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D23-Mediated IgE Transport Across Human Intestinal
pithelium: Inhibition by Blocking Sites of Translation
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ackground & Aims: In previous studies in rodent mod-
ls of food allergy, we identified that sensitization in-
uces expression of CD23 on intestinal epithelial cells
nd results in enhanced IgE-dependent transepithelial
ntigen uptake; further studies in CD23�/� mice pro-
ided evidence that CD23 is involved in protected trans-
ort of antigen into the body. Little information exists in
umans on receptor-mediated immunoglobulin (Ig)E
ransport across epithelia. The present study was de-
igned to examine expression of CD23 by human epi-
helial cells, determine its isoform and regulation by
nterleukin (IL) 4, and identify the role of CD23 in trans-
pithelial IgE transport. Methods: Epithelial expression
f CD23 was studied in cell lines, ileal biopsy specimens,
nd explanted fetal intestine. Bidirectional transport of
gE was measured across filter-grown cells, either nor-

al cells or those transfected with antisense CD23
ligonucleotides, or in the presence of blocking anti-
ody. Results: Expression of the low-affinity IgE receptor
as demonstrated in cultured epithelial cells as well as

n situ cells in human intestine. CD23b was the isoform
xpressed by HT29, T84, and Caco-2 cells. IL-4 up-regu-

ated the expression of epithelial CD23. IgE was trans-
orted in both the basal-to-apical direction and the api-
al-to-basal direction across filter-grown epithelial cells,
process that was inhibited by transfection of cells with
D23 antisense oligonucleotides or pretreatment with
onspecific IgE or anti-CD23 antibody. Conclusions:
hese findings provide evidence that CD23 encodes a
unctional IgE receptor on human intestinal epithelial
ells and that this epithelial receptor is likely to play an
mportant role in food allergies.

he prevalence of allergic diseases in general, and food
allergy in particular, has increased consistently over

he past 10 years. True food allergy (immune-mediated
ypersensitivity) affects 2%–5% of adults and an even
reater proportion (�8%) of children.1 Following the
ngestion of a specific food antigen, sensitized individuals
evelop local gastrointestinal symptoms such as diarrhea,

ausea, and vomiting and often respiratory and cutane-
us symptoms. Common allergens include cow’s milk,
gg, nuts, shellfish, and others.1,2 In severe cases such as
n allergy to peanuts, systemic anaphylaxis can occur and
e life threatening. There are few effective treatment
trategies apart from avoidance of the offending foods.
owever, particularly in young children, restricted diets
ay compromise nutrition. Therefore, it is important to

nderstand the mechanisms underlying food allergic re-
ctions to develop novel therapeutic strategies.

Immunoglobulin (Ig)E is the immunoglobulin isotype
nvolved in immediate hypersensitivity allergic reac-
ions. Circulating IgE antibodies are present in allergic
ndividuals.1–3 IgE has also been measured in intestinal
uid and feces of food allergic patients.4–6 In contrast, it
s below the limit of detection in both blood and luminal
ontents of nonreactive humans. It is not clear how
ndividuals become sensitized to foods because proteins
ncountered in the gastrointestinal tract normally result
n oral tolerance (actively down-regulated immune re-
ponses).7 However, atopy can be inherited, and IgE has
een measured even in cord blood of neonates.8 Interleu-
in (IL) 4 is the key T-lymphocyte-helper, type 2 (Th2)
ytokine involved in switching antibody responses to
gE.9 In addition, IL-4 induces the expression of IgE
eceptors on mast cells and other cell types.10–12 The
ypersensitivity reaction is initiated by antigen cross-
inking of IgE bound to high-affinity receptors on the
urface of mast cells. This, in turn, triggers mast cell
egranulation and release of inflammatory mediators (in-
luding histamine, lipid mediators, proteases, and oth-

Abbreviations used in this paper: EBV, Epstein Barr virus; EDTA,
thylenediaminetetraacetic acid; ELISA, enzyme-linked immunosor-
ant assay; FcRn, neonatal immunoglubulin receptor; HRP, horserad-

sh peroxidase; Ig, immunoglobulin; IL, interleukin; OVA, ovalbumin;
IgR, polyimmunoglobulin receptor; RT-PCR, reverse-transcriptase
olymerase chain reaction; SCID, severe combined immunodeficiency;
h, T helper.

© 2005 by the American Gastroenterological Association
0016-5085/05/$30.00
doi:10.1053/j.gastro.2005.06.014
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rs) that act on nearby cells to alter physiology.13 How-
ver, in the gastrointestinal tract, mast cells are located
eneath the epithelium, which should restrict the uptake
f intact protein antigens.

The epithelium is composed of a single-celled layer of
pithelial cells joined together by tight junctions. It
erforms the critical function of nutrient absorption
hile, at the same time, excluding antigenic macromol-

cules and microbes. There is evidence that the intestinal
pithelial barrier is abnormal in humans with allergies
nd animal models of food allergy. Children with milk
llergy have increased uptake of milk protein.14 Increased
ermeability has also been described in patients with
czema and asthma.15,16 Our studies in sensitized rats
emonstrated that the sensitizing protein is preferen-
ially taken up across the gut epithelium.17,18 We
howed that the initial route of antigen transport is
ranscellular via endosomes, resulting in increased
mount and rate of antigen uptake; following activation
f mast cells, the paracellular pathway is recruited, re-
ulting in an overall nonspecific reduction in barrier
unction.19 Our recent studies identified that CD23 (the
ow-affinity receptor for IgE) is expressed on the cell

embrane of epithelial cells in sensitized rats and
ice.20,21 Evidence that CD23 is involved in enhanced

ntigen transport was obtained from experiments using
nti-CD23 antibodies and in CD23�/� mice,20–22 in
hich both antigen transport and hypersensitivity reac-

ion were inhibited. Taken together, our findings suggest
hat the enhanced transepithelial antigen transport in
ensitized rodents is mediated by binding to IgE-CD23
n the apical surface of epithelial cells.

