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Abstract

:

Infection has recently started receiving greater attention as an unusual causative/inducing factor of obesity. Indeed, the biological plausibility of infectobesity includes direct roles of some viruses to reprogram host metabolism toward a more lipogenic and adipogenic status. Furthermore, the probability that humans may exchange microbiota components (virome/virobiota) points out that the altered response of IFN and other cytokines, which surfaces as a central mechanism for adipogenesis and obesity-associated immune suppression, is due to the fact that gut microbiota uphold intrinsic IFN signaling. Last but not least, the adaptation of both host immune and metabolic system under persistent viral infections play a central role in these phenomena. We hereby discuss the possible link between adenovirus and obesity-related nonalcoholic fatty liver disease (NAFLD). The mechanisms of adenovirus-36 (Ad-36) involvement in hepatic steatosis/NAFLD consist in reducing leptin gene expression and insulin sensitivity, augmenting glucose uptake, activating the lipogenic and pro-inflammatory pathways in adipose tissue, and increasing the level of macrophage chemoattractant protein-1, all of these ultimately leading to chronic inflammation and altered lipid metabolism. Moreover, by reducing leptin expression and secretion Ad-36 may have in turn an obesogenic effect through increased food intake or decreased energy expenditure via altered fat metabolism. Finally, Ad-36 is involved in upregulation of cAMP, phosphatidylinositol 3-kinase, and p38 signaling pathways, downregulation of Wnt10b expression, increased expression of CCAAT/enhancer binding protein-beta, and peroxisome proliferator-activated receptor gamma 2 with consequential lipid accumulation.
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1. Introduction


…If we want to find out the truth about a certain situation, we have to look at it from a variety of different angles. Furthermore, the best explanation of a phenomenon is achieved by bringing together multiple sources and heterogeneous evidence…



Obesity represents a major health problem. Epidemiological studies show an increasing prevalence of this condition in every age, gender, race, and socioeconomic group. According to the WHO, in 2016, more than 1.9 billion adults worldwide were overweight including 650 million who were obese. The prevalence of obesity tripled worldwide between 1975 and 2016 [1].



Classical findings demonstrate that, controlling for smoking and reverse causality, obesity is associated with significant increase in all-cause and cause-specific mortality, and in particular with cardiovascular disease mortality [2]. Furthermore, the number of years lived with obesity is directly associated with the risk of mortality [3].



The causes of the obesity pandemic remain unclear. The progressive increase in energy-dense food intake and decrease in physical activity that have occurred in recent years are likely culprits [4], but there is no solid evidence demonstrating their causal role, which has also been contradicted by some experimental results. For instance, an up-to-date nation-wide longitudinal study showed that it is unlikely that the availability of fast food outlets and the lack of physical activity facilities cause obesity in Swedish adults [5]. Alternative putative contributors to the genesis of obesity, worthy of equal consideration, have been proposed. Among them, fresh evidence suggests that microorganisms could have a role in the genesis of obesity [6]. The intriguing but too often overlooked hypothesis of the infective etiology of obesity is the field of investigation of infectobesity, a new discipline that assumes that systemic inflammation caused by microorganisms plays a determinant role.



Even though it is well-known that systemic inflammation is associated with obesity, it is still debated as to whether it is a causative factor or a consequence of obesity.



Duncan et al. showed that fibrinogen and other markers of inflammation could predict weight gain in middle-aged adults. In fact, a three-year follow-up of more than 13,000 men and women showed an adjusted odds ratio with regard to a large weight gain (>90th percentile) of 1.65 for those in the highest quartile compared with the lowest quartile of fibrinogen levels [7]. In contrast, recent findings suggest that the inflammatory markers (i.e., hs-C reactive protein (CRP), interleukin (IL)-1Ra, IL-6, tumor necrosis factor (TNF)-alpha and adiponectin), although highly associated with obesity, do not predict—in linear regression models—weight gain in an adult population. This could suggest inflammation as a consequence of obesity rather than a contributing factor to it [8]. One of the first observations that tried to clarify the link between fat depots and chronic inflammation was that adipocytes from both omental and subcutaneous tissue of the obese secrete the pro-inflammatory cytokine IL-6 [9]. The previous finding was challenged by a study showing that, in the presence of abdominal obesity, the contribution of visceral adipose tissue to circulating levels of IL-6 was modest, although IL-6 concentrations are increased in the systemic circulation [10].



It should be stressed that the evidence that chronic inflammation and/or hyperinsulinemia play a casual role in obesity [11] comes mainly from cross-sectional studies, which cannot establish the direction of any causality. Nevertheless, a recent systematic review with meta-analysis showed that chronic inflammation and hyperinsulinemia usually precede changes in higher BMI, which is consistent with a causal role in obesity [12].



