Federico 11
University of Naples

PhD Program
“Human Reproduction, Development and Growth™

Director
Prof. Claudio Pignata

PhD Thesis

Biological effectof P31-43

Student Tutor
Dr. Giuliana Lania Prof. Maria Vittoria Barone

Academic Years 2008-2011



to my sweet daughters
Francesca and Elena



Background and Aim of the Project ... Page 3

Chapter 1:

Gliadin peptide P31-43 localises to endocytic vesicles and interferes
With their MATUTALION .............oovvvoeeee e Page 17

PTOJECE o Page 17

PUDLICAtION .....ooviiiiiiiiiii Page 19

Conclusive remarks ..o Page 31

REfETENCES ..o Page 35

Chapter 2:

Gliadin-mediated proliferation and innate immune activation in celiac disease
are due to alterations in vesicular trafficking.............is Page 41

PTOJECT o Page 41

PUDLCAtION ..o Page 43

REfETENCES ..o Page 55

Appendix ] ..o Page 60

Appendix Il ..o Page 64



Chapter 3.
IL-15 interferes with functionally suppressive Foxp3+ regulatory T cells

expanded in the celiac small INteSUNE ..o Page 67
PLOJECT vttt ettt ettt Page 67
PUDBCATON ..cviiiiiicic e Page 69
Conclusive remarks — .......oooeiiiiiic e Page 79
REfErEnCEs ...ovvviiiiiiiiic Page 82
Chapter 4:

Endocytic trafficking is constitutively altered in celiac disease  ............. Page 85
Background and ims ..........ccccoviiiiiiiiiiii e Page 86
INErOQUCTION ..o Page 88
MEthOAS ..o Page 89
RESULLS <. Page 91
DISCUSSION ...oviiiiiiiiiiiicc Page 96
FIGUIES e Page 99
Supplementary fIZUTES  ......oo.ovviiiiiiiiiiceet e Page 114
Supplementary materials .........ccoiviiiiiiiiiniii e Page 120
REfErENCES ..eiiiiiiicece s Page 124
SUIMMIETY ....occccooirrseeeesersessers s Page 127
Acknowledgement ... Page 130



BACKGROUND AND AIM OF THEPROJECT

Celiac Disease: definition and epidemiology

Celiac disease (CD) is an intolerance to wheat gliadin and prolamine presentalso in barley and rye. The in-
take of these cereals in the diet determines, in the small intestine, a cellular and humoral immune response
in people genetically predisposed[1].

Diagnosis of celiac disease was based, in the past, mainly on the clinic manifestations and the prevalence
of the disease, which was considered rare, around 1:1000, with large differences in incidence in different
geographical areas. Thanks to recent studies based on serological tests (EMA and tTG2 antibodies) it was
found that celiac disease has a prevalence of around 1:100 [2,3], even in those European countries such
as Denmark and the Netherlands, where the estimation of the disease was known to be very low, or in the
United States, where it was believed that the disease almost did not exist [4]. This reversal of the situation
can be explained by the “iceberg model”, originally introduced by R. Logan in 1991 [5], in which the
visible part of the iceberg corresponds to the cases of celiac disease diagnosed because clinically evident,
while the submerged part is represented by the cases not diagnosed because asymptomatic or “atypical”.
Furthermore, a delayed introduction of gluten in the diet, instead of preventing the development of celiac
disease, as it was thought at the beginning, did nothing but increase the “atypical” onset of disease [6].
Likely factors such as age of introduction of gluten in the diet and its quantity may influence the clinical

presentation of celiac disease [ 7.,8].

Celiac genetic background

The existence of a strong genetic component in CD is determined by a prevalence of about 10% of the
disease among first-degree relatives of celiac patients [9] in addition to the high correlation, 75-80%,
found between monozygotic twins [ 10]. Currently the only certain association is with the HLA genes that
map on chromosome 6. The “ immunogenic peptide” of the gliadin are indeed processed and presented

to T lymphocytes associated with molecules of major histocompatibility complex class 11 (MHCII). The



deamidation by the tissue- transglutaminases type 2 (tT'G2) converts glutamine residues in glutamic acid
residues, giving increased affinity of gluten peptides for HLA molecules, which are positively charged, and
thus increasing their immunogenic power [11]. Inhibition studies with anti-HLA antibodies have shown
that T lymphocytes derived from celiac mucosa recognize gliadin peptides only when presented by DQ
molecules [12]. Genetic studies highlight that about 90% of celiacs have a identical HLA, the DQ2 he-
terodimer, encoded by DQal* 0501 and DQb1 * 0201 genes [13]. In many patients negative for this
haplotype there is an association with two other class II alleles, the DQal * 0301 and DQb1 * 0302,
encoding the DQ8 [1]. The presence of DQ2 and / or DQ8 alleles is therefore highly sensitive to the CD.
HLA typing, can exclude the disease, presenting a high negative predictive value [13]. We can not say the
same about the positive predictive value or about the specificity of these alleles for the disease, in fact, not
all individuals that have the DQ2 and / or DQ8 indeed develop the disease, if we consider that these alleles

are present in approximately 20 -25% of the general population [14].

Clinical features and diagnosis
The clinical manifestation of celiac disease can range from a”classical” presentation, characterized by typi-
cal gastrointestinal symptoms, to a total absence of symptoms (“silent” CD), passing through many clini-
cal conditions, some dominated by extraintestinal events (“ atypical “ CD), further characterized by a state
of real emergency (crisis celiac). Currently, cases that present with the classic malabsorption syndrome
characterized by chronic diarrhea, reduced growth, anorexia, apathy and irritability [15] are less frequent
and among these few are in celiac crisis or with ipoprotidemia and edema for the severe malabsorption syn-
drome. Patients with less typical clinical manifestations are increasing, symptoms such as abdominal pain,
meteorism and dyspepsia can be at the onset of CD. More frequently extraintestinal symptoms ranging
from abnormal haematological events to the manifestation of the central nervous system [16] and other
organs and systems are the only clinical manifestation of CD.

In relation to this strong clinical polymorphism, it is clear that the diagnosis of celiac disease should be
based on other factors, first of all is the search in the serum of anti-endomysial (EMA) [17,18] and anti-

tissue-type transglutaminases 2 ( tTG2) antibodies. The latter in particular are highly sensitive and speci-



fic for celiac disease [19,20] and in close relation with susceptibility HLA genes [21].

However, the presence of one of these types of antibodies it is not enough to be confident with the dia-
gnosis. The criteria set by the European Society of Gastroenterology, Hepatology and Pediatric Nutrition
(ESPGHAN) for the diagnosis of celiac disease are two[22]:

* histology of the intestinal mucosa compatible with the damage from gluten (villi
atrophy and crypts hypertrophy);

* remission of symptoms or negative serology antibodies after gluten-free diet.

Therapy

Treatment of celiac patients is based mainly on exclusion of gluten from the diet (gluten free diet “-GFD)
[23]. GFD is as a diet in which are excluded all products containing wheat, barley and rye. Even small
amounts of these cereals may be harmful to the celiac. Oat toxicity is still debated, but it seems that this
cereal is not harmful in most coeliacs [23]. Of fundamental importance is the role of an carly diagnosis
since the more prolonged exposure to gluten correlates with greater risk to develop serious complications

of CD or autoimmune diseases [8].

Pathogenesis: dual action of gliadin

T-mediated effects of gliadin: the role of P57-68 in adaptive immune response

The term “gluten” is referred in general to the protein mass of elastic consistency that remains after remo-
ving the starch by mixing with water the wheat flour. Gliadins are the main proteins conteined in gluten.
They are monomeric proteins of low nutritional value, constituted in high proportion by only two amino
acids, proline (Pro) to 20% and Glutamine (GLN) 38% that is why these proteins are named “prolami-
ne”[24]. Recent studies indicate that all four electrophoretic fractions of gliadin (o, §, vy ,0) diffe-
rentiated according to their N-terminal sequence, are able to release peptides capable of triggering the

immune reaction at the base of CD, when are digested by intestinal enzymes [25]. Among the gliadin pep-



tides that have more immunogenic power are recognized the fragment 33Mer, of which the peptide P57-
68 appears to be one of the dominant epitopes recognized by the celiac subject [26]. When genetically
susceptible individuals are exposed to gliadin peptides, there is the activation of specific T lymphocytes,
as demonstrated by the activation marker CD25 [27]. Animmune cellular response is established, repre-
sented by the migration in lamina propria of a linfomonocitary infiltrate with an high prevalence of CD4
+ cells and the migration of intraepithelial CD8 + T lymphocytes. This reaction is supported by a subpo-
pulation of CD4 + T lymphocytes (type Th1) which produce cytokines such as IFN y, TNFa and 1L.2
[28] and is belived to be mainly responsible for the maintenance of tissue damage, with the characteristic
picture of villous atrophy and crypts hyperplasia. Of great importance is also a type of humoral immune
response, represented by the secretion, at mucosal level, of type IgA, IgM and IgG immunoglobulin, and is
supported by a subpopulation of T lymphocytes CD4 + (type Th2) which produce cytokines such as 1L4,
IL5 and IL10 [28]. Recently it was also shown a biological effect of anti-transglutaminases; particularly in
isolated cells in culture, they can induce proliferation [29] and may interfere with differentiation [30]. In
conclusion, although itis still not defined the role of these antibodies in tissue damage, they assume, as we

have seen a crucial role for diagnosis of the disease [17,18,19,20].

Not T-mediated (or “toxic”) effects of gliadin: the role of P31-43
In innate immune response

The “immunological” alteration of CD intestinal mucosa are able to explain much of the pathogenesis of
CD and of intestinal lesions that are observed. But they appear to present strong limitations since leaves
unresolved what may be considered one of the pivotal questions of the pathogenesis of CD, as well as any
other type of food intolerance: why the celiac not develop oral tolerance against gliadin? Oral tolerance
is the tendency to develop immune tolerance to antigens encountered for the first time orally and is well
known that among the main mechanisms for the development of this phenomenon is the presentation of
antigen to T cell clone in absence of adjuvant substances. When a clone is stimulated by T cells presenting
the antigen in the absence of adjuvant substances, it tends to go to anergy rather than clonal expansion,

resulting in peripheral tolerance to that specific antigen [31].



And it is partly in an attempt to understand how gliadin is able to deflect these mechanisms of oral tole-
rance, which, in the pathogenesis of CD, the so-called hypothesis of gliadin toxicity, could then find an
arca of interest [32]. It appears that upstream of T-mediated reaction at the base of the disease, there are
a number of pathological interactions between toxic nature of the gliadin and intestinal structures which
include various effects, also leading to the activation of innate immunity [13,24], able to interfere with the
establishment of oral tolerance to gliadin [32].

The existence of toxic interaction between the gliadin and intestine was already assumed in the 80s when
it was noted that the gliadin peptides were able to bind to glycoproteins of the brush-border [33] and that
caused the agglutination of K562 cells [34]. Butitwas only with the identification of P31-43 of Il gliadin
that has toxic effects in vitro [35] and in vivo [36], that the hypothesis of gliadin toxicity began to assume
an increasing importance. This peptide does not show immunogens activity on T cells, but is capable of
preventing the recovery of patients with atrophic intestinal mucosa [37] and activate the mechanisms of

innate immunity in the mucosa from celiac subjects [13,37].

Innate Immunity

Activation of innate immunity is a necessary condition for the induction of an immune adaptive response,
it seems to be the cornerstone in the pathogenesis of CD. Therefore is logical to assume that any factor
capable of inducing innate immunity may increase, in DQ2 or/and DQ8 subjects, the risk of breaking the

oral tolerance to gliadin with subsequent development of celiac enteropathy.

Epithelial proliferation

Beside induction of innate immunity, another key element in the pathogenesis of CD is, without doubt,
the intestinal crypts proliferation. In previous studies conducted in our laboratory we have observed some
biological actions of P31-43 which seem to mimic the actions of epidermal growth factor EGF [37]; they
could therefore play a fundamental role in the phenomenon of crypts proliferation . We have observed

the ability of P31-43 to induce changes in the cytoskeleton of actin in cultured Caco2 cells, phenomena



similar to those induced by EGF. We have shown an increase in proliferative activity in NIH3T3 cells, that
can be prevented by anti-EGFR antibody. Further studies have indicated also that the EGF-like action of
P31-43 is not expressed through a ligand activity, but rather through the ability of the peptide to cause a
slowdown of the endocytosis and delay of the endocytic maturation causing the decay of the downstream
EGFR signal and amplify the actions induced by endogenous EGF. Similar effects were also observed in

cultures from intestinal celiac patient treated with P31-43.

Celiac disease and innate immunity: the emergingrole of Interleukin 15
Interleukin 15 (IL15) has a pivotal role in innate immunity mechanisms [38,39]. This stems from the si-
gnificant actions that this cytokine is able to elicit on many cells of many compartment of immunity. It has
pleiotropic actions including antiapoptotic effects, induction of proliferation and activation on NK cells,
neutrophils, eosinophils, mastocyte , monocytes / macrophages and dendritic cells [39]. Similar effects
are induced by this cytokine also on typical cells of the adaptive responses, such as T lymphocytes (with an
action 1L.2-like) and B lymphocytes [40]. It has been shown that many not immune cells respond to IL15
inhibiting apoptosis and increasing proliferation. Among these include fibroblasts, osteoclasts, endothe-
lial cells, adipocytes, myocytes, glia and neuronal cells, keratinocytes and epithelial cells of various types
[39]. Of great interest is the observation of Reinecker et al [41] that intestinal epithelial cells are able
to express this cytokine as well as respond to it by increasing the proliferation. A possible relationship
between activation of innate immunity and induction of proliferation may be hypnotized for IL15 activity.
IL15 is constitutively expressed in many cell types (macrophages / monocytes, dendritic cells, kerati-
nocytes and epithelial cells of various types, fibroblasts, nerve cells) [39]. Two isoforms of IL15 are de-
scribed derived from an alternative “splicing” of mRNA, they differ on the length of the signal peptide
capable of directing the protein along the secretory way of the cell [39,40] The isoform with the long
signal peptide (LSP), is obtained from an mRNA containing 8 exons and is found along the secretory way
of the cell (ER, Golgi and plasma membrane); the isoform with short signal peptide (SSP), is obtained from
an mRNA of higher molecular weight, which has an extra exon, the 4a, which is inserted in such a way as

to interrupt the sequence of the signal peptide. This isoform is localized in the cytoplasm and is not found



along the secretory way of the cell. In any case, it was found that in physiological conditions this cytokine
is not secreted but remains anchored to the cell membrane, carrying out his action of “signaling” through
a juxtacrine mechanism [42,43]. An increase in the amount of cytokine in the serum was found only in
certain autoimmune diseases such as rheumatoid arthritis, chronic inflammatory bowel disease, systemic
lupus, type I diabetes mellitus, vasculitis [39].

The regulation of IL15 expression on the membrane may be in the cell at three main levels[39]:

1. At the level of transcription: through a mechanism of alternative “splicing” the cell may express two
different isoforms of IL15, only one LSP is sent to the cell

membrane and is functionally active.

2. At the level of translation of mRNA to protein.

3. At the level of intracellular trafficking of recycling vesicles carrying the cytokine.

IL15 receptor consists of three chains: two of these form Byc complex, constitutively expressed, which is
capable of binding to the low affinity IL15 and

IL2 (thus explaining the redundancy of the two cytokines as concerning the effects on T cells and NK cells)
and is sufficient to trasduct the signal phosphorylating downstream effectors of the via JAK / STAT. The
chain alpha, inducible, is able to binds with the complex Pyc to increased activity; it bind to high affinity

only IL.15, becoming responsible for the specific activity of this cytokine compared to IL2 [39].

P31-43 and Interleukin 15

Based on the previous report about the ability of P31-43 to delay the maturation of endosomes [37], itis
feasible to assume that a generic block of the endocytosis, besides being able to amplify the EGF signal,
could more generally extend the downstream signal of several other receptors. Several authors have shown
an [L15 overexpression in the lamina propria and in intestinal epithelium of celiac patients, which mani-
fests itself mainly at the cell surface [42.,43]. Ciccocioppo et al [43] have observed an active role by the
enterocytes of celiac patients in the secretion of the cytokine. It was also demonstrated that the gliadin
and P31-49 are capable of increasing in vitro the expression of MIC-A on the surface of epithelial cells of

celiac patients in active phase, an effect correlated with IL15 activity [44]. Finally, of considerable impor-



tance is the observation of Maiuri et al [45] that IL15 blocking antibodies can prevent epithelial apoptosis
induced by P31-43, which for the first time draws attention to the possibility that some of effects of P31-

43 may be mediated by IL15.

My PhD program has been focused to the study some of these aspects in order to clarify “Relationship

between proliferative effects and activation of innate immunity induced by gliadin™.

This thesis reports the result I obtained during my PhD course in “Human, Reproduction, Development
and Growth” (XXIV cycle) from 2008 to 2011.

During the past 3 years, my research has been focused in the study of the following lines of research:

*  Gliadin peptide P31-43 localises to endocytic vesicles and interferes with their maturation.

* (Gliadin-mediated proliferation and innate immune activation in celiac disease are due to alterations in
vesicular trafficking.

e IL-15interferes with functionally suppressive Foxp3+ regulatory T cells expanded in the celiac small

intestine.
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CHAPTER 1
GLIADIN PEPTIDE P31-43 LOCALISES TO ENDOCYTIC
VESICLES AND INTERFERES WITH THEIR MATURATION

Project

Celiac disease (CD) is characterised by a derangement of both the adaptive and the innate immune re-
sponse to gliadin. Some gliadin peptides that are deamidated by tissue transglutaminase (e.g., A-gliadin
P57-68) bind to HLA DQ2 and/or DQ8 molecules [1] and induce an adaptive Th1 proinflammatory
response. In the case of the innate immune response, [2] A-gliadin P31-43, which is not recognised by
T cells, [3.4] induces IL15 production, which in turn is thought to cause expansion of intra~epithelial
lymphocytes (IEL) in CD and epithelial apoptosis. [5-6-7] Furthermore, IL15 has been implicated in the
increased expression of NKG2D on lymphocytes. The interaction between the major histocompatibility
complex (MHC) class I chain-related gene A (MICA), and NKG2D is at least in part responsible for [EL-
induced enterocyte apoptosis and villous atrophy. [8-9]

Many biological activities have been associated with gliadin peptides in several cell types [10-11-12-13-
14] including reorganisation of actin and increased permeability in the intestinal epithelium. [15-16]
Other effects are specific to celiac tissues. In untreated celiac patients, P31-43 prevented the restitution
of enterocyte height, which normally occurs after 24-48 h of culturing mucosal explants with medium
alone. [17] P31-43 damaging activity has been demonstrated in organ culture of treated celiac biopsies,
[18] and in in vivo feeding studies. [19] Similar results have been obtained in vivo on small intestinal and
oral mucosa with the A-gliadin peptide 31-49. [20-21]

It has yet to be established to what extent these properties relate to the ability of these A-gliadin peptides to
activate innate immunity mechanisms. Virtually nothing is known about the mechanisms underlying the bio-
logical properties of P31-43 or about the metabolic pathways involved in the activation of innate immunity
in CD. Similarly, it is not known why celiac patients are particularly sensitive to these biological activities.
We recently investigated the molecular basis of the non-T cell-mediated properties of the gliadin peptides

most likely to play an important role in the very early phases of CD, and we found that P31-43 causes
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actin alterations and cell proliferation, both of which depend on activation of the epidermal growth factor
receptor (EGFR), in several cell types, and in the organ culture of celiac mucosa. [22-23] In this system
P31-43 interferes with EGFR decay and prolongs EGFR activation. We also showed that P31-43 increa-
ses IL15 on the cell surface, by interfering with its trafficking (MV Barone, submitted). These data suggest
that enhancement of EGFR and IL15 signalling may be important biological contributors to the patho-
genesis of CD. Here we demonstrate that both P31-43 and P57-68 enter CaCo 2 cells and interact with
endocytic compartment, but only P31-43 interferes with the endocytic pathway by delaying maturation
of early endosomes to late endosomes. We also show that the P31-43 sequence is similar to hepatocyte
growth factor-regulated tyrosine kinase substrate (Hrs), which is a key protein of endocytic maturation.
[24] P31-43 is localised at the vesicles membranes and interferes with the correct localisation of Hrs to
endocytic vesicles thus delaying the maturation of early endosomes to late endosomes. Consequently the
activation of EGFR and other receptors is expanded with multiple effects on various metabolic pathways

and cellular functions.

These data have been published on PloS ONE, for the manuscripts see below.
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Abstract

Background: Cellac Disease (D) s both a frequent disease (1:100) and an interesting model of a disease induced byfood. it
consists in an immunogenic reaction to wheat ghuten and glutenins that has been found to arise in a spedfic genetic
backaround; howsawer, this reactkon i still only partlally und erstood. Activation of innate immunity by gliadin peptides & an
Important component of the early events of the disease. In particular the so-called “toxic” A-gladin peptide P31-43 induces
several pleiotropic effects including Epidermal Growth Factor Receptor (EGFR)-dependent actin remodeling and
proliferation in cultured cell lines and in emerocytes fom CD patients. These effects are mediated by delayed EGFR
degradation and prolonged EGFR activation in endocytic vesicles. In the present study we investigated the affects of gliadin
peptides on the trafficking and maturation of endocytic vesicles

Meathods/Principal Findings: Both P31-43 and the control PS7-68 peptide |aballed with flucrochromes were found to entar
CaClo-2 cells and interact with the endocytic compartment in pulse and chase time-lapse, experiments. P31-43 was localissd to
viasicles canrying arky endocyt € markers a3t time po ints when PST-G8-carnying vesicles mature into late endosomes. in Bl me-lapss
expaiments the trafficking of P31-43-labelled vesicles was delayed, regardiess of the cargo they were carmying. Furthermore in
celiac enteracytes, from cultured duadenal biopsies, P31-43trafficking & delayed in early endocytic vesicles. A sequence similarity
saarch revaaled that F31-43 ks strikingly similarto Hrs, akey molecule regulating endocythc maturation. A-gliadin peprids P3143
interfered with Hrs comect localisation to early endosomes as revealed by westem blot and immunofluorescence microscopy.

Conclusions: P31-43 and P57-68 enter cells by endocytosts. Only P31-43 locallses at the endocytic membranes and delays
vesicle trafficking by interfering with Hrs-mediated maturation to late sndosomes in cells and intestinal biopsies.
Consequently, in P31-43-treated cells, Receptor Tyrosin Kinase (RTK) activation is extended. This finding may explain the role
played by ghadin paptides in Induding proliferation and other effects in enterocytes from CD blopsies.
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Introduction

Cebine disease (CI)) & characteried by a dersngement of both
the adaptive and the inmate immune response o ghadm, Some
ghachn peptudes that are deamadated by fsue transghtamnese
(eg., A=ghindin P57-68) bind vo HLA DOZ mmds/or DO mol ecules
[1] e mchpcr an adaptove Thl prosflammatony reponse. n the
e ofthe imate immune 1 [2] A-glincin P3143, which is
not recognused by T cells, [3,4] induces IL15 production, which in
wrn w thought 1 cuse axpanson of itz cpithelad hmpheoytes
OEL] in CD and cplificBal appitods, [5-6—7] Porfrennon, IL1%
has been mplicated in the moreased expression of NKG2D on
hmphocytes. The mteraction between the mapr histocommpartibl-
ity complex (MHC) dass | chain-related gene A (MICA), and
NEGD is ot lesst m pant responsible for IEL-anduced enterocye
apoptosts and villous atrophy. [8-9)

:@ PLaS OME | wwaplataneong

Many biclogizal acuvises have been asocated wath ghadin
peptides in several cell types [10-11-17-1%-14] imchding
rearganmation of actm and moreased permeabaity i the ansestmal
epthedmm. | 1514 Oither effects are spﬂ.-.'ﬁl: o cehar tsmes. In
untreated celac patents, P31-#3 prevented the rstitution of
emterocy®e  height, which normally oooers aofer 24— h of
cultunng mucosal explnts with mednm alone, [17] F31-43
damaging activity hes been demonstrated in organ culture of
treated oelinc biopsies, [18] and i w ove feeding studies. [19]
Seniar results have been obtaaned i ror on small miestnal and
oral mucoss with the A-ghadin peptide $1-49_ [90-21)

It has yet to be established to what extent the se properties relate
to the ababiy of these A-ghadin peptades 0 acthvak mnate
mmmaty mechausms, Virwally nothmg s kown about the
mechanisms underhing the biological properties of P31-#) or
about the membolic pathways mvoled in the achvation of mnate
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immmmaty in CD. Smiary, &t & not known why odisc patients are

We recently investigated the molecular bass of the non-T cell-
mediated properties of the gliadn peptides most kely to play an
impertant wole @ the very early phases of CD, and we famd that
P14 causes actin alerstions snd cell prolfemtion, both of
which depend om acthation of the epidermal growth facior
meoeptor (EGFR), m several cell types, and in the organ culture of
cehac ETRBCCEA [2‘!—25] In ths :,uh'u Y14 mterfres with
EGFR decay and prolongs EGFR activation. We abo showed that
P34 moeses IL1S on the odl surface, by inedenng with i
that enhancement of EGFR and 1115 signalling may be impontant
bkogical conwribators & the e ol GIL

Here we demonstrate that both P31 -49 and P57-48 enter (oo
2 ealls amed mteract with endocytic compartment, but onhe F31-43
mterferes with the endocytic pathway by deaymg matration of
ﬂ'hrmdnﬂnlnﬂh laie endosomes. We abo show that the PA1-49
seqquence i similer to hepatocyte growth fctor-regulsted ryrosine
kmase substrate (Hrsl, which & a key protem of endocytx
R, lﬂ-] Pi149 5 locabeed at the vesacks membrames
am] mterferes with the correct kcalmation of Hn to endooytic
vesichs thus deaying the maturaton of cardy endosomes to e
emucborsommes ﬂrunqmﬂ'llhrt]u actvaton of FGFE and other
receptons is expmnded vwith mubtiple effects on various metabobc
pathways and celiubar fimctions.

Materials and Methods

Cell culture, materials and transfections
¥CaCio-? cell were growm m Dulbecco’s Modified Fagle's
Medium (DMEM) (GIBCO, San Guliano Mianese, Iabj, 10%
foetal clf serum (FOS) (GIBCO, San Giulano Milmese, Dby}, 1040
umnits/ml peniclln-strepiomvan (GIBCO, S:uil'.?iﬂim Mila niee,
bialy), and 1| mM ghotamine. Li ] free syme
thetic peptides [2Y] (Inbacs, Napls, Italy, =>495% pure, MALDL-
TOFF analyes, = expectsd] were obtamed by Ulrssn-DE0
filraton (Samorius AG, Gottngen, Gemmany). Lewel of LPS
mwcffﬂ.w El/mg = amemed wath a2 commercal
lat: .[;U_':[_,.]u]] Cambrex Compomation, NI The P31-43
FFPPOOFY,; and the P57-68 sequence
%ﬂw The bheled peptides were praduced as the
umibsheel leel pepticles. Solwtions were used in the following concen-
m-: P31-43-lssamme (), P31-43 CY3 and F57-68-hs at 20
ml: unbbeed peptides were umed as previously
:I'q)uﬂtﬂ, [29) =t 70 micrograms/ml;, EGF at 100 nanograms/ml;
EGF-Aloa-481 at 20 nanograms/ml (Moleodar FProbes, San

Gidiano Mianese, Ttaly} Dextran-Alexat88 (MW 10000 (Mdec-
uvhr Probes, Son Guhmo Mianese, Iahi ot (5 milgrmams/ml;
goat palvconal antibody againe EEA 1 (G=15) at 2 micograms/ml
(Santa Craz, DBA, Mian, kalyt mouse monodonal anobady
agamst LAMP? (H4B4) at 2 micrograma/ml (Santa Cruz, DBA,
Milan, Italy); secondary antbodies ant goat=Alexa-4+8 compugaied
(Mot Prabes) o EEA] staming ata mtio of 1:100; and ant
staming at a mto of 1:100. Rab®EGFP and Rab? EGFP were
kindly provided by Prof M., Zeial (Max Planck Instinee of
Mole cular Cell Bidogry and Genetics, Direselen , Germany) and Hrs-
EGFP vas kindly provided by Prof PP I Fiore (Fondarione
Etituta FIRC di Oncologia Molecolare, Mikn, Taly),
Transfections and BrdU incorporation

We used the lpofecamme kit (bwvirogen, San Casliamoe
Milancse, Iahi accordng to the maufacrer’s instruchions to

-@ PLS OME | wwaplataneang

P31-43 LocaiztionF unction

tmnsiect all plasmids (Rab5=EGFP, Rab7-EGFF, Hrs=-EGFP and
Hes-Ha), Briefly, CaCio2 celk seeded on coversips fr 48 h were
trangdecied with the plismids for 16 b The nedt day, transfected
oells were pubsed and chased as described below or stamed for
Albbrich, Milan, Iealy) sned totsl nasclel were identified by Hoechst
sminng. Brdl! inocompomtion was peformed as described
el where l‘.&], I:I:I'.Ilﬂ"l':l Calo-? celk mﬂhdmm:ﬁ[ﬂm
transdecied with Ho-EGFP and serum starved in DMEM 0. 1%
foctal calf serum, antibiotics and gluamme e 3048 h folowed
by 24 h treatment with gldin peptides and/or growth factoms,
BredUl (100 mM, Boshringer) was sdded for one hour befisre ficing
the samples. The cedb fwed with pamirmabdehyde and
ised with oon, were stmed for Brdl] = descrbed
[22) amad observed at the miser (Assophot microscope, Casl
Lews Microlmaging, Inc.). Greater than 100 HRS-EGFP positive
cells m seveml fields were evahmted for Brdl) 'ltmancr.l:im'l.:'m
exch sample. The number of HRE-EGFF /Brdl] positive cells was
exgpressed s a propartion of e towl Hoechst posigve nude.