CD23, the low-affinity receptor for IgE (Fc�RII), is a
ype II transmembrane glycoprotein with an extracellular
omain (containing the IgE-binding site) belonging to
he C-type animal-lectin family.23–25 Two isoforms
CD23a and CD23b, which differ in the N-terminal
ytoplasmic portions of the molecule) of human CD23
ave been cloned. CD23a is constitutively expressed on
cells and possibly eosinophils,25,26 whereas CD23b is

nducible by IL-4 on various immune cell types, includ-
ng B cells, monocytes, macrophages, neutrophils, and
thers.27–30 In addition, CD23 protein has been identi-
ed on human keratinocytes31 and intestinal epithelial
ells,32,33 but its isoform and function have not been
ompletely elucidated.

The present study was designed to examine the ex-
ression of CD23 by human epithelial cells, its regula-
ion by IL-4, and its role in IgE transport. We docu-
ented epithelial expression of this IgE receptor (the
D23b isoform) in 3 cultured cell lines as well as in situ

ells in human intestine. Because IgE is produced by B i
plasma) cells located in the intestinal lamina propria or
ther body sites, we examined IgE transport in the
asal-to-apical direction as well as the apical-to-basal
irection across filter-grown epithelial cells. We deter-
ined that IL-4 up-regulates the expression of CD23 on

pithelial cells. Bidirectional transepithelial transport of
gE was enhanced following IL-4 treatment. Finally,
nti-CD23 antibody or transfection of cells with CD23
ntisense oligonucleotides inhibited transepithelial IgE
ransport. These findings provide evidence that CD23b
ncodes a functional IgE receptor on human intestinal
pithelial cells that is likely to play an important role in
ood allergic conditions.

Materials and Methods

Antibodies and Chemicals

The anti-CD23 antibody used in this study was mono-
lonal mouse anti-human CD23, clone Tu1 (NovoCastra Lab-
ratories Ltd, Newcastle Upon Tyne, United Kingdom). Hu-
an IgE anti-NP (against 4-hydroxy-3-nitrophenylacetyl),

nd the � IgE (�IgE) fragment as well as NP-ovalbumin
OVA) were from Serotec Inc. (Oxford, United Kingdom). A
abbit polyclonal antibody against the � chain of human IgE
DAKO Diagnostics, Mississauga, ON, Canada) was used to
dentify IgE. Recombinant human IL-4 was a product of R&D
ystems Inc (Minneapolis, MN). Culture media and reagents
ere obtained from Invitrogen Life Technologies (Carlsbad,
A). IgG3 and the protease inhibitor cocktail were from
igma-Aldrich (St. Louis, MO). The F(ab’)2 fragment of IgG
as from Jackson ImmunoResearch Laboratories (Westgrove,
A).

Cell Lines and Culture Methodology

Cell lines were from stock supplies maintained at
cMaster University. The human epithelial cell lines used in

his study were T84, HT29, and Caco-2. T84 cells were
ultured in Dulbeco’s modified Eagle medium (DMEM): F-12
edia (1:1), supplemented with 10% fetal bovine serum

FBS), 0.15% NaHCO3, 1.2 mmol/L L-glutamine, 100 U/mL
enicillin, and 100 �g/mL streptomycin. HT29 cells were
ultured in DMEM medium with 5% FBS, 0.0375% sodium
icarbonate, 0.2 mmol/L L-glutamine, and penicillin/strepto-
ycin. Caco-2 cells were cultured in DMEM, supplemented
ith 10% FBS, 1% nonessential amino acids, and penicillin/

treptomycin. The cells were split every 5 days, and media
ere changed every 2 or 3 days. Human THP-1 monocytes and
BV-transformed B lymphocytes were cultivated in RPMI
640 media, with (for THP-1 cells) 10% FBS, 35 mmol/L
EPES, 100 U/mL penicillin, and 100 �g/mL streptomycin

r (for B cells) 100 mmol/L HEPES, 1.6 mmol/L L-glutamine,
% FBS as well as penicillin/streptomycin. All cells were

ncubated in an atmosphere of 5% CO2 at 37°C.
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Intestinal Biopsy Specimens and
Xenografts

Approval for these studies was obtained from the re-
earch ethics board and the animal research ethics board at
cMaster University. Human intestinal biopsy specimens

distal ileum) were obtained from 3 patients undergoing
orkup for possible inflammatory bowel disease (subsequently

dentified as normal). Human fetal small intestine was ac-
uired within 14 to 15 weeks of gestation. Intestinal tissues (n

6) were transplanted subcutaneously into severe combined
mmunodeficient (SCID) mice and allowed to develop for an
dditional period of 14 weeks as described.34 Mice were in-
ected intraperitoneally (IP) with 0.3 mL IL-4 (10 �g/mL) or
aline 48 and 24 hours before they were killed. Xenograft
issues were removed and placed on ice. Tissue samples and
iopsy specimens were placed in optimal cutting temperature,
rozen, and processed for immunohistochemistry.

