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a b s t r a c t   

Over the past two decades, diabetes mellitus (DM) has been receiving increasing attention among auto-
immune diseases. The prevalence of type 1 and type 2 diabetes has increased rapidly and has become one of 
the leading causes of death worldwide. Therefore, a better understanding of the genetic and environmental 
risk factors that trigger the onset of DM would help develop more efficient therapeutics and preventive 
measures. The role and mechanism of respiratory viruses in inducing autoimmunity have been frequently 
reported. On the other hand, the association of DM with respiratory infections might result in severe 
complications or even death. Since influenza is the most common respiratory infection, DM patients ex-
perience disease severity and increased hospitalization during influenza season. Vaccinating diabetic pa-
tients against influenza would significantly reduce hospitalization due to disease severity. However, recent 
studies also report the role of viral vaccines in inducing autoimmunity, specifically diabetes. This review 
reports causes of diabetes, including genetic and viral factors, with a special focus on respiratory viruses. 
We further brief the burden of influenza-associated complications and the effectiveness of the influenza 
vaccine in DM patients. 
© 2022 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health 
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Introduction 

Diabetes mellitus (DM) is a global challenge affecting millions of 
people. In 2019 total death toll of 1.5 million due to diabetes was 
reported [1]. DM is a metabolic disorder characterized by elevated 
blood sugar levels, polyuria, loss of body weight, and fatigue. The 
disease mainly results from the inability of pancreatic β cells to 
produce insulin, a critical hormone for glucose uptake, glycogenesis, 
lipogenesis, and protein synthesis [2]. There are two main types of 
DM, Type 1 diabetes mellitus (T1DM) and Type 2 diabetes mellitus 
(T2DM) [3]. 

T1DM usually appears at a young age (below 14 years) and is 
known as juvenile diabetes [4]. People with T1DM represent 5–10% 
of total diabetic patients. Development of T1DM occurs when a 
cellular-mediated autoimmune response damages pancreatic β cells. 
Apart from genetic inheritance, this autoimmune process is pre-
dominantly associated with agents causing autoimmunity, including 
viral and bacterial infections, chemical toxins within food, and/or 
other factors like pollutions that precipitate the disease during 
childhood, even years before diagnosis. [5]. On the other hand, T2DM 
represents 90–95% of diabetic patients and is primarily diagnosed in 
middle-aged and older people. The onset of T2DM is due to genetic 
factors and factors like overweight/obesity, lifestyle, diet, and lack of 
exercise [6]. The combinational effect of these factors results in in-
sulin resistance (IR), which eventually leads to the development of 
T2DM. IR in T2DM mainly occurs in fat, muscle, and liver cells due to 
genetic defects or abnormalities in insulin receptors that render 
them unresponsive to insulin [7]. On the other hand, recent studies 
reports that environmental factors [8,9], obesity [10] or an unhealthy 
diet [11,12], can lead to hypersecretion of insulin that eventually 
causes gradual loss of pancreatic β cells and leads to a total decrease 
in insulin secretion [8,13]. In 2009, Wilkin et al. proposed that T1D 
and T2DM are the same disorder of insulin resistance against dif-
ferent genetic backgrounds [14]. However, generally, it is hypothe-
sized that T1DM results from islet autoimmunity [15–17], whereas 
T2DM is the impaired insulin tolerance to different cells/organs [18]. 

The prevalence of diabetes has been steadily increasing over the 
past three decades. In a study conducted in 2010, the number of DM 
patients was projected to reach 438 million in 2025 [19]. However, in 
2019, the total number reached 463 million for T2DM alone and 
another 1.1 million for T1DM. The International Diabetic Federation 
(IDF) estimates that the prevalence of diabetes by 2030 will be 578 
million [20] (Fig. 1). Notably, 1.6 million deaths were directly asso-
ciated with diabetes in 2016 [21]. 

Causes of diabetes 

Dysfunction of the immune system can be manifested at birth or 
develop later in adulthood [23]. Autoimmune diabetes(T1DM) re-
sults from such immune dysfunction that produces autoantibodies 
against insulin-secreting pancreatic β cells. The etiological factors 
that trigger autoimmune response include genetic, physiological, 

microbial including viral, and environmental factors [24]. During the 
past decade, several T1DM- and T2DM-associated genetic markers 
have been identified. These included specific genetic mutations that 
affect gene expression and other cellular activities contributing to 
the disease pathogenesis and prognosis [25,26]. In T1DM, many of 
these mutations exist within the human leukocyte antigen (HLA) 
family genes [27]. On the other hand, more than 222 genes are as-
sociated with a higher risk of developing T2DM [6]. Most of these 
genes affect insulin secretion, adipogenesis and leads to insulin re-
sistance [6,26]. Although the genetic background contributes to 
T1DM development, they are responsible only for 40% of cases. This 
means that non-genetic factors are the significant contributors to 
the development of T1DM [28]. Viral infection appear to be one of 
the most common risks associated with the onset, development, and 
progression of different autoimmune diseases, including T1DM. In-
deed, the ability of several viruses to directly or indirectly destroy 
pancreatic β-cells has been reported by several studies [29,30]. In-
terestingly, viral infections contribute to the development of T1DM 
and augment insulin resistance and progression of T2DM [31,32]. 

