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Gliadin Stimulation of Murine Macrophage Inflammatory
Gene Expression and Intestinal Permeability Are
MyD88-Dependent: Role of the Innate Immune Response in
Celiac Disease1
Karen E. Thomas,* Anna Sapone,†‡ Alessio Fasano,†‡ and Stefanie N. Vogel2*‡

C

eliac disease (CD)3 is an autoimmune enteropathy triggered by the ingestion of gluten-containing grains in susceptible individuals (1). Both the gliadin and glutenin
fractions of wheat gluten and similar alcohol-soluble proteins in
other grains are the environmental stimuli responsible for the development of intestinal damage associated with CD (2, 3). The
disease is associated with the HLA alleles DQA1*0501/
DQB1*0201, and in the continued presence of gluten the disease
is self-perpetuating (1). The typical intestinal damage in CD is
characterized by the loss of absorptive villi and hyperplasia of the
crypts that resolve upon the elimination of gluten-containing
grains from the patient’s diet (2).
It is now evident that CD is the end result of an inappropriate T
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ever, the earliest events leading to CD may involve the innate
immune response. Under physiological circumstances, the intestinal epithelium, with its intact intercellular tight junctions (tjs),
serves as the main barrier to the passage of macromolecules such
as gluten (4). In healthy individuals, small but immunologically
significant amounts of Ag cross the defensive epithelial barrier via
one of two functional pathways. Most Ags are absorbed through
the transcellular pathway, followed by lysosomal degradation that
converts proteins into smaller peptides and/or constitutive amino
acids. The remainder is transported in the form of intact proteins or
their polypeptide by-products, resulting in Ag-specific immune responses in the submucosa. This latter phenomenon uses the paracellular pathway that involves a sophisticated regulation of intercellular tjs that leads, ultimately, to Ag presentation to the GALT.
When the integrity of the tj system is compromised as it is in CD
(5, 6), an inappropriate immune response to environmental Ags
(i.e., gluten) may develop. The gliadin-induced release of zonulin,
a recently described intestinal protein involved in tj regulation (7),
seems to be responsible, in part, for the increased gut permeability
that is characteristic of the early phase of CD (8). Zonulin was first
described as a mammalian homologue of Vibrio cholerae-derived
zonula occludens toxin (ZOT) (7, 9). Although zonulin has yet to
be cloned, recent functional and biochemical characterizations
strongly support the hypothesis that it is a preformed protease that
is rapidly released into the luminal side of the intestine in response
to gliadin or bacteria (10). Like ZOT, zonulin interacts with the
intestinal epithelium to initiate a signaling pathway that results in
phosphorylation of proteins within the zonula occludens and, in
turn, a loss of intestinal tj integrity (11). Zonulin-mediated tj permeability may also be responsible for the increased incidence of
other autoimmune disorders reported in untreated CD patients (8).
0022-1767/06/$02.00

Downloaded from http://www.jimmunol.org/ by guest on March 8, 2021

Recent studies have demonstrated the importance of TLR signaling in intestinal homeostasis. Celiac disease (CD) is an autoimmune
enteropathy triggered in susceptible individuals by the ingestion of gliadin-containing grains. In this study, we sought to test the
hypothesis that gliadin initiates this response by stimulating the innate immune response to increase intestinal permeability and by
up-regulating macrophage proinflammatory gene expression and cytokine production. To this end, intestinal permeability and the
release of zonulin (an endogenous mediator of gut permeability) in vitro, as well as proinflammatory gene expression and cytokine
release by primary murine macrophage cultures, were measured. Gliadin and its peptide derivatives, 33-mer and p31-43, were
found to be potent inducers of both a zonulin-dependent increase in intestinal permeability and macrophage proinflammatory gene
expression and cytokine secretion. Gliadin-induced zonulin release, increased intestinal permeability, and cytokine production
were dependent on myeloid differentiation factor 88 (MyD88), a key adapter molecule in the TLR/IL-1R signaling pathways, but
were neither TLR2- nor TLR4-dependent. Our data support the following model for the innate immune response to gliadin in the
initiation of CD. Gliadin interaction with the intestinal epithelium increases intestinal permeability through the MyD88-dependent
release of zonulin that, in turn, enables paracellular translocation of gliadin and its subsequent interaction with macrophages
within the intestinal submucosa. There, the interaction of gliadin with macrophages elicits a MyD88-dependent proinflammatory
cytokine milieu that facilitates the interaction of T cells with APCs, leading ultimately to the Ag-specific adaptive immune response
seen in patients with CD. The Journal of Immunology, 2006, 176: 2512–2521.
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Materials and Methods
Reagents
Protein-free (⬍0.008%) LPS was prepared from Escherichia coli K235 by
phenol-water extraction (20). Gliadin was prepared by enzymatic digestion
as described previously (21) with minor modifications. Briefly, 50 g of
gliadin (crude wheat; Sigma-Aldrich) was dissolved in 500 ml of 0.2 N
HCl for 2 h at 37°C with 1 g of pepsin (Sigma-Aldrich). The resultant
peptic digest was further digested by the addition of 1 g of trypsin (SigmaAldrich) after the pH was adjusted to 7.4 using 2 M NaOH. The solution
was stirred vigorously at 37°C for 4 h, boiled (100°C) for 30 min, freezedried, lyophilized in 10-mg aliquots, and stored at ⫺20°C until use (referred to as pepsin/trypsin-digested gliadin or (PT)-gliadin). Gliadin synthetic peptides, 33-mer (22) and p31-43 (23), were synthesized at the
Biopolymer Core Laboratory at the University of Maryland, Baltimore,
MD. Measurement of the contaminating endotoxin in the gliadin preparation by Limulus amebocyte assay revealed 0.3– 0.6 ng/ml endotoxin at the
highest concentration of PT-gliadin tested (1 mg/ml), which is below the
concentration necessary for the induction of optimal gene or cytokine expression in C57BL/6 macrophages (24). The TLR2 agonist, synthetic lipoprotein S-[2,3-bis(palmitoyloxy)-(2-RS)-propyl]-N-palmitoyl-(R)-Cys(S)-Ser-Lys4-OH, trihydrochloride (Pam3Cys), was purchased from EMC
Microcollections. The TLR3 agonist, polyinosinic-polycytidylic acid
(poly(I:C)), was purchased from Amersham Biosciences. Human rIL-1␤
was purchased from R&D Systems, and human rTNF-␣ was obtained from
Calbiochem. The biologically active fragment of V. cholera ZOT, ⌬G, was
prepared as described elsewhere (9). Cycloheximide (CHX) was purchased
from Sigma-Aldrich.

