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Abstract 

Celiac disease (CD) is the most common inflammatory disease of the 

intestine. It is a chronic systemic autoimmune disorder affecting the small 

bowel of genetic susceptible individuals. CD is triggered by the ingestion of 

gluten, a storage protein present in wheat, barley and rye.  

CD frequency in the general population of Europe and United States 

is approximately 1% whereas in Finland and Sweden it reaches peaks of 

respectively 2% to 3%. In Italy, the estimated prevalence is 0.7%, however 

the number of patients currently undiagnosed seems to be largely superior to 

known cases.  

The only effective therapy is a gluten-free diet (GFD). Nevertheless, 

7 to 30% of all patients is not responsive to GFD because inadvertent 

ingestion of gluten.   

The two major challenges about CD concern diagnosis and 

treatment. Auto-antibodies in the serum represent a valuable tool for CD 

diagnosis, but a percentage of patients remains elusive because of the 

presence of mild symptoms. Moreover, despite international established 

guidelines, there is still controversy about the use of endoscopy as the 

essential step in CD diagnosis. Nowadays, the attention of the researchers 

has shifted in the identification of new non-invasive diagnostic biomarkers. 

Because of their characteristics, microRNAs (miRNAs) have been emerged 

as promising candidate not only in CD field but also for other disorders, 

such as Crohn disease and ulcerative colitis. The issues concerning the GFD 

have prompted researchers to investigate for alternative treatments. 

Currently, two pharmacological agents are investigated in late clinical trials 

as non-dietary treatments for CD. 

Autophagy is a cellular process that is implicated in immunity and 

autoimmunity as well as in the degradation of protein aggregates. 

Impairment of autophagic flux contributes to the pathogenesis of several 

disorders characterized by the accumulation of toxic protein aggregates, 

such as Alzheimer and Parkinson disease. 

Accordingly, a collaborative study was born with the Pediatric 

Auxology Unit and the Pediatric Surgery Unit of the Fondazione IRCCS 

Policlinico San Matteo. Thus, the first resulted aim of this Thesis is to 

investigate the role of key autophagic genes and of their regulatory miRNAs 

sequences as new candidate biomarkers in CD. For this purpose, blood and 

intestinal biopsies were collected by an exploratory cohort of pediatric CD 

patients and controls matched for sex and age. The obtained results suggest 
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that the investigated autophagy-related genes and miRNAs could have a 

potential diagnostic power to distinguish between CD patients and controls. 

Moreover, specific expression profiles could be use for CD patients’ 

stratification. 

The role of autophagy in the metabolism of gliadin was then studied 

in an in vitro model obtained with Caco-2 cells and modulation of this 

cellular process was performed in order to counteract the toxicity of these 

peptides. The results indicate that autophagy is implicated in gliadin 

degradation and that impairment of this process affects the release of gliadin 

outside the cells by exocytosis. On the other hand, autophagy induction 

leads to gliadin degradation, decreases its secretion and confers a 

proliferative advantage to cells. 

On the whole, these preliminary results indicate that the study of 

autophagy could be interesting for the search of new diagnostic biomarkers. 

The finding that autophagy is implicated in gliadin metabolism will possibly 

allow the identification of new therapeutical approaches based on the 

modulation of this cellular process. 
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1. Introduction and review of the literature 

1.1 Celiac disease 

Celiac disease (CD), also referred as celiac sprue and gluten-sensitive 

enteropathy in medical literature, is a chronic systemic autoimmune disease 

of the small intestine. It was considered as a gastrointestinal disorder of 

childhood for a long period of time, until Vilppula and colleagues (2008; 

2009) demonstrated that adults can also develop CD. This disease results 

from an immune response, in genetically susceptible individuals, to ingested 

dietary gluten and its related peptides in the form of wheat, barley and rye 

cereals and other environmental factors (Di Sabatino and Corazza, 2009).  

 

1.1.1 Epidemiology 

Originally considered as a rare disease, it is now known that CD is one of 

the most common inflammatory disorders of the small bowel, affecting 

people all over the world. The emergence of highly sensitive and specific 

serological tests have substantially helped to identify the true prevalence of 

CD (Fasano and Catassi, 2012). In Europe and United States, the mean 

frequency of CD in the general population is approximately 1% with some 

regional differences, the reason for which remains elusive. The prevalence 

of CD is as high as 2% to 3% in Finland and Sweden, whereas it is only 

0.2% in Germany, although these areas share a similar distribution to causal 

factors (level of gluten intake and frequency of HLA-DQ2 and -DQ8) 

(Mustalahti et al. 2010; Fasano et al. 2003). In Italy, the estimated 

prevalence is 0.7%, but the number of patients currently undiagnosed seems 

to be largely superior to known cases. Indeed, about 100,000 people have 

been diagnosed with CD, but it is believed that there are at least another 

500,000 undiagnosed cases. This phenomenon is related to the presence of 

prevalent forms of CD with nonspecific symptoms. Furthermore, the 

prevalence of CD is higher in first-degree relatives of CD patients (10-15%) 

(Bozzola et al. 2014). The new epidemiology of CD shows an increase in 

the percentage of cases in Western countries and a high incidence in other 

areas of the world. This disease is common in North Africa and Middle 

East: particularly, CD prevalence reaches 5.6% in a population of Western 

Sahara, the Saharawi, of Arab-Berber origin. The reason of this frequency is 

still unclear but it may be due to strong genetic predisposition and dietary
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changes (Catassi et al. 2015). For what concern Asia, epidemiology of CD 

is confined to India, despite the diagnosis is still difficult because of 

malnutrition. The frequency seems to be higher in the northern part of the 

country, the so-called celiac belt, in which the CD prevalence is 1.04% and 

overall sero-prevalence is 1.44% (Makharia et al. 2011). Two recent 

geoepidemiological studies showed the paradoxical distribution of CD 

prevalence and its causative factors in the world. The major CD-

predisposing haplotype (HLA-DQ2) has a high frequency in Middle East 

(countries consuming more wheat) compared with Europe (countries 

consuming less wheat) in which there is a higher prevalence of CD (Abadie 

et al. 2011). To explain these findings, Lionetti and Catassi (2014) 

suggested that the diffusion of CD and its causative factors occurred in 

different times and that the current high prevalence of CD is the result of a 

positive selection of CD-predisposing haplotypes in wheat-consuming 

population started in the Neolithic period (Figure 1 and 2).  
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Figure 1:  Prevalence of celiac disease (a), wheat consumption (b) and frequencies of 

HLA-DQ2 and HLA-DQ8 (c and d) worldwide (Abadie et al. 2011). 

 

 

Figure 2: Model of CD diffusion during time. Gluten intake increased during the 

agriculture revolution in Middle East and Europe, followed by an increase in HLA-

DQ2/DQ8 aplotypes due to positive selection. The prevalence of CD in modern time was 

triggered by other environmental changes (Lionetti and Catassi, 2014). 
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1.1.2 Genetic risk 

 

CD is a complex disorder with a non-Mendelian pattern of inheritance, 

involving human leukocyte antigen (HLA) genes and non-HLA genes. 

Genetic linkage studies show that the primary genetic predisposing factors 

are the HLA-DQ alleles on chromosomes 6p21.3 (CELIAC1), which 

encodes for paralogues of the α and β chain of the major histocompatibility 

complex class II (MHC II). This complex binds peptides derived from 

antigens that access the endocytic route of antigen presenting cells (APC) 

and presents them on the cell surface for recognition by the CD4+ T-cells. 

Most of the patients with CD have a variant of DQ2 (DQA1*05-DQB1*02) 

and a minority of patients a variant of DQ8 (DQA1*03-DQB1*0302) 

(Sollid et al. 1989, 1993). Vader et al. (2003) demonstrated that only HLA-

DQ2.5 can present a large repertoire of gluten peptides compared with 

HLA-DQ2.2, which can present only a subset of these peptides. Some rare 

individuals inherit alleles that code for half of the DQ2-/DQ8- heterodimer 

(DQA1*05 or DQB1*02 but not both), underlining the importance of HLA-

DQ molecules in the genetic susceptibility to CD (Karell et al. 2003). HLA-

DQ2 on the membrane of antigen-presenting cells (APC) has a key role in 

CD by presenting gluten peptides to pathogenic CD4+ T-cells in the lamina 

propria of the small bowel (Arentz-Hansen et al. 2000). Although the HLA-

DQ locus shows a consistent involvement in CD over the global population, 

it is carried by approximately one third of Caucasians, suggesting the 

existence of other genes involved in the development of CD. Other genetic 

factors have been reported:  

 CELIAC2 (5q31-33), which contains cytokine gene clusters (Greco 

et al. 1998)  

 CELIAC3 (2q33.2), which encodes for CTLA4, a member of the 

immunoglobulin superfamily and a costimulatory molecule on 

activated T-cells (Djilali-Saiah et al. 1998). Hunt et al. (2005) 

suggested that some variants of this gene could mediate loss of 

tolerance to gluten and related peptides in CD.  

 CELIAC4 (19p13.1), which encodes for the myosin IXB variant 

(Van Belzen et al. 2003). A defect in this gene may be involved in 

the perturbation of intestinal mucosal homeostasis and consequent



 

 

 

 

 

 

 

 

 

 

 

Introduction and review of the literature 

 

13 

 

defects in the barrier property before the onset of the inflammatory 

response (Monsuur et al. 2005) 

 CELIAC6 (4q27), a region that encompassed the KIAA1109, TENR, 

IL2 and IL21 genes (Van Heel et al. 2007). In particular, IL2 and 

IL12 are both implicated in intestinal inflammation. 

 CELIAC8 (2q11-q12), a region which contains the IL18RAP and 

IL18R1 genes (Hunt et al. 2008). IL18 plays a key role in the 

mucosal inflammation after interferon-γ (IFN-γ) synthetizing 

induction by T-cells. IL18RAP and IL18R1 encode respectively for 

the β and α chain of the IL18 receptor: in particular, IL18RAP is 

over-expressed in unstimulated T-cells and NK cells of CD patients.  

 CELIAC9 (3p21), a large cluster of chemokine receptor genes that 

includes CCR1, CCR2, CCRL2, CCR3, CCR5 and XCR1 (Hunt et 

al. 2008) 

 CELIAC10 (3q25-q26), which encodes for the IL12A gene (Hunt et 

al. 2008). This gene codifies the IL12 p35 subunit of IL12 p70, an 

heterodimeric cytokine that induces interferon-γ-secreting Th1 cells.  

 CELIAC12 (6q25.3), which contains the Rho GTPase-activating 

protein TAGAP, generally involved in cytoskeletal modifications 

(Hunt et al. 2008) 

 CELIAC13 (12q24), a region that encompassed the SH2B3 gene, 

strongly expressed in the small bowel of CD patients (Hunt et al. 

2008). This protein links T-cells receptor activation to PLC-γ-1, 

GRB2 and PI3K.  

A second-generation genome-wide association study (Dubois et al. 2010) 

identified other CD predisponsing genes implicated in immune functions 

(BACH2, CCR4, CD80, CIITA-SOCS1-CLEC16A, ICOSLG and ZMIZ1) 

or thymic T-cells selection (ETS1, RUNX3, THEMIS and TNFRSF14).  
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1.1.3 Environmental factors 

 

CD develops after the ingestion of prolin-rich and glutamine-rich proteins in 

genetically susceptible host. Other environmental cofactors can contribute 

to CD onset. 

 

Gluten 

Gluten is a mixture of storage proteins present in wheat, barley, rye, oat and 

all their species and hybrids, such as spelt, kamut and triticale. These 

proteins are joined with starch in the endosperm of various types of grains 

and are necessary for plant germination. Gluten contains hundreds of 

proteins (called prolamins), in the form of mono-, oligo- or polymers linked 

by interchain disulphide bonds, rich in proline and glutamine. Wheat 

prolamins are called gliadins and glutenins, prolamins from barley are 

hordeins and prolamins from rye and oat are, respectively, secalins and 

avenins (Wieser, 2007). Gluten is appreciated for its viscoelastic properties. 

For what concern wheat, gliadins and glutenins show different soluble 

properties: in fact, gliadin is the alchol soluble component of gluten whereas 

glutenin is insoluble. Gliadins can be subdivided into four different types, 

according to their aminoacid sequences and composition and their MWs: 

ω5-, ω1,2-, α/β- and γ-gliadins (Wieser, 1996).  

 
Figure 3: Gluten protein types. HMW-GS and LMW-GS indicate, respectively, high- and 

low-molecular-weight glutenins (Wieser et al. 1996). 
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Several gliadin epitopes show immunogenic and toxic properties. These 

epitopes present multiple Pro and Gln residues that give rise to the 

following characteristics (Kim et al. 2004): 

1. Resistance to proteolysis by gastric, pancreatic and intestinal 

proteases  

2. These peptides have a particular conformation due to the high level 

of Pro residues that is the conformation preferentially adopted by 

MHC class II ligands 

3. Selected Gln residues are target for deamination by tissue 

transglutaminase (TG2) in normal conditions. These modifications 

lead to an increased immunogenicity 

There are two epitopes that are more immunogenic than others: the 

immunodominant PFPQPQLPY and PQPQLPYPQ in the α2-gliadin 

fraction (Hausch et al. 2002). These two epitopes are present together with 

the epitope PYPQPQLPY in the immunodominant 33mer peptide, 

LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF (residues 57-89) (Shan 

et al. 2002). 

 

Other factors 

Recent studies have shown that CD patients have differences in their 

intestinal microbiota composition compared with healthy controls (Nistal et 

al. 2012, Di Cagno et al. 2011). Schippa et al. (2010) demonstrated also the 

existence of a microbial signature among untreated CD patients and patients 

under gluten-free diet. Human microbiota is also able to affect gluten 

metabolism. Caminero et al. (2016) showed that Pseudomonas aeruginosa, 

an opportunistic pathogen in CD patients, can cleave the proteolytic 

resistant 33mer peptide through the action of the protease LasB, thus 

increasing its immunogenic properties. On the contrary, Lactobacillus spp. 

in mice show fast and effective gluten metabolism leading to a decrease in 

its toxicity. These studies and others suggest a key role of human gut 

microbiota and correlated environmental factors (e.g. antibiotics) in the 

modulation of gluten tolerance (Cenit et al. 2015).   
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1.1.4 Pathophysiology 

 

Gluten peptides can be translocated across intestinal epithelium to the 

lamina propria through two different mechanisms. Transcytosis is an 

intestinal apical-to-basal uptake mechanism of macromolecules. The 

immunodominant 33mer peptide in CD patients preferentially uses this 

mechanism to translocate (Schumann et al. 2008) as the contribution of the 

paracellular pathway seems to be negligible (Ménard at al. 2012), despite 

gliadin is able to alter zonulin expression, increasing intestinal permeability 

(Drago et al. 2006). Matysiak-Budnik and colleagues (2008) demonstrated 

that gliadin peptides, including the 33mer and p31-55, can also undergo a 

protected transport in CD by retrotranscytosis of SIgA through the Tf 

receptor (CD71). In active CD, in fact, IgA are high concentrated in the 

apical membrane of small bowel epithelia and can form high molecular 

weight complexes with gliadin peptides that have a strong affinity to CD71, 

which is up-regulated because of villous atrophy and consequent iron-

deficiency anemia. Gluten peptides are modified by the enzymatic activity 

of extracellular TG2, whose levels and activity raise after tissue injury 

(Siegel et al. 2008). TG2 is able to deamidate non-charged glutamine into 

negatively charged glutamate acid, thus increasing the overall negative 

charge of gliadin and improving its binding affinity to HLA-DQ2/DQ8 

molecules (Molberg et al. 1998). These molecules are present in the 

membrane of APCs including dendritic cells (DCs), that migrate in 

lymphoid tissues and mesentheric lymph nodes after the recognition of 

gliadin peptides (Bernardo, 2013). As a consequence, DCs present gliadin-

antigen to CD4+-naïve T-cells promoting the repertoire expansion of gluten-

specific Th1/Th17 pro-inflammatory T-cells with a concomitant production 

of IFN-γ, TNF-α, IL-18 and IL-21. These cells expressed the α4β7 integrin, 

essential to migrate in the gut (Escudero-Hérnandez et al. 2016). IFN-γ 

leads to an increased expression of HLA-DQ2/DQ8 and, as a result, to an 

increased gluten peptides presentation. This self-amplifiyng loop is further 

exacerbated by the release of TG2 as a result of the gluten-specific CD4+ T-

cells action (Tjon et al. 2010).  
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Figure 4: Mechanism of phatogenesis of CD. HLA-DQ2+ and HLA-DQ8+ individuals 

present native gluten peptides on APC to CD4+ T-cells. The release of INF-γ increased the 

expression of HLA-DQ2/DQ8. The consequent inflammation leads to tissue damage and 

the release of TG2, which is able to deamidate native gluten peptides and expand their 

repertoire. CD4+ T-cells response is enhanced and more IFN-γ is produced, thus increasing 

the inflammatory response (Tjon et al. 2010). 

 

In active CD, the release of IFN-γ increases the number of 

CD8+ TCRαβ+ and TCRγδ+
 intraepithelial lymphocytes (IELs) with innate-

like lymphokine-activated killer (LAK) activities, expressing the 

CD94/NKG2C and NKG2D receptors (Meresse et al. 2006). At the same 

time, intestinal epithelial cells (IECs) over-expressed the ligands of 

CD94/NKG2C and NKG2D, respectively MICA and HLA-E as response to 

the stress caused by IL-15. The interaction between IELs and IECs through 

their receptors and ligands produces the release of IFN-γ and cytolysis, 

worsening the tissue damage. IL-15 plays a key role in promoting IECs 

perforin-granzyme-dependent lysis by IELs (Meresse et al. 2004). CD4+ T-

cells can also interact with B-cells during their maturation to produce 

specific TG2 and gluten antibodies (Escudero-Hérnandez et al. 2016). There 

is still debate whether the innate immune response at IECs level precedes or 

not the adaptive immune response in the lamina propria.  IL-15 action is 

more pronounced in refractory celiac disease (RCD) patients, in which the 

uncontrolled over-expression of this cytokine promotes the clonal 

proliferation of aberrant IELs that increases the tissue epithelial damage 
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(Mention et al. 2003). The commensal microbiota, which is altered in CD 

patients, also exerts a role in promoting CD pathogenesis. Bacteroides 

fragilis, which is present at high levels in CD patients’ mucosa, is able to 

digest gluten producing toxic peptides (Sánchez et al. 2012). Also other 

species of bacteria such as Staphylococcus, Clostridium and Escherichia are 

increased in CD patients (Nadal et al. 2007). Therefore, the microbiota 

seems to be implicated in the modulation of the intestinal immune response 

and also in the maintenance of oral tolerance. It is still unclear if intestinal 

dysbiosis is a cause or a consequence of the pathogenesis of CD. 

 

 
Figure 5: Gluten peptides translocate the epithelial barrier via transcellular or paracellular 

mechanisms. TG2 deamidates native gluten peptides in the lamina propria, allowing the 

uptake of deamidated gliadin peptides by DCs. A proinflammatory gluten-specific CD4+ 

T-cells response is induced, characterized by IFN-γ, IL-21, anti-gliadin and anti-TG2 

antibodies production. Increased epithelial cell stress can upregulate stress molecules on the 

membrane (HLA-E, MICA/B) and induce IL-15 production. IL-15 can induce IEL 

proliferation and activation leading to cytotoxic killing of epithelial cells and consequent 

tissue damage. Human gut microbiota might contribute to CD development by influencing 

different processes, such as IELs activation or up-regulation, DCs maturation and 

proinflammatory cytokine production, intestinal permeability modulation, gluten peptides 

digestion, and induction of CD4+ T-cells responses (Verdu et al. 2015). 
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1.1.5 Clinical aspects  

 

Dietary gluten intake in CD patients causes inflammatory injuries to the 

mucosa of the small intestine that leads to villous atrophy. A serious 

consequence of this condition is related to a severe malabsorption syndrome 

that is currently rare (Farrell and Kelly, 2002). Clinical manifestations of 

CD can vary according to age groups. Classic symptoms affecting intestine, 

characterized by a general onset in childhood, are steatorrhea, abdominal 

distention and pain, flatulence, dyspesia whereas extraintestinal symptoms 

are caused by malabsorption, such as failure to thrive and short stature 

(D’Amico et al. 2005). Other extraintestinal symptoms, that can have onset 

in adulthood, are anemia, osteoporosis, epilepsy, gluten ataxia, diabetes, 

dermatitis herpetiformis and liver disease (Green et al. 2005; Rampertab et 

al. 2006). The onset of these symptoms from gluten exposure requires days 

or weeks compared to other conditions, such as wheat allergy (minutes-

hours) and non-celiac (non-allergy) gluten sensivity (NCGS) (hours-days). 

