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Type 1 diabetes (T1D) is caused by an autoimmune process which culminates in the destruction of insulin-producing beta cells in the pancreas. It is widely believed that a complex and multifactorial interplay between genetic and environmental factors, such as viruses, play a crucial role in the development of the disease. Research over the past few decades has shown that there is not one single viral culprit, nor one single genetic pathway, causing the disease. Rather, viral infections, most notably enteroviruses (EV), appear to accelerate the autoimmune process leading to T1D and are often seen as a precipitator of clinical diagnosis. In support of this hypothesis, the use of anti-viral drugs has recently shown efficacy in preserving beta cell function after onset of diabetes. In this review, we will discuss the various pathways that viral infections utilize to accelerate the development of T1D. There are three key mechanisms linking viral infections to beta-cell death: One is modulated by the direct infection of islets by viruses, resulting in their impaired function, another occurs in a more indirect fashion, by modulating the immune system, and the third is caused by heightened stress on the beta-cell by interferon-mediated increase of insulin resistance. The first two aspects are surprisingly difficult to study, in the case of the former, because there are still many questions about how viruses might persist for longer time periods. In the latter, indirect/immune case, viruses might impact immunity as a hit-and-run scenario, meaning that many or all direct viral footprints quickly vanish, while changes imprinted upon the immune system and the anti-islet autoimmune response persist. Given the fact that viruses are often associated with the precipitation of clinical autoimmunity, there are concerns regarding the impact of the recent global coronavirus-2019 (COVID-19) pandemic on the development of autoimmune disease. The long-term effects of COVID-19 infection on T1D will therefore be discussed, including the increased development of new cases of T1D. Understanding the interplay between viral infections and autoimmunity is crucial for advancing our knowledge in this field and developing targeted therapeutic interventions. In this review we will examine the intricate relationship between viral infections and autoimmunity and discuss potential considerations for prevention and treatment strategies.
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1 Introduction

Viral infections may be a principal trigger for immune system intolerance towards self-antigens, with, genetic factors and immunological fitness of the host determining susceptibility (1). Such immunological autoreactivity may lead to prevalent and debilitating autoimmune conditions such as rheumatoid arthritis (RA), neurodegenerative disorders, and type 1 diabetes (T1D). Viral infections impact many components of the immune system, and the complexity of these interactions contributes to our nominal understanding of why and how such infections may lead to autoimmunity. Therefore, whilst the notion of viral infections as an accelerator or trigger for autoimmunity is a long-standing theory that has been confirmed for some clinical cases, it often remains purely a hypothesis because many gaps in our knowledge of this subject remain.

T1D is a chronic autoimmune disease characterized by the selective destruction of insulin-producing beta-cells in the pancreas. The etiology of T1D is multifactorial and involves a complex interplay between genetic and environmental factors. One key genetic risk factor for T1D is the presence of specific human leukocyte antigen (HLA) alleles, such as HLA-DR3 and HLA-DR4, which are associated with an increased risk of developing T1D (2). Environmental factors that have been implicated in the development of T1D include viral infections, such as EVs, rotaviruses, and herpes viruses such as cytomegalovirus (3–5), as well as dietary factors, such as the early introduction of gluten (6). Mechanistically, T1D is characterized by the activation of autoreactive T cells (the majority of these being CD8+) that recognize and attack beta-cells in the pancreas, leading to their destruction and subsequent insulin deficiency (7). This process may be triggered by the presence of viral antigens that share structural similarities with beta cell antigens, leading to molecular mimicry and the activation of autoreactive T cells (8). Other mechanisms that have been proposed to contribute to T1D pathogenesis include the activation of autoreactive T cells via bystander activation or epitope spreading during inflammation (9), as well as the infiltration of the pancreas by other pro-inflammatory immune cells, which produce cytokines such as interferons or tumor necrosis factor (TNF), that could contribute to beta cell destruction(10) (Table 1).


Table 1 | Proposed underlying mechanisms for the potential role of viral infections in the development of autoimmunity with special emphasis on T1D.



In this article, we will discuss the potential role for viral infections on the development of autoimmunity, by critically examining the current evidence for the proposed underlying mechanisms. Whilst the review is focused on evidence relating to T1D, most of the principles and mechanisms could also apply to other autoimmune diseases. With the COVID-19 pandemic and subsequent observed increase of T1D and T2D cases following infection as an acute backdrop, we will also highlight investigations studying whether this serious and widespread viral infection could lead to a peak in the incidence of autoimmune illnesses. Towards the end of the review, we provide perspectives on current knowledge gaps and suggest how best to move the field forward with clinical investigations, which may potentially pave the way towards interventions which can prevent or reverse virally-induced autoimmunity.