Anti-islets autoantibodies and genetic factors in T1D 

The hallmark of T1DM is the presence and function of auto-
antibodies against pancreatic islets through T-cell mediated in-
flammatory response [33]. Macrophages and dendritic cells identify 
the autoantigens released from pancreatic β cells during cellular 
turnover or damage. As a result, the interleukin − 12(IL-12) produced 
by macrophages and dendritic cells activates CD4 + T cells to produce 
interleukin-2 (IL-2) which further activates β cell antigen-specific 
CD8 + T cells. Activated CD4 + T cells and β cell antigen-specific 
CD8 + T cells are cytotoxic and act together to destroy pancreatic β 
cells [34]. These autoantibodies that are specific to insulin, glutamic 
acid decarboxylase (GAD) protein tyrosine phosphatase (IA2 and IA2 
β), and zinc transporter protein (ZnT8A) could be directed to islet β 
cells [35]. Studies infer that such antibodies could be detected in a 
patient's sera months or even years before the onset of the disease  
[36,37]. The main genetic factor that is associated with the devel-
opment of autoantibodies is the HLA class II region of the major 
histocompatibility complex (MHC). According to Miller (1995), the 
genes involved in the development of autoimmunity are the ones 
that encode the production of MHC, the protein involved in the 
antigen processing and T-cell receptor binding. Human MHCs are 
also called Human Leukocyte Antigen (HLA) and are classified into 
three subtypes (DP, DQ, and DR) and each one to four isotypes [38]. 
Indeed, the HLA complex complies with around 50 – 60% of the 
overall genetic risk factors linked to the development of auto-
immunity [38,39]. Various studies have reported genetic interaction 
that has stimulated the risk of autoimmunity [40,41]. For example, 
the combination of HLA genetic marker serotypes- DR3-DQ2 or DR4- 
DQ8 haplotypes or both, is a much higher risk factor than a single 
gene is expressed [42,43]. Studies on Genetic Risk Score (GRS) from 
the T1DM associated single nucleotide polymorphisms 
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independently predict the progression of T1DM and the stages of 
autoantibody progression [44]. This study investigated the ability of 
T1D GRS to predict islet autoimmunity progression. Out of 291 
participants, who tested positive for at least one autoantibody at the 
beginning of this study,157 tested positive for multiple auto-
antibodies later, and 55 turned diabetic. GRS model with a combi-
nation of clinical variables including DTP-1 risk score, age, and a 
number of autoantibodies showed better accuracy in predicting 
T1DM than to HLA DR3/DR4 [44]. Apart from genetic causes, viral 
infections are the most reported cause of T1DM. Recent studies find 
a significant relationship between viral infections and the onset of 
autoimmune diabetes [31]. 

Genetics of type 2 diabetes 
In defining T2DM, there is no definite pathophysiologic me-

chanism, indicating that there are multiple mechanisms involved in 
the development and progression [45,46]. Reports say that T2DM 
develops due to the combination of hereditary components and 
factors, including obesity[47], aging [48], reduced physical activity 
[49], and viral infections [50–52]. More than 30 genes have been 
identified to be associated with T2DM. The risk gene that is mainly 
studied and identified to be associated with the development of 
T2DM is TCF7L2 (Transcription factor 7 like 2) [53]. It is previously 
reported that this gene encodes for the transcription factor asso-
ciated with blood glucose homeostasis and is regulated by the 

Fig. 1. : Global prevalence of DM from 2000 to 2019 as per the data from the International Diabetic Federation (IDF). According to IDF the number of DM patients is expected to 
exceed 700 million by 2045 [22]. 

Fig. 2. : Bystander activation: Viruses trigger activation of auto-reactive CD4+ or CD8+ T cells. Bystander activation of T cells occurs as a result of interferon and cytokine secretion. 
The activated unspecific bystander T cells further destroy both normal and infected cells resulting in autoimmunity. 
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expression of the proglucagon gene via Wnt signaling in the endo-
crine cells [54]. Lyssenko et al., 2007 reported that TCF7L2 locus that 
carries risk genotypes in combination with obesity impacts the 
progression of pancreatic islet autoimmunity [55]. Another gene 
reported to be associated with the onset of T2DM is the HLA gene. 
Shreds of evidence indicate the intensification of immune response 
and the destruction of insulin-secreting cells involves HLA genes  
[56]. Using genome-wide association studies (GWAS), more than 50 
susceptibility loci were found to be expected in T1DM and around 
100 susceptibility loci in T2DM [57–59]. However, more variants are 
being identified with the advantage of new sequencing technologies  
[60,61]. A genome-wide screening study for T2DM associated genes 
in 2010 revealed another gene associated with sustained elevations 
in plasma glucose levels. The gene encodes a ubiquitously expressed 
member of the calpain-like cysteine protease family (CAPN10), lo-
cated in the NIDDM1 region but with largely unknown functions in 
glucose metabolism [62]. Meta-analysis showed a consistent asso-
ciation of the CAPN10 with T2DM. However, the large GWAS did not 
confirm the exact role of the CAPN10 gene in T2DM [63,64]. Several 
candidate genes were identified in monogenic forms and seemed to 
be involved as standard genetic forms in the onset and progression 
of T2DM [65,66]. However, the genetic reasons for T2DM also in-
clude epigenetic changes. The three known mechanisms of epige-
netics are chromosomal DNA methylation, histone modifications 
(acetylation, methylation, phosphorylation, ubiquitination, and ADP 
(adenosine diphosphate) ribosylation), and non-coding RNA reg-
ulations [67–69]. Epigenetic studies conducted in T2DM patients in 
pancreatic islets and skeletal muscles initially analyzed only DNA 

