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Abstract

Gliadin triggers T-cell mediated immunity in celiac disease, and has cytotoxic effects on enterocytes mediated through
obscure mechanisms. In addition, gliadin transport mechanisms, potential cell surface receptors and gliadin-activated
downstream signaling pathways are not completely understood. In order to screen for novel downstream gliadin target
genes we performed a systematic whole genome expression study on intestinal epithelial cells. Undifferentiated Caco-2
cells were exposed to pepsin- and trypsin- digested gliadin (PT-G), a blank pepsin-trypsin control (PT) and to a synthetic
peptide corresponding to gliadin p31-43 peptide for six hours. RNA from four different experiments was used for
hybridization on Agilent one color human whole genome DNA microarray chips. The microarray data were analyzed using
the Bioconductor package LIMMA. Genes with nominal p,0.01 were considered statistically significant. Compared to the
untreated cells 1705, 1755 and 211 probes were affected by PT-G, PT and p31-43 respectively. 46 probes were significantly
different between PT and PT-G treated cells. Among the p31-43 peptide affected probes, 10 and 21 probes were affected by
PT-G and PT respectively. Only PT-G affected genes could be validated by quantitative real-time polymerase chain reaction.
All the genes were, nonetheless, also affected to a comparable level by PT treated negative controls. In conclusion, we could
not replicate previously reported direct effects of gliadin peptides on enterocytes. The results rather suggest that certain
epitopes derived from pepsin and trypsin may also affect epithelial cell gene transcription. Our study suggests novel non-
enzymatic effects of pepsin and trypsin on cells and calls for proper controls in pepsin and trypsin digested gliadin
experiments. It is conceivable that gliadin effects on enterocytes are secondary mediated through oxidative stress, NFkB
activation and IL-15 up-regulation.
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Introduction

Celiac disease (CD) is an autoimmune disorder caused by the

ingestion of gluten present in wheat, barley and rye. It is the

alcohol soluble gliadin fraction in gluten which triggers CD in

genetically susceptible individuals, i.e. who are HLA-DQ2 or –

DQ8 positive [1–3]. The screen detected prevalence of CD is

approximately 1% in Caucasians and so far the only cure is a strict

adherence to gluten-free diet (GFD) [4,5]. The two hallmarks of

CD are villous atrophy and crypt-cell hyperplasia in the small

intestine and individuals suffering from CD display a wide range of

symptoms, where diarrhoea and malabsorption are only a few to

mention [6–8].

The proteolytic cleavage of gliadin by digestive enzymes in the

stomach and intestine produces an array of distinct but

overlapping peptides [9]. Some of these peptides are termed

immunodominant, as they can activate the adaptive immune

system [9]. Pathogenesis in CD is driven by T-cells which

recognize selected immunodominant, deamidated gliadin pep-

tides, such as p57-68, presented by the disease associated HLA-

DQ2 or DQ8 molecules on antigen presenting cells [10–12]. The

T cell activation and mucosal inflammation persists as long as

gluten is present in the lamina propria beneath the epithelial layer.

Thus, the presence of gluten in the mucosa is a prerequisite for the

activation of gluten-reactive T cells and the ensuing inflammation.

Another subset of gliadin-derived peptides is termed cytotoxic and

these peptides activate the innate immune system which precedes

the activation of adaptive immune system in the lamina propria

[9,11,13,14].

The gliadin-derived cytotoxic peptides affect the gut in different

ways. In experiments on cultured epithelial cells, gliadin peptides

have been shown to induce oxidative stress, rearrangement of

actin cytoskeleton and impairment of epithelial tight-junction

assembly [14–17]. Studies by Barone et al. showed that gliadin

peptides interfere with endocytic vesicle maturation and also

promote cell proliferation by prolonging epidermal growth factor

receptor (EGFR) activation [18–20]. Furthermore, some toxic
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gliadin peptides (e.g. p31-43 or p31-49 peptides of gliadin) have

been reported to induce apoptosis in gut epithelial cells [21-23].

These effects are thought to be direct effects of gliadin peptides.

Interestingly, the immunodominant peptides (e.g. p57-68) have

been shown in these studies to be unable to mimic the effects that

the cytotoxic peptides (e.g. p31-43 or p31-49) have on enterocytes.

Gliadin peptides must cross the epithelial barrier and enter the

mucosa to activate T cells. Several mechanisms (paracellular and

transcellular) of gliadin transport across the intestinal epithelial

barrier have been suggested [19,24–27]. In addition, some gliadin

peptides have been shown to bind to the chemokine receptor

CXCR3 on the surface of epithelial cells and induce tight junction

permeability [27]. Enterocyte apoptosis caused by gliadin peptides

is also considered a potential mechanism of gliadin introduction

into the mucosa. The intestinal epithelial barrier is impaired in CD

and as luminal antigens are present in close proximity to

enterocytes, an interaction between the two is feasible. Despite a

multitude of documented effects attributed to cytotoxic gliadin

peptides, the molecular mechanisms through which these effects

are brought about remain obscure. No study has thus far been

undertaken to study the changes in enterocyte gene expression as a

result of their interaction with gliadin peptides. A transcription

profile of epithelial cells exposed to gliadin may not only help us

identify certain receptor-associated signalling pathways but may

also help us understand other gliadin mediated effects. Epithelial

cells form the first line of defence against environmental antigens.

Thus, understanding the exact mechanism by which gliadin

peptides affect enterocytes is crucial to our understanding of early

stages in CD onset and to the discovery of novel biomarkers for

improved diagnostics and therapy targets of CD.

