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SUMMARY

Antigen-presenting cells, including dendritic cells, monocytes and macrophages, produce
members of the interleukin-12 (IL-12) family that are important in initiating and maintaining
cell-mediated immune responses. These include IL-12p35 and p19 that dimerize with IL-12p40
to form IL-12 (also termed IL-12p75) and IL-23, respectively, and Epstein—Barr virus-induced
gene 3 (EBI3) protein (a protein related to I1L-12p40), that forms a dimer with p28, termed
IL-27. Intestinal epithelial cells, which are the initial site of contact between the host and
enteric pathogens, can act as antigen-presenting cells, and are known to express mediators
important in inflammatory and immune responses. In the current studies, we hypothesized that
intestinal epithelial cells express members of the IL-12 family, which can function as an early
signalling system important in mucosal immunity. Using in vitro and in vivo model systems of
human intestinal epithelium, we demonstrate the regulated expression of EBI3, IL-12p35 and
p19 by human intestinal epithelial cells. However, intestinal epithelial cells do not coexpress
IL-12p40 or p28 that are required to generate heterodimeric 1L-12p75, IL-23 and IL-27. To
the extent that IL-12p35, p19 and EBI3 cannot form IL-12p75, IL-23 or IL-27 heterodimers
in intestinal epithelial cells, these data suggest that those cells may express other, currently
unknown, molecules that can associate with EBI3, IL-12p35 and/or p19 or, alternatively,
intestinal epithelial cells may release IL-12-related molecules that by themselves, or in com-
bination with other molecules in the mucosal microenvironment, mediate biological activities.
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INTRODUCTION

The single layer of intestinal epithelial cells that lines the
intestinal tract is an initial site of contact between the host
and ingested microbial pathogens. Moreover, intestinal
epithelial cells can function as antigen-presenting cells'
and produce cytokines, chemokines and other immune
mediators that are important in signalling the onset of
mucosal immune and inflammatory responses.” S
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Members of the interleukin (IL)-12 family of proteins
are produced by antigen-presenting cells including mono-
cytes, macrophages and dendritic cells®'* and have an
important role in the development of T helper 1 (Thl)-
polarized CD4 " T-cell responses. The prototypic member
of this family, IL-12p75, is a heterodimeric cytokine that
contains two independently regulated subunits, 1L-12p40
and IL-12p35.%1%1516 11 .12p75 stimulates interferon-y
(IFN-y) production by T and natural killer (NK) cells and
has a key role in the induction and maintenance of Thl
immune responses.'’ 2! Additional members of the IL-12
family of proteins share significant homology with IL-
12p35 or IL-12p40. For example, p19 is related to IL-12p35
and forms a heterodimer with IL-12p40, termed IL-23.2
IL-23 in humans is expressed by activated dendritic cells
and has biological activities similar to as well as distinct
from those of IL-12p75.2
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Epstein—Barr virus (EBV)-induced gene-3 (EBI3)
encodes a 34 000 MW glycoprotein that is structurally
related to IL-12p40.%* Like IL-12p40, EBI3 is encoded by
mRNA with a 3" untranslated Alu repeat sequence, lacks a
membrane anchoring motif, and is predicted to be secre-
ted.?® EBI3 is expressed by human B lymphoblast cell lines,
placental syncytiotrophoblasts and extravillous tropho-
blasts, activated dendritic cells, and by macrophage-like
cells in the lamina propria of the human colon in patients
with ulcerative colitis.>>2® As part of a cDNA microarray
analysis, we discovered that EBI3 mRNA was expressed by
human colon epithelial cell lines.?’ Initially, EBI3 was
reported to non-covalently complex with IL-12p35 to form
an EBI3/p35 heterodimer whose biologic function is as yet
unknown.?® More recently, EBI3 was found to hetero-
dimerize with an IL-12p35-related molecule, p28, to form
the cytokine IL-27-* Human IL-27 stimulates the clonal
expansion of naive CD4™ T cells and, in synergy with
IL-12, increases IFN-y production by T cells.”> As shown
in studies of EBI3-deficient mice, EBI3 and/or EBI3-
dependent molecules also have a regulatory role in the
induction of IL-4-mediated Th2 immune responses and the
development of Th2-mediated inflammation in vivo, that
appear to be mediated through their role in regulating the
function of NK T cells.*

