GASTROENTEROLOGY 2005;129:928-940

CD23-Mediated IgE Transport Across Human Intestinal
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Background & Aims: In previous studies in rodent mod-
els of food allergy, we identified that sensitization in-
duces expression of CD23 on intestinal epithelial cells
and results in enhanced IgE-dependent transepithelial
antigen uptake; further studies in CD23~/~ mice pro-
vided evidence that CD23 is involved in protected trans-
port of antigen into the body. Little information exists in
humans on receptor-mediated immunoglobulin (Ig)E
transport across epithelia. The present study was de-
signed to examine expression of CD23 by human epi-
thelial cells, determine its isoform and regulation by
interleukin (IL) 4, and identify the role of CD23 in trans-
epithelial IgE transport. Methods: Epithelial expression
of CD23 was studied in cell lines, ileal biopsy specimens,
and explanted fetal intestine. Bidirectional transport of
ISE was measured across filter-grown cells, either nor-
mal cells or those transfected with antisense CD23
oligonucleotides, or in the presence of blocking anti-
body. Results: Expression of the low-affinity IgE receptor
was demonstrated in cultured epithelial cells as well as
in situ cells in human intestine. CD23b was the isoform
expressed by HT29, T84, and Caco-2 cells. IL-4 up-regu-
lated the expression of epithelial CD23. IgE was trans-
ported in both the basal-to-apical direction and the api-
cal-to-basal direction across filter-grown epithelial cells,
a process that was inhibited by transfection of cells with
CD23 antisense oligonucleotides or pretreatment with
nonspecific IgE or anti-CD23 antibody. Conclusions:
These findings provide evidence that CD23 encodes a
functional IgE receptor on human intestinal epithelial
cells and that this epithelial receptor is likely to play an
important role in food allergies.

he prevalence of allergic diseases in general, and food

allergy in particular, has increased consistently over
the past 10 years. True food allergy (immune-mediated
hypersensitivity) affects 2%—5% of adults and an even
greater proportion (~8%) of children.! Following the
ingestion of a specific food antigen, sensitized individuals
develop local gastrointestinal symptoms such as diarrhea,
nausea, and vomiting and often respiratory and cutane-

ous symptoms. Common allergens include cow’s milk,
egg, nuts, shellfish, and others.!-? In severe cases such as
an allergy to peanuts, systemic anaphylaxis can occur and
be life threatening. There are few effective treatment
strategies apart from avoidance of the offending foods.
However, particularly in young children, restricted diets
may compromise nutrition. Therefore, it is important to
understand the mechanisms underlying food allergic re-
actions to develop novel therapeutic strategies.
Immunoglobulin (Ig)E is the immunoglobulin isotype
involved in immediate hypersensitivity allergic reac-
tions. Circulating IgE antibodies are present in allergic
individuals.’= IgE has also been measured in intestinal
fluid and feces of food allergic patients.®~¢ In contrast, it
is below the limit of detection in both blood and luminal
contents of nonreactive humans. It is not clear how
individuals become sensitized to foods because proteins
encountered in the gastrointestinal tract normally result
in oral tolerance (actively down-regulated immune re-
sponses).” However, atopy can be inherited, and IgE has
been measured even in cord blood of neonates.® Interleu-
kin (IL) 4 is the key T-lymphocyte-helper, type 2 (Th2)
cytokine involved in switching antibody responses to
IgE.° In addition, IL-4 induces the expression of IgE
receptors on mast cells and other cell types.'®-'2 The
hypersensitivity reaction is initiated by antigen cross-
linking of IgE bound to high-affinity receptors on the
surface of mast cells. This, in turn, triggers mast cell
degranulation and release of inflammatory mediators (in-
cluding histamine, lipid mediators, proteases, and oth-
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ish peroxidase; Ig, immunoglobulin; IL, interleukin; OVA, ovalbumin;
plgR, polyimmunoglobulin receptor; RT-PCR, reverse-transcriptase
polymerase chain reaction; SCID, severe combined immunodeficiency;
Th, T helper.

© 2005 by the American Gastroenterological Association
0016-5085/05/$30.00
doi:10.1053/j.gastr0.2005.06.014



September 2005

ers) that act on nearby cells to alter physiology.'*> How-
ever, in the gastrointestinal tract, mast cells are located
beneath the epithelium, which should restrict the uptake
of intact protein antigens.

The epithelium is composed of a single-celled layer of
epithelial cells joined together by tight junctions. It
performs the critical function of nutrient absorption
while, at the same time, excluding antigenic macromol-
ecules and microbes. There is evidence that the intestinal
epithelial barrier is abnormal in humans with allergies
and animal models of food allergy. Children with milk
allergy have increased uptake of milk protein.'¥ Increased
permeability has also been described in patients with
eczema and asthma.!>'¢ QOur studies in sensitized rats
demonstrated that the sensitizing protein is preferen-
tially taken up across the gut epithelium.'”.'8 We
showed that the initial route of antigen transport is
transcellular via endosomes,
amount and rate of antigen uptake; following activation
of mast cells, the paracellular pathway is recruited, re-
sulting in an overall nonspecific reduction in barrier
function.!® Our recent studies identified that CD23 (the
low-affinity receptor for IgE) is expressed on the cell

resulting in increased

membrane of epithelial cells in sensitized rats and
mice.?%2! Evidence that CD23 is involved in enhanced
antigen transport was obtained from experiments using
anti-CD23 antibodies and in CD237/~ mice,20-22 in
which both antigen transport and hypersensitivity reac-
tion were inhibited. Taken together, our findings suggest
that the enhanced transepithelial antigen transport in
sensitized rodents is mediated by binding to IgE-CD23
on the apical surface of epithelial cells.