Mice
C57BL/6J, C3H/OuJ, and LPS-hyporesponsive C3H/HeJ mice were purchased from The Jackson Laboratory. Mice with a targeted mutation in
TLR4 (TLR4⫺/⫺ or “TLR4 knockout”) that were backcrossed onto a
C57BL/6 background (⬎N8), as well as MyD88 (MyD88⫺/⫺ or “MyD88
knockout”) mice, were provided by Dr. S. Akira (Osaka University, Osaka,
Japan) (25, 26). The MyD88⫺/⫺ mice were originally derived on a mixed
C57BL/6 and 129 background, and for initial experiments involving gliadin effects on intestinal permeability we used mice that were backcrossed
2– 4 generations onto a C57BL/6 background. For these studies, C57BL/
6 ⫻ 129Sv F1 mice (The Jackson Laboratory) were used as MyD88⫹/⫹
controls. For all subsequent experiments, we used mice that were more
extensively backcrossed onto a C57BL/6 background (ⱖN8), and
C57BL/6J mice were used as wild-type (WT) controls for these experiments. All experiments were conducted with institutional approval.

Macrophage cultures
Peritoneal exudate macrophages were obtained by lavage 4 days after i.p.
injection of 3 ml of sterile 3% thioglycolate broth. Cells were washed and
resuspended in RPMI 1640 containing 2% FCS and standard supplements
(27). Macrophages were plated in 24-well tissue culture dishes (2 ⫻ 106
cells/well) for supernatant collection or in 6-well tissue culture dishes (4 ⫻
106 cells/well) for RNA extraction. After overnight incubation to allow for
adherence of macrophages, monolayers were washed to remove nonadherent cells and incubated with medium, LPS, or PT-gliadin in a final volume
of 2 ml. Supernatants were harvested 24 h after treatment and stored at
⫺70°C. Cells were harvested 3 h after treatment and stored at ⫺70°C.

ELISA
Murine IL-12 p40 and TNF-␣ were detected in macrophage culture supernatants using the Ab pairs and standards provided in the Quantikine M
ELISA kit (R&D Systems). Zonulin was measured by ELISA in supernatants derived from macrophage cultures and microsnapwell intestinal cultures as described previously (28).

Analysis of mRNA
Total RNA was isolated from macrophage cultures, and RT-PCR was performed as described previously (29). All primer and probe combinations
have been published previously (29 –37). The number of cycles used for
amplification of each gene product was as follows: GAPDH, 21; TNF-␣,
27; IL-12 p35, 32; IL-12 p40, 27; IL-15, 26; IL-6, 30; IFN-␤, 33; inducible
NO synthase (iNOS), 30; MCP-5, 34; TLR-2, 19; and TLR-4, 29. Amplified products were electrophoresed and transferred to Hybond N⫹ membranes (Amersham Biosciences) in 10⫻ SSC by standard Southern blotting
techniques. DNA was cross-linked by exposure to UV light, baked onto the
nylon membrane, and hybridized with an internal oligonucleotide probe.
Labeling of the probe and subsequent detection of bound probe was conducted using an ECL system (Amersham Biosciences).
For select genes, mRNA expression was also quantified by real time
PCR using SYBR Green PCR master mix (Applied Biosystems) and ABI
PRISM 7900HT cycler. Primers for detection of TNF-␣, IL-12 p35 and
p40, IL-15, iNOS, IP-10, and hypoxanthine phosphoribosyltransferase
(HPRT) mRNAs were designed using the Primer Express 2.0 program
(Applied Biosystems). Relative gene expression was calculated using the
comparative threshold cycle (⌬⌬Ct) method with HPRT as a housekeeping gene and the expression 2ˆ[(CtHPRT ⫺CtGene)stimulated ⫺ (CtHPRT ⫺
CtGene)medium] as described elsewhere (38).

Microsnapwell system
The microsnapwell system is a miniaturized version of the standard Ussing
chamber that has been engineered to measure the transepithelial electrical
resistance (TEER) of small intestinal fragments exposed to various stimuli
as described previously (28). A decrease in TEER is the electrical signal
that reflects increased intestinal permeability. Briefly, segments of mouse
small intestine, unstripped or stripped of both muscle and serosal layers,
were mounted onto the modified microsnapwell system (28). Two hundred
microliters of DMEM containing 4.5 g/L glucose, 4 mM L-glutamine, 50
U/ml penicillin, 50 g/ml streptomycin, and MEM with 1 mM nonessential
amino acids (Invitrogen) was added to the mucosal (apical) side. Three
milliliters of the same medium was added to the serosal (basolateral) side.
The system was incubated at 37°C in an atmosphere of 95% air and 5%
CO2 for 30 min to stabilize the pH. Intestinal segments were incubated for
several incubation times with either 1 mg/ml PT-gliadin or PBS medium
control added to the mucosal aspect of the tissue and TEER-monitored as
described previously (28).
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The interaction of zonulin with intestinal epithelial cells is presumed to involve a cell surface receptor. Both ZOT and zonulin
activities on tjs are blocked by an inactive peptide that is derived
from the N terminus of the secreted fragment of ZOT (7, 9, 12).
This same sequence also shares strong sequence homology with
the protease-activated receptor-2-like signature signaling peptide
(11, 13). Both ZOT and zonulin are recognized by and their biological action on tjs blocked by polyclonal anti-ZOT Abs (6, 9),
and both activate an intracellular signaling pathway that involves
protein kinase C-mediated polymerization of intracellular actin filaments (which are directly connected to structural proteins of the
tj) and thereby regulate intestinal epithelial permeability (14). The
complex actin cytoskeletal network of the enterocyte is known to
be involved in the intracellular trafficking of molecules (15),as
well as in the regulation of paracellular permeability, by its direct
interaction with the tj structural proteins (16).
Our recent studies indicate that gliadin activates the zonulin signaling pathway in both normal and CD-derived intestinal mucosa
in vitro (17, 18). The effect of gliadin on intercellular tj and barrier
function using normal intestinal epithelial cells has been confirmed
recently by other investigators (19). In the studies presented
herein, we demonstrate that the effects of gliadin extend to macrophages, a cell type that is central to the innate immune response
and present in the lamina propria beneath the intestinal mucosa.
Gliadin activation of macrophages in vitro was found to up-regulate expression of a panel of inflammatory genes and result in the
secretion of inflammatory cytokines. Moreover, both gliadin-induced intestinal zonulin release and the subsequent increase in
intestinal permeability, as well as the release of zonulin and cytokines by gliadin-stimulated macrophages, were dependent upon
myeloid differentiation factor 88 (MyD88), a key adapter in the
TLR/IL-1R signaling pathways, but not on TLR2 or TLR4. These
data suggest that gliadin-induced inflammatory responses are, in
part, mediated by a combination of MyD88-dependent effects on
intestinal permeability and macrophage-derived inflammatory mediators. A TLR-like signaling pathway would be predicted to serve
as a bridge between the innate and adaptive response to gliadin that
is associated with patients with CD.
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Flow cytometric analysis of CHO cell TLR transfectants