methylation of candidate genes. Studies report the alteration via 
gene methylation is associated with disease development in T2DM 
patients [70,71]. Many candidate genes are studied to have increased 
DNA methylation[71], decreased expression of genes such as INS 
(encodes insulin), PDX1-encodes insulin promoter factor-1, PPARG-
CIA (encodes Peroxisome proliferator-activated receptor-gamma 
coactivator)(PGC1α), and GLP1R, encodes (Glucagon-like-peptide 
(GLP-1) receptor), in pancreatic islet cells, in a comparative study 
between T2DM patients and non-diabetic controls [70,72]. Post-
translational histone modifications are reported to alter chromatin 
structure and are associated with the development of T2DM [73]. 
Elevated histone modification, more specifically acetylation and 
methylation, are observed in T2D patients. A study reported acet-
ylation of CoX-2 and tumor necrosis factor α (TNF α) in the periph-
eral blood mononuclear cells. Another study reported increased 
histone H3K9me2 near the promotor gene of IL-1A and PTEN coding 
regions [74,75]. A third study reported lysine three histones four 
monomethylation that is set7-dependent in 68 T2DM patients [76]. 
Further epigenetic changes during RNA slicing are reported in T2DM 
patients. Long non-coding RNA (lnc RNA), such as βlinc1 (β cell long 
intergenic RNA), and ANRIL (antisense non-coding RNA) have been 
associated with loss of pancreatic β cells and their mass [77,78]. 
Another lncRNA, H19 (impaired maternally expressed transcript) 
was also associated with increased birth weight and T2DM in a study 
conducted by Dandolo et al. and team [79]. 

In addition to the genetic factors, environmental factors in-
cluding unhealthy diet, pollution, lack of physical activity, and ex-
posure to viral infections, trigger DM onset and progression [80,81]. 

Fig. 3. Epitope Spreading: When viral infection persists, dying cells release self-antigens that are presented by APCs to activate B cells. Activated B cells produce antibodies against 
self-antigens that can damage the host cell/tissue. 

Fig. 4. Molecular mimicry: The viral peptides that are similar to self-antigens are recognized by APCs and activate T cells that are specific to viral peptides. Activated T cells destroy 
host cells that are similar to viral peptides resulting in autoimmunity. 
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Viral infections, including respiratory infections, are reported to be 
associated with the clinical onset of DM [28,82]. 

Viral infections and diabetes 

There are more than 80 diseases reported as a result of auto-
immune attacks that damage our tissues or organs [83–85]. Viral 
infections are among the most studied environmental factors that 
trigger many autoimmune diseases [86,87]. The role of viral infec-
tions in the induction, development, and progression of autoimmune 
diseases such as diabetes, multiple sclerosis, autoimmune chronic 
active hepatitis, systemic lupus erythematosus, and juvenile rheu-
matoid arthritis has been extensively studied. [88,89]. About 14 
viruses have been identified to induce T1DM in human and animal 
models studies [28]. These include seasonal respiratory viruses, in-
cluding influenza viruses [90,91]. However, there are only a few 
reports on the association between viral infections and 
T2DM [92,93]. 

Viruses and T1D 
Several studies have linked autoimmunity to viral infections and 

its relation to T1D development, but the mechanisms are still not 
very well described [94,95]. The viral agents that are reported to be 
associated with T1DM include enteroviruses such as Coxsack-
ieviruses B (CVB) [96], cytomegalovirus [97], mumps virus [98], and 
rotavirus [99,100]. Many studies proposed the association between 
the onset of T1DM and enteroviruses. The first report on enterovirus 
(coxsackievirus) infection to induce T1DM was in 1969 by Gamble 
et al. The study conducted in patients with recent onset of T1DM 
found a high titer of neutralizing antibodies against coxsackievirus  
[101]. Antibodies against enteroviruses were found in pregnant 
women and their children, who developed T1DM later [102,103]. 
Another study reported the presence of CVB RNA in the blood from 
patients at the onset of T1DM, and CVB4 was the most commonly 
detected enteroviral strain [104,105]. Further, enterovirus infections 
were more frequent in siblings who developed T1DM compared to 
siblings who did not develop the disease [106]. These pieces of 
evidence powerfully illustrate the role of enterovirus infection in 
triggering the onset of T1DM. Other than enteroviruses that are the 
most common virus to induce T1DM, recent studies report few re-
spiratory viruses as potential causal agents for T1DM in humans. 

Respiratory viruses 
Respiratory viruses are known to induce diabetes, especially 

T1DM, in children. [31,107–109]. A study conducted in Germany 
during September 2013 and October 2014 among 40 children aged 
between one and 16 years showed that the newly diagnosed T1DM 
was reported in the fall-winter season, which is the season of re-
spiratory virus infections. All children who developed T1DM were 
infected with either respiratory virus (H3N2, IVB, and PIV4) or en-
terovirus (ECHO7 and CAV7) [110]. Another study conducted among 

148 children who had a first-degree relative with T1DM was ob-
served for three years. The results revealed that children who suf-
fered from respiratory infections during their first six months of life 
showed more than twice the odds of developing autoantibodies 
against islet β cells than non-infected controls [111], suggesting that 
along with genetic background, viral infections are an important risk 
factor to develop T1DM. The most common respiratory viruses re-
ported to be associated with the onset of T1DM are Respiratory 
Syndical Virus(RSV) and Influenza A (IA) virus. 

Respiratory syncytial virus. Respiratory syncytial virus (RSV) is 
primarily a significant cause of respiratory illness in children 
younger than two years [112–114]; still, adults are also frequently 
infected [115]. A study in Turkey (2013 −2014) reported a significance 
in the increased incidence of T1DM in children after the seasonal 
viral infections during fall/winter [110]. Their findings include the 
association of RSV with the development of T1DM [110]. In another 
study conducted in Norway in 2011, among 885 children having HLA 
high-risk genotype DR4-DQ8/DR3-DQ2 for four years, 42 children 
developed autoimmunity, of whom 15 developed T1D. Out of these 
42 children, 17 children had pneumonia, bronchitis, or RSV infection  
[32]. This suggests a strong link between lower respiratory tract 
infections and increased risk of developing autoantibodies against 
islet β cells. Another study found that the single nucleotide 
polymorphisms (SNP) associated with Toll-like Receptor (TLR) and 
Vitamin D receptors (VDR), which are called loss-of-function 
variants, and the patients with these variants are more susceptible 
to RSV infection [116]. These SNPs are located on interferon induced 
with helicase C domain 1 (IFIH1), and several studies reported that 
IFIH1 is associated with T1DM development [27,117]. 

