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1. SUMMARY 

 

Nowadays colorectal cancer (CRC) is a threat to global health. The 

data collected by the Global Cancer Observatory (GCO) report that 

CRC is the third most common cancer and the second cause of 

tumor-associated mortality in the world. The early diagnosis of CRC 

is very hard and the screening methods currently used in the clinical 

practise have several limitations. This has stimulated intense 

research aimed to find sensitive, non-invasive and early biomarkers 

in easily collectable matrices. Both non-modifiable and modifiable 

factors can increase the risk of developing CRC. Among lifestyle-

related factors obesity, as result of excessive caloric intake and 

sedentary life, is a predominant risk factor for colorectal 

carcinogenesis. The progressive increase in CRC incidence 

correlates with overweight and obesity epidemic proportion, 

consistently with the evidence of a positive correlation between body 

mass index (BMI) and CRC risk. A decrease of cancer incidence is 

recorded after bariatric surgery (BS) that is considered the most 

efficient treatment to lose weight in case of severe obesity.  

White adipose tissue (AT) is the first target organ in obesity being 

characterised by metabolic derangements, a low-grade of chronic 

inflammation and oxidative stress. By phosphoproteomics analysis, 

we investigated the profile of DNA damage response (DDR) and 

senescence markers in AT of subjects with severe obesity, compared 

to the normal weight controls. A higher protein activation/expression 

of DDR players and senescence markers was found in AT of patients 

affected by obesity. Notably, the concurrent DDR and cellular 

senescence activation was observed in visceral AT (VAT), but not in 

subcutaneous AT (SAT), in agreement with the known association 

between VAT expansion and comorbidities development. All these 

data, associated to the elevated systemic levels of inflammatory and 

oxidative markers, observed in the plasma of our patients, align with 

the onset of a senescent-associated secretory phenotype (SASP). 

Interestingly, after BS, a significant reduction of systemic pro-

inflammatory cytokines, a restoration of adipokines secretion and a 
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significant reduction of plasmatic ccf-mtDNA, as a damage-

associated molecular pattern (DAMP), have been recorded thus 

testifying the achievement of a healthier profile of subjects affected 

by severe obesity. 

Dysbiosis, commonly observed in obesity, concurs to CRC 

development and could be proposed as a potential therapeutic target 

and biomarker with both predictive and prognostic value. We 

characterized both gut and oral bacterial microbiomes in individuals 

affected by obesity and CRC patients with the aim to identify 

common and distinct microbial profiles. In parallel, the prevalence of 

specific oral human DNA viruses, potentially associated with CRC, 

was analyzed in CRC patients and in subject groups at high CRC 

risk, such as individuals with obesity or with nonfamilial colon 

adenomatous polyposis (AP). The prevalence of the same infections 

was also analyzed in obese individuals after BS to investigate 

whether weight loss could affect the oral viral profile. We found the 

same trend of modulation in obesity and CRC for most bacterial 

genera, both in the gut and in the oral cavity. Our results also show a 

significantly higher prevalence of oral beta-Human Papilloma 

Viruses (HPV) and beta-HPV multiple infections in CRC patients, 

and a trend of increase in high-risk groups. Furthermore, the 

prevalence of specific beta HPV genotypes was found associated to 

both BMI and pathological conditions. Notably, a lower prevalence 

of all beta HPVs and of specific genotypes was observed in obese 

patients after bariatric surgery suggesting that the surgery-related 

benefits can reduce the persistence of viral agents potentially 

involved in CRC risk increase.  

Given the increase of Proteobacteria (such as E. coli or S. enterica) 

and the reduction of Verrucomicrobiota (such as A. muciniphila) 

found in the gut microbiome of both subjects with obesity and CRC 

patients, we investigated the effects of endotoxins from pathogenic 

and commensal/probiotic bacteria on the generation and function of 

human dendritic cells (DC) and DC/γδ T lymphocyte crosstalk in an 

in vitro study on healthy donors. We found that A. muciniphila LPS 
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can promote the differentiation of DC with full immunostimulatory 

properties, in contrast to comparable concentrations of LPS derived 

from E. coli and S. enterica, which can create an immunosuppressive 

environment.  

According to the obtained results, alterations of oral and intestinal 

microbiome seem to be a causative bridge between obesity and CRC, 

but larger cohorts and deeper analysis are necessary to draw a 

definitive link.  
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2. INTRODUCTION 

 

2.1 Colorectal cancer (CRC) 

 

2.1.1 Epidemiology, pathogenesis, treatment and current 

detection methods                           

According to the data collected by the Global Cancer Observatory 

(GCO) (https://gco.iarc.who.int/), CRC is confirmed to be the third 

most common cancer and the second cause of tumor-associated 

mortality worldwide. Although CRC incidence in people aged ≥ 50 

years (late-onset CRC) appears stable or even decreasing in high-

income countries due to a rising screening over the last decades, a 

worrying increase of early-onset CRC cases, diagnosed in 

individuals under the age of 50 years, has been recorded in the world 

(Patel et al, 2022). Unlike late-onset CRC patients, who are often 

diagnosed incidentally, subjects with early-onset tumors present with 

symptoms, such as hematochezia or abdominal pain. In addition, 

compared to the former, they experience these symptoms for a 

longer time before cancer detection, usually diagnosed at an 

advanced stage. Moreover, right-sided cancers are more likely to be 

found in older patients, while most subjects aged < 50 years have 

left-sided tumors and exhibit more aggressive histopathology, due to 

the diagnosis at metastatic stage. Nevertheless, patients with early-

onset CRC have better survival rates, compared to late-onset cancer 

subjects. From a gender perspective, there are several differences in 

CRC between males and females. First of all, higher incidence and 

mortality are recorded among males, even if a higher mortality and a 

lower 5-year survival rate are shown by post-menopausal women, 

with respect to men of comparable age (Kim et al, 2015). This trend 

is due to loss of the protective effect of female sex hormones, mainly 

estrogens. Another difference is the tumor site: the neoplastic 

transformation preferentially involves the distal colon in men, while 

tumors are observed mainly in the proximal colon among women. As 

a result, the CRC screening methods are less sensitive in female 

patients compared to male ones. In addition, an increased toxicity 



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 9  

associated with the common drugs used for CRC treatment has been 

reported in women. 

The majority of CRC cases originate from a stem cell or stem-cell-

like-cell, that resides at the base of colon crypts, the “stem cell 

niche”. The transforming process begins with an aberrant crypt, that 

transforms then into a benign adenomatous polyp which, in turn, 

evolves into a neoplastic lesion during ~10-15 years (Dekker et al, 

2019). Only a low percentage of colorectal neoplasia is related to 

genetics or familial history whereas 70%-90% of CRC cases are 

sporadic. The adenoma-carcinoma-metastasis model is associated 

with inactivating mutations or deletions of both APC and TP53.  

Afterwords, activating mutations of k-ras sustain the metastatic 

potential of CRC. According to a second model, the serrated 

neoplasia pathway, occurs in about 10%-20% of CRC cases with two 

alternative progression presentations: according to the traditional 

serrated pathway, a hyperplastic polyp enriched with goblet cells 

evolves into a serrated adenoma, progressing to microsatellite stable 

tumor. In the alternative sessile serrate pathway, the neoplastic lesion 

arises from a microvesicular hyperplastic polyp, giving rise to a   

carcinoma with microsatellite instability (MSI) or microsatellite 

stability (MSS). In both progression presentations a higher rate of 

activating mutations of braf and k-ras, and not of apc, is recorded. 

The colitis-associated cancer (CAC) is a third specific form of CRC 

(2% of CRC cases), diagnosed in patients affected by inflammatory 

bowel disease (IBD).  

Today the cornerstone of CRC treatment is surgery. Surgery is often 

coupled with chemotherapy which can be either pre-operative 

(neoadjuvant chemotherapy) for reducing cancer size or post-

operative (adjuvant chemotherapy) for decreasing tumor recurrence 

risk. A combined treatment of chemotherapy and radiotherapy is 

frequently used for rectal neoplasia management. Immunotherapy 

and targeted therapies are recently included among opportunities for 

CRC management. Immunotherapy is a huge breakthrough in the 

fight against tumors. PD-1/PD-L1 inhibitors are the most used 

immune checkpoint inhibitors. Food and Drugs Administration 
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(FDA) has approved the administration of nivolumab and 

pembrolizumab (the two most representative PD-1 inhibitors) for the 

second-line treatment of patients with metastatic CRC characterized 

by high MSI and mismatch repair (MMR) dysfunction (Ganesh et al, 

2019). Targeted therapies include both monoclonal antibodies and 

small molecules able to inhibit signaling pathways essential for 

cancer cell proliferation. According to the results collected in some 

clinical studies, gene therapy seems to be a very promising treatment 

strategy for CRC cases, even if a successful delivery method has yet 

to be identified (Naldini, 2015). 

The early diagnosis of CRC can significantly reduce mortality rates, 

but it is very hard because patients with CRC often present 

symptoms only when the disease reaches an advanced stage. 

Nowadays, the gold standard for CRC diagnosis is still colonoscopy, 

but since 2014, after the approval of the FDA, multi-target stool 

DNA (mt-sDNA) is used for CRC screening in subjects with 

average-risk disease (Carethers, 2020). This testing can reach a very 

high sensitivity in asymptomatic patients, but often false positive 

results are obtained. Given the current limitations of the CRC 

screening methods adopted in clinical practice, an intensive research 

is in progress to find more sensitive, non-invasive and early 

biomarkers, in easily collectable biological matrices. Circulating 

tumor cells (CTC), tumor DNA (ctDNA) and microRNAs (c-

miRNA) are candidate biomarkers. Moreover, stool miRNAs and 

faecal bacteria have been proposed as CRC biomarkers. The 

diagnostic potential of stool miRNAs is supported by the possible 

existence of a different miRNA profile in the tumor mucosa versus 

the healthy counterpart. It is already known that microbiota can play 

a crucial role in colorectal carcinogenesis and specific microbial 

alterations could be used for early cancer detection (Rezasoltani et 

al, 2018). Although a deep understanding of CRC biology has been 

acquired, leading to the identification of new diagnostic biomarkers, 

there is still much work to be done to translate the molecular marker 

assays into the clinical context.  
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2.1.2 Risk factors and prevention 

Risk factors for CRC onset are classified as non-modifiable and 

modifiable risk factors (Fig. 1). The first ones include age and sex. 

Among people aged > 65 years, the frequency of CRC cases is three 

times higher than in subjects aged 50 to 64 years and thirty times 

higher compared to individuals aged 25 to 49 years (Rawla & 

Barsouk, 2019). It is also well known that CRC is 1.5 times more 

prevalent in men than in women (Rawla & Barsouk, 2019). Other 

non-modifiable CRC risk factors are: family history of polyps or 

colorectal cancer genetic nonpolyposis syndrome (Lynch syndrome) 

and hereditary polyposis syndromes (familial adenomatous polyposis 

syndrome). Moreover, diabetic and IBD (ulcerative colitis and 

Crohn’s disease) patients have a higher CRC risk. Furthermore, CRC 

onset is affected by several modifiable lifestyle-related factors. 

Nowadays, alcohol consumption and tobacco smoking are well-

established CRC risk factors closely related to lifestyle. Moreover, 

results collected from different studies have revealed the influence of 

some drugs on CRC frequency. In particular, daily aspirin or 

metformin medications, as well as the use of nonsteroidal anti-

inflammatory drugs (NSAIDs), lead to a decreased cancer risk by 

dampening inflammation (Guo et al, 2021) (Liu et al, 2017). A 

strong impact on CRC risk is exerted by dietary and physical activity 

habits. Sedentary people have a 16% increased CRC risk compared 

to subjects who do physical activity (Wolin et al, 2011). Moreover, 

Mediterranean or vegetarian diets are associated with lower cancer 

frequency compared to consumption of foods with a high 

inflammatory index (Veettil et al, 2021). The gut microbiome has a 

crucial role as the link of election between dietary habits and health. 

Pro-inflammatory diets can modulate microbiome composition 

increasing the prevalence of pathogenic microorganisms and 

potentially carcinogenic metabolites and leading to dysbiosis. Gut 

dysbiosis is a common trait in patients affected by obesity. Obesity, 

as result of excessive caloric intake and sedentary life, is a 

pathological condition characterized by a chronic inflammatory 

phenotype that results in higher cancer susceptibility, including 
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colorectal neoplastic transformation. This issue will be discussed in 

detail in the following sections.  

Colorectal cancer is undoubtedly among the world’s greatest health 

threats but it is also highly preventable through lifestyle 

modifications. The research is trying to face it, identifying early 

diagnostic and risk predictive biomarkers related to lifestyle, that 

could also guide primary prevention.  

 

 
 

Figure1 Risk factors for CRC 

There are two categories of CRC risk factors: non modifiable risk factors, such as 

age or sex, and modifiable risk factors that are related to lifestyle, such as high-fat 

diet and sedentary life that lead to obesity.   

 

2.2 Obesity 

 

2.2.1 Adipose tissue hypertrophy and inflammatory phenotype 

According to the World Health Organization (WHO), obesity is an 

excessive fat accumulation that affects health and nowadays it is a 

worldwide epidemic. Recent estimates for 2022 have revealed 

worrying percentages: 16% of the global adult population is affected 

by obesity (with a higher prevalence among males than females, 

although women have a higher percentage of body fat than men) and 

43% of adults are overweight (Muscogiuri et al, 2024). Although the 

bio-impedentiometric measurement is now strictly required the body 
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mass index (BMI), obtained by dividing the weight in kilograms by 

the square of the height expressed in meters, is still used as a 

parameter to define the level of obesity. In details, a subject with a 

BMI ≥ 25 kg/m2 is overweight while a BMI ≥ 30 kg/m2 is associated 

with obesity. This last can be classified as low-risk obesity (class 1, 

BMI < 35 kg/m2), moderate-risk obesity (class 2, BMI < 40 kg/m2) 

and high-risk or severe obesity (class 3, BMI ≥ 40 kg/m2). For long 

time obesity has been considered the result of a life choice, until 

March 2021, when the European Commission defined obesity as a 

“chronic relapsing disease, which in turn acts as a gateway to a range 

of other noncommunicable diseases”. Obesity is a multifactorial 

disease and genetics, epigenetics and lifestyle factors are implicated 

in its pathogenesis. 

Adipose tissue (AT) is the first target organ in obesity. In humans 

two types of AT are found: white adipose tissue (WAT), that includes 

subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) 

around internal organs and brown adipose tissue (BAW) that plays a 

central role in thermogenesis. Until few years ago WAT has been 

considered only as a fat storage tissue, but after the discovery of 

leptin and adiponectin WAT has been recognized as an endocrine 

organ (Zhang et al, 1994) (Scherer et al, 1995). WAT secretes several 

signaling proteins, collectively known as adipokines, that can impact 

the systemic metabolic state by activating either pro or anti-

inflammatory pathways. In overnutrition conditions WAT can expand 

by hyperplasia or hypertrophy (Fig. 2).  
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Figure 2 Hyperplasia vs hypertrophy of adipose tissue 

During overnutrition adipocytes can increase their number by adipogenesis 

(hyperplasia) or their size (hypertrophy). The first response is linked to 

metabolically healthy obesity because adipose tissue maintains an optimal 

vascularization and insulin sensitivity, besides anti-inflammatory adipokines 

secretion. Hypertrophic cells, in contrast, cause tissue hypoxia, resulting in pro-

fibrotic genes expression and necrosis of adipocytes that are surrounded by M1 

macrophages (“crown-like structure”). Pro-inflammatory adipokines secretion 

contribute to establish a chronic low-grade inflammation, that causes adipose 

tissue dysfunction and lipotoxicity (modified from Ghaben & Scherer, 2019). 

 

An increase of adipocyte number due to proliferation and 

differentiation of mesenchymal stem cells (hyperplasia) has been 

associated with a metabolically health condition because the tissue 

maintains an optimal vascularization and an anti-inflammatory 

profile of adipokines that lead to a high insulin sensitivity (IS). 

Conversely, enlargement of existing adipocytes because of an 

abnormal lipid storage (hypertrophy) impairs AT angiogenesis and 

promotes fibrosis. Hypertrophy induces oxidative stress and 

inflammatory cell proliferation leading to a systemic low-grade 

chronic inflammation frequently associated to insulin resistance (IR) 

(Guglielmi et al, 2015). In hypertrophic AT the “crown-like 

structures” can be observed, which are formed by monocytes that 

surround necrotic adipocytes and differentiate into M1 macrophages. 

