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Abstract

Celiac disease is characterizedthg secretion of IgA-class autoantibodies thatetarg
tissue transglutaminase (tTG). It is now recognibed anti-tTG antibodies are functional and
not mere bystanders in the pathogenesis of celsgase. Here we report that interaction
between anti-tTG antibodies and extracellular memé&tbound tTG inhibits peptide 31-43
(but not peptide 57-68) uptake by cells, therebgairing the ability of p31-43 to drive Caco-
2 cells into S-phase. This effect did not involV&tcatalytic activity. Because anti-tTG
antibodies interfered with epidermal growth factadocytosis, we assume that they exert
their effect by reducing peptide 31-43 endocytdSigr results suggest that cell-surface tTG

plays a hitherto unknown role in the regulatiomlédin peptide uptake and endocytosis.
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1. Introduction

Celiac disease (CD) is an enteropathy triggerethbyngestion of gliadin and of other
related prolamines in genetically predisposed iwdials [1, 2]. Gliadin peptides exert
damaging effects through various mechanisms: tiheyesistant to gastrointestinal enzymes
[3], they have amino acid sequences that are spdoif human leukocyte antigen (HLA)-
DQ2, which is a class Il major histocompatibilitpnsplex, they also have preferred
glutamine residues for tissue transglutaminase Yfh€diated deamidation [4], and, lastly,
they affect intestinal permeability [5]. Some diia peptides are toxic and others are
immunogenic for CD patients [5]. Toxic gliadin pelgis exert direct effects on cells. In
particular, they can agglutinate undifferentiateB6R, can maintain tissue damage in the
intestinal mucosa of CD patients, and can activatate immune mechanisms in patients on a
gliadin-free diet [6-8]. On the other hand, immueong gliadin peptides, after passing the
intestinal epithelial border, trigger a dysregula@daptive immune response at gut level
dominated by T cells of the T helper 1 type. Howetbe innate and adaptive immune
systems may respond synergistically to gliadin idegt [5-7]. The prototype of peptides
effective on innate response is peptide 31-43/489¢chvhas been shown to be toxic for CD
patients both in vitro and in vivo [8, 9]. Pepti8&-43 (p31-43) stimulates the synthesis and
release of the proinflammatory cytokine IL-15 thah promote an adaptive immune response
[6] involving CD4+ T cells that recognize variousasnidated gliadin peptides [4]. Unlike
p31-43 which is not immunogenic for T cells, peptkl7-68 (p57-68), which binds to HLA-
DQ2/8 molecules, is one of the dominant epitopesgrised by T cells isolated from the
intestine of CD patients. [4].

Celiac disease is considered an autoimmune dideasmise of the presence of tTG-
targeting autoantibodies in the serum and the tinelsmucosa of patients. tTG is a
ubiquitously expressed multifunctional protein [104t prevalently catalyzes the formation of

isopeptide linkages between trearboxamide group of protein-bound glutamine nesidnd
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the e-amino group of protein-bound lysine residue. Ghitee residues can be deamidated to
glutamic acid as a side-reaction in the absenciitdible amines or at low pH. Furthermore,
tTG is capable of both binding and hydrolyzing GEB,that the enzyme can function as a
cell signal transducer in association with the thhgadrenoreceptor [11]. Also disulphide
isomerase activity [12] and kinase activity [13yvk been attributed to tTG.

In CD, anti-tTG autoantibodies are produced i@ $mall-intestinal mucosa and are
deposited in the small bowel mucosa below the basemembrane and around capillaries in
untreated patients [14, 15]. Interestingly, everoisegative patients have these mucosal anti-
tTG deposits when on a gluten-containing diet [IBjwring gluten consumption, anti-tTG
antibodies can be detected also in the serum oématand slowly disappear from the
circulation consequent to a gluten-free diet [Bfter a gluten-free diet, serum autoantibodies
disappear from the circulation more rapidly thanthi® small-intestinal mucosal autoantibody
deposits [14, 15].