This is a key point because it lends credence to a possible factor first inducing chronic inflammation, which in turn leads to the increase in weight.



But which factor could be responsible of this inflammatory status? In the next paragraph we review the evidence suggesting that it could be a viral infection.




2. Changing the Scenario: Viruses and Obesity


Six viruses are known to lead to obesity in animals. Canine distemper virus was the first virus reported to cause obesity in mice, followed by Rous-associated virus-7, an avian retrovirus, which has been shown to lead to hyperlipidemia, finite growth, and obesity in chickens. Still, Borna disease virus was found to determine obesity in rats. Small scrapie viruses were revealed to induce obesity in mice and hamsters. Finally, SMAM-1, an avian adenovirus (Ad), and adenovirus-36 (Ad-36), a human adenovirus, were associated with obesity in animals and humans by many researchers [13].



All the obesogenic animal viruses except SMAM-1 cause obesity acting on the CNS. SMAM-1 acts directly on adipocytes and is the only animal virus that is associated with human obesity. Intriguingly, three human adenoviruses, Ad-36, Ad-37, and Ad-5, also directly act on adipocytes. These viruses stimulate enzymes and transcription factors that lead to the storage of triglycerides and help pre-adipocytes differentiate into mature adipocytes. Ad-5 and Ad-37 have also been reckoned to induce obesity in animals. Ad-36 causes obesity in chickens, mice, rats, and monkeys, and, in humans, antibodies against this virus have been found in 30% of obese and 11% of lean individuals [14].



We know that AT (specifically adipocytes) responds to over-nutrition by initiating an inflammatory response [15], but can an inflammatory response be caused by chronic viral infection?



AT serves as a reservoir for the persistence of several viruses including influenza A virus, human immunodeficiency virus (HIV), cytomegalovirus (CMV) and, consistently with its possible role in the genesis of obesity, the human Ad-36 [16,17]. Shifting attention to other viral agents, very recent results suggest that obesity among Qataris may be associated with a higher prevalence of herpesvirus infections, in particular HSV-1. Furthermore, the high prevalence of antibodies against peptide antigens specific to HSV-1 and -2 in the obese population suggests that these viral peptides may play a role in adipogenesis [18].



In addition, the strong pro-inflammatory responses within AT (exerting both autocrine and paracrine effects) and the high number of fat-resident macrophages suggest that AT contributes to anti-infectious innate immune responses [19].




3. Prevalence of Adenovirus in the General Population


The prevalence of adenovirus seropositivity differs across ethnic groups ranging from 65% in Italy [20] to 6% in Belgium/Holland [21]. In the Arab population a prevalence of Ad-36 of 47% has been reported: women were more frequently positive and there was no association with normal or increased BMI or the presence of type 2 diabetes mellitus (T2DM) [22].



Among 101 children from elementary schools in southern Brazil, the Ad-36 seropositivity rate was about 16% and was associated with three times higher chance of being overweight. Enrolment in a full-time daycare center before the age of 24 months increased not only the chance of being Ad-36 seropositive, but also of being overweight by little less than three times [23]. Based on these data the question arises whether virus persistence was associated with chronic inflammation and whether adenoviruses are involved.



As mentioned before, in contrast to the acute episode, some viral infections last for long periods, persisting indefinitely within the host because the primary infection is not cleared by the adaptive immune response. Varicella-zoster virus, measles virus, HIV-1, lymphocytic choriomeningitis virus, and human CMV are typical examples of viruses that cause persistent infections [24].



It has long been known that persistent viral infection ends up in a chronic inflammatory status. Intriguingly, during HIV infection, abdominal subcutaneous and visceral adipose tissues are crucial both for continuous viral replication and chronic immune activation and inflammation [25].



Similarly, long-term persistence of infectious Zika virus leads to inflammation and behavioral sequelae in mice [26].



Adenoviruses may cause two types of infection: type 1 or “ineffective”, resulting in transient virus excretion and little or no illness, and type 2 or “persistent”, resulting frequently in symptomatic illness and characterized by long-lasting, intermittent virus excretion. The virus watch program showed that in metropolitan New York families type 2 infection was the most frequent type of adenovirus infection and resulted in prolonged intra-familial spread [27].



Recent results indicate a novel pathogenic role of Th17 cells via interleukin (IL)-17 in persistent viral infection and its associated chronic inflammatory diseases [28]. Of note, serum IL-17 is related to early atherosclerosis in obese patients [29]. IL-17 is produced by helper T (Th) cells that are stimulated by IL-1β and IL-6 derived from phagocytes such as macrophages and from tissue cells/adipocytes. This cytokine strongly contributes to autoimmune diseases that are characterized by chronic inflammation [30].



