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ABSTRACT

Celiac sprue is a T-cell-mediated enteropathy elicited in genet-
ically susceptible individuals by dietary gluten proteins. To ini-
tiate and propagate inflammation, proteolytically resistant glu-
ten peptides must be translocated across the small intestinal
epithelium and presented to DQ2-restricted T cells, but the
effectors enabling this translocation under normal and inflam-
matory conditions are not well understood. We demonstrate
that a fluorescently labeled antigenic 33-mer gluten peptide is
translocated intact across a T84 cultured epithelial cell mono-
layer and that preincubation of the monolayer with media from
gluten-stimulated, celiac patient-derived intestinal T cells en-
hances the apical-to-basolateral flux of this peptide in a dose-
dependent, saturable manner. The permeability-enhancing ac-
tivity of activated T-cell media is inhibited by blocking
antibodies against either interferon-y or its receptor and is

recapitulated using recombinant interferon-vy. At saturating lev-
els of interferon-vy, activated T-cell media does not further
increase transepithelial peptide flux, indicating the primacy of
interferon-y as an effector of increased epithelial permeability
during inflammation. Reducing the assay temperature to 4°C
reverses the effect of interferon-y but does not reduce basal
peptide flux occurring in the absence of interferon-vy, suggest-
ing active transcellular transport of intact peptides is increased
during inflammation. A panel of disease-relevant gluten pep-
tides exhibited an inverse correlation between size and trans-
epithelial flux but no apparent sequence constraints. Anti-inter-
feron-vy therapy may mitigate the vicious cycle of gluten-induced
interferon-vy secretion and interferon-y-mediated enhancement
of gluten peptide flux but is unlikely to prevent translocation of
gluten peptides in the absence of inflammatory conditions.

Celiac sprue is a T-cell-mediated enteropathy induced in
genetically susceptible individuals by dietary gluten from
wheat and similar proteins in rye and barley. Gluten is
uniquely resistant to gastrointestinal proteolysis in mam-
mals. As a result, unusually long proline- and glutamine-rich
peptides accumulate in the gut lumen after ingestion of glu-
ten, some of which are recognized by inflammatory T cells
that reside in the celiac small intestinal mucosa. For exam-

This work was supported in part by the National Institutes of Health [Grant
T382-GMO007276] (Cellular and Molecular Biology grant) (to M.T.B); the Na-
tional Institutes of Health National Institute of Diabetes and Digestive and
Kidney Diseases [Grant R01-DK063158] (to C.K.); and Achievement Rewards for
College Scientists Foundation Predoctoral Scholarship (to M.S.).

C.K. is a director and stockholder in Alvine Pharmaceuticals, a company
that is developing a drug for celiac disease.

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.

doi:10.1124/jpet.108.148007.

The online version of this article (available at http:/jpet.aspetjournals.org)
contains supplemental material.

ple, certain a- and vy-gliadin proteins from wheat release
highly antigenic, metastable 33- and 26-residue peptides,
respectively, when exposed to pancreatic proteases (Shan et
al., 2002, 2005). Upon translocation across the intestinal
epithelium into the gut-associated lymphoid tissue (GALT),
peptides such as the 33-mer initiate an inflammatory im-
mune response, the molecular basis of which is relatively
well understood. Gluten peptides are deamidated at specific
glutamine residues by the endogenous enzyme transglutami-
nase 2 (TG2) (Molberg et al., 1998). The negative charges
introduced by TG2-mediated deamidation enhance the affin-
ity of these peptides for human leukocyte antigen DQ2
(Quarsten et al., 1999), a major histocompatibility class II
molecule associated with more than 90% of diagnosed celiac
patients (Sollid et al., 1989). Upon recognition of these pep-
tide-DQ2 complexes on the surface of antigen-presenting
cells (APCs), CD4" T cells in the GALT enact a T-helper 1
response dominated by interferon (IFN)-y. Ultimately, the

ABBREVIATIONS: GALT, gut-associated lymphoid tissue; TG2, transglutaminase 2 (or tissue transglutaminase); APC, antigen-presenting cell;
IFN, interferon; TNF, tumor necrosis factor; MBCD, methyl B-cyclodextrin; FBS, fetal bovine serum; PEG, polyethylene glycol; RP-HPLC,
reverse-phase high-performance liquid chromatography; LC-MS, liquid chromatography-assisted mass spectrometry; BSA, bovine serum
albumin; ELISA, enzyme-linked immunosorbent assay; EP-B2, barley endoprotease B, isoform 2.
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inflammatory response to gluten causes restructuring of the
intestinal epithelial architecture, malabsorption of nutrients,
and, in many patients, related clinical symptoms (Alaedini
and Green, 2005). Disease progression is halted and symp-
toms subside upon abstention from dietary gluten.

Despite our understanding of the structural basis for the
stability of gluten in the gut and for its DQ2-mediated pre-
sentation in the GALT of celiac patients, our understanding
of the transepithelial uptake of gluten peptides that is re-
quired to link these two phenomena is rudimentary at best.
Early work on this subject used radiolabeled EDTA to dem-
onstrate elevated epithelial permeability in celiac patients in
remission (Bjarnason et al., 1983). Subsequently, disacchar-
ides such as lactulose were used to detect further enhance-
ment of intestinal permeability in celiac patients with active
disease (e.g., see Duerksen et al., 2005, and references
therein). However, it is unknown whether transepithelial
transport of small molecules such as EDTA and sugars is
correlated with the uptake of antigenic gluten oligopeptides.
Friis et al. (1992) reported that gliadin peptides instilled
directly into the jejunum were seen in the intercellular space
of celiac patient epithelia but not in healthy controls. Al-
though that study has not been reproduced or extended in
celiac patients, a more recent in vitro study using patient-
derived small intestinal biopsies in Ussing chambers showed
that the antigenic 33-mer peptide from a-gliadin was trans-
located intact from the mucosal to the serosal side (Matysiak-
Budnik et al., 2005). In vivo transepithelial translocation of
the intact 33-mer has also been observed in a gluten-sensi-
tive rhesus macaque (Bethune et al., 2008). Notwithstanding
their clinical relevance, neither of the latter systems is suit-
able for controlled, quantitative investigations into the mech-
anisms for transepithelial gluten peptide transport in celiac
sprue. To elucidate how gluten peptides are translocated
before inflammation and how this critical step in pathogen-
esis is modulated by disease-specific effectors, appropriate
epithelial cell culture models are needed.