The key role of intestinal epithelium in interfacing with
microbial pathogens in the human intestinal mucosa cou-
pled with the recognition of EBI3 as an IL-12p40-related
molecule prompted us to hypothesize that the intestinal
epithelium could be an important site for the production
of IL-12-related molecules. In the present study we used
in vitro and in vivo models, to examine the regulated
expression of EBI3 by human intestinal epithelium and
to determine if intestinal epithelial cells express other IL-
12-related molecules. We report that three IL-12-related
molecules, EBI3, IL-12p35, and p19, but not their known
respective dimerization partners, p28 and IL-12p40, are
differentially regulated and expressed by human intestinal
epithelial cells.

MATERIALS AND METHODS

Cytokines and antibodies

Recombinant human (rh)IL-1«, rhIL-4, rhIL-12, and
rhIL-13 were from Pepro Tech (Rocky Hill, NJ), recom-
binant human tumour necrosis factor-o) (thTNF-o) was
from R & D Systems (Minneapolis, MN), and rhIFN-y was
from BioSource International (Camarillo, CA). MG-132,
control mouse ascites fluid (from mice bearing the NS-1
myeloma) and rabbit IgG were from Sigma Chemical (St.
Louis, MO). Affinity-purified rabbit anti-human EBI3 and
mouse monoclonal antibodies to EBI3 (20H11 and 23H4)
were as previously reported.”>?*> Donkey anti-rabbit
immunoglobulin, sheep anti-mouse immunoglobulin, and
streptavidin—horseradish peroxidase (HRP) were from
Amersham Pharmacia Biotech (Piscataway, NJ). Biotinyl-
ated anti-mouse immunoglobulin and streptavidin-HRP
(LSAB2 System) were from DAKO Corporation (Carpin-
teria, CA).

Intestinal epithelial cell lines

The human colon adenocarcinoma cell lines HT-29 (ATCC
HTB 38) and Caco-2 (ATCC HTB 37) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum and
2 mM L-glutamine. T84 cells were grown in 50%
DMEM/50% Ham’s F12 medium supplemented with 5%
newborn calf serum.® To obtain polarized epithelial mono-
layers, Caco-2 cells were grown on microporous collagen-
coated filter inserts (0-4 um pore size; Transwell; Costar,
Cambridge, MA) for ~14 days, at which time a mean
transepithelial resistance of 350 Q°m? was established.

Bacterial infection of cell lines

HT-29 and Caco-2 human colon epithelial cells were grown
to confluence in six-well plates and infected with Salmonella
enteritica serovar Dublin strain Lane (S. dublin)® at a
multiplicity of infection (MOI) of 100 for 1 hr to allow
bacterial invasion to occur, after which extracellular bac-
teria were removed by washing, as described before.® Cells
were subsequently incubated in the presence of 50 ug/ml of
the non-membrane-permeant antibiotic gentamicin to kill
remaining extracellular bacteria.

Adenovirus constructs and adenovirus infection

Confluent HT29 cells in six-well tissue culture plates were
infected with recombinant adenovirus containing an IxBo-
AA superrepressor (Ad5-1kB A32/36) or the Escherichia
coli f-galactosidase gene (Ad5-LacZ) as we described
before.”! After infection, adenovirus was removed by
washing, fresh medium containing serum was added, and
cells were incubated for an additional 12 hr before stimu-
lation with proinflammatory cytokines.