2 Mechanisms



2.1 Checkpoints that normally prevent autoimmunity

Autoimmunity is the result of a loss of self-tolerance in the immune system, which then begins to attack its own cells or organs, resulting in their dysfunction or destruction. The appearance of circulating islet autoantibodies typically precedes the development of overt disease symptoms by some years. Insulin autoantibodies are frequently the first to emerge in young children, followed sequentially by any of the others (islet antigen 2 (IA-2), glutamic acid decarboxylase 65 (GAD-65) and zinc transporter 8 (ZnT8). At clinical onset, 95% of patients have antibodies to at least one of these beta cell proteins (11). Several factors play a part in determining the susceptibility of an individual towards the loss of immunologic self-tolerance, including age, sex, genetics, and specific environmental exposure. There are three major levels of security (‘checkpoints’) that prevent autoimmunity from becoming deleterious under normal circumstances. The first checkpoint occurs in the thymus, where the adaptive immune cell repertoire is shaped during its development. Traditionally, this process was believed to eliminate a significant number of cells with receptors that have high affinity for autoantigens (12). However, other authors suggest that the role of thymic deletion may be less significant than previously thought. It was shown an unexpected abundance of self-specific CD8+ T cells in the peripheral blood of healthy adults (37). This challenges the traditional view that thymic deletion is the primary mechanism for eliminating self-reactive T cells. Instead, it indicates a more nuanced mechanism where self-specific T cells are maintained in an anergic state in the periphery, rather than being predominantly deleted in the thymus. Defects in thymic selection can thus lead to increased autoimmunity (14), but the presence of these self-specific cells suggests additional layers of immune regulation.

Secondly, after passing through the thymus, immune homeostasis in the periphery is maintained by a pool of regulatory cells (Treg) (15). Such cells, in many cases, are characterized by low rates of proliferation, and expression of the IL-2 receptor and transcription factor FoxP3. Although earlier studies, such as those by Luczyński et al. (38) and Zahran et al. (39), have observed changes in Treg populations in children with newly diagnosed diabetes, it is increasingly recognized that the core issue lies in Treg dysfunction (13). This dysfunction is crucial in the progression of the disease, as it leads to inadequate suppression of CD4+ effector T cells. A key feature of this impaired regulatory mechanism is the STAT3-dependent resistance of Teffs to Treg-mediated control, a process surprisingly independent of IL-6 signaling pathways. These insights not only redefine our understanding of T1D but also open new possibilities for targeted immune therapy strategies (16). In animal models, the progression of T1D is influenced by experimental depletion or genetic deficiency of Treg (40). Anomalies in the structure of the IL-2 receptor have been noted in T1D, and the disruption of IL-2 synthesis by effector T cells has been proposed as a contributing factor to T1D development. The third checkpoint, for organ specific autoimmune diseases such as T1D, is maintenance of tolerance, or the camouflage of critically important cell types such as insulin-producing beta cells from immune recognition, locally at the target organ. The integrity of this third checkpoint may be disturbed by external factors such as local infections, disruption of natural barriers (skin, mucosa) or through changes in innervation. This is a process that has historically been under-appreciated but is probably of high importance, because it has become increasingly clear that most of us harbor significant numbers of auto-reactive T cells within our peripheral lymphoid organs and at target sites such as the pancreas (7, 17).

Amongst the environmental factors implicated as triggers for the development of autoimmunity, the exposure to pathogens such as viruses has been well-studied. There are several mechanisms by which viruses are thought to contribute to the development of autoimmunity: molecular mimicry, bystander activation, epitope spreading and unmasking of cryptic antigens, direct infection/persistence in the target organ and (in the case of T1D) systemic increase of insulin resistance through inflammation. The relative importance of these mechanisms varies across each autoimmune condition and has become clearer over the past decades – we will discuss each of the mechanisms and provide context based on more recent discoveries.




2.2 Molecular mimicry

Molecular mimicry which was first described in 1964 (41), refers to a phenomenon whereby viral or bacterial antigens share structural similarities with self-antigens, leading to the activation of autoreactive immune cells and the purported development of autoimmune diseases. Thus, molecular mimicry could play a role in the development of autoimmune diseases by triggering a cross-reactive immune response against self-antigens. When the immune system mounts a response against a pathogen with a molecular structure similar to that of a self-antigen, the immune response can also target that particular self-antigen, leading to a specific autoimmune reaction. For example, in rheumatic fever, an infection with the bacterium Streptococcus pyogenes can lead to the production of antibodies that cross-react with cardiac myosin, a protein found in the heart muscle. This can lead to damage to the heart tissue and the development of rheumatic heart disease (42). Similarly, in multiple sclerosis (MS), it is thought that the presence of a viral protein with a molecular structure that is similar to that of myelin (the protective coating around nerve fibers), such as the Epstein-Barr virus (EBV) protein may lead to a cross-reactive immune response towards myelin, resulting in damage to the nervous system and the development of MS following exposure to this virus (43).

In T1D, molecular mimicry, has also been proposed as a potential mechanism by which viral infections may trigger autoimmunity against the beta cells. Numerous studies have provided support for the role of molecular mimicry in T1D, including studies demonstrating the presence of viral antigens in the pancreas of patients with T1D and the ability of viral antigens to induce autoimmune responses in animal models (18–22). Proteins in viruses like Coxsackievirus, cytomegalovirus, enteroviruses, and rotavirus can mimic human antigens such as GAD65 and IA-2. This mimicry leads to cross-reactive immune responses, where the body’s immune system mistakenly targets its own cells, potentially contributing to the development of T1D (23).