CD23 Messenger RNA Expression by
Reverse-Transcriptase Polymerase Chain
Reaction

The published sequence of human CD23 messenger
NA (mRNA) indicates 2 isoforms of CD23, type a and type

.23,25,27 Based on this information, we designed primers: for
D23a: 5=-ATG GAG GAA GGT CAA TAT T-3= and 5=-
TC CCA TCC ACC CAG ATA AA-3=; and for CD23b:
=-GGA CGC AAT AGA GTC AGA G-3= and 5=-CCT GGC
TG GAG GAT TCA T-3=. The cDNA for CD23b and
D23a were cloned and authenticated by DNA sequencing.
APDH primers were as follows: 5=-CCA TGG AGA AGG
TG GGG-3= and 5=-CAA AGT TGT CAT GGA TGA
C-3=.
Total RNA from epithelial cell lines, monocytes, or Epstein

arr virus (EBV)-transformed B cells was extracted using
IAGEN RN easy kit (Qiagen Inc., Mississauga, ON, Can-

da). Cells were disrupted in RNA lysis buffer, and then 1
olume of 70% ethanol was added to the homogenized lysate.
he sample solution was then applied to an RNeasy minispin
olumn and centrifuged for 30 seconds at 13,000 rpm. RNA
ollected in the column was washed with buffers RW1 and
PE successively. The total RNA extracted was eluted in
Nase-free water, divided into small aliquots, and stored at
80°C. Reverse-transcriptase polymerase chain reaction (RT-

CR) was carried out using GeneAmp RNA PCR Core kit
Applied Biosystems, Branchburg, NJ): 2 �g total RNA was
dded to reagent mixture for reverse transcription (including
NTP, MuLV reverse transcriptase, Oligo d(T)16) and reacted
or 15 minutes at 42°C. PCR was executed in a PCR master
ixture with AmpliTaq DNA polymerase and primers for 30

ycles. Each cycle consisted of the following: denaturing 1
inute at 95°C, annealing 1 minute at 60°C, and synthesizing
minute at 72°C, finally extended at 72°C for 7 minutes. The
CR products were loaded onto a 3.0% agarose gel, including
0% lower melting point agarose, for electrophoresis. The

mage of PCR fragments was photographed, and the integrated s
ntensity was determined by scanning densitometry using
APDH as an internal control for the total amount of RNA

dded. Negative controls were performed with samples lacking
NA or with RNA that was not reverse transcribed. The

oftware for whole-band analysis was from BioImage (Ann
rbor, MI).

Antisense Transfection

Three antisense oligodeoxynucleotides were designed
round the protein translation start site: the upstream anti-
ense (5=-CCT GGC TTG GAG GAT TCA T-3=), middle
ntisense (5=-TGG AGG ATT CAT TAT GCT AA-3=), and
ownstream antisense (5=-CAT TAT GCT AAA TTC TGC
T-3=). A nonsense oligodeoxynucleotide (5=-TTC GTC TTA
AT CGT ATT AC-3=) was also used; its design was neither

omplementary to any part of the CD23 gene nor to any
nown human sequence.
The sense, antisense, and nonsense oligodeoxynucleotides

ere transfected into HT29 cells using the lipid-based Oligo-
ectAMINE reagent (Invitrogen Life Technologies). The trans-
ection mixture was prepared according to the manufacturer’s
nstructions with minor modifications. In brief, oligonucleo-
ides were diluted in serum-free cell culture medium to 300
mol/L and incubated for 15 minutes. Next, the transfection
eagent OligofectAMINE was incubated with the serum-free
ulture medium for 10 minutes. Finally, both were mixed
ogether (transfection mixture) and incubated for a further
5-minute period at room temperature. Before transfection,
he cells were washed with serum-free medium. The transfec-
ion mixture was then added to the cells and incubated for 4
ours in 37°C, CO2 atmosphere. After this interval, the culture
edium with 3X normal serum was added to the cells (with-

ut removing the transfection mixture) for a further 48-hour
ncubation.

CD23 Protein Expression by Western Blot
Analysis

Cells were washed 3 times with ice-cold PBS (pH 7.2)
ontaining a cocktail of protease inhibitors (Sigma). Cells were
arvested (by scraping) into 500 �L ice-cold lysis buffer: 100
mol/L NaCl, 10 mmol/L Tris-Cl, 2 mmol/L EDTA, 1.8%
riton X-100, and protease inhibitors (pH 7.8). Total protein

n the supernatant of the cell lysate was measured by Bio-Rad
it (Bio-Rad Laboratories, Mississauga, ON, Canada). Protein
60 �g for each sample) was loaded onto a 10% polyacrylamide
el, allowed to migrate, and analyzed by SDS-PAGE. The
rotein bands were transferred electrophoretically onto a ni-
rocellulose membrane and incubated with anti-human CD23
ntibody (1:500) for 48 hours at 4°C, with shaking. After 3
ashes with PBS, horseradish peroxidase (HRP)-conjugated

econdary antibody (1:40,000) was added and incubated for 2
ours. An enhanced chemiluminescence method was used to
etect the target CD23 protein using a LumiGlo substrate kit
KP Laboratories, Gaithersburg, MD) and x-ray film. The
ntegrated intensity for the protein bands was determined by

canning densitometry.
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CD23 Protein Expression by
Immunohistochemistry

CD23 protein expression was examined in cultured
pithelial cells, intestinal biopsy specimens, and xenograft
issues. Epithelial cells were grown on coverslips for 3–5 days.
he cells were fixed with 50% acetone buffered in PBS for 15
inutes. Biopsy specimens were obtained and immediately

rozen at �80°C. Cryostat sections were cut at a thickness of
�m and fixed in cold acetone for 15 minutes. After washing,

he endogenous peroxidase activity was quenched by 3% H2O2

or 15 minutes and further treated with blocking buffer (0.1
ol/L Tris-Cl, 0.15 mol/L NaCl, 0.5% blocking reagent, pH

.5) for 30 minutes. Cells or biopsy specimens were incubated
ith anti-CD23 primary antibody (1:100) for 2 hours and

urther incubated in biotinylated secondary antibody (1:1000)
or 30 minutes. The signal was amplified using streptavidin-
RP and tyramide fluorescein (TSA kit; NEN Life Science
roducts Inc, Boston, MA). Xenograft tissue was removed

rom the SCID mice, frozen, and treated similarly, except that
he sections were cut at a thickness of 6 �m, and the dilutions
or primary and secondary antibodies were 1:50 and 1:2000
Cy-5-conjugated anti-mouse antibody), respectively. The nu-
lei in the tissue were counterstained with propidium iodide
or 10 minutes. Negative controls involved substitution of a
ontrol antibody (IgG3) for the primary antibody. The images
ere observed in a confocal microscope and analyzed using
SM510 software.

