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Abstract
In food allergic individuals, exposure to food allergens by the oral route can trigger immediate (within
minutes) local hypersensitivity reactions in the intestine followed by a late-phase inflammatory
response. Previous work has shown that CD23 is constitutively expressed by human intestinal
epithelial cells and mediates the uptake of allergen-IgE complexes. We hypothesized that allergen-
IgE complexes could also signal via CD23 to trigger an inflammatory cascade in the local
environment. Stimulation of polarized human intestinal epithelial cells (Caco-2) with IgE-Ag
complexes triggered upregulation of the chemokines IL-8 and CCL20 at the mRNA and protein level.
Allergen complexes induced phosphorylation of ERK and JNK, but not p38 MAP kinase or NF-κB,
and resulted in AP-1 activation. Cross-linking of CD23 replicated the findings with IgE-Ag
complexes, and silencing of CD23 expression abrogated the response to allergen-IgE complexes.
Supernatant from IgE-Ag-stimulated epithelial cells was capable of recruiting immature human
dendritic cells in a CCL20-dependent manner as shown by migration assays. Finally, immunostaining
of duodenal biopsies from patients with intestinal manifestations of food allergy and controls
demonstrated that CCL20 was constitutively expressed by villous epithelial cells. Thus, we
hypothesize that signaling via epithelial CD23 is a critical step not only in delivery of allergen-IgE
complexes to trigger immediate hypersensitivity reactions, but also may participate in the late-phase
inflammatory response.

INTRODUCTION
Food allergy, defined as an immunologically-mediated adverse reaction to food proteins, is a
growing clinical problem that has been estimated to affect approximately 6% of children and
3–4% of adults 1, 2. There is a paucity of information on the local gastrointestinal immune
events that occur in humans in response to food allergens. Even in the absence of serum food-
specific IgE, it has been shown that allergen ingestion is associated with an elevation of IgE
in the duodenal mucosa, increased numbers of mast cells, eosinophils, T lymphocytes
(including both CD4+ and CD8+) and upregulation of Th2-cytokine expression in the duodenal
mucosa of subjects with food allergy 3. These changes are consistent with a “late-phase”
allergic inflammatory response in the gastrointestinal mucosa 4–6.
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In order for ingested allergen to induce either an immediate or delayed-type hypersensitivity
response in the intestinal mucosa (or at distal sites such as lung or skin), food allergens must
first cross the intestinal epithelial barrier. Tight junctions formed between intestinal epithelial
cells prevent the passage of macromolecules such as food allergens. We have recently shown
that the CD23a isoform of the low-affinity IgE receptor (FcεRII) is expressed constitutively
on human intestinal epithelial cells, and together with food-specific IgE is found in the stool
of subjects with IgE-mediated food allergies 7. We and others have shown that CD23 can
function as an antigen-sampling mechanism by transporting intact allergen-IgE complexes
across human intestinal epithelial cell monolayers 7–10. These complexes are then capable of
inducing the degranulation of sub-epithelial effector cells 7.

In addition to their function as a barrier and absorptive/secretory surface, epithelial cells
function as sentinel cells that transduce signals from the intestinal lumen to the mucosal
immune system through the secretion of chemokines, cytokines, reactive oxygen species, and
lipid metabolites 11–14. We hypothesized that activation of CD23 on human intestinal
epithelial cells by binding of IgE-antigen complexes could trigger chemokine secretion to most
efficiently deliver antigen to subepithelial immune cells. In this study we have analyzed the
inflammatory signaling cascades induced by interaction of IgE-antigen complexes with human
intestinal epithelial cells, and report that signaling through CD23 on human intestinal epithelial
cells results in the induction of chemokines capable of recruiting cells of the innate and adaptive
immune system to the gastrointestinal mucosa.

METHODS
Cell Culture

Caco-2 cells were grown in RPMI-1640 (Gibco, Grand Island, NY) containing 10% FCS and
penicillin/streptomycin. For polarized monolayers, serum was reduced to 5%. Cells were
seeded onto polyethylene terephthalate track etched membranes (0.4um) cell culture inserts
(BD Falcon, Bedford, MA) at 105 cells per cm2 and grown for 7 to 10 days at which time cells
reached a resistance of 400 ohms · cm2.