These macrophages exhibit pro-inflammatory properties and 

enhance both inflammation and IR by secreting several 
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inflammatory cytokines (IL-6, IL-1β, TNF-α) and chemokines, 

which in turn recruit other immune cells in WAT (Weisberg et al, 

2003) (Lumeng et al, 2007). An increase in the leakage of free fatty 

acids (FFAs), caused by enhanced lipolysis, is recorded: these 

factors, along with pro-inflammatory adipokines, activate several 

inflammatory signaling pathways in AT cells and immune cells, as 

macrophages (Wueest et al, 2009). FFAs can bind to toll-like 

receptors (TLRs) 2 and 4 triggering NF-κB signaling pathway. NF-

κB pathway boosts the secretion of chemokines by adipocytes, 

enhancing macrophage infiltration, and activates the expression of 

inflammatory genes, such as IFN-γ and TGFβ, that induces IR. All 

these factors lead to the onset of a chronic low-grade sterile 

inflammation that impairs AT function, leading to hyperglycemia, 

dyslipidemia and ectopic fat accumulation (Gustafson & Smith, 

2006). This chronic metabolic inflammation (metaflammation), 

frequently associated to microbiota alterations, is linked to an 

increased susceptibility  to the metabolic syndrome (MS) 

development, making obesity a risk factor for several 

noncommunicable diseases, such as type 2 diabetes mellitus 

(T2DM), nonalcoholic fatty liver disease (NAFLD), cardiovascular 

diseases (CVD) and specific cancer types (Hotamisligil, 2006). It is 

noteworthy that a more intense inflammatory response is recorded in 

VAT than in SAT. Several studies carried out both in animal models 

and in human patients affected by obesity showed that VAT contains 

more macrophages and hypertrophic adipocytes than SAT (Altintas 

et al, 2011) (Cancello et al, 2006) (O'Connell et al, 2010). 

 

2.2.2 Cellular senescence as causal driver of obesity-related 

metabolic disorders 

It has been demonstrated that AT of both obese mice and humans are 

characterized by the accumulation of senescent cells (Minamino et 

al, 2009). By the use of a transgenic mouse (Ay mouse), 

characterized by a higher susceptibility to obesity and diabetes, it 

was observed, after 20 weeks of normal diet, a higher oxidative 

stress in the adipose tissue alongside senescence-like changes, versus 
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the wild-type counterpart. The adipose tissue was characterized by 

p53 and Cdkn1a upregulation as well as an increase of 

proinflammatory cytokines secretion by senescent cells when 

compared to wild-type mouse. The adipose tissue exhibits a typical 

phenotype, termed Senescence-Associated Secretory Phenotype 

(SASP). The senescent cells secrete growth factors, matrix 

metalloproteases, proinflammatory cytokines and chemokines 

modulating the surrounding microenvironment (Malaquin et al, 

2015) (Fumagalli & d'Adda di Fagagna, 2009). In case of obesity, 

this secretome boosts the inflammatory state by inhibiting 

adipogenesis and exacerbating IR (Kahn & Flier, 2000). In addition, 

the upregulation of p53 in adipose tissue was found to have a key 

role in the development of obesity-associated metabolic diseases. 

After 4 months of high-fat and high-sucrose (HF-HS), adipo-p53-

deficient mice showed a better IS compared to control. Moreover, in 

adipose tissue biopsies, isolated from diabetic individuals, increased 

protein and mRNA levels of p53 and Cdkn1a were observed, 

respectively. In addition, senescence-like changes and higher 

amounts of pro-inflammation cytokines were also found, compared 

to healthy tissues. More recently, Palmer and coworkers 

demonstrated that the accumulation of senescent cells in the AT of 

obese mice has a causal role in the IR and T2D onset (Palmer et al, 

2019). They used two specific transgenic mouse models that allowed 

them to target selectively p16high cells: after the clearance of this cell 

population, mice showed several metabolic benefits, such as 

improved glucose tolerance and increased insulin sensitivity. 

Moreover, an increase of adipogenesis, as well as a reduction of 

adipocyte hypertrophy and macrophage infiltration within adipose 

tissue, was found by targeting senescent cells. Similar results were 

obtained by the elimination of a senescent cell population which was 

characterized by the expression of p21high, that accumulates in the 

gonadal visceral adipose tissue (gVAT) of obese mice (Wang et al, 

2022a). The clearance of p21high cells in the fat tissue is sufficient to 

recover insulin sensitivity. Metabolic improvement is also achieved 

through the inhibition of the NF-κB pathway in p21high cells. This 
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signaling pathway resulted to be activated during obesity and aging 

and its involvement in the SASP as well as in the development of IR 

and diabetes was observed (Patel & Santani, 2009) (Chien et al, 

2011). Furthermore, a senolytic cocktail (dasatinib + quercetin), 

which selectively destroys senescent cells, is able to eliminate p21high 

cells in human fat ex vivo. This treatment resulted in lower levels of 

proinflammatory SASP cytokines secreted by adipose tissue and 

mitigated IR phenotype after xenotransplantation of senolytic 

cocktail-treated human VAT into immunodeficient mouse (Xu et al, 

2018). Because of the key role played by senescent cells in the 

development of IR and diabetes, these cells could be a central 

therapeutic target and the use of senolytics could be a promising 

strategy for the treatment of obesity-related metabolic complications.   

 

2.3 Chronic inflammation: a bridge between obesity and CRC 

Nowadays severe obesity is widely recognized as a risk factor for 

thirteen human tumors, collectively termed obesity-associated 

cancers (OAC). CRC is the most frequent among males, while 

postmenopausal breast cancer is the most common among women. 

The relationship between BMI and colorectal carcinogenesis has 

been evaluated in epidemiological studies and investigated in animal 

models. A high-fat diet increases colon polyp formation in mice in 

which CRC is induced by genetic alterations (APCmin mouse) or 

azoxymethane (Chen & Huang, 2015) (Ngo et al, 2015). According 

to a recent meta-analysis of 66 studies, subjects with obesity have a 

36% increased risk of developing CRC compared to NW individuals 

(Ungvari et al, 2024). Males display a slightly higher incidence than 

females.  

There is a general consensus that chronic inflammation can be a 

bridge between obesity and CRC onset. AT dysfunction combines 

with both gut dysbiosis and loss of intestinal barrier integrity to 

foster a systemic chronic low-grade inflammation. This shapes a pro-

neoplastic microenvironment where CRC, a neoplasia known for its 

inflammatory pathogenesis, can more easily develop. Inflammation-

related higher levels of oxidative stress can have a role in colorectal 
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tumorigenesis onset. Reactive oxygen and nitrogen species (RONS) 

induce different types of DNA damage in intestinal epithelial cells 

(IECs), such as nucleotide modifications or single-strand and double-

strand breaks. The result is an increase of genome-wide DNA 

mutations that can hyperactivate oncogenes or inactivate tumor 

suppressor genes, resulting in neoplastic transformation of IECs. 

Expression of genes involved in tumorigenesis can also be 

modulated through epigenetic alterations induced by inflammatory 

cytokines, such as IL-6 (Li et al, 2020). These mediators, alongside 

several inflammation markers, result significantly increased in AT 

and blood stream of both overweight subjects and patients with 

obesity. Intestinal inflammation also promotes tumor expansion. The 

aberrant tissue regeneration causes both the proliferation of cancer 

initiating cells and the de-differentiation of non-stem cells into cells 

with stem features. In addition, obesity-associated inflammation of 

AT results in an unbalance between leptin and adiponectin secretion 

which are known to play opposite roles in CRC development. The 

results collected by epidemiological studies demonstrate that leptin 

levels are positively associated with risk of colon, but not rectum, 

cancer specifically in men (Stattin et al, 2003). Leptin, through the 

mTOR pathway activation, is able to intensify both inflammatory 

cytokine secretion and cell growth as well as to target other signaling 

molecules promoting survival and invasiveness of tumor cells 

(Fazolini et al, 2015). Conversely, an increase of circulating 

adiponectin levels correlate with a lower CRC risk (Wei et al, 2005). 

Although this adipokine can inhibit cancer cell proliferation by 

AMPK activation, no relationship with CRC onset has been found 

(Sugiyama et al, 2009) (Lukanova et al, 2006). 

Obesity is also associated with gut microbiota changes and 

dysfunction of the epithelial barrier, both fostering intestinal 

inflammation (Serino et al, 2012). It is well known that the same 

alterations play a pivotal role in increasing the risk of colorectal 

tumorigenesis (Yu & Fang, 2015). For the first time in 2014 Shulz 

and colleagues showed that microbiota transfer from mice with diet-

induced intestinal dysbiosis can induce CRC even in normal weight 
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mice (Schulz et al, 2014). Bacteria can promote carcinogenesis with 

different mechanisms. IECs can be transformed directly by bacteria 

or their genotoxic metabolites, otherwise pathogenic microorganisms 

can trigger inflammatory and oncogenic pathways. Beyond the 

epidemiological evidence of association, the causal link between 

obesity-related inflammation and CRC onset is strongly testified by 

several studies carried out both in animal models and humans who 

underwent bariatric surgery (BS). Nowadays, BS is the most 

efficient intervention to lose weight in case of severe obesity. BS has 

a beneficial long-term effect on both weight maintenance and health 

conditions, largely due to the improvement, or even the resolution, of 

systemic chronic low-grade inflammation (Lautenbach et al, 2021). 

The reduction of the inflammatory process is associated with 

a decreased risk of neoplastic transformation. During a follow-up of 

3.5 years individuals undergoing BS displayed a 33% lower 

incidence of any cancer, compared to matched subjects affected by 

obesity who did not undergo surgery (Schauer et al, 2019). 

Interestingly, a higher reduction of cancer risk was reported when the 

analysis were restricted to OACs, including CRC.  

Altogether these studies strongly suggest that anti-inflammatory 

therapies, as well as dietary interventions aimed to improve gut 

microbiota composition and function, may be a valuable strategy to 

reduce obesity-related CRC risk.  

 

2.4 Common traits  

Individuals affected by obesity and CRC patients share several 

features. One of these is AT inflammation. As described above, in 

overnutrition conditions WAT can expand by hypertrophy resulting 

in pro-inflammatory cytokine secretion by adipocytes and infiltrating 

immune cells. AT of CRC patients show the same phenotype. Higher 

mRNA and protein levels of pro-inflammatory mediators, such as 

IL-6, IL-1β, IL-8, CCL2 as well as NFκB activation, have been 

found in AT of subjects with neoplasia compared to controls 

(Castellano-Castillo et al, 2018) (Del Corno et al, 2016). During 

tumor progression adipocyte-secreted pro-inflammatory cytokines 
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create a microenvironment supporting cancer cell proliferation and 

invasiveness.  

Immunosuppression is a key feature of chronic inflammation. A 

common trait in obesity and CRC is, in fact, immune dysregulation 

at both systemic and tissue levels, and this also associates with a 

higher susceptibility to viral infections, including COVID-19 

(Andrade et al, 2021). Alterations in the number and function of 

immune cells and a specific impairment of dendritic cells (DCs) and 

γδ T lymphocytes, have been reported. O’Shea and co-authors 

described a reduction of the frequency of DC and consequently 

impaired T cell stimulatory activity in obese subjects (O'Shea et al, 

2013). Regarding CRC, a significant reduction of circulating DC is 

observed in patients with neoplasia compared to healthy subjects. In 

vitro experiments also show a DC differentiation impairment from 

monocytes isolated from CRC patients. Moreover, the cells obtained 

are less efficient in inducing T lymphocyte proliferation and secrete 

higher levels of immunosuppressive cytokines than DCs generated 

from healthy subjects’ precursors (Legitimo et al, 2014). The γδ T 

lymphocytes levels observed in both subjects with obesity and CRC 

patients are very similar to the amounts found in lean healthy 

individuals (Magalhaes et al, 2015) (Choi et al, 2018). In contrast, an 

analysis extended to the main circulating subset of γδ T cells, Vδ2 T 

lymphocytes, highlighted a lower Vδ2/γδ T cells ratio in patients 

with obesity and CRC compared to healthy lean controls (Donninelli 

et al, 2017). Obesity is also associated with an abnormal maturation 

phenotype of Vδ2 T lymphocytes and reduced IFN-γ secretion 

(Costanzo et al, 2015). 

Obesity and CRC also share an increase of oxidative stress (OS). 

Overexpression of OS markers is found during obesity development 

and in subjects with severe obesity (Nono Nankam et al, 2021). 

Similarly, CRC patients have higher levels of OS markers compared 

to controls and this increase is more significant in patients with 

advanced tumor stage (Acevedo-Leon et al, 2022). In obesity and 

colorectal tumorigenesis OS increase is associated with both 

metabolic dysregulation and systemic chronic inflammation. 
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Permanent inflammatory status is observed in subjects with obesity 

as well as in CRC patients, as widely described above. Chronic 

inflammation promotes reactive oxygen and nitrogen species 

(RONS) excessive production which in turn boosts the inflammation 

state resulting in a positive feedback loop (Biswas, 2016). In 

addition, mitochondrial dysfunction has been observed in both 

obesity and CRC conditions. A reduction of mitochondrial number 

and biogenesis, besides a decreased oxidative phosphorylation rate, 

is found in subjects with obesity (de Mello et al, 2018). Similarly, in 

vitro studies performed on cells depleted of mitochondrial DNA 

suggest that a reduced mitochondrial function is associated with the 

expression of key regulators of colorectal cancer tumorigenesis 

(Penrose et al, 2017). As a thread of all this, gut dysbiosis is found in 

both individuals affected by obesity and CRC patients. Alterations of 

microbiota composition, resulting in the intestinal barrier integrity 

loss, are associated with several diseases including obesity and CRC 

playing a causal role in their pathogenesis. These observations will 

be explored in the following sections.  

 

2.5 The microbiome 

The microbiota is a complex ecosystem of microorganisms, 

including mainly bacteria but also bacteriophages and eukaryotic 

viruses, alongside fungi and archaea. These microorganisms inhabit 

all body cavities and coexist on human surfaces establishing a 

commensal or mutualistic relationship with the host. The collection 

of microbial genes composes the microbiome. The intestinal 

microbiome is the most abundant and divergent in the human body 

followed by the oral one. Gut microorganisms modulate host 

immunity and nutrient absorption, produce compounds with different 

effects on the host and regulate both intestinal endocrine function 

and downstream neurological signalling pathways (Lynch & 

Pedersen, 2016). The composition of the gut microbiome is affected 

by several factors. The mode of birth and infant feeding shape the 

newborn’s intestinal microbiome, but its maturation during 

childhood, adolescence and adult life is tightly associated to both 
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genetics and environmental stimuli, resulting in high inter-individual 

variation (Rodriguez et al, 2015). A healthy gut microbiome is 

characterized by a high diversity of microorganisms and richness of 

microbial genes, as well as stable functional cores with a balance 

between pathogenic and commensal bacteria. Lifestyle habits, such 

as diet, smoking, alcohol consumption and antibiotics, can induce 

the disruption of this ecosystem, leading to dysbiosis. Due to the 

pivotal role of the intestinal microbiome in maintaining individual 

homeostasis, dysbiosis is associated with several pathological 

conditions including obesity and CRC. Studies with mouse models 

suggest that dysbiosis is not a secondary phenomenon of these 

diseases but is causative of both obesity and colorectal 

tumorigenesis. Adult germ-free mice colonized with a microbiota 

harvested from obese mice exhibit a significant increase in total 

body fat, as compared to mice colonized with gut microbes from 

lean donors (Turnbaugh et al, 2006). Similarly, there is evidence that 

fecal microbiota collected from CRC patients can promote colorectal 

carcinogenesis in germ-free mice (Wong et al, 2017). Given these 

results, current experimental studies aim to develop microbiota-

targeted therapeutic strategies to improve metabolic health in 

individuals with obesity or as chemopreventive treatments or 

therapeutic adjuvant in CRC patients. Likewise, microbial profiles 

might be used as early biomarkers for CRC screening.  

 

2.5.1 Bacterial dysbiosis in obesity and CRC pathogenesis 

Although a “gold standard” reference of a healthy human gut 

microbiome does not exist, due to a high taxonomical variability 

linked to sex, age and demographical factors, it is widely accepted 

that an intestinal microbiome is healthy when displays a high 

bacterial diversity and richness, termed alpha-diversity. This index 

results significantly lower in both oral and gut microbiome of 

subjects with obesity, as compared with healthy individuals (Heiss & 

Olofsson, 2018) (Cani et al, 2007). The gut microbiome of obese 

mice displays a 50% reduction of the abundance of Bacteroidota, 

while Firmicutes increase in proportion (Ley et al, 2005). The 
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increase of Firmicutes/Bacteroidota (F:B) ratio correlates with 

increasing BMI also in the human intestinal and oral microbiome 

(Koliada et al, 2017) (Tam et al, 2018). These changes boost the gut 

microbiome's ability to harvest energy from the diet, due to the 

obesogenic and anti-obesogenic function associated with Firmicutes 

(F) and Bacteroidota (B), respectively (Jumpertz et al, 2011). The 

increase of F:B ratio is overall recognized as the most evident 

signature of obesity-related intestinal dysbiosis, although more 

recent observations collected from several studies attribute the risk 

of obesity to a decrease of Actinobacteriota (e.g. Bifidobacterium) or 

Verrucomicrobiota (e.g. Akkermansia muciniphila) abundance 

(Turnbaugh et al, 2009) (Everard et al, 2013). These results 

apparently discordant about the role of F:B ratio in obesity 

pathogenesis can be explained by considering the several 

confounding factors that influence the intestinal microbiome 

composition, such as the geographical location of the cohort enrolled 

or the investigation technique. Moreover, more in-depth analysis is 

sometimes required to observe a modulation of intestinal bacteria 

because of variations at the genus and family levels, and not at the 

phylum level. Similarly, the gut microbiome of CRC patients 

exhibits a significant increase of F:B ratio (Fang et al, 2021). 

Compared to healthy individuals, the gut microbiome of subjects 

with cancer displays a higher abundance of specific bacterial species 

belonging to Firmicutes, Fusobacteriota and Bacteroidota phyla. In 

stool samples of CRC patients is recorded an increase of Bacteroides 

fragilis, Streptococcus bovis, as well as Fusobacterium nucleatum, 

normally homing in the oral cavity, that is detected also among the 

intestinal microorganisms of subjects with colorectal adenoma. 