IgE Binding and Uptake

HT29 cells were cultured in 24-well plates for 3 days.
uman IgE, (0.04 �mol/L) diluted in a IgE-binding buffer

10 mmol/L Tris-HCl, 140 mmol/L NaCl, 2 mmol/L CaCl2, 1
mol/L MgCl2, 1.8 g/L glucose or mannitol, pH 7.35),35 was

dded to the cells and incubated for 70 minutes at 4°C or
7°C. The cells were prepared for immunohistochemistry as
ndicated above. To determine whether IgE had been internal-
zed, cells were washed 3 times with ice-cold PBS, scraped
rom the wells in lysis buffer (including protease inhibitors),
nd protein used for Western blotting analysis. IgE was rec-
gnized by a horseradish peroxidase (HRP)-conjugated rabbit
olyclonal antibody against the � chain of human IgE, and the
nhanced chemiluminescence technique was then employed to
etect the labeled immunoglobulin. Studies were conducted in
he presence of anti-CD23 antibody (vs nonspecific control
gG3 antibody) to determine the effect of blocking CD23 on
gE binding.

IgE Transport

IgE transport across monolayer cultured epithelial cells
as carried out using HT29 cells grown on 0.4 �m, pore-size
ranswell filters (Corning Inc., New York, NY). Cells (0.8 �
06) were seeded onto the filter either normally or on the
everse side,36 and the cells were cultured for 7 days until
onfluent (resistance at least 300 �/cm2). Human IgE (0.4

mol/L in IgE-binding buffer) was added to either the basal or a
pical compartment of the Transwells. After incubation at
7°C for specific periods of time, media samples from the
pposite compartment were collected and stored at 4°C for IgE
nalysis by Western blot or ELISA. Studies were conducted in
he presence of anti-CD23 antibody (vs nonspecific control
gG3 antibody) to determine the effect of blocking CD23 on
gE transport.

HT29 cells were chosen for these studies because prelimi-
ary experiments indicated that IL-4 did not alter the perme-
bility of HT29 monolayers for macromolecules, whereas T84
ell monolayers demonstrated increased permeability after
reatment with IL-4.37 To confirm this, transport of a nonspe-
ific protein, horseradish peroxidase (HRP; added at 10
mol/L) was measured for comparison. The concentration of

ntact HRP was determined by assaying enzyme activity using
modified Worthington method as described.37 Briefly, 150
L sample was added to 800 �L phosphate buffer containing
.003% H2O2 and 80 �g/mL o-dianisidine (Sigma Chemical
o, St Louis, MO). Enzyme activity was determined from the

ate of increase in OD at 460 nm.

Enzyme-Linked Immunosorbant Assay for
IgE

A sandwich ELISA method was employed to measure
gE. A rabbit polyclonal antibody against the � chain of the
uman IgE (10 �g/mL) (DAKO Diagnostics) was used to coat
6-well plates then washed 3 times with PBS. Samples were
dded and incubated with the antibody overnight at 4°C (with
haking). After 3 washes with PBS, a monoclonal mouse
nti-human IgE (1:1000) (DAKO Diagnostics) antibody was
ntroduced to detect the captured IgE. After 3 washes, the
RP-conjugated secondary antibody was added to the plate

or 1-hour incubation. The color reaction was performed using
PD tablets (DAKO Diagnostics), which were prepared ac-

ording to the manufacturer’s instruction. The reaction was
topped by the addition of 0.5 mol/L H2SO4. The color absor-
ance was read at 490 nm in a plate reader (Bio-Tec Inst. Inc.,
inooski, VT).

Inhibition of IgE Binding and Transport by
Nonspecific IgE

IL–4-treated HT29 cells were incubated for 1 hour at
°C with various concentrations of either F(ab=)2 fragment of
gG (used as a negative control) or �IgE (full structure of the
c� heavy chain without the light chain; used as nonspecific
gE to compete with specific IgE anti-NP for binding to
P-OVA). IgE anti-NP at 50 �g/mL was then added to the

ells for 90 minutes. Subsequently, the cells were washed 3
imes with ice-cold PBS, containing protease inhibitors and
hen lysed. The IgE anti-NP was measured by a specific
LISA. Briefly, the wells of a 96-well plate were coated over-
ight with NP-OVA (1 �mol/L), washed, and blocked with
% BSA and 5% sucrose in PBS for 1 hour. Supernatants from
he lysed cells were added to the wells at suitable dilutions and
ncubated for 2 hours. After 3 washes, HRP-conjugated rabbit

nti-human � chain antibody was added and incubated for 1
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our. After 3 additional washes, HRP substrate was added to
he wells. After 20 minutes, the reaction was stopped, and the
oncentration was measured at an optical density of 450 nm.

For transport studies, IL-4-treated HT29 cell monolayers
rown on the filter supports were employed. F(ab’)2 or �IgE
0.4 �mol/L) fragments were incubated with the monolayer for
0 minutes at 37°C. IgE anti-NP (0.4 �mol/L) was then
dded. After 2 hours, media in the opposite compartment was
ollected on ice, and the transported IgE anti-NP was mea-
ured as described above.

Statistical Analysis

Data are expressed as mean 	 SEM. Differences be-
ween groups were tested by analysis of variance, with post hoc
nalysis by Newman–Keuls test or Student t test when appro-
riate. P values less than .05 were accepted as significant.