Stimulation with Allergen-IgE complexes
Polarized monolayers were stimulated by the addition of human anti-NP IgE-NP-BSA
complexes at a concentration of 1 μg/ml of anti –NP IgE (Serotec, Raleigh, NC) and NP-BSA
(Biosearch Technologies, Inc, Novato, CA). Complexes were pre-incubated for 1 hour prior
to addition to cells.

IL-8 and CCL20 ELISA
Supernatants from the apical or basal wells of the transwells were removed 24 h after
stimulation. IL-8 and CCL20 were detected by ELISA detection kit (Quantikine, R&D systems,
Minneapolis, MN), according to the manufacturer’s guidelines. Optical density was measured
at 450 nm.

IL-8 and CCL20 mRNA expression
Total RNA was extracted from polarized monolayers 6 hours after stimulation by using a
Nucleospin RNA purification Kit (BD Biosciences, San Jose, CA). 50 ng of total RNA was
used to do qRT-PCR on a Lightcycler (Roche Diagnostics, Indianapolis, IN) according to the
manufacturer’s instructions. Primers were as follows: IL-8 forward: 5′
GACCACACTGCGCCAACACA 3′; reverse: 5′TCTCAGCCCTCTTCAAAAACTTCT3′;
CCL20 forward: 5′CGAATCAGAAGCAGCAAGCAACT3′, reverse: 5′
TTTTTACTGAGGAGACGCACAAT-3′, β-actin forward: 5′-
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CATCGAGCACGGCATCGTCA-3′ reverse: 5′-TAGCACAGCCTGGATAGCAAC-3′. Data
were expressed as fold change compared to unstimulated control after adjustment using the
housekeeping gene β-actin (ΔΔCT method).

Immunoblotting
To assay for the phosphorylation of various proteins, cells were lysed in lysis buffer containing
phosphatase inhibitor sets I and II (Calbiochem, San Diego, CA) and cell extracts were clarified
by centrifugation. 30 μg of protein was used for immunoblotting. Applied antibodies included
antibodies against p44/42 ERK, phospho-p44/42ERK(Thr202/Tyr204), SAPK/JNK, phospho-
SAPK/JNK (Thr183/Tyr185), phospho-p38 (Thr180/Tyr182), phospho-IKBα (all from Cell
Signaling, Beverly, MA); antibody against actin (Sigma). MAPK inhibitors used included JNK
inhibitor II and JNK inhibitor II Negative Control, U0126 and U0124 (all from Calbiochem).

Electrophoretic mobility shift assay (EMSA)
Caco-2 cell nuclear extracts were prepared using a Nuclear Extraction Kit (Panomics, Fremont,
CA). The NF-κB probe was prepared by annealing complementary single-stranded
oligonucleotides with 5′-GATC overhangs (Genosys Biotechnologies, Inc., The Woodlands,
TX) and were labeled by filling in with [(alpha)-32P]dGTP and [(alpha)-32P]dCTP using
Klenow enzyme. Labeled probes were purified with Nuctrap purification columns (Roche).
EMSAs were performed as described previously 15, using 105 cpm of probe and 5 μg of nuclear
extracts per reaction. DNA-binding complexes were separated by electrophoresis on a 5%
polyacrylamide-Tris/glycine-EDTA gel, which was dried and exposed to x-ray film.

AP-1 Reporter Assay
Caco-2 and CD23 shRNA Caco-2 cells were transiently transfected in 6-well plates using
Superfect (Qiagen). For each transfection, 2.0 μg of pGL2-AP1 reporter plasmid 16 and
0.2μg pRL (Promega Co.) control reporter vector were mixed with 100 μl of Dulbecco’s
modified Eagle’s medium (without serum and antibiotics) and 10 μl of Superfect reagent,
incubated at room temperature for 10 min, mixed with 600 μl of Dulbecco’s modified Eagle’s
medium complete medium, and immediately added to the cells in 6-well plates. After 24 hours,
transfected cells were stimulated with EGF as positive control or Ag-IgE. After 10 h, cells were
extracted with reporter lysis buffer (Promega), and 20 μl of extract was assayed for luciferase
activity. Cell lysates were prepared and luciferase activity were detected by Dual-Luciferase
Reporter Assay System (Promega Co.). Data were expressed as fold change compared to
unstimulated cells.

