1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
J Autoimmun. Author manuscript; available in PMC 2019 November 01.

Published in final edited form as:
J Autoimmun. 2018 November ; 94: 7-15. doi:10.1016/j.jaut.2018.08.003.

INTERFERON ALPHA: THE KEY TRIGGER OF TYPE 1 DIABETES

Angela Lombardi!, Effie Tsomos?, Sara S. Hammerstad?:3, and Yaron Tomer?!
1Department of Medicine, Albert Einstein College of Medicine, Bronx, NY, USA

2Department of Endocrinology, Morbid Obesity and Preventive Medicine, Oslo University Hospital,
Aker, Oslo, Norway

3Department of Pediatrics, Oslo University Hospital, Ulleval, Oslo, Norway

Abstract

IFNa is a cytokine essential to a vast array of immunologic processes. Its induction early in the
innate immune response provides a priming mechanism that orchestrates numerous subsequent
pathways in innate and adaptive immunity. Despite its beneficial effects in viral infections IFNa
has been reported to be associated with several autoimmune diseases including autoimmune
thyroid disease, systemic lupus erythematosus, rheumatoid arthritis, primary biliary cholangitis,
and recently emerged as a major cytokine that triggers Type 1 Diabetes. In this review, we dissect
the role of IFNa in T1D, focusing on the potential pathophysiological mechanisms involved.

Evidence from human and mouse studies indicates that IFNa. plays a key role in enhancing islet
expression of HLA-I in patients with T1D, thereby increasing autoantigen presentation and beta
cell activation of autoreactive cytotoxic CD8 T-lymphocytes. The binding of IFNa to its receptor
induces the secretion of chemokines, attracting monocytes, T lymphocytes, and NK cells to the
infected tissue triggering autoimmunity in susceptible individuals. Furthermore, IFNa impairs
insulin production through the induction of endoplasmic reticulum stress as well as by impairing
mitochondrial function.

Due to its central role in the early phases of beta cell death, targeting IFNa and its pathways in
genetically predisposed individuals may represent a potential novel therapeutic strategy in the very
early stages of T1D.
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1. Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by immune-mediated
pancreatic beta cell destruction and its incidence has been rapidly increasing worldwide in
the past decades [1]. The progressive rise of T1D and the lower threshold for developing the
disease have led to the conclusion that environmental factors are greatly influencing its
etiology [2, 3]. Even though genetic risk factors play a major role in T1D development, the
rapid increase in the incidence of T1D in the last 70 years demonstrates that environmental
factors must play a crucial role, too [4, 5]. Indeed, the differences in the concordance rate
between monozygotic twins, and seasonal and geographical variations in the incidence of
T1D point to the involvement of nongenetic factors in T1D pathogenesis [6]

IFNa, crucial in both innate and adaptive immunity, has received increasing attention for its
functional contribution to the development of autoimmune responses, representing a
fundamental link between genetics, immune system, and environmental factors. Human and
murine studies pinpoint a key role of IFNa in the pathophysiology of T1D; IFNa is
responsible for generating an inflammatory milieu facilitating the diabetogenic adaptive
response especially in mice or patients carrying T1D susceptibility genes. Of note, therapies
that neutralize IFNa have been shown to suppress the beta cell dysfunction that precedes the
onset of T1D [7-9].

Interferons were discovered in 1957, named for their ability to interfere with viral replication
[10]. In addition to being antiviral agents, interferons have immune-modulating,
antiproliferative, and antineoplastic effects and act as regulators of growth and
differentiation. IFNa., in particular, is a key cytokine of the innate response produced by the
immune system to combat unrecognized organisms and cells including viruses and tumor
cells. Because of its strong anti-viral effect, until recently IFNa was the mainstay of
treatment of chronic hepatitis C and is still used to treat certain cancers. Interestingly, IFNa
has been associated with several autoimmune disorders besides T1D, including AITD
(autoimmune thyroid disease), SLE (systemic lupus erythematosus), RA (rheumatoid
arthritis), and PBC (primary biliary cholangitis) [11-17]. In this review, we dissect the
literature linking IFNa to autoimmunity focusing on T1D and the potential molecular
mechanisms underlying such association.