In this study, we sought to answer whether gliadin peptides have

any direct effect on intestinal epithelial cell gene transcription, also

suggestive of potential cell surface receptor-dependent signalling

pathways. To answer these questions we exposed Caco-2 cells to

pepsin- and trypsin-digested gliadin (PT-G) and the cytotoxic p31-

43 peptide of gliadin for six hours. We used human whole genome

microarray chips to obtain a list of differentially expressed genes

after gliadin exposure.

Materials and Methods

Caco-2 Cell Cultures and Stimulations
Caco-2 cells (American Cell Type Collection, HTB-37, Rock-

ville, MD, USA) were kindly provided by Prof. M. Mäki

(University of Tampere, Tampere, Finland). Cells were main-

tained in minimum essential medium (MEM, 31095-029 GIBCO)

supplemented with 1X sodium pyruvate (NaPy 100X, 11360-039

GIBCO), 1% Pen-Strep (Pen-Strep, 15070-063 GIBCO), 1X non-

essential amino acids (NEAA 100X, 11140-035 GIBCO) and 10%

fetal calf serum (FCS, C-37350 PROMOCELL) in 75 cm2 flasks

(353136 BD Biosciences) and were routinely split every 5 days. For

stimulations, 36105 cells were seeded in 25 cm2 flasks (156367,

nunc) in 3 ml MEM+1% FCS and incubated at 37uC with 5%

CO2 in the air. On the third day of seeding, the undifferentiated

Caco-2 cells were washed once with 1X phosphate-buffered saline

(PBS). Bovine serum albumin (BSA) was obtained from Sigma

Aldrich (Albumin, bovine fraction V powder, A8806-1G Sigma

Aldrich) and contained endotoxin at #0.1 ng/mg. Lactalbumin

was also obtained from Sigma Aldrich (Alpha-lactalbumin from

bovine milk, 61289-50MG Sigma Aldrich), however information

on endotoxin level in lactalbumin was not available. Pepsin- and

trypsin- digested BSA (PT-BSA), pepsin- and trypsin- digested

lactalbumin (PT-L), a blank pepsin- and trypsin- control (PT),

where no substrate was used for digestion, and PT-G were

prepared as described earlier [28]. The pepsin and trypsin

enzymes were inactivated by heating after substrate digestion

and the inactivation was verified with enzyme activity assay using

fluorogenic trypsin substrate Z-Arg-AMC (data not shown). An

endotoxin test was performed on PT-G and PT-BSA using a

Limulus Amebocyte Lysate (LAL), Pyrogent plus single test kit (cat

no. N289-06, CAMBREX). No endotoxin was found in PT-G, but

PT-BSA tested positive for endotoxin. Lyophilised PT, PT-BSA,

PT-L and PT-G were dissolved in MEM+1% FCS and filter

sterilised by passing through 0.22 mm pore filter (SLGS033SS,

Millipore). Similarly the synthetic peptides p31-43

(LGQQQPFPPQQPY) and the immunogenic peptide p57-68

(QLQPFPQPQLPY) (New England Peptide LLC, USA) were

dissolved in MEM+1% FCS to achieve a final concentration of

150 mg/ml. PT, PT-BSA and PT-L were used as negative controls

for PT-G treatment. The immunogenic p57-68 peptide served as a

negative control for the p31-43 treatment as it has previously been

shown not to have any effect on epithelial cells [11,19,20,29]. The

cells were stimulated for six hours with a particular stimulant

dissolved in 2 ml MEM+1% FCS. The control cells (MED-CTL)

were kept in MEM+1% FCS for six hours. In total, four identical

but independent experiments were performed with cells differing

in 1–2 passages between each experiment.

Cell Collection and RNA Extraction
The cells were collected by adding 1 ml 1X trypsin-EDTA

(Trypsin 10X, 15400-054 Invitrogen) to the flasks followed by 4–

5 min incubation at 37uC. Trypsin was inhibited by adding 1 ml

MEM+10% FCS and the cells were collected by centrifugation at

9.6006g for 5 min. The pellet was washed with 500 ml 1X PBS

and RNA was extracted using RNeasy Plus Mini kit (74134,

QIAGEN).

Microarray Data Production and Analysis
RNA from PT-treated, PT-G-treated, MED-CTL and p31-43

stimulated cells was used for hybridisation on Agilent one colour

human whole genome DNA microarray chips (4644K) (Agilent

Technologies, Santa Clara, CA). RNA quality for these samples

was assessed by bioanalyzer (2100 Bioanalyzer, Agilent) and

600 ng of RNA was used for cDNA synthesis. The cDNA synthesis

and array hybridisations were carried out at Biomedicum

Genomics Support, Helsinki, Finland. Microarray raw data (.gpr

files) were imported into R v. 2.15 [30] and analyzed with the

BioConductor [31] package limma [32]. Briefly, after quality

check, the microarray probes were filtered and re-annotated

according to Gertz et al. [33] and their median foreground

intensity was normalized with the quantiles method without

applying any background correction, as previously suggested [34].

Finally, the probes were tested for differential expression using a

linear model followed by moderated t-test [32] for the compar-

isons of interest. Genes with nominal p,0.01 were considered to

be differentially expressed and further considered in the analysis.

Correction for multiple testing using Benjamini and Hochberg

method [35] resulted in only few statistically significant genes

(Figure 1) and therefore the study was mainly based on the

uncorrected gene lists. The microarray data has been submitted to

Gene Expression Omnibus (accession number: GSE45357).