Establishment of shRNA vector-mediated stable CD23 RNAi cell line
The shRNAs were cloned into a LMP retroviral vector (OPEN Biosystems, Huntsville, AL)
according to the manufacturer’s instructions. The oligonucleotide targeting CD23 had the
following sequence: CGCTGAACAGCAGAGATTGAAA; the non-specificcontrol
oligonucleotide’s sequence was as follows: CCCACGGATGCGGCCCCGTGCC. Human 293
EbnaT cells were transfected by using calcium phosphate with 2.5 μg of plasmid pMD. G
encoding vesicular stomatitis virus G protein and 7.5 μg of plasmid pMD. OGP encoding gag-
pol (both kindly provided by Adrian Ting, Mount Sinai School of Medicine), together with 10
μg of the LMP retroviral construct encoding either shRNA target CD23a or non-specific
shRNA. Infected Caco-2 cells were cultured for 48 hours and then selected by using 2 μg/mL
of puromycin for 10–14 days. The drug-resistant cells were maintained in selection medium.

AP-1 Assay
Nuclear extracts were prepared using the Nuclear Extraction Kit (Panomics, CA), 5 μg of
extract was used to assay AP-1 activity with a TransBinding AP1 Assay Kit (Panomics,
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Fremont, CA) according the manufacturer’s instructions. AP1 activity was measured at
OD450.

Generation of Dendritic Cells and Migration Assay
Peripheral blood mononuclear cells (PBMCs) from healthy volunteers were prepared by Ficoll-
Paque Plus (Amersham Biosciences, Piscataway, NJ). 1.5×108 PBMCs were placed in a T75
flask with 25 ml supplemented RPMI1640, and allowed to adhere for 3 h prior to washing
away non-adherent cells three times with 20 ml PBS. Cells were then grown in 25 ml
supplemented RPMI 1640 containing 100 ng/ml IL-4 (PeproTech, Rocky Hill, NJ) and 50 ng/
ml GM-CSF(Pepro Tech) for 6 days, with a change of media at day 3 to generate immature
dendritic cells (DCs). CD11c and CD14 expression were checked by flow cytometry
(antibodies from BD Biosciences). Cells were uniformly CD11c positive and CD14 negative
at the time of the chemotaxis assay. Migration assays were performed with a 48-Well Micro
Chemotaxis Chamber (5 μm pore size, Neuro Probe, Gaithersburg, MD). Briefly, 5000 DCs
were added to the apical compartment of the filter and the basal compartment contained the
medium to be tested. Cells were allowed to migrate for 3 h prior to removal of non-migrated
cells by wiping the upper side of the filter, and the migrated cells were fixed and stained with
0.1% Crystal Violet. The number of migrated DCs on the filter was quantified by image analysis
(ImageTool). Inhibition of migration was tested by pre-treating DCs with pertussis toxin (List
Biologicals, Campbell, CA) at 200 ng/ml for 2 h, or by pre-treating supernatants with anti-
CCL20 (R&D Systems, Minneapolis, MN) or control IgG.

Immunostaining of human duodenal biopsies
Sections were obtained from formalin-fixed paraffin-embedded duodenal biopsies from two
groups of children who underwent esophagogastroduodenoscopy with biopsies for various
gastrointestinal symptoms. The first group consisted of children with history of food
sensitization as detected by a positive prick skin test and/or elevated serum food-specific IgE
levels. Of the 12 patients in this group, 6 had duodenal inflammation with eosinophilia due to
allergic eosinophilic gastroenteritis and 6 had normal duodenal histology. The second group
(13 patients) consisted of subjects with gastrointestinal symptoms but no histologic evidence
of duodenal inflammation or evidence of food sensitization by clinical history. 3 μm sections
were cut, deparaffinized, and endogenous peroxidase quenched. Antigen retrieval was
performed using antigen retrieval solution (pH 6.0) from Dako (Carpinteria, CA) and heating
in a microwave. Primary antibody (monoclonal anti-human CCL20, clone 67310, R & D
Systems, Minneapolis, MN) or mouse IgG1 (Dako) was incubated for 1 hour at room
temperature, followed by detection with biotinylated secondary antibody, avidin-HRP, and
DAB chromogen (all reagents from Dako). Sections were counterstained with hematoxylin
and coverslipped.