In the current work, we had three primary objectives: first,
to identify effectors of increased epithelial permeability that
are specific to the inflammatory processes in the celiac small
intestine; second, to determine whether gluten peptides are
translocated to a sufficient extent to initiate, as well as to
propagate, inflammation; and third, to identify structural
features of gluten peptides that influence their translocation.
We used fluorescently labeled 33-mer, as well as other dis-
ease-relevant gluten peptides, in a T84 monolayer assay to
establish that IFN-vy released by disease-specific T cells is the
primary effector of increased epithelial permeability. Very
recently, Schumann et al. (2008) demonstrated intact 33-mer
peptide transport across a Caco-2 monolayer, albeit with
partial degradation. These investigators also showed that
peptide transport occurred via Rab5-mediated transcytosis
and that it was modestly (1.4-fold) up-regulated by IFN-y. In
contrast to Schumann et al. (2008), we did not see an effect of
IFN-v in a subline of Caco-2 (data not shown). Instead, our
findings build upon the extensive studies of Madara, Nusrat,
and co-workers who have shown that IFN-y affects the per-
meability of a T84 epithelial monolayer and who have stud-
ied the mechanistic underpinnings of that observation
(Madara and Stafford, 1989; Bruewer et al., 2005).

Materials and Methods

Materials. Peptide synthesis reagents were purchased from
Chem-Impex (Wood Dale, IL), Peptides International (Louisville,
KY), and EMD Biosciences (San Diego, CA). Cy5-succinimidyl ester
was purchased from GE Healthcare (Piscataway, NJ). Recombinant
IFN-y and tumor necrosis factor (TNF)-a were purchased from Pep-
rotech (Rocky Hill, NJ). The activity of IFN-y is 20 U/ng. Goat
anti-human IFN-y IgG and mouse monoclonal anti-IFN-yR1 IgG1
(MABG6731) were purchased from R&D Systems (Minneapolis, MN).
Cell culture media, antibiotics, human serum, and fluorescently
labeled dextrans were purchased from Invitrogen (Carlsbad, CA).
Fetal bovine serum (FBS) was purchased from Atlanta Biologicals
(Lawrenceville, GA). Gluten flour was from Bob’s Red Mill (Mil-
waukie, OR). Pepsin, trypsin, chymotrypsin, methyl B-cyclodextrin
(MBCD), nystatin, cholesterol oxidase, dansylcadaverine, and wheat
gliadin were purchased from Sigma-Aldrich (St. Louis, MO). Recom-
binant human transglutaminase 2 was prepared as described previ-
ously (Piper et al., 2002).

Peptide Synthesis. Peptides were synthesized using tert-butoxy-
carbonyl/O-(benzotriazol-1-yl)-N,N,N' ,N'-tetramethyluronium
hexafluorophosphate chemistry on solid-phase as described previ-
ously (Xia et al., 2005). For most experiments, a polyethylene glycol
(PEG)-3 linker was added to the N terminus of the 33-mer by tert-
butoxycarbonyl/O-(benzotriazol-1-yl)-N,N,N' ,N'-tetramethyluronium
hexafluorophosphate chemistry on solid phase. After cleavage from
the resin, peptides were purified over a reverse-phase C18 column by
high-performance liquid chromatography (RP-HPLC) using a
water/acetonitrile gradient in the presence of 0.1% trifluoroacetic
acid, and then they were lyophilized. Solution-phase labeling of the
purified peptides with Cy5-NHS ester was carried out in dimethyl
sulfoxide according to the manufacturer’s instructions. Fluorescently
labeled peptides were purified by RP-HPLC, lyophilized, and stored
at —20°C. The correct mass for each peptide before and after labeling
was confirmed by liquid chromatography-assisted mass spec-
trometry (LC-MS). Before use, labeled peptides were resuspended in
50 mM sodium phosphate, pH 7.0, supplemented with 0.02% NaN,
and their concentration was determined by spectrophotometric
measurement of Ags,. Working stocks were stored at 4°C, and their
integrity was confirmed periodically by RP-HPLC.

Cell Culture. T84 epithelial cells from the American Type Cul-
ture Collection (Manassas, VA) were grown in T84 media [Dulbecco’s
modified Eagle’s medium/Ham’s F-12 (1:1) supplemented with anti-
biotics (penicillin/streptomycin) and 5% (v/v) fetal bovine serum].
Media were changed every alternate day, and the cells were split
once a week. C2BBE1 epithelial cells, a clonal subline of Caco-2
selected for morphological homogeneity and exclusive apical villin
localization, were from the American Type Culture Collection and
grown in C2BBE1 media [Dulbecco’s modified Eagle’s medium sup-
plemented with 0.01 mg/ml transferrin, antibiotics, and 10% (v/v)
fetal bovine serum]. DQ2 homozygous antigen-presenting cells (Ep-
stein-Barr virus-transformed B-cell lines 9088 and VAVY) were
grown in APC media (RPMI 1640 medium/GlutaMAX (Invitrogen)
supplemented with antibiotics and 10% fetal bovine serum). Every
alternate day, 9088 cells were split back to 3 X 10° cells/ml, and
VAVY cells were split back to 1 X 10° cells/ml. Gluten-specific,
DQ2-restricted T-cell lines (P28 TCL1 and P34 TCL1) were isolated
from celiac patient intestinal biopsies and expanded against chymot-
rypsin-digested, TG2-treated gliadin as described previously (Siegel
et al., 2006). Assays using T cells were performed in T-cell media
(Iscove’s modified Dulbecco’s medium supplemented with antibiotics,
10% fetal bovine serum, and 2% human serum). All cells were grown
at 37°C with 5% atmospheric CO,. Cell-based assays and incubations
were performed under these same conditions except where otherwise
specified.

Preparation of Activated T-Cell Media. Whole gluten flour (30
mg/ml) was digested to proteolytically resistant fragments by treat-
ment with pepsin (0.6 mg/ml in 0.01 N HCl; 30 min) followed by



trypsin and chymotrypsin (0.375 mg/ml each, pH 6.4; 60 min). Glu-
ten peptide fragments were deamidated by treatment with 50 pg/ml
TG2 for 2 h at 37°C in the presence of 5 mM CaCl,. Deamidation
reactions were quenched by boiling. Deamidated gluten fragments
[or control protein, bovine serum albumin (BSA)] were incubated
overnight at 1 mg/ml in T-cell media with DQ2* APCs at 2.5 X 10°
cells/ml. The next day, gluten-specific, DQ2-restricted T cells isolated
from celiac patient biopsies were thawed and allowed to recover for
2 h in T-cell media. Peptide-loaded APCs were centrifuged, the
supernatant was discarded, and the pellets (5 X 108 cells) were
resuspended in 2.5 ml of T-cell media containing gluten-specific,
DQ2-restricted T cells (5 X 10° cells). Cells were coincubated for 48 h,
after which they were pelleted via centrifugation, and the superna-
tant was collected.

