetes. Diabetes Care 2021, 44, 1506—1514. [CrossRef]
[PubMed]

Camaya, I.; Mok, T.Y,; Lund, M.; To, J.; Braidy, N.; Robinson, M.W.; Santos, J.; O’Brien, B.; Donnelly, S. The Parasite-Derived
Peptide FRHDM-1 Activates the PI3K/ Akt Pathway to Prevent Cytokine-Induced Apoptosis of 3-Cells. J. Mol. Med. 2021, 99,
1605-1621. [CrossRef] [PubMed]

Marietta, E.; Horwath, I.; Meyer, S.; Khaleghi-Rostamkolaei, S.; Norman, E.; Luckey, D.; Balakrishnan, B.; Mangalam, A.; Choung,
R.S.; Taneja, V.; et al. Administration of Human Derived Upper Gut Commensal Prevotella Histicola Delays the Onset of Type 1
Diabetes in NOD Mice. BMC Microbiol. 2022, 22, 8. [CrossRef]

Dedrick, S.; Sundaresh, B.; Huang, Q.; Brady, C.; Yoo, T.; Cronin, C.; Rudnicki, C.; Flood, M.; Momeni, B.; Ludvigsson, ].; et al. The
Role of Gut Microbiota and Environmental Factors in Type 1 Diabetes Pathogenesis. Front. Endocrinol. 2020, 11, 78. [CrossRef]
Fuhri Snethlage, C.M.; Nieuwdorp, M.; van Raalte, D.H.; Rampanelli, E.; Verchere, B.C.; Hanssen, N.M.]. Auto-Immunity and the
Gut Microbiome in Type 1 Diabetes: Lessons from Rodent and Human Studies. Best Pract. Res. Clin. Endocrinol. Metab. 2021, 35,
101544. [CrossRef]

Hamilton-Williams, E.E.; Lorca, G.L.; Norris, ].M.; Dunne, J.L. A Triple Threat? The Role of Diet, Nutrition, and the Microbiota in
T1D Pathogenesis. Front. Nutr. 2021, 8, 600756. [CrossRef]


http://doi.org/10.1016/j.ebiom.2021.103431
http://doi.org/10.1007/s00125-021-05476-6
http://doi.org/10.1136/jmedgenet-2020-107350
http://doi.org/10.1038/s42003-021-02368-8
http://www.ncbi.nlm.nih.gov/pubmed/34302048
http://doi.org/10.1007/s00125-021-05513-4
http://www.ncbi.nlm.nih.gov/pubmed/34272580
http://doi.org/10.1126/sciimmunol.aax8767
http://doi.org/10.3389/fped.2019.00063
http://doi.org/10.1007/s00125-020-05248-8
http://www.ncbi.nlm.nih.gov/pubmed/32797243
http://doi.org/10.3390/metabo11080513
http://www.ncbi.nlm.nih.gov/pubmed/34436454
http://doi.org/10.1016/j.coph.2018.07.006
http://doi.org/10.1007/s00125-021-05469-5
http://doi.org/10.3390/genes12121879
http://doi.org/10.3390/microorganisms8071017
http://doi.org/10.1016/j.metabol.2019.153952
http://www.ncbi.nlm.nih.gov/pubmed/31610851
http://doi.org/10.1016/j.envint.2021.106546
http://www.ncbi.nlm.nih.gov/pubmed/33866061
http://doi.org/10.4239/wjd.v12.i5.673
http://doi.org/10.1016/j.envres.2021.111075
http://www.ncbi.nlm.nih.gov/pubmed/33798519
http://doi.org/10.2337/dc20-1719
http://www.ncbi.nlm.nih.gov/pubmed/33952607
http://doi.org/10.1007/s00109-021-02122-x
http://www.ncbi.nlm.nih.gov/pubmed/34374810
http://doi.org/10.1186/s12866-021-02406-9
http://doi.org/10.3389/fendo.2020.00078
http://doi.org/10.1016/j.beem.2021.101544
http://doi.org/10.3389/fnut.2021.600756

Genes 2022, 13, 706 17 of 19

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Kalbermatter, C.; Fernandez Trigo, N.; Christensen, S.; Ganal-Vonarburg, S.C. Maternal Microbiota, Early Life Colonization and
Breast Milk Drive Inmune Development in the Newborn. Front. Immunol. 2021, 12, 683022. [CrossRef] [PubMed]