It is now recognized that anti-tTG antibodies anectional and not mere bystanders in
the pathogenesis of CD. In fact, they inhibit itited epithelial cell differentiation [18],
increase epithelial permeability and activate mgtex [19], and impair angiogenesis [20].
Moreover, we previously demonstrated that anti-@i@ibodies induce intestinal epithelial
cell proliferation [21]. Interestingly, the effeof epithelial cell proliferation evoked by anti-
tTG antibodies is similar to the effect evoked loyng gliadin peptides [22]. In particular,
p31-43, but not p57-68, causes actin alteratiomscafi proliferation, both of which depend
on activation of the epidermal growth factor (EG&geptor, in several cell types, and in
organ culture of celiac mucosa [22]. These effettgliadin peptides are regarded as non-T-
cell mediated, and most likely play an importantkerin the very early phases of CD.
However, little is known about the mechanism unded p31-43 and p57-68 uptake into

cells [23].



The aim of this study was to investigate the retaghip between anti-tTG antibodies
and gliadin peptides, both of which are presernthasmall-intestinal mucosa of patients in

the early phase of CD.



2. Materials and Methods

Antibodies and peptides Fhe commercial monoclonal tTG-antibody clone CUBZ4200
pug/ml) was from NeoMarkers (Freemont, CA, USA). Teeombinant anti-tTG miniantibody
(clone 2.8) was derived from a library of CD inteat lymphocytes [24]. The cloning and
purification procedure is reported elsewhere [Zgjntrol antibodies were non-specific mouse
IgG (Santa Cruz Biotechnology Inc., Santa Cruz, .Clhlabelled and lissamine-labelled
synthetic peptides were from Inbios (Naples, Italyf)e sequences of p31-43 and p57-68 from
a-gliadin were LGQQQPFPPQQPY and QLQPFPQPQLPY, cdnfedy.

Cell culture— Caco-2 cells were cultured in 100x10-mm Petrmesscontaining Dulbecco’s
modified Eagle’s medium supplemented with 10% (¥&tal bovine serum (FBS), 1% (v/v)
non-essential amino acids, 0.2 mM L-glutamine, S@tsiml penicillin and 50ug/ml
streptomycin (Invitrogen SRL, Milan, Italy). Cellgere maintained at 37°C in a 5% &O
95% air-humidified atmosphere and passaged twigeek.

Cell staining— The localization of tTG in non-permeabilizediniy cells seeded on glass
coverslips was determined by incubating cells vdthug/ml of clone 2.8 in 1% bovine
albumin in phosphate-buffered saline (PBS) and withouse secondary TRITC-conjugated
antibody (1:50). After fixing with 3% paraformaldete (PFA) for 10 min, coverslips were
washed several times with PBS and mounted with Blo@igma-Aldrich, Milan, Italy).
Stained cells were observed with an Axioplan 2 riiscent microscope (Carl Zeiss
Microlmaging, Inc., lena, Germany). Images wereuaegl and processed with the KS300
software (Carl Zeiss Microlmaging Inc.).

S-phase entry assay The bromodeoxyuridine (BrdU) (Roche Diagnost&sA, Monza,
Italy) incorporation study was carried out as répodr elsewhere [21] with some
modifications. Briefly, Caco-2 cells were seededcowmerslips and, 24-48 h later, starved by
culturing cells in 0.1% FBS medium for 72 h. Cellere then challenged with antibodies to

tTG, or control antibodies, or gliadin peptidesr #4 h. 10% FBS was used as positive
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control. Three h before PFA fixing and triton X-1p8rmeabilizing, BrdU was added to the
medium (final concentration, 1Q@M). BrdU incorporation was monitored by treatindlse
with an anti-BrdU antibody 1:100 (Invitrogen) andmouse secondary TRITC-conjugated
antibody (Invitrogen) 1:100. Finally, cells wereised for 5 min with Hoechst (Sigma-
Aldrich) and mounted with Moviol. The number of Isethat entered into S-phase was
expressed as the ratio between the number of iceltsporating BrdU and the total number
of cells. Microscope observations were carried asitreported above. Over 300 cells in
several fields were evaluated in each sample.

In vitro tTG assay -Enzyme activity was assayed by a radiometric nethesed on Ca
dependent incorporation olH]spermidine (Nen Life Science Products, Boston, ,NISA)
into N,N-dimethylated casein, as reported elsewhere [28Jul@eextract from Caco-2 cells
(15 ng) was used as enzymatic source and incubated writflsal activity) and with
antibodies and amines at 37 °C for 30 min.