Measurement of IFN-y in Activated T-Cell Media. Western
blotting and sandwich enzyme-linked immunosorbent assays
(ELISA) were used to detect and quantify IFN-y in activated T-cell
media. For Western blotting, activated T-cell media, or recombinant
IFN-v standards at 102 to 10® U/ml (1 U = 50 pg) were added to an
equal volume of Laemmli buffer/B-mercaptoethanol, boiled 5 min,
and analyzed by SDS-polyacrylamide gel electrophoresis. Separated
proteins were transferred to a nitrocellulose membrane, probed with
polyclonal anti-IFN-y antibody, and developed chromogenically. For
ELISA analysis, a commercial sandwich ELISA using matched
monoclonal anti-IFN-y antibodies was performed according to the
manufacturer’s instructions (BD Biosciences, San Jose, CA).

Peptide Translocation Assays. Cultured T84 cells were seeded
on rat tail collagen-coated polycarbonate Transwell permeable sup-
ports (5-pm pore size, 6.5 mm in diameter; Corning Life Sciences,
Acton, MA) at 5 X 10* cells/well, and the media were exchanged
every other day for 2 weeks while the cells grew to confluence and
formed tight junctions. After this maturation period, cell monolayers
were preincubated for 48 h with media alone or with basolateral
media containing either activated T-cell media at varied dilutions or
purified recombinant cytokines at varied concentrations. After pre-
incubation, the translocation assay was performed by replacing me-
dia in both the apical and basolateral chambers and by adding 2 pM
each of dextran (3000 mol. wt.)-Alexa Fluor-488, dextran (70,000
mol. wt.)-Texas Red, and Cy5-labeled gluten peptide to the apical
chamber. Samples of the apical and basolateral media were taken at
the 0-h time point, and basolateral samples were taken every hour
over a 4-h experiment. Fluorescence in collected samples was mea-
sured in 96-well format on a FlexStation II 384 (Molecular Devices,
Sunnyvale, CA), monitoring three channels (excitation, 490 nm and
emission, 525 nm for Alexa Fluor-488; excitation, 585 nm and emis-
sion, 620 nm for Texas Red; and excitation, 640 nm and emission 675
nm, for Cy5). The slope of basolateral fluorescence units versus time
(from 1 to 4 h) was calibrated to the initial apical fluorescence and
divided by the permeable support area (0.33 cm?) to yield the trans-
epithelial flux (picomoles per square centimeter per hour). Values
are reported as mean * S.D. In experiments where the variable
changed did not alter the flux of labeled dextrans (e.g., when alter-
native Cyb5-labeled peptides were added), the transepithelial Cy5-
peptide flux was normalized to the transepithelial dextran (3000
mol. wt.)-Alexa Fluor-488 flux.

In blocking antibody experiments, antibodies against IFN-y or
against its cell membrane-bound receptor were added during the
48-h preincubation. Anti-IFN-y at varied concentrations was
added to activated T-cell media 30 min before basolateral prein-
cubation of the activated T-cell media with T84 monolayers. Anti-
IFN-yR1 at varied concentrations was added to the basolateral
side of T84 monolayers 30 min before basolateral addition of
activated T-cell media.

In temperature drop experiments, Transwell supports were trans-
ferred to 4°C during the last hour of the 48-h preincubation and for
the duration of the translocation assay. In inhibition and competition
experiments, varied concentrations of inhibitors or unlabeled peptide
were added with fluorescently labeled peptide to the apical chamber
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at the start of the translocation assay. For experiments using inhib-
itors of caveolae-mediated endocytosis (MBCD, nystatin, and choles-
terol oxidase), wells were rinsed after cytokine preincubation with
serum-free T84 media (1:1, Dulbecco’s modified Eagle’s medium/
Ham’s F-12 media supplemented with antibiotics), and serum-free
T84 media were used during the translocation assay.

To determine the extent to which peptide translocation flux could
be saturated, T84 monolayers were preincubated with 600 U/ml
IFN-v, and varied concentrations (up to 200 n.M) of Cy5-33-mer were
added to the apical chamber at the start of the translocation assay.

Chromatographic and Mass Spectrometric Analysis of
Translocated Gluten Peptides. Transwell supports bearing T84
monolayers were preincubated with media alone or with 600 U/ml
IFN-y in the basolateral chamber for 48 h. Peptide translocation
assays were performed as described, except serum-free T84 media
were used, fluorescent dextran markers were added alone or with 20
pM Cy5-PEG3-33-mer gluten peptide to the apical chamber, and
additional samples were taken from the apical and basolateral cham-
bers at 0 and 10 h for LC-MS analysis. Samples (50 pl) were injected
on a C18 RP-HPLC system (Waters, Milford, MA) coupled to a
UV-visible detector and a ZQ single quadrupole mass spectrometer
with an electrospray ionization source. Samples were eluted with a
water/acetonitrile gradient in the presence of 0.1% formic acid. Ab-
sorbance at 640 nm and total ion current were monitored, and
spectra corresponding to Ag,, peaks were examined. Samples were
also analyzed by high-performance size exclusion chromatography
coupled to a fluorescence detector (Shimadzu, Columbia, MD). Phos-
phate-buffered saline, pH 7.4, supplemented with 0.02% (w/v) so-
dium azide was used as the mobile phase, and the detector was set to
monitor excitation at 647 nm and emission at 665 nm.

Analysis of Immunogenicity of Translocated Gluten Pep-
tides. Transwell supports bearing T84 monolayers were preincu-
bated with media alone or with 600 U/ml IFN-y in the basolateral
chamber for 48 h. Peptide translocation assays were performed as
described above, except fluorescent dextran markers were added
alone or with 20 uM Cy5-PEG3-33-mer gluten peptide to the apical
chamber, and the basolateral media were replaced at the start of the
assay with fresh T-cell media rather than T84 media. After 10 h, the
basolateral media were collected and treated with vehicle or with 50
pg/ml TG2 for 2 h at 37°C in the presence of 5 mM CaCl,. Samples
were boiled to quench TG2 activity, diluted 1:2 or 1:10 (v/v) into
96-well flat-bottomed plate wells containing 2.5 X 10° cells/ml DQ2"
9088 APCs in T-cell media and incubated overnight. The next day,
additional T-cell media were added to bring the 9088 cell density to
1.5 X 10° cells/ml, and 125 ul of each APC incubation was trans-
ferred to a 96-well U-bottomed plate. Gluten-specific, DQ2-restricted
T cells were thawed and allowed to recover for 2 h at 1.5 x 108
cells/ml in T-cell media. Addition of 125 pl of T cells to each U-
bottomed well yielded a final composition of 187,500 cells each of
9088 APCs and T cells in a 250-pl volume. Cells were incubated for
48 h, after which they were pelleted via centrifugation, and the
supernatant was collected. The concentration of secreted IFN-y in
the T-cell supernatant was determined by a commercial sandwich
ELISA, as described above.