Results

Human Intestinal Epithelial Cells Express
CD23 mRNA

CD23b mRNA was constitutively expressed in all
intestinal epithelial cell lines, T84, HT29, and Caco-2,

s well as in THP-1 and EBV B cells (Figure 1, upper
anel), whereas CD23a was expressed only in EBV B
ells (Figure 1, lower panel). L-4 increased CD23b
RNA expression in HT29 cells in a time-dependent
anner (Figure 2A). Compared with naive control cells,

reater expression of CD23 mRNA occurred after 8
ours of incubation with 10 ng/mL IL-4. Expression was
till elevated after 16 and 24 hours. CD23 mRNA
xpression increased in a concentration-dependent man-

igure 1. Constitutive expression of CD23 (a/b) mRNA. Extracted
otal RNA from THP-1, EBV B cells, and intestinal epithelial cells
HT29, T84, Caco-2) was subjected to RT-PCR using primers for
D23b (upper panel) and CD23a (lower panel). CD23b was constitu-
ively expressed in THP-1, EBV B-cells, HT29, T84, and Caco-2 cells,

nd CD23a was constitutively expressed only in EBV B cells.

.
c

igure 2. Effect of IL-4 on CD23 expression in epithelial cells. (A)
T29 cells were incubated with 10 ng/mL IL-4 for different times. The
CR products were separated by electrophoresis and photographed,
nd the integrated intensity was determined by scanning densitome-
ry using GAPDH as an internal control. Bars indicate the percentage
ncrease of CD23 mRNA expression compared with zero time (0)
ontrols (mean 	 SE; n � 4 individual experiments). (B) HT29 cells
ere incubated with IL-4 for 8 hours at different concentrations. Bars

ndicate the percentage increase of CD23 mRNA expression com-
ared with no IL-4 (0) controls (mean 	 SE; n � 4 individual experi-
ents). (C) CD23 protein expression indicated by Western blots in

ells incubated with or without IL-4 at 10 ng/mL for 24 hours. Bars
ndicate the percentage increase of band intensity compared with no
L-4 (0) controls (mean 	 SE; n � 5 individual experiments; **P 

01 compared with control). Representative gels are shown for each

ondition.
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er when HT29 cells were incubated for 8 hours with
ncreasing concentrations of IL-4 (Figure 2B). Maximal
xpression was obtained with 5–10 ng/mL of IL-4. A
imilar expression pattern was observed for T84 and
aco-2 intestinal epithelial cells (not shown).

Human Intestinal Epithelial Cells Express
CD23 Protein

Figure 2C shows that CD23 protein expression in
T29 cells, measured by Western blots, was increased

-fold by culturing cells for 24 hours with 10 ng/mL of
L-4. Immunofluorescence staining revealed that cells of
ll 3 human epithelial cell lines, HT29, Caco-2, and

igure 3. Immunofluorescence staining of CD23 on intestinal epithe
ontrol antibody, whereas the lower panels show sections treated with
c,d) HT29 cells; (e,f) Caco-2 cells; (g,h) T84 cells. These images are
n these sections of human fetal intestinal xenografts, the epithelial ce
re sections of human intestine from mice injected with IL-4, where

ntreated mice. Negative control sections are shown in the left panels.
84, expressed CD23 protein (Figure 3A; d,f,h). CD23
rotein was also expressed by epithelial cells in ileal
iopsy specimens (Figure 3A, b), mainly on the apical
embrane but also on the basolateral cell membrane.

mmunofluorescent staining of intestinal xenografts im-
lanted into SCID mice illustrated that implanted tissue
id not express CD23 protein constitutively (Figure 3B,
pper right panel). In contrast, xenografts implanted in
ice injected with IL-4 expressed epithelial CD23 (Fig-

re 3B, lower right panel). Here, the staining appeared
o be intense on the apical membrane and within the
pical cytoplasm. The specificity of the secondary anti-
ody was confirmed by substituting an IgG3 control

ells. (A) The upper panels show sections treated with IgG3 isotype
CD23 antibody, prior to secondary antibody: (a,b) human ileal biopsy;
sentative of those obtained in 3 separate studies (bar � 20 �m). (B)
lei are stained red and CD23 protein stained green. The lower panels
e sections in the upper panels are of human intestine from control
lial c
anti-

repre
ll nuc
as th
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ntibody for the primary antibody (Figure 3A; a,c,e,g
nd 3B, left panels).

Epithelial CD23 Is Responsible for the
Binding, Uptake, and Transport of IgE

Binding of IgE to HT29 epithelial cells was ex-
mined after incubating IgE with HT29 cells at 4°C.

igure 4. IgE binding to and uptake into epithelial cells. (A) Binding.
he upper panels are confocal images illustrating IgE binding to HT29
ells (grown with 10 ng/mL IL-4) after incubation at 4°C for 70
inutes. IgE, identified by staining with anti-IgE antibody (green), is

isualized on the surface of the cells. IgG3 was used for the negative
ontrol. The lower panels are phase contrast images of the cells (bars

50 �m). (B) Uptake. The upper panels are laser confocal images
llustrating IgE uptake into HT29 cells after incubation at 37°C for 70
inutes. In this case, IgE stained red is seen within cells. IgG3 was
sed for the negative control. The lower panels are phase contrast

mages of the cells (bars � 50 �m). (C) The right panel shows the
ffect of exposing HT29 cells to anti-CD23 for 30 minutes before
dding IgE. CD23 antibody inhibited IgE uptake (bar � 20 �m). The

eft panel shows a higher magnification of untreated individual cells
ith internalized IgE and unstained nucleus. The antibodies were
sed at 190 �g/mL.
he IgE bound mainly to the outer edges of nonconfluent C
ell clusters (Figure 4A), with more intense staining at
he higher concentration of IgE. When the cells were
ncubated at 37°C, IgE appeared to be located within the
ells, as shown in Figure 4B and 4C (left panel). This was
onfirmed by Western blots of cell lysates (not shown).