Khamis, T.; Abdelalim, A.F; Saeed, A.A.; Edress, N.M.; Nafea, A.; Ebian, H.F,; Algendy, R.; Hendawy, D.M.; Arisha, A.H.; Abdal-
lah, S.H. Breast Milk MSCs Upregulated 3-Cells PDX1, Ngn3, and PCNA Expression via Remodeling ER Stress /Inflammatory
/ Apoptotic Signaling Pathways in Type 1 Diabetic Rats. Eur. |. Pharmacol. 2021, 905, 174188. [CrossRef] [PubMed]

Isaacs, S.R.; Foskett, D.B.; Maxwell, A.J.; Ward, E.J.; Faulkner, C.L.; Luo, ].Y.X.; Rawlinson, W.D.; Craig, M.E.; Kim, K.W. Viruses
and Type 1 Diabetes: From Enteroviruses to the Virome. Microorganisms 2021, 9, 1519. [CrossRef] [PubMed]

Oikarinen, S.; Krogvold, L.; Edwin, B.; Buanes, T.; Korsgren, O.; Laiho, J.E.; Oikarinen, M.; Ludvigsson, J.; Skog, O.; Anagandula,
M.; et al. Characterisation of Enterovirus RNA Detected in the Pancreas and Other Specimens of Live Patients with Newly
Diagnosed Type 1 Diabetes in the DiViD Study. Diabetologia 2021, 64, 2491-2501. [CrossRef] [PubMed]

Geravandi, S.; Richardson, S.; Pugliese, A.; Maedler, K. Localization of Enteroviral RNA within the Pancreas in Donors with T1D
and T1D-Associated Autoantibodies. Cell Rep. Med. 2021, 2, 100371. [CrossRef] [PubMed]

Alhazmi, A.; Nekoua, M.P.; Michaux, H.; Sane, F.; Halouani, A.; Engelmann, I; Alidijinou, E.K.; Martens, H.; Jaidane, H.; Geenen,
V.; et al. Effect of Coxsackievirus B4 Infection on the Thymus: Elucidating Its Role in the Pathogenesis of Type 1 Diabetes.
Microorganisms 2021, 9, 1177. [CrossRef] [PubMed]

Vehik, K.; Lynch, K.F.; Wong, M.C,; Tian, X.; Ross, M.C.; Gibbs, R.A.; Ajami, N.J.; Petrosino, J.F.; Rewers, M.; Toppari, J.; et al.
Prospective Virome Analyses in Young Children at Increased Genetic Risk for Type 1 Diabetes. Nat. Med. 2019, 25, 1865-1872.
[CrossRef]

Blum, S.I.; Tse, H.M. Innate Viral Sensor MDAS and Coxsackievirus Interplay in Type 1 Diabetes Development. Microorganisms
2020, 8, 993. [CrossRef]

Nekoua, M.P; Bertin, A.; Sane, F.; Gimeno, J.-P.; Fournier, I.; Salzet, M.; Engelmann, I.; Alidjinou, E.K.; Hober, D. Persistence
of Coxsackievirus B4 in Pancreatic 3 Cells Disturbs Insulin Maturation, Pattern of Cellular Proteins, and DNA Methylation.
Microorganisms 2021, 9, 1125. [CrossRef]

Akhbari, P; Richardson, S.J.; Morgan, N.G. Type 1 Diabetes: Interferons and the Aftermath of Pancreatic Beta-Cell Enteroviral
Infection. Microorganisms 2020, 8, 1419. [CrossRef]

Nyalwidhe, J.O.; Jurczyk, A.; Satish, B.; Redick, S.; Qaisar, N.; Trombly, M.L; Vangala, P.; Racicot, R.; Bortell, R.; Harlan, D.M.; et al.
Proteomic and Transcriptional Profiles of Human Stem Cell-Derived (3 Cells Following Enteroviral Challenge. Microorganisms
2020, 8, 295. [CrossRef] [PubMed]