Furthermore, regulatory B cells (Bregs) have increasingly gained in attention for restraining inflammation through suppressing the differentiation of Th1 and Th17 immune responses in the development of autoimmune diseases, lending credence to a key player role for IL-17 in these conditions [31].




4. Chronic Low-Grade Inflammation, Insulin Resistance and Obesity-Related NAFLD


Metabolic syndrome, of which obesity is an important component has a bidirectional association with nonalcoholic fatty liver disease (NAFLD, recently re-named metabolic associated fatty liver disease (MAFLD), a clinical condition characterized by intra-hepatic fat excess with or without inflammation and fibrosis [32]. NAFLD has the potential of becoming progressive, leading to liver cirrhosis, and is associated with serious cardio-metabolic abnormalities including T2DM [33]



Recent findings demonstrate that insulin resistance in the adipose tissue is prospectively associated with changes in adipose tissue function (adiponectin and soluble CD163), HDL cholesterol, triglycerides, and with incident abnormal glycemia such as the onset of impaired fasting glucose, impaired glucose tolerance, or T2DM at follow-up [34].



Adipose tissue insulin resistance also plays a central role in the development of metabolic and histological abnormalities of obese patients with NAFLD [35]. Intriguingly, accumulating evidence reveals that NAFLD with its related insulin resistance is strongly associated with inflammation, which also has a role in the pathogenesis of one of its more serious complications, the development of hepatocarcinoma (HCC).



More specifically, various pro-inflammatory cytokines (beyond IL-6, TNF-alpha) and adipokines (adiponectin and leptin) play a key role in the onset and worsening of NAFLD-related inflammation by regulating various functions including metabolic energy balance and immune response [36,37].



There is great deal of debate over the need to better distinguish between the two entities of NAFLD (i.e., the simple fatty liver and the more severe form known as nonalcoholic steatohepatitis (NASH)) [38].



In fact, for some authorities, NAFLD encompasses a disease-continuum from steatosis with or without mild inflammation (fatty liver) to NASH, which is characterized by necroinflammation and faster fibrosis progression than fatty liver. Remarkably, NAFLD-related inflammatory status ends up in the emergence of a microenvironment favorable to the development of hepatocarcinoma (HCC) [39]. Indeed, it is speculated that the role of NAFLD in HCC etiology is greater than the data that has been previously reported, and the existence of burned-out NASH is an aspect to be taken into account in epidemiological research dealing with NAFLD-related HCC [40].



HCC is the result of a malignant transformation of normal hepatocytes due to genetic and epigenetic alterations in which inflammation, oxidative stress, and immunity are involved [41].



In fact, non-resolving inflammation is a recognized hallmark of cancer that substantially contributes to the development and progression of HCC. The HCC-associated inflammation can be initiated by extrinsic pathways and propagated through activation of pattern-recognition receptors and by pathogen-associated molecule patterns deriving from gut flora [42].



This key-aspect concerning the gut microbiome will be dealt with later.



Specifically, HCC results in an aberrant activation of different cellular and molecular pathways and disruption of balance between activation and inactivation of protooncogenes and tumor suppressor genes, respectively [43].



A role in HCC pathogenesis has also been proposed for viral infections. Indeed, researchers have described adeno-associated virus type 2 (AAV2) insertional mutagenesis in cancer driver genes in eleven cases of HCC, concluding that AAV2 insertions contribute to a subset of HCC development in rare patients, mainly in the absence of cirrhosis and other risk factors [44].




5. Inflammation, Autoimmunity, and Autoantibodies


An intriguing hypothesis that links viral infections to NFLD involves autoimmunity. Increasing pieces of evidence suggest, indeed, that the abnormal inflammatory responses are closely associated with autoimmune diseases [45] and that viral infections are implicated in their onset. Infection triggers a robust and usually well-coordinated immune response that is critical for obtaining viral clearance. However, immune regulatory mechanisms may sometimes halt, culminating in the lack of self-tolerance, which results in immune-mediated attack directed against both viral and self-antigens [46]. There are many examples of viral infections that have been suggested to induce autoimmune diseases including infections due to Coxsackie B virus (CVB), rotavirus, influenza A viruses (IAV), herpesviruses, and measles, mumps and rubella viruses, Zika virus, and Dengue virus [47].



Viruses do not necessarily induce full-fledged autoimmune diseases. Common viral infections are, instead, more often associated with the appearance of low titer, polyspecific autoantibodies [48]. In fact, previous results indicate a relationship between HCV infection and the concurrent detection of various autoantibodies in the absence of symptoms of autoimmune diseases [49]. Anti-nuclear antibodies (ANA) were also found more often in Cytomegalovirus (CMV) antibody-positive sera than in CMV antibody-negative sera, and ANA were usually present in sera that also contained anti-smooth muscle antibodies (ASMA) [50]. Data suggests that Epstein-Barr virus (EBV) could be involved in the ANA and extractable nuclear antigen autoantibody formation [51].