CD23, the low-affinity receptor for IgE (FceRID), is a
type II transmembrane glycoprotein with an extracellular
domain (containing the IgE-binding site) belonging to
the C-type animal-lectin family.?>~?> Two isoforms
(CD234 and CD23b, which differ in the N-terminal
cytoplasmic portions of the molecule) of human CD23
have been cloned. CD234 is constitutively expressed on
B cells and possibly eosinophils,?>2¢ whereas CD23/ is
inducible by IL-4 on various immune cell types, includ-
ing B cells, monocytes, macrophages, neutrophils, and
others.?’-3° In addition, CD23 protein has been identi-
fied on human keratinocytes®! and intestinal epithelial
cells,>>3> but its isoform and function have not been
completely elucidated.

The present study was designed to examine the ex-
pression of CD23 by human epithelial cells, its regula-
tion by IL-4, and its role in IgE transport. We docu-
mented epithelial expression of this IgE receptor (the
CD23/ 1soform) in 3 cultured cell lines as well as in situ
cells in human intestine. Because IgE is produced by B
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(plasma) cells located in the intestinal lamina propria or
other body sites, we examined IgE transport in the
basal-to-apical direction as well as the apical-to-basal
direction across filter-grown epithelial cells. We deter-
mined that IL-4 up-regulates the expression of CD23 on
epithelial cells. Bidirectional transepithelial transport of
IgE was enhanced following IL-4 treatment. Finally,
anti-CD23 antibody or transfection of cells with CD23
antisense oligonucleotides inhibited transepithelial IgE
transport. These findings provide evidence that CD234
encodes a functional IgE receptor on human intestinal
epithelial cells that is likely to play an important role in
food allergic conditions.

Materials and Methods
Antibodies and Chemicals

The anti-CD23 antibody used in this study was mono-
clonal mouse anti-human CD23, clone Tul (NovoCastra Lab-
oratories Ltd, Newcastle Upon Tyne, United Kingdom). Hu-
man IgE anti-NP (against 4-hydroxy-3-nitrophenylacetyl),
and the k IgE (kIgE) fragment as well as NP-ovalbumin
(OVA) were from Serotec Inc. (Oxford, United Kingdom). A
rabbit polyclonal antibody against the € chain of human IgE
(DAKO Diagnostics, Mississauga, ON, Canada) was used to
identify IgE. Recombinant human IL-4 was a product of R&D
Systems Inc (Minneapolis, MN). Culture media and reagents
were obtained from Invitrogen Life Technologies (Carlsbad,
CA). 1gG3 and the protease inhibitor cocktail were from
Sigma-Aldrich (St. Louis, MO). The F(ab’), fragment of IgG
was from Jackson ImmunoResearch Laboratories (Westgrove,
PA).

Cell Lines and Culture Methodology

Cell lines were from stock supplies maintained at
McMaster University. The human epithelial cell lines used in
this study were T84, HT29, and Caco-2. T84 cells were
cultured in Dulbeco’s modified Eagle medium (DMEM): F-12
media (1:1), supplemented with 10% fetal bovine serum
(FBS), 0.15% NaHCO;, 1.2 mmol/L L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin. HT29 cells were
cultured in DMEM medium with 5% FBS, 0.0375% sodium
bicarbonate, 0.2 mmol/L L-glutamine, and penicillin/strepto-
mycin. Caco-2 cells were cultured in DMEM, supplemented
with 10% FBS, 1% nonessential amino acids, and penicillin/
streptomycin. The cells were split every 5 days, and media
were changed every 2 or 3 days. Human THP-1 monocytes and
EBV-transformed B lymphocytes were cultivated in RPMI
1640 media, with (for THP-1 cells) 10% FBS, 35 mmol/L
HEPES, 100 U/mL penicillin, and 100 wg/mL streptomycin
or (for B cells) 100 mmol/L HEPES, 1.6 mmol/L L-glutamine,
5% FBS as well as penicillin/streptomycin. All cells were
incubated in an atmosphere of 5% CO, at 37°C.
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Intestinal Biopsy Specimens and
Xenografts

Approval for these studies was obtained from the re-
search ethics board and the animal research ethics board at
McMaster University. Human intestinal biopsy specimens
(distal ileum) were obtained from 3 patients undergoing
workup for possible inflammatory bowel disease (subsequently
identified as normal). Human fetal small intestine was ac-
quired within 14 to 15 weeks of gestation. Intestinal tissues (n
= 6) were transplanted subcutaneously into severe combined
immunodeficient (SCID) mice and allowed to develop for an
additional period of 14 weeks as described.>* Mice were in-
jected intraperitoneally (IP) with 0.3 mL IL-4 (10 pg/mL) or
saline 48 and 24 hours before they were killed. Xenograft
tissues were removed and placed on ice. Tissue samples and
biopsy specimens were placed in optimal cutting temperature,
frozen, and processed for immunohistochemistry.

CD23 Messenger RNA Expression by
Reverse-Transcriptase Polymerase Chain
Reaction

The published sequence of human CD23 messenger
RNA (mRNA) indicates 2 isoforms of CD23, type « and type
.232527 Based on this information, we designed primers: for
CD23a: 5'-ATG GAG GAA GGT CAA TAT T-3' and 5'-
CTC CCA TCC ACC CAG ATA AA-3'; and for CD234:
5'-GGA CGC AAT AGA GTC AGA G-3" and 5'-CCT GGC
TTG GAG GAT TCA T-3'. The ¢cDNA for CD23/ and
CD234 were cloned and authenticated by DNA sequencing.
GAPDH primers were as follows: 5'-CCA TGG AGA AGG
CTG GGG-3' and 5'-CAA AGT TGT CAT GGA TGA
CC-3'.