Statistics. Statistical comparisons were conducted using a two-
tailed Student’s ¢ test assuming unequal variances. A statistical
probability of p < 0.05 was considered significant.

Results

Synthesis of Cy5-Labeled Peptides. To construct a dis-
ease-relevant probe of gluten peptide transepithelial
translocation in vitro, we synthesized the 33-mer and la-
beled its amino terminus with Cy5 fluorescent dye (Fig. 1).
The structure and purity of the Cy5-labeled product was
confirmed for the 33-mer and for all other peptides used in
this study by LC-MS (Supplemental Fig. 1). To prevent
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33-mer Frag1
(product of EP-B2 cleavage)

(Bethune, 20086)

33-mer Frag2
(product of EP-B2 cleavage)

(Bethune, 2006)

33-mer Frag3
(product of EP-B2 cleavage)

(Bethune, 2006)

26-mer (y5 gliadin) (Shan, 2005)
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(Sturgess, 1994)

macrophage-stimulating
gliadin peptide

(Tuckova, 2002)

deamidated 33-mer (Shan, 2002)

myoglobin peptide (Piper, 2004)

Fig. 1. Panel of synthetic gluten peptides labeled with Cy5 fluorescent dye. Structures are shown for the dye and PEG linker (where present).
Sequences, common literature identifiers, and references containing original identification are provided for each peptide. In peptide I (Cy5-PEG3—-
33-mer), the 33-mer is linked via an amide bond to a PEG3 linker, which is linked to the dye. All other peptides used are directly linked to the dye

via an amide bond.

possible interference by the dye with 33-mer-DQ2 binding
in later experiments, a PEG3 linker was inserted between
Cy5 and the 33-mer amino terminus. The addition of this
linker did not affect the peptide’s transepithelial flux (Sup-
plemental Fig. 2).

Permeabilizing Activity of Activated T-Cell Media on
T84 Epithelial Monolayers. To identify effectors of in-
creased epithelial permeability produced by the celiac pa-
tient GALT, T cells cultured from celiac patient intestinal
biopsies were activated with partially digested, TG2-treated



gluten, the activated T-cell media were preincubated for 48 h
on the basolateral side of T84 epithelial cells cultured on
Transwell supports, and the apical-to-basolateral flux of Cy5-
PEG3-33-mer was measured thereafter (Fig. 2A). In agree-
ment with observations in Caco-2 cells (Schumann et al.,
2008), the 33-mer was translocated across the T84 epithe-
lium in wells lacking activated T-cell media. Activated T-cell
media increased the flux of Cy5-PEG3—-33-mer across the T84
monolayer by 10- to 20-fold over this basal rate in a dose-
dependent manner that could be saturated (Fig. 2B). Similar
results were obtained using an alternative DQ2-homozygous
APCs (VAVY) and with a second T-cell line isolated from a
different celiac sprue patient (P34 TCL1; data not shown). No
effect on epithelial permeability was observed at any dose
with T-cell media from T cells presented with either no an-
tigen (data not shown) or with the control protein BSA (Sup-
plemental Fig. 2). The effect of activated T-cell media was
size-selective, because the transepithelial flux of a compara-
bly sized dextran marker (3000 mol. wt.) was similarly in-
creased by activated T-cell media (Fig. 2C), whereas that of a
much larger dextran marker (70,000 mol. wt.) was not
(Fig. 2D).

Identity of the Effector of Increased Epithelial Per-
meability in Activated T-Cell Media. For several reasons,
IFN-y was targeted as a likely effector of epithelial perme-
ability in activated T-cell media. First, this proinflammatory
cytokine is up-regulated conspicuously in active celiac lesions
(Nilsen et al., 1998) and in other inflammatory bowel dis-
eases in which the epithelial barrier is disrupted (Clayburgh
et al., 2004). Second, IFN-vy is known to increase both the
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paracellular and transcellular permeability of cultured epi-
thelial monolayers in vitro (Madara and Stafford, 1989; Ter-
pend et al., 1998), reminiscent of the dual increase of para-
cellular and transcellular permeability exhibited by the
active celiac patient gut (Zimmer et al., 1995; Duerksen et al.,
2005). Finally, activated T-cell media did not have a signifi-
cant effect on Cy5-PEG3-33-mer and dextran (3000 mol. wt.)
flux until 48 h of preincubation (data not shown), the same
preincubation period required for IFN-y to permeabilize T84
monolayers toward a comparably sized fluorescent dextran
marker (Bruewer et al., 2003).

Consistent with previous results (Nilsen et al., 1995; Tron-
cone et al., 1998), IFN-y was detected in media from gluten-
stimulated celiac patient-derived T cells but not from those
stimulated with no antigen or with BSA (Supplemental Fig.
3). The expected molecular weight for monomeric, glycosy-
lated IFN-y was confirmed by Western blotting, and the
concentration of IFN-y was measured by ELISA to range
from 1500 to 10,000 U/ml in various activated T-cell media
preparations.

To determine whether IFN-y contributes to the permeabi-
lizing activity of activated T-cell media, blocking antibodies
against either IFN-y or its receptor IFN-yR1 were added
during the preincubation of T84 monolayers with activated
T-cell media. Blocking either IFN-y or its receptor sup-
pressed the permeabilizing activity of activated T-cell media
in a dose-dependent manner (Fig. 3). At higher antibody
concentrations (=15 pg/ml anti-IFN-y or =2 pg/ml anti-IFN-
vR1), activated T-cell media had no significant effect on
transepithelial Cy5-PEG3-33-mer flux.

Fluorescent dextrans
+Cy5-PEGI-33-mer

Sample basolateral chamber over
time and measure fluorescence in
96-well format 1o determine flux

48 h —_—

Tranglocation assay

=)
w
1

dextran (70,000 MW)-Texas Red 585 flux (pmolcmih

T T T T T
010 015 020 025 010

T call media dilution (W)

T cell media dilution {wv)

T T T T T
015 020 010 015 020

T cell media dilution {wiv)

Fig. 2. Activated T-cell media enhances the apical-to-basolateral transepithelial flux of Cy5-PEG3-33-mer gluten peptide across a cultured T84
monolayer. A, experimental plan. Gluten was digested to peptide fragments and deamidated by treatment with transglutaminase 2. Deamidated
gluten fragments were incubated overnight with DQ2" antigen-presenting cells (9088), after which gluten-specific, DQ2-restricted T cells from celiac
patient intestinal biopsies (P28 TCL1) were added. After 48 h, APCs and T cells were pelleted via centrifugation, and the supernatant was collected.
This activated T-cell media were added at varied dilutions to the basolateral chamber of Transwell supports bearing cultured T84 epithelial cells. After
48 h of preincubation, the media in both the apical and basolateral chambers was replaced, and fluorescently labeled markers (3000 and 70,000 mol.
wt. dextrans and gluten peptide, 33-mer) were added to the apical chamber at 2 pM each. Fluorescence in basolateral samples was measured over time
to determine the apical-to-basolateral flux of each marker. Fluxes for Cy5-PEG3-33-mer (B), dextran (3000 mol. wt.)-Alexa Fluor-488 (C), and dextran
(70,000 mol. wt.)-Texas Red 595 (D) are plotted against the dilution (v/v) of activated T-cell media used during preincubation. Mean *= S.D.s for
triplicate wells are shown. Data are representative of more than three independent experiments.