Intriguingly, autoantibodies such as ANA and ASMA may exist in the serum of patients with NAFLD although their prevalence and clinical significance is not clear. Routinely measured autoantibodies have been observed in one quarter of patients with NAFLD and their presence has been associated with more severe histological damage [52]. A study on 864 patients with histology-confirmed NAFLD showed a prevalence of 21% of ANA and/or ASMA at titers respectively ≥ 1:160 and ≥ 1:40 in the absence of autoimmune hepatitis; remarkably, their occurrence was not associated with more advanced histologic features. Authors speculate that autoantibody production in NAFLD subjects may be a consequence of hepatic Natural Killer T cell accumulation [53].




6. Adenoviruses and Obesity-Related NAFLD: There Is Much to Discover


The data reviewed in the previous paragraphs suggest a potential link between NAFLD and viral infections via immune-mediated inflammation. How do Ad-36 fit in this scenario? In this paragraph we will show that additional mechanisms unrelated to those described so far could be involved.



Several studies explored Ad seroprevalence in NAFLD. For instance, Trovato et al. showed that Ad-36 seropositive (+) patients had baseline greater BMI with the same level of bright liver score at ultrasound, a feature clearly suggestive of NAFLD but, paradoxically, they showed a better response to intervention (lower salt/lower calories Mediterranean diet, physical activity increase, smoking withdrawal, and lifestyle counselling). Specifically, a more important decrease of BMI, a greater reduction of insulin resistance assessed by HOMA, which is considered as the main driver of NAFLD, and higher prevalence of bright liver disappearance were found [54]. These effects were not dependent on a greater pre-interventional body weight or older age [20]. In the same direction, in another study, the prevalence of anti-Ad-36 antibodies was 32% in an Italian population of NAFLD patients as compared with an infection rate of 47% in those without NAFLD [55].



That said regarding the seroprevalence, some evidence suggests that Adv-36 could affect hepatic glucose metabolism and hepatic glucose output, fatty acid synthesis, and triglyceride formation. In particular, some authors have reported that Adv-36 improved in vivo fasting serum insulin level and HOMA insulin sensitivity in rats [56]. The same group showed that mice experimentally infected with Ad-36 had significantly lower serum levels of several cytokines [57]. These last data could, at least partially, justify the previous mentioned paradoxical findings in humans.



An interesting hypothesis centered on leptin dysregulation could arise from a study in which Ad-36 positivity was determined to be 27.1% and 6% in obese and non-obese children and 17.5% and 4% in obese and non-obese adults, respectively. While there was no difference between Ad-36 positive and negative subjects with regard to total cholesterol, low-density lipoprotein, triglycerides, TNF-alpha, and IL-6 levels, leptin levels were significantly lower in Ad positive subjects [58]. To make matters more complicated, elevated serum leptin seems to be a feature of NAFLD and serum leptin seems to increase as hepatocyte steatosis develops. An enhanced release of leptin is accompanied by a decrease in soluble leptin receptor (sOB-R) concentration, which suggests higher resistance of peripheral tissues toward the action of leptin. The low sOB-R levels in NAFLD patients may be part of a feedback mechanism aimed at counteracting the increase in leptin [59].



A study from Chile confirmed a higher prevalence of Ad-36 positivity in obese than in lean subjects and showed that, in contrast with the canonical finding of hyperleptinemia and leptin resistance in the obese [60], Ad-36 seropositivity was associated with better lipid profile and glycemic control, and lower leptin levels [61].



Whereas increased visceral adipose tissue (VAT) is associated with metabolic dysfunction [62] and is independently associated with NASH or significant liver fibrosis [63], subcutaneous adipose tissue (SAT) increases markers of inflammation and endoplasmic reticulum stress in the liver and both adipose tissue depots [64]. It should be stressed that while adiponectin concentrations were more strongly influenced by VAT, leptin release is dependent on SAT [65].



An intriguing hypothesis emerging from the data reviewed so far is that Ad-36 could be involved in the genesis of hepatic steatosis/NAFLD by reducing leptin gene expression—as feedback mechanism—and insulin sensitivity, by increasing glucose uptake, by activating the lipogenic and pro-inflammatory pathways in adipose tissue, and by increasing the level of macrophage chemo attractant protein-1, ultimately leading to chronic inflammation and altered lipid metabolism [66].



Furthermore, by reducing leptin expression and secretion Ad-36 may have in turn an obesogenic effect through increased food intake or decreased energy expenditure via altered fat metabolism [67].



