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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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Introduction and review of the literature

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
9
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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).

10



Introduction and review of the literature

a Prevalence of cellac disease

& «Ln-}b? '#“ —,'ﬂ‘_:*

; £
e %
3 - - b 'yl
s ¥ Lo, ]
Linkngwen : "'l‘_"f?“';; £y s H:‘ i
000 =0u5% L ad 3
[ 05 = 1%
= - s &i/ o
—Er .
c Haplatype frequency of DR3-DO2

o-5%
(=R
-
I 15 2 18 : g
[ EIREr

Figure 1:

b ‘Wheat consumption

g,
Kialiparsoniday L

i z-398 L
I 399- 783

B a4 - 1167

I 1158 - 1,550 T

d Haplotype frequency of DR4-DOB

[ ot avaiabds
0=

= &~ b {
[ RIESES Y L‘
[ 6 - N

Prevalence of celiac disease (a), wheat consumptlon (b) and frequenmes of

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

CD pravalence

[ DQ2 and DQE pravalence

Gluten intake

10 KYA

TODAY

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
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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 a and B chain of the major histocompatibility
complex class Il (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:

e CELIAC2 (5g31-33), which contains cytokine gene clusters (Greco
et al. 1998)

e CELIACS (2g33.2), 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.

e 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
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defects in the barrier property before the onset of the inflammatory
response (Monsuur et al. 2005)

e CELIACSG (4927), a region that encompassed the KIAA1109, TENR,
IL2 and IL21 genes (Van Heel et al. 2007). In particular, 1L2 and
IL12 are both implicated in intestinal inflammation.

e CELIACS (2911-912), a region which contains the IL18RAP and
IL18R1 genes (Hunt et al. 2008). IL18 plays a key role in the
mucosal inflammation after interferon-y (IFN-y) synthetizing
induction by T-cells. ILABRAP and IL18R1 encode respectively for
the B and a chain of the IL18 receptor: in particular, ILISRAP is
over-expressed in unstimulated T-cells and NK cells of CD patients.

e CELIACY (3p21), a large cluster of chemokine receptor genes that
includes CCR1, CCR2, CCRL2, CCR3, CCR5 and XCR1 (Hunt et
al. 2008)

e CELIAC10 (3925-926), 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-y-secreting Th1 cells.

e CELIAC12 (6025.3), which contains the Rho GTPase-activating
protein TAGAP, generally involved in cytoskeletal modifications
(Hunt et al. 2008)

e CELIAC13 (12g24), 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-y-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:
®5-, 1,2-, o/p- and y-gliadins (Wieser, 1996).

Type MW=x10"2 Proportions® (%) Partial amino acid composition (%)
Gin Pro Phe Tyr Gly
w5-Gliadins 49-55 3-6 56 20 9 1 1
w1,2-Gliadins 39-44 4-7 44 26 8 1 1
alB-Gliadins 28-35 28-33 37 16 4 3 2
y-Gliadins 31-35 23-31 35 17 5 1 3
x-HMW-GS 83-88 4-9 37 13 0 6 19
y-HMW-GS 67-74 34 36 11 0 5 18
LMW-GS 32-39 19-25 38 3 4 1 3

a Accordingto total gluten proteins

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 GIn 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 Il ligands
3. Selected GIn 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 a2-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"-naive T-cells promoting the repertoire expansion of gluten-
specific Th1/Th17 pro-inflammatory T-cells with a concomitant production
of IFN-y, TNF-a, IL-18 and IL-21. These cells expressed the asf7 integrin,
essential to migrate in the gut (Escudero-Hérnandez et al. 2016). IFN-y
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-y 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-y is produced, thus increasing
the inflammatory response (Tjon et al. 2010).

In active CD, the release of IFN-y increases the number of
CD8* TCRap* and TCRyd" 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-y 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. 1L-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 (Sanchez 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.
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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-y, 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):

e 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.

e 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.

e 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.

e 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).

e 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.

e 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).

Mean Mean
Test sensibility specificity Use
Anti-tTG IgA 94% 97% Test
, Variable Variable -
Anti-tTG 1gG (12-99%) (86-09%) IgA deficiency
Anti-EMA IgA >90% 99% Confirmatory test
. IgA deficiency and
- 0, 0,
Anti-DGP 1gG >90% >90% 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:

e MO: normal villous

e M1.: increase of IELs

e M2: increase of IELs and glandular crypt hyperplasia

e Ma3a: partial villous atrophy

e Ma3b: substantial villous atrophy
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e Ma3c: total villous atrophy

This classification has been recently semplified by Corazza and colleagues
(2007) according to villous morphology:

e A: non-atrophic

e BL1: atrophic, villous-crypt ratio <3:1
B2: atrophic, villi no longer detectable

Figure 6: Marsch modified classification. M0O: 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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Marsh modified Histologic criterion Corazza
(Oberhuber)
Increased intraepithelial Crypt Villous
lymphocytes?® hyperplasia atrophy
Type 0 No No No None
Type 1 Yes No No Grade A
Type 2 Yes Yes No
Type 3a Yes Yes Yes (partial) ~ Grade
B1
Type 3b Yes Yes Yes (subtotal)
Type 3c Yes Yes Yes (total) Grade
B2

% >40 intraepithelial lymphocytes per 100 enterocytes for Marsh modified (Oberhuber); =25 intraepithelial
lymphocytes per 100 enterocytes for Corazza.

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. Amylase/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-a, IL-8 and MCPL1.
Actually, there are no serological tests to identify NCGS patients (Shuppan
et al. 2015).
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1.2 Autophaqy

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 colleagued (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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e 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).

e Microautophagy: small cytosolic materials are degraded after their
engulfment in lysosomes through membrane invagination
(Santambrogio and Cuervo, 2011).

e 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).

e 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, apgl. 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-Atgl12 conjugation, interaction
with Atgl6L 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 GPL/mLst8, and mTORC2, that
contains Rictor, GBL/mLst8, Sinl, PPR5/protor and Deptor. The
complex that is responsible for autophagy activation is mMTORC1
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, Atgl3, FIP200 and Atgl01l. ULK1/2 can exert is kinase
activity after mTORCL 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 Atgl4L-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 Ambral leading to the release of PIK3C3 complex
with the consequent PI(3)P generation (Jung et al. 2010; Di
Bartolomeo et al. 2010).

. Nucleation: this step is mediated by the action of Beclin-1, which
belongs to PIK3C3 complex together with PIK3C3, p150, Ambral,
UVRAG or Atgl4L. 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-X., 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/Atgl2 conjugation: two ubiquitin-like conjugation systems are
implicated in autophagosome expansion. The first mechanism
includes the activation of Atgl2 mediated by Atg7, an E1-like
enzyme. Atgl2 is then transferred to Atgl0, an E2-like enzyme, for
the conjugation with Atg5. A 800 kDa multimeric complex is then
created after the interaction of Atgl2-Atg5 with Atgl6L (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 Atgl2 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-l. Then, Atg7
promotes the ATP-dependent activation of the C-terminal glycine.
Subsequently, activated LC3B-I is transferred to Atg3, an E2-like
enzyme. Atgl6L complex acts as a scaffold to transfer LC3
(homolog of Atg8) from Atg3 to phosphatidylethanolamine (PE).
LC3-PE, also known as LC3-11, is localized on the autophagosome
membrane and is an autophagy-specific marker. After vesicle
formation, LC3B-Il is removed by the outer autophagosomal
membrane, in a process called deconjugation, which is mediated by
Atg4. LC3B-Il 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 GATEL6 (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: NRBL1 interacts with p62 for the sequestration of
protein aggregates and peroxisomes. OPTN and NDP52 interact
with p62 during xenophagy (Stolz et al. 2014).

. 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 (YYang et al. 2006).
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Figure 8: Overview of the autophagic pathway. Autophagy is stimulated by nutrient
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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
Il 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, Vpsl5, UVRAG, Bif-1 and Ambral. Vesicles elongation and
completion processes are based on two evolutionarily conserved ubiquitin-like conjugation
systems. The first pathway involves the covalent conjugation of Atgl2 to Atg5, with the
help of Atg7 and Atgl0 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-I1I.
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.
Sirtl and Sirt2). Sirtl 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
ULKZ2, Beclinl, 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 mTORCL1 through multiple mechanisms. In fact, Akt
becomes catalitically active in response to growth factors, due to the
sequential stimulation of class | 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 Sirtl engage in a
coordinated positive amplification loop, the “Sirtl-AMPK cycle” that
promotes autophagy. Sirtl mediates the deacetylation of the AMPK-
upstream kinase LKB1, promoting its translocation in the nucleus and
AMPK activation. AMPK can indirectly stimulate Sirtl 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
elF2a, 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
Beclinl 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 elF2a, 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
DRAML1 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 Kkinase 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. VDACL, 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 HMGBL is able to disrupt the binding of Beclinl 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 Beclinl by the E3 TNF receptor-associated factor 6
(TRAF6). As a result of this process, Bcl-2 releases Beclinl, 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-1B induces autophagy through the downstream recruitment of
TRAF6, while INF-y activates the autophagic process through the
phosphorylation of Beclinl 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 STATG6-dependent when
autophagy is induced by IFN-y (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, Atgs and LC3), deacetylation of
FOXO3 and consequent transcription of NIX and Bnip3 and interaction with TSC-2, thus
inhibiting mTORCL. (C) Energy depletion leads to LKB1 deacetylation mediated by Sirtl
and, as a consequence, to the activation of AMPK. Other kinases can activate AMPK, i.e.
CaMKKp 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 Aym 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 Atgl6L in Crohn disease
pathogenesis is still unclear, because of the lack of knowledge about the
functions that Atgl6L exerts in the autophagic pathway. However, it is clear
that Atgl6L is able to suppress the inflammatory process: Atgl6L-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-1p 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).

36



Introduction and review of the literature

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 mMRNAS
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 mMRNAs, 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 mMiRNA-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 miRNASs 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
37



Introduction and review of the literature

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 Il 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 |1l 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
I 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
DGCRS8. The hairpin cutting occurs 11 bp away from the basal junction
between ssSRNA 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
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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 IlI-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 mMRNAs (Gherzi et al. 2004). This protein is
also a component of both Drosha and Dicer complexes and promotes the
biogenesis of a subset of mMiRNAs, 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 elF4F 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 1l 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 sShRNAs 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 L Group 2
(CD patients) (Controls)
N° 25 33
Sex 11M,14F 16 M, 17 F
Age 94+44 9.4+39
Height SDS 05+16 -0.31+1.48
BMI SDS -0.88 £1.29 -0.80 + 1.99
Positive serological test
for CD (anti-tTG
IgA/1gG and/or anti- 25/25 0/33
EMA IgA)
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
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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 mm?3 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 TagMan 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 TagMan Universal
Master Mix 1I, 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
222 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

47



Materials and methods

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 HelLa cells were selected as an outgroup. Caco-2 and HelLa
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/mi
streptomycin and 1% L-glutamine and kept at 37°C in a 5% C0O./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 puM).

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 HCI 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

48


https://www.medcalc.org/
http://orange.biolab.si/

Materials and methods

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 Qubit™ Fluorometer (Invitrogen). The final
concentration was 1.12 mg/ml. 100 ug 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. 10° cells were seeded in duplicate in 24-well plates
with the administration of PT-gliadin (500 pg/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 (10%) were grown in complete DMEM
medium supplied with digested gliadin (200 pg/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-

49



Materials and methods

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 um objective aperture and operating
at 80 kV.

Immunofluorescence analysis

Immunofluorescence assays were performed according to Sbhalchiero 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 pg/ml in Caco-2 and HelLa 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 10*
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 37°C,
centrifuged 10 min at 14800 rpm and dried pellets were kept at -80°C upon
protein extraction. Cells were lysated in ice-cold RIPA buffer (150 mM
NaCl, 50 mM Tris-HCI 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 ug) were
added with Laemmli sample buffer (2% SDS, 6% glycerol, 150 mM pB-
mercaptoethanol, 0.02% bromophenol blue and 62.5 mM TRIS-HCI 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 LC3-1l, ATG3, ATG7,
BECNL1 (Cell Signalling) diluted at 1/3000 in 5% non-fat milk in TBS,
BACT (Cell Signalling) was diluted at 1/20000 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 Qubit™ 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
Qubit™ 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 10* 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 Qubit™.