662

Bethune et al.

%

Cy5-PEG3-33-mer flux (pmol/cm?/h)
P

1o Fig. 3. The ability of activated T-cell media to enhance
0.5 1 permeability is inhibited by blocking antibodies directed
i against either IFN-y or IFN-yR1. Transwell supports bear-
0.0 ' ' ' ' ing T84 epithelial cells were preincubated with 1:100 (v/v)
anti-IFN-y (ug/mL) 0 0 5 15 25 basolateral activated T-cell media supplemented with var-
T cell media dilution (viv) 0 1:100 1:100 1:100 1:100 ied concentrations of either anti-IFN-y blocking antibody
(A) or anti-IFN-yR1 blocking antibody (B). The transloca-
B = 3857 tion assay was performed as described in Fig. 2 to deter-
= o mine the apical-to-basolateral flux of Cy5-PEG3-33-mer (2
S 307 M initial apical concentration). Mean + S.D.s for tripli-
2 cate wells are shown. Data are representative of more than
& 257 " three independent experiments. Statistical comparisons
é 20 were performed with respect to the control lacking acti-
5 vated T-cell media. #, p < 0.05; #*, p < 0.01.
§ 15 7
§ 1.0
[T}
% o054
%)
0.0 T T T T
anti-IFN-yR1 (ug/mL) 0 0 0.5 2 ]
T cell media dilution (v/v) 0 1:100 1:100 1:100 1:100

To determine whether IFN-vy is sufficient to induce in-
creased gluten peptide transepithelial flux, recombinant
IFN-y was added during preincubation in lieu of activated
T-cell media. Recombinant IFN-vy increased Cy5-PEG3-33-
mer transepithelial flux in a dose-dependent, saturable man-
ner (Fig. 4A). The EC;, value (50.0 £ 22.6 png/ml) and peptide
flux at saturation (5.5 *= 0.7 pmol/cm?h) for recombinant
IFN-y were similar to the EC,, value (70.0 = 9.8 pg/ml;
based on measured IFN-y content) and peptide flux at satu-
ration (3.9 = 0.1 pmol/cm?h) for activated T-cell media.
Saturating concentrations of recombinant IFN-y supple-
mented with activated T-cell media during preincubation

had no further effect on permeability relative to IFN-vy alone
(Fig. 4B).

Tumor necrosis factor-a, another proinflammatory cyto-
kine released by celiac patient T cells upon stimulation with
gluten (Nilsen et al., 1995, 1998), has been shown to increase
T84 epithelial permeability in concert with IFN-y (Bruewer
et al.,, 2003). Recombinant TNF-a (200 U/ml) was tested
alone or together with IFN-y (100 U/ml) for an effect on
gluten peptide flux in the T84 translocation assay. Consis-
tent with previous results (Bruewer et al., 2003), TNF-a had
no significant effect on its own (1.6 = 0.6-fold change over
control). The addition of TNF-a seemed to slightly potentiate
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Fig. 4. Interferon-v is the primary effector of transepithelial gluten translocation in activated T-cell media. Transwell supports bearing T84 epithelial
cells were preincubated with varied concentrations of purified recombinant IFN-y for 48 h (A) or with a saturating concentration (300 U/ml) of purified
recombinant IFN-y supplemented with 1:100 (v/v) activated T-cell media (B). After preincubation, a translocation assay was performed as described
in Fig. 2 to determine the apical-to-basolateral flux of Cy5-PEG3-33-mer (2 pM initial apical concentration). Mean * S.D.s for triplicate wells are
shown. Data are representative of more than three independent experiments. Statistical comparisons were performed with respect to the control
lacking IFN-vy or activated T-cell media. *, p < 0.05.



the effect of IFN-y (13.3 + 2.4-fold change over control versus
10.6 £ 2.1-fold change over control for IFN-y alone), but this
increase was not statistically significant and was not repro-
ducibly observed.

In contrast to our observations with T84 monolayers, no
effect of IFN-y was observed on epithelial permeability when
the C2BBE1 clone of Caco-2 was tested (data not shown). A
modest effect of [IFN-y on Caco-2 cell permeability has been
reported by other investigators (Schumann et al., 2008). In
immunofluorescence assays, we detected markedly higher
levels of IFN-yR1 expression on T84 monolayers than on
C2BBE1 monolayers (Supplemental Fig. 4). Because the bi-
ological activity of IFN-y in a given cell line correlates with
that cell line’s level of IFN-y receptor expression (Ucer et al.,
1985), this may explain the greater sensitivity of T84 mono-
layers to IFN-vy in our experiments.

Stability and Immunogenicity of Transported Glu-
ten Peptides. The apical and basolateral media were col-
lected after peptide translocation assays and analyzed via
LC-MS to evaluate the stability of Cy5-PEG3—-33-mer. Intact
Cy5-PEG3-33-mer eluted at 9 to 10 min as a single peak (Fig.
5A), whereas serum-free media contained no peaks absorbing
at 640 nm (Fig. 5D). After 10 h of apical incubation with T84
cells preincubated with media alone or with saturating
IFN-v, 96 and 80% of the added Cy5-PEG3-33-mer remained
intact, respectively (Fig. 5, B and C). The lower amount of
intact Cy5-PEG3-33-mer remaining in the apical chamber of
IFN-y-preincubated cells was because of increased apical-to-
basolateral translocation as well as increased N-terminal
processing of the peptide, resulting in a larger peak for Cy5-
PEG3-LQ at 8 min. No other breakdown products were ob-
served by mass spectrometry. Intact peptide was detected in
the basolateral chambers of both media-preincubated and
IFN-y-preincubated T84 cells (Fig. 5, E and F), a result
confirmed by high-performance size exclusion chromatogra-
phy with fluorescence detection (data not shown). Respec-

0 U/mL IFN-y preincubation
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tively, 0.15 and 2.1% of the initial 20 uM apical peptide were
observed intact on the basolateral side, corresponding to 31
and 430 nM basolateral concentration of intact peptide. This
area under the curve calculation agreed closely with the
respective concentrations of 43 and 570 nM Cy5-PEG3-33-
mer calculated by measurement of basolateral fluorescence.