Dias Junior, A.G.; Sampaio, N.G.; Rehwinkel, ]. A Balancing Act: MDADS in Antiviral Inmunity and Autoinflammation. Trends
Microbiol. 2019, 27, 75-85. [CrossRef] [PubMed]

Netanyah, E.; Calafatti, M.; Arvastsson, ].; Cabrera-Rode, E.; Cilio, C.M.; Sarmiento, L. Extracellular Vesicles Released by
Enterovirus-Infected EndoC-BH1 Cells Mediate Non-Lytic Viral Spread. Microorganisms 2020, 8, 1753. [CrossRef] [PubMed]
Janssen, A.\W.M.; Stienstra, R.; Jaeger, M.; van Gool, A.].; Joosten, L.A.B.; Netea, M.G.; Riksen, N.P; Tack, C.J. Understanding the
Increased Risk of Infections in Diabetes: Innate and Adaptive Immune Responses in Type 1 Diabetes. Metab. Clin. Exp. 2021, 121,
154795. [CrossRef]

Burke, R.M.; Tate, J.E.; Jiang, B.; Parashar, U.D. Rotavirus and Type 1 Diabetes—Is There a Connection? A Synthesis of the
Evidence. J. Infect. Dis. 2020, 222, 1076-1083. [CrossRef]

Dian, Z.; Sun, Y,; Zhang, G.; Xu, Y,; Fan, X.; Yang, X.; Pan, Q.; Peppelenbosch, M.; Miao, Z. Rotavirus-Related Systemic Diseases:
Clinical Manifestation, Evidence and Pathogenesis. Crit. Rev. Microbiol. 2021, 47, 580-595. [CrossRef]

Chekhlabi, N.; Haoudar, A.; Echcharii, N.; Ettair, S.; Dini, N. New-Onset Diabetes with Ketoacidosis Precipitated by COVID-19 in
Children: A Report of Two Cases. Case Rep. Pediatr. 2021, 2021, 5545258. [CrossRef]

Venkatesh, N.; Astbury, N.; Thomas, M.C.; Rosado, C.J.; Pappas, E.; Krishnamurthy, B.; MacIsaac, R.J.; Kay, T.W.H.; Thomas, H.E,;
O’Neal, D.N. Severe Acute Respiratory Syndrome Coronavirus 2 as a Potential Cause of Type 1 Diabetes Facilitated by Spike
Protein Receptor Binding Domain Attachment to Human Islet Cells: An Illustrative Case Study and Experimental Data. Diabet.
Med. 2021, 38, e14608. [CrossRef]

Alfishawy, M.; Nassar, M.; Mohamed, M.; Fatthy, M.; Elmessiery, RM. New-Onset Type 1 Diabetes Mellitus with Diabetic
Ketoacidosis and Pancreatitis in a Patient with COVID-19. Sci. Afr. 2021, 13, e00915. [CrossRef]

Miiller, J.A.; Grofs, R.; Conzelmann, C.; Kriiger, J.; Merle, U.; Steinhart, J.; Weil, T.; Koepke, L.; Bozzo, C.P; Read, C.; et al.
SARS-CoV-2 Infects and Replicates in Cells of the Human Endocrine and Exocrine Pancreas. Nat. Metab. 2021, 3, 149-165.
[CrossRef]

Wu, C.T,; Lidsky, P.V,; Xiao, Y.; Lee, L.T.; Cheng, R.; Nakayama, T.; Jiang, S.; Demeter, J.; Bevacqua, R.J.; Chang, C.A.; et al.
SARS-CoV-2 Infects Human Pancreatic 3 Cells and Elicits 3 Cell Impairment. Cell Metab. 2021, 33, 1565-1576.e5. [CrossRef]
[PubMed]

Boddu, S.K.; Aurangabadkar, G.; Kuchay, M.S. New Onset Diabetes, Type 1 Diabetes and COVID-19. Diabetes Metab. Syndr. Clin.
Res. Rev. 2020, 14, 2211-2217. [CrossRef] [PubMed]