Immunoprecipitation of surface tTGrom Caco 2 cell membranes We used the
immunoprecipitation strategy (slightly modified)pmted by Akimov et al. [27]. Briefly,
Caco-2 cells (about 20x30were extensively washed with PBS without calciamd
magnesium, and detached with 0.5% EDTA to pressuwviace tTG. We biotinylated the cell
surface using PBS containing 4 mM Sulfo-NHS-Bidfitierce, Milan, Italy) for 30 min at
room temperature, and the reaction was quenched W0 mM glycine in PBS. After
washing with PBS, cells were disrupted by osmotiock in deionized water and the cell
membrane fraction was enriched by centrifugatiod,q@0 g for 90 min). Pellets were
resuspended in 0.25 ml of RIPA buffer (50 mM THEI, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 5 mM MgCJ, 0.1% sodium dodecyl sulphate, 1% triton X 1086,1aM
phenylmethylsulfonyl fluoride, 1 mM ortovanadat®, jig/ml leupeptin, 1Qug/ml aprotinin
[Sigma-Aldrich]), or in the same buffer without $meh dodecyl sulphate and triton X 100 but

containing 0.1% Nonidet P-40 (Sigma-Aldrich), f@& @in at 4°C. An aliquot of the extracted
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proteins was tested in an ELISA assay to verify ghesence of a biotinylated protein that
could be recognized by antibody clone 2.8 (not stjowhe remaining surface proteins were
immunoprecipitated with CUB 7402 (31@) or clone 2.8 (3.Qug). Mouse 1gG (3.qug) was
used in control immunoprecipitation.

Western blot- For the detection of the phosphorylated fornextfacellular signal-regulated
kinase (P-ERK), cell lysates were prepared as ibestrpreviously [28], as well as
electrophoresis and immunoblotting procedures [PSERK was detected using anti-P-ERK
mouse monoclonal antibody (clone E4, Santa Cruital ERK was detected using ERK
rabbit polyclonal antibody anti-ERK K23 (clone K23anta Cruz). The samples resulting
from immunoprecipitation experiments were separéed 0% sodium dodecyl sulphate gel
electrophoresis and transferred to a membraneinBiated proteins were visualized on the
blot with horseradish peroxidase-conjugated stregita 1:2000 (Pierce) according to the
procedure described elsewhere [29]. The blot was teprobed with CUB 7402, as described
previously [30], to visualize tTG. Immunocomplexewere revealed using the
chemiluminescence detection kit (Pierce) accortinmanufacturer’s instructions.
Visualization of peptide uptake by Caco-2 cellsCaco-2 cells were seeded on glass
coverslips (5x18cn?) and three days later were treated for 15 min7a€3with 100pg/ml
gliadin lissamine-peptides (p31-43 or p57-68). Whequested, inhibitors of endocytosis,
such as methyB-cyclodextrin (M-B-CD) and filipin (Sigma-Aldrich), were added to the
medium 15 min before treatment with peptides. Tuestigate the effect of anti-tTG
antibodies on gliadin peptide uptake by cellsygZml of clone CUB 7402, or clone 2.8, or
non specific IgG, were added to the medium 15 mafode treatment with peptides.
Coverslips were then washed with PBS, cells weredfiin 3% PFA for 5 min, and, after
washing, coverslips were mounted with Moviol. Caaloimages were acquired with a LSM
510 Zeiss microscope. Fluorescence intensity waasured on an area of 50Q0m?

randomly selected for every sample.



Endocytosis- Caco-2 cells were seeded on glass coverslipk{&x) and 3 days later used
for endocytosis assay. Endocytosis was carriedwotlit 20 ng/ml EGF-Alexa Fluor 488
(Invitrogen). After washing cells with cold PBS, Eeceptors were loaded with the ligand
at 4°C for 1 hour. Then cells were washed with d®R5 and incubated for 15 min at 37°C
with warm medium containing unlabelled EGF. To istigate the effect of anti-tTG
antibodies, 2ug/ml clone 2.8 (or CUB 7402) were added during iheubation at 4°C.
Antibodies were added again during the incubatio®74C. Finally, coverslips were washed
with PBS and cells were fixed with 3% PFA for 10nmMounted coverlips were observed
with a LSM 510 Zeiss microscope and confocal imagese acquired. Fluorescence intensity
was measured on an area of 5p@f, randomly selected for every sample.