Compared to fecal samples of healthy subjects, Escherichia coli 

results increased in CRC patients’ stool whereas Faecalibacterium 

prausnitzii is less abundant (Wang et al, 2012b). According to a 

model developed by researchers, some bacteria act as drivers in 

colorectal tumorigenesis while others are termed passengers 

(Tjalsma et al, 2012). Drivers colonize the healthy gut epithelium 

and induce pre-malignant lesions by inducing inflammation, cell 
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proliferation and mutagenic substances production. 

Microenvironment alterations and the loss of intestinal barrier 

integrity allow passengers to replace drivers, thrive and promote 

cancer formation. An example of passenger bacterium is 

Fusobacterium nucleatum, which activates the Wnt/β-catenin 

pathway, resulting in oncogene overexpression and increased 

secretion of pro-inflammatory molecules (Rubinstein et al, 2013). 

The gut microbiome plays a key role in host metabolism. Several 

human metabolic pathways depend on metabolites provided by 

intestinal microorganisms, such as short-chain fatty acids (SCFAs), 

which include acetate, propionate and butyrate. SCFAs are produced 

by fermentation of non-digestible carbohydrates and are the main 

energy source for colonocytes. Acetate is a precursor for lipogenesis, 

propionate is an essential substrate for gluconeogenesis, whereas 

butyrate reduces obesity-induced inflammation and carcinogenesis 

(Chakraborti, 2015). Moreover, acetate and butyrate strengthen the 

integrity of the intestinal barrier by stimulating secretion of mucin 

from goblet cells and upregulating the expression of tight junction 

proteins, such as zonulin (Wang et al, 2012a). In the gut microbiome 

of both subjects with obesity and CRC patients, a reduced abundance 

of SCFAs producing bacteria, such as A. muciniphila, is observed. As 

a result, circulating levels of LPS from pathogenic bacteria increase 

due to the higher permeability of the intestinal epithelium. This 

condition, termed endotoxemia, fosters the chronic low-grade 

inflammation related to obesity and CRC (see below for details). In 

CRC patients an increase of pathogenic bacteria is recorded. These 

microorganisms promote tumorigenesis by modulating oncogenic 

pathways, shaping an immunosuppressive microenvironment or 

producing genotoxins and metabolites that induce DNA damage.  

In contrast to what observed in other noncommunicable diseases, 

such as obesity, the gut microbiome of subjects with CRC displays a 

higher diversity than healthy individuals (Wirbel et al, 2019). This 

increase of richness is probably caused by the translocation of 

bacteria from the oral cavity to the intestinal one through the oral-gut 

axis (Park et al, 2021). In details, stool samples from CRC patients 
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are enriched with some oral microorganisms, such as Fusobacterium 

nucleatum, Parvimonas and Roseburia (Koliarakis et al, 2019). 

Similarly to intestinal species, oral microorganisms contribute to the 

dysfunction of epithelial junctions and synthesize substances with 

carcinogenic potential, such as volatile sulfur compounds with a 

marked inflammatory and toxic potential, even at low 

concentrations. It was found that some oral bacteria can modulate the 

composition of the gut microbiome, leading to dysbiosis-related 

inflammation. For example, after oral administration of 

Porphyromonas gingivalis, a lower gut abundance of Bacteroidota 

and an increase of Firmicutes abundance are observed, alongside 

dysfunction of the intestinal epithelium which lead to endotoxemia, 

systemic inflammation, brown adipose tissue dysfunction and 

metabolic dysregulation (Sato et al, 2017) (Hatasa et al, 2020). All 

together these data suggest that also the oral microbiome, interacting 

with intestinal microorganisms, plays a role in obesity-related 

metainflammation and colorectal carcinogenesis suggesting that it 

can be proposed as a potential therapeutic target in the prevention 

and treatment of obesity and CRC. 

 

2.5.2 Oral virome: a potential risk factor for colorectal 

tumorigenesis 

In addition to bacteria, the human body hosts a wide variety of 

microorganisms, including viruses that can infect both procaryotic 

and eucaryotic cells. All the virus-associated genetic information 

composes the human virome, which is an essential part of 

microbiome. Similarly to bacterial strains, also viral communities 

can be shaped by endogenous and exogenous factors. Nowadays 

many studies are being performed to find associations between 

alterations of virome steady-state and pathological conditions, such 

as cancer. In 2012 virus infections were estimated to be the cause of 

10% of all cancer cases in the world (Plummer et al, 2016). 

Oncoviruses can act as aetiologic agents of neoplastic transformation 

or promote indirectly tumorigenesis by inhibiting host 

immunosurveillance or inducing chronic inflammation and tissue 
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damage (Schiller & Lowy, 2021). To investigate whether viruses are 

active contributors to gastrointestinal carcinogenesis or only idle 

bystanders, in the last two decades several studies have revealed both 

DNA and proteins of viral origin in neoplastic tissue, including CRC 

biopsies. These results highlight an association between CRC and 

some human viruses. Specifically, two strains belonging to the alpha 

genus of Human Papillomaviruses (HPVs), HPV16 and HPV18, as 

well as Epstein-Barr virus (EBV) belonging to Herpesviruses (HHV) 

and John Cunningham virus (JCV) belonging to Polyomaviruses 

(HPyV) have been suggested as risk factors for colorectal 

tumorigenesis because of their prevalence in CRC samples. Since 

Citomegalovirus (CMV)-derived DNA has been more frequently 

detected in neoplastic biopsies than in healthy tissues, also this 

Herpesvirus could play a role in colorectal tumorigenesis. In 

addition, the presence of Hepatitis B Virus (HBV) is also associated 

with an increased CRC risk (Maronek et al, 2020). More recently, by 

the use of Luminex-based assays and the next generation sequencing 

(NGS), the presence of alpha, beta and gamma HPVs has been 

detected in CRC tissues and adjacent normal mucosa (Galati et al, 

2023). Despite the several investigations performed to detect virus 

infections in cancer tissues, up to now the knowledge of gut viral 

communities of CRC patients is still limited and mainly focused on 

bacteriophages which have a pivotal role in shaping bacterial 

microbiome (Wang et al, 2022b) (Ho et al, 2024). Similarly, only 

few scattered observations have been collected about viruses, 

especially phages, in the intestinal cavity of subjects with obesity 

(Bikel et al, 2021) (Yang et al, 2021). It is noteworthy that studies 

investigating the pathogenetic and/or risk roles of human oral virome 

in obesity and colon carcinogenesis are completely missing. This 

research field appears to be very promising and the oral viruses, if 

found, could be potentially used as non-invasive early biomarkers of 

CRC risk. 
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2.6 Microbiome, chronic inflammation and immunosuppression 

Today it is well known the impact of lifestyle habits, mainly diet, on 

gut microbiome composition. High-fat intake is associated with a 

reduction of SCFAs producing bacteria and in parallel promotes an 

increase of mucus degrading microorganisms. As a result, the 

intestinal barrier loses its physiological integrity leading to a 

condition termed leaky gut (Stolfi et al, 2022). In the presence of a 

permeable gut epithelium, bacteria, as well as microbial components 

and products including endotoxins, can translocate from the 

intestinal lumen both in gut mucosa and into the bloodstream, 

provoking metabolic endotoxemia and low-grade systemic 

inflammation. Lipopolysaccharide (LPS) or endotoxin,  is the main 

outer membrane component of Gram-negative bacteria and plays a 

pivotal role in endotoxemia-related inflammation by stimulating 

the immune system. LPS is the best known among pathogen-

associated molecular patterns (PAMP), that are recognized by pattern 

recognition receptors (PRRs), preferentially expressed in innate 

immunity cells (Li & Wu, 2021). Among PRRs, toll-like receptor 4 

(TLR-4) recognizes LPS. LPS binding to TLR-4 affects some key 

signalling pathways. It activates NF-κB leading to pro-inflammatory 

cytokine secretion which enhances both intestinal and systemic 

inflammation. Moreover, endotoxin increases cell proliferation by 

inducing overexpression of proteins regulating the cell cycle and 

impairs immune cell functions shaping a pro-cancer 

microenvironment (Manilla et al, 2023). In the blood of individuals 

with obesity and cancer patients, an increase of LPS concentrations, 

as compared to healthy individuals, has been detected, although up 

to 50 times lower than those recorded during acute bacterial 

infections. Moreover, increased endotoxin levels have also been 

found in tumor tissue of CRC patients (Boutagy et al, 2016) (Kang et 

al, 2013) (Zhu et al, 2016). These concentrations might concur, 

together with other known immunosuppressive factors, to inhibit DC 

generation and functions and to improperly polarize δ T 

lymphocytes in the blood or within the immunosuppressive tumor 

microenvironment (Michielsen et al, 2011) (Yang et al, 2018). Some 



Veronica Fertitta 

Pag 28  

lines of evidence support the association between gut dysbiosis-

induced endotoxemia and immune cell dysfunction. In a mouse 

model of colorectal tumorigenesis, LPS trapping results in a better 

clinical response to immune checkpoint inhibitors (ICI) targeting 

the PD-1/PD-L1 axis and a lower frequency of liver metastasis 

(Song et al, 2018). Consistently, CRC patients who show, at 

diagnosis, a higher gut abundance of commensal Akkermansia 

muciniphila, which is currently studied as potential probiotic, 

develop a more efficient response to ICI (Routy et al, 2018). These 

results emphasize the influence of gut microbiome composition on 

the immune-surveillance of cancer, as well as on the response to 

immunotherapeutic agents. A deeper understanding of both the 

immunological alterations induced by low endotoxin doses and the 

potential different effects on immune functions caused by LPS from 

pathogenetic and beneficial bacteria could increase our knowledge 

on the role of microbiota in disease pathogenesis. Moreover, it could 

further support the development of dietary/therapeutic interventions 

or probiotic supplementation that, by targeting the intestinal 

microbiome, can be used in CRC prevention and/or treatment.  
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3. AIMS 

 

CRC is the third most common cancer and the second cause of 

tumor-related mortality in the world. Both non modifiable and 

modifiable factors increase the risk of this neoplasia. In 2020 the 

International Agency for Research on Cancer (IARC) reported that 

CRC is the third most frequent cancer among people affected by 

severe obesity. Nowadays it is well known that obesity is a 

multifactorial disease that represents a global public health problem. 

In March 2021, the European Commission defined obesity as a 

“chronic relapsing disease, which in turn acts as a gateway to a range 

of other noncommunicable diseases”, such as cardiovascular 

diseases, dyslipidemia, diabetes and different types of cancers 

including CRC. Several epidemiological studies have revealed the 

association between BMI and CRC incidence. A low-grade chronic 

inflammation characterizes obesity and it is the leading cause of 

comorbidity progression. Recent animal studies showed that 

excessive caloric intake leads to genomic instability and senescence. 

Consistently, in patients who undergo bariatric surgery, the reduction 

of the inflammatory state was associated with a decreased risk of 

cancer and a significantly lower incidence of obesity-associated 

tumors, such as colorectal neoplasia. Subjects affected by obesity 

and CRC patients share systemic and adipose tissue inflammation, 

immunosuppression, mitochondrial dysfunction, oxidative stress and 

gut dysbiosis. Microbiota alterations are supposed to have a 

causative role in both obesity and CRC pathogenesis. Bacteria are 

the main component of the gut microbiota, but this complex 

ecosystem also includes other microorganisms such as viruses, fungi 

and archaea. Microorganisms mutually interact with the host 

modulating metabolic pathways and immune processes, but they can 

also regulate cancer development and progression. Moreover, 

modulations of microbiota composition and alterations of gut barrier 

permeability sustain the inflammatory phenotype also allowing 

bacteria and their products, including endotoxins, to reach the gut 

mucosa and the blood circulation, thus contributing to increase 
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cancer risk. Endotoxemia is a common feature of obese and CRC 

patients, however, little is known about the contribution of 

endotoxins from pathogenic and commensal bacteria to 

immunosuppression or immune homeostasis. So far, many studies 

have been carried out to define the role of gut microbiota in the onset 

and progression of different diseases, while the role of oral cavity 

microorganisms has been poorly studied. Equally, very little is 

known about the influence of oral and gut virome in pathological 

conditions, such as cancer: the question whether viruses are 

aetiologic agents or cofactors for colorectal tumorigenesis is still 

open.  

 

By broadening and deepening this knowledge, the main aim of my 

PhD project was to compare oral and gut bacterial and viral profiles 

in CRC patients and high CRC risk groups, with the final goal of 

identifying potential lifestyle-modifiable and predictive cancer 

risk/diagnostic indicators. To this aim, CRC patients and high cancer 

risk groups, such as subjects with obesity and individuals affected by 

nonfamilial adenomatous polyposis, were enrolled, and reference 

values were obtained from healthy subjects. The prevalence of 

specific oral human DNA viruses was analyzed in all cohorts, and 

the impact of bariatric surgery-induced weight loss was investigated. 

Moreover, oral and intestinal bacterial microbiome was 

characterized in obesity and CRC. The results obtained from the 

microbial profile investigation fostered an in vitro study on healthy 

donors aimed at comparing the effects of endotoxins from 

pathogenic and commensal/probiotic bacteria on the generation and 

functions of human DCs and on DC/T cell crosstalk. Moreover, 

some basic research studies were performed on the cohort with 

obesity such as analysis of the levels of DNA damage response and 

senescence markers in adipose tissue. Also the characterization of 

the profile of systemic inflammation and adipose tissue function 

markers was carried out, before and after BS.  

A graphical abstract of my PhD project is shown in Figure 3.  
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Figure 3 Graphical abstract of my PhD project 
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4. RESULTS 

 

Ex vivo studies 

 

4.1 Activation of DNA damage response and cellular senescence 

in visceral adipose tissue of individuals affected by severe obesity 

Given the evidence that VAT is more metabolically active than SAT 

and thereby exhibits a higher susceptibility to inflammation and 

oxidative stress, it was tested the hypothesis that an increased 

production of metabolic byproducts, due to a chronic abnormal 

caloric intake, causes irreparable DNA damage accumulation and 

chronic DNA activation that leads to cellular senescence. The 

reverse phase protein assay (RPPA) profile of DNA damage 

response (DDR) and senescence markers in both VAT and SAT 

biopsies, from individuals with obesity, was compared to that of 

normal weight (NW) subjects (Fig. 4). The activation level of DNA 

damage sensors, such as ATM and ATR, is significantly increased in 

VAT biopsies of subjects with obesity compared to what observed in 

normal weight (NW) individuals. Higher phosphorylation levels of 

histone H2AX, KAP1, Chk1 and Chk2 is also observed in VAT 

biopsies of subjects affected by obesity versus the NW subjects. 

Interestingly, higher levels of p15-p16 and p21, as hallmark of 

cellular senescence, are observed in VAT biopsies from patients with 

obesity compared to NW subjects. In contrast, no significant 

differences in the level of these biomarkers has been found when 

comparing SAT specimens from patients with obesity to control 

individuals. 
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Figure 4 Activation of DDR and cellular senescence in VAT of subjects with 

obesity 

Box plots resulting from comparison of RPPA profiles of biopsies of subcutaneous 

adipose tissue (SAT) and visceral adipose tissue (VAT) of patients with severe 

obesity (OB-SAT and OB-VAT) and normal-weight individuals (NW-SAT and 

NW-VAT) are reported. The plots represent the distribution of RPPA intensity 

values (median ± IQR). Before performing statistical comparisons, each RPPA 

profile has been tested for normality with the Shapiro-Wilk test. RPPA profiles 

showing a normal distribution have been tested using paired t-test for paired 

samples (blue brackets) and unpaired two-samples t-test for not paired samples 

(black brackets), while profiles not showing a normal distribution have been tested 

with Wilcoxon signed-rank test for paired samples (blue brackets) and Wilcoxon 

rank-sum test for not paired samples (black brackets). Statistical significance is 

coded with an asterisk according to the level of significance (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 
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4.2 Bariatric surgery induces a significant reduction of systemic 

chronic inflammation and a recovery of adipose tissue function  

Plasma levels of several inflammation markers were measured in our 

group of subjects affected by obesity (Fig. 5). A significant increase 

of C-reactive protein (as a marker of inflammation), interleukin 6 

(IL-6) and tumor necrosis factor alpha (TNF-) (as a key 

inflammatory cytokines), as well as MCP-1/CCL2 (as a chemokine 

involved in immune cells recruitment) and fasting insulin C-peptide 

(as a marker of hyperglycemia) was found in patients affected by 

obesity, when compared to what observed in NW individuals. In 

addition, a significant reduction of these markers was observed six 

and twelve months after BS.  Notably a healthier profile of adipose 

tissue after surgery was also testified by a significant reduction of 

leptin associated to the adiponectin increase, the well-known anti-

inflammatory adipokine. (Fig. 5).      

Current evidence shows that the mitochondrial dysfunction in tissues 

can be responsible for the systemic release of several endogenous 

damage-associated molecular pattern (DAMP) which are able to 

trigger innate immunity. Then, circulating cell free DNA fragments, 

escaped from mitochondria (ccf-mtDNA), were measured and a 

significant increase was observed in plasma samples of patients with 

obesity compared to the controls. Interestingly, as observed for 

inflammation markers, a progressive decrease in ccf-mtDNA levels 

was observed after BS reaching the levels of control subjects (Fig. 