Influenza virus. Around 5–15% of the total population is infected 
with influenza worldwide every year [118]. The annual influenza 
epidemics are up to 1 billion every year, with 3–5 million severe 
cases and up to 200,000 deaths worldwide [119]. Clinical evidences 
show an association between influenza infection and the onset of 
T1DM. A study in 1970 reported the large number of new T1DM 
onsets followed by the influenza epidemic [120]. They reported very 
high incidents of ketoacidosis followed by the epidemic. In 2011 
Nenna et al. also reported that the H1N1 pandemic of 2009 is a 
significant cause in the pathogenesis of T1DM [121]. In their study 
conducted among children living in Rome, they observed an increase 
in the new diagnosis of T1DM after H1N1 pandemic infection 
(October 2009- January 2010) compared to previous years 
(2004–2005). Also, there are other clinical evidences to link the 
influenza infection to diabetes; followed by H1N1 infection. A 
woman in China developed diabetic ketoacidosis after H1N1 
infection, which was reported in 2012 [122]. A study conducted in 
Norway in pandemic influenza-infected cases reports a 20% higher 
risk of developing T1DM[123]. The first study conducted to analyze 
the long-term risk of T1DM among individuals diagnosed positive 

Fig. 5. Vaccine-induced autoimmunity The whole virus or parts of virus vaccines can induce autoimmunity via different mechanisms (Molecular mimicry, Epitope Spreading, 
Bystander activation, and Polyclonal activation). Adjuvants, which are viral vaccine enhancers, are proposed to induce autoimmunity in 3 different ways: Adjuvants can translocate 
to lymph nodes and be recognized by APCs to induce autoreactive T cells; Prolonged exposure to adjuvants can induce T1DM by molecular mimicry; and/or activate auto-reactive 
T lymphocytes by activating TLRs, macrophages, and dendritic cells and by inducing cytokine release. 
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for influenza during June 2009, were observed until December 2014 
by Ruiz et al. and team. From his register-based study in Norway, in a 
cohort of patients below 30 years, he reported that the risk factor of 
developing T1DM after the influenza pandemic (H1N1) is 
approximately 20% higher [124]. A case study in a 37-year-old man 
in 2010 reported the occurrence of acute pancreatitis immediately 
after severe infection with H1N1 [125]. When this epidemiological 
evidence reports the association between influenza and 
autoimmune T1DM, the experimental evidence, including animal 
models, sheds insight into this association. The primary replication 
site of the Influenza virus is the respiratory tract, but there are in 
vitro study reports on the viral replication in internal organs, 
including pancreatic islets [126] Roman et al. reported, in 
transgenic mice, the virus induces insulitis and diabetes with the 
expression of hemagglutinin in pancreatic beta cells [107]. The 
transgenic mice expressing haemagglutinin (RIP-HA)of influenza 
virus (A/Japan/305/57) on their pancreatic β cells developed 
hyperglycemia. This study reports an association between 
hyperglycemia, which was associated to islet cell lymphatic 
infiltration and humoral response against β cell antigens [107]. 
Also, in turkeys, the virus is reported to cause tissue damage in 
the pancreas to result in diabetes [127,128]. The in vitro experiments 
using human (H1N1 and H3N2) and avian (H7N1 and H7N3) strains 
show that all these strains can replicate in human pancreatic cells. In 
vitro studies using the common seasonal human influenza strains 
H1N1 and H3N2 reports influenza virus growth in human pancreatic 
cell lines [125,129]. Viral replication in hCM and HPDE6 cell lines 
was continuously increased up to 72 h post-infection with H1N1 and 
H3N2 viruses [129]. This study observed the infectivity of both 
human(H1N1 and H3N2) and avian (H7N1 and H7N3) in human 
pancreatic cell lines. The results of hybridization assays detected 
virus nucleoprotein in β cells [129]. Table1. 

Viruses and T2D 

Infection with certain viruses has a proposed risk of insulin re-
sistance which is the hallmark of T2DM. This includes cytomegalo-
virus [132], and RSV [92]. A population-based study in Korea in 576 
patients infected with CMV and not diagnosed with T2DM was 
subjected to this investigation. After a follow-up of 5 years, the au-
thors reported the development of T2DM. The case group showed a 
significantly higher frequency of T2DM onset when compared to the 
control group (5.6% vs. 2.2%) [130]. Mike et al. at Stanford University 
reported a sudden development of T2DM after a severe cold caused 
by RSV infection. Unlike the usual T2DM, which is a slow resistance 
to insulin, Mike showed a sudden development of T2DM after RSV 

infection [92]. The study discusses that some people may have genes 
involved in developing T2DM from a viral infection. In another study 
conducted in Netherlands, among adults ages 85 and above and 
infected with cytomegalovirus, results show that infected people 
were twice likely to develop diabetes when compared to uninfected. 
However, this study reports only an association, not the cause-effect 
link between viral infection and T2DM [131]. Limited reports are 
available on virus-triggered T2DM, however many studies suggests a 
link between viral infections and trigger of T1DM. 

The complex mechanism by which the genetic factors and virus 
interaction leads to the onset of autoimmune T1DM is not entirely 
elucidated. The studies to date report that the modulated auto-
immunity during viral infections depends not only on the virus's 
inherent properties but also on the innate host factors. An in-depth 
investigation on this area is essential to reveal the complete me-
chanism of viral infections and T1DM. 

Mechanisms of virus-induced diabetes 

Autoimmune destruction of pancreatic cells is the major char-
acteristic of autoimmune diabetes. The cross-reactivity of lympho-
cytes that may damage host cells leading to autoimmunity is 
extensively studied. Different mechanisms are proposed to account 
for autoimmune diabetes developed after viral infections. When 
auto-reactive B and T cells are activated in an antigen-independent 
manner, autoimmunity against self-antigens is developed. The three 
mechanisms accounting for autoimmunity are bystander activation, 
epitope spreading, and molecular mimicry. 