RESULTS
Basolateral IgE-Antigen (IgE-Ag) Complexes Induce Polarized Chemokine Secretion from
Caco-2 Cells

Caco-2 cells were chosen for this study as we had previously observed higher baseline CD23
expression in Caco-2 compared to T84 or HT-29 cells. Caco-2 cells were polarized on filter
supports prior to addition of IgE-Ag complexes to the apical or basolateral side of the transwell.
IL-8 and CCL20 are known to be produced by intestinal epithelial cells under pro-inflammatory
conditions 17, 18, and IL-8 has been shown to be elevated in late-phase reactions in the airways
and skin 19–21. We observed that Caco-2 cells responded to IgE-Ag complexes, but not antigen
or IgE alone, with an upregulation of both IL-8 and CCL20 (Figure 1A and 1B). Although
some upregulation was observed in response to apical stimulation, maximal chemokine
upregulation was observed when complexes were added to the basolateral side of the transwell.

Li et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2008 January 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Secretion of IL-8 and CCL20 protein was measured by ELISA in transwell supernatants (Figure
1C). Addition of IgE-Ag complexes to the basolateral transwell induced a significant release
of IL-8 and CCL20 into the basolateral, but not the apical, transwell. Thus, direction of
chemokine secretion as well as site of responsiveness to IgE-Ag complexes is polarized in
human intestinal epithelial cells. This is consistent with previous reports of polarized secretion
of these chemokines 17, 18. Levels of IL-8 secreted by Caco-2 cells in response to IgE-Ag
were on the same order of magnitude as those obtained using 20 ng/ml of TNFα as a positive
control (Figure 4).

IgE-Ag Complexes Induce Activation of ERK and JNK MAP Kinase Pathways
We examined signaling pathways upstream of IL-8 and CCL20, specifically the MAP kinase
and NF-κB signaling pathways. Caco-2 cells were polarized on filter supports and stimulated
basolaterally with IgE-Ag complexes. At various times after stimulation, cells were lysed and
immunoblotting was performed on cell extracts (Figure 2A). Antibodies against
phosphorylated and total ERK 1/2, JNK, p38, and IκBα were used. Neither phosphorylation
nor degradation of IκBα was observed with allergen-IgE stimulation. In contrast, IgE-Ag
stimulation resulted in phosphorylation of ERK and JNK, but not p38. ERK and JNK
phosphorylation was observed starting 20 min after stimulation, and was sustained 60 min after
stimulation with IgE-Ag. The lack of NF-κB activation was confirmed by EMSA (Fig 2B),
indicating that IgE-Ag did not induce nuclear NF-κB binding activity. To determine if ERK
and JNK phosphorylation resulted in AP-1 stimulation, we assessed AP-1 activation in nuclear
extracts. Stimulation with IgE-Ag complexes induced a significant increase in nuclear
activation of AP-1 compared to unstimulated cells (Fig 2C) that was sustained over the 3 h
experimental period. This pattern was confirmed using an AP-1 reporter assay (Fig 5F), in
which stimulation of Caco-2 cells with either EGF as positive control or Ag-IgE complexes
induced AP-1-driven gene expression.

IgE-Ag Complex-Induced Chemokine Secretion is ERK- and JNK-dependent
We hypothesized that activation of ERK and JNK signaling pathways was responsible for the
upregulation in epithelial chemokine secretion observed after IgE-Ag stimulation. To test this,
we used pharmacologic inhibitors of MEK 1/2 (upstream of ERK1/2, using U0126) and JNK
(JNK inhibitor II). Pre-treatment of polarized Caco-2 cells with either MEK or JNK inhibitor
(at 10 μM concentration) selectively abrogated the phosphorylation of ERK and JNK in
response to IgE-Ag, respectively (Fig 3A), and significantly attenuated the secretion of IL-8
and CCL20 induced by IgE-Ag stimulation (Figure 3B).

IgE-Ag Complexes Induce Signaling via CD23
We have previously shown that Caco-2 cells constitutively express the CD23a isoform of
CD23, and that CD23a transports IgE-Ag complexes intact across the epithelial barrier 7. We
hypothesized that CD23 was also responsible for the transduction of signals into the epithelial
cell. To test this, we first cross-linked CD23 by the use of anti-CD23 antibodies + anti-IgG.
Cross-linking of CD23 induced similar levels of IL-8 (Figure 4A) and CCL20 (Figure 4B)
secretion as stimulation with IgE-Ag complexes.