Quantitative Real-time Polymerase Chain Reaction (qRT-
PCR)
Microarray results were validated by qRT-PCR and five genes

which were not affected by PT treatment were selected (Table 1).

The genes with high expression level ($ log2 9.0) and with a fold-

Gliadin Effects on Enterocyte Gene Transcription
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change (FC) $1.4 in either direction (up-regulation or down-

regulation) were prioritized (tables S1, S2, S3, S4). However,

RELA gene (FC=1.31) was an obvious exception to this rule and

was included for validation by qRT-PCR because of its

involvement in the nuclear factor kappa B (NFkB) pathway. The

NFkB pathway has been shown to be activated in small-intestinal

mucosa of CD patients. [36] Primers for the selected genes were

designed using the primer designing software Primer express

(Applied Biosystems) (Table 1). 300 ng of RNA was used to

synthesise cDNA using TaqMan Reverse Transcription Reagents

(N808-0234, Applied Biosystems) as recommended by the vendor.

Microarray results for selected genes were verified using Power

SYBR Green PCR Master Mix (4367659, Applied Biosystems, 1X

SybrGreen PCR mix, 0.6 mM forward and reverse primer each)

on 7500 Fast Real-Time PCR System (Applied Biosystems). The

gene expression levels were normalised against beta-2 microglobulin

(B2M) gene expression.

Results

Differentially Expressed Probes in Caco-2 Cells after
Stimulation with PT-G and the p31-43 Peptide
Many of the differentially expressed genes are represented by

multiple probes on the Agilent microarrays utilized in this study,

hence the term probes, instead of genes, is used. The expression of

1705 probes was affected by PT-G treatment compared to the

Figure 1. Venn diagrams showing the number of probes differentially expressed in response to pepsin- and trypsin-digested
gliadin (PT-G) (Figure 1a) compared to medium control (MED-CTL) and the blank pepsin- and trypsin (PT) control. The probes that
were affected by PT treatment compared to MED-CTL are also displayed. Figure 1b shows the probes affected by PT, PT-G and p31-43 peptide
compared to MED-CTL. The numbers in parenthesis represent the number of probes obtained after multiple testing correction as described in
materials and methods.
doi:10.1371/journal.pone.0066307.g001
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untreated cells (MED-CTL) that were kept in medium for the

duration of the stimulation (Figure 1a). However, 1755 probes

were also affected by PT-only treatment. In a comparison between

PT-G treated cells and PT treated cells, 46 probes were found to

be differentially expressed. In cells which were exposed to the

cytotoxic p31-43 peptide, 211 probes were differentially expressed

compared to the untreated cells (Figure 1b). Of these, 21 probes

were also affected by the blank PT treatment and ten probes were

affected by PT-G treatment and 46 probes were affected by PT,

PT-G and p31-43 treatments compared to MED-CTL. All the

probes, along with their expression data, affected by PT, PT-G or

p31-43 are listed in tables S1, S2, S3, S4.

Validation of Differentially Expressed Genes by qRT-PCR
Five genes were selected for validation using criteria described

in materials and methods. Fold change (FC) values greater than

one indicate up-regulation and those less than one indicate down-

regulation. Kruppel-like factor 4 (KLF4) (FC PT-G vs. MED-CTL:

2.0), sprouty-related, EVH1 domain containing 1 (SPRED1) (FC PT-G

vs. MED-CTL: 1.66) and CCAAT/enhancer binding protein alpha

(CEBPa) (FC PT-G vs. MED-CTL: 0.71) were affected by PT-G

treatment, whereas mitochondrial nucleoid factor 1 (MNF1) (FC p31-43

vs. MED-CTL: 1.91) and v-rel reticuloendotheliosis viral oncogene homolog

A (RELA) (FC p31-43 vs. MED-CTL: 1.31) were affected by

treatment with the gliadin p31-43 peptide. The qRT-PCR results

are shown in Table 2. The average expression of the PT-G

affected genes in the qRT-PCR assay was similar to that of

microarrays, thus validating the results. However, similar expres-

sion values were also obtained for PT, PT-BSA and PT-L treated

cells, which were used as negative controls for PT-G treatment.

The microarray results of the p31-43 treatment could not be

validated by qRT-PCR. The average expression of MNF1 and

REL-A in p31-43 cells was comparable to that of untreated (MED-

CTL) and p57-68 peptide treated cells.

Comparison of Microarray Results with Previous Studies
Several differentially expressed genes in our study were also

reported in previously published expression studies performed

either on biopsy specimens or enterocytes isolated from biopsies

[37-39]. These genes together with their expression values are

tabulated in Table 3. 13 out of 19 genes were affected by PT

treatment, five genes (CD59 antigen, CD59; Ephrin B2, EFNB2;

Myosin VI, MYO6; ETS-domain protein, ELK4; Prion protein, PRNP)

were affected by PT-G only, whereas only one gene (RNA-binding

protein, RALY) was affected by p31-43 treatment. RALY, EFNB2,

MYO6 and ELK4 were up-regulated to a similar degree in our

microarray experiment and another previously reported study,

whereas CD59 and PRNP were up-regulated in our study but were

shown to be down-regulated previously.