2. The functional role of IFNa in Type 1 Diabetes

2.1 Evidence from human studies

Islet autoimmunity has been reported in individuals following IFNa therapy for chronic
hepatitis, as well as hematologic malignancies such as hairy cell leukemia, Kaposi’s
sarcoma, and non-Hodgkin’s limphoma [18-20], suggesting a link between IFNa and islet
autoimmunity. The first case of T1D related to IFNa therapy was reported by Fabris et al. in
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1992 [21]; after that, in most reported cases, the onset of T1D occurred during or shortly
after treatment with IFNa [22].

Supporting a role for IFNa in the etiology of T1D, early studies by Foulis and colleagues
reported that the majority of beta cells collected from 37 patients with T1D were positive for
IFNa, and that 93% of islets displayed over-expression of HLA-I [23]. Hyperexpression of
HLAI is an early event that appears to be attributable to IFNa secretion, a feature observed
in T1D patients that may enhance beta cell immunogenicity. More recently, pancreatic
samples from the network of pancreatic organ donors (nPOD), living donors, and archival
collection from the UK also exhibited hyperexpression of HLA-I in islets from T1D patients
[16]. These new nPOD data are consistent with previous studies showing elevated
expression of IFNa in the pancreatic tissue of recently diagnosed T1D patients, and beta
cells from type 1 diabetic individuals contained immunoreactive IFNa [24, 25]. Similarly,
increased expression of IFNa-stimulated genes were reported in pancreatic biopsies of
patients with recent-onset T1D compared with islets from control organ donors [26].
Furthermore, Meyer at al. recently reported that selfreactive antibodies against IFNa were
associated with protection against T1D in patients with autoimmune polyglandular
syndrome type 1 that harbor mutations in the autoimmune regulator gene (AIRE gene).
AIRE-deficient patients that generated self-neutralizing antibodies specific for IFNa were
protected from T1D, whereas, patients that did not generate anti-IFNa antibodies developed
T1D [27]. Interestingly, IFNa but not IFN+y production was higher in PBMCs isolated from
patients with T1D compared with controls; and a specific subset of IFNa-producing
dendritic cells (DCs) called plasmacytoid dendritic cells (pDCs) [28] have been detected in
the blood of patients with T1D [29-31].

Few studies to date have focused on elucidating how IFNa signaling transforms the islet
milieu to a diabetogenic environment. Most likely, a genetic predisposition (e.g. patients
positive for DR3-DQ2 and/or DR4-DQ8 creates an islet environment permissive to IFNa-
induced beta cell cytotoxicity by cytotoxic CD8+ T-cells [32]. Corroborating this hypothesis,
recent GWAS studies in PBMCs from at-risk T1D children from Finnish (DIPP study) [33]
and German (BABYDIET study) cohorts [34] revealed that IFNa signature is temporally
increased in susceptible children prior to the development of autoantibodies, but not in
patients with established T1D. Supporting this notion, a recent genetic analysis suggested a
diabetogenic role for IFNa-induced genes in prediabetic children by identifying several
IFNa signaling and antiviral immune response genes that were linked to T1D [35, 36]. A
study comparing gene expression profiles of circulating blood cells from children at the
onset of T1D, first-degree relatives of T1D children with positive antibodies, and healthy
controls identified 107 distinct genes that were differentially expressed; one of the major
gene clusters was regulated by IFNa [37].

2.2 Evidence from animal models

Various rodent models have been used to study the relationship between IFNa and T1D [38,
39]. In mice, IFNa has been shown to directly affect pancreatic beta cells by inducing
cytokine and chemokine secretion and MHC-I expression, enhancing their susceptibility to
be attacked by diabetogenic T-cells [40]. In 1993, Stewart and his group developed a
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transgenic mouse model over-expressing IFNa in beta cells: these mice exhibited
inflammatory infiltrates within the islets alongside with beta cell necrosis, and fewer insulin-
containing cells; the disease severity correlated with the genetic background, in genetically
susceptible hosts [41-43].