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 uM. Transfection was performed with 0.5 pul
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.

52



Results

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 BECNL1 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.

ATG7 2.13 0.2585

. BECN1 2.34 0.0189*
Peripheral blood MiR-17 113 0.2557
miR-30a 1.51 1.1310

ATG7 2.41 0.0159*

Intestinal biopsy BI.ECNl ZE Lz
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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ATGT 0603 % 01723 7826 47.06

0.54- .
poripheral BECNL 0683 (% 0012% 6522 74.29
blood mR17 0605 (47 01822 3478 97.06
miR-30a 0632 070 00754 5652 67.65
ATGT 0697 0> 0.007%  64.00 69.23

0.55- .
testina | BECNL 0703 9°> 00068*  88.00 57.69
biopsy miR17 0671 0o 00274*  56.00 84.62
miR-30a 0677 0> 00238* 7200 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 BECNL1 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 | 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.
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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 | 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.
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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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Diagnosis

Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Control
Control
Control
Control
Control
Control
Control
Control
Control

CD vs control
probability
1.00:0.00
0.50:0.50
0.67:0.33
1.00:0.00
1.00:0.00
1.00:0.00
0.75:0.25
1.00:0.00
1.00:0.00
0.33:0.67
0.67:0.33
1.00:0.00
1.00:0.00
1.00:0.00
1.00:0.00
0.75:0.25
1.00:0.00
1.00:0.00
0.75:0.25
1.00:0.00
1.00:0.00
1.00:0.00
1.00:0.00
0.00:1.00
0.00:1.00
0.00:1.00
0.00:1.00
0.00:1.00
0.50:0.50
0.00:1.00
0.00:1.00
0.00:1.00
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Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Control *
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Control
Control
Control
Control
Control
Celiac disease *
Control
Control
Control
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Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.67 :0.33 Celiac disease *
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.33:0.67 Control
Control 0.00:1.00 Control
Control 0.33:0.67 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
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.

Diagnosis CD vs control Classification
probability

Celiac disease 1.00: 0.00 Celiac disease

Celiac disease 1.00: 0.00 Celiac disease

Celiac disease 1.00: 0.00 Celiac disease
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Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control

1.00:
1.00:
1.00:
0.33:
1.00:
1.00:
1.00:
1.00:
1.00:
1.00:
1.00:
0.33:
1.00:
1.00:
1.00:
1.00:
1.00:
0.50:
1.00:
1.00:
1.00:
1.00:
0.00:
0.00:
0.00 :
0.00:
0.00 :
0.00:
0.33:
0.00:
0.00:
0.33:
0.00:
0.00 :
0.00:
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0.00
0.00
0.00
0.67
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.67
0.00
0.00
0.00
0.00
0.00
0.50
0.00
0.00
0.00
0.00
1.00
1.00
1.00
1.00
1.00
1.00
0.67
1.00
1.00
0.67
1.00
1.00
1.00

Celiac disease
Celiac disease
Celiac disease
Control *
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Control *
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Celiac disease
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
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Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.00:1.00 Control
Control 0.33:0.67 Control
Control 0.00:1.00 Control
Control 0.33:0.67 Control
Control 0.00:1.00 Control
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.
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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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BECN1 trend in blood
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Figure 19: BECNL1 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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BECN1 over-expression
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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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PartB

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.).

PT-gliadin toxicity in Caco-2
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PT-gliadin toxicity in Hela
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Figure 21: Viability of Caco-2 and HeLa cells treated with PT-gliadin (500 pg/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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Caco-2 NTT24

Caco-2 + Gliadin T24

Hela NT T24

Hela + Gliadin T24

Figure 22: Caco-2 and HelLa 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.

Hela + Gliadin T24

£ e . -~

Figure 23: TEM observation at 2000X magnification. PT-gliadin (200 pg/ml) was
administered to HeLa cells in suspension at 37°C 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 HelLa 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.
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Figure 24: Caco-2 and Hela cells were grown on sterilized glasses in 3 ml plates and
treated with gliadin (500 pg/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 pg/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 HelLa, 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 pg/ml) or without (NT). Before
visualization (15 minutes), acridine orange (1 pg/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 pg/ml) or without (NT). Before
visualization (15 minutes), acridine orange (1 pg/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, Beclinl and ATG3) was performed (Figure 26).
As quantified by BACT normalized densitometric analysis (Figure 27),
Caco-2 and HelLa cells displayed a different ATGs expression profile
following PT-gliadin administration: notably, in Caco-2, a general increase
of LC3-II, Beclinl, ATG7 and ATG3 expression was reported, compared to
untreated cells. Differently, HeLa exhibited a marked downregulation of
ATG proteins.

Caco-2 MW (kDa) Hela MW (kDa)
t0 4 24 48 72 t0 4 24 48 72
LC3- -16 LC3- - le
LC3-I . =14 LC3-I - 14

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 HelLa 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)
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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, GL1A-488 aggregates in DMEM growing conditions.

Then, GLIA-488 was administered (10 pg/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 HelLa 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 pg/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).
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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 LC3-1I/BACT ratio at different time intervals (Figure 31). Of
note, differently from PT-gliadin administration, cells showed a nearly
constitutive expression of LC3-11 (Figure 32).

Caco-2 MW (kDa) Hela MW (kDa)
t0 4 24 48 72h t0 4 24 4872h

LC3-l
LC3-lI

Figure 31: Immunoblotting assays on Caco-2 and Hela cells treated with OVA-488 of
LC3-II; B-actin (BACT) was used as housekeeping protein. Molecular weights (MW) in
kDa are reported.
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1,4 1,6
1,2 14

1 1,2
0,8 1
o 0,8
-~ 0,6
0,4 0,4
0,2 0,2
0 0
t0  4h 24h  48h  72h t0  4h 24n 48h  72h

Figure 32: LC3-Il 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).
FBS 10% FBS 0%+ GFP-LC3 Baculovirus

T24 hours

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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FBS 10% + AO 48h

FBS 0% +AO 48h

Figure 34: Visualization through acridine orange (AO) staining of acidic vesicles in Caco-
2 cells treated with PT-gliadin (500 pg/ml) in DMEM with or without 10% FBS. AO (1
pg/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
LC3-1l 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 LC3-1I and Lampl proteins, compared to untreated cells.
Specifically, LC3-1I 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, LC3-11 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.

PT-gladin - - + + +
0 S S$+24 $+48 $+72h MW (kDa)
LC3-I 8 - 16
LC3-Il N e - |4

Lamp-1 B "--- - 42

BACT — e S b G — 45

Figure 35: LC3 and Lamp-1 immunoblotting analysis of Caco-2 cells treated with PT-
gliadin (500 pg/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-I1 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 ug/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.
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o .
O R ATl B804S S ) e

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).

Starvation
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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
uM), 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).

+ rapamycin 5 uM + rapamycin 10 uM + rapamycin 20 uM

.

Figure 40: Induction of autophagy in Caco-2 cells using different concentration of
rapamycin (5, 10 and 20 uM). Visualization was performed with acridine orange (1 pg/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 pg/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 uM 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.

+ rapamycin 5 uM + rapamycin 10 uM + rapamycin 20 uM
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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 pM). 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 pg/ml) and a single-dose administration
of rapamycin (5 pM), that did not showed toxic effects in previous
experiments. Expression levels of LC3-11 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), LC3-11 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-Il expression and (B)
relative densitometric analysis. LC3-11 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 LC3-1I in order to
confirm autophagy down-regulation. As shown in Figure 43, BECNL1 levels
decreased over time thus confirming silencing efficacy. Similarly, LC3-1l
levels decreased as a consequence of BECNL1 silencing showing that
autophagy was down-regulated as expected.
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Figure 43: Effect of BECNL1 silencing in Caco-2 cells. (A) immunoblotting analysis for
BECNL1, 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 ug/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 BECNL1 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

98



Discussion

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 (Bascufidn-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-I1 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*-naive 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 ATG?7 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
BECNL1 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 BECNL1 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/miRNAsS
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 BECNL1 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. BECNL1 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-1p, IL-6, IL-8 and IL-18. Autophagy up-
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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-y promotes the action of DAPk1 leading to BECNI1 activation
and IL-1P activates TRAF6, a member of the complex TRAF6-BECN1-
Ambral 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:
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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

BECNL1 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
104



Discussion

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, HelLa 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 y-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 (Appelqgvist 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
LC3-1I 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-I1 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 LC3-11 levels. For this reason, other
autophagy-related proteins should be investigated together with LC3, i.e.
ATG7 and/or BECNL1, 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 HelLa 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 (Appelgvist 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.
HelLa (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, HelLa cells showed a down-

107



Discussion

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-I1 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, HelLa 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 -
amyloid and a-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, HelLa 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
LC3-1l 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 GLI1A-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

111



Conclusion and perspectives

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 LC3-11 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 | 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 p-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 AP 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 SHSYS5Y in presence of AB(1-40) or AB(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 AP peptides were
confirmed through MTT assays (data not shown) and cells were visualized
using an inverted fluorescence microscope because AP is autofluorescent at
300 nm. As reported in Figure A, AP(1-40) generated intracellular round-
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shaped aggregates 24 hours after the administration of the peptide.

24 hours 48 hours

+AB(1-40) |
1 uM P

- AB(1-40)

2

Figure A: AB(1-40) aggregates after 24 and 48 hours (i/i/hité arrdWs).

Subsequently, it was demonstrated that LF-EMF treatment after AP
administration induces the clearance of the peptides (Figure B). As
reported, 4 hours p.t. AP 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
SHSYS5Y cells and their number was higher compared with untreated cells,
suggesting that the exposure to LF-EMF enhanced the aggregation of A in
vesicular structure. These intracellular AP 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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AP administration.

+AB(1-40) 1 pM + LF-EMF (1 h.)

T24 hours T4 hours

T48 hours

|

Figure B: AP(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 AB(1-42).

These evidence suggested that LF-EMF exposure promoted A 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 AP degradation, Hydrolyte Fluor 388 AB(1-42) and
the Lysotracker probe were used 4 hours after LF-EMF pre-treatment.
Hydrolyte Fluor 388 is a fluorophore labeled B-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 AP aggregates with acidic vesicles compared with
untrated cells.

+ LF-EMF (1 h.) + Ap(1-42) 1 pM

Fluorophore labeled

AB(1-42) Lysotracker Merge
HydroLyte Fluor 388 (lysosomes)
=
2 - - -
g
=5
—

+ LF-EMF

Excit. 388 nm Excit. 584 nm

Figure C: Co-localization of AP 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 AP were administered to cells 4
hours after the activation of Ap metabolism through LF-EMF pre-exposure
and visualization occurred 24 hours p.t.
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+LF-EMF (1 h.)
+BacMam LC3B-GFP + AB(1-40) 1 uM

4
=
o
<
<
o~
'_
Excit. 300 nm, autofluorescence Excit. 388 nm, GFP
-LF-EMF
+BacMam LC3B-GFP+ AB(1-40) 1 uM
a .
S
o
<
| .
~
-

Excit. 300 nm, autofluorescence Excit. 388 nm, GFP

Figure D: Co-localization of autophagosomes and AB(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 AB(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 A
aggregates (upper panel) compared with untreated cells (lower panel). All
the findings suggested that LF-EMF exposure promoted AP degradation
increasing the levels of autophagy, which is impaired in AD. Moreover, it
seemed that the treatment could be perform before or after AP
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 SHSYSY cells treated with AB(1-
40) or both AB(1-40) and AB(1-42).