Bystander activation 

The bystander activation is the mechanism in which viral infec-
tions trigger the unspecific activation of CD4 + and CD8 + T cells or 
B cells, independent of T and B cell receptor specificity. The stimu-
lation of T lymphocytes is the characteristic of bystander activation  
[133]. The virus-infected cell activates neighboring uninfected cells 
by releasing cytokines and nitric oxide or by intracellular commu-
nications with the help of co-receptors and through gap junctions 
resulting in activation of auto-reactive T cells [134]. These auto-
reactive T-cells stimulate the expression of T-cell receptors (TCR) to 
identify the viral as well as self-antigens, both T-cells (antiviral and 
autoreactive) can become activated as a consequence of viral anti-
gens presented by the antigen-presenting cells (APCs). The activated 
auto-reactive T cells destroy the neighboring cells in the infected 
organ or the cells bearing these syngeneic MHC antigens, con-
tributing to autoimmunity [135,136]. The ability of activated 

Table 1 
The list of studies reporting a link between respiratory viral infections and DM.         

Year Country Model Virus Type of DM Reference  

Respiratory viruses induced T1DM 
2013–2014 Turkey Human Clinical Study H3N2, IVB, PIV4,RSV, ECHO7 and CAV7 T1DM [110] 
2013 Germany Clinical Study in children Rhinovirus T1DM [111] 
2011 Norway Clinical Study in children RSV T1DM [32]  

2000 USA Monocytes/Macrophages RSV T1DM [116] 
Influenza induced T1DM 
2011 Rome Clinical Study in children H1N1 T1DM [121] 
2008–2014 Norway Children and young adults Influenza T1DM [124] 
2010 Israel Human Case Study H1N1 T1DM [125] 
1990 USA Mice Influenza A T1DM [107] 
2013 Italy Turkey H1N1and H3N2 T1DM [127] 
2013 Italy Human Pancreatic cells H1N1 and H3N2 T1DM [127] 
Virus induced T2DM 
2019 Korea Human-adults CMV T2DM [130] 
2013 California Human- Case study RSV T2DM [92] 
2012 Netherlands Human-adults CMV T2DM [131] 
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allospecific cytotoxic T cells to recognize self-antigens (self-MHC) in 
the absence of viral antigens is reported by Duke et al. in a set of 
experiments in mice [136]. The heterologous immune response in 
bystander activation mainly occurs in two ways: the activation of 
cross-reactive memory T cells and cytokine release [137,138]. The 
mechanism of bystander activation was first reported by Sprent et al.  
[137]. They reported the involvement of interferon type 1 (IFNs) in 
the proliferation of non-specific T cells upon viral infection. Based on 
their observation, CD8 + T cells are directly activated by IFNs to drive 
the expression of T cells during lymphocytic choriomeningitis virus 
infection (LCV) [137,139]. IFNs driving the bystander activation of 
T cells were also reported in case of persistent HIV infection [140]. It 
is also reported in coxsackievirus B(CVB) infection of human pan-
creatic islets that the persistent infection induces the synthesis of 
IFN-α, a result of bystander activation leading to the destruction of 
β cells [141]. However, the complete mechanism of CD8 + T cell 
activation by IFNs is not known. On the other hand, in vitro ex-
periments did not show significant activation of T cells when treated 
with IFNs alone, but the functional activation was observed after a 
secondary signal by other cytokines, including IL-18 [142]. In murine 
models, the interaction between IL-18 and other proinflammatory 
cytokines, including IL-2, IL-12, IL-15, and IL-21 resulting in IFN-γ 
production that is antigen non-specific. Hence it is clear that IL-18, 
along with other cytokines, plays a significant role in bystander ac-
tivation of T cells [143,144]. Another factor that is reported to have a 
significant role in the production of non-specific IFN-γ is Toll-like 
receptors (TLRs) expressed on the innate immune cells and functions 
as part of the adaptive immune system [145]. Recent studies report 
that ligands for TLR2 and TLR7 can directly stimulate memory 
CD8 + T cells in murine to release IFN-γ and also the combination of 
TCR triggering and TLR2 and TLR7 stimulation drive cells to produce 
IFN-γ, TNF -α and IL-2 [146]. TLR mediated bystander activation is 
observed in different pathogen infections while studying the reac-
tion of TLR-2/3/7 with different ligands derived from pathogens  
[147,148]. Another study described the role of Natural Killer (NK) 
cells in the persistence of CVB 4 infection in pancreatic β cells [149]. 
They found that the persistent infection of pancreatic β cells by CV- 
B4 virus can result in impaired cytolytic activity of NK cells activated 
by IL-2 in T1D patients. The defective viral clearance by NK cells may 
have a role in the viral pathogenesis of T1D [149]. It was earlier 
reported that NK cells can reduce inflammatory process by releasing 
IL-10 in response to viral infections [150]. Dotta et al. in 2013 de-
monstrated non-destructive insulitis and loss of β cell function in 
CV-B4- infected islets was observed when the presence of NK cells 
was abundant [151]. This indicates the role of NK cells in 
autoimmune destruction of pancreatic islets. 