Because nanomolar concentrations of the 33-mer peptide
are sufficient to stimulate proliferation of celiac patient-de-
rived T cells in culture (Shan et al., 2002; Qiao et al., 2004),
translocation assays were coupled to T-cell IFN-y secretion
assays to determine whether translocated Cy5-PEG3-33-
mer retained immunogenicity. Media-preincubated and IFN-
vy-preincubated T84 monolayers were incubated with apical
Cy5-PEG3-33-mer for 10 h, and then the basolateral media
were collected, treated with vehicle or TG2, and incubated
with celiac patient-derived, gluten-specific T cells in the pres-
ence of DQ2™ APCs. After 48 h of stimulation, the concen-
tration of IFN-y in the media was measured by ELISA (Fig.
6A). In all cases, basolateral media from wells receiving
apical Cyb5-PEG3-33-mer stimulated significantly more
IFN-vy release than did similarly processed basolateral media
from wells receiving no peptide (Fig. 6, B and C). This stim-
ulation was dose-dependent and was augmented up to 20.6-
fold by treatment of the basolateral media with TG2. It is
noteworthy that TG2-treated basolateral media from wells
receiving no IFN-y pretreatment contained sufficient intact
Cy5-PEG3—-33-mer to stimulate secretion of >300 U/ml
IFN-y (Fig. 6B), a concentration capable of permeabilizing
epithelia toward further gluten peptide translocation (Fig.
4A). Basolateral media from wells preincubated with IFN-y
stimulated up to 26.4-fold higher levels of IFN-y secretion
(Fig. 6C), consistent with similar differences in Cy5-PEG3—
33-mer flux between T84 monolayers preincubated with me-
dia alone and those preincubated with IFN-y-containing ac-
tivated T-cell media (Fig. 2B).
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Fig. 5. Gluten peptides are translocated intact across a cultured epithelial monolayer under normal and inflammatory conditions. Transwell supports
bearing T84 epithelial cells were preincubated with media alone or with 600 U/ml IFN-y in the basolateral chamber for 48 h. Peptide translocation
assays were performed as described in Fig. 2, except with serum-free media and with an initial apical concentration of 20 uM Cy5-PEG3-33-mer.
Samples were taken from the apical and basolateral chambers at 0 and 10 h for LC-MS analysis. Absorbance at 640 nm was monitored, and the mass
spectra corresponding to Ag,, peaks were examined to confirm peptide identity. The peak eluting at a retention time of 9 to 10 min is intact
Cy5-PEG3-33-mer. The peak eluting at a retention time of 8 min is Cy5-PEG3-LQ, signifying limited processing of the N terminus by T84 cells. A,
apical media at 0 h, containing 20 pM Cy5-PEG3-33-mer. B, apical media after 10-h incubation in wells preincubated with 0 U/ml IFN-y. C, apical
media after 10-h incubation in wells preincubated with 600 U/ml IFN-y. D, basolateral media at 0 h (=serum-free media). E, basolateral media after
10-h incubation in wells preincubated with 0 U/ml IFN-y. F, basolateral media after 10-h incubation in wells preincubated with 600 U/ml IFN-y. Data

are representative of more than three similar experiments.
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48 h. Peptide translocation assays were per-
formed as described in Fig. 2, except with 20
pM Cy5-PEG3-33-mer. Samples were taken
from the basolateral chambers after 10 h and
treated with vehicle or with 50 pg/ml TG2 for
2 h at 37°C in the presence of 5 mM CaCl,.
Samples were boiled to quench TG2 activity,
diluted 1:2 or 1:10 (v/v) into T-cell media
containing DQ2* 9088 APCs, and incubated
overnight. The next day, gluten-specific,
DQ2-restricted T cells were added to peptide-
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Pathway of Gluten Peptide Translocation under
Basal and IFN-y-Permeabilized Conditions. To deter-
mine whether Cy5-PEG3-33-mer translocation is energy-
dependent, T84 monolayers were preincubated at 37°C with
media alone or with 300 U/ml IFN-y and then assayed for
peptide transport at either 37 or 4°C. Basal peptide flux was
unaffected by the temperature drop to 4°C, whereas the
IFN-y-mediated increase in peptide flux seen at 37°C was
reduced to basal levels of transport at 4°C (Fig. 7). A similar
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temperature-dependent decrease was seen for the flux of
dextran (3000 mol. wt.) (data not shown), an established
marker for endocytosis (Ivanov et al., 2004).

Inhibitors of caveolae-mediated endocytosis were shown
previously to reduce translocation of fluorescently labeled
33-mer across Caco-2 monolayers (Schumann et al., 2008). To
determine whether the translocation of Cy5-PEG3-33-mer
across T84 monolayers occurs by receptor-mediated endocy-
tosis, pharmacological inhibition, competition, and peptide

Fig. 7. Reducing the assay temperature to
4°C reverses the permeabilizing effect of
IFN-vy but does not reduce the basal gluten
peptide flux. Transwell supports bearing T84
epithelial cells were preincubated with me-
dia alone or with 300 U/ml IFN-vy in the ba-
solateral chamber for 48 h at 37°C. Peptide
translocation assays were performed as de-
scribed in Fig. 2; however, some wells were
assayed at 4°C rather than 37°C. Mean *
S.D.s for triplicate wells are shown. Data are
representative of three similar experiments.
Statistical comparisons were performed with

IFN=y (W/mL} in preincubation 0 300 0

respect to the controls lacking IFN-y for each
300 assay temperature. *, p < 0.05.

Temperature (°C) during assay veC rCc 49 4°C



titration assays were performed. After IFN-y preincubation,
the caveolae-mediated endocytosis inhibitor MBCD was
added to the translocation assay at varying concentrations in
serum-containing or serum-free media. The flux of Cy5-
PEG3-33-mer was normalized to the flux of dextran (3000
mol. wt.), because MBCD does not affect the flux of the latter
(Izquierdo-Useros et al., 2007). No reduction of Cy5-PEG3—
33-mer flux was observed in wells containing MBCD in se-
rum-free media relative to wells lacking inhibitor or to wells
with inhibitor in serum-containing media (Fig. 8). Additional
caveolae-mediated endocytosis inhibitors nystatin (20 wM)
and cholesterol oxidase (1 U/ml), as well as the clathrin-
mediated endocytosis inhibitor dansylcadaverine (200 M)
(Ivanov, 2008), also failed to inhibit Cy5-PEG3-33-mer
translocation to a significant extent (data not shown). A
100-fold excess of unlabeled PEG3—-33-mer had no effect on
Cy5-PEG3-33-mer flux across T84 monolayers preincubated
with media alone or with IFN-y (Supplemental Fig. 5). Like-
wise, Cy5-33-mer flux across IFN-y-preincubated monolay-
ers increased linearly with initial apical Cy5-33-mer concen-
tration (Supplemental Fig. 6), implying that the peptide
translocation mechanisms operating in T84 cells cannot be
saturated.