Total RNA from epithelial cell lines, monocytes, or Epstein
Barr virus (EBV)-transformed B cells was extracted using
QIAGEN RN easy kit (Qiagen Inc., Mississauga, ON, Can-
ada). Cells were disrupted in RNA lysis buffer, and then 1
volume of 70% ethanol was added to the homogenized lysate.
The sample solution was then applied to an RNeasy minispin
column and centrifuged for 30 seconds at 13,000 rpm. RNA
collected in the column was washed with buffers RW1 and
RPE successively. The total RNA extracted was eluted in
RNase-free water, divided into small aliquots, and stored at
—80°C. Reverse-transcriptase polymerase chain reaction (RT-
PCR) was carried out using GeneAmp RNA PCR Core kit
(Applied Biosystems, Branchburg, NJ): 2 g total RNA was
added to reagent mixture for reverse transcription (including
dNTP, MuLV reverse transcriptase, Oligo d(T),4) and reacted
for 15 minutes at 42°C. PCR was executed in a PCR master
mixture with AmpliTaq DNA polymerase and primers for 30
cycles. Each cycle consisted of the following: denaturing 1
minute at 95°C, annealing 1 minute at 60°C, and synthesizing
1 minute at 72°C, finally extended at 72°C for 7 minutes. The
PCR products were loaded onto a 3.0% agarose gel, including
50% lower melting point agarose, for electrophoresis. The
image of PCR fragments was photographed, and the integrated
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intensity was determined by scanning densitometry using
GAPDH as an internal control for the total amount of RNA
added. Negative controls were performed with samples lacking
RNA or with RNA that was not reverse transcribed. The
software for whole-band analysis was from Biolmage (Ann
Arbor, MI).

Antisense Transfection

Three antisense oligodeoxynucleotides were designed
around the protein translation start site: the upstream anti-
sense (5'-CCT GGC TTG GAG GAT TCA T-3"), middle
antisense (5'-TGG AGG ATT CAT TAT GCT AA-3'), and
downstream antisense (5'-CAT TAT GCT AAA TTC TGC
TT-3'). A nonsense oligodeoxynucleotide (5'-TTC GTC TTA
AAT CGT ATT AC-3') was also used; its design was neither
complementary to any part of the CD23 gene nor to any
known human sequence.

The sense, antisense, and nonsense oligodeoxynucleotides
were transfected into HT29 cells using the lipid-based Oligo-
fect AMINE reagent (Invitrogen Life Technologies). The trans-
fection mixture was prepared according to the manufacturer’s
instructions with minor modifications. In brief, oligonucleo-
tides were diluted in serum-free cell culture medium to 300
nmol/L and incubated for 15 minutes. Next, the transfection
reagent Oligofect AMINE was incubated with the serum-free
culture medium for 10 minutes. Finally, both were mixed
together (transfection mixture) and incubated for a further
15-minute period at room temperature. Before transfection,
the cells were washed with serum-free medium. The transfec-
tion mixture was then added to the cells and incubated for 4
hours in 37°C, CO, atmosphere. After this interval, the culture
medium with 3X normal serum was added to the cells (with-
out removing the transfection mixture) for a further 48-hour
incubation.

CD23 Protein Expression by Western Blot
Analysis

Cells were washed 3 times with ice-cold PBS (pH 7.2)
containing a cocktail of protease inhibitors (Sigma). Cells were
harvested (by scraping) into 500 WL ice-cold lysis buffer: 100
mmol/L NaCl, 10 mmol/L Tris-Cl, 2 mmol/L EDTA, 1.8%
Triton X-100, and protease inhibitors (pH 7.8). Total protein
in the supernatant of the cell lysate was measured by Bio-Rad
kit (Bio-Rad Laboratories, Mississauga, ON, Canada). Protein
(60 g for each sample) was loaded onto a 10% polyacrylamide
gel, allowed to migrate, and analyzed by SDS-PAGE. The
protein bands were transferred electrophoretically onto a ni-
trocellulose membrane and incubated with anti-human CD23
antibody (1:500) for 48 hours at 4°C, with shaking. After 3
washes with PBS, horseradish peroxidase (HRP)-conjugated
secondary antibody (1:40,000) was added and incubated for 2
hours. An enhanced chemiluminescence method was used to
detect the target CD23 protein using a LumiGlo substrate kit
(KP Laboratories, Gaithersburg, MD) and x-ray film. The
integrated intensity for the protein bands was determined by
scanning densitometry.
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CD23 Protein Expression by
Immunohistochemistry

CD23 protein expression was examined in cultured
epithelial cells, intestinal biopsy specimens, and xenograft
tissues. Epithelial cells were grown on coverslips for 3—5 days.
The cells were fixed with 50% acetone buffered in PBS for 15
minutes. Biopsy specimens were obtained and immediately
frozen at —80°C. Cryostat sections were cut at a thickness of
8 wm and fixed in cold acetone for 15 minutes. After washing,
the endogenous peroxidase activity was quenched by 3% H,O,
for 15 minutes and further treated with blocking buffer (0.1
mol/L Tris-Cl, 0.15 mol/L NaCl, 0.5% blocking reagent, pH
7.5) for 30 minutes. Cells or biopsy specimens were incubated
with anti-CD23 primary antibody (1:100) for 2 hours and
further incubated in biotinylated secondary antibody (1:1000)
for 30 minutes. The signal was amplified using streptavidin-
HRP and tyramide fluorescein (TSA kit; NEN Life Science
Products Inc, Boston, MA). Xenograft tissue was removed
from the SCID mice, frozen, and treated similarly, except that
the sections were cut at a thickness of 6 um, and the dilutions
for primary and secondary antibodies were 1:50 and 1:2000
(Cy-5-conjugated anti-mouse antibody), respectively. The nu-
clei in the tissue were counterstained with propidium iodide
for 10 minutes. Negative controls involved substitution of a
control antibody (IgG3) for the primary antibody. The images
were observed in a confocal microscope and analyzed using
LSM510 software.