Time from gluten exposure to symptoms appearing is one of the criteria for 

the differential diagnosis of CD (Schuppan et al. 2015). According to the 

clinical manifestation, CD has been described with great agreement by 

Ludvigsson et al. (2013):  

 Typical CD: this definition takes into account the historical 

symptomatology in CD patients due to malabsorption (diarrhea 

and/or malnutrition) or to malabsorption syndrome (all the 

symptoms described above). Clinical presentation has changed over 

time and this definition now referred to most frequently encoutered 

form of CD.  

 Asymptomatic or silent CD: patients do not manifest any common 

CD symptom, even in response to direct questioning. These 

individuals are diagnosed during the enrollment in general screening 

programs for the detection of CD. 

 Atypical or non-classical CD: this definition describes patients with 

gluten-induced enterophaty and no weight loss. On the contrary, this 

individuals present one or more of the symptoms described above. 
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Authors argue that the term atypical CD should not be used because 

some CD patients may fulfill the requirements for non-classic CD. 

 Refractory CD (RCD): despite patients are under gluten-free diet, 

symptoms of malabsorption and villous atrophy continue to persist. 

RCD can be divided in two cathegories: RCD1 (normal 

immunophenotype), that usually responds to GFD and 

pharmacological supports (corticosteroids), and RCD2, with 

incomplete response to clinical menagement and poor prognosis 

characterized by increased risk to develop ulcerative jejunitis and 

enterophaty-associated T-cell lymphoma (EATL) (Rishi et al. 2016).  

 Latent CD: there are several definitions of this term but generally 

refers to those patients that have normal intestinal mucosa but 

positive serology. This term is in general discouraged. 

 Potential CD: this term refers to those individuals with positive 

serology, normal intestinal mucosa but an increased risk to develop 

the disease. Some physicians prefer to use this term for patients with 

also an increased number of IELs in the villi.  

Di Sabatino and Corazza (2013) underlined the necessity to clarify some 

points on the Oslo definition in order to avoid ambiguities and classify 

undefined conditions.   

 

1.1.6 Diagnosis and clinical management 

 

The first-line of investigation to diagnose CD is represented by serological 

blood tests (Table 1). Immunoglobulin A (IgA) anti-tissue transglutaminase 

(tTG) is the preferential test used to diagnose CD, with a sensibility of 94% 

and a specificity of 97%. This test is performed in patients over 2 years of 

age. Other tests are recommended in case of IgA deficiency: anti-tTG IgG 

and IgG anti deamidated gliadin peptides (DGP), the latter gives better 

performances in patients under 2 years of age. Analysis of anti-endomysial 

(EMA) IgA, which has a sensibility >90% and a specificity of 90%, is used 

as a confirmatory test (Rubio-Tapia et al. 2013). All serological tests should 

be performed in patients on gluten-containing diet. These tests are 

dependent by the level of histological lesions: CD patients with a low 
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intestinal damage may present seronegative results. Typing of HLA-

DQ2/DQ8 is a usefull test to confirm or exclude CD diagnosis in patients 

with an equivocal histopathological result or to rule out CD in other at-risk 

groups (Kaukinen et al. 2002). 

 

Test 
Mean  

sensibility 

Mean 

specificity 
Use 

Anti-tTG IgA 94% 97% Test 

Anti-tTG IgG 
Variable  

(12-99%) 

Variable  

(86-99%) 
IgA deficiency 

Anti-EMA IgA >90% 99% Confirmatory test 

Anti-DGP IgG >90% >90% 
IgA deficiency and 

children < 2 years 

HLA-DQ2/DQ8 91% 54% 
High negative 

predictive value 
Table 1: Serological tests used in clinical practice for CD diagnosis. Sensibility and 

specificity values are reported together with the specific use in the diagnostic process. 

 

Upper endoscopy with duodenal biopsy is used as confirmation of diagnosis 

in patients with positive serology or negative serology but high suspicious 

of CD. Generally, two bioptic specimens are collected from the duodenal 

bulb and four from the distal duodenum (Rubio-Tapia et al. 2013). One of 

the two hallmarks in a biopsy derived from a CD patients is IELs 

infiltration. Currently the threshold number of IELs suggesting for CD is 

still controversial. A cut-off value of 20-25 IELs per 100 enterocytes has 

been proposed compared to the old one of >40 IELs per 100 enterocytes 

(Abadie et al. 2012). The second hallmark is represented by villous atrophy, 

a consequence of mucosal inflammation. The histopathological changes 

were categorized for the first time by Marsh (1992) and then modified by 

Oberhuber and colleagues (1999) as follow: 

 M0: normal villous 

 M1: increase of IELs 

 M2: increase of IELs and glandular crypt hyperplasia 

 M3a: partial villous atrophy 

 M3b: substantial villous atrophy 
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 M3c: total villous atrophy 

This classification has been recently semplified by Corazza and colleagues 

(2007) according to villous morphology: 

 A: non-atrophic 

 B1: atrophic, villous-crypt ratio <3:1 

 B2: atrophic, villi no longer detectable 

 

Figure 6: Marsch modified classification. M0: normal villous, M1: increase of IELs, M2: 

increase of IELs and granular crypt hyperplasia, M3a: partial villous atrophy, M3b: 

substantial villous atrophy, M3c: total villous atrophy. 
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Figure 7: Comparison of the histologic classifications used in CD diagnosis (Rubio-Tapia 

et al. 2013). 

 

Nowadays, the only effective therapy consists in a gluten-free diet (GFD), 

that is a diet containing a low level of gluten. The Codex Alimetarius 

defines that a diet with less than 20 p.p.m. of gluten can be considered 

gluten-free. Non-responsive celiac disease (NRCD) affects 7 to 30% of all 

patients and it is not responsive to GFD. This condition can be due by 

inadvertent ingestion of gluten or other causes, such as other food 

intolerancies. These patients are treated with an adjust GFD, which excludes 

gluten contamination and causes of other intolerancies. 1-2% of CD patients 

suffer of RCD that is treated with GFD adjuvanted by a pharmacological 

therapy based on steroids or immunosuppressants, such as azathioprine. 

These patients are also treated in order to prevent the effects of 

micronutrient malabsorption (Rubio-Tapia et al. 2013).  
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1.1.7 Non-celiac gluten sensitivity 

 

Non-celiac gluten sensitivity (NCGS) is a gluten-related disorder recently 

re-discovered, although the existence of this condition is known from the 

’80. This disease is characterized by a heterogeneous pattern of intestinal 

symptoms that overlaps other conditions, such as irritable bowel syndrome 

(IBS), and extra-intestinal symptoms (Catassi et al. 2013). The 

pathophysiology of NCGS is still unclear. It seems like the immunological 

mechanisms causing NCGS do not depend by the presence of IgE as in 

wheat allergy or in an adaptive immune response as in CD. The innate 

immune response may be due by the increase in the duodenal mucosa of 

Toll-like receptor 2 (TLR2) and a down-regulation of FOXP3, a T-

regulatory cell marker (Elli et al. 2015). Other molecules could play a key 

role in triggering NCGS. Αmylase/trypsin inhibitors (ATIs) are water 

soluble proteins that belong to globulins. Junker and colleagues (2012) 

demonstrated that ATIs CM3 and 0.19 promote an immune response in 

monocytes, macrophages and DCs through the activation of TLR4. The 

formation of (TLR4)-MD2-CD14 complex leads to the release of pro-

inflammatory cytokines and chemokines, such as TNF-α, IL-8 and MCP1. 

Actually, there are no serological tests to identify NCGS patients (Shuppan 

et al. 2015).  
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1.2 Autophagy 

 
All eukaryotic cells are able to digest their cytoplasmic content through 

different processes that undergo the general term autophagy (from the Greek 

words auto meaning ‘self’ and paghein meaning ‘to eat’). Autophagy 

includes different form of digestive pathways that are: macroautophagy, 

microautophagy, chaperone-mediated autophagy and non-canonical 

autophagy. Generally, the term autophagy refers to macroautophagy: this 

process depends on specialized autophagy-related proteins (ATGs) and is 

able to digest different targets, such as organelles, large aggregates of 

proteins and microorganisms (Deretic et al. 2013). This process was 

discovered in 1957 by Clark observing irregular vacuoles in mice kidney 

tubule cells containing different kind of materials, including mitochondria. 

This vacuoles, originally called ‘dense bodies’, were also described by 

Novikoff and colleagueá (1956) through electron microscopy (TEM). 

Subsequently, Ashford and Porter (1962) demonstrated that the 

administration of glucagon to hepatocytes from rats increases the presence 

of these ‘dense bodies’. According to these evidence, Deter and De Duve 

(1967) coined the term autophagy to refer to double-membrane vesicles 

containing portion of cytoplasm and organelles. The first description of the 

autophagosome formation was made one year later by Arstila and Trump 

(1968). Because of glucagon role in increasing autophagy, this process was 

originally described as a response to nutrients deprivation (Pfeifer and 

Warmuth-Metz, 1983). In addition to starvation, autophagy is implicated in 

a variety of processes to maintain cellular homeostasis. Important 

physiological functions are protein turnover, control of organelles quality 

and number and digestion of damaged organelles (Ravikumar et al. 2010). 

Autophagy plays also a key role in direct microorganisms and viruses 

clearance, in control of inflammation through the inhibition of the 

inflammosome, antigen presentation, T-cells homeostasis and secretion of 

immune mediators (Deretic et al. 2013). Autophagy impairment is crucial in 

several diseases, in particular proteopathies, such as Alzheimer disease (Yu 

et al. 2005), Parkinson disease (Winslow et al. 2010) and Huntington 

disease (Martinez-Vincente et al. 2010). As described above, there are four 

types of autophagy: 
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 Macroautophagy: organelles or other cargos (proteins, lipids or 

nucleic acids) are sequestred in the autophagosome, a double-

membrane vesicle, and delivered to the lysosome for degradation 

(Ravikumar et al. 2010).  

 Microautophagy: small cytosolic materials are degraded after their 

engulfment in lysosomes through membrane invagination 

(Santambrogio and Cuervo, 2011).  

 Chaperone-mediated autophagy: proteins with the specific sequence 

KFERQ are recognised by Hsc70 (70 Kda heat shock cognate 

protein) and then degraded by lysosomes action (Kaushik et al. 

2011).  

 Non-canonical autophagy: under specific circumstances 

autophagosome formation in macroautophagy can bypass the 

canonical steps. Currently, two non-canonical pathways have been 

described: beclin-1 indipendent autophagy and a pathway that 

bypass the action of ATG5, ATG7 and LC3 (Codogno et al. 2011). 

Although autophagy was initially described in mammalian cells, the 

understanding of the molecular mechanism has been reached after genetic 

analysis in Saccaromyces cerevisiae. Tsukada and Ohsumi (1993) isolated 

and characterized the first mutant defective in autophagy, apg1. After this 

discovery, several other laboratories worked to find other genes implicated 

in the autophagy pathway, also in other organisms. Nowadays, 37 

autophagy-related genes (ATGs) have been described, exerting a function in 

different steps of the pathway (Ohsumi et al. 2014).  

 

1.2.1 Autophagic pathway 

 

Autophagy consists of six different steps, that are: 1) initiation, 2) 

nucleation or phagophore formation, 3) Atg5-Atg12 conjugation, interaction 

with Atg16L and multimerization at the phagophore, 4) LC3 processing and 

insertion, 5) capture of random/selective targets for degradation and 6) 

fusion of the autophagosome with the lysosome. 

1. Initiation: in mammals, the phagophore does not origin de novo but 

derives from the membrane of the endoplasmic reticulum (ER) 
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and/or the trans-Golgi and endosomes (Axe et al. 2008). Autophagy 

induction is triggered by different stimuli that repress mTOR, a 

protein that belongs to the PI3K family. mTOR is the catalitic 

subunit of two distinct complexes: mTORC1, which consists of 

Raptor, Deptor, PRAS40 and GβL/mLst8, and mTORC2, that 

contains Rictor, GβL/mLst8, Sin1, PPR5/protor and Deptor. The 

complex that is responsible for autophagy activation is mTORC1 

whereas mTORC2, wrongly considered insensitive to rapamycine at 

the beginning, is involved in other cellular functions. Active 

mTORC1 inhibits autophagy through the binding and subsequent 

phosphorilation of the ULK complex, which is composed by 

ULK1/2, Atg13, FIP200 and Atg101. ULK1/2 can exert is kinase 

activity after mTORC1 inhibition by different mechanisms, such as 

starvation or rapamycine interaction, that cause the dissociation of 

this protein from the ULK complex. It seems that ULK complex 

exerts its action upstream the Atg14L-hVPS34 (PIK3C3) complex 

and leads to the accumulation of PI(3)P on the target membrane. 

Deprivation of nutrients promotes ULK complex activation so that it 

can phosphorilate Ambra1 leading to the release of PIK3C3 complex 

with the consequent PI(3)P generation (Jung et al. 2010; Di 

Bartolomeo et al. 2010).  

2. Nucleation: this step is mediated by the action of Beclin-1, which 

belongs to PIK3C3 complex together with PIK3C3, p150, Ambra1, 

UVRAG or Atg14L. Beclin-1 allows the binding of PIK3C3 with 

several regulators. Beclin-1 can interact through the presence of a 

BH3 domain with Bcl-2 and Bcl-XL, which are able to decrease the 

binding of Beclin-1 with PIK3C3 complex. Several autophagy-

inducing stimuli, such as starvation, are able to disrupt the Bcl-

2/Beclin-1 complex through the JNK1-mediated phosphorilation of 

Bcl-2 or the DAPk-mediated phosphorilation of Beclin-1 (He and 

Levine, 2010). The PIK3C3-mediated generation of PI(3)P recruits 

other autophagy-related proteins: WIPI1/2 (orthologs of Atg8), Atg2 

and DFCP1 (Polson et al. 2010). 
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3. Atg5/Atg12 conjugation: two ubiquitin-like conjugation systems are 

implicated in autophagosome expansion. The first mechanism 

includes the activation of Atg12 mediated by Atg7, an E1-like 

enzyme. Atg12 is then transferred to Atg10, an E2-like enzyme, for 

the conjugation with Atg5. A 800 kDa multimeric complex is then 

created after the interaction of Atg12-Atg5 with Atg16L (Mizushima 

et al. 2003). The function of this complex is to bind the 

autophagosome membrane inducing the curvature and determining 

LC3 lipidation as well as the interaction of Atg12 with Atg3 (Fujita 

et al. 2008).  

4. LC3 processing: the second ubiquitin-like conjugation system 

involved LC3 (microtubule-associated protein 1A/1B-light chain 3).  

LC3 is cleaved by Atg4, a cysteine protease, and this exposes a 

glycine at the C-terminal end, to generate LC3B-I. Then, Atg7 

promotes the ATP-dependent activation of the C-terminal glycine. 

Subsequently, activated LC3B-I is transferred to Atg3, an E2-like 

enzyme. Atg16L complex acts as a scaffold to transfer LC3 

(homolog of Atg8) from Atg3 to phosphatidylethanolamine (PE). 

LC3-PE, also known as LC3-II, is localized on the autophagosome 

membrane and is an autophagy-specific marker. After vesicle 

formation, LC3B-II is removed by the outer autophagosomal 

membrane, in a process called deconjugation, which is mediated by 

Atg4. LC3B-II remains associate with the inner autophagosomal 

membrane and is partially degraded after fusion with lysosome 

(Wirawan et al. 2012). Other molecules co-localize with LC3B-II, 

i.e. GABARAP and GATE16 (Kabeya et al. 2004).  

5. Cargo recognition: Damaged organelles or protein aggregates are 

sequestred into autophagosomes in a specific way. Selectivity is 

achieved through autophagy receptors, which recognize cargos 

tagged with LC3-interacting regions (LIRs). LIR motifs interact with 

autophagy modifier proteins of the LC3/GABARAP family. In yeast 

five receptors have been described, while in mammals more than 

two dozen autophagy receptors were identified. The most prevalent 
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autophagy targeting signal in mammals is the modification of cargos 

through ubiquitination. Most of the currently autophagy receptors 

harbour both Ub-binding domain (UBDs) and LIRs. p62/SQSTM1 

(sequestosome-1) is an adaptor molecule that promotes turnover of 

poly-Ub targets. Selective autophagy receptors lack a clear 

specialization but often cooperate with each other in selecting a 

specific cargo: NRB1 interacts with p62 for the sequestration of 

protein aggregates and peroxisomes. OPTN and NDP52 interact 

with p62 during xenophagy (Stolz et al. 2014).  

6. Fusion with lysosome: Autophagosomes can fuse with early or late 

endosomes to become amphisomes or can also be directly targeted to 

the lysosomes along the microtubules. The outer autophagosomal 

membrane fuses with the lysosome, releasing the inner 

autophagosomal membrane and its contents into the lysosomal 

lumen. Several proteins are involved in these fusion events, 

including LAMP2, the UVRAG-C-Vps tethering complex, Rab, 

HOPS, SNAREs, AAA ATPases, LC3, FYCO1 and the ESCRT 

machinery (Tong et al. 2010). After the fusion with the lysosome, 

the autophagic body is disintegrated and its cargo is degraded by 

lysosomal hydrolases and lipases. Subsequently, lysosomal efflux 

transporters (i.e. Atg22 in yeast, not yet identified in mammals), 

mediate the release of the resulting amino acids, fatty acids and 

nucleosides back into the cytosol (Yang et al. 2006). 
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Figure 8: Overview of the autophagic pathway. Autophagy is stimulated by nutrient 



 

 

 

 

 

 

 

 

 

 

 

Introduction and review of the literature 

 

31 

 

deprivation, or other stimuli, such as deprivation of insulin and other growth factors or low 

energy. The initial step of vesicle nucleation is characterized by the activation of the class 

III PI3K (Vps34) to generate phosphatidylinositol 3-phosphate (PI3P) on the target 

membrane. This activation depends on the formation of a multiprotein complex that 

includes Atg6/Beclin 1, Vps15, UVRAG, Bif-1 and Ambra1. Vesicles elongation and 

completion processes are based on two evolutionarily conserved ubiquitin-like conjugation 

systems. The first pathway involves the covalent conjugation of Atg12 to Atg5, with the 

help of Atg7 and Atg10 whereas the second pathway involves the conjugation of 

phosphatidylethanolamine (PE) to a glycine (Gly) residue of LC3 by the sequential action 

of the protease Atg4, Atg7 and Atg3. This lipid conjugation leads to the conversion of the 

soluble form of LC3 (named LC3-I) to the autophagic vesicle-associated form, LC3-II. 

Once autophagosomes are formed, they undergo progressive maturation by fusion with 

lysosomes, forming autolysosomes. This fusion is not well characterized but involves the 

integral lysosomal membrane protein LAMP-2 and the GTP-binding protein Rab7  

(Levine and Kroemer, 2008).  

 

 

1.2.2 Autophagy regulation 

 

Autophagy is induced by a variety of stress stimuli, including nutrient 

depletion, energy stress, pathogens-associated molecular patterns (PAMPs) 

and danger-associated molecular patterns (DAMPs), hypoxia and anoxia, 

redox stress, ER stress and mitochondrial damage. The induction of 

autophagy by all these stimuli involves different but partially overlapped 

pathways. 

 

Nutrient deprivation and energy stress: Nutrient depletion is the most 

potent known physiological inducer of autophagy. The induction of 

autophagy in mammalian cell cultures recurs within minutes, with maximal 

levels in presence of concominant depletion of nutrients (i.e. aminoacids 

and glucose) and growth factors (i.e. serum). Starvation-induced autophagy 

is regulated by several molecules including mTOR, AMPK and sirtuins (i.e. 