Statistics -Statistical analysis was performed where approgbg using the Studenttdest.

Differences were considered to be statisticallyisicant atp < 0.05.



3. Results
3.1 ANTI-tTG ANTIBODIES, AS WELL AS GLIADIN PEPTIDES,INDUCE S-PHASE
IN CACO-2 CELLS

We recently demonstrated that anti-tTG antibodasswell as gliadin-peptide 31-43,
induce @ — S transition in @synchronized NIH 3T3 fibroblasts [21, 22]. In tpeesent
study, we investigated whether Caco-2 cells, whach human epithelial cells that share
several functions with small intestinal enterocy&s 32], responded in the same way to tTG
antibodies and to gliadin peptides.

First, we verified that the antibodies we usethis study (the commercial CUB 7402
and the recombinant mini-antibody from a CD patiemmed “clone 2.8") specifically
recognize cell surface tTG on Caco-2 cells. We ilytdated cell surface proteins and
specifically immunoprecipitated tTG from a membrameiched fraction. With clone 2.8, we
used a more bland buffer containing Nonidet P-46xivact proteins, because clone 2.8 is a
conformational antibody and only recognizes a mativG [33]. Figure 1A shows the profile,
in the range of 75-100 kDa, of surface biotinylapgdteins immunoprecipitated with clone
2.8 and CUB 7402. The control lane shows the mrofif surface biotinylated proteins
immunoprecipitated with non specific mouse IgG. Hseerisks indicate a band that has the
same molecular weight as tTG. We verified the igrdf this band with protein tTG by
reprobing the blot with CUB 7402 (lower part of thiot). Visualization of the interaction
between the recombinant miniantibody and surfa¢g T not-permeabilized living Caco-2
cells is shown in Fig. 1B. Membrane-bound tTG haguactuated distribution and was
prevalently localized at the periphery of cell ¢&rs, as previously reported for staining with
CUB 7402 [21].

Then, we evaluated the S-phase entry of Caco-23,celeasured in the presence of
increasing concentrations of the commercial clondBC7402 and the recombinant mini-

antibody clone 2.8. Fig. 2A shows that both CUB)Z4and clone 2.8 induced BrdU
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incorporation. CUB 7402 was most effective at ggiml (54.2+4.8% BrdU incorporation)
whereas clone 2.8 was most effective atgml (50.5+2.1% of BrdU incorporation). The
induction of S-phase entry was specific because spatific IgG did not induce any effect
(40.0+2.6% of BrdU incorporation).

To verify that the interaction of tTG antibodiesthvthe extracellular membrane-bound
tTG triggers an intracellular response, we tre&ado-2 cells with 10@ug/ml of CUB 7402
or clone 2.8 for 5 min and then performed a weskdoh analysis on Caco-2 cell extracts to
visualize ERK-phosphorylation. Non specific mougé land 20% FBS were used as negative
control and positive control of the experiment, pexgively. As shown in Fig. 2B, as
expected, ERK phosphorylation increased rapidlgrastief treatment with clone CUB 7402
or clone 2.8, and with FBS, but was not influenbgdnouse IgG. This finding indicates that
anti-tTG antibodies mediate out-in cell signalingifteracting with cell surface tTG.

We next carried out experiments to evaluate wheteitoxic peptide p31-43 and the
T-cell immunogenic peptide p57-68 were able toa@@aco-2 cells into S phase. As shown in
Fig. 2C, p31-43 induced BrdU incorporation in C&coells in a dose-dependent manner. In
fact, BrdU incorporation increased up to about 56%ells treated with 10Qg/ml p31-43.
Peptide 57-68 did not induce S-phase entry (401342f BrdU incorporation) when used at

a concentration of 100g/ml.