Pulse and chase experiments

In puke and chae sxperiments, transiected el untranss cted
ocdls were pubsed for 30 minues at 37°C with a moxture of labelled
rﬂwﬁ.‘:ﬂlﬂdwﬁdﬂbmﬂlﬂmﬂnﬂu o fhaoaochromes in the
mediam. Overall 1) micrograms/mll of P31-43-0m, P31-43-CY3
and P57l and 3 micrograms/mil of vnlabd ed peprides were
used to reach the working concentrton of 7 micograms/ml,
[#2] The minctures of bibelled and usbsbeled peptides were called
Pil-t3-tm, PI1430YS aad P37-6d-lm Adier a Slbminwes
times with mediem to ehminate fhsorochmome exoes.
Unlabeled peptdes (70 micograms/ml) were added to the colls
and moybaton was continued for 3 hart 379 ﬂdu.n::l.lmnfn:mﬂl
coverships were brefly ficed (5 mnutes) with pamfbomaldelnds
3% Sgma-Aldrich) a8 mom emperature, then moumted.
washed anel srximed for EEAL amd LAMPY.

EEA! and Lamp staining

Calln-? celks seeded on *u:m:ﬂ!:psm stamed for | b =t
room Empersture with ant-EEA] or LAMP? amtibody afier
fimton with 3% paraformaldeh yde for 5 mm at reom tem;
and mad Fﬂ'rn:ﬂﬂild:im with 0.2% Trton (Baomad, Milan, ltaby)
for 3 min at room temperature. Secondary antbodies Aloo-41
conqugated (Imatogen) antrgoat for EEA] and ami-mouse for
M'ﬂﬂ:zﬂdmﬂumﬂ;‘nﬁrl hat TOMMTL e EpeT e,
Contra panels for EEA] stam ing with P31-4 35 and non specific
antgoat antibody together with secondary anthodies Aloa-#8
flunroch romes (Figure 51). Smmilar results were obtained for Lamp?
andd P6-6l-lis (not shown). The covendips were then mownted on
glass shdes and observed by confocal micmscope (LSM 510 Ze ).
In total 40 4o 50 cell were observed in sach smple. Images were
gncmied with the same confoal macescope.  Codocalsation
analysis was Pﬂ:ﬁ:ﬂ'nmdwi.ﬂl AlS et sofitware, phomtion of
the micrographs was the same for all the fgurs shown G3x
olbyjective ) undess stated dafierently in te legends.

Tirme-lapse expariments

Cells were seeded on ghws-bottom dshes (3 on m dimmeter
whamed from Faloon Becvon Diddanson Labware; La Font de Claix,
France) to allow live cbservation, and they were kept in a gpecially
clesigmesd mewhaier (OX Odab, Napls, Baby) that controls temmper-
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ohserved by condcal micoscopy for 10 mn, dunng which sets of
frames were acguared at Jseconds inenak, The mage stack was
amal yseel wath the heldp of a progrem that allows to record the tradks
fodloveed by mdividual partides [25]. Using thas methodology the
-‘1|.I:-qe~.'|u¢-':|.'r PSS of each vade was dentalied h'!.' the ohserver,
wha, wath the ll.eJ'p of a e o the € oo et SrTesT, stiored the
coortiinates m 2 text file. The program caboolsted the distamnce amd
drectmn for each thme sERE the vahyes shown are the aveTAgE *.'|:-e+-:l
of each veade c|.1|n1:g the observataon per wsil. The bt of coordmaies
wan also used to draw the paths covered by the wesices, whach were
spermpisecd one the condocal 1mages

Codocalisation analysis

Samples were exarmined with a Zems LSM 510 beer scommmng
omfocal memscope. YWe used Argond2 (458, 477, HE, 514
nanometers| and HelNe | (543 nanometers) e sation bsers, whach
were mwitched on seporastely to reduce crom-talk of the o
fheoroc hromes, The green and the red emussons were separated by
a dachros sphtter (F1 580) and Shtered {51 5-to 540-nm band-poss

Blter for gTE e amnd 6] -nm L:l:}: s filer for red emmsaon). A

P31-43-liss

EEAY

EEA1I P31-43
BEE

A0 min. pulse

Colocalization

Coefficient: 54

EEA1/P31-43-
iz
3h chase

Colocalization
Coafficient: .71

P31-43-liss Lamp2

Lampd/ P31-
d3-diss
3h chase

Colocalization
Coaeffickent 27

P31-43 LocahmtionFunction

threshold was applied to the images to eucude showt 99% of te
signal fbund m contrd mmages, The weghted coloclmton
coellicient represents the sum of intensity of colocalisng paceds in
channel 1 ad ? & compared o the overall sem of paxel
mtenmties above threshold Ths value could be 0 (no co-
bealisation) or | (all piek colocalise) .Hn_="|11 'plx.eh contr e
more than fant pixeds. The co-localimation coefficient repoesents
the weghied co-localmtion cosfbcents of Chl (red) wath oo gpect
e Ch -':.'_'ch:u' fior each sxpenment |_":|—_"'-'_ The immage colle obion

anul expomare times were Klentoal for the two pephides

Data bank analysis

S st Trembl amel InterPro data banks were searched for
seqquences matching peptide F31-43 and F57-68 by using Blast and
Fath. Sequence abgnment was performed by uang Chestal Wand
visushzed by PrettyFlot from the EMBOSS sute,

Immunoblotting and subcellular fractionation
N ear-confluent Caco? celk m a 90-mm dsh were inobated

with EGF and P31-43 at vanous times, affer ||.-.:r||.::;:e:|u.'.al:|-:.:u

Zoom

Merge

Zoom
Marge

Fgure 1. Vesices interacting with P31-43-liss are eary end ocytic vesicles sfter a 3 h chase. in Calo-2 oells, both sfer 30 minutes of pulse
and 3 howrs of dhase with P31 45084 (ed), the peptide interaced with wesides that are postive for EEAT -:geer' staining, top and mriddle pansl]. P31-
-l il Nt o~ localine with LAMP 2-paotitive westiclss (gresn staining botiom pansd) after 3 hourd of dhase_ A merge of the red snd gresn panss of
the EEAN o LAMP2 and PR1 4381 or PS7-68-list staining k= shown, the yelow/orange colour indicates co- localisstion The mam panss mpresent &
digital 4 x enlagenent of the region Righlighted by white ines in the merge pands. The co- localisation coeflicient was calculated & reported in the
"Mathods” section The resulls e repessentative of owr independent experimens

o 101 371 jounal pone 00 122 36.g00 1
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{10 mM Trs-HCl [pH 7.4], | mM EDTA, and the mixture of
ph.c:-q:ahataw and protease inhibitors) the melkar fadion was
ehminasted by centrifugation. The scluble ovtosolic and the
membrane fFaction were obtmned by  wioenmiugaton.
Ekcitro phoreas anl |:rrm.'|1:|1|.-::hbc:1'||1|.::: were performed 2= de-
seribed ekewhere |_'_'| Briedly the proteing of the solulds
olic and the membrane fractions were separated by SDS
PAGE and incubated wath

o

anti-Hrs mouwses monodonal
an b body (Akas ¥ me B wchen, Hlorence, ltalv_.': or mitrEGFR
mabhit polvclonal antibody (Cell Signaling Celbao, Mian Italy)

or anti-tubumn mouse monoconal an.11hcv.‘|.1_.- (SIGMA-Akinch,

Milan, lta.‘!_r . Denmtometrae analas was ]:-eTi-:.nnt—d as before
¥

Organ culture studies

All bopsies were treated as previously described. [22] To
eamine the entry of PI1-43-CY3 mto cdl, we coliured thres
mirsimal biopses from unireated ochac patents 1o the acie
phase of the diseme and three Fom control sbjects allected by
gastro-ce sophageal reflex for 3 h with P31 -43-CYS 20 micro-
grams/mi) and with unlabelled P31 -43 (30 micrograms/mi). The

PS7-GB-liss

EEA1/ PST-68-
E55

30 min. pulas

Colocalization

Coaficient: .75

EEA1/!/ P5T-68-
liss
ah chase
Colocalization
Coefficient; .18

PS7-60-liss

Lamp2! P5T-
EB-liss
3h chasa

Cologalization
Coefficent; .74

P31-43 LocahmtionFunction

samphes were ten washed, mnd chased for 24 h. Three smmples
from (1) patents and three Fom controls were harvested afier a
34 puke; three other smples from patents and controks were
harveswed after 24 h of chase. All smmpdes werne prepared for ayo
sectomang, Ar-dned, 5 microns sechons were staned for EEAL
amul ;m.ah_\.m-:l wath a comfneal I OS] Antt EEA] x:1||:-.sc:1_\.'
was mpphed to e sections for 1 hour at room tempershme amd
secondary m1'||:-'sd1_.' antl goat Alexa-Hidl COTEE aterd was a::rphve-d.'l:-::
the sections for 1 h at room temperature in a datk chamber, The
protoca of the stmdy was approved by the Ethical Commuttes of
the Unnvematy = Fedenco I, Naples, laly (Enml approval oode:
CE n 250/16)

Rasults

Different veside subpopulations carry P31-43 or P57-68
peptides

Peptades P31-43 amad P57-68 enter the orlls and mteract with
vesicular compartment, We used markens of the endocybc

'thwzy to lc|.e1'_1.|ﬁ.' the vesicular oompartiment that mteracs with
P31 -fi-lim and P57-68-Es

Fgure 1. Vedicles interacting with P57-80-liss are lste end ocyti c vesicles after a 3 b chase. At 3 minutes pules, PST-S8- R - localsed
with EEAY-positive vescles (top paned); howewer after 3 hours of chase P57-684i2s no longer co- localied with EEAT-positive we sicles {midde pane]
Afer 3 hours of chase, P57-6846n oo localmed with LAMPD-positive vesich= (battom pansl. Menge of the red and gesn panels of the EEAT or
LAMP2 and P31-43 s or PS7-68-ist staming is shown, yellow/orange cdour indicstes ¢o- localisation. The mom pansls mpesent & digital 4«
erlanpenen of the region highighted by white inet in the merge pands The co- localitaton oefficient was caloulated & epoted wunder

"Mathods”. The mault s repreienistive of four independent aapedmend

doi 101 371 fjoumnal pone 00 122 36.g00 2
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We used EEA] (Figure 1) and Rab5-EGFP (not shown) s
markes of cxly endocytoms, Callo-2 ccls treated with hbeclled
peptides for 30 minutes (pube) and 3 houns (chase) were stamed
with anteEEA] antihodies to identify early endocyiic vesicle.
Both peptides co-kcalised with EEAl-posiive vesicls at 30
rmnanes ﬂﬁm 1 and 3, Ini:nd}rpﬂi-l-ﬂ-lh-ﬂ.ﬂ'yln! vemicdes
were EEAl-positive afier 3 hours of chase. Similr remalts were
Muﬁﬁhmnﬁmmqmmn’mn
inot shown). Narmal endocyic matumton requires the progres
sion from early vesicles to late vesicles. Wendlullemdnqu
markers LAMP2 (Figure 1) and Rab7-EGFP (not shown) to
mvestigate the progreson of endocytoss, Callo-2 odk teard
with labelled peptides for 2 30minutes pulse and a 3-hours chase
were stuined with ant-LAMP? antibodies to identify he

ic vemicks, Nether PHASss nor P37-68-s pepiades
colocalised with LAMP)puxstve veacks at 30 mumskes (not
shown). Omby P5768-bm-carryng vesides were LAMP 2 positive
afier § haars of chase (Figure | and 2). Taken ogether, these
chee rvations mdicate himl-iﬂ-mh.h&:‘ﬂlh,h# nat P57-
n late endosomes,

P21-43isscarrying vesicles move more slowly than PS7-
68-liss-carrying vesicles

T test the hypothesin that P31-43 could mterfere vith vesicle
moverents, we amined Bving odls abelled with the wo
afier treatment with PY1-4%lism and P57 -6ll-lis peptides (Movie
51 and Mowvie 521 The movemnent of pepde-carrymg vesacdes was
analysed for 10 mimpes immehatdy afier 2 Sl-minutes pube and
ﬁrl!—llm.-sdhg[}ugm!,lhhm rqmrhrl-duanl‘

m N W W

a

Vesicle speed (pm in 10 min)
[ S

-

30 min. 3h

30 min.

P31-43 LocaimtionF unction

trajectonics in pulse ((LH20004 microns/ 10 cumptes) and chase
0512009 microns/ 10 memes) expenments. P31 -43-Es-ner-
acting vesides moved muoch less under both  condidons
02820035 microns/10 minutes in pulbe and L2920021
endosome movement ssems not to be affscted by P31-43.

P31-43-induced delay of endocytic veside dynamics is
urrelated to their cargo

T determine whether P91-49 5 dﬂ:‘;\nh’lﬁfﬂ:‘:ﬂ’lﬂlwﬁ‘t
population of sower vesicles or & able to delay endocyswsis of
vesicks where it & diccied, we baded Callo-2 odk with Aloa-
48 bbeled dextram, 2 compamd that & readily endoacytased in
the cells, amd EGF-Alewa, which normally enters the cells bound to
the EGFR. CaCo-2 cells were pubsed for 30 mmutes and chased
for 3 hours with dextran-Alexa—4i18 alone or combined with P41-
4Him or PS50 hiss aned then observed for 10 minutes in time-

than vesicles carrying deviron alone or combined with PS50
(Figure 4A), mugge sting that the peptide, rather than the contents of
the edocytx vesde, B repommble for shwer weide movement
and debayed encocyioss

We similarly mwvestigsted whether P31-43, which » lmown to
mteriere wath mmqmd:, [22] also afiects the dymamics
of Bz F-Al venchs, Tmelapees anal yais showed
that P314%be, unlike PA760, debaws BGF-Alews -Hill-carrrimng
vesicles (Figure, 48] The ot that the peptide can delay endocyac
vesicks crTying dextran or BGF srongly suppors the hypothess
that the Fﬂ*u:ﬂemﬂq{ﬂﬂrwm:ﬁ

3h

Figure 3. P31-43-liss-camying vesicles are slower than P57-68-§i ng icles. Statistical analysis of theee periormed
msubed s follows live Calnd cells pulsed for 30 minutes ﬁmum:mmwwmumnwe
experiment in which we aiquired images every 30 secands for 10 minutes st the indicated times. The image stacks were astembled to produce &
wideoy of veticles dynamics. In ssch sxperiment, fhe position of st besty 25 vedickes per coll wis recorded and reconsrucied io mark the trajectories of
each wesicle during the observation fme_ The speed of veSides wad calculsted by the trajectodes praduced in 10 minutes st the indicated
imes Bars represont mesn and standard deviation. Astenishs indicate P<005 Students t-test] P31-43 carying vesiclss hoth at 30 minutes of pulse
and 1 hours of dhase are statistically sgnificanly dower than P57-68 carrying vesiches_
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Figure 4. P31-43 delays endocytosis regardliess of vesicles cargo, A) Dextran- Alexe-4 88 carrying v escles moved fmer than dextran Alexs-
A8R- gnd PE1-45-F carrging vetided Live Calol cells wers pulted for 30 rmirutes with destran-Ales- 480 with and without P31-45-lia o P5S7-60 -
then chased for 3 houst in Sme kpie expedments. Only the 30 minutet pulte experiments are shown. The histogesn dhows the statistical analyis of
three expeyiments. 'We calculated the speed of wesicles by averaging the rajectories produced in 10 minutes a8 in Figure 2 Bams repeesent measn and
standird dedstion PI1-484s snd Dewiran-A o488 o-localised in the veliculs compartment B Live Calol were pulled for 10 minuted and
chased fior 3 houss (ot shawn) with EGF-Alexs- 888 conpugated with and without P31-43 4iss or P57-68ms Only the 30 minutes pulse experiment
ame ghown_ The histogemm on the sght side $hows the stafistical snalbeis of three srperimenty. We calouisted the spesd of weicles by weemging the
taj.-ﬁuri.-s produced in 10 minutes & n H?.lrr 2 Bary represert mean and sanded deviation. P31-434is co- localimes with EGF-Alexa 438 in the
weticuler compantment. Asmerith indicses P00S udents toe). The retults show thae PE1-43 carmying weticles are diower regardlen of he cago

they are carmying
doi-10L1 371 joumal pane 00 122 86,9004

regardles of the contents of the vemdes, The effects exerted |)'!.-
F3143 on the endocytic pathway, in the cxme of EGFR, a5 we
hanve shown previously, [27] remlt n an extension of the acovasomn
]rﬂcr.l. of thas TeCeptor, which accomis for the stomdabon of
EGFR dependent pathwaye [2] Ths mechanism & hkely to be
respongille abo for sctivation of other receptors shaning the same
emlocytc pthway,

P31-43 shares sequance similarity with Hrs, a key
molecule in the maturation of endocytic vesicles

We camied oot 3 FASTA search on the SWIESPROT databose
LE _;_'had.'r_'l 'pr]rud# 1143 = quETY seqEence o ok for
endogenous protens with a simlar primary structure, The search
returned, for both F31-83 amd 31—44, a match wath ammo acids
J19=73] of human Hrs, a proem with no kmown relabionshap to
;:ghach:u. The d.rg:r\ee ol :nrnllanh_\.' = :ugh. with a betier soore and =-
walue than many makches with glisdin family proteins. Figure 54
shows the algnment of P31-43 with homan Hrs amd with Hms
on mouse, Tat amd f)rzﬁ:p‘;uk Juqf'w_wg_’q‘.'rr LH the 13 resdhipes in
the peptide, 7 are identical and 2 simiar to the comesponding
resichees of homan Hrs, the only mmor diference being e
peptide N-emmal levcme maead of the cnsensus probine. The

-®. Plas ONE | www plesanearg

smilarsty area maps withan a prodme/glhtanmench domam of
Hrs mnd & conserved better than the soroundng ares among Hrs
orthologs. Ths fmding & mteresting because Hrs 5 lcahised both
m the r\l.'h:ri-:! aml 1 endocyix vesicles and 15 movelved m the
tranguart of EGFR, FDGFR and other receptor-containing eardy
endosomes v hyomomen. [T4=-21] We corned oot the same doata
bank search uwsmg the ghadn peptide P57-68, and Giled to Smd
y relevant smmmbarty with Hrs or ather human proems.

F31-43 is localised at the level of the membranes in
endocytic vesicles

We nexi mvestgated the sub-collnlar kcahsaton of ghahn
peptides P3-43 amd P57-08, P31-8) has been descrbed by
sectron micrancopy o be ealmed mt the level of endocyac
membranes. [29] When cels are transfected with Hms, enlanged
-Fa:rh_.- emxbmomnes are formed dus to noessed fEmons |HLI|
firthemmore detection of membrane vesndes by confeal mmmuo-
nofuorescence microscopy & faciitated. We then overexpresed
HewEGFP m Galio? odk e 4 h to obiam lar;:\r‘r ek am e,
P14 or P57-60 were added br 15 minuates and then the
expenment wan stopped. [n Figure 58 one of these expenments is
shown, As expected large endosomes can be seen with Hrs-EGFP
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Figure 5. P31-43 is similar to Mrs andis lecalised at the membrane vesicles. A) Multiple aignment of giadin peptides P31-43 and P31-429
aee shown, with Hrd Fon mowe rs, human snd Drasophila. Mumbers on e right side of the figure repretent the =minal amino scd position of
each sequence shown Of fie 11 maduss in P‘_i-1-43, 7 are identcal (red) and 2 Senilar -:g'\een'l ta the -:-umpuﬂdng resicues of human He. B
Erfarged wesides visible by rmultiple digital enlargement @ «) of the cytosd of & single cell. Hrs-BGFP was wansfected for 48 hours in CaCo2 cells. P31
43 or P57-68 was added for 15 minutet. On the right Side i the prafile of the =d and green chamels dlong the white arrows that un acrost a sngle
welicle in the figure The Sgum s repretenistive of four Smils ndependernt expedment:. Eiargement of e endocytic vesicles allow the
dbvtereafion of the veiide memirane ln & shos Sme (15 minute) anly PI1-43 bt not PS7-68 co- localives with Hrs-TGFP & the vetide rmemibrans
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presemt on the vesides membranes, Surprsmgly F31 =43k, but
nat P76 codocahses with Hi on the vesicdes membranes,
melicatmg that the two peptides may have different was of
entenng the mme endocyic vesicles

PF31-43, but not P57-68, competes with Hrslocalisationin
endocytic vesicles

Becayss there & a dose sequence amilarity between P91-49 and
Hes wathin a regon that & impertant or the baalabon of Hs to
the vesile membrane, we evahmted whether the pephde codd
mterfere with He locabation to the vesices. To this amn, we
weated] CalCo-? cells with F31-43 or EGF, and then separied
cytosche and membrane beoumd protems by wltracentriugaton to
gpantfy the ammmt of endogenoms Hmo present m each
compartment. [30] P31-43 resuled m an increase m e amount
o Hrs m the cyimsobc Gachion, whach reached 2 maoamuwm 3 h
after trestment (Figure, GA B) whereas the amount of Hms wa
decreased in the membmane moson. Ths efect was unrelated o
the enhanced EGF pathway becanse EGEF treatment alone did not

-@. Plas ONE | www plesanearg

affect Hrs conce nration m e ither companment, in agreement with
previous results. [30] The Hs concentragon was nomal sed & a
control proten stamed on the same blot, namely, tubuhn m the
cytosobc frachion and EGFR m the membrane faction. [30] We
used tubuhn and EGFR becuse they .-:elr-:'!n.le_'!.' kcalke to the
cytosohe and membranes Faotiong and ter concemiration & o
alfeced by F31=43 treatment

The el of condocal anal yHs are m agresment with the results
of the wesiem blot e Tt I iaﬁ, 14 h atter transdechon of
the Hre-EGFP fusion protem mto CaCo-? cells, (o scence was
rrusc:ih_L' amocmated] wath veades, whereas 3 h trestment with P31 =43
resudted in diffused ctoplasmac staming (Fagure G5, Hers remained

mmociated to vesicles in the comtrol peptide P5 768 (Figure 60,

Hrs overexpression prevents entry into the cell cycle
induced by P31-43

Exvudence sugpess that ghadm peptides alfect the cell oyee by
delaving receptor mactnation, [27] Shouwld thas sflect be due to
competiton of te gladn peptide F31-43 wath Hrs, e over
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fFracton and EGFR in the membrane fadon. Mean and 50 of thee independent experirments & shown. Asterisk ndicates P<005 fsudents t-test)
After PE1 <43 trestrment, brs inoes in e cyiosolic fmction and deoressss in the memibrane fradion in comparison to the not tested ssmpls in a
statistically significant way. O) Conlocal analysis of Calo-2 ells vanstecied for 24 b with Hrs-EGFP, nat teeated and treated with P57-68 and P31-43

fior the last 3 h of ransfection. The retults ane representative of four ndependent experimems.
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EXPT eSO -:nl'HR.”: rl INA waold resgh 10 reversal of the offect, We
therefore evalusted whether Hm can compete with the efleck
mcluced by P3 143 on the cdl cycle. As shown m Figure 7, CalCo-2
oells over XTI Hrs were stenulaed o 'p'r-:llﬂmfr by add:n'q;
EGF, PR768 or P14 Under these condiions, EGF stmulation
greathy mereassd Brdl! meoorpomtion m Hrstransfected amd
untransfocted  CalCo-2 odls (Hn=66.25%2953%; No Hn=
a 9% As 1.-.|::|:-¢.~.-.N-d from a Previous shlth_.', |';'_-'| P31-43
mduced probfration of non-Hrs-expresmg Callo-7 cdls, vath a
Brdl) incompomation of 51 %2 2% that docreased o 228%284%
m Horexpresang CaCo=2 odlls, P57-58 did not maduce prolfer-
ation. These data mdicste that Hes can commpete with the Al
exerted by P31-43 on cell prolferation.

In cultured small intestine samples from biopsies, P31-43
enters the enterocytes and interacts with early endocytic
wvetides

We mvestigated whether PY143 enters the cell and traced i
localisation m inestinal baopsies from CD patients. For tis set of
EXpeTEnents, We ebedled 3143 waith {-:Y"II a (hporochrome that
encited at 55 nonometens and emits at 575 nanometers. Intestinal
biopsies were obamed from patents with CD amd control
subpocts, kept in cultwe, and pulsed e 3 h wath P31-43-CY3

7@'. PLes OME | wwew pletanearg

|'hﬁ'||rr HA amd I‘I-"| In 2l hr.ppmﬁ, atber 5 h]ndn-_m:\tﬂr E‘HI—F‘I-
CYY was s=en in epithehial cdls, both in the erypis and m the vl
(not shown) whene 1t mteracted with vesides at the apical portion
of the cells, Stmnng with ant EEA| antibodies shows that the
wvesicles mteracting with P 43-CVS are em'l':r endooytic vesicles.
The overlay panels in Figure 8A and B show o= kcalmation of
P31-£-CY 5 and EEA] m controls subjects and in patents with
CD in the scthve :pll.a.-u- d the dscass. ARer 24 h chase, 9149
CY3 was seen only in ek from CD puitents. In this cme the
Bbelled peptide abo inermoed wath the vesodar compantment
and co-docabied with EEA ] (Figure 88). h normal controls, P31-
45%CYY entered the cedb and ineraced wath EEAl-pmive
wsicks aftera d h Tm.hr, bt the Ts-l-pu-.‘lr W T ]nnﬂrr =een afera
Jehours chase (Figure #A)} Thy indicawes that, in healthy
controls, the peptide # readily procesmed by the vencular
compartment. In the odmc emvironment, 1n whach the peptide
mteracts wath the veacolar compartment, P49 is delayed an
exrly endocytc vesiches also st 24=houmns chase.

Discussion

In this paper we demonstate that A ghadin peptides P31-49
] P57-68 enter (CaCo? cell. P31-43 beabses on the endocytic
membranes and delays vesidle taffickmg by imterfening with Hrs-
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wansfected or not with Hrs-EGFP cDMA and trested s indicated 24 hafter tramfsction The ban repessent the Faction of Brdll incorposting cells s
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A sterishes indicate P<005 Swdents +te) with respectto the Q1%

eI
FC5. These results indicate that Hrs compete with the effecs exerted by PI1-43 on el profiferstion.
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medisted maturation of exrly endosomes m cells and enterocytes.
Consequently, EGFR and possibly other receptons actvaton »
extended with multiple effects an variouws metabobic pathways and
celhlar fomcions.