More recent investigations by Qing Li et al. demonstrated that IFNa is an essential initiator
of T1D in NOD mice [44, 45]. Interestingly, transcriptional profiling of NOD islets and
pancreatic lymph nodes (isolated before T-cell infiltration) identified an IFNa-induced gene
signature, showing that islet exposure to IFNa is a key precipitating event in T1D
pathogenesis [46]. Elevated levels of pDCs, which are key producers of IFNa, were also
reported in pancreatic draining lymph nodes of young (2—3 weeks old) NOD mice,
supporting the notion that local IFNa produced by pDCs plays a critical role in T1D
etiology [47]. The relationship between IFNa and T1D in NOD mice was also confirmed in
mice lacking the interferon regulatory factor-1 (IRF-1-/- NOD mice) in which the
development of insulitis and diabetes was completely suppressed [48].

Additional support for the role of IFNa in triggering T1D came from studies in BB rats (that
spontaneously develop T1D) [49] and in low dose streptozotocin-treated mice that also
develop a T1D-like disease [42]. Taken together, these murine T1D models strongly suggest
that islet expression of IFNa is an early and critical step in the development of T1D and is
likely involved in the breakdown of beta-cell self-tolerance.

Most of the studies described so far showed an association between IFNa expression and
T1D, but not an actual causation. A more direct proof of causation came from studies
demonstrating that blocking IFNa or its receptor using antibodies can prevent the
development of diabetes in mice [41, 44]. Interestingly, IFNa but not IFNB was identified as
a required signal for autoreactive T-cells to enter the islets; similarly, blockade of IFNa but
not IFNP signaling prevented T1D by acting at the prediabetic stage in mice [9].

In summary, both human and rodent studies established a key role for local islet IFNa
production in initiating the autoimmune process in T1D.

3. IFNa in other autoimmune disorders

3.1 Thyroid disease

Many studies have reported that up to 40% of patients receiving IFNa for HCV infection
develop subclinical autoimmune thyroid disease (AITD) and up to 15% develop clinical
disease; we have designated this association as IFNa-induced thyroiditis (11T) [50]. IT
varies in presentation, and can be classified as autoimmune and non-autoimmune type.
Autoimmune IIT can manifest by the development of thyroid antibodies without clinical
disease, or by clinical disease including both Hashimoto’s thyroiditis and Graves’ disease
[50-52]. In IIT, the production of antibodies against thyroid peroxidase (TPO) and
thyroglobulin (Tg) can be induced de novo or increased by IFNa therapy, thus causing
thyroid autoimmunity [53]. As in the islets IFNa. can increase HLA class | expression on
thyroid cells with cytotoxic T-cells activation, triggering proinflammatory cytokines
associated with AITD (such as IL-6) [54]. In addition to its immune effects, we and others
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have shown that IFNa has direct toxic effects on the thyroid gland and that these effects
significantly contribute to the development of nonautoimmune I T (existing in two forms,
destructive thyroiditis and hypothyroidism) in genetic predisposed patients [55-57]. We
showed that IFNa can directly cause thyrocyte death as well as activate pathways of antigen
presentation, pattern recognition receptors, and cytokines/chemokines in thyroid cells [56].