Inflammation induced by exposure to a foreign antigen can lead to autoimmunity from cross-reactive epitopes. These epitopes are segments of foreign antigens which, when presented to either T or B cells in the context of the MHC, can activate CD4+ or CD8+ T cells. The induction of the immune response and subsequent proinflammatory cytokine release is critical for clearance of a virus or bacteria. However, a sustained proinflammatory response against specific host tissues can occur when there is sequence or structural homology between foreign antigens and self-antigens, termed molecular mimicry. Molecular mimicry proposes the activation of auto-aggressive T cells in T1D as the result of a virus carrying an epitope that strongly resembles certain structures on the beta cells, and which consequently induces a cross-reactive autoimmune response that eliminates not only the infecting virus but also pancreatic beta cellsAlthough, while it is possible to trigger T1D via molecular mimicry in engineered animal models (44), it has been difficult to prove that cross-reactivities play any role in human T1D - the reason is that one would have to induce tolerance to such cross-reactive epitopes, which to date has not been clinically possible. The second issue is that animal models have shown that molecular mimicry is unlikely to be acting on its own in otherwise non-autoimmune prone hosts, meaning that it is more likely that cross-reactivities merely push an already primed system over the brink, leading to clinical diagnosis (45). While the concept of molecular mimicry has been an important area of investigation in T1D research in recent years, proof that cross-reactivities play any role in triggering or accelerating autoimmunity will have to await the capability to induce epitope/antigen specific tolerance in humans.




2.3 Bystander activation

The ‘bystander activation’ hypothesis proposes that immune cells can be activated in response to a nearby inflammatory signal, even if the immune cell does not directly recognize a specific antigen. Mostly this occurs via the effects of locally-secreted cytokines such as IL-2 and innate immune activators. While it is known that inflammatory pathways can ‘license’ or activate antigen presenting cells (APCs) and that inflammation can activate immune cells through various pathways including TLRs, the term ‘bystander’ is probably the wrong term based on our current understanding for the following reasons: Firstly, if there are direct pathways activating cells, this is not a bystander phenomenon but instead a directional response and secondly, the evidence that adaptive immune cells that do not recognize antigens within an inflammatory lesion can erroneously be activated is non-existent. Instead, studies have shown that T cells which do not recognize antigens function as regulators by dampening the inflammation (24). This also makes much more sense in limiting excessive immune pathology and inflammation: If there are no driving antigens present, the immune response shuts down rather than propagating itself. The problem of autoimmunity is actually different: here self-antigens have inadvertently become driving antigens. Thus, we feel that bystander non-antigenic phenomena are not highly likely to contribute to the development of autoimmunity.




2.4 Epitope spreading to neoantigens and otherwise hidden (‘cryptic’) antigens

Epitope spreading is a process in which an immune response against one epitope (antibody binding site on a protein) leads to the recognition and response against additional epitopes. This phenomenon can occur during the progression of an autoimmune disease, where the initial immune response may be directed against a specific epitope, but as the disease progresses, the immune system may begin to recognize and respond to other epitopes on the same or different proteins. It has elegantly been shown to cause relapsing/remitting cycles of disease in the encephalomyelitis model for MS (46) – the new antigens might also be post-translationally modified antigens or so-called ‘cryptic’ antigens that are not usually displayed in the context of MHC on the surface of cells and are only revealed during inflammatory responses. In this case, incomplete thymic tolerance to such antigens might aggravate the problem, as more responder T and B cells might be present in the periphery.

Overall, the phenomenon of epitope spreading could be an important process in the development and progression of autoimmune diseases and may contribute to the broadening of the immune response against self-antigens. This process has been implicated in the development and progression of autoimmune diseases such as MS, RA, and systemic lupus erythematosus (SLE). Studies have shown that in many autoimmune diseases, epitope spreading occurs early in the disease process and is associated with increased disease severity (25–28). Mechanistically, one can easily envision that, once initiated with one antigen, for example insulin or GAD in the case of T1D – chronic inflammation and local activation of APCs will lead to presentation of more autoantigens, either in their native form or also altered, for example by disulfide bond formation, deamidation, citrullination, or phosphorylation (47). It is also known that individuals with autoantibodies to more than one autoantigen have a higher risk of progression to clinical disease. This has led to the widely held assumption that immune responses to all of these autoantigens and neo-antigens must contribute to disease pathogenesis (i.e. beta cell destruction). But do they? Lessons from animal models actually paint a different and more diverging picture here: Several models show that once an autoantigen such as insulin is in the ‘driver’s seat’ it remains there, regardless of whether other autoantigens also become targets (48, 49). In these models, while new autoantigens become a target of autoimmune responses, these newly formed responses do not accelerate the development of clinical disease in a tangible/relevant way. This insight is therapeutically relevant: If in a given patient, we suspect one autoantigen to be the driving antigen, we might only need to induce tolerance to this one antigen. This would make the daunting task of inducing antigenic tolerance a bit easier but would require identification of the original antigenic stimulus. A counterargument here is that – at least in its early stages – T1D appears to evolve in a relapsing-remitting fashion (29), as we often see no insulitis in pancreata of autoantibody positive organ donors. Therefore, it might be that each flare of islet destruction could be driven by different antigens, as it was for the case of the experimental autoimmune encephalomyelitis model for MS. We will only be able to resolve this puzzle in humans once we know how to induce antigen specific tolerance.




2.5 Persistent infections

Persistent infections are caused by pathogens that are able to evade or suppress the immune system and establish a long-term infection and they are thought to be one of several potential mechanisms that can lead to autoimmunity (30).