Although bitde is lnmown aboot the procesng of ghadn
l:q:l-du, there 5 evidence rhﬂthzym enteTorytes, |_El1.—ﬂ-‘_1‘—
:‘L"ll_ R.u:ﬂl‘yhm]:lpcn [QH—."H-'. have deseribed entramce amd
localization of P31=43 and P57=6d gliadin peptides, one localiving
Fil-t3 o the level of eawly endocytic vewides wsing decto-
microscopy, (which i consistent wath our fmdings), and the other
localizmg it to the level of the ke vesides nang bght microscopy of
boanylated peptides. Zimmer et @ hawe shown, that P31-45,
which & foond m earhy vencles, 15 not presented to stimulate guten
sensitive Twcells, m contrast P37-60 & found m e vescles and
cm be presented m thts manner, [39) The reslts of our
experiments show that both P3143 and F57-60 enter Callo-?
T an actve proces that requeres a emperature of 370 and Cat+
m the media. Methyl-Beta-Cydodextrin, an inhdbitor of endocy-
wosiz, prevents the entrance of both peptides mdicating that they
enter the odlls by endocytoss. [35—36)

We mapped the distrbation of P41-43 and P57-68 along the
endocytic pathway usng markens of exly endosomes (EEAL
RABS-EGFF) and bte endosomes (LAMP 2. RABT-EGFPF. P57-
ﬂimﬂdwﬂﬁ'ﬂuﬂ\r:mﬁ EEA1 pnnmg,ﬂ'u:hc!h:
compartment to the e, LAMP? paositive, commrtment after a
3h chene F3l-4) mawesd ineraced both =t 50 minotes amd
3 houers with the carly endocyhc compartment. Vesicular dynamac
cirrelates with proper matumtion of earhy & ndoc vtic vesicles [30]
ad cm be abered by prolme/ghiamine rich proteins sch o
Huntmgtm. [37] We therelore, myvestigated the motihity of vesicles
carmpng PA14Hm and P57-68-bs. Live dservation of cells
treated with fuorscent peptides (time bpse) indicated that due
Fi =t }@amyng vesides are sower than those carrymg P37-68 at
hdhﬂlmﬂtllm:lﬂ-hu:'f‘*mhgﬂj\m‘ﬂﬂnnﬁ::wﬂ
that F31-83 rermins in the eardy emdocytic vesicls, thensby
delymg manmaton of these veside mto late endosomes by

-@ PLaS OME | wwaplataneong

affe cting endocytic motility. Moseover PA1-23, but not P57-68 was
able w delay endocytic vendes contmnng EGF-Alexa [22] and
dextran mdicatmg that P31 43 mierferes wath vesicolar dymamics
no matter what carge they are carrying. Comnsequently EGFR and
other mecepiors can stay bonger activated. There & m fact
vnnn‘ldling evidence that ﬂ'u:hqui: membrane ui'ﬁl:l:i:ngrz_gu-
bstes signalling by extra celhlar hyands 48]

The delay of decay of the EGF receptor may have different
consequences in diffrent ool types became @ affects several
pathwas and different fimctions (cell reproduction md servival,
permeabdity, motility, endocvtoss etc) (Fagure 9. [359—40]. We
previousty showed that ghadn peptides, snd in particalar P31-43,
iﬂu:ﬂﬁnrmrw:nmﬂmdnﬂpﬂiﬁ:ﬂiminmﬂuﬂd
types, thereby mimickng the effect of EGF. Peptide 31=43 mduces
phosphorylation of EGFR and of the dowestream effecor
signallng mobecule ERK [22] which indicates actnation of the
EGFR pathway. Enhancement of the EGF pathway by ghadin
and P31-43 15 due to defayed macivation of BGFR. [22].

It is bkely that endocytic debny could ako affect the mnate
imnm:mq:mu:ndthmmuﬂidiﬂ_WchwshmM\’
Barane, hed data) that m CaCo? odls ghadm peptide
P31 ﬂnen}lﬂﬂd\erﬂcpdn‘gmdncyhcmm As a
conssquence of this proces, more transferrin receptor and IL15
aocumulates on the cell surface. Recently, the recycing transfernin
mphrl'nsh:m:n#nhdmﬂupﬂupﬁn o CD_In f=ct,
transderrin recepton are mcremed n celiac inestine and abs
fimction as IgA recepton that retedtmnscyiose P31 Enked 1o
IgA. [#1] Taken together these data suggest that an 1
pathogenetic event in CD is the interference of glindin peptide
F31-#3 with the endocytic compartmemnt.

A data bank scarch wang PH43 as the quay sequence,
revealed strong ssquence smillarity with a region of Hms, whach 15
mn imporant regulstor of endocytic raffidong. Hrs s the main
coordimater of endocytoss and sgnallng, k » pat o a hoge
mrr#n,lnnmdhmlycndnq-ﬁcu:d:lu and the mubinencular
bady, that is molved m the uhiguatmaton of protems destined to
hsosomes. It can be phosphorylaed in cells treated with growth
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Fgure b After a 24-h chase, gliadin peptide P31-43-CY 3 ks still present in epithelial cells of crypts of celiac disesse patients, but not
of controls. Imestinal blopses fram conwol subjects (A) and o lise disease patients on & gluten-containng det (0 were cultivated with CY3-labelled
P43 for § Band then chaded for 24 h & indicsted Thin segiond of the altivated biopties wers then Sained with a3 EEA 1 sntibodies_in contral
sectians (A, P31-43-0Y3 wes vigible orly after 3-h pulte, but not aftera 24 h chase. In the seaion of a cdiac disease patient, P31-8-0Y3 wes peesent
at bath 3 b and 24 h in the spithelial cslls of oypty Overlay pansly show that in cultivated biopdie from cslise patientd 8 any e and in comrol
anly at 3 h pulse, the P31-43 pepide co- localised with EEAL. White arrows indicates localisstion of peptide in the early endocytic wesides

Representative results fom 3 independern experiments are Shown
doi 1001 371 fjoumal pore 00 12284 004

Boors and cywkmes [30] and 15 165l uvhapnimated, These post-
trans bational modifications are needed for dlicent sorting by Hes
af uhaguatmased membrane protems to the degadation pathway.
In cellk where Hs has been slenced, mutated or duloted from
the endosomes, EGFR and other receptor tirsme knases sty
activmted longer [42] and are recycked back to the cell moface. [43]

The sequence semilarity between glmdin peptide F31 43 and
Hrs mvolves 2 smalll area of the probne/ghtamme-rich domam of
the bater. Although ghiadin iz 2 well nown pra ine/ ghstam me -rich
proicm, the homadogy of F31-43 with ths Hrs doman & specific
becmme the rest of the ghadm probne/gutammernich sequence
el mot share the same degree of smilarny with Hm. Mossover,
Fir=6l, another ghadin peptide with a similr ammo acd
O, doss not produce the same effects 1n cells, Thas
Hrs domam, =t s (OD0OH end, cmtams the dathrin-binding
domman that brings dathnn i dathnn comted vesices, [27] and w
o of the domans necded fo loabse His o
membranes, [44—45-46|

We have demonstrated m Hrs-BGFP transfected CaCo? cells
that P4 1-45, bat not P37 -68 corl ocalises with Hrs on the membmane

the veside

-@. Plas ONE | www plesanearg

of endocyti: veades after 15 munages of trestment, suggestmg that
the two pepides may hove a dillerent rowe o ener endocyic
wesicles. Up to now no recepitor has been fmomd for P31-43 uptake
{Barome et al unpubdsh ed resles) Vibsi =t al |#7] have propossd
an alternatve posabibty mveshgaimg the inderaction of the glidan
peptides wath 3 very smple model of bpads rocellse. They o howed
that P31~43 but not F57-68 can dmec dy mteract wath the muodliae, a
good mdiation that # & posible for P3143 to travel throsgh the
e b ames and posbly reach the HRS molecules on the surfisce of
the vesicles. We next evaluated whether P53 1=43 could nerfere with
Hes localmation to the endocytic vendes

Western blot anabsi of proens extraced from the cell eyvtosa
il membranes, together wath mmmumnodloores cence, showed ghat
P31-8) trestment for 3 h, moved HRS from the vencls to the
cvtosol. Furthermore, if P31 43 mterferes with Hrs localizstion, it
illows that a large excess of Hrs should prevent the profferatnee
Aty of the ﬂtad.:m 'pr]rh:lr on ook, In fact, over EX PSS o
Hrs-EGFP prevented the effect of 3143 on CalClo? proifem-
tion. Taken together these reslts suggest that P31-43 inserferes
with Hremedaed mateaton of early endosomes
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alo m oulured hiopsies. This process prolongs EGFR. acavation
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crypt enterocvies as we have previoushe showmn [27] Thes
olnervations sugpest that the EGF patwway pleys 2 contral role in
matating and mamtanmng the high prolferation rates observed in
m part the role played by ghiadin in remodeling of te celbac
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Figure 9. Overview of the effects of P31-43 on the endocytic
pathway. Endocytosi has many =fectd on Sgraling: in fac, signalling
pathvesys and endocyic pathways are regulisted ina sedprocal mamer.
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CONCLUSIVE REMARKS

In this paper we demonstrate that A gliadin peptides P31-43 and P57-68 enter CaCo2 cells. P31-43
localises on the endocytic membranes and delays vesicle trafficking by interfering with Hrs-mediated ma-
turation of early endosomes in cells and enterocytes. Consequently, EGFR and possibly other receptors
activation is extended with multiple effects on various metabolic pathways and cellular functions.
Although little is known about the processing of gliadin peptides, there is evidence that they enter ente-
rocytes. [25-26-27]. Recently two papers [28-29] have described entrance and localization of P31-43
and P57-68 gliadin peptides, one localising P31-43 to the level of early endocytic vesicles using electro-
microscopy, (which is consistent with our findings), and the other localising it to the level of the late ve-
sicles using light microscopy of biotinylated peptides. Zimmer et al have shown, that P31-43, which is
found in early vesicles, is not presented to stimulate gluten sensitive T-cells, in contrast P57-68 is found
in late vesicles and can be presented in this manner. [28] The results of our experiments show that both
P31-43 and P57-68 enter CaCo-2 cells and interact with the vesicular compartment. Their entrance is
an active process that requires a temperature of 37C and Ca++ in the media. Methyl-Beta-Cyclodextrin,
an inhibitor of endocytosis, prevents the entrance of both peptides indicating that they enter the cells by
endocytosis. [30-31]

We mapped the distribution of P31-43 and P57-68 along the endocytic pathway using markers of early
endosomes (EEAT; RAB5-EGFP) and late endosomes (LAMP 2; RAB7-EGFP). P57-68 could progress
from the early, EEAT positive, endocytic compartment to the late, LAMP2 positive, compartment aftera 3
h chase. P31-43 instead interacted both at 30 minutes and 3 hours with the early endocytic compartment.
Vesicular dynamic correlates with proper maturation of early endocytic vesicles [32] and can be altered
by proline/glutamine rich proteins such as Huntingtin. [33] We therefore, investigated the motility of
vesicles carrying P31-43-liss and P57-68-liss. Live observation of cells treated with fluorescent peptides
(time lapse) indicated that the P31-43-carrying vesicles are slower than those carrying P57-68 at both 30
minutes and 3 hours. Taken together, these results suggest that P31-43 remains in the early endocytic

vesicles, thereby delaying maturation of these vesicles into late endosomes by affecting endocytic motility.
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Moreover P31-43, but not P57-68 was able to delay endocytic vesicles containing EGF-Alexa [22] and
dextran indicating that P31-43 interferes with vesicular dynamics no matter what cargo they are carrying.
Consequently EGFR and other receptors can stay longer activated. There is in fact compelling evidence
that endocytic membrane trafficking regulates signalling by extra cellular ligands. [34]

The delay of decay of the EGF receptor may have different consequences in different cell types because
it affects several pathways and different functions (cell reproduction and survival, permeability, motility,
endocytosis etc.). [35-36]. We previously showed that gliadin peptides, and in particular P31-43, induce
actin rearrangements and cell proliferation in various cell types, thereby mimicking the effect of EGF.
Peptide 31-43 induces phosphorylation of EGFR and of the downstream effector signalling molecule
ERK [22] which indicates activation of the EGFR pathway. Enhancement of the EGF pathway by gliadin
and P31-43 is due to delayed inactivation of EGFR. [22]

It is likely that endocytic delay could also affect the innate immune response and cytokine metabolism.
We have shown (MV Barone, unpublished data) that in CaCo2 cells gliadin peptide P31-43 can enhance
the recycling endocytic compartment. As a consequence of this process, more transferrin receptor and
IL15 accumulates on the cell surface. Recently, the recycling transferrin receptor has been implicated in
the pathogenesis of CD. In fact, transferrin receptors are increased in celiac intestine and also function
as IgA receptors that retrotranscytose P31-49 linked to IgA. [37] Taken together these data suggest that
an important pathogenetic event in CD is the interference of gliadin peptide P31-43 with the endocytic
compartment.

A data bank search using P31-43 as the query sequence, revealed strong sequence similarity with aregion
of Hrs, which is an important regulator of endocytic trafficking. Hrs is the main coordinator of endocytosis
and signalling. Itis part of a large complex, located to early endocytic vesicles and the multivesicular body,
that is involved in the ubiquitination of proteins destined to lysosomes. It can be phosphorylated in cells
treated with growth factors and cytokines [32] and is itself ubiquitinated. These post-translational modi-
fications are needed for efficient sorting by Hrs of ubiquitinated membrane proteins to the degradation
pathway. In cells where Hrs has been silenced, mutated or dislocated from the endosomes, EGFR and
other receptor tyrosine kinases stay activated longer [38] and are recycled back to the cell surface. [39]

The sequence similarity between gliadin peptide P31-43 and Hrs involves a small area of the proline/
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glutamine-rich domain of the latter. Although gliadin is a well known proline/glutamine-rich protein, the
homology of P31-43 with this Hrs domain is specific because the rest of the gliadin proline/glutamine-
rich sequence does not share the same degree of similarity with Hrs. Moreover, P57-68, another glia-
din peptide with a similar amino acid composition, does not produce the same effects in cells. This Hrs
domain, at its COOH end, contains the clathrin-binding domain that brings clathrin to clathrin ~coated
vesicles, [40] and is one of the domains needed to localise Hrs to the vesicle membranes. [41-42-43]

We have demonstrated in Hrs-EGFP transfected CaCo2 cells that P31-43, but not P57-68 co-localises
with Hrs on the membrane of endocytic vesicles after 15 minutes of treatment, suggesting that the two
peptides may have a different route to enter endocytic vesicles. Up to now no receptor has been found
for P31-43 uptake. (Barone et al. unpublished results). Vilasi et al. [44] have proposed an alternative
possibility investigating the interaction of the gliadin peptides with a very simple model of lipids micellac.
They showed that P31-43 but not P57-68 can directly interact with the micellae, a good indication that
it is possible for P31-43 to travel through the membranes and possibly reach the HRS molecules on the
surface of the vesicles. We next evaluated whether P31-43 could interfere with Hrs localisation to the
endocytic vesicles.

Western blot analysis of proteins extracted from the cell cytosol and membranes, together with immuno-
fluorescence, showed that P31-43 treatment for 3 h, moved HRS from the vesicles to the cytosol. Further-
more, if P31-43 interferes with Hrs localization, it follows that a large excess of Hrs should prevent the
proliferative activity of the gliadin peptide on cells. In fact, over-expression of Hrs-EGFP prevented the
effect of P31-43 on CaCo-2 proliferation. Taken together these results suggest that P31-43 interferes
with Hrs-mediated maturation of early endosomes.

We also examined P31-43 trafficking in cultured intestinal biopsies from CD patients and controls using
pulse and chase experiments. We show that P31-43 enters the enterocytes of cultured intestinal biopsies
and localise, after a 3 h pulse, in early endocytic vesicles of enterocytes of intestinal biopsies from normal
control subjects and non-treated celiac patients. However, after a 24-h chase, the peptide was still in the
early endosomes of celiac enterocytes, but not in those of controls. This suggests that celiac patients are
particularly susceptible to the effect of P31-43. We previously reported that endocytosis of EGF is delay-

ed in enterocytes of atrophic celiac mucosa cultured in vitro with P31-43. [22] In the same context, P31-

33



43 increased proliferation of crypts enterocytes — an effect that was prevented by EGFR inhibitors. [22].
Similar to the effects we observed in CaCo-2 cells, P31-43 probably delayed maturation of early endocytic
vesicles also in cultured biopsies. This process prolongs EGFR activation and culminates in increased
EGFR-dependent proliferation of crypt enterocytes as we have previously shown. [22] These observations
suggest that the EGF pathway plays a central role in initiating and maintaining the high proliferation rates
observed in the crypts of celiac patients. [45-46] This finding explains at least in part the role played by
gliadin in remodelling of the celiac mucosa.

From a general point of view it is interesting to note that peptides from a very common alimentary protein,
the gliadin, can have several metabolic effects due to the interference with important cellular functions,
such as those regulated by the endocytic pathway. It remains to be established why P31-43 has a peculiar
effect on the celiac intestinal mucosa. Celiac patients may have an alteration of the endocytic pathway
(or some other related metabolic pathway) that renders cells more sensitive to the effect of P31-43 on

endocytic maturation.
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CHAPTER 2

Gliadin-mediated proliferation and innate immune activation in celiac disease are

due to alterations in vesicular trafficking

Project

Celiac disease (CD) is characterised by derangement of both the adaptive and the innate immune respon-
ses to gliadin. Some gliadin peptides that are deamidated by tissue transglutaminase (e.g., A-gliadin P57-
68) bind to HLA DQ2 and/or DQ8 molecules and induce an adaptive Th1 pro-inflammatory response.
[1] There is also evidence that gliadin contains other peptides (i.e., P31-43) able to initiate a response
involving innate immune. [2,3]

Damage to the intestinal mucosa in CD is mediated both by inflammation due to the adaptive and innate
immune responses (with IL-15 as a major mediator of the innate immune response) and by proliferation of
crypt enterocytes as an early alteration of CD mucosa causing crypt hyperplasia.[4-6] The celiac intestine
is characterised, in fact, by an inversion of the differentiation/proliferation program of the tissue with a re-
duction in the differentiated compartment, up to complete villi atrophy, and an increase of the proliferative
compartment, with crypt hyperplasia.[7,8]

We previously investigated the carly events of celiac disease and in particular the interaction between
gliadin peptides and intestinal epithelial cells. We found that the so-called gliadin toxic peptide (P31-43)
delays endocytic vesicle maturation and consequently reduces epidermal growth factor receptor (EGFR)
degradation and prolongs EGFR activation, which in turn results in increased cell proliferation and actin
modifications in celiac crypt enterocytes and in various cells lines.[9] P31-43 enters CaCo2 cells and in-
testinal enterocytes, interacts with early endocytic vesicles,[10,11] reduces their motility and delays their
maturation to late endosomes. [10] Taken together, this information points toward an effect of certain
gliadin peptides, i.e., P31-43, on endocytic function and indicates epidermal growth factor (EGF) signal-
ling as onc of the major pathways in the celiac intestine.

The pro-inflammatory cytokine IL-15 is a major mediator of innate immune in CD. In fact, IL-15 is higher

in the lamina propria and the intestinal epithelium of untreated celiac patients as compared with treated
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patients and controls.[3,12,13] It induces differentiation of dendritic cells[ 14] and is also secreted by the
intestinal epithelium.[15] Moreover, IL-15 affects the proliferation, localisation and function of intraepi-
thelial lymphocytes (IELs) in the intestinal mucosa of CD patients.[16-19]

Gliadin peptides 31-43 and 31-49 are not recognized by T cells and induce an innate immune response
in the celiac mucosa.[2] P31-43-induced activation of various markers of the innate immune response
is inhibited by neutralising anti-IL-15 antibodies.[2] IL-15 mediates P31-43-induced expression of the
stress molecule MIC-A in enterocytes[3] and reproduces most of the epithelial modifications caused by
gliadin in CD patients, including IEL migration.[12-14] IL-15 also exerts pleiotropic activity that ulti-
mately results in immunoregulatory cross-talk between cells of the innate and adaptive branches of the
immune response.[20] Moreover, IL-15 can induce proliferation in intestinal epithelial cells21.

IL-15 expression is tightly regulated at both the transcriptional and post-transcriptional levels.[22-24]
Although IL-15 transcripts are widely expressed, the IL-15 protein is seldom detected in the supernatants
of cells that display mRNA for this interleukin.[22,24] IL-15 has been found in the Golgi complex and
in transferrin-carrying endocytic vesicles.[25,26] Trafficking of the IL-15/IL-15R alpha complex in the
endocytic pathway plays a central role in the regulation of IL-15 expression at the post-transcriptional
level. IL-15 is chaperoned through the secretory pathway by complexing with IL-15 R alpha, as this com-
plex forms in the Golgi and is transported to the membrane where it recycles and is trans-presented to
neighbouring cells.[27-31] Interestingly, in the intestine, IL-15 is present on the surface of enterocytes,
which suggests that cell-to-cell contact could play a role in IEL regulation.[13]

The aims of this study were to determine if the proliferative activity of P31-43 on celiac enterocytes and
cells is not only EGFR-dependent but also mediated by IL-15. We also investigated whether P31-43 in-
creases IL-15 in an intestinal epithelial cell line (CaCo2 cells) and the molecular and cellular bases of this

phenomenon in relation to the derangement of the vesicular function induced by P31-43.
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Abstract

Background and Obfectives: Damage to intestinal mucosa in celiac disease (CO) is mediated both by inflammation due to
adaptive and innate immune responses, with IL-15 as a major mediator of the innate immune response, and by proliferation
of crypt enterocytes as an early alteration of CD mucosa causing crypts hyperplasia. We have previously shown that gliadin
peptide P31-43 induces proliferation of cell lines and celiac enterocytes by delaying degradation of the active epidermal
growth factor receptor (EGFR) due to delayed maturation of endocytic vesicles. IL-15 is increased in the intestine of patients
affected by CD and has plelotrople activity that ultimazely results In immunoregulatory cross-talk between cells belanging
to the innate and adaptive branches of the immune response. Aims of this study were to investigate the role of P31-43 in
the induction of cellular proliferation and innate immune activation.

Mathods/Principal Findings: Cell proliferation was evaluated by bromodeoxyuridine (BrdU) incorporation both in CaCo-2
cells and in biopsies from active CO cases and controls. We used realtime PCR to evaluate IL-15 mAMNA levels and FACS as
well as ELISA and Western Blot (WE) analysis to measure protein levels and distribution in CaCo-2 cells. Gliadin and P31-43
induce a proliferation of both CaCo-2 cells and CD crypt enterocytes that is dependent on both EGFR and IL-15 activity. In
CaCo-2 cells, P21-43 increased IL-15 levels on the cell surface by altering intracellular trafficking. The increased IL-15 protein
was bound to IL15 recepror (IL-15R) alpha, did not require new protein synthesis and functioned as a growth factor.

Conclusion: In this study, we have shown that P31-43 induces both increase of the trons-presented IL-15/IL5R alpha
complex on cell surfaces by altering the wafficking of the wvesicular compartments as well as proliferation of crypt
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Intraduction

Celiae disease ICD is characterised h:,' 'IjI:I.HJ.IsEI:I:IEIII of both the
adaptive and the innate immune responzes to gliading that is a
storage protein of wheat Some gndin peptides  that are
deamidated by tissse ransglumminase (e.g., A-glisdin P37-68)
bind to HLA D02 and/or DOS molecules and induce an adaptive
l"h] Pﬂv—inl:‘l:.lmmal::r_\f FESpOmse [lJ T'.hz:r: = alse evidence that
gliadin contains other peptides (e, P31-43) able to initate a
responze involving innare immunity [2,3]

Damage to the intestinal mucozsa in CD is mediated both by
inflammation due 1o the adaptive and innate immuone responses
fwith IL-15 a5 a major mediator of the innate immune response)
and by proliferation of crypt enterocytes as an eary alteration of
CD mucosa causing crypt hyperplasia [4 6], The celiac intestine 15
characterised, in facr, by an inversion of the differentiation/
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proliferation program of the tiswe with a reducton in the
diw:un1imd rcmj::.rtmznl, up tes n::lm]:l:tz u']l'i :il:rth}', ard an
increase of the proliferative compartment, with crypt hyperplasia
[7.9.

We previously investigated the early events of celiac disease and
in partcular the interaction between gliadin peptides and
intestinal epithelial cells, We found that the so-called gliadin toxic
P:Fﬁd.l: {P}]--‘lﬁ} l:f:].'l:,fl r:nd.(lc]:ti.r wvesicle matlumion and conse-
quently reduces epidermal growth factor recepror (EGFR)
degradation and prolongs EGFR activation, which in turn results
in mereased cell prolferation and actin modifications in celoe
crypt enterocytes and in various cells Lnes [9). P31-43 enters
CaCo-? cells and intestinal emterocytes, interacts with early
endocytic vesicles [10,11], reduces their motility and delays their
matration to late endosomes [10]. Taken together, this
informartion points toward an effect of cerain gliadin peptides,
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ie., P31-43, on endocytic function and indicates epidermal growth
factor (EGE) signalling as one of the major pathways in the cebac
intestine

The pro-inflammatory cytokine IL-15 is a major mediator of
innate immune response in CD. In fact, [L-15 is higher in the
lamina propria and the intestinal epitheliom of untreated celiac
patients as compared with treated patients and controls [3,12,13].
It induces differentiation of dendritic cells [14] and 3 alse secreted
by the intestinal epithdivm [15]. Moreover, IL-15 affects the
proliferation, lecalisation and funcion of inraepithelial lympho-
cytes (JELs) in the intestinal mucosa of CL) patients [16-19]

Cliadin peptides 31-43 and 31-49 are not recognized by T cells
and induce an innate immune response in the celiac mucosa [2],
P3l-43induced activation of various markers of the innate
immune response 5 inhibited by neutralising anti-1L-15 anthodies
[2]. IL-15 mediates P31-43-induced expression of the siress

A

Proliferatien and Innate Immunity Activation in C0

molecule MIC-A in enterocytes [3] and reproduces most of the
epithelial modifications caused by gliadin in CD patients,
incloding IEL migration [12-14]. 1L-15 abko exerts plelotropic
activity that ultimarely results in immunoregulaory  cross-alk
between cells of the innate and adaptive branches of the immune
response [20]. Moreover, [L-15 can induce proliferation in
intestinal epithelial cells [21].

IL-15 expression s dghtly regulated at both the transcriptional
and post-transcriptional levels [22-24]. Although 1L-15 tramscripts
are widely expressed, the IL-13 protein is seldom detected in the
supernatants of cells that display mBRNA for this interleukin
[#2,24]. TL-15 has been found in the Golgi complex and in
transfermin-carmyang endocytic veades [25,26]. Traffidang of the
IL-15/1L-15R alpha complex in the endocytic pathway plays a
central role in the regulation of IL-15 expression at the post-
ranscripional level. IL-15 is chaperoned through the secrewry
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Figure 1. P31-43-induced EGFR- and IL-15-dependent proliferation in CaCo-2 cells. (A} Quantification of Brdl incorporation of Calo-2
cells incubated ovemight with medium alone, or treated as indicated. Columns represent the mean and bars represent the standard deviation of five
independent experiments. Mare than 300 nuckel were counted for each experiment in several optical fields and the numbser of BrdU-positive cells was
expressed as a proportion of the total nuclel *=p-<20.05 *p-<0.01 {Student's t-test). (B Immunofluorescence staining of BrdU incorporation of CaCo-
2 colls treated as indicated. Hoechst stalns of total nuclel. Single representative optical flelds (63x objective).
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pathway by complexing with [L-15% K alpha, as this complex forms
in the Golgl and is transported to the membrane where it recycles
and is faas-presented to neighbouring cells [27-31]. Interestingly,
in the i is present on the surface of enterocytes,

testine, 11-]
which suggests thar cellwo-cell conract could play a role in IEL
regulation [13].