To determine the relative contribution of the intestinal epithelial
cells vs the submucosa to the gliadin-induced decrease in resistance, similar experiments were conducted using intact intestinal
segments (baseline TEER: 125 ⫾ 27.7 ohms 䡠 cm2) or intestinal
segments that had been stripped of the submucosa (i.e., muscle and
serosal layers) (baseline TEER: 86 ⫾ 13.6 ohms 䡠 cm2). Gliadin
induced a change in TEER of 52 ohms 䡠 cm2 and 22 ohms 䡠 cm2 in
unstripped vs stripped tissues, respectively ( p ⬍ 0.05). These data
suggest either that some of the preformed zonulin was removed
with the stripping (i.e., that cells within the stripped layers contribute to the release of zonulin) or that removal of muscle and
serosal layers leads to destruction of the neuroendocrine network
that is required for zonulin release.

Results
Effect of gliadin and its synthetic peptide derivatives on
intestinal permeability
It has been reported previously that PT-gliadin induces a zonulindependent increase in intestinal permeability that is reflected by a
decrement in TEER (17). The addition of PT-gliadin to C57BL/6J
intestinal mucosa mounted in the microsnapwell system (28) led to
a reduction in TEER (which is inversely related to an increase in
intestinal permeability) that became significant after 90 min of
incubation (Fig. 1). A similar effect was observed with the gliadinderived synthetic peptides, 33-mer and p31-43, whereas no
changes were detected in LPS-treated tissues (Fig. 1; p ⬍ 0.05).
The effect of 33-mer and p31-43 on TEER was related to zonulin
release (data not shown) and was specific, because other gliadinderived synthetic peptides failed to induce TEER changes (17).
The PT-gliadin-permeating effect was reversible, with tissue
TEER returning to baseline within 30 min of removal of the stimulus from the mucosal bathing solution (data not shown). Thus,
PT-gliadin and its peptides, but not LPS, mediate increased intestinal permeability.

FIGURE 1. PT-gliadin and its peptides, 33-mer and p31-43, induce intestinal permeability. Intestines from individual mice were treated with
medium only, PT-gliadin (1000 g/ml), or its peptide subunits p31-43 (100
g/ml) and 33-mer (3.3 g/ml) in the microsnapwell assay as described in
Materials and Methods. Resistance (TEER) was measured over the indicated times. As an additional control, LPS (100 ng/ml) was tested and
induced no significant TEER changes. Results represent the mean ⫾ SEM
from four mice per treatment.