Figure 5 illustrates the effect of IL-4 treatment of filter
rown cells on IgE transport. There was very little
ransport of IgE across untreated cell monolayers. Sig-
ificantly greater transport of IgE was demonstrated
hen cells were cultured with IL-4 for 24 hours, as

llustrated by the Western blot prepared of media sam-
les obtained from the compartment opposite to where
he IgE was added (Figure 5A, upper panels). Enhanced
ptake occurred regardless of whether the IgE was added
o the apical or basal compartment. To determine the
pecificity of CD23 for IgE, cells treated with IL-4 were

igure 5. Transepithelial transport of IgE. (A) HT29 cells were grown
for 8 days until confluent with IL-4 included for the final 24 hours) on
ither side of Transwell filters. IgE was then added to either the apical
r basal compartment, and samples were obtained from the opposite
ompartment after 2 hours. IgE was indicated by Western blots as
hown in the upper panels. The lower panels illustrate the integrated
ntensity of the bands determined by densitometry (mean 	 SE; n �
–6 individual experiments; **P 
 .01, ***P 
 .005 compared with
ontrols). (B) Experiments were conducted as in panel A, except that
he effect of incubation at 4°C was compared with incubation at 37°C.

old temperature completely inhibited transepithelial transport of IgE.
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xposed simultaneously to apical IgE and IgG3. There
as no difference in IgE transported in the presence or

bsence of IgG3, indicating lack of competition for the
eceptor. Metabolic activity was required for IgE trans-
ort because cells incubated at 4°C did not demonstrate
ransport in either direction (Figure 5B). These findings
ere confirmed by ELISA: a significant increase (P 


005) in the amount of IgE transported across the mono-
ayers treated with IL-4 compared with control mono-
ayers: 20.3 	 0.6 (�10�4)% vs 10.6 	 1.9 (�10�4)%
ecovery of added IgE. In contrast, there was no differ-
nce in the transport of the nonspecific protein HRP
cross IL-4-treated monolayers vs untreated monolayers:
3.0% 	 2.3% vs 16.1% 	 3.0% (�10�3), respec-
ively.

CD23-Mediated IgE Uptake and
Transepithelial Transport Are Inhibited by
anti-CD23 and Antisense Transfection

Pretreatment of HT29 cells with anti-CD23 an-
ibody concentration dependently inhibited IgE uptake
nto epithelial cells, as illustrated by Western blots of
ysed cells (Figure 6A). Preincubation of cells with IgG3
190 �g/mL) for 30 minutes had no effect on IgE uptake
nto cells (fold increase from control values in cells
xposed to IgE alone vs IgG3 plus IgE: 1.8 	 0.2 vs 2.3

0.2, respectively) (Figure 6B). In addition, compared
ith monolayers treated with IgG3, anti-CD23 antibody

ignificantly (P 
 .01) decreased the amount of IgE
ransported across cell monolayers in either direction
Figure 6C).

Antisense oligonucleotides were also used to examine
he effect of reduced expression of CD23 on IgE trans-
ort. In 4 experiments, the upstream antisense decreased
he IL-4 enhanced expression of CD23 mRNA in HT29
ells by a mean of �50%, whereas the middle and
ownstream antisense oligonucleotides were less effective
Figure 7A). Cells transfected with the upstream anti-
ense oligonucleotide significantly decreased the amount
f IgE transported across the epithelial monolayers (Fig-
re 7B). In contrast, the nonsense oligonucleotide had no
ffect on IgE transport.

CD23-Mediated IgE Uptake and
Transepithelial Transport Are Inhibited by
Nonspecific IgE

Specificity for IgE binding by CD23 was deter-
ined by examining competition for the receptor by 2

orms of IgE. We used �IgE to block the cell sites and
easured subsequent binding and transport of IgE anti-
P. Figure 8A shows that only IgE anti-NP was de-
ected by the ELISA (wells coated with NP-OVA) in a t
oncentration-dependent manner, whereas the nonspe-
ific �IgE in the concentration range 0.39–100 ng/mL
id not bind to the wells. Pretreatment of epithelial cells
ith the control F(ab’)2 IgG fragment did not block the
inding of IgE anti-NP to the IL-4-treated HT29 cells
Figure 8B). However, pretreatment of the cells with
IgE inhibited (�50%) the binding of specific IgE
nti-NP in a concentration-dependent and saturable
anner. Similarly, Figure 8C shows that F(ab’)2 at 0.4
mol/L had no effect on the transport of IgE anti-NP,
hereas �IgE at the same concentration induced signif-

cant inhibition (P 
 .01 compared with control). Nei-

igure 6. Inhibition of IgE uptake or transport by anti-CD23 antibody.
A) Plate-grown HT29 cells (grown with IL-4 for 24 hours) were incu-
ated with anti-CD23 antibody at different concentrations for 30
inutes at 37°C prior to adding IgE. After 70 minutes of incubation
ith IgE, the cells were washed with PBS and lysed. IgE was deter-
ined by Western blotting (lower panel). Anti-CD23 antibody concen-

ration-dependently inhibited IgE uptake as illustrated by the inte-
rated intensity values obtained by densitometry. (B) IgG3 (190 �g/
L) was substituted for anti-CD23 and had no effect on IgE uptake.