Transport of Other Disease-Relevant Gluten Pep-
tides. We recently reported that the oral administration of
the gluten-specific barley endoprotease EP-B2 prevented
clinical relapse in gluten-sensitive rhesus macaques (Be-
thune et al., 2008). Unexpectedly, this clinical protection was
accompanied by a spike in anti-gliadin antibodies. We there-
fore hypothesized that EP-B2 processed gluten into smaller
fragments that penetrated the enterocyte barrier more effi-
ciently than the peptides that accumulate in the absence of
EP-B2. The 33-mer is ideally suited for testing this hypoth-
esis because of its centrality to disease pathogenesis and its
possession of several well defined EP-B2 cleavage sites (Be-
thune et al., 2006). Three fragments of the 33-mer, corre-
sponding to the major products of EP-B2-catalyzed cleavage,
were synthesized and labeled with Cy5 (Fig. 1). The trans-
epithelial flux of these 7- to 9-mer fragments was compared
with that of the full-length peptide in translocation assays,
normalizing to the flux of dextran (3000 mol. wt.) in corre-
sponding wells. The normalized transepithelial flux of each
fragment across IFN-y-preincubated cells was significantly
higher than that of intact Cy5-PEG3-33-mer (Fig. 9B). All
three fragments also exhibited >2-fold higher basal flux than
Cy5-PEG3-33-mer (Fig. 9A), although this difference was
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not statistically significant. The effect of IFN-y on the flux of
the parent peptide and each fragment was comparable (~10-
fold higher than basal flux).

To more extensively examine the dependence of gluten
peptide transepithelial flux on peptide size and sequence, we
synthesized a panel of Cy5-labeled gluten peptides relevant
to the pathogenesis of celiac sprue (Fig. 1) (Sturgess et al.,
1994; Arentz-Hansen et al., 2000; Shan et al., 2002, 2005;
Tuckova et al., 2002). The transepithelial flux of each peptide
was measured across T84 monolayers preincubated with me-
dia alone or with IFN-y, normalized to the corresponding
dextran (3000 mol. wt.) flux, and plotted against labeled
molecular weight. Peptide flux was linearly and inversely
correlated with peptide molecular weight under both basal
(data not shown) and IFN-y-preincubated conditions (Fig.
10). The slope of the flux versus peptide mol. wt. line for
IFN-y-preincubated experiments was 10-fold greater than
that for the basal flux. Normalized fluxes were also plotted
against the calculated log P for each peptide (spanning val-
ues of —6.8 to —4.3), but no correlation was observed (data
not shown). The proline- and glutamine-rich composition of
gluten peptides was not critical for transepithelial transloca-
tion, because a proteolytically resistant fragment of myoglo-
bin (Piper et al., 2004), unrelated in sequence to gluten (Fig.
1), was also translocated intact in an IFN-y-enhanced man-
ner (data not shown).

Finally, the impact of deamidation state, and, more gener-
ally, net charge of the 33-mer on its translocation was deter-
mined by comparing the transepithelial flux of Cy5-PEG3-
33-mer, representing gluten in its native state, to that of
synthetically deamidated 33-mer. The fluxes of native and
deamidated 33-mer were statistically indistinguishable un-
der basal and IFN-y-preincubated conditions (Supplemental
Fig. 7).

Discussion

A better understanding of celiac sprue pathogenesis de-
pends critically upon identifying the mechanisms by which
gluten peptides are translocated across the gut epithelium
and how these mechanisms are modulated in a celiac patient.
Such insight could lead to the identification of new targets for
celiac sprue therapy. Here, we used fluorescently labeled
gluten peptides as disease-relevant probes of peptide trans-
location across T84 monolayers, an established model of the
intestinal epithelium. In doing so, we observed that IFN-y,

Fig. 8. Gluten peptide translocation is
not inhibited by MBCD. Transwell
supports bearing T84 epithelial cells
were preincubated with 300 U/ml
IFN-v in the basolateral compartment
for 48 h. Peptide translocation assays
were performed as described in Fig. 2,
except either serum-free (black bars)
or serum-containing (gray bars) me-
dia were used, and the endocytosis in-
hibitor MBCD was added at varied
concentrations to the apical compart-
ment with 2 pM each of fluorescent
dextrans and Cy5-PEG3-33-mer. The
apical-to-basolateral flux of Cy5-
PEG3-33-mer in each well was nor-
malized to the flux of dextran Alexa
Fluor-488. Mean =+ S.D.s for triplicate
wells are shown.

B Assay in serum-free media

[ Assay in T84 media (5% FBS)

5 mM MBCD
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secreted by gluten-activated celiac patient T cells, is the
primary effector of increased peptide translocation during
active disease.

The designation of IFN-y as the primary effector of epithe-
lial permeability in celiac sprue is based on several observa-
tions. First, IFN-y is the dominant cytokine released from the
GALT underlying epithelial lesions during active celiac sprue
(Nilsen et al., 1998). Second, IFN-y is present in gluten-
stimulated T-cell media, which increases epithelial perme-
ability, but not in BSA-stimulated T-cell media, which does
not increase epithelial permeability (Fig. 2, Supplemental
Figs. 2 and 3) (Nilsen et al., 1995; Troncone et al., 1998).
Third, blocking IFN-y signaling using antibodies directed
against either IFN-v or its receptor abrogates the permeabi-

lizing activity of activated T-cell media completely (Fig. 3).
Finally, purified recombinant IFN-y recapitulates the perme-
abilizing activity of activated T-cell media, and activated
T-cell media has no further effect in the presence of saturat-
ing levels of recombinant IFN-y (Fig. 4). Thus, IFN-y is
temporally and spatially situated to regulate intestinal per-
meability in a disease state-specific manner in vivo, and it is
necessary and sufficient to affect such permeability in vitro.
Further studies investigating the necessity and sufficiency of
IFN-vy to enhance epithelial permeability toward gluten pep-
tides in vivo will be required to determine the relevance of
these in vitro findings to disease pathogenesis.

Interferon-y induces histological changes in celiac intesti-
nal biopsies (Przemioslo et al., 1995). However, the mecha-



nism by which IFN-vy increases gluten peptide translocation
does not seem to be gross disruption of epithelial integrity,
because T84 monolayers exposed to activated T-cell media
selectively permitted translocation of dextran markers simi-
lar in size to peptides (3000 mol. wt.) while preventing pas-
sage of dextran markers the size of large proteins (70,000
mol. wt.) (Fig. 2). Moreover, a panel of gluten peptides span-
ning a more modest size range (1500—4700 mol. wt.) exhib-
ited an inverse correlation between peptide size and trans-
epithelial flux under both basal and IFN-y-preincubated
conditions (Figs. 9 and 10; data not shown). It therefore
seems that IFN-y affects a size-selective increase in gluten
peptide flux across an intact epithelium via paracellular or
transcellular pathways.