Human intestinal xenografts

Human intestinal xenografts were generated as described
before.®3?73% Briefly, human fetal intestine, gestational age
16-20 weeks (Advanced Biosciences Resources, Alameda,
CA) was transplanted subcutaneously onto the backs of
C57BL/6 SCID mice. Intestinal xenografts were allowed to
mature for at least 10 weeks after transplantation, at which
time the epithelium, which is strictly of human origin, is
fully differentiated.>> For cytokine stimulation of the
xenografts, mice carrying mature xenografts were injected
i.p. with 1 ug of rhIL-la and 10 ug rhIFN-y in 200 ul
phosphate-buffered saline (PBS), or with 200 ul of PBS
alone as a control. For infection, xenografts were injected
intraluminally with ~5 x 107 of attenuated arod aroC
S. typhi in DMEM/F12 medium in a 100-ul volume.
Xenografts were removed 6 hr after cytokine injection or
infection and were frozen in liquid nitrogen for RNA
isolation and fixed in formalin for immunohistology.

Reverse transcription (RT)—polymerase chain reaction (PCR)

Total cellular RNA was extracted using an acid guanidi-
nium-phenol-chloroform method (TRIzol Reagent; Gibco-
BRL Life Technologies, Grand Island, NY) and treated
with ribonuclease-free deoxyribonuclease (Stratagene, La
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Jolla, CA). RT— PCR was performed as described before.
The following primers were used to amplify a 225 bp
fragment of IL-12p35: Sense primer 5-TTC ACC ACT
CCC AAA ACC TGC-3’; antisense primer 5-GAG GCC
AGG CAA CTC CCA TTA G-3'. The primers used to
amplify a 151 bp fragment of pl9 were: Sense primer
5-TTC CCC ATA TCC AGT GTG GAG-3’; antisense
primer 5-TCA GGG AGC AGA GAA GGC TC-3, and
the primers used to amplify a 132 bp fragment of p28 were:
Sense primer 5-ATC TCA CCT GCC AGG AGT GAA-3;
antisense primer 5-TGA AGC GTG GTG GAG ATG
AAG-3’. Primers for the amplification of human EBI3,
human IL-12p40, and human f-actin mRNA were as we
have described before.>*” The amplification profile for
EBI3 was 35 cycles of 45 s denaturation at 95° and 2-5 min
annealing and extension at 63°. IL-12p40, p28 and p19 were
amplified for 35 cycles and f-actin was amplified for 28
cycles under the same conditions, except the annealing
temperatures were 65° for 1L-12p40, 66° for p19, and 72°
for f-actin, respectively. The amplification profile for
IL-12p35 was 35 cycles of 1 min denaturation at 94°, 1 min
annealing at 57°, and 1 min extension at 72°.

Real-time PCR

Real-time PCR was performed using an ABI Prism 7700
Sequence Detection System (PE Applied Biosystems, Foster
City, CA). Each reaction contained 25 ul of 2x SYBR Green
Master Mix (containing 200 um dATP, dGTP, and dCTP;
400 um dUTP; 2 mm MgCl», 0-25 units uracil N-glycosylase,
and 0-625 units Amplitaq Gold DNA polymerase), 25 pmol
each of sense and antisense primers, and 2 ul of cDNA in a
final volume of 50 ul. IL-12p35, p19 and p28 primers were
as described above, EBI3 primers were: sense primer 5’-
AGC ACA TCA TCA AGC CCG AC-3’; antisense primer
5-GCT CCC TGA CGC TTG TAA CG-3’, and f-actin
primers were: sense primer 5-CAA AGA CCT GTA CGC
CAA CAC-3%; antisense primer 5-CAT ACT CCT GCT
TGC TGA TCC-3". Reactions were incubated at 50° for
2 min followed by 95° for 10 min. The amplification profile
was 15-s denaturation at 95° followed by 1 min annealing at
60° for EBI3 and p28, at 57° for IL-12p35, at 59° for p19,
and at 62° for f-actin for a total of 40 cycles. Amplification
of the expected single products was confirmed on 1% ag-
arose gels stained with ethidium bromide. Data analysis
used sequence detection system software provided by the
manufacturer where AR, was calculated using the equation
AR, = (R, ") = (R, ) where R,, " is the fluorescence signal of
the product and R, is the fluorescence signal of the baseline
emission. C, is the cycle number at which the AR, crosses
threshold. Fold changes in EBI3, IL-12p35, and p19 mRNA
expression were determined as: fold change = 2°¢
where AC, = (Ct EBI3/p35/p19 control — C; actin control) —
(Ct EBI3/p35/p19 stimulated — C; actin stimulated)-