One example of this is the link between chronic hepatitis C virus (HCV) infection and the development of autoimmune disorders, such as cryoglobulinemia and autoimmune hepatitis (50). The persistent presence of HCV in the liver can trigger an immune response that targets not only the virus, but also the liver cells. This results in chronic inflammation and the production of autoantibodies that cause liver damage and autoimmune disease (51). Another example is the association between chronic infections with the bacterium Helicobacter pylori and autoimmune diseases, such as autoimmune gastritis and gastric cancer. The persistent presence of H. pylori in the stomach can trigger an immune response that targets both the bacteria and the gastric cells, resulting in chronic inflammation and the production of autoantibodies (52). In addition to such molecular mimicry, persistent infections can also contribute to the development of autoimmunity by inducing polyclonal B cell activation, leading to the production of autoantibodies. For example, chronic infection with EBV has been implicated in the development of SLE, where the virus can induce polyclonal B cell activation and the production of autoantibodies (53). Furthermore, persistent infections can also lead to the activation of Toll-like receptors (TLR), which are involved in the recognition of pathogen-associated molecular patterns. TLR activation can trigger the production of pro-inflammatory cytokines and chemokines, leading to chronic inflammation and tissue damage, and potentially contributing to the development of autoimmune diseases (54).

The emerging picture regarding the association between viral infections and T1D is, that it’s not likely that only one single virus is responsible for T1D acceleration. Rather, various viruses which are found at higher frequency in the pancreata from T1D patients (such as HSV 6)(55), are responsible. This leads us to believe that perhaps the pancreas from potential individuals with T1D might be more susceptible to viral infections in general, which then worsen autoimmunity and beta cell destruction. A meta-analysis has demonstrated that the presence of multiple virus-positive samples amplifies the risk of islet autoimmunity in early childhood, which gives further evidence for a potential role for viral persistence or prolonged infection in the development of T1D. Specifically, consecutive, or prolonged shedding of EV is strongly linked to autoimmune responses in the islets (31).

Nekoua et al. (32) previously discussed the hypothesis that viruses, particularly enteroviruses, may persist in patients with T1D. This persistence is indicated by the recurring detection of enteroviral RNA in leukocytes and mononuclear cells, rather than in serum or plasma. Additionally, in both new-onset and existing T1D, CD14+ monocytes are often found to contain enterovirus RNA. This finding supports the hypothesis that enteroviruses could remain in these immune cells beyond the initial infection phase, potentially influencing the development and course of T1D. The authors also propose that the persistence of Coxsackievirus B (CVB) in various sites, including the gut, blood cells, and the thymus, could act as a reservoir for infection or reinfection of the pancreas. This may result in a disturbance of central tolerance, potentially leading to islet autoimmunity and the development of T1D.




2.6 Mechanisms of viral-induced insulin resistance

In addition to direct beta cell damage, viral infections can induce insulin resistance through the release of interferons, primarily type I interferons (IFN-α and IFN-β) (56) (Figure 1). Interferons are key mediators of the antiviral immune response and play a critical role in host defence to viral infections. However, their sustained production during chronic viral infections or repeated acute infections can lead to insulin resistance. Interferons activate the JAK-STAT signalling pathway, which interferes with insulin signalling and impairs glucose uptake and utilization in peripheral tissues, including skeletal muscle, liver, and adipose tissue (33). In addition, even temporary increase of insulin resistance will exert additional stress on beta cells by increasing demand. The “accelerator hypothesis” was previously discussed and suggests that increased body weight raises the demand for insulin, stressing beta cells and making them more susceptible to autoimmune attacks (34). Obesity-related ectopic lipid deposition in islets also triggers beta cell apoptosis, contributing to T1D onset. Furthermore, adipose tissue produces adipokines that generate reactive oxygen species and pro-inflammatory molecules, leading to a dysfunctional antioxidant system and insulin resistance (35, 36). This can increase stress and thus indirectly increase the risk for augmenting beta cell autoimmunity. Furthermore, there is a higher likelihood that the beta cell mass will suddenly become insufficient, thus precipitating clinical diagnosis of diabetes (57). Consequently, this effect can precipitate the development of both T1D and T2D.




Figure 1 | Mechanisms of viral-induced insulin resistance - (1) Virus approaching beta-cell; (2) beta-cell direct damage by viral infection; (3-4) Binding of interferon-γ (IFNγ) to the receptor leads the activation of Janus kinase 1 (JAK1) and JAK2 to undergo autophosphorylation, and to phosphorylate both IFNGR subunits. This leads to recruitment of signal transducer and activator of transcription 1 (STAT1), which binds to IFNGR1 and is phosphorylated in the C terminus by JAK1 and JAK2. Phosphorylated STAT1 monomers form homodimers and translocate to the nucleus, where they bind to IFNγ-activation site (GAS) elements in IFN-stimulated genes (ISG) and activate their transcription. IFNγ exerts multiple effects on immune responses, including innate immunity through its effects on monocytes and macrophages, adaptive immunity through its effects on T cells and B cells, and the inflammatory process through its effects on non-immune cell type. (5) reduced binding of insulin to receptor; and (6) impairment of glucose uptake by peripheral tissues, leading to a reduced translocation of GLUT4 to the cell membrane. (7) Resulting in a temporary hyperglycemia caused by insulin resistance.







3 COVID-19

The relationship between coronavirus disease 2019 (COVID-19; caused by the SARS-CoV-2 virus) and autoimmunity is still being studied, but there is some evidence to suggest that COVID-19 may trigger autoimmune reactions in some people. However, recently a large-scale pediatric study conducted in the TEDDY cohort did not show any enhancement of autoimmunity following SARS-CoV-2 infection (58). Thus, the situation remains unclear.