Discussion

In the current study, the microarray data suggested multiple

effects of PT-G on Caco-2 cell gene transcription. However, an

effect similar in size was also evident by PT treatment. Our data

also suggest that genes which seemed unaffected by PT in the

microarray are in fact affected by negative controls, PT-BSA, PT-

L and PT, in qRT-PCR. This study was unable to identify genes in

epithelial cells which are affected by gliadin. Potential explanations

for this outcome may be that the effects exerted by gliadin on

epithelial cells are secondary effects, the presence of other cells of

the immune system is required for gliadin induced activation of

enterocytes, the gliadin effects are so small that very sensitive

methods are required to detect them or six hours stimulation time

was not optimal.

Nevertheless, multiple effects of gliadin on enterocytes have

been shown. Previously, Giovannini et al., showed that gliadin

peptides induce enterocyte apoptosis via Fas-Fas ligand (FasL)

pathway [21,40]. The authors reported that after PT-G exposure,

the cells increased their mRNA expression of Fas and FasL by

450% and 170% respectively compared to the controls. This

increase in Fas/FasL transcription was observed at 6 h, 18 h and

24 h after PT-G exposure. However, neither Fas nor FasL

transcription was affected in our experiment after 6 h, but in cells

treated with PT, the expression of a Fas-activated serine/threonine

kinase (FASTK) was marginally repressed. FASTK is rapidly

activated during Fas-mediated apoptosis [41]. Furthermore, FAST

kinase domains 2 (FASTKD2) gene, which is believed to be a pro-

apoptotic gene [42], was down-regulated by both PT and PT-G

treatments. PT treatment also repressed the expression of caspase 8

(CASP8) whose product has been implicated in PT-G mediated

apoptosis in enterocytes [21]. This may suggest that PT/PT-G

inhibits apoptosis in Caco-2 cells. Nonetheless, several other

apoptosis-related genes were affected by both PT and PT-G

treatments (tables S1, S3 and S4). Thus the effect of PT/PT-G on

Caco-2 cells with regard to apoptosis is not clear. Difference in our

results and those of Giovannini et al. may depend on different cell

culturing conditions.

On the contrary, studies on biopsy specimens from treated/

untreated CD patients demonstrate that exposure to interleukin

(IL)-15 induces enterocyte expression of transferrin receptor

(TFR), proliferation marker Ki67 and FAS in treated CD and

also apoptosis in untreated CD biopsy specimens [43]. Further-

more, lamina propria mononuclear cells (LMNPs) in biopsy

specimens of treated CD patients become IL-15 positive after PT-

Table 1. Primers used for qRT-PCR.

Gene Forward (59-39) Reverse (59-39)

CEBPa GACCCTCAGCCTTGTTTGTACTG CTGATCGTGCTTCGTGTTCCT

KLF4 ACCAGGCACTACCGTAAACACA GCTCGGTCGCATTTTTGG

SPRED1 TGAATGCTGCTACAACAGATGATC GAAAGTTAACAGTCTATTCTAGGAAACCAA

MNF1 CACAGACACCTTGGAAGAGCTTAA GGGCAAACTTCTCCTGCAGTT

RELA CAGGCGAGAGGAGCACAGA TGTGTAGCCATTGATCTTGATGGT

B2M GTGCTCGCGCTACTCTCTC GTCAACTTCAATGTCGGAT

CEBPa: CCAAT/enhancer binding protein alpha, KLF4: Kruppel-like factor 4, SPRED1: Sprouty-related, EVH1 domain containing 1, MNF1: Mitochondrial nucleoid factor 1,
REL-A: v-rel reticuloendotheliosis viral oncogene homolog A, B2M: Beta-2 microglobulin.
doi:10.1371/journal.pone.0066307.t001
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G treatment and also induced enterocyte apoptosis in a Fas-FasL

dependent manner [23,43]. Similar results have been reported for

the cytotoxic p31-43 peptide. PT-G and p31-43 peptide were

reported to induce proliferation in epithelial cells which is

dependent on both IL-15 and epidermal growth factor receptor

(EGFR) activity [18,20]. Furthermore, p31-43 induces IL-15

dependent enterocyte apoptosis in biopsy samples obtained from

untreated CD patients [11]. IL-15 has also been shown to induce

enterocyte MICA expression in CD patients [44] and in triggering

anti-apoptotic pathway in human intraepithelial lymphocytes

(IELs) which can kill IECs [12,45]. These studies suggest a central

for IL-15 in CD pathogenesis. Recently, it was reported that in

Caco-2 cells, p31-43-mediated increase in IL-15 mRNA was

detectable only after over-night (ON) treatment [20]. In agree-

ment with this observation, we did not see an enhanced IL-15

transcription after PT, PT-G or p31-43 treatment for six hours.

Gliadin induces oxidative stress in epithelial cells and oxidative

stress is known to activate NFkB transcription factor [14,46–48].

Table 2. Validation of microarray results for selected genes by qRT-PCR.

qRT-PCR Microarray

Gene MED-CTL PT PT-BSA PT-L PT-G p57-68 p31-43 PT-G p31-43

CEBPa 1.01 0.80 0.73 0.66 0.66 0.71

KLF4 1.06 1.71 1.91 1.72 1.78 2.0

SPRED1 1.04 1.48 1.38 1.16 1.50 1.66

MNF1 1.00 0.93 0.84 1.91

RELA 1.05 0.99 1.05 1.31

The qRT-PCR results for CCAAT/enhancer binding protein alpha (CEBPa), Kruppel-like factor 4 (KLF4), SPRED1: Sprouty-related, EVH1 domain containing 1 (SPRED1) are
based on eight independent experiments. The qRT-PCR results for Mitochondrial nucleoid factor 1 (MNF1), REL-A: v-rel reticuloendotheliosis viral oncogene homolog A
(REL-A), are based on five independent experiments. The expression of genes was normalised against Beta-2 microglobulin (B2M) gene The values expressed for
different treatments are the average expression values.
doi:10.1371/journal.pone.0066307.t002

Table 3. Comparison of microarray data with previous studies.