C) Filter-grown HT29 cells were incubated with anti-CD23 or IgG3
ntibody (190 �g/mL) for 30 minutes at 37°C prior to adding IgE (both
dded to either the apical or basal compartment). After 2 hours,
uffer was collected from the opposite compartment. Western blots of
he buffers demonstrated inhibition of IgE transport in the apical-to-
asal direction and the basal-to-apical compartment by anti-CD23.
alues indicate mean 	 SE; n � 4 individual experiments; *P 
 .05,
*P 
 .01 compared with control, ��P 
 .01 compared with IgG3.
Control cells were grown without IL-4.)
her F(ab’)2 nor �IgE alone interfered with the assay.
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Discussion

To our knowledge, this is the first study to iden-
ify that CD23 expressed in human enterocytes is a
eceptor involved in the binding and bidirectional trans-
ort of IgE across polarized intestinal epithelial mono-
ayers. Cultured epithelial cells, as well as those in hu-
an intestine, demonstrated protein expression of CD23,
ith the mRNA isoform in cultured cells being CD23b.

n addition, we determined that expression of CD23

igure 7. Effect of transfection of cells with antisense oligonucleo-
ides on CD23 mRNA expression and IgE transport. (A) CD23 mRNA
xpression is shown in HT29 cells incubated with either nonsense,
pstream, middle, or downstream antisense oligonucleotides for
D23 mRNA (added at the same time as 10 ng/mL IL-4). Bars

ndicate the percentage change of CD23 mRNA expression compared
ith controls at 100%, determined by integrated intensity of bands

mean 	 SE; n � 4 individual experiments). A representative gel is
hown. (B) HT29 cells were grown on Transwell filters with IL-4 and
pstream antisense oligonucleotides prior to addition of IgE to the
pical compartment. The bars indicate the percentage recovery of the
gE in the basal compartment (mean 	 SE; n � 4 individual experi-
ents; *P 
 .05). The upstream antisense oligonucleotides de-

reased the amount of IgE recovered in the basal buffer compared
ith the control, whereas the nonsense oligonucleotide had no effect.
both message and protein) by enterocytes is regulated by c
L-4. Our studies indicate that CD23-mediated trans-
pithelial IgE transport is a physiologic process respon-
ible for the rapid uptake and delivery of this immuno-
lobulin across the intestinal epithelial barrier.
In our previous studies in rodent models of food

llergy,20,21 we identified that sensitization or IL-4 treat-
ent induces expression of CD23 on intestinal epithelial

ells, stimulates production of IgE, and enhances trans-
pithelial antigen uptake. The data supported the hy-
othesis that the accelerated transport of antigen is me-

igure 8. Effect of blocking CD23 with nonspecific IgE on IgE binding
nd transepithelial transport. (A) ELISA (wells coated with NP-OVA)
howing that only IgE anti-NP was detected in a concentration-depen-
ent manner, whereas the nonspecific �IgE did not bind to the wells.
B) IL-4-treated HT29 epithelial cells were preincubated with either a
ontrol F(ab=)2 IgG fragment or the �IgE fragment before exposing the
ells to IgE anti-NP (all at 4°C). After washing, the cells were lysed to
ecover IgE anti-NP, which was measured by the ELISA. �IgE inhibited
he binding of IgE in a concentration-dependent saturable manner. (C)
ransepithelial transport (37°C) of IgE anti-NP was measured across
pithelial cell monolayers treated with either F(ab’)2 or �IgE at 0.4
mol/L. F(ab’)2 had no effect on the transport of IgE anti-NP, whereas
IgE at the same concentration induced significant inhibition. Values

ndicate mean 	 SE; n � 3 individual experiments; **P 
 .01

ompared with control (Con); ��P 
 .01 compared with F(ab’)2.
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iated by binding to antigen-specific IgE attached to
D23 on the apical cell surface and that subsequent
ndocytosis protected the antigen from degradation dur-
ng transcytosis. This implied that the IgE is first trans-
orted from the body (either from the circulation or
ntestinal mucosal cells) across the epithelium toward the
umen. To examine bidirectional transepithelial trans-
ort of IgE in this study, we chose an in vitro human cell
ulture model because human intestinal epithelial cells
re known to form a tight monolayer. In addition, al-
hough CD23 expression was previously reported on
uman enterocytes,32,33 the isoform was not indicated
or was the functional role of this protein described.
herefore, the present studies were designed to identify

he CD23 isoform expressed by human intestinal epithe-
ial cells, to define its regulation by IL-4, and to deter-
ine the role of CD23 in transepithelial IgE transport.
Here, we showed that 3 different cultured intestinal

pithelial cell lines express CD23b mRNA constitu-
ively, but not CD23a, in contrast to EBV B cells, which
xpress only CD23a. Epithelial cell CD23b message ap-
eared to be time and concentration dependently up-
egulated by IL-4. CD23 protein was similarly identified
n cultured epithelial cells in which expression was in-
reased 3-fold by IL-4. To determine whether CD23 is
xpressed by nontransformed human intestinal epithelial
ells, we examined small intestinal biopsies. Enterocytes
n “normal” ileal biopsy specimens (from humans with
o identified intestinal disease) showed staining mainly
n the brush border apical membrane, with some stain-
ng also evident on the basolateral membrane. However,
sing biopsy specimens, we were not able to determine
he effect of IL-4 because the cells may have been exposed
reviously to this cytokine or other stimulatory factors in
ivo. Therefore, we examined CD23 protein expression
n human fetal intestinal xenografts by immunohisto-
hemistry. CD23 protein was not evident on epithelial
ells of intestinal xenografts implanted into SCID mice
nless the mice were previously injected with IL-4. A
revious study38 reported expression of mRNA for both
D23a and CD23b in fetal intestinal tissue during the
rst and second trimester; however, the specific cells
xpressing the receptors were not examined and may
ave been immune cells. Our study does not rule out
xpression of isoforms other than CD23b in intact tis-
ues. Clearly, in situ hybridization studies are necessary
or conclusive evidence regarding the isoforms of CD23
xpressed by specific cell types in vivo. The absence of
D23 protein expression by fetal enterocytes in our

tudy may indicate lack of constitutive expression, but it

ay also be due to the absence of a required growth f
actor in mice that is present in cell culture media and in
ivo.