One theory is that SARS-CoV-2infection that causes – in some cases - an overactive immune response, can lead to tissue damage through inflammation. As coronaviruses can infect the pancreas as well, this might accelerate diabetes development in some cases (59). Indeed, there is some evidence that the global pandemic nature of COVID-19 may have caused an increased incidence of T1D. A meta-analysis of 38,149 newly diagnosed cases of T1D in children and adolescents found that the incidence rate was 1.14 times higher in the first year and 1.27 times higher in the second year after the onset of the COVID-19 pandemic compared with before the pandemic (60). SARS-CoV-2 infection can also trigger the upregulation of interferon-induced transmembrane proteins in human pancreatic islets. Researchers observed the expression of ACE2 and TMPRSS2, which are known entry factors for SARS-CoV-2, confirming its infection and replication in human pancreatic islet cells (61).

The second mechanism which may be responsible for the increase in cases of T1D following SARS-CoV-2 infection is an increased demand/pressure on beta cells by a temporary increase of insulin resistance during infection (62). Finally, the third mechanism which may be responsible is direct damage of beta cells by SARS-CoV-2 infection. In this case direct infection of selective cells would lead to their functional impairment and possible demise, as part of the immune system’s task to eliminate infected cells. There is evidence that SARS-CoV-2may trigger or exacerbate autoimmune disease overall in some individuals. SARS-CoV-2exhibits similarities to autoimmune diseases in terms of clinical manifestations, immune responses, and pathogenic mechanisms. There is speculation that SARS-CoV-2 may disrupt self-tolerance and incite autoimmune reactions by revealing host cells to the immune system or, maybe, by exhibiting cross-reactivity with host cells. (63–65).

To date, the relationship between the COVID-19 pandemic and autoimmunity is complex and not fully understood. More research is needed to understand the mechanisms by which COVID-19 may affect the development and progression of autoimmune diseases.




4 Herpesviruses

Infection with herpesviruses, in particular beta-herpesviruses, has been associated with the development of autoimmunity, including T1D (66). After primary infection, beta-herpesviruses, like other herpesvirus, enter a latent state within a wide range of cells and tissues. Subsequent reactivation of the infection can occur spontaneously, especially in immunosuppressed people. One of the most ubiquitous beta-herpesviruses is human herpesvirus-6 (HHV-6) that causes roseola infantum, which in itself is a relatively harmless childhood disease (67). However, HHV-6 infection has been implicated in the development of several autoimmune disorders (68). The virus replicates predominantly in T cells and may itself cause immunosuppression. Owing to its broad tropism, HHV-6 has been shown to be present in multiple tissues, including in major organs such as the thyroid and kidney as well as in the liver (69). The correlation of the presence of HHV-6 with the development of T1D was recently examined. Whilst HHV-6 DNA was detected in all donors regardless of diabetes status, it was shown that the presence of HHV-6 gB protein was more frequent in the pancreatic islets and exocrine tissue of those with T1D than those without T1D (55). The conclusion from the studies was that although there was increased frequency of infection of HHV-6 in pancreata from patients with T1D, there was not a direct association with islet pathology. These findings should prompt further studies to understand why certain viral infections occur more frequently in the diabetic pancreas and how they might trigger and/or aid in the development of the disease. In addition, this study among others (70) provides more evidence for the hypothesis that the T1D pancreas appears more susceptible to viral infections and that as such, local infections would impair islet function. However, the enigma that remains unsolved is the lack of a consistent link between the presence of viral antigens and the occurence of insulitis on a per-islet basis (71).




5 Enteroviruses

As a major human pathogen, enteroviruses (EV) are common small RNA viruses of the Picornaviridae family. Around 100 different types of EV are classified into groups A-D, including polio-, and echoviruses and the numbered EV. Coxsackieviruses are now distributed across three different enterovirus species (EV A, EV B, and EV C).

EV have long been positioned as a potential major viral culprit in the etiology of T1D. However, decades of investigations and compelling evidence have not fully confirmed the connection and studies have provided somewhat conflicting results and conclusions (25). Individuals with T1D from the Diabetes Virus Detection Study (DiViD) had EV in their pancreata, while only two of the eleven individuals without diabetes showed the presence of the virus. Other viral agents were not found in the pancreata of the patients with T1D (72). A recent meta-analysis showed a significant association between EV and pancreatic islet autoimmunity, T1D, or the onset of T1D within one month (73). This study further revealed that the detection of multiple or consecutive EV infections is correlated with islet autoimmunity,specifically, EV-B was strongly linked to T1D (73). Another metanalysis also provided strong evidence, showing a statistically significant association between EV and the development of autoimmunity, including T1D (74). Other evidence in support of the association includes epidemiological data suggesting increased occurrence of T1D amongst relatives with EV infection, a seasonal pattern of T1D development suggesting an increased incidence of T1D following periods with high presence of EV in communities, and high EV antibody titers during pregnancy in women giving birth to children who were later were diagnosed with T1D (75). Furthermore, it is possible that there is an association between persistent or ongoing EV gut infections and the development of T1D (76). Recently, the DiViD team in Oslo published a study that demonstrated preservation of beta cell function (analyzed through c-peptide levels) following antiviral therapy (pleconaril and ribavirin) after the diagnosis of T1D (77). Notably, this effect was observed only after 12 months of treatment and not within the initial 6 months. While the exact reasons for this discrepancy remain unclear, it is evident that further research will be necessary. However, this significant study represents the first piece of evidence supporting the clinical significance of infections in accelerating the decline of beta cells.