+AB 1 puM+ LF-EMF (1 h.)
*
*

180

160 |7

140

120

100 [] -LF-EMF

80 B +LFEMF

60

Cell viability (%)

40

20
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Figure E: MTT assay performed on cells treated with AB(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 AP 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 TO (Figure F). Moreover, at T48 LF-EMF pre-exposure
scheme resulted to be more effective in counteracting Ap 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 AP toxicity. These experiments were conducted
using the fluorophore labelled TAMRA Ap(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 Af(1-42) showed
severe morphological alterations and the presence of AP fibrils. On the other
hand cells treated with a condition medium derived by a cell culture
previously exposed to LF-EMF and containing TAMRA Ap(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 AB(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 AB(1-40) and AP(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 AP intracellular turn-over, reducing also AP cell-to-cell
toxicity.

142



List of original manuscripts

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

143


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

ORIGINAL RESEARCH ARTICLE

Combined EGFR and Autophagy
Modulation Impairs Cell
Migration and Enhances
Radiosensitivity in Human
Glioblastoma Cells

SILVIA PALUMBO,'* PAOLO TINI> MARZIA TOSCANO,* GIULIA ALLAVENA'
FRANCESCA ANGELETT!,' FEDERICO MANAI,' CLELIA MIRACCO,** SERGIO COMINCINI,'
AnD LUIGH PIRTOLI®

'Department of Bidlogy and Blatachnology, Unhersty of Pavia, Pavia, haly

*Department of Medcine, Surgery and Neurasclence (Radiotherapy Unit), University Hospial of Siena, Sena, ualy

%)stituto Toscano Tuman, Florence, ltaly

*Depantment of Molecubir and Developmantal Biology, Unhersity of Slena, Sena, Iuly

SDepantment of Medcine, Surgery and N lence (Pathobgical A w Unit), University Haspital of Siena, Siena, Iy

Glloblastoma {GBM) remains the most aggressive and lethal brin tumor due to 5ts molecular heterogenety and high motifity and rvasion
capabiities of its cells, resulting inhigh resistance to current standard treatments (surgery, lollowed by ionzing radation combined with
Temazolomide chemotherapy administraon). Locus amgiification, gene overexpresson, and genetic mutations of epsdermal groweh
factor receptor (EGFR) are haimarks of GBM that can ectopically activate downstream sigmling oncogenic cascades such as PI3K/AKY
mTOR pathway. importantly, alteration of this pathway, nvoived also in the regulation of autoghagy process, can mprove radioresistance
in GBMcels thus promoting the aggres sive phenotype of this tumor . In this work, the endogenowms EGFR expression profie and autoplaugy
were modulated to increase radosen stivity behavor of human TG nd UI7TIMG GBM cnlls. Our resuts pricnarily indicated tut EGR
nterfenng induced radosensitivity according toa decrease of the doaogenc capabiity of tha ivestigated celfs, and an dfective reduction
of the i vitro migre ory features. Moreover, EGFR imarfering resuited in an increase of Temoazolomide (TMZ) cptotamdcity in T98G TMZ-
resistant celfs. In order to alucidite the invoivernent of the autophagy process as pro-deth or pro-survival role in cells subjected to EGHR
nterfering. the key autophagic gene ATGY was sienced, thereby producing a transient block of the autophagy process This autophagy
nhitition rescued donogenic cagbiity of imadated and EGFA-silenced TG celfs suggestng a prodeath awtophagy contritution To
further confimn the functioml interplay between EGFR and autophagy mathways Rapamycn-mediated autophagy induction during EGHR
modulation promoted further impaimment of irradiated cell in tenma of donogenic and migration capabiities. Taken together, these
resuts might suggest anove combined EGF R.awophagy modulation strategy, to overcme mtrirsic GBM ndonesstnce, thus mprovieg
the dficacy of sandard treatments
} Cell. Pysiol. 229: 1863-1873,2014. 2 2014 Wiley Ferodicals, nc

The epidermal growth factor receptor (EGRR) is the cell-
surface receptor for members of the epidermal growth factor
family (EGF-family) of exxracellular protein Sgands

(Herbst 2004). EGFR sgnaling promotes multiple phy sological
processes, and contributes to uncontrolled cell prolferation,
cellin and angh sincancer( etal ,2004).
Mutations involving EGFR, £ 1O its constant activation, are
a major driver for tumorigenesis and have been identified in
many cancer types (Lynch et al, 2004; Masudomi and
Yatabe, 2010). Armpification, overexpression, and mutation of
EGFR are a halimark of ghoblastonma (GBM), being found in
about 50% of cases (Chakravarti et al. 2004). The most
frequent mutant of EGFR, expressed in about 30% of GBM, i

the EGRR varant Il (EGFRvIll). 2 2 key role in GBM
geness and progresson, the RAS-RAFRMEK-ERK-MAPK and
PI3K-Ake-mTOR are among the myjor dfectors of

pathways
activated EGFR (Narita et al, 2002 Ciardiello and

Tortora, 2008).
Moreover, EGFR signaling induces phosphorylation of

STAT3, Erkl/2, and Ake in GBM cells (Zhu et 1, 2009)

promoting aberrant PI3K/AKUmTOR signaling and devated
STAT3 activation, which contributes significantly to GBM cell
prolferation and survival. The EGFR signaling network thus
represents an attractive domain to be addressed by research
on GBM therapy. and a considerable eflort & focused to
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inhibit the nuz.amhodes tyrosine kinase
Inhibitors (TKls), or vacanes (Mendelsohn and Baselga, 2000
Heimberger et al, 2003). The subject of TKIs in the clinical
mh‘ has been largely addressed by pmp&nve uhh with
y results,
!O%MMxmaMeqo!hmmmﬂm
woka etal, 2002; Kris et al, 2002; Cohen et al, 2003;
ey and Freidiin, 2003). To this reason, researchers have
been focusing their efforts 1o overcome these hurdles,
improving the treatment of GBM beyond the present
standard of care, consisting of post-sur gical  concurrent
irradaton (IR) and T d by
adjuvant TMZ (Omuro and DeAngelts, IOIJ) Amq,h:o
known as “type |l pro, ed cell-death,” has been
recognized as related to a2 major type of non-apoptotic death
in GBM, both in vivo (Sarkar@a et al, 201 |) and In vitro
(Barbieri et al, 201 1; Palumbo et al, 2012), occurring either
spontaneously or induced by radio- and chematherapy
(mdudm. TMZ), (Kanzawa et al, 2004; Zhuang et al, 2009).
phagy is 2 plex process ble for degrading
long-lived proteins and ¢ asmic les, the products
ollz.hkh a:v mycled toyg‘mw‘ n:'a'::dmdu rnd ATP,
crucal in g cellular b is (Levine and
Klionsky, 2004). Nmom these metabolic features makes
autophagy an effective mechanism for cell survival, several
recent studies suggested that the stress-induced exacerbation
of this process mydsolendma -death shift of the
celluar fate (Nelson and White, ; Wang et al, 2005).
Importandy, stmh‘ pathways xmaed by EGFR and
other osine khases (RTKs), the dommnun

with a6-MV X.ray linear aced erator (Varian, Clinac 600, Palo Alto,
CA) at a dose-rate of 244.5cGy/min, with a dose of 2Gy.

TMZ treatment

TMZ (Schering-Plough) was enployed as a chemoth

agent, resupended in DMSO. For experiments M(TMZ cdls
were seeded into cell culture six-well plates, and after 24h TMZ
was added at the concentration of |00 1M, as alrendy documented
(Palumbo et al. 2012).

Clonogenic assay

T: b rephiting effick ok ic assay was performed
a8 previously duated(?aﬁmboﬂ-l.mll).&nﬁy 24 h before
ment, cells were seeded into 30 mm? culture dishes
(10" cells per dish). Alter ench cells incubated two

weeks at 37°C, then fed with ethanol and stained with 0.5%
Crystal Violet (Sigma ). Colomnies that contained more than 50 cells
were counted using clona-counter software

the donogenic capability was

wis sdufequineparrishindex ).
calculated as 4 ratio between treated counted dones and the

corresponding control plate Each experiment was performed in

Scratch-wound assay

T juate cell migration capability, a seratch-wound or migration
usy was pedormed n both TI8G and UITIMG cells, as
d{Cory. 201 ). In detail, cells were seededinto 24well

effectors o wh converge o o PRK/AkYUmTOR p Y are
strictly involved in the regulation of autophagy, ing a

potential link between the actvity of cell surface ncepum

and a specific of the endog phagy

process.
In this study, the interplay between EGRR pathway and

autop! has been investigated in two human GBM cell lines,

namely and U373MG. We here report that autophagy

may actas a pro-death process blovdngEGFR interfering, thus

sensiizing these ceils to subseq or TMZ

Autophagy inhibition decreased theeﬁsa of combined IR and

EGFR interfering, and contrarily Rapamycin-mediated

autop ‘Eucndgcﬂonws&lewmhmme dfect of

Materials and Methods
Cell cultures

T98G and U373MG estabiished human GBM cell ines
(provided by ECACC) were cultivated in D-MEM medium
sugplemented with |10% FBS. 100 Ulm penicillin, 0.1 mg/m!
streptomycin and 1% L-gh (Invitrogen), at 37" Cand
5% CO; atmophers.

EGFR silencing

Toinhibit expression of EGFR gene 2 pool of pecific sSiRNAs was
provided by Riboxx and transfected using NEON Transfection
System (Invitrogen, Carlstad, CA). In details, 4 < 10° celis were
transfectedwitha |00 phtip at | pM concentration of SRNA pool,
or with mock tramsfection buffer slone. After dectroporation,
cells were seeded into cell culture six-weliplates and inculnted for
at least 481 before additional treatments.

IR treatment

For IR treatment, cells were seeded into sixwell phites,
subwequently placed in 3 water ph for dose h as
previoudy mporud(hmbo«aLDn).Cdsm- dated

plites at high cellular density. and immediately after each
treatment, 3 scaatch-wound was performed in the midde of the
well, wsing a 200 ul-tp. Light optical microscopy photographs
(Nikon, Eclipse TS100) were collected at different times after
watch-wound performing. Cdl migration | (in um) was axleulated
measuring the scratch darea ly after its per-
forming and during the analyzed time. P-mcnngedmlmm
was obtained dviding the cdli migration of each sample, collected
at 24 (T24) and at 72hours (T72) by the cell migration of the
MOCK untrented sampleat T72 (corresponding to the completely
scratch-wound dosing).

Autophagy inhibidon

To inhibit the sutophagy process, a knockdown of the autophagic
gene ATGT was performed wing specific sSiRNAs pools (Riboxx),
transfected by NEON Transfection System (Invitrogen). In detadls,
4 10° cells were transfected using a 100 it with 600nM of
!RNA ATG7, or with mock transfection buffer slone. When
was bined with EGFR slencing, both
oedfk: SRNAs pools, at the comesponding concentrations, were
co-trarsfected into the cells After dectroporation, cefls were

FAP

seeded into cell culture 6-welpk dincubated for 48 h. before
R reatment.

Rapamyci diated autophagy in i

Autophagy Induction was carried out adding Rapamycin

(Sigma), resuspended in DMSO, at different concentrations
(5-10 M) to the cultured cells. Calls were further incubated for
241 according to previously establ shed protocols (Takeuchi etal,
2005).