5). These findings demonstrate that BS significantly reduces the 

inflammatory state associated with severe obesity and it ensures the 

recovery of AT function.  

The permanent activation of DDR in VAT and the systemic 

inflammation observed in patients affected by severe obesity 

strongly suggest the induction of a senescence-associated secretory 

phenotype (SASP). 
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Figure 5 Reduction of inflammation markers and recovery of adipose tissue 

function after bariatric surgery 

Levels of inflammation and AT function markers were analyzed in patients with 

severe obesity before (T0) and six (T6) and twelve (T12) months after bariatric 

surgery. The results are represented as mean values ± SD. A cohort of normal-

weight (NW) subjects was also investigated providing reference values. Before 

performing statistical comparisons, results have been tested for normality with the 

Shapiro-Wilk test. Data showing a normal distribution were compared by using a 

two tailed Student’s t-test (α = 0.05) (parametric test), while data not showing a 

normal distribution were compared by using Wilcoxon rank-sum test (not 

parametric test). Statistical significance is coded with an asterisk according to the 

level of significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). A p-value 

correction was not applied.  

 

4.3 Common and distinct alterations of gut bacterial microbiome 

in subjects with severe obesity and CRC patients 

The bacterial communities homing in the gut of individuals with 

obesity and CRC patients were characterized by 16S Metagenomic 

Sequencing. To investigate the health status of intestinal 
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microbiome, the analysis of alpha-diversity was performed by using 

two different indexes (Fig. 6). Shannon index measures the bacterial 

diversity within a sample and increases in parallel with both richness 

and evenness increase. The second index used was Faith, which 

assesses the phylogenetic diversity of microbial communities 

detected within a cohort. With both indexes a significantly higher 

alpha-diversity was found in CRC patients as compared to subjects 

affected by severe obesity. The results obtained with Faith index 

highlighted an increased alpha-diversity in CRC patients compared 

to the control group. Conversely, a significant reduction in obese 

patients, versus the control counterpart, was found. To quantify the 

beta-diversity, Jaccard similarity coefficient was used (Fig. 7). This 

index measures the similarity of two samples based on taxa presence 

or absence. The analysis carried out revealed that the bacterial 

communities found in CRC patients are significantly dissimilar from 

those of both healthy individuals and subjects with obesity, who 

contrarily host similar bacteria in the intestinal lumen.  
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Figure 6 Alpha-diveristy analysis of gut microbiome in subjects with obesity 

and CRC patients  

Box plots resulting from comparison of Shannon Entropy and Faith phylogenetic 

diversity among healthy individuals, subjects with severe obesity and CRC 

patients are shown. Before performing statistical comparisons, the Shapiro-Wilk 

test was applied to state the normality of the alpha-diversity index. Since the 

distribution was not normal, Kruskal-Wallis test and Wilcoxon rank-sum test were 

applied. In particular, the former was used to calculate the overall p-value because 

the analysis included more than two groups, while the latter was used to compare 

each couple (Control vs Obese, Control vs CRC, Obese vs CRC). Statistical 

significance is coded with an asterisk according to the level of significance 

(*p<0.05, ***p<0.001, ****p<0.0001). 
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Figure 7 Beta-diveristy analysis of gut microbiome in subjects with obesity 

and CRC patients  

Principal Coordinate Analysis (PCoA) plots of beta-diversity among healthy 

individuals, subjects with severe obesity and CRC patients are shown. Jaccard 

similarity coefficient was used. 

 

A similar proportion (1:1) of normal weight (NW, BMI 18.5 24.9 

kg/m2) and overweight (OW, BMI 25 -29.9 kg/m2) patients with 

CRC were enrolled. Thus, given the widely known association 

between BMI and colorectal tumorigenesis, it was investigated 

whether differences of alpha-diversity and beta-diversity profiles 

could be observed by comparing NW and OW CRC patients. No 

variation was found using Shannon index, while CRC NW exhibited 

a significant increase of alpha-diversity as compared to subjects with 

obesity, that appeared more similar to CRC OW (Fig. 8).  The beta-

diversity calculated with Jaccard similarity coefficient revealed that 

CRC NW and OW hosted similar bacteria in the gut (Fig. 9).  
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Figure 8 Alpha-diveristy analysis of gut microbiome in subjects with obesity, 

NW and OW CRC patients  

Box plots resulting from comparison of Shannon Entropy diversity among healthy 

individuals, subjects with severe obesity, NW and OW CRC patients are shown. 

Before performing statistical comparisons, the Shapiro-Wilk test was applied to 

state the normality of the alpha-diversity index. Since the distribution was not 

normal, Kruskal-Wallis test and Wilcoxon rank-sum test were applied. In 

particular, the former was used to calculate the overall p-value because the 

analysis included more than two groups, while the latter was used to compare each 

couple (Control vs Obese, Control vs NW CRC, Control vs OW CRC, Obese vs 

NW CRC, Obese vs OW CRC). Statistical significance is coded with an asterisk 

according to the level of significance (*p<0.05). 
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Figure 9 Beta-diveristy analysis of gut microbiome in subjects with obesity, 

NW and OW CRC patients  

Principal Coordinate Analysis (PCoA) plots of beta-diversity among healthy 

individuals, subjects with severe obesity, NW and OW CRC patients are shown. 

Jaccard similarity coefficient was used. 

 

The relative abundance of bacterial phyla in the different subject 

cohorts was also analysed (Fig. 10 - 11). A significant increase of 

Actinobacteriota and Synergistota, as well as a decrease of Bacteria 

abundance was observed in patients with cancer. A considerable 

reduction of Cyanobacteria and Verrucomicrobiota was instead 

detected in subjects with obesity. Interestingly, significantly higher 

levels of Fusobacteriota and Proteobacteria were recorded in both 

obesity and CRC. The database used for the taxonomical analysis of 

the results collected from 16S Metagenomic Sequencing includes, 

for the intestinal bacteria, a division of the main phylum of 

Firmicutes into several subphyla, which are modulated by 

pathological conditions. Specifically, CRC patients displayed both an 

increase of Firmicutes A and a reduction of Firmicutes C. Moreover, 

a significantly higher abundance of subphylum D was detected in 

patients with obesity and CRC, as compared to the control group.  
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Figure 10 Relative abundance of intestinal bacterial phyla  

Taxonomy was assigned to the OTU using Greengenes2 (v.2022.10). 

“Bacteria” is not a phylum. This term includes all bacterial microorganisms 

identified by 16S Metagenomic Sequencing that are assigned to any known 

phylum by the database used for taxonomic analysis.  
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Figure 11 Modulation of intestinal bacterial phyla abundance in subjects with 

obesity and CRC patients  

Data are shown as LogFC of gut bacterial phyla abundance in subjects with 

obesity and CRC patients versus the control group. Statistical comparisons were 

performed using the R (v.4.4.0) packages Deseq2 (v1.44.0). Statistical significance 

is coded with an asterisk according to the level of significance (*p<0.05, 

**p<0.01, ****p<0.0001). 

 

Moving to the genus level, almost all genera represented with a 

frequency > 5% were found increased in CRC patients, whereas, 

albeit showing a similar trend, no significant variation was observed 

in subjects with obesity (Fig. 12). An exception was 

the Agathobacter genus, which displayed a highly significant 

reduction in neoplastic condition and an increase in obesity.  



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 43  

 

 

 

Figure 12 Modulation of intestinal bacterial genera with frequency > 5% in 

subjects with obesity and CRC patients  

Data are shown as LogFC of most represented gut bacterial genera abundance in 

subjects with obesity and CRC patients versus the control group. Statistical 

comparisons were performed using the R (v.4.4.0) packages Deseq2 (v1.44.0). 

Statistical significance is coded with an asterisk according to the level of 

significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

Furthermore, the relevant changes of less represented genera 

(frequency < 5%) including species that play a role in CRC 

pathogenesis were also investigated (Fig. 13). Again, most genera 

showed a significant increase in cancer patients and a trend of 

increase in subjects with obesity. Roseburia was the only genus with 
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a reduction in CRC patients. A significant increase of Streptococcus 

was observed in obesity. 

 

 

 

Figure 13 Modulation of intestinal bacterial genera with frequency  < 5% in 

subjects with obesity and CRC patients  

Data are shown as LogFC of less represented gut bacterial genera abundance in 

subjects with obesity and CRC patients versus the control group. Statistical 

comparisons were performed using the R (v.4.4.0) packages Deseq2 (v1.44.0). 

Statistical significance is coded with an asterisk according to the level of 

significance (*p<0.05, ****p<0.0001). 

 

The results obtained from 16S Metagenomic Sequencing allow to 

classify most bacterial communities up to the genus level, but when 

a deeper taxonomic characterization was available the abundance of 

species, already known as CRC-associated, was investigated in both 

cohorts (Fig. 14). CRC patients exhibited a marked reduction of 

Akkermansia muciniphila and a significant increase of 



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 45  

Bifidobacterium bifidum. The same trend for both bacterial strains 

was found in subjects with obesity.  

 

 

 

Figure 14 Modulation of intestinal bacterial species in subjects with obesity 

and CRC patients  

Data are shown as LogFC of gut bacterial species abundance in subjects with 

obesity and CRC patients versus the control group. Statistical comparisons were 

performed using the R (v.4.4.0) packages Deseq2 (v1.44.0). Statistical significance 

is coded with an asterisk according to the level of significance (**p<0.01). 

 

4.4 Characterization of bacterial communities in the oral cavity 

of subjects with obesity and CRC patients 

16S Metagenomic Sequencing was performed to investigate also the 

composition of the oral bacterial microbiome in subjects with obesity 

and CRC patients. The results collected were compared with the 

profile of healthy individuals. With Shannon index no significant 

variation of alpha-diversity was found, whereas the analysis carried 

out with Faith index highlighted a significant increase of alpha-

diversity in patients with colorectal neoplasia, as compared to both 

the control group and individuals with obesity (Fig. 15). The beta-

diversity was measured by Jaccard coefficient and, similarly to the 
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findings associated with the gut microbiome, CRC patients exhibited 

an oral bacterial microbiome markedly dissimilar from that found in 

control or obesity condition (Fig. 16). In contrast, the bacterial 

profiles in the oral cavity of healthy individuals and subjects with 

obesity overlap. 
 

 

 

 

 

Figure 15 Alpha-diveristy analysis of oral microbiome in subjects with obesity 

and CRC patients  
Box plots resulting from comparison of Shannon Entropy and Faith phylogenetic 

diversity among healthy individuals, subjects with severe obesity and CRC 

patients are shown. Before performing statistical comparisons, the Shapiro-Wilk 

test was applied to state the normality of the alpha-diversity index. Since the 
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distribution was not normal, Kruskal-Wallis test and Wilcoxon  rank-sum test were 

applied. In particular, the former was used to calculate the overall p-value because 

the analysis included more than two groups, while the latter was used to compare 

each couple (Control vs Obese, Control vs CRC, Obese vs CRC). Statistical 

significance is coded with an asterisk according to the level of significance 

(***p<0.001, ****p<0.0001). 
 

 

 
 

 

Figure 16 Beta-diveristy analysis of oral microbiome in subjects with obesity 

and CRC patients  

Principal Coordinate Analysis (PCoA) plots of beta-diversity among healthy 

individuals, subjects with severe obesity and CRC patients are shown. Jaccard 

similarity coefficient was used.  

 

Also in the oral cavity the alpha and beta-diversity analysis was 

carried out by comparing NW and OW CRC patients. These subjects 

exhibited a similar Shannon index (Fig. 17) and, according to 

Jaccard similarity coefficient, hosted comparable bacterial 

communities (Fig. 18). 
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Figure 17 Alpha-diveristy analysis of oral microbiome in subjects with 

obesity, NW and OW CRC patients  

Box plots resulting from comparison of Shannon Entropy diversity among healthy 

individuals, subjects with severe obesity, NW and OW CRC patients are shown. 

Before performing statistical comparisons, the Shapiro-Wilk test was applied to 

state the normality of the alpha-diversity index. Since the distribution was not 

normal, Kruskal-Wallis test and Wilcoxon rank-sum test were applied. In 

particular, the former was used to calculate the overall p-value because the 

analysis included more than two groups, while the latter was used to compare each 

couple (Control vs Obese, Control vs NW CRC, Control vs OW CRC, Obese vs 

NW CRC, Obese vs OW CRC). No statistical significance was found.  
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Figure 18 Beta-diveristy analysis of oral microbiome in subjects with obesity, 

NW and OW CRC patients  

Principal Coordinate Analysis (PCoA) plots of beta-diversity among healthy 

individuals, subjects with severe obesity, NW and OW CRC patients are shown. 

Jaccard similarity coefficient was used. 

 

The analysis of bacterial phyla abundance recorded in the oral cavity 

of the three subject cohorts revealed a significant increase of 

Actinobacteria and Bacteria in CRC patients, alongside a marked 

reduction of Absconditabacteria, Bacteroidetes and Saccharibacteria, 

as compared to the control group (Fig. 19 - 20). Individuals with 

obesity exhibited a significantly lower abundance of Firmicutes than 

healthy subjects. CRC patients and subjects with obesity displayed 

the same trend of increase or reduction for most phyla.  
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Figure 19 Relative abundance of oral bacterial phyla  
Taxonomy was assigned to the OTU using the Expanded Human Oral Microbiome 

Database (eHOMD) (v.15.22). 
“Bacteria” is not a phylum. This term includes all bacterial microorganisms 

identified by 16S Metagenomic Sequencing that are assigned to any known 

phylum by the database used for taxonomic analysis.  
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Figure 20 Modulation of oral bacterial phyla abundance in subjects with 

obesity and CRC patients  
Data are shown as LogFC of oral bacterial phyla abundance in subjects with 

obesity and CRC patients versus the control group. Statistical comparisons were 

performed using the R (v.4.4.0) packages Deseq2 (v1.44.0). Statistical significance 

is coded with an asterisk according to the level of significance (*p<0.05, 

****p<0.0001). 
 

Among the bacterial genera with an abundance > 5% Leptotrichia 

and Schaalia were significantly increased in cancer patients, whereas 

a higher abundance of Neisseria was found in obesity (Fig. 21). 

However, for most genera the trend of modulation versus the control 

group was similar in CRC and obesity. 
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Figure 21 Modulation of oral bacterial genera with frequency > 5% in 

subjects with obesity and CRC patients  
Data are shown as LogFC of more represented oral bacterial genera abundance in 

subjects with obesity and CRC patients versus the control group. Statistical 

comparisons were performed using the R (v.4.4.0) packages Deseq2 (v1.44.0). 

Statistical significance is coded with an asterisk according to the level of 

significance (*p<0.05, **p<0.01). 

 

The abundance analysis of the less represented genera (< 5%), with a 

potential diagnostic value, highlighted a significant increase of 

Bacteroides, Bifidobacterium and Escherichia in CRC patients (Fig. 
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22). Notably, a marked increase of Bifidobacterium and Escherichia 

was found also in the gut of subjects with cancer.  

 

 

Figure 22 Modulation of oral bacterial genera with frequency < 5% in 

subjects with obesity and CRC patients  

Data are shown as LogFC of less represented oral bacterial genera abundance in 

subjects with obesity and CRC patients versus the control group. Statistical 

comparisons were performed using the R (v.4.4.0) packages Deseq2 (v1.44.0). 

Statistical significance is coded with an asterisk according to the level of 

significance (*p<0.05, ****p<0.0001). 

 

In addition, the modulation of bacterial species, with an already 

known role in CRC pathogenesis, was investigated in subjects with 

obesity and patients with cancer compared to what observed in 

healthy individuals (Fig. 23). CRC patients exhibited a significant 

increase of Escherichia coli, whereas a lower abundance of two 
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subspecies of Fusobacterium nucleatum was detected. Conversely, 

no significant variation of these bacterial strains was observed in 

obesity. In particular Escherichia coli results completely absent in 

the cohort with obesity, thus only the comparison between healthy 

subjects and CRC patients is shown for this bacterium in the Figure 

23.  

 

 

 

Figure 23 Modulation of oral bacterial species in subjects with obesity and 

CRC patients  
Data are shown as LogFC of oral bacterial species abundance in subjects with 

obesity and CRC patients versus the control group. Statistical comparisons were 

performed using the R (v.4.4.0) packages Deseq2 (v1.44.0). Statistical significance 

is coded with an asterisk according to the level of significance (*p<0.05, 

****p<0.0001). 

 

4.5 Human DNA virus profiles in the oral cavity: comparative 

analysis in subjects with obesity, individuals with 

nonfamilial adenomatous polyposis and CRC patients  

The composition of oral virome was investigated analysing, by bead-

based Luminex technology, the presence of human viruses homing in 



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 55  

the oral cavity. In addition to subjects with obesity and CRC, 

individuals with nonfamilial adenomatous polyposis (AP), with 

precancerous lesions and at high CRC risk, were analysed in 

comparison with controls. 

Specifically, the presence of HPVs, HPyVs and HHVs was 

investigated (Fig. 24). As compared to healthy subjects, CRC 

patients exhibited a higher prevalence of HPV infections, whereas 

a significantly higher prevalence of HPyV infections was observed 

among AP individuals. No variation was found for HHVs.  