The aims of this study were o determine if the proliferative
actvity of F31-43 on celmic enterocytes and cells 5 not only
EGFR-dependent but alzo mediated by IL-15. We abo invest-
gated whether F31-43 increases IL-15 in an intestinal epithelial
cell line (CaCo-2 cells) and the molecular and cellular bases of this
phenomenon in relation to the derangement of the vesicular
function indoced by P31-43,

Materials and Methods

Cell culture, materials and transfections

CaCo-2 cells were grown for 56 days in Dulbecco's Modified
fagle’s Medium (DMEM) (GIBCO, San Giuliano Milanese, Ttaly),
10% feml calf serum (GIBCOY, 100 units/ml peniclbn-strepto-
mycin (GIBCOY, and | mM glutamine (GIBCO) with medium
changed every two days

Synthetic peptides were obtained from Inbios s (Naples, Tealy)

and they were >25% pure as evaluated by matrx-assisted laser

Fraliferation and Innate Immunity Actheation in CD

desorpionsicnization dme-of-flight mass spectrometry. Lipopoly=
saccharide (LPSHree peptides were obtained by Ulirasart-D20
filiraton (Sartorins AG, Gottingen, Germany|[9]

The levels of LP3 in these peptides were below the detection
threshold, ie., <0.20 EU/mg as assessed with the QCL-1000 ki
(Cambrex Corporaton, NJ}. The P31-43 sequence was LGO)-
{}_QP["E"P‘{'&P'I' and the P57-58 SECQUENCE WS {:!\_l.q]"]'\l’-
QPOLFY. Dosefresponse experiments indicated that the best
conceniration of peptides for experiments involving bromodeoscy-

uridine (Brdl) incorporation and IL-15 expresion on the cell
surface (Fig. 51 was 100 pg/ml [9]

IL-15 PE<onjugated monoclonal antbody (clone:  34559;
wotype: lgls]l) was purchased from R&D Systems (Minneapolis,
MM, USA! Rart isotype-matched PE-labelled control IgGls were
purchased from Pharmingen (3an Diego, CA, USA). Recombinant
human IL-15 (R&D Systems, Minneapol:s, MN, USA) was used ata
concentration of 10 ng/ml for FACS analysis and the blocking
monoclonal ant-human IL-15 anibody (R&D Systems, Minneap-
olia, MN, USA) at 5 pg/ml in all experiments. We used the goat,
anti-huwman IL-15R alpha (R&D Systems, Minneapolis, MN, TSA),
rabbit ant-human [L-15 {(Santa Cruz Biotechnology, Santa Gz,
CA, USA) and mouse anti=alpha wbulin (Sigma-Aldrich, Milan,
Iraly) and rabbit anti-EGFR (Cell Signaling Celbio, Mian, Italy)
antthodies for western blotting. Bedll was detected with a
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Figure 2. P371-43-induced proliferation of caypt enterocytes in celiac disease (CD) biopsies in the active phase of the disease
dapands on EGFR and IL-15 functions. (A} Quantification of Brdl incomporation of orypt entemcytes of intestinal biopsies from CD patients
Incubated with P31-43, with and without blocking antibodies anti-IL-15 and anth-EGFR. More than 300 cytokeratin-positive cells were counted in
sveral fields in gach sample and the number of BrdU-poditive cells was expressed as a propomtion of the total cytokeratin:pogitive cells, Mean and
standard deviation of five independent expedments (Student's 1 test), " =p<001; " = p=<0.001 {B) Quantification of Brdl) incorparation of crypt
enteracytes of intestingl blogdes from controls mcubated with P31-43, Mare than 300 cytokeratin:positive cells were counted in soveral finlds in each
sample and the number of Brdl-posithee cell was expresied as a propartion af the tatal oyto keatin-positive cells, Mean and stancard deviation of
thiee independent experiments (C) Immunofluarescence of crypts of dusdenal bloptie: from pationts with active CD stained for cytoke ratin to
identify epithelial cells [red) and for BrdU [green]. Representative single optical field {40x objective), Lumen of the crypt i highlighted by white
amows, For methods, see supplementary materlal,
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monoclonal antibedy (GE Healtheare, Bickinghamshire, UK) and
an anti-mouse-Alexa-438 conjugated secondary antibody (Molec-
ular probes, San Giulano Milanese, [taly). Nuclei were stained with
Hoechst (Sigma-Aldrich, Milan, laly). Brdl! incorporadon exper-
iments o evaluate cell preliferation were carried out as described
elsewhere * Blocking antibodies EGFR (528) (Santa Cruz Biotech-
nology, Samta Cruz, CA, USA) and IL-15 (R&D Systems,
Minneapolis, MM, USA) were used at concentrations of 2 pg/ml
and 5 pg/ml, respectively, for the Brdll assay.

Transfection of silL-15K alpha was carried owt following the
manufacturer’s nstrections (QTAGEN) with HIPerFect Transfic-
tion Beagent. Brieily, CaCo-F cells were incubated in standard
growth conditions and 500 ng of [L-15K alpha sRNA were
diluted in 100 pl of culture medium without serum (o give a final
siIRNA concentration of 10 nM. Twenty microliters of HIPerFect
Transfection reagent were added to the siRNA mix by vontexing,
The transfection mix was added drop-wise onto the cells which
were incubated for 72 h, Cells were than processed for WB or
FACS analysis. Trandection of 1L-15-EGFP was camried out as
described before [25],

Ower night (O/N] treatment is intended as 16 h treatment.

IL-15 analysis

CaCo-? cells were stimulated at 37°0 with P31-43, P57-68,
cycloheximide (Sigma-Aldrich, Milan, DItaly) or with mediom
alone, After incubation, cells were removed from the dish by

Prediferation and lnnate Immunity Activation in CD

scraping on ice and plated in 96-well V-bowom plates (Costar
Celbio, Milan, Italy), Cells were plated at a density of
12107 cells/well and were washed with PBS and analysed for
surface or inracellular cytokine expression. Membrane cyro-
kines were identified by labelling cells with PE-conjugated anti-
IL-15 mAb for 30 min at 4°C. In the experimens w detect
intracellular cytokines, 10 pg/ml brefeldin A (Sigma-Aldrich,
Milan, Italy) was added to the incubation media for 3 h
Intracellular cytokines were identified as previously reported
[37]. Finally, cells were read with a cytomerer. Cycloheximide
was used at a final concentration of 2 mM [33]. Dose-response
curve was done for F3-47 stimulation to find optimal Pa1-43
concentration (Figure 51).

Some of the cells stimulated with P31-43 or medum alone were
treated with acid bufer (2 mM glycine and 150 mM NaCl) for
10 min at 4°C and then labelled with PE-conjugated anti-IL-15
mAb [28]. Flow cytometry was carried out with a FACSCalibur
system (BI) Bicscience, San Dhege, CA, USA) and the results were
analysed with CellQuestPro software (BD Bicscience, San Diego,
CA, USA).

Immunoprecipitation

Lysates were prepared as described previously and protein
concentration was measured with a Bio-Rad protein assay
kit (Hercules, CA, USA) [9]. Equal amounts of cell lysates
{2 mg protein/mL) were used for immunoprecipitation. [L-15R

a
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Figure 3. Overnight treatment with gliadin peptide P31-43, but not P57-68, increased levels of IL-15 mRNA in CaCo-2 cells.
Quantitative PCR analysis shows an increase of IL-15 mRNA after QN treatment of CaCo-2 cells with P31-43 but not after 30 min, 3 b and 6 b, This
increase can be prevented by IL-15 blocking antibodies. RO = relative quantity of IL-15 mBNA. Columns represent means, and bars are standard
deviations of a representative experiment done in triplicate. Four separate experiments show similar results. UN=untreated. For methods, see

suppleme ntary material.
dal:10.1371fjourmal pone 001 7039.9003
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Figure 4. Gliadin peptide P31-43 increased IL-15/IL-15R alpha complex on the cell surface in CaCo-2 cells. (A} P31-43 increased IL-15on
the cell suface in CaCo-2 cells. FACS analysls of IL-15 on the cell surface after owernbght [0/, or 3 hor 6 h of treatment (B) with P31-43. Columns
represent means and bars are the standard deviations of ten independent experiments for panel & and three independent experiments for panel B;
*=p005 (Student's i-test), ** = p<"0001 (Student’s rtest) (C) Hotogram of one representative experiment of CaCo-2 cells treated OFN with P31-43.
Black dotted curve coresponds 1o negathve control (isotype-matched Ab), the green open curve depicts specific IL-15 saining after medium
treatment and pink apen curve is specifie 1L-15 staining after OVN culture with P31-43

dok 11371 jowrnal. pone 001 7039.g004

alpha was immunoprecipitated wsing the antg-IL-15R alpha
goat polyclonal antibody (Santa Cruz Biotechnology, Santa
Cmz, CA, USA) Proteins were immunoblotted with specific
antibodies.

Western blot

Briefly, CaCo-2 cells were starved overnight in DMEM
containing 0.1% FBS and then stmulated with P31-43 for various
ntervali at 3770, Cells were washed twice and resuspended in lysis
buffer. Cell lysates were analysed by SDS-PAGE and transterred
o nitrocellulose membranes (Whamman Gubh, Dassel, Germany).
The membranes were bocked with 5% non-fat dry milk and
probed with anti-IL-15, anti-IL-15R alpha, anti-tubulin and anti-
EGFE. Bands were visualsed with the ECL system (GE
Healthcare, Amersham, Buckinghamshire, UK} Band intensity
was evaluated by integrating all the pixels of the band without the
background, calculated as the average of the pixes surrounding
the band [9].

Organ cullure studies

Biopsy fragments from the duodenum were obtained from five
untreated patients with active CD and three controls (aflected by
g'.u.lm:mluphzg::l r:finx.} for organ culture studies, The Prnl.l:n:l::ll: af
the study was approved by the Ethical Committee of the
University "Federico I, Naples, Inaly (ethical approval: C.E. n.

@ PLoS ONE | www.plosane.org

230/05). Informed written consent was obtained from all patients.
The biopsy fragments were cultivated as reported elsewhere (for
detadls, see Text 51} [9,34].

Statistical analyses

CGraphPad Prism (GraphPad Software, San Diego, CA, USA)
was used for statistical analysis and graphic represenuation,
Statistical analysis of differences was pedormed with Student’s &=
test, & p value <005 was considered statsstically significant.

Results

P31-43-induced proliferation depends on EGFR and IL-15
functions in CaCo-2 cells and in enterocyles of cultured
biopsies from patients with active celiac disease

We previonsly demonsirated thar P31-43 induces proliferation
of fibrotdasts (NIH 3T3 cell kne} and of crypt enterocytes from
cultured biopsies of CD patients with active disease but not from
controls. This proliferation is mediated in an EGFR-dependent
manner [9].

We have now investigated whether F31-43 induces proliferation
of an intestinal cell Line such as CaCo-? cells and whether this
:tﬁcr, as well as the P31-43 induced Frulifcra:i,un of cebac crypt
enterocytes, is mediated not only by EGFE actvation but also by
IL-1% function, As shown in Fig, 1, not only EGF and IL-15 but
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also P31-43 induces proliferation of CaCo-2 cells, measured as the
percentage of cells that incorporate BrdU. Treatment with P31-43
increased proliferation of CaCo-2 celb from 26.40% £5.7% in the
untreated sample to 44.33% £4.5%, This proliferation i depen-
dent on IL-15 and EGFR functions. In fact, both IL-15 and EGFR
blocking antibedies reduced the percentage of proliferating cells 1o
2B5T%+7.8% with IL- l5-blockng antbodies and 26.67% 4%
with EGFR-blocking antibodies, Similar results were obtained
when CaCo-2 cells were treated with peptic-tryptic digest of
gliadin (PTG, not shown). Pepride P57-78 had no effect on CaCo-
2 cell BedU incorporation,

We next investigated whether, in biopses from CI) patients in
the active state of the disease, P3l-43-induced proliferation of
enterocytes required IL-15 function. As expected, P31-43 induced
a statistically significant increase in BrdU incorporation in crype
enterocytes from CD patients (Fig. 2A and C) [9]. Preventon of
P3l-43-induced proliferation was accomplished not only with the

@D PLoS ONE | www.plosone.org 6

use of anti-EGFR blecking antibody (Fig. 2A and C), but also with
IL-15-Mocking antibody (Fig. 2A and C) [9]. In fact, after
treatment with [L—]5 'H:u'.ki:ng an!ihuc'}-, the Pc:rnenug: nf Br\d.U-
positive cells decreased from 33%23.4% in the P31-43 treared
sample to [6.5%*5.6%. Simidar results were obtained when
biopsies from active CD' patients were treated with PTG (not
shown). In control patients, neither P31-43 (Fig. 2 B) nor PTG (not
shown) induced any proliferation [9].

Altogether, these data indicate that ghadin peptide-induced
proliferation of CaCo-2 cells and of CD) enterocytes is mediated by
bath IL-15 and EGFR actvities,

Effect of gliadin peptide P31-43 on transcriptional
regulation of IL-15

We treated CaCo-2 cells with P31-43 for 30 min, 3 h, 6 h or
OFN to determine whether the peptide affected 11-15 mRMNA
levelk, Quantitative PCR analysiz showed an increasze in IL-15
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mBNA only after O/N treatment with P31-43, the control peptide
P57-68 was not able to increase [L15 mRINA at the same levels
{Fig. 3} Intnguingly, this increase in IL-15 mRNA s IL-15-
dependent as it can be prevented by IL-15 blocking antibodies.
This finding suggested that F31-43 acts on pre-exising [L-15
protein to further increase 1L-15 mBNA accumulation in CaCo-2
cells. Indeed, exogenous [L-15 induced an even greater increase of
IL-15 mBNA than did P31-43, (Methods are described in Text SE]

P31-43 increased IL-15 protein expression on the surface
of CaCo-2 cells, it did not do 30 in the cytoplasm or in the
cell supernatant

To investgate whether P31-43 affects the expression of IL-15
protein, we evalpated (by FACS analysis) the intracellular and
surface pools af 1L-15 n CaCo-2 cells before and after exposure to
P31-43. Overnight treatment with P31-43 did not affect the
intracellular peol of IL-1% (Figure 52} and neither did shocter
treatment times (not shown), We next evaluated whether F31-43
affects the extra~cellular release of IL-15 by CaCo-2 cells. After
overnight incubabion with P31-43, there was no statistically
significant increase in IL-15 in the supematant as measured by
ELISA assay (Figure S53), However, the percemage of IL-15-
positive cells on the suface increased from 27.92% =22 M% to
R3.90%+18.76% after overnight treatment l:FEg. 4A), This
increase 15 specific for P31-43 becanse the control peptide P57-
68 did not affect the percentage of cells expressing [L-15 on the
surface (from 72 92% 22 24% 1o 17.09% % 11 .98%). IL-15 on the

-@_ PLoS ONE | www.plosone.org

cell surface appeared 1 increase in expression afier only 3 h of
incubation with F31-43, This increase became statistcally
significant after 6 h of incubation, when it was comparable to
that obhserved after overnight treatment (Fig. 4B). These findings
indicate that either P21-43 increases the production of the IL-15
protein or mobilizes, from a pre-existing protein pool, IL-15 on the
surface of the cells. We next analysed whether protein synthesis
blockade induced by cycloheximide treatment was able to interfere
with P2 l-43-induced increase of IL-15 on cell surfaces, Cyclohex-
imide treatment failed to prevent the F3 1-43-mediated expression
of IL-15 on the cell surface (37.42%+/=10.52% ws. 52404/
=8.33, in the absence of cycloheximide) (Fig. 4B}, suggesting thar
protein synthesis is not required for the P31 =43 effect and that 1L-
15 & mobilized from an exiting niracellular pool o the cell
surface.

Cell surface IL-15 is linked to IL-15R alpha

Duitman et 3l demonsirated that membrane-asociated 1L-15
directed to the cell surface in complex with [L-15R alpha, which
serves as a chaperone for is ligand [30], We therefore investigared
whether cell surface [L-15, which is increased by P31-43, & ako
attached to the receptor in CaCo-2 cells (Fig. 5-7). PCR analysis
confirmed the presence of IL-15R alpha mRNA in CaCo-? cells
(not shown!,

In additicn, acid treatment known to release IL-15 from the
ligand/receptor complex, reduced 1L-15 on the surface of P31-43-
treated CaCo-2 cells, suggesting that membrane-bound IL-15 i
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also linked to its receptor in this system (Fig. 5 A, B) [M9]. To
further confirm this hypothess, we silenced IL-15R alpha by
ransfecting a specific siRNA, which reduced IL-15R alpha
protein expression by almost 50% as shown in Figure 54, In
Fig. 5 C.D the P3l-43induced increase of IL-15 on the cell
surface is significantly inhibited {from 55%4/=18% to 2%/
—28%) in the presence of sill-15K alpha. As expected, the
increase of IL-15 on the cell membranes & mirrored by an increase
in [L-15R alpha at the same site. In fact, both FACS analysis of
the cells {not shown) and western blot analyss of proteins isolated
from membrane fraction show an increase in [L-15 and IL-15R
alpha after 30 roin and after 3 hof weatment with P31-43 (Fig. 6}
Finally, the existence of an IL-15/IL-15R alpha complex was
demonstrated by m:ll'}'l.i.l of proteing immunoprecipitated by anti-
1L-15R :.'||:||.1.1 .u.rl.l:i.'bnd.v_( from molated cell membranes [29]. This
analyiis showed both immunoprecipitated I[L-15 Egand and
recepror by western blotting wzing specific anthodies (Fig, 7).

@D, PLoS ONE | www.plosone.org
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Moreover, treaunent with P31-43 increased the association of [L-
15 and IL-15R alpha on the cell membrane by more than three-
fold as compared to untreated cells when analysed by densitom-
etry.

P31-43-induced surface IL-15 is biclogically active

Most of the biological activity of [L-15 & believed to be
mediated by the membrane-attached form of the protein [27,28],
We theretore evaluated the finctional acrivity of IL-15 on the
CaCo-2 cell surface by co-cultoring irradiated CaCo-? cells,
treated or not with P31-43, with CTLL?, a cell line responsive o
the mitogenic effects of both [L-15 and IL-2 [35]. As shown in
Fig. &, the proliferation rate of CTLL? celk, evaluated as *H-
thymidine incorporation, increased from 24,945 cpm® 13,792 of
the untreated sample, to 36431 cpm=13,265 afler P31-43
treatment of CaCo-2 cells. As expected, P37-68 treatment of
CaCio-2 cells was not able o induce proliferation of CTLLEY
(11,9524 =6,108). Furthermore, CTLL2 cells did not proliferate
in response to direct treatment with P31-43 alone (not shown). The
increase of 5[-[-ll'l:,.'mi.l:lj.lu: incorporation was dependent on IL-15
becamse 11L-15 blocking antihody treatment prevented CTLLY
proliferatton  induced by CaCo-2 cells treated with F30-43
{21,12%7 = 12,648), This finding indicares that IL-15 increased
on the cell surface after P31-43 treatment can function as a growth
factor, (Methods are described in Text 53]

P31-43 alters trafficking of IL-15-conaining recycling
vesicles and increases recycling markers on CaCo-2 cell
surfaces

IL-15 has been found in the Golgi complex and in wransferrin-
carrying endocytic vesicles [25,26). We previously demonstrated
that P31-43 abters the vesicular IJ‘.J.'TIEI‘IE [g] Therefore, we
evaluated whether F31-43 affects the recycling pathway by camying
more IL-15 w the cell surface. IL15-EGFP localises o a recycling
vesicular compartment when it is transfected in CaCo-2 cells [23].
Afier treatment with Pﬂ-l—’lﬂ, ]Lr]ﬁEGFP—::mlninmg vesicles
accumulated in the cytosol as shown in Fig. 9 A B The fluorescence
intenzity of the P3|-43-reated cells exhibited a statistically
significant increase from 34229 w 793247 afier P31-43
treatment. To id.:nﬁ!‘:,' the ]L-l.ﬁmpp-r:mmn.ng vesicular come-
partment, we treated CaCo-? celk mansfected with 1L-[5-EGFP
with the recycling marker transferrin-Tex-Red for 90 min. [36). As
shown in Fig. 9A and B, treatment with P31-43 increased the
number of transferring-containing vesicles, indicating that F31-43
can alter the trafficking of the recycling vesicles (fluorescence
intensity/cell increased from 52.25 6.8 w 73.325.6 after P31-43
treatment). Treatment with P57-68 had no effect on the number of
transferring-carrying vesicles. Furthermore, [L-15-EGFF co-local-
ised with transferrin-Tex red in the same vesicular compartment
before and after P31-43 tretment. To confirm P31-43 induced
alerations of the recycling vesicular compartment, we investigated
the levels of recycling marker transferrin receptor on the cell surface
by FACS analysis before and after overnight reatment with P31-43
or P57-68. As shown in Fig. 10, the percentage of cells displaying the
transferrin recepior on their surfaces significantly increased (from
18%=T% to 34.4%= 13%;) after F31-43 treatment while P57-68
treatment had no effect on the cell surdfice levels of trmansterrn
meeptor (from 8% 7% to 3% 24.7%) Thercfore, P31-43
Increaged the expression of recycling vesicle makers on the cell
surface, suggesting that the increase of IL- 15 on the cell surface may
relate to re-distrhution of [L-15 from an intracellular vesiocular
compartment to the cell membrane. (Methods are descrobed in
Text 54.)
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Discussion

In thiz paper, we demonstrate that P3-43-induced cell
proliferation both in crypt enterocytes and in CaCo-2 cells is not
nnl'}' d.zpen.ﬂ.znt o E’GFR bul .ﬂm on "_rlf} P]'_—‘I-E tnereased
CaCo-2 cell surface expression of IL-15, the major mediator of
innate immuniry in CD, by altering the endocytic rafficking of the
IL-15/1L-15R alpha complex. Thus, gliadin effects on prolifera-
tion and innate immunity activation are mediated by cooperation
hetween growth factors (EGFR) and Innate immuonity mediators
(IL-15} due w alterations in vesicular trafficking. It iz now well
aceepted that endocytosis has many effects on signalling; n Get,
signalling pathways and endocytc pathways are regulated n a
reciprocal manner, [t 5 also widely accepted that the *Endocytic
Matrix" 5 a master organiser of sigmalling, governing the
resolution of signals in space and time. Consequently, endocytosis
affects several cell functions that range from proliferation to cell
motkity [37].

We first imvestigated the role of IL-15 in P31-43-induced cell
proliferation, In previously published reports P31-43 has been
found to be delayed in eardy endocytic vesicles both in crypt
enterncytes of CI atrophic mucoss and in cell Bres [3-11], It has
alzo been found that P31-43 can intedere with the correct
localisation, on the vesides surface, of the major cooedinator of
vesicle dynamics and maturation, namely the Hepatocyte growth
factor Regulated tyrosine kinase Substrate (HRS) [10]. As a
consequence maturation of the early endocytic compartment is
delayed and the activation of EGFR and other receptors is
kamgnd, which r\eslﬂ.ls m ||:\':n] |:[‘l:r=r|:nt h\‘)ul.ng:i:.‘.al events
including cell probiferation [3-10].

In fact, the increase of proliferation of celiac crypt enterocytes
induced by P3l-43 was EGFR-dependent, as  proliferation
increase could be prevented by inhibitors ol this pathway [ﬂ]. In
this study, we show that 1L-15, EGF and P31-43 or FIG can
induce proliferation of an intestnal cell line such as CaCo-2,
Moreover, we show that P31-43induced proliferation is depens
dent on [L-15 and EGFR fanction. In fact, blockage of either the
EGFR or IL-15 sgnalling pathways prevented P31 -4 3-induced
proliferation. These observations can be reproduced in intestinal
biopsies from CD patients calvared for 24 hours. In this system, we
show that PTG and Pcptide P-4 % nduced VPt enterocyte
proliferation is dependent not only on EGFE activation but also
on IL-15 actviry,

YED. PLOS ONE | www.plosone.org

The present data and previously published reports [9] point o
cooperation between a cytokine (IL-15) and a growth facter (EGF)
tor imduce cellular prcn].iﬁ ration, A complex between IL-15R alpha
and EGFR i in fact present in CaCo-? cell and iz increased by
P31-43 reatment (unpublished resubs). Such cooperation in signal
tramseluction 5 not new. In fact, IL-15 and EGFR share the
downstream effectors ERK and STAT [38]. IL-15 also interacts
with the tyrosine kinase receptor AXL to prevent apoptoss in
fibroblasts [39].

We next investigated whether ghadin-induced inflammation in
CD is also affected by P31-43 alierations of the endocyiic
compartment. EGFR itself has a leading role in the regulaton of
the inflarmmation and can mediate innate immune responses in
ufrwn}' :F'nl'u:l.inm in r::]_::ir.ll.ur}' diseases ["ﬂ] Dn the other 111111:',
IL-15 is recognised as a major mediator of innate immunity in
CD. In fact, it iz not only increased in CD mucosa [3,12,13], bao i
is also necessary for the proliferation, lecalisation and functon of
intraepithelial lymphocytes (IELs) in the intestinal mucosa of CI¥
patients [16—19). Moreover, increased LL-15 activity medites, toa
large extent, the immune response induced by F31-43 in CD» [2].

Therefore, we chose [L-15 activity as an indicator of the
inflammation triggered by P31-43 and CaCo-2 cells as a mode] to
study the capacty of F31-43 to increase IL- 15 activity in an effort
to understand the molecular mechansms underdying this phe-
MOMENOL.

IL-15 E:n.pr\es:inn n q.g]'l.ll:,' r|=g1.||.:.ud. at hath mrript:il:m:l and
post-transcriptional level [22-24].

Real-time POR analysis showed that [L-15 mBRNA increased
in an IL-15-dependent manner only after prolonged incubation
of CaCo-2 cells with P31-43, which suggests that the effects of
gliadin on [L-15 mRNA could be secondary to other earler
effects. P31-43 increased IL-15 expression on the cell surface but
not in the cytoplasm or at the level of protein secretion. The
protein increase on the cell surface oocurred earlier than the
increase of [L-13 mBNA levels and independently from new
protein biosynthesis, indicating that P3[-43 frst affected IL-15
protein distribution and then mBMNA levels. Previons ohservations
indicated that intracellular 1L-15 localises to recycling vescles
that contain Transterrin Receptor and to the Golgl complex
[20,25]. Therefore, we investigated the effece of P31-43 on the
early/endosomal vesicle recycling pathway., P31-43 reatment
increased the number of vesicles carrying both 1L-15-EGFP and
Transferrin-Tex-Eed.
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Probably due to the accumulation of early endocytic vesicles
induced by P31-43 [9-10] and to the delay of the matoration of
this compartment to hysosomes [10,11]. This could explain the
increaze of Noorescence for TL15 in absence of increazed IL1S
protein synthesis. Moreover, FACS analysis showed that P31-43
E[I.i'l'!'J.'ﬁlS a t",-.FJ :I] l.‘n:u.'br:r -CJI- rl'-:':..':]:.ng 'l'r‘i'.l']fﬁl !il.l('!l. as ||'|f
Trasfernin Receptor, on the cell surface. These data are consistent
the hypothesis that P31-43-induweed alteration of the
endocytic pathway may be responsible for the increase of [L-15
expression on the cell surface.