Several previous studies have described expression of
D23 by human cells, with both isoforms, a and b, being

eported, although in different cell types. The a isoform
s constitutively expressed in B cells, whereas IL-4 in-
uces the expression of isoform b in B cells, monocytes,
osinophils, and keratinocytes.27,39 The amino acid se-
uences of the CD23 proteins encoded by the different
soforms CD23a and b differ only in their 6/7 N-terminal
esidues, a region that corresponds to the cytoplasmic
omain,27 suggesting that this region regulates diver-
ent intracellular trafficking and/or signalling pathways.
n B cells, CD23 mediates antigen uptake and focusing38

ith different patterns, depending on the isoform.
Several findings in the current studies indicate that

uman epithelial CD23 is a functional receptor for IgE.
gE binding to CD23 on the apical membrane of HT29
ells took place at 4°C, and internalization occurred only
hen the temperature was raised to 37°C. Growing

nterocytes on both sides of filter supports allowed us to
xamine bidirectional transepithelial transport of IgE.
gE was transported across high-resistance epithelial
onolayers in both directions, basal-to-apical and apical-

o-basal, with recovery values being quite similar. IgE
ransport across untreated cell monolayers was very small
ompared with those incubated with IL-4 for 24 hours.
L-4 did not affect the transport of the bystander protein
RP, suggesting that IL-4 influences IgE transport by

timulating expression of CD23 rather than by inducing
onspecific increases in permeability of the epithelial
onolayer. Like internalization of IgE into single cells,

ransepithelial transport was dependent on physiologic
emperature.

In contrast to our findings, Yokota et al40 reported
hat murine macrophages transfected with CD23b failed
o internalize IgE alone, although IFN-�-treated cells
hagocytosed IgE-coated erythrocytes. In the study of
aragiannis et al,41 B cells incubated with antigen-free

gE did not take up the immunoglobulin after 2 hours,
hereas immune complexes were efficiently internalized.
e have previously reported in studies involving rodent

ut tissues and epithelial cells22 that intestinal epithelial
ells express unique splice variants of CD23b. Those
esults together with findings from ongoing rodent stud-
es suggest that different splice variants transport IgE vs
mmune complexes, whereas the classical form of CD23b
oes not endocytose IgE. Although we have not yet
ocumented the expression of similar splice variants in
uman enterocytes, it is possible that polar epithelial
ells in general express CD23 proteins, which differ in

orm and function from those expressed by nonpolar
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mmune cells. In addition, in the studies described in
his study, we have employed an IgE-binding buffer,35

hich facilitates IgE binding and uptake. Some of these
actors may explain the differences between our results
nd those in symmetrical cell types. However, because all
he critical studies have yet to be carried out, we cannot
raw final conclusions regarding the role of CD23 iso-
orms and subtypes.

IgE transport was inhibited by pretreatment of cells
ith anti-CD23 antibody. Compared with the isotype

ontrol antibody, which had no effect, anti-CD23 con-
entration dependently reduced the amount of IgE in-
ernalizing into the enterocytes, and transepithelial
ransport was reduced by 50%–80%. Transfection of
ells with the upstream antisense oligonucleotides,
hich reduced expression of CD23 by �50%, also re-
uced IgE transport by �50%. In contrast, transfection
f cells with nonsense oligonucleotides had no significant
ffect. To confirm the specificity of CD23 for IgE, we
onducted additional experiments using an IgE fragment
hat has the Fc� portion but no light chain. We showed
hat this nonantigen-specific IgE fragment was able to
nhibit binding of IgE to epithelial cells in a concentra-
ion-dependent and saturable manner and to reduce sig-
ificantly its uptake across the cell monolayer. The max-
mum inhibition of binding was �50% and of transport
as �30%. This may be due to the fact that, unlike an

ntibody, �IgE can be displaced from the receptor by
gE-anti-DNP, and, therefore, both types of IgE were
ound and transported simultaneously. These results,
aken together with the temperature sensitivity of IgE
ransport, provide evidence to support the concept that
ransepithelial transport of IgE is mediated by the CD23
eceptor expressed on the cell surface of enterocytes.
owever, our results do not rule out the possibility that

nother mechanism or receptor may also be involved in
he transport of IgE across gut epithelium.

Receptors for other immunoglobulins have been iden-
ified on human enterocytes. These include the polyim-
unoglobulin receptor (pIgR) for IgA and the neonatal

eceptor FcRn for IgG (actually demonstrated in both
eonatal and adult intestine). Serosal-to-luminal trans-
ort of IgA mediated by pIgR has been known for many
ears, with uptake of immune complexes being described
n the opposite direction.42–44 Apical uptake of IgG
ound to FcRn and its transcytosis within endosomes
as described45–47 with IgG being subsequently de-

ected free in the paracellular spaces, suggesting that it is
eleased from cells. In our studies, IgE was clearly re-
eased after transport, although we have not determined
he relative quantity of free IgE vs that which remains

ssociated with its receptor. The exact trafficking path-
ays and signals involved in routing of CD23-IgE and
D23-immune complexes to the serosal or luminal
embranes are under current investigation in our labo-

atory.
In summary, our study has shown that human intes-

inal epithelial cells, both in vitro and in vivo, express
D23/Fc�RII message and protein, which is regulated
y IL-4. We demonstrated that the receptor is func-
ional, being capable of binding IgE and transporting it
cross the epithelium. That the transport occurs in both
irections fits with the concept that IgE produced within
he body is transported to the apical membrane of epi-
helial cells and released into the lumen, at which it can
nteract with ingested antigens. Immune complexes can
hen attach to CD23, or antigen can attach to IgE-CD23,
nd be transported in a protected fashion inside endo-
omes across the epithelial barrier into the mucosa, in
hich IgE is released to activate effector immune (mast)

ells. Our results indicate that interfering with CD23-
gE binding or reducing expression of CD23 inhibits
D23-mediated IgE transepithelial transport. This in-

ormation adds to knowledge in the area of intestinal
mmunophysiology and may be helpful in designing
ovel therapies for food allergy and perhaps other allergic
onditions.
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