In influenza virus infection, little is known about the bystander 
activation of memory CD8 + T cells specifically to induce T1DM. 
Study reports show that the bystander memory CD8 + T cells drown 
to lung airways during influenza A virus (IAV) infection are not 
specific to IAV but processes solid cytolytic activity. However, it is 
not clearly understood whether these bystander T cells have any role 
during the primary infection or in the inflammatory response at a 
later stage [152,153]. They reported that the protection during sec-
ondary infection by CD8 + T cells is due to antigen-independent cy-
tolytic protein activity. Nevertheless, the ability of these cells to 
destroy the target cells is antigen-dependent [153]. Results from a 
single B cell transcriptomics and longitudinal clone tracking study 
from influenza vaccinated 18-year-old male suggests that bystander 
activation of memory B cells that are non-specific to the vaccine 
should be shared in influenza vaccinated individuals [154]. However, 
their findings indicate that this bystander activation is confined to a 
small number of clones. Further investigation is needed to under-
stand the mechanism of bystander activation to damage pancreatic 
β cells. 

Epitope spreading 

In the second mechanism, the epitope spreading model, viruses 
could alter the immune system to attack host cells, including pan-
creatic β cells, due to diversions in the epitope specificity [155]. In a 
persistent viral infection, self-antigens released by dying cells are 
presented by APCs to CD4 + and CD8 + T cells. These T cells further 
activate Th1 and B cells to produce antibodies against self-antigens 
leading to autoimmunity and further damage to tissue/organs[156]. 
This immune system modulation can occur by different means: (a) 
by autoantibodies against self-antigen produced by B cells that are 
activated by the presentation of self-antigens by APCs, (b) recruit-
ment of immunocytes to host tissues by tumor necrosis factor (TNF) 
and interferon-gamma (INF-γ), (c) breakdown of immune tolerance 
by activated immune cells, and (d) by disrupting Th1/Th2 immune 
balance [157–160]. Experiments in transgenic mice expressing gly-
coprotein or nucleoprotein of lymphocytic choriomeningitis virus 
(LCMV) showed the development of T1DM. They observed that IFN-γ 
deficient transgenic mice did not develop T1DM as the β cell injury 
was limited. Increased cytokine secretion, specifically IFN-γ along 
with perforin, could enhance MHC expression and presentation of 
self-antigens destroying host cell/tissues where these self-antigens 
are present [156]. Several human clinical studies observed epitope 
spreading as the mechanism of humoral responses that are specific 
to β cells. These responses are recorded in children of diabetic pa-
tients from birth till disease onset [161–163]. Viral markers resulting 
from persistent infection with coxsackievirus were seen in the islet β 
cells of patients with T1DM several years after disease diagnosis  
[164,165]. Evidence of epitope spreading was also reported in an-
other study where enteroviral infection resulted in overexpression of 
MHC class 1 protein in islet cells of diabetic patients both in infected 
and non-infected cells. However, the viral replication was low [166], 
suggests the epitope spreading mechanism in developing an auto-
immune response. This overexpression is resulted from the type 1 
interferon release locally and activated tyrosine kinase 2 (TYK2)  
[167]. Such long-time expression leads to the presentation of β cell 
epitopes by APCs to immune cells leading to their destruction. 

Molecular mimicry 

A third mechanism is called molecular mimicry, in which viral 
antigens that are similar to self-antigens are presented by APCs to 
activate autoreactive T-cells, which binds to both self and non-self- 
antigens leading to the development of autoimmunity [28]. The MHC 
class II molecules on APC present these peptides of autoantigens to 
CD4 + T cells.[168]. The viral mimicry peptides efficiently stimulate 
T and B cells. These antiviral T and B cells, after the viral clearance, 
further attack and damage β cells depending on viral antigen ex-
pression [169]. Molecular mimicry between host cell protein, in-
cluding pancreatic β cells and viral peptides, is explained as a cause 
of T1DM by many viruses, including coxsackievirus [170], measles 
virus, herpesvirus [171], and cytomegalovirus [172]. Studies report a 
significant cross-reactivity between human antigen GAD65 and 
coxsackie B virus protein P2-C [173]. Most of the monoclonal anti-
bodies produced against the measles virus and herpes viruses re-
acted with cellular proteins (self-proteins) from uninfected cells 
also, while only a few were viral-specific [171]. Christeen et al. in 
2004., in mice experiments, reported evidence for autoimmunity. 
Mice that are expressing viral protein as self-antigens in the β cells 
developed autoimmunity when infected with viruses [174]. How-
ever, T1DM was observed only after enhancing T cell receptor (TCR) 
signal transduction [175]. This indicates that there may be some 
tolerance to autoantigens mimicked as viral antigens until some 
stimulation occurs, precipitating autoimmune T1DM. Another study 
reports the evidence for molecular mimicry in the development of 
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autoimmune T1DM, the RIP-LCMV mice that express a protein of 
LCMV virus in their pancreatic β cells developed T1DM when they 
were infected with the virus. These mice also developed an en-
hanced autoimmune process after being infected with the Pichinde 
virus (PV) with structurally similar epitopes to LCMV [174,176]. 
Clinical onset of T1DM has been reported to be diagnosed, followed 
by CMV infection [177]. The study reports a significant correlation 
between the CMV genome and autoantibodies islet β cells con-
firming molecular mimicry as the mechanism of autoimmune T1DM 
in patients who had a persistent infection. 

The experimental evidence suggests that different viruses exhibit 
different mechanisms to induce autoimmune diabetes, but the 
complete understanding of the mechanism by which viruses med-
iate immune responses against pancreatic islet cells is lacking. 
Further studies may shed more light on the pathway by which 
lymphocytes develop cross-reactivity towards self-antigens. 