The flux of Cy5-PEG3-33-mer in the absence of IFN-y
preincubation was unaffected by temperature depression
(Fig. 7), suggesting that basal gluten peptide translocation is
attributable to the paracellular pathway or to energy-inde-
pendent transcytosis. By contrast, dropping the assay tem-
perature to 4°C reversed the effect of IFN-v, reducing the flux
to basal levels (Fig. 7). Notwithstanding the established role
of IFN-y in augmenting epithelial paracellular permeability
by inducing internalization of epithelial tight junction pro-
teins (Bruewer et al., 2005), this temperature sensitivity
argues that energy-dependent transcytosis, rather than pas-
sive diffusion through permeabilized tight junctions, is the
major pathway by which gluten peptides are translocated
during inflammation. This is consistent with the in vivo
observation of increased gluten peptide uptake in celiac pa-
tients relative to healthy controls (Friis et al., 1992), a dif-
ference that is further augmented in untreated patients
(Zimmer et al., 1995). Indeed, Cy dye-labeled 33-mer uptake
into epithelial cells from celiac patient intestinal biopsies is
elevated ~10-fold relative to healthy controls (Schumann et
al., 2008), quantitatively similar to the ~10-fold increase in
Cy5-PEG3-33-mer flux elicited by IFN-v in our experiments.
In opposition to this interpretation, the fluxes of dextrans
(3000 and 70,000 mol. wt.) and gluten peptides of varying
sizes were inversely related to their molecular weights, a
feature associated with the paracellular pathway rather than
with fluid-phase pinocytosis. Further work will be required
to parse out the relative contributions of these two pathways
to gluten peptide transepithelial translocation.

If transcellular translocation is occurring after IFN-y pre-
incubation in the T84 epithelial cell culture model used
herein, it probably occurs through an energy-dependent, non-
receptor-mediated endocytic pathway. Inhibitors of clathrin-
mediated and caveolae-mediated endocytosis, the two major
receptor-mediated endocytic pathways, did not reduce Cy5-
PEG3-33-mer flux after IFN-y preincubation (Fig. 8; data
not shown). Furthermore, the flux of labeled 33-mer could not
be competed away with unlabeled 33-mer (Supplemental Fig.
5), nor could flux be saturated with increasing initial apical
concentrations of labeled 33-mer (Supplemental Fig. 6), sug-
gesting either that the receptor abundance is far in excess of
those 33-mer concentrations used or that 33-mer uptake
occurs without a receptor through fluid-phase endocytosis.
The similar behavior of Cy-labeled peptides and the macropi-
nocytosis marker dextran (3000 mol. wt.) in our assays, as
well as the colocalization of these after uptake in Caco-2 cells
(Schumann et al., 2008), supports the latter explanation.

In active celiac sprue, receptor-mediated mechanisms may
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additionally contribute to the transcellular translocation of
gluten peptides, as proposed for major histocompatibility
class II molecules and gluten-specific IgA (Zimmer et al.,
1995), as well as for TG2 (Réki et al., 2006). Of these, direct
experimental evidence in support of a role in gluten peptide
transcytosis has only been obtained for gluten-specific secre-
tory IgA (Matysiak-Budnik et al., 2008). However, celiac
sprue can coincide with IgA deficiency (Collin et al., 1992),
and epithelial uptake of gluten peptides is elevated in pa-
tients with normal anti-gliadin IgA levels (Friis et al., 1992).
Together, these data suggest other mechanisms of endocytic
gluten uptake exist, some of which presumably precede in-
flammation and seroconversion against gluten.

Our results, as well as those of others, suggest that gluten
peptides can be translocated intact across epithelial mono-
layers in the absence of inflammation (Fig. 5) (Schumann et
al., 2008). Moreover, the translocated material is recognized
and deamidated by TG2 and is immunogenic toward celiac
patient biopsy-derived intestinal T cells, eliciting IFN-vy se-
cretion at sufficient levels to increase epithelial permeability
toward further gluten peptide translocation (Figs. 4 and 6).
After epithelial exposure to IFN-vy, the flux of immunogenic
material is increased ~10-fold, and transported peptides cor-
respondingly elicit 10-fold higher levels of IFN-y secretion
(Fig. 6). These experiments therefore recapitulate in a cell
culture model the ability of translocated gluten peptides to
both initiate and propagate permeabilization of the gut in the
context of celiac sprue, a vicious cycle in which IFN-vy plays a
central role.

Administration of neutralizing antibodies against IFN-y
may represent a therapeutic avenue for reducing gut perme-
ability as well as inflammation in celiac sprue. A similar
strategy, using anti-TNF-a antibodies to reduce gut inflam-
mation, is used to treat Crohn’s disease (Baert et al., 1999).
Although there is no evidence for the IFN-y gene contribut-
ing to genetic susceptibility for celiac sprue, patients in re-
mission have 7.6-fold higher levels of IFN-y expression than
healthy controls (Wapenaar et al., 2004). This suggests that
chronically up-regulated IFN-y expression, possibly resulting
from low-level exposure to gluten (Pietzak, 2005), may ex-
plain the persistence of tight junction defects (Schulzke et al.,
1998), as well as the elevated epithelial uptake of gluten
(Friis et al., 1992), in patients ostensibly on a gluten-free
diet. Anti-IFN-y therapy may therefore improve epithelial
barrier function in treated as well as active celiac patients.

Finally, because gluten peptides are translocated even in
the absence of IFN-v, anticytokine therapy cannot prevent all
ingested gluten peptides from reaching the GALT. The most
promising therapeutic strategy remains digestion of ingested
gluten upstream of translocation by oral glutenases capable
of destroying pathogenic epitopes (Bethune and Khosla,
2008). However, we recently reported that the administra-
tion of the glutenase EP-B2 to a gluten-sensitive rhesus
macaque was clinically effective but caused a spike in IgG
and IgA antibodies against gluten (Bethune et al., 2008). We
suggested that the incomplete proteolysis of large gluten
peptides may lead to elevated seroconversion against
smaller, more efficiently transported gluten peptides (Be-
thune et al., 2008), an important consideration given the
potential for anti-gliadin IgA to facilitate further gluten
translocation (Matysiak-Budnik et al., 2008). Our present
observation that the flux of EP-B2-generated 33-mer frag-
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ments was greater than that for the intact peptide supports
this hypothesis and suggests that a combination of glute-
nases with complementary specificity may be necessary to
prevent seroconversion against ingested gluten.
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