El-Senousy, W.M.; Abdel-Moneim, A.; Abdel-Latif, M.; El-hefnawy, M.H.; Khalil, R.G. Coxsackievirus B4 as a Causative Agent of
Diabetes Mellitus Type 1: Is There a Role of Inefficiently Treated Drinking Water and Sewage in Virus Spreading? Food Environ.
Virol. 2018, 10, 89-98. [CrossRef] [PubMed]


http://doi.org/10.3389/fimmu.2021.683022
http://www.ncbi.nlm.nih.gov/pubmed/34054875
http://doi.org/10.1016/j.ejphar.2021.174188
http://www.ncbi.nlm.nih.gov/pubmed/34004210
http://doi.org/10.3390/microorganisms9071519
http://www.ncbi.nlm.nih.gov/pubmed/34361954
http://doi.org/10.1007/s00125-021-05525-0
http://www.ncbi.nlm.nih.gov/pubmed/34390364
http://doi.org/10.1016/j.xcrm.2021.100371
http://www.ncbi.nlm.nih.gov/pubmed/34467248
http://doi.org/10.3390/microorganisms9061177
http://www.ncbi.nlm.nih.gov/pubmed/34072590
http://doi.org/10.1038/s41591-019-0667-0
http://doi.org/10.3390/microorganisms8070993
http://doi.org/10.3390/microorganisms9061125
http://doi.org/10.3390/microorganisms8091419
http://doi.org/10.3390/microorganisms8020295
http://www.ncbi.nlm.nih.gov/pubmed/32093375
http://doi.org/10.1016/j.tim.2018.08.007
http://www.ncbi.nlm.nih.gov/pubmed/30201512
http://doi.org/10.3390/microorganisms8111753
http://www.ncbi.nlm.nih.gov/pubmed/33171580
http://doi.org/10.1016/j.metabol.2021.154795
http://doi.org/10.1093/infdis/jiaa168
http://doi.org/10.1080/1040841X.2021.1907738
http://doi.org/10.1155/2021/5545258
http://doi.org/10.1111/dme.14608
http://doi.org/10.1016/j.sciaf.2021.e00915
http://doi.org/10.1038/s42255-021-00347-1
http://doi.org/10.1016/j.cmet.2021.05.013
http://www.ncbi.nlm.nih.gov/pubmed/34081912
http://doi.org/10.1016/j.dsx.2020.11.012
http://www.ncbi.nlm.nih.gov/pubmed/33395782
http://doi.org/10.1007/s12560-017-9322-4
http://www.ncbi.nlm.nih.gov/pubmed/29022248

Genes 2022, 13, 706 18 of 19

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

Atanasova, N.D.; Dey, R.; Scott, C.; Li, Q.; Pang, X.L.; Ashbolt, N.J. Persistence of Infectious Enterovirus within Free-Living
Amoebae—A Novel Waterborne Risk Pathway? Water Res. 2018, 144, 204-214. [CrossRef]

Berbudi, A.; Ajendra, J.; Wardani, A.P.F; Hoerauf, A.; Hiibner, M.P. Parasitic Helminths and Their Beneficial Impact on Type 1
and Type 2 Diabetes. Diabetes/Metab. Res. Rev. 2016, 32, 238-250. [CrossRef]

Esposito, S.; Mariotti Zani, E.; Torelli, L.; Scavone, S.; Petraroli, M.; Patianna, V.; Predieri, B.; lughetti, L.; Principi, N. Childhood
Vaccinations and Type 1 Diabetes. Front. Immunol. 2021, 12, 667889. [CrossRef]

Inns, T.; Fleming, K.M.; Iturriza-Gomara, M.; Hungerford, D. Paediatric Rotavirus Vaccination, Coeliac Disease and Type 1
Diabetes in Children: A Population-Based Cohort Study. BMC Med. 2021, 19, 147. [CrossRef]

Yue, T,; Sun, E; Yang, C.; Wang, F,; Luo, ].; Yang, P; Xiong, F; Zhang, S.; Yu, Q.; Wang, C.-Y. The AHR Signaling Attenuates
Autoimmune Responses During the Development of Type 1 Diabetes. Front. Immunol. 2020, 11, 1510. [CrossRef]

Levet, S.; Charvet, B.; Bertin, A.; Deschaumes, A.; Perron, H.; Hober, D. Human Endogenous Retroviruses and Type 1 Diabetes.
Curr. Diabetes Rep. 2019, 19, 141. [CrossRef]