Vaccines as a cause of diabetes 

Vaccines, like other drugs, result in the generation of specific ad-
verse effects. The link between vaccines and autoimmunity has been 
explained as bidirectional: 1. immunization protects from infectious 
diseases and, in turn, prevents the development of autoimmune dis-
eases; 2. from the light of clinical reports and in vitro studies, vaccine- 
induced autoimmunity has been reported in humans. Many studies 
investigated the association between autoimmunity and vaccines in 
humans, but there are only a few reporting a positive connection be-
tween them. Singh et al. reported in 2000 that certain vaccines trigger 
the development of autoimmunity by the exact mechanism which 
prevents infection [178]. Few vaccines which are reported to trigger the 
induce of autoimmunity are Measles, Mumps, and Rubella (MMR)  
[179], Yellow fever [180], Rotavirus, and influenza vaccines [181]. Also, 
specific vaccine adjuvants are reported to trigger autoimmunity; the 
most studied are aluminum hydroxide and phosphate, which are the 
widely used adjuvants [182], and are termed as autoimmune syndrome 
induced by adjuvants (ASIA) [183]. In the case of diabetes, there are 
very few reports suggesting vaccination as a cause of diabetes. Classen 
JB et al. reported the link between Type 1 diabetes and vaccination, 
including smallpox, Haemophilus influenza type b (Hib), and tu-
berculosis vaccines [184,185]. He proposed an increased risk of devel-
oping T1DM when the vaccine is provided after two months of birth, 
but when the vaccinated within two months after birth, that does not 
induce T1DM [186,187]. Later from the light of his experiments in non- 
obese diabetic prone (NOD) mice immunized with Haemophilus in-
fluenza B vaccine, he reported that the relative risk of developing T1DM 
is 1.26. Also, immunized mice with pediatric vaccines demonstrated an 
increased incidence of T1DM development [186]. Palmieri et al. re-
ported that individuals who are more susceptible to developing auto-
immunity due to family history and other reasons are more prone to 
vaccine-induced autoimmunity [188]. Genetically prone individuals to 
T1DM, such as people with HLA DRB1 upon exposure to vaccine ad-
juvants that are homologous to human peptides, may develop auto-
immunity by molecular mimicry model[189]. Influenza vaccination 
may cause autoimmunity via molecular mimicry mechanism [190], but 
a clear association and the complete mechanism is still unproved. 
While these studies point towards the risk of vaccines to cause dia-
betes, on the other hand, diabetic patients are more susceptible to 
respiratory infections and may develop severe infections, which leads 
to hospitalization and even death. 

Complications of influenza in diabetic patients 

Respiratory infections and diabetes are two significant causes of 
illness worldwide, and hence make a dangerous combination and 

has got attention for more than a decade. Many clinical studies re-
ported that respiratory infections are the most common cause of 
hospitalization in diabetic patients [191–193]. The typical re-
spiratory infections seen in diabetic patients are caused by strepto-
coccus pneumonia and influenza virus [194,195]. It is argued that 
during the influenza epidemic, hospitalization is six times higher for 
diabetic patients when compared to non-diabetic patients [193]. A 
systematic analysis of 93,000 H1N1 cases in diabetic patients from 
the 2009 outbreak reports a prevalence of 14.6% severe out-
come [196]. 

It has been previously reported that patients with DM have 
weakened immune response, impaired chemotaxis, phagocytosis, 
and antigen presentation in response to the infection. This results in 
a defective T cell function and proliferation and leads to disease 
progression [197,198]. The defects in innate immunity in DM pa-
tients are associated with complements, cytokines, and hypergly-
cemia. A study conducted on 86 patients found that 26% of them had 
a low complement factor (C4) content resulting in neutrophil dys-
function and inadequate response to cytokines [199]. Lowered se-
cretion of interleukin- 1 (IL-1) and interleukin- 6 (IL-6) by 
mononuclear cells and monocyte has also been seen in diabetic 
patients as a result of stimulation by lipopolysaccharide (LPS), which 
gets activated by phagocytosis [200]. In hyperglycemic conditions, 
reduced neutrophil degranulation, impaired complement activation, 
and impaired phagocytosis are reported [201–203], resulting in the 
severity of respiratory infections, including Influenza infection. 
Study reports from Canada showed that DM patients have triple the 
risk of disease severity and hospitalization during 2009 H1N1 in-
fection. The rate of patients admitted to ICU was fourfold higher in 
the case of DM patients when compared to non-diabetic [93]. A si-
milar report of increased burden and mortality of influenza infection 
in DM patients was reported from a study conducted in Germany by 
Wilking et al. in 2010. He reported that DM patients doubled the risk 
of fatality after infection with the 2009 influenza strain. Shreds of 
evidence show that influenza infection can also worsen blood glu-
cose levels and increase complications of diabetes [204]. A study 
using metabolome analysis in mice infected with influenza virus 
infection revealed a significant reduction in most metabolites asso-
ciated with the TCA(Tricarboxylic acid) cycle affecting insulin sig-
naling [204]. 

In addition to being a cause of DM induction, DM patients are 
more susceptible to influenza infection and disease severity. Hence, 
routine influenza vaccination is highly recommended for DM pa-
tients. Influenza vaccination in diabetic patients, especially during 
pandemics, has been found effective, considering the hospitalization 
rates as well as the mortality risk. A study conducted in England over 
seven years between 2003 and 2010 included 124,503 diabetic pa-
tients, influenza vaccine recipients and non-recipients [205]. The 
results show that vaccination was associated with lower hospitali-
zation and death in vaccine recipients when compared to non-vac-
cine recipients. Their findings observed significant reduction in 
cardiovascular events including acute myocardial infarction (19%), 
stroke (30%), heart failure (22%). They also found 15% reduction for 
pneumonia in vaccinated individuals. [205]. Another study among 
vaccine recipients vs. non-vaccine recipients of elderly diabetic pa-
tients reported a lower incidence of respiratory failure and pneu-
monia in vaccine recipients. The vaccine recipients showed a 
significantly low rate in hospitalization that is 11% less than non- 
vaccine recipients [206]. An older study (1986) among ten T1DM, 21 
T2DM, and ten normal subjects found that anti-influenza vaccination 
provides proper protection against influenza infection in DM pa-
tients. In the study, none of the participants who received the anti- 
influenza vaccine developed influenza during the following year, and 
the activated T cells with IL-2 receptor were significantly reduced, 
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especially in T2DM patients compared to age-matched control sub-
jects [207]. However, these reports are not of high values as the 
study sample size is small, and the correlation between influenza 
antibody titer and the clinical protection was not proved. From the 
light of all the study reports on the effectiveness of influenza vac-
cination, Seasonal influenza vaccination is suggested to diabetic 
patients by WHO and IDA as the most appropriate method to reduce 
hospitalization and death due to Flu- diabetic complications, fol-
lowed by declaring a global pandemic of Influenza A(H1N1)  
[208,209]. 