Sirt1 and Sirt2). Sirt1 is a NAD-dependent deacetylases that acts on Atg5, 

Atg7, LC3 (Lee et al. 2008) and FOXO3, the transcription factor forkhead 

box O3a. Depletion of growth factors (i.e. serum deprivation) inhibits Akt 

and induces FOXO3 through a different mechanism. This transcription 

factor enhances the expression of several pro-autophagic molecules, such as 

ULK2, Beclin1, VPS34, Bnip3, ATG12, LC3 and GABARAP (Mammucari 
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et al. 2007). Serum deprivation induces also the dissociation of Sirt2 and 

FOXO1, thus promoting its acetylation and interaction with Atg7 (Zhao et 

al. 2010). Depletion of growth factors, such as insulin or insulin-like growth 

factors, inhibits mTORC1 through multiple mechanisms. In fact, Akt 

becomes catalitically active in response to growth factors, due to the 

sequential stimulation of class I PI3K and PDK1. Furthermore, growth 

factors activate Ras, stimulating a cascade involving Raf-1, MEK1/2 and 

ERK1/2. The tuberous sclerosis complex 1/2, TSC1/TSC2, is 

phosphorylated by Akt and ERK1/2; Akt activates also Raptor, thus 

inducing mTOR activation (Neufeld, 2010). AMPK plays a crucial role not 

only in starvation but also in energy depletion. This kinase monitors the 

energy status of the cells by sensing the AMP:ATP ratio. In nutrient 

deprivation conditions and/or energy stress, AMPK and Sirt1 engage in a 

coordinated positive amplification loop, the “Sirt1-AMPK cycle” that 

promotes autophagy. Sirt1 mediates the deacetylation of the AMPK-

upstream kinase LKB1, promoting its translocation in the nucleus and 

AMPK activation. AMPK can indirectly stimulate Sirt1 by the reduction of 

NAM and the increase of NAD+. Autophagy is induced through the AMPK-

mediated phosphorylation of TSC2 and Raptor, leading to mTORC1 

inhibition. Another mechanism involves the phosphorylation of ULK1 by 

AMPK (Ruderman et al. 2010; Kim et al. 2011). 

 

ER stress: The major ER stress pathway, the unfolded protein response 

(UPR), is a potent stimulus for autophagy. This response is mediated by 

PERK, ATF6 and IRE1, which are normally bound and inactivated by 

BiP/GRP78. PERK and ATF6 can induce autophagy, while IRE1 acts as a 

negative regulator. Particularly, PERK mediates the phosphorylation of 

eIF2α, which activates the transcription factor ATF4, thus leading to the 

transcriptional activation of LC3 and Atg5 (He and Klionsky, 2009; Milani 

et al. 2009). 

 

Hypoxia and anoxia: Hypoxia and anoxia (oxigen concentration of <3% 

and <0.1%, respectively) are two stimuli that can induce autophagy. 

Hypoxia-induced autophagy depends on HIF, while anoxia-induced 

autophagy is HIF-indipendent. When the oxygen concentration is below 

5%, the HIF heterodimer becomes stabilized and activates the transcription 
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of BNIP3 and BNIP3L, two proteins that can disrupt the binding between 

Beclin1 and Bcl-2 (Bellot et al. 2009). In cases of severe hypoxia or anoxia, 

autophagy is induced by the protein DJ-1 with an unknown mechanism, by 

a stimulation of a PDGFR-dependent pathway and by AMPK (Mazure and 

Pouyssegur, 2010). 

 

Redox stress: Oxidative stress can induce autophagy through different 

mechanisms. Exogenous hydrogen peroxide can activate PERK, leading to 

the stimulation of eIF2α, or can inhibit mTOR directly (Liu et al. 2008). 

Redox stress can also stimulate autophagy through the action of p53. This 

transcription factor can transactivate several autophagy inducers including 

DRAM1 and Sestrin2, the latter is able to bind the TSC1/TSC2-AMPK 

complex. p53 plays a dual role in autophagy regulation, acting as a tonic 

inhibitor when present in the cytoplasm (Green and Kroemer, 2009). 

 

Mitochondrial damage: The autophagic recognition of depolarized 

mitochondria is mediated by a refined voltage sensor, involving the 

mitochondrial kinase, PINK1. This kinase rapidly accumulates on 

mitochondrial surface after its depolarization, allowing the recruitment of 

the E3 ubiquitin ligase Parkin. Parkin promotes the ubiquitination of several 

mitochondrial substrates, i.e. VDAC1, and rectruits p62/SQSTM1, thus 

leading to mitophagy (Narendra et al. 2010). 

 

Immunity and inflammation: Autophagy plays a crucial role also in 

immunity and inflammation. Several stimuli that depend on the cellular 

response to pathogens are able to induce autophagy. DAMPs, such as DNA 

complexes, ATP and high-mobility group box 1 protein (HMGB1), can 

induce autphagy. Particularly, Tang and colleagues (2010) demonstrated 

that HMGB1 is able to disrupt the binding of Beclin1 with Bcl-2 and can 

also stimulate autophagy by interacting with its receptor RAGE. TLRs and 

autophagy cooperate in the response against PAMPs. It was demonstrated, 

for example, that Toll-like receptor 4 (TLR4) signalling leads to 

ubiquitination of Beclin1 by the E3 TNF receptor-associated factor 6 

(TRAF6). As a result of this process, Bcl-2 releases Beclin1, which 

becomes active. Also ULK1 is ubiquitinated by TRAF6, underlining the key 

role of this enzyme in autophagy regulation (Shi and Kehrl, 2010; Nazio et 
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al. 2013). Inflammatory cytokines are involved in autophagy activation: for 

example, IL-1β induces autophagy through the downstream recruitment of 

TRAF6, while INF-γ activates the autophagic process through the 

phosphorylation of Beclin1 mediated by DAPk1 (Zalkvar et al. 2009; Shi et 

al. 2012). Other cytokines, i.e. IL-4 and IL-13, inhibit autophagy in a 

contest dependent manner: they occur through Akt signalling when 

autophagy is induced by starvation, while are STAT6-dependent when 

autophagy is induced by IFN-γ (Harris et al. 2007).  

 

 
Figure 9: Schematic representation of the autophagic induction due to starvation, energy 

depletion and lack of aminoacids. (A) Principal effectors induced by nutrient starvation. (B) 

Starvation activates Sirtuin-1, which can induce autophagy through three different 

mechanisms: deacetylation of ATGs proteins (Atg7, Atg5 and LC3), deacetylation of 

FOXO3 and consequent transcription of NIX and Bnip3 and interaction with TSC-2, thus 

inhibiting mTORC1. (C) Energy depletion leads to LKB1 deacetylation mediated by Sirt1 

and, as a consequence, to the activation of AMPK. Other kinases can activate AMPK, i.e. 

CaMKKβ and TAK-1. (D) Aminoacids depletion induces RAG1/2 through an unknown 

mechanism, thus activating mTORC1. (Kroemer et al. 2010). 
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Figure 10: Autophagy induction due to different stress stimuli. (A) Hypoxia and anoxia 

can activate autophagy through HIF, DJ-1, PDGF pathway and PERK. (B) Increased ROS 

levels can trigger the activation of PERK, JNK1 and ATG4, thus inducing autophagy. The 

DNA damage caused by ROS activates the checkpoint responses mediated by p53 and 

ATM, which are able to induce the autophagic pathway. (C) Particularly, p53 increases the 

expression levels of Sestrin2 and DRAM1, which phosphorylate respectively JNK-1 and 

AMPK leading to their activation. (D) Mitophagy is triggered by Δψm disruption, a signal 

for PINK recruitment. This allows the action of Parkin and the ubiquitination of 

mitochondrial proteins (Kroemer et al. 2010). 

 

 

1.2.3 Autophagy and autoimmune diseases 

 

Autophagy plays a crucial role in the pathogenesis of several autoimmune 

diseases. Crohn disease is an inflammatory bowel disease (IBD) caused by a 

combination of environmental, immune and bacterial factors in genetically 

susceptible individuals. It has been demonstrated that genetic 

polymorphisms in the genes ATG16L and IRGM confer a strong 

predisposition to Crohn disease development (Scharl et al. 2012). Despite 
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this strong association, the role played by Atg16L in Crohn disease 

pathogenesis is still unclear, because of the lack of knowledge about the 

functions that Atg16L exerts in the autophagic pathway. However, it is clear 

that Atg16L is able to suppress the inflammatory process: Atg16L-deficient 

mice are highly susceptible to colitis induced by dextran sulphate sodium. 

The symptoms developed by these mice can be treated with injections of 

anti-IL-1β and IL-18 antibodies (Saitoh et al. 2008). Recently, SNPs in the 

ULK1 gene have been indentified to increase susceptibility to Crohn 

disease, thus demonstrating that autophagy contributes to the pathogenesis 

of this disease (Henckaerts et al. 2011). The autophagic protein Atg5 is 

implicated in the development of systemic lupus erythematosus (SLE), 

multiple sclerosis (MS) and rheumatoid arthritis (RA). SLE is an 

autoimmune disease in which the immune system of the patient attacks 

healthy tissues. Five SNPs, identified near to and in the ATG5 locus, are 

associated with SLE initiation and/or development even if the pathogenetic 

mechanism is still unclear (SLEGEN, 2008). Recenlty, it has been 

demonstrated that T-cells in SLE patients are autoreactive and autophagy 

promotes their survival and contributes to their persistence in autoimmune 

conditions (Gros et al. 2012). MS is a demyelinating disease that affects the 

brain and the spinal cord. Changes in the expression of Atg5 correlate also 

with immune-mediated myelin injury in MS mice and in patients. 

Particularly, Atg5 is over-expressed in circulating T-cells of relapsing-

remitting MS (RRMS) patients compared with healty controls and in T-cells 

in the inflammatory sites of the brain. Atg5 over-expression seems to extend 

T-cells survival and proliferation during active disease; moreover it seems 

to correlate with the severity of the disease in mice models (Alirezaei et al. 

2009). In RA, anti-citrullinated protein antibodies (ACPAs) are the most 

powerful biomarkers that allow the diagnosis of this disease. During 

inflammation, the arginine residues of self-proteins are converted in citrullin 

by the enzymes peptidylarginine deiminase (PADs), in a process known as 

citrullination, thus leading to an immune response. Presentation of these 

peptides is blocked after treatment with 3-methyladenine or reducing Atg5 

expression, confirming a key role of autophagy in RA pathogenesis (Ireland 

and Unanue, 2011).  
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1.3 MicroRNAs 
 

Small RNAs are 20-30 nucleotides in lenght and can associate with 

Argonaute (AGO) family proteins. There are three main classes of small 

RNAs: microRNA (miRNA), short interfering RNA (siRNA) and PIWI-

interacting RNA (piRNA). miRNAs constitute the dominant class of small 

RNAs in somatic tissues. These molecules are able to bind target mRNAs 

through base pairing, while AGO proteins induce translational repression, 

mRNA deadenylation and mRNA decay. The miRNA-binding site is 

generally in the 3’ UTR region of mRNAs, whereas in miRNAs the domain 

at the 5’ UTR (nucleotide position 2 to 7) is crucial for target recognition 

and is known as “miRNA seed”. More than 60% of human genes contain at 

least one miRNA-binding site, underlining the importance of these 

molecules in several cellular processes (Ha and Kim, 2014). In 1993, in the 

nematode C. elegans, was discovered the first miRNA, Lin-4, a 

heterochronic gene that controls the temporal development pattern of all 

larval stages. Lin-4 transcript negatively regulates the expression of Lin-14 

through its 3’ UTR region:  this interaction decreases the expression level of 

Lin-14, which encodes for a protein that specifies the division timings of 

specific group of cells (Lee et al. 1993). The second discovered miRNA in 

2000 was Let-7, another heterochronic gene in C. elegans. This small RNA 

is able to control the L4-to-adult transition of larval development, regulating 

Lin-14, Lin-28, Lin-41 and Daf-12 through their 3’ UTR (Reinhart et al. 

2000). Dysregulation of miRNAs biogenesis and/or regulation is associated 

with numerous diseases, i.e. cancer and neurodegenerative disorders (Ha 

and Kim, 2014). 

 

1.3.1 miRNAs biogenesis and regulation 

 

Human miRNAs sequences are mainly located in introns of non-coding or 

coding transcripts, but some miRNAs are present in the exonic regions. 

Several miRNA loci constitute polycistronic transcriptional units that are 

generally co-transcribed (Lee et al. 2002). Regulation of miRNAs 

transcription is still unclear due to the scarcity of annotated miRNA TSS 

and promoters. Specifically, miRNA gene expression depends on the 

identification of promoter regions in order to identify the transcription 
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factors involved in this process. However, it was demonstrated that CpG 

islands and enrichment of the H3K4me3 characterized the promoter of 

miRNAs similarly to protein-coding gene promoters (Schanen and Li, 

2011). RNA Pol II and associated transcription factors promote the 

transcription of miRNAs and it is known that a large number of miRNAs 

and their target genes are co-expressed under different conditions and co-

regulated by the same transcriptional factors (Lee et al. 2004). Transcription 

gives rise tipically to a sequence of 1 Kb, known as pri-miRNA that 

contains a stem-loop structure of 32-35 bp in which mature miRNA is 

embedded. Maturation of the pri-miRNA is promoted by the action of a 

complex called microprocessor, composed by the nuclear RNase III Drosha 

and the essential cofactor DGCR8 (known as Pasha in D. melanogaster) 

(Denli et al. 2004). Drosha is a protein of ~ 120 kDa that mediates the cut of 

the stem-loop region, leading to the release of a small hairpin-shaped RNA 

of ~65 nt (i.e. pre-miRNA). This action is performed by two tandem RNase 

III domains (RIIIDs) in the C-terminus that dimerize intramolecularly to 

create the processing center. pri-miRNAs are recognized through the ds-

RNA binding domain (dsRBD) of Drosha and the addition activity of 

DGCR8. The hairpin cutting occurs 11 bp away from the basal junction 

between ssRNA and dsRNA and 22 bp away from the apical junction linked 

to the terminal loop (Han et al. 2004, 2006). The microprocessor complex is 

composed also by other proteins, such as the containing DEAD-box RNA 

helicase p68, p72, NF90 and NF45 (Gregory et al. 2004). The p68/p72 and 

NF90/NF45 complexes have been shown to alter the miRNA processing 

efficiency for specific miRNAs and, particularly, endogenous p68/p72 

facilitate Drosha processing of a subset of pri-miRNAs based on reduced 

mature miRNA levels (Fukuda et al. 2007). On the other hand, the 

NF90/NF45 complex acts as a negative regulator in the miRNAs processing 

pathway: it as been shown that over-expression of NF90/NF45 causes 

accumulation of various pri-miRNAs, whereas depletion of NF90 leads to a 

decrease in pri-miRNAs levels and an increase in mature miRNAs 

(Sakamoto et al. 2009). Terminal loop binding proteins can enhance Drosha 

activity, as in the case of hn-RNP-A1 and miR-18a: this protein is able to 

bind the target pri-miRNA and relax the stem region, thus facilitating the 

interaction with Drosha/DGCR8 (Michlewski et al. 2008). Following 

microprocessor activity, pre-miRNA is exported in the cytoplasm in order to 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2874160/#B16


 

 

 

 

 

 

 

 

 

 

 

Introduction and review of the literature 

 

39 

 

complete its maturation. The export is carried out by the protein exportin 5 

(EXP5) that forms a complex with Ran-GTP and the pre-miRNA. After the 

translocation through the nuclear pore complex, GTP is hydrolyzed and the 

complex is disassembled with the releasing of the pre-miRNA (Bohnsack et 

al. 2004). Cytoplasmic pre-miRNA processing is performed by Dicer. This 

~ 200 kDa protein is a RNA III-type endonuclease that, similarly to Drosha, 

has two tandem RIIIDs in the C-terminus forming its catalytic site. The N-

terminal helicase recognizes pre-miRNA by interacting with the terminal 

loop (Zhang et al. 2004; Tsutsumi et al. 2011). The cleavage site of Dicer is 

located at 21-25 nt from the 3’ end of dsRNAs (3’-counting rule). In 

mammals an additional mechanism to process pre-miRNA is the 5’-

counting rule (Macrae et al. 2006; Park et al. 2011). This process generates 

a small RNA duplex with a mismatch in the guide strand at nucleotide 

position 8-11 (Gregory et al. 2005). Dicer interacts with some cofactors 

belonging to the dsRBDs protein family, such as TRBP and PACT. These 

cofactors are not essential for miRNAs processing but facilitates the 

assembling (Haase et al. 2005). Phosphorylated TRBP stabilizes the Dicer-

containing complex and is also able to modulate processing efficacy of 

some pre-miRNAs. In fact, this protein is a substrate for MAPK and ERK 

phopshorylation, leading to the preferential up-regulation of growth-

promoting miRNAs, such as miR-17, miR-20a and miR-92 (Paroo et al. 

2009). Other RNA-binding proteins can regulate the processing of various 

pre-miRNA. KSRP is known as a key mediator of AU-rich element (ARE)-

directed mRNA decay, facilitating the recruitment of the degradation 

machinery on ARE-containing mRNAs (Gherzi et al. 2004). This protein is 

also a component of both Drosha and Dicer complexes and promotes the 

biogenesis of a subset of miRNAs, i.e. let-7a and miR-21. KSRP binds the 

terminal loop of its target pri- and/or pre-miRNA and induces Drosha and 

Dicer activity through a protein-protein interaction (Trabucchi et al. 2009). 

Other proteins have been described to modulate miRNAs processing by 

binding of the terminal loop. Lin28 impairs processing of pri- and pre-

miRNAs from the Let-7 family reducing Drosha and Dicer activity and 

inducing uridylation of pre-miR by TUT4, the terminal urydyl transferase 4 

(Newman et al. 2008; Heo et al. 2009). The activity of Dicer is modulated 

also by negative feedback loops as in the case of Let-7 miRNA. 

Specifically, human DICER1 mRNA contains a binding site for Let-7, 
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resulting in a regulation between Dicer and its product Let-7 (Tokumaru et 

al. 2008). The small RNA duplex produced by Dicer is subsequently loaded 

onto an AGO protein to form the RNA-induced silencing complex (RISC). 

The loading is mediated by the binding of the 5’-monophosphate of the 

guide RNA with the interface of the MID and PIWI domains of AGO 

proteins. Subsequently, the 3’ end of the guide RNA reaches the PAZ 

domain, strengthening the binding between the small RNA duplex and the 

AGO protein (Elkayam et al. 2012). After the loading, the pre-RISC 

complex removes the passenger strand to generate the mature RISC. Human 

AGO2, and as a consequence RISC, is localized in distinct cytoplasmatic 

foci, called processing bodies (P-bodies) (Sen and Blau, 2005). The 

localization of AGO2 into these P-bodies is regulated by MAPKAPK2 or 

4PH, which increase also AGO2 stability (Qi et al. 2008; Zeng et al. 2008). 

The RISC complex promotes the post-transcriptional gene silencing through 

different mechanisms. The cap-dependent initiation of translation is 

inhibited by affecting eIF4F cap recognition together with the Cup repressor 

protein. The RISC complex can also inhibit the 40S ribosomal subunit 

recruitment and /or the formation of the 80S ribosomal complex. The 

activity of ribosomes can be inhibit also during the elongation phase, 

causing the formation of incomplete peptides and their consequent 

degradation. Furthermore, RISC is able to recruit on the target mRNAs 

decapping (DCP1/DCP2) and/or deadenylating enzymes leading to 

messenger destabilization (Li and Rana, 2014).  
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Figure 11: Overview of miRNA gene transcription and microprocessor processing. The 

miRNA gene is transcribed by RNA pol II and the pri-miRNA is processed by Drosha and 

its cofactor DGCR8. The cropping is also mediated by other proteins, such as p68 and p72. 

The resulting pre-miRNA is exported in the cytoplasm by the action of EXP5 and Ran-GTP 

(Ha and Kim, 2014). 
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Figure 12: Overview of Dicer processing and RISC assembly. Once exported in the 

cytoplasm, pre-miRNA is processed by Dicer and its cofactor TRBP. The mature miRNA is 

then loaded in the RISC complex, composed by AGO1-4 and HSC70-HSC90. The mature 

RISC complex promotes the RNA silencing through different mechanisms (Ha and Kim, 

2014). 
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1.3.2 miRNAs potential as biomarkers 

 

In clinical context, an ideal biomarker should fit a number of criteria stated 

also by FDA: it should be non-invasive, highly specific and sensitive, 

predictive (long half-life in sample and proportional to degree of severity of 

pathology), robust (rapid and accurate detection) and translatable. Currently, 

biomarkers that are used in clinical practice are proteins in the blood of 

patients affected by a particular disease/condition, such as troponin, 

carcinoembryonic antigen (CEA), prostate specific antigen (PSA) and 

aminotransferases (ALT and AST). Because of their stability in different 

body fluids, miRNAs can be very usefull in disease diagnosis and 

prognosis, as well as in the prediction of therapeutic response. Specifically, 

miRNA levels can be detected with various methods, i.e. PCR, in blood, 

plasma, serum, urine and saliva of patients with different diseases. It was 

described that Let-7 expression is reduced in lung cancer; moreover low 

levels of Let-7 correlate with a significant shorter survival rate 

(Takamizawa et al. 2004). Other examples are miR-141, whose serum 

levels can distinguish advanced prostate cancer patients from healthy 

individuals, the miR-126:miR-182 ratio in urine of patients with bladder 

cancer and miR-125a and miR-200a in the saliva of oral squamous cell 

carcinoma patients (Mitchell et al. 2008; Hanke et al. 2010; Park et al. 