Dechaumes, A.; Bertin, A.; Sane, F,; Levet, S.; Varghese, J.; Charvet, B.; Gmyr, V.; Kerr-Conte, J.; Pierquin, J.; Arunkumar, G.; et al.
Coxsackievirus-B4 Infection Can Induce the Expression of Human Endogenous Retrovirus W in Primary Cells. Microorganisms
2020, 8, 1335. [CrossRef]

Pircalabioru, G.G.; Corcionivoschi, N.; Gundogdu, O.; Chifiriuc, M.-C.; Marutescu, L.G.; Ispas, B.; Savu, O. Dysbiosis in the
Development of Type I Diabetes and Associated Complications: From Mechanisms to Targeted Gut Microbes Manipulation
Therapies. Int. . Mol. Sci. 2021, 22, 2763. [CrossRef] [PubMed]

Priyadarshini, M.; Lednovich, K.; Xu, K.; Gough, S.; Wicksteed, B.; Layden, B.T. FFAR from the Gut Microbiome Crowd: SCFA
Receptors in T1D Pathology. Metabolites 2021, 11, 302. [CrossRef] [PubMed]

Mokhtari, P.; Metos, J.; Anandh Babu, P.V. Impact of Type 1 Diabetes on the Composition and Functional Potential of Gut
Microbiome in Children and Adolescents: Possible Mechanisms, Current Knowledge, and Challenges. Gut Microbes 2021, 13,
1-18. [CrossRef]

Monsted, M.@.; Falck, N.D.; Pedersen, K.; Buschard, K.; Holm, L.J.; Haupt-Jorgensen, M. Intestinal Permeability in Type 1
Diabetes: An Updated Comprehensive Overview. J. Autoimmun. 2021, 122, 102674. [CrossRef] [PubMed]

Miranda, M.C.G.; Oliveira, R.P; Torres, L.; Aguiar, S.L.F,; Pinheiro-Rosa, N.; Lemos, L.; Guimaraes, M.A.; Reis, D,; Silveira, T.;
Ferreira, E.; et al. Abnormalities in the Gut Mucosa of Non-Obese Diabetic Mice Precede the Onset of Type 1 Diabetes. J. Leukoc.
Biol. 2019, 106, 513-529. [CrossRef] [PubMed]

Fulci, V,; Stronati, L.; Cucchiara, S.; Laudadio, I.; Carissimi, C. Emerging Roles of Gut Virome in Pediatric Diseases. Int. J. Mol. Sci.
2021, 22, 4127. [CrossRef]

Cinek, O.; Kramna, L.; Ann, M.; Ibekwe, U.; Ahmadov, G.; Mukhtar, B.; Elmahi, E.; Mekki, H.; Lebl, J.; Ahmed, M. Eukaryotic
Viruses in the Fecal Virome at the Onset of Type 1 Diabetes: A Study from Four Geographically Distant African and Asian
Countries. Pediatr. Diabetes 2021, 22, 558-566. [CrossRef]

Salamon, D.; Sroka-Oleksiak, A.; Gurgul, A.; Arent, Z.; Szopa, M.; Bulanda, M.; Matecki, M.T.; Gosiewski, T. Analysis of the
Gut Mycobiome in Adult Patients with Type 1 and Type 2 Diabetes Using Next-Generation Sequencing (NGS) with Increased
Sensitivity—Pilot Study. Nutrients 2021, 13, 1066. [CrossRef]

Wernroth, M.L.; Fall, K.; Svennblad, B.; Ludvigsson, ].E; Sjolander, A.; Almqvist, C.; Fall, T. Early Childhood Antibiotic Treatment
for Otitis Media and Other Respiratory Tract Infections Is Associated with Risk of Type 1 Diabetes: A Nationwide Register-Based
Study with Sibling Analysis. Diabetes Care 2020, 43, 991-999. [CrossRef]

Paun, A; Yau, C.; Meshkibaf, S.; Daigneault, M.C.; Marandi, L.; Mortin-Toth, S.; Bar-Or, A.; Allen-Vercoe, E.; Poussier, P.; Danska,
J.S. Association of HLA-Dependent Islet Autoimmunity with Systemic Antibody Responses to Intestinal Commensal Bacteria in
Children. Sci. Immunol. 2019, 4, eaau8125. [CrossRef]