3.2 Systemic Lupus Erythematosus

A frequently reported rheumatologic complication of IFNa therapy is SLE. Patients
receiving IFNa can experience typical manifestations of SLE such as malar rash and lupus
nephritis while exhibiting lupus specific antibodies; of note, some patients present antibodies
without clinical manifestations of lupus, developing a “lupus like” syndrome. Intriguingly,
most of these cases resolve or improve after discontinuation of IFNa therapy strongly
suggesting that IFNa directly triggers the induction or exacerbation of SLE [13]. Moreover,
microarray studies evaluating PBMCs of SLE patients, have revealed gene expression
signatures of IFNa inducible transcripts, showing that IFNa can be exploited as a marker of
disease severity [58]. Additionally, SLE patients themselves were found to overproduce
IFNa., and this phenomenon might have a pivotal role in the disease pathogenesis and in the
premature development of atherosclerosis observed in SLE [59]. Indeed, sera from patients
with SLE have been shown to form immune complexes with necrotic material and induce
IFNa release from pDCs [60]. Murine models of lupus have also provided direct evidence of
the pathogenic role of pDCs and targeting pDCs is being pursued as a potential treatment
strategy [61, 62]. The strongest evidence for a direct pathogenic role of IFNa in SLE comes
from recent clinical trials blocking IFNa or its receptor in SLE. For istance, anifrolumab, a
monoclonal antibody against IFNa receptor has been successfully used in moderate to
severe SLE, reducing proinflammatory cytokines (such as IL-6, IL-8 and and B cell
differentiation /n vitro [63].

3.3 Primary biliary cholangitis

PBC is a chronic cholestatic disease predominantly affecting females that is characterized by
serum autoantibodies against mitochondrial antigens, elevated serum immunoglobulin M,
progressive destruction of intrahepatic bile ducts, and, ultimately, liver cirrhosis and failure
[64, 65]. The precise mechanisms leading to selective destruction of biliary epithelial cells
are still unknown, although numerous immunomediated pathways have been proposed. Of
note, the only currently established treatment for PBC is ursodeoxycholic acid (UDCA) and
its active ingredient tauroursodeoxycholic acid (TUDCA), both chemical chaperons that
reverse ER stress, suggesting an involvement of ER stress-induced apoptosis in the biliary
epithelial lesion of PBC [66]. Epidemiological studies in PBC have suggested that the cause
for this disease is likely to be a combination of both environmental factors and a genetic
predisposition [67]. The disease has incomplete concordance in monozygotic twins and its
incidence has increased over recent decades suggesting a strong role for environmental
factors in its etiology [69]. Molecular mimicry by infectious agents has been proposed to be
capable of breaking tolerance in genetically predisposed individuals, thus leading to onset of
PBC [68]. This is a plausible mechanism because of the propensity of several viruses to
specifically target the liver. Recent evidence indicates a role for infections in the induction of
PBC; and numerous specific organisms, including viruses, have been investigated as
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possible agents involved in PBC [70-72]. Interestingly, polyinosinic polycytidylic acid (poly
I:C), an inducer of IFNa, generated a PBClike cholangitis when administered to genetically

susceptible mice [73]. Of note, IFNa signaling itself has been implicated in a murine model

of PBC, suggesting that drugs targeting the IFNa pathway could be potentially beneficial in

the earlier stages of PBC [74]. In PBC patients, the IFNa levels were significantly higher in

portal tract and liver parenchyma as compared to levels in autoimmune hepatitis and chronic
viral hepatitis patients indicating that IFNa pathways are involved in the pathophysiology of
PBC [17]. Furthermore, PBC was exacerbated or induced by IFNa therapy [75-77].

3.4 Rheumatoid Arthritis and other diseases

RA is another disease that has been reported to ensue following IFNa therapy, but this is
relatively less common compared with other autoimmune disorders [14, 78-80]. In 1979,
Notkins and colleagues described for the first time the presence of IFNa in the serum of
patients with RA [81, 82]. However, the exact role of IFNa in the pathophysiology of RA is
controversial and remains under investigation. Genetic analyses document an association of
IFNa-pathway genes with RA, similar to what was observed in SLE patients [83]. Of
interest, several IFNa-related genes have been identified as risk loci for RA; moreover,
recent data demonstrate co-expression of Toll-like receptors (TLRs, especially isoforms 3
and 7) and IFNa in synovial biopsies, suggesting that IFNa stimulated pathways could
represent a link between innate and adaptive immune response in RA [84, 85]. While the
relevance of the IFNa signature to RA disease activity and progression remains unclear,
recent studies suggest that the presence of IFNa in circulation may predict the response to
immunotherapy in RA [86, 87]. Patients with low levels of IFNa signature had better
clinical response to therapy [86, 88], suggesting that IFNa. can serve as a biomarker for
predicting or monitoring the response to biologics in RA.