Immunohistology

Immunohistology was performed using sections from for-
malin-fixed paraffin embedded normal human colon and
small intestinal biopsies, and from human colon and small
intestinal xenografts. Sections were deparaffinized, washed
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with PBS, and pretreated with 3% H,O, in water for 5 min
at room temperature. Sections were then stained with
monoclonal mouse anti-human EBI3 antibody as ascites
fluid (IgG2ax, 1 : 100 dilution) and mouse myeloma ascites
fluid as a control, followed by staining with a biotinylated
anti-mouse immunoglobulin and streptavidin—-HRP using
the DAKO LSAB2 System. Sections were developed with
3,3-diaminobenzidine (DAB Peroxidase Substrate Kit,
Vector Laboratories, Inc., Burlingame, CA), which yields a
brown-coloured product. Before mounting, sections were
counterstained with haematoxylin and eosin.

Immunoblot analysis
Supernatants from confluent epithelial cell monolayers in
six-well plates were harvested and concentrated fivefold
using a Centricon YM-3 filter (Millipore Co., Bedford,
MA). Equivalent volumes of concentrated supernatant
were size-fractioned on denaturing, non-reducing 10%
polyacrylamide minigels (Mini-PROTEAN II; Bio-Rad
Laboratories), and electrophoretically transferred to nitro-
cellulose membranes (0-1 um pore size). Specific protein
was detected using rabbit antihuman EBI3 (1 : 200 dilu-
tion) followed by incubation for 1 h with biotinylated
donkey anti-rabbit immunoglobulin G (IgG; 1 : 1000
dilution), after which streptavidin-HRP was applied. Spe-
cifically bound peroxidase was detected by enhanced
chemiluminescence (ECL System; Amersham Pharmacia
Biotech) and exposure to X-ray film (XARS; Eastman
Kodak Company, Rochester, NY) for 5-15 min.

All studies involving human subjects and animal pro-
tocols were approved by the UCSD Committee on Human
Subjects and the UCSD Animal Subjects Program.

RESULTS

Constitutive and regulated EBI3, IL-12p35, p19, p28
and IL-12p40 mRNA expression in human intestinal
epithelial cell lines

To determine the capacity of intestinal epithelium to pro-
duce IL-12-related molecules, we first evaluated expression
of the six known members of the IL-12 family in a cell
culture model of human intestinal epithelium. EBI3 is
known to dimerize with an IL-12p35 like molecule, p28, to
form IL-27* and was reported to dimerize also with
IL-12p35 in placental trophoblasts.®® As shown by quali-
tative (Fig. 1a) and real time RT-PCR (Fig. 2a), HT-29
human colon epithelial cells constitutively expressed EBI3
mRNA and EBI3 mRNA levels were markedly increased
when cells were stimulated with IL-1o or TNF-o. Further,
S. dublin infection up-regulated EBI3 mRNA levels, con-
sistent with our observations from cDNA microarray
analyses.”” In contrast, EBI3 was minimally, if at all,
affected by stimulation of cells with IFN-y although IFN-y
markedly potentiated TNF-o or IL-la stimulated EBI3
mRNA expression.

HT-29 cells also constitutively expressed IL-12p35
mRNA, but in contrast to EBI3, IL-12p35 mRNA was
markedly up-regulated by IFN-y stimulation, but not
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Figure 1. Regulation of EBI3, IL-12p35, IL-12p40 and p19 mRNA
expression in human intestinal epithelial cell lines. HT-29 cells
grown to confluence were stimulated for 8 h with the indicated
cytokines (20 ng/ml, except 40 ng/ml for IFN-y), infected with
Salmonella dublin, or not stimulated or infected (control lanes) (a)
RT-PCR for EBI3, IL-12p35 (35 cycles) and fS-actin (28 cycles) (b)
RT-PCR for IL-12p40 (c) RT-PCR for p19. Results are from a
representative experiment. Similar results were obtained in three
independent experiments. In the lane labelled ‘no RNA’, RNA was
omitted from RT reaction and PCR amplification. Similar results
were found for Caco-2 and T84 intestinal epithelial cell lines.