Gliadin activation of proinflammatory cytokine gene expression,
cytokine secretion, and zonulin release from murine
macrophages
Previous studies have suggested the possibility that gliadin, the
immunologically active component of wheat gluten associated
with CD (2), has the capacity to activate cytokine production in
monocytes and macrophages (43– 45). To confirm and extend
these findings, the expression of a panel of proinflammatory genes
known to be up-regulated by LPS was measured in murine peritoneal macrophages treated with concentrations of PT-gliadin or
peptides derived from gliadin (p31-43 or 33-mer) that have been
reported previously to be either immunomodulatory or cytotoxic
(43– 45). Initially, we used concentrations of PT-gliadin and peptides that were found to induce comparable changes in TEER (Fig.
1) and compared their abilities with LPS to stimulate macrophage
gene expression by semiquantitative RT-PCR with Southern analysis to detect changes in steady-state mRNA in a panel of proinflammatory cytokines (including TNF-␣, IL-12, p35 and p40, IL15, IL-6, IFN-␤, iNOS, IP-10, and MCP-5). Fig. 2A illustrates the
observation that PT-gliadin is also a potent inducer of inflammatory gene expression, resulting in the induction of a spectrum of
genes that is qualitatively similar to that induced by bacterial LPS,
one of the most potent inflammatory agents. Previous studies suggesting comparable potency of PT-gliadin and LPS in stimulating
macrophage cytokine production have been reported (46). Although less potent than LPS or PT-gliadin, the p31-43 and the
33-mer peptides were also capable of inducing the expression of
genes that encode cytokines (e.g., TNF-␣, IL-12 p35, IL-12 p40,
IL-6, and IFN-␤) and the chemokines IP-10 and MCP-5, but they
failed to elicit iNOS mRNA and elicited barely detectable increased levels of IL-15. We also explored the possibility that PTgliadin or its peptides might modulate the expression of TLR
mRNA in macrophages. Consistent with our previous studies of
the LPS effects on TLR2 gene expression (37), PT-gliadin and, to
a lesser extent, p31-43 resulted in an up-regulation of TLR2
mRNA, whereas levels of steady-state mRNA levels for TLR4
were slightly down-regulated by LPS and PT-gliadin but not by
either peptide. These data support the hypothesis that PT-gliadin
and its active peptides are capable of increasing the expression of
a repertoire of inflammatory genes that is similar to that induced by
the prototype inflammatory stimulus, Gram-negative bacterial
LPS. Moreover, the data indicate that PT-gliadin elicits a more
potent inflammatory response than two of its bioactive peptides,
suggesting the involvement of additional PT-gliadin-derived peptides in the inflammatory process.
The RT-PCR shown in Fig. 2A was conducted at high cycle
numbers to increase the sensitivity for detection of inflammatory
mRNA species induced by PT-gliadin or the p31-43 and the 33mer peptides by Southern analysis. However, under conditions of
strong gene expression (e.g., TNF-␣ mRNA induced by LPS vs
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To determine whether PT-gliadin effects were mediated via TLR4 or
TLR2, Chinese hamster ovary (CHO) reporter cell lines that respond to
specific TLRs were engineered as described previously (39). Briefly, plasmids containing the human Tac Ag (CD25) cDNA under transcriptional
control of the human E selectin (NF-B-driven) promoter and the CD14
cDNA were cotransfected into CHO-K1 cells to obtain the “3E10” cell line
(40). In this study, we also used the 3E10 cell line that expresses endogenous hamster TLR4 responds to TLR4 agonists, but not to TLR2 agonists.
The “3E10-huTLR2” cell line also expresses human TLR2 and, thus, responds to both TLR4 and TLR2 agonists (41, 42). Cells were plated in
12-well tissue culture plates at a density of 5 ⫻ 105 cells/well and incubated overnight at 37°C in a 5% CO2 atmosphere. Thereafter, cells were
placed in fresh medium and treated for 18 h with medium, PT-gliadin, or
LPS, detached from the plastic with trypsin/EDTA, and examined by flow
cytometric analysis for the presence of surface CD25 as described (35).
Briefly, following treatment the 3E10 and 3E10/TLR2 cell lines were
stained with an anti-CD25 mAb (BD Biosciences Immunocytometry Systems). Samples were run in an Epics Elite ESP flow cytometer/cell sorter
system (Beckman Coulter) and analyzed using the WinList flow cytometry
software analysis package (Verity Software House). Flow cytometric studies were performed at the Center for Vaccine Development Flow Cytometry Core Facility Laboratory (University of Maryland, Baltimore, MD).
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PT-gliadin) one cannot distinguish differences because the chemiluminescent reaction results in saturation of signal on the autoradiographic film in the Southern blot (see Fig. 2A). Therefore, to
assess differences between LPS and PT-gliadin for those genes that
were very strongly induced, we subjected the same RNA preparations shown in Fig. 2A to quantitative real-time PCR. Fig. 2B
illustrates the finding that LPS is ⬃2.6-fold more potent than PTgliadin for the induction of TNF-␣ and ⬃6.2-fold more potent than
PT-gliadin for the induction of IL-12 p40 mRNA. Nonetheless,
PT-gliadin is indeed a potent inflammatory stimulus in that it induced 56- and 685-fold increases, respectively, in TNF-␣ and
IL-12 p40 steady-state mRNA as compared with levels expressed
in medium-treated cells. In contrast, LPS and PT-gliadin induced
IL-12 p35, iNOS, and IP-10 mRNA levels were not statistically
different when measured by real-time PCR. Because the signal for
IL-15 mRNA was very faint in the Southern blot shown in Fig. 2A,
we also quantified induction of this cytokine gene by real-time
PCR and found that both LPS and PT-gliadin induce IL-15 mRNA

comparably, ⬃7-fold over baseline levels. Taken together, these
data strengthen the hypothesis that PT-gliadin induces the expression of a broad repertoire of inflammatory genes in macrophages.
Table I illustrates the levels of secretion of two important proinflammatory cytokines, TNF-␣ and IL-12 p40, in macrophages
treated with various concentrations of PT-gliadin as compared
with LPS. In both cases LPS was a more potent inducer of cytokine
secretion than PT-gliadin, which is consistent with differences detected at the level of steady-state mRNA expression by quantitative real-time PCR (Fig. 2B). PT-gliadin-induced secretion of both
TNF-␣ and IL-12 p40 was dose-dependent. In the same supernatants, we also measured levels of zonulin, whose effects on macrophage-mediated Ag uptake and presentation has been recently
reported (47). Fig. 3 illustrates the finding that PT-gliadin also
elicits zonulin release by macrophages, whereas LPS does not.
Similar levels of zonulin were also observed in macrophages challenged with either 33-mer (2.18 ⫾ 0.49 ng/mg protein) or p31-43
(2.76 ⫾ 0.77 ng/mg protein).

Table I. Gliadin-induced cytokine production in primary murine macrophagesa

TNF-␣b (X ⫾ SD)
IL-12 p40d (X ⫾ SD)

Medium

Gliadin
(0.01 mg/ml)

Gliadin
(0.1 mg/ml)

Gliadin
(1.0 mg/ml)

LPS
(100 ng/ml)

ⱕ46.9c
ⱕ23.4

ⱕ46.9
ⱕ23.4

721.0 ⫾ 210
122.5 ⫾ 6

7,845.0 ⫾ 1,944
295.0 ⫾ 3*

22,755.0 ⫾ 800*
2,700.0 ⫾ 70*

a
C57BL/6 macrophages were cultured with medium, gliadin, or LPS for 24 h. Supernatants were assayed by ELISA for the presence of TNF-␣ and IL-12 p40 as described
in Materials and Methods. *, p ⱕ 0.01.
b
The lowest detectable level for the TNF-␣ ELISA was 46.9 pg/ml.
c
All samples at the lower limits of detection were assayed at 1/2 dilutions.
d
The lowest detectable level for the IL-12 p40 ELISA was 23.4 pg/ml.
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FIGURE 2. PT-gliadin and its peptide derivatives, p31-43 and 33-mer, induce proinflammatory gene expression in murine macrophages. A, Primary
macrophage cultures from C57BL/6 mice were treated for 3 h with medium only, LPS (100 ng/ml), PT-gliadin (1000 g/ml), p31-43 (100 g/ml), or
33-mer (3.3 g/ml). Total RNA was extracted and analyzed by RT-PCR with Southern blotting as described in Materials and Methods. B, The same RNA
samples in A were also subjected to quantitative real-time PCR as described in Materials and Methods. Induction of all genes by LPS and PT-gliadin were
found to be statistically greater than that of medium-treated macrophages. ⴱ, p ⬍ 0.05, as compared with LPS treatment. These data are representative of
one of three independent experiments.
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FIGURE 3. Gliadin, but not LPS, induces zonulin release in murine
macrophages. C57BL/6 macrophage cultures were treated for 24 h with
medium only, PT-gliadin (10 –1000 g/ml), or LPS (100 ng/ml) as described in the footnotes of Table I. Results represent the mean ⫾ SEM of
a single representative experiment. ⴱ, p ⬍ 0.01.