Immunoblotting analysis

4 a1 1 &

protein expression
of analyzed m\rhn Before Io‘dng in SDS-PAGE, protein
were fied using Quantit-IT Protein Assay Kit

JOURNAL OF CELLULAR PHYSIOLOGY

i)

145



List of original manuscripts

EGFR AND AUTOPHAGY MODULATION IMPROVES IR EFFECT IN GBM

(Invitrogen). Protens were then bolled in Laemmii sample
buffer (2% SDS. 6% glycerol, 150mM B-mercaptoethanol,
0.02% bromophenol blue and Tris—HCI pH 6.8 62.5mM) and
denatured for 5 at 95°C. SDS-PAGE gels were used to
separate proteins by size in the presence of electric current.
Gels were run in ing buffer (TrisOH pH 83 25mM,
Glycine 192mM, SDS 1%) at 90V for 3h. After electrophoresis.
proteins were transferred onto nitro-cellulose membrane

Hybond-C Extra (GE Healthcare), using the semi-dry blotters
TE70 PWR (GE Healthcare, Sciences, UK). Transfer was
performed at 60mA for | h and 15, in presence of transfer
buffer (25mM TrisOH pH 83, 192mM Glycine, Methanol 20%
viv). Mambranes were blocked | h with 8% non-fat mitkk in TBS
(138 mM NaCl1,20 mM TrisOH pH 7.6) containing 0.1% Tween-
20 and incubated over-night at 4°C with primary antibodies
The following primary antibodies were joyed- EGFR, Atg-7,

L }
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Fig. !ﬁdollondwu‘. q“!ﬂﬁlhﬁh““mdummﬂ A Ex son immunoblotting analysis of EGFR
expression after EGFR sllen and IR treatment. A pool of EGFR sRNAs (1 M)w-m and after 48 h, cells were exposed to IR

was 1) zed
nq}lx%nkupﬂhdﬁﬂllm“lldﬁmm Cdlm”b%d“lpodﬂdﬂh!@l(lmd
seeded for clonogenic assay. After 48 h, cells were exposed to IR (2 Gy). was calculated as described in the Materials and
Methods Section, and reported as mnwlm the graph. n.-m- of three Independent experiments are indicated with error bars. Light
optical micrascopy photographs of the differe (1o g are re; (**P<001).

Phopho-p70 S6 Kinase, p70 S6 Kinase, f-actn (Cell Signaliing Statistical analysis
Technology, Beverley, MD). Species-specific peroxidase-

hbded secondary antibodies (GE Healthcare) were Statistical analysis was performed by ANOVA-one way for
employed. Protein signals were revealed using the “ECL repeated mensures, using SPSS 14.0 sofeware. All

Advance Western Blotting Detection Kit” (GE Healtheare). P values lower than 0.05 were idered dly signifi
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Resuls
EGFR sllencing in T98G and U373MG human GBM cell
lines

I Sy

g analysis showed that T98G and U37IMG cdis
had constitutive EGFR protein expression,in particular that the
former exhibited twofold hi expression compared with
the latter (data not shown). T hus, to silence EG‘Rgeneh both
cell lines, a pool of siRNAs (siRNA EGFR) was transfected, as
described in the Materials and "M Seukm Thb pool
consists of four sIRNAs, in id
directed against different regions of EGFR tmuaipv. as
schm-uudhmsn |A. Specifically, within this pool, siRNA
EGFR4 is directed against a part of the region ed in the
EGFRvIIl variant (exon skipping from 2 to 7). Both cefl lines
were firstly transfected with | uM of sIRNA EGFR poal and,
uhsegnmry EGFR protein expression was evaluated by
ingat [ { (p-t) times (from

24to9shp¢)hmpomdn Rgure |B, EGFR expression was
significantdy decreased in both cel lines. As expected, at the
longest p.t time (Le, 96 h) EGRF partially recovered its
expression levels.

Effect of IR after EGFR silencing In T98G and U373MG
human GBM cells

Next, cells were transfected with sSRNA EGFR pool and, at
48h pt. irradated with 2 Gy; after additional 48 h, EGFR
protein expression was assayed by immunoblotting. As
hightighted in Figure 2A, EGRR expression was almost
canpladyﬁnqludlnslkNAEGFR transfected cells,
compared to the untreated samples; however, in T98G cells
the effect of sSIRNA in EGFR silencing resuited less efficient
when combined with IR treatment. Afterwards, the effect of
the combined treatments (siRNA EGFR/IR) on long-term
viability was evaluated in both cell lines by a donogenic assay. A

SIRNA EGFR

IR SIRNA EGFR/IR

TQ T24 w:

MOCK = == = SlNA LG = = = = [t e

SIRNA EGER/I

4 m

EMOCK CSIINALGFR SR S<ANA EGERAR

Fig. 1. Effectof IR on cell mi

u:&d'wml‘lldw--y Al rﬂb.o‘omu
m

ton after EGR hlﬂzhﬂn s, A: Cell transfected with o‘dmml and
. el Y bllag).u-;nl‘mmnum-m.m Light opti. (m

microscope
ing (T0, T24, 'ﬂ)).lxc‘ml"knnhl

{10 magnificats

m—imhn.mholmwdutonm

ated

m.m“um-a;nmm-mcmum(um n&m,d:

(roughly peetely
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e sited in a significant time-extended impaired

slgmﬁumdecwo(dm;uﬁccmnbt)m d din IR
treated cells, and further in the combined o Overadl, igrav
U373MG resuited more itive to the bined tr
than T98G cells (Fig. IBL.
It was then evaluated how these tr might interfere

on wmor cell migration capabilites, by means of a2 scratch-
wound assay, in T98G 3)andan373MG( cells, in
order to hrymer mnﬂm functional F‘G;R
Interfering alone or combined with IR Twmtr-burhouuaker
thebeginning of migration assay (T 24), EGFR silencing induced a
marked decrease in cell migration rates, compared to MOCK
and IR-treated cells as highlighted from re-population of
wound areas (Figs 34, part A), measurement of migration
rates 3-4, C)and pefum of cell migraton
(Figs. gr}pnn(?).ﬂ cels, 72 h after
scratch-wound performing, ;he oo«bned sIRNA EGFR/IR

Effect of TMZ after EGFR silencing in the TMZ-resistant
T98G human GBM cell line

The dfect of TMZ was tested in the TMZ-resisant T98G cell
line (Kanzawa et al, 2004) after EGFR slencing. TMZ wasadded
to the culture 24 h after SRNA EGFR transfection, at the final
concentration of 100 pM; 48 h after TMZ administration, cells
were assessed for EGFR;rotdnexprumnAsamdLEGFR
protein expression was highly down«phd after siRNA

EGFR transfecton, also in b with TMZ v
differendy, TMZ alone did not influence EGFR n
(Suppl. Fg SI1A). Importanty, as shown in Suppl Figure SIB,
donogenic capabllity of TMZ-treated T98G cells resulted

A sIRNA EGFR

T0

T24

172

SIRNA EGFR/IR

T T2 m

——— MOCK == GRNAEGFR = === R

$siRNA EGFRAR

T24 172

MMOCK  SSIRNAEGHR SR MoRNAEGFRAR

Fig. 4 Effect of IR an cell migmtion after EGPR silencing in UITIMG cells. A: Cells were transfocted with 2 pool of SRNA EGER (1 uM) and

woded bﬂnl.‘lon--y After 48 h, cells were ex)
of the & (102 m

d to IR (2 Gy), and nuﬂuﬁd to umdl«umd --_r - Light opdnlmknnnop!
on) were reported. B:

measuring the area of the scratch-wound at the anal ﬁna 0, T4, T72 th ola‘ m.-nlhd rated cells to
2 p-ﬂ (‘l’ L e ¢MW mig

untreated sample at T72 (roughly
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stﬂcMy deumed after EGFR siencing (32.1% of
ed 1o the control sample).

3 Y v

Autophagy investigation in T98G cells after EGFR
silendng

Given the above described results, showing that in T98G cels
EGFR modulation impaired different cancer functional
signatures (Le., viability, migration, and resistance 0 TMZ
administration), the autophagy process was investigated in
order to discern its contribute within the described effects. To
this purpose, autophagy was inhibited interfering with one of
the mqor autophagic genes, ATG7, by means of siRNA

chnology, as r ded (Klionsky et al, 2008). In decadl,
cells were transfected with SIRNA ATG7 or sRNA EGFR
alone, or incombination (siRNA ATG7/EGRR), and after 48 h,
celsmmedforATG7md EGFR expression by

LA sigr red of EGRR and

ATG7 pmm expmmon in the corresponding transfected
samples was highlighted. Interestingly, a marked over-
expression of EGFR was scored after siRNA ATG7

transfecton.

Subsequently, T98G cells were irradated with 2Gy, 48h
after SRNA EGFR/ATGY transfection, and analyzed in long-
term viability. Overall, the donogenic capability of EGFR- and
ATG7-slmcod no!-m'dhred T98G cells was similar to the
MOCK (Fig. ‘ re-plating efficacy resulted

sgmﬂcmdy alumd after IR treatment and hnher afer IR
bl mEGFR flencing (r tvely 33.6% and
77%ddonogmlcu oanwedtomecommll

Importantly, re-plating elﬁmq of these was partly
rescued after ATG7 interfering (50.2% in sIRNA ATG7/R and
53.1% in sIRNA ATG7/EGFR/IR combined treatment).

Effect of IR combined with Rapamycin after EGFR
silendng in both T98G and U373MG human GBM cell
lines

According to previous results (Fig. 5), ATG 7 interfering wasable
to riy rescue donogenic capability of EGFR—sImmd T98G
addidonally nb)u.ud e «rmnem. these dam
wggosu mainly as a cell-death
grocus. dunlng EGFR sllum;. To veriy this hypothesis, a
was performed in
T98Gand in UITIMG cells. Hmly the phosphornylation of p70
$6 kinase protein was evaluated in order to confirm the effect
of Rapamycin, that acts blocking mTOR . As shown in
Suppl. Rgure S2, the leve! of ph-p70 56 significantdy
decreased after Incubation with Rapamycin (at 5 and 10nM
concentration) in both cell lnes, tungan effecive mTOR
Iinhibition. Thus, Rapamycin (at the Emt effective
concentration of 5nM) was employed for the next
experiments; in detad, cells were firsdy transfected with siRNA
EGFR, then treated with Rapamydin for 24 h and, after
additional 24 h incubation, irradiated with 2 Gy. Figure 6
repomd lhe md!s of cloncgunr. assays showing that

d EGFR sil

[ | peta-Actn

&
- w ~

-4
w

il
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£GFR pratein expressan

<
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ATG7

sRNA
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Clonogenic capability (%)

é‘ «* =
éd' 2 ® 4’ 6‘ “
7 «" w & é
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n&mh Effect of IR on clonogenic ap.unym-m-.um
g In T9HG cells. A Immunablotting analysis of EGFR and
ATG7 expression after EGFR and ATGY slencing. Both siRNAs pools,
cific for EGFR or ATGT (0.6 uM), were transfocted alone
o‘:.mnhmt,t!“'zo -.3 after 48 h, protein levels were
zed. lordnlltundrk alysis, protein expression was
—r (M] software) wﬁhm to the

decrease in

capab‘:yme; Fun’m-momthe b gand

sh d the IR effect on lolfnerm
visbility to the Rapamycin untreated ¢
sanplém EGFR/'R::ON specfically, 5.5% of
clonogenic capability in s RNA EGFR/Rapamycin/IR and 14.| %
in siRNA EGFR/IR were scored in T98G cells, compared to4.0
% and 126 % in U373MG ceils.

As before, cell migraton was evaluated in both cell lines, as
mpomdegm7('l'9OG)man‘\nB(U373MG),a$
with the combi g actvation, E
interferingand IR exposure. As nmdl.dlemlgmlm of T98G
cells ransfected with siRNA EGFR and treated with both
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o dmolnum-m !'MOQ( cells B: C nc
d’:ﬂynhrlmwlf nz) in IR treated T98G cells.

Cells were tamsfected, as above, and seeded for clonogenic assay.