While by acting on leptin Ad-36 would indirectly impact on NAFLD, these viruses could also directly act on the liver. In this perspective, and in light of the strict link between gut and liver, the so-called liver–gut axis, it is worth to mention that intestinal lymphocytes represent a reservoir for human adenovirus persistence and reactivation, whereas the intestinal epithelium is the main site of viral proliferation preceding dissemination [68].



At this point, we should mention an additional hypothetical mechanism that sound as a paradox. Specifically, Ad-36 markedly decreased serum corticosterone in infected versus control rats [56]. Glucocorticoids exert a diverse array of metabolic functions that have the potential to drive NAFLD, acting on both liver and adipose tissue. In the fasting state, they mobilize lipids from the adipose tissue, increasing fatty acid delivery to the liver, whereas in the fed state, they can promote lipid accumulation [69].



Several molecular mechanisms potentially responsible for the “metabolic” effects of AD-36 have been identified. Ad-36 induce the upregulation of cAMP, phosphatidylinositol 3-kinase (PI3K) and p38 signaling pathways, the downregulation of Wnt10b expression, and the increased expression of CCAAT/enhancer binding protein-beta and peroxisome proliferator-activated receptor (PPAR) gamma 2 with consequential lipid accumulation (Figure 1) [70]. Paradoxically, Ad-36 promotes fatty acid and triglycerides synthesis but improves insulin sensitivity by affecting the PI3K/Akt/FoxO1/PPAR-gamma signaling pathway [71].



The E4 open reading frame (orf)-1 (E4ORF1) gene of the virus is necessary and sufficient for Ad-36-induced adipogenesis [70]. In addition, in genetically diabetic (db/db) or diet-induced obesity (DIO) mice, hepatic expression of Ad-36 E4ORF1, but not Ad-5 E4ORF1, greatly improved glycemic control. In normoglycemic wild-type mice, hepatic expression of Ad-36 E4ORF1 lowered non-fasting blood glucose at a high dose of expression. Noteworthy, Ad-36 E4ORF1 significantly reduced insulin levels in db/db and DIO mice. Interestingly, the improvement in glycemic control was observed without stimulation of the proximal insulin signaling pathway [72].



PI3K activation by the adenovirus E4-ORF1 protein, beyond mediating oncogenic cellular transformation (in human Ad-9) and augmenting viral protein expression and replication (in human Ad-5) dysregulates cellular glucose and lipid metabolism (in human Ad-36) by reprogramming it [73].



Ad-36 infection in Wistar rats did not induce any change in inflammation biomarkers including tumor necrosis factor-α, interleukin 6, and monocyte chemoattractant protein-1 levels, but had favorable effects on glycemic and lipid control [74]. These effects may be dependent on E4ORF1, which has been shown to reduce hyperinsulinemia, improve glucose clearance, and protect against hepatic steatosis in younger mice exposed to a high fat diet. Interestingly, E4ORF1, beyond improving glycemic control and liver fat accumulation, maintains mitochondrial integrity and reduces telomere attrition in older mice [75].



Observing the issue from a different point of view, a recent review describes the ongoing development of therapeutic vaccines to treat obesity, and the possibility of using inactivated Ad-36 as a vaccine with anti-obesity properties [76]. This impressive application allows us to consider other factors concerning immunity in our topic.



Interferons (IFNs), cytokines regulating antiviral and autoimmune processes, are crucial in explaining the persistent viral infections that are associated with infectobesity. Furthermore, the IFN-mediated signaling pathway plays a key role in re-programming cellular lipid metabolism, likely clarifying the interaction of viral infection and obesity.



Considering these previous roles, several authors have emphasized the sequential immuno-metabolic adaption to persistent viral infections, pointing out that the deteriorated IFN response, which surfaces as a central mechanism for adipogenesis and obesity-associated immune suppression, could occur because gut microbiota uphold intrinsic IFN signaling [77].



Another interesting hypothesis, adopting genome-wide transcriptomic analyses of intestinal tissues of obese rats with adenovirus infection, revealed signature genes on an inter-systemic scale, many of them involved in the pathways of circadian rhythm, beyond those focusing on IFN signaling as antiviral immunity [78].



There is now an understanding of the complex networking that occurs between the virus and host at the interface of cellular metabolism, with a focus on the IFN-stimulated genes, in particular, cholesterol-25-hydroxylase, spermidine/spermine acetyltransferase 1, indoleamine-2,3-dioxygenase, and a sterile alpha motif as well as histidine/aspartic acid domain-containing protein 1 [79].




7. Could IFNs, as Antiviral/Immunomodulant Agents, Play a Role in Obesity-Related NAFLD?


We have seen that, although obesity has various etiologies, an overlooked possibility is obesity of an infectious origin. Accordingly, is there indirect evidence of obesity-related NAFLD as a consequence of a viral disease? Increasing evidence points to IFNs as key players in NAFLD, particularly in the progression to NASH. IFNs’ crucial role in disease development is supported by both genetic evidence and animal studies [80].