3.2ANTI-tTG ANTIBODIES IMPAIR THE CAPABILITY OF P31-43 TO INDUCE
CACO-2 CELLS INTO S-PHASE

Because we found that anti-tTG antibodies and 814t not p57-68, drive Caco-2
cells into S-phase, we stimulated intestinal ceith clone 2.8 and p31-43 separately and in

combination. As reported in Fig. 3, concentratiohglone 2.8 (2ug/ml) and p-31-43 (100

pg/ml) induced 47.0+1.0% and 48.7+1.5% BrdU incogbion respectively when used

11



separately and 48.3+2.9% BrdU incorporation wheaedusgether (light grey bars). This
result suggests that anti-tTG antibodies and p3int8acted at some level. Therefore we
evaluated the effect of clone 2.8 at a suboptinaacentration (0.21g/ml) combined with

p31-43 at a concentration that induced the higBedU incorporation (10Qug/ml). Under

these conditions, BrdU incorporation was reducedldi®+0.7%, which suggests that anti-tTG
antibodies, at a suboptimal concentration, affep@®b43 stimulation (Fig. 3, white bars). We
also tested the effect of clone 2.8 at a conceotrathat induced the highest BrdU
incorporation (2.Qug/ml) combined with a suboptimal concentration 8313 (20ug/ml). In

this case, BrdU incorporation was not affected q#6.0% versus 47.0+0.8% produced by
clone 2.8 alone) (Fig. 3, dark grey bars) whichigates that p31-43 did not influence the
effects induced by anti-tTG antibodies. We obtairsahilar results when we used the

commercial clone CUB 7402 (not shown) instead ohel2.8.

3.3RELATIONSHIP BETWEEN tTG’S EXTRACELLULAR TRANSAMIDATING
ACTIVITY AND THE EFFECTS EVOKED BY GLIADIN PEPTIDES

We next investigated if the transamidating acti@sgociated with the extracellular
membrane surface of tTG could be involved in thelnhation of cell cycle progression. To
this aim, we carried out an S-phase entry assdyaydgtamine, a TG irreversible inhibitor,
and monodansylcadaverine (MDC), a TG competitivissate. As shown in Fig. 4A,
cystamine did not affect BrdU incorporation. SimiaMDC did not induce S-phase entry at
any of the concentrations tested (Fig. 4B); ind&dl incorporation was slightly reduced at
50 uM. Notably, both amines, like CUB 7402 and clon®, 2xerted a strong inhibitory effect
in anin vitro enzymatic assay (Fig. 4C).

Finally, we investigated whether cystamine and Mddfécted p31-43-induced S-

phase entry. Neither 50M cystamine together with 1Q@/ml p31-43 (light grey bars) nor
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10 uM MDC with 100ug/ml p31-43 (dark grey bars) significantly inhilmtBrdU

incorporation versus p31-43 alone (Fig. 4D).

3.4 ANTI-tTG ANTIBODIES DERANGE P31-43 (BUT NOT P57-68
INTERNALIZATION BY CACO-2 CELLS

We next evaluated whether anti-tTG antibodiesaimgul p31-43’s capability to drive
Caco-2 cells into S phase by interfering with glageptide uptake by cells. To this aim, we
examined the mechanisms of transport in Caco-2 asihg lissamine-labelled p31-43 (p31-
43-liss) and p57-68 (p57-68-liss) in the absenakmasence of anti-tTG antibodies.

When we pre-treated Caco-2 cells with@=D, a general inhibitor of endocytosis,
for 15 min and then added p31-43-liss to the medinchincubated the mix at 37°C for a
further 15 min, p31-43-liss entry into Caco-2 celss dramatically reduced (Fig. 5A). On the
contrary, when we pre-treated the cells with filipan inhibitor of lipid raft/caveolae
mediated endocytosis, p31-43-liss entry into Caceld was not affected (Fig. 5A). We
concluded that p31-43 enters Caco-2 cells by endsisyand excluded the involvement of
lipid raft/caveolaanediated endocytosiAs shown in Fig. 5B, when we pre-treated cells
with M-B-CD, p57-68-liss uptake was slightly reduced, whsrdipin-pretreatment reduced
p57-68-liss uptake in a more consistent way (FR). $hus, under our conditions, p57-68
was endocytosized by Caco-2 cells, probably thrautypid raft/caveolae-mediated
mechanism.