After 48 h, cells were exposed to IR (2Gy). Clonogenic capability

was calculated as described in the Materials and Methods Section,
and reported as percentage into the "h l--luohhnc

independent a)prin-m are 'qoﬂ-d with bars.

optical microscopy of the different treatments (Mx

magnification) are reported (*P < 0.5; **P <0.01).
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Rapa/IR

Fig. 6. Effectof IR combined with w wummzm-m;m TYHG and UXTIMG cells Both sRNAs pools, specific for

EGIR (1 uM) or ATGT (0.6 M), wore

d alone or
oda “- ndlld:ld 24h, cells were irmdiated 8'2-?‘[ u“mqld:'rdlq was cal cated as des
mh:“ M":: ’n":-::crmm (1o- :\'I“ﬂl) are reported (**F < 0.0!).

copy

into the cells, and after 24h, at (5 ddt th
Rmschu‘(“nm'ul o the
are indicated with ervor bars. Lunoﬂid

", , and IR was significandy impaired, red to the
es without Raj in 7A). In detail,
cnls. mmmtwmﬂfm E‘v'm:;m(rum
dhuncs {Rg. 7B) and percentage (Rg. 7C) was scored in
cmpondeneed R:punydn.slkNAmFRmﬂRcombbnd
at both the § iated times (Le., 24 and 72h).
Mouspedﬁaly, sher 72 hfrom scratch-wound performing, a
cdl migraton rate of 120 um, compared to 250 um of the
control, was detected, with therefore a percentage of cell
migraton of 48,.0% compared to the contrdl. In U373MG cells
(Fig. 8). the combined treatment exhibited a less significant
deonhmgnﬂon rates, only in correspondence of the
longest Investigated interval time, showing 3 migragon rate
(Fig. 8B) of 210 um (compared 1o 270 um measured in the
control) and a 77.0% of cell migration (Rg. 8C).

Discussion

Degpite the significant biological and dinical efforts during the
past decades, GBM (the most common and lethal primary
central nervous system neoplasm) has an extremely poor
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prognos's (Cloughesy et al, 2014). Aker surgery removal, IR
combined with TMZ chemothera| Bmﬁyoomwm
most dfective therapeutic option. Howwu
heterogeneity and its high ber of genetic ake
this tumor elusive, in respect to any known therapeutic
strategy. Interfering with mdu:\hr pathways is an appnlng
strategy, as the resuld tc effect hy
chemotherapy qwmduq A critical factor that ihas R—
sensitivity of GBM seems to be EGFR, whichis overexpressed in
up 1o of malignant GBM cells (Chakravart etal, 2004).
When bound by its ligands (e.g., epidermal growth factor and
transforming growth factor-alpha), EGFR is activated and
wiggers downsvum signaling cascades, sudl as PI3K/AKY
mTOR p y. involved also in the reguly of phagy,
thatin turn can improve radiosensitivity in GBM cells (Palumbo
etal, 2012). In additon, clinical studies have aiso shown that
EGFR promotes ressmnce to radiation in many tumor types,
GBM (Lietal, 2004;
these experimental mpmns. EGFR
expression bined with the end smatus
was here investgated in its capablq 0 enhance IR in viro

make
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sensitivity in GBM celis. After EGFR sllencing through
transfection of 2 pool of siRNAs, IR sensitivity was evaluated
in human T98G and m?JMGGBMceIs by testing their
& and mi bilives. An impaired
clonoganlc rate was shown in both cell lines, maostly in
U373MG cells, demonstratng that EGFR interfering
enhanced IR sensitvity in long-term viabillity assays. In
accordance with these results, mAb 806, an EGFR-spedfic
antbody, was found able to enhance the efficacy of IR in
&om xenografts, redudng the volume of the tumor mass
hns et al, 2010).
Furthermore, itis interesting to note how in T98G, but not
InU373MG cells, IR ¢ d the induced EGFR silencs

inhibition, which the authors attributed to the formation of
actin stress fibers.

TMZ administration, concurrent and sequential besides IR,
represents the standard therapy for GBM patients in
agreement with several clinical studies (Stupp etal, 2005). In
the present report, the effect of EGFR slmcbgonm cells,
described as a prototype of TMZ-resistam cells (Kanzawa
etal, 2004), was evaluated in respectof TMZ cell toxicity. Asa
result, a significant reduction of donogenic capability was
scored after TMZ treatment in siRNA EGFR transfected T98G
cdls, suggesting that EGFR modulation might enhance also
chemo-sensitivity of GBM cells

Sub ly, down-regulation of ATG7 was employed 10

In this repect, um:bwtmmwbexnmedby
irradation in various cancer cells, induding GBM (Dent
et al, 2003; Schmidt-Ulirich et al, 2003 Chakravart!
et al, 2004), and this effect is believed to be one of the major
causes of intrinsic radioresistance in GBM cells. Conversely to
clonqemc results, the effect of the combined siRNA EGFR/IR
on cell sited more effective In T98G
ca&mbﬁy“lotmmmpmdm&sm
EGFR silencing alone, in which cell migration was much more
Mxm compared to U373MG ones. |n particular, U37IMG
ceills showed 2 constitutive higher migration rate compared to
T98G cells. Our results are in kne with Ramis et al. 2012)
observation of a decreased GBM cell mobility after EGFR

JOUBRNAL OF CHLLULAR PHYSIOLOGY

discern the role of 3uto cess in radio-sensitizi
EGR-sllenced cells. From the literature {Kim MO\O{M
Macintosh et al, 2012; Misirkic etal, 2012; Shin etal, 2013),
transfection of siRNA directed versus ATG7, or other ATGs,
provides a usefil approach to inhibit autophagy process,
through a blockade of autophagosome formation and the
consequent de’ﬁdonbylysome(l(lmk’ud. m
Moreover, this appraach
discern between the p«nurwu or the pro-death comrbu-
tion of the process, as rc:omna\ded byl(icmky etal (1012).
In the pr means of

siRNA ATC? nnieam) in Irradhzed and EGFR-sflenced cells
resulted in a general reduction of radio-sensitivity, in
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comparison with the corresponding not transfected of its & tream molecule p7 086 kinase (p7056 K) ( Huang and

This evidence supports 2 major contribution dwnophqyua
cdldeath promoting process.

Furthermore, it is well established that EGFR ampiffication
promotes hyperactivation of the downstream PI3K/Akt-1/
mTOR pathway, one of the hallmarks of GBMs (Furnari
etal, 2007; McLendon et al, 2008; Parsons et al, 2008),
conferring an IR-resistant phenotype (Kao et al., 2007). To
contrast this unfavorable phenotype, the spedfic EGFR-
inhibitor AG1478 was employed to prevent IR-induced Akt
activation, thus enhancing IR sensitivity (Li et al,

Moreover, it has been demonstrated that PBK/Akt-1/mTOR
e, small molecule inhibitors, promoted
mmmq%m (Kao et al, 2007) and?n breast
cancer cells(Friedmann eul 2004). lnaddmon. the P3K/AKT/
mTOR s inhib y. thus su g cell growth and
prolferation (Chen et al, m Kroemer et al, 2009). Taken

Houghton et al, 2003; Sawyers, 2003). In both T98G and
U373IMG cels, anmym enhanced IR-sensitivity, and further
demedmo onogenic capability of the EGFR-slenced cells.
Thus, g EGFR silencing and hagy ind wo
different GBM cel hmd\owedmimvd reponse to a
spedfic IR scheduled treatment. Moreover, not only clono-
genic capability but also call migration was impaired, especilly
in T98G cells. In this cell line, the eflect of the Rapamycin-only
treatment in control and i rradiated cellsis more marked than in
U373MG cells, probably due to the dfferent basal sensitivity of
these cell lines to the drug (Takeuchi et al, 2005). To improve
the efficacy of autophagy Induction InU373MG celis, other
Inducers, such as Berberine (Wang et al, 2010) or 2-
Hydraxyde acid (Marcila-Etxenike et al, 2012) might deserve
consideration for future ents.

In conclusion, in our lnnds. a contmed EGFR huﬂm

these evidences and due to the fact that therapeutic and an autophagy p

of EGFR-inhibitors alone has emerged, ithas been | d new prf g approaches in GBM therapy to enh IR

here whether strategles for !3“" EGPR-assocated effects.

downstream signaling would radiosensitize GBM cell lines.

Spedfically, in the present report, Rapamyain was combined

with EGFR interfering during GBM cells irradiation. In detad, Literature Cited

Rapamycin is an autophagy-inducing drug in human malignant

GEM clesie o pramote:s bocap of the PIKAKUTOR R e e L o
of the up-stream EGFR status price proaein (PriC) e xm-m mel ooy ha Induce s st cphaglcdath in

(lwnnrnru etal, 2007). Rapamycin binds to the intrace hular ghomm cdls. Aumphugy 784035

FKBP|2 protein to form 2 drug-receptor complex that then
interacts with and suppresses mTOR, resulting in inactivation
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Abstract—F il daflelt:

referred to with the

tem plolommola (l.o face blindness), may manifest dur-
ing d opment In m. bs of any brain Injury (from
here the temm o 1] ia, CP). It has been

estimated that appm(inlhly 25% of the pop is

denve from brain injury seem 1o affect about 2.5% of the
population (Kemerknecht el al, 2008). Individuals
affected by this disorder (thal may be present at different
levels of severily) have spared sensory visuai abilties and
normal inteligence but are kkdy 1o have developed sub-
optimal visual mechanisms impled in face processing
(Behwymann and Awvidan, 2005, Susilo and Duchaine,
2013). Moreaver, in spite of a (possibly) severe face-
recognition defiat, individuals with prosopagnosia may
show normal social abilities thanks to highly developed
compensatory alternative stateges to effectively recog-
nize people (Daini et al,, 2014, Malaspina et a ., 2016).
A number of studies demonstrated the recuming
presence of the defict in relatives, pointing to a possibie
genetic contribution {also from here the term congenital
prosopagnosia, CP) reflected by a simple autosomal
inheritance pattern (Duchane e al, 2007, Schmaiz
et al,, 2008, Lee et a., 2010, Wilmer el ai,, 2010, Zhu
ol al, 2010). In particular, t has been suggested that
CP may have a polygenic basis as most neurodeveiop-

affected by face-processing deficits not depending on brain
lesions, and varying a lot In severity. The genetic bases of
this disorder are not known. In this study we Mtod for
genetic assoclation b single- jeotid
phisms {SNPs) In the oxytocin nooptof gene (OXI’R) and
CP In a restricted oohon of ttalian participants. We fomd
avid of an tion bety the
vanants rs53576 and rs 2254298 OXTR SNPs and pmsom
nosia. This assoclation was also found when Including an
additional group of German Individuals classified as
pagnosic In the analysis. Our prdhharydm pmv’do
lnlhl pport for the invoh rants of
OXTR In a relevant cognitive Impnhmm. whose
bases are still largely unexplored. © 2016 IBRO. Published
by Elsevier Ltd. All rights reserved.

acgy ital 1 i "

K 9
gene, face blindness.

INTRODUCTION

Deficits in face recognition — usually referred 1o with the
term prosopagnosia o lace-blindness — that do not

*Comespondng authors.
E-mal addresses: zalra caraecqiunimid it (Z Cattaneo), sergo
comingnigiunipy. it (S. Comincing.

! Thess authors contributed aqually 1o fis work.

hap) dodo om 101016 neuroscencs 2016.09 040
030545225 2016 IBRO. Putiished by Bsavier Lid. All dgits reserved.
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ta! disorders (Suséo and Duchaine, 2013). A recent
contribution reported that the substantial heritabity of
face-recognition capadcty Is due to genetic influences that
are mostly specific 1o this abilty, rather than shared either
with general objact recognition or general inteligence: in
particular, it has been estimated that face recognition dis-
plays a substantial heritability of 61% (Shakeshaft and
Piomin, 2015).

The genetic investigation of perceplual and cognitive
disorders is quite complex, since there are saveral
genes that can dfferently contibute to a speafic atilty.
Nonetheless, we were diven in our investigation by
accumulating evidence on the effects of the homone
oxylocin on face-processing abiities. In fact, inhalation
of oxyloan has been found to improve face-processing
abilities in both healthy (Savaskan et a., 2008, Rimmele
et al,, 2009) and prosopagnosic individuals (Bale et &,
2014). Indeed, oxytocin has been reported to increase
the time spenl looking at the eye region of the face
(Guasteta et al., 2008), an area that provides crdtcal infor-
mation for face identification. Oxylocin has aiso been
shown to enhance the abilty to infer the mental state of
others on a task that requires sensitivity o subtie informa-
tion from the eye region (Domes ot al, 2007), Further
supporting the knk between oxytodn and facal recogni-
tion abiity, a recent study of 178 famies with al least
one aulistic chid found that variaton in OXTR was
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slrongly assodated with face-racognition performance in
a face-memory test (Skuse et al., 2014).