Serum concentrations of IFN-α-2, a key cytokine involved in viral infection, were increased in obese subjects with low-prevalence of co-morbidities but with hepatic steatosis [81].



IFN-α-2b treatment protects against diet-induced obesity and alleviates NAFLD in mice [82]. Furthermore, it was shown that both IFN-β1 overexpression and IFN-α-2b administration in mouse models of high fat diet-induced obesity prevent weight gain and suppress immune cell infiltration into AT, attenuate adipose inflammation, and limit AT expansion [83]. Furthermore, obesity-induced expression/responses of type 1-IFN in the liver have been reported to drive the accumulation and activation of intrahepatic CD8+ T cells to promote metabolic syndrome [84]. Treatment with IFN tau, an antiviral agent [85] can significantly mitigate obesity-associated systemic insulin resistance and tissue inflammation by controlling macrophage activity [86]. Furthermore, oral administration of IFN tau enhances oxidation of energy substrates and reduces adiposity in Zucker diabetic fatty rats [87]. It is noteworthy to stress that highlighting the contribution of certain inflammatory responses in obesity or NAFLD-development does not necessarily mean that these inflammatory responses are the result of an infection.




8. COVID-19, Obesity and NAFLD


The evidence reviewed so far suggests that viral infection could be responsible for obesity and, possibly, NAFLD. Before further exploring this hypothesis, we have to mention that obesity and NAFLD may, on the other hand, increase the susceptibility to viral infections. This point became dramatically evident during the ongoing COVID-19 pandemic. A recent systematic review showed that individuals with obesity were more at risk for positivity to COVID-19 (OR = 1.46), for hospitalization (OR = 2.13), for intensive care unit admission, (OR = 1.74), and for mortality (OR = 1.48) [88]. Authors found that NAFLD was associated with an increased risk of severe COVID-19, even after adjusting for obesity as a possible confounding factor [89]. NAFLD patients are more likely to show high ALT plasma concentrations when infected by COVID-19 [90]. Additionally, severe COVID-19 cases have been associated with lower expression of IFN-gamma by CD4 T cells [91]. IFN-gamma is an important antiviral protein, and reduced production of this cytokine in response to influenza virus infection has been previously documented in human populations with obesity [92].



Patients may be coinfected by SARS-CoV2, the causative virus of COVID-19, and Ad-36. In fact, a study by Zhu et al. reported 10 out of 257 patients testing positive for co-infection with COVID-19 and adenovirus, the majority of these patients being 15–65 years of age [93].



The interesting consequences of co-infection will be deepened later in a specific paragraph.




9. Is There an Involvement of the Spleen?


The innate immune system limits virus replication during systemic infection by producing type I interferons (IFN-I). Nonetheless, viruses may replicate in the spleen despite high levels of IFN-I. In addition, virus specific CD8 + T cells, which are primed in the spleen, migrate to the liver, and kill virus infected cells [94]. Immunity is somehow weak in people with obesity, partially because fat cells infiltrate the organs where immune cells are produced and stored such as the spleen, bone marrow, and thymus. These changes modify the distribution of lymphocyte population, and consequently alter overall immune defense [95]. In mice, high fat diet ingestion caused increased spleen size and CD45+CD3+/CD19+ ratio values in comparison with the control group. Obese mice showed a decrease in NK cell activity and an increase in spleen lymphocyte chemotaxis [96]. It is noteworthy that various cytopathic virus strains were isolated from the splenic lymphocytes of pigs. All viruses were identified as porcine adenoviruses [97].




10. What about Gut Virome?


It is well-known that gut microbiome/macrobiome is not limited to bacteria. DNA and RNA viruses that collectively make up the intestinal virome outnumber bacterial cells by as much as 10:1, and include eukaryotic viruses that infect eukaryotic cells, endogenous retroviruses, bacterial viruses (i.e., bacteriophages), and archaeal viruses that infect archaea [98].



According to PCR-based metagenomic studies on fecal shedding, eukaryotic viruses are highly represented in the gut virome of healthy individuals, though with a lower prevalence than phages [99].



For example, viruses from the Anelloviridae, Picobirnaviridae, Adenoviridae, and Astroviridae families and species such as Bocavirus, Rotavirus, Enterovirus, and Sapovirus have been identified in the fecal DNA samples of healthy children [100].