Al Theyab, A.; Almutairi, T.; Al-suwaidi, A.M.; Bendriss, G.; McVeigh, C.; Chaari, A. Epigenetic Effects of Gut Metabolites:
Exploring the Path of Dietary Prevention of Type 1 Diabetes. Front. Nutr. 2020, 7, 188. [CrossRef] [PubMed]

Jiao, Y.; Wu, L.; Huntington, N.D.; Zhang, X. Crosstalk Between Gut Microbiota and Innate Immunity and Its Implication in
Autoimmune Diseases. Front. Immunol. 2020, 11, 282. [CrossRef] [PubMed]

Zhang, J.; Chen, L.M.; Zou, Y.; Zhang, S.; Xiong, F.; Wang, C.Y. Implication of Epigenetic Factors in the Pathogenesis of Type 1
Diabetes. Chin. Med. J. 2021, 134, 1031-1042. [CrossRef] [PubMed]

Farh, KK.H.; Marson, A.; Zhu, |.; Kleinewietfeld, M.; Housley, W.J.; Beik, S.; Shoresh, N.; Whitton, H.; Ryan, R.J.H.; Shishkin,
A.A; et al. Genetic and Epigenetic Fine Mapping of Causal Autoimmune Disease Variants. Nature 2015, 518, 337-343. [CrossRef]
[PubMed]

Barchetta, I.; Arvastsson, J.; Sarmiento, L.; Cilio, C.M. Epigenetic Changes Induced by Maternal Factors during Fetal Life:
Implication for Type 1 Diabetes. Genes 2021, 12, 887. [CrossRef] [PubMed]

Gao, P; Uzun, Y; He, B.; Salamati, S.E.; Coffey, ] K.M.; Tsalikian, E.; Tan, K. Risk Variants Disrupting Enhancers of TH1 and TREG
Cells in Type 1 Diabetes. Proc. Natl. Acad. Sci. USA 2019, 116, 7581-7590. [CrossRef] [PubMed]

Cerna, M. Epigenetic Regulation in Etiology of Type 1 Diabetes Mellitus. Int. J. Mol. Sci. 2020, 21, 36. [CrossRef]

Johnson, R.K; Vanderlinden, L.A.; Dong, F,; Carry, PM; Seifert, J.; Waugh, K.; Shorrosh, H.; Fingerlin, T.; Frohnert, B.L; Yang, I.V.;
et al. Longitudinal DNA Methylation Differences Precede Type 1 Diabetes. Sci. Rep. 2020, 10, 3721. [CrossRef]


http://doi.org/10.1016/j.watres.2018.07.023
http://doi.org/10.1002/dmrr.2673
http://doi.org/10.3389/fimmu.2021.667889
http://doi.org/10.1186/s12916-021-02017-1
http://doi.org/10.3389/fimmu.2020.01510
http://doi.org/10.1007/s11892-019-1256-9
http://doi.org/10.3390/microorganisms8091335
http://doi.org/10.3390/ijms22052763
http://www.ncbi.nlm.nih.gov/pubmed/33803255
http://doi.org/10.3390/metabo11050302
http://www.ncbi.nlm.nih.gov/pubmed/34064625
http://doi.org/10.1080/19490976.2021.1926841
http://doi.org/10.1016/j.jaut.2021.102674
http://www.ncbi.nlm.nih.gov/pubmed/34182210
http://doi.org/10.1002/JLB.3HI0119-024RR
http://www.ncbi.nlm.nih.gov/pubmed/31313381
http://doi.org/10.3390/ijms22084127
http://doi.org/10.1111/pedi.13207
http://doi.org/10.3390/nu13041066
http://doi.org/10.2337/dc19-1162
http://doi.org/10.1126/sciimmunol.aau8125
http://doi.org/10.3389/fnut.2020.563605
http://www.ncbi.nlm.nih.gov/pubmed/33072796
http://doi.org/10.3389/fimmu.2020.00282
http://www.ncbi.nlm.nih.gov/pubmed/32153586
http://doi.org/10.1097/CM9.0000000000001450
http://www.ncbi.nlm.nih.gov/pubmed/33813508
http://doi.org/10.1038/nature13835
http://www.ncbi.nlm.nih.gov/pubmed/25363779
http://doi.org/10.3390/genes12060887
http://www.ncbi.nlm.nih.gov/pubmed/34201206
http://doi.org/10.1073/pnas.1815336116
http://www.ncbi.nlm.nih.gov/pubmed/30910956
http://doi.org/10.3390/ijms21010036
http://doi.org/10.1038/s41598-020-60758-0

Genes 2022, 13, 706 19 of 19

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.
150.