ISE Binding and Uptake

HT29 cells were cultured in 24-well plates for 3 days.
Human IgE, (0.04 wmol/L) diluted in a IgE-binding buffer
(10 mmol/L Tris-HCl, 140 mmol/L NaCl, 2 mmol/L CaCl,, 1
mmol/L MgCl,, 1.8 g/L glucose or mannitol, pH 7.35),3> was
added to the cells and incubated for 70 minutes at 4°C or
37°C. The cells were prepared for immunohistochemistry as
indicated above. To determine whether IgE had been internal-
ized, cells were washed 3 times with ice-cold PBS, scraped
from the wells in lysis buffer (including protease inhibitors),
and protein used for Western blotting analysis. IgE was rec-
ognized by a horseradish peroxidase (HRP)-conjugated rabbit
polyclonal antibody against the € chain of human IgE, and the
enhanced chemiluminescence technique was then employed to
detect the labeled immunoglobulin. Studies were conducted in
the presence of anti-CD23 antibody (vs nonspecific control
IgG; antibody) to determine the effect of blocking CD23 on
IgE binding.

ISE Transport

IgE transport across monolayer cultured epithelial cells
was carried out using HT29 cells grown on 0.4 pm, pore-size
Transwell filters (Corning Inc., New York, NY). Cells (0.8 X
10% were seeded onto the filter either normally or on the
reverse side,>® and the cells were cultured for 7 days until
confluent (resistance at least 300 {)/cm?). Human IgE (0.4
pmol/L in IgE-binding buffer) was added to either the basal or
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apical compartment of the Transwells. After incubation at
37°C for specific periods of time, media samples from the
opposite compartment were collected and stored at 4°C for IgE
analysis by Western blot or ELISA. Studies were conducted in
the presence of anti-CD23 antibody (vs nonspecific control
IgG; antibody) to determine the effect of blocking CD23 on
IgE transport.

HT29 cells were chosen for these studies because prelimi-
nary experiments indicated that IL-4 did not alter the perme-
ability of HT29 monolayers for macromolecules, whereas T84
cell monolayers demonstrated increased permeability after
treatment with IL-4.37 To confirm this, transport of a nonspe-
cific protein, horseradish peroxidase (HRP; added at 10
pmol/L) was measured for comparison. The concentration of
intact HRP was determined by assaying enzyme activity using
a modified Worthington method as described.?” Briefly, 150
L sample was added to 800 WL phosphate buffer containing
0.003% H,0, and 80 pg/mL o-dianisidine (Sigma Chemical
Co, St Louis, MO). Enzyme activity was determined from the
rate of increase in OD at 460 nm.

Enzyme-Linked Immunosorbant Assay for
IgE

A sandwich ELISA method was employed to measure
IgE. A rabbit polyclonal antibody against the € chain of the
human IgE (10 pg/mL) (DAKO Diagnostics) was used to coat
96-well plates then washed 3 times with PBS. Samples were
added and incubated with the antibody overnight at 4°C (with
shaking). After 3 washes with PBS, a monoclonal mouse
anti-human IgE (1:1000) (DAKO Diagnostics) antibody was
introduced to detect the captured IgE. After 3 washes, the
HRP-conjugated secondary antibody was added to the plate
for 1-hour incubation. The color reaction was performed using
OPD tablets (DAKO Diagnostics), which were prepared ac-
cording to the manufacturer’s instruction. The reaction was
stopped by the addition of 0.5 mol/L H,SO,. The color absor-
bance was read at 490 nm in a plate reader (Bio-Tec Inst. Inc.,
Winooski, VT).

Inhibition of IgE Binding and Transport by
Nonspecific IgE

IL—4-treated HT29 cells were incubated for 1 hour at
4°C with various concentrations of either F(ab’), fragment of
IgG (used as a negative control) or KIgE (full structure of the
Fce heavy chain without the light chain; used as nonspecific
IgE to compete with specific IgE anti-NP for binding to
NP-OVA). IgE anti-NP at 50 pwg/mL was then added to the
cells for 90 minutes. Subsequently, the cells were washed 3
times with ice-cold PBS, containing protease inhibitors and
then lysed. The IgE anti-NP was measured by a specific
ELISA. Briefly, the wells of a 96-well plate were coated over-
night with NP-OVA (1 pwmol/L), washed, and blocked with
1% BSA and 5% sucrose in PBS for 1 hour. Supernatants from
the lysed cells were added to the wells at suitable dilutions and
incubated for 2 hours. After 3 washes, HRP-conjugated rabbit
anti-human € chain antibody was added and incubated for 1
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hour. After 3 additional washes, HRP substrate was added to
the wells. After 20 minutes, the reaction was stopped, and the
concentration was measured at an optical density of 450 nm.

For transport studies, IL-4-treated HT29 cell monolayers
grown on the filter supports were employed. F(ab’), or KIgE
(0.4 wmol/L) fragments were incubated with the monolayer for
30 minutes at 37°C. IgE anti-NP (0.4 pmol/L) was then
added. After 2 hours, media in the opposite compartment was
collected on ice, and the transported IgE anti-NP was mea-
sured as described above.