PT-gliadin activation of proinflammatory cytokine production
and zonulin release in macrophages is MyD88 dependent

The effect of gliadin on intestinal zonulin release and TEER is
MyD88 dependent
Based on the results obtained in macrophages, we sought to establish whether intestinal zonulin release and the subsequent
TEER changes were also MyD88 dependent. Small intestinal tissues obtained from either WT mice or MyD88 knockout mice were
mounted in the microsnapwell system and exposed to either PTgliadin or buffer control, and zonulin release and TEER changes

PT-gliadin fails to activate cells through human TLR4 or TLR2
The findings that PT-gliadin induces inflammatory gene expression and cytokine secretion in macrophages similarly to LPS and
that the TEER decrement and zonulin release induced by PT-gliadin are MyD88 dependent strongly suggested the possibility that
the effects of PT-gliadin might be mediated through one of the
TLRs. CHO cells express an endogenous hamster TLR4 that enables responses to LPS, but, fortuitously, these cells carry a genetic
defect in their endogenous TLR2 gene that precludes signaling
unless transfected with a vector that expresses a normal TLR2
(40 – 42). In addition, MyD88 is used by both the TLR4 and TLR2
signaling pathways and leads to NF-B translocation (25). We
have previously used two genetically engineered CHO cell lines to
distinguish between TLR2 and TLR4 signaling (39). The 3E10 cell
line expresses endogenous hamster TLR4 and no functional TLR2.
3E10-huTLR2 is the 3E10 cell line that has been engineered to
express human TLR2 and thus responds to both TLR4 and TLR2
agonists (40 – 42). In addition, both of these cell lines also carry an
NF-B-responsive reporter gene that drives expression of cell surface CD25 (Tac-1) in response to TLR4- or TLR2-mediated signaling (40 – 42). The data in Fig. 6 and Table III show clearly that
expression of human TLR4 or TLR2 is not sufficient to mediate
signaling by PT-gliadin. The 3E10 cell line responds to the TLR4
agonist, LPS, but not to the TLR2 agonist Pam3Cys or to PTgliadin, as evidenced by an increase in cell surface CD25 expression. The 3E10-huTLR2 cell line responds to both TLR4 and

Table II. Gliadin-induced TNF-␣ and IL-12 p40 production in primary murine macrophages is MyD88 dependenta
MyD88⫺/⫺

WT

TNF-␣ (X ⫾ SD)
IL-12 p40d (X ⫾ SD)
b

Medium

Gliadin (1.0 mg/ml)

LPS (50 ng/ml)

Medium

Gliadin (1.0 mg/ml)

LPS (50 ng/ml)

ⱕ15.6
ⱕ7.8

2,439.2 ⫾ 427
48.2 ⫾ 5

6,168.3 ⫾ 460
132.2 ⫾ 26

ⱕ15.6
ⱕ7.8

263.1 ⫾ 14*
ⱕ7.8

345.5 ⫾ 4*
ⱕ7.8

c

a
C57BL/6 (WT) or MyD88⫺/⫺ macrophages were cultured with medium, gliadin, or LPS for 24 h. Supernatants were assayed by ELISA for the presence of TNF-␣ and
IL-12 p40 as described in Materials and Methods. *, p ⱕ 0.01.
b
The lowest detectable amount for the TNF-␣ ELISA was 15.6 pg/ml.
c
All samples at the lower limits of detection were assayed in undiluted supernatants.
d
The lowest detectable amount for the IL-12 p40 ELISA was 7.8 pg/ml.
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Signal transduction by TLRs and the IL-1 and IL-18 receptors is
dependent upon agonist-induced receptor oligomerization and recruitment of adapter molecules to the “Toll/IL-1 resistance” domain within the intracytoplasmic region of the receptor (reviewed
in 48). Once associated with the receptor complex, these adapters
create a platform on which downstream kinases can dock and initiate a cascade of intracellular signaling events that lead ultimately
to gene expression. The induction of cytokine gene expression by
LPS is dependent on the activation of TLR4, a type I transmembrane receptor, that cooperates with coreceptors within an “LPS
signaling complex.” TLR4, like most of the TLRs and the IL-1/18
receptors, recruits a key adapter molecule called MyD88. To assess a potential role for MyD88 in gliadin-induced cytokine secretion and zonulin release, macrophages derived from WT mice and
mice with a targeted mutation in the gene that encodes MyD88
(MyD88⫺/⫺) were treated with medium only, PT-gliadin, or LPS.
Table II shows that secretion of TNF-␣ and IL-12 p40 was induced
by both PT-gliadin and LPS in WT macrophages, and, as observed
in Table I, LPS was a more potent agonist than PT-gliadin. In
contrast, MyD88-deficient macrophages exhibited a much reduced
capacity to secrete cytokines in response to either agonist. Fig. 4
shows that WT macrophages responded to PT-gliadin, but not
LPS, to release zonulin, MyD88-deficient macrophage cultures
were poorly responsive to PT-gliadin stimulation. Thus, the response to PT-gliadin in macrophages is MyD88-dependent.