Thus, whilst an association between infection with EV and the development of autoimmunity now appears to be well-founded, the exact pathogenic mechanisms remain less well understood. EV are known to interact with a variety of cell-surface receptors to enter cells during infection in humans, and the coxsackie and adenovirus receptor (CAR) has been implicated for T1D because the CAR is expressed by pancreatic alpha and beta cells, in which EV are able to replicate (78). EV infection of beta cells (acute as well as persistent) has been shown to negatively impact their function and even cause cell death or dysfunction, leading to diminished insulin production and secretion (79–83). In sudden-onset T1D, EV infection affects both the endocrine and exocrine pancreas, leading to distinct pathological changes. Within the islet cells, EV infection and replication is accompanied by the expression of 2A protease, which induces chronic inflammation in the islets over time, whereas in the exocrine pancreas, EV infection causes inflammation, changes in the pancreatic structure and fibrosis (84). Indeed, recent findings showed that beta cells infected by coxsackievirus-B (CVB) virus, were more effectively killed by CVB itself than by CVB-reactive T cells, suggesting limited T-cell responses to CVB and supporting the potential for CVB vaccination trials as a strategy for preventing T1D (85).

It also remains unclear, whether EV infections accelerate T1D development as ‘hit and run’ events (meaning they do not persist but aggravate or set-off a deleterious auto-inflammatory cascade by directly and acutely infecting the pancreas) or whether they can persist longer under certain circumstances, for example if there were defects in the interferon systems of diabetes susceptible individuals (10, 78). Interestingly, the company ProventionBio (now acquired by Sanofi) is developing a vaccine for certain human EV strains thought to be responsible for accelerating the development of T1D. Trials with such a vaccine would show whether some EV strains commonly cause T1D.




6 Rotaviruses

Consisting of 11 double-stranded RNA segments, there are nine species of rotavirus, however rotavirus A accounts for more than 90% of rotaviral infection in humans (86). Rotaviral infections constitute one of the major reasons for mortality in developing countries and are a leading cause of acute gastroenteritis in children across the world. Rotaviral infection is therefore often mainly located in intestinal cells, giving rise to enteritis and other symptoms such as convulsions (87). However, studies have found wide-spread systemic localization of rotavirus infections in tissues and organs such as the liver, pancreas, and nervous system (88, 89).

One of the major ways that rotaviruses induce autoimmunity is by molecular mimicry owing to sequence resemblance across rotaviral proteins and human antigens (90). For example, rotavirus protein VP7 shares homology with pancreatic islet antigens IA-2 and GAD65, which are central in the pathophysiology of T1D. Other rotavirus proteins have been implicated via molecular mimicry in other autoimmune diseases, including celiac disease (91) and myasthenia gravis (92). In T1D, studies have found that susceptibility to molecular mimicry is likely based on genetic factors, with HLA variants playing a decisive role (8). Specifically, those carrying the HLA-DRB1*04 allele appeared to be most at risk, in line with other findings implicating this HLA variant in the overall susceptibility towards developing T1D (93, 94). In addition, preliminary evidence supports the hypothesis that inhibition of MHCI expression may be important for immune evasion by rotavirus (95).




7 Other viruses

Research on the infectious causes of islet autoimmunity in T1D has primarily focused on viral infections in the gut and pancreas. However, respiratory tract infections, particularly within the first year of life, have also been investigated as potential risk factors for childhood T1D. Lower respiratory tract infections (RTI: such as pneumonia and bronchitis) and upper RTI (including rhinitis and pharyngitis) have been examined. Some retrospective studies have shown a significant association between RTI and T1D (96).

Another common infection, EBV has been shown to be the cause of several autoimmune diseases, besides cancer, and studies have shown that EBV-infected individuals have a higher frequency of autoimmune disease, including SLE, RA, and SS, compared to non-infected individuals (97). EBV also plays a critical causal role in MS, especially in genetically susceptible individuals (98). However, there is no evidence of an association between EBV infection and T1D. Moreover, the TEDDY study found that both gastrointestinal infections and Norwalk viruses were associated with an increased risk of insulin autoantibody (IAA) positivity when reported before a child reached one year of age. Conversely, gastrointestinal infections reported during the second year of life were linked to a decreased risk of IAA development (99). These findings support the discussion that early infections may potentially hasten the onset of islet autoimmunity. See Table 2 for an overview of viral infections and their potential mechanisms in the pathogenesis of T1D.


Table 2 | Viral Infections and Their Potential Mechanisms in the Pathogenesis of Type 1 Diabetes.






8 Perspectives and considerations



8.1 Revisiting the hygiene hypothesis in T1D etiology

The hygiene hypothesis has gained significant attention in recent years as a potential explanation for the rising prevalence of autoimmune diseases, including T1D. This hypothesis posits that the absence of early-life infections and exposure to diverse microorganisms can alter immune development and increase the risk of developing autoimmune diseases, such as T1D (100, 101). The hypothesis suggests that exposure to a variety of microorganisms, including harmless or beneficial ones, is required to keep the immune system functional, thus reducing the likelihood of autoimmune reactions. Improved hygiene practices and the advent of vaccines have significantly reduced the incidence of various infectious diseases, decreasing the population immunity. This phenomenon presents an “epidemiological paradox.” In environments with lower exposure to virus such as enteroviruses and consequently lower population immunity, there might be a higher risk of T1D due to more severe, late-life infections that can trigger an autoimmune response against pancreatic cells (102). While this has undeniably contributed to better public health outcomes, it has also resulted in decreased exposure to certain pathogens during critical periods of immune system development. This reduction in microbial diversity and antigenic stimulation may have unintended consequences for immune tolerance and regulation. Reduced exposure to infectious agents during early childhood due to improved hygiene practices and reduced pathogen burden may contribute to the development of immune dysregulation and autoimmune disorders. While often dangerous and clearly deleterious, the historical exposure to viral infections during early childhood has been hypothesized to shape the immune system’s maturation and prevent the development of autoimmune responses. Thus, by avoiding mortality from childhood infections through vaccination and better hygiene, we might have increased the risk for autoimmunity, still a decent trade-off, if one considers the amazing reduction in mortality over the past century.