While much less common, other syndromes have also been observed in patients treated with
IFNa, including (but not limited to) hypoparathyroidism [89, 90], celiac disease [91-93],
myasthenia gravis [94, 95], Guillain-Barré syndrome [94], polymyositis [94], acute and
chronic demyelinating polyneuropathy [94], psoriasis [96], vitiligo [97], both psoriasis and
vitiligo [98], porphyria cutanea tarda [99], autoimmune hemolysis [100, 101], myositis and
polymyositis [102], sarcoidosis [103] and retinal hemorrhage [104].

4. The diabetic islet: sources of IFNa

4.1 Viral sources

Several mechanisms have been proposed to explain the induction of islet-IFNa in T1D and
how IFNa promotes early disease phases. Bacteria, vitamin D, wheat proteins, and cow’s
milk have all been investigated with regard to T1D, but the strongest associations have been
found with viral infections, corroborated by extensive epidemiological studies, as well [105,
106]. Viruses, specifically enteroviruses, have been shown to be one of the major
environmental triggers of T1D [107, 108]. Early childhood infections are linked to islet
autoimmunity and progression to T1D in children with genetic susceptibility [109].
Furthermore, epidemiological studies support a role for enteroviral infections in T1D
development; in particular, increased incidence of T1D followed enterovirus epidemics
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[110]. Interestingly, staining of postmortem pancreatic tissues from T1D patients revealed
enteroviral proteins [105, 111]. Similarly, Honkanen et al. showed that the presence of
enteroviral RNA in stool (detected by PCR) preceded islet autoimmunity in genetically
susceptible T1D children [112]. Moreover, antibodies against enterovirus immunoglobulin
M and enteroviral RNA were detected in the blood of recent-onset T1D patients [113, 114].
Recently Krogvold et al performed islet biopsies in T1D patients 3-9 weeks after the
diagnosis of T1D; interestingly, enteroviral capsid protein 1 was detected in 6/6 T1D islets
and in 2/9 controls, and enteroviral RNA sequences were detected in 4/6 patients and none
of the controls [115]. The same group showed that pancreatic islets from T1D donors had an
increased frequency of viral receptors compared with controls [116], resulting in production
of IFNa, induction of adhesion molecules, and increased interaction with immune cells
[117]. Finally, our group recently showed that human pancreatic islets can be infected /n
vitro by the hepatitis C virus, providing the first direct evidence that viruses can infect islet
cells and offering a new mechanism for the association between diabetes and HCV infection
[118]. The mechanistic contributions of other viruses such as herpesvirus, rotaviruses,
retroviruses, measles virus and influenza virus have also been explored in the
pathophysiology of T1D [108, 119].

The presence of IFNa gene signature in the early phases of T1D and its absence in protected
individuals strongly implicates viruses in the disease. A critical unanswered question is why
only the beta cells become infected and then targeted by the immune system, whereas
pancreatic alpha cells remain mostly unaffected; indeed different groups could detect major
capsid VP1 protein only in insulin-containing islets [105, 111]. Recent studies suggest that
the viral cycle is initiated in both alpha and beta cells but alpha cells are able to control viral
amplification, leading to an abortive infection. The ability to clear infections could explain
why VP1 labelling is not detected in the alpha cells of infected human islets after long
infection times or among patients with T1D [120, 121].