2009).  The importance of miRNAs as diagnostic biomarkers is not limited 

in cancer but also in other pathologies, such as viral infections, 

cardiovascular diseases, neurodegenerative disorders, diabetes and 

metabolic diseases (Wang et al. 2016). Since miRNAs are aberrantly 

expressed in several diseases, targeting of miRNAs might be a new 

interesting therapeutic approach. Nowadays, there are different methods that 

can be used in order to counteract miRNAs dysregulation, such as RNA 

sponges and antisense oligonucleotide (ASOs). miRNAs sponges are 

mRNAs with multiple artificial miRNA-binding sites, which can sequester 

the over-expressed target miRNA leading to the expression of the mRNA of 

interest (Ebert and Sharp, 2010). miRNAs that are up-regulated should be 

targeted using anti-miRNAs, specific modified ASOs. A class of anti-

miRNAs is represented by antagomir, which are cholesterol-conjugated to 

facilitate cellular uptake and their protection against the binding of serum 

proteins. Other approaches that have been studied in vivo are oligos 
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modified with the locked nucleic acid (LNA) or the 2’-O-methoxyethyl 

(MOE) phosphorothioate chemistry. Both these derivatives have been 

evaluated in clinical trials. In case of miRNAs reduction the solution should 

be the use of miRNA mimics, in order to increase the concentration of the 

target miRNA. However, this approach needs to be investigated in vivo. It 

has been described that tetracycline-inducible shRNAs are able to decrease 

the activity of Drosha and Pasha, thus providing an indirect methodology to 

modulate miRNAs expression. However, this mechanism should be 

controlled since down-regulation of this pathway will have an effect on all 

miRNAs (van Rooij et al. 2008).  
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2. Aims of the research 

 

The principal aims of my PhD project were to search for novel autophagy-

related biomarkers for CD diagnosis and to establish an in vitro cell model 

to evaluate the importance of the autophagy process to counteract gluten 

toxicity. The goal of physicians is to remove endoscopy and biopsy analysis 

from the CD diagnostic path because of the risks and the invasiveness of 

this practice. The search of new molecular markers or signature to improve 

CD diagnosis and/or patients’ stratification is therefore encouraged. 

miRNAs have emerged as promising non-invasive biomarkers in many 

diseases and are implicated in the regulation of several cellular processes, 

including autophagy. Since autophagy plays a crucial role in immunity and 

inflammation, in this work the expression of two autophagic genes and their 

negative miRNA regulators was investigated in order to find statistically 

significant differences between pediatric CD patients and control subjects 

matched for sex and age.  

In the second part of the Thesis, autophagy was studied in a CD in vitro 

model to investigate its involvement in gliadin metabolism and the 

modulation of this process was assayed to prevent gliadin extracellular 

spread. Gliadin peptides have sticky properties and are able to 

spontaneously form aggregates that are endocyted by cells. This 

characteristic is common to other toxic proteins responsible for different 

diseases, such as Alzheimer and Parkinson disease, and autophagy 

impairment plays a crucial role in the pathogenesis of these disorders, thus 

leading to an inability to digest these protein aggregates. Particularly, 

autophagy was modulated through molecular and pharmacological 

approaches to reduce the release of gliadin aggregates outside the cells.  
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3. Materials and Methods 
Subjects 

In this study pediatric patients were enrolled in collaboration with the 

Pediatric Auxology Unit and the Pediatric Surgery Unit of the Fondazione 

IRCCS Policlinico San Matteo over the last two years. This study was 

approved by the Ethical Committee of Fondazione IRCCS Policlinico San 

Matteo and a written informed consent was obtained from the parents of all 

the subjects. 

The cohort of subjects submitted to CD screening was divided into two 

groups, as described in Table 2.  

 

Parameters 
Group 1  

(CD patients) 

Group 2 

(Controls) 

N° 25 33 

Sex 11 M, 14 F 16 M, 17 F 

Age 9.4 ± 4.4 9.4 ± 3.9 

Height SDS 0.5 ± 1.6 -0.31 ± 1.48 

BMI SDS -0.88 ± 1.29 -0.80 ± 1.99 

Positive serological test 

for CD (anti-tTG 

IgA/IgG and/or anti-

EMA IgA) 

25/25 0/33 

Confirmatory biopsy 

for CD 
25/25 0/33 

Table 2: Clinical and serological data of the patients enrolled in the study. Height and body 

mass index (BMI) are indicated as standard deviation scores. 

 

CD patients were enrolled for the concomitant presence of symptoms 

(anemia, short stature, gastrointestinal symptoms given by malabsorption). 

Positive serological tests and histological analysis of the biopsies confirmed 

the CD diagnosis. Control patients were referred to clinicians for other 

reasons not related to CD. Some of them underwent upper gastrointestinal 

endoscopy for other clinical purposes, such as gastroesophageal reflux, 

esophageal varices, gastritis or H.pylori infection. The exclusion criteria 

were dysmorphic syndromes, chromosomal abnormalities and chronic 



 

 

 

 

 

 

 

 

 

 

 

Materials and methods 

 

47 

 

conditions causing growth retardation. A total of 105 specimens were 

collected, specifically 56 peripheral blood samples and 49 intestinal 

biopsies. Blood samples were collected from 33 controls and 23 untreated 

CD patients whereas biopsies were collected from 24 controls and 25 

untreated CD patients, divided into Marsch 3B and 3C pathological grading 

(Oberhuber, 2000). 

 

Sample collection 

 

Peripheral blood (3 ml for each sample) was collected in EDTA tubes 

whereas duodenal specimens (5-10 mm3 for each biopsy) were collected in 

1.5 ml of TRIzol reagent. Both type of tissues were stored at -80°C until 

RNA extraction. 

 

Real-Time PCR expression analysis 

 

Total RNA was extracted from blood and biopsies with TRIzol reagent 

according to the manufactorer’s intructions. Before RNA extraction, 

biopsies were homogenized with TissueRuptor (Qiagen). RNA 

quantification was performed using Quant-it RNA Assay (Invitrogen). 

miRNAs cDNA was obtained using a sequence-specific hairpin-primer and 

amplified using the TaqMan MicroRNA Assays kit (Applied Biosystems). 

ATG7 and BECN1 cDNA were obtained using random hexamers primers 

(Applied Byosystems) as reported in Comincini et al. (2013). Sequence 

specific primers were then used to amplify cDNAs with TaqMan Universal 

Master Mix II, no UNG (Applied Biosystems). Real-Time PCR was 

performed using 5 ng of each cDNA and using the MiniOpticon Real-Time 

PCR System (Biorad) platform. Samples were analyzed in duplicate and 

subjected to 40 amplification cycles of 95°C for 15 min and 60°C for 1 min. 

All data were normalized to the BACT gene and relative quantification with 

2-ΔΔCt method was employed to calculate relative changes in gene expression 

using an internal calibrator (control sample) obtained calculating the mean 

of all the controls (Livak and Schmittgen, 2001). All the relative 

quantification values were checked for the presence of outliers and far-out 

values. The samples with relative quantification values very far by mean 

were analyzed a second time and the outliers were verified as real. As the  
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deletion of outliers is a controversial practice especially for relatively small 

cohorts, all the statistical analyses were performed including also the 

samples with outliers and far-out values. 

 

Statistical analysis 

 

The MedCalc software (https://www.medcalc.org/) was used to perform the 

Mann-Whitney U test, the receiver operating characteristic (ROC) curve 

analysis, the heatmaps and one-way ANOVA. The Orange data mining 

software (http://orange.biolab.si/, University of Ljubljana) was used for the 

nomograms and the classification trees using a Naive Bayes 

learner/classifier and a classification tree learning algorithm. Differences 

were considered statistically significant when P < 0.05. 

 

Cell cultures 

 

Caco-2 cells are a well known in vitro model of CD due to their 

characteristics resemble that of the human small intestinal mucosa. These 

cells were used as the main cell line to study the molecular response to PT-

gliadin while HeLa cells were selected as an outgroup. Caco-2 and HeLa 

cells from American Type Culture Collection (ATCC) were cultured and 

maintained in DMEM (Euroclone) supplemented with (or without in serum 

deprivation experiments) 10% FBS, 100 units/ml penicillin, 0.1 mg/ml 

streptomycin and 1% L-glutamine and kept at 37°C in a 5% CO2/95% air 

atmosphere. Most of the experiments were performed in plates of 6-12-24 

wells adding different amount of cells, depending on each experiment 

requirements. Treatments with rapamycin (Sigma) were conducted at 

different concentration (5-10-20 µM).  

 

PT-gliadin preparation 

 

Gliadin from wheat (Sigma) was digested as described by Gujral et al. 2015 

to a final concentration 1 g/ml. In detail, gliadin was firstly dissolved in 500 

ml 0.2 N HCl for 2 h at 37 °C with 1 g pepsin (Sigma). The resultant peptic 

digest was further digested by addition of 1 g trypsin (Sigma), after pH 

adjusted to 7.4 using 2 N NaOH and the solution was incubated at 37 °C for 

https://www.medcalc.org/
http://orange.biolab.si/
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4 hours with a vigorous agitation. Finally, the mixture was boiled to 

inactivate enzymes for 30 min and stored at -20°C. Ovalbumin (Sigma) at 1 

g/ml was used as an additional external protein for internalization and cell 

toxicity studies. PT-gliadin or ovalbumin were then administered directly to 

the cells.  

For PT-gliadin Alexa Fluor 488 labelling, an initial purification of PT-

gliadin was performed using affinity chromatography-purification G50 

columns (Amersham). The resulted proteins were resuspended in PBS and 

quantified through QubitTM Fluorometer (Invitrogen). The final 

concentration was 1.12 mg/ml. 100 µg of proteins were then labelled with 

Alexa Fluor 488 by Alexa Fluor Microscale labelling kit (Molecular Probes) 

according to manufacturer’s instructions. A same amount of ovalbumin was 

labelled following the same protocol. 

 

Trypan blue exclusion assay 

 

Trypan blue exclusion assay was used to evaluate cell viability after PT-

gliadin administration. 105 cells were seeded in duplicate in 24-well plates 

with the administration of PT-gliadin (500 µg/ml). Cells viability was 

monitored at 24 and 48 hours p.t. Viable cells were counted adding 0.1 ml 

of Trypan blue dye 0.4% (Biorad) to 1 ml of cells in order to distinguish 

dead cells (blue) and live cells. Cells counting was performed with a 

hemacytometer. 

 

Electron miscoscopy observations 

 

Electron microscopy analysis was performed according to Fassina et al. 

2012. HeLa and Caco-2 cells (106) were grown in complete DMEM 

medium supplied with digested gliadin (200 µg/ml) arriving to 2.5 ml as 

final volume. At 24 hours p.t. cells were harvested by centrifugation at 800 

rpm for 3 min and fixed with 2% glutaraldehyde in DMEM, for 2 hours at 

room temperature. Cells where then rinsed overnight in PBS (pH 7.2) and 

then post-fixed in 1% aqueous OsO4 for 2 hours at room temperature. Cells 

were pre-embedded in 2% agarose in water, dehydrated in acetone and 

finally embedded in epoxy resin (Electron Microscopy Sciences, EM-

bed812). Ultrathin sections (50-60 nm) were collected on formvar-carbon- 
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coated nickel grids and stained with uranyl acetate and lead citrate. The 

specimens were observed with a Zeiss EM900 transmission electron 

microscope (TEM) equipped with a 30 µm objective aperture and operating 

at 80 kV. 

 

Immunofluorescence analysis 

 

Immunofluorescence assays were performed according to Sbalchiero et al. 

2008. Primary antibodies anti-gliadin (Abcam) and anti-Limp1 (Santa Cruz) 

were diluted 1:30 and used to trace the gliadin uptake and internalization 

into vesicles. Species-specific Alexa Fluor 488 and Alexa Fluor 633 

secondary conjugated antibodies (1:100) (Invitrogen) were then employed. 

Cells cultured on coverlips were washed three times with PBS and fixed 

with 4% paraformaldehyde-PBS, pH 7.4, for 15 min at room temperature. 

Cells were incubated for 1 hour with primary antibodies diluted in PBS + 

5% non-fat milk powder (w/v). Cells were then washed with PBS and 

incubated for 1 hour with secondary antibodies in PBS + 5% non-fat milk 

powder. Coverlips were then washed three times with PBS and treated with 

ProLong Gold antifade reagent with DAPI (Invitrogen) according to the 

manufacturer’s instructions and finally mounted onto glass slides. 

Fluorescence signals were detected using a fluorescence light inverted 

microscope (Nikon Eclipse TS100, Japan) with a 100x oil immersion 

objective.  

 

Acridine orange staining 

 

Monitoring and visualization of acidic vesicles was performed using an 

acidotropic dye, i.e. acridine orange (ext. 500nm – emis. 525 nm) according 

to Klionsky et al. 2016. Acridine orange was added at the final 

concentration of 1 µg/ml in Caco-2 and HeLa cultures in presence or 

absence of unlabelled gliadin 10 min before its fluorescent visualization. As 

already widely documented, lysosomes emitted in the red range because of 

the protonation of the dye caused by the acidic content of these vesicles. 

Red fluorescent spots are indicative of a higher intravesicular acidic content. 

Autophagosomes and lysosomes can also be distinguish according to their 

shape and size since the formers are more heterogeneous and bigger in 
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dimensions (Paglin et al. 2001; Kanzawa et al. 2003; Wilson et al. 2011; 

Zhao et al. 2016). An inverted fluorescence microscope (Eclipse Nikon 

TS100) was employed for live cells monitoring using 40x magnification. 

 

LC3B-GFP autophagosome analysis 

 

For autophagosome detection, cells were seeded at the density of 5 x 104 

cells/well in 24-multiwell plates. After 24 hours cells were transducted with 

BacMam LC3B-GFP or with BacMam LC3B(G120A)-GFP with a 

multiplicity of infection (MOI) equal to 30, according to Premo Autophagy 

Sensor kit (ThermoFisher). LC3B-GFP signal was monitored at 24 and 48 

hours p.t. using and inverted fluorescence microscope (40 x magnification, 

Eclipse Nikon TS100) as described in Fassina et al. (2012). 

 

Immunoblotting analysis 

 

Cells were cultured in 6-multiwell plates and collected at different interval 

times (2-4-24-48-72 hours). Cells were tripsinized 10 min at 37ºC, 

centrifuged 10 min at 14800 rpm and dried pellets were kept at -80ºC upon 

protein extraction. Cells were lysated in ice-cold RIPA buffer (150 mM 

NaCl, 50 mM Tris-HCl pH8.0, 0.5% sodium deoxycholate, 1% Nonidet 

P40, 0.1% sodium dodecylsulphate) and supplemented with Complete Mini 

protease inhibitor cocktail 7X (Roche). Protein extracts were quantified 

using the Quant-it Protein Assay Kit (Invitrogen). Proteins (30-50 µg) were 

added with Laemmli sample buffer (2% SDS, 6% glycerol, 150 mM β- 

mercaptoethanol, 0.02% bromophenol blue and 62.5 mM TRIS-HCl pH 

6.8), denatured for 5 minutes at 95°C and separated on 12% or 15% SDS-

PAGE according to the protein size. After electrophoresis, proteins were 

transferred onto nitro-cellulose membrane Hybond-C Extra (GE 

Healthcare), using the semi-dry blotter TE70 PWR apparatus (GE 

Healthcare). Membranes were blocked 1 hour with 5% non-fat milk in TBS 

(138 mM NaCl, 20 mM TrisOH pH 7.6) containing 0.1% Tween 20 and 

incubated over-night at 4°C with primary antibodies LC3-II, ATG3, ATG7, 

BECN1 (Cell Signalling) diluted at 1/3000 in 5% non-fat milk in TBS, 

BACT (Cell Signalling) was diluted at 1/10000 in 5% non-fat milk in TBS. 

Species-specific peroxidase-labelled ECL secondary antibodies (Cell  
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Signalling Technology, 1/10000 dilution) were used in 5% non-fat milk in 

TBS (Barbieri et al. 2011). Protein signals were revealed using the ECL 

Advance Western Blotting Detection Kit (GE Healthcare) by means of 

Chemidoc (BIORAD) instrument. Protein expression was quantified by 

densitometric analysis with ImageJ software (http://rsbweb.nih.gov/ij/) 

according to the guidelines. 

 

Fluorimetric analysis 

 

For gliadin secretion assays, medium of cells treated with Alexa-Fluor 488 

labelled PT-gliadin was collected and quantified in its fuorescent emission 

spectrum by QubitTM Fluorometer (Invitrogen) at different times after PT-

gliadin administration. Since Alexa Fluor 488 emission/excitation spectra 

(ext. 492nm – emis. 517 nm) is nearly overlapping with that specific for 

QubitTM DNA HS analysis (ext. 485nm – emis. 530 nm), fluorimetric 

variations were measured employing Qubit instrument as an effective and 

specific fluorimeter. The presence of gliadin-488 in the medium following 

different in vitro modulation of the autophagy process was evaluated. 

Specifically, cells were seeded at the density of 2 x 104 cells/well in 24-

multiwell plates and incubated for 24 hours with PT-gliadin labelled with 

Alexa Fluor 488. Cells were wash once with PBS and the medium was 

replaced with complete DMEM FBS 10% or with starved DMEM 0% FBS. 

After additional 24 and 48 hours, medium was collected and assayed in 

fluorescent content by QubitTM.  

 

Cell transfection 

 

To down-regulate BECN1 expression, Caco-2 cells were transiently 

transfected with Lipofectamine® RNAiMAX (Invitrogen) reagent coupled 

with a pool of validated siBECN1 (si16537, si16538 and si16539) sequences 

at the final concentration of 2.5 µM. Transfection was performed with 0.5 µl 

of Lipofectamine for each well. 24 hours after transfection, PT-gliadin was 

added to the transfected and control cells and silencing was monitored 

through BECN1 immunoblotting at 48 and 72 hours p.t.  
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4. Results  

The results reported in this PhD Thesis are organized into two parts: the 

former (Part A) related to the identification of markers for CD diagnosis, the 

latter (Part B) to the establishment of an in vitro cell model to evaluate the 

contribution of the autophagy process to counteract some cytotoxic features 

of the gliadin peptides. 

Part A 

Identification of autophagy genes/miRNAs associated with celiac 

disease 

 

To identify novel molecular markers useful to increase sensitivity and 

specificity in pediatric CD patients’ diagnosis, the expression levels of key 

autophagy genes and their regulatory miRNAs were analyzed. Specifically, 

BECN1 and miR-30a (Zhu et al. 2009), ATG7 and miR-17 (Comincini et al. 

2013) were investigated. To this purpose, relatively quantitative Real-Time 

PCR was performed on blood and intestinal biopsies derived from 

exploratory cohorts of pediatric CD patients with active disease compared 

with controls, as described in Materials and Methods. In Figure 13 are 

reported the notched box-and-whisker plots of the expression levels of the 

analyzed genes/miRNAs in both tissues. Among the investigated targets, 

miR-17 showed the greatest variability in the blood of both CD patients and 

controls (Panels A and B). Moreover, the lowest variability was observed 

for ATG7 in the blood of controls and BECN1 in the blood of CD patients. 

As reported in Panels C and D, ATG7 showed the highest variability 

compared with BECN1, whose variability is low.  
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Figure 13: Notched box-and-whisker plots of the expression values obtained by Real-Time 

PCR from the blood of CD patients (A) and controls (B). The values obtained from the 

biopsies of CD patients (C) and controls (D) are reported below. In Y axis are reported the 

obtained relative expression values. Outliers (circles) and far-out values (squares) are 

indicated. 
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To assess the presence of statistically significant differences in 

genes/miRNAs expression levels between CD patients and controls, the 

non-parametric Mann-Whitney U test was performed. Differences were 

considered statistically significant when P-value < 0.05. The results are 

reported in Table 3.  