It has recently been demonstrated thar IL-15 is oransported to
the cell surface as a complex with its receptor, [L-15R alpha,
which funciions as a chaperone for the Bgand, through the Golgi
apparatus. This complex represents the frams form of [L-15 and
enables the trafficking of this cytokine through the secretory and
recycling pathways [30]. Here, we have shown that both TL-15
amnd IL-15R alpha increase in solaed membrane fractons of

with
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CaCo-2 cells after stimuolation with P31-43. In addition, we
showed, by immunoprecipitation, the presence of an IL-15/1L-
SR alpha complex in the membrane fraction of CaCo-2 cells
increaged by P31-43 rreatment. Finally, acid weamment and siRNA
ant-IL-15R alpha reduce the amount of IL-15 present on the cell
surface. Taken t::-;\cd]:rr. these data demonstrate that cell surface
IL-15 is linked to the receptor

The IL-15/1L-15R alpha complex present on the surface of
CaCo-2 cells after P31-43 wreatmen is a functional growth facoor for
IL- Fesensitive OTLL? cells. The membrane-bound, frans-present-
ed IL-15 performs a number of IL- 15 primary functions [27,28], [n
non-immune cells, frenspresented [Lel3 protects fibroblasts and
epithelial cells from apoptosis and induces their proliferation [21]. It
# also capable of inducing angiogenesis, of mediating anabolic
effects in muscle cells, and -::!"\sl:5|111||_'|ri|1-_; the li]'lrll}'\.'fﬁ 4'>1':|d'.|1:.-r'!,1r'-;
and the survival of neurcnal cells [27]. IL-15 induces these effects by
actvating intracellular pathways divecdy by cell-w-cell contact [28]
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In condusion, we have shown that P31-47 induwees at least bwo
miin effects by altering the trafficking of cell vesicular compart-
ments. This leads 1o overexpression of the sans-presented 1L-15/
IL5K alpha complex, an actvator of innate immunity, and, doe to
cosperation of IL-15 and EGFR, the prolferation of crypt
enterocytes with consequent remodelling of the CD mucosa

These ohservations are relevant to our undersianding of the
early events ocourring in the celiac mucosa exposed to gliadin
becauze the increase of IL-15 and IL-15K alpha is a major
event in the initial phases of CI¥ [3,12,15,41]. Our observation
that in the celiac intestine IL-15 plays a major role in the
gliadin-induced proliferation of epiihclial cells, one of the
hallmarks of CD, reinforces the importance of oor results
obtained in CaCo-2 celk and CD) biopsies, which may mcrease
understanding of the pathogenesis of CD. Why the celiac
mucosa scems to be particularly sensitive to the effects of some
gliadin peptides, P31-43, [T
clucidated. Preliminary data suggest that in CD cells, the
endocytic compartment 2 morphologically and functionally
altered. We hypothesize that in CD mucosa, an alteration of

such as peptide remuaing bae

{}"* PLoS ONE | ww plosone.ong

mn

the vesicular compartment renders the Gssue more sensitive to
the effects of glaadin

Supporting Information

Figure 51 Dose-response effect of P31-43 treatment on
IL-15 expression on CaCo-2 cell surfaces FACS analysis
of 1L=15% on Caro=2 cells surfaces after /N treatment
with varying concentrations of P31-45 peptide. UN =un-
treated. Columns indicate percentage of positive cells {mean and
standard deviation of three independent experiments). *H<0.05
(Student's eiest). Optimised concentration of P31-43 for 1L-15
exprezsion on cell surface was 100 pg/ml.

{T1F,

Figure 52 Owernight treatment with glindin peptide
P3l-43 does not increase intracellular 1L-15 expression.
FACS analysiz of IL-15 in the cytoplasm of CaCo-2 cells, Columns
indicate percentage of positive cells (mean and standard deviation
of four independent experimenis),

(TIF
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Figure 83 Owernight treatment with gliadin peptide
P31-43 does not increase secreted 1L-15. ELISA assay of
IL-15 in medivm of cultured CaCo-2 cells. Colmmns indicate
peg/ml (mean and standard deviation of three independent
experiments).

(TIF)

Figure 54 siRNA IL-15R alpha reduces IL-15R alpha
protein expression. (A) CaCo-2 cells were ransfecred with
IL-15R alpha sBNA, lysed and immuncblotted for IL-15R
alpha expression. f-Tubulin was used as an internal control
(B) Densitometric analysis of IL-153R  alpha  expression
compared to alpha-tubulin expression. The decrease (d) of
IL-15R alpha was calculated as follows: dIL-15R = (IL-15R
[t/IL-L5R [un])/(Tubulin [T]/Tubulin [UT]). Shown is
one representative  experiment out of three  independent
experiments.

iTIF)
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APPENDIXI: SUPPLEMENTARY FIGURE
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Supplementary Figure 1

Dose-response effect of P31-43 treatment on IL-15 expression on CaCo-2 cell surfaces. FACS analysis
of IL-15 on Caco-2 cells surfaces after O/N treatment with varying concentrations of P31-43 peptide.
UN=untreated. Columns indicate percentage of positive cells (mean and standard deviation of three inde-
pendent experiments). *p<0.05 (Student’s t-test). Optimised concentration of P31-43 for IL-15 expres-

sion on cell surface was 100 pg/ml.
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Supplementary Figure 2
Overnight treatment with gliadin peptide P31-43 does notincrease intracellular IL-15 expression. FACS
analysis of IL-15 in the cytoplasm of CaCo-2 cells. Columns indicate percentage of positive cells (mean

and standard deviation of four independent experiments).
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Supplementary Figure 3
Overnight treatment with gliadin peptide P31-43 does not increase secreted IL-15. ELISA assay of IL-
15 in medium of cultured CaCo-2 cells. Columns indicate pg/ml (mean and standard deviation of three

independent experiments).

62



A
UN siRNA
IL15Ralfa -
TUBUL N S_——
Supplementary Figure 4

1.00+4

0.754

0.504

0.254

0.00

UN SIRNA

siRNA IL-15R alpha reduces IL-15R alpha protein expression. (A) CaCo-2 cells were transfected with IL-

15R alpha siRNA, lysed and immunoblotted for IL-15R alpha expression. f-Tubulin was used as an inter-

nal control. (B) Densitometric analysis of IL-15R alpha expression compared to alpha-tubulin expression.

The decrease (d) of IL-15R alpha was calculated as follows: dIL-15R = (IL-15R [t]/ IL-15R [un])/(Tu-

bulin [T]/ Tubulin [UT]). Shown is one representative experiment out of three independent experiments.
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APPENDIX II: SUPPLEMENTARY MATERIAL

SUPPLEMENTARY MATERIAL 1

Organ Culture Study

The intestinal samples were cultured for 24 h with medium alone or with P31-43 (100 pg/ml) or with
peptic-tryptic gliadin peptides (PTG) (0.5 mg/ml) with or without blocking anti-IL-15 antibody (50 ng/
ml) or blocking anti-EGFR antibody (2 mg/ml). All medium cultures were enriched with BrdU 10 pM
(Sigma-Aldrich, Milan, Italy). Specimens were harvested, snap-frozen in liquid nitrogen, embedded in
OCT and stored at -80° C until required.

We used double immunofluorescence to evaluate crypt proliferation in 5 pm cryoStat sections from cul-
tured biopsies. After a short (3 min) treatment with 1.5 N HCI, the sections were incubated with mouse
monoclonal anti-BrdU 1:150 (GE Healthcare Amersham, Buckinghamshire, UK) for 1 h, followed by 30
min with secondary Alexa488-labelled anti-mouse IgG 1:150 (Invitrogen, San Giuliano Milanese, Italy)
to identify BrdU-positive cells. After several washes in PBS, specimens were fixed with 3% paraformal-
dehyde (Sigma-Aldrich, Milan, Italy) for 5 min and incubated for 1 h with polyclonal rabbit anti-cow cyto-
keratin 1:50 (Dako, Glostrup Denmark) to stain epithelial cells. Slides were then covered for 30 min with
Alexa633-labelled goat anti-rabbit immunoglobulins 1:200 (Invitrogen, San Giuliano Milanese, ltaly),
contrasted with Hoechst staining (Sigma-Aldrich, Milan, Italy) and then mounted in Mowiol4-88. All in-
cubations were carried out at room temperature in a dark humid chamber. The number of BrdU-positive

cells divided by the total number of cytokeratin-positive cells gave the percentage of BrdU-positive cells.

SUPPLEMENTARY MATERIAL 2

RNA Extraction and Real-Time PCR

cDNAs were generated from total RNA using the High Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, CA). The resulting cDNA samples were subjected to a 10-cycle PCR am-
plification protocol followed by real-time PCR using TagMan® PreAmp Master Mix Kit Protocol (Applied
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Biosystems, PN 4366127). Fach TagMan Gene Expression Assay consisted of two sequence-specific
PCR primers and a TagMan assay-FAM dye-labelled MGB probe. Eighty ng of total cDNA (as total input
RNA) was used for each replicate assay. Three replicates were run for each sample in a 96-well plate for-
mat. The endogenous control gene used was beta-2-microglobulin (B2M). Assays were run with 2> Uni-
versal PCR Master Mix without UNG (uracil-N-glycosylase) on Applied Biosystems 7300 Real-Time PCR

System using universal cycling conditions (10 minat 95°C; 15 secat 95°C, 1 min 60°C, 40 cycles).

SUPPLEMENTARY MATERIAL 3

CTLL2 Proliferation Assays

Cytotoxic T-cell line 2 (CTLL2) cells were analysed for proliferation in response to CaCo-2 cells treated
with gliadin peptides. CTLL 2 cells were plated at a density of 0.3 x 105 in 96-well round bottom plates
together with 0.6 x 105 (ratio 1:2) gamma-irradiated CaCo-2 cells, which had been previously pulsed
overnight with medium alone, P31-43 (100 pg/ml), P31-43 and blocking anti-IL-15 (5 pg/ml) or P57-
68 in 200 pl of complete medium.

After 24 h of incubation, the cells were pulsed for 16 hwith 1 pCi/well 3H-thymidine (Amersham-Phar-
macia, Uppsala, Sweden). Radioactivity was assessed with a 3 counter (1600 TP, Hewlett Packard Cali-

fornia, San Francisco, USA).

SUPPLEMENTARY MATERIAL 4

Transferrin and Transferrin Receptor Analysis

Texas Red-conjugated biferric-Transferrin (Molecular Probes) was used for pulse and chase experiments
to highlight transferrin-positive vesicles and investigate colocalisation with IL-15-EGFP (42). CaCo 2
cells were seeded on coverslips for 48 h and then transfected with [L-15-EGFP. After 48 h of transfec-
tion, they were pulsed for 15 min with Texas Red-conjugated biferric-transferrin (pulse phase). Cover-
slips were than washed and reincubated in growing media for 90 min (chase phase) in the presence of

P31-43. The cells were than fixed and observed via microscopy after mounting (Zeiss LSM 510).
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For colocalisation analysis, the samples were examined with a Zeiss LSM 510 laser scanning confocal
microscope. We used Argon/2 (458, 477, 488, 514 nm) and HeNel (543 nm) excitation lasers, which
were switched -on separately to reduce cross-talk of the two fluorochromes. The green and red emissions
were separated by a dichroic splitter (FT 560) and filtered (515-to 540-nm band-pass filter for green and
> 610-nm long pass filter for red emission). A threshold was applied to exclude approximately 99% of the
signal found in control images. The weighted co-localisation coefficient represents the sum of intensities
of the co-localising pixels in channels 1 and 2 as compared to the overall sum of pixel intensities above the
threshold. This value could be 0 (no co-localisation) or 1 (all pixels co-localise). Bright pixels contributed
more than faint pixels. The co-localisation coefficient represents the weighted co-localisation coefficients

of Ch1 (red) with respect to Ch2(green) for each experiment.[43]

Transferrin receptor expression on CaCo2 cells was analysed by FACS analysis and immuno-fluorescence.
For Facs analysis, CaCo-2 cells were plated in tissue culture dishes (35 x 10 mm) in 1.5 ml DMEM and
0.1% fetal calf serum and stimulated overnight at 37°C with 100 pg/ml P31-43, 100 pg/ml P57-68
or medium alone. After 24 h, cells were scraped from the dishes at 4° C and transferred to a 96-well V-
bottom plates (Costar Celbio, Milan, Italy). Flow cytometry analysis was performed as follows: after sti-
mulation, 3-5x104 cells were washed with PBS and labelled with unconjugated anti-Transferrin Receptor
(Calbiochem, clone T56/14) mouse monoclonal antibody. Cells were incubated with the primary antibo-
dies for 30 min at 4° C. After two washes with PBS, the cells were labelled with anti-mouse PE-conjugated
secondary polyclonal antibody (Dako, Denmark, Polyclonal Rabbit anti-Mouse Immunoglobulins/PE) for
20 min at 4°C. After washing, the labelled cells were analysed on a FACSCalibur flow cytometer using
CellQuestPro software (BD Bioscience, San Diego, California).

Transferrin receptor was stained on CaCo2 cells with anti-Transferrin Receptor (Calbiochem, clone
T56/14) mouse monoclonal antibody followed by secondary anti-mouse-Alexa-488 conjugated (Mole-
cular probes, San Giuliano Milanese, Italy). The cells were seeded on coverslips and treated at 4°C, to
block endocytosis, with anti-transferrin primary antibody for 45 min followed by staining for 45 min with
secondary anti-mouse-Alexa-488. The cells were than fixed for 5 min with paraformaldehyde, mounted

and observ.
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CHAPTER 3

IL-15 INTERFERES WITH SUPPRESSIVE ACTIVITY OF
INTESTINAL REGULATORY T CELLS EXPANDED IN CELIAC
DISEASE

Introduction

Celiac disease (CD) is a chronic disorder caused by the ingestion of the gluten prolamines of wheat, rye,
and barley in genetically predisposed individuals [1]. Although the pathogenesis of CD is not fully under-
stood, it has been clearly shown that in the CD mucosa gluten peptides deamidated by tissue transglu-
taminase trigger CD4+ T cells to produce large amounts of interferon gamma IFN [2-3]. This mucosal
inflammatory response leads to a profound remodeling of the intestinal mucosa, up to complete villous
atrophy. However, the spectrum of histological changes is quite wide and there are CD patients, indicated
as potential CD, who present the genetic and immunological features of CD, but whose small-bowel mu-
cosa is architecturally normal [4, 5].

Beside the Th1 response, it has been highlighted the fundamental role of other pro-inflammatory cyto-
kines, such as IL15 [6]. More recently also other cytokines, such as IL21, bridging innate and adaptive
immunity, have been found to play an important role [6]. In these studies an important contribution to the
comprehension of the mechanisms leading to disease has come from in vitro studies based on ex vivo organ

cultures of intestinal biopsies taken from CD patients on a gluten-free diet (GFD) [6].

CD can be seen as the result of a break of tolerance where the regulation of the mucosal immune response
to dietary gliadin might be altered. Several Tregs subsets are involved in immune tolerance [7]. These
subsets include natural Treg cells expressing the forkhead box P3 (Foxp3) transcription factor able to
maintain tolerance to self components and antigen-induced Foxp3+ cells able to contain the activity of Th1
and Th17 cells [8]. Tr1 cells which down-regulate naive and memory T cell responses upon local secretion
of IL-10 and TGF-@ [9], and TGFB-producing Treg cells (Th3) [10] are other important subsets with

regulatory properties. Many factors may interfere with Treg cells function. For CD it is relevant to know
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that IL15, largely expressed in the CD mucosa, interferes with immune regulation, acting on TGF-g1
activity, thus contributing to the loss of intestinal homeostasis and promoting chronic inflammation [11].
Nevertheless, concomitantly with this pro-inflammatory response, high amount of the anti-inflammatory
cytokines IL-10 and IL-4 are also produced in the untreated CD intestinal mucosa [12]. This apparent
paradoxical milicu of both pro-inflammatory and suppressive cytokines strongly suggests that regulatory
mechanisms might operate to counterbalance the gliadin-triggered, abnormal immune activation in untre-
ated mucosa [13]. Our recent studies have revealed that the treatment with IL-10 of small intestinal mu-
cosa from CD patients in remission prevents the massive immune activation induced by gliadin challenge
[14]. Moreover, we have observed that celiac intestinal mucosa harbors a subset of Treg, Tr1 cells, that
through the release of both IL-10 and TGF-f, inhibit the pathogenic response to invitro gliadin challenge
[15]. Although Tr1 cells, identified in CD, have some similar properties to Treg cells, they do not express
Foxp3 [16]. This suggests that they are functionally distinct and may represent another level of regulation
of the inflammatory response. Several studies have found that the number of Foxp3+ T cells are significan-
tly increased in the small intestinal mucosa with active CD [17-19]. Futhermore, whereas the functional
activity of circulating CD4+CD25+ T cells from CD patients has been recently investigated [20-22], the

suppressive capacity relative to their intestinal counterparts has never been reported.

The aim of our study was to investigate the presence of Foxp3 cells in the celiac small intestinal mucosa
and their correlation with disease state by combined immunochemistry (IHC) and flow cytometry (FACS)
ex vivo analysis. Furthermore, we used an in vitro organ culture to investigate the induction of Foxp3 by
gluten. Finally, we evaluated the functional capacity of intestinal Treg cells from celiac patients and the
effects that IL-15 exerts on their suppressive function.

These data have been published on The American Journal of Gastroenterology, for the manuscripts see

below.
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IL-15 Interferes With Suppressive Activity of Intestinal
Regulatory T Cells Expanded in Celiac Disease
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CBJECTIVES

Celiac disease (CD) is a condition in which the regulation of the mucesal immune response to dietary

gliadin might be altered. The transcription factor forkhead box P3 (Foxp3) has been identified as a
marker of a subset of regulatory T cells (Treg). In this study, we have investigated the presence and the
suppressive function of Treg cells in the celiac small intestinal mucaesa, their correlation with the disease
state, and the inducibility by gliadin in an organ culture system; moreover, we fried to define whether
interleukin 15 (IL-15), overexpressed in CD, could influence the regulatory activity of such cells.

METHODS:

The expression of Foxp3, CD3, CD4, and CD& were analyzed by immunohistochemistry and flow

cytometry in duodenal biopsies taken from patients with untreated CD, treated CD, and from non-CD
controls, as well as in vifro cultured biopsy samples from treated CD patients, upon challenge with
gliadin. Furthermore, we analyzed the suppressive function of CD4+CD25+ T cells, isolated from
untreated CD biopsy samples, on autologous responder CD4+CD25 - T cells, in the presence of a

polyclonal stimulus, with or without IL-15.

RESLILTS:

Higher density of CD4+CD25 +Foxp3 + T cells was seen in duodenal biopsy samples from active CD

patients in comparison with treated CD and non-CD controls. In coculture, CD4+CD25+

T cells were functionally suppressive, but their activity was impaired by IL-15. Cells from CD
subjects showed increased sensitivity to the IL-15 action, likely due to enhanced expression of IL-15
receptor. Finally, we demonstrated an expansion of Foxp3 in treated CD mucosa following in vitro

challenge with gliadin.
CONCLUSIONS:

These data suggest that CD4+CD25+ Foxp3 + T cells are induced in situ by gliadin. However, their

suppressor capacity might be impaired in vive by |IL-15; this phenomenon contributes to maintain
and expand the local inflammatory response in CD.

SUPPLEMENTARY MATERIAL | linked 1o the onling

warsion of the papor at hitp
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INTRODUCTION

Celiac discase (CD) is a chronic disorder caused by the ingestion
of the gluten prolamines of wheat, rye, and barley in genetically
predisposed individuals (1). Although the pathogenesis of CD is
not fully understood, it has been clearly shown that in the CD
mucosa, ghiten peptides deamidated by tissue transghutaminase
trigger CDM + T cells to produce large amounts of interferon
gamma (IFN-y} (2,3). This mucosal inflammatory response
leads to a profound remodeling of the intestinal mucosa, up to
complete villous atrophy. However, the spectrum of histological
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changes is quite wide and there are CD patients, indicated as
potential CD, who present the genetic and immunological
features of CD, but whose small-bowel mucosa is architecturally
normal (4,5).

In addition to the Thl response, it has highlighted the funda-
mental role of other pro-inflammatory cytokines, such as inter-
leukin 15 {IL-15) {&). More recently. also other cytokines, such
as IL-21, bridging innate, and adaptive immunity, have been
found to have an important role (6). In these studies, an impor-
tant contribution to the comprehension of the mechanisms
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leading to disease has come from in vitro studies based on
£x vive organ cultures of intestinal biopsies taken from CD
patients on a gluten-free diet (6).

CD can be seen as the result of a break of tolerance in which
the regulation of the mucosal immune response to dietary gliadin
might be altered. Several Tregs subsets are involved in immune tole-
rance (7). These subsets include natural Treg cells expressing the
forkhead box P3 (Foxp3) transcription factor that is able to main-
tain tolerance to self components, and antigen-induced Foxp3+
cells that are able to contain the activity of Thl and Th17 cells (8).
Trl cells that downregulate naive and memory T-cell responses
upon local secretion of IL-10 and transforming growth factor-p
(TGF-P) (9}, and TGFB-producing Treg cells (Th3) (10) are other
important subsets that possess regulatory properties. Many factors
may interfere with the function of Treg cells. For CD, it is relevant
to know that [L-15, largely expressed in the CD mucosa, interferes
with immune regulation, functioning on TGF-Bl activity, thus
contributing to the loss of intestinal homeostasis and promaoting
chronic inflammation (11). Nevertheless, concomitantly with this
pro-inflammatory response, high amount of the anti-inflammatory
cytokines [L-10 and IL-4 are also produced in the untreated CD
intestinal mucosa (12} This apparent paradoxical milieu of both
pro-inflammatory and suppressive cytokines strongly suggests
that regulatory mechanisms might operate to counterbalance
the gliadin-triggered, abnormal immune activation in untreated
mucosa (13). Our recent studies have revealed that the treatment
with IL-10 of small intestinal mucosa from CD patients in remis-
sion prevents the massive immune activation induced by gliadin
challenge (14). Moreover. we have observed that celiac intestinal
mucosa harborsa subset of Treg cells, Trl cells, which, through the
release of both IL-10 and TGF-B, inhibit the pathegenic response
to in vitro gliadin challenge (15). Although Trl cells, identified in
CD, have some properties similar to that of Treg cells, they do not
express Foxp3 (16). This suggests that they are functionally distinct
and may represent another level of regulation of the inflammatory
response. Several studies have found that the number of Foxp3 +
T cells is significantly increased in the small intestinal mucosa with
active CD (17-19). Futhermore, although the functional activity
of circulating CD4 + CD25+ T cells from CD patients has been
recently investigated (20-22), the suppressive capacity relative to
their intestinal counterparts has never been reported.

The aim of our study was to investigate the presence of Foxp3
cells in the celiac small intestinal mucosa and their correlation
with the disease state by combined immunchistochemistry and
flow cytometry (FACS) ex vivo analysis. Furthermore, we used an
in wvitro organ culture to investigate the induction of Foxp3 by
gluten. Finally, we evaluated the functional capacity of intestinal
Treg cells from celiac patients, and the effects that 11.-15 exerts on
their suppressive function.

METHODS

Patients and controls

Biopsy specimens were obtained from the distal duodenum of 25
untreated CD patients {seven male and eighteen female patients;

The Ametican Journal of GASTROENTEROLOGY

median age, 29 years; range 17-54), They were snap-frozen in liquid
nitrogen or immediately processed. Diagnosis was based on typical
mucosal lesions withcrypt cell hyperplasia and total villous atrophy.
All untreated CDY patients were positive for serum anti-endomy-
sial antibodies. Duodenal biopsy samples were also obtained from
15 treated CD patients (seven male and eight female patients;
median age 35 years; range 21-51), who were in clinical and his-
tological remission, and negative for anti-endomysial antibod-
ies. Finally, 10 non-celiac individuals (six male and four female
patients; median age 41 years; range 25-57) with normal infes-
tinal mucosa and negative serology for anti-endomysial were
recruited. Functional studies were performed on both intesti-
nal CD4 4+ CD25+ T cells, isolated from biopsy samples of nine
untreated CD patients, and on peripheral blood CD4 + CD25+
T cells, purified from five untreated CD patients and four non-CD
controls. The study received approval from a local ethics commit-
tee (Hospital Moscati, Avellino, Iraly).

Immunechistochemistry

Acetone-fixed sections (Sum), from biopsy samples that were
not cultured or after culture, were individually incubated for 1h
with mouse monoclonal antibodies (see Supplementary Table 1
online), followed by incubation {20 min) in the dark with rabbit
anti-mouse tetramethyl-rhodamine isothiocyanate-conjugated
{Vector 1:200) antibodies. Costaining experiments were set up
by mixing rat anti-human Foxp3 with mouse anti-CD3, -CD8, or
-CDd, and incubating the cryosections individually for 1 h with
each single mixture, After incubation with primary antibodies,
the cryosections were incubated with a mixture of goat anti-rat
tetramethyl-rhodamine isothiocyanate-conjugated antibody and
horse anti-mouse fluorescein isothiocyanate-conjugated anti-
body for 30 min. Finally, all the sections were counterstained with
ToPro-3 (Molecular Probes, Leiden, The Netherlands), mounted in
phosphate-buffered saline:glycerol (1:1), and imaged with a Leica
SP confocal microscope {Heidelberg, Germany). Non-immune
mouse immunoglobulins were used as isotype controls of primary
antibodies. The density of cells expressing Foxp3 in the lamina
propria was evaluated within a total arca of 1 mm? of lamina pro-
pria. Slides were analyzed by two observers who were blinded.

Organ culture

The mucosal specimens were cultured as described elsewhere (22).
Briefly, biopsy samples taken from 10 patients with inactive CD
and from six control patients were placed on iron grids, with the
mucosal face upwards in the central well of an organ culture dish.
Cultures were prepared with or without the addition of 1 mg/mil of
peptic-tryptic digest (Frazer 111 fraction) of gliadin {PT-gliadin;
Sigma, St Louis, MQ), and were placed in a tight container with
95% 0,/5% CO, at 37°C, at | bar. After 241 of culture, the tissue
was embedded in Optimal Cutting Temperature and snap-frozen

im liquid nitrogen.
Ex vive cytoflucrimetric analysis

Mucosal explants from nine healthy donors. nine CI} patients
and four gluten-free diet, either following 24h of gliadin chal-
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lenge or freshly processed, were digested with collagenase-A.
Immediately after the digestion, the cells were passed through
a cell strainer (40um Nylon, Becton Dickinson (BD), Bedford,
MA) and isolated from mucosal explants. A total of 5-10x10°
cells obtained from fresh biopsy samples were washed in phos-
phate-buffered saline and labelled with a pre-titrated optimal
dilution of each fluorochrome-conjugated mouse monoclonal
antibodies against surface antigens (see Supplementary Table 1
online). Appropriate isotype-matched contrel antibodies (BD)
were included in all experiments. Intracellular cytokine produc
tion was detected by using a triple-staining technique and by FACS
analysis. Briefly, after washing twice with phosphate-buffered
saline, cells were fixed and permeabilized with Cytofin/cytoperm
(BD), according to the manufacturer’s instructions, followed by
staining with flugrescein isothiocyanate (FITC)-anti-Foxp3 anti-
body (PCH101; eBioscience, San Diego, CA) in permeabilization
buffer. Cells were then analyzed by a flow cytometer (FACSCalibur
and Celluest Software, B}, using a live gate set around viable lym
phocytes based on their forward-scatter/side -scatter characteristics.

IL-15 receptor-ct surface expression (IL-15Ror) was evaluated
by incubating peripheral blood mononuclear cells (PEMCs) with
optimal concentration of phycoerythrin-conjugated mouse mAb
against CD4 (BD Pharmingen, San Jose, CA), phycoerythrin-Cy5-
conjugated mAb against CD25 (BD Pharmingen), anti-IL-15Ro
goat IgG (R&D System, Minneapolis, MN, USA and Alexa Fluo
488, R&D System), and dnnkey anti-goat as a semur‘].qr}' maAb
(R&D System), Cells were also incubated with the respective
mouse isotype controls. After two washings, the cells were fixed
with 2% paraformaldehyde and analyzed by flow cytometry.