To evaluate whether or not anti-tTG antibodies affgliadin-peptide uptake into
Caco-2 cells, we carried out peptide uptake expartmin the presence of CUB 7402 and
clone 2.8. As reported in Fig. 6A, pre-treatmenthwalone 2.8 (2ug/ml) resulted in weak
p31-43-liss staining, which indicates that the laodiy affected the entry of p31-43-liss into
the cells. A similar effect was obtained with CUB02. Conversely, non specific IgG did not

affect p31-43-liss uptake (Fig. 6A). Quantificatioh the percent of fluorescence intensity
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(mean of 3 experiments) relative to p31-43-lissaket in the presence of clone CUB 7402 or
clone 2.8 (ug/ml), showed that both antibodies reduced fluaese by about 50%, whereas
non specific IgG did not affect fluorescence intgngFig. 6C). These effects were less
pronounced, but still significant, at lower coneatibn (0.2 pg/ml and 1.0pg/ml) of
antibodies (Fig. 6C). Pre-treatment with clone @8CUB 7402 did not affect p57-68-liss
entry into Caco-2 cells (Fig. 6B, C). In additioks expected, cystamine and MDC did not
affect either p31-43-liss or p57-68-liss entry imlls (not shown). Interestingly, when we
treated cells with antibodies féil-integrin (10pg/ml), which is non-covalently complexed
with tTG on the cell surface [27], p31-43 uptakd hot p57-68 uptake was reduced (Fig.

6D).

3.5ANTI-tTG ANTIBODIES AND ENDOCYTOSIS

To determine how the tTG antibodies interfered vatidocytosis, we studied their
effect on EGF internalization by cells evaluatedhwthe labelled-ligand EGF-Alexa Fluor
488, which is prevalently internalized by cellsaingh clathrin-mediated endocytosis [34].
After incubation at 0°C for 1 hour with and withatione 2.8 (2ug/ml), cells were treated
with EFG-Alexa Fluor 488 at 37°C for 15 min, thexefl. In the presence of clone 2.8, the
number of endocytic vesicles containing EGF-AlekaoF 488 after 15 min of incubation at
37°C was lower than in cells not exposed to anidg®@-ig. 7A). To quantify fluorescence,
we measured its intensity relative to a random afeg000um? in each coverslip. As shown
in Fig. 7B, there was no significant differenceviietn fluorescence intensity at time zero and
at 15 min in the presence of clone 2.8. Similaultssvere obtained with CUB 7402 (Fig. 7

B).
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4. Discussion

We investigated the relationship between anti-tT@badies and gliadin peptides,
both of which are present in the small-intestinalcosa of patients in the early phase of CD,
probably even at luminal level. Our results indécathitherto unknown role of celiac anti-tTG
antibodies, i.e., they impair the uptake of p31Hd&, not of p57-68, by epithelial cells. We
previously reported that celiac anti-tTG antibodasl a-gliadin p31-43 induce the £5
transition in murine fibroblasts and enterocytesnfr celiac patients [21, 22]. We
hypothesized that autoantibodies to tTG and gliguptides together could produce an
additive or synergic proliferative effect in cetlsepithelial origin. To test our hypothesis, we
first investigated whether the response of Cacelld ¢o tTG-antibodies is similar to that of
NIH 3T3 cells and of other cells we previously usg@d]. Here we report that both
commercial clone CUB 7402 and a recombinant mitibady from a CD patient induce
proliferation in Caco-2 cells. Moreover, we fournitt p31-43 but not p57-68, induce Caco-2
cell proliferation.

Surprisingly, when we stimulated intestinal cellshweffective concentrations of p31-
43 combined with anti-tTG antibodies, there was aulitive effect. On the contrary,
suboptimal concentration of antibodies togetherhwétffective concentration of p31-43
inhibited BrdU incorporation. In conclusion, oursodts indicate that anti-tTG antibodies
interfered with p31-43 stimulation whereas p31-4@ wot affect the response induced by
anti-tTG antibodies.