To identity possible genetic determinants invalved in
CP, we performed a study In a restricted cohod of
Itatian patticpants evaluating If OXTR single-nudieotide
polymorphisms (SNPs), alone or in combination,
would be assodated with deficls in facesrecognition.
We designed our study on a highly stringent and
homogeneous cohor of cases and controls. Criteria to
ciassify an Indwvidual as prosopagnosic are indeed
highly debated (see Duchaine and Nakayama, 2004,
2006) and we opted for sticl selection criteda based
on perfoomance In multiple lests measuring face-
recognition abllities (beyond selfreported experdence of
deficlt, see also Palermo et al,, 2016). The use of stin-
gent crleria is also recommended in light of a recent
meta-analysis of OXTR genotype effects in humans
showing that demographic composition and ethnic back-
grounds can onginale inconsistent results (Bakermans-
Kranenburg and van lzendoorn, 2014). After completion
of analysis on the ltallan cohort of padicpants, we were
able 1o get DNA samples of six additional German individ-
uals with CP (some of them described in Minnabusch
el a,, 2007, 2009). Notwithstanding the quite imited size
of this addiional sample, we report some prefminary
genetic analyses on this sample as well, this addtional
exploratory evidence being possibly informative in guiding
future research with larger samples.

METHODS
Participants and classification criteria

tallan sample. Eignteen ltakan CP partapants (mean
age 2542 + 8 years) look part in the study and were
seleclad from a larger sample of partigpants (n = 23) in
response 1o paper and oniine advertisements recruiting
subjects with face-recognition impaiment. Al individuals
that repSed to advedisements were interviewed and
underwent a battery of lests diagnostic for face-
recognition abilties (see Fig 1). the Cambridge Face
Memory Test (CFMT; Duchaine and Nakayama, 2006;
Howles et al,, 2009), the Benton Facial Recognition Test
(BFRT; Benton el al, 1994), and an ltakan version of
the Famous faces test (consisting in the presentation of
42 grayscale face ovails of recent ltakan or intemational
celebnties; each face remains visible til participants ver-
bally provide the exact name or relevantinformation about
the celebrity proving recognition, maximum score: 42).
The CFMT has been shown 10 be the most sensilive test
in detecting face-recognition impairment (Duchamne and
Nakayama, 2004, 2006). This test has been widely used
In studes of CP and has impressive internal and test—ret-
est refabilty (Bowles et a., 2009, Wilmer et al., 2010,
2012). The inversion eflect in the CMFT (.., the differ-
ance in accuracy between the lotal score of the upright
and invered faces, Yin, 1969) was considered as an addi-
tional diagnostic index (the inversion “cost” for recognition
being frequently absentin CP, see Benmann and Avidan,
2005). The BFRT (Benton et al , 1994) allows 1o test face-
racognition abiity in absence of any memory component,

while the Famous faces lest allows lo assess the assock-
ation between a face and the person’s ientity. Partici-
pants were also administered two (contral) lests not
related to facesecognition abilities: the Boston Naming
test (Kaplan ot a_, 1983), and an ltafan test measuring
Famous monuments recognition (consisting in the pre-
sentation of 30 pictures of talian and international monu-
ments in their most conventional perspeclive; each
monument remains visible i participants name the mon-
ument or provide as much information as possible aboutit
in order to prove comecl recognition, max score = 30).
Particpants were classified as having CP only if thay
mel all the fallowing citeria: (1) they had come to the
lab spontaneously reporing face<recognition deficts in
response b our advertisements and te interview
revealed thar difficulties were present since early child-
hood and did not start at a spadfic moment of ife (accord-
ing to their seff-reponts), (2) heir performance was below
2 SD compared 1o the mean performance of the noma-
tive sample (n = 70, see Tabie 1) in at least two of the fol-
lowing face processing measures. CFMT upnght faces,
BFRT, Famous faces st and in the face inversion index
of the CFMT; 3) they had nomal performance in Boston
naming and in the Famous Monuments tests. All CP par-
tigpants had normal or corrected-lo normal vision and no
neurological damage and they were all dght-handed.

Eighteen Italian padicipants (mean age 240
+ 3.4 years) were recruited as controts. None of them
in a pre-screening phase repored 1o experdence any
face-recognition deficts. Control paricipants underwent
the same battery of lests descrbed for the CP group:
All control parigpants were right-handed and had
nomal or comecteddo nomal vision. None of them
reporied any neurological damage.

Demagraphic features of the CP and contral Italian
particpants and their pedormance scores (raw data and
z scores) to neuropsychological tests used are shawn In
Table 2. Al paricipants (included those acling as
nomalive sample) gave written informed consent and
were lreated in accordance with the declaration of
Helsinki. The study was approved by Ethics Committee
of the University of Milano-Bicocca.,

German sample. A sscond group of CP participants
(n =86, mean age 4583 + 1587 years) of Gemnan
nationalty was recruited. Padicipants’ age (ys) al laking
sdliva samples and sex were: 51ys okd, male (¥1),
47 ys old, male (42), 48ys ok, female (#3), 67 ys od,
female (#4), 44 ys old, male (#5); 18 ys old, female (46).
Two of them (#5, #6) were familysrelated members
(father—daughter). The prosopagnosic subjects (#1, #2,
#3) have been described in detal in previous repors
(Minnebusch et al,, 2007, 2009). Subject #5 accepted 1o
give his saliva sample bul refused to lake par in the
behavioral assessment: he and hs family declared that
he suffers of severe face<ecognition abiities, comparable
o that of his daughter, and he considered as pointiess
to undergo parameldc assessment of his performance.
All subjects were rdght-handed and had normal
or comected-to-normal vision. Face-processing and
-recognition abdities were assessed using the
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Fig. 1. Examples of stmul used In he behavoral assessment. The wpper panel shows examples of stmull used n he face-mcognition tests,
speaficaly, fram feft 1o night: (i) faces from he Banton Facal Recognition Test, (i) faces pesented inthe Cambridge Face Memory Test; (iil) amous
faces ofthe Famous Face recogniton test The lower panel shows examples of stimull used in the cbject-recogniion Bsis, in partcutar, fom leftio

right: (1) object drawings taken om Me Boston naming task; and (i) pictures of monuments presented in

he Famous Monuments recognltion test

Table 1. Mean periormance of he normatve [allan sample nthelasts used 1o cassity lalian partapants as having congenital prosopagnosa (CF) va
contmis. The normative samgie in each test consistad of 70 eght-handed partdpants (60F, 10 M, age range: 19-43 ys; mean educaton range: 13-

22 ys). Nose hatthe sample dffered for a few partapants between the Benton, Camitridge and Bostontests

(10M, mean age ~ 234 ys 4 369 mean

educaton: 17.21ys & 2.38), the Famous faces test {10M, mean age = 240ys & 446, mean educaton: 16.76ys 4 2.05) and e Famous

monuments st (10 M, mean age = 23.4 ys & 365, mean educaton: 1685 ys = 207).

Mean scares 4 SD (range) Cu-off zacore
Face-racognition tests
Benn fackl recogniton test 4717 & 2.86 (41-64) 4145
Cambadge face memory wst Upright 5786 & 844 (44-72) 4098
Invened 4256 + 559 (27-64) 3138
Inversion effect 1533 4 65 (1-28) 23
Famous faces wat 2997 & 595 (14-42) 1807
Control tests
Famows monumeants test 2072 & 494 (6-0) 1084
Boston naming st 5569 & 2.96 (45-860) 49.77
Recognition Memory Test for faces (RMT-F; Warrdngton, inate face idently and lo recognize emotions In facal
1984), the Benton Fagal Recognition Test (BFRT, Benton expressions was assessed using five sublests of the
el al, 1983), the Bochum lesl of face-processing skills Tabinger Affect Battery (TAB, Bredtonstein et al., 1996,
(Minnebusch et &, 2007) and the Famous Face Recogni- 1998). Table 3 also reports participants' scores in basic-
tion Test (Minnebusch et al., 2007). The ability to discrim- level object recognition that was assessed by digitized
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Table 2. Demagraphic oy o p o (CP) and control (C) p and mer p In e diflerent tests. Age and
Educaton (Ed.) are In years. Raw data, Z scores and ranks are reported. Pars. weare fied as o coly If hiar scores %l below 2
SD (cases Indicated with an ) pared 10 the sample in at least tvo measures within Banton, CFMT uprght version, CFMT
Inversion effect and Famous Faces. An additonal z vaue (22) that refers 1o the sampie provided by Duchaine and Nakayama 2006) s also
reported. BFRT: Benton Fadal Recogniton Test CFMT: Camiridge Face Mamory Test, BNT: Boston naming test.
Age Ed. Face recognition tests Cortrol tests
BFRT CFMT Famous faces  BNT Famous
Upright — monuments
dlect
aw 2 raw 2 b 73 an z aw 2z raw 2z raw 2

cP

1 24 18 49 084 a7 -247 285 -8 -359° 31 047 57 044 24 088

2 25 18 4 -2.46' 38 235 252 5§ -158 18 201" 56 010 23 046

3 2 20 45 076 38  -235 2527 -4 2977 33 051 57 044 28 147

4 25 19 40 251" 38 -259 277 6 -144 N -319"° s8 078 17 075

s 20 15 48 -0.41 37 -247 -265 -1 344’ 18 -235" 57 044 24 0866

6 20 14 50 089 a7 247 285 6 144 17 ~218 54 -0.87 17 -075

721 1% 4 216" 43 -1.76 189 -1 251" 4 -436° 60 146 24 088

8 20 15 40  -251° 38 -258¢ 297 1 -220° 14 -268" 56 0410 8 -055

9 19 14 47 006 34 -283 -303° -3 282" 18 -201" 58 o078 27 127

10 30 22 4 006 37 247 268 -1 251" 18 201" ST 044 2t 006

123 17 47 006 40 2142 2217 -1 251" 18 -235 54 -057 19 -035

12 24 17 44 -1.11 35 277 -280° 0 -2368 15 -252° 55 -0.23 20 -0415

13 26 18 38 321" 40 247 227 1 -220° 8 ~-369° 55 023 2t 008

14 46 2 45 -0.76 31 318 3417 3 180 13 -285 58 078 26 107

15 20 13 48 029 40 242 221 O -238" 28 -033 57 044 26 107

% 20 13 47 006 32 -3.06 -328° -2 287 22 134 51 -158 22 026

7 o2 14 48 ~0.41 40 2142 2217 -4 201" 7 -388" 85 -023 17 -075

18 47 1% 4 218" 38 -25¢ 277 -8 -are 2 -033 52 -125 28 147

c

1 19 1“5 134 69 132 141 20 o072 3% 101 55 023 25 087

R 18 49 084 7 1.56 166 7 026 33 051 59 112 18 -055

a 2@ 2 5 134 72 168 178 2 118 40 189 57 044 24 086

4 28 20 48 029 66 09 103 2 2w 33 051 56 0410 2 121

§ 27 21 45 029 58 014 0.14 B 04t 35 085 58 078 20 -0415

6 33 2 52 169 58 002 001 “ -020 41 185 57 044 25 087

725 18 47 006 65 085 090 7 -128 34 068 59 142 2t 006

8 2 16 49 084 60 028 027 5 -005 28 -016 S0 -192 20 -015

e 22 16 43 084 §5 034 -037 W -082 30 001 53 091 22 026

10 23 16 48 029 62 049 052 27 180 42 202 53 091 26 107

1 25 21 82 169 67 1.08 1.15 8 -143 39 182 53 -091 21 006

12 22 16 49 064 70 144 153 17 028 25 -084 52 125 13 15

13 2 16 47 -0.06 57 010 -011 10 -082 24 -1.00 57 044 19 -03s

14 20 13 49 084 58 002 001 20 072 28 -033 S0 192 27 127

15 23 16 456  -041 60 025 027 15 -005 35 0485 54 057 26 107

16 25 18 52 189 58 002 001 5 -005 40 169 54 -057 26 107

7 2 13 49 084 51 -081 -087 11 -067 39 152 54 -0.57 21 006

18 2 16 47 -0.06 5 022 024 W -036 42 202 57 044 29 188

varsions of 100 Ene drawings from the pictures of that in Minnebusch el al, (2007) padiapants #1, #2, 43
Snodgrass and Vanderwarl (1980) (see Minnebusch also performed additional tests. The study was approved
at al, 2007, for detals). The Rey Complex Figure test by the Ethics Commitlee of the Medical Faculty of the
(RCFT; Oskerneth, 1944) was also used to assess visu- Ruhr-University, Bochum (Gemnany) and witlen informed
ospatial and constuctional abdites as well as visual/ consent was oblained from all subjects. The study was
non-verbal memory. For detasied description of the behav- pedormed in accordance with the guidelines of the Decla-
loral assessment and the spedafiGty of the impaiment ration of Helsinkl.