Purification of T cell subsets

Autologous PBMCs isolated by heparinized blood obtained from
patients with active CD and healthy donors were purified by
density-gradient centrifugation (Ficoll, MP Biemedicals, 1LC,
Solon, OH). However, freshly isolated mucesal cells were proc-
essed from intestinal mucosal explants after collagenase digestion.
CD4+CD25+ T cells and CD4+ CD25- T cells were separated
using the Dynabeads Regulatory CD4+ CD25+ T cell kit(Dvnal-
Biothec, AS, Oslo, Norway ). In the first step, CDM + cellswere sep-
arated by negative selection, using the r’mlibody Mix Human CDd
{Dynal-Biothec, AS, Oslo, Norway). In the second step, Depletion

Intestinal Regulatory T Cells and Celiac Disease

MyOneDynabeads (Dynal-Biothec, AS, Oslo, Morway) was added
to remove the non-CIM cells. In the third step, Dynabeads CD25
{Dynal-Biothec, AS, Oslo, Norway) was added to CDM + T cells to
capture the CDd + CD25+ T cells and the remaining fraction was
used as CDd + CD25- T cells. In the last step, Dynabeads CD25
was removed from the cells. All purification steps were performed
according te the manufacturer’s instructions and collected cells
were found to be >95% pure by flow cytometry.

Suppression assay

The CD4+ CD25+ (Treg) and CD4 + CD25- responder T cells

{Tresp) were cultured, respectively, at different ratios in the sup-
pression experiments (1:1, 1:0.5, 1:0.25, 1:0.125, 1:0). Cells were
cultured (1-2x10° cells/well) in U-bottom 96-well plates with
RPMI medium supplemented with 2-mM L-glutamine, 100-Ufml
penicillin, 100-pg streptomycin, and 10% fetal bovine serum, Cells
were stimulated for 3 days in the presence of Treg suppression
Inspector (Miltenyi Biotec, Bergisch Gladbach, Germany) that
consists of Anti-Riotin MACSi Bead Particles that are pre-loaded
with biotinylated CD2, CD3, and CD28 antibodies. As additional
control, Tresp cells were cultured alone with and without the Treg
suppression Inspector (Miltenyi Biotec) and Treg cells were cul-
tured alone with Treg suppression Inspector (Miltenyi Biotec).
Furthermore, the cocultured Trespi/Treg cells were stimulated
with 10-ng/ml of IL-15 {(R&D System). On the last day, *H-thy-
midine {luCifwell; Amersham-Pharmacia Biotec, Uppsa]a.
Sweden) was added to the cultures and incubated for 16 h. Radio-
activity was assessed with a B-counter (1600 TP, Hewlet Packard
California, San Francisco, CA, USA). Percentage proliferation
was determined as (cpm incorporated in the coculture){cpm of
responder population alone )< 100%. Percentage of inhibition was
calculated as (1 — number of cells in coculture that divide mumber
of responder cells that divide J=100.

Cytekine assay

At the end of the cell culture, supernatants were collected and ana-
Iyzed for the content of IFN-y by enzyme-linked immunosorbent
assay. Briefly, 9%6-well plates (Immunoplate MaxiSorp, Nunc, Merel-
beke, Belgium) were coated by incubating with anti-human IFN-y
monoclonal antibody (Endogen) overnight at 4°C. After washing,
wells were blocked by incubation with phesphate-buffered saline

Flgure 1. Phenatyping of forkhead bew P3 (Foxp3+ ) cells on jejunal biopsy samples from untreated celiac dizease (CDY. Immunofluorescence costalning

experiments revealed that all the Fexp3+ cells wer

CO3+ (a), CO4+ (b, and

CO2- e} Pink indicatesthe Ferp3 maecule daining, green indicates the

C03, CD4and COS maecule saining, and blue indicates the I1UF|P| countersaining by using ToPro-3. Original magnihcation. =40
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solution containing 2% bovine serum albumin. Supernatants were
added and incubated for 1 hatroom temperature. After twowashes,
the wells were incubated with biotinylated anti-human IFMN-y
menoclonal antibody (Endoegen) for 30min at room temperature.
Finally, the wells were incubated with streptavidin-horseradish
peroxidase (BD Pharmingen) and then was added 1001 of TMB
(3,355 tetramethylbenzidine; Sigma), a chromogenic substrate
for horseradish peroxidase. Absorbances were read on an enzyme-
linked immunosorbent assay reader at 450 nm.

Statistical analysis

Dataare presented as meanvalues+s.d.; paired two-tailed Student's
t-test was used to calculate P-values within the same individuals
and unpaired two-tailed Students-t test was used to calculate
P-values between study groups. P-values <0.05 were considered
statistically significant,

1000

RESULTS

Increased expression of Foxp3 T cells in untreated CD mucosa

To localize the anatomical site of cells expressing Foxp3, we per-
formed immunchistochemical analysis of untreated CD, treated
CD, and non-CD control duodenal sections, using 4 mouse anti-
human Foxp3 antibody. In untreated CD, the number of cellsfmm®
of lamina propria expressing the transcription factor Poxp3 + was
significantly higher (mean+s.d.: 91424) in comparison with treated
CD (822, P< 0.001) and non-CD controls (643, P< 0.001: see Supple-
mentary Figure 1 online upper panel online). Foxp3 cells exhibit a
nuclear localization in positive cells (see Supplementary Figure 1
online lower panel). Those cells were not found in the epithelium
layer, but only in the lamina propria, particularly in the subepi-
thelial compartment (see Supplementary Figure 1 online lower
panel). No significant differences were noted in the number of
Foxp3+ cells in biopsy samples of treated CIY in comparison with
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Figure 2. Increased CD4+ CD25 + forkhead box P2 (Foxp3+ ) intestiral T oalls in untreated celiac disemss (C0) patients as com pared with treated-C0 and
non-CD contrad, Freshly isclated human intestinal cells were collected, siained, and analyzed by flow cytometry, as described in Methods, and assessed

oy a FACSCalibur (BD). Upper pand, represantative dot plot from ane experiment from non-CD control, treated-CD, and untreated-CD intestinal calls gach
is shown. Lymphocytes gated on forwand- and side-scatter properties to exdude dead andfor granular cells, representative gates of CD4 populations are
shown. Dot plot of Foxp3+ CO26+ are gated on CD4+ cells, Foxp3+ stalning was performed ater call permeabill zstion. Lower pandl, the mean percentages
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{n=4) was presented In each scatter plot. Horizontal bars represent mean values. ***P= 00001 comparing the non-CD control vs. untreated-CD patlents

The American Journal of GASTROENTEROLOGY

W, AP R0, COM

72



35 o
2
2 g0 ¢
g
a
ek
E
& 20 L4
E L ]
E 154 ] s
2 8
8 i L]
k3 L]
@
S T T B
2 - !

o -+ - —t 4

Mlediurn FT Mediurm BT

Non-CD controlks Treatad

= -
g *
B s a
& 35
o
© 30
& - -
& 20 o0
=Y
g

el ——
é an -
= o an
o]
2 ° T T
5 Medium PT

Treatad

Figure 3. PT-gliadin challengs increased Fop:
of forkhead box P3 {Foeep3) cells analyzed by imm
medium alone or with PT-gliadin. Foxpd were counted pe

cellsin the jejunal mucosa from a celiae patient cultured in
cells are evident particularly in the subepithelial reglo

Intestinal Regulatory T Cells and Celiac Disease

Medium PT
b
o 40
2
-
a
G a0
=
3
E{SL 20
-
8 b [
£ a¥ -
0 . ¥
Mediurn FT
Mon-CD controls

5 in the jeunal biopsy specimens from treated-celiac disease (CD) patients. Upper ek panel, numiber
chistochemistry, in muc
sauare millimeter af kar
was evaluated by companing responses to PT-gladin with resporses to medium alone for each group of subj
with medium cnly or with a PT-gliadin. In the later, increased numbers of immunostained
rowsl Orlgival magnification: x20. Lower panel, CD4+ CO25+ Foxpd + calls, analyzed o0 FAC-

ontrols and treated CD cultured fn vitro with
indicate the mean values. Statistical significance
cts *P<005B. Upper right panel, Fap3+

from mon
@ propria. Dash

| expl

SCalibur, In intestinal blopsies from treated CD patients (left panel) and non-CD contrals (right panel) cultured for 24hin the pressnce of only medium or
PT-gliadin. Data represent the mean of percentages of CD25+ Fop3 + cells inthe CD4+ population. Each scatter plok is representative of mean of three or

sy independent experiments, reg

biopsy samples of non-CD controls (see Supplementary Figure 1
online upper panel). We next explored the phenotype of Foxp3+
cells, with antibodies to CD3, CD4, and CD8, by costaining experi-
ments. Herein, we demonstrated that all the intestinal Foxp3+
cells, in untreated CD, treated CD, and non-CD control duodenal
sections, expressed a CD3+4CD4+ double-positive phenotype
(Figure la, b), whereas CD8+ T cells expressing Foxp3 were not
found {Figure 1c).

FACS confirmed the ﬁndingﬁ obtained hy immunehistochemis-
try. Specifically, we analyzed the frequency of Foxp3 + CD25+ cells
in a CDM+ population. As shown in Figure 2, the percentage of
Foxp3+ CD25+ CD4 + cells was significantly higher in untreated
celiac patients (mean+s.d.: 14.1+2.7%) compared with treated CD
patients (8.9£3.4%, P<0,01) and non-CD controk (6.822.4%,
P=0,001; Figure 2). No significant differences were noted in the
percentage of Foxp3 +CD25+ CIM + cells in treated CD in com-
parison with non-CD controls (Figure 2).

© 2011 by the American Colleg of Gastroentarciagy

Ively. Statistical significance was evalsated for lower panel as indicated inthe upper left panel. *P=006

Foxp3+ cell expansion in treated-CD biopsy samples cultured
with gliadin

An in vitro gliadin-challenge system was used, which reproduces
many features of the mucosal immune response that occurs in the
established celiac lesion (23). In the lamina propria of treated-
CD biopsy specimens cultured in the presence of PT gliadin, the
number of cells/mm? expressing Foxp3 (1649) was significantly
higher (P<0.01) than in those cultured in medium alone (624;
Figure 3, upper left pam‘:]]. By contrast, no s'rarisﬁcal]:.r signiﬁ-
cant differences were noted in the number of Faxp3 + cells, when
biopsy samples obtained from non-CD controls were cultured in
the presence of PT-gliadin {5+1), compared with those cultured
in medium alone (5£2; Figure 3, upper left panel). As seen in
uncultured biopsy samples taken from untreated CD, Foxp3 +
cells in PT-gliadin-challenged mucosa were not found in the epi-
thelium layer, but were found only in the lamina propria, mainly
localized beneath the epithelium (Figure 3, upper right panel).
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The FACS analysis of the frequency of Foxp3+CD25+ cells
before and after challenge with PT-gliadin in CD4 + population,
confirmed the immunchistochemical data. As shown in Figure 3,
lower left panel, there was a significantly higher (P<0,01)
frequency of Foxp3+ CD25 + T cells in treated-CD biopsy samples
cultured with PT-gliadin (21.4+17.9%) than in those cultured in
medium alone (10.847.9%). No significant differences were noted
in the percentage of Foxpd + CD25+ CDM + cells in biopsy sam
ples of non-CD contrels cultured with PT-gliadin (4.2+0.87%),
in comparison with biopsy samples cultured with medium alone
{3.7+2.1%; Figure 3, lower right panel).

Intestinal CD4+CD25+ cells in CD are regulatory T cells

Thehigh Foxp3 expression by CD4 4+ CD25 + cellsfrom the mucosal
explants of active CD raised the possibility that these cells may be
Treg cells. Therefore, we co-cultured intestinal CD4+CD25+ T
cells from untreated CD patients with CD4 + CD25 - peripheral
Trespat aratio of 1:1, in the presence of a polyclonal stimulus. After
3 days, CD4 + CD25 + T cellsshowed a hypoproliferative response
(anergy), whereas Tresp cells proliferated vigorously (Figure 4a).
In coculture, intestinal CD4 + CD25+ T cells significantly sup-
pressed the proliferation of Tresp cells (Figure 4a)(P<0.005) in
a cell dose-dependent manner, and induced a significant decrease
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of [FN-yproduction {P < 0.001; Figure 4b). Moreover, in line with
previous reports (21), we have shown that the peripheral blood
CD4+CD25+ T cells of untreated CD patients were Treg cells,
b:ing capubk ofsupprcssl'ng a sign'lﬁ;an.tl)' n‘u.tolugolu responder
CD4 +CD25- stimulated by anti-CD3/anti-CD28 in a cell dose-
dependent manner, in both terms of proliferation (P<0.05
Figure 4c) and [FN-y secretion {P<0.05) (Figure 4d).

Ability of IL-15 te overcome Treg-mediated immunesuppression

in CD patients

As our data show increased number of Foxp3+ cells and a satis-
factory suppressive activity to explain the strong inflammatory
response in untreated CD patients, we hypothesized that [L-15
hyperexpressed in the untreated CD mucosa could impair such
suppression. Therefore, we assessed whether 1L-15 could alter Treg-
mediated immunosuppression. Freshly isolated Treg cells from intes-
tinal or peripheral blood of untreated CD patients were cocultured,
with Tresp at a ratio of 1:1, in a medium containing anti-CD3/CD28,
inthe presence or absence of IL-15 (10ng/ml}. In CD patients, IL-15
was effective in counteracting both intestinal and peripheral blood
Treg cell- mediated suppression of anti-CD3-activated Tresp cells,
partially in terms of proliferation {Figure 5a. b. respectively) and
completely in terms of IFN-y production (Figure 5¢).
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To test whether the inhibitive effect of IL-15 on Treg cells
was unique to CD patients, we performed analysis on non-CD
controls, We cocultured only peripheral blood CD4+CD254+ T
cells with Tresp cells, with or without IL-15, as CD4 +CD25+ T
cells isolated from the intestinal biopsy samples of non-CD control
patients were not enough for functional studies, Our data dem-
onstrated that the phenomenon was nonspecific for CD patients
as in non-CD controls IL-15 partially prevented the inhibition of
IFN-y secretion {Figure 5d). However, it did not overcome the
Treg cell-mediated block of Tresp cell proliferation (Figure Se}.

Finally, we wondered whether the greater sensitivity to 1L-15
seen in CD patients could be explained by an increased expression
of its receptor. Cell-surface [L-15R.¢ was then monitored by FACS
in peripheral blood Treg and Tresp cells of both CD patients and
non-CD controls, We found that 1L-15Re was highly expressed
on Treg cells in both CD patients and non-CD controls (Figure
6}, whereas it was moderately detectable in Tresp cells (Figure 6).
However, a direct comparison of Treg cells from CD patients and
non-CD controls revealed that the surface density of IL-15Re
was significantly higher (P<0.05) in Treg cells from CD patients
(meants.d.: 261+150 and 33428, respectively; Figure 6).

DISCUSSION

In this study, we found, by two complementary methods—
immunchistochemistry and FACS ex vivo analysis—an increased
number of Foxp3+ cells in the intestinal mucosa of patients

& 2011 by the American Collsga of Gastroenteralogy

, ¥ P0001, when comparad with the condition in presance of IL-15

with active CD compared with both treated CD and non-CD
controls. These cells were not found in the epithelium layer, but
were mainly localized in the subepithelial layer of the lamina
propria. The data obtained in biopsies from active celiac patients
are in agreement with recent observations (17-19}, indicating
an increased density of Foxp3 + cells by immunchistochemis-
try. In our study, we have confirmed these results also by FACS
£X vivo annl)rsi:_

In general, these data suggest that Foxp3 expression is linked
to the Thi -driven mucosal immune response to gliadin. In fact,
the expansion of this subset proportional to the intensity of
local inflammation, could have a role in the negative feedback
loop of T-cell activation. In support of this hypothesis, we
found in three CD patients with a partially healed mucosal
tissue, an increased number of Foxp3 + cells when compared
with the normal mucosa of both treated CD and non-CD
controls, but lower with respect to the density found in the
mucosa of untreated CD {data not shown). Moreover, the data
that we are collecting on duodenal biopsies from “potential”
CD patients (patients with positive CD serology, and low local
inflammation) point in the same direction. Thus, the increased
density of Foxp3 + cells seems to be correlated with the histo-
logical lesion. suggesting that the immune system is actively
trying to downregulate ongoing inflammation either through
the rapid redistribution of Treg cells from the circulation to
the inflamed site, or through the local proliferation of these
regulatory cells.
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Flgure &. Increased expression of interleukin-15 receptor alpha surface
expression (IL-15Re) on CO4+ CD25+ T cells from active celiac disease
(CD) patients. Freshly isolated peripheral blood mononuclear cells
(FEMCs) cells from active celiac patients and non-CD controls stained
for CD4, CD25, and IL-15Re, and analyzed by flow cytometny (FACS)
Representative dot plot from one experiment from active CD patients and
nen-Co contral was shown, CD4+CD25+ and CDA+CD25 - T cells were
analyzed for |L-15Re expressionand mean fluorescence intensity {MFI) of
IL-15Re was indicated. The dot plot shows a higher intensity of IL-15Re
on C0d+ CD25+ peripheral blood T calls from active CO patient than
non=-C0 controls (< 0.08). Mumbers indicate the MFI of at least

three experiments

In humans, the correlation between Foxp3 expression and
suppressive capacity is notas clear as in the murine system. In
fact, recently it has been shown that expression of Foxp3 does
not exclusively occur in CD4 + CD25 + Treg cells, as in humans
it can also be transiently induced in activated CD4+ CD25-
T effector cells, which do not express Fuxp3- in the resting state
(24,25). Therefore, the statement that CD patients are char-
acterized by accumulation of suppressive cells in the intesti-
nal mucosa must be considered carefu]l}', in the absence of a
functional suppressive assay. Although the functional activ-
ity of CD4+ CD25+ T cells isolated from peripheral blood of
untreated-CD patients was recently investigated (20-22), the
suppressive capacity of such T cells in the intestinal mucosa of
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CD patients has never been reported. Towards this aim, and to
ascertain whether the observed Treg cells are indeed suppres-
sive, we isolated CDd + CD25+ cells from biopsy samples of
active CI? and tested their suppressive capacity in an in vitro
coculture assay. Our data show that intestinal CD4 +CD25+
T cells of CD patients are able to exert their regulatory effects in
vitra in terms of inhibition of proliferation and IFN-y secretion
of Tresp cells. Moreover, in line with recent report (21), we con-
firm the suppressive activity of peripheral blood CD4 + CD25+
T cells of CD patients. Therefore, our current results suggest
that intestinal and peripheral blood Treg cells of untreated
CD patients are not functionally deficient and could be able to
control the ongeing immune response to gluten and the conse-
quent inflammation.

On the contrary, despite the increased frequency and suppres-
sive activity in vitro, Treg cells fail to control the development of
the inflammation in the small intestinal mucosa with active CD.
It is possible that the suppressor capacity of these cells may be
abrogated in vivo or it is insufficient to counterbalance the strong
proinflammatory response. Recently, it has been shown that IL-
15 not anly has a pleiotropic role at the interface between innate
and adaptive immunity in CD, but also exerts effects interfering
with anti-inflammatory pathways that are nermally activated in
the small intestinal mucosa by the cytekine TGE-B1 (11). The
massive increase of the preinflammatery cytokine IL-15 in CD
led us te investigate whether IL-15 might interfere with the sup-
pressive activity of intestinal Treg cells. In active CD patients, we
have shown that IL-15 impairs the functions of Treg cells making
Tresp cells refractory to the regulatory effects of CDM4 + CD25+
T cells, in terms of proliferation and production of IFN-y. This
phenomenon was nonspecific for CD patients, as in non-CD con-
trols the addition of IL-15 to cocultures of Treg/Tresp cells pre-
vented the inhibition of IFN-y secretion. Nevertheless, this effect
was less marked than in CD. The greater sensitivity to IL-15 of
CD patients is likely to be due to their increased expression of
IL-15 receptor. Recently, it has been observed that the mENA
expression of IL-15 receptor-of was increased in duedenal biopsy
samples of untreated CD patients as compared with controls {(26).
How IL-15 can impair the suppressive activity of Treg cells in vifro
remains to be defined. Previous data indicated that, in active CD,
IL-15 was involved in the local downregulation of TGF-B signal-
ing (11}, which is required to maintain the regulatory function
of Treg cells (27). Studies are now in progress to address in our
system whether and how IL-15 might interfere with the regula-
tory function of TGF-[3.

Aside from evidence that natural Foxp3 + Treg cells arise and
mature in the thymus, there is mounting evidence that Foxp3+
Treg cells can develop extrathymically under certain conditions.
As a consequence of this expansion, Treg cells cause downmeodu-
lation ofinflammation associated with pathogen-specificimmune
responses. Rcoently. it was observed that small intestine lamina
propria dendritic cells promote de novo generation of Foxp3 Treg
cells through retineic acid, which is a vitamin A metabolite that is
highly expressed in gut associated lymphoid tissue (28). Together,

these data demonstrate that the intestinal immune system has
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evolvedaself-containedstrateg ytopromote Tregcellinduction. The
in vitro gliadin challenge system reproduces many features of the
mucosal immune response, which occur in the established celiac
lesion (29,30}, In such a system, we provide evidence that in CD
intestinal mucosa, Foxp3 + Treg cell can be expanded locally dur-
ing gliadin-specific stimulation as a likely attempt to curtail the
mucosal immune response, [n fact, in the lamina propria of celiac
biopsy samples cultured in the presence of a PT-gliadin, but not
in those from controls, the number of cells expressing Foxp3
were significantly higher, particularly in the subepithelial com-
partment, than in samples cultured in medium alone. The FACS
analysis of the frequency of Foxp3 + CD25 + cells before and afier
challenge with PT-gliadin in CD4+ population confirmed the
immunchistochemical data.

In conclusion, we have shown that in CD-untreated intestinal
mucosa, the expanded CD4 + CD25 + Foxp3 + T cells are regulatory
cells. We proved that they are induced in sitie by gliadin. However,
they can be impaired fir vivo in their suppressor capacity by IL-15.
Their sensitivity to the IL-15 action is likely due to enhanced expres-
sion of IL-15 receptor.

On the basis of these results and on the finding that 1L-15 is
overexpressed in intestinal mucosa of patients with active CD, we
suggest that, in target tissues, the function of Treg may be sub-
stantially limited by these cytokines, and that therapies that aim
at neutralizing such cytokines may not only decrease bystander
T-cell activation but also reconstitute the suppressor function of
regulatory T cells.

ACKNOWLEDGMENTS

‘We thank Marla Cristina Bruno (Gastroemerology and Digestive
Endoscopy Service, San G Moscati Hospital, Avellino, Italy) and
Renata Auricchio (Gastroenterology, Federico [1 Napoli) for their
help in the collection of blood and mucosal samples. The authors
are grateful to Dr Giuseppina Rugglero for her precious scientific
support, and to Clemente Meccariello for his technical help.

CONFLICT OF INTEREST

Guarantors of the article: Delia Zanzi, M5 and Giuseppe
Mazzarella, MS.

Specific author contributions: Delia Zanzi was involved in
study design, data analysis, and supervised the flow cytometric
analyses. Rosita Stefanile contributed to study design and
immunohistochemical analyses. Sara Santagata performed flow
cytometric analyses. Gaetano laquinto and Nicola Giardullo
helped in patients’ recruitment. Laura laffaldano performed
flow cytometric analyses. Giuliana Lania and [laria Vigliano
carried out purification of T Cell subsets and performed
suppression assay. Aufiero Rotondi Vera performed organ
culture, Katia Ferrara performed the enzy me-linked
immunosorbent assay test. Salvatore Auricchio and

Riccarde Troncone contributed to study design, data

analysis, and critical revision. Giuseppe Mazzarella contributed
to study design and data analysis. and supervised
immunchistoechemical analyses. Riccardo Troncone and

Giuseppe Mazzarella were also involved in dmfting of the article.

@ 2011 by the American Collsga of Gastroenteralngy

Intestinal Regulatory T Cells and Celiac Disease

Financial support: European Laboratory for the Investigation of
Food-Induced Diseases, University Federico [1, Naples, [taly.
Potential competing interests: None.

Study Highlights

WHAT IS CURRENT KNOWLEDGE

Coeliac disease (CD) is a condition characterized by a
dysregulated mucosal immune response to gliadin.

/Inmd number of Foxp3+ T cells are present in the
small-intestine biopsy samples from patients with active CD.

Suppressor capacity of circulating CD4+CD25+ T cells
from CD patients are reported, but no functional data are
available for their intestinal counterparts.

WHAT 1S NEW HERE

/Inmﬂnal CD4+0D25+ T cells from CD patients are
functionally suppressive.

v IL-15 impairs the regulatory activity of both intestinal and
peripheral blood Treg cells of CD patients. Their sensitivity
to IL-15 is partly explained by the increased expression of
IL-15R¢x.

CD4+CD25 + Foxp3 + T cells are induced in sify
by gliadin.
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CONCLUSIVE REMARKS

In this study we found, by two complementary methods, immunohistochemistry and flow cytometry ex vivo
analysis, an increased number of Foxp3+ cells in the intestinal mucosa of patients with active CD compa-
red with both treated CD and non-CD controls. These cells were not found in the epithelium layer, but
were mainly localized in the subepithelial layer of the lamina propria. The data obtained in biopsies from
active celiac patients are in agreement with recent observations [17-19 | indicating an increased density
of Foxp3+ cells by immunohistochemistry. In our study, we have confirmed this results also by flow cyto-

metry ex vivo analysis.

In general, these data suggest that Foxp3 expression is linked to the Th1 driven mucosal immune re-
sponse to gliadin. In fact, the expansion of this subset proportional to the intensity of local inflammation,
could play a role in the negative feedback loop of T cell activation. In support of this hypothesis, we found
in three CD with a partially healed mucosal tissue, an increased number of Foxp3+ cells when compared
to the normal mucosa of both treated CD and non-CD controls, but lower in respect to the density found
in the mucosa of untreated CD (data not shown). Moreover, data we are collecting on duodenal biopsies
from “potential” CD patients (patients with positive CD serology, and low local inflammation) pointin the
same direction. Thus, the increased density of Foxp3+ cells seems to be correlated with the histological
lesion suggesting that the immune system is actively trying to downregulate ongoing inflammation cither
through the rapid redistribution of Treg cells from the circulation to the inflamed site, or through the local

proliferation of these regulatory cells.

In humans the correlation between Foxp3 expression and suppressive capacity is not as clear as in the
murine system. In fact, recently it has been shown that expression of Foxp3 does not exclusively occur in
CD4+CD25+ Treg since in humans it can also be transiently induced in activated CD4+CD25- T effec-
tor cells, which do not express Foxp3 in the resting state [24, 25]. Therefore, the statement that CD pa-

tients are characterized by accumulation of suppressive cells in the intestinal mucosa must be considered
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carefully, in the absence of a functional suppressive assay. While the functional activity of CD4+CD25+ T
cells isolated from peripheral blood of untreated CD patients was recently investigated [20-22], the sup-
pressive capacity of such T cells in the intestinal mucosa of CD patients has never been reported. To this
aim and to ascertain if the observed Treg cells are indeed suppressive, we isolated cells CD4+CD25+ cells
from biopsies of active CD and tested their suppressive capacity in an in vitro coculture assays. Our data
show that intestinal CD4+CD25+ T cells of CD patients are able to exert their regulatory effects in vitro
in terms of inhibition of proliferation and IFN-y secretion of Tresp cells. Moreover, in line with recent
report [21], we confirm the suppressive activity of peripheral blood CD4+CD25+ T cells of CD patients.
Therefore, our current results suggest that intestinal and peripheral blood Treg cells of untreated CD
patients are not functionally deficient and could be able to control the ongoing immune response to gluten

and the consequent inflammation.