In an attempt to explain these effects, we invastig the relationship between tTG-
antibodies and gliadin peptide uptak®.critical step in the pathogenesis of CD is the
epithelial handling of gliadin peptides. It is knowhat gliadin peptides enter the cells,
interact with the vesicular compartment (M.V. Bapanpublished) and are transcytosed to
the basal part of the cells [23, 35]. However, thechanism of uptake is not completely

understood. Our results on the comparative uptdkemdifferent gliadin fragments (p31-43
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and p57-68), in the presence of inhibitors of enptlmgis, show that p31-43 and p57-68 act
differently in relation to entry into epithelial k2 M-B-CD is considered a non-specific

inhibitor of endocytosis and can be used to blotkeadocytic pathways, whereas the
antibiotic filipin specifically blocks lipid raft/aveolae-mediated endocytosis [36-41]. Our
confocal images of lissamine-labeled peptides stiawboth p31-43 and p57-68 enter Caco-
2 cells, but while p57-68 uptake was reduced byifi) which indicates the occurrence of a
lipid raft/caveolae-mediated mechanism, p31-43kgt@as not (Fig. 5).

We also show that anti-tTG-antibodies affect onB13 uptake. This effect is
specific because a non-specific antibody did nderathe transport pathway (Fig. 6).
Interestingly, antl integrin antibodies had a similar effect on p3l-dptake, which
suggests that the tTG-integrin complex on the seelfface is implicated in the cellular
transport of p31-43 but not of p57-68.

Taken together, our results show that cells hapd#&-43 and p57-68 differently,
which is in line with other differences we idergiii between the two peptides. In fact, p31-43
and p57-68 are located in different sites duringumzion of endocytic vesicles both in Caco-
2 cells and in intestinal biopsies from CD patigiMsV. Barone, unpublished), [42]. Staining
with markers of the endocytic pathway showed thai-$3 remains in early endocytic
vesicles whereas p57-68-carrying vesicles matute iate endosomes (M.V. Barone,
unpublished). Furthermore, studies on the intevactif “toxic” and “immunogenic” gliadin
peptides with a membrane-like environment in vénowed that only p31-43 was able to bind
micelles, whereas p56-68 did not appear to intexébtthem [43].

Since gliadin peptides enter the cells by endocytaisd anti-tTG antibodies interfere
with p31-43 entry, we evaluated whether anti-tTGtikandies could interfere with
endocytosis. Using EGF-Alexa Fluor 488, which isyadently internalized by cells through a
clathrin-mediated endocytosis [34], we demonstth&e anti-tTG-antibodies interferes with
endocytosis. These results provide strong evidéimae cell surface tTG is involved in the
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mechanism of endocytosis. In 1980, Davies et apprted that tTG was involved in the
mechanism of endocytosis [44]. However, at thatetithe existence of an extracellular
membrane bound form of tTG was unknown.

We previously suggested [21] that anti-tTG antilesdiby interacting with the
extracellular membrane-bound tTG, causg & S transition in synchronized NIH 3T3
fibroblasts through a phosphorylation pathway. Weo éhypothesized that tTG catalytic
activity was not involved in this process. Althoudlit is prevalently an intracellular enzyme
mainly localized in the cytosol, relevant amountdhe protein are present also on the cell
surface. Externalized tTG is in part removed frdma tell surface and in part constitutes the
pool of the membrane-bound protein [45]. Surfac& flinctions often are independent of
catalytic activity.However, the issue is highly debated. In fact, gmo the availability of
high calcium levels and low GTP concentrationsha extracellular space, tTG should be
basically active, although the effects of anchordgefibronectin and the actions of
metalloproteinases have not been fully explodedas been demonstrated that, being an
outside membrane-bound protein, tTG could mediageirtteraction o1 andp2 integrins
with fibronectin in a catalytic independent manf{@f]. Through this interaction, tTG could
modulate cell-matrix adhesion, spreading, integnediated signaling, and cell migration,
proliferation or differentiation [27, 46, 47]. Rerkably, the cross-linking activity of tTG is
not required for inhibition of p31-43 uptake or fits proliferating effect. In fact, neither
cystamine nor MDC, which are inhibitors of tTG dgtig activity, affected peptide entry into
Caco-2 cells or cell cycle progression. In additime provide a direct demonstration that the
interaction of tTG antibodies with the extracellulmembrane-bound tTG triggers an
intracellular response that leads to a rapid irsgeaf ERK phosphorylation (Fig. 2B).
Therefore, the effects we observed probably résutt the interaction of antibodies with tTG

on the cell surface without the involvement of bdta activity.
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4.1 CONCLUSIONS
The results we report herein show that anti-tTGbawlies interfere with p31-43
endocytosis, which suggests that cell-surface td@dcplay a hitherto unknown role in the

regulation of gliadin peptide uptake and, more galhe in endocytosis.
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7. Figure legends