were monitored. As shown in Fig. 5, the addition of PT-gliadin
induced a significant TEER decrement in intestinal fragments from
WT mice when compared with untreated controls (Fig. 5A) that
coincided temporarily with zonulin release in the medium (Fig.
5C). Conversely, no significant changes in either TEER (Fig. 5B)
or zonulin release (Fig. 5D) were detected in PT-gliadin-stimulated
intestinal fragments from MyD88⫺/⫺ mice, suggesting that the
zonulin release and the subsequent intestinal permeability changes
are also MyD88-dependent. Although baseline levels of TEER in
MyD88⫺/⫺ intestinal fragments were found to be significantly less
than that of WT intestinal fragments (165 ⫾ 12.7 vs 87 ⫾ 12.9;
p ⬍ 0.001), both responded to TNF-␣ with a significant decrement
in TEER (⌬TEER for WT and MyD88⫺/⫺ equaled 93 ⫾ 10.7 and
24 ⫾ 3.2, respectively; p ⬍ 0.05).
Because the increase in intestinal permeability in response to
PT-gliadin is secondary to the release of zonulin, we used a zonulin mimetic, ⌬G, a peptide derived from ZOT (9). Previous studies
support the hypothesis that zonulin and ⌬G act on the same receptor to induce increased intestinal permeability (6, 9). When
intestinal fragments from WT mice were treated with ⌬G, the decrement in TEER was observed only in the tissues derived from WT
mice and not from MyD88⫺/⫺ mice (Fig. 5, E vs F). This data
implies that, in addition to zonulin release, signaling through the
zonulin/ZOT receptor is MyD88-dependent.

The Journal of Immunology

FIGURE 4. Gliadin-induced zonulin release in macrophages is MyD88dependent. Primary macrophages from C57BL/6 (WT) and MyD88⫺/⫺
(KO, knockout) mice were cultured for 24 h in the presence of medium
only, LPS (50 ng/ml), or PT-gliadin (1000 g/ml). Culture supernatants
were collected and assayed for zonulin by ELISA. Results represent
mean ⫾ SEM from two separate experiments. ⴱ, p ⬍ 0.01.

FIGURE 6. PT-gliadin fails to activate signaling through TLR2 or
TLR4. CHO cells that express a functional TLR4 (3E10) or both TLR4 and
TLR2 (3E10-huTLR2) were stimulated with medium only, LPS (a TLR4
agonist), Pam3Cys (a TLR2 agonist), or PT-gliadin. Signal transduction
was measured by an increase in the expression of CD25 detected by FACS
analysis as described in Materials and Methods. These data correspond to
those tabulated in Table III.

and zonulin release from PT-gliadin-stimulated intestinal mucosa
from C3H/HeJ mice, a strain carrying a point mutation in the intracytoplasmic domain of TLR4 (P712H) that precludes LPS-induced signaling (49, 50). Intestinal permeability, as measured by
the microsnapwell assay (Fig. 7A), and zonulin release (Fig. 7B)
were induced normally by PT-gliadin in intestinal mucosa from
C3H/HeJ mice. The PT-gliadin induced zonulin release by intestinal mucosa derived from C3H/HeJ mice was comparable to that
elicited by PT-gliadin added to WT C3H/OuJ intestinal mucosa
(Fig. 7C). Thus, PT-gliadin does not mediate its effects on intestinal permeability through TLR4.
In additional experiments using TLR4⫹/⫹ and TLR4⫺/⫺ mice
backcrossed onto C57BL/6 mice, baseline levels of TEER were
found not to be statistically different (176.7 ⫾ 26.5 vs 150.3 ⫾
20.1 ohms 䡠 cm2; p ⫽ 0.43). Thus, the observed differences measured in MyD88⫹/⫹ and MyD88⫺/⫺ (Fig. 5) cannot be attributed
to signaling through TLR4.
Induction of zonulin release by other TLR agonists
Because the action of PT-gliadin was TLR2 and TLR4 independent, we additionally tested the capacity of other TLR agonists to
induce zonulin release. Table IV illustrates the observation that the
TLR3 agonist, poly(I:C), failed to induce zonulin release, although
it did induce TNF-␣ secretion by macrophages. This is not surprising, because TLR3 has been found to be MyD88-independent
(48). In contrast, the TLR2 agonist, Pam3Cys, induced both
TNF-␣ and zonulin. Conversely, rIL-1␤ induced zonulin release,
but not TNF-␣. These data suggest that other TLR and related
agonists may contribute to the release of zonulin and the increase
in gut permeability.
FIGURE 5. Gliadin-induction of intestinal permeability and zonulin release is MyD88 dependent. Intestinal permeability was measured in the
microsnapwell assay in medium- or PT-gliadin (1000 g/ml)-stimulated
intestinal fragments from WT (MyD88⫹/⫹) (A) or knockout (MyD88⫺/⫺)
(B) mice. Culture supernatants were collected from the mucosal side of
these same microsnapwell intestinal cultures form WT (MyD88⫹/⫹) (C)
and MyD88⫺/⫺ (D) mice and assayed for zonulin release by ELISA. Also
shown is the effect of the ZOT ⌬G peptide (10 g/ml) on the intestinal
permeability of WT (MyD88⫹/⫹) (E) and MyD88⫺/⫺ (F) mice. The results
represent the mean ⫾ SEM of five mice for A–D and three mice for E and
F. ⴱ, p ⬍ 0.01.

Discussion
The mechanism(s) by which CD is initiated has been an enigma for
many years. Although gliadin is now well-recognized as the antigenic trigger of this severe inflammatory response, the mechanisms by which gliadin gains access to the subepithelial compartment so that it may interact with APCs in the GALT, as well as the
events that follow, remain elusive. Although recent work has delineated an association of gliadin peptides with certain histocompatibility Ags, HLA DQA1*0501/DQB1*0201 (51), on the surface
of APCs, it has been suggested more recently that the pathogenesis
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TLR2 agonists, LPS and Pam3Cys, respectively, but not to PTgliadin. These data reveal two important findings: 1) signaling by
gliadin is not mediated by TLR4 or TLR2; and 2) signaling induced by PT-gliadin cannot be attributed to contaminating LPS.
To strengthen our findings in CHO cells that TLR4 is not involved in PT-gliadin-induced signaling, we next compared TEER
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Table III. Gliadin fails to activate CHO cell reporter lines that express functional TLR4 with or without TLR2a
3E10-huTLR2 (endogenous TLR4 ⫹ huTLR2)

3E10 (endogenous TLR4 only)
Medium

Isotype control
Anti-CD25
a
b

b

0.2
4.5

LPS

Pam3Cys

Gliadin

Medium

LPS

Pam3Cys

Gliadin

0.2
57.7

0.1
2.1

0.2
1.6

1.2
7.3

1.1
48.3

1.6
71.1

1.1
5.3

Cells were stimulated for 18 h prior to FACS analysis. These data correspond to those presented in Fig. 6.
Data shown as percentage of positively stained cells.