Microarrays Previous studies

PT-G PT p31-43 Juuti-Uusitalo et al. 2004 Diosdado et al. 2008 Bracken et al. 2008 Condition

DLX4 1.60 1.50 1.95 UCD vs. HC

DLX4 1.60 1.50 1.42 UCD vs. TCD

DLX4 1.60 1.50 1.37 TCD vs. HC

JUNB 3.40 2.90 0.75 UCD vs. HC

NAB2 2.00 1.90 0.54 UCD vs. HC

PROCR 1.40 1.43 TCD vs. HC

SLC25A6 1.80 1.70 1.40 UCD vs. HC

SLC25A6 1.80 1.70 1.45 UCD vs. TCD

RALY 1.60 1.43 TCD vs. HC

CD59 1.40 0.66 UCD vs. HC

EFNB2 1.40 1.41 UCD vs. TCD

MYO6 1.27 1.27 TCD vs. HC

HSPA6 2.60 2.90 1.32 MIII-G+/G-a

MSI2 0.75 0.72 0.78 MIII-G+/G-a

POLD3 0.66 0.61 0.63 MIII-G+/G-a

RGS16 2.70 2.57 0.81 MIII-G+/G-a

ELK4 1.37 1.45 Ent. CD vs. Ent. HC

UBE3A 0.82 0.77 Ent. CD vs. Ent. HC

NUDT2 0.72 0.74 2.21 Ent. CD vs. Ent. HC

PRNP 1.31 0.54 Ent. CD vs. Ent. HC

Expression values .1 indicate up-regulation and ,1 indicate down-regulation. Condition refer to the experimental condition used in the original study. UCD: Biopsy
from untreated CD, TCD: Biopsy from treated CD, HC: Biopsy from healthy control, MIII-G+: Biopsy from Marsh-III stage CD patient on gluten containing diet, MIII-G-:
Biopsy from Marsh-III stage CD patient on gluten-free diet, Ent. CD: Epithelial cells isolated form duodenal biopsies of CD patients, Ent. HC: Epithelial cells isolated from
duodenal biopsies of healthy controls.
aIn the original study, the expression values were given for MIII-G2/G+ and comparable values for MIII-G+/G- have been obtained (1/MIII-G2/G+).
doi:10.1371/journal.pone.0066307.t003
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Furthermore, it has been shown that NFkB activation is required

for IL-15 induction in rhinovirus infected macrophages [49,50].

Increased NFkB activity is present in small-intestinal mucosa of

CD patients [36]. It is conceivable that enhanced IL-15

transcription after ON treatment with gliadin peptides is a

secondary effect which operates through gliadin induced oxidative

stress leading to NFkB activation and subsequent IL-15 transcrip-

tion.

Binding to the chemokine receptor CXCR3 by some gliadin

peptides was suggested to induce an increase in intestinal

permeability [27]. Recently, Caputo et al. reported that gliadin

peptides p31-43 and p57-68 induce intracellular calcium ion

mobilization leading to endoplasmic reticulum (ER)-stress [51].

Whether these effects were mediated by binding of gliadin peptides

to a cell surface receptor or by some other mechanism was not

addressed. Other non-receptor mediated effects of gliadin on tight

junction (TJ) protein disassembly have also been reported

[15,16,52]. It is possible that gliadin transported through leaky

TJs does not affect epithelial cells directly but activate cells of the

immune system in the underlying mucosa.

As shown in Table 3, several differentially expressed genes in

our study have previously been reported by others [37–39]. Our

study is not directly comparable to these studies as these studies

were performed either on CD biopsy specimens or on enterocytes

obtained from biopsy specimens. Interestingly, the biopsy speci-

mens or enterocytes used in these studies were not exposed to PT

or PT-G in vitro. Some of the genes reported in these studies are

affected by PT and PT-G to a comparable degree in our study.

This observation suggests that endogenous pepsin and trypsin may

affect enterocytes under physiological conditions and warrants

further investigation. Nonetheless, these studies suggest that small

changes (less than two-fold) in gene expression are likely. Despite

the fact that some genes have comparable expression value in our

study and these studies, these genes must be independently

validated.

Pepsin and trypsin are key digestive enzymes acting in stomach

(pH 1.5–2.0) and duodenum (pH 7.5–8.5), respectively. In addi-

tion to their role in degrading food proteins into peptides, some

other non-digestive functions have also been reported. In a

microarray study on laryngeal and pharyngeal epithelial cells, non-

acidic pepsin (pH=7.0) affected the expression of cancer-related

genes and also promoted their proliferation [53]. Trypsin is an

endogenous activator of protease-activated receptor-2 (PAR2). In

another microarray study, the human embryonic kidney cells

(HEK293) were exposed to trypsin [54]. Several genes involved in

cell cycle regulation, metabolism and mitogen-activated protein

kinase (MAPK) pathway were reported to be affected. Of these,

two pepsin affected genes and 16 trypsin affected genes were also

differentially expressed in our study (data not shown). For all, but

two trypsin-affected genes, these changes were in the same

direction and of comparable magnitude. This observation suggests

that pepsin and trypsin may be enzymatically active in our PT-

preparations. This is, however, unlikely as pepsin and trypsin were

inactivated by heating after substrate digestion. The inactivation of

these proteases was verified with enzyme activity assay using

fluorogenic trypsin substrate Z-Arg-AMC (data not shown).