 

Tissue Gene/miRNA Z-score P-value 

Peripheral blood 

ATG7 2.13 0.2585 

BECN1 2.34 0.0189* 

miR-17 1.13 0.2557 

miR-30a 1.51 1.1310 

Intestinal biopsy 

ATG7 2.41 0.0159* 

BECN1 2.48 0.0129* 

miR-17 2.09 0.0365* 

miR-30a 2.16 0.0302* 
Table 3: P-values and Z-scores obtained adopting the Mann-Whitney U test. The asterisks 

indicate statistical significant results (P-value < 0.05). 

 

In blood, only BECN1 showed statistically significant differences between 

the two analyzed groups (P-value = 0.0189). Conversely, in intestinal 

biopsies all the investigated targets showed statistically significant 

differences between CD and control subjects. 

 

Bioinformatics performance of the investigated targets as potential CD 

biomarkers 

 

To further assess the diagnostic capability of the investigated autophagy-

related genes/miRNAs to distinguish CD vs control subjects, the receiver 

operating characteristics (ROC) curve analysis was performed (Table 4). In 

blood, BECN1 ROC curve revealed a fair diagnostic property, with area 

under the ROC curve (AUC) value of 0.683 (P = 0.012). The sensitivity and 

specificity values associated to this curve were 65.22 and 74.29%, 

respectively. In intestinal biopsies, similar levels within a fair-range of 

sensitivity and specificity were reported for ATG7, BECN1, miR-17 and 

miR-30a. 
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Tissue Gene/miRNA AUC 
C.I. 

95% 
P-value Sensitivity Specificity 

Peripheral 

blood 

ATG7 0.603 
0.46-

0.73 
0.1723 78.26 47.06 

BECN1 0.683 
0.54-

0.79 
0.012* 65.22 74.29 

miR-17 0.605 
0.46-

0.73 
0.1822 34.78 97.06 

miR-30a 0.632 
0.49-

0.75 
0.0754 56.52 67.65 

Intestinal 

biopsy 

ATG7 0.697 
0.55-

0.81 
0.007* 64.00 69.23 

BECN1 0.703 
0.55-

0.82 
0.0068* 88.00 57.69 

miR-17 0.671 
0.52-

0.79 
0.0274* 56.00 84.62 

miR-30a 0.677 
0.53-

0.80 
0.0238* 72.00 69.23 

Table 4: Receiver operating characteristic (ROC) curve analysis. Confidential intervals 

(95%), sensitivity and specificity percentage values are reported. The asterisks indicate 

statistical significant results (P-value < 0.05). 

 

Classification of CD patients and controls through the expression levels 

of the autophagy-related markers  

 

To determine whether the investigated genes/miRNAs were able to 

effectively distinguish CD/control subjects and to eventually stratify CD 

patients, a supervised multivariate analysis was conducted. Initially, a 

classification tree was created on the expression values detected in the blood 

of CD patients and controls. As reported in Figure 14, two branches 

containing 12 subgroups were obtained, as indicated by capital letters (A-

N). The algorithm mainly considered miR-17 and BECN1 relative 

expression cut-off values to create apical classification subgroups. In 

particular, D, F and M subgroups homogeneously classified 16/23 CD 

patients (69.56%) whereas subgroups G and I were mainly composed of CD 

patients. Particularly, G was composed of three CD patients and one control, 

while two CD patients and one control belonged to subgroup I. Similarly, 

subgroups A, B, H and L homogenously classified 28/33 controls (84.84%), 
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whereas C was composed mostly of controls. Specifically, C was composed 

of two controls and one CD patient. Lastly, the subgroup N included one 

CD patient and one control.  



 

 

 

 

 

 

 

 

 

 

 

Results 

 

59 

 

 

Figure 14: Classification tree obtained using the expression levels of analyzed genes and miRNAs in blood. CD patients are indicated in blue, 

controls in red. Resulting classes are highlighted by capital letters.  
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A classification tree was also created for samples derived from intestinal 

biopsies. As reported in Figure 15, 11 subgroups were obtained, again 

indicated by the capital letters. Five of them (i.e. B, E, G, H and L) 

homogeneously classified 22/25 CD patients (88%). Similarly, A, D and M 

grouped 19/24 controls (79.16%), whereas the subgroups F and I were 

composed of two controls and one CD patient. As reported, the expression 

levels of all the analyzed genes/miRNAs were employed to build the 

classification tree. Next, an unsupervised analysis was conducted employing 

relative gene expression data to correctly classify CD and control subjects. 

In particular, the classification tree algorithm, which is an example of 

greedy algorithm  that follows the problem solving heuristic of making the 

locally optimal choice at each stage (Quinlan, 1986), was assayed to 

calculate the probability of each subject to be correctly classified in 

accordance with the initial diagnosis. Using the expression levels of the 

genes/miRNAs detected in the blood only four subjects (i.e. 10, 29, 36 and 

56) were misclassified, as reported in Table 5. In the case of biopsies, only 

three subjects were misclassified (i.e. 7, 15 and 49), as indicated in Table 6. 

https://en.wikipedia.org/wiki/Problem_solving
https://en.wikipedia.org/wiki/Heuristic_(computer_science)
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Figure 15: Classification tree obtained using the expression levels of analyzed genes and miRNAs in biopsies. CD patients are indicated in 

blue, controls in red. Resulting classes are highlighted by capital letters. 
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Unsupervised analysis for blood samples  

Subject Diagnosis CD vs control 

probability 

Classification 

1 Celiac disease 1.00 : 0.00 Celiac disease 

2 Celiac disease 0.50 : 0.50 Celiac disease 

3 Celiac disease 0.67 : 0.33 Celiac disease 

4 Celiac disease 1.00 : 0.00 Celiac disease 

5 Celiac disease 1.00 : 0.00 Celiac disease 

6 Celiac disease 1.00 : 0.00 Celiac disease 

7 Celiac disease 0.75 : 0.25 Celiac disease 

8 Celiac disease 1.00 : 0.00 Celiac disease 

9 Celiac disease 1.00 : 0.00 Celiac disease 

10 Celiac disease 0.33 : 0.67 Control * 

11 Celiac disease 0.67 : 0.33 Celiac disease 

12 Celiac disease 1.00 : 0.00 Celiac disease 

13 Celiac disease 1.00 : 0.00 Celiac disease 

14 Celiac disease 1.00 : 0.00 Celiac disease 

15 Celiac disease 1.00 : 0.00 Celiac disease 

16 Celiac disease 0.75 : 0.25 Celiac disease 

17 Celiac disease 1.00 : 0.00 Celiac disease 

18 Celiac disease 1.00 : 0.00 Celiac disease 

19 Celiac disease 0.75 : 0.25 Celiac disease 

20 Celiac disease 1.00 : 0.00 Celiac disease 

21 Celiac disease 1.00 : 0.00 Celiac disease 

22 Celiac disease 1.00 : 0.00 Celiac disease 

23 Celiac disease 1.00 : 0.00 Celiac disease 

24 Control 0.00 : 1.00 Control 

25 Control 0.00 : 1.00 Control 

26 Control 0.00 : 1.00 Control 

27 Control 0.00 : 1.00 Control 

28 Control 0.00 : 1.00 Control 

29 Control 0.50 : 0.50 Celiac disease * 

30 Control 0.00 : 1.00 Control 

31 Control 0.00 : 1.00 Control 

32 Control 0.00 : 1.00 Control 
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33 Control 0.00 : 1.00 Control 

34 Control 0.00 : 1.00 Control 

35 Control 0.00 : 1.00 Control 

36 Control 0.67 : 0.33 Celiac disease * 

37 Control 0.00 : 1.00 Control 

38 Control 0.00 : 1.00 Control 

39 Control 0.00 : 1.00 Control 

40 Control 0.00 : 1.00 Control 

41 Control 0.33 : 0.67 Control 

42 Control 0.00 : 1.00 Control 

43 Control 0.33 : 0.67 Control 

44 Control 0.00 : 1.00 Control 

45 Control 0.00 : 1.00 Control 

46 Control 0.00 : 1.00 Control 

47 Control 0.00 : 1.00 Control 

48 Control 0.00 : 1.00 Control 

49 Control 0.00 : 1.00 Control 

50 Control 0.00 : 1.00 Control 

51 Control 0.00 : 1.00 Control 

52 Control 0.00 : 1.00 Control 

53 Control 0.00 : 1.00 Control 

54 Control 0.00 : 1.00 Control 

55 Control 0.00 : 1.00 Control 

56 Control 0.75 : 0.25 Celiac disease * 
Table 5: Unsupervised analysis using of the subjects using the expression values of 

genes/miRNAs in the blood. CD vs control probability was calculated (second column) in 

order to compare the obtained classification with the diagnosis. Asterisks highlighted 

misclassified subjects. 

 

Unsupervised analysis for intestinal biopsies  

Subject Diagnosis CD vs control 

probability 

Classification 

1 Celiac disease 1.00 : 0.00 Celiac disease 

2 Celiac disease 1.00 : 0.00 Celiac disease 

3 Celiac disease 1.00 : 0.00 Celiac disease 
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4 Celiac disease 1.00 : 0.00 Celiac disease 

5 Celiac disease 1.00 : 0.00 Celiac disease 

6 Celiac disease 1.00 : 0.00 Celiac disease 

7 Celiac disease 0.33 : 0.67 Control *  

8 Celiac disease 1.00 : 0.00 Celiac disease 

9 Celiac disease 1.00 : 0.00 Celiac disease 

10 Celiac disease 1.00 : 0.00 Celiac disease 

11 Celiac disease 1.00 : 0.00 Celiac disease 

12 Celiac disease 1.00 : 0.00 Celiac disease 

13 Celiac disease 1.00 : 0.00 Celiac disease 

14 Celiac disease 1.00 : 0.00 Celiac disease 

15 Celiac disease 0.33 : 0.67 Control *  

16 Celiac disease 1.00 : 0.00 Celiac disease 

17 Celiac disease 1.00 : 0.00 Celiac disease 

18 Celiac disease 1.00 : 0.00 Celiac disease 

19 Celiac disease 1.00 : 0.00 Celiac disease 

20 Celiac disease 1.00 : 0.00 Celiac disease 

21 Celiac disease 0.50 : 0.50 Celiac disease 

22 Celiac disease 1.00 : 0.00 Celiac disease 

23 Celiac disease 1.00 : 0.00 Celiac disease 

24 Celiac disease 1.00 : 0.00 Celiac disease 

25 Celiac disease 1.00 : 0.00 Celiac disease 

26 Control 0.00 : 1.00 Control 

27 Control 0.00 : 1.00 Control 

28 Control 0.00 : 1.00 Control 

29 Control 0.00 : 1.00 Control 

30 Control 0.00 : 1.00 Control 

31 Control 0.00 : 1.00 Control 

32 Control 0.33 : 0.67 Control 

33 Control 0.00 : 1.00 Control 

34 Control 0.00 : 1.00 Control 

35 Control 0.33 : 0.67 Control 

36 Control 0.00 : 1.00 Control 

37 Control 0.00 : 1.00 Control 

38 Control 0.00 : 1.00 Control 
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39 Control 0.00 : 1.00 Control 

40 Control 0.00 : 1.00 Control 

41 Control 0.00 : 1.00 Control 

42 Control 0.00 : 1.00 Control 

43 Control 0.00 : 1.00 Control 

44 Control 0.00 : 1.00 Control 

45 Control 0.33 : 0.67 Control 

46 Control 0.00 : 1.00 Control 

47 Control 0.33 : 0.67 Control 

48 Control 0.00 : 1.00 Control 

49 Control 0.50 : 0.50 Celiac disease *  
Table 6: Unsupervised analysis of the subjects using the expression values of 

genes/miRNAs in the intestinal biopsies. CD vs control probability was calculated (second 

column) in order to compare the obtained classification with the diagnosis. Asterisks 

highlighted misclassified subjects. 

 

Nomograms analysis 

 

To determine the relative contribution of each genes/miRNAs in 

determining the CD diagnostic performance, a Naive Bayesian nomogram 

analysis was performed (Partin et al. 1993). Relative expression 

genes/miRNAs values and probability to identify CD vs controls were 

compared. The expression profiles of the investigated targets were 

represented in order of their relative positive influence in determining an 

increased probability of CD identification, specifically set on P = 0.8. In 

blood samples, as reported in Figure 16, gene expression trends were nearly 

monotonic. An increase in the expression levels of one or more of these 

markers was therefore nearly proportional to the increase in probability of a 

correct CD identification.  
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Figure 16: Nomogram (lower graph) created considering the relative expression values of 

the analyzed genes/miRNAs in the peripheral blood specimens (upper). The red line 

evidences the portion of the curves (on the right side of each) that confers a high 

probability (P > 0.8), in correspondence of the identified relative expression values, to 

correctly classify a celiac condition. 

 

As shown in Figure 17, in biopsies, ATG7 showed an opposite trend 

compared to blood, it was nearly monotonic, with however the important 

exception of the portion under the curve relative to established CD 

probability threshold (P = 0.8). BECN1 displayed a relatively complex 

expression trend, similar in its linearity and its decreasing profile to ATG7. 

The portion of the curve that determine a high celiac diagnostic probability 

was linear compared with ATG7. Differently, miRNAs exhibited very 

complex curves, with higher scores (log odds ratio) in correspondence of 

low expression values, suggestive of decreasing expression levels associated 

with higher probability of CD. 
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Figure 17: Nomogram (lower graph) created considering the relative expression values of 

the analyzed genes/miRNAs in the intestinal biopsies (upper). The red line evidences the 

portion of the curves (on the right side of each) that conferes a high probability (P > 0.8), in 

correspondence of these identified relative expression values, to correctly classify a celiac 

condition. 

 

BECN1 showed opposite expression trends in the two investigated 

tissues in CD patients and controls 

 

To better discriminate the presence of significant down or up-regulation of 

the investigated autophagy related markers between CD patients and 

controls, heatmaps were created taking into account 43 samples of which 

both blood and biopsies specimens were collected; these were clinically 

subdivided into 22 CD patients and 21 controls. As illustrated in Figure 18, 
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an opposite trend of BECN1 expression in both tissues was found. 

Specifically, over-expression of BECN1 was predominantly detected in the 

blood of CD patients compared with controls while biopsies showed an 

opposite trend. 

 

 

Figure 18: Heatmaps of the expression of investigated genes and miRNAs. CD diagnosis is 

indicated with 1, controls with 0. Down-regulation is highlighted in green while up-

regulation in red. Cut-off value = 1. The letter L indicates the blood tissue (L = leukocytes) 

whereas B indicates intestinal biopsies (B = biopsy). 
 

These evidence were further highlighted in Figure 19 graphs. Histograms 

were then created to deeply analyze these differences (Figure 20). BECN1 

resulted over-expressed in the blood of 20% of controls versus 63.63% of 

CD patients. An opposite situation was observed at the level of the intestine, 

in which BECN1 was significantly over-expressed in controls (55%) 

compared with CD patients (9.09%) (P < 0.001, ANOVA two-ways). The 

same analyses were performed on the other investigated targets without 

statistically significant results (data not shown). 
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Figure 19: BECN1 expression trends in blood and biopsies of CD patients compared with 

controls. On the Y axis, 1 indicate the basal level of expression, 2 the over-expression and 0 

the down-regulation. On X axis, the labels of the analyzed samples. 
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Figure 20: Histograms reporting the percentage of subjects with BECN1 over-expression in 

both tissues taking into account their diagnosis. The asterisks indicated statistically 

significant differences (P < 0.001, two-ways ANOVA). 
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Part B 

 
Gliadin affects viability and is internalized into growing cells 

 

To investigate the morphological and functional effects of gliadin to 

epithelial cells, human colon carcinoma cell line Caco-2 was assayed in 

viability and in morphological changes. HeLa cells were adopted as an 

outgroup control. As a preliminary experiment, cells were cultured in 

complete DMEM and treated with PT-gliadin at different concentration (0.5 

– 1 mg/ml) and their viability was assayed by Trypan blue exclusion test 

after 24 and 48 hours p.t. (Figure 21). Both cell lines exhibited a significant 

reduction in viability (P < 0.001, ANOVA One-way), mainly induced at the 

first assayed interval of time (i.e. 24 hours p.t.). 
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Figure 21: Viability of Caco-2 and HeLa cells treated with PT-gliadin (500 µg/ml)) 

compared with non treated (NT) negative controls. Viability was measured with trypan blue 

exclusion test. One-way ANOVA was used to determine the statistical differences between 

the observed values of vital cells (P < 0.001). 

 

The effects of gliadin in living cells were also monitored through optical 

microscope evaluations at different time intervals (24-48-72 hours p.t.). As 

exemplified in Figure 22, at 24 hours p.t., PT-gliadin spontaneously formed 

large extracellular aggregates that can be visualized even at lower 

magnifications. These aggregates were also visible in proximity or 

associated with plasma membranes and within large intracellular vesicles. 

Importantly, the number and shape of vesicles were significantly reduced in 

untreated cells. 
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Figure 22: Caco-2 and HeLa cells treated with PT-gliadin and visualized at 24 hours p.t. 

On the left of the panel visualization was performed at 10X of magnification whereas on 

the right at 40X. Asterisks indicate extracellular gliadin aggregates, while arrows show 

vesicles containing exogenous material. 
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To deeply investigate and better characterized the content of the vesicles, 

electron microscopy observations were conducted on HeLa treated with 

gliadin. As shown in Figure 23 two different types of vesicles, likely 

autophagosomes, were evidenced. One containing gliadin-like aggregates, 

the other showing partially digested materials or without appreciable 

contents.  

 

Figure 23: TEM observation at 2000X magnification. PT-gliadin (200 µg/ml) was 

administered to HeLa cells in suspension at 37ºC for 30 min before plating. Cells were 

fixated 24 hours after and visualized. The black arrow and the asterisk indicate, 

respectively, an autophagosome with a gliadin-like aggregate and the fusion with a 

lysosome. The letter A indicates an autophagosome with digested materials. 

 

To monitor the kinetic of gliadin cellular uptake, immunofluorescence 

experiments were performed on fixed Caco-2 and HeLa using anti-gliadin 

and secondary conjugated Alexa-488 antibodies. After 30 minutes of gliadin 

administration, fluorescent signals were localized in correspondence of 

plasma membranes, while after 4 hours p.t. intracellular signals were 

detected (Figure 24, Panel A). The possible involvement of the vesicles 

containing PT-gliadin in a degradative pathway was subsequently 

investigated. The recruitment of lysosomes was studied through the use of a 

primary antibody against Limp2, a lysosomal integral membrane protein. As 

shown in Figure 24, panel B, anti-Limp2 signal roughly co-localized with 

the anti-gliadin ones, showing also a relatively high accumulation of 
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lysosomes in correspondence to the internalized PT-gliadin content. 

A 

 
B 

 
Figure 24: Caco-2 and HeLa cells were grown on sterilized glasses in 3 ml plates and 

treated with gliadin (500 µg/ml). Fixation was performed at 30 min, 4 and 24 hours p.t. 

Observations were done using inverted microscope Eclipse Nikon TS100, 100X oil 

immersion objective. PT-gliadin was revealed by 488-Alexa-Fluor488 (A), or Alexa-

Fluor633 (B) and nuclei by DAPI. 
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The vesicles containing PT-gliadin are addressed to a degradative 

pathway involving autophagy 

 

As reported, autophagy converges with endocytosis since autophagosomes 

may fuse with vesicles involved in the endocytic pathway (Gordon et al. 

1992; Liou et al. 1997). Considering the internalization of PT-gliadin 

through the endocytic pathway and the increase in the number of lysosomes 

and their substantial recruitment in the same cytoplasmatic area, acridine 

orange (AO) fluorescent dye was used to detect autophagosomes, that can 

be distinguished from lysosomes according to their shape and size. 

Specifically, cells were incubated with PT-gliadin (0.5 mg/ml) and, at the 

end of the scheduled time interval, stained with AO (1 µg/ml) and compared 

with untreated ones at different times. As shown in Figure 25 A and B, 

Caco-2 treated with PT-gliadin, similarly with HeLa, showed an increase in 

the number of red spots already at 4 hours p.t. in the initial phases of cells 

attachment, suggesting a fast uptake of the peptides from the medium. 

Following the investigated time intervals, Caco-2 cells markedly showed  an 

increase in acidic red/yellow-spectrum emitting large vesicles: as widely 

documented (Klionsky et al. 2016), the shape and the red-yellow 

appearance, due to intra-vesicular pH acidic variation, were indicative of  

autophagosomes. These vesicles were also surrounded by smaller red 

vesicles, likely lysosomes, suggesting an activation of a degradative 

autophagic process. 
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Figure 25 A: Caco-2 cells were treated with gliadin (500 µg/ml) or without (NT). Before 

visualization (15 minutes), acridine orange (1 µg/ml) were added in each condition. 