 

 

Figure 24 Oral prevalence of HPV, HPyV and HHV infections in subjects with 

obesity, AP patients and CRC patients 
The prevalence of HPV, HPyV and HHV infections found in the oral cavity of 

subjects with obesity, AP and CRC patients is shown in comparison to the 

prevalence observed in the control group . Statistical comparisons were performed 

using Fisher exact test. Statistical significance is coded with an asterisk according 

to the level of significance (*p<0.05). 

 



Veronica Fertitta 

Pag 56  

The three HPV genera investigated were alpha (mucosal), beta and 

gamma (cutaneous) (Fig. 25). A significant increase of beta-HPVs 

prevalence was observed in CRC patients, as compared to the control 

group. A similar trend of increase, although not significant, was 

observed in subjects with obesity or AP. Conversely, the prevalence 

of infections associated with alpha-HPVs or gamma-HPVs did not 

vary significantly.   

 

 

Figure 25 Oral prevalence of alpha, beta and gamma-HPV infections in 

subjects with obesity, AP patients and CRC patients 

The prevalence of alpha, beta and gamma-HPV infections found in the oral cavity 

of subjects with obesity, AP patients and CRC patients is shown in comparison to 

the prevalence observed in the control group. Statistical comparisons were 

performed using Fisher exact test. Statistical significance is coded with an asterisk 

according to the level of significance (***p<0.001). 

 

Furthermore, the analysis of multiple beta-HPV infections revealed 

a higher prevalence of multiple infections among patients with 
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colorectal neoplasia as compared to healthy subjects or patients with 

obesity (Fig. 26). The same significant increase was recorded in 

individuals with a diagnosis of nonfamilial adenomatous polyposis. 

 

 

Figure 26 Oral prevalence of beta-HPV multiple infections in subjects with 

obesity, AP patients and CRC patients 

The prevalence of beta-HPV multiple infections found in the oral cavity of 

subjects with obesity, AP patients and CRC patients is shown in comparison to the 

prevalence observed in the control group. Statistical comparisons were performed 

using Fisher exact test. Statistical significance is coded with an asterisk according 

to the level of significance (*p<0.05, **p<0.01, ***p<0.001). 

 

A comparable proportion (1:1) of normal weight (NW, BMI 18.5 -

24.9 kg/m2) and overweight (OW, BMI 25 -29.9 kg/m2) subjects are 

included in our cohorts. Since overweight people also have an 

increased CRC risk and show a systemic inflammatory state, we 

investigated whether differences in viral prevalence could be 

detected by comparing NW and OW healthy subjects. The results of 

this analysis did not identify any significant difference in the 
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prevalence of beta-HPV and of multiple infections. However, when 

specific beta-HPV genotypes, known as oncogenic or potentially 

oncogenic, were analysed, a significantly increased prevalence was 

observed in OW controls as compared to NW (Fig. 27). 

Furthermore, an increase in CRC subjects was always observed. 

Interestingly, HPV5 prevalence was found significantly increased in 

CRC patients and all high-risk subject groups, including OW, as 

compared to NW controls.  

 

 

Figure 27 Oral prevalence of oncogenic or potentially oncogenic beta-HPVs in 

subjects with obesity, AP patients and CRC patients 
The prevalence of oncogenic or potentially oncogenic beta-HPVs found in the oral 

cavity of subjects with obesity, AP patients and CRC patients is shown in 

comparison to the prevalence observed in both NW and OW healthy individuals. 

Statistical comparisons were performed using Fisher exact test. Statistical 

significance is coded with an asterisk according to the level of significance 

(*p<0.05, **p<0.01, ***p<0.001). 
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It was further investigated the prevalence of infections related to 

some specific beta-HPVs genotypes previously found in cancer 

tissue or normal mucosa specimens of CRC patients (Fig. 28). 

Interestingly, some genotypes were not found at all in the control 

group and were increased in the pathological conditions, whereas 

others were induced in both overweight healthy subjects and in 

disease conditions. Moreover, two genotypes, HPV93 and HPV124, 

were found only in individuals with obesity and CRC patients.   

 

 

Figure 28 Oral prevalence of beta-HPVs with a potential role in CRC 

pathogenesis found in subjects with obesity, AP patients and CRC patients  

The prevalence of beta-HPVs with a potential role in CRC pathogenesis found in 

the oral cavity of subjects with obesity, AP patients and CRC patients is shown in 

comparison to the prevalence observed in both NW and OW healthy individuals. 

Statistical comparisons were performed using Fisher exact test. Statistical 

significance is coded with an asterisk according to the level of significance 

(*p<0.05, **p<0.01). 
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4.6 Effect of bariatric surgery on viral infection prevalence  

Bead-based Luminex technology was also used to investigate 

whether the bariatric surgery and the consequent weight loss, as well 

as reduced systemic inflammation, can modulate the prevalence of 

HPV, HPyV and HHV infections.  

A trend of decrease of HPV and HPyV infections was found after 

bariatric surgery (Fig. 29). Specifically, a reduction of beta-HPV 

prevalence was observed (Fig. 30). In contrast, no variation of HHV 

prevalence was associated with the weight loss. 

 

 

Figure 29 Oral prevalence of HPV, HPyV and HHV infections after bariatric 

surgery  

The prevalence of HPV, HPyV and HHV infections found in the oral cavity of 

patients with severe obesity before (T0) and six (T6) and twelve (T12) months 

after bariatric surgery is shown. Statistical comparisons were performed using 

Fisher exact test. No significant variation was observed.  
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Figure 30 Oral prevalence of alpha, beta and gamma-HPV infections after 

bariatric surgery  

The prevalence of alpha, beta and gamma-HPV infections found in the oral cavity 

of patients with severe obesity before (T0) and six (T6) and twelve (T12) months 

after bariatric surgery is shown. Statistical comparisons were performed using 

Fisher exact test. No significant variation was observed.  

 

The effect of BS on multiple beta-HPV infections was also analysed, 

but no variations with respect to the baseline was recorded (Fig. 31). 
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Figure 31 Oral prevalence of beta-HPV multiple infections after bariatric 

surgery  

The prevalence of beta-HPV infections found in the oral cavity of patients with 

severe obesity before (T0) and six (T6) and twelve (T12) months after bariatric 

surgery is shown. Statistical comparisons were performed using Fisher exact test. 

No significant variation was observed.  

 

In contrast, some promising outcomes were collected by analysing 

the prevalence of infections associated with oncogenic or potentially 

oncogenic beta-HPVs genotypes (Fig. 32). A decrease of HPV5, 

HPV8 and HPV76 prevalence was found 6 and 12 months after 

surgery. 
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Figure 32 Oral prevalence of oncogenic or potentially oncogenic beta-HPVs 

after bariatric surgery  

The prevalence of oncogenic or potentially oncogenic beta-HPVs found in the oral 

cavity of patients with severe obesity before (T0) and six (T6) and twelve (T12) 

months after bariatric surgery is shown. Statistical comparisons were performed 

using Fisher exact test. No significant variation was observed.  

 

Several epidemiological studies have recorded a significant decrease 

in cancer risk, particularly for specific obesity-associated cancers, 

such as CRC, in patients who underwent bariatric surgery versus the 

obese counterpart. Then, the surgery-related modulation of some 

beta-HPVs genotypes previously detected in tumour tissue or normal 

mucosa specimens of CRC patients, was investigated (Fig. 33). 

Interestingly, a reduction was observed for most of these HPV 

genotypes after BS.  
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Figure 33 Oral prevalence of beta-HPVs with a potential role in CRC 

pathogenesis after bariatric surgery  

The prevalence of beta-HPVs with a potential role in CRC pathogenesis found in 

the oral cavity of patients with severe obesity before (T0) and six (T6) and twelve 

(T12) months after bariatric surgery is shown. Statistical comparisons were 

performed using Fisher exact test. No significant variation was observed.  
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In vitro studies 

 

4.7 Different impact of LPS derived from pathogenic and 

commensal/probiotic bacteria on human dendritic cell (DC) 

generation and γδ T lymphocyte activation 

 

4.7.1 Human monocytes exposed to low doses of LPS from E. coli 

and S. enterica, but not from A. muciniphila, generate PD-L1 

expressing CD1a+ DC with preserved antigen uptake and 

processing capacity 

Given the increase of Proteobacteria (such as E. coli) and the 

reduction of Verrucomicrobiota (such as A. muciniphila) found in the 

gut microbiome of both subjects with obesity and CRC patients, it 

was investigated whether LPS from pathogenic and beneficial 

bacteria, administrated at doses comparable to those detected in 

conditions of intestinal dysbiosis and reduced gut epithelium 

integrity, can have different impact on DC generation and function. 

Human monocytes were treated with endotoxin (0.01 to 10 ng/ml) 

from E. coli, S. enterica and A. muciniphila, right after the isolation 

from the peripheral blood of healthy donors and differentiated 

toward DC (Fig. 34). Both phenotypic and functional analysis was 

carried out.  

 

 
 

Figure 34 Generation of immature dendritic cells from LPS unprimed or 

primed monocytes 

Monocytes isolated from the peripheral blood of healthy donors were treated with 

LPS from E. coli, S. enterica and A. muciniphila, and differentiated toward DCs.  

Expression profile of costimulatory and inhibitory molecules was investigated, as 

well as the capacity of Ag uptake and processing. Secretion levels of some 

cytokines were also measured.  
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Dendritic cell morphology was found in all unexposed and LPS 

exposed cultures, but cultures stimulated with E. coli and S. enterica 

endotoxin, compared to those treated with A. muciniphila LPS, 

repeatedly exhibited some spindle-shape cells and a decreased 

viability (data not shown). Monocytes treated with endotoxin from 

E. coli and S. enterica, at doses as low as 0.1 ng/ml, generated 

significantly higher percentages of PD-L1 positive cells than 

unstimulated precursors (Fig. 35 A-B). Contrarily, DC differentiated 

in the presence of the higher concentration (10 ng/ml) of A. 

muciniphila derived LPS exhibited a significant reduction of PD-L1 

expression but no effect was observed with lower doses. Likewise, 

an increase in CD80 expressing cells was reported in cultures 

exposed to endotoxin from E. coli and S. enterica, whereas a lower 

effect was observed in those stimulated with A. muciniphila derived 

LPS (Fig. 35 C-D). Nevertheless, cultures exposed to increased A. 

muciniphila LPS doses up to 100-1000 ng/ml exhibited lower 

viability (data not shown), as well as expression levels of PD-L1 and 

CD80 comparable to E. coli and S. enterica derived endotoxin at 10 

ng/ml (Fig. 35 A-D). 

 



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 67  

 

 

Figure 35 Surface PD-L1 and CD80 expression in human DC cultures primed 

with increasing doses of LPS 

Monocytes isolated from human peripheral blood were induced to differentiate 

toward DC in standard medium unexposed or exposed to the indicated doses of 

endotoxin from E. coli, S. enterica and A. muciniphila. After 5 days of culture cells 

were analyzed for the expression of surface PD-L1 (A-B) and CD80 (C-D) by flow 

cytometry. In panels A and C results from one representative donor are shown, 

whereas in panels B and D the relative change of the percentages of PD-L1 and 

CD80 positive cells in LPS-conditioned versus unconditioned cultures is reported. 

Mean values ± SE from 15 and 10 independent donors are shown in B and D, 

respectively. The two-tailed paired Student’s t-test was used for statistical 

comparisons. Statistical significance was indicated versus untreated control (*) or 

versus comparable concentrations of A. muciniphila LPS (#) (*/# p ≤ 0.05; 

**/##p ≤ 0.01; ***/### p ≤ 0.001). 

 

Monocytes were also stimulated with LPS from A. muciniphila for 

0.5, 2 or 4 hours before priming with E. coli endotoxin, to 

investigate possible synergic or antagonistic effects among the 

different LPS. This pre-treatment did not induce any effect on PD-L1 

and CD80 expression (data not shown). 
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It is well known that priming of human monocyte precursors with 

high E. coli endotoxin doses (100-1000 ng/ml) impairs DC 

differentiation and generates cells with reduced MHC expression and 

endocytic activity (Xie et al, 2003) (Bartz et al, 2006). Expression 

levels of CD1a, MHC class II and CD206/mannose receptor were 

investigated on DC differentiated from monocytes exposed to LPS. 

No significant modulation of both CD1a and CD206 expression was 

reported in DC cultures generated in the presence of the higher 

concentrations (1-10 ng/ml) of endotoxin derived from the different 

bacterial strains (Fig. 36 A, B, D). According to CD206 expression, 

all unexposed and LPS exposed cultures, exhibited similar levels of 

ovalbumin uptake and processing (Fig. 36 A, E). In contrast, an 

increase of MHC class II expression was observed in all LPS primed 

cultures, compared to unprimed ones (Fig. 36 A, C).  
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Figure 36 Phenotypic and antigen processing analysis of LPS conditioned DC 

DC cultures generated as described in the legend to Figure 34 were analyzed, by 

flow cytometry, for the surface expression of CD1a (A and B), MHC class II (A 

and C) and CD206/MR (A and D) or for ovalbumin processing (A and E). Results 

from one representative donor are shown in panel A. Data are shown as relative 

change of the median fluorescence intensity (MFI) in LPS-conditioned versus 

unconditioned cultures (panels B-C-D-E), and reported as mean values ± SE of 

four independent donors. The two-tailed paired Student’s t-test was used for 

statistical comparisons (*p < 0.05; **p < 0.01). 
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4.7.2 A. muciniphila LPS conditioned DC cultures secrete lower 

amount of cytokines compared to E. coli and S. enterica LPS 

stimulated cultures: association with STAT3 activation and PD-

L1 expression  

To test the hypothesis that the release of pro- and anti-inflammatory 

cytokines from DC cultures can be differently affected by monocyte 

priming with different bacterial strains derived endotoxin, secretion 

of IL-6, IL-10 and IL-1β was investigated in cell conditioned media. 

Figure 37 (A-D) reports the cytokine levels found after stimulation 

with different doses of LPS from E. coli, S. enterica and A. 

muciniphila. All LPS primed cultures, compared to unprimed ones, 

exhibited a significant dose-dependent induction of IL-6 and IL-10 

secretion (Fig. 37 A-B). Anyway, cultures exposed to A. muciniphila 

endotoxin released significantly lower amounts of both immune 

mediators when compared to cultures treated with LPS from E. coli 

and S. enterica at all the doses (Fig. 37 A-B). No difference with 

respect to endotoxin from pathogenic bacteria in IL-6 and IL-10 

secretion was found when cultures were treated with increased 

concentration of A. muciniphila LPS up to 100 ng/ml (Fig. 37 C). In 

addition, an induction of IL-1β release was reported in all LPS 

primed cultures, but no significant variations were highlighted 

among the different endotoxins due to the high donor dependent 

variability (Fig. 37 D).  

Both IL-6 and IL-10 promote STAT3 activation, that is in turn 

involved in the induction of PD-L1 expression, as shown previously 

in TLR8 stimulated monocytes (Wolfle et al, 2011). Given this 

evidence, the expression of tyrosine-phosphorylated STAT3 in LPS 

primed DC cultures was investigated. Although a decrease of IL-10 

and IL-6 secretion was detected, the expression of phosphorylated 

STAT3 observed in DC cultures exposed to A. muciniphila LPS did 

not significantly differ from the levels found in E. coli and S. 

enterica LPS exposed cultures (Fig. 37 E). The same results were 

collected by investigating the level of phosphorylated STAT3 after 3 

days of culture (data not shown). However, even if no significant 

modulation was detected due to the low number of donors 
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investigated, the expression of total PD-L1 exhibited the same trend 

observed for surface PD-L1 (Fig. 37 E and Fig. 35 A-B). 

 
 

Figure 37 Impact of monocyte priming with LPS from different bacterial 

strains on cytokine production 

DC cultures were differentiated from monocytes unprimed or primed with the 

indicated doses of endotoxin, as described in the legend to Figure 34. Conditioned 

media were collected and the secretion levels of IL-6 (A and C), IL-10 (B and C) 

and IL-1β (D) were analyzed by ELISA. Data are expressed as mean value ± SE 

from twelve (A) and eight (B-C-D) independent donors. The two-tailed paired 

Student’s t-test was used for statistical comparisons. Statistical significance was 

indicated versus untreated control (*) or versus comparable concentrations of A. 

muciniphila LPS (#) (*/# p ≤ 0.05; **/##p ≤ 0.01; ***/### p ≤ 0.001). (E) Western 

blotting analysis showing the levels of total STAT3, the tyrosine phosphorylated 

form pSTAT3 and PD-L1. (E) A representative blot is shown. Results from 

densitometric analysis were normalized to the housekeeping GAPDH content and 

are expressed as mean value ± SE of three independent experiments.  
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4.7.3 DC cultures generated from monocytes primed with A. 

muciniphila, but not E. coli and S. enterica, LPS are able to 

mature when exposed to subsequent stimuli triggering TLR4 or 

TLR8 

Then it was analysed whether DC cultures generated in the presence 

of A. muciniphila endotoxin can mature in response to a subsequent 

LPS exposition. Immature DC cultures differentiated from 

precursors unprimed or primed with the different endotoxins were 

matured by administration of E. coli LPS during the last 24 hours of 

culture. The expression of two activation markers and secretion 

levels of cytokines were investigated (Fig. 38).  