Statistical Analysis

Data are expressed as mean = SEM. Differences be-
tween groups were tested by analysis of variance, with post hoc
analysis by Newman—Keuls test or Student # test when appro-
priate. P values less than .05 were accepted as significant.

Results

Human Intestinal Epithelial Cells Express
CD23 mRNA

CD23/ mRNA was constitutively expressed in all
3 intestinal epithelial cell lines, T84, HT29, and Caco-2,
as well as in THP-1 and EBV B cells (Figure 1, upper
panel), whereas CD23z was expressed only in EBV B
cells (Figure 1, lower panel). L-4 increased CD234
mRNA expression in HT29 cells in a time-dependent
manner (Figure 2A). Compared with naive control cells,
greater expression of CD23 mRNA occurred after 8
hours of incubation with 10 ng/mL IL-4. Expression was
still elevated after 16 and 24 hours. CD23 mRNA
expression increased in a concentration-dependent man-
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Figure 1. Constitutive expression of CD23 (a/b) mRNA. Extracted
total RNA from THP-1, EBV B cells, and intestinal epithelial cells
(HT29, T84, Caco-2) was subjected to RT-PCR using primers for
CD23b (upper panel) and CD23a (lower panel). CD23b was constitu-
tively expressed in THP-1, EBV B-cells, HT29, T84, and Caco-2 cells,
and CD23a was constitutively expressed only in EBV B cells.
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Figure 2. Effect of IL-4 on CD23 expression in epithelial cells. (A)
HT29 cells were incubated with 10 ng/mL IL-4 for different times. The
PCR products were separated by electrophoresis and photographed,
and the integrated intensity was determined by scanning densitome-
try using GAPDH as an internal control. Bars indicate the percentage
increase of CD23 mRNA expression compared with zero time (O)
controls (mean £ SE; n = 4 individual experiments). (B) HT29 cells
were incubated with IL-4 for 8 hours at different concentrations. Bars
indicate the percentage increase of CD23 mRNA expression com-
pared with no IL-4 (0) controls (mean = SE; n = 4 individual experi-
ments). (C) CD23 protein expression indicated by Western blots in
cells incubated with or without IL-4 at 10 ng/mL for 24 hours. Bars
indicate the percentage increase of band intensity compared with no
IL-4 (0) controls (mean = SE; n = 5 individual experiments; **P <
.01 compared with control). Representative gels are shown for each
condition.



September 2005

ner when HT29 cells were incubated for 8 hours with
increasing concentrations of IL-4 (Figure 2B). Maximal
expression was obtained with 5-10 ng/mL of IL-4. A
similar expression pattern was observed for T84 and
Caco-2 intestinal epithelial cells (not shown).

Human Intestinal Epithelial Cells Express
CD23 Protein

Figure 2C shows that CD23 protein expression in
HT?29 cells, measured by Western blots, was increased
3-fold by culturing cells for 24 hours with 10 ng/mL of
IL-4. Immunofluorescence staining revealed that cells of
all 3 human epithelial cell lines, HT29, Caco-2, and

a ¢ e g
b d f h

B

- IL-4

+ [L-4
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HUMAN EPITHELIAL CD23 TRANSPORTS IgE 933

T84, expressed CD23 protein (Figure 3A; d,f,h). CD23
protein was also expressed by epithelial cells in ileal
biopsy specimens (Figure 3A, b), mainly on the apical
membrane but also on the basolateral cell membrane.
Immunofluorescent staining of intestinal xenografts im-
planted into SCID mice illustrated that implanted tissue
did not express CD23 protein constitutively (Figure 3B,
upper right panel). In contrast, xenografts implanted in
mice injected with IL-4 expressed epithelial CD23 (Fig-
ure 3B, lower right panel). Here, the staining appeared
to be intense on the apical membrane and within the
apical cytoplasm. The specificity of the secondary anti-
body was confirmed by substituting an IgG3 control

Anti-CD23

Figure 3. Immunofluorescence staining of CD23 on intestinal epithelial cells. (A) The upper panels show sections treated with IgG3 isotype
control antibody, whereas the lower panels show sections treated with anti-CD23 antibody, prior to secondary antibody: (a,b) human ileal biopsy;
(c,d) HT29 cells; (e,f) Caco-2 cells; (g,h) T84 cells. These images are representative of those obtained in 3 separate studies (bar = 20 um). (B)
In these sections of human fetal intestinal xenografts, the epithelial cell nuclei are stained red and CD23 protein stained green. The lower panels
are sections of human intestine from mice injected with IL-4, whereas the sections in the upper panels are of human intestine from control

untreated mice. Negative control sections are shown in the left panels.
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Figure 4. IgE binding to and uptake into epithelial cells. (A) Binding.
The upper panels are confocal images illustrating IgE binding to HT29
cells (grown with 10 ng/mL IL-4) after incubation at 4°C for 70
minutes. IgE, identified by staining with anti-IgE antibody (green), is
visualized on the surface of the cells. IgG3 was used for the negative
control. The lower panels are phase contrast images of the cells (bars
= 50 wm). (B) Uptake. The upper panels are laser confocal images
illustrating IgE uptake into HT29 cells after incubation at 37°C for 70
minutes. In this case, IgE stained red is seen within cells. IgG3 was
used for the negative control. The lower panels are phase contrast
images of the cells (bars = 50 wm). (C) The right panel shows the
effect of exposing HT29 cells to anti-CD23 for 30 minutes before
adding IgE. CD23 antibody inhibited IgE uptake (bar = 20 wm). The
left panel shows a higher magnification of untreated individual cells
with internalized IgE and unstained nucleus. The antibodies were
used at 190 pg/mL.

antibody for the primary antibody (Figure 3A; a,c,e,g
and 3B, left panels).

