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on suppressive capacity of Treg cells isolated from peripheral blood of five active CD patients assessed on IFN-y production. Profferative responses were
measured by [HIthymidine uptake. Interferon gamma (IFM-y) secretion was evaluated in supernatants of cocultures by an enzyme-linksd immuncsorbent
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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

WA AT, 00 M

76



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.
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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).

95



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.
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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 3A
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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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Villi Figure 4A
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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 5A
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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

Figure 6B
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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

Villi

Control Villus atrophy CD GFD CD Potential CD

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
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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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