What are the fundamental mechanisms underlying the tuning of the immune system by infections? This question holds significant importance, as gaining insights into it could potentially unveil novel therapeutic avenues. A pivotal mechanism undoubtedly revolves around how each infection, particularly the more substantial ones, triggers the inherent self-regulatory pathways within the immune system. This orchestration aims to curtail immune-driven damage, with every immune response being inherently governed by substantial counter-regulatory mechanisms. It is easy to envision that such mechanisms will also reduce autoimmune responses and their emergence, as bystanders. For example, apoptosis of activated T-cells by TNF and other factors could well be important in such a situation (103). Furthermore, counter-regulatory molecules up-regulated during immune activation (CTLA-4 and PD1-L) are essential. Lastly, some studies have shown that abrogation of diabetes by viral infection that is commonly seen in animal models is accompanied by a systemic increase of immune regulatory cells (104).




8.2 Viral infections and therapeutic innovations in T1D

As our understanding of the multifaceted role of viral infections in T1D deepens, the focus on developing targeted therapeutic interventions is intensifying. Considering the dual role of viral infections—both as potential triggers and accelerators of autoimmunity—the question arises: Can targeted antiviral interventions serve as an effective preventative or therapeutic measure for T1D?

Recent advancements in immunotherapy and antiviral medications open the door for novel approaches to halt or reverse the autoimmune process (105–107). For instance, monoclonal antibodies targeting specific viral proteins could potentially inhibit the virus’s ability to accelerate autoimmunity (108). Additionally, small molecule inhibitors that interfere with viral replication may offer another avenue for intervention (109). Moreover, advances in personalized medicine allow for the possibility of tailoring antiviral treatments based on an individual’s genetic susceptibility to T1D and their specific viral exposure history (110). Such precision therapy could maximize therapeutic efficacy while minimizing adverse effects. However, the ethical considerations associated with such interventions should not be overlooked. The long-term safety of these approaches, particularly in pediatric populations most at risk for developing T1D, remains uncertain. Moreover, the impact of antiviral interventions on the broader microbial ecology of the host, and its implications for immune system development and function, warrant thorough investigation.

Given the increasing incidence of T1D globally and the complexity of its etiological factors, integrated approaches that combine antiviral treatments with immune modulators may offer the most promise. As we forge ahead in this promising yet challenging landscape, multidisciplinary collaborations that bring together expertise in virology, immunology, endocrinology, and bioinformatics will be pivotal in translating these scientific advancements into tangible therapeutic solutions.




8.3 Viral interactions with beta cells: Direct impact and immune responses

Persistent viruses, such as herpesviruses, and certain strains of EV can also have a direct tropism for beta cells (111). The presence of viral particles and viral components would then trigger a cascade of events within beta cells that can lead to dysfunction and even apoptosis. Persistent viral infections in beta cells can induce endoplasmic reticulum stress, causing an imbalance between protein folding demand and capacity (112, 113). This leads to the accumulation of misfolded proteins, activation of unfolded protein response (UPR), and ultimately beta cell apoptosis. Moreover, viral infections can trigger the release of pro-inflammatory cytokines, such as interleukin-1 beta (IL-1β) and TNF, which further contribute to beta cell damage and dysfunction (114, 115).

An interesting question for T1D in the context of viral infections is, whether an APC presenting viral antigens and becoming activated in response to a local viral infection could then also present autoantigens such as pre-proinsulin and help to activate pre-existing yet usually resting autoreactive cells? There is evidence to show that T cells from individuals with T1D recognize not only the beta cell antigens, but also other self-antigens such as heat shock proteins and other autoantigens (116). Is there evidence that APC licensing can be induced by environmental factors such as toxins, drugs, or stress, which can cause tissue damage and inflammation, leading to the release of self-antigens that can activate T cells? It is a possible hypothesis but conclusively proving this is difficult, as it would necessitate the isolation of APC that present foreign and autoantigens at the same time and requires a yet un-precedented understanding of the local immune dynamics in human islets and draining lymph nodes. However, new technologies for example using living organ donor slices, might be able to further our insight into this potential mechanism (117). In the context of these intricate immune dynamics within pancreatic islets and the potential activation of autoreactive cells by antigen-presenting cells, it becomes evident that beta cell antigen-specific interventions have been devised (118, 119). These interventions hold promise in targeting inflammatory lymphocytes, inducing apoptosis, or inhibiting their trafficking to pancreatic islets, presenting a promising avenue for patients that could potentially sidestep undesirable side effects.