Taken together these data suggest that viral infection of beta cells, even if short-lived, will
lead to local production of IFNa that, in genetically predisposed individuals, will create a
diabetogenic environment by triggering local cytokine and chemokine production and influx
of antigen presenting cells and T-cells

4.1 Other sources

Whereas viruses are among the most potent inducers of IFNa., other agents are capable of
triggering the production of this cytokine including nucleic acids, fixed viral particles, and
recombinant viral proteins [122]. In T1D the apoptotic cellular debris, especially double-
strand DNA and single-strand RNA, activate pDCs via TLR-7 and TLR-9, leading to the
local production of large amounts of IFNa, which can perpetuate the diabetogenic islet
milieu. According to this model, dying beta cells will release DNA that will bind to TLRs
and activate IFNa production by pDCs cells promoting autoreactive T-cell priming [29].
Moreover, Lande et al. indentified in the sera of SLE patients immunogenic complexes
composed of neutrophilderived antimicrobial peptides and self-DNA. These complexes were
produced by activated neutrophils in the form of web-like structures known as neutrophil
extracellular traps that have been previously shown to bind TLR-9 on pDCs inducing
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secretion of high levels of IFNa [123]. Hence, induction of IFNa by uptake of mammalian
nucleic acids derived from apoptotic debris may amplify immunologic responses not only
against foreign pathogens, but also against selfantigens in genetically predisposed
individuals. IFNa can also be induced in human islets by hypoxia that develops as glucose
levels rise in T1D patients [124].

5. Mechanisms underlying IFNa induction of T1D

5.1 Immunologic mechanisms

The critical role of IFNa in linking innate and adaptive immunity has been recently
recognized both in mouse and human models leading to new insights into the possible
immune-mediated mechanisms by which IFNa can induce autoimmunity under different
physiological and pathological conditions [125]. Interestingly, autoimmune diseases
triggered by IFNa include both T-cell-mediated and antibody-mediated disease, indicating
that IFNa may exert a general stimulatory effect on the immune system in individuals
genetically predisposed to a specific autoimmune condition. By binding to its receptor,
IFNa activates several signaling pathways including JAK-STAT; upon phosphorylation,
STAT proteins are translocated to the nucleus where they activate the expression of
proinflammatory genes (including adhesion molecules and cytokine genes) that have been
suggested to trigger T1D in genetically susceptible individuals [126].

One of the major effects of IFNa on beta cells is the upregulation of HLA class | and
costimulatory molecules, leading to more efficient self-antigen presentation to previously
quiescent low-affinity autoreactive T-cells. Indeed, overexpression of HLA class | can
activate cytotoxic T-cells and direct the inflammatory response to the islets [127].

Furthermore, IFNa can stimulate IL-15 production from DCs leading to DCs maturation
[128] or promote the differentiation of DCs enhancing the expression of HLA class | and Il
along with costimulatory molecules such as CD40, CD80, and CD86 [129]. Interestingly,
DCs isolated from spleens of mice genetically deficient in IFNa exhibit a significant
impairment in T-cell activity showing that IFNa is an essential cytokine for T-cell activation,
by promoting their proliferation, survival, and increasing their effector functions [130]. The
ability of IFNa to stimulate T-cell helper functions (increasing antibody production) and
keeping memory cells alive in both mice and humans has been known for many years [131].

In T1D, IFNa can also be induced by products of tissue damage within the islets, thereby
generating a self-perpetuating immune response. A study by Diana et al. demonstrated that
tissue damage and pDCs have a critical role in the initiation of T1D; they showed that the
accumulation of beta cell debris (such as self DNA) activates IFNa—secreting pDCs in the
pancreas of NOD mice [46]. These data indicate the importance of innate immune cells
crosstalk in early stages of T1D, as shown in other diseases [132]. However, recent studies
support the notion that pDCs could harbor both pathogenic and protective functions during
T1D development, depending on the course of the disease, the infectious content, and the
localization of the cells [133, 134].
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B cells have been proposed to be involved in T1D pathogenesis as professional self-antigen
presenting cells, but there is little evidence for a diabetogenic role for islet autoantibodies.
IFNa is known to have direct effects on B cells, such as on proliferation, survival, activation,
autoantibody production, and lg isotype switching [135]. Interestingly, an altered B cell
receptor signaling threshold has also been observed in patients with T1D compared to
healthy controls [136]. In addition, the alteration in immunoglobulin production and the
decreased Treg function caused by IFNa can contribute to the development of T1D in
genetically susceptible individuals [137]. Similarly, macrophages, NK cells, and neutrophils
are also activated by IFNa [138, 139].