Observations were done using inverted microscope Eclipse Nikon TS100, 40X 

magnification. White arrows pointed large acidic vesicles that, according to their shape 

and emission spectra, were likely autophagosomes. Asterisks indicated recruitment of 

lysosomes. 
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Figure 25 B: HeLa cells were treated with gliadin (500 µg/ml) or without (NT). Before 

visualization (15 minutes), acridine orange (1 µg/ml) were added in each condition. 

Observations were done using inverted microscope Eclipse Nikon TS100, 40X 

magnification. White arrows pointed large acidic vesicles that, according to their shape and 

emission spectra, were likely autophagosomes. Asterisks indicated recruitment of 

lysosomes. 
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Alltogether, a significant lysosomes recruitment and an increase in size and 

number of autophagosome-like vesicles, mostly in Caco-2 cells, suggested 

the activation of the autophagy process by PT-gliadin administration. 

Therefore, an immunoblotting analysis of the expression of key autophagy 

proteins (i.e. LC3, ATG7, Beclin1 and ATG3) was performed (Figure 26). 

As quantified by BACT normalized densitometric analysis (Figure 27), 

Caco-2 and HeLa cells displayed a different ATGs expression profile 

following PT-gliadin administration: notably, in Caco-2, a general increase 

of LC3-II, Beclin1, ATG7 and ATG3 expression was reported, compared to 

untreated cells. Differently, HeLa exhibited a marked downregulation of 

ATG proteins. 

 

 
Figure 26: ATGs immunoblotting analysis in Caco-2 and HeLa cells after PT-gliadin 

administration. Molecular weights (MW) expressed in kDa are reported. 
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Figure 27: Densitometric analysis of ATGs expression in Caco-2 and HeLa cells after PT-

gliadin administration. Experiments were performed in triplicates and normalized using 

BACT and finally referred to untreated (t0) cells. Bars indicate SD. Asterisks indicate 

statistical significant differences (ANOVA, One-way, p<0,0001). 
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To verify the specificity of PT-gliadin in activation of the autophagy 

process, cells were assayed with equal amount of a different exogenous 

protein like egg-ovalbumin (OVA). Primarily, PT-gliadin and OVA proteins 

were covalently labelled with the green-fluorescent dye Alexa Fluor 488 

(thus producing GLIA-488 and OVA-488), in order to better monitor their 

internalization in Caco-2 and HeLa living cells. Purified unlabelled or 

labelled proteins were then visualized after electrophoresis (Figure 28, left 

and central panels). GLIA-488 exhibited a heterodispersed pattern ranging 

from 20-40 kDa, similar to the unlabelled PT-gliadin, while OVA-488 had 

the expected 40 kDa molecular weight. Noticeably, only GLIA-488 was 

visible when administered in growing cells, due to its tendency to form 

large aggregates (Figure 28, right panel) 

 

 

Figure 28: On the left, immunoblotting assay showing PT-gliadin fragments after peptic-

tryptic digestion. In the middle, SDS-PAGE showing labelled GLIA-488 and OVA-488. 

On the right, GLIA-488 aggregates in DMEM growing conditions. 
 

Then, GLIA-488 was administered (10 µg/ml) to growing cells to directly 

estimate internalization and intracellular degradation processes (Figure 29). 

Immediately before the end of the scheduled at 24 hours p.t., cells were 

washed twice with PBS and the medium (containing extracellular GLIA-

488) was replaced with a fresh one. Following next fluorescent microscope 

visualization, cells exhibited a similar degree of internalization of GLIA-

488 aggregates in correspondence of large vesicles. In the next time 

intervals, Caco-2 released fluorescent protein aggregates in the medium, 

while HeLa stored longer the fluorescence proteins within long-term 
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vesicles, over 72 hours p.t. Importantly, according to microscope 

evaluations, the release of GLIA-488 into the medium was not due to whole 

cellular degradation processes produced by membrane rupture events, rather 

by exocytic pathways. 
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Figure 29: Caco-2 and HeLa cells incubated with GLIA-488. Observations were done at 

different times using inverted microscope Eclipse Nikon TS100, 40X magnification. 
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Differently, OVA-488 at the same concentration (10 µg/ml) was not detectable by 

inverted fluorescent microscope. Similarly to the previous experiments, this 

labelled protein did not alter cellular morphology and viability (data not shown). 

 

 

Figure 30: Caco-2 and HeLa incubated with OVA-488 and observed with the fluorescent 

inverted microscope Eclipse Nikon TS100, 40X magnification. 

 

Autophagy activation was then investigated in cells treated with OVA 

evaluating LC3-II/BACT ratio at different time intervals (Figure 31). Of 

note, differently from PT-gliadin administration, cells showed a nearly 

constitutive expression of LC3-II (Figure 32). 

 

 

Figure 31: Immunoblotting assays on Caco-2 and HeLa cells treated with OVA-488 of 

LC3-II; -actin (BACT) was used as housekeeping protein. Molecular weights (MW) in 

kDa are reported. 
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Figure 32: LC3-II densitometric analysis, normalized to BACT are referred to untreated 

(t0) cells. Experiments were performed in triplicates. Bars indicate SD. 

 

Serum deprivation induces autophagy activation increasing PT-gliadin 

degradation  
 

According to the above reported results, cells gave rise to different response 

to PT-gliadin administration; Caco-2 increased acidic vesicles synthesis, 

reasonably autophagosomes, along with a significant lysosomes recruitment 

and polarization within the cell. However, after the longest incubation 

interval assayed, i.e. 72 hours p.t., PT-gliadin was partly released in the 

medium, forming aggregates, thus suggesting an incomplete degradative 

autophagic process. Differently, HeLa cells internalized gliadin into large 

vesicles, without an apparent activation of the catabolic process. It was 

reported that serum starvation can activate autophagy in cultured 

mammalian cells (Mizushima and Komatsu, 2011). To evaluate if serum 

starvation activated autophagy, autophagosomes induction was monitored in 

living cells by transduction with a baculovirus expressing LC3B-GFP, 

known to be localized in correspondence of nascent membranes of the 

autophagosomes. As reported in Figure 33, serum deprivation produced, 24 

hours post transduction, large intracellular vesicles, whose membrane layers 

were fluorescent to GFP; also, thick and rought particles were visible within 

the lumen, strongly suggesting these vesicles as active autophagosomes. 

Noticeably, Caco-2 cells seemed to well tolerate even for longer periods 

(i.e. 24-48 hours) the absence of serum as compared with other human 

cancer cell lines, more sensitive to FBS (Comincini, personal 
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communication). 

 

Figure 33: Visualization of autophagosomes in Caco-2 cells treated with PT-gliadin and 

transfected with baculovirus 24 hours p.t. The optical microscope observation were 

performed using Eclipse Nikon TS100. 

 

To further confirm the autophagy activation through the serum deprivation 

protocol, Caco-2 cells, challenged with or without FBS, were incubated 

with AO dye. Again, AO fluorescence properties were adopted to visualize 

acidic vesicles in the cytoplasm. As exemplified in Figure 34, according to 

microscope evaluations, the absence of FBS from the medium for 48 hours 

did not alter significantly the morphology of the cells that maintained their 

attachment to the growing support (lower panels). Particularly, lower 

fluorescent microscopic panels highlighted a clear increase in number and 

shape of red acidic vesicles within FBS 0% cells, surrounded by lysosomes. 

Intravesicular acidic pH differences (color shift from red to yellow) was 

scored. 
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Figure 34: Visualization through acridine orange (AO) staining of acidic vesicles in Caco-

2 cells treated with PT-gliadin (500 g/ml) in DMEM with or without 10% FBS. AO (1 

µg/ml) was added after 48 hours p.t. immediately before the microscope visualization 

(Eclipse Nikon TS100). 
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An immunoblotting analysis was then used to further confirm the above 

mentioned data and to directly assay autophagy activation after PT-gliadin 

administration along with serum deprivation. In particular, autophagy 

activation was again measured through the BACT normalized levels of 

LC3-II whereas lysosomes amount indirectly through the expression of 

Lamp-1 (Lysosomial-associated membrane protein-1). As illustrated in 

Figures 35 and 36, serum deprivation resulted in a direct increase in the 

amount of LC3-II and Lamp1 proteins, compared to untreated cells. 

Specifically, LC3-II expression levels increased with a peak at 24 hours post 

starvation treatment whereas the Lamp-1 showed its highest expression at 

48 hours p.t. Furthermore, LC3-II and Lamp-1 levels exhibited a decrease 

after the peak reached at their respective times, but the proteins expression 

remained higher compared with non-starved cells at t0. 

 

 

Figure 35: LC3 and Lamp-1 immunoblotting analysis of Caco-2 cells treated with PT-

gliadin (500 g/ml) and following different time intervals of serum deprivation starvation. 

Molecular weights (MW) of the proteins are reported in kDa. 
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Figure 36: Densitometric analysis of LC3-II and Lamp-1 normalized expression in Caco-2 

cells under serum deprivation in presence of PT-gliadin. Experiments were performed in 

triplicates. Bars indicate SD. Asterisks indicate statistical significant differences (ANOVA, 

One-way, P<0,0001). 

 

Serum deprivation decreases PT-gliadin secretion and conferes a 

proliferative advantage 

 

To deeply investigate the cellular response to PT-gliadin in serum 

deprivation conditions, Caco-2 cells were treated with GLIA-488 in normal 

medium (NT) and in a starved one (0% FBS) and then monitored for 48 

hours. Internalization and secretion of GLIA-488 was studied through 

fluorimetric analyses of the respective media at 48 hours and 72 p.t. As 

shown in Figure 37, cells internalized GLIA-488. Differently, at 48 hours 

p.t. medium from cells with FBS 10% showed higher amount of fluorescent 

aggregates. Media from cells cultivated with or without FBS were then 

collected and fluorescence amount was assayed by fluorimetric analysis, as 

described in the Methods. As reported in right panel of Figure 37, serum 

deprivation resulted in a significant decrease (p<0,001, ANOVA One-Way) 

of extracellular release of GLIA-488. Finally, in both cultures the medium 

was replaced with a normal one to study the viability recovery of the cells. 

Observations were performed 24 hours later (72 hours post starvation 

treatment) at optical microscope. Starved cells exhibited the typical Caco-2 

morphology and were able to form the colonies, whereas non-starved cells 

showed severe and irreversible morphological alteration and cellular debris 

due to the toxic effect exerted by PT-gliadin (Figure 38). 
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Figure 37: PT-gliadin (GLIA-488) secretion analyses. On the left, microscope (Eclipse 

Nikon TS100) observation at 40X of Caco-2 cells treated with GLIA-488 (10 g/ml) in 

DMEM with or without 10% FBS. On the right, results of the fluorimetric analysis on the 

collected medium at 48 hours p.t. The measurements (triplicates) were performed using 

QubitTM Fluorometer. Fluorescence, in arbitrary units, is reported in the ordinate. SD and 

Anova-one way significance (P<0,001) are reported. 
 

 

Figure 38: Proliferative monitoring (10X magnification) of Caco-2 cells 72 hours after 

starvation treatment and 24 hours after medium refreshment. On the left, Caco-2 previously 

grown in normal DMEM whereas Caco-2 treated with serum starvation deprivation are 

reported on the right.  
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Serum deprivation increases PT-gliadin degradation decreasing its 

extracellular secretion 

 

To directly demonstrate that the scored decrease in PT-gliadin secretion was 

due to an increased intracellular degradation process, Caco-2 cells were 

incubated as before with GLIA-488 and grown in normal medium (NT, FBS 

10%) or in a 0% FBS medium. As before, media after 24 and 48 hours p.t. 

were subjected to fluorimetric analysis (Figure 39, left panel): as a result, a 

significant reduction of extracellular fluorescence was observed, mostly 

following a serum deprivation for 48 hours. Subsequently, cells were 

recovered and their total proteins were extracted, quantified and 

electrophoresed. As a result, the amount of GLIA-488 markedly decreased 

following the time of serum deprivation (Figure 39, right panel). 

 

 

 

Figure 39: PT-gliadin (GLIA-488) degradation assay. On the left, fluorimetric analysis on 

the collected media at different times by QubitTM Fluorometer. On the right, SDS-PAGE 

of total isolated proteins showing GLIA-488 fluorescence. Molecular weights (kDa) are 

reported. Fluorescence, in arbitrary units, is reported in the ordinate. 
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Modulation of autophagy through rapamycin is not effective and leads 

to cellular toxicity 

 

As widely reported, Caco-2 cells are a well characterized intestinal in vitro 

model used for permeability assays of drugs and chemical compounds 

(Hubatsch et al. 2007). Therefore, pharmacological modulation of 

autophagy was performed. Firstly, Caco-2 cells were assayed in inducing 

autophagosomes with different rapamycin concentrations (i.e 5, 10 and 20 

M), a well known mTOR inhibitor, capable of promoting autophagy (Noda 

and Ohsumi, 1998).  After 24 hours p.t., acidic autophagosomes were scored 

similarly for the different concentrations employed, after AO incubation and 

fluorescent analysis as previously reported (Figure 40). 

 

 
Figure 40: Induction of autophagy in Caco-2 cells using different concentration of 

rapamycin (5, 10 and 20 µM). Visualization was performed with acridine orange (1 µg/ml) 

and through microscope observations using inverted microscope Eclipse Nikon TS100, 

40X magnification. 

 

In parallel, Caco-2 cells were grown in normal medium in presence of 

GLIA-488 (10 µg/ml) with the same rapamycin concentrations and 

compared with cells treated with GLIA-488 but without rapamycin (NT). 

Cells were monitored through microscope observation at 24 hours and 

fluorimetric analyses were perfomed on the collected media. Caco-2 cells 

showed no toxicity when treated with rapamycin 5 µM and GLIA-488 was 

internalized as described in previous experiments, although extracellular 

aggregates were detected in the same amount of NT cells (Figure 41). 

Moreover, at higher doses of rapamycin, morphological alterations and 
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decrease in viability were observed in Caco-2 cells in a dose-dependent 

manner. Compared with the results obtained with the serum deprivation 

protocol, no significant decrease of PT-gliadin (GLIA-488) secretion was 

detected by fluorimetric analysis, as reported in Figure 41. 

 

 
 

Figure 41: PT-gliadin (GLIA-488) secretion analyses after rapamycin treatment (24 hours). 

On the top, Caco-2 cells treated with GLIA-488 with rapamycin at different concentrations 

(5, 10 and 20 µM). Inverted microscope Eclipse Nikon TS100, 40X magnification was used 

for the visualization. Below, release of GLIA-488 measured through fluorimetric analyses 

(QubitTM Fluorometer). Fluorescence, in arbitrary units, is reported in the ordinate. SD, 

resulted from triplicate experiments, are indicated. 

 

 

Then, immunoblotting was performed to deeply investigate autophagy 

activation after administration of rapamycin. Caco-2 cells were grown in 
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normal DMEM with GLIA-488 (10 g/ml) and a single-dose administration 

of rapamycin (5 µM), that did not showed toxic effects in previous 

experiments. Expression levels of LC3-II were studied at different times 

(i.e. T24 and T48) as well as fluorimetric measurements were performed. As 

shown in Figure 42 (panels A and B), LC3-II normalized levels slightly 

increased at 24 and more significantly at 48 hours p.t. compared with the 

untreated cells (NT) while no significative differences were detected 

between cells treated with PT-gliadin and with the combination of PT-

gliadin and rapamycin. As reported by the histogram in Figure 42 (panel C) 

no decrease of PT-gliadin secretion was detected by fluorimetric analysis at 

both investigated times, comparing untreated- with rapamycin-treated cells.  
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Figure 42: Modulation of autophagy with rapamycin in presence of PT-gliadin (GLIA-

488) and secretion analysis. (A) immunoblotting assay for LC3-II expression and (B) 

relative densitometric analysis. LC3-II was normalized with BACT levels. (C) Fluorimetric 

analysis results of GLIA-488 extracellular release measured by QubitTM Fluorometer. SD 

(resulted from triplicate experiments) are indicated. 

 

Down-regulation of autophagy through siBECN1 do not affect PT-

gliadin secretion 

 

To study the effect of autophagy down-regulation in the cellular response to 

PT-gliadin internalization, silencing through siRNAs toward a key ATG was 

performed. Therefore, Caco-2 cells were initially transfected using a pool of 

validated siRNAs sequences against BECN1. Cellular toxicity was 

investigated through optical microscope observations at different times 

(T24, T48 and T72) and MTT assay (data not shown). An immunoblotting 

was performed to evaluate protein levels of BECN1 and LC3-II in order to 

confirm autophagy down-regulation. As shown in Figure 43, BECN1 levels 

decreased over time thus confirming silencing efficacy. Similarly, LC3-II 

levels decreased as a consequence of BECN1 silencing showing that 

autophagy was down-regulated as expected.  
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Figure 43: Effect of BECN1 silencing in Caco-2 cells. (A) immunoblotting analysis for 

BECN1, LC3-II, BACT protein expression. Molecular weight (MW) are reported in kDa. 

(B, C) Relative densitometric analyses, SD (resulted from triplicate experiments) and 

significance (P < 0,001, Anova-one way) was reported. 

 

Then, the same experiment was conducted in presence of GLIA-488 to 

study PT-gliadin degradation and secretion. Particularly, cells were 

trasfected with siBECN1 and after 24 hours GLIA-488 (10 g/ml) was 

added. Cells were observed at optical microscope at T48 and T72 and 

fluorimetric analysis was performed on the collected media. As shown in 

Figure 44, Caco-2 cells transfected with siBECN1 showed morphological 

alterations and a general reduction of proliferation capability compared to 

control cells. Moreover, autophagy inhibition through siBECN1 did not 

produce any significant differences in the amount of secreted GLIA-488. 
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Figure 44: Effect of BECN1 silencing in Caco-2 cells treated with PT-gliadin (GLIA-488). 

On the top, microscope observation of Caco-2 cells trasfected or not with siBECN1 in 

presence of GLIA-488. Below, results of the secretion analysis obtained through 

fluorimetric analyses by QubitTM Fluorometer (SD, resulted from triplicate experiments 

are indicated). 
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5. Discussion 

Celiac disease (CD) is an immune-mediated systemic disorder of the small 

intestine elicited by gluten and related prolamins in genetically susceptible 

individuals and characterized by the presence of different clinical 

manifestations (D’Amico et al. 2005; Green et al. 2005). Currently, there 

are two main issues about CD concerning diagnosis and treatment. 

According to ESPGHAN guidelines, auto-antibodies in serum represents a 

valuable tool for identifying new celiac patients presenting with only mild 

gastro-intestinal symptoms, non-specific general complaints or extra-

intestinal manifestations, or for screening asymptomatic subjects 

(Giersiepen et al. 2012). Small intestinal biopsy histology has long been 

considered an essential step for CD diagnosis. Gastrointestinal endoscopy is 

invasive, costly and associated with risks for the patients. Researchers have 

therefore explored the possibility of CD diagnosis without endoscopy or 

biopsy analyses (Kelly et al. 2015). ESPGHAN guidelines proposed that in 

children and adolescents with signs or symptoms suggestive of CD and high 

anti-TG2 titers with levels ten times higher compared with normal ones, the 

probability of villous atrophy is high thus allowing CD diagnosis without 

biopsies. However, Schirru et al. (2014) described a two years old  female 

affected by acute viral gastroenteritis with anti-TG2 levels of more than ten 

times the upper limit of normal, positivity for EMA, AGA-IgA, AGA-IgG 

and the at-risk HLA genotype. Hence, the identification of new molecular 

markers seems to be necessary to bypass this critical issue and to improve 

CD diagnostic algorithm in order to classify potential CD patients. From a 

diagnostic point of view, microRNAs (miRNAs) have also recently emerged 

as promising non-invasive biomarkers in several autoimmune disorders, 

also affecting the intestine. miRNAs are small non-coding RNA molecules 

that can modulate gene expression at the post-transcriptional 

level. miRNAs bind to complementary sequences of specific targets of 

messengers RNA, which can interfere with protein synthesis. As discuss in 

the Introduction, miRNAs have a number of intrinsic characteristics that 

make them attractive as biomarkers. The field of circulating miRNAs 

(cmiRNAs) has generated a great interest and has been growing at an 

exponential rate with more than 2000 publications now published on the 

subject. Biological fluids are rich in cmiRNAs that can act as surrogate 
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markers to biopsy-based sampling. Liquid biopsies based on circulating 

cell-free tumor DNA (ctDNA) or cmiRNAs hold great clinical promise in 

many field, such as cancer and autoimmune disorders (Larrea et al. 2016). 

cmiRNAs in the serum of Crohn disease patients were identified as novel 

biomarkers (Zahm et al. 2011). In this study was investigated a panel of 24 

miRNAs, including four miRNAs previously described as associated with 

colonic and ileal Crohn disease (Wu et al. 2010). These examined serum 

miRNAs displayed encouraging diagnostic utility, showing high sensitivity 

and specificity. Recently, six serum miRNAs were identified in the serum of 

Crohn disease patients (active and inactive disease versus controls) and 25 

miRNAs in the serum of ulcerative colitis (UC) patients. Particularly, miR-

29a is over-expressed in the peripheral blood of UC patients and is also a 

strong potential novel non-invasive biomarker for colorectal cancer (Iborra 

et al. 2013). Benderska and colleagues (2015) demonstrated that miR-26b 

over-expression at the intestinal level could serve as a biomarker to 

distinguish between ulcerative colitis-associated carcinogenesis and 

sporadic cancer types, showing that miRNAs can be useful in patients’ 

stratification. Similar approaches have been performed for CD providing 

encouraging results. Buoli Comani and colleagues (2015) demonstrated that 

miRNAs and their gene targets showed an altered expression in duodenal 

mucosa and plasma of CD pediatric patients, and these alterations could be 

different from adult ones. Some miRNAs can also distinguish different 

clinical CD phenotypes according to the level of deregulation (Vaira et al. 