FIGURE 7. Gliadin-induction of intestinal permeability (A) and zonulin
release (B) are TLR4-independent. Intestinal permeability (A) and zonulin
release at 60 min were measured in medium- or PT-gliadin (1000 g/ml)stimulated microsnapwell cultures derived from TLR4-defective C3H/HeJ
mice (B) and TLR4-responsive C3H/OuJ mice (C) as described in the Fig.
5 legend. The results represent the mean ⫾ SEM from five mice per strain.
ⴱ, p ⬍ 0.01.

type 1 diabetes (54). In an animal model of type 1 diabetes, the
zonulin-mediated increase in intestinal permeability preceded the
onset of the autoimmune process by 3– 4 wk and was prevented by
pretreatment with a zonulin inhibitor (55). Therefore, it is conceivable that a similar timeline might occur in CD. To date, the gene
that encodes zonulin has not been cloned; however, based on recent proteomics data, zonulin appears to be biochemically and
functionally similar to a known serine protease (A. Fasano, unpublished observation).
Much progress has been made in identifying the biochemical
characteristics of gliadin and understanding the activation of the
immune system by gliadin and its immunomodulatory peptides.
This progress includes recent studies that have implicated the
NF-B pathway as a mechanism of gliadin-induced activation in
IFN-␥-stimulated mouse RAW 264.7 and human THP-1 and
U-937 monocyte/macrophage cell lines (43, 44). It has also been
documented that TNF-␣ and NO are produced upon gliadin activation of IFN-␥-stimulated resident peritoneal murine macrophages (45). Our data show that PT-gliadin and its derivative peptides, 33-mer and p31-43, stimulate a broad spectrum of
proinflammatory genes in primary murine macrophages, similar to
that induced by the potent inflammatory agent LPS, with PT-gliadin inducing a broader array of proinflammatory genes than either
peptide. In addition to the stimulation of proinflammatory genes
such as TNF-␣ and IL-12, other important genes that could potentially exacerbate the local inflammatory response were up-regulated as well. These include TLR2, which enables responses to
many Gram-positive bacterial moieties, and the chemokines IP-10
and MCP-5, which, in turn, recruit monocytes and T cells to the
site of release. Ultimately, the inflammatory milieu is amplified by
the activation of T cells locally, leading to the pathology associated
with CD. Such a scenario could also account for the activation of
NK cells that have been shown to participate in the atrophy of
intestinal villi in CD patients (56, 57).
At this juncture, the cellular receptor for gliadin has not been
identified. Moreover, the possibility of LPS contamination in the
gliadin preparation used in this study was of concern to us. Although very low LPS concentrations were detected by the Limulus
assay in the PT-gliadin preparation used in this study, PT-gliadin
failed to activate CHO cell lines that respond strongly to LPS or
Pam3Cys, indicating that PT-gliadin-induced signaling is neither
TLR4- nor TLR2-dependent. In addition, the finding of PT-gliadin-induced intestinal permeability and zonulin secretion in C3H/
HeJ mice, a strain that has a point mutation in TLR4 that precludes
LPS signaling, further supports our contention that gliadin-induced
signaling is TLR4-independent. Lastly, PT-gliadin was also found
to induce zonulin release in macrophages and to increased intestinal permeability in WT mice, whereas LPS did neither. Because
the TLRs represent a family of evolutionarily conserved receptors
that have evolved to detect microbial invasion, it remains possible
that gliadin signals through one of the remaining nine known family members. Most of the TLRs initiate intracellular signaling by
recruiting an adapter molecule called MyD88 (48). Although we
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of CD may be initiated as the consequence of the interaction between the innate and adaptive immune responses, such that a Th1
cytokine milieu is established in the GALT upon gliadin exposure
(23). CD patients and a subgroup of their relatives have been reported to exhibit increased intestinal permeability (52). The increased permeability, which occurs within 36 h, seems to be a very
early response to gluten exposure (53), suggesting that increased
intestinal permeability is not the consequence of chronic intestinal
damage and inflammation. Zonulin, a soluble factor that triggers
increased intestinal permeability, is up-regulated in CD (7) and in
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Table IV. TLR agonist- and IL-1␤-induced TNF-␣ and zonulin production in primary murine macrophagesa

TNF-␣b (X ⫾ SD)
Zonulin (X ⫾ SD)

Medium

Gliadin
(1.0 mg/mlx)

LPS
(100 ng/ml)

Pam3Cys
(150 g/ml)

Poly(I:C)
(100 g/ml)

IL-1␤
(25 ng/ml)

ⱕ23.4c
0.2 ⫾ 0.01

9,051 ⫾ 91*
3.7 ⫾ 0.8*

14,466 ⫾ 3000*
0.18 ⫾ 0.0

1,658 ⫾ 465*
5.1 ⫾ 1.7*

2,085 ⫾ 1417*
0.18 ⫾ 0.1

ⱕ23.4
2.8 ⫾ 0.1*

a
C57BL/6 macrophages were cultured with medium, gliadin, LPS, Pam3Cys, poly(I:C), or IL-1␤ for 24 h. Supernatants were assayed by ELISA for the presence of TNF-␣
(pg/ml) and zonulin (ng/mg) as described in Materials and Methods. Data are presented as mean ⫾ SD of duplicate cultures from a representative experiment (n ⫽ 2). *, p ⬍ 0.05.
b
The lowest detectable level for the TNF-␣ ELISA was 23.4 pg/ml.
c
All samples at the lower limits of detection were assayed in undiluted samples.