IL-1a or TNF-a, although those cytokines increased IFN-y-
stimulated levels of IL-12p35 mRNA (Figs la and 2b). If
EBI3 produced by colon epithelial cells forms dimers within
the cell with IL-12p35, we predicted that the up-regulated
expression of those subunits in response to stimulation with
proinflammatory cytokines (i.e. TNF-o and IFN-y) might
follow a similar time course. This was not the case as EBI3
mRNA levels were maximal by 8 hr after cytokine stimu-
lation and returned towards baseline by 12—15 hr whereas
IL-12p35 mRNA levels increased 12-15 hr after stimula-
tion, reached maximal levels at 24 hr and returned towards
baseline at 48 hr.

Intestinal epithelial cells did not express IL-12p40
mRNA constitutively or in response to cytokine stimula-
tion®> (Fig. 1b), although in controls IL-12p40 was
expressed by human PBMC (Fig. 1b). Similarly, HT-29 and
Caco-2 intestinal epithelial cells did not express p28 con-
stitutively or in response to TNF-o, ILla, or IFN-y
stimulation, as assessed by qualitative and real time PCR,
although p28 was constitutively expressed by human per-
ipheral blood mononuclear cells (data not shown). None-
theless, HT-29 cells constitutively expressed mRNA for p19
(Fig. 1c), a dimerization partner of 1L-12p40. p19 mRNA
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Figure 2. Increased epithelial EBI3 and IL-12p35 mRNA expres-
sion in response to cytokine stimulation or bacterial infection.
HT-29 cells were stimulated with the indicated cytokines or infec-
ted with S. dublin. Controls were left unstimulated or uninfected for
the same duration. EBI3 and IL-12p35 mRNA levels were assayed
by real time PCR 8 and 24 hr after cytokine stimulation or infec-
tion, respectively. Values are fold-increase £ SEM, n = 3, of
stimulated or infected cultures relative to matched control cultures.

expression in HT-29 cells was up-regulated by IL-1o and
TNF-o stimulation as well as by S. dublin infection
(Fig. 1c). By real-time PCR, IL-lo, TNF-a and S. dublin
induced a fourfold, 20-fold and sevenfold increase in p19
transcripts, respectively, compared to unstimulated con-
trols. Similar results were found using Caco-2 cells, a sec-
ond human colon epithelial cell line (data not shown).
Taken together, these studies indicate that human colon
epithelial cells express and can regulate the expression of
EBI3, IL-12p35 and p19, but do not express the currently
known dimerization partners for those molecules that result
in the generation of biologically active IL-12, IL-23 and
IL-27.

EBI3 is an nuclear factor (NF)-xB target gene

Given the novel observation of EBI3 expression by human
intestinal epithelium, in contrast to the complete absence of
constitutive or induced expression of its homologue,
IL-12p40, further studies focused on the mechanism of
EBI3 regulation in intestinal epithelial cells in vitro and
in vivo. Because both IL-1a and TNF-o up-regulate EBI3
mRNA expression and both are known to activate cellular
signalling pathways that activate the transcription factor
NF-xB, we tested whether the up-regulated expression of
EBI3 depended on the activation of NF-xB. We assessed

© 2004 Blackwell Publishing Ltd, Immunology, 112, 437445
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Figure 3. Effect of NF-xB inhibition on EBI3 and IL-12p35 mRNA
expression. (a) HT-29 cells grown to confluence were treated with
the proteasome inhibitor MG-132 (50 um) for 30 min prior to sti-
mulation with IL-1a or TNF-o (20 ng/ml) alone or in combination
with IFN-y (40 ng/ml) or left unstimulated (unstim.), followed by
RT-PCR analysis for EBI3, IL-12p35, and f-actin mRNA.
(b) HT-29 cells left uninfected, infected with control adenovirus
(AdLacZ), or adenovirus expressing mutant IxBo as a super-
repressor (AdSR) were left unstimulated or stimulated with TNF-o
or IFN-y, after which EBI3 and IL-12p35 mRNA expression was
determined by real time PCR. Values are expressed as fold induc-
tion relative to cells that were not virus infected. Similar results
were obtained in 3 repeated experiments.