On the contrary, despite the increased frequency and suppressive activity in vitro, Treg cells fail to con-
trol the development of the inflammation in the small intestinal mucosa with active CD. Itis possible that
the suppressor capacity of these cells may be abrogated in vivo or it is unsufficient to counterbalance the
strong proinflammatory response. Recently, it has been shown that IL-15 not only plays a pleiotropic role
at the interface between innate and adaptive immunity in CD, but also exerts effects interfering with anti-
inflammatory pathways that are normally activated in the small intestinal mucosa by the cytokine transfor-
ming growth factor (TGF-B1) [11]. The massive increase of the proinflammatory cytokine IL-15 in CD
led us to investigate whether IL-15 might interfere with the suppressive activity of intestinal Treg cells.
We have shown in active CD patients, that IL-15 impairs the functions of Treg cells making Tresp cells
refractory to the regulatory effects of CD4+CD25+ T cells, in terms of proliferation and production of
IFN-y. This phenomenon was non specific for CD patients as in non-CD controls the addition of [L-15
to cocultures Treg/Tresp cells prevented the inhibition of IFN-y secretion. Nevertheless, this effect was
less marked than in CD. The greater sensitivity to IL-15 of CD patients is likely to be due to their ex-
pression of IL-15 receptor. Recently, it has been observed that IL-15 receptor oo mRNA expression was
increased in duodenal biopsies of untreated CD patients as compared with controls [26]. How IL-15 can

impair the suppressive activity ot Treg cells in vitro remains to be defined. Previous data indicated that,
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in active CD, IL-15 was involved in the local down-regulation of TGF- signaling [11], signaling that is
required to maintain regulatory function of Treg cells [27]. Studies are now in progress to address in our

system whether and how IL-15 might interfere with the regulatory function of TGF-.

Aside from evidence that natural Foxp3+ Treg cells arise and mature in the thymus, there is mounting
evidence that Foxp3+ Treg cells can develop extrathymically under certain conditions. As a consequence
of this expansion, Treg cells cause downmodulation of inflammation associated with pathogen-specific
immune responses. Recently, it was observed that small intestine lamina propria dendritic cells promote
de novo generation of Foxp3 Treg cells via retinoic acid, which is a vitamin A metabolite highly expres-
sed in GALT [28]. Together, these data demonstrate that the intestinal immune system has evolved a
self-contained strategy to promote Treg cell induction. The in vitro gliadin challenge system reproduces
many features of the mucosal immune response which occur in the established celiac lesion [29, 30]. In
such system we provide evidence that in CD intestinal mucosa Foxp3 + Treg cell can be expanded locally
during gliadin-specific stimulation, as a likely attempt to curtail the mucosal immune response. In fact,
in the lamina propria of celiac biopsy samples cultured in the presence of a PT-gliadin, but not in those
from controls, the number of cells expressing Foxp3 were significantly higher, particularly in the sube-
pithelial compartment, than in samples cultured in medium alone. The FACS analysis of the frequency
of Foxp3+CD25+ cells before and after challenge with PT-gliadin in CD4+ population confirmed the

immunohistochemical data.

In conclusion, we have shown that in CD untreated intestinal mucosa, the expanded CD4+CD25+Foxp3+
T cells are regulatory cells. We proved they are induced in situ by gliadin. However, they can be impaired
in vivo in their suppressor capacity by IL-15. Their sensitivity to the IL15 action is likely due to enhanced
expression of IL15 receptor alpha.

Based on these results and on the finding that IL-15 is over-expressed in intestinal mucosa of patients with
active CD, we suggest that in target tissues the function of regulatory T cells may be substantially limited
by these cytokines and that therapies that aim at neutralizing such cytokines may not only decrease bystan-

der T cell activation but also reconstitute the suppressor function of regulatory T cells.
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CHAPTER 4
ENDOCYTIC TRAFFICKING IS CONSTITUTIVELY ALTERED
IN CELIAC DISEASE

Background and aims

Celiac disease (CD) occurs frequently, and is caused by ingestion of prolamins from cereals in subjects
with a genetic predisposition. The small intestinal damage depends on an intestinal stress/ innate immune
response to certain gliadin peptides (e.g., A-gliadin P31-43) in association with an adaptive immune re-
sponse to other gliadin peptides (e.g., A-gliadin P57-68). P31-43 has an effect on the maturation and fun-
ction of early endocytic vesicles and consequently on epithelial growth factor receptor (EGFR) signaling
and CD enterocyte proliferation. The reason that the stress/innate immune and proliferative responses to
certain gliadin peptides are disruptive in CD and not in control intestine is so far unknown.

The aim of this work is to demonstrate that, in CD cells, a constitutive alteration of the endocytic com-
partment exists that may represent a predisposing condition to the damaging effects of gliadin in CD pa-

tents.

Methods
Immunofluorescence and pulse-chase experiments were used to study endocytic morphology and fun-
ction in CD fibroblasts and intestinal biopsies. Western blot (WB) analysis, immunoprecipitation, immu-

nostaining and quantitative PCR were also used.

Results.
We found morphological and functional alterations of the endocytic compartment in fibroblasts and ente-
rocytes from biopsies of CD patients. These changes included an increase in the number of early endoso-

mes, delayed EGF endocytic trafficking, an increase in total phosphorylated proteins including EGFR and
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the downstream signaling molecule ERK (extracellular signal regulated kinase) and increased EGF mRNA

and enterocyte proliferation.

Conclusions
The same pathway with which gliadin peptide P31-43 can interfere is constitutively altered in CD cells.
This observation potentially explains the specificity of the damaging effects of certain gliadin peptides on

CD intestine.

Keywords
Endocytosis; Celiac Disease; Enterocytes Signaling; EGFR; ERK.
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INTRODUCTION

Celiac disease (CD) is characterized by derangement of adaptive and innate immune responses to wheat
gliadins. Some gliadin peptides that are deamidated by tissue transglutaminase (e.g., A-gliadin P57-68)
bind to HLA DQ2 and/or DQ8 molecules and induce an adaptive Th1 pro-inflammatory response.1 Other
gliadin peptides (e.g., P31-43) are able to initiate both a stress ** and an innate immune response. *?

In CD, damage to the intestinal mucosa is mediated by inflammation due to both the adaptive and the innate
immune responses (IL-15 is a major mediator of the innate immune response) and by proliferation of erypt
enterocytes, which causes crypt hyperplasia and mucosal remodeling, both of which are hallmarks of CD
mucosa. ™® In the celiac intestine, there is an inversion of the differentiation/proliferation program of the
tissue. This inversion involves a reduction in the differentiated compartment that can result in complete
villus atrophy and an increase in the proliferative compartment, with resultant crypt hyperplasia. *1°
Recent observations ''*!* from our laboratory and by others point to an effect of certain gliadin pepti-
des (e.g. P31-43) on the maturation and function of early endocytic vesicles in cell lines and in intestinal
biopsies. Endocytosis has many effects on signaling; in fact, signaling pathways and endocytic pathways
are regulated in a reciprocal manner. Consequently, endocytosis affects several cell functions ranging
from proliferation to cell motility. °

We have previously investigated the interaction between gliadin peptides and intestinal epithelial cells in
CaCo2 cells and in biopsies from CD patients. We found that by interfering with the localization to the
endocytic membranes of Hrs (hepatocyte growth factor-regulated kinase), a key molecule in the matura-
tion of early endocytic vesicles, P31-43 induces two important effects: a) it delays endocytic maturation,
and b) it alters the recycling pathway. By delaying the maturation of endocytic vesicles, P31-43 reduces
the degradation of EGFR and other receptor tyrosine kinases (RTK) and prolongs their activation, which
in turn results in actin modification, increased cell proliferation and other biological effects.!'* The alte-
ration of the recycling pathway is able to direct more IL15 to the cell surface. Gliadin peptide P31-43 also
increases the levels of IL15 mRNA.16 By increasing the synthesis of 1L15 and the amount of the cytokine
that is presented to neighboring cells, P31-43 affects both enterocyte proliferation, which is EGFR- and
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IL15-dependent, and the activation of innate immunity.'® The reason the effects of these peptides on the
endocytic compartment are extremely disruptive to the CD mucosa is not clear. Our hypothesis is that, in
CD mucosa, an alteration exists that may represent a predisposing condition to the damaging effects of
gliadin. According to this hypothesis, in the present work we have attempted to determine whether con-
stitutive morphological and functional alterations occur in the endocytic compartment of CD enterocytes
and skin-derived fibroblasts of CD patients on gluten-free diet (GFD). The alterations found are indepen-

dent of the presence of gluten in the diet and of the inflammation site.

METHODS
Cell culture

Fibroblast cell lines were cultured from skin biopsies from patients, all of whom gave informed consent to
use of biopsy tissue in the study. We obtained fibroblasts from five celiac patients on gluten-free diet and
from four HLA DQ2/8 negative healthy controls. Detailed description of fibroblasts and CaCo-2 cells
culture is in the supplementary material.

Pulse-chase experiments on fibroblasts

Pulse-chase experiments were performed as described previously14 and are reported in detail in the sup-

plementary material.

EEA1 and phosphotyrosine staining

EEAT and phosphotyrosine staining in fibroblasts and in biopsies from CD patients and controls is de-
cribed in the supplementary material. Briefly acetone-fixed (10 min, Sigma-Aldrich, Milan, Italy) 5-pm
frozen sections from CD biopsies and controls and, fibroblasts seeded on glass coverslips fixed with 3%
paraformaldehyde, were examined by immunofluorescence, after staining with antibody against EEA1 (C-
15) (Santa Cruz, DBA, Milan, Italy), with anti-pTyr antibody (Santa Cruz Biotechnology, CA, USA) and
realative fluorescinated secondary antibodies. Fluorescence intensity (Fi) analysis of the samples respect

to the background was carried out using AIS Zeiss software.
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Immunohistochemistry of pY-ERK in biopsies

For the immunohistochemical study, 4-pm biopsy sections from CD patients and controls were fixed in
3% paraformaldehyde (Sigma-Aldrich, Milan, Italy) and stained as reported in the supplementary material.
Immunoprecipitation and Western blotting

11,16

Immunoprecipitation and Western blotting were performed as described previously, '''*and detailed in

the supplementary material.

Organ culture studies

For organ culture studies, biopsy fragments from duodenum were obtained from 8 CD patients with villus
atrophy, 8 controls (affected by gastroesophageal reflux), 11 CD patients on GFD and 11 potential CD
patients. Informed written permission was obtained from all patients. The biopsy fragments were cultiva-

"-17and detailed in the supplementary material.

ted as reported elsewhere
Pulse-chase experiments on biopsies
To examine endocytosis of EGF, all biopsies were treated as described previouslyl1 and detailed in the

supplementary material.

Ethical approval
The protocol of the study was approved by the Ethical Committee of the University “Federico I1”, Naples,
Italy (ethical approval certification C.E. n. 230/05).
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RESULTS

The morphology of the early endocytic compartment is altered in CD mucosa

It has previously been shown that gliadin peptide P31-43 can interfere with endocytic trafficking in CaCo2
cells."!""* We therefore analyzed the endocytic compartment in enterocytes of CD mucosa to determine whether
an alteration in this compartment represents a predisposing condition to the damaging effects of gliadin pepti-
desin CD patients. EEAT and LAMP 2 were used as markers of the early and late endocytic compartments, re-
spectively, in duodenal biopsies from controls and from CD patients in the active phase of the disease with villus
atrophy, on a GFD and also from potential CD patients. Potential CD patients are those on a gluten-containing
dietwith predisposing HLA DQ2 or DQ8 who are positive for anti-TTG antibodies in the serum butwho do not
show intestinal alterations. As shown in figure 1A, EEA1- positive vesicles are increased in crypts and villi of CD
enterocytes compared to controls. Interestingly, the enterocytes of potential CD patients also display increased
EEA1-positive vesicles, indicating that alteration of the endocytic compartment is a marker of the disease in the
absence of intestinal atrophy. In CD patients on GFD, the amount of EEA1-positive vesicles is also increased,
suggesting that an alteration of the endocytic compartment could be present in CD intestinal mucosa indepen-
dent of the gluten content of the diet. As shown in figure 1B, the fluorescence intensity of EEAT is increased
in all CD patients with respect to controls both in villi (CD with villus atrophy 1123 + 507.4, GFD 698.3 +
377.7, potential 750.7 = 339.5, controls 511.1 + 255.6 ) and in crypt enterocytes (CD with villus atrophy
1207 £166.3, GFD 1426 + 144.2, potential 1594 + 365.5, controls 884.4 + 185.3). Increased EEAT stai-
ning is also present in the lamina propria cells of CD patients. Nevertheless, we focused our study on the ente-
rocytes because this cell type represents a homogeneous cell population and is the first cellular compartment to
meet gliadin and the compartment in which cellular stress has been described.

Because EEAT is a structural marker of early vesicles, '* we measured the levels of EEAT protein in intesti-
nal mucosa from CD patients and controls. Western blotting revealed that the EEA1 protein is increased
by 5-to 8-fold in intestinal biopsies from CD patients compared to controls (figure 1C). Staining of Lamp
2, amarker of late vesicles, shows a slight increase only in the surface epithelium of CD with villus atrophy

(supplementary figure 1).
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Endocytic trafficking is altered in CD mucosa

EEA1 staining and Western blotting highlighted a morphological alteration in the endocytic compartment
in CD enterocytes that occurs even in the absence of gluten from the diet. We next investigated endocytic
trafficking in CD mucosa using EGF as a marker of endocytosis. Intestinal biopsies from controls and
CD patients were treated with EGF labeled with the fluorescent marker Alexa 488. Biopsy cultures were
pulsed for 3 h with EGF-Alexa 488 and chased for 24 h in media alone. As shown in figure 2, EGF-Alexa
488 can be seen in the crypt enterocytes from CD patients, whether on gluten-containing or gluten-free
dicets, after 24 h of chase, whereas in the control biopsies EGF-Alexa 488 is no longer visible after 24 h.
This indicates that the trafficking of EGF in endocytic vesicles is delayed in CD.

In CD fibroblasts both the morphology and the trafficking of the early endocytic compartment are altered
The previously described alterations in endocytic trafficking in CD enterocytes could result, in the GFD pa-
tients, from residual inflammation and not from a constitutional defect of the celiac cells. We therefore inve-
stigated the endocytic compartment in skin-derived fibroblasts of CD patients. These cells represent a cel-
lular compartment that is located far from the inflammation site. We measured the fluorescence intensity of
EEAT-positive early endocytic vesicles (figure 3A), the levels of EEA1 protein (figure 3B) and EGF-Alexa
488 trafficking in these cells (figure 3C). The fluorescence intensity of EEA1-positive vesicles is increased
in fibroblasts from CD patients (2104 + 905.4) in comparison to controls (1272 + 673.6) (figure 3Ac). As
expected from the increase of EEA1-positive vesicles in fibroblasts from CD patients, we found that the level
of EEAT protein also increased in CD fibroblasts. This is shown in the Western blot in figure 3B. To measure
endocytic trafficking in these cells, we loaded early vesicles with EGF-Alexa 488 in pulse-chase experiments.
Fibroblasts were pulsed for 30 min with EGF-Alexa 488 and, after intensive washing, were chased for 3 hours
in medium alone. As shown in figure 3C, after 3 h chase EGF-Alexa 488 fluorescence is strongly reduced in
fibroblasts from controls butis still present in those from CD patients. Statistically significant differences were
found in the fluorescence intensity/ cell of EGF-Alexa 488; after 3 h chase, the fluorescence intensity was 225
+ 189 in controls and 2350 + 208 in GFD CD fibroblasts.

The results with CD mucosa and skin-derived fibroblasts suggest that there is a morphological and functional
alteration of the endocytic compartment in CD patients. This is constitutive and independent of the inflam-

mation site, because it can be found in a cellular compartment far from the intestine. Interestingly, we have
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obtained similar results with dendritic cells derived from blood mononuclear cells (supplementary figure 2).

Signaling is altered in CD cells

The alterations of the endocytic pathway we have described in CD cells might be expected to delay the
decay of signaling molecules, allowing them to continue to signal downstream from the endocytic com-
partment. We found that total phosphorylated proteins are increased in crypt and villus enterocytes of CD
patients, both those on a gluten- containing diet (CD patients with villus atrophy and potential CD with
normal mucosa) as well as patients on a GFD (figure 4, A and B). This suggests that there is a constitutive
activation of signaling molecules in CD patients that is independent of diet. Villi present more positive
staining for phosphotyrosine when patients are on a gluten-containing diet (CD with villus atrophy and
potential) (figure 4B, villi).

Some of the increased phosphorylation that we observed is due to an increase in the phosphorylation of
the downstream effector of EGFR signaling, ERK1/2 (figure 4, C/D). When ERK1/2 is activated, it
migrates to the nucleus. Using an antibody against the phosphorylated form of ERK (pY-ERK), we stained
biopsies from CD in the active phase of the disease (both CD with villus atrophy and potential CD) and
from patients on a GFD, in the remission state of the disease. The percentage of nuclei positive for the
activated form of ERK 1/2 are increased in crypt enterocytes from all CD mucosas (CD with villus atro-
phy 59.58%+/-18.86%, GFD CD 77.28%+/-9.97%, potential 69%+/-16.45%) compared to controls
(38.75%+/-17.66%). In villi enterocytes, a similar trend is present but reaches statistical significance
only in cells derived from patients with CD with villus atrophy. Biochemical analysis of pY-ERK in biop-
sies from CD patients and controls confirms the immunohistochemical analysis. As shown in figure 4E,
blotting of proteins from lysates of biopsies from CD patients and controls indicates that there is a signi-
ficant increase of pY-ERK not only in CD with villus atrophy and potential CD but also in CD patients
on GFD. Taken together, these results indicate that signaling molecules are activated in CD mucosas of
patients whether they are on GFD or gluten containing diet (GCD).

To analyze whether similar alterations are present in cells outside the intestine, we investigated the level

of phosphorylation of total proteins and of ERK and EGFR in skin fibroblasts from GFD CD patients and
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controls (figure 5 A, B). Figure 5A shows staining for total phosphorylated proteins in fibroblasts. The
fluorescence intensity/ cell indicates that there are more phosphorylated proteins in fibroblasts from GFD
CD patients (655.2 = 229.1) than in controls (510.0 + 164.1). To confirm the increment in phosphory-
lated proteins in CD fibroblasts, we immunoprecipitated total phosphoproteins from the cell lysate using
an anti-phosphotyrosine antibody. The results, which are shown in supplementary figure 3, demonstrate
that there is an increase in the total amount of phosphorylated proteins in CD fibroblasts compared to
control fibroblasts. Using specific antibodies, two of the proteins that showed increased phosphorylation
were identified as ERK and EGFR.

To further confirm the increased phosphorylation of the active signaling molecules ERK and EGFR in
these cells, we used Western blotting to specifically analyze their phosphorylated state. As shown in figure
5B, pY-ERK was identified in total cell lysates of CD and control fibroblasts using specific antibodies
that recognize the phosphorylated form of ERK. Densitometric analysis (figure 5Bb) shows a significant
increase in the phosphorylated form of ERK in CD fibroblasts. Phosphorylated EGFR was identified by
immunoprecipitating EGFR with a specific antibody and then staining the immunoprecipitated proteins
with an anti-phosphotyrosine antibody (figure 5Bc). Densitometric analysis (figure 5Bd) shows an increa-
se of almost 6-fold in the phosphorylated form of EGFR in CD fibroblasts.

Taken together, the data presented here imply that, in CD cells, alterations occur in the phosphorylation
of signaling proteins such as EGFR and the downstream effector ERK. These alterations are present even

in patients on GFD, and they are independent of the site of inflammation.

Proliferation of crypt enterocytes is increased in CD

We have shown that EGF-Alexa remains in enterocytes of CD patients longer than in controls, indicating
that the decay of this potent mitogen is delayed in CD cells. Furthermore, an increase in EGF mRNA is
found not only in enterocytes isolated by laser microdissection from biopsies of patients with CD with
villus atrophy but also in enterocytes from patients in remission on GFD. This finding indicates that a
positive autocrine loop19 occurs between EGFR activation and EGF production, independently of gluten

intake and crypt hyperplasia (supplementary figure 4). We therefore considered the possibility that proli-
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feration of crypt enterocytes might be a possible consequence of the alterations shown above.

We studied the proliferation of crypt enterocytes by measuring BrdU incorporation in cultured biopsies
from CD patients and controls. We found that proliferation of crypt enterocytes is increased in CD pa-
tients compared to controls (figure 6 A-B). This proliferation is increased in enterocytes from patients with
CD with villus atrophy (17.0%=3.5%), potential patients (10.8%%2.7%) and in CD patients in remission
onagluten-free diet (15.9%+9.1%) with respect to controls (7.7%=2.5%). This finding indicates that the
increased proliferation of crypt enterocytes seen in CD is partially independent of the crypt hyperplasia
(that does not occurs in potential CD) and of the presence of gluten in the diet. As expected, the increased
proliferation of crypt enterocytes in cells from patients with CD with villus atrophy is dependent both on
EGFR and IL.15 signaling; this is shown by the fact that it can be prevented by anti-EGFR and anti-1L15

antibodies (data not shown).
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DISCUSSION

In this paper, we describe a constitutive alteration of the endocytic pathway in enterocytes and fibroblasts of patients
with celiac disease. This alteration consists of an increase in EEA1-positive vesicles (early endosomes) and a delay of
EGF endocytic trafficking at this level. In biopsies from these patients, we also found an increase in total phosphory-
lated proteins including EGFR and the downstream signaling molecule ERK, an increase in EGF mRNA and incre-
ased proliferation of enterocytes. These alterations are present in patients on GFD as well as those on regular diets
and, as shown by their presence in skin fibroblasts, are independent of the inflammation site. We have studied the en-
docytic pathway both morphologically and functionally. The fluorescence intensity of early endocytic vesicles stained
with EEAT was increased in intestinal crypt enterocytes and in skin fibroblasts from CD patients. Anincrease in EFA1
protein levels was also demonstrated, suggesting that there is anet increase in the early endocytic compartmentin CD
cells. The increase in EEA1-positive vesicles in intestinal biopsies from CD patients was found mainly in crypt ente-
rocytes and was present not only in tissue from active CD patients butalso in tissue from CD patients in the remission
state of the disease and in potential CD patients (those with normal intestinal mucosa, positive serology for CD and
ona GCD). This alteration therefore occurs in the absence of gluten in the diet and in the normal mucosa of potential
CD patients. Other endocytic compartments, such as the compartment that includes Lamp2-containing vesicles (late
vesicles), appeared altered mainly in mucosa from CD patients with villus atrophy.

To test the function of endocytic trafficking in CD cells, we performed pulse-chase experiments in which we loaded
carly vesicles with EGF-Alexa488."" " The retention of EGF-Alexa 488 in the endocytic compartment of fibroblasts
and enterocytes from patients in the acute or the remission phase of the disease was found to be delayed compared
to the retention of the compound in cells from control patients. This shows that the endocytic pathway is not only
morphologically altered, as demonstrated by EEA1 accumulation, butis also functionally impaired in CD cells.
Morphological and functional alteration of the endocytic pathway can have several biological consequences, including
delay in the decay of signaling molecules that can continue to signal downstream from the endocytic compartment.?”
In particular, interference with endocytic vesicle maturation results in delay of the decay of tyrosine kinase receptors
suchas EGFR and a consequentincrease in the level of phosphorylated proteins.**** In the presentwork, we found

that total phosphorylated proteins were increased in the enterocytes of CD patients both on gluten-containing diets
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(including patients with atrophic mucosa and potential CD patients with normal mucosa) as well as in the enterocytes
of patients on GFD. We found that ERK phosphorylation was increased in biopsies from CD patients and showed
by immunohistochemistry that the increase in pY-ERK mainly occurs in crypt enterocytes, strongly suggesting that
signal activity is increased in enterocytes from CD patients. An increase was also found in total phosphorylated pro-
teins in fibroblasts from CD patients, and some of the phosphorylated proteins whose phosphorylation is increased
were identified. In particular, phosphorylated EGFR and ERK are increased in fibroblasts from CD patients. Proli-
feration of enterocytes is a hallmark of CD."!'® In this paper, we have shown that EGF-Alexa remains in enterocytes
of CD patients longer than in controls, indicating that, in these cells, the decay of a potent mitogen such as EGF is
delayed independently from gliadin treatment. EGFR can still signal downstream after internalization.! Consistent
with this idea, we found increased activation of ERK, an EGFR downstream effector,?*#* in fibroblasts and intestinal
mucosa of CD patients. Moreover, in CD fibroblasts, there was increased activation of EGFR. As a readout of EG-
FR-ERK pathway activation, we measured crypt enterocyte proliferation by measuring BrdU incorporation in organ
culture experiments. As expected, crypt enterocyte proliferation was found to be increased in active CD patients
with crypthyperplasia. In potential CD patients, cryptenterocyte proliferation was also increased, although the small
intestine apparently had a normal architecture in these patients. Interestingly, increased proliferation was also found
in the absence of gluten from the diet. Moreover, increased levels of EGF mRNA occurred not only in enterocytes of
CD patients with villus atrophy but also in patients in remission on GFD, indicating that there is a positive autocrine
loop " between EGFR activation and EGF production in enterocytes that is independent of gluten intake and crypt
hyperplasia. Taken together, these results show that increased proliferation, together with increased phosphoryla-
tion of several proteins including EGFR and ERK, is an intrinsic characteristic of CD cells. The MAPK-ERK 1-2,
like all mitogen-activated-kinases (MAPKs), is one of the essential signaling molecules that converts environmental
inputs into influences on a plethora of cellular programs. > Moreover, most of the MAPK,, including ERK, are stress
sensors that can be activated by different inputs. 2° . Taken as awhole, our data suggest thatin CD there is a constitu-
tive derangement of the endocytic pathway that can also be found outside the intestine and is independent of gluten
intake. We also found an increase in protein phosphorylation, with EGFR and ERK activation, and an increase in
enterocyte proliferation. Emerging evidence connects endocytosis to complex cellular programs that control proli-
feration, apoptosis, cell motility, cell fate determination, and immunologic response to infections and other agents.

Alteration of vesicular trafficking has been demonstrated to play a role in the pathogenesis of another intestinal in-
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flammatory disease, Crohn’s disease, inwhich defective vesicular transport results in impaired macrophage function,
reduced cytokine secretion and decreased autophagy.®” Thus, vesicular trafficking seems to represent an important
aspect of cell regulation, and the disruption of this pathway is predicted to play an important role in human disease.
Ithas been proposed that to develop villus atrophy, patients must have an intestinal stress/innate immune response
to certain gliadin peptides in association with adaptive anti-gluten immunity. 2* In CD enterocytes, signs of distress
suchasanincrease in heatshock proteins and in the non-classical MHC class 1 molecules HLA Eand MIC-A, as well
as signs of innate immunity activation such as an increase in IL15 levels, have been reported.”. Increasing evidence
from our laboratory and those of others ''*1° suggests an effect of certain gliadin peptides (e.g., P31-43) on the
function of early endocytic vesicles and implicates EGFR signaling as an important pathway in celiac intestine. The
so-called gliadin toxic peptide P31-43 enters early endocytic vesicles of CaCo-2 cells and intestinal enterocytes !4,
delays endocytic vesicle maturation and consequently reduces epidermal growth factor receptor (EGFR) degrada-
tion and prolongs EGFR activation, which in turn results in actin modification and increased cellular proliferation in
celiac crypt enterocytes. 1% In normal subjects, gliadin peptide P31-43 does not induce a significant increase of
proliferation in crypt enterocytes, '-'®although it is able to cause short-term effects on the endocytic compartment
such as accumulation of EEA1 vesicles and protein, delay of EGF-Alexa 488 trafficking and ERK activation (manu-
scriptin preparation). This shows that gliadin is an activator of various stress signals at the cellular level independent
of the celiac background but that only in the celiac background it is able to produce long-term damage including
overproliferation and stress/innate immune response activation. The reason the stress/innate immune and prolife-
rative responses to certain gliadin peptides are so disruptive in celiac and not in control intestine is unknown. It has
been shown that a stress/innate immune response to gliadin exists in family members of CD patients in the absence
of anti-gluten T-cell-mediated immunity.* We looked for the presence in CD mucosa of a constitutive alteration that
may represent a predisposing condition to the damaging effects of gliadin. In accord with this hypothesis, we show in
this paper that the endocytic compartment is altered in CD cells and that this alteration implies an increase in signa-
ling, with increases in the level of stress molecules such as pY-ERK. We know from previous work that the endocytic
compartment is also the target of the P31-43 peptide. Thus, the same pathway that gliadin peptides (e.g., P31-43)
can interfere with is constitutively altered in CD cells, potentially explaining the specificity of the damaging effects of
certain gliadin peptides on CD mucosa.