Alterations in the human virome are associated with type-1 diabetes mellitus (T1DM), T2DM, inflammatory bowel disease, HIV infection, and cancer [101]. Interestingly, a significant reduction in the proportion of bacteriophages compared with other intestinal viruses has been observed in patients with advanced NAFLD [102]. Experimental evidence suggests that alterations in gut virome could also have a role in causing obesity. For instance, the transfer of cecal viral communities from mice with a lean phenotype into mice with an obese phenotype led to reduced weight gain and normalized blood glucose parameters—and likely fat depot decrease—relative to lean mice. The authors hypothesized that this effect was mediated via fecal virome transplantation-induced gut microbiome changes [103]. An additional mechanism could involve the interactions between the gut microbiota and Bregs considering the relevant role of these lymphocytes in autoimmune diseases and their potential implications in obesity [104].



Accumulating evidence suggests that gut microbiota (possibly also including the gut virome) could play a role in atherosclerosis. Our understanding of the classical risk factors for atherosclerotic onset or progression is rapidly increasing and the complex interactions of inflammation and immune activation in this process have been disclosed. Nevertheless, 30–50% of patients lack typical risk factors, suggesting that other unknown factors, which could include infection or disturbed gut microbiome, are related to the pathogenesis of coronary artery disease [105].



Tang et al. showed that a subset of gut bacteria is involved in the formation of trimethylamine, a metabolite linked to atherosclerosis, and bacteriophages could modulate this process [106].



This observation adds a new perspective to understand the well-known link between NAFLD and ischemic cardiovascular diseases. It has, however, to be underlined that other viruses such as HIV may increase cardiovascular risk by directly or indirectly acting on the vessel wall [107]. Likewise, human CMV and EBV can be found in the arterial wall, which could represent a potential site of persistency of those viruses. The authors also proved a significant association between the presence of human CMV DNA in aortic walls and atherosclerosis. Whether this finding stands for a causal relationship between CMV infection and ischemic heart disease remains unclear [108]. Finally, a significant association was also found between influenza infection and acute myocardial infarction [109].




11. Viral Co-Infection: Could That Be the Case with Adenovirus?


The presence of an additional agent may also interfere with the targeted isolation of a known virus. Viral interference, a phenomenon where one virus competitively suppresses replication of other co-infecting viruses, is the most common outcome of viral co-infections [110].



Whatever the mechanism, the sequence of infections, the time interval between one infection and the other, and the route of infection determine whether the outcome of heterologous viral infections will be pathological or protective [110].



Co-infection of RNA viruses is important since it has the potential to enhance viral fitness. Furthermore, through complementation and recombination, co-infection could potentially promote “resurrection” of otherwise defective viral genomes and has the potential to expand viral diversity [111]. Because of the similar modes of transmission of these two viruses, subjects infected with HIV are often co-infected with GBV-C [112], and the the infection persists for decades [113]. Interestingly, 20% of HIV-positive individuals also have hepatitis C [114].



Other examples are Dengue virus–HIV co-infection; HDV–HBV co-infection; Herpes virus–HIV co-infection; Coronavirus–influenza virus; and Human metapneumovirus (HMPV)–respiratory syncytial virus (RSV), the last one resulting in increased disease severity [115].



Could a coinfection with adenoviruses and other viruses such as HCV be involved in the pathogenesis of NAFLD? Even though very little is known on this issue, human adenovirus have the ability to dictate, modulate, and/or alter the course of HCV infection [116].



A recent report showed that immunization of mice with various recombinant adenoviruses, containing antigens from HCV, Mycobacterium tuberculosis, HIV, and Ebola virus, all induce robust cross-reactive cellular and humoral immune responses against the HCV antigen cores, NS3 and NS5. The observation of cross-reactive immunity between adenoviruses and HCV is novel and opens new avenues of research in the field [117].



These findings have a special interest in the light of the probable role of HCV in determining NAFLD. HCV genotype 3 has been, indeed, independently associated with hepatic steatosis. Furthermore, superimposed NAFLD and visceral fat are related to lower response rates to antiviral therapy in non-genotype 3 patients. Finally, viral clearance is associated with the resolution of hepatic steatosis in HCV genotype 3, but not other HCV genotypes [118].




12. Major Criticisms to the Hypothesis of Ad-36 Involvement in Obesity and NAFLD


Several considerations mitigate the enthusiasm for the viral hypothesis of obesity and NAFLD. Available evidence comes from hardly comparable studies that were performed using different experimental design and laboratory methods. In addition, not all the published studies agreed in supporting the hypothesis and some of them are in contrast with it. Indeed, a very recent systematic review of 37 studies showed a high heterogeneity of diagnostic tests estimating the overall prevalence of Ad-36 infection in a combined population of adults, children, and adolescents. Regarding the diagnostic methods for Ad-36, 21 studies used serum neutralization assay, 12 studies used enzyme-linked immunosorbent assay (one of which used polymerase chain reaction assay (PCR) and serology concomitantly), three studies used PCR as the only diagnostic test, and one study used the microneutralization test for the diagnosis of Ad-36. In addition, strong differences were observed among studies in sample size, which ranged from less than 50 to more than 1000 subjects. No association between Ad-36 infection and obesity was found in four studies and one study showed inverse correlation, in the sense that Ad-36 infection was protective [119].