5.2 Non immunologic mechanisms

Prior to the symptomatic phase of T1D, pancreatic beta cells undergo critical pathological
changes; several studies point to direct toxic effects of IFNa on the islets as playing a role in
the pathogenesis of T1D. IFNa was shown to decrease insulin synthesis and secretion /n
vitro causing beta cell dysfunction [140, 141]. Of interest, our group has previously shown
that IFNa can induce autoimmune thyroiditis by a direct toxic effect on thyroid cells [56],
and we hypothesize that a similar mechanism could occur in the islets during T1D; in fact,
we recently demonstrated that IFNa participates in the early stages of T1D by causing an
endoplasmic reticulum (ER) stress-mediated impairment of insulin production [15]. In our
study, insulin content was significantly reduced, with a significantly increased
proinsulin:insulin ratio (a recognized marker of beta cell dysfunction in T1D) and a
decreased expression of both proinsulin convertases PC1 and PC2 [15]. Consistent with our
findings, ER stress has been recently proposed to play a role in inflammation-associated
tissue destruction [142], beta cell inflammation, and upregulation of HLA class | molecules
[143]. In particular, the ER stressinduced overexpression of HLA class | molecules is
associated with activation of cytotoxic Tcells and is a prominent early feature in the
development of T1D [144]. These findings may have translational implications since
blocking IFNa is now being tested in other autoimmune diseases [145].

Another potential mechanism by which IFNa induces beta-cell damage is by inducing
mitochondrial impairment [146, 147]; indeed, recent data suggest that effects of IFNa. on
mitochondrial gene expression and mitochondrial function may also be involved in the
physiopathology of T1D. Specifically, IFNa can suppress several mitochondrial genes and
can reduce electron transport and ATP levels, all of which can alter insulin production and
secretion in beta cells [148-150]. Similarly, IFNa can induce apoptosis via mitochondrial
permeability changes and, as mentioned before, apoptotic beta cells can themselves induce
IFNa expression, thereby creating a vicious cycle of inflammation and beta cell death [151].

IFNa can also suppress cell division, decreasing the ability of beta cells to replicate and
regenerate themselves, which can further worsen the progression of T1D [152]. Finally,
IFNa has been reported to impair the ability of insulin to stimulate glucose clearance [153] a
phenomenon that has been suggested to contribute to T1D [154].

Epigenetic modulation has been shown by us and others to be a critical factor in the etiology
of T1D [155, 156]. Of interest, our group has recently demonstrated that IFNa confers
susceptibility to AITD through epigenetic interactions with Tg variants [157], and it is likely
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that a similar effect of IFNa contributes to the development of T1D. Interestingly, Bonifacio
and his group have demonstrated that children delivered by cesarean section have a higher
risk of developing T1D compared to children born by vaginal delivery: this phenomenon is
attributable to an interaction with immune-related genes, in particular the IFN-induced
helicase 1 gene [158]. Finally, Miao and colleagues explored a novel epigenetic mechanism
by which high glucose levels can induce IFNa-stimulated genes in T1D revealing that IFNa
is also a major player in diabetic complications related to hyperglycemia [159]. Table 1
shows the different effects of IFNa in T1D; understanding these mechanistic pathways
might offer potential therapeutic opportunities.