this initially using the proteosome inhibitor MG-132 as a
pharmacologic inhibitor of NF-xB activation. MG-132
treatment of cells before IL-la or TNF-a stimulation
significantly inhibited cytokine-induced EBI3 mRNA
expression (Fig. 3) irrespective of whether or not cells were
additionally stimulated with IFN-y. In contrast, MG-132
did not inhibit IFN-y induction of IL-12p35 mRNA,
irrespective of IL-1a or TNF-o stimulation. Because phar-
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macological inhibitors are not always specific, in further
studies we also used a genetic approach to block NF-xB
activation. HT-29 cells were infected with a recombinant
adenovirus that expresses a mutant IxBo protein (Ad5IxB-
A32/36) with serine-to-alanine substitutions at positions 32
and 36 and acts as a superrepressor of NF-xB activation or
with control adenovirus expressing LacZ.?! As shown in
Fig. 3, EBI3 mRNA expression in response to TNFuo
stimulation was markedly inhibited in AdSIxkB-A32/
36-infected cells compared to cells infected with control
adenovirus, as assessed by real time PCR.

Polarized epithelial cell secretion of EBI3

To determine if agonist-stimulated EBI3 expression was
accompanied by increased EBI3 protein secretion, intestinal
epithelial cells were left untreated or were stimulated with
cytokines, after which protein levels in culture supernatants
were assayed by immunoblot analysis. Since intestinal epi-
thelial cells in vivo are morphologically and functionally
polarized, we modelled the polarized state in vitro by
growing Caco-2 cells as polarized monolayers in transwells
and assayed EBI3 secreted into the apical and basolateral
transwell chambers. As shown in Fig. 4, IL-1o stimulation
markedly increased EBI3 secretion, which was little, if at
all, further increased by costimulation with IFN-y. More-
over, consistent with secretion in the physiologic basol-
ateral direction, EBI3 was mainly secreted into the
basolateral chamber. Non-polarized HT-29 cells stimulated
with IL-1o, but not IFN-y also secreted EBI3 (data not
shown).

Regulated expression of EBI3 and 1L-12p35
in human intestinal xenografts

To determine if EBI3 and IL-12p35 are also expressed and
regulated by human colon epithelium in vivo, we used a
human intestinal xenograft model. The xenografts have an
intact epithelium that is strictly human in origin, and lack a
commensal bacterial flora.’” Mice with mature human
colon or small intestinal xenografts were injected intra-
peritoneally with rhIL-1o and rhIFN-y in combination or
with PBS as a control, after which the xenografts were
harvested and EBI3 and IL-12p35 mRNA expression was
assessed. EBI3 and to a lesser extent IL-12p35 were
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Figure 4. EBI3 protein secretion in response to proinflammatory
cytokines. Polarized Caco-2 cells were stimulated with IL-la
(20 ng/ml) and IFN-y (40 ng/ml) alone or in combination added to
the basal and apical wells of a transwell chamber, or left unstim-
ulated. Apical and basal chamber supernatants were harvested
after 16 hr, and assayed for EBI3 protein by immunoblot analysis.