Fig. 1 — (A) Surface biotinylated proteins immunoprecipitatethveione 2.8, CUB 7402 and
non specific mouse IgG and visualized with horsetageroxidase-conjugated streptavidin
(upper part of the blot). The asterisks (*) indecatband that has the same molecular weight
as tTG. Surface tTG was detected after reproltiagptot with CUB 7402 (lower part of the
blot). (B) Surface tTG staining of unpermeabilized living CG&cecells obtained with clone
2.8. 40X magnification. Non-specific mouse IgG sehas control.

Fig. 2- (A) CUB 7402 (black bars) and clone 2.8 (light gresspdose-dependently induced
the S-phase entry of Caco-2 cells. Non-specific$adgG served as control. Data are
reported as means * s.d. of at least three indeperaperimentgB) Western blot of Caco-2
total proteins, stained by ERK or P-ERK antibodikewed a rapid increase of ERK
phosphorylation after CUB 7402 or Clone 2.8 treattnbon specific mouse 1gG and 20%
FBS served as negative and positive control, resqgd. The blot shows the result of two
parallel experiments for each stimul(&) Induction of S-phase entry of Caco-2 cells by
different concentrations of p31-43. The effect 00 ug/ml p57-68 is also reported. Data are
reported as means + s.d. of 3 separate experiments.

Fig. 3- Effect of the simultaneous presence of clone 2dBE#1-43 on BrdU incorporation by
Caco-2 cells. Effective concentrations of clone&hfl p31-43 (1g/ml and 10Qug/ml,
respectively) did not produce an additive or a sgiweeffect (light grey bars). A suboptimal
concentration of clone 2.8 (Ot@/ml) inhibited the p31-43 proliferating effect (idbars),
whereas a suboptimal concentration of p31-43u@@nl) did not affect the clone 2.8
proliferating effect (dark grey bars). Data areomrted as means + s.d. of at least three
independent experiments.

Fig. 4- Effect of cystamineA) and MDC B8) on BrdU incorporation by Caco-2 cell€)
Effect of CUB 7402 (2Qug/ml), clone 2.8 (2Qug/ml), MDC (50uM) and cystamine (5QM)

on tTG activity.(D) Effect of the simultaneous presence of cystanond&/IDC, and p31-43
23



on BrdU incorporation by Caco-2 cells. All data aeported as means * s.d. of at least 3
independent experiments.

Fig. 5 Effect of 10 mM MB-CD and 5ug/ml filipin on p31-43 uptak€A) and p57-68 uptake
(B) by Caco-2 cells. Representative confocal imagegweéral similar experiments (more

than 3). 63X magnification.

Fig. 6 —Representative confocal images of similar expeantsiémore than 3). 63X
magnification. Effect of clone 2.8 or CUB 7402 amrspecific IgG (31g/ml) on p31-43
uptake(A) and p57-68 uptak@) by Caco-2 cell§(C) Quantification of the inhibitory effect

of anti-tTG antibodies on p31-43 and p57-68 uptak€aco-2 cells. The bars represent the
percent of fluorescence intensity calculated waspect to liss-peptide uptake in the absence
of antibodies (100% of fluorescence intensity).&ate reported as means * s.d. of 3
independent experiments. Asterisk (*) indicatesigicantly different values (p<0.05{D)

Effect of antif§1-integrin antibodies (1Qg/ml) on p31-43 and p57-68 uptake by Caco-2 cells.
Fig. 7- (A) Endocytic vesicles containing EGF-Alexa Fluor 48&e less abundant in Caco-2
cells after incubation at 37°C for 15 min in thegence of clone 2.8 (&y/ml).

Representative confocal images of similar experisiémore than 6). 63X magnificatiofid)
Quantification of the inhibitory effect of anti-tT@ntibodies on EGF-Alexa Fluor 488 uptake
by Caco-2 cells. The bars represent the fluoregcerensities relative to 6 independent

experiments.
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Figure &
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