will be required to elucidate the identity of the MyD88-mediated
pathway through which gliadin is signaling. It also remains to be
established whether zonulin expression is MyD88-dependent, because the gene that encodes this product has yet to be identified. At
this time, zonulin appears to be similar, if not identical, to a known
serine protease (A. Fasano, unpublished observation), although
formal proof of this concept is ongoing.
In summary, the findings in this report support a clear connection between the induction of the innate and adaptive immune
responses to gliadin, the antigenic stimulus associated with CD.
Although CD has been previously associated with the inheritance
of specific HLA Ags that are critical to the adaptive immune response, our data in MyD88-null mice would suggest the possibility
that individuals with mutations in MyD88 may exhibit a predisposition for gut leakiness that, in turn, render them more readily
susceptible to gliadin-induced inflammation. We have found that
PT-gliadin and its peptides are capable of inducing an increase
in gut permeability and zonulin release in intestinal tissues and
induction of proinflammatory gene expression, cytokine secretion, and zonulin release in macrophages. The physical proximity of macrophages to the submucosa suggests a critical role
for these cells as key players in the innate and adaptive immune
responses to gliadin. Because these studies were performed using murine macrophages, we cannot claim with confidence that
our findings necessarily reflect mechanisms operative in CD
pathogenesis. Nevertheless, our data generated by using intestinal biopsies obtained from CD patients (18), together with
previous reports in the literature (23), seem to support a possible biological effect of gliadin on intestinal mucosa and GALT
of CD patients. Based on these considerations, we propose the
following model. Secondary to an increase in intestinal permeability as a consequence of gluten exposure and zonulin release
within the intestinal lumen (as suggested by the polarized secretion of the peptide; see Fig. 7, B and C), gliadin gains access
to the submucosa and stimulates macrophages in an MyD88dependent fashion to promote a Th1 cytokine milieu (e.g.,
TNF-␣, IL-12 p70, IL-15, etc.) through up-regulation of proinflammatory gene expression and cytokine secretion. The release
of chemokines such as IP-10 would attract additional monocytes and T lymphocytes into the submucosa and intraepithelial
␥␦ T lymphocytes. Based on our observation that zonulin receptors are expressed in macrophages and that, when activated,
the zonulin pathway affects Ag uptake and presentation (47), it
is reasonable to hypothesize that zonulin contributes to the gliadin-induced inflammatory response. Moreover, if gliadin is
recognized by an MyD88-associated “pattern recognition receptor,” it is likely that it would also up-regulate expression of
costimulatory molecules on these same macrophages, which
can then serve as APC for initiation of the adaptive T cell responses observed in CD patients. Ag (gliadin)-specific activation of T cell receptors following interaction with processed
gliadin peptides on HLA Ags expressed by APCs would lead to
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were able to exclude both TLR4 and TLR2 as receptors for gliadin,
PT-gliadin-induced cytokine expression, zonulin release, and its
effects on intestinal permeability were all found to be MyD88dependent. In both PT-gliadin- and LPS-stimulated MyD88⫺/⫺
macrophages stimulated with PT-gliadin or LPS, IL-12 p40 was
not induced, and TNF-␣ secretion was substantially lower when
compared with the responses of WT macrophages. Zonulin production was also decreased in PT-gliadin-stimulated MyD88⫺/⫺
macrophages, consistent with the observation that intestinal permeability and zonulin release remained unchanged in PT-gliadinstimulated MyD88⫺/⫺ intestinal cultures. By using the active ZOT
peptide, ⌬G, to obviate the need for zonulin release in this system,
we were also able to show that signaling through the zonulin/ZOT
receptor, and not just the release of zonulin by gliadin stimulation,
is MyD88-dependent. To date, MyD88 has been shown to interact
with most TLRs and the IL-1 and IL-18 receptors (48). The data
presented in Table IV suggest that other MyD88-dependent signaling pathways (e.g., TLR2 and IL-1R) are capable of inducing
zonulin release by macrophages, whereas TLR3 failed to do so.
This finding is consistent with the observation that TLR3 signaling
is MyD88-independent (48). It is also consistent with our observation that at 2 h following gliadin stimulation of macrophages,
zonulin release was only partially inhibited by CHX, whereas
TNF-␣ release was completely ablated (data not shown). This observation is consistent with the idea that a CHX-sensitive pool of
zonulin is induced secondarily by gliadin-induced IL-1␤.
Recently, a role for TLRs in the maintenance of normal intestinal homeostasis, as well as in disease, has been demonstrated
(reviewed in 58). The importance of TLR signaling in protection
against intestinal damage is illustrated by the oral administration of
dextran sodium sulfate, which results in more profound intestinal
damage in TLR4, TLR2, or MyD88 knockout mice than in normal
mice (59, 60), indicating an important role for TLR signaling by
commensal flora in the maintenance of intestinal homeostasis. In
this study, we have provided evidence for a MyD88-dependent
mechanism(s) by which gliadin, the component of wheat gluten
that is central in CD pathogenesis, causes release of a cell-derived
soluble product, zonulin, that acts on the gut epithelium to elicit a
loss of epithelial tj integrity. This action is predicted to facilitate
access of gliadin to submucosal macrophages that, in turn, are
stimulated to release proinflammatory cytokines. This could well
result in the type of chronic inflammatory state that is characteristic of CD patients and create a milieu that is conducive to the
development of an autoimmune condition. Interestingly, our data
also show that MyD88 knockout mice have intestines that are basally “leaky” as evidenced by a significantly lower level of baseline TEER measurements. This “leakiness” may well have contributed to recent observations that such mice are more sensitive to
dextran sodium sulfate-induced colitis (59, 60); however, this was
not found to be the case for TLR4-null mice, indicating that some
additional mechanism must be invoked to explain their increased
sensitivity to dextran sodium sulfate administration. Future studies
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the further induction of T cell-derived cytokines such as IFN-␥
that act on macrophages to amplify the release of inflammatory
mediators locally, causing an inflammatory reaction that is sustained until the inciting Ag is removed from the diet. In this
fashion, the macrophage bridges the innate and adaptive immune responses to gliadin.
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