Next we inhibited CD23 expression with the use of shRNA. Stable transfectants were generated
using either CD23 or control shRNA, and cells were polarized on filter supports. CD23
knockdown was confirmed by immunoblotting and RT-PCR (Fig 5A). IgE-Ag complex
stimulation of cells transfected with control shRNA resulted in phosphorylation of ERK and
JNK as was observed in control cells, but inhibition of CD23 expression resulted in complete
abrogation of ERK or JNK phosphorylation (Figure 5C). Silencing of CD23 did not impair
phosphorylation of ERK or JNK in response to the positive control (EGF, Fig 5B), showing
that there was no non-specific disruption of this signaling pathway in response to shRNA
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targeting CD23. Furthermore, silencing of CD23 significantly attenuated activation of AP-1
(Fig 5E, F), as well as IL-8 and CCL20 secretion (Figure 5D). Therefore we conclude that IgE-
Ag complexes activate epithelial cells through CD23.

Epithelial Cells Activated with IgE-Ag Recruit Immature Dendritic Cells
We have shown that IgE-Ag complexes can upregulate IL-8 and CCL20 expression in intestinal
epithelial cells. CCL20 is a chemoattractant for immature dendritic cells, memory T
lymphocytes, and B lymphocytes, while IL-8 is a chemoattractant for neutrophils and
eosinophils, and has been shown to be increased in late-phase allergic inflammation 19–21.
We hypothesized that one outcome of epithelial cell stimulation is recruitment of dendritic
cells (DCs) that are capable of taking up transcytosed antigen and delivering that antigen for
presentation in draining lymph nodes. To assess if stimulated epithelial cells could recruit DCs,
we performed migration assays using monocyte-derived dendritic cells and supernatants from
stimulated epithelial cells. Basolateral supernatants from IgE-Ag stimulated Caco-2 cells
induced a significant (> 5-fold) increase in DC migration across filters of chemotaxis chambers
compared to supernatants from unstimulated cells, or cells stimulated with IgE or allergen
alone (Figure 6A).

We next examined the contribution of CCL20 to this recruitment of DCs (Fig 6B). Pre-
incubation of epithelial cell supernatants with neutralizing antibodies against CCL20, but not
isotype control antibodies, significantly attenuated the migration of DCs in response to IgE-
Ag-stimulated epithelial cells. In addition, supernatant from cells transfected with CD23
siRNA had significantly attenuated recruitment of DCs. Thus, CCL20 appears to be the major
DC chemoattractant induced in a CD23-dependent manner. Pretreatment of DCs with pertussis
toxin to inhibit signaling through all chemokine receptors abolished this migration down to
baseline levels, indicating that there were chemokines in addition to CCL20 released by
epithelial cells that could recruit DCs.

CCL20 Expression by Human Intestinal Epithelial Cells In Vivo
CCL20 is expressed under inflammatory conditions in human colonic epithelium and in human
colonic epithelial cell lines, and has been reported to be constitutively expressed in epithelium
overlying lymphoid follicles in the gastrointestinal tract 17, 22. We examined CCL20
expression by immunostaining in duodenal biopsies from subjects with IgE-sensitization to
foods, with or without allergic eosinophilic gastroenteritis (AEG). Patients with
gastrointestinal symptoms but histologically normal duodenal biopsies and no evidence of IgE
sensitization were used as controls. We report CCL20 expression in histologically normal
human duodenum. CCL20 expression in duodenal biopsies was patchy, and was restricted to
epithelial cells in the villi and the base of the crypts (Figure 7). CCL20 staining was found in
6/12 patients with IgE sensitization (4/6 with AEG and 2/6 with no duodenal inflammation),
and 10/13 non-allergic controls. Thus, at baseline conditions (in the absence of challenge to
foods to which there is IgE-sensitization) there is evidence for constitutive (yet patchy)
expression of CCL20 by duodenal epithelial cells. We hypothesize that acute exposure to
allergen could increase this CCL20 expression further, as we observe in our in vitro system.

DISCUSSION
We hypothesized that in addition to its function as an antigen capture mechanism, CD23
expressed on human intestinal epithelial cells could trigger upregulation of epithelial
chemokines. We provide evidence that IgE-antigen complexes trigger CD23 on the basolateral
membrane to induce MAP-kinase signaling and subsequent release of chemokines capable of
recruiting DCs and potentially other inflammatory effector cells. We hypothesize that this is a
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critical second step in the antigen capture mechanism leading to a late-phase allergic response
to food allergens in a sensitized individual.