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

Binding of IgE to HT29 epithelial cells was ex-
amined after incubating IgE with HT29 cells at 4°C.
The IgE bound mainly to the outer edges of nonconfluent
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cell clusters (Figure 4A), with more intense staining at
the higher concentration of IgE. When the cells were
incubated at 37°C, IgE appeared to be located within the
cells, as shown in Figure 4B and 4C (left panel). This was
confirmed by Western blots of cell lysates (not shown).

Figure 5 illustrates the effect of IL-4 treatment of filter
grown cells on IgE transport. There was very little
transport of IgE across untreated cell monolayers. Sig-
nificantly greater transport of IgE was demonstrated
when cells were cultured with IL-4 for 24 hours, as
illustrated by the Western blot prepared of media sam-
ples obtained from the compartment opposite to where
the IgE was added (Figure 5A, upper panels). Enhanced
uptake occurred regardless of whether the IgE was added
to the apical or basal compartment. To determine the
specificity of CD23 for IgE, cells treated with IL-4 were
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Figure 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
either side of Transwell filters. ISE was then added to either the apical
or basal compartment, and samples were obtained from the opposite
compartment after 2 hours. IgE was indicated by Western blots as
shown in the upper panels. The lower panels illustrate the integrated
intensity of the bands determined by densitometry (mean = SE; n =
4-6 individual experiments; **P < .01, ***P < .005 compared with
controls). (B) Experiments were conducted as in panel A, except that
the effect of incubation at 4°C was compared with incubation at 37°C.
Cold temperature completely inhibited transepithelial transport of IgE.
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exposed simultaneously to apical IgE and IgG3. There
was no difference in IgE transported in the presence or
absence of IgG3, indicating lack of competition for the
receptor. Metabolic activity was required for IgE trans-
port because cells incubated at 4°C did not demonstrate
transport in either direction (Figure 5B). These findings
were confirmed by ELISA: a significant increase (P <
.005) in the amount of IgE transported across the mono-
layers treated with IL-4 compared with control mono-
layers: 20.3 * 0.6 (X107%% vs 10.6 = 1.9 (X10~ %%
recovery of added IgE. In contrast, there was no differ-
ence in the transport of the nonspecific protein HRP
across IL-4-treated monolayers vs untreated monolayers:
13.0% £ 2.3% vs 16.1% * 3.0% (X1073), respec-
tively.

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

Pretreatment of HT29 cells with anti-CD23 an-
tibody concentration dependently inhibited IgE uptake
into epithelial cells, as illustrated by Western blots of
lysed cells (Figure 6A). Preincubation of cells with IgG3
(190 wg/mL) for 30 minutes had no effect on IgE uptake
into cells (fold increase from control values in cells
exposed to IgE alone vs IgG3 plus IgE: 1.8 = 0.2 vs 2.3
* 0.2, respectively) (Figure 6B). In addition, compared
with monolayers treated with IgG3, anti-CD23 antibody
significantly (P << .01) decreased the amount of IgE
transported across cell monolayers in either direction
(Figure 6C).

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

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

Specificity for IgE binding by CD23 was deter-
mined by examining competition for the receptor by 2
forms of IgE. We used KIgE to block the cell sites and
measured subsequent binding and transport of IgE anti-
NP. Figure 8A shows that only IgE anti-NP was de-
tected by the ELISA (wells coated with NP-OVA) in a
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Figure 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-
bated with anti-CD23 antibody at different concentrations for 30
minutes at 37°C prior to adding IgE. After 70 minutes of incubation
with IgE, the cells were washed with PBS and lysed. IgE was deter-
mined by Western blotting (lower panel). Anti-CD23 antibody concen-
tration-dependently inhibited IgE uptake as illustrated by the inte-
grated intensity values obtained by densitometry. (B) 1gG3 (190 pg/
mL) was substituted for anti-CD23 and had no effect on IgE uptake.
(C) Filter-grown HT29 cells were incubated with anti-CD23 or 1gG3
antibody (190 ng/mL) for 30 minutes at 37°C prior to adding IgE (both
added to either the apical or basal compartment). After 2 hours,
buffer was collected from the opposite compartment. Western blots of
the buffers demonstrated inhibition of IgE transport in the apical-to-
basal direction and the basal-to-apical compartment by anti-CD23.
Values indicate mean = SE; n = 4 individual experiments; *P < .05,
**P < .01 compared with control, **P < .01 compared with 1gG3.
(Control cells were grown without IL-4.)

concentration-dependent manner, whereas the nonspe-
cific KIgE in the concentration range 0.39-100 ng/mL
did not bind to the wells. Pretreatment of epithelial cells
with the control F(ab’), IgG fragment did not block the
binding of IgE anti-NP to the IL-4-treated HT29 cells
(Figure 8B). However, pretreatment of the cells with
kIgE inhibited (~50%) the binding of specific IgE
anti-NP in a concentration-dependent and saturable
manner. Similarly, Figure 8C shows that F(ab’), at 0.4
pmol/L had no effect on the transport of IgE anti-NP,
whereas KIgE at the same concentration induced signif-
icant inhibition (P < .01 compared with control). Nei-
ther F(ab’), nor KIgE alone interfered with the assay.
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Figure 7. Effect of transfection of cells with antisense oligonucleo-
tides on CD23 mRNA expression and IgE transport. (A) CD23 mRNA
expression is shown in HT29 cells incubated with either nonsense,
upstream, middle, or downstream antisense oligonucleotides for
CD23 mRNA (added at the same time as 10 ng/mL IL-4). Bars
indicate the percentage change of CD23 mRNA expression compared
with controls at 100%, determined by integrated intensity of bands
(mean = SE; n = 4 individual experiments). A representative gel is
shown. (B) HT29 cells were grown on Transwell filters with IL-4 and
upstream antisense oligonucleotides prior to addition of IgE to the
apical compartment. The bars indicate the percentage recovery of the
IgE in the basal compartment (mean = SE; n = 4 individual experi-
ments; *P < .05). The upstream antisense oligonucleotides de-
creased the amount of IgE recovered in the basal buffer compared
with the control, whereas the nonsense oligonucleotide had no effect.