 

 
 

Figure 38 Generation of mature dendritic cells from LPS unprimed or primed 

monocytes 

Monocytes isolated from the peripheral blood of healthy donors were treated with 

LPS from E. coli, S. enterica and A. muciniphila. The cells were differentiated 

toward DCs and matured by administration of E. coli LPS during the last 24 hours 

of culture. The expression of two activation markers and secretion levels of 

cytokines were investigated.  

 

It is known that treatment of monocytes with LPS can induce 

tolerance toward a subsequent stimulation with LPS. Thus, as 

expected, the expression of costimulatory molecules CD83 and 

CD86 resulted significantly reduced in DC cultures stimulated with 

endotoxin from E. coli and S. enterica at doses as low as 0.1 ng/ml 

as compared to unprimed cultures following LPS induced maturation 

(Fig. 39 A-D). Contrarily, normal upregulation of the same markers 

was found after priming with similar concentrations of A. 

muciniphila LPS, which thus fails to induce LPS tolerance (Fig. 39 

A-D). If concentrations are increased up to 100 or 1000 ng/ml, LPS 

from A. muciniphila affects DC maturation similarly to E. coli and S. 

enterica endotoxins (Fig. 39 A-D). The results concerning the 
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amounts of immune mediators released agree with the induction of 

maturation markers. The IL10/IL12 ratio reported in DC cultures 

differentiated in the presence of LPS from A. muciniphila was lower 

with respect to cells exposed to E. coli and S. enterica derived LPS 

(Fig. 39 E). Moreover, unlike LPS from E. coli and S. enterica, 

monocyte priming with A. muciniphila endotoxin did not induce 

cross tolerance against a subsequent stimulus triggering TLR8 (Fig. 

40 A-B). 
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Figure 39 Effect of monocyte priming with LPS from different sources on DC 

maturation 

DC were generated from monocytes unexposed or exposed to increasing 

concentrations of the different LPS and then stimulated with endotoxin from E. 

coli during the last 24 hours of culture to induce maturation. (A-D). Culture cells 

were analyzed for the expression of surface activation markers CD83 (A-B) and 

CD86 (C-D) by flow cytometry. In panels A and C results from one representative 

donor are shown, whereas in panels B and D the relative change of the percentages 

of positive cells in LPS-conditioned versus unconditioned cultures is reported. 

Results are shown as mean value ± SE from ten independent donors. (E) 

Conditioned media were collected and analyzed for the release of IL-10 and IL-12. 

Results are reported as relative change in the IL-10/IL-12 ratio in LPS primed 

versus unprimed DC cultures, and expressed as mean value ± SE from three to six 

independent donors depending on LPS dose. The two-tailed paired Student’s t-test 

was used for statistical comparisons. Statistical significance was indicated versus 

untreated control (*) or versus comparable concentrations of A. muciniphila LPS 

(#) (*/# p ≤ 0.05; **/##p ≤ 0.01; ***/### p ≤ 0.001).  

 
 

 
 

Figure 40 Effect of monocyte conditioning with LPS from different bacterial 

strains on DC maturation induced by R848 

DC generated as described in the legend to Figure 38 were stimulated with R848 

during the last 24 hours of culture to induce maturation. Culture cells were 

analyzed for the expression of surface activation markers CD83 (A) and CD86 (B) 

by flow cytometry. The relative change of the percentages of positive cells in LPS 

primed versus unprimed cultures is reported. Results are shown as mean value ± 

SE from six independent donors. The two-tailed paired Student’s t-test was used 

for statistical comparisons. Statistical significance was indicated versus untreated 

control (*) or versus comparable concentrations of A. muciniphila LPS (#) (*/# 

p ≤ 0.05; **/##p ≤ 0.01; ***/### p ≤ 0.001).  
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4.7.4 Monocyte priming with endotoxin from E. coli and S. 

enterica, but not A. muciniphila, impairs DC-mediated γδ T 

lymphocyte activation 

Our group has previously shown that DC, after stimulation with 

aminobiphosphonate, can induce the activation and IL-2 independent 

proliferation of γδ T cells (Conti et al, 2005).Given this evidence, it 

was investigated whether monocyte stimulation with LPS can impair 

DC functional cross-talk with γδ T lymphocytes. Unprimed and LPS 

primed DC were put in coculture with autologous PBL, with and 

without ZOL administration, and after 6 days Vδ2 T cell expansion 

was analysed by flow cytometry. As shown in Figure 41 (A-B), 

similar percentage of Vδ2 T lymphocytes was found expanded after 

ZOL stimulation, in untreated and all LPS treated cocultures, as 

compared to unstimulated ones, independently of the endotoxin 

source. Comparable results were collected by investigating Vδ2 T 

cell expansion after 3 days of coculture (data not shown).  
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Figure 41 Effect of monocyte priming with LPS from different sources on DC-

mediated TCRVδ2 T cell expansion 

DC generated from monocytes unprimed or primed with endotoxin from the 

different indicated bacterial strains were cocultured with autologous PBL (1:1 

ratio) and left unstimulated or stimulated with ZOL. After 6 days, expansion of 

TCRVδ2 T cells within total PBL was analyzed by flow cytometry gating on the 

lymphocyte population (gate R1). Results from one representative donor are 

shown in panel A (R2: gated DC population). The relative change of the 

percentages of TCRVδ2 positive cells in LPS conditioned versus unconditioned 

ZOL stimulated cocultures is reported (B). Mean value ± SE from sixteen 

independent donors are shown. The two-tailed paired Student’s t-test was used for 

statistical comparisons. Statistical significance was indicated versus untreated 

control (*) (**p ≤ 0.01).  
 

It was further explored the impact of LPS conditioning on the early 

activation of Vδ2 T lymphocytes. Unexposed and endotoxin exposed 

DC were cocultured with autologous purified γδ T cells, in the 
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presence or absence of ZOL, and the levels of the activation markers 

CD25 and MHC class II, and cytokine secretion, were analysed 48 

hours later (Fig. 42). 

  

Figure 42 Cocultures of dendritic cells generated from LPS unprimed or 

primed monocytes and γδ T cells 

Monocytes isolated from the peripheral blood of healthy donors were treated with 

LPS from E. coli, S. enterica and A. muciniphila. The DCs obtained were put in 

coculture with autologous purified γδ T cells, in the presence or absence of ZOL. 

The expression levels of two activation markers and cytokine secretion were 

investigated after 48 hours. 

 

Cocultures set up with DC pre-exposed to LPS from S. enterica 

exhibited a low but significant decrease of CD25 and MHC class II 

expressing γδ T lymphocytes, whereas no variation was detected in 

cocultures with DC conditioned by E. coli or A. muciniphila derived 

LPS (Fig. 43 A-B). However, the analysis of cytokine release in the 

conditioned media provided the evidence of a significant reduction 

in the release of IFN-γ by γδ T cells cocultured with DC pre-exposed 

to E. coli and S. enterica LPS (Fig. 43 C). Conversely, no inhibitory 

effect was observed in cocultures set up with A. muciniphila LPS 

primed DC (Fig 43 C).  
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Figure 43 Effect of monocyte precursors conditioning with LPS from the 

different bacterial strains on DC-mediated γδ T cell activation 

DC differentiated from unprimed or primed monocytes with endotoxin derived 

from the different indicated bacterial strains were put in coculture with purified 

autologous γδ T lymphocytes (1:1 ratio) and left unstimulated or stimulated with 

ZOL. (A-B) After 48 hours, expression of the activation markers CD25 and MHC 

class II by ZOL-stimulated γδ T cells was analyzed by flow cytometry, gating on 

the lymphocyte population (gate R1) (R2: gated DC population). In panel A the 

results from one representative donor are shown. The relative change of the 

percentages of CD25 and MHC class II positive γδ T lymphocytes in LPS exposed 

versus unexposed cocultures is reported (B). Mean value ± SE from 5 independent 

donors is shown. (C) Conditioned media from ZOL-stimulated DC/γδ T cell 

cocultures were analyzed for the release of IFN-γ. Results are reported as relative 

change of IFN-γ production (pg/ml) in LPS stimulated versus unstimulated 

cocultures, and are expressed as mean value ± SE from five independent donors. 

(B-C) The two-tailed paired Student’s t-test was used for statistical comparisons. 

Statistical significance was indicated versus untreated control (*) or versus 

comparable concentrations of A. muciniphila LPS (#) (*/# p ≤ 0.05; **/##p ≤ 0.01; 

***/### p ≤ 0.001).  
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DC/γδ T cell cocultures were also analysed for IL-17 secretion, 

given the recent evidence of a switch towards IL-17 release in a 

mouse model of LPS induced inflammation. This cytokine was not 

found neither in control cocultures nor in those primed with all LPS 

types.  

 

4.7.5 Endotoxin from A. muciniphila can induce the maturation 

of pre-existing DC  

To test whether LPS from A. muciniphila could induce DC 

maturation as efficiently as E. coli endotoxin, immature DCs 

differentiated from unprimed monocytes were stimulated with 10 

ng/ml of E. coli, S. enterica or A. muciniphila endotoxin during the 

last 24 hours of culture. The analysis of both activation markers and 

cytokine expression was then carried out. The expression levels of 

CD83 and CD86 observed after A. muciniphila endotoxin 

administration were comparable to those induced by E. coli and S. 

enterica LPS (Fig. 44 A-B). Moreover, the condition media of all 

endotoxin stimulated DC, independently of LPS source, exhibited a 

comparable IL-10/IL-12 ratio, providing the evidence that LPS from 

A. muciniphila acts as a DC maturation stimulus (Fig. 44 C).  
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Figure 44 LPS from A. muciniphila can induce maturation of pre-existing 

immature DC 

DC cultures were differentiated from unprimed monocyte precursors and exposed, 

during the last 24 hours of culture, to endotoxin (10 ng/ml) from E. coli, S. 

enterica and A. muciniphila to induce maturation. The expression of the activation 

markers CD83 and CD86 was analyzed by flow cytometry (A-B), as well as the 

secretion levels of IL-10 and IL-12 were investigated by ELISA (C). (A) One 

representative donor is shown. Empty histograms represent the CD83 and CD86 

staining of LPS unprimed immature cultures. (B) The percentages of positive cells 

in cultures exposed to endotoxin from the different indicated bacterial strains are 

shown and the results are reported as mean value ± SE from eleven independent 

donors. (C) Results are expressed as IL-10/IL-12 ratio and represented as mean 

value ± SE from three independent donors. No IL-12 and IL-10 production was 

detected in unstimulated immature DC cultures.  
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5. DISCUSSION 

Nowadays obesity has reached epidemic proportions becoming a 

worldwide public health problem (Chooi et al, 2019). Recent studies 

showed that WAT is the first target organ in obesity characterised, in 

parallel to metabolic derangements, by low grade chronic 

inflammation and oxidative stress. When caloric intake overcomes 

energy expenditure VAT expands by hypertrophy which is 

characterized by the secretion of pro-inflammatory cytokines and 

consequent oxidative stress (Ghaben & Scherer, 2019). It is well 

known that VAT is more susceptible to inflammation and oxidative 

stress compared to the less metabolically active SAT. Indeed, in this 

human study the investigation of DDR in adipose tissue of subjects 

with severe obesity provided the first evidence that there is a chronic 

activation of DDR and related stress response pathways in VAT, but 

not in SAT. DNA damage induction and DDR activation are testified 

by the involvement of DNA damage sensors, such as ATM and ATR, 

along with their downstream targets (e.g. H2AX, KAP1, Chk1 and 

Chk2). Irreparable DNA damage induces a permanent DDR 

activation which in turn triggers cellular senescence, as a protective 

mechanism (Malaquin et al., 2015). Interestingly, in animal studies 

senescence cells, detected within AT, were found to play a causal 

role in the development of obesity-associated metabolic dysfunction 

(Palmer et al., 2019). Notably, the presence of senescent cells is also 

recorded in AT biopsies of individuals affected by obesity, as 

revealed by VAT-specific expression of senescence markers, such as 

p15-p16 and p21. All these data, in addition to the systemic 

inflammation observed in our patients, prove that severe obesity 

leads to the induction of SASP. 

Today bariatric surgery is the most efficient treatment to lose weight 

in case of severe obesity leading to the remission of the most 

frequent obesity-associated morbidities (Ebadinejad et al, 2022) 

(Wiggins et al, 2020). In agreement, a significant reduction of 

systemic inflammation and a healthier AT profile has been recorded 

in our cohort six and twelve months after surgery. In a recent study a 
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long-term improvement of obesity-related meta-inflammation after 

BS was reported (Lautenbach et al., 2021). 

It is also well known that mitochondrial dysfunction in tissues can 

lead to the release into the blood stream of endogenous DAMPs 

triggering innate immunity (Dela Cruz & Kang, 2018). In particular, 

mt-DNA fragments escape mitochondria and activate the 

inflammasome (Xian et al, 2022). A marked increase of plasmatic 

ccf-mtDNA in subjects with severe obesity was detected 

concomitantly to a significant reduction after BS. This decrease 

testifies a recovery of mitochondrial health and a reversibility of the 

inflammatory phenotype, supporting the value of ccf-mtDNA as a 

predictive biomarker for metabolic syndrome development.  

 

The chronic low-grade sterile inflammation, exhibited by subjects 

with obesity, increases the risk of developing noncommunicable 

diseases, such as cardiovascular diseases, dyslipidemia and several 

kinds of cancer, including CRC (IARC Handbooks of Cancer 

Prevention 2021). The progressive increase in CRC incidence 

correlates with overweight and obesity epidemics proportions, 

consistently with the evidence of a positive correlation between BMI 

and CRC risk. Given the causative role of microbiome imbalance in 

obesity and CRC development, dysbiosis can be proposed as a 

putative thread and thereby as a potential therapeutic target and 

biomarker with both predictive and prognostic value. The early 

diagnosis of CRC is hard and screening methods currently used in 

clinical practice have several limitations. This stimulated intense 

research aimed to find sensitive, non-invasive and early biomarkers 

in easily collectable matrices. Microbiome alterations, in both oral 

cavity and gut, could be great candidates. In line with these 

observations, we analysed the intestinal and oral bacterial profiles of 

CRC patients and subjects with obesity, looking for modifications 

that precede or accompany the tumorigenesis. In line with previous 

observations, we found a reduction of intestinal alpha-diversity in 

subjects with obesity as compared to healthy controls, and similar 

gut beta-diversity (Heiss & Olofsson, 2018) (Cani et al., 2007). In 
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our study, this similarity was detected also for oral bacteria. In 

contrast, bacteria homing both in the intestinal lumen and in the oral 

cavity of CRC patients were significantly dissimilar from those 

detected in healthy individuals and subjects with obesity. In our 

cohort of CRC patients, we confirmed the already known increased 

Shannon Entropy of the intestinal microbiome, and provided the first 

evidence that the oral microbiome of  CRC patients exhibits a higher 

alpha-diversity than healthy subjects  (Qin et al, 2024). In cancer 

patients, the taxonomic analysis of gut microbiome highlighted 

marked variations of phyla abundance, as compared to the healthy 

profile. Differently, the relative abundance of oral bacterial phyla 

resulted to be very similar in patients and controls. Notably, in the 

gut of both subjects with obesity and CRC patients we found an 

increased Proteobacteria/Verrucomicrobiota ratio, as previously 

detected in conditions of chronic intestinal inflammation and 

metabolic diseases (Rodrigues et al, 2022). In the Proteobacteria 

phylum we find genera such as Escherichia, that resulted 

significantly increased in our cohort of CRC patients, alongside 

Salmonella and Shigella that include Gram-negative pathogens 

involved in the first steps of colorectal tumorigenesis (Tjalsma et al., 

2012). A marked upregulation of Akkermansia genus, belonging to 

Verrucomicrobiota phylum, was detected in individuals with obesity 

and patients with cancer. Within this genus, A. muciniphila has been 

attracting great interest in recent years due to its key role in the 

promotion of intestinal health. This commensal Gram-negative and 

obligatory anaerobe bacterium contributes to gut epithelium 

integrity, metabolic and immune homeostasis through mucus 

degradation and SCFA production (Mruk-Mazurkiewicz et al, 2024). 

An investigation at species level revealed however a reduction of A. 

muciniphila abundance in both obesity and CRC. Unfortunately, the 

16S Metagenomic Sequencing allows to perform a specie-level 

analysis only for the bacterial strains whose sequence can be found 

in the database used for taxonomic analysis, such as A. muciniphila, 

and because of this limitation we could not identify which bacteria 

are associated with Akkermansia genus increase.  
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The Fusobacteriota phylum and its genus, Fusobacterium, exhibited 

an overrepresentation in the gut of subjects with obesity and CRC. A 

similar trend was observed in the oral cavity. The association of the 

pathobiont Fusobacterium nucleatum, belonging to this genus, with 

CRC development has emerged in the recent years. This oral cavity 

homing bacterium was detected in faecal matrix of subjects with 

Crohn’s disease and in both mucosal and stool samples of CRC 

patients (Pascal et al, 2017) (Castellarin et al, 2012) (Kostic et al, 

2012) (Flanagan et al, 2014). Although we were not able to 

investigate the intestinal Fusobacterium nucleatum abundance in our 

cohorts, a significant reduction of this species was observed in the 

oral cavity of CRC patients, suggesting an important expansion of 

oral microorganisms in the intestinal cavity through the oral-gut axis, 

that might be also responsible for the observed increase in alpha-

diversity (Thomas et al, 2019) (Wirbel et al., 2019). Contrarily, the 

decreased alpha-diversity found in the cohort with obesity suggests a 

less marked transition of oral bacteria into the intestinal cavity of 

these individuals. An interesting overrepresentation of Firmicutes D 

was also recorded in the gut of subjects with obesity and CRC. In 

addition, an increase of some genera belonging to this phylum, such 

as Streptococcus and Clostridum T, was also observed. These genera 

include Streptococcus gallolyticus and Clostridium septicum, known 

as passengers in the “driver-passenger” model of colorectal 

tumorigenesis. An interesting observation collected from the oral 

microbiome investigation is related to genus Parvimonas. In subjects 

with obesity, we observed a significantly higher abundance of this 

bacterium, that is a member of the oral microbiome and often is 

detected in the gut of CRC patients, suggesting its potential 

involvement in CRC tumorigenesis (Nakatsu et al, 2015). 