We have previously shown that CD23 is constitutively expressed on human intestinal epithelial
cells isolated from colonic resections 7. In addition, Kaiserlian et al reported constitutive CD23
expression by immunostaining in human duodenum and colon 23. The function of CD23 has
been most extensively studied on B cells, where it has been shown to be involved in IgE-
mediated antigen capture and facilitated presentation to T cells 24, 25. There is a paucity of
information on the link between engagement of CD23 on the cell surface and the functional
outcome, although the cytoplasmic tail of the CD23a isoform has been shown to be critical for
trafficking of IgE 10, 26. Related C-type lectins such as CLEC-2 and Dectin-1 activate
signaling pathways through a YXXL/I motif in the cytoplasmic tail, a motif that is also found
in CD23a 27. We first tested the effect of IgE-antigen complexes on chemokine expression by
the human intestinal epithelial cell line Caco-2 that expresses constitutive levels of CD23a.
We observed that complexes on the basolateral side of monolayers preferentially induced the
upregulation (and basolateral secretion) of the chemokines IL-8 (IL-8) and CCL20. These
chemokines can recruit both inflammatory cells (neutrophils and eosinophils for IL-8) and cells
of the adaptive immune system (immature dendritic cells, memory T cells, and B lymphocytes
for CCL20). IL-8 and CCL20 (also known as MIP-3α) are expressed by intestinal epithelial
cells and are known to be regulated by pro-inflammatory stimuli including pro-inflammatory
cytokines and interaction with bacterial pathogens 14, 17. The receptor for CCL20 is CCR6
and is expressed on a range of cell types including immature dendritic cells, B lymphocytes,
memory T cells, and epithelial cells. Under baseline conditions CCR6 expression on dendritic
cells has been shown to be restricted to the Peyer’s patch in the mouse intestine 28. However,
immunostaining for CCR6 in human colonic biopsies indicates positive cells in the
subepithelial zone of non-follicular areas of the lamina propria 22. CCL20, and its receptor
CCR6, are upregulated in lesional skin of patients with atopic dermatitis 29, although other
groups have reported a decrease in CCL20 in atopic dermatitis 30. IL-8 has also been shown
to be upregulated in the nasal mucosa and skin following local allergen provocation 19–21.
We hypothesize that release of chemokines including IL-8 and CCL20 from intestinal epithelial
cells may contribute to late-phase inflammation in the gastrointestinal tract by recruitment of
both effector cells and antigen presenting cells.

Polarization of responsiveness is a common feature of intestinal epithelial cells. Toll-like
receptors (TLRs) are also polarized for maximal responsiveness at the basolateral surface 31,
32, which is likely to be an effective means of preventing uncontrolled immune responsiveness
to luminal contents that cannot breach the epithelial barrier. We have previously shown that
CD23 and food-specific IgE are present in the stool of patients with food allergies 7,
demonstrating the availability of both IgE and receptor for the uptake of food allergens from
the gastrointestinal lumen. Once the IgE-antigen complexes have breached the epithelial
barrier, these can then induce the release of chemokines from the epithelium. The molecular
basis for this polarization remains to be addressed as we have shown that CD23 is expressed
on the apical side of intestinal epithelial cells, and therefore the polarization may reflect access
to appropriate signaling molecules at the basolateral but not apical membrane.

We examined MAPK and NF-κB signaling pathways after IgE-antigen stimulation of human
intestinal epithelial cells. We observed activation of ERK and JNK, but not p38 or NF-κB by
immunoblotting. EMSA assays also showed that NF-κB was not activated in response to IgE-
Ag. Although CD23 cross-linking has been shown to activate NF-κB in monocytes and
monocytic cell lines 33, 34, these cells express the CD23b isoform that has a different
cytoplasmic domain than the CD23a isoform expressed in epithelial cells and B cells. We
confirmed that ERK and JNK activation were necessary for downstream chemokine release
through the use of pharmacologic inhibitors of MEK and JNK. Therefore the signaling
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pathways appear to be different than those activated by stimuli such as infection with bacterial
pathogens. This is consistent with our finding that known NF-κB target genes such as HBD-2
11 and TSLP 35 are not regulated by IgE-antigen complexes (Li and Berin, unpublished
observations). This makes physiological sense as the appropriate response to IgE-antigen (i.e.
in the context of helminth infection) would require different effector cells than those recruited
to fight bacterial infection.