Another major criticism is that Ad positivity also frequently occurs in lean subjects. How can the presence of Ad-36 infection in non-obese patients be reconciled with a role of these viruses in the genesis of obesity? Interestingly, waist-to-hip ratio was larger in Ad-positive (IgG positive) than in Ad-negative subjects (IgG negative), both in the group of patients with obesity and in lean subjects. This finding could suggest that Ad-virus infection acts as a risk factor for obesity by augmenting abdominal fat depot [120,121]. In other words, Ad-viruses could induce the development of obesity only in the presence of other risk factors.



Finally, it should be emphasized that every association taken into account does not mean causation.




13. Conclusions


Canonically, obesity is reckoned to develop not only as a consequence of the imbalance between food intake, mainly rich-calorie food, and scarce caloric utilization, but also of the disequilibrium between white adipose tissue, considered the main site of energy storage, and brown adipose tissue, dedicated to energy expenditure [122]. However, some data demonstrate that a major contributor to obesity—physical inactivity—has not changed substantially at the population level between 1991 and 1998, while the prevalence of obesity (defined as a BMI ≥30 kg/m2) increased from 12.0% in 1991 to 17.9% in 1998 [123].



Of the several etiological factors of obesity, infection, an unusual causative/inducing factor, has recently started receiving greater attention. If relevant to humans, infectobesity would be a relatively novel, yet extremely significant, concept [124].



Rationalizing the biological plausibility of infectobesity, Voss and Dhurandhar included direct roles of some viruses to reprogram host metabolism toward a more lipogenic and adipogenic status, the probability that humans may exchange microbiota components—emphasizing its viral component (i.e., virome/virobiota) from livestock reservoirs that have been aggressively selected for efficient weight/fat gain, and finally the adaptation of both the immune and metabolic system of the host under persistent viral infections [125]. The importance of focusing on livestock reservoirs is based on the fact that genomes of these hosts can help identify dominant pathways of virus–host interaction [126].



Although the exact mechanism of pathogen-induced obesity is not completely clear, infection attributable to certain organisms should be included in the long list of potential etiological factors for obesity. Of course, recent progress in immunology could help clarify some mechanisms. For example, Jie et al. found that IL-17 was central to priming hepatic CD8+ T cells since IL-17 neutralization or IL-17RA-knockout ended up in significantly decreased CTL counts and impaired CTL effector functions in adenovirus-infected mice [127].



Clearly, even though evidence that specific viral infections might promote the development of obesity has steadily accumulated, not every case of obesity is of infectious origin [12,128]. Nonetheless, Ad-36 infection could be a potential new factor to be considered to investigate the worldwide epidemic of obesity [129]. Currently, there are no approved therapeutics to treat adenovirus infections, and the standard treatment relies on drugs approved to counteract other viral infections [130].



Now, with NAFLD associated with obesity, this disease could also share, among other causes (i.e., genetic predisposition, obesity, dyslipidemia and T2DM), a viral infection.



The likely mechanisms of Ad-36 involved in NAFLD consist in reducing leptin gene expression and insulin sensitivity, increasing glucose uptake, activating the lipogenic and pro-inflammatory pathways in adipose tissue, leading to chronic inflammation and affecting lipid metabolism. Moreover, Ad-36 reducing leptin expression and secretion may have, in turn, an obesogenic effect through increased food intake or decreased energy expenditure via altered fat metabolism. In light of the strict link between the gut and liver, the authors found that intestinal lymphocytes represent a reservoir for human adenovirus persistence and reactivation, lending credence to a possible impact of adenovirus in the onset or progression of NAFLD.
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Figure 1. Mechanisms underlying the link between adenovirus-36 and obesity-related NAFLD. NAFLD, nonalcoholic fatty liver disease; VAT, visceral adipose tissue; Ad-36 virus, adenovirus-36; ELISA, enzyme-linked immunosorbent assay; PCR, polymerase chain reaction; PI3K, phosphatidylinositol 3-kinase; AkT, protein kinase B, FoxO1, Forkhead box protein O1; PPAR-γ, peroxisome proliferator-activated receptor gamma; cAMP, cyclic adenosine monophosphate; C/EBP β, CCAAT-enhancer-binding protein beta; p38, p38 mitogen-activated protein kinase. The alphabetic letters indicate the mechanisms likely involved drawn from studies quoted in the related list of references. 
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