442

EBI3
IL-12p35

B-actin

No RNA

E
@
c
o

IL-1a + IFN-y

Figure 5. Expression of EBI3 and IL-12p35 mRNA in human fetal
intestinal xenografts. Severe combined immune deficiency mice
carrying human fetal colon xenografts were injected intraperiton-
eally with PBS or IL-lo (1 pug) and IFN-y (10 ug). After 6 hr,
xenografts were removed and total xenograft RNA was used for
RT-PCR analysis of EBI3, IL-12p35, and f-actin mRNA expres-
sion. In the lane labeled ‘no RNA’, RNA was omitted from RT
reaction and PCR amplification
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Figure 6. Immunohistochemical detection of EBI3 in human
intestinal xenografts. Xenografts were immunostained using
murine monoclonal antibody to EBI3 (a, ¢ and e) or control mouse
ascites (panels b, d and f). (a,b) Small intestine from control
xenografts; (c,d) small intestine from xenografts of mice were
injected with IL-1o (1 pg) and IFN-y (10 ug) as in Fig. 5; (e,f) colon
from xenografts infected with S. ¢typhi. Original magnification x 200.
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Figure 7. Immunohistochemical detection of EBI3 in normal colon
and small intestine. Normal human colon (a and ¢) and small
intestine (b and d) were immunostained using a murine monoclonal
antibody to EBI3 (20H11) (a and b) or control mouse ascites (¢ and
d). Original magnification: (a and c¢) x200; (b and d) x400. Similar
results were obtaining using monoclonal antibody 23H4 (not
shown).

constitutively expressed in control xenografts, and were
markedly up-regulated by IL-lo and IFN-y injection
(Fig. 5).

To determine if the up-regulated expression of EBI3
mRNA in the xenografts was accompanied by increased
epithelial production of EBI3, small intestinal xenografts
from mice injected with rhIL-lo and rhIFN-y were
immunostained for EBI3. As shown in Fig. 6, epithelium of
control xenografts constitutively expressed EBI3 (Fig. 6a)
and epithelial EBI3 staining was markedly increased in
xenografts from the cytokine injected mice (Fig. 6¢). In
additional experiments, small intestinal and colon xeno-
grafts were infected intraluminally with S. zyphi and har-
vested 6 hr after infection. EBI3 immunostaining was
markedly increased in response to infection as shown for a
colon xenograft in Fig. 6(e). These data demonstrate the
regulated expression and production of EBI3 by human
intestinal epithelium in vivo.

Immunostaining of EBI3 in normal human colon
and small intestine

To determine if EBI3 protein is constitutively present in
human intestinal epithelial cells in vivo, sections from normal
human colon and small intestinal biopsies were immuno-
stained for EBI3. As shown in Fig. 7(a, b), EBI3 was
expressed in normal human colon and small intestine and its
expression was predominately observed in epithelial cells.

DISCUSSION

In this study we tested the hypothesis that human intes-
tinal epithelial cells produce IL-12-related molecules, a
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property that is generally attributed mainly to macroph-
ages and dendritic cells.” '*?2?*% Qur underlying ration-
ale was that human intestinal epithelial cells can function
as antigen-presenting cells and, in response to proinflam-
matory signals or microbial infection, produce cytokines
and chemokines that are important for signalling mucosal
immune and inflammatory responses.2’3’5’7’8‘3"38 Using a
spectrum of in vitro and in vivo model systems, we report
herein on the constitutive and regulated expression by
human intestinal epithelial cells of three IL-12-related
molecules; EBI3, IL-12p35 and pl19. EBI3 is an IL-12p40-
related molecule known to dimerize with p28 to form the
cytokine IL-27,%° IL-12p35 is a dimerization partner of
IL-12p40 that is required to form IL-12p70 and may also
complex with EBI3,?® whereas pl19 is an IL-12p35-related
molecule that forms a heterodimer with IL-12p40 to
produce the cytokine I1L-23.%

Human colon epithelial cells in vitro and in vivo consti-
tutively expressed EBI3 and EBI3 expression was up-regu-
lated by proinflammatory mediators (e.g. IL-1o and TNF-a)
that are released by lymphoid cells and monocytes in the
intestinal mucosa during acute and chronic inflammatory
reactions. These same proinflammatory mediators up-regu-
late the production of a group of chemokines by intestinal
epithelial cells, which in turn can chemoattract cells that
mediate mucosal innate and acquired mucosal immune
responses (e.g. the CXC chemokines CXCL-8/1L-8 and
CXCL1/GROu« that chemoattract neutrophils, and the
CC-chemokines CCL2/MCP-1, CCL20/MIP-3a, and
CCL22/MDC that chemoattract monocytes, dendritic cells
and a population of T cells, respectively.>”* Further, like
many of those chemokine genes’®*! EBI3 expression by
intestinal epithelial cells was rapidly up-regulated by proin-
flammatory stimuli, and consistent with its up-regulated
expression in response to IL-1a and TNF-o, was shown by
pharmacological and genetic approaches to function as a
NF-«B target gene. Those results suggest a potential role for
EBI3 in the early host response to inflammation or infection.
Although EBI3 is known to dimerize with p28 to generate IL-
27 that functions in regulating Th1 type responses® intesti-
nal epithelial cells do not produce p28 and therefore are not a
source of IL-27. In addition, EBI3 may form a non-
covalently bound heterodimer with IL-12p35*%2% but
no function is currently known for possible EBI3/p35
heterodimers.