Overall, we observed for most genera, both in the gut and in the oral 

cavity, the same trend of modulation in subjects with obesity and 

CRC patients. Thereby, in line with the current research on gut 

microbiota parameters, as potential diagnostic tool in clinical 

practice, our findings indicate that microbiome analysis may be 
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useful as a predictive biomarker in the screening of high CRC risk 

subjects.  

 

Alongside bacteria, which are the main component of microbiome, 

also viruses are increasingly being recognized as an essential part of 

the commensal flora. The oral profile of human DNA viruses 

previously associated with CRC was investigated in CRC patients, as 

well as in subjects with obesity or adenomatous polyposis, both 

exhibiting a higher risk of developing colorectal neoplasia as 

compared to healthy individuals, with the aim to identify oral 

infections with a predictive and/or pathogenetic role. Moreover, 

given the lower CRC risk associated to bariatric surgery, the 

prevalence of the same viruses was also analyzed in saliva samples 

collected after BS to investigate the impact of weight loss and 

reduced systemic inflammation. The results obtained provided novel 

evidence of a significantly higher prevalence of oral beta-HPV and 

beta-HPV multiple infections in cancer patients. A trend of increase 

of beta-HPV infections was also detected in high-risk subjects with 

obesity and AP. Notably, a lower prevalence was observed in obese 

patients after BS suggesting that the surgery-related benefits can 

reduce the persistence of viral agents potentially involved in 

increasing CRC risk.  

An association between BMI and anal alpha-HPV 

prevalence/persistence was previously found, and it is well known a 

positive correlation between BMI and CRC risk (Nyitray et al, 

2019). Given this evidence, the impact of BMI on beta-HPV 

infections was investigated by comparing the viral profile of OW 

subjects and the NW counterpart within the healthy control group. 

Although no variation of beta-HPV prevalence and multiple 

infections was observed, interesting outcomes derived by analyzing 

the prevalence of specific beta-HPV genotypes, such as HPV5 and 

HPV8, classified as potential carcinogens to humans (IARC Group 

2B), and HPV122, previously associated with oral and 

oropharyngeal cancers (Bouvard et al, 2009) (Sabol et al, 2016). 

Interestingly, OW control subjects exhibited an evident increase of 
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infections related to these genotypes as compared to NW subjects. 

The same higher prevalence was found in CRC patients. Regarding 

HPV5, a significant higher prevalence was found in CRC patients 

and all high-risk subject groups, including OW, as compared to NW 

controls. Interestingly, HPV5 prevalence was found reduced in obese 

individuals after BS, and a decrease was detected also for HPV8 and 

HPV76, that have been associated with squamous cell carcinoma 

risk (Andersson et al, 2012). These observations are in line with the 

lower frequency of tumors recorded among subjects who undergo 

BS. Only recently, by combining Luminex-based technology and 

NGS, cutaneous beta and gamma HPVs were detected in tumor 

tissue and adjacent mucosa of CRC patients, in addition to mucosal 

alpha-HPV (especially HPV16 and HPV18) previously identified 

(Galati et al., 2023). Thereby we analysed the oral prevalence of 

these genotypes and collected very promising findings. Some viruses 

(HPV20, HPV93 and HPV124) resulted increased in the pathological 

conditions, but were not observed at all in healthy subjects. Other 

genotypes (HPV49 and HPV120) were induced in both overweight 

and disease conditions. Again, the prevalence of these infections in 

subjects with obesity was found decreased at 6 or 12 months after 

surgery. Two beta-HPVs, HPV93 and HPV124, were detected only 

in subjects with obesity and CRC patients, and interestingly HPV124 

prevalence was reduced following the intervention. 

Several studies have suggested a possible link between HPV 

infections (mainly alpha-HPV genotypes) and colorectal 

tumorigenesis, and HPV-positive CRC tissues displayed an 

upregulation of genes coding proteins involved in cancer 

pathogenesis (such as WNT-5A) (Qiu et al, 2020). HPV infections 

lead also to higher activity of STAT3 and increased IL-17 secretion, 

resulting in more advanced CRC stages (Li et al, 2015). 

Interestingly, alpha-HPVs were found to modulate the tumor 

microenvironment towards a reduced immune surveillance and were 

associated with an increased alpha-diversity of cancer-associated 

microbiota (Ambrosio et al, 2023). Conversely, studies investigating 

the oral prevalence and role of beta-HPVs in CRC patients, or in 
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CRC high-risk subjects such as individuals with obesity and AP, are 

missing. The same gap is found about potential BS-related 

modulation of viral infections. In a very preliminary analysis we 

investigated a putative crosstalk between oral viruses and intestinal 

bacteria, and found a higher Shannon Entropy of gut microbiome in 

CRC patients positive for HPV122 infection as compared to the 

uninfected counterpart (data not shown). This observation would 

suggest an impact of oral viruses on gut microbiome composition, 

which is known to play a causal role in CRC pathogenesis. Although 

further studies are needed to evaluate the role of beta-HPVs in 

pathological conditions, such as CRC, and the mechanisms 

underlying the link between infections and tumorigenesis, our results 

suggest a potential predictive role of oral beta-HPV infections in 

colorectal tumorigenesis and provide the evidence that lifestyle can 

modulate these indicators.  

 

In obesity and CRC, as well as in other chronic diseases, alteration 

of commensal microbiota composition is associated with an 

increased permeability of the gut epithelium, resulting in the 

translocation of pathogenic microorganisms and bacterial 

components, including endotoxins, into the bloodstream, a condition 

termed endotoxemia. Endotoxins modulate the immune cell function 

and can contribute to the development of chronic diseases (Mohr et 

al, 2022). Due to the different degrees of antigenicity and immune 

toxicity of endotoxins derived from different bacterial strains, the 

final host response is the result of the relative abundance of each 

species.  

We performed in vitro studies to compare the effects of human blood 

monocyte priming with low concentrations of LPS, from pathogenic 

and commensal/probiotic bacteria, on in vitro DC generation and on 

their crosstalk with γδ T lymphocytes. Previous studies testified that 

high doses of LPS can impair DC differentiation (Rotta et al, 2003) 

(Bartz et al., 2006) (Rydstrom & Wick, 2010). Our results provided 

evidence that PD-L1 expressing CD1a+ DC, which secrete high 

levels of IL-6 and IL-10, can be generated from monocyte precursors 
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conditioned with concentrations as low as 0.1 ng/ml of endotoxin 

from E. coli and S. enterica. In addition, LPS priming impacts the 

ability of DC to fully activate γδ T cells. These findings suggest that 

in dysbiosis condition, with an increase of pathogenic Gram-negative 

bacteria abundance, circulating LPS, even if at lower concentrations 

than those detected during acute infections, can create an 

immunosuppressive environment. In line with the hypothesis that 

under healthy conditions beneficial commensal bacteria maintains a 

high degree of immunosurveillance, we found that monocytes 

stimulated with comparable doses of endotoxin from A. muciniphila 

generate DC with preserved immunostimulatory activity, and with 

the ability to respond to subsequent stimuli triggering TLR.  

It is widely recognized the impact of lifestyle, especially dietary 

habits, on the gut microbiome composition which, in turn, influences 

the balance between more and less toxic endotoxins (Senghor, 2018). 

In the recent years several microorganisms with potential probiotic 

properties have been exploited, with the aim to modulate the relative 

abundance of bacterial communities (Ma, 2023). A. muciniphila is 

one of these, due to its ability to maintain intestinal barrier integrity 

and to promote metabolic and immune health (Mruk-Mazurkiewicz 

et al., 2024). The potential use of A. muciniphila as probiotic is 

supported by our outcomes that testified, for the first time, that 

human monocytes exposed to endotoxin from A. muciniphila can 

differentiate toward immunostimulatory DC. The cells generated in 

this way exhibit a low expression of PD-L1, secrete low levels of 

immunosuppressive cytokines and can activate γδ T cells. In 

addition, A. muciniphila LPS can induce by itself the maturation of 

pre-existing immature DC, sustaining thereby immune responses. 

Despite the great beneficial impact of A. muciniphila on host health 

reported in preclinical studies, some observations make the further 

validation of effectiveness and safety of its supplementation in 

humans necessary. In line with some previous studies, that have 

found exacerbation of inflammation in case of intestinal colonization 

by this bacterium, we reported that increasing the doses of A. 

muciniphila LPS leads to the same suppressive effects on DC 
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functions observed with endotoxins derived from pathogenic bacteria 

(Ganesh et al, 2013) (Luo et al, 2022). 

Consistently with recent observations collected in mouse microglia, 

we found that A. muciniphila LPS fails to induce tolerance and to 

counteract or attenuate the cell response to subsequent stimulation 

with endotoxin from E. coli (Young & Denovan-Wright, 2024). This 

result would suggest the involvement of other cellular receptors than 

TLR4, as previously described for other bacteria (Sun et al, 2014). 

However similar effects on DCs, as E. coli endotoxin, and tolerance 

toward LPS from E. coli can be observed after monocyte priming 

with higher concentrations of A. muciniphila derived endotoxin, 

suggesting a role of TLR4 in its recognition. This hypothesis aligns 

with the recent finding of an unprecedented chemical structure of A. 

muciniphila LPS, that is devoid of the O-antigen but characterized 

by a unique mono-phosphorylated lipid A carrying a mixture of tetra, 

penta- and hexa-acylated forms, in contrast to E. coli and S. enterica 

lipid A which is di-phosphorilated and exa-acylated (Garcia-Vello et 

al, 2024) (Raetz & Whitfield, 2002). This structure resulted to 

activate preferentially the TLR2, but also the TLR4, pathway in 

human TLR-transfected Hek293 cells and showed a low 

proinflammatory potential in animal studies (Garcia-Vello et al, 

2024). Thus, as confirmed by our results, different and complex 

interactions occur among TLR4 and endotoxin derived from distinct 

pathogenic and commensal bacterial strains, and further 

investigation is required to understand the structure and mechanisms 

of action of different LPS.  

PD-L1 is recognized as a key regulator of DC function and inducer 

of tolerance. Thus, we further analyzed its regulation investigating 

STAT3 activation in LPS primed DC cultures. It is known that this 

transcription factor is induced by IL-6 and IL-10, and it regulates 

PD-L1 expression in DCs (Wolfle et al, 2011). However, an almost 

constitutive STAT3 activation was observed in all conditions. These 

findings suggest that , in addition to STAT3 activation, other 

pathways could be involved in endotoxin-induced PD-L1 
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modulation. Moreover, the activity of STAT3 results to be temporally 

regulated by different mechanisms (Groner, 2012).  

We also provided the first evidence that LPS primed DC can 

suppress IFN-γ secretion in γδ T lymphocytes, contributing to shape 

an immunosuppressive microenvironment. In contrast to what was 

recently observed in a mouse model of endotoxin-induced 

inflammation, we did not find a switch of γδ T cells toward IL-17 

secretion after LPS priming of DC (Cui et al, 2023). Our group has 

previously reported that IFN-γ release by aminobiphosphonates 

activated γδ T lymphocytes is strongly inhibited by IL-10 

(Sanseverino et al, 2014). Given these results, we hypothesize that 

the high IL-10 secretion induced by E. coli and S. enterica LPS 

conditioning could contribute to IFN-γ reduction. Unfortunately, we 

could not verify this issue, due to the low number of circulating γδ T 

cells recovered. Furthermore, we hypothesize that also PD-L1 

overexpression could reduce the secretion of IFN-γ because it was 

demonstrated that suppression of the PD-1/PD-L1 axis is associated 

with an increase of IFN-γ secretion by ZOL-activated γδ T cells, 

without affecting cell activation and expansion (Hoeres et al, 2019). 

γδ T lymphocytes are being studied as promising actors in alternative 

strategies of cancer immunotherapy, while aminobiphosphonate 

drugs (e.g. ZOL) are being exploited to induce their activation ex 

vivo or in vivo, expansion and IFN-γ secretion (Nussbaumer & 

Koslowski, 2019). In this context DC expressing inhibitory 

molecules and secreting immunosuppressive cytokines, that can be 

generated from monocytes exposed to low dose LPS in the blood or 

in the tumor microenvironment, could both suppress the anti-cancer 

activity of γδ T cells and inhibit the potential benefits of γδ T cell-

based immunotherapy.  
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6. CONCLUSIONS 

 

The present study provided the first evidence that VAT, but not SAT, 

of subjects with obesity exhibits a chronic activation of DDR and 

related stress response pathways, along with the presence of 

senescence cells, as revealed by the expression of specific 

senescence markers. These findings, related to the systemic 

inflammatory profile testifies that severe obesity leads to a 

senescence associated secretory phenotype induction. A higher risk 

of developing CRC is recorded among subjects affected by obesity, 

due to a chronic low-grade sterile inflammation. Given the widely 

known causative role of dysbiosis in both obesity and CRC 

pathogenesis, microbiome imbalance could be thought as a thread 

between these two pathological conditions and therefore it could be 

proposed as a therapeutic target and a predictive biomarker in the 

screening of high CRC risk subjects. The study of oral and intestinal 

bacterial alterations that precede or accompany tumorigenesis has 

highlighted, for most genera, the same modulation trend in subjects 

with obesity and CRC patients, such as an increase of 

Proteobacteria/Verrucomicrobiota ratio and Fusobacterium genus in 

the gut cavity. Also, viruses are a component of the commensal flora, 

so the investigation of the oral profile of human viruses was carried 

out in CRC patients, in subjects with obesity before and after BS, as 

well as in patients affected by adenomatous polyposis, other CRC 

risk factor, with the aim to identify infections with a predictive 

and/or pathogenetic role. The results obtained provided the novel 

evidence of an increase of oral beta-HPV infections in both CRC 

patients and high CRC risk cohorts. In addition, a higher prevalence 

of specific beta-HPV genotypes, proposed to be related to CRC 

pathogenesis, was also observed in OW healthy subjects as 

compared to the NW counterpart, arguing for a role of these viruses 

as potential lifestyle-associated early CRC indicators. Accordingly, 

BS-induced weight loss in obese individuals was accompanied by 

reduced viral prevalence. The increase of 

Proteobacteria/Verrucomicrobiota ratio observed in patients with 
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obesity and CRC fostered an in vitro study aimed at comparing the 

effects of low endotoxin concentrations from pathogenic and 

commensal/probiotic bacteria on human DC generation and function. 

It was found that monocytes primed with A. muciniphila LPS can 

differentiate toward fully immunostimulatory DCs, whereas 

comparable doses of E. coli and S. enterica LPS promote an 

immunosuppressive environment.  

Altogether these studies suggest that alterations of both oral and gut 

microbiome could be a causative bridge between a dysmetabolic 

condition, such as obesity, and CRC development. Nevertheless, the 

enrolment of larger cohorts and deeper analyses are required to 

establish a definitive link.  
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7. MATERIALS AND METHODS 

 

Ex vivo studies 

 

7.1 Study design 

Four different subject cohorts were analysed in this study.  

Subjects with severe obesity: 36 subjects affected by severe obesity 

(33 females; mean age 47.1 ± 10.8 years; mean BMI 44.3 ± 6.9 

kg/m2) eligible for bariatric surgery (BS) were enrolled at the 

Obesity Center of the University Hospital “Policlinico Tor Vergata” 

(Rome, Italy). 32 out of 36 individuals completed the study. The 

exclusion criteria were as follows: common obesity-related 

comorbidities, infections, cancer and other acute or chronic diseases, 

use of nonsteroid anti-inflammatory drugs, glucocorticoids, 

antibiotics, prebiotics and probiotics in the last 3 months before BS. 

At enrolment, as well as at 6 (T6) and 12 (T12) months after BS, all 

patients underwent an anamnestic interview; both anthropometric 

(weight, height, waist and hip circumference) and clinical (blood 

pressure and heart rate) parameters were recorded. In addition, the 

body composition was determined by a bioimpedance analysis. After 

BS patients followed a specific diet, and the BMI mean was 29.8 ± 

5.1 kg/m2 at the end of the follow-up (Busetto et al, 2018).  