151.

152.

153.

154.

155.

Fasolino, M.; Goldman, N.; Wang, W.; Cattau, B.; Zhou, Y.; Petrovic, J.; Link, V.M.; Cote, A.; Chandra, A.; Silverman, M.; et al.
Genetic Variation in Type 1 Diabetes Reconfigures the 3D Chromatin Organization of T Cells and Alters Gene Expression.
Immunity 2020, 52, 257-274.e11. [CrossRef]

Dieter, C.; Lemos, N.E.; de Faria Corréa, N.R.; Assmann, T.S.; Crispim, D. The Impact of LncRNAs in Diabetes Mellitus: A
Systematic Review and In Silico Analyses. Front. Endocrinol. 2021, 12, 602597. [CrossRef]

Grieco, G.E.; Fignani, D.; Formichi, C.; Nigi, L.; Licata, G.; Maccora, C.; Brusco, N.; Sebastiani, G.; Dotta, F. Extracellular Vesicles
in Immune System Regulation and Type 1 Diabetes: Cell-to-Cell Communication Mediators, Disease Biomarkers, and Promising
Therapeutic Tools. Front. Immunol. 2021, 12, 682948. [CrossRef] [PubMed]

Shi, Q.; Yao, H. Signature RNAS and Related Regulatory Roles in Type 1 Diabetes Mellitus Based on Competing Endogenous
RNA Regulatory Network Analysis. BMIC Med. Genom. 2021, 14, 133. [CrossRef] [PubMed]

Tesovnik, T.; Kovag, J.; Pohar, K.; Hudoklin, S.; Dov¢, K.; Bratina, N.; Trebusak Podkrajsek, K.; Debeljak, M.; Verani¢, P.; Bosi, E.;
et al. Extracellular Vesicles Derived Human-MiRNAs Modulate the Immune System in Type 1 Diabetes. Front. Cell Dev. Biol.
2020, 8, 202. [CrossRef] [PubMed]

Giri, K.R.; de Beaurepaire, L.; Jegou, D.; Lavy, M.; Mosser, M.; Dupont, A.; Fleurisson, R.; Dubreil, L.; Collot, M.; Van Endert, P,;
et al. Molecular and Functional Diversity of Distinct Subpopulations of the Stressed Insulin-Secreting Cell’s Vesiculome. Front.
Immunol. 2020, 11, 1814. [CrossRef]

Garavelli, S.; Bruzzaniti, S.; Tagliabue, E.; Prattichizzo, F; Di Silvestre, D.; Perna, F,; La Sala, L.; Ceriello, A.; Mozzillo, E.;
Fattorusso, V.; et al. Blood Co-Circulating Extracellular Micrornas and Immune Cell Subsets Associate with Type 1 Diabetes
Severity. Int. . Mol. Sci. 2020, 21, 477. [CrossRef]

Jankauskas, S.S.; Gambardella, J.; Sardu, C.; Lombardi, A.; Santulli, G. Functional Role of MiR-155 in the Pathogenesis of Diabetes
Mellitus and Its Complications. Noncoding RNA 2021, 7, 39. [CrossRef]

Mattke, J.; Vasu, S.; Darden, C.M.; Kumano, K.; Lawrence, M.C.; Naziruddin, B. Role of Exosomes in Islet Transplantation. Front.
Endocrinol. 2021, 12, 681600. [CrossRef]