pattem (for subjects #1, #2, and #3) see Minnebusch

et al. (2007). To sum up, none of the prosopagnosic sub-

jects that underwent behavioral assessmenl were Sample processing, PCR and sequencing

impaired in tests of low-level vision and basicdevel object Genomic DNA was coliected from buccal celis. DNA from
recognition whereas they presented selective impar- 18 controls and 18 ltakan CP paricpants was extracled
ments in tests measuring face-processing abidtes. Nole from freshly obtained buccal washes using 30ml of a
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Tablke 3. Parormance of he Germman in he 1. Data of #5 are ot avalable (see text). Mean
performance { £ SD) of e control d etal (2007, 2009) s dsoreparted. Further detalls on he bahavioral tests used
and p, 3 ples am repored in M ch et al. {2007, 2009). A X8 indicate p balow g8 (2 < 165 reldtive to control
grow). Contra data for the BFRT and RMT-F are basad on fe tests’ manual. RMT-F: Recogniton Memory Test for faces (Warrngion, 1984); BFRT:
Benwn Facial Recognition Test {Benton et al, 1994).

Py

1 had in A&

Tesss Suttests/scores #1 #2 # #4 6 Controls
Snodgrass % correct 96 @« 96 96 oe 96 (425
Rey figure Copy 34 25 36 38 K 313 (£4.5)
Recall 17506 538 14536 30088 225 164 (£7.1)
Tibinger affect battery  identty discrmination  93.33° ne 100 100 100 988 (£27)
Afect discamination 916 8717 9285 643" 100 916 (456)
Aflect naming 9481 8.7 9233 80, 7333 948 (45.8)
Aflect identificaton 866 €03 3.3 80 BEE 965 (£3.7)
Aflect matching 943 S 1R 666" 933 943 (453)
Famous faces-Test 1 % comect 371 1363 10 14 333 76 (4 14)
Famous Sces-Test 2 % correct 448 2898 139 1"’ 166 84 (4 12)
BFRT Total comect 45 ' 42 28 43 Nommal range 41-54
RMT-F Total comect 38" k<3 k7 13 45 Agerelated st scores

35-39y8: 43.9(£3.7)
A0-44ys: 44.8(£33)

Bochum Testof Face o 06" 008 1.3 04 Urable © 21 (207)
Processing RT for hta (ms) 17 380" 4307 28 periorm the test 187 (499)
commercial  mouth washer. Suspensions were 58°C x 30 s, 72°C x 60s. PCR products were purfied

cantrifuged (1500 rpm « 10 min at 4 °C), washed twce
with PBS to remove saits and finally residual cells were
resuspended into 5004 of DNAzo Reagent
(Thermofisher). DNA  extraction was perdomed
according o the manufacturer's specification. DNA was
then resuspended in 20 pl stedle water and quantified
using Qubit DNA High Sensitive kit (Thermofisher).
Total DNA yield was in general 20-150 ng per sample.
Due to logistic reasons, genomic DNA from Geman
samples was extracted from buccal swabs kits sent by
express courler, following a previously reported protocol
(Vai et al, 2015). In this case, genomic DNA total yield
was 50--200 ng per sample.

Primers for PCR and sequendang were: P1-U:
5-GCTCTCCACATCACTGGGTC and P14L: 5-TCAC-
TGGGGCAACCAAACAT; P2-U: 5-TTTTGGAGTGAAT-
GACTTAG and P24 5-GCATGGTAGGATATTTAACA,
P3-U.  5-TCAAGGTTAAGAACCACTA and P3L:
5-TGAACAGATAAGATTGTGC (see Fu. 2).

PCR was performed using 1-5ng of genomic DNA, in
the presence of 10 pmol of each primer and adopling
mineral ofl lo avad aerosol contaminations. Samples

(GenElute PCR Purification kit, Sigma) and sequenced
on both DNA strands by Eurofins Genomics (Ebersberg,
Germany).

Single-nucleotide polymorphism (SNP) selection and
analysis

We salecled eighteen SNPs in OXTR intron 3 (human
chromosome 3 from B754861 to 8762685 coordinates,
spanning a 7B24-nucieotide region) (Tatie 4). SNPs
genolyping was parformed by Sanger's sequencing on
both DNA stands using the primers mapped in Fig. 2,
Hardy—Weinbearg (HWE) equilbrium was tested using the
HWE calculator located at hitp:/ www.oege.org/software/
hwe-mr-calc shiml (Rodrguez el al., 2009). Odd ratios,
upper and lower Emits (at 0.95 Confidence interval),
Fisher's Exacttest probabilities (P) were calculated using
Vassarstats calculator (htip://vassarstats.nel/) where the
resulted three possible genotypes for each SNP were
analyzed in 2 « 2 contingency tables as homozygous for
ancestral alele vs absence of ancestral alliele in normal
and prosopagnosic condition. Clustering, nomograms

were subjeclted o 35 cycles al. 94°C x10s, and classification analyses were pedformed using Orange
Ex1 Ex2 Ex3 Exd
I ar82885 Intron 3 8754861

A égéé%%%%éé § E% g i W

3 § a B 3 = i :

. SRR g
Fig.2. OXTRgene arch aathe g Invon region with human ch 3 nudectds dl Selected SNPs (MAF > 001)
were amplified and dwith e primers ). Aster dicated SNPs fat d with CP condi
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Table 4. SNPs nto the OXTR gene analyzed in he curmnt study are

J gsde her o | position and minor alkele
frequency (MAF ).

SNP 1D Pos. O3 Alieles MAF
rsS3576 8762685 AG A= 040
11131148 8761059 cfr C =039
313316183 8761057 cr C =0.40
258102519 8760082 cr C -0.06
360722075 8760804 A A=038
rs78172575 8760848 AG A= 004
rs237889 8760797 cr T=03
rs57329700 8760793 AGT T =014
60902022 8760717 cfr C =039
182254295 8760606 cr C=0.21
1822542498 8760542 AG A=021
132268494 8760360 AT A =007
s 237888 8755409 cir C =013
52268490 8755399 cr T=026
rs 11706648 8754861 AC C =029
rs 11718289 8755176 cir T =031
rs237887 8755356 AG G = 040
s 17049515 8755327 cr C =0.01

Canvas 3.2 data-mining too! (Demsar et al, 2013). To
identify putative functional effects of the identified
vadations, Consite (hitp./jconsite.genereg.netf) and
Transfac  (hitp:/ www . gene-requiation.comindex2.html)
transcription-binding sites predicting tools were employed.

RESULTS

As detailed above, we sequenced a 7824-nudieotide
region of human OXTR containing 18 SNPs (Table 4);
for SNP rs53576, genolype GG and its alele G were
assodated with facga recognition deficits (both
P =0,03), whie for SNP rs2254298, a significant
assodation with prosopagnosic condition was scored for
genotypes AG and AA and its aliele A (respectively,
P = 0.04 and P = 001) (Table 5).

Next, to highiight the connectivity between the above-
mentioned nucieotide variations and the face<recognition
performance, an unsupervised hierarchical cluslering
was performed (Fig. 3). This analysis was performed on
all samples imespective of participants' cassification
(based on the behavioral peformance and self<eport,
see above) as prosopagnosic vs. control, but only
considenng paricipants’ rs53576/rs2254298 genotypes
and thar scores in the face-recognition tests. An
Eucidean distance matrix was then compulted 1o cluster
participants. Finally, we compared the oulput of the
unsupervised computation with the status (CP vs. C) of
each pafiapant as eslabishad on the basis of the
behaviora citeria defined above and described in
Table 2. The dendrogram showed two man clusters:
the fomer including 22 subjects (18 prosopagnosic and
4 contols) and the latter 14 subjects (all controls). The
assodation between the identified clusters and the two
categorical variables (ie. CP vs. C) was highly
significant (P = 0.0001, Fisher exact test). Notably,
control participants number 2, 4, 5 and 7 that

clusterdzed within the CP duster, dd not exhibit pecusar
face-recognition scores compared to the other control
paicpants (see Table 2), rather they all had G aliele at
rs53576 that might explain simiarity with the CP group.

Then, to evaiuate the effects of rs53576 and
rs2254298 genotypes on the perfommance in the
behavioral tests we used, nomograms analyses were
pedormed. In this context nomogram models may be
used to predict the probabiity of an individual to be
classified as CP when her/his performance in the tests
we used and spedfic genotypes are known. Therefore,
the introduced vadabies were the z scores of the
various tests (Table 2) and rs53576 and rs2254298
genetic condtion (Table 5) for each CP and C
padicgpant. For each test, diagrams representalive of
the Investigated alleles/genotypes with thar assodated
probabilities to predict the CP condition were produced
(Figs. 4 and 5). One of the mainly consistent graphical
signatures was the relative higher probabiities of R/G
(rs53576) and RjA (rs2254298) genolypes to be
assoclated with the CP rather than with the C condtion
when considenng overall the face-recogniion lests
(Fig. 4, average probabiities 0.84 and 0.67, respectively
for CP and C groups). In tum, no graphical and
statistical  differences In mean probabiities were
reported between CP and C groups when considering
pedormance in cognitive tests umrelated b face-
racognition abifty (i.e. Boston Naming test and Famous
Monuments test) (Fig. 5).

To evaluate the capatifty of the two identified SNPs to
correcty classify CP  individuais, further OXTR
sequending analyses of rs53576 and rs2254208 were
carded out with the second group of six participants of
German nationality with prosopagnosia. A test leamer
using Receiver Operating Charactenstics (ROC)
analysis, based on a Naive Bayes classifying algorithm
(Bradley, 1997), was used 1o establish the accuracy of
CP dassification in cross-validation supervised tests.
Within the Iltaian samples, the CP-predicted cluster
exhibited a relatively high value of area under curve
{AUC = 0.8333). The AUC did not significantly vary when
we introduced the additional outgroup of Gemnan
prosopagnosic paricipants (AUC = 0.8195) (Fig. 6).

Finally, to identify putative functional effects of the
identified variations at those SNPs that exhibited an
assoclation with congenital prosopagnosia, i.e. rs53576
and rs2254298, an in slico analysis using transcription-
binding sites predicting tools was performed. Consite
software predicled a refable score for the tinding of p53
transcription factor with allele A of rs53576 as DNA
scafiold, while this interaction was nol sustained with
the G allele. Differently, alleles A and G of rs2254298
showed possible interactions predicted by Transfact tool
with Heat Shock Transcriptional Factor (HSF) or lkaros
2 (Ik-2), respectively (data not shown).