These data are currently submitted .
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Figure 1. EEA1-positive vesicles are increased in CD enterocytes.

A. EEAL staining of duodenal biopsies from controls, from CD patients with villus atrophy, from potential
CD and from CD patients on GFD. 63x objective (2x digital zoom) images from villi and crypts are shown.
The white lines indicate the height of the epithelium. Of 5 independent experiments, one representative
experiment is shown.

B. Statistical analysis of fluorescence intensity in selected epithelial areas. For each group of patients and
controls, 5 subjects were examined. For each subject, 3 independent experiments were performed to me-
asure the fluorescence intensity of the selected epithelial areas. Columns represent mean values, and bars
represent the standard deviation. * = P<0.05, **p<0.001, ***=P<0.0001

C (a) Western blot analysis of EEA1 levels in biopsies from CD patients and controls. Alpha-tubulin was
used as a loading control. (b) Densitometric analysis of Western blots shown in (a). The fold increase in
EFA1 (iEEAL1) signal intensity in CD patients respect to the control for each sample was calculated as
follows: iEEAT = [CD patients (EEA1)/control (EEA1)]/[CD patients (alpha-tubulin)/control (alpha-

tubulin)]. For each group, similar results were obtained in 5 subjects.

101
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Figure 2. EGF-Alexa-488 is delayed in endocytic compartments of CD enterocytes in both the acute
and remission phases of the disease.

Biopsies from CD patients with villus atrophy who were on a gluten-containing diet and from GFD CD pa-
tients were cultured for 24 h after a 3 h pulse with EGF-Alexa-488. Images of crypts obtained with a 63x
objective (2x digital zoom). One representative experiment out of 5 independent ones are shown. White

arrows indicate EGF-Alexa-488 accumulation in vesicles of the apical portions of the crypt enterocytes.
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Figure 3. Morphological and functional alterations of the early endocytic compartment in skin fi-
broblasts from CD patients.

A. EEAT staining of early endocytic vesicles is increased in skin-derived fibroblasts from CD patients on
GFD in comparison to controls. (a, b) Immunofluorescence images of EEA1 staining (63x objective, 2x
digital zoom). White lines indicate single cells in a representative field. (c) Statistical analysis of fluore-
scence intensity/cell. Three independent experiments were carried out for each of 5 patients and 4 con-
trols; in each experiment, the fluorescence intensity of 10 cells in random fields was measured. Columns
represent means; bars represent standard deviation. * *p<0.001 (Student t-test).

B. EEALI protein is increased in fibroblasts of CD patients in comparison to controls. (a) Western blot
analysis of EEAT levels in fibroblasts from CD patients and controls. Alpha-tubulin was used as a loading
control. (b) Densitometric analysis of Western blots shown in (a). The fold increase in EEA1 (iEEAT1) in
CD fibroblasts with respect to control in each sample was calculated as follows: iEEA1 = [Fibroblasts GFD
CD (EEA1)/control (EEA1)]/ [Fibroblasts GFD CD (alpha-tubulin)/ control (alpha-tubulin)]. Similar
results were obtained in 5 patients and 4 controls.

C. EGF-Alexa-488 is delayed in the endocytic compartment of CD skin fibroblasts.

(a) Skin fibroblasts from CD patients on GFD and controls were pulsed for 30 min with EGF-Alexa-488
and chased for 3 h with medium alone. The area showing the cells is highlighted by a white line. Repre-
sentative fields obtained using a 63x objective, 2x digital zoom are shown. (b) Statistical analysis of the
fluorescence intensity/cell at indicated time points. For each of 5 patients and 4 controls, 3 independent

experiments were done; in each experiment, 10 cells in random fields were counted. Columns represent

means and bars standard deviations. * = P<0.05, ***=P<(0.0001
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Figure 4B
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Figure 4D
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Figure 4. Phosphorylation of proteins is increased in enterocytes of CD patients.

A. Duodenal biopsies from CD patients with villus atrophy and potential CD patients, both on a gluten-
containing dietand from GFD CD or from controls were stained with anti-phosphotyrosine antibody. 63x
objective (2x digital zoom) images from villi and crypts obtained in one representative experiment out of 5
independent ones are shown. White lines indicate the height of the epithelium.

B. Statistical analysis of fluorescence intensity/selected epithelial area. For each group of patients and
controls, 5 subjects were examined. For each subject, 5 independent experiments in which the fluore-
scence intensity of the selected epithelial areas was measured were performed. Columns represent means
and bars standard deviation. * = P<0.05, **=P<0.001, ***=P<0.0001

C. Immunohistochemical images of crypts and villi of intestinal biopsies from CD patients and controls
stained with an antibody that recognizes the phosphorylated form of ERK 1/2 (pY-ERK) and with hema-
toxylin/eosin. One representative experiment out of 5 independent experiments is shown.

D. Statistical analysis of pY-ERK positive nuclei with respect to total nuclei in the enterocytes of the crypts
and villi of 5 CD patients for each group and 5 controls. More than 300 pY-ERK- positive nuclei were
counted in several fields in each sample on several slides. Columns represent means and bars standard
deviation. * = P<0.05; ***=P<0.0001 (Student’s t-test).

E. (a) Western blot analysis of biopsies from CD patients and controls stained with anti-pY-ERK and anti-
ERK antibodies. (b) Densitometric analysis of Western blots shown in (a). The fold increase in pY-ERK (i
pY-ERK) in CD patients with respect to controls was calculated as follows: ipY-ERK = [CD patients (pY-
ERK)/control (pY-ERK)]/ [CD patients (total ERK)/control (total ERK)]. Similar results were obtained

in 5 subjects in each group.
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Figure 5. Phosphorylation of proteins is increased in skin fibroblasts of CD patients.

A. Staining of total phosphorylated proteins in CD fibroblasts. a. Immunofluorescence of total phosphory-
lated proteins in single cells. Images obtained using a 63x objective (2x digital zoom) are shown; white
lines indicate single cells in a representative field. b. Statistical analysis of fluorescence intensity/cell. For
5 patients and 4 controls, 3 independent experiments were done; in each experiment, the fluorescence in-
tensity of 10 cells in random ficlds was measured. Columns represent means and bars standard deviation.
*=P<0.05 (Student’s t-test).

B. Western blot analysis of phosphorylated ERK and EGFR in skin fibroblasts from CD patients ona GFD
and from controls.

(a) Western blot analysis of skin fibroblasts from CD patients and controls stained with anti-pY-ERK and
anti-ERK antibodies.

(b) Densitometric analysis of Western blots shown in (a). The fold increase in pY-ERK (ipY-ERK) with
respect to total ERK in GFD CD fibroblasts was calculated as follows: ipY-ERK = [Fibroblasts GFD CD
(pY-ERK)/control (pY-ERK)]/ [Fibroblasts GFD CD (total ERK)/control (total ERK)]. Similar results
were obtained in 5 CD patients and 4 controls.

(c) Western blot analysis of EGFR immunoprecipitated from skin fibroblasts and stained with anti-pY
antibody. (d) Densitometric analysis of Western blots shown in (c). The fold increase of pY-EGFR (i pY-
EGFR) with respect to total EGFR in GFD CD fibroblasts was calculated as follows: ipY-EGFR = [Fi-
broblasts GFD CD (pY-EGFR)/control (pY-EGFR)]/[ Fibroblasts GFD CD (EGFR)/control (EGFR)].

Similar results were obtained in 5 CD patients and 4 controls.
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Figure 6A
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Figure 6.: Proliferation of crypt enterocytes is increased in CD.

A. Immunofluorescence images of duodenal biopsies from a control, from a CD patient with villus atro-
phy, from a potential CD patient who were on a gluten-containing diet and from a GFD CD patient. Biop-
sies were cultured for 24 h with BrdU and then stained for cytokeratin to identify epithelial cells (red) and
for BrdU (green) to identify proliferating cells. One representative experiment is shown. B. Quantitation
of BrdU incorporation by intestinal biopsies. More than 300 cytokeratin-positive cells were counted in
several fields in each sample; the number of BrdU- positive cells was expressed as a proportion of the total
cytokeratin-positive cells. Bars represent mean and standard deviation; each dot represents a single CD

patient or control. * = P<0.05; ***=P<0.0001 (Student’s t-test).
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Supplemetary Figure 1
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Supplementary Figure 1. LAMP2-positive vesicles are increased in surface enterocytes of mucosa
from CD patients with villus atrophy.

Lamp2 staining of duodenal biopsies from controls, from CD patients in the active phase of the disease on
a gluten-containing diet with villus atrophy and crypt hyperplasia (CD with villus atrophy), from patients
with normal mucosa (potential CD) and from CD patients on a gluten-free diet with normal mucosa (GFD
CD). 63x objective (2x digital zoom) images from villi and crypts are shown. White lines indicate the

height of the epithelium. One representative experiment out of 5 independent ones is shown.
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Supplementary Figure 2
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Supplementary Figure 2. EGF-Alexa 488 is delayed in the endocytic compartment of CD dendritic cells.
a) Dendritic cells from CD patients on GFD and from controls were seeded on fibronectin and pulsed for
30 min with EGF-Alexa 488, then chased for 3 h with medium alone. After fixation with 3% paraformal-
dchyde, they were mounted with Mowiol and observed by confocal microscopy (LSM Zeiss 510). The area
of the cells is highlighted by a white line. Representative fields obtained using a 63x objective (2x digital
zoom) are shown. Seven patients and seven controls were tested with similar results.

(b) Statistical analysis of fluorescence intensity/ cell at indicated time points. For all patients and controls,
3 independent experiments were done; in each experiment, 10 cells in random fields were counted. Co-
lumns represent means and bars standard deviation. * = P<0.05, ***=P<0.0001.

Method for dendritic cells differentiation:

Peripheral blood mononuclear cells were isolated from heparinized peripheral blood by density gradient
centrifugation on lymphocyte separation medium (MP Biomedicals, LLC, Ohio). After 1 hour of incuba-
tion at 37° C, the nonadherent cells were removed with a gentle rinse and discarded.

The adherent monocytes were used to generate dendritic cells (DCs) cells. Briefly, 5x105 monocytes/
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ml were cultured in 24-well plates with RPMI 1640/10% FCS (Cambrex, Charles City, IA, USA) for 7
days; recombinant human IL-4 and recombinant human granulocyte macrophage colony-stimulating fac-
tor (GM-CSF) (Invitrogen, San Giuliano Milanese, Italy) were added to final concentrations of 1000 U/

ml and 800 U/ml, respectively, on days 0 and 4.
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Supplementary Figure 3
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Supplementary Figure 3. Western blot analysis of total phosphorylated proteins.

Skin fibroblasts from CD patients on GFD and from controls were lysed, and phosphoproteins in the
lysates were immunoprecipitated, blotted and stained with anti-phosphotyrosine antibodies. The blots
were stained again with anti-EGFR and anti-ERK antibodies to identify the corresponding phosphorylated
proteins. One representative experiment of 3 independent ones is shown for each subject (4 controls and

5 patients).
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Supplementary Figure 4. EGF mRNA levels are increased in intestinal mucosa of CD patients with
villus atrophywho are on gluten-containing diet and in GFD CD patients.

a) Example of selected crypt enterocytes from 5-micron sections of intestinal biopsies frozen and air dried
before capture. For each sample, 300 crypt epithelial cells were captured.

b) Semiquantitative PCR analysis of a biopsy from a CD patient and a biopsy from a control. A represen-
tative experiment is shown. Similar results were obtained in 3 CD patients on gluten- containing diet
(GCD), 3 CD patients on gluten-free diet (GFD) and 3 controls with gastro-esophageal reflux.

Methods:

The laser capture microdissection (LCM) method allows the selection of individual or clustered cells from
intact tissues. Total RNA was extracted from 300 captured crypt epithelial cells from biopsies from 3 CD
patients on gluten-containing diet (GCD), 3 CD patients on gluten-free diets (GFD) and 3 controls with
gastroesophageal reflux. For each sample, cDNAs were transcribed using AmpliTaq Gold (Applied Biosy-

stems, Foster City, CA). Semiquantitative PCR was carried out using oligonucleotide primers that reco-
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gnize the EGF sequence: EGF, 5'-GCCAACAAACACACTGGAAA-3' (forward) and 5'-CATGCACA-
AGTGTGACTGGA-3' (reverse). The GAPDH gene was used as an example of a housekeeping gene, with
the following primers: 5'-CGGAGTCAACGGATTTGGTCGTAT-3'(forward) and 5'-AGCCTTCTC-
CATGGTGGTGAAGAC -3’ (reverse). The PCR conditions were as follows: 1 cycle of 95°C for 10 mi-
nutes, 40 cycles of 95°C for 1 min, 60°C for 1 minute, and 72°C for 1 minute followed by 1 cycle of

72° C for 4 minutes.
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SUPPLENTARY MATERIAL

Cell culture

The skin explants were immediately placed in Dulbecco’s Modified Eagle’s Medium (DMEM) (GIBCO,
San Giuliano Milanese, Italy), 20% fetal bovine serum (FBS) (GIBCO, San Giuliano Milanese, Italy), 100
units/ml penicillin-streptomycin (GIBCO, San Giuliano Milanese, Italy), and 1 mM glutamine (GIBCO,
San Giuliano Milanese, Italy) and incubated for 24 hours. Subsequently, each skin explant was divided
into about 50 small fragments; these fragments were plated on Petri dishes and incubated in the presen-
ce of 95% oxygen and 5% CO2 at a temperature of 37° C to allow adhesion and subsequent release of
fibroblasts. Seven-ten days later, fibroblasts began to emerge from the fragments. When fibroblasts had
reached confluence, they were harvested with trypsin and frozen. In all experiments, the fibroblasts were
used between the 2nd and the 4ith passage.

CaCo-2 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (GIBCO, San Giuliano Mi-
lanese, Italy), with the same additions as described above except that 10% instead of 20% fetal calf serum

was used.

Pulse-chase experiments on fibroblasts

Fibroblasts were seeded on glass coverslips and pulsed for 30 minutes at 37° Cwith 20 nanograms/ml of EGF-
Alexa-488 (Molecular Probes, San Giuliano Milanese, Italy), then washed several times and incubated for 3 h
with unlabeled EGF at 37° C (chase). The coverslips were then mounted on glass slides and observed using a
confocal microscope (LSM 510 Zeiss).

Pulse-chase experiments on biopsies

Briefly, 5 intestinal biopsies from CD patients with villus atrohy, from patients on a GFD and from control
subjects affected by gastroesophageal reflux were cultured for 3 hours with Alexa-488 fluorochrome-labeled
EGF (pulse). After careful washing to eliminate the EGF-Alexa-488, all samples were chased for 24 h and pre-

pared for cryo-sectioning; air-dried 5-pm sections were analyzed using a confocal microscope (LSM 510 Zeiss).
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EEA1 and phosphotyrosine staining

Acetone-fixed (10 min, Sigma-Aldrich, Milan, Italy) 5-um frozen sections from CD biopsies and controls
were examined by immunofluorescence. After a 15-min pre-incubation with normal goat serum (1:100;
Dako Milan, Italy), the sections were incubated with a polyclonal IgG goat antibody against early endocytic
antigen 1 (EEAT) (1:100; Santa Cruz Biotechnology, CA, USA) for 1 h at room temperature and with
mouse monoclonal antibody against anti-pTyr (1:300; Santa Cruz Biotechnology, CA, USA ) overnight
in a humidified chamber. The sections were then washed with PBS (phosphate buffer solution) containing
BSA (bovine serum albumin, Sigma Aldrich, Milan, Italy) for 10 min and incubated with a secondary an-
tibody, donkey anti-mouse Alexa 488 (1:100), for 30 min in a dark humid chamber. Finally, the sections
were washed in PBS and mounted with glycerol/PBS (1:10). The preparations were analyzed by confocal
microscopy (LSM510; Zeiss).

Fibroblasts seeded on glass coverslips were fixed with 3% paraformaldehyde (Sigma Chemical Co., Milan,
Italy) for 5 min at room temperature, permeabilized with 0.2% Triton (Biorad, Milan, Italy) for 3 min at
room temperature and stained 14 for 1 h at room temperature with goat polyclonal antibody against EEA1
(C-15) (Santa Cruz, DBA, Milan, Italy) or with mouse monoclonal antibody against LAMP2 (H4B4) (San-
ta Cruz, DBA, Milan, Italy) or with anti-pTyr antibody (Santa Cruz Biotechnology, CA, USA) all of them
at 2 pg /ml. Alexa-488-conjugated secondary antibodies (Invitrogen, San Giuliano Milanese, Italy) at a
dilution of 1:100 were added to the coverslips for 1 h at room temperature. The coverslips were then
mounted on glass slides and observed by confocal microscopy (LSM 510 Zeiss). A total of 40 to 50 cells
were observed in each sample, and all images were generated with the same confocal microscope. Fluo-
rescence intensity (Fi) analysis of the samples respect to the background was carried out using AlS Zeiss
software. Magnification of the micrographs is the same for all figures shown (63x objective) unless stated

differently in the legends.

Immunohistochemistry of pY-ERK in biopsies
For the immunohistochemical study, 4-pm biopsy sections were fixed in 3% paraformaldehyde (Sigma-

Aldrich, Milan, Italy) for 10 min. After incubation with normal rabbit serum (1:200, Dako, Copenha-
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gen, Denmark) for 20 min, sections were covered with pY-ERK polyclonal rabbit antibodies (1:80, Cell
Signaling, Euroclone Milan, Italy) overnight. All incubations were carried out at room temperature in
a humid chamber. As a negative control, some sections were not treated with the primary antibody but
with buffer solution instead. After washing with TBS (Tris- buffered solution, 0.15 M, pH 7.36, Sig-
ma-Aldrich, Milan, Italy) + saponin (0.1%, Carlo Erba, Milan, Italy), the sections were incubated for 30
min with biotinylated goat anti-rabbit antibody (1:300; Dako, Milan, Italy) and then with streptavidin AP
(1:400; Dako, Milan, Italy) for 30 min. New fuchsin was used as the peroxidase substrate. Finally, sec-
tions were counterstained with Mayer’s hematoxylin (Sigma Diagnostic, St Louis, USA) and mounted with
Aquamount (BDH, Poole, England). The preparations were analyzed using transmitted light microscopy

(Nikon Eclipse 80, Nikon instruments, USA)

Immunoprecipitation

"16and protein concentration was measured using a

Cells lysates were prepared as described previously,
Bio-Rad protein assay kit (Hercules, CA, USA). Equal amounts of cell lysates (2 mg protein/ml) were used
for immunoprecipitation. EGFR was immunoprecipitated using anti-EGFR (Cell Signalling, Euroclone

Milan, Italy). Proteins were immunoblotted with specific antibodies as described below.

Western blotting

Briefly, fibroblast cells cultured in DMEM containing 20% FBS at 37° C were washed twice with PBS and
resuspended in lysis buffer. Cell lysates were analyzed by SDS-PAGE and transferred to nitrocellulose
membranes (Whatman Gmbh, Dassel, Germany). The membranes were blocked with 5% nonfat dry milk
and probed with anti p-Tyr(P99), anti pY-ERK, anti ERK, anti EEA1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti tubulin (Sigma-Aldrich, Milan, Italy), and anti-EGFR (Cell Signaling EuroClone
Celbio, Milan, Italy). Bands were visualized using the ECL system (GE Healthcare, Amersham, Bucking-
hamshire, UK). Band intensity was evaluated by integrating all the pixels of the immunostained band wi-

thout the background, which was calculated as the average of the pixels surrounding the band. '-'®
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Biopsy fragments (5 mg wet weight each) from duodenum obtained from 5 CD with villus atrophy, 5 con-
trols (affected by gastroesophageal reflux), 5 patients in remission and 5 potential CD patients were ho-
mogenized in 100 pL. homogenization buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 5 mM MgCl2, 1% TritonX100, and protease inhibitors) using a 2-mL conical Wheaton glass tube

with a Teflon pestle.

Organ culture studies

For organ culture studies, biopsy fragments from duodenum were obtained from 8 CD patients with villus
atrophy, 8 controls (affected by gastroesophageal reflux), 11 CD patients on GFD and 11 potential CD
patients. Informed written permission was obtained from all patients. The biopsy fragments were cultiva-
ted as reported elsewhere. ''"The intestinal samples were cultured for 24 h with medium alone. All cultu-
res were enriched with 10 pM BrdU (Sigma-Aldrich, Milan, Italy). Specimens were harvested, snap-frozen
in liquid nitrogen, embedded in OCT and stored at -80 ° C until required.

We used double immunofluorescence to evaluate crypt proliferation in 5-pm cryostat sections from cultu-
red biopsies.' '™ After a short (3 min) treatment with 1.5 N HCI, the sections were incubated with mouse
monoclonal anti-BrdU (1:150, GE Healthcare Amersham, Buckinghamshire, UK) for 1 h followed by 30
min incubation with Alexa488-conjugated anti-mouse IgG (1:150, Invitrogen, San Giuliano Milanese,
[taly) to identify BrdU-positive cells. After several washes in phosphate buffer solution, specimens were fi-
xed with 3% paraformaldehyde (Sigma-Aldrich, Milan, Italy) for 5 min and incubated for 1 h with polyclo-
nal rabbit anti-cow cytokeratin (1:50, Dako, Milan, Italy) to stain epithelial cells. Slides were then covered
for 30 min with Alexa-633-labeled goat anti-rabbit immunoglobulin (1:200, Invitrogen, San Giuliano
Milanese, Italy), contrasted with Hoechst (Sigma-Aldrich, Milan, Italy) and mounted in Mowiol 4-88. All
incubations were carried out at room temperature in a dark humid chamber. The number of BrdU-positive

cells divided by the total number of cytokeratin-positive cells gave the percentage of BrdU-positive cells.
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SUMMARY

Celiac Disease is an interesting model of a disease induced by food. It consists in an immunogenic reac-
tion to wheat gluten and glutenins that has been found to arise in a specific genetic background; however,
this reaction is still only partially understood. Damage to the intestinal mucosa in celiac disease (CD) is
mediated both by inflammation due to the adaptive and innate immune responses, with IL-15 as a major
mediator of the innate immune response, and by proliferation of crypt enterocytes as an early alteration of
CD mucosa causing crypts hyperplasia. Activation of innate immunity by gliadin peptides is an important
component of the early events of the disease. In particular the so-called “toxic” A-gliadin peptide P31-43
induces several pleiotropic effects including Epidermal Growth Factor Receptor (EGFR)-dependent actin
remodelling and proliferation in cultured cell lines and in enterocytes from CD patients. These effects are
mediated by delayed EGFR degradation and prolonged EGFR activation in endocytic vesicles.

Many biological activities have been associated with gliadin peptides in several cell types including reor-
ganisation of actin and increased permeability in the intestinal epithelium. It has yet to be established to
what extent these properties relate to the ability of these A-gliadin peptides to activate innate immunity
mechanisms. Virtually nothing is known about the mechanisms underlying the biological properties of
P31-43 or about the metabolic pathways involved in the activation of innate immunity in CD. Similarly, it
is not known why celiac patients are particularly sensitive to these biological activities.

During the three years of my PhD program I have contribuited in same measure to clarify the “Relationship
between proliferative effects and activation of innate immunity induced by gliadin”, through the combina-
tion of cellular, functional and molecular approaches.

In particular, in the first chapter of my thesis it has been shown that both P31-43 and P57-68 enter CaCo
2 cells and interact with endocytic compartment, but only P31-43 interferes with the endocytic pathway
by delaying maturation of early endosomes to late endosomes. We also show that the P31-43 sequence is
similar to hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), a key protein necessary for
endocytic maturation. P31-43 is localised at the vesicles membranes and interferes with the correct loca-

lisation of Hrs to endocytic vesicles thus delaying the maturation of early endosomes to late endosomes.
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Consequently the activation of EGFR and other receptors is expanded with multiple effects on various
metabolic pathways and cellular functions.
Morcover, during my PhD @'have tried to better characterize the role of P31-43 in the induction of cellular
proliferation and innate immune activation on celiac enterocytes and cells.  In particular, in the second
chapter of my thesis has been shown that P31-43 induces at least two main effects by interfering with the
trafficking of cell vesicular compartments. This leads to overexpression of the trans-presented 1L-15/
IL5R alpha complex, an activator of innate immunity, and, due to cooperation of IL-15 and EGFR, the
proliferation of crypt enterocytes with consequent remodelling of the CD mucosa.
These observations are relevant to our understanding of the early events occurring in the celiac mucosa
exposed to gliadin because the increase of IL-15 and IL-15R alpha is a major event in the initial phases of
CD. Our observation that in the celiac intestine IL-15 plays a major role in the gliadin-induced prolifera-
tion of epithelial cells, one of the hallmarks of CD, increasing our understanding of the pathogenesis of
CD. Why the celiac mucosa seems to be particularly sensitive to the effects of some gliadin peptides, such
as peptide P31-43, remains to be elucidated. Preliminary data suggest thatin CD cells, the endocytic com-
partment is morphologically and functionally altered. We hypothesize that in CD mucosa, an alteration of
the vesicular compartment renders the tissue more sensitive to the effects of gliadin.
Endocytosis has many effects on signalling: in fact, signalling pathways and endocytic pathways are regu-
lated in a reciprocal manner. Itis now widely accepted that the “Endocytic Matrix” is a master organiser of
signalling, governing the resolution of signals in space and time. Consequently endocytosis affects several
cell functions that range from proliferation to cell motility (Scita, Di Fiore 2010). Growing evidences
point to an effect of certain gliadin peptides (i.e. P31-43) on the endocytic compartment.
In conclusion, we can say that by interfering with Hrs localisation to the endocytic membranes, P31-43
induces two important effects:

a) it delays endocytic maturation, as observed by the data produced in the first year of my PhD

b) it alters the recycling pathway, as observed by the data produced in the second year of my PhD
By delaying the maturation of endocytic vesicles P31-43 reduces EGFR and other RTK degradation and
prolongs their activation. The biological consequeces of the delay of the vesicles maturation are increased

proliferation, actin modification and other biological effects. In addition, the alteration of the recycling

128



pathway is able to direct more transferrin receptor and likely other recycling receptors such as IL15 to
the membranes, this leads to an increase of proliferation of epithelial cells and activation of the innate
immunity.

During my PhD [ also paid a particular attention to investigate the presence and the suppressive function
of Treg cells in the celiac small intestinal mucosa, their correlation with the state of the discase and the
inducibility by gliadin stimulation in an organ culture system; morcover, we tried to define whether inter-
leukin 15, thatis overexpressed in CD, could influence the regulatory activity of such cells.

In Celiac Disease, beside the Th1 response, it has been highlighted the fundamental role of other pro-in-
flammatory cytokines, such as IL.15. More recently also other cytokines, such as IL21, bridging innate and
adaptive immunity, have been found to play an important role. In these studies an important contribution
to the comprehension of the mechanisms leading to the disease has come from in vitro studies based on ex
vivo organ cultures of intestinal biopsies taken from CD patients on a gluten-free diet (GFD).

In particular in this study we observed a higher density of CD4+CD25+Foxp3+ T cells (Treg) in duodenal
biopsies from active CD patients in comparison to treated CD and controls. In co-culture CD4+CD25+T
cells were functionally suppressive, but their activity was impaired by IL-15. Furthermore, we demonstra-
ted an expansion of Foxp3 in treated CD mucosa following in vitro challenge with gliadin.

These data suggest that CD4+CD25+Foxp3+ T cells are induced in situ by gliadin. However, their sup-
pressor capacity might be impaired in vivo by IL-15, this phenomenon contributing to maintain and ex-

pand the local inflammatory response in CD.
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