We found that intestinal epithelial cells express IL-12p35
mRNA. Although the only known potential pairing partner
for IL-12p35 in intestinal epithelial cells was EBI3, the
kinetics of regulated expression and the response to pro-
inflammatory stimuli of EBI3 and IL-12p35 differed
markedly. Thus, IL-12p35 expression was up-regulated
mainly by IFN-y rather than TNF-a or IL-lo, and its
expression was markedly delayed relative to that of EBI3.
Such data suggest a lack of coordinate regulation of
IL-12p35 and EBI3 in intestinal epithelial cells. Further,
IL-12p35 is known to be poorly, if at all, secreted in the
absence of dimerization to a secreted molecule like IL-
12p40 or EBI3%%3 and, relevant to its possible binding to
EBI3 in the extracellular environment, we note that little
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EBI3 was shown to complex with IL-12p35 in solution.?
Whereas placental tissue produces both EBI3 and
1L-12p35, significant levels of secreted EBI3/p35 complexes
could not be detected in placental culture explants.?
Moreover, we did not detect EBI3/p35 heterodimers in
supernatants of the intestinal epithelial cell lines studied
herein by immunoblot analysis (not shown), although we
cannot exclude their presence in amounts below the detec-
tion limit of the assay.

pl9 mRNA was also expressed and regulated by intes-
tinal epithelial cells and its known dimerization partner,
like TL-12p35, is IL-12p40. Notably, the regulated expres-
sion of pl9 and IL-12p35 differed, suggesting they may
have different functions. Thus pl19 paralleled EBI3 in its
response to IL-1a and TNF-ua suggesting a more likely role
in acute inflammatory responses, whereas IL-12p35 was
minimally responsive to those cytokines but markedly
up-regulated by IFN-y, perhaps pointing to a more prom-
inent role in cell-mediated immune responses. As we also
reported before® intestinal epithelial cells do not express
IL-12p40 and as a corollary cannot produce -either
IL-12p75 or IL-23, as those cytokines, like IL-27, are
formed intracellularly by heterodimerization of their
respective subunits, and are secreted as preformed
heterodimers.?>?%*° The expression of pl9mRNA in the
absence of IL-12p40 expression is not limited to intestinal
epithelial cells, as TNF-a-activated endothelial cells and
some Thl- and Th2-polarized T cells also were noted to
express p19 in the apparent absence of IL-12p40.%

Proinflammatory mediators produced in the intestinal
mucosa can differentially regulate the production of IL-12-
related molecules by intestinal epithelial cells. It is surpri-
sing then, that intestinal epithelial cells, in contrast to hu-
man airway epithelial cells** do not express the IL-12p40
dimerization partner of IL-12p35 or p19 that results in the
production of IL-12p75 and IL-23, or p28 that pairs with
EBI3 to generate the functional cytokine IL-27. It appears
that intestinal epithelial cells are programmed to respond to
host inflammatory and environmental stimuli by up-regu-
lating the expression of IL-12-related molecules, but not
those that are known to lead to the generation of functional
cytokines that influence the development of Thl-type im-
mune responses. It is possible that EBI3, IL-12p35 and/or
pl9 can be released into the mucosal microenvironment
by intestinal epithelial cells and act, by themselves or in
combination with other molecules, to mediate biological
activities. Alternatively, it should be considered that intes-
tinal epithelial cells might produce still undiscovered
pairing partners for one or more of those IL-12 related
molecules. 3!
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