Colorectal cancer patients: 50 individuals with diagnosis of CRC and 

in care at the IRCCS Fondazione Policlinico Universitario Agostino 

Gemelli (Rome, Italy), were enrolled (male/female 27:23; mean age 

70.6 ± 9.03 years; mean BMI 25.4 ± 3.54 kg/m2; NW/OW 1:1), 

before receiving any therapeutic treatment. Patients had different 

tumor stages (12 subjects at stage 0-I, 25 at stage II and 13 at 

advanced stage III-IV). As patients with obesity, they underwent an 

anamnestic interview and anthropometric/clinical parameters were 

recorded. Exclusion criteria were: family history of CRC, diabetes, 

infections, chronic inflammatory diseases, pregnancy, severe mental 

disorders, immunomodulating treatment and hormone therapy, 

antibiotics, probiotics and anti-inflammatory drugs in the last 30 

days.  
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Subjects affected by nonfamilial adenomatous polyposis: 20 

individuals with diagnosis of nonfamilial adenomatous polyposis, in 

care at the IRCCS Fondazione Policlinico Universitario Agostino 

Gemelli (Rome, Italy), were enrolled (male/female 15:5; mean age 

66.7 ± 11.7 years; mean BMI 25.7 ± 2.9 kg/m2; NW/OW 1:1). 

Exclusion criteria were the same applied for CRC patients. The 

enrolment is still ongoing. 

Healthy subjects: 45 healthy subjects were enrolled (male/female 

24:21; mean age 51.8 ± 12.7 years; mean BMI 24.6 ± 2.6 kg/m2; 

NW/OW 1:1), to have reference values. The exclusion criteria were 

the same adopted for the cohort of subjects affected by obesity. 

These individuals underwent an anamnestic interview too, and 

anthropometric and clinical parameters were recorded.  

All participants in the study signed an informed consent and filled 

out a questionnaire that collected information about their family and 

medical history, current medication use, dietary and smoking habits 

and physical activity.  

The enrolment of subjects with severe obesity and healthy 

individuals was approved by the ethical committee of both Istituto 

Superiore di Sanità (prot. PRE 173116 of 15 March 2016; PRE-BIO-

CE 10938 of 6 April 2018) and the Policlinico Tor Vergata (protocol 

of the study connecting DNA 169/15). The inclusion of CRC 

patients and subjects with nonfamilial adenomatous polyposis in the 

study was equally approved by the Institutional Review Board of 

Istituto Superiore di Sanità (AOO-ISS - 22/03/2022 - 0010603 Class: 

PRE BIO CE 01.00).  

 

7.2 Sample collection 

Stool, oral lavage and blood samples were collected from all subject 

cohorts at enrolment time. For patients with obesity these matrices 

were also collected at 6 and 12 months after BS. Faeces were 

collected in sterile containers and immediately frozen at -80°C. 

Saliva samples were collected through oral rinse: sterile saline 

solution (0.9% NaCl) was used to gargle and then transferred into 

sterile tubes containing PreservCyt Solution (Hologic, Inc.). Samples 
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were centrifuged at 3000 g for 10 minutes at +4°C and the cell pellet 

was resuspended in 1 ml of the same solution and frozen at -80°C. 

All participants did not eat or brush their teeth for at least 1 h before. 

Blood samples, collected in the morning from fasted subjects, were 

centrifuged at 2500 rpm for 10 minutes at room temperature to 

isolate plasma, which was then stored in aliquots at -80°C. SAT and 

VAT biopsies, obtained during BS, were cut in aliquots and frozen at 

-80°C. In addition, SAT and VAT  biopsies were collected from six 

normal weight (NW) healthy controls who underwent an elective 

laparoscopic surgery (cholecystectomy). 

 

7.3 DNA extraction from stool and saliva samples 

DNA isolation from stool samples was performed using the QIAamp 

Fast DNA Stool Mini Kit, according to the manufacturer’s 

instructions (Qiagen). Saliva samples were homogenized twice for 

30 seconds at 6000 rpm using MagNA Lyser Green Beads (Roche) 

and then DNA was isolated using the Qiagen BioRobot EZ1 

Advanced XL with the EZ1 Advanced DSP Virus Card, according to 

the manufacturer’s instructions (Qiagen). The concentration of DNA 

was determined using Quant-iT PicoGreen dsDNA Assay Kit 

(Invitrogen).  

 

7.4 Viral DNA detection assay 

Type-specific multiplex genotyping (TS-MPG) assays, based on 

multiplex polymerase chain reaction (PCR) and bead-based Luminex 

technology (Luminex Corp.), were used to determine the prevalence 

of a wide range of human Papillomavirus (HPV), Polyomavirus 

(HPyV) and Herpesvirus (HHV) types. Using 10 µl of each DNA 

extract, a multiplex PCR was performed using HPV type-specific 

primers targeting 21 alpha-HPVs, 46 beta-HPV types and 52 

gamma-HPV types. Type-specific primers were also used to detect 

13 Polyomavirus types and 10 Herpesvirus types. In addition, two 

primers for beta-globin were used to assess the quality of the DNA 

extract. Later, 10 µl of each PCR reaction was analysed by a 
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multiplex Luminex-based assay, as previously described (Schmitt et 

al, 2010).  

 

7.5 16S Metagenomic Sequencing 

The libraries, for the Illumina MiSeq System, were prepared 

according to the Illumina protocol “16S Metagenomic Sequencing 

Library Preparation”. The first PCR (Amplicon PCR) was set up 

using primers with overhang adapters attached targeting V3 and V4 

hypervariable 16S ribosomal RNA gene regions; after, a clean-up 

with AMPure XP beads was performed to purify the 16S V3-V4 

amplicons removing free primers and primer dimer species. Quant-

iT PicoGreen dsDNA Assay Kit (Invitrogen) was used for the 

quantification. The next step was an Index PCR, to attach dual 

indices and Illumina sequencing adapters to amplicons. A second 

clean-up with AMPure XP beads and a new quantification using the 

Quant-iT PicoGreen dsDNA Assay Kit was performed. Before 

launching the sequencing, the size of the final library was checked 

running 1 µl of a 1:50 dilution of this last on a Bioanalyzer DNA 

1000 chip (Agilent Technologies). Lastly, the libraries containing 

pooled indexed samples were loaded into the libraries for MiSeq, 

with 20% spike-in PhiX (Illumina) control DNA. MiSeq Reagent Kit 

v3 was used to perform sequencing (600-cycle, Illumina).  

 

7.6 Bioinformatics and statistical analysis  

Raw FASTQ were trimmed using trim-galore 

(https://github.com/FelixKrueger/TrimGalore) to eliminate 

sequencing adapters and to erase poor quality reads. QIIME2 

(v.2023.5) pipeline was used to process the trimmed FASTQ files 

(Bolyen et al, 2019). First, the paired-end sequences were imported, 

then quality-filtering was performed with the dada2 denoise method 

cutting to a quality score of 30. After that, the feature table was built 

and alpha and beta diversity analysis were performed. We calculated 

for the former Shannon and Faith and for the latter Jaccard 

similarity. Alpha diversity index distribution was tested for 

normality with Shapiro-Wilk test. Since their distribution was not 
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normal the differences between groups have been calculated using 

Kruskal-Wallis and Wilcoxon rank sum tests, whereas beta-diversity 

significance was calculated with a PERMANOVA analysis. 

Taxonomy was assigned to the ASV using, respectively, for saliva 

the Expanded Human Oral Microbiome Database (eHOMD) 

(v.15.22) and for feces Greengenes2 (v.2022.10) (I et al, 2020) 

(McDonald et al, 2024). Phylum, genera and species tables were also 

built collapsing the feature table and the taxonomy. Differential 

abundance analyses have been performed using the R (v.4.4.0) 

packages Deseq2 (v1.44.0) (Love et al, 2014). Phyla, genera and 

species have been considered statistically significant if the p-value 

was < 0.05.  Virome statistical analysis have been conducted using 

Fisher exact test. All graphics have been computed using ggplot2 

(v3.5.1) and ggpubr (v.0.6.0), and error bars are not shown because 

graphics report virus prevalence (calculated as presence or absence).  

RPPA statistical analysis have been conducted using R (v.4.3.0). 

Both parametric and nonparametric tests were performed to compare 

several DDR and metabolic markers between controls and patients 

with obesity before and after bariatric surgery. Using the Shapiro-

Wilk test we opted for either the t-test or the Wilcoxon test 

according to normality of distribution. Moreover, to compare 

patients before and after BS we used paired analysis, while to 

compare controls and patients with obesity we used unpaired 

analysis. Only the differences between groups with p value < 0.05 

have been considered significant. Finally, to plot the results we used 

two R packages: ggplot2 (v.3.4.3) (https://ggplot2.tidyverse.org) and 

ggpubr (v0.6.0) (https://rpkgs.datanovia.com/ggpubr/). Statistical 

significance was coded using asterisk according to the level of 

significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

7.7 Reverse-Phase Protein microarrays  

RPPA analysis was carried out according to established protocols 

(Signore & Manganelli, 2022) (Signore et al, 2021). T-PER buffer 

(Thermo Fisher Scientific), supplemented with NaCl, protease and 

phosphatase inhibitors (Sigma-Aldrich), was used to perform lysis of 
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adipose tissue: the samples, after mechanical dissociation, were 

incubated on ice for 30 minutes and then centrifugated at 13000 rpm 

for 10 minutes at +4°C. Protein extracts, after quantification by 

the Bradford method (Bio-Rad Laboratories), were resuspended in 

Laemmli sample buffer with TCEP reducing agent (Thermo Fisher 

Scientific) and boiled for 3 minutes, before printing with an Aushon 

2470 microarrayer (Quanterix). RPPA samples were printed in 

technical triplicates onto nitrocellulose-coated slides (Grace Bio-

Labs); in addition, some control cell extracts were printed as 10%-

fold-decrease mixtures of samples treated and not. Sypro Ruby 

(Thermo Fisher Scientific) was used to measure the total protein 

content of printed slides. These last underwent a reblot step 

(Millipore), followed by blocking with I-Block™ Protein-Based 

Blocking Reagent (Thermo Fisher Scientific) in PBS for 2 hours, 

before immunostaining by means of an automated system (DAKO 

AutostainerLink 40) using selected antibodies pre-validated for 

RPPA and a specific signal amplification kit (Agilent/DAKO 

GenPoint). Streptavidin-conjugated IRDye680LT (LI-COR 

Biosciences) was the tertiary reagent for signal detection. Stained 

slides were scanned by a Power Scanner (TECAN) and 16-bit 

images were analyzed via MicroVigene v5.2 software (VigeneTech).  

 

7.8 Quantification of plasma mediators  

xMAP technology on a X200 Luminex platform (Bio-Plex 200 

System, Bio-Rad Laboratories, Inc.), equipped with a magnetic 

workstation, was used to measure plasma levels of cytokines, 

chemokines, and other circulating proteins. All proteins were 

quantified by Human Magnetic Luminex Performance Assay kits 

(R&D Systems); the only exceptions were TNF-α (TNF-αLum) and 

IL6, whose levels were evaluated using a Human High Sensitivity 

Magnetic Luminex Performance Assay kit (R&D Systems). Bio-Plex 

Manager software (version 6.1, Bio-Rad Laboratories, Inc.) was used 

for data analysis. According to the manufacturer's instructions, 

plasma levels of adiponectin were determined by ELISA (R&D 

Systems kit). 
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7.9 Droplet digital PCR 

Droplet digital PCR (ddPCR) (Bio-Rad QX 200) was performed to 

evaluate the levels of circulating cell-free mitochondrial DNA 

fragments (ccf-mtDNA) in plasma samples. The analysis was carried 

out using 0.5 µl of plasma. MT-ND2 and RPLP0 TaqMan probes 

were used, respectively, to detect mitochondrial and nuclear DNA 

(cat. n. 4331182; Life Technologies). 

 

In vitro studies 

 

7.10 Ethics statement 

Buffy coats from healthy donors were obtained from Centro 

Trasfusionale of Policlinico Umberto I (Rome, Italy), not 

specifically for this project. According to the Italian law n. 219 

(October 21, 2005), recently revised (D.L. of the Ministry of Health, 

November 2, 2015), donors signed an informed consent. Centro 

Trasfusionale treated all data according to the Italian law on personal 

data management “Codice in materia di protezione dei dati 

personali” (Testo unico D.L. June 30, 2003 n. 196). 

 

7.11 Monocyte-derived dendritic cell (DC) generation and 

culture  

Monocytes were obtained from the peripheral blood of healthy 

donors (25 total donors, mean age 46±14, male/female 2:1). 

Peripheral blood mononuclear cells (PBMC) were separated by 

Ficoll/Paque density gradient centrifugation and then subjected to 

immunomagnetic selection using CD14+ microbeads (MACS 

monocyte isolation kit, Miltenyi Biotec) to isolate monocytes. The 

remaining PBMC and the eluted fraction of CD14-negative 

lymphocytes (PBL) were cryopreserved for coculture set up. 

Monocyte-derived immature dendritic cells were generated by 

culturing monocytes at 1 X 106 cells/ml for 5 days in RPMI 1640 

medium supplemented with 10% heat-inactivated fetal bovine serum 

(FBS), in the presence of both granulocyte-macrophage colony-
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stimulating factor (GM-CSF) (50 ng/ml, kindly provided by 

Schering-Plough) and IL-4 (500 U/ml, Miltenyi Biotec). Soon after 

seeding in standard medium monocytes were exposed to different 

concentrations of LPS derived from 3 distinct bacteria: Escherichia 

Coli (EH100 serotype, Alexis Biochemicals Corp.), Salmonella 

enterica (S. Minnesota R345 serotype, Alexis Biochemicals Corp.) 

and Akkermansia muciniphila (Sigma-Aldrich). Fresh medium plus 

cytokines were added after 3 days of culture. To obtain mature DC 

immature cells were stimulated for the last 24 h with 10 ng/ml of 

Escherichia Coli LPS. In some experiments, DC were induced to 

mature using S. enterica or A. muciniphila LPS (10 ng/ml), or R848 

(1 µg/ml, InvivoGen).  

 

7.12 γδ T lymphocyte isolation and DC/γδ T cell cocultures 

γδ T lymphocytes were isolated from cryopreserved PBMC of the 

same donors by positive selection using the anti-TCRγ/δ MicroBead 

Kit (Miltenyi Biotec) and seeded overnight in complete medium 

(RPMI added with 10% FBS) to allow beads removal. Purified γδ 

T cells were extensively washed and added to untreated or LPS 

primed autologous DC cultures (ratio 1:1). DC/γδ T lymphocyte 

cocultures were left unstimulated or stimulated with 5 µg/ml of the 

amino-biphosphonate zoledronate (ZOL) (kindly provided by 

Novartis Pharma) and analyzed 48 h later. Parallel cocultures of DC 

and autologous total PBL (ratio 1:1) were set up. Cells were 

stimulated with ZOL and incubated for 7 days at 37°C to assess Vd2 

T cell expansion. 

 

7.13 Phenotypic analysis of DC and γδ T cells 

Flow cytometry analysis was performed to investigate the expression 

of surface markers. Cells were harvested, washed and incubated on 

ice for 30 minutes with the specific Abs or control isotypes, then 

washed and analyzed. Only for DC a pre-incubation was carried out 

on ice for 30 minutes with PBS plus 10% human AB serum, to block 

non-specific Ig binding. The following Abs were used: 

phycoerythrin (PE)-conjugated mouse anti-human CD274, CD80, 
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CD1a, CD206, CD83, CD86, CD25, MHC class II and isotype-

matched control mAbs (BD Biosciences), fluorescein isothiocyanate 

(FITC)-conjugated anti-human TCR-Vδ2 and isotype-matched 

control MAb (Miltenyi Biotec).  

At least 5000 events/sample were acquired by a FACScan cytometer 

(BD Biosciences). Data analysis was performed by gating on DC or 

lymphocyte populations and excluding dead cells and debris. 

 

7.14 Antigen uptake and processing 

DC were harvested, washed and pulsed with the self-quenched DQ 

Ovalbumin (DQ-OVA, 1 mg/ml; Molecular Probes) for 15 min at 

+37°C. Cells were then washed extensively and incubated further at 

+37°C or 0°C (as control) for 30 min to allow OVA processing. 

Lastly, they were washed and analyzed by flow cytometry. An 

increase in fluorescence intensity over time was linked to the 

processing of OVA protein into peptides.  

 

7.15 Cytokine release determination 

Culture medium collected from 5-day DC cultures and 48-h DC/γδ 

T cells cocultures was analyzed by ELISA, according to the 

manufacturer’s instructions, to determine the content of IL-6, IL-10, 

IL-1β, IL-12, IFNγ (Biolegend) and IL-17 (R&D Systems Inc.). 

 

7.16 Immunoblotting analysis 

Cell extracts were obtained by lysing 5-day DC cultures with RIPA 

buffer [150 mM NaCl, 50 mM Tris-Cl (pH 7.5), 1% Nonidet P-40, 

0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS)] 

plus protease and phosphatase inhibitors (Sigma-Aldrich). Proteins 

were fractionated on NuPAGE 4-12% Bis-Tris Gel (Thermo Fisher 

Scientific), transferred to a nitrocellulose membrane and subjected to 

immunoblot analysis using antibodies specific for either the total or 

the tyrosine phosphorylated forms of STAT3, and for PD-L1 (Cell 

Signaling Technology). The same gel was blotted with an antibody 

specific for the housekeeping gene GAPDH (Santa Cruz 

Biotechnology).  
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7.17 Statistical analysis 

GraphPad Prism 8 software was used for statistical analysis. 

Statistical comparisons were performed by the two-tailed paired 

Student’s t-test for independent samples. A p value ≤ 0.05 was 

considered statistically significant.  
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