Mishto, M.; Mansurkhodzhaev, A.; Rodriguez-Calvo, T.; Liepe, J. Potential Mimicry of Viral and Pancreatic 3 Cell Antigens
Through Non-Spliced and Cis-Spliced Zwitter Epitope Candidates in Type 1 Diabetes. Front. Immunol. 2021, 12, 656451. [CrossRef]
Liu, C.; Li, N.; Liu, G. The Role of MicroRNAs in Regulatory T Cells. J. Immunol. Res. 2020, 2020, 3232061. [CrossRef]
Januszewski, A.S.; Cho, Y.H.; Joglekar, M.V.; Farr, R.J.; Scott, E.S.; Wong, WK.M.; Carroll, L.M.; Loh, Y.W.; Benitez-Aguirre, P.Z.;
Keech, A.C,; et al. Insulin Micro-Secretion in Type 1 Diabetes and Related MicroRNA Profiles. Sci. Rep. 2021, 11, 11727. [CrossRef]
Wang, Z.; Deng, C.; Zheng, Y. Involvement of CircRNAs in Proinflammatory Cytokines-Mediated 3-Cell Dysfunction. Mediat.
Inflamm. 2021, 2021, 5566453. [CrossRef] [PubMed]

Campbell-Thompson, M.L.; Filipp, S.L.; Grajo, ].R.; Nambam, B.; Beegle, R.; Middlebrooks, E.H.; Gurka, M.].; Atkinson, M.A;
Schatz, D.A.; Haller, M.]. Relative Pancreas Volume Is Reduced in First-Degree Relatives of Patients with Type 1 Diabetes. Diabetes
Care 2019, 42, 281-287. [CrossRef] [PubMed]

Dunne, ].L.; Richardson, S.J.; Atkinson, M.A.; Craig, M.E.; Dahl-jergensen, K.; Flodstrom-Tullberg, M.; Hyoty, H.; Insel, R.A;
Lernmark, A.; Lloyd, R.E.; et al. Rationale for Enteroviral Vaccination and Antiviral Therapies in Human Type 1 Diabetes.
Diabetologia 2019, 62, 744-753. [CrossRef] [PubMed]

Hyoty, H.; Leon, E; Knip, M. Developing a Vaccine for Type 1 Diabetes by Targeting Coxsackievirus B. Expert Rev. Vaccines 2018,
17,1071-1083. [CrossRef] [PubMed]

Akil, A.A.S;; Yassin, E.; Al-Maraghi, A.; Aliyev, E.; Al-Malki, K.; Fakhro, K.A. Diagnosis and Treatment of Type 1 Diabetes at the
Dawn of the Personalized Medicine Era. . Transl. Med. 2021, 19, 137. [CrossRef] [PubMed]


http://doi.org/10.1016/j.immuni.2020.01.003
http://doi.org/10.3389/fendo.2021.602597
http://doi.org/10.3389/fimmu.2021.682948
http://www.ncbi.nlm.nih.gov/pubmed/34177928
http://doi.org/10.1186/s12920-021-00931-0
http://www.ncbi.nlm.nih.gov/pubmed/34006268
http://doi.org/10.3389/fcell.2020.00202
http://www.ncbi.nlm.nih.gov/pubmed/32296701
http://doi.org/10.3389/fimmu.2020.01814
http://doi.org/10.3390/ijms21020477
http://doi.org/10.3390/ncrna7030039
http://doi.org/10.3389/fendo.2021.681600
http://doi.org/10.3389/fimmu.2021.656451
http://doi.org/10.1155/2020/3232061
http://doi.org/10.1038/s41598-021-90856-6
http://doi.org/10.1155/2021/5566453
http://www.ncbi.nlm.nih.gov/pubmed/34054343
http://doi.org/10.2337/dc18-1512
http://www.ncbi.nlm.nih.gov/pubmed/30552130
http://doi.org/10.1007/s00125-019-4811-7
http://www.ncbi.nlm.nih.gov/pubmed/30675626
http://doi.org/10.1080/14760584.2018.1548281
http://www.ncbi.nlm.nih.gov/pubmed/30449209
http://doi.org/10.1186/s12967-021-02778-6
http://www.ncbi.nlm.nih.gov/pubmed/33794915

	Introduction 
	Pathology of -Cells 
	Genetic Predisposition 
	Environmental Risk Factors in Connection to Genetic Predisposition 
	Viral Infections 
	Endogenized Viral Elements in the Genome 
	Gut Biome 

	Epigenetic Factors in T1D Pathology 
	Extracellular Vesicles and Non-Coding RNAs 
	Conclusions and Perspectives 
	References