2014). Other works demonstrated the key role of miRNAs in the 

pathogenesis of CD (Capuano et al. 2011; Magni et al. 2014). In particular, 

Capuano and colleagues (2011) demonstrated that high levels of miR-449a 

targeted and reduced both NOTCH1 and KLF4 in the small intestine of CD 

patients, leading to an impaired differentiation and maturation of goblet 

cells. Despite the studies of miRNAs in CD are scarce compared with other 

pathologies, current evidence suggest that miRNAs deserve further studies 

because of their role as potential non-invasive biomarkers. Moreover, 

miRNAs could identify particular classes of patients, thus contributing to a 

custom clinial menagement (Bascuñán-Gamboa et al. 2014). In relation to 

therapeutic options, the main issues associated with CD treatment concerns 

costs, patients education, motivation and follow-up. The only effective 

therapy is a gluten free diet (GFD) that is a diet containing less than 20 
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p.p.m. of gluten. Patients affected by refractory celiac disease (RCD) are 

treated with GFD adjuvanted pharmachological therapy based on steroids or 

immunosuppressants, i.e. azathioprine. Burden of a GFD, i.e. the degree of 

difficulties to following the treatment, is higher than other common 

intestinal diseases (Leffler et al. 2016). A large proportion of patients report 

inadvertent or deliberate exposure to gluten and non-responsive celiac 

disease if frequent in CD patients diagnosed in adulthood (Hall et al. 2013; 

Hollon et al. 2013). Hence, novel alternative treatments or adjunctive 

therapies to GFD are strongly suggested. Currently, there are only two 

agents, ALV003 and Larazotide acetate, in late clinical trials as candidates 

of non-dietary treatments for celiac therapy. ALV003 is composed by two 

recombinant, orally administered, gluten specific proteases that are able to 

reduce the small intestinal mucosal injury caused by the administration of 

gluten, while Larazoide acetate is an oral peptide that modulates intestinal 

tight junctions reducing symptoms in patients in response to gluten (Gottlieb 

et al. 2015).  

In this PhD thesis, novel biomarkers, related to the autophagy process,  were 

investigated in peripheral blood and intestinal biopsies of patients with 

active CD compared with non-CD subjects matched for age and sex. As 

already introduced, autophagy process is important in host defence against 

intracellular and extracellular pathogens, metabolic syndromes, immune cell 

homeostasis, antigen processing and presentation, and maintenance of 

tolerance (reviewed in Levine et al. 2011; Deretic et al. 2013). Furthermore, 

autophagy is involved in other pathological conditions, such as IBDs 

(Lapaquette et al. 2010). In particular, Lu et al. (2014) demonstrated that 

miR-106b and miR-93 can modulate ATG16L1 expression. Reduction in 

autophagy process leads to a defective autophagy-dependent eradication of 

intracellular bacteria, thus contributing to Crohn disease pathogenesis. Some 

evidence suggested that tissue transglutaminase (TG2), whose activity is 

implicated in CD, is a key regulator of cross-talk between autophagy and 

apoptosis. Specifically, knock-out of the endogenous TG2 gene in MEF 

cells resulted in a significant exacerbation of caspase 3 activity and PARP 

cleavage in response to apoptotic stimuli. The same cells showed the 

accumulation of LC3-II isoform following autophagy induction. Therefore, 

TG2 transamidating activity plays a protective role against death stimuli 

leading to caspase 3 suppression as well as PARP cleavage upon apoptosis 
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induction. Furthermore, MEF mutants were unable to catalyze the final 

steps in autophagosome formation during autophagy (Rossin et al. 2012). 

Moreover, Tg2 knock-out mice displayed impaired autophagy and 

accumulated ubiquitinated protein aggregates upon starvation. TG2 

physically interacts with p62 targeting cytosolic abnormal polypeptides that 

escape proteasome-dependent degradation to inclusion in bodies called 

‘aggresomes’, subsequently degraded by autophagy (D’Eletto et al. 2012). 

Rajaguru and collaborators (2013) reported an increase in the expression of 

LC3-II in dendritic cells, which plays an important role presenting the 

gliadin-antigen to CD4+-naïve T-cells. In line with these recent 

contributions, this PhD thesis is oriented to decipher if key autophagy 

executory genes and their miRNAs regulators showed variations associated 

with CD status. Lastly, in the second part of the Thesis, in vitro studies 

aimed to modulate the autophagy process were assayed to specifically 

counteract gliadin toxicity. 

In the first part of the work, specimens were collected from 25 CD patients 

and 33 control subjects, subdivided as described in Material and Methods. 

All the samples were analyzed through Real-Time PCR for two essential 

autophagic genes (ATG7 and BECN1) and two miRNAs (miR-17, miR-

30a). As introduced before, BECN1 and ATG7 are key proteins implicated 

in autophagy, respectively in the nucleation phase and in autophagosome 

elongation. Among all the miRNAs that play a role in autophagy regulation, 

miR-30a and miR-17 were investigated because of their experimental 

validation as negative regulators of the autophagic process. Particularly, 

miR-30a is able to negatively regulate BECN1 expression resulting in 

decrease autophagic activity. Moreover, it was demonstrated that treatment 

of different cancer cell lines with miR-30a mimic and antagomir could 

respectively decrease and increase BECN1 expression (Zhu et al. 2009). A 

similar approach was used on T98G glioblastoma cells to demonstrate that 

miR-17 negatively regulates ATG7 (Comincini et al. 2013). For all these 

reasons, this work investigated these two validated miRNAs and their target 

genes. Relatively quantitative Real-Time-PCR was performed on blood and 

intestinal biopsies derived from these exploratory cohorts of pediatric CD 

patients and controls and the relative expression genes/miRNAs values were 

statistically analyzed. The non-parametric Mann-Whitney U test and the 

ROC curves analyses were performed (Motawi et al. 2015; Wang et al. 
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2015; Regazzo et al. 2016). In the peripheral blood, the expression levels of 

BECN1 differed significanlty between patients and controls. The area under 

the ROC curve confimed the levels of expression of BECN1 as a parameter 

that can fairly distinguish between the two diagnostic groups 

(diseased/normal), with a specificity of 74.29 and a sensitivity of 65.22. The 

differences in the levels of expression were confirmed by the ROC analyses 

and the area under the ROC curve highlighted the property to distinguish 

between patients and controls. In this case, ATG7 and BECN1 presented the 

highest significance level P, respectively 0.007 and 0.0068, compared with 

those obtained for miRNAs. Particularly, the expression of miR-30a at 

bioptic level might give the best performance in distinguishing between 

patients affected by CD and other conditions because of its sensitivity and 

specificity values. To determine whether the investigated genes/miRNAs 

were able to effectively distinguish and stratify the patients in the two 

cohorts, a supervised multivariate analysis was conducted. Classification 

trees were used based on decision tree learning model. This is a method 

commonly used in data mining with the goal of generalizing known 

structure to apply to new sets of data (Rokach and Maimon, 2014). In blood, 

miR-17 constituted the first node of the tree, determining together with 

BECN1 levels a first class (M) of CD patients. The other classes are 

determined by the algorithm taking into account all the candidate targets 

excluded miR-30a. The CD patients homogeneously classified were 16/23 

(69.56%) suggesting that peripheral blood guaranteed a discreet 

performance in patients’ stratification. Classification tree obtained for 

biopsies homogeneously classified 22/25 CD patients (88%) in five groups 

(B, E, G, H and L) using the relative expression values of ATG7, BECN1 

and their negative regulators, miR-17 and miR-30a. Analysis of intestinal 

biopsies seemed to be a more promising approach compared with blood 

analysis for CD patients’ stratification. In intestinal biopsies, the decision 

tree learning model used all the genes/miRNAs previously identified by 

Mann-Whitney U test and ROC analyses to create these CD classes, 

strengthening the idea that all these candidate targets might have good 

performances in CD patients’ identification and stratification. Subsequently, 

it was evaluated the ability of the algorithm to correctly classify all the 

subjects according to the initial diagnosis. The number of subjects correctly 

classified were 52/56 in the case of blood and 46/49 in the case of intestinal 
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biopsies. The number of subjects misclassified by the classification tree in 

the blood and biopsies was, respectively, four and three. Particularly, one 

false negative and three false positive were obtained in the blood, whereas 

two false negative and one false positive were obtainted in intestinal 

biopsies. These results highlighted the capability of these genes/miRNAs to 

correctly identify and classify CD patients and controls. Then, a nomogram 

was created for both tissues using the Orange software to evaluate the 

relative contribution of each genes/miRNAs in determining an increase in 

the celiac CD diagnostic probability performance. A Naive Bayesian 

nomogram analysis uses a Naive Bayes classifier (NBC). This tool is a 

method to visualize a NBC that clearly exposes the quantitative information 

on the effect of attribute values to class probabilities and uses simple 

graphical objects (points, rulers and lines) that are easier to visualize and 

comprehend (Mozina et al. 2004). A nomogram is a dynamic supervised 

statistic tool used to analyze continuous and categorical variables together. 

The algorithm associates to each continuous variable a score and a 

probability to the disease/ physiological state. This tool was used also in 

other pathological contests, i.e. glioblastoma subtyping (Comincini et al. 

2007 and 2009). This prediction tool is used in clinical practice to assess the 

risk for a particular pathology taking into account specific characteristic of 

the patient. Currently, the Memorial Sloan Kettering Cancer Center of New 

York uses this intrument for different kind of cancers, i.e. prostate, breast, 

ovarian and melanoma (https://www.mskcc.org/nomograms). In peripheral 

blood, high rate of CD patients’ identification was determined by the 

increase of ATG7 and BECN1 levels as well as by an increase in miR-17 

and miR-30a expression. Although Mann-Whitney U test and ROC analyses 

did not identify any miRNAs as able to distinguish between CD patients and 

controls, miR-17 played an important role in increasing CD likelihood 

compared with BECN1. In biopsies, the nomograms did not detect any gene 

or miRNA capable to determine a significant increase in CD probability. 

Finally, heatmaps were created in order to find particular expression 

signatures in CD patients. BECN1 resulted to be over-expressed in the blood 

of CD patients whereas it was down-regulated in the biopsies of the same 

subjects. Over-expression of BECN1 might be linked to the role of 

autophagy in immunity. This cellular process regulates the secretion of 

immune mediators, such as IL-1β, IL-6, IL-8 and IL-18. Autophagy up-

https://www.mskcc.org/nomograms
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regulation during the immune response leads to the high secretion of these 

pro-inflammatory cytokines. Moreover, a feedback loop increases 

autophagy up-regulation through the action of different mediators: for 

example, IFN-γ promotes the action of DAPk1 leading to BECN1 activation 

and IL-1β activates TRAF6, a member of the complex TRAF6-BECN1-

Ambra1 to limit inflammosome activity (Zalkvar et al. 2009; Shi et al. 

2012). On the other side, gliadin toxicity on intestinal epithelial cells could 

be due by autophagy impairment as suggested by BECN1 down-regulation 

detected in biopsies. As described in the Introduction, this process is 

implicated in the clearance of exogenous proteins and misfolded protein 

aggregates, both in physiological and pathological conditions. Basing on the 

described evidence, a parsimonious interpretation model of the expression 

results was proposed: 
 

 
Figure 45: Interpretative model of autophagy status as inferred by ATGs and miRNAs 

investigated expression profiles in the intestine and in peripheral blood of CD patients. 

 

As shown in Figure 45, celiac disease onset would correspond with an 

autophagy impairment in epithelial cells of the intestine, mainly caused by 

BECN1 down-regulation as evidenced by heatmaps analyses. The decrease 

in the expression of miR-17 and miR-30a could be explained as the result of 
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a compensatory mechanism triggered by this pathological loss of 

homeostasis in the autophagic process, in order to counteract autophagy 

down-regulation. miR-30a and miR-17 decreasing could be also mediated 

by the release of these miRNAs in the extracellular space through exosomes 

(Zhang et al. 2015), thus in part explaining the high levels detected in the 

blood. According to the heatmap analyses, BECN1 was over-expressed in 

the blood of CD patients, leading to autophagy up-regulation. These 

evidence are consistent with the involvement of autophagy in the 

inflammatory responses, as described before. Furthermore, BECN1 over-

expression could be also due to a cellular compensation to maintain 

autophagy homeostasis after the possible exosome-mediated release of miR-

17 and miR-30a from the epithelial cells. Certainly, these preliminary 

results merit further investigations to confirm the diagnostic power of these 

autophagic genes/miRNAs and this preliminary interpretative model. The 

analyzed genes/miRNAs should be investigated in a larger cohort to 

strengthen the results obtained in this study. Particularly, the statistical 

resolution of data mining and machine learning analyses, i.e. classification 

trees and nomograms, depends on the size of the analyzed cohort. 

Moreover, an immunoblotting analysis should be performed to study 

BECN1 protein levels to confirm autophagy down-regulation in the 

intestine of CD patients, thus validating the interpretative model proposed 

before.  

In the second part of the Thesis, in vitro experiments were conducted to 

elucidate autophagy involvement in the cellular response to PT-gliadin 

administration. To this purpose Caco-2 cells were employed: these cells 

represent not only a well established model for polarised epithelial transport 

but also they show physiological similarities with small bowel enterocytes 

(Hidalgo et al. 1989; Sambuy et al. 2005). For all these reasons, Caco-2 

cells constitute a well-known and characterized CD in vitro model (Stoven 

et al. 2013). On the contrary, HeLa cervical cancer cells were adopted as an 

experimental outgroup. As a first approach, both cell lines were treated with 

PT-gliadin at different concentration and monitored dayly through optical 

microscope observations. A marked, concentration-dependent, toxicity was 

observed and the reduction of cell viability was confirmed with trypan blue 

exclusion test. These results were useful to determine the PT-gliadin 

concentration for subsequent experiments. Furthermore, microscope 
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observations showed that PT-gliadin can form sticky and large extracellular 

aggregates as already reported. This biochemical property can be explained 

by the presence of glutamine and proline-rich repetitive regions in the N-

terminal of gliadin proteins. The importance of these repetitive regions in 

determining the sticky properties of gliadin was demonstrated by the use of 

deletion mutant of γ-gliadin. These mutants, lacking the entire N-terminal 

region, are not able to aggregate (Rosenberg et al. 1993). Gliadin aggregates 

were visible through optical microscope observation at low magnification 

and electron microscope analysis confirmed the complex structure of these 

protein aggregates. As already demonstrated, Caco-2 cells are able to 

endocyte gliadin peptides and segregate them into early endosomal 

compartments (Zimmermann et al. 2014; Zimmer et al. 2010). Moreover, 

Barone and colleagues (2010) demonstrated that gliadin peptide p31-43 can 

interfere with endocytic vesicles maturation.  The data presented in this 

Thesis confirmed PT-gliadin internalization through endocytosis and 

confinement of this exogenous material into large autophagic vesicles. 

Along with autophagic process activation, the increase in the lysosomes 

population is suggestive of a degradative endocytic pathway (Appelqvist et 

al. 2013). The endocytic pathway crosstalks with autophagy and 

autophagosomes fuse with endosomes after large exogenous protein uptake 

(Gordon et al. 1992; Liou et al. 1997). The first clues on the involvement of 

autophagy after gliadin uptake derived from fluorescent analysis of cells 

incubated with the acidotrophic acridine orange dye. This method is useful 

to visualize acidic vesicles, i.e. lysosomes and autophagosomes, because of 

the emission changes dependent to pH conditions. Acridine orange dye 

emits orange/red light in presence of the low pH inside these vesicles. It is 

possible to distinguish between lysosome and autophagosomes according to 

their shape and size. This method is able to highlighted only late autophagic 

vacuols, i.e. autolysosomes, but not autophagosomes because they are not 

acidic compartments (Klionsky et al. 2016). Other approaches should be 

used together with acidotrophic dyes, such as electron microscopy, which is 

able to reveal the morphology of autophagic structures at a resolution of nm 

range. Another method used to investigate autophagy is the detection of 

LC3-II over-expression through immunoblotting. LC3, a protein implicated 

in phagophore elongation and closure, is the most widely used marker for 

autophagy activation. Despite its reliability, LC3-II levels depend on the 
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cellular contest and do not change in a predictable manner: a high 

autophagic flux could determine low LC3-II levels. For this reason, other 

autophagy-related proteins should be investigated together with LC3, i.e. 

ATG7 and/or BECN1, to determine autophagy induction (Klionsky et al. 

2016).  Considering these recommendation, autophagy involvement was 

initially investigated through the use of acridine orange but confirmed by 

means of complementary approaches. Caco-2 and HeLa cells showed a 

different behavior. The results collected for Caco-2 suggested that these 

cells internalized PT-gliadin and confined it in autophagosomes, 

accomplished by an increase of recruitment of lysosomes. After 24 hours 

cells actively continued their degradative attempt against the exogenous 

material, increasing the biosynthesis of lysosomes as a normal response due 

to the accumulation of undigested material (Appelqvist et al. 2013). After 

48 hours the number of vesicles resembling autophagosomes slightly 

increased in number compared with treated cells at 24 hours. However, the 

yellow emissions of these vesicles indicated a decrease in their acid content, 

which may mean a temporary blockage of the degradative lysosomal 

response. This impairment in the process seemed to indicate the incapacity 

to completely digest PT-gliadin, which is stored inside the cells. Vesicles 

containing PT-gliadin were detected days after the incorporation suggesting 

that Caco-2 were not able to complete metabolize and degrade large 

amounts of PT-gliadin. On the other hand, HeLa cells seemed to store PT-

gliadin inside their cytoplasm in long-term vesicles that remained stable but 

catabolically inactive. Because inner autophagy activation seemed feasible 

according to the acidic vesicles scored, molecular complementary 

approaches were needed. To this purpose, protein expression of validated 

autophagic markers was evaluated by immunoblotting according to 

Klionsky et al. (2016). Every cell present a basal autophagy level essential 

to maintain cell homeostasis and crucial for important function, such as 

damaged organelles and misfolded proteins degradation. Caco-2 cells 

displayed a much higher basal autophagy compared with other cell lines, i.e. 

HeLa (Pettersen et al. 2016). This characteristic could suggest that Caco-2 

cells are more prone to use autophagy as a degradation system for PT-

gliadin. Results from immunoblotting assays correlated with acridine orange 

observations, thus confirming that autophagy is implicated in the cellular 

response against gliadin endocytosis. Moreover, HeLa cells showed a down-
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regulation of this process after PT-gliadin administration strengthening the 

idea that these cells were not able to digest the toxic peptides through 

autophagy because of its low basal levels. Subsequently, in order to 

understand whether these cellular responses were triggered by PT-gliadin 

due to its particular biochemical properties, the uptake and toxicity process 

were compared using a different exogenous protein as identical egg-

ovalbumin. This protein is normally used as negative control in endocytic 

and toxicity assays (Martucci et al. 2003). Specifically, PT-gliadin and 

ovalbumin were covalently labelled with Alexa Fluor 488 (generating 

GLIA-488 and OVA-488, respectively) in order to performed comparison of 

the uptake and traffick of the proteins within growing cells. GLIA-488 gave 

rise to large aggregates, both outside and inside cells. Differently, no 

fluorescent signals of identical amount of OVA-488 protein were detected 

in the medium and inside cells. This could be related to the fact that 

ovalbumin is a protein that does not form large aggregates as PT-gliadin and 

the absence of signals in the medium may be due to an insufficient 

sensitivity of the microscope in detecting fluorescent monomeric proteins. 