Nevertheless, it is possible that these are non-enzymatic effects of

pepsin and trypsin and are caused by some epitopes that are

generated or left intact during deactivation process. Thus, assays to

determine the activation potential of such epitopes prior to their

use in experiments may be necessary.

PT is the common denominator between PT and PT-G and a

majority of the affected genes were shared between the two

treatments, but not by p31-43 treatment. The changes observed in

gene transcription cannot be attributed to endotoxin as PT-G

tested negative for endotoxin. PT is unlikely to be endotoxin-

positive as it did not contain any substrate and was prepared at the

same time as PT-G, PT-BSA and PT-L. Another possible reason is

that, perhaps, PT-G does not affect enterocyte gene transcription.

The changes in transcription we observed could be non-specific

generic effects, as they were produced by PT, PT-G, PT-BSA and

PT-L alike. However, this study does not provide conclusive

evidence for that and other studies with a similar design are highly

recommended. Furthermore, mechanisms by which gliadin is

transported across the epithelial layer may also have an impact on

their effect on enterocyte gene transcription. If gliadin peptides are

trapped in endocytic vesicles or complexed with other molecules,

they may be unable to affect gene expression [25,26]. However,

cells may respond to oxidative stress caused by the accumulation of

gliadin peptides in lysosomes [14].

In conclusion, this study does not lend support to previous

studies (performed under similar conditions) which reported direct

effects of gliadin peptides on epithelial cells. We cannot conclude

from our data that gliadin peptides do not effect Caco-2 gene

transcription since it is practically impossible to replicate and verify

by qRT-PCR all genes suggested by the microarray. There may be

other genes with lower fold-changes that are true positive genes.

The provided lists of PT-G and PT-affected gene list may be

helpful in selecting genes for further validation. This study

highlights potentially novel non-enzymatic roles of pepsin and

trypsin and warrants further studies. Nonetheless, this study

outlines the need for proper controls for pepsin and trypsin in

experiments with digested gliadin or other substrates of these

enzymes, similar to the PT-only control used in this study. A PT-

only control will be helpful in identifying false positive results and

in drawing wrong conclusions in any future studies with digested

gliadin.

Supporting Information

Table S1 PTG vs. MED-CTL differentially expressed
probes.

(TXT)

Table S2 p31-43 vs. MED-CTL differentially expressed
probes.

(TXT)

Table S3 PTG vs. PT differentially expressed probes.

(TXT)

Table S4 PT vs. MED-CTL differentially expressed
probes.

(TXT)

Author Contributions

Performed the experiments: AP ED. Analyzed the data: DG MG.

Contributed reagents/materials/analysis tools: JV. Wrote the paper: AP.

Conceived and designed the study: AP ED PS.

References

1. Sollid LM (2002) Coeliac disease: Dissecting a complex inflammatory disorder.

Nat Rev Immunol 2: 647–655.

2. Vader W, Stepniak D, Kooy Y, Mearin L, Thompson A, et al. (2003) The HLA-

DQ2 gene dose effect in celiac disease is directly related to the magnitude and

Gliadin Effects on Enterocyte Gene Transcription

PLOS ONE | www.plosone.org 6 June 2013 | Volume 8 | Issue 6 | e66307



breadth of gluten-specific T cell responses. Proc Natl Acad Sci U S A 100:

12390–12395.
3. McGough N, Cummings JH (2005) Coeliac disease: A diverse clinical syndrome

caused by intolerance of wheat, barley and rye. Proc Nutr Soc 64: 434–450.

4. Mustalahti K, Catassi C, Reunanen A, Fabiani E, Heier M, et al. (2010) The
prevalence of celiac disease in europe: Results of a centralized, international

mas s s c r een ing p ro j e c t . Ann Med 42 : 587–595 . 10 .3109/
07853890.2010.505931.

5. Green PH, Jabri B (2006) Celiac disease. Annu Rev Med 57: 207–221.

6. Lo W, Sano K, Lebwohl B, Diamond B, Green PH (2003) Changing
presentation of adult celiac disease. Dig Dis Sci 48: 395–398.

7. Green PHR, Stavropoulos SN, Panagi SG, Goldstein SL, Mcmahon DJ, et al.
(2001) Characteristics of adult celiac disease in the USA: Results of a national

survey. Am J Gastroenterol 96: 126–131.
8. Tursi A, Giorgetti G, Brandimarte G, Rubino E, Lombardi D, et al. (2001)

Prevalence and clinical presentation of subclinical/silent celiac disease in adults:

An analysis on a 12-year observation. Hepatogastroenterology 48: 462–464.
9. Ciccocioppo R, Di Sabatino A, Corazza GR (2005) The immune recognition of

gluten in coeliac disease. Clin Exp Immunol 140: 408–416.
10. Maiuri L, Picarelli A, Boirivant M, Coletta S, Mazzilli MC, et al. (1996)

Definition of the initial immunologic modifications upon in vitro gliadin

challenge in the small intestine of celiac patients. Gastroenterology 110: 1368–
1378.

11. Maiuri L, Ciacci C, Ricciardelli I, Vacca L, Raia V, et al. (2003) Association
between innate response to gliadin and activation of pathogenic T cells in coeliac

disease. Lancet 362: 30–37.
12. Mazzarella G, Stefanile R, Camarca A, Giliberti P, Cosentini E, et al. (2008)

Gliadin activates HLA class I-restricted CD8+ T cells in celiac disease intestinal

mucosa and induces the enterocyte apoptosis. Gastroenterology 134: 1017–
1027. 10.1053/j.gastro.2008.01.008.