Epithelial cells express a number of Fc receptors, including but not limited to pIgR and FcRn
36. To show that IgE-antigen complexes were signaling specifically through CD23 we used
two approaches. First, we replicated our findings with IgE-Ag stimulation using cross-linked
anti-CD23 antibodies. Anti-CD23 induced chemokine secretion when cross-linked at the
basolateral surface. Secondly, we inhibited CD23 expression using shRNA. Inhibition of CD23
expression by shRNA resulted in complete abrogation of ERK and JNK phosphorylation in
response to IgE-antigen, and significant inhibition of IL-8 and CCL20 secretion. Therefore we
conclude that the effects we observe on human intestinal epithelial cells are mediated via CD23
on the cell surface.

We have previously shown that antigen-IgE complexes that are transcytosed across human
intestinal epithelial cells can trigger the degranulation of effector cells (we used rat basophil
leukemia cells transfected with the human high affinity IgE receptor as a model of mast cells)
7. We hypothesize that antigen is also delivered to antigen presenting cells such as DCs for
presentation to T lymphocytes, as has been shown for transepithelial antigen sampling by IgG
and FcRn 37–39. Human DCs express the high-affinity IgE receptor and can use this receptor
for IgE-mediated antigen focusing 40. We show that epithelial cells release functional
quantities of chemoattractants for immature DCs in response to IgE-antigen complexes, and
that the major DC chemoattractant released by epithelial cells is CCL20. We speculate that
this may be an important step in the amplification of adaptive immune responses to allergen
ingestion, or may be a critical step in the initiation of a local late-phase inflammatory response.

We examined CCL20 expression in biopsies from children with history of IgE-sensitization
to food proteins with or without allergic eosinophilic gastroenteritis. As controls, we used
biopsies from children without history of food allergies or duodenal inflammation. CCL20 was
constitutively expressed (in a patchy manner) in the duodenal epithelium, similar to reports of
heterogeneous expression in non-inflamed colonic epithelium 17. CCL20 expression was not
noticeably elevated in those with IgE sensitization. This is however not surprising given the
fact that patients who have known IgE-sensitization to foods are advised to strictly avoid those
foods. Our results do however demonstrate that human villous and crypt epithelial cells of the
duodenum express CCL20 protein in vivo, which we hypothesize would be further upregulated
following acute allergen exposure.