6. Blocking IFNa in autoimmune diseases: therapeutic implications

The link between IFNa, ER stress and the pathogenesis of T1D has potential translational
implications. Indeed, compounds targeting molecular processes altered in ER-stressed beta
cells could represent an interesting new approach to prevent IFNa-induced beta cell death in
the early onset of T1D. The specific inhibition of JAK could also provide a potential
therapeutic strategy in T1D [160]. Given its important contribution to T1D development,
targeting IFNa itself, its receptor, or the cells secreting it (p0DCs) can potentially reverse
T1D in the early stages of the disease. Recent data showed that blocking IFNa. (but not
IFNP) signaling prior to clinical T1D disease using a specific antibody prevented beta cell
death in mice, demonstrating that IFNa is essential for autoreactive T-cell entry into the
islets [9]. Confirming the key role of IFNa in the etiology of autoimmune conditions,
monoclonal antibodies targeting IFNa or its receptor were effectively used in recent clinical
trials in SLE patients [63, 161]. Moreover, a therapeutic vaccine that induces anti-IFNa
antibodies is currently in preclinical development for SLE [162]. Taken together, these data
point to a new therapeutic approach in T1D using monoclonal antibodies or vaccines
targeting IFNa; if used in the early stages of T1D, such an approach can help preserving
beta cell function, thereby preventing the progression of the disease. However, blocking
IFNa may suppress the normal antiviral responses; indeed, the identification of vaccines
against key diabetogenic viruses could represent an alternative valid strategy to prevent beta
cell death [163]. Also, some compounds have shown efficacy in reducing viral amplification,
eradicating the virus and protecting human pancreatic islets [164-166]; antiviral treatment at
the prediabetic stage could eliminate persistent infection reducing the risk of T1D.

7. Conclusion

IFNa is the key cytokine of the innate immune response; it is induced by infections and
tissue stress and damage, both of which are believed to trigger autoimmune diseases. Local
IFNa production can trigger lymphocytic infiltration and activation. The binding of IFNa to
its receptor induces overexpression of HLA class | proteins and secretion of chemokines,
attracting monocytes, T lymphocytes, and NK cells to the infected tissue. This cascade of
immune responses can trigger autoimmunity in susceptible individuals. Moreover, IFNa
induces ER stress in human beta cells and the production of ER stress-modified autoantigens
is another important pancreatic islet hallmark in early T1D (Figure 1). Its dual effects of
activating innate and adaptive immune responses and causing direct tissue toxicity both play
a decisive role in IFNa-mediated progressive destruction of pancreatic beta cells, especially
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in the early stages of the disease. In conclusion, these effects pinpoint IFNa as a
fundamental modulator of inflammatory and ER stress responses in the early stage of T1D,
contributing to the progressive destruction of pancreatic beta cells.
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Highlights

. Upregulation of IFNa is associated with several autoimmune disorders.

. IFNa recently emerged as a key cytokine triggering T1D both in rodents and
in humans.

. IFNa triggers T1D through immune activation and direct beta-cell toxicity
mechanisms.

. IFNa upregulates HLA-I, cytokines, chemokines, and causes ER stress in
pancreatic islets.

. Targeting IFNa represents a potential therapeutic strategy in the early stages

of T1D.
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Figure 1. Mechanisms underlying IFNa-induced T1D
IFNa is produced by PDCs in response to infection. Binding to its receptor, IFNa induces

transcription of IFN-inducible genes leading to (1) antiviral effects, (2) epigenetic
modifications, (3) production of chemokines and proinflammatory cytokines, (4) increased
expression of HLAI, (5) decreased beta cell replication, (6) mitochondrial dysfunction, (7)
ER stress and (8) stimulation of cytotoxic T cells.
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Target Effect References
Dendridic Cells Increase IL-15 production; maturation; activation; survival; antigen [128-130]
presentation; expression of costimulatory molecules (CD80, CD86 and
CDA40)
T cells Activation; proliferation; survival; Thl deviation; increase effector [131-134]
functions with production of perforin, granzime and IFN
| logi . . . i - . .
mmunologic B cells Proliferation; survival; activation; Ig switching; antigen presentation [135, 136]
T reg cells Decrease suppressive activity [137
Macrophages Production of pro-inflammatory cytokines (IL6, TNFa) [138, 139]
NK cells Proliferation; cytotoxicity; ffNy production [138, 139]
Human beta cells Impairment of insulin production; impairment of proinsulin convertases; [15, 140, 141 143,
impairment of replication; HLA-I upregulation 144]
Non-immunologic Mitochondria Gene suppression; reduction of electron transport and ATP levels [146-151]
IFNa-induced genes Epigenetic modifications [158, 159]
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