13. Londei M, Ciacci C, Ricciardelli I, Vacca L, Quaratino S, et al. (2005) Gliadin
as a stimulator of innate responses in celiac disease. Mol Immunol 42: 913–918.

14. Luciani A, Villella VR, Vasaturo A, Giardino I, Pettoello Mantovani M, et al.

(2009) Lysosomal accumulation of gliadin p31–43 peptide induces oxidative
stress and tissue transglutaminase mediated PPAR{gamma} downregulation in

intestinal epithelial cells and coeliac mucosa. Gut.
15. Schumann M, Gunzel D, Buergel N, Richter JF, Troeger H, et al. (2012) Cell

polarity-determining proteins par-3 and PP-1 are involved in epithelial tight
junction defects in coeliac disease. Gut 61: 220–228. 10.1136/gutjnl-2011–

300123.

16. Ciccocioppo R, Finamore A, Ara C, Di Sabatino A, Mengheri E, et al. (2006)
Altered expression, localization, and phosphorylation of epithelial junctional

proteins in celiac disease. Am J Clin Pathol 125: 502–511.
17. Reinke Y, Behrendt M, Schmidt S, Zimmer KP, Naim HY (2011) Impairment

of protein trafficking by direct interaction of gliadin peptides with actin. Exp Cell

Res 317: 2124–2135. 10.1016/j.yexcr.2011.05.022.
18. Barone MV, Gimigliano A, Castoria G, Paolella G, Maurano F, et al. (2007)

Growth factor-like activity of gliadin, an alimentary protein: Implications for
coeliac disease. Gut 56: 480–488.

19. Barone MV, Nanayakkara M, Paolella G, Maglio M, Vitale V, et al. (2010)
Gliadin peptide P31–43 localises to endocytic vesicles and interferes with their

maturation. PLoS One 5: e12246. 10.1371/journal.pone.0012246.

20. Barone MV, Zanzi D, Maglio M, Nanayakkara M, Santagata S, et al. (2011)
Gliadin-mediated proliferation and innate immune activation in celiac disease

are due to alterations in vesicular trafficking. PLoS One 6: e17039. 10.1371/
journal.pone.0017039.

21. Giovannini C, Matarrese P, Scazzocchio B, Vari R, D’Archivio M, et al. (2003)

Wheat gliadin induces apoptosis of intestinal cells via an autocrine mechanism
involving fas-fas ligand pathway. FEBS Lett 540: 117–124.

22. Maiuri L, Ciacci C, Raia V, Vacca L, Ricciardelli I, et al. (2001) FAS
engagement drives apoptosis of enterocytes of coeliac patients. Gut 48: 418–424.

23. Ciccocioppo R, Di Sabatino A, Parroni R, Muzi P, D’Alo S, et al. (2001)

Increased enterocyte apoptosis and fas-fas ligand system in celiac disease.
Am J Clin Pathol 115: 494–503.

24. Heyman M, Menard S (2009) Pathways of gliadin transport in celiac disease.
Ann N Y Acad Sci 1165: 274–278.

25. Matysiak-Budnik T, Moura IC, Arcos-Fajardo M, Lebreton C, Menard S, et al.
(2008) Secretory IgA mediates retrotranscytosis of intact gliadin peptides via the

transferrin receptor in celiac disease. J Exp Med 205: 143–154.

26. Schumann M, Richter JF, Wedell I, Moos V, Zimmermann-Kordmann M, et al.
(2008) Mechanisms of epithelial translocation of the alpha(2)-gliadin-33mer in

coeliac sprue. Gut 57: 747–754.
27. Lammers KM, Lu R, Brownley J, Lu B, Gerard C, et al. (2008) Gliadin induces

an increase in intestinal permeability and zonulin release by binding to the

chemokine receptor CXCR3. Gastroenterology 135: 194–204.e3.
28. Lindfors K, Blomqvist T, Juuti-Uusitalo K, Stenman S, Venalainen J, et al.

(2008) Live probiotic bifidobacterium lactis bacteria inhibit the toxic effects
induced by wheat gliadin in epithelial cell culture. Clin Exp Immunol 152: 552–

558.
29. Barone MV, Caputo I, Ribecco MT, Maglio M, Marzari R, et al. (2007)

Humoral immune response to tissue transglutaminase is related to epithelial cell

proliferation in celiac disease. Gastroenterology 132: 1245–1253.

30. Team RDC (2012) R: A language and environment for statistical computing.

Vienna, Austria: R Foundation for Statistical Computing. Available: http://
www.R-project.org/.

31. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, et al. (2004)

Bioconductor: Open software development for computational biology and
bioinformatics. Genome Biol 5: R80. 10.1186/gb-2004-5-10-r80.

32. Smyth GK (2005) Limma: Linear models for microarray data. In: R Gentleman,
V Carey, S Dudoit, R Irizarry, W Huber, editors. Bioinformatics and

Computational Biology Solutions using R and Bioconductor. New York:

Springer. 397–420.
33. Gertz EM, Sengupta K, Difilippantonio MJ, Ried T, Schaffer AA (2009)

Evaluating annotations of an agilent expression chip suggests that many features
cannot be interpreted. BMC Genomics 10: 566. 10.1186/1471-2164-10-566.