Thus, we have now shown the presence in vivo in food allergic patients of: (1) epithelial CD23
expression 7 (2) luminal food-specific IgE 7, and (3) epithelial CCL20 expression. Our in
vitro studies demonstrate that allergen-IgE complexes acting on CD23 upregulate CCL20, and
CCL20 can then recruit immature dendritic cells. Together with our previous findings7, these
data support a paradigm in which food-specific IgE that is present in the gut lumen of
individuals with food allergy can capture antigen, and together with CD23 can traffic the
antigen across the epithelium to the lamina propria. Once it reaches the lamina propria, IgE-
Ag complexes can trigger hypersensitivity reactions and also signal back to the epithelium to
trigger chemokine release to support the influx of a new wave of inflammatory and adaptive
immune cells into the gastrointestinal mucosa. We therefore speculate that CD23 is a critical
receptor in the initiation of allergic responses in human food allergic disorders.
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Figure 1. Polarized responsiveness of intestinal epithelial cells to IgE-Ag
Caco-2 cells were polarized on filter supports and stimulated with anti-NP IgE (IgE), NP-BSA
(Ag), or IgE-Ag complexes. Cells were stimulated either on the apical or basal side of the
transwell, and IL-8 (A) and CCL20 (B) mRNA expression was assessed by real-time PCR after
6 hours. Data are expressed as fold increase compared to control, mean + SEM, n = 4/group.
IL-8 and CCL20 chemokine secretion into the apical or basal transwell was measured 24 h
after stimulation with IgE-Ag (C).
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Figure 2. Signaling in intestinal epithelial cells in response to IgE-Ag
Caco-2 cells were polarized on filter supports and stimulated with anti-NP IgE plus NP-BSA
(Ag-IgE) on the basolateral side. A. Immunoblotting for phospho (p−) or total ERK 1/2, JNK,
p38, and IκBα. Cell extracts were prepared from unstimulated cells or cells stimulated for 20
or 60 minutes with Ag-IgE. B. EMSA showing NF-κB binding activity in nuclear extracts
prepared from unstimulated cells (media), or cells stimulated with TNFα (20 ng/ml) for 1 or 3
h, or IgE-Ag complexes for 1–4 hours. C. AP-1 binding in nuclear extracts prepared from cells
that were untreated (media), treated with epidermal growth factor as positive control (EGF),
or treated with Ag-IgE for 1 h or 3 h. AP-1 binding in nuclear extracts was determined by an
ELISA-based technique.
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Figure 3. Effect of JNK and ERK inhibitors on IL-8 and CCL20 release by IgE-Ag-stimulated
intestinal epithelial cells
Caco-2 cells were polarized on filter supports and pre-treated with the MEK inhibitor U0126
or its negative control U0124, or JNK inhibitor II or its negative control prior to stimulation
with IgE-Ag complexes (IgE-Ag). A. Cell extracts were obtained 60 min after stimulation and
immunoblotting performed for phospho-ERK, phospho-JNK, or actin as loading control. B.
Chemokine secretion was measured by ELISA using the basolateral culture supernatant
obtained 24 h after stimulation. Data are mean + SEM, n = 3–4/group.
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Figure 4. CD23 cross-linking induces epithelial chemokine secretion
Caco-2 cells were polarized and stimulated with TNFα (20 ng/ml), Ag-IgE complexes, or anti-
CD23 antibodies + anti-IgG to cross-link. IL-8 (A) and CCL20 (B) release into the basolateral
supernatant was measured by ELISA. ND = none detected.
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Figure 5. CD23 is required for IgE-Ag-induced activation of epithelial cells
Caco-2 cells were stably transfected with shRNA targeting CD23, or with control shRNA or
were left untransfected. Knockdown of CD23 expression was confirmed by western blotting
and RT-PCR (A). Cells were stimulated with EGF and immunoblotting for phospho-ERK and
phospho-JNK was performed to show that CD23 RNAi did not interfere with these pathways
(B). Cells were then polarized on filter supports and stimulated with IgE-Ag complexes on the
basolateral side as above. C. Immunoblotting for phospho (p−) ERK 1/2 and JNK or actin as
a loading control. Lysates were prepared 60 min after stimulation. D. IL-8 and CCL20 secretion
as measured in the basolateral supernatant 24 h after stimulation with IgE-Ag complexes. E.
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AP-1 binding activity as measured in cell extracts obtained 60 min after stimulation. F. AP-1
luciferase reporter assay.
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Figure 6. Epithelial Cells Induce CCL20-Dependent Migration of Human Dendritic Cells after
Stimulation with IgE-Ag
Dendritic cells (DCs) were generated from peripheral blood monocytes by culture with IL-4
and GM-CSF for 6 days. DCs were added to the top chamber of chemotaxis chambers, and
supernatant from epithelial cell cultures was added to the basolateral chamber. A. Supernatant
was derived from Caco-2 cells stimulated with nothing (media), IgE or antigen (Ag) alone, or
IgE-Ag complexes (IgE+Ag). Data are mean + SEM of 6/group. ** p < 0.01 compared to
control. B. Supernatant was obtained from Caco-2 cells or cells with CD23 knocked down
(siCD23) 24 h after stimulation with Ag-IgE. Supernatant was pre-incubated with neutralizing
anti-CCL20 antibody (α-CCL20) or isotype control (IgG). Pertussis toxin (PTX, 200 ng/ml)
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was added to DCs for 2 h prior to addition of cells to chemotaxis chambers. Data are mean +
SEM of 4/group. *** p < 0.001 compared to control.
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Figure 7. Expression of CCL20 by Human Duodenal Epithelial Cells In Vivo
Sections from duodenal biopsies were stained with anti-CCL20 (A,C–F) or isotype control (B).
A: Section from a subject with allergic eosinophilic gastroenteritis (AEG). Note the villous
blunting, and the positive (brown) immunostaining in the epithelium and the crypts. Original
magnification 100x. B: Section from the same biopsy as A, stained with isotype control (100x).
C: Section from a non-inflamed control showing a complete absence of CCL20 staining (100x).
D: Section from a non-inflamed control showing abundant CCL20 immunoreactivity in villous
and crypt epithelium (100x). E: Higher power magnification of the section shown in A,
showing detail of positive immunostaining in the surface epithelium (400x). F: Higher power
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magnification of section shown in A, showing detail of positive immunostaining in the crypt
epithelium (200x).
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