Discussion

To our knowledge, this is the first study to iden-
tify that CD23 expressed in human enterocytes is a
receptor involved in the binding and bidirectional trans-
port of IgE across polarized intestinal epithelial mono-
layers. Cultured epithelial cells, as well as those in hu-
man intestine, demonstrated protein expression of CD23,
with the mRNA isoform in cultured cells being CD236.
In addition, we determined that expression of CD23
(both message and protein) by enterocytes is regulated by
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IL-4. Our studies indicate that CD23-mediated trans-
epithelial IgE transport is a physiologic process respon-
sible for the rapid uptake and delivery of this immuno-
globulin across the intestinal epithelial barrier.

In our previous studies in rodent models of food
allergy,?%2! we identified that sensitization or IL-4 treat-
ment induces expression of CD23 on intestinal epithelial
cells, stimulates production of IgE, and enhances trans-
epithelial antigen uptake. The data supported the hy-
pothesis that the accelerated transport of antigen is me-
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Figure 8. Effect of blocking CD23 with nonspecific IgE on IgE binding
and transepithelial transport. (A) ELISA (wells coated with NP-OVA)
showing that only IgE anti-NP was detected in a concentration-depen-
dent manner, whereas the nonspecific kIgE did not bind to the wells.
(B) IL-4-treated HT29 epithelial cells were preincubated with either a
control F(ab'), IgG fragment or the kIgE fragment before exposing the
cells to IgE anti-NP (all at 4°C). After washing, the cells were lysed to
recover IgE anti-NP, which was measured by the ELISA. kIgE inhibited
the binding of IgE in a concentration-dependent saturable manner. (C)
Transepithelial transport (37°C) of IgE anti-NP was measured across
epithelial cell monolayers treated with either F(ab’), or kIgE at 0.4
pmol/L. F(ab’), had no effect on the transport of IgE anti-NP, whereas
kIgE at the same concentration induced significant inhibition. Values
indicate mean = SE; n = 3 individual experiments; **P < .01
compared with control (Con); **P < .01 compared with F(ab’),.
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diated by binding to antigen-specific IgE attached to
CD23 on the apical cell surface and that subsequent
endocytosis protected the antigen from degradation dur-
ing transcytosis. This implied that the IgE is first trans-
ported from the body (either from the circulation or
intestinal mucosal cells) across the epithelium toward the
lumen. To examine bidirectional transepithelial trans-
port of IgE in this study, we chose an in vitro human cell
culture model because human intestinal epithelial cells
are known to form a tight monolayer. In addition, al-
though CD23 expression was previously reported on
human enterocytes,?>33 the isoform was not indicated
nor was the functional role of this protein described.
Therefore, the present studies were designed to identify
the CD23 isoform expressed by human intestinal epithe-
lial cells, to define its regulation by IL-4, and to deter-
mine the role of CD23 in transepithelial IgE transport.

Here, we showed that 3 different cultured intestinal
epithelial cell lines express CD23/ mRNA constitu-
tively, but not CD234, in contrast to EBV B cells, which
express only CD234. Epithelial cell CD23/ message ap-
peared to be time and concentration dependently up-
regulated by IL-4. CD23 protein was similarly identified
in cultured epithelial cells in which expression was in-
creased 3-fold by IL-4. To determine whether CD23 is
expressed by nontransformed human intestinal epithelial
cells, we examined small intestinal biopsies. Enterocytes
in “normal” ileal biopsy specimens (from humans with
no identified intestinal disease) showed staining mainly
on the brush border apical membrane, with some stain-
ing also evident on the basolateral membrane. However,
using biopsy specimens, we were not able to determine
the effect of IL-4 because the cells may have been exposed
previously to this cytokine or other stimulatory factors in
vivo. Therefore, we examined CD23 protein expression
in human fetal intestinal xenografts by immunohisto-
chemistry. CD23 protein was not evident on epithelial
cells of intestinal xenografts implanted into SCID mice
unless the mice were previously injected with IL-4. A
previous study>® reported expression of mRNA for both
CD234 and CD23/ in fetal intestinal tissue during the
first and second trimester; however, the specific cells
expressing the receptors were not examined and may
have been immune cells. Our study does not rule out
expression of isoforms other than CD23/ in intact tis-
sues. Clearly, in situ hybridization studies are necessary
for conclusive evidence regarding the isoforms of CD23
expressed by specific cell types in vivo. The absence of
CD23 protein expression by fetal enterocytes in our
study may indicate lack of constitutive expression, but it
may also be due to the absence of a required growth
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factor in mice that is present in cell culture media and in
vivo.

Several previous studies have described expression of
CD23 by human cells, with both isoforms, # and 4, being
reported, although in different cell types. The « isoform
is constitutively expressed in B cells, whereas IL-4 in-
duces the expression of isoform 4 in B cells, monocytes,
eosinophils, and keratinocytes.?”-3* The amino acid se-
quences of the CD23 proteins encoded by the different
isoforms CD23« and 4 differ only in their 6/7 N-terminal
residues, a region that corresponds to the cytoplasmic
domain,?” suggesting that this region regulates diver-
gent intracellular trafficking and/or signalling pathways.
In B cells, CD23 mediates antigen uptake and focusing>®
with different patterns, depending on the isoform.