34. Zahurak M, Parmigiani G, Yu W, Scharpf RB, Berman D, et al. (2007) Pre-
processing agilent microarray data. BMC Bioinformatics 8: 142. 10.1186/1471-

2105-8-142.

35. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A practical
and powerful approach to multiple testing. Journal of the Royal Statistical

Society 57: 289–300.
36. Maiuri MC, De Stefano D, Mele G, Fecarotta S, Greco L, et al. (2003) Nuclear

factor kappa B is activated in small intestinal mucosa of celiac patients. J Mol

Med (Berl) 81: 373–379. 10.1007/s00109-003-0440-0.
37. Juuti-Uusitalo K, Maki M, Kaukinen K, Collin P, Visakorpi T, et al. (2004)

cDNA microarray analysis of gene expression in coeliac disease jejunal biopsy
samples. J Autoimmun 22: 249–265. 10.1016/j.jaut.2003.12.001.

38. Diosdado B, Wapenaar MC, Franke L, Duran KJ, Goerres MJ, et al. (2004) A
microarray screen for novel candidate genes in coeliac disease pathogenesis. Gut

53: 944–951.

39. Bracken S, Byrne G, Kelly J, Jackson J, Feighery C (2008) Altered gene
expression in highly purified enterocytes from patients with active coeliac

disease. BMC Genomics 9: 377. 10.1186/1471-2164-9-377.
40. Giovannini C, Sanchez M, Straface E, Scazzocchio B, Silano M, et al. (2000)

Induction of apoptosis in caco-2 cells by wheat gliadin peptides. Toxicology 145:

63–71.
41. Tian Q, Taupin J, Elledge S, Robertson M, Anderson P (1995) Fas-activated

serine/threonine kinase (FAST) phosphorylates TIA-1 during fas-mediated
apoptosis. J Exp Med 182: 865–874.

42. Yeung KT, Das S, Zhang J, Lomniczi A, Ojeda SR, et al. (2011) A novel
transcription complex that selectively modulates apoptosis of breast cancer cells

through regulation of FASTKD2. Mol Cell Biol 31: 2287–2298. 10.1128/

MCB.01381-10.
43. Maiuri L, Ciacci C, Auricchio S, Brown V, Quaratino S, et al. (2000) Interleukin

15 mediates epithelial changes in celiac disease. Gastroenterology 119: 996–
1006.

44. Hue S, Mention JJ, Monteiro RC, Zhang S, Cellier C, et al. (2004) A direct role

for NKG2D/MICA interaction in villous atrophy during celiac disease.
Immunity 21: 367–377.

45. Malamut G, El Machhour R, Montcuquet N, Martin-Lanneree S, Dusanter-
Fourt I, et al. (2010) IL-15 triggers an antiapoptotic pathway in human

intraepithelial lymphocytes that is a potential new target in celiac disease-
associated inflammation and lymphomagenesis. J Clin Invest 120: 2131–2143.

10.1172/JCI41344; 10.1172/JCI41344.

46. Rivabene R, Mancini E, De Vincenzi M (1999) In vitro cytotoxic effect of wheat
gliadin-derived peptides on the caco-2 intestinal cell line is associated with

intracellular oxidative imbalance: Implications for coeliac disease. Biochim
Biophys Acta 1453: 152–160.

47. van den Berg R, Haenen GR, van den Berg H, Bast A (2001) Transcription

factor NF-kappaB as a potential biomarker for oxidative stress. Br J Nutr 86
Suppl 1: S121–7.

48. Evans JL, Goldfine ID, Maddux BA, Grodsky GM (2003) Are oxidative stress-
activated signaling pathways mediators of insulin resistance and beta-cell

dysfunction? Diabetes 52: 1–8.

49. Laza-Stanca V, Message SD, Edwards MR, Parker HL, Zdrenghea MT, et al.
(2011) The role of IL-15 deficiency in the pathogenesis of virus-induced asthma

exacerbations. PLoS Pathog 7: e1002114. 10.1371/journal.ppat.1002114.
50. Washizu J, Nishimura H, Nakamura N, Nimura Y, Yoshikai Y (1998) The NF-

kappaB binding site is essential for transcriptional activation of the IL-15 gene.
Immunogenetics 48: 1–7.

51. Caputo I, Secondo A, Lepretti M, Paolella G, Auricchio S, et al. (2012) Gliadin

peptides induce tissue transglutaminase activation and ER-stress through ca(2+)
mobilization in caco-2 cells. PLoS One 7: e45209. 10.1371/journal.-

pone.0045209; 10.1371/journal.pone.0045209.
52. Sander GR, Cummins AG, Henshall T, Powell BC (2005) Rapid disruption of

intestinal barrier function by gliadin involves altered expression of apical

junctional proteins. FEBS Lett 579: 4851–4855. 10.1016/j.febslet.2005.07.066.
53. Johnston N, Yan JC, Hoekzema CR, Samuels TL, Stoner GD, et al. (2012)

Pepsin promotes proliferation of laryngeal and pharyngeal epithelial cells.
Laryngoscope 122: 1317–1325. 10.1002/lary.23307; 10.1002/lary.23307.

54. Suen JY, Gardiner B, Grimmond S, Fairlie DP (2010) Profiling gene expression
induced by protease-activated receptor 2 (PAR2) activation in human kidney

cells. PLoS One 5: e13809. 10.1371/journal.pone.0013809; 10.1371/journal.-

pone.0013809.

Gliadin Effects on Enterocyte Gene Transcription

PLOS ONE | www.plosone.org 7 June 2013 | Volume 8 | Issue 6 | e66307