Alternatively, the absence of ovalbumin fluorescent signals inside cells 

could be due by a poor internalization of the protein. Immunoblotting 

analysis show a slight increase in LC3-II levels in Caco-2 cells that may 

indicate a certain degree of internalization of ovalbumin which triggers 

autophagy to degrade the endocyted materials. On the contrary, HeLa cells 

showed a decreased trend after 24 hours p.t. Alltogether, these observations 

are coherent with the idea that PT-gliadin can perturb cellular homeostasis 

and proliferation of the cultures due to its characteristics, compared with 

other proteins (i.e. ovalbumin). This effect may be the result of PT-gliadin 

ability to give raise to aggregates that are resistant to degradation. 

Specifically, gliadin peptides are exceptionally resistant to enzymatic 

processing due to their proline-rich epitopes (Hausch et al. 2002). Gliadin 

biochemical behavior shows similarities to other toxic peptides that are able 

to form cytoplasmic toxic aggregates leading to cell death, such as β-

amyloid and α-synuclein. It is known that impairment of autophagy leads to 

exocytosis of peptides that can not be degraded, as in the case of Parkinson 

disease, through a novel secretory pathway named ‘exophagy’, which 

involves the intermediate compartments of autophagy (Lee et al. 2013). 

Moreover, the secreted peptides could be internalized by other cells thus 
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perpetuating the toxic effect of gliadin in neighboring cells. Starting from 

this hypothesis, secretion was investigated using PT-gliadin covalently 

labelled with Alexa Fluor 488 and treating both cell lines. Fluorescent green 

spots were detected inside Caco-2 cells confirming PT-gliadin 

internalization process and, after the replacement of the medium, fluorescent 

extracellular aggregates were observed after next time intervals. The release 

of potentially toxic peptides from Caco-2 cells could be attributed to 

secretion processes that expel them when cells can not complete degradation 

and in part to cell death and destruction of the membranes. According to the 

hypothesis that toxic and sticky peptides are extruded through ‘exophagy’ as 

a consequence of autophagy failure, the obtained results suggested that 

Caco-2 secreted PT-gliadin in a similar way when they were not able to 

complete the internal degradation of these peptides. This hypothesis is 

enforced by the fact that autophagy was active at initial stages and further 

incresead after gliadin internalization in Caco-2 cells, as an attempt to 

catabolize the exogenous proteins. Conversely, HeLa cells have the 

tendency to store great amounts of PT-gliadin because of autophagy down-

regulation appeared less efficient in secreting these aggregated peptides. 

Thus, autophagy modulation experiments have been carried out starting 

with serum deprivation, a known factor to induce different autophagic 

cellular responses (Kroemer et al. 2010; Shang et al. 2011; Lin et al. 2012; 

Chen et al. 2014; Sui et al. 2015). Autophagy induction through starvation 

was primarily confirmed transducing cells with baculovirus expressing 

LC3B-GFP chimera: this approach enabled to directly visualize large 

autophagic vesicles.  Autophagosomes induced by serum deprivation were 

also confirmed by immunoblotting of their membrane constitutive protein 

LC3-II and by AO staining. According to experimental data, serum 

deprivation treatment was able to reduce PT-gliadin secretion and to confere 

proliferative advantage to cells compared with non-starved ones. These 

results can be explained by the fact that nutrient deprivation potentiates 

autophagy to digest PT-gliadin, promoting a clearance of the toxic 

intracellular protein. All these evidence were further confirmed treating 

Caco-2 cells with GLIA-488 in normal medium or in a starved one (0% 

FBS) to perform fluorimetric analysis on the collected media and through a 

fluorescent elecrophoresis visualization of the intracellular proteins. 

Fluorimetric analysis confirmed previous results showing a decrease in PT-
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gliadin secretion during time compared with non-starved cells and 

electrophoresis analysis displayed a progressive degradation of GLIA-488 

once internalized by starved cells. Then, a well established pharmacological 

approach with rapamycin to induce autophagy was tested. Rapamycin, an 

inhibitor of mTOR (Ballou and Lin, 2008), was used at different 

concentrations to induce autophagy in Caco-2 cells treated with GLIA-488. 

Increase in autophagy was preliminarily confirmed using acridine orange. A 

significant, dose-dependent, toxic effect was diplayed after the 

administration of rapamycin to cells in presence of PT-gliadin and no 

decrease in fluorescent PT-gliadin secretion was detected. To investigate 

autophagy activation and protein secretion during time, immunoblotting 

analysis and fluorimetric measurements were performed using the lowest 

and non-toxic concentration of rapamycin. The results showed no induction 

of autophagy, thus explaining the absence of decreasing in PT-gliadin 

secretion. Since most of sporadic colorectal cancers (CRC) exhibited high 

levels of activated Akt, Gulhati and colleagues (2009) investigated the role 

of downstream mTORC1 and mTORC1 on CRC growth. This study 

demonstrated that Caco-2 and other cells, i.e. SW480, are relatively resistant 

to different doses of rapamycin (2, 10 and 50 mM) compared with other 

human CRC lines and that their proliferation do not decrease after treatment 

with this compound. In analogy, the results reported above seemed to 

indicate that rapamycin treatment was not suitable to modulate autophagy 

Caco-2 cells. Finally, to interfere with the functionality of autophagy 

process, the down-regulation of BECN1 gene was performed. As described 

in the literature, silencing of BECN1, or other key autophagy genes, provide 

an effective strategy in autophagy pathway blockage (Zeng et al. 2006; Li et 

al. 2014; Zanotto-Filho et al. 2015; Klionsky et al. 2016). A significant 

transient silencing was confirmed by immunoblotting assay, while no 

effects on PT-gliadin secretion were detected. These results seems to 

indicate that autophagy inhibition do not negatively affect cellular response 

to gliadin toxic effect. This experiment suggested that even partially 

inhibiting the autophagy process, this did not affect the capability of the 

cells to eventually reduce the release of PT-gliadin. It is likely that Caco-2 

cells, in a context of autophagy inactivation, can store PT-gliadin within 

inactive autophagic vesicles and further release and spread their content to 

other cells. 
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6. Conclusions and Perspectives 

In conclusion, in this PhD thesis it was demonstrated that the study of 

autophagy could be promising at different levels in CD research. Indeed, 

expression levels of key autophagic genes (ATG7 and BECN1) and miRNAs 

(miR-17 and miR-30a) in the peripheral blood and intestinal biopsies can 

fairly distinguish between CD patients and controls. This positive feature 

made these genes and miRNAs interesting candidates as novel non-invasive 

biomarkers in CD field, thus recommending further investigations on larger 

cohorts to assess their potential diagnostic power. An enlarged panel of 

several miRNAs implicated in autophagy might be investigated in the blood 

of CD patients in order to find other interesting candidate as biomarkers. 

Moreover, the present study highlighted a possible role for these autophagy 

targets in CD patients’ stratification, especially at the bioptic level. In 

addition, the creation of nomograms as supporting tools to assist in CD 

diagnosis, particularly in potential CD, seems to be clinically relevant. 

Additional analyses might be performed in specific cellular types to deeply 

investigate the role of autophagy in CD. Specifically, leukocytes population 

might be finely characterized in order to demonstrate the contribution of 

each cell subtype in determining the levels of the analyzed genes/miRNAs. 

Furthermore, according to the interpretative model described before, 

exosomes content analyses might be conducted, thus determining a profile 

of endogenous and circulating miRNAs in the peripheral blood of CD 

patients. The results reported in the second part of this PhD Thesis 

demonstrated an involvement of autophagy in gliadin metabolism. 

Autophagy is a complex intracellular degradation system that plays a crucial 

role in several physiological and pathological mechanisms, such as protein 

aggregates degradation. Once internalized, gliadin biochemical behavior 

resembles that of the toxic proteins causing protein conformational diseases. 

In this work the evidence provided suggest that gliadin is endocyted by cells 

and addressed to autophagosomes for its degradation but, despite autophagy 

activation, cells are not able to completely metabolize and degrade these 

peptides. It was also demonstrated that autophagy modulation through 

serum deprivation is able to give a proliferative advantage to cells 

increasing gliadin degradation and decreasing its exocytosis, thus limiting 

the toxic effects of these peptides on neighboring cells. Other mechanisms 



 

 

 

 

 

 

 

 

 

 

 

Conclusion and perspectives 

 

112 

 

of autophagy activation, i.e. rapamycin administration, were invastigated 

without any interesting results. Autophagy impairment in gliadin-exposed 

cells was also confirmed by transient BECN1 silencing. Future work, along 

this line of research, might be directed to investigate other pharmacological 

autophagic inducers and, more importantly, autophagy modulation in 

dendritic cells (DC). Particularly, these cells play a crucial role in CD 

pathogenesis and, as already known, HLA-antigen presentation is mediated 

by autophagy (Crotzer and Blum, 2009). Interestingly, Di Sabatino and 

colleagues (2007) demonstrated that DC were increased in the mucosa of 

untreated CD patients. Moreover, different levels of LC3-II were detected in 

DC derived from duodenal biopsies of CD patients compared with normal 

controls (Rajaguru et al. 2013). A further interesting perspective might be a 

more exhaustive study of the beneficial effect of serum deprivation in DC 

and in other in vitro model, i.e. organ cultures. Recently, the health benefits 

of fasting have been highlighted in different fields: it has a role in adaptive 

cellular response against oxidative stress and inflammation. In particular, it 

was also demonstrated that intermittent or periodic fasting in humans helps 

to reduce obesity, hyperthension, rheumatoid arthritis and confers protection 

to cancer (Longo and Mattson, 2014). Moreover, it was described that 

fasting and particular protein dietary regimens optimize longevity, sensitize 

tumors to chemotherapy and protect against its side effects both in mice 

models and humans (Di Biase et al. 2016; Di Biase and Longo, 2015; 

Levine et al. 2014; Safdie et al. 2012; 2009). These considerations might be 

a starting point to investigate fasting in the treatment of CD, therefore 

giving rise to a novel therapeutic approach. In conclusion, with this work, it 

was demonstrated that genes and miRNAs involved in autophagy might 

have a potential diagnostic power useful for CD diagnosis and for the 

creation of clinical predictive tools. Moreover, this cellular pathway is 

involved in gliadin metabolism and its modulation could be a promising 

strategy in CD treatment.  

Finally, although the complexity of this disease and its clinical menagement, 

this study might present new interesting perspectives in CD diagnosis and 

therapy reasearch. 
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Collaborations 
 

During the PhD period I have collaborated on three projects which involved 

the Oncogenomics laboratory group. Two of these projects concerned the 

modulation of autophagy as a therapeutic approach for glioblastoma and 

Alzheimer’s disease (AD). Particularly, these projects were focused on 

glioblastoma therapy and on the treatment of AD with low-frequency 

electomagnetic fields (LF-EMF). In the last project a genetic association 

between SNPs in the oxytocin receptor gene (OXTR) and congenital 

prosopagnosia (CP) was investigated. In this section a description of the 

results of the AD project is reported. The other two projects are described 

by the relative publications in the next section.  

 

A Low-Frequency Electromagnetic (LF-EMF) Exposure Scheme 

Induces Autophagy Activation to Counteract in Vitro β-Amyloid 

Neurotoxicity 

 

This project was in collaboration with the Department of Industrial and 

Information Engineering, the Department of Drug Sciences – Section of 

Pharmacology and the IDR “Santa Margherita” – Department of Internal 

Medicine and Therapeutics – Section of Geriatrics and Gerontology. 

 

The aim of this research was to clarify how a specific LF-EMF treatment 

induces autophagy leading to Aβ peptides degradation, thus increasing cell 

viability. In our laboratory it was demonstrated that LF-EMF treatments can 

modulate in vitro the expression of Beclin 1 through a significant reduction 

of his negative regulator miR-30a (Marchesi et al. 2014). The human 

neuroblastoma cell line SHSY5Y in presence of Aβ(1-40) or Aβ(1-42) was 

used as AD model. Cells were exposed for 1 hour to LF-EMF generated by 

a bioreactor consisted of a carrying structure custom-machined in a tube of 

polymethylmethacrylate. The tube carried two parallel solenoids that 

generated an EMF with 2 ± 0.2 mT of intensity, 75 ± 2 Hz of frequency and 

pulse duration of 1.3 ms. Firstly, toxic effects of Aβ peptides were 

confirmed through MTT assays (data not shown) and cells were visualized 

using an inverted fluorescence microscope because Aβ is autofluorescent at 

300 nm. As reported in Figure A, Aβ(1-40) generated intracellular round-
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shaped aggregates 24 hours after the administration of the peptide.  

 

 

Figure A: Aβ(1-40) aggregates after 24 and 48 hours (white arrows). 

 

Subsequently, it was demonstrated that LF-EMF treatment after Aβ 

administration induces the clearance of the peptides (Figure B). As 

reported, 4 hours p.t. Aβ was entirely localized on the plasma membrane of 

the cells, suggesting that the process of internalization was still ongoing. 

After 24 p.t. round-shaped aggregates were detected in the cytoplasm of 

SHSY5Y cells and their number was higher compared with untreated cells, 

suggesting that the exposure to LF-EMF enhanced the aggregation of Aβ in 

vesicular structure. These intracellular Aβ deposits were cleared after 48 p.t. 

compared with untreated cells, which showed large vesicular aggregates. 

Same results were obtained pre-treating cells with LF-EMF 4 hours before 
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Aβ administration. 

 

 

 Figure B: Aβ(1-40) clearance after LF-EMF treatment. White asterisks highlight the 

internalization of the peptide. White arrows indicate intracellular aggregates. Same results 

were obtained with Aβ(1-42). 

 

These evidence suggested that LF-EMF exposure promoted Aβ metabolism 

through internalization of the peptide in vesicles. According to the 

perspective of future application, our attention was focused on LF-EMF pre-

treatment. In order to understand the nature of these vesicular aggregates 

and the mechanisms of Aβ degradation, Hydrolyte Fluor 388 Aβ(1-42) and 

the Lysotracker probe were used 4 hours after LF-EMF pre-treatment. 

Hydrolyte Fluor 388 is a fluorophore labeled β-amyloid peptide that emitted 

in the green when excited at 388 nm, while Lysotracker is a fluorescent 

probe that stained in red acidic organelles, such as lysosomes, at 584 nm. 
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Results visualized 24 hours after LF-EMF pre-treatment (Figure C) showed 

co-localization of Aβ aggregates with acidic vesicles compared with 

untrated cells.  

 

 
Figure C: Co-localization of Aβ aggregates with acidic vesicles. White asterisk highlights 

the area of co-localization. 

 

According to the findings that EMF exposure leads to an increased 

expression of Beclin 1, autophagomes induction was monitored in living 

cells by transduction with a baculovirus expressing LC3B-GFP, known to 

be localized in correspondence of nascent membranes of the 

autophagosomes. Both baculovirus and Aβ were administered to cells 4 

hours after the activation of Aβ metabolism through LF-EMF pre-exposure 

and visualization occurred 24 hours p.t.  
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Figure D: Co-localization of autophagosomes and Aβ(1-40) aggregates through the use of 

baculovirus expressing LC3B-GFP. White arrows indicate the vesicles. The upper panel 

refers to LF-EMF treated cells while the lower panel to untreated cells. Same results 

obtained for Aβ(1-42).  
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As evidenced by the results (Figure D), LF-EMF treatment increased the 

levels of autophagic vesicles that co-localized with intracellular Aβ 

aggregates (upper panel) compared with untreated cells (lower panel). All 

the findings suggested that LF-EMF exposure promoted Aβ degradation 

increasing the levels of autophagy, which is impaired in AD. Moreover, it 

seemed that the treatment could be perform before or after Aβ 

administration without differences in the induction levels of autophagy. In 

order to quantify the beneficial effects of LF-EMF exposure to cell viability, 

a 24 hours MTT assay was performed on SHSY5Y cells treated with Aβ(1-

40) or both Aβ(1-40) and Aβ(1-42).  

 

 

Figure E: MTT assay performed on cells treated with Aβ(1-40) or with the combination of 

both the peptides. Bars indicate SD. Asterisks indicate statistical significant differences 

(ANOVA, One-way, P<0.0001). 

 

As reported in Figure E, LF-EMF treatment improved cell viability thus 

confirming that the induction of autophagy was able to degrade Aβ peptides 

counteracting their toxic effects. The same experiment was perfomed testing 

the pre-exposure and the post-exposure schemes in order to study 

differences in cell viability.  
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 Figure F: MTT assay perfomed on both the exposure schemes. Bars indicate SD. 

Asterisks indicate statistical significant differences (ANOVA, One-way, P<0.0001). 

 

The MTT assay showed that both LF-EMF treatments significantly 

increased of  ̴ 40% cells viability from 24 to 48 hours after the exposure 

compared with T0 (Figure F). Moreover, at T48 LF-EMF pre-exposure 

scheme resulted to be more effective in counteracting Aβ toxicity, leading to 

a difference of  ̴ 16% compared with LF-EMF post-treatment (data not 

shown). Furthermore, it was demonstrated that both the exposure schemes 

reduce serial cell-to-cell Aβ toxicity. These experiments were conducted 

using the fluorophore labelled TAMRA Aβ(1-42), which emits in red when 

excited at 584 nm. Particularly, cells treated with a condition medium 

derived from another experiment and containing TAMRA Aβ(1-42) showed 

severe morphological alterations and the presence of Aβ fibrils. On the other 

hand cells treated with a condition medium derived by a cell culture 

previously exposed to LF-EMF and containing TAMRA Aβ(1-42) 

preserved a good morphology, an increasing in cell viability and the 

presence of autophagic vesicles (Figure G).   
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Figure G: Evaluation of cell-to-cell toxicity reduction of Aβ(1-42) due to both the LF-

EMF exposure schemes. Visualization was performed after 48 hours the administration of 

the conditioned medium through an inverted fluorescent microscope.  

 

Consistent with previous results, this study assesses that LF-EMF exposure 

directs Aβ(1-40) and Aβ(1-42) aggregates into autophagic vesicles leading 

to the degradation of these peptides thus counteracting their toxic effect and 

increasing cell viability. Moreover, LF-EMF exposure promotes autophagy 

induction and different LF-EMF protocols significantly increase cells 

viability and Aβ intracellular turn-over, reducing also Aβ cell-to-cell 

toxicity.



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

143 

 

 
List of original manuscripts 

 

Palumbo S, Tini P, Toscano M, Allavena G, Angeletti F, Manai F, 

Miracco C, Comincini S, Pirtoli L. Combined EGFR and autophagy 

modulation impairs cell migration and enhances radiosensitivity in human 

glioblastoma cells. J Cell Physiol. 2014;229(11):1863-1873.  

Pdf is reported below 
 

Cattaneo Z, Daini R, Malaspina M, Manai F, Lillo M, Fermi V, Schiavi 

S, Suchan B, Comincini S. Congenital prosopagnosia is associated to a 

genetic variation in the oxytocin receptor (OXTR) gene: an exploratory 

study. Neuroscience. 2016. pii: S0306-4522(16)30487-0. 

 

Pdf is reported below 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/24691646
https://www.ncbi.nlm.nih.gov/pubmed/24691646
https://www.ncbi.nlm.nih.gov/pubmed/24691646
https://www.ncbi.nlm.nih.gov/pubmed/27693815
https://www.ncbi.nlm.nih.gov/pubmed/27693815
https://www.ncbi.nlm.nih.gov/pubmed/27693815


 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

144 

 

 

 
 

 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

145 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

146 

 

 
 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

147 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

148 

 

 
 

 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

149 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

150 

 

 
 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

151 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

152 

 

 
 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

153 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

154 

 

 
 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

155 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

156 

 

 
 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

157 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

158 

 

 
 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

159 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

160 

 

 
 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

161 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

162 

 

 
 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

163 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

164 

 

 
 



 

 

 

 

 

 

 

 

 

 

                                                                                                      List of original manuscripts 

 

165 

 

 



 

 

 

 

 

 

 

 

 

 

List of original manuscripts 

 

166 

 

 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

167 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cover image modified from: 

Nicolle Rager Fuller – Sayo Art LLC Studio 



 

 

 

 

 

 

 

 

 

 

 

168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