8.4 Vaccinations and antiviral treatment for pioneering prevention of autoimmunity

How can we understand the clinical importance of viral infections in the development of T1D? We look forward to several key clinical investigations that will shine more light on this complex situation: Recently, the findings from a study centered around administering antiviral medicationsto individuals recently diagnosed with T1D was published (120, 121). This investigation aimed to determine whether the antiviral potency of these medications is sufficiently high enough. It sought to ascertain whether the heightened prevalence of viruses within the pancreata of patients with T1D can expedite the loss of beta cells post-diagnosis. Indeed, in DiViD study C-peptide was preserved more efficaciously in patients receiving antiviral compounds (pleconaril and ribavirin) compared to those receiving control treatment, demonstrating a preliminary proof for the viability of the proposed antiviral strategies (77)These insights in a small cohort could pave the way for forthcoming clinical trials focused on preventive measures.

In investigating the T1D progression, some trials have also demonstrated that immunotherapies can modulate the advancement of the disease, with evidence that dual courses of teplizumab treatment contribute to the preservation of C-peptide levels two years subsequent to the initial therapy in patients with new-onset T1D (122).

Peering into the future, the spotlight falls on the enteroviral vaccine, which is being tested in some pre-clinical as dicussed by Alhazmi et al. (123): a study on a formalin-inactivated, non-adjuvanted CVB1 vaccine showed it to be highly effective, generating strong neutralizing antibodies and protecting against both acute CVB1 infection in NOD mice and CVB1-induced diabetes in SOCS1-tg mice. Additionally, a hexavalent vaccine containing formalin-inactivated CVB1–6 showed promising results, being safe and effective in producing strong neutralizing antibodies in both mice and rhesus macaques. It prevented CVB-induced myocarditis and diabetes in mice. Safety and efficacy in adults are being assessed in a clinical trial (NCT04690426).

Due to concerns about the safety of live attenuated and formalin-inactivated vaccines, newer vaccine models like virus-like particle vaccines are being developed in collaboration between ProventionBio and Sanofi. These represent a safer and potentially effective alternative to combat CVB infections andwill determine whether specific strains of EV act either as a cause or accelerator in the development of T1D. Further down the path perhaps we can aspire to have the ability to selectively induce tolerance towards viral epitopes that might exhibit cross-reactivity with islet determinants. Regrettably, as of now, this remains an aspiration for future studies to realize.
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Mechanisms of
Viral-induced
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Resistance

Autoimmunity arises due to a
loss of self-tolerance. The
immune system begins to
attack its own cells, causing
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Viral proteins may
structurally resemble host
proteins. This can confuse the
immune system, causing it to
attack both the viral and

host cells.

Viral infection causes
activation of immune cells
near infected cells, leading to
collateral damage to nearby
healthy tissues.

After the initial immune
activation, the response can
broaden to include other
antigens not initially targeted.

Chronic viral infections can
keep the immune system
continuously activated, which
increases the risk

of autoimmunity.

Certain viruses can interfere
with insulin signaling
pathways, inducing

insulin resistance.

Characteristics

Circulating islet
autoantibodies often precede
the appearance of overt
symptoms. Insulin
autoantibodies are usually
the first to appear.

May involve specific viral
strains that share structural
similarities with islet

cell proteins.

Typically involves T cells
and may cause
localized inflammation.

Often involves secondary or
tertiary immune responses,

which may be stronger and

more specific.

May involve viral latency or
periodic reactivation.

May involve cytokine release
and inflammatory responses
that disrupt

insulin signaling.

T1D Relevance

At the onset of T1D, 95% of patients have
antibodies to at least one beta cell protein,
such as 1A-2, GAD-65, or ZnT8. Age, sex,
genetics, and environmental exposure are
additional susceptibility factors.

Increases the risk of immune system
misidentifying pancreatic islet cells as
foreign, triggering T1D.

May lead to activation of autoreactive T
cells against pancreatic islet cells,
contributing to the onset or progression
of TID.

Can widen the autoimmune attack to
involve multiple components of islet cells,
worsening T1D.

Sustained immune activation can enhance
susceptibility to T1D by maintaining the
autoimmune attack on islet cells.

Insulin resistance can further complicate
glycemic control in T1D, requiring
adjustments in treatment strategies.
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Induction of autoimmunity through molecular
mimicry or bystander activation.

Potential direct beta-cell damage.

Epitope spreading to neoantigens.

Persistent infections possibly leading to
continuous immune stimulation.

Human Enterovirus A
(e.g., Coxsackievirus A4,
A2, A16, Enterovirus A71)

Potential for direct cytopathic effect on beta cells.
Triggering of autoimmunity through molecular

mimicry.

Bystander activation and epitope spreading.
Human Enterovirus B (e.g,,  Persistent infections contributing to ongoing
Echovirus, immune response.
Coxsackievirus B) Molecular mimicry leading to autoimmune

response against beta cells.

Direct cytopathic effects on beta cells.
Persistent infections contributing to chronic
immune activation.

Congenital infection leading to increased risk of
autoimmune diseases, including T1IDM;
molecular mimicry.

Possible involvement in bystander activation.
Epitope spreading in the context of

congenital infection.

Rubella Virus

Possible induction of autoimmunity.

CMYV infection in beta cells could trigger an
immune response leading to beta-cell destruction.
Potential for persistent infections affecting
immune regulation.

Possible role in viral-induced insulin resistance.

Cytomegalovirus (CMV)

Historically linked to beta-cell damage and
autoimmunity, but current evidence is limited.
Possible molecular mimicry and bystander
activation.

Potential for persistent infection impacting

Mumps Virus

immune responses.

Potential acceleration of autoimmunity in
genetically predisposed individuals.

Molecular mimicry and immune system
activation.

Bystander activation leading to autoimmunity.
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Rotavirus

Less clear mechanism; possible indirect role
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COVID-19 pandemic.
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