COVID-19, disease severity in DM patients 

The recent COVID-19 pandemic is caused by the beta-coronavirus 
SARS-CoV-2 and may result in severe acute respiratory illness in up 
to 15% of the infected population [210]. People with comorbidities, 
including DM are more likely to develop serious complications  
[51,211]. Results from a prospective cohort study in COVID-19 in-
fected patients who were previously diagnosed with either T1DM or 
T2DM show that COVID-19 has significant adverse effects in diabetic 
patients when compared to non-diabetic [211]. In the study that 
observed 40 T1DM and 273 T2DM COVID-19 patients, the odds ratio 
for disease severity was 3.35 and hospitalization was 3.90 for T1DM 
patients and 3.42 and 3.36 T2DM, respectively [211]. Another recent 
study reported that out of 52 ICU COVID-19 patients, 32 non-survi-
vors were reported with diabetes(T2DM) [212]. Another study re-
ported that out of 140 patients hospitalized with a severe COVID-19 
infection, 12% were DM patients [213]. A study from Saudi reports 
that the death rate of T2DM-COVID-19 patients was much higher 
(20.5%) when compared to control (12.3%). The study was conducted 
on 439 COVID-19 patients, out of which, 68.3% were DM patients  
[214]. Another study reported presence of significantly increased 
levels of autoimmune antibodies in ICU patients [215]. Seven out of 
126 ICU patients showed positive antinuclear antibodies (ANA) 
where all tested non-ICU patients (273) were negative [215]. A study 
conducted in severe COVID-19 DM patients found that reduced le-
vels of triacylglycerols were associated with disease severity in DM 
patients. These triacylglycerols includes unsaturated, monosaturated 
and polysaturated long chain fatty acids [216]. The risk factors as-
sociated with COVID-19 disease severity or even morbidity in DM 
patients are cardiovascular disease, dyspnea, lung disease and de-
creased platelet and neutrophil count [217]. A meta-analysis based 
on 30 studies having 6452 patients found that DM is associated with 
composite poor outcome with a risk ratio(RR) = 2.38[1.88, 3.03]  
[218]. The study further reports the association of DM with mortality 
(RR = 2.12[1.44,3.11]), disease severity (RR = 2.45[1.44,3.11]) and 
acute respiratory distress syndrome (RR = 4.64[ 1.86,11.58]. There are 
several other studies suggesting an association between COVID-19 
disease severity and DM condition [219–221] however, the me-
chanism of diseases pathogenesis is not well understood. 

Regardless of age, DM patients were given with priority in the 
COVID-19 vaccination campaign worldwide, and few studies re-
ported on the the efficacy of COVID-19 vaccine in DM patients in 
terms of disease severity and progression [222–224]. One study in-
dicated a lower levels of neutralizing antibody response in DM pa-
tients when compared to healthy individuals, however the levels are 
only slightly lower, 87.1  ±  11.6 in healthy individuals and 79.7  ±  19.5 
in DM patients [222]. Dagan, N., et al. also found slightly lower an-
tibodies in people with chronic conditions including DM [224]. This 
study reported that the vaccine effectiveness is 91% in people with 
no conditions, however it was reduced to 86% in people with co-
morbidities including DM [224]. Overall, COVID-19 vaccines have 
been proven effective in DM patients that were able to elicit high 
neutralizing antibodies, very similar to healthy individuals. 

Conclusion 

The increasing prevalence of diabetes mellitus crossing the pre-
dictions makes it one of the most severe health complications of the 
century. The combination of diabetes with other diseases makes it 
riskier and sometimes deadly. Hence, it is essential to study the risk 
factors that induce diabetes to develop better treatment and control 
measures. The combination of genetic and non-genetic factors (en-
vironmental), which are growing as part of urbanization, becomes 
challenging. Though genetic predisposition is considered the 
primary cause of diabetes, recent studies strongly suggest that 
non-genetic factors, including viruses, play an essential role in de-
veloping this autoimmune disease. Knowing viruses as a common 
environmental factor to induce diabetes, primarily type 1 diabetes in 
children, vaccination against viral infections becomes a necessity. 
Influenza is one of the frequently seen viral infections; anti-influ-
enza vaccination would effectively reduce the burden and hospita-
lization among DM patients. Reports from different countries on the 
significant reduction in hospitalization and death incidents give 
some light to controlling influenza complications in diabetic pa-
tients. T2D is considered a main risk factor for developing severe 
COVID-19, probably due to too much inflammation, often called a 
cytokine storm [211]. Controlling the disease severity of respiratory 
infections in DM patients is a multi-factorial process, with vaccines 
being an ideal preventative measure. With the advanced technolo-
gies in vaccine development, vaccinated DM patients develop op-
timal B- cell response to many seasonal vaccines including influenza 
and COVID-19 [225]. While some studies support the viral vaccine as 
a triggering factor of diabetes, most do not provide sufficient evi-
dence that proves the suggested pathways. More shreds of evidence 
are needed to understand in depth the post-vaccination auto-
immunity development. Hence, for diabetic patients looking at the 
available reports on the vaccine's effectiveness in reducing health 
complications and fatality, the influenza vaccine is recommended to 
DM patients. 
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