Several findings in the current studies indicate that
human epithelial CD23 is a functional receptor for IgE.
IgE binding to CD23 on the apical membrane of HT29
cells took place at 4°C, and internalization occurred only
when the temperature was raised to 37°C. Growing
enterocytes on both sides of filter supports allowed us to
examine bidirectional transepithelial transport of IgE.
IgE was transported across high-resistance epithelial
monolayers in both directions, basal-to-apical and apical-
to-basal, with recovery values being quite similar. IgE
transport across untreated cell monolayers was very small
compared with those incubated with IL-4 for 24 hours.
IL-4 did not affect the transport of the bystander protein
HRP, suggesting that IL-4 influences IgE transport by
stimulating expression of CD23 rather than by inducing
nonspecific increases in permeability of the epithelial
monolayer. Like internalization of IgE into single cells,
transepithelial transport was dependent on physiologic
temperature.

In contrast to our findings, Yokota et al%® reported
that murine macrophages transfected with CD234 failed
to internalize IgE alone, although IFN-vy-treated cells
phagocytosed IgE-coated erythrocytes. In the study of
Karagiannis et al,*' B cells incubated with antigen-free
IgE did not take up the immunoglobulin after 2 hours,
whereas immune complexes were efficiently internalized.
We have previously reported in studies involving rodent
gut tissues and epithelial cells?? that intestinal epithelial
cells express unique splice variants of CD234. Those
results together with findings from ongoing rodent stud-
ies suggest that different splice variants transport IgE vs
immune complexes, whereas the classical form of CD234
does not endocytose IgE. Although we have not yet
documented the expression of similar splice variants in
human enterocytes, it is possible that polar epithelial
cells in general express CD23 proteins, which differ in
form and function from those expressed by nonpolar
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immune cells. In addition, in the studies described in
this study, we have employed an IgE-binding buffer,3>
which facilitates IgE binding and uptake. Some of these
factors may explain the differences between our results
and those in symmetrical cell types. However, because all
the critical studies have yet to be carried out, we cannot
draw final conclusions regarding the role of CD23 iso-
forms and subtypes.

IgE transport was inhibited by pretreatment of cells
with anti-CD23 antibody. Compared with the isotype
control antibody, which had no effect, anti-CD23 con-
centration dependently reduced the amount of IgE in-
ternalizing into the enterocytes, and transepithelial
transport was reduced by 50%—80%. Transfection of
cells with the upstream antisense oligonucleotides,
which reduced expression of CD23 by ~50%, also re-
duced IgE transport by ~50%. In contrast, transfection
of cells with nonsense oligonucleotides had no significant
effect. To confirm the specificity of CD23 for IgE, we
conducted additional experiments using an IgE fragment
that has the Fce portion but no light chain. We showed
that this nonantigen-specific IgE fragment was able to
inhibit binding of IgE to epithelial cells in a concentra-
tion-dependent and saturable manner and to reduce sig-
nificantly its uptake across the cell monolayer. The max-
imum inhibition of binding was ~50% and of transport
was ~30%. This may be due to the fact that, unlike an
antibody, KIgE can be displaced from the receptor by
IgE-anti-DNP, and, therefore, both types of IgE were
bound and transported simultaneously. These results,
taken together with the temperature sensitivity of IgE
transport, provide evidence to support the concept that
transepithelial transport of IgE is mediated by the CD23
receptor expressed on the cell surface of enterocytes.
However, our results do not rule out the possibility that
another mechanism or receptor may also be involved in
the transport of IgE across gut epithelium.

Receptors for other immunoglobulins have been iden-
tified on human enterocytes. These include the polyim-
munoglobulin receptor (pIgR) for IgA and the neonatal
receptor FcRn for IgG (actually demonstrated in both
neonatal and adult intestine). Serosal-to-luminal trans-
port of IgA mediated by pIgR has been known for many
years, with uptake of immune complexes being described
in the opposite direction.#>=44 Apical uptake of IgG
bound to FcRn and its transcytosis within endosomes
was described®-17 with IgG being subsequently de-
tected free in the paracellular spaces, suggesting that it is
released from cells. In our studies, IgE was clearly re-
leased after transport, although we have not determined
the relative quantity of free IgE vs that which remains
associated with its receptor. The exact trafficking path-
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ways and signals involved in routing of CD23-IgE and
CD23-immune complexes to the serosal or luminal
membranes are under current investigation in our labo-
ratory.

In summary, our study has shown that human intes-
tinal epithelial cells, both in vitro and in vivo, express
CD23/FceRII message and protein, which is regulated
by IL-4. We demonstrated that the receptor is func-
tional, being capable of binding IgE and transporting it
across the epithelium. That the transport occurs in both
directions fits with the concept that IgE produced within
the body is transported to the apical membrane of epi-
thelial cells and released into the lumen, at which it can
interact with ingested antigens. Immune complexes can
then attach to CD23, or antigen can attach to IgE-CD23,
and be transported in a protected fashion inside endo-
somes across the epithelial barrier into the mucosa, in
which IgE is released to activate effector immune (mast)
cells. Our results indicate that interfering with CD23-
IgE binding or reducing expression of CD23 inhibits
CD23-mediated IgE transepithelial transport. This in-
formation adds to knowledge in the area of intestinal
immunophysiology and may be helpful in designing
novel therapies for food allergy and perhaps other allergic
conditions.
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