DISCUSSION

Impaired face-recognition abiity in the absence of bran
injury classifies indiMiduals as having congenital
prosopagnosia (e.g., Behrmann and Avidan, 2005,
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Table 5. Genoty quency and
frequancies (Freq). Hardy-Wainberg equil

studies. The Investigated SNPs genotypes (Gen) and aleles (all) are reported In number (/) and
(HWE) & highiighted (¥, with P > 0.05). Assocaton studes with Odd ratios (OR), lower and upper
limits at 0.95 confidentid Intervals and P (Fieher exact test, sgnificance & P < 0.05 Indicated with d

) are rep

SNP Genjall Contol Prosopagnosia
HWE HWE Fesocation
n Freq £ P n Freq F P OR Low Uop P
853576 GG 011 129 027 8 044 013 072 640 112 B4 008
AA 11 061 2 0.1
R 5 028 8 0.44
G 7 039 16 089 366 111 001 00F
A 16 089 10 056
15237889 T 11 061 002 088 0 056 052 047 080 025 300 0.50
cc 1 0.06 2 0.11
Y 033 6 0.33
c 7 039 8 0.44 121 036 412 0.50
T 17 094 % 072
182254295 T 14 078 166 020 13 072 072 040 074 016 338 0.50
ce 1 006 1 0.06
Y 0146 4 0.22
T 17 094 17 0.4 080 018 350 0.53
c 022 5 0.28
82254298 GG 13 0712 072 040 7 039 013 Q72 025 006 Q%0 0.04
AA 1 008 2 0.11
R 4 022 9 0.50
A 5 028 11 061 495 1.4 741 007
G 17 094 1% 089
152268450 cec 12 066 023 063 12 086 023 063 100 025 400 0.64
T 1 006 1 0.06
Y 5 028 5 0.28
c 17 04 17 094 100 021 arnz 0.63
T 8 033 8 0.33
18237887 Ge 7 039 180 017 6 033 018 067 067 018 259 0.41
AA 5 028 4 0.22
R 6 033 8 0.44
G 13 o072 14 078 0% 032 300 0.50
A 11 081 12 068
cc 9 050 013 072 10 068 052 047 153 042 550 0.37
T 2 0.41 2 0.11
Y 7 039 6 0.33
c 16 089 16 089 143 035 365 0.54
T g 050 i 0.44
111706648  AA 12 086 023 063 10 066 052 047 063 018 241 0.30
ce 1 006 2 0.11
M 5 028 6 0.33
A 17 094 1% 089 071 020 249 0.41
c 6 033 8 0.44

Shah, 2016). The term congenital refers exphctly 1o the
absence of a lesion acquired In any period of develop-
ment and calis for a genetic ongin associated o a certain
trait. In this study, we have identified spedfic DNA poly-
marphisms within the OXTR gene that might contibule
1o affect the performance on face-recogniton tests in indi-
viduals in which prosopagnosia is present since develop-
ment (congenital) and is nol due to brain lesions.

It is wel estabished thal the functional effects of the
different neuropeptides, including oxytocin, depend on
the expression of their receptors. To this regard,
Mizumoto et al, (1997) demonstrated that the third intronic

regon of OXTR is associated with transcriptional regula-
tion of the gene itself, In their pionenstic study, the differ-
ential methylation of a CpG istand within this region was
assoclated with differences in gene expression in perph-
eral biood and myomelrial cells;, futhermore, recent stud-
les showed that these epigenelic processes may also
affect OXTR expression in human cortex (Gregory
ot o, 2009). Besides methylation, transcrptional regula-
tion, in paricutar the affinity binding of transcriptional reg-
ulatory proteins within specific DNA regions, might be
influenced by DNA varnations. Compared with other
SNPs, those located in the third inton of OXTR (lLe.,
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Flg 3. Unmpemadnmanmemu Mongcmypusmmntcom Groups' tems were created usng a hierarchical unsupervised

were Y g to their SNPs ganotypes 853576 and rs2254298) as wel as 1o heir score in he diffesnt
viwwmrq:oﬂeum‘ra:n 2 {but irresp dm CEE as CPor C). The analysis showed ™o main dusters, hie infenor (ight gmay)
cuwmmucmwwmammm(mw) g mainly CP suty Wit the of four control subjects (1.e., control
subgctnumber 2, 4, 5, and 7, d wih y Index scale is indicated (225 was e cut-off vakue that sspamted CP and C
clusters),

rs53576, rs2254298, rs2264293, elc) have been consid- rs53576 and rs2254298 are significantly assodated with

ered in several genetics behavior studies and found to impaired face-processing performance, indicalive of a
modulate various aspects of sodal behavior, including prosopagnosic condition.

mind-reading and face-recognition capadities (e.g., Considering our results, it s worth noting that
Lucht et al, 2013 Skuse et al,, 2014; Slane @ al, avallable evidence is still controversial about whether
2014, Massay et al,, 2015). In line with these evidences, variation in the oxytoan receplor gene may in fact

our exploratory study indicated a significant association explan (at least in part) indiidual differences in
between the common genetic varants rs53576 and (oxyloGn-related) sodal behavior, In paricutar, a recent
52254298 SNPs and prosopagnosia. These SNPs have meta-analysis in a Caucasian population considering
been suggested to be parlicularly promising candidates variations in rs53576 and rs2254298 and their combined
o explain dfferences In oxylocinergic functioning effects on different oulcomes such as personality, socal
(Meyer-Lindenberg et a., 2011). Furthemore, a com- behavior, psychopathology, and autism, reported that
bined contribution of the rs53576 and rs2254298 SNPs OXTR SNPs (rs53576 and rs2254298) faled to explan
has been reported in disorders such anorexa (Acevedo significant pant of human social behavior considered
et al, 2015), high-functioning autism (Nyfleler et al, {Bakemans-Kranenburg and van lzendoorn, 2014), In
2014), and schizophrenia (Montag el al, 2012). In chi- a different meta-analysis study, Li ot al, (2015) reported
dren with autism spectrum disorder, carders of the G’ a positive assodation between the rs53576 polymorphism
aliele of rs53576 shawed impaired affect recognition per- (G aliele) and “general sodalty” skils (i.e., how an indi-
formance and carders of the “A" aliele of rs2254298 vidua responds b other people in general), but no asso-
exhibited greater gobal social impairments (Parker ciation with “close relationships® skils (Le., how an

et al., 2014). Similarly, Slane and collaborators (2014) individua! responds to individuals with closed connec-
reported that in typically developing chidren these SNPs tions, Eke parent-child or romantic relationship),

consistently interacted such that the GGJAG aliele combi- Rs53576 and rs2254298 are included, as al
nation was assodated with poorer perfformance on ned- investigated SNPs, in intron 3 of OXTR they
rocognitive measures, includng face-processing lasks. respectively localize 4581 and 6724 bp upstream of the
In analogy, we have reported that the G and A alieles of intron 3-exon 4 spice unction. Functional analysis of
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(CP) stals In he |ovestgated Malan subjects (n = 36, red line,
Clasaficaton accuracy (CA) = 08357, senaitvity (Sens) = 0.5000;
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outgroup (total n = 42; gray ine, CA = 0.7338; Sens = 0.842,
Spec = 0.6106).

these SNPs perfoomed with transcipton-binding
predcting tools indicated that these genetc vadations
might alter transcrption factor-binding sites. Spedifically,
DNA variations at 553576 might influence the binding of
p53. This tumor supprassor protan is widely known for
its mle as a tanscripion factor that regulates the
expression of stress rasponse genes (May and May,
1999). Furthermore, p53 has a role in controling
secrelory activity, being abie lo suppress growth faclor
secretion (Hassan et al, 2006) and insulindike growth
facorbinding proteins (Grinberg et a., 2012), and
lo promote vasopressin and catlecholamine secretion
(Chernigovekaya et al, 2005), In addtion, Sirotkin and
coleagues (2008) reported that p53 controls ovarian oxy-
tocin and prostaglandin secretion. In relation to the identi-
fied variations in 2254208 SNP, we highlighted that
these might influence the interaction of Heat Shock Factor
(HSF), a widely recognized transciption element that reg-
ulates the expression of the heal shock proteins (Sorger,
1991) and alternatively of lkaros-2 (1k-2), a zinc-finger
protan that strongly stimulates transcription (Agoston
ot al, 2007). Atogether, DNA varations at rs53576 and
rs2254298 that our exploratory analyses indicated 1o be
significantly associated with face-processing defidts,
might therefore directly contibute to the regulation of
the neuropeptide expression. However, deeper studes
on larger samples are needed lo directly prove the effect
of the identified nucieotide vasations in affecting OXTR
gene expression and lo clarify how these transcriptional
profies can influence the neuro-functiona mechanisms
mediating face processing.

Indeed, it remans to be darified how the genetic
vanations we observed in CP padicipants affect brain
structure and funclional mechanisms involved in face
processing. In a prior study, Bate et al, (2014) found that
Intranasal inhalation of the hormone oxytoan significantly
improved face processing in developmental prosopag-
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nosic partigpants, and argued that this effect was possi-
bly mediated by oxytoan modulating activity in the
fusiform face area and in the amygdala (the latler, part
of extended face-network, see Haxby et a., 2000). A
recent neuroimaging study (Andari etal,, 2016) offers crit-
ical support 1o this hypothesis, showing that activity in the
inferior occipital gyrus (comprising the occipital face area,
fundamental in eardy stages of face perception, see
Pitcher et al, 2011) and in the fusiform gyrus were signif-
icanty more activated for faces as compared to non-
social cues after inhalation of oxytodn, Indeed, as noted
by Andan el a (2016), oxytodn may influence complex
social behaviors parially via more basic early sensory
processes of attention to social cues, as suggested by a
sdeclive neuroanatomical distribution of oxytocin recep-
tors mainly in visual atlention areas (Loup et a., 1991),
In a developmental perspective, OXTR Is kkely to play a
key rale in expenence-dependent programing of sensory
systams dunng development (with neocortical OXTR for
instance modulaling signallo-nase ralio in sensory pro-
cessing) (see Hammock, 2015, for an exlensive develop-
mental perspective on the effects of oxytocin and
vasopressin on brain and behavior). Avallable neuroimag-
ing evidence Indicates that congenital face-processing
deficts are assocated with bolh functional and anatomi-
ca abnommalties in the face core regons (e.g.,
Behman et al,, 2007, Fud et al, 2011, Gomez et 4,
2015, Song et al., 2015), as well as with differences in
connectivity within face<core regions and between these
regons and other areas oulside the core face nelwork,
including the early visual cortex (e.g., Avidan et a
2014, Lohse et al,, 2018). Although our data cannot be
directly informative aboul the mechanisms through which
genetic vadations in OXTR affect face-recognition abilties
later in §fe, we may speculate thal oxytoan receplor
genolype may affect the development of visual Greuits
spedfically drawn up to process faces (see Hammock,
2015).

CONCLUSION

Behavioral assessment through adequate lests is
clical in revealing possible deficits in face-racognition
capadity. Stil, the high heterogeneity in test
pedormance, even within the same family tree (e.g.
Schmalzl et al,, 2008), suggests that the diagnostic crite-
na might suffer of a certain arbitrariness. In light of this,
the genetic difference that we found between individuals
with face-recognition deficits and contols, is critical not’
only in suggesting the relevance of spedfic genes in
determining CP, but also in enforcing the validity of a
complementary psychologcal/genetic approach for the
diagnosis of this (notso rare) impaiment. As a ploneering
contribution of the effect of spedfic variations within
OXTR gene and the pedormance on face<recognition
tests, we desberately selected a resticted but highly strin-
gent and homogeneous cohort of cases and controls,
since the demographic composition and ethnic back-
grounds can originate inconsistent results as documented
in oxylodin-biology studies (Bakermans-Kranenburg and
van lizendoom, 2014). While we stress the need lo use
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stingent citeria to sedect CP participants, we are aware
that the statistical output reported in our exploratory study
is imited by the small sample size considered. Nonethe-
less, our aim was not to offer conclusive evidence but lo
provide useful information for fulure research comprising
much larger samples, possibly via a synergic collabora-
tion among several research groups working on
face-recognition defiats. Testing OXTR SNPs rs53576
and rs2254298 for assodiation with additional endopheno-
types related to congenital prosopagnosia, as well as
considenng other genes possibly involved in the predispo-
sition for CP, will be interesting next steps to deepen our
understanding of the genetic underpinning of congenital
face-recognition deficits.
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